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Preface

In the beginning, there was—Nothing. “And God said, ‘Let there be light!’ and there was …
LIGHT" (Old Testament, Genesis 1:3). I have always harbored a particular fondness for light.
Of course, we all need it, because without light, life will wither and fade, so light is intrinsical‐
ly bound to life—the circadian cycle (light and life). We all instinctively lean toward light, pos‐
itive phototaxis, because we know we need it. How elegant it is, therefore, to harness the
natural phenomenon of photon energy to heal—the art of photomedicine.

Photomedicine is one of the most inspiring and interdisciplinary fields in medicine that in‐
volves the research and application of photobiology with respect to health and disease. Over
the past few decades, an explosion of technological advances for phototherapies and diagnos‐
tic methods occurred with the general public’s demand for safe, effective, and innovative pho‐
totherapies including anticancer therapy, photorejuvenation, and so on.

Photomedicine has contributed to the clinical practice of a variety of medical fields, including
dermatology, surgery, radiology, diagnostics, cardiology, and anticancer therapy. Further‐
more, expansion of its scope and contribution can be expected.

This book delivers basic and clinical findings and procedures to improve the knowledge and
application of these techniques in medical science. It covers mechanistic studies and clinical
applications of photomedicine. A wide range of aspects and issues related to photomedicine
brings together researchers from many countries. The book consists of 12 chapters written by
over 30 authors.

The first three chapters describe the basic science of photodynamic therapy and clinical appli‐
cations in skin cancers, pleural photodynamic therapy in lung cancer, and photodynamic ther‐
apy for other skin diseases. The subsequent four chapters describe the use of photodynamic
therapy in other medical specialties, including antimicrobial photodynamic therapy, nanotech‐
nology, photoregeneration for wound healing and antiaging, light-emitting fabric for photo‐
dynamic therapy, and interdisciplinary team in photodynamic therapy. The last five chapters
discuss photochemotherapy (PUVA) for dermatological diseases, laser therapy for musculos‐
keletal pain, intense pulsed light therapy for photorejuvenation, biological function of low-lev‐
el laser therapy (LLLT), and photobiology for skin rejuvenation.

I would like to express my sincere appreciation and gratitude to all authors who contributed
to this book with their research and to the InTech team who accomplished their mission with
professionalism and dedication.

I hope that this book will not only be beneficial for readers but will also contribute to scientists
making breakthroughs in photomedicine.

Yohei Tanaka, MD, PhD
Clinica Tanaka Plastic, Reconstructive Surgery and Anti-aging Center

Japan
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Photodynamic Therapy





Chapter 1

Photosensitizers Imprinting Intracellular Signaling

Pathways in Dermato-Oncology Therapy

Carolina Constantin and Monica Neagu

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/65979

Abstract

This chapter describes the main deregulated intracellular pathways at both genetic and 
proteomic levels that are found in three main skin cancers: basal cell carcinoma, squa-
mous cell carcinoma and melanoma. In basal cell carcinoma, the main intracellular sig-
naling pathways is the Sonic Hedgehog pathway, while in squamous cell carcinoma, it 
is the p53 pathway. However, in both nonmelanoma skin cancers, these major pathways 
trigger cross-activation with other important ones. In melanoma, mitogen-activated pro-
tein kinase pathway and PI3K/Akt pathways are deeply deregulated, and moreover due 
to the disease complexity, BRAF, RAS (N/H/K), NF1 and Triple-WT melanoma subtypes 
need additional molecular stratification. The stage in which photodynamic therapies’ 
clinical application is in the treatment of these diseases is another subject tackled by the 
chapter. Thus, if basal cell carcinoma and squamous cell carcinoma possess in their thera-
peutical armamentarium photodynamic therapies approach, melanoma, with its particu-
larities, still needs thorough molecular investigations to adapt this particular therapy. 
Based on the accumulated knowledge on pathological intracellular pathways, the chap-
ter describes the molecular details that reside in applying photodynamic therapy. In vivo 
and in vitro models of cutaneous malignancy and photodynamic therapies’ molecular 
events are further detailed.

Keywords: skin cancer, intracellular signaling, biology, photodynamic therapy, 
photosensitizer, proteomics

1. Introduction

Skin cancers, especially cutaneous melanoma, remain a complex therapeutic challenge 
owing to a multiangle problem such as the emergent incidence in white population, the 
inefficiency of classical therapies like surgery and owing to transition to the new wave 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



treatments like targeted therapies, immunotherapy and alternative therapies like photo-
dynamic therapy (PDT). Skin tumors are classified as melanoma and nonmelanoma type. 
Basal cell carcinoma (BCC) and squamous cell carcinoma (SCC) along with actinic keratosis 
(AK) are considered nonmelanoma skin cancers (NMSC), being the most frequent skin 
cancers in comparison with melanoma which is more rare (only 4%) but highly deadly 
[1]. Similarly, organ transplant recipients (OTR) record an extremely high risk of develop-
ing NMSC [2]. All these types of cancers are generated by complex molecular events that 
favor tumor proliferation and invasion. At the core of this diseases’ pathology intracellular 
pathways deregulation dwell. Therapies that are developed in each cancer type should 
acknowledge the molecular events particularities. In the therapeutical armamentarium 
of skin cancer, PDT has already gained its place. As further presented, the intracellular 
molecular pattern triggered in each type of skin cancer by PDT has both common outlines 
and particularities.

2. Skin cancer, photodynamic therapy and signaling pathways

2.1. Biology of skin cancer in the light of new therapeutical era

Deepening the biology of skin cancer by unraveling the intracellular mechanisms that trigger 
the neoplastic transformation could lead to deciphering new therapy targets and new thera-
peutical approaches. Both cellular and molecular basis of a successful therapy still needs new 
explorations and additional biomedical technologies in order to manage this high morbidity 
and mortality group of diseases.

2.1.1. Basal cell carcinoma

As described in the early 1990 [3], basal cell carcinoma (BCC) is the most common malig-
nancy in humans, and although rarely metastatic, accounts for about two-thirds of all 
skin cancers with a worldwide incidence steady increase [4]. The diversity in the pheno-
typic appearance of BCCs relies on the fact that the majority of BCCs represent monoclonal 
tumors and anatomically distinct BCCs may sometimes share the same cellular origin [5]. 
An extensive genetic study on BCC profiling was published in 2016 investigating around 
300 tumor tissue that displayed the highest mutation rate in cancer (65 mutations per mega 
base). About 85% of all tumors have mutations in the Sonic Hedgehog (Hh) pathway. These 
genes are PTCH1, SMO, SUFU and TP53. Other mutations were found in MYCN, PPP6C, 
STK19, LATS1, ERBB2, PIK3CA and NRAS. Loss-of-function and deleterious missense muta-
tions were found in PTPN14, RB1 and FBXW7 genes [6]. Moreover, 2016 studies have shown 
that genetic predisposition in familial BCC has the most commonly gene mutated, PTCH1, 
main player in the Hh pathway. Another gene associated with familial BCC is SUFU being 
involved in the same pathway. This gene is loosing its function and hence inducing BCC 
predisposition. Understanding the deregulated genes that trigger BCCs can lead to new tar-
geted therapy trials [7]. In the last five years, studies on the biology of BCC have shown that 
Hh pathway is deeply involved in the initiation of this skin tumor. This pathway  cross-talks 
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with other main intracellular pathways involved in skin’s homeostasis. Hence, Wnt path-
way was found as having increased levels of beta-catenin, a critical mediator of Wnt signal-
ing in BCCs [8, 9]. Another important pathway involved in BCC is EGFR/MEK/ERK that 
modulates GLI-dependent transcription in human keratinocytes and drives their oncogenic 
transformation [10, 11]. As epithelial-stromal interactions are creating a protumoral micro-
environment, stromal cells isolated from BCCs, have high levels of gremlin 1. This protein 
antagonizes with the prodifferentiation factors BMP2 and BMP4, sustaining, therefore, 
tumor proliferation [12]. If Hh pathway is deregulated at gene and protein level, another 
deregulated pathway in BCC is the MEK-ERK pathway. Hence, acknowledging that IL-17 
(IL-17A) sustains a chronic inflammatory microenvironment with protumoral consequences 
some important reports were published in 2015. IL-17 binding to its receptor activates the 
route IL-17R-Act1-TRAF4-MEKK3-ERK5 that directly stimulates keratinocyte proliferation 
and tumor formation. In the BCC context, this axis sustains the expression of Steap4-p63 
through p63-mediated TRAF4 expression that directly enhances keratinocyte proliferation 
and further tumor formation [13].

2.1.2. Squamous cell carcinoma

Cutaneous squamous cell carcinoma (SCC) is the second most common human skin malig-
nancy after BCC, and opposed to BCC, it can trigger metastasis. SCC originates the prema-
lign lesions actinic keratosis (AK) and it develops from keratinocytes of the spinous layer. 
The progression of AK to malignancy relies on the sequential DNA mutations in oncogenes 
and tumor suppressor genes. This multistep process triggered by chronic UV irradiation 
leads to increased genomic instability and loss of cell cycle control, thus driving the malig-
nant uncontrolled proliferation of keratinocytes. Details of the molecular pathogenesis of 
SCC are still a subject of intense research [14]. Intracellular signaling deregulated path-
ways in SCC pinpoint to p53 pathway as mutated p53 is the most common genetic abnor-
mality found in SCC. AK lesions can harbor mutated p53, and remain as such through 
the malignization process toward SCC [15, 16]. Whole transcriptome analysis published 
in 2016 has shown in SCC cancer cells, in comparison to normal human epidermal kerati-
nocytes, an overexpression of long intergenic non coding RNA (LINC00162). LINC00162 
is upregulated by the inhibition of the p38α and p38δ mitogen-activated protein kinases. 
Knockdown of LINC00162 inhibited proliferation and migration of SCC cells in vitro and 
inhibited extracellular signal-regulated kinase 1/2 activity, up regulating dual specificity 
phosphatase 6 (DUSP6) [17]. Other, recently published molecules involved in the com-
plex biology of SCC are Ets2 and Elk3 genes, required for malignant progression from 
AK lesions to SCC. ETS2-overactivation in epidermal cancer stem cells induces hyperp-
roliferation and SCC superenhancer-associated genes Fos, Junb and Klf5 expression [18]. 
Epidermal cancer stem cells are characterized by alterations in keratinocyte stem cells 
(KSC) and survivin gene expression. Silencing survivin reduces the classical expression of 
stem cell markers (OCT4, NOTCH1, CD133 and β₁-integrin), and increases differentiation 
markers (K10 and involucrin). Recently published results indicate survivin as a key gene 
in SCC development [19]. Another recently published protein, involved in SCC, is S100A8, 
whose overexpression regulates SCC differentiation [20].
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2.1.3. Cutaneous melanoma

Cutaneous melanoma is one of the solid tumors that bear the highest rate of mutations. In 
2015, The Cancer Genome Atlas Network has proposed a new genomic classification of these 
tumors divided into genomic subtypes: BRAF, RAS (N/H/K), NF1 and Triple-WT [21]. These 
subtypes have significant intracellular pathways deregulations. A BRAF mutation is pres-
ent in the majority of melanomas, and an NRAS isoform is present in 15–30% of melanomas 
[22]. The mitogen-activated protein kinase (MAPK) pathway (Ras/Raf/MEK/ERK pathway) 
has several mutated points so that uncontrolled cellular proliferation may occur [23, 24]. 
Alike to the MAPK pathway, the PI3K/Akt pathway can also be activated by Ras. Once this 
pathway is activated, cell proliferation and invasion are promoted. Although PI3K mutations 
are believed to be rare, downstream components of the PI3K/Akt pathway steadily increase 
during melanoma progression, and are altered in 50–60% of melanomas [25]. CDKN2A is 
another gene that encodes proteins involved in cell cycle regulation. Approximately 10% of 
all melanomas have a familial susceptibility linked to the CDKN2A gene. Somatic CDKN2A 
mutations have been reported in 30–70% of sporadic melanomas [25].

The pathophysiology of each skin cancer can have different gene/protein/intracellular signal-
ing foundation or can share the same molecular pathways. Figure 1 resumes the main intra-
cellular pathways that trigger the three main skin cancers in humans.

2.2. PDT in the clinical management of skin cancers

Owing to a constantly increasing incidence, malignant skin tumors need a multidisciplinary 
approach regarding their clinical management, comprising specialists and therapeutical lines, 
which could be personalized for every situation [26]. In this context, PDT is involved in the 
management of nonmelanoma skin cancers, primary superficial BCCs, low-risk nodular BCCs 
and superficial SCCs [27]. In recent years, even for melanoma, PDT starts to be considered as 
an alternative treatment option.

2.2.1. PDT in BCC therapy

Predominantly located in head and neck region, there are three types of BCC: nodular, super-
ficial and morpheic with an increased heterogeneity [28, 29]. Due to this heterogeneity, there 

Figure 1. Intracellular signaling pathways that characterize the main skin cancer types: basal cell carcinoma (BCC), 
squamous cell carcinoma (SCC) and melanoma.
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2.1.3. Cutaneous melanoma

Cutaneous melanoma is one of the solid tumors that bear the highest rate of mutations. In 
2015, The Cancer Genome Atlas Network has proposed a new genomic classification of these 
tumors divided into genomic subtypes: BRAF, RAS (N/H/K), NF1 and Triple-WT [21]. These 
subtypes have significant intracellular pathways deregulations. A BRAF mutation is pres-
ent in the majority of melanomas, and an NRAS isoform is present in 15–30% of melanomas 
[22]. The mitogen-activated protein kinase (MAPK) pathway (Ras/Raf/MEK/ERK pathway) 
has several mutated points so that uncontrolled cellular proliferation may occur [23, 24]. 
Alike to the MAPK pathway, the PI3K/Akt pathway can also be activated by Ras. Once this 
pathway is activated, cell proliferation and invasion are promoted. Although PI3K mutations 
are believed to be rare, downstream components of the PI3K/Akt pathway steadily increase 
during melanoma progression, and are altered in 50–60% of melanomas [25]. CDKN2A is 
another gene that encodes proteins involved in cell cycle regulation. Approximately 10% of 
all melanomas have a familial susceptibility linked to the CDKN2A gene. Somatic CDKN2A 
mutations have been reported in 30–70% of sporadic melanomas [25].

The pathophysiology of each skin cancer can have different gene/protein/intracellular signal-
ing foundation or can share the same molecular pathways. Figure 1 resumes the main intra-
cellular pathways that trigger the three main skin cancers in humans.

2.2. PDT in the clinical management of skin cancers

Owing to a constantly increasing incidence, malignant skin tumors need a multidisciplinary 
approach regarding their clinical management, comprising specialists and therapeutical lines, 
which could be personalized for every situation [26]. In this context, PDT is involved in the 
management of nonmelanoma skin cancers, primary superficial BCCs, low-risk nodular BCCs 
and superficial SCCs [27]. In recent years, even for melanoma, PDT starts to be considered as 
an alternative treatment option.

2.2.1. PDT in BCC therapy

Predominantly located in head and neck region, there are three types of BCC: nodular, super-
ficial and morpheic with an increased heterogeneity [28, 29]. Due to this heterogeneity, there 

Figure 1. Intracellular signaling pathways that characterize the main skin cancer types: basal cell carcinoma (BCC), 
squamous cell carcinoma (SCC) and melanoma.

Photomedicine - Advances in Clinical Practice6

are several therapy lines and several ongoing clinical trials that are thoroughly resumed in 
Ref. [10]. Among all these therapies, PDT gains its place. Thus, topical PDT with methyl ester-
based photosensitizer (PS) is currently accepted for superficial BCC. Accordingly, 16% methyl 
ester methyl aminolevulinate (MAL) is approved for topical PDT of BCC in Europe (Metvix®) 
while in the USA the corresponding approved drug is Levulan® (20% of 5-aminolevulinic 
acid in ethanol solution) [28]. The clinical response for PDT in BCC is not clear-cut. Thus 
evaluating more than 130 patients treated with MAL-PDT the best response was obtained for 
superficial BCC (82%) compared to nodular BCC (only 33%). Analyzing the subtypes some 
predictor factors emerged, nodular infiltrative histotypes, ulceration tumor thickness and 
localization on limbs were the negative ones [30]. Trying to improve the clinical outcome, 
two-fold illumination scheme for aminolevulinic acid-photodynamic therapy (ALA-PDT) 
was investigated and one-year post-treatment clinical evolution was assessed. For small BCC 
located outside the head and neck area, this activation scheme has proven good clinical out-
come [31]. For a three-year follow-up in patients treated with MAL-PDT, fluorouracil and 
MAL-PDT have proven the same efficacy in the treatment of superficial BCCs [32].

2.2.2. PDT in SCC therapy

SCC and AK represent the same skin disease but in different stages of evolution, as AK is 
superficial, SCC involves also the dermis. Local PDT is suitable for AK and for in situ SCC 
[33]. Therapeutical protocols in SCC implies surgery (cryosurgery, electrosurgery and radio-
therapy), topical treatments with 5-fluorouracil and imiquimod or PDT [34], successful ALA-
PDT and blue light being reported several years ago [35]. In this type of cancer, although, 
surgical excision is the first therapeutical choice, PDT is a noninvasive approach and it can 
provide optimum cosmetic outcomes. As in SCC, resistant or recurrent tumors can appear, 
and PDT should be combined with other therapeutic modalities. Hence PDT can be com-
bined with immunomodulatory (Imiquimod) and/or chemotherapeutic agents (5-fluoroura-
cil, methotrexate, diclofenac or ingenol mebutate), and/or inhibitors of molecules involved in 
tumorigenesis, such as COX2 or MAPK [36].

2.2.3. PDT in melanoma therapy

There is an interesting link between melanoma patients and the subsequent appearance of 
BCC or SCC. In a study published in 2016, the associations between melanoma diagnosis and 
SCC were studied. The study showed a clear correlation between age, sex, skin characteristics, 
sun exposure and the existence of p.R163Q/p.D294H MC1R variants in melanoma patients, 
parameters that favor the risk of developing a SCC. This study has shown that melanoma 
patients with increased risk of developing another skin cancer should be further stratified [37].

Although in cutaneous melanoma targeted immune-therapies are the best clinical option, 
there is a therapeutical niche for PDT with second generation PS, especially as postsurgery 
adjuvant treatment or even as a preventive approach [38]. PDT exerts specific effects in mel-
anoma cells both upon melanocytic antioxidant system and multidrug resistance cellular 
machinery decreasing these functions essential for melanoma survival. While successful 
in other skin cancers, PDT is not effective in pigmented melanoma due to photophysical 
properties of melanin from melanocyte-transformed cells, as melanin absorbs light over the 
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entire wavelength region used by PS for PDT (400–750 nm). Amelanotic melanoma with 
low melanin pigment load has been more approached in PDT studies [38]. Still only few 
studies are reported in this topic, and clinically there are some promising results for PDT 
with chlorin e(6) in skin metastases [39] and ocular choroidal melanomas [40, 41]. PDT 
with verteporfin alone or in combination with bevacizumab may be useful as primary or 
preoperative procedure for ocular melanoma. There are also recent experimental studies 
involving amelanotic melanoma, the nonpigmented melanoma type owned to a poor dif-
ferentiation of melanocytes, which produce less melanin, refractive to classic treatments 
and for which alternative therapies are taking into account [42]. Thus, in a mouse C57/BL6 
model bearing B78H1 amelanotic melanoma, it was tested a novel PS assembly comprising 
a Zn(II)-phthalocyanine, a polyethylene glycol (PEG) derivative and gold nanoparticles. The 
deposition of PEG on the nanoparticle surface makes the conjugate hydrosoluble prolonging 
the retaining in serum, improving thus the PDT efficacy. The nanoparticle conjugates were 
significantly accumulated and retained in the tumor 3 h postinjection followed by PDT. The 
experimental approach lead to 40% survival of the treated mice, without tumor relapses. 
These types of PS functionalized with nanoparticles have good potential in PDT for difficult 
to treat cancers such as amelanotic melanoma [43]. Another strategy is to use natural com-
pounds as PS in PDT of skin cancer; hence, positive results were obtained with hypericin in 
human melanoma cells, Where an inhibition of proliferation was registered [44]. In addition, 
natural compounds are “back in fashion” and hypericin was tested also in NMSC treatment 
approaches.

2.3. Specific intracellular networks triggered by PDT in skin tumor cells

PDT is an alternative therapy for some type of cancers and several nonmalignant diseases, 
involving application and preferentially accumulation of a PS in the target cell/tissue, fol-
lowed by PS photoactivation with a light wavelength fitting the compound’s absorption. The 
actual effect of PDT depends on many factors but the cell/tissue where the PS is accumulating 
triggers the main process (Figure 2).

Typically the structure of many PSs is based on the tetrapyrrole ring—porphyrins and 
phthalocyanines, including their derivatives (porphycenes)—or natural products such as 
hypericin, riboflavin or curcumin [45]. Several conditions should be attained by a potential 
PS, namely: chemical purity, stability, high solubility in water, preferentially loading in the 
target cell/tissue, low “dark” toxicity and high quantum yield of singlet oxygen (1O2) gen-
erated upon photoactivation [45]. This light activation causes the transition of PS first in a 
short-lived excited state then in a long-lived energetic state triggering reactive oxygen spe-
cies (ROS) as main agents of tumor vasculature damage, immune response generation and 
further tumor eradication [46, 47]. Among relatively innovative approaches in skin tumors 
treatment, especially in NMSC, PDT could reveal new lines in terms of novel PSs embossing 
different insights in key intracellular pathways influenced by the PDT treatment. Elucidation 
of mechanisms in PDT has gained advance within the last decade, data regarding signaling 
pathways, transcription factors related to cell cycle control, inflammation and cellular death 
accumulated lately. Nevertheless in a living cell, all these processes are deeply overlapped so 
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minute understanding should be proceeded step by step [48]. Furthermore, survival mecha-
nisms are activated in PDT-treated cells and some transcription factors have been identified 
to be involved in cell resistance following PDT, such as AP-1 transcription factor family mem-
bers, NRF2, hypoxia-inducible factor-1 alpha (HIF-1), nuclear factor-kappa B (NF-κB), HSF1 
and unfolded protein response (UPR) protein group [47]. Involvement of a certain signaling 
pathway could define the response of a treatment. For instance PDT with ALA as PS has been 
widely used to treat SCC. However, a segment of SCC patients does not respond well to this 
PDT therapy, the lack of efficacy being evoked at molecular level by the MAPK signaling 
pathway. In vitro studies on SCL-1 human squamous carcinoma cell line revealed that adding 
inhibitors of MAPK on ALA-treated SCL-1 cells could augment the cytotoxic effects of ALA-
PDT. More specific, the addition of inhibitors for key components belonging MAPK, namely 
ERK1/2, p38 and JNK, induced a more dramatic decrease on cellular viability than induced 
with ALA-PDT alone [49].

Figure 2. PDT effect inflicted upon localization in different cells and tissues. Regardless of the localization there is an 
overall antitumoral effect.
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Figure 3 resumes intracellular events triggered by PDT in cells that were uptaking PS.

2.3.1. Pathways in intracellular events triggered by various photosensitizers used in PDT

As a general picture, in skin cancers, the PDT is a topic procedure, especially applied for 
NMSC while for melanoma could be an adjuvant postsurgery alternative. As PS used in der-
matopathology, only two of them are known to be approved by FDA, namely 5-ALA and 
MAL, which are prodrugs becoming active upon intracellular metabolization [50], while other 
PS attempts are currently made with novel (bio) structures related to porphyrin skeleton such 
as porphycenes [51, 52]. Once activated in tumor cell, a PS triggers different pathways depend-
ing on intracellular localization of PS, PS’s dose and type, light dose, cell genotype, affecting 
cell fate in terms of death and proliferation. PDT triggers the death of cellular target, occurred 
primarily by apoptosis, necrosis and, as recently shown, by autophagy [47]. The PS genera-

Figure 3. Intracellular events triggered by PDT in cells that were uptaking PS. PDT is inflicting upon cellular membrane 
an activation of procaspase 8 to caspase 8 that activates the proapoptotic Bcl family of proteins (Bax, Bid, Bad, Bik and 
Bim). PDT acting on mitochondria induces Bcl-2 that further induces cytochrome C (Cyt C) to form the apoptosome that 
comprises Procaspase 9, APAF-1, cytochrome C and dATP; the result is the formation of active caspase 9 that through 
caspase 3 activates intra-nuclear endonucleases and induces hence DNA fragmentation. When PDT acts on lysosomes 
the cathepsin activation induces activation of caspase 9 with the same fate of DNA fragmentation. When PDT acts on 
the endoplasmic reticulum it induces Ca2+ increase that acts upon the mitochondria to generate Bcl-2 family. PDT can 
activate directly p53 that will act upon mitochondria and upon caspase 9 activation. The overall effect is the cell death in 
PDT-treated cells by apoptotic mechanisms.
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tions evolve continuously, hence from the first generation of PS, Photofrin, a partially purified 
form of hematoporphyrin derivative [53], the second generation was developed to overcome 
disadvantages of the first one, such as tetrapyrrole rings, substituted derivatives of porphy-
rin, chlorin and bacteriochlorin [54]. Recently the newer, third generation of PSs was put in 
scene in novel chemical compounds (e.g. fullerenes) or novel platforms such as PS coupled on 
different carriers [47]. Nowadays, a so called targeted PDT has emerged and in this type of 
therapy, antibodies, peptides, proteins, liposomes, cholesterol or other ligands are coupled to 
PS displaying an improved selective accumulation in the tumor [55].

An advanced generation of PS is always defined by longer wavelengths of light (as red as pos-
sible) which corroborates with a deeper penetration of target tissues and a decreased photo-
sensitivity [56]. The antitumor PDT addresses two important issues: direct harmful effects on 
target cells and vascular injury that will limit blood and other nutrients supply to the affected 
region [57]. There are mainly two ways of cell fate following PDT: cellular death or cellular 
survival. The border between these two opposite processes is fine-lined by specific intracel-
lular mechanisms development.

2.3.1.1. Cellular death induced by PDT

Once inside the target cell subjected to photoactivation, a variety of intracellular pathways are 
initiated by the PS. Although at first sight these biochemical pathways look complex, over-
lapped, multiple and hard to decipher, the target cell will act in one main direction, namely 
survival as a response to PDT-triggered aggression.

Generation of reactive oxygen species upon PDT: The first molecular steps in ROS generation are 
related to PSs’ chemistry, depending on oxygen supply in the target tissue [58], and comprise 
the generation of ROS, as main tools for tumor/target cell destruction. Under the specific light 
action, the PS will absorb a photon moving from a low energetically short-lived singlet state to 
an excited long-lived triplet state able to react with molecular oxygen to produce superoxide 
anion O2

•− (low reactivity, long lifetime—type I reaction) or singlet oxygen 1O2 (high reactiv-
ity, short lifetime—type II reaction) [59].

What is the fate of ROS in photosensitized cells? Different types of ROS inflict different actions. 
Singlet oxygen being highly reactive but evanescent, will oxidize various many biomolecules 
(lipids, nucleic acids, proteins, etc.) at the level of their electron-dense regions [57, 60], while 
superoxide anion due to its low reactivity on direct biological target, will act mainly as a pre-
cursor for other reactive species (e.g. H2O2 or •OH) that will cause cellular fatal injuries trig-
gering cell death through necrosis or apoptosis [61]. Also it is important to notice that since 
singlet oxygen is a short-lived species, will act immediately upon intracellular targets close to 
the site where PS was accumulated, influencing thus the type of response upon intracellular 
localization [57]. Regardless of ROS type, the outcome is tumor cell eradication by different 
mechanisms of cytotoxicity operated by PDT [46].

Cellular toxicity induced by reactive oxygen species: Three cytotoxicity modes are induced post-
PDT: oxidative stress, hypoxia and antitumor immune response. Oxidative stress it’s installed 
when generated ROS oxidize and irreversible damages nucleic acids (DNA and RNA) [62, 63], 
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lipids [64] and proteins [65] with consequences upon the whole cellular physiology. Certain 
particular changes are related to cellular membrane where phospholipid peroxidation leads 
to alterations of membrane fluidity, permeability and the (photo)oxidation of cellular mem-
brane contributing strongly to cell death [66, 67]. Oxidative stress is linked to locally induced 
hypoxia in the photosensitized tissue, which abort the ATP production by oxidative phos-
phorylation [68] thus leading to cellular death (namely necrosis, an ATP-independent pro-
cess), and further to the antitumor immune response initiation which is the decisive piece for 
complete removal of photodamaged tissue [69]. Upon PDT-induced cellular death, namely 
apoptosis, necrosis, necroptosis [70] and/or autophagy [71]), intracellular damage-associated 
molecular patterns (DAMPs) [72] and tumor-associated antigens (TAAs) are released from the 
photosensitized cells and subsequently trigger an immune response aimed at removing the 
PDT-treated tumor [73].

2.3.1.2. Activation of intracellular survival pathways in photodynamic action

Although cellular death conducted by ROS is envisaged, tumor cells subjected to PDT could 
encounter this stress by triggering survival mechanisms when vascular shutdown was not 
completed following PDT action. This type of response is primarily mediated by several path-
ways raising in an interconnected manner where beside classical NF-kB-mediated proinflam-
matory and proangiogenic activity, is raising also a NRF2-mediated antioxidant response, a 
HIF-1-mediated hypoxia survival, a proteotoxic stress response interceded by certain tran-
scription factors (HSF1, XBP1, ATF6 and ATF4) corroborated with an acute stress reply where 
factors from MAPK pathway are being involved. As PDT means an oxidative stress upon tar-
get cells, many studies related to signaling pathways were treated through the prism of oxida-
tive stress and therefore extrapolated to PDT. Consequently, recent works refer to signaling 
pathways in PDT as to signaling pathways activated in cells subjected to oxidative stress [74].

NRF2 is the main transcription factor protecting against the oxidative stress by restoring the 
intracellular redox balance in a post-PDT–treated cell, promoting the transcription of the genes 
encoding for antioxidant enzymes, antioxidant proteins as well as for multidrug response pro-
teins. Moreover, NRF2 is likely constitutively active in many cancer types potentially desensi-
tizing these cells to PDT effects, mediated by ROS. Cells from various layers of the skin benefit 
from NRF2 protective actions, both in abnormal differentiation, wound healing and control-
ling inflammation. Thus in keratinocytes and melanocytes, NRF2 protects against mutation 
during keratinization and melanogenesis. Also, in fibroblasts, NRF2 protects against differen-
tiation and fibrosis processes; therefore, NRF2 activity could be modulated in the context of 
skin diseases pharmacotherapy and in PDT in order to improve the PDT efficacy by impairing 
adaptation of target cells to oxidative stress. In addition, NRF2 could be a key biomolecule in 
the searching for new drugs for various skin disorders including vitiligo or even cutaneous 
melanoma [75].

NF-κB is a family of transcription factors with a crucial role in inflammation, apoptosis, innate 
immunity and also in cancer initiation. NF-kB interferes with an ample array of signaling 
pathways, including HIF-1, and certain biomolecules such as ROS [76]. The NF-κB activation 
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following PDT could initiate the survival of tumor cells by inhibiting apoptosis and facilitat-
ing angiogenesis. Also, NF-κB pathway could display equally antitumor and protumor func-
tions in different carcinogenesis processes, for instance in epidermal keratinocytes, NF-κB 
seems to exert mainly tumor growth inhibitory functions [77]. In melanoma, the NF-κB activ-
ity in tumorigenesis was demonstrated in a mouse model where HR as-mediated tumorigen-
esis onset relies on IKK2-mediated NF-κB activation [78].

HIF-1 is the central modulating pathway for hypoxic conditions in most tumor cells, as well as 
skin cancers, condition in which it is constitutively activated [79]. Thus, in a hypoxic or even 
anoxic milieu, HIF-1 becomes hyperactivate as a part of survival actions adopted post-PDT [80].

The ASK1 pathway directs the immediate early stress response, namely the rapid transcrip-
tion of a set of genes encoding for stress adapting proteins. Classical ASK1 sends its signal via 
MAPKs proteins to the AP-1 transcription factors responsible for the rapid induction of imme-
diate early gene transcription. Nevertheless, the direct ASK1 activation post-PDT is still diffi-
cult to demonstrate, so the actual involvement of ASK1 in PDT response can only be assumed 
from the effects on downstream kinases (MAPKs) and other transcription factors. This kind of 
indirect proof was reported in a model of PDT with murine PAM212 keratinocytes loaded with 
a benzoporphyrin derivative, where the activation of JNK and p38MAPK were associated with 
early stress response mediated by ASK1. In addition, the early survival response upon PDT 
means a transient JNK and p38MAPK activation triggered by AP-1 transcription factors phos-
phorylation from ASK-1 pathway. Thus, an approach for improving PDT efficacy could be the 
AP-1 pharmacological suppressing while preserving the JNK and p38MAPK functions [81].

The proteotoxic stress response arises as well as a survival mechanism in PDT stressed cells 
triggering certain transcriptional level responses known as the unfolded protein response 
(UPR), a form of endoplasmic reticulum (ER) stress. These resulted unfolded proteins acti-
vate further HSF transcription factors by which an adaptive response comprising chaperones 
upregulated and protein synthesis inhibition is raising, allowing protein refolding and degra-
dation of those protein aggregates wrongly appeared during stress [82].

However, this UPR process should be analyzed in report with cell, type, PS nature, PS intra-
cellular localization and PDT regimen. It is expected to launch an UPR response for those 
PS which accumulate preferentially in ER, such as hypericin. For instance, such ER-related 
oxidative stress was reported for a PDT model with sodium-porfimer photosensitizer, which 
conducts to protein polyubiquitination, carbonylation and ER lumen enlargement [65]. As a 
result, the UPR constitutively activated in tumors, as many other protection mechanisms [83], 
will protect tumor cells against anticancer therapies such as PDT [74].

2.3.2. Different effects triggered by in vitro PDT experimental models

Subtle changes triggered by photodynamic treatment are incompletely revealed, as signaling 
pathways regulate a myriad of cellular processes starting with genetic ones, such as transcrip-
tion and translation, and ending with complex cellular behavior such as proliferation, apopto-
sis, differentiation, metabolism and overall cell survival upon a certain therapeutic regimen. 
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Such finest inquiries are needed to be explored with various techniques and experimental 
models that deliver data regarding the best way of PS delivery, the best PDT regimen, cellular 
and molecular characteristics imprinted by a certain PS, therapeutical outcome and so on. 
The “practical” history of experimental PDT begun in the mid-1970s when it was discovered 
that a hematoporphyrin derivative activated with red light “cured” a mammary tumor in a 
mouse model [84]. The studies are in continuous development as an arsenal of in vitro cel-
lular models were settled for studying PDT effects on various cancers including skin cancers. 
Experimental in vitro models for PDT implying novel PS to be used in skin tumors, are related 
to cell types or types of cellular cultures (adherent, suspension, 2D or more recently 3D cel-
lular cultures). For instance, three dimensional spheroid culture cells provide very convenient 
approaches for in vitro assessment of new PS and new PDT responses and, in addition, they 
could mimic many in vivo intercellular interactions. Their convenient growth characteristics 
and exploitable features in imagistic approaches allow in vitro PDT multiple parameters stud-
ies in an “all in one” manner [85].

2.3.2.1. In vitro models for nonmelanoma skin cancer PDT therapy

Among PS tested for NMSC, hypericin a natural quinone extracted from Hypericum perfora-
tum, gain constant attention due to its good photosensitizing properties, an ideal candidate for 
PDT applied in skin tumors [86]. Hypericin as PS was currently investigated in a recent report 
where was tested in an in vitro system with human normal primary cells (keratinocytes, mela-
nocytes and fibroblasts) mimicking thus the epidermis and dermis of human skin. Fibroblasts 
were the most susceptible to hypericin-PDT, followed by melanocytes and keratinocytes in 
terms of viability. The cellular morphologies were affected by PDT for all investigated cell 
types, keratinocytes being the most unaffected even at highest PS doses. Other results indicate 
a cytoplasmic localization of hypericin in all investigated skin cell types whereas the intracel-
lular generated ROS were the most elevated in fibroblasts. This study describes the effects 
induced by in vitro PDT using hypericin on different human skin cells, gathering hence data 
on PS efficacy that could impacts in vivo application for NMSC [87].

2.3.2.2. In vitro models for melanoma PDT therapy

The main stream of the studies regarding PDT applied in melanoma encounter a major issue 
raised by this type of cancer: an evident resistance to this therapy owing to melanin that will 
compete with the PS for photons in the detriment of molecular oxygen, leading to an impaired 
phototoxicity upon target cell [47]. Therefore, the attempts regarding PDT in malignant mela-
noma have tried to combine PDT with a complementary procedure such as magneto-hyper-
thermia [88], or use an improved PS delivery system, namely a liposome formula including 
a second generation PS such as metallated phthalocyanines. This in vitro model with B16-F10 
standard cell line was used for melanoma studies [89].

Although PDT seems not to be an option in melanoma, recent publication has shown that in 
a B16-melanoma cell line and also in a B16 ectopic tumor model, ALA-SDT had been more 
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efficacious when compared to ALA-PDT. SDT is sonodynamic therapy in which the activation 
of a nontoxic sensitizer drug is performed using low-intensity ultrasound to produce cytotoxic 
ROS. SDT can activate sensitizers at a greater depth within human tissue because of the low tis-
sue attenuation of ultrasound. In PDT for melanoma the low efficacy was attributed to the dark 
pigmentation of the melanoma that filters the excitation light. In SDT, the sensitizer is activated 
by ultrasound and it is not hindered by pigmentation. These results suggest SDT as a better 
approach in comparison to PDT when treating highly pigmented cancerous skin lesions [90].

Nanocarriers for delivering one or even simultaneously two PSs [91] seem to be a good 
instrument to outcome the recognized melanoma resistance, and have been tested further 
in a mouse model of xenograft melanoma proving an increased efficacy of treatment and an 
enhanced accumulation in melanoma cell [92].

2.4. Proteomics technologies in intracellular signaling events triggered by PDT

The complex and intermingled intracellular mechanisms triggered by PDT claim high-
throughput proteomic tools to thoroughly quest the signaling events occurred in cancer cell 
followed PS activation. The cellular signaling events are first triggered by the activation of 
plasma membrane events [93]. Recently emerged, the proteomics branch focusing on these 
events is plasma membrane proteomics. From antibody-based techniques to large-scale 
“precision proteomics” centered on mass spectrometry, posttranslational modifications, 
protein-protein interactions and changes in protein expression could be analyzed by large 
scale proteomics. Proteomics in this domain is important as it conveys accurate information 
concerning (patho) physiological changes in terms of qualitative and quantitative terms of 
thousands of proteins as response to a certain antitumor therapy.

Skin cancers alterations affect specific genes and thus specific protein mediators from differ-
ent signaling pathways including the Sonic Hedgehog and NF-kB, targeting these proteins 
being the trigger for new approaches in skin cancers therapy [94].

Before tackling the proteomic involvement in PDT pattern, it must be underlined that genomic 
technologies’ advancements paved the road to molecular insights in skin cancers and related 
signaling pathways. In skin tumors, advances in sequencing techniques were driven at the 
beginning of 2000s in receptor tyrosine kinases studies, and were the tools that identified and 
indicated the presence of BRAF mutations in 50% of skin melanomas [95]. This imprints a 
major impact in development of selective BRAF inhibitors (vemurafenib and dabrafenib) trig-
gering impressive remissions in melanoma patients who benefit now from an improved treat-
ment, leading to a new era in targeted therapy [96]. Starting from this crossing-point, it could 
be further underlined that proteomics is continuing to make major progresses in biological 
processes discoveries as well as in establishing an “universal” assay platform for measuring 
proteins status and levels in any biological system subjected to different physiological milieu. 
A strength of proteomic approach is that it can translate almost in “real-time” fundamental 
science achievements into clinical practice helping in outlining personalized medicine and 
precision medicine [97].
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2.4.1. Proteomic technologies in skin cancers at a glance

Proteomics includes a number of methods that could be classified depending on several crite-
ria, such as scope (for identification—quality versus measurement—quantity; discovery versus 
validation of biomarkers) and detection method (labeling versus label-free), and are broadly 
comprising spectrometry, electrophoresis and array methods. Regardless of classification cri-
teria, for analyzing PDT events, all approaches could be used to obtain important data in 
comprehending the dynamic biology of malignant transformation, tumor cell behavior and 
therapy outcome [98].

It is not the chapters’ intend to go in depth with proteomic techniques but one should keep in 
mind that there are several main stream approaches currently in use in different experimental 
sets in cancer research [97, 99] as resumed in Table 1.

The future in the proteomic domain relies in multianalyte investigation with different con-
gruent methods based on molecular characteristic evaluation such as 2-DE, MS and protein 
microarrays. As the proteomic approach is complex, so the future therapeutical approaches in 
skin cancer need the same multitargeted approach. In this aspect, photo-immune-theranostics 
reagents are the future compounds that will enter the PDT scene. This future to be therapeuti-
cal method combines molecular optical imaging, photodynamic therapy and immunotherapy 
using SNAP-tag technology which is a derivative of the O(6)-alkylguanine-DNA alkyltrans-
ferase (AGT) with the ability to efficiently conjugate to O(6)-benzylguanine (BG) molecules 
under physiological conditions depending on its folding pattern. An approach like this could 

Technology type Characteristics

Two-dimensional gel electrophoresis (2-DE) Quantitative method allowing extraction and separation in two 
dimensions (isoelectric point, molecular mass) of proteins from 
sample of interest

Mass spectroscopy (MS) Generates peptide mass fingerprints for protein detected on 2-DE; MS 
has multiple variants—electrospray ionization-liquid chromatography 
tandem mass spectroscopy (ESI-LC-MS); matrix-assisted laser 
desorption ionization time of flight (MALDI-TOF); surface-enhanced 
laser desorption ionization time of flight (SELDI-TOF); MALDI 
MS imaging (MALDI-MSI); laser capture microdissection-MS 
(LCM-MS)—optimum for extracting cells from biological specimens 
preserving the morphologies of captured cells and the nearby tissues

Protein microarray (PM) technology Proteins/antibodies/other biomolecules covalently attached to a solid 
support like glass are used to detect various interactions such as 
protein-protein, enzymatic targets, protein-small molecule (peptide, 
DNA, etc.), based on the antigen-antibody reaction; it has also many 
recent variants—cell arrays—it can analyze particular molecular 
targets expression triggered in in vivo experimental models; tissues 
array—it can analyze the molecular targets in situ across a panel of 
primary tissues in order to evaluate their clinical significance

Table 1. Main proteomic technologies applied for intracellular mechanisms investigation in skin cancer.
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simultaneously monitor and suppress the growth of skin squamous carcinoma and mela-
noma cells expressing EGFR [100].

2.4.2. Proteomic data for skin cancers

Data for cutaneous tumors were obtained from proteomic studies’ involving MS. Referring 
strictly to cutaneous cancers, ESI-LC-MS was used for investigating in paraffin-embedded 
metastatic melanomas for comparative proteomic study [101]. This method quantifies pep-
tide spectra that have been sequenced by the MS and can be used for biomarkers discovery 
through comparing the peak intensities derived from multiple LC-MS data set [102].

Biomarker identification in melanoma along with other type of cancers was also subjected of 
SELDI-TOF-MS analysis [103]. In SELDI, the protein sample mixture is spotted on a specific 
solid surface with chemical functionality such as binding affinity where some analytes in the 
samples would attach while the others will be washed off. The spotted samples on an SELDI 
surface are analyzed with TOF mass spectrometry [104].

Nevertheless, proteomic studies concerning PDT in skin tumor are still missing and are lim-
ited to in vitro approaches by assessing various cell lines. Thus a recent study published 
in 2016 involves the hexyl-aminolevulinate-mediated PDT in the human epidermoid car-
cinoma cell line A431 [105]. This analysis is another attempt to elucidate the exact trigger 
mechanisms for various death-pathways induced by PDT which are still unknown. One of 
the alteration induced by PDT via ROS is the reversible oxidation of cysteine thiols groups 
(–SH), as potential redox switch for protein activity and cellular signaling. Using MS as pro-
teomic tool, the authors found that over 2000 proteins were reversibly oxidized post-PDT, 
of which 115 of the high confidence proteins were related to the apoptotic mechanisms and 
257 have not been reported yet to be reversibly oxidized on –SH group. This study is con-
sidered the first complete mapping of reversibly oxidized proteins following PDT, among 
which ATM, p63, RSK1 p38, APE1/Ref-1 and three 14-3-3 family members represent potential 
signaling core in apoptosis death. This “core protein” furnished an apoptotic map that can 
subsequently identify potentially new redox-regulated triggers as well as potential targets 
for PDT efficacy improvement, demonstrating the benefit of proteomics in PDT [97, 105].

PM methodology is not yet a routine approach in PDT topic, although possess all strengths 
to become a robust tool in deciphering the protein-pattern of this domain. Many formats 
have been developed with whole proteomes, peptides, nucleic acids and lectins, although 
antibodies platforms remain the most popular PM surfaces. High-throughput tools in a min-
iaturized format, the arrays could perform parallel analysis, interactions and protein func-
tion on a large scale for benefit of both basic research and clinical applications [106].

Using antibody microarray, we have assessed the probable intracellular pathways by which 
PDT with aluminum-substituted disulfonated phthalocyanine trigger apoptosis in dysplas-
tic oral keratinocytes cells (DOK cell line), leading to the tumoral cells eradication. Among 
the analyzed apoptotic factors, Bcl-2, P70S6K kinase, Raf-1 and Bad proteins were the bio-
molecules whose expression changes with the greatest amplitude. Until now, the intimate 
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apoptotic mechanisms activated by PDT with metallated phthalocyanine in this type of kera-
tinocytes are still to be deciphered as well as PDT-related signaling events per se [107]. This 
complex methodology is a versatile tool allowing investigation in detail of molecular events 
related to cellular death induced by PDT.

3. Conclusion

PDT procedures have several lines of improvement in skin cancers treatment. For exam-
ple, BCC superficial lesions, preferentially located on the trunk, have the best therapeutic 
response when treated with PDT. In SCC, PDT should be combined with immune modula-
tors and chemotherapeutic agents. For melanoma, there is still a huge array of improvement 
due to its particularities and probably with the prospect of advances in gene discovery and 
translation, multidisciplinary team has to solve all the emerging issues for introducing PDT 
in melanoma.

The therapeutic future relies in the homogeneous photo-immune-theranostics reagents 
combining molecular imaging, PDT and immunotherapy. Using “next generation” pro-
teomic technologies (SNAP-tag) it would be possible to simultaneously monitor and sup-
press the growth of skin squamous carcinoma and melanoma cells expressing specific 
markers, like EGFR.

Concluding at a glance, large-scale proteomics-based signaling research will be one of the 
leaders in future photomedicine by enlarging the basic knowledge regarding (photo)therapy-
targeted networks and molecules, and by deciphering new intracellular avenues for future 
precision medicine in skin tumors. A deeper knowledge regarding signaling mechanisms in 
PDT could furnish new molecular targets and increase its clinical efficacy.
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Abstract

Pleural spread from non-small cell lung cancer is a difficult situation. The average sur-
vival in the situation is about 6–9 months. We investigate the current management of this 
challenging condition. Although, there is no much evidence found in the literature, we 
do see the pleural photodynamic therapy giving some promising light in the dark night. 
However, the patients still require complete neoadjuvant and adjuvant therapies, as well 
as radical tumor resection. Pleural PDT is one of the multi-modality treatments, which 
combined can achieve satisfactory oncological results. The long-term survival can be 
achieved in more than half the patients. However, the side effects of pleural PDT include 
skin hypersensitivity, trachea and esophageal perforation, and ARDS, which we should 
keep in mind.
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1. Introduction

Photodynamic therapy (PDT) is one of the established treatment modality for non-small cell 
lung cancer (NSCLC). Early-stage lung cancer and superficial endobronchial lesions less than 
1 cm in thickness can be effectively treated with external light sources. Thicker lesions and 
peripheral lesions may be amenable to interstitial PDT, where the light is delivered intra-
tumorally. The primary adverse event, phototoxicity, is expected to be minimized with the 
introduction of new photosensitizers that have shown promising results in phase I and II clin-
ical studies. Moreover, the addition of PDT to standard-of-care surgery and chemotherapy 
(or target therapy) can improve survival and outcomes in patients with pleural dissemination. 
Therefore, intra-operative PDT has shown promise in the treatment of non-small cell lung 
cancer with pleural spread.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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distribution, and reproduction in any medium, provided the original work is properly cited.



The presence of pleural spread in non-small cell lung cancer (NSCLC) without distant metas-
tases was classified as stage III b in the previous International System for Staging Lung 
Cancer [1]. The seventh edition of the TNM classification of lung cancer was published in 
2009, and the changes to the sixth edition of this document were according to proposals 
from the International Association for the Study of Lung Cancer (IASLC). The IASLC lung 
cancer staging project committee suggested that pleural disseminations (pleural nodules or 
malignant pleural effusions) be reclassified to M1a from T4. In patients with pleural carci-
nomatosis, the reported median survival time ranged from 6 to 9 months [2–8]. Currently, 
the management options for pleural spread include chemotherapy, surgery with pleurec-
tomy, and photodynamic therapy. Thymomas are neoplasms arising from epithelial thymic 
cells. They rarely metastasize to distant sites; on the contrary, they more often show pleural 
implantation at diagnosis or during follow-up. Thymoma with pleural spread is also a dif-
ficult clinical situation to manage, and the treatment is controversial [9–11].

Photodynamic therapy (PDT) is an anticancer treatment combining photosensitizer, oxygen, 
and visible light. PDT anticancer effect occurs when the photosensitizer captures light energy 
and transfers that energy to oxygen. The excited oxygen species are responsible for the effect 
and can directly kill tumor cells, damage the tumor blood supply, or both [10]. Porfimer 
sodium (Photofrin; Axcan Pharma Inc, Birmingham, AL, USA), a first-generation photosen-
sitizer that is a mixture of porphyrin monomers and oligomers, is used most often. They are 
activated by 630 nm red light. Successful treatment of malignant mesothelioma by photody-
namic therapy has been reported as a new approach for pleural malignancy dissemination 
[12]. Moreover, as with malignant pleural mesothelioma, PDT may be utilized as part of a 
multi-modality management strategy for non-small cell lung cancer with pleural spread. A 
phase II trial enrolling 22 patients with pleural spread and clinical T4 NSCLC was conducted 
in which patients underwent surgery with complete or partial tumor debulking, followed by 
hemithoracic pleural PDT or PDT alone. The median overall survival was 21.7 months, com-
pared with 6–9 months for similar patients based on historical controls [13].

2. Operative procedures

Thoracotomy was performed for either multiple wedge resection or lobectomy. The particular 
pulmonary resection was chosen by the same criteria as those used for performing resections 
with curative intent in patients with early lung cancer. Anatomic resections (pneumonectomy, 
lobectomy, or segmentectomy) were performed only in patients in whom it was possible to resect 
all gross disease. After finishing lung resection, total parietal pleurectomy was performed sub-
sequently. The parietal pleura were stripped from the bony hemithorax as radical parietal pleu-
rectomy. The mediastinum was debulked of all gross tumor. For thymoma patients, the radical 
thymothymectomy was performed concurrent with radical pleural pleurectomy. The goal was to 
have no visible or palpable tumor left in the affected hemithorax at the end of the operation [14].

We sewed flat photodiodes into seven regions of the pleural space, which include the apex, 
anterior chest wall, posterior chest wall, posterior costophrenic sulcus, anterior costophrenic 
sulcus, posterior mediastinum, and pericardium. Moreover, we handle it with a dosimetry 
system. The dosimetry system provided both the real-time luminescence and the cumulative 
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light dose for the seven regions. The cavity was filled with diluted intralipid solution (0.01%) 
to act as scattering agent, giving a more homogeneous light delivery. The light was delivered 
with an optical fiber sheathed within a modified endotracheal tube. This delivery system was 
moved around the chest cavity until a measured dose of 40 J/cm2 of 630 nm light was recorded 
at all seven regions (Figures 1 and 2). During the light delivery of PDT, the chest retractors 
were removed to avoid shielding. We use 20 L of intralipid solution to maintain a clear intra-
thoracic area and to minimize light absorption affected by hemoglobin. Sterile photodiodes 
were removed from the pleural cavity after completion of light administration. The overall 
time of the light delivery portion of PDT was about 1 h. Then, the operation is completed after 
wound closure and setting two 28 fr chest tubes.

Figure 1. The operator and the 630 nm light source. The operator is hoding the laser light source which can activate 
the photosensitizer in tumor cells. The laser probe is within the endotracheal tube which enhance the convenience of 
irradiation in the pleural space.

Figure 2. The dosimetry system. The dosimetry system provided both the real-time luminescence and the cumulative 
light dose for the seven regions.
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3. Comments

The pleural spread of thoracic malignancy is difficult to manage. The standard care of the condi-
tion is non-operative worldwide. Currently, surgery is not considered part of the treatment for 
these patients. It is usually treated with palliative chemotherapy but is barely cured. Surgery 
alone has been ineffective in treating cancer with pleural dissemination because residual micro-
scopic disease remains in the chest cavity, even after what appears to be a “complete” resection 
[2–8]. Photodynamic therapy offers several potential advantages for treating disseminating sur-
face cancer. First, preclinical studies demonstrate a greater retention of photosensitizers in tumor 
compared with normal tissues [15]. Second, the PDT penetrates several millimeters into tissue. 
It results in surface cell killing, while sparing the underlying tissues. Therefore, PDT is suitable 
for the treatment of cancers that have spread to organ surfaces, including pleura or peritoneum 
[16, 17]. Moreover, PDT is a localized therapy that can be performed intraoperatively. Intra-
operative pleural PDT was used as one of the multimodal approaches for treating patients with 
pleural carcinomatosis. The hypothesis was that, upon complete resection of all gross disease, 
immediate intraoperative PDT might be effective in treating the residual microscopic disease. 
For lung cancer, the phase II trial at the University of Pennsylvania proved our point of view. 
It showed 73.3% of 6-month localized disease control for the cohort and a median overall sur-
vival of 21.7 months, compared with 6–9 months survival for similar patients treated with the 
non-operative standard of care and based upon historical controls [13]. Compared with surgery 
without PDT for patients of lung cancer with pleural spread in literature, the outcome of patients 
receiving surgery plus PDT is better [18, 19]. The best median overall survival of the lung can-
cer patients was 39.0 months, conducted by our group (Figure 3) [20]. The comparison of these 
results is listed in Table 1. Therefore, we found that the result was good, and the morbidity was 
acceptable. However, the PDT is only one of the multi-modality treatments, so the adjuvant or 
neoadjuvant therapy is important, too. Our group conducted another experiment about the sig-
nificance of the Epidermal Growth Factor Receptor (EGFR) profile to the PDT-sensitive cancer 
cells [21]. Because tyrosine kinase inhibitor (TKI) was popularly used in the advanced lung can-
cer, we investigated the roles of this two common therapies combined. Although photodynamic 
therapy (PDT) has been demonstrated to be an effective minimally invasive treatment modality 
for thoracic cancer, the molecular action in thoracic cancer during PDT is hardly known. EGFR 
has been known to downregulate in various cancer cells during PDT. In the study, we investi-
gated the effects of Photofrin-mediated PDT on cell death and expression of EGFR in CE48T/
VGH (CE48T) squamous carcinoma cells. We found that the photosensitizer Photofrin in the 
absence of light exposure can downregulate the expression of EGFR at both transcription and 
translation levels. Higher concentrations of Photofrin result in cytotoxicity, whereas lower doses 
of Photofrin inhibit EGFR expression under dark control without inducing significant cell death. 
This Photofrin-associated inhibition of EGFR was repeated in lung cancer, cervical cancer, and 
glioblastoma cells. Another squamous cell carcinoma cell line CE81T/VGH (CE81T) was found 
to be resistant to Photofrin-induced inhibition of EGFR as well as to Photofrin-mediated dark 
toxicity compared with CE48T. The resistance to the cytotoxicity in CE81T cells became insignifi-
cant when the Photofrin-treated cells were further irradiated by red light (Photofrin-PDT). We 
suggest Photofrin modulates the expression of EGFR in cancer cells. However, efficient cell death 
still requires the combination of Photofrin and light irradiation in squamous cell carcinoma cells.
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4. Conclusion

Photodynamic therapy is a promising treatment modality for thoracic malignancy. With 
proper patient selection, intrapleural photodynamic therapy for pleural spread in patients 
with lung cancer or thymoma is feasible and may provide a survival benefit.
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Figure 3. Kaplan-Meier survival analysis of the patients undergoing PDT vs. non-PDT for pleural spread (P = 0.047).

Studies Year Country Mean age ± SD (years) No. of patients 5-year survival rate (%)

Wang et al. 2011 Taiwan 62.3 ± 11.2 90 21.7

Mordant et al. 2011 France 59.0 ± 8.8 32 16.0

Chen et al. 2013 Taiwan 51.9 ± 11.9 10 56.3

Table 1. Comparison with other series for lung cancer patients.
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Abstract

Photodynamic therapy (PDT) employs light activation of tissue‐localized photosensitizer 
in an oxygen‐dependent process which initiates oxidative stress, inflammation, and cell 
death. Photodynamic therapy (PDT) involves the activation of a previously administered 
photosensitizing agent by visible light to induce tumor necrosis. Photosensitizers are 
topically applied in the treatment of skin tumors to avoid systemic side effects. The main 
dermatology indications for topical PDT are superficial nonmelanoma skin cancer and 
dysplasia, notably superficial basal carcinoma (BCC), Bowen's disease (BD), and actinic 
keratosis (AK). In this chapter, we evaluated the feasibility and efficacy of aminolevulinic 
acid (ALA) as a photosensitizer (ALA‐PDT) in combination with CO2 laser in the treat‐
ment of dermatological disease from basics to clinic research.

Keywords: photodynamic therapy, photosensitizer, Bowen's disease, actinic keratosis, 
aminolevulinic acid

1. Photodynamic therapy for actinic keratoses

Skin aging is often divided into natural aging and photoaging. Photoaging is caused by exces‐
sive exposure to the ultraviolet (UV) irradiation. The skin becomes thick and rough, with 
coarse wrinkles, mottled pigmentation, and precancerous lesions, including actinic keratoses 
(AK). Actinic keratosis (AK) is a growth of dysplastic cells within the epidermis that presents 
clinically with a scaly localized macule or papule on chronically sun‐exposed skin [1]. Over 
the last few years, the relationship between AK and SCC has been a topic for much debate in 
the literature, as AK is believed not to be a separate entity but an SCC in situ.

Some researchers also consider actinic keratoses equivalent to squamous cell carcinoma 
(SCC). Yet, SCC is capable of metastasis [2, 3]. So it can be life threatening. AK is a precancer‐
ous lesion, therefore should be treated early. There are a lot of methods for AK, while not all 
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treatments are appropriate for all patients or lesions, especially cosmetic outcome may be 
generally less than optimal [4, 5]. The ideal treatment for AKs should be effective, well toler‐
ated, and have an excellent cosmetic outcome, particularly in cosmetic‐sensitive areas such 
as the face.

Photodynamic therapy (PDT) has been under development for the treatment of various 
tumors by the end of the 1970s. Topical ALA‐PDT was originally used for superficial non‐
melanoma skin cancers and their precursors. However, other benign diseases, such as acne 
vulgaris, sebaceous gland hyperplasia, and hidradenitis suppurativa, have been shown to 
improve with this treatment. Photodynamic therapy (PDT) is an alternative, minimally inva‐
sive treatment. Oxygen, photosensitizer, and light are the three principal elements of PDT. 
When illuminated by a light source with an appropriate wavelength, the photosensitizer is 
activated and will react with oxygen to produce singlet oxygen and reactive oxygen spe‐
cies (ROS) to cause the selective destruction of target tissues [6]. As a metabolic precursor of 
endogenous porphyrins in heme biosynthesis, the absorption of 5‐ALA induces the produc‐
tion and accumulation of protoporphyrin IX (Pp IX), a fluorescent substance that is as effec‐
tive as a light sensitive agent (408, 506, 532, 580, and 635 nm).

An ideal treatment for AK would only affect lesional skin, leaving normal surrounding skin 
unharmed. In the 1990s, Kennedy et al. using topic 5‐aminolaevulinic acid (5‐ALA) that has 
restricted the phototoxicity at the application site. Since AK lesions are capable of selectively 
accumulating PPIX, they are excellent targets for PDT.

Forty‐two patients with a total of 56 AK lesions on the face were enrolled in our study. The 
5‐ALA (Zhangjiang, China) was prepared at a concentration of 20% in physiological saline. 
A thick layer of the formulation was applied to cover the AK lesions for 5 h. Then the lesions 
were illuminated by laser (λ = 630 nm, light dose 100 mW/cm2) for 30 minutes All patients 
were reviewed in at least 2‐week intervals. The response to the PDT was evaluated 1 month 
after the therapy, and treatment is repeated if necessary [7].

Initially, AKs lesions were detected among the patients (Figure 1). The treated skin lesions 
were evaluated macroscopically at several time points following the treatment. Immediately 
after ALA‐PDT, it showed limited edema and erythema in the treated area. Conversely, the 
lesions were covered with necrotic tissue after 1 day. A red granulation tissue developed after 
4–7 days and gradually atrophic flatten (Figure 2). Afterwards, a pink‐red contracted atro‐
phic scar could be observed that progressively healed after 3 weeks. All the 56 lesions from 
42 patients showed a complete response by histologic examination (remission rate, 85.71%) 
1 month after PDT treatment. The epidermis of the photodamaged skin became thinner and 
more even. Clinically, there was no significant scarring or pigmentary changes after treatment 
(Figure 3).

There were six patients with persistent lesions, the six patients with eight lesions received 
one or two additional PDT treatments; the AKs in the follow‐up biopsy resolved, and the 
lesions were all cleared in the end.

Before treatment, histopathological analysis of the lesions showed the presence of atypi‐
cal keratinocytes characteristic for AK (Figure 4). After treatment, the epidermis of the 
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 photodamaged skin became thinner and more even, and the skin structure in responsive 
lesions had returned to normal and the atypical cells of AK were replaced by normal kerati‐
nocytes (Figure 5). The epidermis was fully regenerated by day 30 following PDT.

The facial lesions’ mean epidermal thickness significantly decreased from 155.22 ± 70.45 to 
74.35 ± 18.65 μm after treatment (P < 0.05) (Figure 6). We can observe a large number of 
 infiltrating cells in the dermis before the treatment, and those were significantly reduced after 
treatment. In 5 h of 5‐ALA occlusive treatment, there were no reports of irritation, local or 

Figure 1. After biopsy.
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Figure 2. 1 week after PDT.
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Figure 3. 1 month after PDT.
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Figure 4. Before PDT.

Figure 5. After PDT.
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systemic light sensitization reaction. During the exposure to the light source all patients com‐
plained about a burning sensation, ranging from light to intense. During the treatment, vari‐
able degrees of erythema, blistering and edema occurred, all of these events were of short 
duration and completely reversible. During the treatment, it was possible to see progres‐
sive and evident edema and erythema on the application site. Despite the pain, none of the 
patients asked or interrupted the light exposition treatment.

The cosmetic outcome in all cured AKs was excellent, except for one patient; after additional 
sun exposure, postinflammatory hyperpigmentation developed. The method of topical appli‐
cation of ALA is a minimally invasive treatment. Photosensitizer's metabolic cycle is very 
quick, the period of photosenisitization is short, and can give good cosmetic effect.

The investigations of the action of light on living organisms began in the nineteenth century. 
Since Dougherty [8] in the 1970s began clinical trials for photodynamic destruction of cutane‐
ous and subcutaneous malignancies, PDT has been used to treat esophageal [9], laryngeal, 
endobronchial, gastrointestinal, genitourinary, nervous, head and neck [10], oral leucoplakia, 
and skin malignancies [11].

Photodynamic therapy (PDT) is an oxygen‐dependent process involving the use of a pho‐
tosensitizing drug which accumulates in diseased tissue. The main topical agents used in 
dermatology are 20% 5‐aminolaevulinic acid (ALA). It produced porphyrins via the heme bio‐
synthetic pathway. It is an endogenous chemical, which participates in heme biosynthesis in 
the body. As a precursor of the hemoglobin content, its production has strong photosensitive 
function after the activation of ALA anhydrase and a series of enzymes. Porphyrin IX (pro‐
toporphyrin IX, Pp IX) is the last step of heme biosynthesis intermediate [12]. Under normal 
circumstances, heme biosynthesis pathway by regulating the body negative feedback mecha‐
nism, the synthesis of ALA is regulated by the hemoglobin content in the cell, so there will 
not be too much ALA accumulation in the body. When given overdoses of exogenous ALA, it 

Figure 6. Epidermal thickness.
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can increase the intracellular concentration of Pp IX to therapeutically useful  concentrations. 
Photoactivation by visible light results in cell damage of targeted abnormal cells while pre‐
serving normal structures. This effect of PDT is connected with direct photochemical reactions 
mediated by singlet oxygen and other reactive species. The cooperation of photosensitizing 
substances with light leads to the release of cytotoxic substances. It has been described that 
tumor destruction of PDT is connected with indirect effects of PDT: blood vessel occlusion 
within vascularized tumors. These effects demonstrated [9] that PDT induces apoptosis and 
vascular endothelial damage [13, 14]. It has also been mediated by the release of prostaglandin 
E2 (PGE2) and cytokines (IL‐2, IL‐ 1, TNF).

In this study, we observed pre‐ and post‐ ALA‐PDT specimens for AK and determined 
whether ALA‐PDT induced histologic changes reversing the destructive connective tissue 
events. Normally, we selected 1 month after the PDT as the point time to evaluate the histologic 
changes for lots of results showing this time point of the assessment might be an important 
consideration. The fact that 1–20% of AKs progress to squamous cell carcinoma and approxi‐
mately 60% of all squamous cell carcinomas develop from AKs underscores the importance of 
early treatment of AKs [3]. Our findings showed approximately 85% of AKs are already cured 
after a single PDT exposure. As a result, the majority of patients need only one treatment, and 
we only performed one PDT session followed by clinical examinations at 1 and 3 months after 
PDT. Only those lesions that showed an incomplete response need further treatment.

• The results of this study provide histologic evidence supporting the beneficial effects of 
ALA‐PDT for photodamaged skin. PDT appears to be a more feasible alternative to con‐
ventional therapy of skin malignancies. Our results showed that the thickness of epidermis 
decreased significantly after ALA‐PDT. We could see hyperkeratosis, stratum spinosum 
hypertrophy before the treatment. And the acanthocyte arranged in disorder. There are 
atypical keratinocytes in the central of the epidermis. We evaluated the histologic changes 
1 month after the PDT, suggesting that the point in time of the assessment might be an 
important consideration. The epidermis was fully regenerated by day 30 following PDT. 
After treatment, the epidermis of the photodamaged skin became thinner and more even, 
and the skin structure in responsive lesions had returned to normal and the atypical cells of 
epidermis were replaced by normal keratinocyte [7]. Although the light source itself might 
affect the histologic changes in AKs, we still consider that ALA‐PDT is the most important 
reason leading to the histologic changes in the present study where the light energy is very 
low.

Topically applied photosensitizers are preferred for dermatological PDT because of the 
reduced risk for prolonged skin photosensitivity. As we all know, topical application of ALA 
is a minimally invasive treatment. It has a short photosenisitization period, can treat multiple 
lesions at the same time, and can give good cosmetic effect. Studies have shown that the 
depth of penetration for most tissues using 630 nm light is about 1 cm [15, 16]. This percu‐
taneous penetration is the most important factor influencing response rates for topical ALA 
PDT. Photodynamic therapy is associated with epidermal necrosis and dermal inflammation, 
which in turn gives a series of side effects in dermatology, including pain, ecchymosis, ulcer‐
ation, and blistering [17].
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Selective photodynamic destruction of treated premalignant and malignant areas without 
injury of normal tissue, ability to repeat PDT without loss of normal tissue proves PDT to be 
a more acceptable option than surgical resection. At the same time, laser‐induced PDT almost 
left no obvious scar in our study. Patients treated with PDT may also benefit from minimal 
invasiveness, low recurrence, as well as excellent cosmetic effects in premalignant and malig‐
nant lesions of the skin.

The present study is limited by the follow‐up time. In our study at 1 and 3 months after PDT, 
previous reports are in good agreement with the overall CR rates of 85.71 and 100% that were 
found, respectively. However, there are still existed residual malignant cells in the epidermis 
but not apparent by visual inspection. It will lead to clinical recurrence of the AKs at a later 
examination if the malignant cells continue to proliferate. That is the important reason why 
we need to observe the clearance rate after PDT for a long follow‐up time.

In conclusion, the results of this study provide histologic evidence supporting the beneficial 
effects of PDT for AK. PDT using topical ALA was a safe and effective treatment for actinic 
keratoses with an excellent cosmetic outcome. It is a promising treatment that could benefit 
from further study. Topical PDT for AKs is now a well‐established treatment modality that 
showed easy handling of 5‐ALA administration with excellent efficacy and safety results.

2. Photodynamic therapy for the treatment of Bowen's disease

Bowen's disease (BD), or squamous cell carcinoma in situ, usually presents as a well‐defined 
erythematous plaque on photoexposed sites [18]. Although any body part can be involved, 
BD lesions are common on the head and neck and lower limbs. The diagnosis is often delayed 
because of the symptoms are often untypical. The early skin changes may often appear to be 
eczema, tinea corporis, and psoriasis. Therefore, pathological diagnosis might be necessary 
when clinical differentiation between these diseases is difficult [3].

BD is a more aggressive form of intraepidermal (in situ) squamous cell carcinoma. Risk fac‐
tors for BD include fair skin, protracted sunlight damage, radiation exposure, immune com‐
promise and human papillomavirus infection [19]. Most BD lesions are found in the elderly 
patients commonly at high risk for surgery.

Several equally efficacious treatment options are available for the treatment of BD including 
conventional surgery, Mohs’ surgery, cryosurgery, and CO2 laser. However, it is not indicated 
for patients with numerous or large lesions such as those located in face. Alternative treat‐
ments are needed to treat superficial malignancies on nose, ear, and other sites. CO2 laser 
vaporizes lesional tissues by thermal effects and causes minimal injuries, but it often fails to 
entirely remove lesions, especially those invisible or infiltrating into adjacent tissues, result‐
ing in disease persistence and recurrence.

Topical 5‐aminolevulinic acid‐mediated photodynamic therapy (ALA‐PDT) is a minimally 
invasive procedure, represents a relatively new treatment modality, and, with some unique 
features, it is especially suitable for the local treatment of superficial epithelial disorders. It 
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causes less damage to normal tissues than surgical treatment, radiation therapy, or chemo‐
therapy. In addition, since PDT does not produce cumulative effect and systemic phototoxic‐
ity, it allows repetitive treatments for new, partially responding or recurrent lesions. In this 
study, ALA‐PDT treatment was performed following local pretreatment with CO2 laser. By 
the pretreatment, we could enhance photosensitizer absorption, reduce the thickness of the 
BD lesion, and even increase the penetration depth of the irradiation, to achieve a multiplier 
effect [20].

Twenty‐two lesions from 18 patients were randomized into two groups [21]; 11 lesions were 
treated with CO2 laser alone, serving as control group. The remaining 11 lesions were treated 
with topical ALA‐PDT (180 J/cm2 at 100 mW/cm2) + CO2 laser for 1–3 sessions.

Biopsies were taken from BD lesions prior to treatment. BD is histopathologically character‐
ized by the presence of atypical keratinocytes (Figure 7). Skin biopsies from the erythematous 
plaque exhibited proliferation of atypical squamous cells across the entire thickness of the 
epidermis and the BD diagnosis was based on the finding. The initial evaluation was under‐
taken 1 month after treatment and biopsies were harvested for histological evaluation. The 
epidermis fully regenerated in the point of 30 days after ALA‐PDT + CO2 laser treatment. The 
epidermis of the BD lesion became thinner and more even following the treatment. Moreover, 
the atypical BD cells were replaced by normal keratinocytes and the skin structure in respon‐
sive lesions returned to normal (Figure 8). All patients were reviewed at ≤1‐week intervals. 
Patients who did not respond to the three sessions of treatment were referred to surgical 
treatment [21].

Figure 7. Before PDT (×20).
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In the CO2 laser group, eight patients who underwent 1–3 sessions of laser treatment alone 
showed response to the therapy. Seven lesions (63.63%) achieved complete recovery, three 
(27.27%) showed partial response but another five lesions (45.45%) relapsed within 6 months 
during follow‐up. Five out of eight (62.5%) patients were satisfied with the therapeutic results 
of CO2 laser therapy.

In the ALA‐PDT + CO2 laser group, complete response was achieved in 72.73% of the lesions 
after 1–3 treatment sessions. Three lesions (27.27%) showed partial response during the treat‐
ment. ALA‐PDT + CO2 laser was repeated in the cases of partial response after a single ses‐
sion. Out of eight lesions that initially responded completely, 1 month later one relapsed. The 
recurrence rate was 9.1% (1/11) and the overall clearance was 90.9% (10/11). Eight out of 10 
(80%) patients were satisfied with their therapeutic outcome after ALA‐PDT + CO2 laser treat‐
ment, which is much higher than control group [21].

BD lesions are commonly seen on the head, neck, and lower limbs, although any site can be 
involved. The combination treatment of ALA‐PDT and CO2 laser could achieve a much bet‐
ter cosmetic outcome. Compared with CO2 laser alone, histopathological examination of the 
BD lesions confirmed that the response to the combination therapy was more uniform after 
ALA‐PDT + CO2 laser. PDT appears to be a more feasible alternative to conventional therapy 
for skin malignancies. BD lesions predominantly consisted of atypical keratinocytes before 
the treatment. We can see the large number of atypical cells in the epidermis and superficial 
layers of the dermis, a few lymphocytes and dilated capillaries. Following ALA‐PDT + CO2 
laser treatment, the epidermis was found to have fully regenerated 30 days. Furthermore, 
the stratum spinosum become thinner after treatment, the atypical BD cells were replaced by 

Figure 8. After PDT (×20).
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normal keratinocytes and the photodamaged skin architecture in responsive lesions returned 
to normal.

Our study also showed that local ALA‐PDT after CO2 laser was highly effective for BD lesions 
and could be used as an ideal alternative for large and multiple BD lesions, or for other 
modalities of treatment (surgical or nonsurgical) are inappropriate or have failed. There was 
no difference in the complete remission rate between the two groups (P > 0.05). However, 
recurrence of BD at the treated site is common. The recurrence rate was substantially higher 
in the control group than in the ALA‐PDT + CO2 laser group (P < 0.05). While the overall clear‐
ance was higher in the ALA‐PDT + CO2 laser group than in the control group (P < 0.05). A 
complete response was seen in 72.73% of lesions after 1–3 treatment sessions. Only one lesion 
developed recurrence 6 month after ALA‐PDT + CO2 laser treatment. The post‐treatment 
recurrence rate was 45.45% (5/11) in CO2 laser alone group, and five lesions relapsed within 
6 months during follow‐up. In general, we consider incomplete clearance after four or more 
times of PDT treatments to be a PDT failure. In terms of our experience, the vast majority of 
patients were cured within two or three treatment cycles. We would advise patients select 
alternative treatments in this failure situation. Recurrent disease can be retreated by PDT. 
This is another advantage of PDT and particularly applied for large or multiple areas and 
field change. Figure 9 showed a 55‐year‐old male hepatitis B patient who has 6‐month history 
of genital BD lesions. He underwent three sessions of ALA‐PDT + CO2 laser treatments, and 
he completely recovered from BD. He revealed no recurrence during the 6‐month follow‐up 
after treatment (Figure 10).

In most cases, PDT plus superficial laser vaporization was usually given as a single outpatient 
treatment that gave good therapeutic results. Most treatments are not suitable for BD lesions 
involving large and multiple lesions, but we used PDT for BD lesions in some sites such as 
peri‐genital areas, and succeed in the end. The efficacy of local ALA‐PDT after CO2 laser for 
Bowen's disease lesions reaches almost 80–90%. Compared with the efficacy of PDT with 
laser in the treatment of Bowen's disease demonstrated that PDT was better than laser alone 
[14, 22]. Compared with other treatments, PDT causes the low incidences of ulceration and 
absence of infections.

BD may be a prototype of a non‐melanoma skin cancer, and clinically PDT should be seen as 
a first‐line therapy, especially for elderly patients who find the need for hospital attendance 
limiting [23]. Many BD lesions require immediate surgical intervention in order to avoid the 
risk of malignant change. With local ALA and light illumination combined with CO2 laser, 
good results can be accomplished usually with a single outpatient treatment session without 
causing serious side effects except a few patients had transient pain, erythema, and scabby.

The most common side effect experienced with PDT is pain, with up to 20% of patients 
describing pain as being “severe”. This can sometimes persist for a few hours after treatment, 
and it tends to be severest during the early period of irradiation. Postinflammatory hyper or 
hypopigmentation can also occur. Persistent erythema is often seen at 3 months but does not 
necessarily indicate residual disease [24, 25].
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This study explored the feasibility of using topical ALA‐PDT combined with CO2 laser for BD. 
Our preliminary results proved that the ALA‐PDT after CO2 laser is safe and effective and is 
associated with a low recurrence rate. The main limiting factors for PDT at the moment are 
pain and the inconvenience of hospital attendance. However, this study provided histological 
evidence that supports the beneficial effects of ALA‐PDT + CO2 laser for the treatment of BD. 
PDT is quite promising and could be the potential alternative, especially for large and mul‐
tiple lesions; or for patients where other modalities of treatment (surgical or non‐surgical) are 
inappropriate or have failed.

Figure 9. Before PDT.
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3. Photodynamic therapy for the treatment of port wine stains

Port‐wine stain (PWS) is congenital vascular malformation characterized by ectatic capillaries in 
the papillary layer of the dermis. PWS occurs in an estimated 0.3% of births, affecting males and 
females and all racial groups equally. It may be located anywhere on the body, but more often 
on the face. PWS are permanent, do not disappear spontaneously. They usually appear at birth 
and tend to become darker and thicker with age [26, 27], deepening in color from faint pink to 
deep red or purple or developing nodularity. It is usually isolated but may be associated with 
other vascular malformations or occurs as a component of a variety of congenital syndromes.

Figure 10. After PDT.
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Because persistent PWS lesions can cause serious psychological problems, therapy for PWS 
is considered a medical necessity. Many therapeutic methods have been used to treat PWS, 
including surgical excision, cryosurgery, dermabrasion, tattooing, and cosmetic camouflage 
makeup [28]. These methods are no longer used because of ineffectiveness and scarring.

PDT is a relatively new therapeutic modality for skin disease. The vascular effects of PDT 
on tumors leads to endothelial injury, vasoconstriction, thrombus formation, and blood flow 
stasis. These results suggest that PDT is a potential treatment for certain vascular diseases, 
including PWS. The advantage of PDT is its dual selectivity: precise direction of laser light 
to the specific target area and selective uptake of photosensitizer to target tissues. PWS have 
a histologic characteristic of dilated capillary vessels, the target of PDT. In vivo 23–26 and 
in vitro 25 studies have shown that photosensitizer accumulation occurs rapidly in vascular 
endothelial cells after intravenous administration.

Recently, the General Hospital of the Peoples’ Liberation Army in China reported their decade‐
long experience of PWS with PDT. Gu et al. [29, 30] reported that among 1942 PWS lesions in 
1385 patients treated by either PSD‐007 or HMME from April 1991 to May 2003 showed that, 
after one PDT treatment session, total clearance was achieved in 128 lesions (6.6%), achieved 
excellent results, 746 (38.3%) good results, 923 (47.4%) fair results, 145 (7.4%) results, and seven 
(0.3%) with no visible change. Their data showed that PDT was an effective treatment in all 
patients with PWS, especially for dark‐skinned patients or patients with papules or nodules.
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Abstract

Recent developments in light‐controlled therapies (e.g., photodynamic and photother‐
mal therapies) provide promising strategies to prevent and suppress bacterial infections, 
which are a leading cause of morbidity and mortality. Antibacterial photodynamic ther‐
apy (aPDT) has drawn increasing attention from the scientific society for its potential 
to kill multidrug‐resistant pathogenic bacteria and for its low tendency to induce drug 
resistance. In this chapter, we summarize the mechanism of action of aPDT, the pho‐
tosensitizers, as well the current developments in terms of treating Gram‐positive and 
Gram‐negative bacteria. The chapter also describes the recent progress relating to pho‐
tomedicine for preventing bacterial infections and biofilm formation. We focus on the 
laser device used in aPDT and on the light‐treatment parameters that may have a strong 
impact on the results of aPDT experiments. In the last part of this chapter, we survey on 
the various nanoparticles delivering photoactive molecules, and photoactive‐nanopar‐
ticles that can potentially enhance the antimicrobial action of aPDT.

Keywords: bacterial infections, biofilm, antimicrobial photodynamic therapy, laser, 
nanotechnology

1. Introduction

“It is not difficult to make microbes resistant to penicillin in the laboratory by exposing them to con-
centrations not sufficient to kill them, and the same thing has occasionally happened in the body” 
Alexander Fleming, 1945.

In the 1940s, the introduction of the penicillin, discovered in the 1926 by Fleming, opened the 
era of the antibiotics, recognized as one of the greatest advances in the therapeutic medicine. 
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However, the appearance of resistance phenomena came very quickly: by 1944, half of all clin‐
ical Staphylococci spp. isolates failed to respond to the so‐called “miracle‐drug” [1]. The World 
Health Organization (WHO) has recently recognized the multidrug‐resistance (MDR) as one 
of the most important problems facing human health all over the world [2]. The need to over‐
come this rising problem has stimulated research into alternative antimicrobial approaches 
with less potential of developing resistances in microorganisms toward controlling the grow‐
ing incidence of infectious diseases. An innovative light‐based approach to achieve this goal 
is antimicrobial photodynamic therapy (aPDT). The aPDT involves harmless visible light in 
combination with nontoxic and light‐sensitive dye, the so‐called “photosensitizer (PS),” and 
oxygen that can selectively control bacterial infections [3]. Nanotechnology is an emerging 
technology that may change the face of PDT by new photoactive molecules, with numerous 
advantages to gain a successful bacterial infections eradication.

1.1. Photodynamic therapy as antimicrobial strategy: how it works

The photodynamic therapy has gained considerable attention as an emerging treatment 
modality for many forms of neoplastic diseases [4]. However, the PDT was originally discov‐
ered over 100 years ago when Oscar Raab observed that Paramecium spp. protozoans could 
be killed by particular combinations of dyes (acridine orange) and bright light [5]. For many 
years the potential of this finding was forgotten because of the discovery of antibiotics since 
the relentless increase in antibiotic resistance worldwide has spurred a migration of PDT 
research effort to its origin in microbiology. Numerous findings strongly support the hypoth‐
esis that PDT can represent a viable alternative since the mode of action of photodynamic 
sensitizers on microbial cells is markedly different from that typical of most antibiotic drugs 
[6]. aPDT has been successfully applied in vivo and ex vivo tissue or in biological materials for 
blood sterilization, in animal models of localized infections as surface wounds, burns, oral 
sites, abscesses, and in the middle ear. aPDT is being clinically studied for several derma‐
tological infections, such as leishmaniosis and mycobacteria [7]. As mentioned before, PDT 
combines the action of three components: the PS, visible light, and molecular oxygen. The 
absorption of the light by the PS leads to a transition from its initial ground state (PS0) to an 
energetically excited state (1PS*) that can relax to the more long‐lived triplet state (3PS*). This 
triplet state can interact with molecular oxygen by two mechanism of reaction, letting the PS 
regain its ground state. Type I photoreactions occurs by an electron and/or proton transfer, 
where the PS interacts directly with the cellular substrate (i.e., lipids, proteins, nucleic acids, 
etc.). The generated radicals react with molecular oxygen, yielding several different oxygen 
intermediates collectively called reactive oxygen species (ROS), such as for instance the super‐
oxide anion (O2

‐), the hydroxyl radical (OH), and hydrogen peroxide (H2O2). Alternatively, 
Type II photoreactions proceed by energy (not electron) transfer, while the oxygen is the pri‐
mary acceptor. The interaction of molecular oxygen in its ground triplet state (3O2) with 3PS* 
generates a more reactive form of oxygen, i.e., singlet oxygen (1O2). This nonradical species is 
highly reactive toward electron‐rich substrates such as aromatic rings, amines, and thioesters 
[8]. The contribution of both Type I and Type II reactions to cell death depends on several 
factors including, among others, the PS itself, the subcellular localization, the substrate, and 
molecular oxygen concentration within the target cells. Although the detailed mechanism of 
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PDT and the concomitant processes are not yet fully understood, it is generally accepted that 
Type I and Type II reactions both produce ROS that cause oxidation of biomolecules (lipids, 
proteins, and nucleic acids) in the cell. For a reason not entirely understood, hyper prolif‐
erating cells selectively uptake PS [9]. This, together with the fact that cell death is spatially 
limited to regions where light of the appropriate wavelength is applied, makes PDT a highly 
selective and useful modality. Because microbial cell possess very fast growth rate, it was 
suggested that PDT could be effective against microbial cells (Figure 1). In most instances, 
aPDT predominantly proceeds via Type II processes. However, by comparing PSs that tend 
to undergo either Type I or Type II mechanism, Huang et al. reported that Gram‐negative 
species are more susceptible to •OH than 1O2 [10]. A Type I reaction is therefore favored when 
targeting Gram‐negative species.

1.2. Antimicrobial efficacy of PDT: the photosensitizers

The photosensitizer plays a crucial role in determining the therapeutic outcome. Accumulating 
selectively in diseased tissue and, via generation of cytotoxic species, PS provokes the desired 
biological effect, without causing excessive damage to the host tissue. In general, a PS used for 
antimicrobial PDT should be endowed with the following properties [11]: (i) high triplet‐state 
quantum yields (Φτ ≥ 0.5), triplet‐state with lifetimes long enough (τ microsecond range), 
and sufficiently energetic (≥94 kJ/mol) to produce 1O2 (ΦΔ ≥ 0.5); (ii) high‐binding affinity for 
microorganism (positively charged PS for good adherence to negatively charged bacterial cell 
wall) and low‐binding affinity for mammalian cells; (iii) broad spectrum of action, since one 
photosensitizer can act on bacteria, fungi, yeasts, and parasitic protozoa; (iv) minimum dark 
toxicity and negligible cytotoxicity in the absence of light; (v) not yield toxic and mutagenic 

Figure 1. Schematic illustration of photodynamic action.
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metabolites; (vi) greater retention in target tissue/cells over healthy ones, and (vii) high molar 
extinction coefficients, with high absorbance, particularly in the red and near‐infrared UV‐vis 
spectral regions (600–800 nm range), for a maximum light penetration and minimum light 
scattering within the “therapeutic window.” PSs are usually organic aromatic molecules with 
a high degree of electron delocalization. They contain a central chromophore with auxiliary 
branches (auxochromes) which add further electron delocalization to the PS and thus alter 
the absorption spectra of the PS [12]. As reviewed in [13], different classes of natural and 
synthetic molecules have demonstrated antimicrobial efficacy against a broad spectrum of 
antibiotic‐resistant microorganisms upon illumination. These include porphyrins, chlorins, 
bacteriochlorins, phthalocyanines, as well dyes with different molecular framework such as 
halogenated xanthenes (e.g., Rose Bengal (RB)), perylenequinones (e.g., hypericin), pheno‐
thiazinium salts (e.g., toluidine blue oral (TBO), and methylene blue (MB)), and merocianine 
and cationic fullerenes (e.g., derivatives of C60). PS binding to the bacterial cell and uptake 
are dependent on the microbial species. In general, aPDT has been more effective against 
Gram‐positive and fungal cells than Gram‐negative, especially when neutral or anionic PS 
was used. Gram‐negative bacterial cells are relatively resistant to these compounds [14]. The 
high susceptibility of Gram‐positive bacteria and fungi was explained by their physiology as 
a relatively porous layer of peptidoglycan and lipoteichoic acid, or beta‐glucan and chitin, 
respectively, surrounds their cytoplasmic membrane and both these structures allow non‐
cationic PSs to cross [14, 15]. Gram‐negative bacteria are less prone to take up exogenous 
compounds due to the extra outer membrane and the permeability barrier imparted by lipo‐
polysaccharides [16]. This outer membrane provides also an effective permeability barrier 
and limits the binding and penetration of anionic and lipophilic PS. These critical character‐
istics guided the research efforts toward approaches that would allow PDI of Gram‐negative 
species [14]. A method adopted by numerous groups is to use a PS molecule with an intrinsic 
positive charge [17–19]. An increase of the PDI efficacy has been addressed recently both in 
bacteria using the polycationic biopolymer chitosan [20]. Another method includes the using 
of metal chelators (ethylenediaminetetraacetic acid (EDTA)) or polypeptide polymixin B [21]. 
These agents destabilize the lipopolysaccharides coating by removing the Ca2+ and Mg2+ ions, 
thereby increasing permeability of the Gram‐negative outer membrane and allowing PSs, that 
are normally excluded from the cell, to penetrate to a location where the reactive oxygen spe‐
cies (ROS) generated on illumination that can execute fatal damage [21]. At present, there is 
a consensus that aPDT can be effective to kill all known classes of microorganism, including 
methicillin‐resistant Staphylococcus aureus (MRSA), multidrug‐resistant (MDR) and pandrug‐
resistant (PDR) fungi, protozoa, viruses, etc., whether in vitro or in vivo [13].

1.3. PDT for inactivate biofilm formation

Most important in the chronic infections is the formation of a thick, multilayered biofilm [22]. 
A biofilm is defined as a microbially derived sessile community surrounded by a self‐pro‐
ducing extracellular polymer matrix. The biofilm matrix, a homoglycan composed of β‐1,6‐
linked N‐acetylglucosamine residues, is involved in intercellular adhesion and is referred 
to as polysaccharide intercellular adhesion (PIA) [23]. Biofilm formation includes several 
sequential steps in which planktonic bacteria initially attach to a solid surface, that may be 
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either unmodified or coated with host plasma proteins, followed by cell proliferation, cell‐cell 
interaction, and production of an extracellular polymeric matrix, where bacteria accumulate 
in multilayered clusters (Figure 2).

Biofilms generally do not restrict penetration of antibiotics [24], but they do form a barrier 
to the larger components of the immune system [25]. As a consequence, biofilm‐associated 
 infections can only be resolved by removal of the infected device, determining high‐threat 
care costs. PDT is a possible alternative to inactivate biofilms and may represent a different 
treatment for several recalcitrant infections. There is a wealth of literature that focuses on PDT‐
based antibiofilm strategies against a variety of microbial species [26–28]. On the contrary, 
the effects of PDT on phenotypic biofilm elements (e.g., adhesions and extracellular polysac‐
charide) are poorly investigated [29, 30]. Staphylococci are one of the most important human 
pathogens and a major cause of morbidity and mortality worldwide. In particular, S. epidermi-
dis and S. aureus are emerging as the most important agents of persistent infections, especially 
in implanted medical devices [31, 32]. The use of tri‐meso (N‐methyl‐ pyridyl) and meso (N‐tet‐
radecyl‐pyridyl) porphine (C14) for inactivation of two structurally distinct S. epidermidis bio‐
films grown on Ti6Al4V alloy has been observed and its photosensitizing efficiency with that 
of the parent molecule, tetra‐substituted N‐methylpyridyl‐porphine (C1), was compared [26]. 
In another work, the antimicrobial activity of merocyanine 540, a photosensitizing dye used 
for purging malignant cells from autologous bone marrow grafts, has been evaluated against 
Staphylococcus epidermidis biofilms. Merocyanine 540‐mediated PDT showed a significant inac‐
tivation effect on the viability and structure of biofilms of two Staphylococcus epidermidis strains, 
RP62A and 1457, respectively [27]. Moreover, it was found that erythrosine‐induced PDT was 
also more potent than MB, RB, and TBO against Aggregatibacter actinomycetemcomitans biofilm 

Figure 2. Biofilm development.
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[33–35]. A recent paper described the photokilling propensity of the curcumin (a yellow pig‐
ment derived from the root of the Curcuma longa plant) in S. epidermidis biofilm and suspended 
cells in two in vitro models [28]. Finally, although in many systems the PDT seem promising it 
yields inconsistent results mainly due to the lack of standard reproducible models for assess‐
ing PDT efficacy against biofilms, as well as the lack of robustness of the majority of method‐
ologies used in the majority of  published studies.

2. Laser source and parameters for PDT in microbial infections

Given the always present variability in biological experiments, and the need to allow for 
experimental results comparison, we give in this section a guide that will help the reader to 
understand the properties of laser sources, the physical phenomena occurring in the treated 
samples, the parameters to be defined in order to set a reproducible experiment, and also the 
technical aspects regarding the instruments required for a proper optical beam characteriza‐
tion. In order to understand why lasers are generally used to carry out PDT experiments, it is 
helpful to recall the main differences between the radiation emitted by a lamp and that emit‐
ted by a laser. As everybody knows the most “visible” differences between lamps and lasers 
are the directionality of laser light, and the fact that it is generally “colored” and not white. 
The directionality aspect of laser light is of fundamental importance when a selective illumi‐
nation is required, as it allows illuminating certain portions of the sample/tissue, or a specific 
position of a multiwell plate without irradiating the neighboring area. The laser light direc‐
tionality thus enables comparing the biological effect in treated versus untreated areas on the 
same substrate and makes it possible to exploit relatively simple components (lenses and mir‐
rors) in order to control the optical beam properties, as direction and diameter. In particular, 
the possibility to properly control the beam properties is of great importance in some recently 
investigated techniques, as two‐photons PDT [36] where the PDT is activated only in the focal 
region of the optical beam, thus making possible to induce PDT in “deep regions” without 
affecting all the biological material irradiated. From the physical point of view, the fact that 
the laser light is characterized by a specific “color” means that the emitted electromagnetic 
radiation has a very specific wavelength. On the contrary, the “white light” emitted by a lamp 
is given by the simultaneous presence of radiations with different wavelengths, covering the 
whole spectrum of visible light and generally comprising even radiation in the ultraviolet 
(UV) and infrared (IR) range. Even if it is always possible to select a well‐defined wavelength 
(i.e., a “color”) from a white light source by inserting an optical filter along the light path, the 
obtained beam characteristics are still quite different, mainly because of two reasons: light 
“line‐width” and the achievable “power.” It is worth noticing that the exact line‐width value 
depends on many parameters and in certain cases, it can be reduced to reach values in the 
kHz range, but an in‐depth discussion of the parameters affecting laser line‐width is beyond 
the aim of this section [37]. The origin of these laser beams characteristics is strictly related 
to the structure of a laser source, which is thus briefly described in the following. The word 
“laser” is the acronym of light amplification by stimulated emission of radiation [38], thus 
immediately suggesting that what we call “laser light” is the result of an amplification mecha‐
nism, and that a “light amplifier” should be used in order to produce laser light. The laser 

Photomedicine - Advances in Clinical Practice60



[33–35]. A recent paper described the photokilling propensity of the curcumin (a yellow pig‐
ment derived from the root of the Curcuma longa plant) in S. epidermidis biofilm and suspended 
cells in two in vitro models [28]. Finally, although in many systems the PDT seem promising it 
yields inconsistent results mainly due to the lack of standard reproducible models for assess‐
ing PDT efficacy against biofilms, as well as the lack of robustness of the majority of method‐
ologies used in the majority of  published studies.

2. Laser source and parameters for PDT in microbial infections

Given the always present variability in biological experiments, and the need to allow for 
experimental results comparison, we give in this section a guide that will help the reader to 
understand the properties of laser sources, the physical phenomena occurring in the treated 
samples, the parameters to be defined in order to set a reproducible experiment, and also the 
technical aspects regarding the instruments required for a proper optical beam characteriza‐
tion. In order to understand why lasers are generally used to carry out PDT experiments, it is 
helpful to recall the main differences between the radiation emitted by a lamp and that emit‐
ted by a laser. As everybody knows the most “visible” differences between lamps and lasers 
are the directionality of laser light, and the fact that it is generally “colored” and not white. 
The directionality aspect of laser light is of fundamental importance when a selective illumi‐
nation is required, as it allows illuminating certain portions of the sample/tissue, or a specific 
position of a multiwell plate without irradiating the neighboring area. The laser light direc‐
tionality thus enables comparing the biological effect in treated versus untreated areas on the 
same substrate and makes it possible to exploit relatively simple components (lenses and mir‐
rors) in order to control the optical beam properties, as direction and diameter. In particular, 
the possibility to properly control the beam properties is of great importance in some recently 
investigated techniques, as two‐photons PDT [36] where the PDT is activated only in the focal 
region of the optical beam, thus making possible to induce PDT in “deep regions” without 
affecting all the biological material irradiated. From the physical point of view, the fact that 
the laser light is characterized by a specific “color” means that the emitted electromagnetic 
radiation has a very specific wavelength. On the contrary, the “white light” emitted by a lamp 
is given by the simultaneous presence of radiations with different wavelengths, covering the 
whole spectrum of visible light and generally comprising even radiation in the ultraviolet 
(UV) and infrared (IR) range. Even if it is always possible to select a well‐defined wavelength 
(i.e., a “color”) from a white light source by inserting an optical filter along the light path, the 
obtained beam characteristics are still quite different, mainly because of two reasons: light 
“line‐width” and the achievable “power.” It is worth noticing that the exact line‐width value 
depends on many parameters and in certain cases, it can be reduced to reach values in the 
kHz range, but an in‐depth discussion of the parameters affecting laser line‐width is beyond 
the aim of this section [37]. The origin of these laser beams characteristics is strictly related 
to the structure of a laser source, which is thus briefly described in the following. The word 
“laser” is the acronym of light amplification by stimulated emission of radiation [38], thus 
immediately suggesting that what we call “laser light” is the result of an amplification mecha‐
nism, and that a “light amplifier” should be used in order to produce laser light. The laser 

Photomedicine - Advances in Clinical Practice60

source is composed by two main components: the “active medium,” which is the element 
amplifying the light beam thanks to the stimulated emission process [39], and the “cavity,” 
used to provide the feedback required to transform the amplifier in an oscillator. The “active 
medium” obviously requires some form of power supply, as otherwise no amplification could 
occur because of the general energy conservation principle, and the way that power is trans‐
mitted to the active medium is generally called “pumping method” (or scheme) (Figure 3). As 
the material used as active medium determines the frequency of the emitted laser light, laser 
sources are generally identified by describing the active medium; this is the reason why lasers 
are generally classified as either “solid state,” “gas,” “fiber,” or “semiconductor” lasers. The 
role of the cavity is that of creating the “selection” of the light components to be emitted. This 
selection is both a “frequency (or wavelength) selection,” and a “direction selection”: only 
those wavelengths that are exact dividers of the cavity length can be in fact emitted by a laser 
source (the so‐called “cavity autofrequencies”) and only those rays propagating sufficiently 
aligned to the cavity axis, so that they can be reflected several times before transmission, are 
actually selected by the cavity feedback.

The most suitable laser for PDT experiments and applications is probably that of the so‐called 
semiconductor lasers. The first demonstration of the possibility to produce laser light from 
a semiconductor dates back to 1962 [40, 41], just two years after the first ever demonstration 
of a laser source. The main advantage of semiconductor lasers with respect to the other laser 
types (gas, solid, and fiber lasers) is the possibility to electrically pump the active medium, 
without requiring the use of additional light sources, thus significantly increasing the sys‐
tem efficiency. Because of the combination of high efficiency (and thus small power supply 
requirements) and small size (generally <1 mm3), semiconductor lasers are the ideal choice to 
realize portable, and maybe even battery‐operated, hand‐held laser devices. Regarding the 
optical wavelengths that can be emitted by semiconductor lasers, these are related to the so‐
called “energy‐gap” of the semiconductor, which in turns depends on the semiconductor lat‐
tice composition. As an example, considering an GaxAl1‐xAs semiconductor it is thus possible 
in principle to tune the emission wavelength between 570 and 850 nm by changing the value 

Figure 3. Example of the generation of laser beam into a cavity.
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of the x parameter (while keeping it between 0 and 1) in the composition formula. From the 
practical point of view, commercial products, because of fabrication issues, cover not all the 
theoretically available wavelengths. The “unpleasant side” of semiconductor lasers is related 
to the properties of the optical beam. The small cross‐section of the active medium makes the 
optical beam to be extremely small directly at the laser output, and in general with an ellipti‐
cal shape. The very small size induces the beam diffraction phenomenon, making the beam 
profile broader and broader during propagation.

2.1. Laser wavelengths and irradiation system setup

A fundamental point in the preparation of the PDT experiments is the wavelength of the 
laser used in the system. In particular, it is useful to recall that the absorption spectrum 
of the photosensitizer (PS) is not the only parameter to be considered, but other elements, 
such as the light absorption due to the culture medium or the depth at which the target cells 
are located (when performing in vivo experiments), may impose significant constraints to 
the choice of the wavelength to be used, and hence on the laser choice. As a first step for 
the wavelength determination, it is necessary to measure the absorption spectrum of the 
PS, paying attention to the fact that slight modifications of the PS absorption curve may 
be observed when changing the medium where the PS is dispersed. After having deter‐
mined the PS absorption peak, it is important to check if the corresponding wavelength may 
induce local medium/sample heating, generally checking if the absorption peak lies within 
the “biological window” (a wavelength range roughly going from 650 to 1300 nm) [42]. If 
the PS absorption peaks is within the biological window it is possible to assume a good pen‐
etration (>1 cm) of the light beam in a standard sample; conversely, if the absorption peak 
is out of the window a more detailed analysis is required, in order to understand which are 
the components that could cause light absorption, and the consequences of their presence 
in terms of heat production, light scattering, and penetration. When the desired wavelength 
has been selected, it is then necessary to find a suitable laser source. Limiting the discussion 
to semiconductor lasers, the most used in PDT, it is interesting to notice that even if several 
different sources are available inside the “biological window” they do not uniformly cover 
the required biological range and some “dark ranges” are present. This implies that even if 
a small (generally <1%) tuning of the emission wavelength is possible thanks to tempera‐
ture tuning of the semiconductor chip, some “dark” wavelength range still exist, and thus 
custom solutions may be required. Additionally, from what has been reported it is probably 
now obvious that when multi‐PS studies are considered it would be ideally required to have 
different laser sources, whose emission wavelengths correspond to the PS absorption peaks. 
As an alternative, if the absorption spectra of the tested PS all have a common “absorption 
region,” it is possible to use a single laser, by fine‐tuning the optical power to balance for 
the different absorption coefficient. As an additional possibility, if the laser system offers 
this possibility, the emission wavelength can be slightly changed (e.g., by controlling the 
source temperature in semiconductors lasers) to match the PS absorption peak. In order 
to realize a suitable irradiation system for PDT experiments, it is important to notice that 
the availability of the laser source is required but definitely not sufficient. We thus give 
a short list and description of the elements required for a proper setup preparation. The 

Photomedicine - Advances in Clinical Practice62



of the x parameter (while keeping it between 0 and 1) in the composition formula. From the 
practical point of view, commercial products, because of fabrication issues, cover not all the 
theoretically available wavelengths. The “unpleasant side” of semiconductor lasers is related 
to the properties of the optical beam. The small cross‐section of the active medium makes the 
optical beam to be extremely small directly at the laser output, and in general with an ellipti‐
cal shape. The very small size induces the beam diffraction phenomenon, making the beam 
profile broader and broader during propagation.

2.1. Laser wavelengths and irradiation system setup

A fundamental point in the preparation of the PDT experiments is the wavelength of the 
laser used in the system. In particular, it is useful to recall that the absorption spectrum 
of the photosensitizer (PS) is not the only parameter to be considered, but other elements, 
such as the light absorption due to the culture medium or the depth at which the target cells 
are located (when performing in vivo experiments), may impose significant constraints to 
the choice of the wavelength to be used, and hence on the laser choice. As a first step for 
the wavelength determination, it is necessary to measure the absorption spectrum of the 
PS, paying attention to the fact that slight modifications of the PS absorption curve may 
be observed when changing the medium where the PS is dispersed. After having deter‐
mined the PS absorption peak, it is important to check if the corresponding wavelength may 
induce local medium/sample heating, generally checking if the absorption peak lies within 
the “biological window” (a wavelength range roughly going from 650 to 1300 nm) [42]. If 
the PS absorption peaks is within the biological window it is possible to assume a good pen‐
etration (>1 cm) of the light beam in a standard sample; conversely, if the absorption peak 
is out of the window a more detailed analysis is required, in order to understand which are 
the components that could cause light absorption, and the consequences of their presence 
in terms of heat production, light scattering, and penetration. When the desired wavelength 
has been selected, it is then necessary to find a suitable laser source. Limiting the discussion 
to semiconductor lasers, the most used in PDT, it is interesting to notice that even if several 
different sources are available inside the “biological window” they do not uniformly cover 
the required biological range and some “dark ranges” are present. This implies that even if 
a small (generally <1%) tuning of the emission wavelength is possible thanks to tempera‐
ture tuning of the semiconductor chip, some “dark” wavelength range still exist, and thus 
custom solutions may be required. Additionally, from what has been reported it is probably 
now obvious that when multi‐PS studies are considered it would be ideally required to have 
different laser sources, whose emission wavelengths correspond to the PS absorption peaks. 
As an alternative, if the absorption spectra of the tested PS all have a common “absorption 
region,” it is possible to use a single laser, by fine‐tuning the optical power to balance for 
the different absorption coefficient. As an additional possibility, if the laser system offers 
this possibility, the emission wavelength can be slightly changed (e.g., by controlling the 
source temperature in semiconductors lasers) to match the PS absorption peak. In order 
to realize a suitable irradiation system for PDT experiments, it is important to notice that 
the availability of the laser source is required but definitely not sufficient. We thus give 
a short list and description of the elements required for a proper setup preparation. The 

Photomedicine - Advances in Clinical Practice62

 semiconductors lasers are generally sold as a “component,” implying the use of a suitable 
mounting and right drivers for controlling both the current injected to the semiconductor 
(to tune the emitted‐beam power) and the temperature. It is thus important, when planning 
a PDT experiment to: (i) acquire the right drivers, which can be relatively expensive, even if 
they can be often reused in future experiments simply changing the semiconductor sources; 
(ii) consider the set of lenses/mirrors to control and steer the optical beam, and the corre‐
sponding mechanical mounts, allowing to keep the optical elements in a stable and well‐
defined position. Moreover, for an accurate characterization three elements are required: (i) 
an optical spectrum analyzer, for guarantee the stability of the wavelength emitted by the 
laser source over time (as it may drift in case of nonaccurate thermal control); (ii) a power 
meter to verify that the laser operating conditions remain stable even after months of usage 
[43], and (iii) a properly calibrated camera to acquire the spatial intensity distribution and to 
analyze the obtained images so as to guarantee that the beam uniformity requirements are 
met on the whole surface.

2.2. The “light‐treatment” plan

Finally, it is helpful to highlight which are the light‐treatment parameters that may have a 
strong impact on the results of PDT experiments. While the idea of “light‐dose” (measured 
in J/cm2) is generally accepted and used in the scientific literature in this field, careful analy‐
sis must be performed before comparing results of experiments using the same light‐dose 
on identical samples. A first parameter is the beam wavelength: even very small beam wave‐
length variations (e.g., <1 nm) can have a strong impact on the ability of the beam to excite 
the PS, especially if the considered beam wavelength is close to the absorption edge and 
not exactly in the middle of the absorption spectrum. A second parameter, which is often 
overlooked, is the beam intensity (i.e., the ratio of the optical power over the irradiated sur‐
face) impinging on the sample and measured in W/cm2. As an example, a 1 W laser beam 
and a 10 MW beam impinging on the same surface may be used to apply the same “light‐
dose” by simply scaling (by a factor of 100) the irradiation times between the two beams. 
Nevertheless, in the first case the beam intensity will be two orders of magnitude higher, 
leading to a significantly different interaction between the light beam and the biological 
sample. As a consequence, this means that in order to properly define a suitable light‐irra‐
diation plan, it is not sufficient to keep the laser intensity at a fixed level and to investigate 
the role of different doses, but it is instead necessary to vary both the light intensity and the 
exposure‐time parameter, so as to create a “data‐grid” allowing to optimize both parameters 
(Figure 4).

Additionally, the role played by localized thermal heating, due to absorption, may become 
relevant in PDT experiments, with two consequences: it is necessary to properly evaluate 
the produced temperature increase, and if the heating is nonnegligible, it is important to 
model the thermal situation of the experiment. Furthermore, when very high intensities 
are considered (for example, by using pulsed lasers), several other aspects must be con‐
sidered, such as the possibility to induce photoablation and two‐photons light absorption 
(i.e., the light beam is absorbed even if the medium absorption at the beam wavelength is 
very low).
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3. Nanotechnology shines a new light in antimicrobial PDT

Although the efficacy of PDT has been recognized, inefficient PS uptake by bacteria could 
result in insufficient therapeutic index. It is now clear that a nanotechnology‐driven approach 
using nanoparticles can overcome this problem, increasing the efficiency and efficacy of 
aPDT. Several types of nanoparticle (NP) systems have been studied to potentiate antimicro‐
bial PDT with the aim of improving photosensitizer solubility, photochemistry, photophysics, 
and targeting [44]. There are two different ways to combine nanoparticles and PDT for anti‐
microbial applications: (i) the noncovalent encapsulation or incorporation of PS in nanosys‐
tems, and (ii) the covalent binding of the PS to the surfaces of the nanoparticles. Furthermore, 

Figure 4. Log‐log chart describing the interactions produced as a function of the beam intensity and of the irradiation time.
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the nanomaterial itself can take part in the optics, physics, and chemistry of the photodynamic 
process, capable of photodynamically inactivate microorganisms. As reviewed in [44], com‐
pared to free the encapsulation of PS in nanoparticles show several advantages: (i) transport 
a larger concentrations of PS for the production of lethal reactive oxygen species; (ii) enhance 
the solubility of nonsoluble water PS; (iii) a controlled release of PS, concentrating the PS in 
inflammatory and infectious locations by virtue of their enhanced permeability and preserva‐
tion; (iv) increase the targeting to specific cells and tissues and reduced ability of the target cell 
to pump out the PS, hence reducing the possibility of multidrug resistance; (v) stopping the 
PS from dimerizing and trimerizing as it occurs in the free state, forms that are ineffective; and 
(vi) a selectivity of treatment achieved through either passive targeting or by active targeting 
(charging of the nanoparticle surface). We will give some examples of nanostructures that 
have been investigated as PS‐delivery systems. As the main application of aPDT is likely to be 
in the medical (wound and surfaces sterilization) and environmental fields (food industry 
and water purification), particular interest has been placed on biocompatible and biodegrad‐
ables nanomatrix, such as polymeric nanoparticles [45], micelles [46], and liposomes [47]. The 
use of biodegradable polymeric nanoparticles as PS‐delivery nanoparticles has been recently 
reported. Polylacticglycolic acid (PLGA), polyacrylamide (PAA), and calcium phosphate have 
been used as PS polymeric carriers. For example, see in [48], it has been demonstrated how 
preparation of poly(lactic‐co‐glycolic acid) nanoparticles loaded with the PS methylene blue 
(MB) is effectively not only against biofilm formation, but is also able to kill cells already 
formed in the biofilm. Moreover, calcium phosphate nanoparticles can be used as efficient 
carriers for MB and porphyrin, against S. aureus and Pseudomonas aeruginosa bacteria [45]. 
Hypericin (a natural potent photosensitizer) can be embedded in amphiphilic block copoly‐
mers to form Hypericin‐NPs, that when light activated demonstrated better inhibition of bio‐
film cells compared with planktonic cells [49]. Therefore, the encapsulation of PS in 
nanoparticles opens a new door for the treatment of infections with minimal side effects. 
Recently, Chlorine 6 (Ce6), a potent PS used in cancer therapy, has been encapsulated in 
charge‐conversion polymeric nanoparticles (NPs) for efficiently targeting and killing patho‐
genic bacteria in a weak acidic urinary tract infection environment [50]. Additionally, natu‐
rally occurring polymers, such as chitosan and cellulose can be used as novel starting material 
for the preparation of nontoxic nanoparticles with photobactericidal action [51]. Liposomes 
nanoparticles are also employed as antimicrobial drug delivery vehicles because their lipid 
bilayer structure imitates the cell membrane and can readily fuse with infectious microbes. 
The hydrophobic center of these bilayers can accommodate hydrophobic drugs or PS, while 
the hydrophilic central region or core can accommodate water‐soluble drugs or PS [52]. 
Liposomes exert their antimicrobial activity through different mechanisms: (i) the fusion with 
the cell membrane and the release of PS into the cytosol; (ii) the increase in solubility and 
stability of PS; or (iii) the engulfment of these liposomes in phagocytic cells and their disinte‐
gration inside the endosomes or lysosomes, thereby releasing the active PS into the cell [51]. 
However, the properties of liposome influence mostly the action of liposomes to alter PS dis‐
tribution. For example, their zeta potential is a determinant parameter influencing their 
aggregation. It has been showed that values close to zero induce their aggregation, thereby 
reducing the antimicrobial activity [53], on the contrary if these values are too high (>40 Mv), 
dark toxicity is present [54], whereas negative potentials result in repulsion between bacterial 
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cells and nanoparticles. An important parameter is the surface charge of liposomes [55]. In 
particular, cationic liposomes are more effective than neutral or anionic ones in aPDT because 
of the establishment of electrostatic attraction with the negatively charged cell wall, which 
facilitate the interaction of liposome to microbial wall, and then the delivery of the PS into the 
microbial cells. Cationic liposomes for aPDT have been formed from different lipids including 
the lipid N‐[1‐(2, 3‐dioleoyloxy)propyl]‐N,N,N‐trimethylammonium methylsulfate (DOTAP), 
the dl‐a‐dipalmitoyl‐phosphatidyl‐choline (DPPC), and the l‐a‐dimyristoyl‐phosphatidyl‐
choline (DMPC) [55, 56]. As mentioned before, nanoparticles can also improve the efficacy of 
aPDT either increasing the 1O2 yield of the PS and by covalently binding the PS to the surface 
of the nanoparticles. In this design, the PS appears to remain on the surface of the NP, but the 
NP itself still dictates pharmacokinetics [57]. Theoretically, the singlet oxygen would be more 
available when generated from the surface than from diffusing with a NP [58]. Rose Bengal is 
one of the most frequently used PS due to its availability, high water solubility, high singlet 
oxygen quantum yield, and low rate of photodegradation, and has been linked to polystyrene 
for inactivating E. coli and to silica nanoparticles to inactivate Gram‐positive bacteria, includ‐
ing methicillin‐resistant Staphylococcus aureus [59]. In another study, S. aureus has been inacti‐
vated with porphyrin bound to carbon nanotubes [60], while the toluidine blue oral (TBO) has 
been bound to the surface of Au nanoparticles and have been shown to be effective against S. 
epidermidis [61]. What promises to be even more exciting, are those applications where the 
nanomaterial can acts as PS. The carbon nanomaterials (fullerenes, nanotubes, and graphene) 
are being discovered to be photoactive in their own right, exhibiting intriguing photo‐induced 
electron transfer properties. Such molecules are particularly attractive due to their long wave‐
length of absorption, the high quantum yield, and lack of acute toxicity, except in rare cases, 
in the absence of light. Fullerenes (C60) are the third type of carbon structure; they consist of 
60 carbon atoms arranged in a spherical structure that can absorb light and be active PS [62], 
they generate different ROS according to the solvent, and in polar solvents they produce 
superoxide and hydroxyl radicals, while in nonpolar solvents they predominantly generate 
singlet oxygen. As shown from recent studies, their functionalization (with multiple attached 
cationic groups) make them more soluble in water or other biological fluids and more active 
for targeting and killing different bacterial species [63]. Titanium oxide (TiO2) has been more 
widely studied as a PS among metal oxide nanoparticles in a process termed “photocataly‐
sis,” which has been proposed as an antimicrobial strategy for disinfection of surfaces, air, 
and water [64, 65]. Photocatalysis is the acceleration of a light‐mediated reaction in the pres‐
ence of a catalyst (usually an inorganic semiconductor) [64]. The advantage of photocatalysis 
is having sunlight or UV‐radiation to trigger the disinfection process using a catalyst (TiO2) 
[66, 67]. The process has been shown to be capable of killing a wide range of organisms includ‐
ing Gram‐negative and Gram‐positive bacteria, endospores, fungi, algae, protozoa, and 
viruses, and has also been shown to be capable of inactivating prions [68]. However, the use 
of UV‐region is also the main obstacle to the use of TiO2 nanoparticles for medical applica‐
tions. As a consequence, the research efforts has been in shifting the absorbance spectrum of 
TiO2 toward the visible region through doping the titanium surface with other elements, such 
as ytterbium (Yb3+), erbium (Er3+) [69], and argent [70] ions. Furthermore, the coating with 
argent and copper, both antimicrobial agents, can enhance the killing activity of TiO2 [71, 72]. 
Metal nanoparticles usually are of very small size (i.e., ranging from one to a few nanometers) 
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ing methicillin‐resistant Staphylococcus aureus [59]. In another study, S. aureus has been inacti‐
vated with porphyrin bound to carbon nanotubes [60], while the toluidine blue oral (TBO) has 
been bound to the surface of Au nanoparticles and have been shown to be effective against S. 
epidermidis [61]. What promises to be even more exciting, are those applications where the 
nanomaterial can acts as PS. The carbon nanomaterials (fullerenes, nanotubes, and graphene) 
are being discovered to be photoactive in their own right, exhibiting intriguing photo‐induced 
electron transfer properties. Such molecules are particularly attractive due to their long wave‐
length of absorption, the high quantum yield, and lack of acute toxicity, except in rare cases, 
in the absence of light. Fullerenes (C60) are the third type of carbon structure; they consist of 
60 carbon atoms arranged in a spherical structure that can absorb light and be active PS [62], 
they generate different ROS according to the solvent, and in polar solvents they produce 
superoxide and hydroxyl radicals, while in nonpolar solvents they predominantly generate 
singlet oxygen. As shown from recent studies, their functionalization (with multiple attached 
cationic groups) make them more soluble in water or other biological fluids and more active 
for targeting and killing different bacterial species [63]. Titanium oxide (TiO2) has been more 
widely studied as a PS among metal oxide nanoparticles in a process termed “photocataly‐
sis,” which has been proposed as an antimicrobial strategy for disinfection of surfaces, air, 
and water [64, 65]. Photocatalysis is the acceleration of a light‐mediated reaction in the pres‐
ence of a catalyst (usually an inorganic semiconductor) [64]. The advantage of photocatalysis 
is having sunlight or UV‐radiation to trigger the disinfection process using a catalyst (TiO2) 
[66, 67]. The process has been shown to be capable of killing a wide range of organisms includ‐
ing Gram‐negative and Gram‐positive bacteria, endospores, fungi, algae, protozoa, and 
viruses, and has also been shown to be capable of inactivating prions [68]. However, the use 
of UV‐region is also the main obstacle to the use of TiO2 nanoparticles for medical applica‐
tions. As a consequence, the research efforts has been in shifting the absorbance spectrum of 
TiO2 toward the visible region through doping the titanium surface with other elements, such 
as ytterbium (Yb3+), erbium (Er3+) [69], and argent [70] ions. Furthermore, the coating with 
argent and copper, both antimicrobial agents, can enhance the killing activity of TiO2 [71, 72]. 
Metal nanoparticles usually are of very small size (i.e., ranging from one to a few nanometers) 
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and are characterized by a high monodispersity. Most applications of metallic NPs stem from 
the principle of their surface functionalization (unprotected metal NPS are highly sensitive to 
air), which allows loading them with large PS doses. Typical metals employed for this pur‐
pose include gold, silver, platinum, and palladium. Gold (Au) is not intrinsically antibacterial 
but gold nanoparticles possess two or more localized surface plasmon resonances (LSPR) that 
undergo thermal relaxation upon irradiation. This property has been employed to potentiate 
the photodynamic inactivation. Using different methods of preparation, Au‐based nanomate‐
rials such as Au nanospheres, Au nanostars, and Au nanorods can be obtained to inactive 
bacteria by a photothermic process [73]. Thus, Au‐nanoparticles can be conjugated with spe‐
cific antibody [74], PSs [75], and antibiotics [76], or have intrinsic antibacterial activity [77, 78]. 
Furthermore, it has been observed that the coating of glass materials with gold nanoparticles 
proved to be very efficient in photothermal biofilm laser treatment against S. aureus biofilms, 
suggesting the possibility of fabricating medical devices with the same coating: once internal‐
ized, they would not need to be removed if a biofilm is formed on their surface but may be 
treated in situ, i.e., through tissues, avoiding surgical removal (Figure 5) [79].

Finally, recent studies have proposed that rare earth mineral nanoparticles (the so‐called up‐
conversion nanoparticles, consisting of sodium yttrium fluoride (NaYF4) codoped with ytter‐
bium and erbium ions [80]) can be used to transduce near‐infrared light into required short 
wavelength light for activate powerful photosensitizers and for a better penetration of PS into 
the tissues.

Figure 5. Monolayers of gold nanostars (GNS) grafted on mercaptopropyltrimethoxysilane‐coated glass slides for aPDT 
application.
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4. Conclusion

This chapter provides a state‐of‐the‐art analysis about the use of phototherapy and nanotech‐
nology to resist or counteract implant infections, together with a glimpse of the future pos‐
sible applications and main trends occurring in the field. Progress in the field will correlate 
with a better understanding of photophysics, chemistry, materials science, biology, and clini‐
cal practice, which will allow a rational design of the whole investigation protocol, ranging 
from optimized formulations to the development of suitable tools for photosensitizers and 
light beams delivery. Nanotechnology is one of the most rapidly growing fields of trans‐
lational medicine, and its potential impact on photodynamic therapies is extremely wide. 
The convergence of phototherapy and nanotechnology may provide new therapeutic modali‐
ties (e.g., new nanophotosensitizer formulations) that are easy to apply throughout the body 
in a targeted manner. In conclusion, exploring the current and possible future interactions 
between nanotechnology and PDT will offer new outlooks on their bactericidal potentiality.
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Abstract

Skin is the largest human organ and displays multiple functions involving structure and 
protection against external agents that may affect the body. Solar radiation accelerates 
the normal aging process and may even cause great damage leading to many different 
cutaneous diseases and skin cancer. Moreover, a wound in the skin may be an open chan-
nel for the access of pathogens usually exposing blood vessels for infections and causing 
serious complications. For many reasons, regulatory skin processes are of great deal in 
different approaches: basic antiaging, wound healing, and skin cancer. In a good way, 
photoprocesses with specific wavelength at low energy levels associated with photoac-
tive compounds are known to cause the opposite effect, promoting the healing of cutane-
ous diseases and leading to well-defined outcomes in rejuvenation and antiaging. This 
chapter will discuss the most relevant topics in photo skin regeneration using low energy 
levels associated with photodynamic therapy (PDT), which emerged as a combination to 
potentialize molecules with the already known effects of PDT and low level laser therapy 
(LLLT) in the treatment of skin pathologies, known as a photobiomodulation process.

Keywords: skin, wound healing, antiaging, photodynamic therapy, 
photobiomodulation

1. Introduction

The basic protocol of photodynamic therapy (PDT), the most classic of the photoprocesses 
applied to health treatment, involves the use of photosensitizer molecules (natural or syn-
thetic) and visible light in a well-suited design for each application. In the presence of 
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molecular oxygen in the medium and under irradiation, reactive oxygen species (ROS) are 
generated in high amounts or low amounts, depending on the doses of light, promoting 
either the destruction of malignant cells, in the first case, or the induction of skin cells prolif-
eration, leading to a stimulated wound healing process with promising results in antiaging 
effects [1, 2]. The effect known as “photobiostimulation,” “photobiomodulation,” or “bios-
timulation” is nondestructive at cell levels, in opposition to PDT main effect. Biostimulation 
has been applied in medical therapies in the treatment of severe wounds and the control of 
the pain, as well as in basic scientific research [3].

Studies have suggested that sufficiently decreasing the dose of laser light normally used in the 
basic PDT protocol could lead to a biostimulatory effect in cells, tissue, or organs, similar to 
what already happens with low level laser therapy (LLLT) [4]. In addition, cells enriched with 
low amounts of photosensitizer compounds can proliferate better after application of the LED 
or laser irradiation at the right wavelength and precise window of time, as the low concentra-
tion of generated ROS start a cascade of events leading to a proliferative cellular pathway [5]. 
Another recent approach in this research field is the laser stimulation at extremely low power 
densities (around 0.15 mW/cm2) to enhance biological effects, known as ultralow level laser 
therapy (ULLLT) [6]. However, a laser power under 0.03 mW has not been proven any detect-
able response, and the effectiveness of ULLLT is only guaranteed when applied together with 
acupuncture and administered to acupoints. The tinny channels allow photons to be absorbed 
in the dermal layer, improving the technique [6].

The treatment with PDT requires, by definition, that parameters such as visible light and 
photosensitizer drug are simultaneously adjusted in a well-defined sequence of time and 
concentration to induce the desired effect. Important parameters to control in vivo studies 
include the time of drug uptake, time of treatment, number of applications, exposition time 
of the target tissue, administration route, and doses, which are critical to the success of this 
procedure. All parameters have been well evaluated during these long years of PDT studies 
around the world and have been setup under certain restrict intervals. Physical parameters 
of light include wavelength, irradiated area, power, energy, and frequency of irradiation [7]. 
The devices used to irradiate (LED, continuous wave laser or pulsed laser) have also been 
established, for many of the available setup in the market. The combination of all parameters 
is the major concern and uncertainty in studies of PDT for photoregeneration and may vary 
considerably when we move from in vitro to in vivo and clinical trial studies.

2. Mechanisms of PDT at low levels of energy

The mechanisms of light interaction in the organism and its response have been recently quite 
well understood, despite a long field to be elucidated [8]. An analogy to plants can be made, 
as via photosynthesis they absorb light energy by the chromophore groups in the chlorophyll 
and convert CO2 and water in a sequence of reactions in the Calvin cycle. In eukaryotes, two 
mechanisms were suggested to be involved during light-cell interaction. One is acceleration 
of electrons transfer between redox pairs in some sections of the respiratory chain in the mito-
chondria [9]. The other is the production of small amounts of reactive oxygen species (ROS) 
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induced by light absorption mainly by cytochrome c oxidase, a photoacceptor molecule in the 
mitochondria, accelerating ATP production and cellular proliferation [8].

When a photosensitizer molecule is present, as in PDT, it is first photoactivated to the right 
excited state of the molecule, by classic photochemical and photophysical pathways well 
defined by Jablonski diagram [10] and then the produced reactive species may accelerate the 
increments of ATP production. The most common ROS include superoxide anion (O2

−) and 
peroxide hydrogen (H2O2) [6]. Briefly, the photosensitizer in the ground state (S0) absorbs 
photons and is first excited to singlet state (S1). The S1 molecule can either return to its ground 
state as fluorescence emission or move to triplet excited state (T1) through intersystem cross-
ing, then forming free radical species by Type I reactions or transferring energy (Type II 
reactions) to molecular oxygen in the triplet state to the singlet state. The T1 photosensitizer 
molecule can also return to S0 through a process that lasts longer than fluorescence known as 
phosphorescence [7]. All processes are illustrated in Figure 1.

Recently, it has been proposed that PDT stimulates proliferation of dermal fibroblasts caused 
by low amounts of ROS, which activates extracellular signal-regulated kinases (ERK) [11]. 
ERK contributes in the regulation of critical cell processes, not only in proliferation, but also 
differentiation, survival, and apoptosis. It is suggested that fibroblast growth factor (FGF) 
stimulation leads to the reactivation of ERK signaling [12]. This has been most observed for 
the treatment of acne, as the photobiomodulation (PBM) effect is associated with increased 
proliferation of extracellular matrix (ECM) components and gene expression of anti-inflam-
matory cytokines [13]. The ECM cells, such as fibroblasts and macrophages, produce growth 
factors, cytokines, and chemokines crucial for regeneration and repair [14].

Figure 1. Simplified Jablonski diagram for energy transition between states and from photosensitizers in excited states 
to molecular oxygen, producing singlet oxygen and other reactive species.
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It is important to note that most reactions in the organism are regulated by signaling, altering 
gene expression. In this concept, the nuclear factor kappa B (NF-kB), a transcription factor, 
plays an important role, as it regulates the expression of multiple genes and may govern inflam-
matory and stress-induced responses in the cell [15], activating the mitochondrial cytochrome 
c oxidase, which will generate ROS. The correlation between NF-kB and the production of 
ROS happens as NF-kB is activated when the redox state of the mitochondrial membrane is 
altered. NF-kB is a complex which contains its inhibitory protein, IkB, and for this reason it is 
inactive in the cytoplasmic medium. ROS are known to stimulate IkB-kinase, which inhibits 
the production of IkB by ubiquitination and proteasomal degradation with release of NF-kB. 
NF-kB is then transported to the nucleus and cause the expression of approximately 150 genes 
possibly involved in defense mechanisms against cell stress. Therefore, the concentration of 
ROS may contribute to benefit cells proliferation or be cytotoxic [13, 15]. The NF-kB activa-
tion can also be stimulated by ROS in other situations involving tumor necrosis factor alpha 
(TNFa), phorbol ester, and interleukin (IL)-1 [15].

Various signaling routes involved in metalloproteinases (MMPs) transcription control are 
regulated by redox reactions. This way, researchers propose a relation between MMP activity 
and production of ROS. It is suggested that ROS acts in the activation or deactivation of some 
MMPs in transcriptional level, acting in redox signaling routes [16]. Metalloproteinases from 
the extracellular matrix are calcium-dependent endopeptidases, which contain zinc, and are 
structural and functionally related to one another [17]. The main function of MMPs is on deg-
radation and/or formation of extracellular matrix. More aspects of MMPs will be discussed in 
the wound healing section.

3. Topics in photoregeneration

The regeneration process is usually referred to the proliferation of cells and tissues to replace 
lost structures, as it happens in the growth of an amputated limb in amphibians, as an exam-
ple. In mammals, whole organs and complex tissues are not fully regenerated; only parts 
of the liver can grow after partial resection or necrosis, which is known as compensatory 
growth. Tissues with high proliferative capacity can be continuously renewed after injury, as 
it happens in the hematopoietic system, the epithelia of the skin, and gastrointestinal tract. 
However, this is only possible if the stem cells of these tissues are not damaged [14]. These 
studies belong to the so-called regenerative medicine, an open multidisciplinary field of 
research involving many different aspects.

Photoregeneration consists in acting direct in the regeneration process using light itself or the 
combination of a light-based treatment with photoactive compounds in order to restore the 
lost structures, withhold water loss and decrease the exposition time of a wound or injury, 
reducing the risk of infection [18]. This is mostly applied in tissue repair in the wound healing 
process, but the principle can be expanded to regeneration of photodamaged skin, treatment of 
acne, and other skin pathologies, as well as in antiaging treatment [18]. In the wound healing 
process, over exposure of a wound can also cause the proliferation of bacteria, as it is an open 
piece of the organism to the environment. In this context, phototreatment is most considered 
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combination of a light-based treatment with photoactive compounds in order to restore the 
lost structures, withhold water loss and decrease the exposition time of a wound or injury, 
reducing the risk of infection [18]. This is mostly applied in tissue repair in the wound healing 
process, but the principle can be expanded to regeneration of photodamaged skin, treatment of 
acne, and other skin pathologies, as well as in antiaging treatment [18]. In the wound healing 
process, over exposure of a wound can also cause the proliferation of bacteria, as it is an open 
piece of the organism to the environment. In this context, phototreatment is most considered 
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due to its antimicrobial properties. This section will discuss important aspects of photoregen-
eration in anti-aging and wound healing applications. All processes are regarded to skin and, 
therefore, it is significant to understand the constitution of the skin and its main components.

3.1. Skin

Skin is the largest organ in the human body, comprising about 16% of body weight. An aver-
age person can have about 1.8 m2 of the body covered with skin, which may be submitted to 
harsh conditions [19]. The same way as other organs, it has the ability to grow, develop, and 
be repaired. The skin covers the surface of the body and is constituted of an epithelial portion 
from ectodermal origin, the epidermis, and a connective portion from mesodermal origin, 
the dermis. The skin plays multiple functions. Due to the corneum layers of epidermis, it 
protects the organism against water loss and friction, keeping the homeostasis of the system. 
Besides, the support function is crucial to keep structures such as blood vessels, innervation 
and muscle, as well as the sensitive function to psycho-emotion reactions, ultraviolet radia-
tion, and endocrine functions [20].

The epidermis can be renewed every 2–3 weeks through the keratinocyte differentiation pro-
cess [14]. Depending on the thickness of epidermis, varying from 50 to 150 µm, it can be 
distinguished the thin and thick skin. The thick skin is mostly found in the palms and soles, 
while the rest of the body is protected by thin skin. The junction between the dermis and 
epidermis is irregular, as dermis has projections, the dermal papillae, which fit in the indenta-
tions in the epidermis, increasing the cohesion between both layers. Hair, nails and sweat and 
sebaceous glands are attached skin structures [21].

The thickness of the dermis varies from 300 µm in the eyelids to 3 mm in the back. The dermis 
can be divided in papillary, situated right under the epidermis, and reticular dermis, located 
between the papillary and hypodermis. The hypodermis, also known as subcutaneous layer, 
is a loose connective tissue composed primarily by fat cells [22]. The main component of the 
dermis is the extracellular matrix in the connective tissue. The connective tissue is produced 
by fibroblasts and is composed of three major classes of biomolecules: glucosaminoglycans 
(GAGs), proteoglycans, structural proteins (collagen and elastin), and special macromol-
ecules (fibrillin, fibronectin, laminin, and hyaluronan) [23].

3.1.1. Interaction of light in the skin

In PDT, it is important to be able to predict the spatial distribution of light in the target tissue. 
Light can be scattered or absorbed when it penetrates the tissue, and the extension of both pro-
cesses depends on the type of tissue and the excitation wavelength. Absorption is mainly due 
to endogenous chromophores, such as hemoglobin, myoglobin, and cytochromes. Scattering 
is generally the most relevant factor for the determination of light penetration into the tissue. 
The combination of light absorption at short wavelengths by important chromophores in the 
tissue, such as oxy and desoxyhemoglobin and melanin, together with reduced light scatter-
ing in longer wavelengths and the occurrence of absorption by water in wavelengths longer 
than 1300 nm led to the concept of “optical window.” In terms of PDT, the effective average of 
light penetration into the skin is approximately 1–3 mm in 630 nm [1].
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The stratum corneum is a protective layer that consists of cells impregnated with keratin 
and considerably varies in thickness. Except by the scattered light, it is considered optically 
neutral. In the epidermal layer there is a slight scattering, with low amounts of light that pass 
through. The result is that all light not absorbed by melanin, main pigment, in the epidermis 
will pass to the dermis [24]. The dermis is composed by collagen fibers and, different from 
epidermal layer, it contains sensors, receptors, blood vessels, and nerve endings. Hemoglobin 
acts as a selective absorber of light. The dermis consists of two structurally different layers, 
papillary and reticular, which differ mainly in size of collagen fibers. The small size of col-
lagen in the papillary dermis (with diameter smaller in magnitude than the incident light) 
promotes the back-scattering, in which light is totally directed back to the surface of the 
skin [24]. Figure 2 shows an optical microscopy image (10× objective) of human skin biopsy 
stained by hematoxylin-eosin procedure showing the epidermal and dermal layers and the 
light pathways.

The blue light penetrates less efficiently into the tissue, while red and infrared radiations pen-
etrate deeper. No source of light is ideal for all indications of PDT, even with the same pho-
tosensitizer molecule. The choice of the source of light must be based on the absorption by 
the photosensitizer drug, the purpose of the action (treatment of a small cancerous lesion or 
wound healing stimulation), characteristics of the lesion or wound (local, size, accessibility, and 
characteristics of the tissue) costs and size [7]. A wide number of photosensitizers in different 
drug delivery systems (DDSs) have been tested for PDT [25–29]. Among them, phthalocyanines 

Figure 2. Histological image of human biopsy stained by a hematoxylin-eosin procedure, evidencing the light pathway 
through epidermal and dermal layers (adapted from Ref. [24]).
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(Pc) have been under investigation as promising second-generation photosensitizers, not only 
for PDT, but also for other applications. Because of their strong red-shifted absorption band, 
associated with their photophysical response, they are well suited to take advantage of maximal 
tissue penetration and low-light scattering properties of organelles and tissue at the ideal pho-
totherapeutic window (600–800 nm).For instance, aluminum chloride phthalocyanine presents 
an intense absorption peak at 670 nm, and, therefore, diode laser operating at this wavelength 
is required [30, 31].

Mostly, the photobiomodulation effect has been observed when near-infrared light (NIR) is 
used at low levels; however, there have been reports of red, far-infrared (FIR) [13], green light 
[32], and specific types of lasers or LED. Normally, PDT requires a source of light in the vis-
ible range of light a source of light in the visible range of light spectrum between 600 and 800 
nm called “therapeutic window.” Today, there are some sources producing visible light in 
the range of 400–580 nm, due to some natural compounds that absorb light in this range and 
claim to induce some biological responses, such as curcuminoids and xanthene [33, 34]. Both 
compounds are phenolic structured in highly conjugated systems and can be used as dyes for 
drugs, cosmetics, and food. The dyes are primarily photoactivated, affecting enzymes, mem-
brane lipids, and nucleic acids. The ability of these compounds to suppress the superoxide 
production by macrophages seems to modulate the secretion of protein kinases in tumor cell 
proliferation and induce the expression of anticarcinogenic enzymes [34, 35]. Recent studies 
have demonstrated that PDT is not restricted to visible light; deep tissue penetration in PDT 
could also be achieved with near-infrared (NIR) laser radiation, followed by upconversion to 
higher-energy visible or ultraviolet light in the biological medium [36, 37].

3.1.2. Collagen and elastin

Collagen constitutes a family of selected proteins during evolution to play different functions, 
mainly structural. During the organism evolution process, a family from a group of structural 
proteins influenced by the environment and by organism functional necessities have been 
modified and acquired variable degrees of stiffness, elasticity, and tensile strength. These pro-
teins are collectively known as collagen, and the main examples of the many types of collagen 
are the ones found in the skin, bones, cartilage, smooth muscle, and basal lamina [21].

Collagen synthesis was initially associated with a restricted group of cells of the connective 
tissue, such as fibroblasts, chondroblasts, and osteoblasts. Currently, however, there is suf-
ficient evidence that many types of cells produce this protein. Collagen fibrils are formed 
by the polymerization of molecular elongated units known as tropocollagen, and various 
types of collagen result in differences in the chemical structure of these polypeptide chains. In 
types I, II, and III collagen, the tropocollagen molecules aggregate in subunits to form fibrils. 
In types I and III collagen, these fibrils associate to form fibers. Type II collagen, present in 
cartilage, form fibrils but do not form fibers. Type IV collagen, present in basal lamina, form 
neither fibrils nor fibers [21, 38].

Collagen is the most abundant protein in the organism, representing 30% of its whole dry 
weight. The types of collagen in vertebrates constitute a family of proteins produced by differ-
ent cells and are distinguished by their chemical composition, morphological characteristics, 
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distribution, functions, and pathologies. As collagen is the main structural protein and com-
poses 70–80% of the skin dry weight, the modulation of the collagen metabolism in the skin by 
therapeutic irradiation has clinical importance. The skin collagen synthesized by fibroblasts 
comprises 80–85% of type I collagen and 10–15% of type III collagen [39]. Type I collagen is 
easily visualized by optical microscopy after Picrosirius Red stain method as long red fibers. 
However, type III collagen can only be detected by cross-polarized microscopy as short green 
fibers. Figure 3 represents both histological procedures [18].

Elastin is the main ECM protein that provides strength and elasticity to many flexible and 
mechanically active tissues, including skin, lungs, and vocal chords [40]. The most elastin pro-
ducer cells are fibroblasts and the cells of smooth muscle of blood vessels. Previous to mature 
elastin, proelastin is formed, a globular molecule of 70 kDa of molecular weight that polym-
erizes in the extracellular space to form elastin, a rubber-like glycoprotein predominated by 
elastic fibers. Elastin is resistant to boil, alkaline, and acid extraction and digestion with usual 
proteinase, but is easily hydrolyzed by pancreatic elastase. The same way as collagen, elastin 
is rich in glycine and proline. In addition, elastin contains two more uncommon aminoac-
ids, desmosine, and isodesmosine, formed by covalent bonds between four lysine residues. 
The cross linking seems to be responsible for the elastic consistency of elastin, which is five 
times more extensible than rubber [21]. Elastin is easily visualized by optical microscopy after 
Orcein stain method as red fibers forming a network, as shown in Figure 4 [18].

3.2. Antiaging

The aging process of the skin can occur intrinsically and extrinsically. The first refers to chron-
ological changes because of genetic and hormonal modifications with age, and the last is 
related to external factors, such as UV radiation, smoking, diet, and chemicals [20]. However, 
among these factors, the most concerning is the prolonged exposure to sunlight during the 
course of life, promoting serious damage to the skin, and accelerating the regular aging pro-
cess. This is normally referred to as photoaging, due to the importance of such health care 
[20]. UV radiation, particularly UVB, is most responsible for direct damage, reaching not only 
the stratum corneum, but also viable epidermal cells [23]. This way, measures that retard the 

Figure 3. Histological images of human skin biopsies stained by Picrosirius Red and visualized by bright field microscopy 
(a) and cross-polarized microscopy (b).
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normal aging process are considered antiaging, and in this context it is relevant to understand 
the intrinsic changes that happen in the skin during this process.

The first visible and easily recognized aspects that appear in aged skin are the presence of 
wrinkles, decrease in thickness, transparency, dryness, and irregular hair growth. In deeper 
level, aged skin has difficulties to sweat and loses subcutaneous fat tissue, which leads to hol-
lowed cheeks and eye sockets [23]. Dermis and epidermis appear to decrease in thickness with 
age, and their junction may flatten [19]. Despite visible changes, no significant change seems 
to occur at molecular level, as histology of photoaged skin only presents signs of chronic 
inflammation [20]. However, at this level it is important to understand the role of stem cells in 
mitochondria, since stem cell factors regulate mitochondria during aging [41].

The changes in the composition of extracellular matrix constitute an important factor in the 
aging process. Collagen fibers associated with proteoglycans are important components of der-
mis, and the healthy skin is dependent on the balance of synthesis and degradation of collagen 
[42]. In young skin, collagen fibers are more organized, as they are arranged to be extended or 
stay in the normal configuration. With age, collagen fibers in the skin become denser, decreas-
ing their extensible capacity and being fragmented, disorganized, and less soluble [20].

Not only the fragmentation of ECM occurs, but also in the epidermis the turnover rate of kera-
tinocytes decreases due to decrease of mitotic activity, a process called cellular senescence 
[23]. This can be explained as the constantly shedding of dead corneocytes in the outer surface 
and formation of new keratinocytes in the basal layer. Besides, protein composition of corni-
fied envelope, responsible for barrier function, changes. The metabolism of calcium is strictly 
related to the aging process, especially in the epidermis. Reduction of calcium production with 
age inhibits full differentiation of keratinocytes in the stratum granulosum [19].

The same way, elastin fibers suffer considerable changes in variation of density, as they are 
intertwined with collagen forming the ECM. The UV radiation in contact with skin and in 
the presence of oxygen produces high concentrations of ROS or free radicals, which induce 

Figure 4. Histological images of human skin biopsies stained by Orcein and visualized by bright field microscopy, 
evidencing elastin fibers.
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gene expression resulting in collagen degradation and elastin accumulation. The remodeling 
process of such network is primarily controlled by the activity of matrix metalloproteinase 
(MMPs). In photodamaged skin, ROS induces the production of MMPs that degrade collagen 
while the expression of the MMP inhibitors (TIMP) is reduced [20, 23]. These events triggered 
by ROS can be reduced by the use of antioxidants. In the opposite way, low concentrations of 
ROS are thought to inactivate MMPs and reduce the formation of wrinkles [43, 44].

Studies examined PDT for the treatment of photoaging in different levels, from in vitro assays 
using fibroblast cells [11] to animal studies using hairless mouse model [45] and clinical assays 
[43]. There are a few published reviews about photodynamic rejuvenation, most exposing the 
use of MAL (methyl aminolevulinic acid) or 5-ALA (5-aminolevulinic acid) as photosensitiz-
ers [46]. They reported excellent cosmetic effects, sustaining the hypothesis of induction of 
collagen formation in the dermal layer [44], even in the treatment of patients with severe 
photodamaged skin [43]. The changes in collagen and skin texture are good parameters for 
histological examination. The photodynamic rejuvenation technique seems to show excellent 
short-term efficacy and tolerability.

3.3. Wound healing

In the ancient Egypt, from a paraphysiological perspective, a wound was considered an open-
ing in the body where fiends could enter or leave [47]. With development of medicine, the 
treatment of wounds consisted in the application of bandages containing medicine, herbs 
with healing properties, over the lesion. Until not long ago, about 50 years, this was the most 
used method, considering the advances in medicines and medical techniques.

Wound healing is a natural process to keep the integrity of the skin of those who have been 
submitted to surgery or that simply have been injured [48, 49]. The concept comprises not 
only the skin; it can be expanded to treatment of periodontal diseases [50] and cartilage regen-
eration [51]. Various methods have been adopted to improve the healing of wounds of many 
types, including the potential use of irradiation at low doses [52]. Some of the biostimulatory 
effects were confirmed in vitro for the proliferation of fibroblasts, collagen synthesis, stimula-
tion of macrophages, and higher rates of extracellular matrix production [53].

Epidermal regeneration in mammals was conventionally described by histologists consisting of 
three phases: mitosis, migration, and differentiation [54]. Only epidermis is able to regenerate, 
while complex healing process of dermis and its development can be summarized in three steps: 
an initial inflammatory stage, followed by proliferation and finally repair, tissue remodeling 
stage (maturation), although they are not strictly separated from each other [55, 56]. However, 
regeneration and scar formation depend on the extent of the injury and the ability of the organ-
ism to initiate such processes. For instance, a superficial wound only requires reepithelializa-
tion, while a deep and extensive wound initiates a series of events essential for the organism 
survival, which occur right after any indication of tissue destruction [14].

3.3.1. Wound healing phases

The inflammatory phase depends on the inflammatory cells, such as polymorphonuclear 
leukocytes (PMN), macrophages, and lymphocytes, besides numerous chemical mediators. 
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PMN acts from the moment of tissue injury for a period that varies from 3 to 5 days, and is 
responsible for bacteria phagocytosis. Macrophage is the most important cell in this phase 
and remains in the wound from the 3rd to the 10th day [57, 58]. Besides bacteria phagocyto-
sis, it debrides foreign bodies and directs the development of granulation tissue. Also, they 
secrete cytokines, compounds that coordinate immune responses, besides recruiting further 
immune cells to the infection local [50]. Lymphocytes appear in the wound in approximately 
7 days and their roles are not fully defined, although lymphokines produced by these cells 
influence macrophages. In addition to these cells and chemical mediators, the inflammatory 
phase also counts on the important role of fibronectin, which is synthesized by a variety of 
cells, such as fibroblasts and endothelial cells, working as an adhesive to strengthen the fibrin 
clot, the cells, and extracellular matrix components [59].

The cells proliferation phase happens over the 5th to 14th days and initiates the repair process 
of both dermis and epidermis [59]. It is crucial for the formation of granulation tissue, which 
is a combination of cell elements, including fibroblasts, inflammatory cells, and endothelial 
components of ECM, such as fibronectin, glycosaminoglycans, and collagen. The formation 
of granulation tissue depends on the action of fibroblasts to produce collagen, elastin, fibro-
nectin, glycosaminoglycans, and proteinases, responsible for debridement and physiological 
remodeling. During proliferation, it also occurs the angiogenesis, essential to oxygen, and 
nutrients supply for scar formation [60].

The last two phases, contraction and remodeling, are later processes, responsible for matu-
ration of wounds. The first occurs with intense participation of myofibroblasts with conse-
quences on lesion contraction. The latter, provided by bridge formation between collagen 
fibers, results on the development of mature scar [61]. Synthesis of structural proteins, such 
as collagen, remains at high levels for 6–12 months, although the scar reaches up to 70% of the 
tensile strength of intact skin [62].

Fibroblasts play an important role in a series of physiological events, such as the wound heal-
ing process. In this case, fibroblasts of the side connective tissue become activated, proliferate, 
migrate to the clot in reabsorption, and start to synthesize the ECM components, such as col-
lagen and elastin [60]. During wound healing process, the portion of collagen increases with 
time, and by two weeks their fibers dominate the ECM. Phagocytic cells slightly disappear 
and the granulation tissue is progressively constituted by a denser and less vascularized tis-
sue, located right under the regenerated epidermis [59]. Collagen degradation initiates early 
and is more active during inflammatory process. Therefore, the development of ECM is a 
result of balance between collagen deposition and degradation.

3.3.2. The role of matrix metalloproteinases (MMPs)

Matrix metalloproteinases are a family of secreted or transmembrane endopeptidases with 
similar structural domains which degrade ECM components. They can be classified in groups 
based on substrate specificity. One group comprises the interstitial collagenases MMP-1, 8 
and 13, that recognize collagen types I, II, and III. Another one is composed of the stromely-
sins MMP-3, 10, and 11, with specificity for laminin, fibronectin, and proteoglycans. The gela-
tinases MMP-2 and 9 comprise another group, and cleave collagen types IV and V. Regulation 
of gene expression of most MMPs occurs by transcription factors [62, 63].
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As previously discussed, MMPs can influence various cellular properties, such as growth, 
death, and migration [64]. In the tissue repair process, MMPs directly interfere in molecular 
and cell events. In the inflammatory phase, MMP-2 and MMP-9 act as chemical mediators 
on the stimulation steps in phagocytic phase. In granulation phase (proliferation), MMPs act 
along with other biomolecules with regulating activity in the formation of collagen and elas-
tin matrix, reepithelialization, and vascularization [65].

Gelatinase B (MMP-9) is a typical MMP, important on the migration of different cell types, 
such as leucocytes and tumor cells, due to its ability in degrading basal membranes and ECM 
components, such as collagen and elastin. Gelatinase B promotes migration of new bone mar-
row leucocytes to blood vessels, and then to the tissue infection sites [66]. MMP-9 expression is 
normally constant during whole tissue remodeling phase. In addition, it is directly related to 
the cell migration during morphogenesis and organogenesis processes [67]. Equally, MMP-9 
has been considered during creation and development of fibrillar network, associated with 
the production of elastin network particularly due to the presence of type I fibrillin [68].

Analogous to MMP-9, the expression of MMP-2 (gelatinase A) in the ECM is observed after 
collagen remodeling phase. Previous studies have demonstrated that dermal fibroblasts pro-
mote increase of MMP-2 expression from the first to the 21st day of development [61]. Once 
such enzymes degrade ECM and are synthesized by cells, there is an important control of 
their production, which is the latency. These enzymes are synthesized as proenzymes, which 
are inactive until being activated by (auto)proteolysis. This mechanism initiates a cascade of 
events in which each enzyme is activated by its precedent and, at the same time, activates the 
one that succeeds it. This way, the conversion of progelatinase B to its active form is catalyzed 
by MMP-3 or MMP-2 [66].

Nelson and Melendez [16] demonstrated that the expression and activation of MMPs are 
regulated via oxidative processes from redox reactions involving ROS in aerobic organisms, 
by mitochondrial mechanisms and cell modulation. Monochromatic irradiation and photo-
dynamic mechanisms alter ROS intra/intercellular concentration, affecting the electric-physi-
ological metabolism of mitochondria, which leads to acceleration of transcription expression 
of MMPs and other ECM biomolecules [67].

Studies [44] have demonstrated that ROS generated after UV irradiation initiate the increase 
of MMPs by a complex signaling mechanism, decreasing the expression of procollagen I and 
procollagen-III, culminating on reduction of dermal matrix generation. Some physiological 
processes, such as aging and wound healing, can be evaluated relating collagen synthesis to 
levels of MMPs expression. The deficiency of collagen due to natural aging derives from its 
reduced synthesis with increasing of degradation and concomitant elevation of MMP expres-
sion. UV radiation induces MMP synthesis in human skin, and the destruction of collagen 
mediated by MMP counts mostly by the damage in connective tissue with photoaging [69]. 
It suggests that not only the synthesis of proteins in the ECM, but also their degradation is 
increased in irradiated skin [39].

The activities of MMP-2 and MMP-9 can be experimentally detected and measured by gel-
atin zymography followed by data analysis for quantification. As gelatinases are secreted 
enzymes, the culture media in experiments involving cells proliferation can be collected for 
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Gelatinase B (MMP-9) is a typical MMP, important on the migration of different cell types, 
such as leucocytes and tumor cells, due to its ability in degrading basal membranes and ECM 
components, such as collagen and elastin. Gelatinase B promotes migration of new bone mar-
row leucocytes to blood vessels, and then to the tissue infection sites [66]. MMP-9 expression is 
normally constant during whole tissue remodeling phase. In addition, it is directly related to 
the cell migration during morphogenesis and organogenesis processes [67]. Equally, MMP-9 
has been considered during creation and development of fibrillar network, associated with 
the production of elastin network particularly due to the presence of type I fibrillin [68].

Analogous to MMP-9, the expression of MMP-2 (gelatinase A) in the ECM is observed after 
collagen remodeling phase. Previous studies have demonstrated that dermal fibroblasts pro-
mote increase of MMP-2 expression from the first to the 21st day of development [61]. Once 
such enzymes degrade ECM and are synthesized by cells, there is an important control of 
their production, which is the latency. These enzymes are synthesized as proenzymes, which 
are inactive until being activated by (auto)proteolysis. This mechanism initiates a cascade of 
events in which each enzyme is activated by its precedent and, at the same time, activates the 
one that succeeds it. This way, the conversion of progelatinase B to its active form is catalyzed 
by MMP-3 or MMP-2 [66].

Nelson and Melendez [16] demonstrated that the expression and activation of MMPs are 
regulated via oxidative processes from redox reactions involving ROS in aerobic organisms, 
by mitochondrial mechanisms and cell modulation. Monochromatic irradiation and photo-
dynamic mechanisms alter ROS intra/intercellular concentration, affecting the electric-physi-
ological metabolism of mitochondria, which leads to acceleration of transcription expression 
of MMPs and other ECM biomolecules [67].

Studies [44] have demonstrated that ROS generated after UV irradiation initiate the increase 
of MMPs by a complex signaling mechanism, decreasing the expression of procollagen I and 
procollagen-III, culminating on reduction of dermal matrix generation. Some physiological 
processes, such as aging and wound healing, can be evaluated relating collagen synthesis to 
levels of MMPs expression. The deficiency of collagen due to natural aging derives from its 
reduced synthesis with increasing of degradation and concomitant elevation of MMP expres-
sion. UV radiation induces MMP synthesis in human skin, and the destruction of collagen 
mediated by MMP counts mostly by the damage in connective tissue with photoaging [69]. 
It suggests that not only the synthesis of proteins in the ECM, but also their degradation is 
increased in irradiated skin [39].

The activities of MMP-2 and MMP-9 can be experimentally detected and measured by gel-
atin zymography followed by data analysis for quantification. As gelatinases are secreted 
enzymes, the culture media in experiments involving cells proliferation can be collected for 
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the assays, being possible to evaluate the presence of such enzymes during different periods 
of treatment. The basic procedure consists in electrophoresis in polyacrylamide gels contain-
ing gelatin, inoculated with the media samples and revealed by an enzyme substrate buffer 
(50 mM Tris-HCl pH 8.0, 5 mM CaCl2, 0.02% NaN3), followed by staining protocols. The non-
colored areas are quantitative related to the degradation activity of MMP-2 and MMP-9, in 
both pro and active forms [18, 70].

3.3.3. PDT on wound healing

Studies have evidenced that the treatment with He-Ne laser in cutaneous lesions would acceler-
ate wound healing process [71]. As no increase of temperature was observed during light irradi-
ation, the effects at cell level were considered more biochemical than thermal. Besides, no stress 
was expected during irradiation [22]. Combinations of light and drug, such as ALA/He-Ne laser 
and HpD/He-Ne and Nd:YAG lasers were tested in rats and demonstrated good performance 
in biostimulation [52].

Tissue stimulation was tested in human skin biopsies using the photosensitizer silicon-naph-
thalocyanine in lipossomal formulation and irradiation with laser at 670 nm and doses of 0.5, 1, 
3, and 5 J/cm2 [67]. This study has initiated a new approach in the application of photodynamic 
processes in cutaneous remodeling. It was found that the stimulatory effects were enhanced 
when PDT at low doses was applied instead of light itself. One study that evaluated the influ-
ence of continuous irradiation of diode laser (670 nm), with daily doses of 30 J/cm2 in rat skin 
reported that the most significant morphological changes occurred during the first 7 days of 
wound healing [56]. A recently published study tested the effects of PDT using aluminum chlo-
ride phthalcyanine in nanoemulsion as photosensitizer and laser light at doses of 70, 140, and 
700 mJ/cm2 in human skin biopsies [18]. PDT at the intermediary dose promoted the increase 
of approximately 20% in collagen and elastin, as well as in MMPs expression, which was not 
reached using only light. The photobiomodulation effect was observed even in the first 7 days 
after irradiation, but the most prominent was reached after 14 days [72].

Here, we present the results of many photobiological studies evaluating the effects of low 
visible light at 685 nm, alone or combined with a phthalocyanine-derived photosensitizer dye 
(NzPC), on the healing process of cutaneous wounds using 3D dermal fibroblast collagen lat-
tice as dermal equivalent (DE). Irradiations were carried out at 685 nm and, first, doses of 5, 
10, and 20 J/cm2 were applied 1 hour after the dye uptake, developed 24 hours after DE prepa-
ration. Contraction was reduced in all days of analysis (1, 3, and 7) and the number of cells 
decreased very fast. Then, lower doses (1, 3, and 5 J/cm2) were tested and a new parameter 
was introduced, the effect of a delay time between dye andligth application (1–72 hours). The 
results showed that for doses higher than 1 J/cm2 some toxicity were still present (>50%), but 
the delay in the ligth application seems to be crucial to a positive effect.

In the same studies, gelatin zymography was performed as previously described. Concerning 
metalloproteinase expressions, interestingly, MMP-9 expression was constant within fibro-
blasts during the collagen lattice remodeling and its progressive diffusion to the extracel-
lular matrix occured later. The constant value for MMP-9 expression early observed as 
major lattice remodeling could thus be responsible for the later appearance of type I fibrillin. 
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Similarly, MMP-2 expression both within the extracellular matrix and the secretion in the 
culture medium was also observed after the early remodeling phase of the collagen lattice. 
The observations on the decreasing levels of active MMP-2 are in accordance with the find-
ings of indirect immunodetection analysis comparing the expression of α-actin, fibrillin, 
and type I and III collagen (data not shown). In addition, it was found that for both types 
of treatment, the activated form of MMP-2 becomes higher than the proform of the enzyme 
after 12 days of culture.

Recent publications also reported the use of PDT with different photosensitizers and appli-
cations. Regarding oral diseases, PDT with methylene blue (MB) was tested on wound heal-
ing of rat buccal mucosa as a promising antimicrobial modality. The study qualitatively 
showed that MB-mediated PDT would have an inhibitory effect on healing process after 
14 days of the wound creation [73]. In the same field, a review study evaluated current 
evidence and focused on gaps in knowledge to identify potential paths forward for clini-
cal translation with photobiomodulation (PBM) therapy with an emphasis on craniofacial 
wound healing. They concluded that PBM offers a novel opportunity to examine fundamen-
tal nonvisual photobiological processes as well as develop innovative clinical therapies in 
clinical dentistry [74].

Regarding severe wounds, PDT with MB delayed reepithelialization in rats’ wounds on the 
7th day and interfered in standard healing. However, when used separately, MB and LLLT 
had a significant effect in the analyzed periods (1, 3, 14, and 21 days), when compared to con-
trol group [75]. Other studies evaluated third degree burns with lesions in mice treated with 
LED. The results showed that the LED-irradiaton was able to accelerate the wound healing 
process. In addition, a statistically significant microbial reduction was obtained with photo-
dynamic inactivation compared to chemical decontamination [76]. Other types of model of 
study have been tested, such as the adult human skin wound healing organ culture (WHOC) 
treated with PDT. It demonstrated increased reepithelialization and extracellular matrix 
reconstruction and remodeling [77].
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Abstract

A successful photodynamic therapy (PDT) requires a specific photosensitizer, oxygen
and light of a specific wavelength and power. Today photodynamic therapy (PDT) is
administered to patients with light-emitting diode (LED) panels. These panels deliver
a non-uniform light distribution on the human body parts, as the complex human
anatomy  is  not  a  flat  surface  (head  vertex,  hand,  shoulder,  etc.).  For  an  efficient
photodynamic therapy (PDT), a light-emitting fabric (LEF) was woven from plastic
optical fibers (POF) aiming at the treatment of dermatologic diseases such as actinic
keratosis (AK). Plastic optical fibers (POF) (Toray, PGR-FB250) have been woven in
textile in order to create macro-bendings, and thus emit out the injected light directly
to  the  skin.  The  light  intensity  and  light-emitting  homogeneity  of  the  LEF  were
improved thanks to Doehlert Experimental Design. During the treatment with PDT, the
photosensitizers were activated in the cancerous cells. These cells may be visualized, as
they show a characteristic fluorescence under UV light, which is called fluorescence
diagnosis (FD). Therefore, it  is proposed to modify the developed LEF for PDT to
measure the fluorescence amount. For this aim, a part of POFs was cut out to observe
the quantity of light that could be collected while the LEF was connected to a light
source. The first prototypes showed the possibility of the illumination with the same
LEF without losing the efficiency but also imaging the collected light.

Keywords: light emitting fabric (LEF), plastic optical fiber (POF), photodynamic ther-
apy (PDT), weaving, fluorescence diagnosis (FD)
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1. Introduction

The actinic keratosis (AK) is a pre-cancerous condition due to chronic UV light exposure that
may develop into non-melanoma skin cancer [1,  2].  Thus, the treatment of AK is highly
recommended. The AK lesions are characterized by red, scaly and crusty plaques or papules [3,
4]. This skin disease mainly affects fair-skinned individuals (face, bald head, forehead, etc.) [5].

There are many treatment options for AK. Cryosurgery, curettage and photodynamic therapy
(PDT) are the common treatments. Cryosurgery is an operation to destroy the tissue by using
freezing temperature performed with liquid nitrogen or carbon dioxide. This method is
efficient on the thinner lesions but less successful on the thick lesions and may result in
scarring [6]. Curettage is used to scrape of larger, hypertrophic lesions with a curette. The
drawbacks of this technique are the necessity for a local anesthesia and the scars [7].

Photodynamic therapy (PDT) is a noninvasive method, particularly used to treat pre-cancerous
or cancerous lesions with the combination of a photosensitizer and an appropriate light.

PDT has been increasingly used to treat AK, as it is efficient as other techniques given before
but also has excellent cosmetic results, repeatable and does not kill the healthy cells (selective
cell killing) [8, 9]. This treatment is also suitable for noncancerous lesions such as psoriatic,
acne vulgaris, pre-cancerous lesions as AK and Bowen, and cancerous lesions as basal cell
carcinoma (BCC) and squamous cell carcinoma (SCC) [9, 10].

The PDT leads to selective destruction of the cancerous cells by activated photosensibilisant
agent, methyl aminolevulinate (MAL) in Europe and 5-aminolevulinic acid (ALA) in USA. The
photosensitizers (PS) are activated with an appropriate light, which is red light (630 nm) in
Europe and blue light (450 nm) in USA in the presence of oxygen [11]. The activation of the PS
generates singlet oxygens (1O2) which causes chemical reactions inside the cancerous cells as
they are rich with molecular oxygen [12] (Figure 1). This is so-called “selective cells killing.”

Figure 1. Activation of PS.

In Europe, PDT is performed by using a drug photosensitizer methyl aminolevulinate (MAL
by Metvix, Galderma) on cancerous lesions and a 3-hour interval to start enlightenment [13].
The entire treated area is illuminated by a red light source (narrow spectrum around 630 nm)
[14]. The activation of Metvix required a dose of 37 J/cm2 [15, 16]. The light dose is determined
by such factors as the size of the light field, the distance between the lamp and the surface of
the skin, and the illumination duration. Therefore, it is not possible to treat numerous patients
per day since the treatment of a single patient takes about 5 hours. It is possible to reduce the
light exposition time by increasing the light dose, but the pain rate will also rise.
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Today PDT is administered by light-emitting diode (LED) panels (Figure 2) [17]. This is an
effective method without side effects with good cosmetic results. However, LEDs do not emit
the same light dose over the entire treatment area and do not adapt to the irregularities of the
body [13, 18]. Another disadvantage of this method is pain due to the dose of pure light that
effective treatment with LED panels [19, 20]. Indeed, if the light output was less, we could limit
the pain caused by the PDT.

Figure 2. LED panel light source (Aktilite CL 128, Galderma).

PDT needs to evolve despite its benefits, to make this treatment more effective and less painful.
The market innovates and proposes inventions that allow surmounting the inconveniences of
topical PDT with LED panels.

In order to maximize the comfort of the PDT and remove the disadvantages, Inserm (Institut
National de la Santé et de la Recherche Médicale, France) and ENSAIT (École Nationale
Supérieure des Arts et Industries Textiles, France) proposed replacing the LED panels by a LEF
composed of PMMA optical fibers (POF) [21–23].

2. Development and optimization of a LEF

Optical fibers carry the light between the distal ends but do not emit light laterally in their
natural state. There are three methods to bring out the light laterally. Mechanical process
consists of creating scratches on the surface of the POF (sandblasting or toothed roll) [24].
Chemical process is by applying a solvent which degrades the outside of the fiber and passes
light [25]. And finally the method of creating macro-bends (bindings in macroscopic size), to
not satisfy the total internal reflection to create a leakage [26–29].

The optical fiber used in the experiments consists of a Poly MethylMethAcrylate (PMMA) core
enveloped by a cladding made of fluorinated polymers. The core of the fiber has a refractive
index greater than the cladding’s, and therefore the light is confined thus completely reflected
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(Snell’s Law, Eq. 1). When a macro-bend is formed with an OF, light enters into the OF with an
angle larger than the critical angle (Eq. 2). and it undergoes multiple reflections.

(1)

1
critical cladding coreθ sin ( / )n n-= (2)

As a consequence, when the fiber is bent, the light rays outside of the bend section will be
emitted; the others will continue to meet internal reflection as seen in Figure 3 [30–32].

Figure 3. Multiple reflections in a bent optical fiber.

Weaving is a method of textile production which interlaces warp and weft yarns to form a
fabric (Figure 4).

Figure 4. Scheme of a plain weave.
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Thanks to the weaving technology, it is possible to create the macro-bends on the POFs as
observed on the cross sections of the fabric in Figure 5.

Figure 5. Bending loss in a POF inserted in a woven fabric.

It is possible to use different patterns to change the bending angles of the curvatures. There
are three types of fundamental weaving patterns: plain weave, twill weave and satin weave
(Figure 6) [33].

Figure 6. Fundamental Weaves: plain weave, twill 3-1, and satin 4, respectively.

Figure 6 shows the repeating pattern presentations of fundamental weaves. When the warp
yarn is on the top of the weft yarn, it is presented in black; in the other case it is white. A weft
float is designated as a number of warp yarns under the floating weft yarn between two
intersections.
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Figure 7. LEF connected to the light source.

The plain weave is the most basic of the three fundamental weaves. The weft thread passes
successively above and below the warp yarn, and this order is reversed for each weft line
(Figures 4 and 6).

The twill weave has a harness number equal to 1, and the crossing points form a diagonal
(Figure 6). It consists of floats longer than plain weave.

The crossing points of the satin weave are defined with the harness number, and it is higher
than 1 (Figure 6). Satin weave has longer floats compared to other fundamental weaves. This
is the reason that we have used this weave to produce our fabrics. Longer floats prevent
covering all the light-emitting POFs with warp yarns.

The quantity of the emitted light decreases with the distance to the light source as seen in
Figure 5. The light transmission loss in an optical fiber is defined as the following equation
according to the scientific literature [34, 35]:

10 (0) log
(1)

P
L P

a
é ù

= ê ú
ë û

(3)

where α represents the light transmission loss (dB/km), the length of the optical fiber (km),
P(0) represents optical input power, and P(1) represents optical output power. Based on this
formula (Eq. 3), different weaving patterns were woven to measure their attenuation in the
same length.

The loss of the light in an OF depends on the radius of the bending curvature, the number of
bending points and the wavelength of the signal.

For a successful treatment, a special pattern (patent WO 2012098488 A2) composed of three
satin weaves was designed to obtain the same amount of bending, thus a homogenous light
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distribution on the whole length of the fabric when it is connected to sources from both ends
[36–38]. With this new pattern a homogenous light distribution was aimed for a successful
PDT. Moreover, the LEF is connected to the light source from the both distal ends.

Polyester Sinterama (330 dTex )was used as warp yarn with a density of 20 per cm. Optical
fiber PMMA Toray (250 μm) was used as a weft yarn with a yarn density of 37 per cm. The
size of the luminous fabric is 21.5 × 5 cm. The total length of POF is about 60 cm but only
21.5 cm of POFs are woven in the middle. The both ends of the LEF were connected to the
laser (1 W from both sides) as demonstrated in Figure 7 and the light intensity (mW.cm-2)
was measured for each cm2 of LEF length. For the medical application, it was important to
obtain the light intensity values change within the limits of -/+ 20%, for a homogenous light
distribution.

Figure 8. Scheme of the optimized weaving system.

Light-Emitting Woven Fabric for Treatment with Photodynamic Therapy and Monitoring of Actinic Keratosis
http://dx.doi.org/10.5772/64997

101



An LEF which diffuses homogeneously light was obtained by using the designed pattern.
However, it was also important to optimize the light intensity (mW.cm-2) for a successful PDT.
To improve the lateral light intensity and obtain an LEF that emits a consistent and powerful
light at the same time, tension is added on the warp yarns during weaving [39]. Thanks to the
added tension during weaving, it was possible to modify the curvatures of the optical fibers
inserted into the LEF.

It is also very important to maintain the low light from the connectors on both sides to avoid
feedback light toward the laser. This injection can increase the temperature of the laser sources,
which can cause damage to the devices.

Three warp beams were prepared for three different weaving zones A, B, C and the loads were
added on the beams, which were calculated with Doehlert experimental design. The samples
are woven with the weaving machine (Dornier, HTVS8-SD). The optimized weaving system
is shown diagrammatically below Figure 8.

In order to reduce the number of experiments, a three-factor Doehlert design was used in this
work. This experimental design allows to find out the best parameters to optimize the results.
The three weaving zones with different pattern combinations (A, B, C) were chosen as
variables, and the three levels are chosen 40, 70 and 100 g/warp yarn, respectively. Fifteen
samples were studied with the calculated tension parameters.

Furthermore, response surface methodology (RSM) graphics were generated with a Doehlert
matrix design results. The graphics showed the emplacement of best results for the light
intensity and light distribution homogeneity. Five more experiments were woven based on
these parameters which should give the compromise result with a good light intensity and less
heterogeneity (12.8 +/- 3 mW.cm-2.W-1). The sample number 15 gave the best result as predicted
and proved the reality of this approach (Figure 9). This was the optimal sample with given
pattern, warp/weft material and density.

Figure 9. Light distribution of the optimized with Doehlert Experimental Design.

This diffuser light textile meets the basic requirements for PDT: uniform distribution of light
and flexibility. The great light diffusers (500 cm2) textiles can be easily manufactured and can
be used not only on the skin but also in the peritoneal or pleural cavities.

PDT administrated with LEF will improve the effectiveness of treatment and make the
procedure almost painless. Clinical trials were started (at CHR and Klinikum Vest) on 55
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matrix design results. The graphics showed the emplacement of best results for the light
intensity and light distribution homogeneity. Five more experiments were woven based on
these parameters which should give the compromise result with a good light intensity and less
heterogeneity (12.8 +/- 3 mW.cm-2.W-1). The sample number 15 gave the best result as predicted
and proved the reality of this approach (Figure 9). This was the optimal sample with given
pattern, warp/weft material and density.

Figure 9. Light distribution of the optimized with Doehlert Experimental Design.

This diffuser light textile meets the basic requirements for PDT: uniform distribution of light
and flexibility. The great light diffusers (500 cm2) textiles can be easily manufactured and can
be used not only on the skin but also in the peritoneal or pleural cavities.

PDT administrated with LEF will improve the effectiveness of treatment and make the
procedure almost painless. Clinical trials were started (at CHR and Klinikum Vest) on 55
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patients. For each patient, half of lesions were treated with conventional therapy, and the other
half with the smart textiles, to compare the pain and the effectiveness on the same patient. The
results are expected before 2017. Whenever the convincing results are provided, this method
will replace the current treatments with the LED panels.

In addition, the new procedure will allow to treating multiple patients simultaneously, with
less pain, under the supervision of doctors. Thanks to miniature laser sources and their
decreasing prices, this procedure may also be transformed into a portable medical device that
will allow patients to be active (Figure 10).

Figure 10. The PDT with woven LEF by ENSAIT (a), LEF inserted helmet design (b).

As the phototherapy has a good future, there are many concurrences developed to improve
the procedure existent. Philips has developed a new technology called “BlueControl” which
is a portable light therapy device for the treatment of Psoriasis Vulgaris. This device pro-
vides a treatment of 30 minutes per lesion, through the benefits of blue LED light without
UV (453 nm) [40, 41].

Philips also developed the “Bilirubin blanket,” made of woven fabric consisting of stitched
tiny blue LED lights. This device is used for the treatment of jaundice which is a condition
caused by high levels of bilirubin in the blood.

And Metvix Galderma has proposed PDT daylight as an alternative to the PDT conventional.
The daylight PDT allows patients to be active and under the sun during treatment, contrary
to illumination with a fixed wavelength in clinical place [42, 43]. Daylight PDT has a good
efficiency and is less painful thanks to low light output compared to the conventional method.
However, this new method has several disadvantages. Allowing the patient to prepare the area
to be treated may cause a lack of control of the light dose and time of exposure. In addition,
the patient is dependent on the season and weather conditions.
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In conclusion, PDT with flexible woven LEF by ENSAIT overcomes the obstacles of the other
alternatives. One of the most important advantages of this technology is the possibility of using
different wavelengths and dose of light by just changing the light source, thus allowing the
treatment of different diseases (red for AK, blue for Jaundice, etc.). Also the possibility of using
miniature lasers prevents the lack of control of the light dose or time exposure. That makes the
treatment applicable any time or anywhere without depending on the weather conditions.

3. Future prospects of monitoring the cancerous cells with an LEF

During the PDT, the accumulated MAL is converted into active Protoporphyrine IX (PpIX)
with the light exposure in cancerous cells. These PpIX are characterized by a red fluorescent
color when viewed with a Wood lamp which uses ultraviolet (UV) light to examine the skin
([13, 44–47]; Figure 11). It is therefore possible to monitor the amount of PpIX in tissues by
measuring the fluorescence before or during treatment. This procedure is called fluorescence
diagnosis (FD) [13, 45, 48].

Figure 11. Imaging of PpIX after illumination with Wood Lamp to monitor the cancerous cells.

The use of LEF already developed in our research as a tool for FD is also investigated in this
work. The aim was to use the same LEF for not only treating but also monitoring the cancerous
cells. For this purpose, first of all, 1 fiber out of every 20 fiber is cut out from the connector on
both edges as in Figure 12, and 1 W light is injected inside the both connectors. Secondly, the
collected light from the fibers cut out (shown with second power meter sensor in Figure 12,
and the light puissance of LEF were measured (shown with first power meter sensor in Figure
12).
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Figure 12. Measure method for monitoring application.

Furthermore, with the aim of finding the best ratio between the number of POF for the
treatment and for the monitoring, the measures were repeated on the same LEF by cutting out
1 of 10 POF, 1 of 5 POF and 1 of 2 POF for using as a monitor. The results are given below for
each experience.

As given in Figure 13, the collected information from the POFs cut out for the monitoring was
increased with the number of the monitoring POFs. In the same time, there was no significant
decrease of light power on the LEF, except for the last trial with one of two POFs. This could
be explained by the light transmission of the neighbor POFs. On this wise, the emitted light
from the neighbor POFs may penetrate inside the concerning fiber and keep stable the light
intensity of the LEF in a 1 cm2 area.

However, the monitoring sample with one of two POFs showed low light output from the LEF
surface and the monitoring fibers. It shows that the monitoring POFs which are not covered
with several bended fibers may not accumulate enough quantity of scattered light from the
neighbor POFs.

The results were obtained from an LEF woven with 37 POFs/cm. The best compromise was
using one of fivePOFs as monitoring fibers which showed a good light output from the
monitoring fibers without losing the lateral light emission power.

Light-Emitting Woven Fabric for Treatment with Photodynamic Therapy and Monitoring of Actinic Keratosis
http://dx.doi.org/10.5772/64997

105



Figure 13. Monitoring measure results.

4. Conclusion

An LEF has been developed and optimized to use in PDT, thanks to the weaving technology
and Doehlert experimental design. Furthermore, it is proposed to use the LEF to observe the
cancerous cells that are visualized as red fluorescent after illuminated with UV light. The
procedure requires a treatment with red light for a specific time period, and then diffuses a
UV light to measure the fluorescence quantity to observe if there are more cancerous cells. The
trials to prove the possibility of using a part of POFs as a monitoring tool were experienced
successfully and worked well.

This work has demonstrated the possibility of treating and then controlling the amount of
remaining tumor cells with the same LEF. There are similar examples in dentistry, such as
fluorescence signal detection with polymeric optical fiber. The next step will be a simulation
of the fluorescence diagnosis by injecting fluorescence light to the surface of LEF and meas-
uring the output from the monitor optical fibers.
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Abstract

Background: The modern treatment is based on wide cooperation between diverse
representatives of medical professions. The photodynamic therapy is a noninvasive
method of treatment both neoplastic diseases and miscellaneous noncancerous illnesses.
It is complementary and competitive in some way to various traditional treatment
techniques, including chemotherapy, radiotherapy, and surgery. This review emphasizes
the significance of collaboration between specialists engaged in research, development,
and practical use of photodynamic therapy.

Methods: A literature search of electronic bibliographic databases and scientific pub-
lishers was performed. The relevant literature was analyzed to identify articles on the
involvement of nurses, pharmacists, physicians, and other representatives in photody-
namic therapy treatment.

Results: In the photodynamic therapy, the overall success is not only dependent of a
single unit. Coordinated actions of representatives possessing expertise in various fields
of medical, and natural sciences are necessary both during joint research, development,
and during the course of the photodynamic therapy treatment in clinics.

Conclusions: The effective interaction between professionals and the division of respon-
sibilities at different stages of therapy can guarantee the successful treatment. During
therapy, the most important role belongs to the patient who is responsible for acting in
accordance with schedules elaborated by physicians, nurses, and pharmacists.
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1. Introduction

Photodynamic therapy (PDT) is a low-invasive therapeutic method, which allows the selective
destruction of diseased tissue. This is complementary to various traditional treatment tech-
niques, including chemotherapy, radiotherapy, and surgery. It is used for the treatment of both
neoplastic diseases and miscellaneous noncancerous illnesses. Although many ancient civili-
zations utilized phototherapy, it appeared again as the treatment procedure in the last century
[1–3]. It seems that the success of this particular treatment procedure depends on both the
further development of novel photosensitizers and light sources as well as schemes of cooper-
ation between specialists and an interdisciplinary team. Figure 1 presents the professions of
which expertise is essential for photodynamic therapy and which are able to undertake various
actions to increase the effectiveness of treatment.

PDT is based on a multi-stage procedure, and its success depends upon a number of procedure
components. In addition, successful treatment requires the cooperation of an interdisciplinary
team of specialists belonging to different fields of medical sciences: physicians, nurses, and

Figure 1. Professionals indispensable for carrying out PDT, based on Ref. [4].

Photomedicine - Advances in Clinical Practice114



Keywords: hospital pharmacy, nursing, photodynamic therapy, photosensitizer,
treatment

1. Introduction

Photodynamic therapy (PDT) is a low-invasive therapeutic method, which allows the selective
destruction of diseased tissue. This is complementary to various traditional treatment tech-
niques, including chemotherapy, radiotherapy, and surgery. It is used for the treatment of both
neoplastic diseases and miscellaneous noncancerous illnesses. Although many ancient civili-
zations utilized phototherapy, it appeared again as the treatment procedure in the last century
[1–3]. It seems that the success of this particular treatment procedure depends on both the
further development of novel photosensitizers and light sources as well as schemes of cooper-
ation between specialists and an interdisciplinary team. Figure 1 presents the professions of
which expertise is essential for photodynamic therapy and which are able to undertake various
actions to increase the effectiveness of treatment.

PDT is based on a multi-stage procedure, and its success depends upon a number of procedure
components. In addition, successful treatment requires the cooperation of an interdisciplinary
team of specialists belonging to different fields of medical sciences: physicians, nurses, and

Figure 1. Professionals indispensable for carrying out PDT, based on Ref. [4].

Photomedicine - Advances in Clinical Practice114

pharmacists, but also at certain stages: chemists, physicists, biophysicists, and biologists [4].
Many advantages resulting from cooperation between laboratory and clinical researchers have
been raised by Sieroń and Kwiatek [5], who summarized laboratory and clinical research on
PDT and photodynamic diagnosis (PDD) in Poland. Benefits resulting from cooperation
between various specialists have been noted for several years of PDT treatment in Brazil,
stressing that the cooperation between specialists helps to improve the results and the quality
of treatment. The patient potential for PDT treatment in Brazil needed to be initially assessed
by the physician, nurse, and a physicist. The role of nurses is of great importance in this
system, as they participate in the PDT procedures and have the closest contact with patients.
Each case is discussed by specialists in order to assess potential benefits and consequences of
therapy [4]. Researchers implementing the photodynamic therapy in patients with lung cancer
have described an effective collaborative team consisting of a surgeon, oncologist, nurse, and
pharmacist. For each patient, they elaborated the so-called schedule of photodynamic therapy.
As light delivery requires special skills, during PDT treatment the presence of a “laser specialist”
was found necessary [6].

The nurse’s role in PDT treatment of patients is apparent and for example might be given a
procedure utilized in the treatment of patients with neovascular (wet) age-related macular
degeneration which was summarized in excellent review by Rich et al. [7]. Moreover, Collins
and Garner stressed at least two points when nurse-pharmacist cooperation would be benefi-
cial for patient in PDT therapy: (i) in the planning of PDT therapy before the patient arrives in
the acute care environment, (ii) and in the prevention of medication being exposed to light and
its dilution before administration [6].

On the one hand, access to PDT is often insufficient. On the other hand, operating costs would
be astronomical for each hospital. Therefore, a mobile PDT unit designed to be put into
operation by the Yorkshire Laser Centre is the solution to this problem. This unit allows more
patients to benefit from PDT treatment. The personnel in such units consist of a driver/techni-
cian, a PDT physician, a nurse or a carer, and coordinator [8].

2. Photodynamic reaction

The legitimacy of the established interdisciplinary team justifies the photodynamic reaction
mechanism, which is the basis of PDT. It is well known that PDT is a suitable combination of
three components: the drug—photosensitizer, light, and oxygen. Photosensitizer is a drug,
which, when introduced to the body, accumulates in the tissue. Drugs used in PDT treatments
belong to different chemical classes and are of different structures and properties. After the
tissue has been irradiated with light in an appropriate wavelength and intensity, the photosen-
sitizer is activated. Reactive oxygen species are generated, which effectively causes apoptotic
or necrotic death of the diseased tissues [9–11].

Photosensitizer and light are both necessary for PDT. After parenteral or topical application,
photosensitizers are mainly present in cancer cells and also to some extent in surrounding
healthy tissue (Figure 2). The subcellular localization of the photosensitizers in cells embraces
various organelles including plasma membranes, endoplasmic reticulum, mitochondria,
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lysosomes, and Golgi apparatus [12, 13]. Up to that point, photosensitizer occurs in an unexcited
singlet state which has two electrons with different spins in the low energy orbital. Light is
necessary for the activation of the photosensitizer and the induction of the photodynamic
reaction [14]. For this reason, the photosensitizer is irradiated with light in an appropriate
wavelength generated by precise sources, e.g., diode lasers or, considering the relatively high
cost of lasers, the much cheaper, and portable light emitting diodes (LED). Fiber optics, or LED
portable arrays illuminating light, are used for various types of cancer, including pulmonary
tumors and fit through a bronchoscope or CT-guided needle or catheters [15]. A very important
problem to be addressed is the suitable drug-light interval: as the photosensitizer is introduced
into the body, and the vascular supply circulates as long as it accumulates in the tumor. Early
illumination, after photosensitizer introduction, causes predominantly vascular effects, whereas
later illumination favors tumor-cell effect. As a result, the photosensitizer when illuminated is
“boosted” from its ground state to a higher energy state singlet-excited state. This state is an
extremely short-lived, so an excess of accumulated energy has to be released in two different
ways: the first one, which is the basis of PDD, involves the emission of light called fluorescence
and corresponding to the relaxation of a molecule from the excited to ground state. The second
alternative is an intersystem crossing which undergoes without energy emission and results in
the formation of the triplet-excited state of the photosensitizer. Note that the half-life of the
triplet-excited state is much longer than that of the singlet-excited state. In this case, photosensi-
tizers can very rarely return to their ground state through the emission of energy called phos-
phorescence. In the comparison of the singlet and triplet excited states, it can be ascertained that
both of them are utilized in photodynamic therapy. However, the contribution of the triplet state
is much greater. As the energy is released by the excited photosensitizer, the initiation of the
photodynamic reaction processes may result in the formation of reactive oxygen species (ROS)
which are known to be toxic to neoplastic cells [12, 16].

The three main types of photodynamic reactions can be identified, among which two are
extremely important in PDT. In the first type of reaction, energy from the excited photosensi-
tizer is transferred to an electron or hydrogen atom of a substrate or another molecule and

Figure 2. Mechanism of photodynamic reaction and photodynamic therapy.
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anion or cation radicals may be obtained. Afterwards, they interact with the surrounding
oxygen which is transformed into toxic oxygenated species. Water molecules are the main
target of this attack with a hydroxyl radical and superoxide anion radical formed as the
products of the reaction. The mechanism of the second type of photodynamic reaction consists
of a reaction of the photosensitizer with molecular oxygen (3O2) and singlet oxygen (1O2)
formation. As singlet oxygen is thought to play a main role in destroying cancer cells, the type
II PDT mechanism is known as an appropriate photodynamic reaction (PDR). Although in
both types, I and II, reactions may occur simultaneously, in most cases, one of them is more
common, depending on the structure and physicochemical properties of photosensitizers. The
newest photosensitizers are designed to generate as much singlet oxygen as possible (prefer-
ring type II). There is also another type of photodynamic therapy mechanism called the type III
PDT mechanism. However, it is based on the direct interaction of excited photosensitizers,
which is toxic to the target cancer cells without oxygen species being involved [12, 15, 17].

The singlet oxygen obtained during PDT is thought to be a very reactive derivative of the
oxygen species. It is able to initiate a cascade of molecular effects resulting in the selective
destruction of lesions, indirect vascular damaging effects (vascular shutdown), and the influ-
ence on immune systems (inflammation induction and other tumor-specific immune reactions)
[10]. Its half-life is 40 ns and the range of action is 20 nm [9, 18]. The amount of singlet oxygen
species produced by photosensitizers has to be sufficient to destroy even large lesions. The
toxic character of radicals and singlet oxygen species results in apoptotic (via signal transduc-
tion pathways) and/or necrotic cell death. The destructive influence on the vascular system is a
result of vasoconstriction, thrombosis, ischemia or necrosis connected with the singlet oxygen
lethal effect to the nearest cells [19].

3. Modern photosensitizers—drugs—applied in therapy nowadays

There are few important requirements that chemical compound meets to serve as a photosen-
sitizer for PDT. One of the first requirements is its synthetic purity and stability. A photosensi-
tizer should be water-soluble and easily distribute in the body. It should not exhibit toxicity or
mutagenicity in the human organism without light activation; therefore, it should be inert until
activation by light. Ideal photosensitizers should also selectively accumulate in tumor tissue
and be characterized by the clearance from healthy tissue, so therapy would only involve
pathologically altered cells. In addition, they should be non-toxic to non-illuminated bystander
regions. Photosensitizers should be activated by light in an appropriate wavelength that
penetrates tissue deeper, and efficiently generates reactive oxygen species (especially singlet
oxygen). Therefore, the repeated generation of type II reactions with a clinically successful
photosensitizer is very important. The ideal photosensitizer does not induce pain during and
after therapy and may be used in outpatient care. The drug, photosensitizer, should be
transported in a stable state and its reconstitution should be performed by trained pharmacists
without specialized laboratories. Generally, clinicians and chemists have different views
concerning the ideal photosensitizer. Chemists put more stress on a high extinction coefficient
and a high quantum yield of singlet oxygen, whereas clinicians emphasize low toxicity and
high selectivity [3, 15, 17, 20, 21].
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Most of the currently used photosensitizers in clinical PDT belong to the porphyrinoid family.
These aromatic, macrocyclic compounds consist usually of four pyrrole rings linked together
by methine or azomethine bridges. The first clinically applied photosensitizer and, parallel to
which, a representative of the first generation of photosensitizers approved for photodynamic
therapy, is Photofrin®. It is a complex mixture of porphyrin monomers, dimers, and oligomers
obtained by chemical processing of hematoporphyrin with a Q1 band at 630 nm in phosphate
buffered saline (PBS) and a very low singlet oxygen generation ϕΔ value of 0.01 in PBS. This
photosensitizer is administered by intravenous route to achieve concentration in the lesion
and/or clear healthy tissue ca. 48 h prior to illumination. It was found that illumination, 2–4 h
post infusion to the target tissue, is possible but the preservation of healthy tissue is not
achieved. It was found that this photosensitizer was evident to a certain degree in all tissues
for 4–8 weeks post infusion due to a long clearance time. It possesses wide applications in PDT,
e.g., in the early and late stages of lung cancer, superficial and advanced esophageal cancer,
bladder cancer, cervical dysplasia and early stage cervical cancer, cancers of head and neck,
brain, and skin [15, 17, 22, 23]. However, this photosensitizer has many crucial defects. Most
important is its long-elimination time reaching 8 weeks, which causes long-lasting photosensi-
tivity. Patients can experience skin burns when exposed to strong light, e.g., sunlight. Based on
chlorine structure, Temoporfin 1 (Figure 3) belongs to the second generation photosensitizers
and can be obtained in high purity and chemical identity. Moreover, it exhibits better
photosensitizing properties than Photofrin® and is used under Foscan® brand name. PDT

Figure 3. Chemical structures of clinically used photosensitizers: (1) Foscan, (2) Visudyne, (3) Talaporfin sodium, (4)
Lutetium texaphyrin, (5) 5-Aminolevulinic acid.
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with Foscan® is 100 times more effective due to its absorption maximum shifted toward longer
wavelengths (Q1 band appears at 652 nm), higher molar absorption coefficient, and singlet
oxygen generation yield (ϕΔ value is 0.43 in aerated methanol). These features enable the use of
a lower dose of administered photosensitizer ca. 0.15 mg/kg intravenously, in comparison to
2–5 mg/kg, as in the case of Photofrin®. Temoporfin has been applied against, e.g., esophageal
cancer, lung cancer, gastric cancer, prostate cancer, and skin cancer. However, the elimination
time of this photosensitizer is still very long (about 4–6 weeks). Another synthetic chlorine-
based photosensitizer is mono aspartyl chlorine e6 (MACE), which possesses improved char-
acteristics as compared to Photofrin®. Its sunlight photosensitivity skin reaction is in fact 2–3
weeks, but it is activated 4 h post infusion, which enables the convenient treatment in a single
one day session. It possesses potential in ophthalmic lesions [11, 15, 20]. In the case of
Verteporfin (Visudyne®) 2, the accumulation and elimination times are 20 times shorter than
that of Foscan®. Other advantages of 2 as a photosensitizer are the strong absorption band
shifted even further into longer wavelengths (Q1 band at 686 nm) than those of Foscan® and
Photofrin®. In addition, the ability to generate singlet oxygen by Visudyne® is extremely
strong. This photosensitizer is used as the liposomal formulation in the PDT of age-related
macular degeneration. It is also used in rheumatoid arthritis due to its immunomodulatory
properties. Visudyne® has been also considered against psoriasis and cutaneous tumors [24].
Talaporfin sodium 3, known as Laserphyrin® is a water-soluble second generation photosen-
sitizer. It exhibits all desired features of an ideal photosensitizer, including good light absorp-
tion (Q1 band at 654 nm), efficient singlet oxygen generation (ϕΔ value is 0.43 in PBS), and fast
accumulation and elimination. In Japan, Lutrin®, which is a brand name of 4, has been used in
therapy at early-stage lung cancer. Lutetium texaphyrin (Lutrin®) 4 possesses significantly
lower singlet oxygen generation yield (ϕΔ value is 0.11 in methanol) than other second genera-
tion photosensitizers. However, its absorption maximum wavelength is shifted toward 732 nm.
It can be administered in lower doses than Photofrin® and irradiated with lower light doses 3 h
after injection. Lutrin®, which is a brand name of 4, can be successfully used in PDT in cervical
and prostate cancer. It undergoes clinical trials against melanomas, breast cancer, and Kaposi’s
sarcoma. Moreover, some animal in vivo study revealed an increase in damage to tumor blood
vessels during Lutetium texaphyrin-PDT through the use of low fluence rates [11, 25].

Aside from the photosensitizers described above, which are commercially available and par-
ticipate directly in the photodynamic reaction, there is also another approach to PDT.
5-Aminolevulinic acid (ALA, Levulan®) 5 mediated PDT has received much attention of
researchers and physicians. Unlike other photosensitizers ALA is a prodrug (pro-metabolite).
When administered intravenously, it enters metabolically, which physiologically leads to heme
formation. However, in tumor tissue, this enzyme conducts the last step in heme synthesis,
ferrochelatase, and is less active; therefore, the metabolic pathway stops at protoporphyrin IX
(Pp IX). This endogenous porphyrin possesses photosensitizing activity and can be employed
as a PDT agent. ALA-PDT has shown promising potential in animal testing and early clinical
trials in many tumors, including epithelial nonmelanoma skin cancers [26]. Recently, the
efficacy and safety of topical ALA-PDT in the treatment of extramammary Paget’s disease
(EMPD) and its role in surgical improvements have been discussed [27].

Although second generation photosensitizers are effective PDT agents, there is a constant need
for further development and improvements. Many potential PDT active pharmaceutical
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substances are under clinical trials, as well as many research reports, and embrace the very
promising properties of the newly obtained compounds. The main paths of research have
involved the elaboration of tumor selective agents by conjugating photosensitizers with bio-
logically active moieties, e.g., carbohydrates [28], folate molecules [29], or antibodies targeting
cancer cells [30]. This can increase the uptake of photosensitizers in cancerous cells and make
PDT more effective and less harmful to healthy tissue. A huge challenge may bring the
development of nanosized carriers for photosensitizers, including polymeric nanoparticles,
liposomes, niosomes, micelles, nanocrystals, microcapsules, and dendrimers. It should
improve the efficiency of photodynamic activity and, in this way, overcome many side effects
associated with classic PDT. Huge success noted in this field is connected with two liposomal
formulations of photosensitizers, such as Verteporfin (Visudyne®) and Temoporfin (Foslip®)
[31, 32].

4. The expertise of the health care providers and associated specialists
working collaboratively with patients during photodynamic therapy

4.1. The role of associated specialists in preclinical trials

Interdisciplinary team, including medicinal chemists, chemists, biologists, biochemists, and
physicists conducts preliminary step of photodynamic therapy (Figure 4). Medicinal chemists
and chemists are engaged in the design and chemical synthesis of compounds that may have
the potential for photodynamic therapy. The production process should be efficient and easy to
reproduce. As far as PDT is concerned, an important measurement is also the assessment of
light absorption and emission by a photosensitizer, solubility, aggregation tendency, its chem-
ical, and photostabilities (photobleaching). This research is usually performed by physicist and
chemical physicist. In the area of biochemistry, biology, and molecular pharmacology,

Figure 4. Health care providers and associated specialists in photodynamic therapy team.
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researchers look into the activity of the compounds. They conduct tests on cell cultures in vitro
and using animals in vivo experiments [4, 21].

The role of team members listed herein is, therefore, to produce a medicine, that, when used
during PDT should possess features such as: chemical purity, chemo- and photostability, a lack
of activity in the dark, selective accumulation in target tissue (e.g., neoplasms), a lack of
toxicity, and mutagenicity in healthy tissues. The rate of the elimination of the substances from
the body and its availability to patients are apparent. One of the most important issues is also
the reduction or overcoming of the adverse effects caused by photosensitizers such as photo-
sensitivity lasting up to several weeks after treatment or elimination of pain associated with
treatment [20]. Sieroń and Kwiatek [5] discussed the work carried out by an interdisciplinary
team consisting of physicists and chemists, whose aim was to develop an optimal structure of a
novel photosensitizer. They performed chemical synthesis in a novel potential photosensitizer
and its physicochemical characterization with the detailed assessment of spectroscopic prop-
erties. Part of the team consisted of physicists focused on the determination of crystalline and
electronic structures and the chemical composition of novel photosensitizers. The presence of
physicists in the PDT team is recommended also for another reason. The necessary condition
for the photodynamic therapy is the activation of the photosensitizer through light in the
appropriate wavelength. In practice, laser and nonlaser light sources are used. Physicists are
responsible for providing a source of light, establishing the wavelength, and dose of the
photosensitizer suitable for irradiation during treatment. Further studies on cell and molecular
aspects of PDTaction with the newly elaborated photosensitizers are necessary on various cells
in vitro and in vivo tumor models. All these studies can help to explore cytotoxicity, photocyto-
toxicity, and genotoxicity of novel photosensitizers [5, 33]. Considering the relevant aspects of
medicinal chemistry and pharmaceutical chemistry important in various stages of preclinical
trials, the pharmacist’s expertise can also be very useful. In particular, it concerns problems
arising from limited solubility and the aggregation of various photosensitizers prepared for
initial preclinical biological study. Many limitation appearing in such a stage may be overcome
by both chemical modification in the periphery of the photosensitizer and/or suitable pharma-
ceutical formulation, e.g., by entrapping the photosensitizer in liposomes or polymeric
nanoparticles [32, 34].

4.2. The role of health care providers in clinical trials

Health care providers, such as physicians, nurses, and pharmacists, work closely with patients
in photodynamic therapy processes.

4.2.1. Physicians

Among specialists in the interdisciplinary team of health care providers conducting photody-
namic therapy, an important task falls on the doctor’s shoulders. His knowledge and skills are
used in each stage of PDT in the treatment of neoplastic and nonneoplastic diseases. His main
task is to carry out the treatment itself and to take responsibility for the whole therapy. The
doctor assesses the patient’s state of health before treatment and decides on the patient’s
qualification for PDT, informs about the procedure and possible adverse effects [6, 7]. In Brazil,

Nurses and Pharmacists in Interdisciplinary Team of Health Care Providers in Photodynamic Therapy
http://dx.doi.org/10.5772/65975

121



a physician consults a nurse and physicist and considers the potential benefits and conse-
quences of therapy for each patient. Doctors and nurses spend a lot of time in explaining
details with the patient and answering his questions [4].

The cooperation within the interdisciplinary PDT team has been professionally elaborated by
researchers from the Laser Center, Thompson Cancer Survival Center of Knoxville. Their
conclusions concerned the treatment of Barrett’s esophagus using endoscopic ablation of
Barrett’s esophagectomy with PDT. The method applied is based on the medication followed
by the endoscopy procedure during which the laser light is emitted to the so-called Barrett's
esophagus through an endoscope. This technique requires the coordinated work of a physi-
cian, an endoscopic nurse, a laser expert, and, an endoscopic assistant. The authors of this
paper, Overholt and Panjehpour [35] clearly demonstrated that the proposed construction of
the “PDT team of excellence” is necessary for professional and successful treatment of the
patient.

4.2.2. Nursing personnel

Nurses are professionally active and involved in the care of patients treated through photo-
therapy following tasks resulting from four functions of nursing: (i) health care provision, (ii)
patient education, (iii) active action in health care team, and (iv) the development of nursing
practice standards (Figure 5). As far as the above-mentioned nursing features are concerned, a
nurse performs a number of tasks that contribute to improving the quality of services provided
through which the most dominant feature is the provision of nursing care. The term health
service means measures to strengthen, maintain, restore, or improve health, resulting from the
process of diagnosis, treatment, and rehabilitation. In order to optimize health care services,
specific tasks performed by nurses need to be taken on: (i) assessing the needs of patients
treated with phototherapy, and the recognition of their condition and existing health problems,
(ii) creation of conditions for aware patient participation in the planned form of treatment, (iii)
planning and implementing nursing care during treatment and after its completion, and (iv)
documenting the activities of nursing (medical history, results of preclinical examinations such as
the BP intervals, heart rate, body weight, height, respiratory-rate) [36–39]. Particularly important
is the provision of health care to chronically ill patients whose bio-psycho-social welfare has

Figure 5. General duties of nurses during PDT [39].
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been violated. Therefore, the principal activity carried out by nurses as health care providers is
to conduct an interview with a person who is to undergo photodynamic therapy. The inter-
view should include elements concerning the health and social situation of the family. Before
the provision of health services prior to therapy, a nurse takes the height and weight measure-
ments of patient, assesses visual acuity, heart-rate, blood pressure, and the respiratory-rate.
The tasks of the nurse participating in the therapy are drug administration and observation of
the patient to acute allergic reactions or other adverse effects during the course of treatment.
As an essential topic in the interview, it should cover the kind of existing treatment and
possibilities of occurrence of contraindications to phototherapy i.e., existing allergy, liver
diseases, hypersensitivity to sunlight or pregnancy. Noteworthy, as porfimer sodium is classi-
fied as a chemotherapy agent, only a registered nurse can administer the medication [6, 40, 41].
Excellent examples concerning PDT as a treatment option for two groups of patients utilizing
its curative or palliative effect for lung cancer (nonsmall cell lung cancer) patients were
discussed by Collins and Garner [6]. They presented the cooperation model in a PDT team
consisting of a nurse, a surgeon, an oncologist, and a pharmacist. As emphasized by Rich et al.
[7], included in the nurses’ tasks before treatment, a detailed interview with the patient aimed
at obtaining a medical history of treatment is necessary. It is important to collect a complete
medical and surgical history, including current medications used and an ophthalmologic
history. Particular attention should be paid to the presence of contraindications to photody-
namic therapy with Verteporfin (Visudyne), such as allergies, hypersensitivity to sunlight,
liver disease, or pregnancy. Prior to the surgery, nursing personnel tests the visual acuity, blood
pressure, pulse, respirations, and body weight and height of the patient for BSA (body surface
area).

During surgery, the nurse, according to the doctor’s recommendation, administers medication
(eye drops) to the patient and starts the infusion line with use of a No. 22 angio safety catheter.
The nurse also has to make sure that the patient has knowledge of the entire procedure. It is
also important for the patient throughout the procedure to remain in the correct position, so
that the doctor can accurately direct the laser light on the treated area. After treatment, the
patient receives detailed instructions about potential side effects, the optimization of pain
management, and precautions that must be taken. Mainly the patient should be told to protect
skin and eyes from sunlight and other so-called sources of bright light and warned that
nonadherence to these instructions may result in skin burns or eye damage. It is very impor-
tant to assure that patient understands the necessity for light precautions for 5 days, even in
terms of avoiding bright lights, like surgical and dental lighting. Thus, nurses are significant
members of the professional team and fulfill an important role in the patient assessment
including pretreatment and posttreatment teaching [7, 42].

Similarly, the nurse’s role is depicted in disease therapy of lung or esophageal cancers. Also, in
this case, they are responsible for informing the patient about the effects of photosensitivity
and explaining how and for how long patient’s skin and eyes should be protected, as the
illumination is connected with extreme photosensitivity, including ocular sensitivity. It is also
worth mentioning that education about the procedure, side effects, and precautions should be
extended to all patient family members. These subjects are of immense interest for nurses and
have been included in many oncology nursing treatment schemes [6, 42, 43]. Allison et al. [44]
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while discussing PDT for chest wall recurrence from breast cancer analyzed many specific
precautions accompanying this kind of treatment, including photosensitivity, illumination,
pain control, photosensitivity reaction, posttreatment, patient selection, curing wounds, and
retreatment. Some of them are under the direct control of a physician, but many need the
supervision of other medical team members. Although photosensitivity is a common prob-
lem, patients must be informed that even minimal light levels as those coming from a light
bulb or fireplace or light reflected from a car window can cause photosensitivity reaction.
Interestingly, giving consent to PDT therapy according to information about sunlight pre-
cautions has not prevented any patient from photosensitivity, Therefore, patients found to be
unable to accept sunlight precautions should not be offered PDT. Pain may accompany the
PDT therapy, therefore patient should be given narcotic or nonnarcotic pain pills prior to
illumination. In some cases, patients subjected to PDT for the recurrence of breast cancer in
the chest wall, pain control resulting from lesion diminishment can be seen within 2 weeks of
the PDT session. Nevertheless, even at that time continued narcotic or nonnarcotic analgesia
is recommended. It is very important as to how the problem is recognized when the photo-
sensitivity reaction occurs. Although the treatment of the sign and symptoms of skin burns
may be easily treated with, e.g., steroids, ice/cold compresses, the treatment of, e.g., airway
and neck is more complicated and a proper intensive care approach may be required, often
on an inpatient basis. Posttreatment patient management is a major therapeutic challenge.
Patients need to drink plenty of fluids and be protected from light. Some patients may need
steroids, while others oral narcotic and nonnarcotic analgesia, and many, in the course of
treatment, antibiotics [44, 45].

Nurses take on many tasks in the PDT treatment procedure; therefore, they should know the
principles of photodynamic therapy. Later after treatment, the nurse actively participates in the
patient recovery process or motivating patients to continue therapy using PDT and other
health procedures [40, 41]. Meticulous patient monitoring and the evaluation of the effective-
ness of nursing care taken will allow the nurse to implement the next health service function,
which is health education. The purpose of health education is for people with disabilities and
the chronically ill to be motivated to take responsibility for their own health and to prepare for
self-care. Educational activities are closely linked with health promotion, the main objective of
which is to strengthen and enhance health, and, without a doubt, improve their quality of life.
The concept of health promotion in relation to chronic diseases may often be as a contradiction
misunderstood, in other words illogical. However, it must be kept in mind that the purpose of
the promotion is to improve and control one’s own health. Therefore, especially those who are
ill should take care of the development of their bio-psycho-social opportunities, because no
illness limits human functioning to the extent that it was impossible to creatively use the
remaining potential [46]. It is important that nurses use their knowledge of health promotion
to motivate patients in the field of their health protection and restoring them to health by
activating compensatory mechanisms. In the nursing care process, it is important to have
permanent psychotherapeutic impact, by which a positive effect on the patient and the crea-
tion of a therapeutic relationship nurse-patient is meant. An important element is to establish a
relationship between the nurse and the patient and sends a “positive support message”
containing, uplifting and at the same time mobilizing to action. Mutual understanding,
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creating an atmosphere of releasing a suffering person from negative feelings allows the nurse
to establish efficient communication, as it was discussed during the PDT lung cancer treatment
and AMD patients. Moreover, a nurse acts not only as the patient’s teacher, but also an
advocate [6, 47].

Considering their educational activities, nurses conduct the following tasks: (i) they collect
information at the request of patients for educational and advisory activities, (ii) they set
targets for educational activities, and preventional promotion actions involving the provision
of behavioral information after PDT treatment. The topic of education regards behavior after
illumination. Nurses should recommend avoiding sunlight, wearing headgear, clothing with
long sleeves, and sunglasses. Patient should be informed that their entire skin must be covered
and that daily activities, including driving should be done at night. In the case of some
photosensitizers, patients should be house-bound up to 3 months. Nurses should also report
any reactions to medication. Significant to patient education is learning how to cope with any
stress resulting from the disease and how to control stress. Some emotional problems experi-
enced by patients are not symptoms of their disease, but are related to a manifestation of some
“adaptation efforts” arising from attempts to cope with the existing situation. It should be
emphasized that all educational activities undertaken by the nurse should be tailored to the
level of the recipient, and so communicated in a clear and simple manner without medical
jargon. In fulfilling the role, the nurses should work with other members of the therapeutic
team, who will help them and give advice. In Brazil, nurses participate not only in the whole
procedure at each stage of therapy but are also in very close contact with the patient. They are
responsible for education concerning the course of treatment and risk minimization of side
effects. They also observe the patient during surgery for adverse events [4, 6, 48].

Another feature of nursing is the active involvement in health care organization. Care for
patients undergoing photodynamic therapy is exercised by different professionals (physician,
nurse, and pharmacist) and therefore their close cooperation is required, including the
exchange of experiences and information on patients. This is important because of the deliber-
ate planning and organizing health care. Due to the frequent contact of nurses to patients, it is
advisable for them to function as a link between patients and other members of the therapeutic
team. Nurses cooperate with other professionals, the patient’s family, and the local community.
This allows them to work together with a team to come up with the optimum therapeutic care
plan for the patient treated with PDT and to provide comprehensive assistance in line with the
expectations of the patient. In order to fulfill this function, nurses begin work with both the
team caring for the patient and with his family (through contact with a health visitor, primary
care physician). The consequence of cooperation with such people is the exchange of insights
and experiences on the patient’s health and social situation in order to improve the quality of
health services [6, 7].

Based on these experiences and research conducted on persons undergoing phototherapy,
nurses should develop innovative ways of working with patients, in order to achieve better
care results. It should allow them to fulfill the fourth nursing function which is the develop-
ment of nursing skills. In carrying out this function, nurses should undertake the following
tasks: (i) take an active part in training through participation in conferences and courses on
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phototherapy, which will enable them to broaden their knowledge, (ii) keeping up to date
through the self-study and analysis of the latest medical reports in the field of PDT, (iii)
develop standard of nursing care for patients being treated with photodynamic therapy,
implement the above-mentioned standards, and evaluate the effectiveness of nursing actions
taken. Photodynamic therapy of age-related macular degeneration is a stage process, which
includes intravenous administration of the photosensitizer followed by the use of lasers to
activate the drug. The role of the care providers consists in administration, evaluation, and
monitoring of the patient for acute drug reactions during the procedure or patient education. It
is noteworthy that the implementation of formalized, proactive interdisciplinary approaches in
treating other diseases, like chronic kidney disease, was found to have a positive impact on
patients’ well-being [49, 50].

4.2.3. Pharmacists

Many pharmacists have expressed a desire to become more involved in patient care and in
providing services traditionally offered by physicians and nurse practitioners [51]. The role
of the pharmacists in patient-centered medical home practices revealed knowledge and
skills that can complement the care provided by other health care team members [52].
Moreover, many studies emphasize that the cooperation between general practitioners,
pharmacists, and nurses is necessary to effectively dispense drugs to the patient [53]. A very
interesting report concerning approaches in improving the outcome of the patient and
health care system through advanced pharmaceutical experience and have recently been
reviewed by Giberson et al. [54]. Moreover, Makowsky et al. [55] recently discussed work-
ing relationships in the inpatient medical setting between pharmacists, physicians, and
nurse practitioners. The integration of pharmacists into the nurse practitioners and physi-
cians teams was positively felt in terms of patient well-being (drug-therapy decision-mak-
ing, continuity of care, patient safety).

Pharmacists as specialist—team players in the field of medicinal chemistry, pharmacology, and
toxicology—are responsible for the preparation of drugs for both topical and systemic adminis-
tration. They are also responsible for the proper drug storage, i.e., temperature control and
protection against solar radiation and other light sources. Pharmacists cooperate with physi-
cians and nurses during the procedure to ensure the adequate preparation of the drug directly
before the administration to the patient [4, 6]. In this regard, it is especially important that the
specialized team cooperates on the various aspects of specific medications at various stages of
the procedure, such as narcotic and nonnarcotic medications including nonsteroidal anti-
inflammatory drugs analgesics, acetaminophen, metamizole or topical pain relievers, antibi-
otics, steroids, and nausea-suppressing agents. Moreover, some patients require parenteral
nutrition or hydration. Hypersensitivity to light requires specific precautions. Failure to comply
with these rules may result in skin burns, peeling of the treated skin, local edema, erythema,
dysuria, urethral irritation which requires the use of additional therapeutic agents [6, 20, 35, 56].

The researchers emphasize the important role of pharmacists and cooperation with the phar-
macy. The application of each drug should be preceded by their compatibility studies with
other medications. It is also used to assess the properties of the drug formulations considering
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patient’s light hypersensitivity. Scientists dealing with modifications of oral drug forms turned
their attention to the possibility of cooperation of physicians, pharmacists, and nurses. They
conducted the survey among representatives of these three professions. It turned out that the
personnel working in the public health centers employing specialists in various fields, for
example hospitals often cooperate with each other discussing and exchanging views and
experiences [6, 53].

Another expertise area of pharmacists includes drug formulation. It seems that the devel-
opment of novel photosensitizers depends on both the development of novel photosensi-
tizers, as well as novel formulations including the latest achievements of nanomedicine.
Very interesting pharmaceutical studies were conducted for 5-aminolevulinic acid (5-ALA)
that is a photosensitizer with broad applications in photodynamic therapy and photody-
namic diagnosis. This compound is a prodrug/prometabolite which is converted into pro-
toporphyrin IX (PpIX) and possesses photosensitizing properties [44]. Its topical
formulations are used in the treatment of neoplastic and nonneoplastic diseases. Unfortu-
nately, ALA-PDT treatment has certain drawbacks. One of them is low skin permeability,
limiting this treatment only to surface skin lesions, e.g., malignant skin tumors [5, 20].
Researchers, who rely on their knowledge and clinical experience, are attempting to mod-
ify the drug formulations containing this compound [57]. Therefore, a 20% topical solution
of 5-aminolevulinic under the brand name of Levulan® Kerastick® is being used. A lack in
the stability of the substance in solution requires combining the drug with a solvent just
before application. Another product called Metvix® is a 16% cream containing the methyl
ester of 5-aminolevulinic acid (methyl aminolevulinate) as hydrochloride, which in com-
parison to the parent compound should penetrate the skin more effectively. In searching
for another stable formulation, a precise dose to the affected area was provided by
Donnelly et al. [57] and E.P. Patent No. 1467706 B1 [58]. They described an adhesion patch
based on Eudragit® NE that contains ALA dispersed in the adhesive matrix and requires
moisture for activation. It is also of interest that mucoadhesive Carbopol® 941- and
Poloxamer® PF127-based polymeric mucoadhesive thermoresponsive gel containing ALA
was described by Tsui-Min [59]. Promising data was obtained for 20% oil-in-water emul-
sion formulations of 5-aminolevulinic acid. These drugs were administered topically to
patients with various types of skin diseases [60]. Interesting experiments that compared
the efficacy of 5-aminolevulinic acid (5-ALA) and its methyl ester (mALA) were performed
for Lutrol F-127-based thermolabile gel 10% formulation in treatment of basal cell carcino-
mas of the skin [61].

A very interesting study on pharmaceutical development, composition, and quantitative
analysis of the phthalocyanine photosensitizer for cancer photodynamic therapy has
recently been presented by Jiang et al. [62]. The authors discussed phthalocyanine deriva-
tives in terms of pharmaceutical development and molecular modification in order to
enhance drug effectiveness and to improve its intracellular localization. Therefore, various
approaches concerning the conjugation of photosensitizers to various antibodies, proteins,
and peptides have also been described. In addition, various strategies concerning an
improvement of pharmaceutical properties utilizing direct formulations of phthalocyanines
were discussed.
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5. Perspectives

The aim of this short review was to present the topic of photodynamic therapy and activi-
ties taken by health care providers and associated specialists working together with
patients during the photodynamic therapy. The expert literature indicates that the effective
implementation of photodynamic therapy requires intensive cooperation within the inter-
disciplinary team and possesses a broad knowledge in various fields. Coordinated actions
of representatives possessing expertise in various fields of medical and natural sciences,
especially doctors, nurses, pharmacists, chemists, physicists, biologists, and biochemists,
are necessary both during joint research, development and during the course of the PDT
procedure.

During therapy, the patient plays the most important role and is responsible for acting in
accordance with the schedule set by the physician, nurse, and pharmacist. Activities aimed to
increase the effectiveness of treatment conducted by the physician or surgeon, minimizing side
effects, and ensuring of the comprehensive care to patients also require the participation of
physicians, nurses, and pharmacists. In conclusion, only the effective interaction between pro-
fessionals and clear sharing of responsibilities at different stages of therapy should guarantee
successful treatment.
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Abstract

Phototherapy consists in the use of ultraviolet (UV) radiation from artificial sources for
therapeutic purposes. Despite the introduction of new and powerful drugs (including
biological and target therapies), phototherapy remains an established, lower cost, and
effective option for the treatment of many common skin diseases.

In systemic photochemotherapy or PUVA, photosensitizing agents of the family of
Psoralens are used in combination with UVA, i.e. with long wave ultraviolet radiation .
Psoralens strongly enhance the effect of UVA alone, as they interact with biological
macromolecules, causing the production of oxygen free radicals within the photoacti‐
vated cells. However, systemic administration of psoralens can be problematic, causing
possible negative interactions with other drugs and the onset of serious side effects.

To counteract these limitations, it has been developed the bath‐PUVA therapy, which
consists in the topical administration of psoralens by bathing the whole body surface in
an alcoholic solution of 8‐methoxypsoralen (8‐MOP); immediately afterwards this pre‐
treatment, the patient is UVA‐irradiated. This technique has several advantages over
conventional PUVA, including the use of a reduced UVA dosage, thus resulting in
minimal skin damage with complete elimination of skin photosensitivity within three
hours after the treatment; furthermore, it virtually eliminates systemic side effects and
drug interference due to the very limited percutaneous absorption of psoralens. Bath‐
PUVA is indicated and effective in the treatment of many chronic inflammatory
dermatoses (including psoriasis, atopic and allergic dermatitis, lichen ruber planus,
chronic urticaria, and mastocitosis), autoimmune skin diseases (including vitiligo, and
alopecia aerata), and premalignant/malignant lymphoproliferative conditions (includ‐
ing actinic reticulosis, parapsoriasis, and early stages of mycosis fungoides). Chronic and
refractory pruritus and graft‐versus‐host diseases can also benefit from bath‐PUVA.

Another emerging PUVA technique is gel‐PUVA, which is based on the application of
a gel‐based formulation of 8‐MOP on affected skin areas , followed by UVA radiation.
The formulation of 8‐MOP‐containing gels is conceived to increase bioavailability, limit
its spread to adjacent skin and improve cosmetic aspects, while making negligible the
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systemic absorption of the psoralen. Ultraviolet A (UVA) irradiation is administered by
cabins or partial devices according to the extension of the body areas to be treated. Gel‐
PUVA has produced its best responses in morfea, palmo‐plantar psoriasis, contact
dermatitis and vitiligo.

The purpose of this chapter is to provide a detailed description of the various
phototherapy techniques and discuss their possible applications to the treatment of
specific acute and chronic skin diseases.

Keywords: phototherapy, dermatological diseases, bath‐PUVA, gel‐PUVA, psoralen

1. Introduction

Phototherapy consists  in  the  use  of  ultraviolet  (UV) radiation from artificial  sources  for
therapeutic purposes and remains an established, lower cost, and effective option for the
treatment of many common skin inflammatory and immune‐related diseases [1–5]. Table 1
displays the major dermatological diseases and skin conditions in which phototherapy has
been proven to  be  an effective  therapeutic  strategy.  In  the  systemic  photochemotherapy
(PUVA), UVA radiation occurs after the oral administration of photosensitizing agents of the
family of Psoralens.

Indications

Inflammatory dermatoses Atopic dermatitis

Actinic prurigo

Contact dermatitis

Hydroa vacciniforme

Lichen ruber planus

Physical and chronic urticaria

Pruritus

Psoriasis

Seasonal and polymorphic light eruption

Premalignant and malignant skin diseases Actinic reticulosis

Lymphomatoid papulomatosis

Mastocytosis

Mycosis fungoides (Stage 1A–IIB)

Patch or plaque parapsoriasis

Others Alopecia areata

Erytropoietic protoporphyria

Vitiligo

Table 1. Indication to UVA and PUVA therapy.
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2. Psoralens

Psoralen (also called psoralene) is the progenitor of a family of natural organic compounds
known as linear furanocoumarin, that is, derivatives of coumarin by the addition of a furan
ring. Its methoxylated derivatives are commonly used in phototherapy and comprise the 5‐
methoxypsoralen (5‐MOP) and the 8‐methoxypsoralen (8‐MOP). 5‐MOP (or 4‐methoxy‐
furo[3,2‐g]benzopyrane‐7‐one, Bergaptene) is generally extracted from bergamot and many
other citrus essential oils, including those from lemon, sweet orange, bitter orange, and
mandarin, whereas the 8‐MOP (or 9‐methoxyfuro[3,2‐g][1]benzopyran‐7‐one, ammoidin,
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unstable and react with other molecules, causing a variety of cell damages, including
lipid peroxidation, DNA breaks, and DNA‐protein cross‐links (PMID: 24721421). To
counteract oxidative damage/stress, cells rely on a number of antioxidative defense
systems, including natural radical scavengers (e.g., tocopherol and vitamin A) and
different enzymes (e.g., superoxide dismutase, glutathione peroxidase, and catalase).

Adducted DNA by psoralens is also implicated in melanogenesis: modified nucleotides, in
particular oligonucleotides composed by two thymidine residues, stimulate cells to express
tyrosinase, a known key enzyme in melanin production, with variable effects in patients with
vitiligo vulgaris [14–17]. The demonstrated ability of furocoumarines to bind proteins,
including those of the lens, can induce cataract in long‐term therapy. Finally, it has to be noticed
that PUVA has also the ability to induce apoptosis of Langerhans cells, activated T‐lympho‐
cytes, neutrophils, macrophages, NK cells, fibroblasts, endothelial cells, and mast cells, thus
exerting a beneficial effect for the most common dermatoses [18].

2.1. Dosage

Pharmacokinetic studies have shown that psoralens absorption is subject to individual
variations, in terms of both mean plasma concentration and timing for reaching the maximum
peak. In addition, in the same individual, plasma concentration varies during the day, although
the maximum peak represents a constant [19–21].

Recommended doses are the following:

i. 8‐MOP: 0.6 mg/kg (or 25 mg/m2, for subjects weighing less than 60 kg) 2 h before
exposure if in a micronized form or 1 h before if in liquid or gelatinous form. The
dosage should then be adjusted according to the response.

ii. 5‐MOP: 1.2 mg/kg, 3.5 h before the treatment.

8‐MOP administration results in a photosensitization which reaches its maximum, 2–4 h after
the intake and disappears in 6–8 h. Psoralens are transported in the blood by serum proteins
(mainly albumin), and are predominantly catabolized in the liver by cytochrome P450
(CYP450)‐triggered oxidation. CYP450s make a large superfamily of heme‐containing
monooxygenases, which take care of the detoxification of many drugs [22]. Recent studies
have shown that CYP3A11 is the major target cytochrome for psoralens metabolism in mice
[23]. Another key cytochrome for detoxification or activation of many toxicologically
important substrates is CYP2B1 [24]. Psoralens are oxidized by CYP3A11 at the furan ring
to form a furan epoxide that binds to CYP 2B1 with a high stoichiometry [25]; after biding,
CYP 2B1 produces dihydrodiols, which are the final catabolic products of linear fucocou‐
marins [25]. In addition, 8‐MOP up‐regulates CYP1A1 expression, and can be a substrate for
this CYP450 [26]. CYP450s are encoded by highly polymorphic genes [27] and their expres‐
sion varies among individuals, in relation with alcohol intake and drug use; both these facts
provide an easy explanation for individual variations in response to psoralen‐related
therapies. About 75% of furanocoumarins catabolic products produced by the liver are
excreted in the urine as inactive hydroxylated‐ or glucurono‐conjugates derivatives within
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12 h; key proteins for this excretory function are the solute carrier (SLC) 22A family organic
cation/carnitine transporters (OCTs/OCTNs) and the organic anion transporters (OATs).
More specifically, the administration of furocoumarins up‐regulates renal OCT1, OCT2,
OCTN2, and OAT3 protein levels, as a result of increased gene expression in mice; in
addition, oxidized linear furocoumarins induce high expression of mURAT1, mMRP4, and
mGLUT9, which may also play important roles in renal transportation, and accumulation of
psoralen metabolites as well as in related kidney injury. Notably, 8‐MOP clearance in the lens
is rather slow, it being detectable in this organ for 18 h after oral intake [28].

2.2. Cautions

In view of the prolonged photosensitivity induced by 8‐MOP [29], it is mandatory to avoid
exposition to the sunlight after the treatment; to this purpose, eyes and lips should be protected
with glasses and sunscreen.

During treatment with psoralens, regular evaluation of liver function is needed and drug
should be reduced or discontinued if there is any sign of liver damage. The most frequent
pharmacological interactions are with other topical or systemic photoactive drugs (e.g.,
phenothiazine, chlorothiazide and derivatives, sulfonylureas, sulfonamides, neomycin, and
bergamot essence). Diet with low (or free) coumarins should also be recommended, which are
mainly contained in fig, cedar, lime, parsley, mustard, carrots and celery, and parsnips.

The most frequently observed side effects related to 8‐MOP administration include severe
burns, gastric distress, nausea, nervousness, insomnia, and depression.

Major contraindications to PUVA therapy are summarized in Table 2.

Contraindications
Absolute Major Relative

Autoimmune diseases Age >10 years Age >16 years

Basal cell carcinoma syndrome Actinic keratosis Bullous skin diseases

Dysplastic nevus syndrome Personal history of nonmelanoma skin
cancer

Cataract

Personal history of melanoma Previous exposure to UVA >1500 J/cm2 Photosensitization

Porphyry Previous exposure to X‐ray or arsenic Photo type I

Pregnancy and lactation Systemic immunosuppressive therapy Poor compliance

Severe heart failure Renal and/or hepatic failure

Systemic lupus erythematosus;
Dermatomyositis

Xeroderma pigmentosum and other congenital
defects of DNA repair mechanisms

*Photo type I is characterized by pale white skin, blue or hazel eyes, and blond or red hair; patients with photo‐type I
always have burns, does not tan.

Table 2. Contraindications to PUVA therapy.
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3. UV irradiation

The most frequently used lamps for phototherapy are fluorescent, low‐pressure mercury vapor
tubes (e.g., Philips TL/09, Philips CLEO‐UVA or Sylvania F 85 tubes) with an emission
spectrum ranging from 320 to 450 nm, and an emission peak at 352 nm. PUVA units are either
whole‐body cabins or small‐panel irradiators for the treatments of hands and feet or other
restricted areas of the body. To provide consistency and repeatability of treatment doses, it is
fundamental to measure the emission by calibrated radiometers‐photometers, sensitive to the
spectrum emitted by the lamps. Treatment times are automatically calculated on the basis of
variables such as (i) total or daily usage time of the lamps, (ii) environmental and patient’s
conditions (temperature, humidity, dust, and distribution of adipose tissue), and (iii) presence
of other UV sources. When devices devoid of dosimeters are used, the dosage should be
calculated according to the formula: Dose (mJ/cm2) = irradiance (mW/cm2) × time (seconds);
special tables are then used to calculate the appropriate dosage, according to patient’s photo‐
type. In any case, it is recommended a semiannual or annual assessment of the UVA cabin or
panel with external radiometer‐photometer calibrated to the National Physics Laboratory,
which will provide an adjustment for timing and doses [5, 6].

3.1. Dose assessment

Dose assessment, according to the different published protocols, is based on (i) evaluation of
the Fitzpatrick phototype, (ii) calculation of the minimal phototoxic dose (MPD), that is, the
lowest UVA dose that produces a perceptible erythema after psoralen administration, and (iii)
assessment of an attack dosage equal to 50% of MPD.

The sessions are initially carried out three to four times a week and then reduced to two times
a week after a clinical improvement has been obtained. The possibility of performing one
session every 7–10 days as maintenance therapy can be considered. Side effects are resumed
as shown in Table 3.

Side effects

Early Late

Gastric intolerance Anti‐DNA and antinucleus antibodies (low title)

Hypertrichosis or alopecia Carcinogenesis (actinic keratosis, NMSCs, melanomas)

Neomelanogenesis and stratum corneum thickening Cataract

Pain Disorder of pigmentation

Photo‐inducted dermatitis Idiopathic guttate hypomelanosis

Phototoxic exanthema Melanocytes dystrophies

Skin dryness and pruritus

Teratogenicity

Table 3. Side effects related to PUVA therapy.
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4. Topical photochemotherapy: bath-PUVA

Bath‐PUVA therapy consists in the immersion of the whole body in a bath containing an 8‐
MOP alcoholic solution, at concentrations ranging from 1 to 3 mg/L, for a time varying from
15' to 20'. Then, the patient is exposed to increasing doses of UVA, which varies in relation to
the phototype, with a minimal initial doses of 0.25–0.50 J/cm2 and progressive increments of
0.25 J/cm2 up to a maximum of 5–7 J/cm2 .

Figure 1. Plaque psoriasis before (A, C, E, G) and after (B, D, F, H) bath‐PUVA therapy.

Figure 2. Ichthyosis‐like atopic dermatitis before (A and C) and after (B and D) bath‐PUVA therapy.

This modality of treatment minimizes short‐ and long‐term side effects due to the systemic
administration of the drug [19, 30–33]. Three hours after treatment, photosensitivity is negligible,
due to the low systemic absorption of 8‐MOP; thus, patients can avoid the use of photoprotec‐
tions, including sunglasses [34, 35]. Gas chromatography and mass spectrometry analyses have
shown that plasmatic trixolaren concentrations range between 0.27 and 12.5 ng/ml after the
ingestion of a 0.6 mg/kg dose and between 9 ng/ml and 25 pg/ml after bath‐PUVA [20, 36].
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Figure 3. Stage I mycosis fungoides before (A) and after (B) bath‐PUVA therapy.

Figure 4. Palmoplantar psoriasis before (A and C) and after (B and D) gel‐PUVA therapy; eczematized psoriasis before
(E and G) and after (F and H) gel‐PUVA therapy.

In the skin, the drug absorption peak occurs within 15–35 min; the maximum concentration is
reached in the stratum corneum and the removal of this cell layer (by “stripping”) significantly
enhances the possibility of drug penetration to the underlying layers. The higher psoralen
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concentration in superficial layers of the epidermis justifies the increased effectiveness of this
type of treatment in those diseases in which the epidermal involvement is massive [30, 36,
37]. The concentration measured by microanalytical techniques is instead of 1.7–6.6 ng/ml after
oral intake and of 200–520 ng/ml after the bath.

Literature reports encourage results obtained with bath‐PUVA in the treatment of several
inflammatory [38–47] and lymphoproliferative skin diseases [48–52]. Figures 1–4 report same
examples of results obtained with bath‐PUVA at our center.

4.1. Treatment

Before treatment, an accurate collection of clinical data is mandatory; patient should be
informed about the treatment modality, its potential benefits and risks, and the need to avoid
other potentially photosensitizing agents. Skin should be carefully examined and nevi should
be covered with high‐protection sunscreen, as well as the lips and genital areas; patient should
also wear sunglasses during treatment and up to 3 h afterwards. At the end of treatment, we
recommended also a shower, to remove residual traces of the drug from the skin, and the
application of topical emollients [53, 54]. The treatment requires special attention and the
protocol described above must necessarily be adapted to each patient, on the basis of the
phototype and other clinical characteristics.

5. Topical photochemotherapy: gel-PUVA therapy

The gel‐PUVA therapy is a variant of the cream‐PUVA therapy and consists in the application
of a 0.05% of 8‐MOP gel on restricted skin areas, 20–30 min before the irradiation. The
preparation of the 8‐MOP gel is galenical; the psoralen is dissolved, in order to obtain a higher
bioavailability and better cosmetic aspects and to avoid the “border effect.” The UVA radiation
could be realized through cabin or panels according to the extent of the body areas affected by
the disease, with an irradiation spectrum of 320–370 nm. Dose calculation is performed
manually, because panels are not equipped with dosimeter; hence, every 6 months, their
calibration is mandatory. Usually, an initial dose of 0.25–0.50 J/cm2 is used, with a progressive
increase in 0.25–0.50J/cm2 for each session, up to a maximal dose of 9 J/cm2. Treatment sessions
are performed three times/week for the first month of treatment and then reduced to two times/
week in the second month and to one time/week in the third month. A weekly maintenance
session could also be proposed.

Best responses to gel‐PUVA treatment are described for morphea, palmoplantar psoriasis,
contact dermatitis, and vitiligo [43, 55–57]. Inclusion and exclusion criteria are those described
for systemic PUVA.

The amount of 8‐MOP that is absorbed with this method is negligible [21, 58] and the only side
effects that have been described are transitory erythema and pruritus, which can be easily
managed with topical moisturizing creams. In a few cases, peripheral hyperpigmentation of
the treated areas has also been reported [59].
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In literature, also a topical psoralen‐narrow‐band UVB therapy has been described, based on
the association of topical 8‐MOP and narrow‐band UVB irradiation [60–62].

6. Conclusions

Phototherapy and especially topic phototherapy are efficient treatment methods for a variety
of dermatological diseases, able to induce complete and durable responses in several inflam‐
matory, immune‐mediated, and neoplastic skin diseases. Relapses are rare, due to the absence
of tachyphylaxis. Although the cost of phototherapy is low, the relative discomfort and the
time required to reach the site of the treatment should be considered.

For the risk of carcinogenesis, a number of factors should be taken into account, including
dose, age at the treatment, other potentially carcinogenic drugs, photodamaged skin areas,
and the type of treatment (a lower carcinogenetic potential has been reported for bath‐PUVA
in respect to systemic PUVA). The analysis of 11 clinical trials, 10 of which were conducted on
psoriatic patients (for a total of about 3400 patients), did not show an increased risk of
melanoma [63–66] or of nonmelanoma skin cancer after UVA phototherapy [60, 66, 67].
However, another study [63, 66] conducted on patients previously treated with PUVA therapy
and subsequently exposed to a high amount of UVB (for more than 300 treatments) demon‐
strated a small but significant increased risk of both squamous (relative risk (RR): 1.37) and
basal cell carcinomas (RR: 1.45). The risk was further increased for patients who received less
than 100 PUVA but more than 300 UVB treatments (RR: 2.75 for SCC and 3.00 per BCC). An
increased risk to develop malignant melanoma has also been reported, based on the phototype
and on the number of treatments; melanoma could arise more than 20 years after the start of
therapy, showing a greater aggressiveness than in the general population. An increased risk
to develop other cancers (colon, lung, pancreas, and kidney) has not been documented. The
putative carcinogenetic risk of narrow‐band UVB is higher than for UVA, but its increased
effectiveness requires lower cumulative doses, resulting in a reduced actual risk [60].

In summary, an accurate follow‐up of patients is essential, in order to detect precancerous skin
lesions, and identify suspicious melanocytic lesions, which must be excised. Accurate calcu‐
lation of cumulative doses, number of treatments and their cumulative dosage, represents an
absolute requirement for a correct planning of phototherapy. In addition, alternating PUVA
therapy with other topical or systemic treatments can significantly reduce the carcinogenic
potential of phototherapy.
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Abstract

Musculoskeletal pain is a major cause of disability. Myofascial trigger points (MTrPs) in 
particular are a common source of pain in a substantial number of patients presenting 
at a pain clinic. Many different invasive and non-invasive forms have been advocated to 
the treatment of MTrPs. However, favourable outcome rates are inconsistent and some 
of these treatment forms described are often painful and have potentially dangerous side 
effects. Photomedicine including the coherent light sources (lasers) and more recently, 
non-coherent light sources have been reported to be beneficial in soft tissue lesions includ-
ing MTrPs. Their beneficial therapeutic effects can be obtained without undesired effects. 
The main intentions of this chapter are to bring the attention of the doctors and physical 
therapists to the scientific approach of photomedicine, in particular laser therapy for the 
relief of pain arising from MTrPs, and to demonstrate how this type of therapy can be 
utilized in a rational manner for the relief of musculoskeletal pain. In addition, it has been 
found necessary to include or to start with an overview of the recently recognized diagnos-
tic and therapeutic importance of MTrPs. Attention will therefore first be drawn mainly to 
incidence, types, aetiology, clinical diagnostic criteria and conventional forms of MTrPs.

Keywords: photomedicine, myofascial pain, trigger points, laser therapy, phototherapy

1. Introduction

Skeletal muscle contractile tissues are subject to constant wear and tear, which makes them 
prone to development of myofascial trigger points (MTrPs) that result in referred pain and 
motor dysfunction [1]. MTrPs are extremely common and a major source of musculoskeletal 
pain and dysfunction that can affect anyone at one time or another [1–3].

MTrPs are one of the profound reasons of pain in clinical practice [4, 5]. They are the source of 
pain in 30% of patients seeking treatment or medical advices for pain in primary care and the 
greatly noticeable cause of pain in 85% of patients presenting at a pain centre [6, 7].

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Myofascial pain syndromes are common conditions that, by definition, result from trigger 
points (TrPs). Unfortunately, practitioners often do not recognise the myofascial pain syn-
drome [7, 8]. Unrecognised myofascial headaches, low back pain and shoulder pain have 
been considered to be one of the major causes of chronic pain, disability and industrial time 
lost, which plays a factor in most worker’s compensation claims [1, 9].

Musculoskeletal pain originating from muscle has concerned the medical community for 
more than a century [10]. The subject has been appointed by multiple terms that emphasize 
various signs and symptoms representing basically the same phenomenon [11].

History has introduced terms such as fibrositis, myalgia, rheumatic myalgia and non-articular 
rheumatism. However, it should be noted that all of these terms and many others that are 
used for myofascial trigger points (primary cause of muscle pain) and fibromyalgia (central 
cause of muscle pain) are now no longer utilized [1, 10, 12].

The entity of MTrP has now been widely acknowledged on the basis of clinical observation 
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well as along the belly of a muscle particularly at the motor points [2, 12].

2. Types of MTrPs

There are two main types of MTrPs active and latent. An active MTrP is one associated with 
spontaneous pain or occurring in response to movement [16–18]. It has also been defined as 
one whose nociceptors have undergone sufficient activation and sensitisation to cause pain to 
be referred to a site some distance from it (the zone of pain referral) [12].
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A latent MTrP is a sensitive spot with pain or discomfort, which occurs in response to com-
pression only [16, 17]. It may also be defined as one in which its nociceptors have undergone 
a limited amount of trauma-induced activation and sensitisation, but not sufficient to cause 
the development of pain [12].

Active TrPs might cause agonising incapacitating pain particularly when associated with 
active satellite TrPs in another muscles [1]. By contrast, despite the fact that, latent TrPs do 
not produce spontaneous pain, they can cause some increased muscle tension, limitation of 
passive range motion and may also cause some muscle shortening [1, 17]. Both active and 
latent TrPs can therefore cause motor dysfunction [1].

MTrPs may become activated either through a primary or through a secondary event [12, 18]. 
Primary activation of the TrPs usually takes place as a result of direct trauma to a muscle, sud-
den strain, or when there is excessive or unusual exercise. The activation might also be the result 
of cumulative effects due to long-standing repetitive minor trauma or overloading [1, 12, 17, 18].

Secondary activation of TrPs usually takes place in synergistic and antagonistic muscles. 
This may be due to compensatory actions or by counteracting tension in the primary mus-
cles. Referral from visceral sources such as in a myocardial infarction or connective tissue 
disorder such as osteoarthritis, rheumatoid arthritis may also contribute to this secondary 
 phenomenon [1, 19].

3. Clinical diagnostic criteria of MTrPs

There are certain clinical characteristics that should be looked for during the examination in 
order to confirm the presence of MTrPs. These include:

3.1. Taut band

Muscles sometimes contain taut cord-like bands. Palpable taut band is considered to be a 
basic diagnostic criterion of an MTrP [20].

3.2. Local twitch response

The local twitch response (LTR) is a transient contraction of the palpable taut band of muscles 
comprising MTrPs. It can be visualised, or palpated through the skin of the patient, or seen by 
ultrasound imaging [1, 15, 18].

The LTR is elicited mechanically, usually by a vigorous snapping palpation of the TrP in a 
direction opposite to the muscle fibres, or by needle penetration of the TrP [1, 18].

3.3. Spot tenderness or jump sign

Spot tenderness is an essential diagnostic criterion in the MTrP examination. However, 
spot tenderness alone has a limited value because it might be due to other reasons such as 
fibromyalgia.
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The jump sign is a characteristic behavioural response to pressure on a MTrP. Patients often 
withdraw and sometimes complain of pain particularly with active MTrPs [1].

3.4. Pain recognition

Digital pressure on an MTrP can be used to elicit referred pain patterns characteristic of that 
muscle and the patient symptoms. This is considered as one of the most important diagnostic 
criteria particularly when accompanied by other signs [1, 20, 21].

3.5. Limited range of motion

Restricted range of motion is more severe in more active MTrPs and is a fundamental 
 characteristic of MTrPs [1]. A muscle containing an MTrP restricts range of motion due to 
pain [1, 12, 22]. When MTrPs are treated, range of motion increases and often returns to 
normal [1].

3.6. Referred pain

Pain is often felt a considerable distance from the MTrPs and as a consequence, most patients 
are unaware of the presence of the TrP despite its exquisite tenderness. The referred pain either 
occurs spontaneously, particularly when the MTrP is very active [1, 2] or through palpation [15].

Referred pain by itself is not considered a diagnostic criterion of an MTrP unless accompanied 
by other findings [1, 20, 23]. However, the referred pain patterns play an important role in the 
initial examination as they direct the examiner to the muscle that harbours the MTrPs. In addi-
tion, knowledge of referral patterns minimises the chances of missing some TrPs [12] (Figure 2).

Figure 2. The pattern of pain referral from myofascial trigger points (●) in the rhomboid muscles.
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4. Diagnosis of MTrPs

The diagnosis of MTrPs primarily relies on manual palpation and clinical judgment. However, 
manual palpation may be imprecise and not a reliable [24]. Therefore, specific training cou-
pled with clinical experience is needed to obtain good reliability for the MTrP diagnosis. It 
has been showed that a combination of “spot tenderness,” “taut band” and “pain recogni-
tion” are the basic clinical criteria to diagnose a MTrP, while “referred pain” and “local twitch 
response” are considered to be confirmatory signs [20, 21].

More recently, detection of biochemicals related to pain and inflammation in MTrP site [25], 
the sonographic methods of MTrPs [26] and the magnetic resonance elastography for taut 
band image [27] are potential objective outcome assessment tools in the MTrPs diagnosis.

5. Conventional forms of MTrPs treatment

There are several forms that are conventionally used to treat the MTrPs, which include:

5.1. Dry needling

The possibility of treating the MTrPs by dry needling techniques has been noted as early as 
1952 [28], but Lewit [29] was the first investigator to employ dry needling techniques.

More recently, the effectiveness of dry needing in reducing the tenderness of MTrPs has been 
reported by a number of authors (e.g. [30–32]). However, dry needling is occasionally associated 
with adverse events such as post-needling soreness, bruising, dizziness and infection [32–34].

5.2. The injection of a local anaesthetic into an MTrP

The use of local anaesthetics such as Procaine Lidocaine has been reported to be an effective 
method for reducing post-injection soreness [1, 30, 32]. However, the use of them may occa-
sionally give rise to toxic, allergic and anaphylactic reactions [15].

5.3. Botulinum toxin A injection

Botulinum toxin A injection (BTA) has been utilized in treatment for MTrPs [35–38]. However, 
it is rare clinically indicated, as it may be associated with possible local and systemic side 
effects such as muscle weakness and serious respiratory compromise [38, 39].

5.4. The injection of non-steroidal and steroidal anti-inflammatory drugs into MTrPs

The injection of non-steroidal anti-inflammatory drugs into the MTrPs has been used success-
fully to treat them [40, 41]. However, repeated injection of it into muscle might lead to skin 
necrosis [40]. The injection of steroids has also been used to treat the MTrP, and a good result 
has been reported [40, 42]. However, the use of steroids should be discouraged because of 
the risk of inducing local myopathy and the possible muscle fibre damage that is frequently 
associated with repeated injections [40].
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5.5. Therapeutic ultrasound

The literature advocates therapeutic ultrasound as an effective modality for MTrP treat-
ment in the clinical practice [1, 43]. In a study by Hong et al. [44] revealed that pain pressure 
threshold of MTrPs was increased immediately after ultrasound therapy with intensities of 
 (1.2–1.5 W/cm2) as compared to placebo therapy. However, Lee et al. [45] could not obtain 
similar finding at a lower intensity of ultrasound (0.5 W/cm2).

More recently, two studies conducted by Srbely et al. [46] and Srbely and Dickey [47] revealed 
improvement in pressure pain threshold value (less tenderness). However, the study of Srbely 
and Dickey [47] was not blinded and did not address the long-term benefit.

5.6. Electric stimulation

Electrotherapy has been advocated as an effective therapeutic modality to alleviate pain 
 emanating from MTrPs [43, 48, 49]. Graff-Radford et al. [50] showed that high frequency 
transcutaneous electrical nerve stimulation (TENS) could alleviate pain but they did not suc-
ceed to show any improvement in the MTrP sensitivity. More recently, Lee et al. [45] utilised 
electrical muscle stimulation and they concluded that pain was significantly decreased com-
pared to the placebo group, but no significant improvement in pressure threshold or range 
of motion was found. The long-term influence of the electrical stimulation on MTrP was not 
addressed in the methodology of the above two trials.

6. Photomedicine

Photomedicine has progressed and come to be one of the most inspiring fields in the medical 
research in the past 50 years. The coherent light sources (lasers) and more recently, non-coher-
ent light sources, e.g. light emitting diodes (LEDs) and superluminous diodes (SLDs) used 
in the musculoskeletal disorders are those with an athermic effect. Frequently used lasers 
include the helium-neon (HeNe gas) and infrared lasers with gallium arsenide (GaAs) or gal-
lium aluminium arsenide (GaA1As) diodes [51–53].

Laser therapy (coherent sources) or low reactive-level laser therapy (LLLT) has been reported 
to be beneficial in soft tissue lesions including MTrPs [54–60]. Its beneficial therapeutic effect 
can be obtained without undesired effects. The below section of this chapter considers mainly 
the background of laser and characteristics of laser light, laser treatment parameters, treat-
ment approaches and the possible mechanisms of action of laser in MTrPs.

7. Background and historical perspectives of laser

While laser is a relatively new form of treatment, the therapeutic benefits of light energy are 
not a new concept [51, 61, 62]. The sun was the first source of light that was employed in the 
treatment of several conditions.
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Laser was not developed until 1960; however, the concept behind it was described at the 
beginning of the century by Albert Einstein in his ‘quantum theory’ [62, 63]. The devel-
opment of LASER—Light Amplification by stimulated Emission of Radiation—then 
arose when Theodore Maiman in 1960 amplified light (using a ruby crystal as a lasing 
media) [51, 62].

In the 1960s, rapid development took place and variety of laser types appeared, based on 
different lasing media and resulting in different wavelengths. For example, Johnson in 1961 
developed the neodymium YAG (Nd:YAG) laser followed by the Argon laser developed by 
Bennet in 1962. This was followed by the carbon dioxide (CO2) laser 2 years later by Patel 
and colleagues [64]. These kinds of laser in their medical applications relied upon the photo-
thermal and photoablative interactions with the tissues at relatively high power and energy 
densities [62, 63].

In contrast, other types of laser were developed by Professor Master’s group in Budapest dur-
ing the late 1960s and early 1970. These types of laser relied upon the non-thermal interactions 
of laser irradiation with tissues at low power and energy densities had a photobiostimulation 
effect on experimental wounds, which increased the rate of healing [62–65].

Another possible biological effect of low power laser was described in 1973 by Friedrich Plog 
in Canada, who presented his work on the use of HeNe laser as an alternative to metal needles 
for acupuncture treatments [51, 66, 67].

After these initial successful reports of Professor Mester’s group at Budapest and Dr. Plog in 
Canada, low power laser treatment has become more frequently utilized by physicians and 
physical therapists for the alleviation of pain [68–70]. More recently, low power laser has got 
approval of Food and Drug Administration (FDA), as a pain reliever for soft tissue lesion in 
2005 in the USA [71]. Furthermore, the appearance of a number of clinical research papers 
with very promising results particularly for MTrPs treatment have led to the popularity of 
laser therapy (e.g. [54–58]).

8. Principal components of a laser system

The laser device consists of three essential components.

8.1. Lasing medium

A lasing medium is a material that can absorb the energy generated by an external source. It 
can be gaseous, liquid, solid, crystal or a semiconductor [51, 62, 65, 72–74].

8.2. Energy source

Energy laser device must have an energy source to excite the lasing medium in order to emit 
laser radiation [51, 62, 65, 73, 74].
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8.3. Mechanical structure

The mechanical structure consists of the lasing medium within a central chamber located 
between two parallel mirrors. Reflection of photons of light back and forth between the two 
mirrors an across the chamber takes place, which lead to an intense photon production [51, 
62, 72, 73].

The reflective extent of the two mirrors is not the same. While one of them is 100%, the other 
one is slightly less reflective to allow a small amount of the laser beam to pass through as irra-
diation output of the device [51, 62, 72, 73] (Figure 3). However, in the semiconductor devices, 
the ends of the diodes can be polished or coated with a highly reflective material to work as 
an alternative to the mirrors. Similarly, one end of the diode is slightly less reflective to allow 
a certain amount of the laser beam to pass as an output of irradiation [51, 73, 75].

9. Characteristics of laser light

Laser light differs from the ordinary light in terms of its monochromaticity, collimation and 
coherence. The biological and clinical significance of these characteristics is still relatively 
questionable and under investigations:

9.1. Monochromaticity

Monochromaticity indicates to single, defined wavelength, which consequently gives 
(mono) single colour [51, 73, 76–78]. Research evident showed that biological process possi-
bly altered within a very narrow bandwidth, as distinct from the board spectrum of natural 
light [79].

Figure 3. Simplified schematic of laser basic components.
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9.2. Collimation

Collimation indicates to the minimal divergence of the laser beam. Compare to, the emitted 
radiation of non-laser light sources radiates in various directions [51, 72, 75].

9.3. Coherence

Coherence indicates to the inherent ‘synchronicity’ of the light emitted by laser devices, which 
means that all energy waves are in phase [51, 63, 75, 77, 78] (Figure 4).

Some in-vitro studies have found that it is substantially critical to use a coherent laser source 
to attain photobiological modulations (e.g. [80, 81]), whilst others have found that coherence 
is not necessary [79, 82, 83]. Therefore, some of manufacturers have presented a cheaper pho-
totherapy units, e.g. superluminous diodes (SLDs) and light-emitting diodes (LEDs), which 
are non-coherent [51, 63].

Clinically, researchers have disputed over the possible loss of coherency when subjecting 
laser light to human tissues and recently have shown positive outcomes when using light-
emitting diodes (LEDs) (non-coherent light sources) in experimental muscle injury [84, 85].

Conversely, it has been reported that the photon density of coherent laser beam ensures a 
greater and more efficient penetration [67, 86, 87]. Simunovic [88] has also shown that coher-
ency possibly maintained when passing through tissue. The significance of coherency has 
been also stressed by Antipa [89], as one of the characteristics that are necessary to obtain a 
higher clinical efficacy of laser therapy [89].

Figure 4. (a) Coherent light and (b) incoherent light.
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9.4. Laser therapy treatment approaches

Laser therapy usually involves two main types of treatment approaches.

9.4.1. Contact approach

In the contact approach, the probe or the treatment head is applied perpendicular to the 
treated tissue. This technique greatly intensifies the irradiance on the tissue surface and conse-
quently a greater proportion of laser energy can be directed to the target tissue [51, 63, 72, 75] 
(Figure 5).

The contact approach has been reported to be the most efficient treatment approach and must 
be used whenever it is possible [51, 62]. The treatment is also relatively safe as it reduces the 
potential hazard that comes from accidental intrabeam viewing [51, 62, 63].

A contact approach is commonly utilized in treating MTrPs. Beneficial effects have been 
shown in a number of clinical trials adopting this approach [54, 56, 90] while others failed to 
reveal any successful effects [91, 92]. However, in the latter two studies, no treatment param-
eters details and/or poor treatment parameters were evident.

9.4.2. Non-contact approach

In the non-contact approach, the probe or the treatment head is used out of contact with 
the tissue (Figure 5). This technique attenuates the irradiance on the irradiated tissue 
according to the ‘inverse square law’, thus more reflection of the incident photons will 
occur [51, 62, 63].

Figure 5. (a) Non-contact approach and (b) contact approach.
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10. Treatment parameters

Treatment parameters are extremely important and their detailed specification can allow rep-
lication of experimental or clinical findings.

10.1. Wavelength

Wavelength is the most important treatment parameters that determine the depth of pen-
etration of laser irradiation [93]. Laser therapy units are usually with single wavelength 
sources. However, more recently, laser therapy units with a broad spectrum of wavelengths 
are available.

Therapeutic lasers have commonly wavelengths of approximately 602–1064 nm and give vis-
ible (red) or invisible (near infra-red) radiation (HeNe laser) [51, 65, 94].

10.2. HeNe lasers (632.8 nm)

The insufficient of penetration of this visible short wavelength laser source (HeNe laser) [51, 
65, 94] might be one the justifications for its ineffectiveness. However, positive outcomes were 
evident with this type of laser in some MTrP clinical studies (e.g. [54, 95]).

10.3. CO2 Lasers (10,600 nm)

The CO2  lasers produce infrared radiation at 10.600 nm and such devices have been used suc-
cessfully as  pain relief modalities by some researchers (e.g. [96–98]). However, this type of 
laser is almost totally absorbed by water, thus reducing great proportion of light penetration 
in biological tissue [67].

10.4. Diode lasers (820–950 nm)

Wavelengths that are in the range of 820–950 nm (diode lasers) are known as near infrared 
radiation in the electromagnetic spectrum [51]. Their tissue penetration ability is quite high 
compared to other sources with different wavelengths [67].

Most of myofascial trigger point clinical studies utilized lasers with longer wavelength, rang-
ing from 780 to 904, because it can transmit light energy with greater penetration and, there-
fore, they are the most appropriate to treated trigger points that particularly located in deep 
muscles [99].

10.5. Radiant power output

The radiant power output of laser systems is generally measured in watts (W), but as a result 
of the relatively low power output employed in LLLT systems, it is more frequently measured 
in milliwatts (mW = thousands of a watt) [63, 65, 100].

It has also been reported that more penetration can be gained with greater average output 
power, as a greater number of photons will be presented at deeper depths [72]. However, 
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radiant power output was greatly variable between studies with possible pain reduction 
when irradiating painful MTrPs with a range of radiant power outputs of 0.95–120 mW.

10.6. Irradiance

Irradiance is defined as the incident photon density of laser irradiation at the target tissue 
and utilized to express to the intensity of light [67]. The significance of irradiance has been 
stressed by a number of researchers as one of the most influential treatment parameters [101, 
102]. However, unfortunately, quite few numbers of researchers reported this treatment 
parameter [99].

Some literature reported positive results for tissue repair and anti-inflammatory effects when 
the range of 5–55 mW/cm2 was employed [103–105], while higher irradiances of 300–1730 
mW/cm2 was recommended for analgesic purposes [106].

The irradiance can be obtained from the following equation:

  Irradiance =   
Output power (W)

  _____________________  Irradiated area ( cm   2 )    (1)

From the above equation, it can be seen that the value of the irradiance (measured in watts) will 
be profoundly affected by the spot size (measured in square centimetre) of the laser beam [67].

10.7. Radiant energy

The radiant energy delivered to a region of the target tissue over a period of time is commonly 
expressed in joules (J) and can be calculated by the following equation:

  Radiant Energy (J) = power output (W) × time (s )  (2)

From the above equation, if a certain energy is required in a treatment session, the time (in 
seconds) needed to obtain that energy can be obtained, by dividing the energy by the radiant 
power output [51, 63].

The total radiant energy is one of critical treatment parameters [107]. The energy employed in 
the MTrPs clinical trials ranged from 0.275 to 8 J/point [99].

10.8. Radiant exposure

Radiant exposure is a critical factor in ascertaining whether the laser light will influence pho-
tobiological modulation process [108, 109]. A recent study also revealed that the radiant expo-
sure provided by laser therapy is one of the factors that can influence biochemicals related to 
pain in the treatment of MTrPs [60].

It is worth noting, energy density is not a fixed parameter as it is dependent on time and can be 
manipulated by the operator [110]. The radiant exposure can be obtained from the following 
equation:

  Energy density ( J/cm   2  ) =   
Power (W ) × times (s )

  ___________________________  area ( cm   2  )    (3)
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10.8. Radiant exposure

Radiant exposure is a critical factor in ascertaining whether the laser light will influence pho-
tobiological modulation process [108, 109]. A recent study also revealed that the radiant expo-
sure provided by laser therapy is one of the factors that can influence biochemicals related to 
pain in the treatment of MTrPs [60].

It is worth noting, energy density is not a fixed parameter as it is dependent on time and can be 
manipulated by the operator [110]. The radiant exposure can be obtained from the following 
equation:
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Treatment exposure is usually in a range between 1.44 and 12 J/cm2 in the treatment of MTrPs. 
However, radiant exposures of up to 32 J/cm2 have been employed also [75, 99].

10.9. Pulse repetition rate

Generally, the laser devices that are available in research or clinical applications deliver a 
continuous wave or allow some form of pulsing of their output [63, 65, 72, 73].

The pulse repetition rate in the pulsed devices is expressed in Hertz (Hz, pulses per second) 
and can vary from 2 to thousands of Hz [63]. However, the pulse rate is restricted in some 
laser devices.

It has been reported that pulsed light possibly more effective than continuous one, as it allow 
a potentially much higher peak power densities without causing a significant tissue heating 
and consequently greater treatment depth [93]. Additionally, different biological effects were 
obtained, when experiments were conducted to determine the effect of different pulsing fre-
quencies (e.g. [111–115]).

10.10. Frequency of treatment and length of treatment course

Clinical practitioners and researchers advocate multiple treatment sessions for successful 
laser treatment [51, 65, 94] (Figure 6). In MTrPs studies, laser treatment were commonly 

Figure 6. Clinical laser session.
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 utilized 2-3 times per week However, there is no consensus about the optimum frequency of 
treatment or length of treatment course [56, 99].

11. The possible mechanisms of action of laser in MTrPs

Three possible mechanisms of action were proposed included: stimulation of the local metab-
olism; modulation of neurotransmitter; anti-inflammatory effect and laser-induced neuronal 
suppression.

11.1. Stimulation of the local metabolism

In the mechanism of taut band formation, certain muscle fibres react to trauma or abnor-
mal stress by excessive release of calcium ions. This would cause uncontrolled muscle fibres 
contracture with increase metabolic demands and consequently, MTrPs formation [1]. Laser 
therapy reported to have the potential to cause rotation and vibration on the membrane mol-
ecules that make up the calcium channels that may alter the function of these channels [116]. 
This might help in removing or minimizing the excessive amount of calcium that may causes 
uncontrolled shortening activity of the muscle fibres.

The characteristic shortening of muscle fibres associated with MTrPs results in deteriorated 
local circulation leading to loss of oxygen and nutrient supply. Laser therapy has the ability 
to enhance the local microcirculation and subsequently decrease the muscular tension and 
emanate pain in the area [88].

11.2. Modulation of neurotransmitter

Modulation of neurotransmitters has proposed as a mechanism for pain alleviation [117]. 
For instance, serotonin levels are relatively intensifying when the treatment of MTrPs with 
laser treatment are employed. A trial carried out by Walker [118] applied laser irradiation on 
MTrPs patients attributed the analgesic effects to changes in serotonin metabolism.

More recently, a double blind study conducted by Ceylan et al. [57] also found that laser 
irradiation is an effective method of treatment of MTrPs associated with the elevation of the 
serotonin. However, more studies may be required in this area.

11.3. Anti-inflammatory effect

The cause of pain in active MTrPs may be as a result of  direct trauma to a muscle, sudden 
strain, or when there is excessive or unusual exercise, a study by Shah et al. [25] also docu-
ments a high concentration of nociceptive substances, e.g. protons, bradykinin, calcitonin 
gene-related peptide, substance p, serotonin and noradrenaline) in the active MTrPs.

As the rise of the above biochemical milieu of substances are usually associated with pain 
and inflammation and in accordance with the above findings, evidence from the literature 
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reported that laser therapy inhibits peripheral nerves afferent terminals prohibits peripheral 
nerve sensitization and hinder further release of the nociceptive substances, thus possible 
mechanisms of pain relief and anti-inflammatory effect may occur [119, 120].

Research has also clearly revealed anti-inflammatory effects of laser irradiation particularly in 
acute injury [120]. The tissue repair is associated with the release of prostaglandins E2. Laser 
irradiation showed the ability to reduce the formation of the inflammatory markers including 
the prostaglandins E2 [119]. Therefore, laser might be able promote resolution of the inflam-
matory process vital for the tissue repair.

11.4. Laser-induced neuronal suppression

Laser-induced suppression of neuronal activity is another potential mechanism for pain 
relieving influences of laser irradiation. In advocate of laser-induced neuronal suppression 
mechanisms are a number of human trials that showed that laser relatively hinders nerve 
conduction velocity and augments latency in median [51], radial [121] and sural nerves [122]. 
However, light-emitting diodes (LEDs) and superluminous diodes (SLDs) more recently 
failed to act as a direct suppression of neuronal activity [123].

In consistent with the above findings, a number of electrophysiological experiments were 
carried out, to assess neuronal mediated inhibitory effects of laser irradiation [124–126]. Laser 
irradiations were able more specifically to influence the nerve conduction of small diameter, 
thinly myelinated A and unmyelinated C fibres. Therefore, in the light of these encouraging 
research reports using laser as an alternative to needle in acupuncture for MTrPs treatment 
might not be excluded.
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Abstract

Intense pulsed light (IPL) is one of the most effective nonablative approaches to treat
skin photoaging. The broad range of wavelengths (500–1200 nm) emitted from IPL
devices effectively target both melanin and hemoglobin in the skin. Numerous trials
show the effectiveness and compatibility of IPL devices in a variety of skin conditions,
especially in cosmetic indications such as hypertrichosis and telangiectasias. Compared
with the wide clinical use of IPL, the biochemical and molecular mechanism is not clear.
Both in vivo and in vitro studies demonstrate that IPL could increase the production of
extracellular matrix, promote the proliferation of fibroblasts, and increase the secretion
of TGF-β and matrix metalloproteinases, which play important roles in the photoreju-
venation effects  of  IPL.  However,  investigations regarding the detailed underlying
mechanism are necessary.

Keywords: intense pulsed light, photorejuvenation, fibroblast, collagen, matrix metal-
loprotease

1. Introduction

Intense pulse light (IPL) treatment currently represents one of the most popular nonablative
photodamage skin treatments [1]. Initially, it was promoted as an approach for leg telangiectasias
treatment. In continued use, this device was found to be of far greater utility for indications other
than leg telangiectasias. IPL technology had its birthplace in San Diego in 1992, with the first
commercial IPL system introduced in 1994, and cleared by the U.S. FDA in late 1995. In the last
22 years (1994–2016), more than 20 different laser companies have developed a wide variety of
IPL devices, which testified the acceptance of IPL as a valid, efficacious technological break-
through. First-generation IPL devices (Photoderm, ESC) emit light of the infrared part of the
spectrum, which prevalently leads to epithelial damage and a high incidence of side effects. In

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.
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second- (Vasculight VL, ESC) and third-generation IPL devices (Quantum SR, Lumenis), water
filters out the infrared portion, significantly reducing the risk of side effects. The fourth-
generation IPL devices (Lumenis one, Lumenis) have improved the defects of the existing IPL.
They maximize the effectiveness and minimize the side effects by fairly transferring energy to
the entire face. Their proportionate distribution of energy allows to treat not only the skin surface
but also inside the dermis where discoloration originates.

IPL is now considered the gold standard for treatment of many signs of photoaging, including
facial telangiectasias, hyperpigmentation, and fine wrinkling. The main advantages of IPL are
the lower risk of postinflammatory hyperpigmentation, minimal recovery downtime, long-
term improvement, etc. [1].

2. Main body

2.1. Biophysical interactions

IPL is situated in the visible light and infrared radiation of the electromagnetic spectrum
(Figure 1). The broad range of wavelengths (500–1200 nm) emitted from IPL devices effectively
target all the three main chromophores (hemoglobin, water, and melanin) in human skin [2].
The wavelength determines not only the absorption behavior but also the penetration depth
of the light, which increases with the wavelength (Figure 2). Cut-off filters are used to eliminate
the shorter than desired wavelengths from a particular treatment to focus the residual
emissions on the feature to be treated. The patient’s skin type and the skin condition determine
the choice of suitable cut-off filters and therefore the spectrum of wavelengths to be emitted.
In addition, to avoid the burning of the epidermis, the skin can be cooled by applying a thick
layer of cold gel or, with newer models, by integrated cooling on the IPL crystal [3, 4].
Compared with lasers devices, an important advantage of the IPL system is its relatively large
spot size, which can increase the speed of treatment given that large areas can be treated quickly
with fewer pulses. However, the hand pieces are larger and have a flat surface, hindering
treatment of irregular surfaces.

Figure 1. IPL is situated in the visible light and infrared radiation of the electromagnetic spectrum (reprinted with per-
mission of Lumenis company, Yokneam, Israel).
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Pulses can be delivered singly, doubly, or triply, with variable delay between the pulses. Pulse
duration can range widely from 0.5 to over 20 ms. Selective photothermolysis is the basic
principle of IPL treatment. This often leads to cell necrosis, blood coagulation, and structure
alterations, which contribute to the clinical and side effects of IPL. To prevent unselective
damage to the surrounding tissue, pulse duration should be lower than the thermal relaxation
time of the target structure. The particular wavelengths combined with pulse durations, pulse
intervals, and fluences facilitates the treatment of a wide spectrum of skin conditions, such as
vascular lesions, pigmented lesions, fine wrinkling, and unwanted hair growth.

The incidence of acute side effects has been markedly reduced with the newest progressive set
of parameters. Most side effects associated to IPL photodepilation are transient and minimal,
including stinging pain, swelling, and erythema. Blistering and scattered crusting are perma-
nent side effects of overfluenced treatment. Before IPL treatment, a signed informed consent
is mandatory. Therapy sequelae and potential side effects have to be mentioned.

Figure 2. Depth of light penetration into the skin, at various wavelengths.

2.2. Indications of IPL therapy

2.2.1. Facial telangiectasias

Pulsed dye laser (PDL) is considered the gold standard for vascular lesions. However, this
technique is limited by the need to achieve postoperative purpura that lasts 10–14 days. In
contrast, the absence of postoperative purpura and minimized postprocedure downtime are
main advantages of IPL technology. IPL is able to raise the blood vessel temperature high
enough to cause its coagulation, leading to its destruction and replacement by fibrous granu-
lation tissue. The successful treatment of vascular lesions with IPL depends on the type and
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size of vessels targeted, with cherry angiomas and superficial telangiectatic veins typically
demonstrating the best response. A study analyzed the effect of IPL on facial telangiectasias
and found that 79.2% of patients achieved greater than 50% reduction of vessels after one to
four treatments [5]. In the largest study to date, Clementoni analyzed 1000 patients with
telangiectasias treated using IPL and found that 89.7% experienced 75–100% improvement.
These telangiectasias included leg veins that had no associated feeding reticular veins [6]. In
our clinical experience, facial telangiectasias achieved marked improvement after IPL treat-
ment (Figure 3a and b).

Figure 3. (a) Facial telangiectasias before treatment and (b) after a single IPL treatment. (reprinted with the permission
of Liu Hongmei Laser Center, Huangsi Aesthetic Surgery Hospital, Beijing, China).

2.2.2. Pigmented lesions

Pigmented lesions are frequent targets of laser and IPL treatment. Deep (dermal) pigmented
lesions such as melanocytic nevi, nevi of Ota and Ito, drug-induced hyperpigmentation,
Becker’s nevi, nevus spilus, and tattoos may be preferred to Q-switched lasers [7, 8]. Superficial
pigments include solar lentigines, ephelides, café-au-lait macules, and epidermal melasma,
which respond well to IPL. Moreno Arias published a study in which 20 patients with
pigmented lesions were treated with IPL. They concluded that greater efficacy (76–100%) was
attained with superficial lesions (ephelides, epidermal melasma, café-au-lait spots) compared
with efficacy of less than 25% for deep lesions (Becker’s nevus, epidermal nevus, and mixed
melasma) [9–11]. It is important to carefully assess each patient’s skin type preoperatively and
adjust the IPL settings appropriately to avoid complications. In darker skin types, there is a
risk of inducing hyperpigmentation. The immediate endpoint from IPL treatment of dyschro-
mia should be visible darkening of the treated brown spots. These typically crust over 24–48
h and peel off within 7 days. Satisfied results were achieved in café-au-lait macules (Figure 4a
and b) and ephelides (Figure 5a and b) treatment by IPL.
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our clinical experience, facial telangiectasias achieved marked improvement after IPL treat-
ment (Figure 3a and b).

Figure 3. (a) Facial telangiectasias before treatment and (b) after a single IPL treatment. (reprinted with the permission
of Liu Hongmei Laser Center, Huangsi Aesthetic Surgery Hospital, Beijing, China).

2.2.2. Pigmented lesions

Pigmented lesions are frequent targets of laser and IPL treatment. Deep (dermal) pigmented
lesions such as melanocytic nevi, nevi of Ota and Ito, drug-induced hyperpigmentation,
Becker’s nevi, nevus spilus, and tattoos may be preferred to Q-switched lasers [7, 8]. Superficial
pigments include solar lentigines, ephelides, café-au-lait macules, and epidermal melasma,
which respond well to IPL. Moreno Arias published a study in which 20 patients with
pigmented lesions were treated with IPL. They concluded that greater efficacy (76–100%) was
attained with superficial lesions (ephelides, epidermal melasma, café-au-lait spots) compared
with efficacy of less than 25% for deep lesions (Becker’s nevus, epidermal nevus, and mixed
melasma) [9–11]. It is important to carefully assess each patient’s skin type preoperatively and
adjust the IPL settings appropriately to avoid complications. In darker skin types, there is a
risk of inducing hyperpigmentation. The immediate endpoint from IPL treatment of dyschro-
mia should be visible darkening of the treated brown spots. These typically crust over 24–48
h and peel off within 7 days. Satisfied results were achieved in café-au-lait macules (Figure 4a
and b) and ephelides (Figure 5a and b) treatment by IPL.
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Figure 4. Café-au-lait macules (a) before treatment and (b) after a single IPL treatment (reprinted with the permission
of Liu Hongmei).

Figure 5. Ephelides (a) before treatment and (b) after a single IPL treatment.

Melasma is commonly seen in the Asian population. Traditional therapies including depig-
menting agents, chemical peels, and Chinese medicine have some therapeutic effects but are
often unsuccessful for refractory melasma. IPL technology provided an effective approach for
melasma treatment. Over the last decade, the demand for IPL therapy in treating melasma has
risen steadily, although IPL was traditionally considered as a second-line treatment. Li
reported that 69 of 89 Chinese patients (77.5%) being treated for melasma improved by more
than 50% following a total of four IPL treatments at 3-week intervals [12]. Recently, low-fluence
IPL and fractionated IPL were used in treating melasma. The latter IPL system delivers more
than 40 subpulses of 40 μs duration within milliseconds. In contrast to conventional IPL,
fractionated IPL attenuates peak fluence and reduces nonselective heat diffusion, and is
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assumed to be safer than its conventional IPL. Bae demonstrated that low-fluence and short-
pulse duration IPL at dose of 10 and 13 J significantly decreased the modified MASI score in
20 Korean melasma patients. Yun’s study showed that fractionated IPL had modest effective-
ness in female Asian melasma patients. With regard to safety, fractionated IPL is a good
alternative to conventional IPL with no indication that it exacerbates melasma [13, 14]. They
suggested that low-fluence IPL protocol could provide more effective treatment for melasma
with minimal side effects in Asian skin.

2.2.3. Hair removal

Hair removal has become a key indication for IPL devices. Safe and long-lasting hair reduction
in cosmetically undesirable locations can be achieved with IPL devices. These IPL systems emit
red and infrared light with wavelengths ranging 600–1200 nm, which are capable of targeting
melanin in the hair shaft, follicular epithelium, and hair matrix. During treatment, concomitant
epidermal cooling sources help to minimize unwanted thermal injury induced by epidermal
melanin (particularly in patients with darker skin) [15]. To protect the epidermal melanin from
thermal injury, IPL pulses can be divided in synchronized millisecond pulses separated by
short thermal relaxation times. The hair follicle is most susceptible to IPL treatment during the
anagen phase. In addition, the darker the skin and the brighter the hair, the less effective the
treatment will be (Figure 6).

Figure 6. A woman with hypertrichosis (a) prior to treatment and (b) after five IPL treatments.
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2.2.4. Photorejuvenation

Photorejuvenation has been described as a dynamic nonablative process involving the use of
the IPL to reduce mottled pigmentation and telangiectasias and smooth the textural surface of
the skin. There are two types of photorejuvenation: type I photorejuvenation refers to vascular
anomalies, pigmentary changes, or pilosebaceous changes, while type II is related to dermal
and subcutaneous senescence. Histologically, analysis showed that both type I and type III
collagens increased after IPL treatment, whereas the elastin content decreased but elastin fibers
were more neatly arranged. According to transmission electron microscope investigations, the
amount of fibroblast activity increased, the fibroblasts were more active, and more collagen
fibers were neatly rearranged within the stroma. Thus, morphological evidence exists for
clinical improvement of the skin texture [16].

2.2.5. Poikiloderma of Civatte

Poikiloderma of Civatte consists of a reddish-brown reticolate pattern of pigmentation with
associated telangiectasias and atrophic changes of the skin. There is no single effective
treatment for poikiloderma of Civatte. Because of their ability to target vascular and pigment
abnormalities simultaneously, IPL sources have been utilized in the treatment of poikiloderma
of Civatte. Treatment of poikiloderma is one of the most effective uses of IPL technology [17].
In a previous study, 135 randomly selected patients with typical changes of poikiloderma of
Civatte on the neck and/or upper chest underwent one to five IPL treatments [17]. Parameters
included the 515- and 550-nm filters with pulse durations of 2–4 ms, either single or double
with a 10-ms delay. Fluences were between 20 and 40 J/cm2. Clearance over 75% of hyperpig-
mentation was reported.

2.2.6. Rosacea

Rosacea affects the appearance and can have important psychosocial effects.

Erythematotelangiectatic rosacea is the most common and may have the strongest vascular
component among the four subtypes. Studies showed that IPL significantly reduces erythema
and telangiectasia of rosacea and this is sustained for at least 6 months.

2.2.7. Acne

Acne vulgaris is a common disease in adolescents and young adults. Effective conventional
therapies include oral and topical antibiotics and occasionally with oral and topical vitamin
A. But these therapies were limited for adverse effects such as antibiotic resistance, teratoge-
nicity, and skin dryness and irritation. IPL has been demonstrated to be an effective treatment
for acne in Caucasians and Asian [18, 19]. Proposed mechanisms for the effects of our IPL
therapy include photoinactivation of P. acnes and photothermolysis of the sebaceous glands,
as well as anti-inflammatory action.

In our experience, significant improvement was observed in patients after two IPL treatments
(Figure 7a and b).
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Figure 7. Acne vulgaris (a) before treatment and (b) after two IPL treatment.

2.2.8. Unconventional use of IPL

It is well known that UV irradiation resulted in DNA damage in microorganism. A study by
Takeshita revealed that DNA damage, such as formation of single-strand breaks and pyrimi-
dine dimers, was induced in IPL irradiated yeast cells. A new sterilization technique/technol-
ogy based on the use of pulsed light, which has been developed by PurePulse Technologies
(San Diego, CA, USA), is suggested to have great potential in the development of a new method
of sterilization [20].

2.3. Mechanisms involved in IPL therapy

The efficacy of IPL in photorejuvenation of aged skin had been proven by numerous clinical
trials. However, information regarding the precise mechanisms of IPL’s actions is currently
still far from complete, despite some achievements in recent years. The basic principle of IPL
treatment is heating and selective photothermolysis, which can lead to cell necrosis (melanin
damage), blood coagulation, and structure alterations. It has been proved that pigmented and
vascular lesions treatment is based on the cell necrosis (melanin damage) and blood coagula-
tion effects. The elimination of superficial wrinkles results from the structure alterations and
collagen remodeling. However, the detailed mechanism involved in collagen remodeling,
which many studies focus on, is not clear. Two aspects were included in the mechanism of IPL
treatment, in vivo effects of IPL on the skin and in vitro effects of IPL on fibroblasts, cytokines,
etc.
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2.3.1. In vivo effects of IPL on the skin

Accumulation of procollagen I and procollagen III in porcine and human skin after IPL treatment
has been documented by several studies [21, 22]. Enrique investigated the gross and microscopic
changes after nonablative IPL facial resurfacing. All the patients showed clinical and microscopic
improvement after IPL treatment. Microscopic improvement includes increased epidermal
thickness, elimination of horny plugs, appearance of new rete ridges, and increase in the number
of melanocytes and melanophages. Thickness of the epidermis showed a statistically significant
increase after treatment (p ﹤ 0.01; 0.24 vs. 0.36) [23]. Elastosis and collagen damage showed
improvement after treatment, the elastotic masses disappeared and showed a more orderly and
fibrillar pattern, parallel to the basal cell layer. In Gu’s study, similar increase in epidermal
thickness was found in IPL irradiated human buttock skin (17 J/cm2, four irradiations at 2-week
intervals). Compared with the untreated control skin, IPL irradiated skin showed thicker
stratum corneum and epidermis. Collagen fibers showed a more orderly pattern, parallel to the
basal cell layer (Figure 8a and b). Immunohistochemistry showed more compactly arranged
collagen I fibers and smaller interspaces in IPL-treated skin (Figure 9a and b).

b

Figure 8. Histological manifestation in (a) untreated human buttock skin and (b) human buttock skin after four IPL
irradiations (hematoxylin and eosin staining, magnification 10×).
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Figure 9. Collagen I fibers in (a) untreated human buttock skin and (b) human buttock skin after four IPL irradiations
(immunohistochemistry, magnification 10×).

Matrix metalloproteases (MMPs) play important roles in many physiological and pathological
processes, such as skin ageing, wound healing, and even in tumor invasion. In the process of
IPL photorejuvenation, MMPs are thought to be responsible for the turnover and degradation
of extracellular matrix (ECM) [24, 25]. MMPs are composed of 23 family members, the main
target molecules being connective tissue and basement membrane proteins (e.g., all types of
collagens [both native and denatured ones, i.e., gelatins], laminins, integrins, elastin, proteo-
glycans, fibronectin, vitronectin, tenascins, etc.) Orringer has revealed marked increases in
messenger RNA levels of MMP-1, MMP-3, MMP-9, and MMP-13 in carbon dioxide laser
resurfaced photodamaged human skin. Wang detected increased MMP-1 and TIMP-1 protein
levels in IPL-irradiated rat skin, which concord with Orringer’s study. They proposed that the
increased matrix metalloproteinase may play a constructive role in collagen synthesis in the
IPL-activated wound healing process [26, 27]. On the contrary, Luo found increased procolla-
gens but decreased matrix metalloproteinase mRNA levels in BALB/C mouse skin, suggesting
IPL irradiation can not only enhance new collagen production, but also decrease collagen
degradation though downregulation of MMP [28]. So far, few studies documented decreased
matrix metalloproteinase mRNA levels in IPL-irradiated skin in vivo. Gu confirmed the
elevation of MMP protein levels in IPL-treated human buttock skin. In addition, by comparing
with the UVA-induced MMP expression patterns, they found that IPL induced a different MMP
expression pattern (remarkable increase of MMP-1, MMP-3, and MMP-12 in UVA-exposed
skin, while lower MMP-1, MMP-3, and MMP-12 but higher MMP-9 levels in IPL-irradiated

Photomedicine - Advances in Clinical Practice186



Figure 9. Collagen I fibers in (a) untreated human buttock skin and (b) human buttock skin after four IPL irradiations
(immunohistochemistry, magnification 10×).

Matrix metalloproteases (MMPs) play important roles in many physiological and pathological
processes, such as skin ageing, wound healing, and even in tumor invasion. In the process of
IPL photorejuvenation, MMPs are thought to be responsible for the turnover and degradation
of extracellular matrix (ECM) [24, 25]. MMPs are composed of 23 family members, the main
target molecules being connective tissue and basement membrane proteins (e.g., all types of
collagens [both native and denatured ones, i.e., gelatins], laminins, integrins, elastin, proteo-
glycans, fibronectin, vitronectin, tenascins, etc.) Orringer has revealed marked increases in
messenger RNA levels of MMP-1, MMP-3, MMP-9, and MMP-13 in carbon dioxide laser
resurfaced photodamaged human skin. Wang detected increased MMP-1 and TIMP-1 protein
levels in IPL-irradiated rat skin, which concord with Orringer’s study. They proposed that the
increased matrix metalloproteinase may play a constructive role in collagen synthesis in the
IPL-activated wound healing process [26, 27]. On the contrary, Luo found increased procolla-
gens but decreased matrix metalloproteinase mRNA levels in BALB/C mouse skin, suggesting
IPL irradiation can not only enhance new collagen production, but also decrease collagen
degradation though downregulation of MMP [28]. So far, few studies documented decreased
matrix metalloproteinase mRNA levels in IPL-irradiated skin in vivo. Gu confirmed the
elevation of MMP protein levels in IPL-treated human buttock skin. In addition, by comparing
with the UVA-induced MMP expression patterns, they found that IPL induced a different MMP
expression pattern (remarkable increase of MMP-1, MMP-3, and MMP-12 in UVA-exposed
skin, while lower MMP-1, MMP-3, and MMP-12 but higher MMP-9 levels in IPL-irradiated

Photomedicine - Advances in Clinical Practice186

skin). They proposed MMP-1, MMP-3, and MMP-12 could play a destructive role, whereas
MMP-9 may play a constructive one in ECM metabolism (Figures 10a and b, 11a and b, and
12a and b).

Figure 10. Protein expression of MMP-1 before (a) and after (b) IPL irradiation (immunohistochemistry, magnification
10×).

Transforming growth factor-β (TGF-β) is a major regulator of the synthesis of ECM proteins
in human skin as it stimulate fibroblast proliferation and collagen production. A study by
Wang showed that TGF-β may be involved in the IPL photorejuvenation process. In situ
hybridization showed strong positive TGF-β1 mRNA expression levels in rat skin 7 days after
IPL exposure, as compared with the negative TGF-β1 mRNA expression in the nonexposed
skin. Thus, they suggest TGF-β1 plays an important role in photorejuvenation [29]. Ali’s study
confirmed that IPL elicits a statistically significant increase in epidermal TGF-β1 expression 48
h following the first treatment session, and this increase was maintained 1 week following the
last treatment session. The induction of TGF-β1 was epidermal and limited to the upper
differentiated layers of the epidermis [30]. However, another study by El-Domyati showed no
significant differences (p ﹤ 0.05) in TGF-β1 protein expression levels among the IPL-treated and
the control groups (baseline [before treatment]; end of treatment [after 3 months]; posttreat-
ment [6 months after the start of treatment]) [31], which did not concord with Ali’s study. This
may be due to the different time points to obtain skin biopsies (the former detected the TGF-
β1 7 days after IPL irradiation, whereas the latter obtained the biopsies 3 and 6 months after
IPL irradiation) and different IPL devices and parameters.
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Figure 11. Protein expression of MMP-3 before (a) and after (b) IPL irradiation (immunohistochemistry, magnification
10×).

Figure 12. Protein expression of MMP-9 before (a) and after (b) IPL irradiation (immunohistochemistry, magnification
10×).
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Some results indicated that IPL activates a wound healing process and leads to vascular
formation, which may play roles in IPL photorejuvenation. Recently, a study with mouse island
skin flap model revealed that IPL at lower dose could improve wound healing through the
dilation of tissue vasculature and heat-shock protein production [32]. An investigation by Wu
demonstrated that IPL irradiation significantly enhanced aquaporin 3 protein levels in rat skin,
which is responsible for substratum corneum hydration, biosynthesis of the substratum
corneum, and wound healing process [33].

2.3.2. In vitro effects of IPL on fibroblasts, cytokines, etc

IPL treatment has been shown to be highly effective for skin rejuvenation but the biochemical
and molecular mechanism are not well known. Fibroblasts secrete procollagen and then covert
it to collagen, which is an important component of ECM. Effects of IPL on fibroblasts were
focused by many in vitro studies.

Figure 13. Cell cycle in fibroblasts was assessed by flow cytometry after cells were stained with PI. (a) Control group,
(b) UVA I irradiated group, (c) IPL irradiated group, and (d) IPL irradiation after PUVA exposure. Cells were stained
by PI before flow cytometry. IPL irradiation, wavelength 570–960 nm, pulse duration 12 ms, energy intensity 15 J/cm2,
irradiated once a day, for 2 days.
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Liu investigated the effects of IPL and UVA on fibroblasts proliferation. In untreated control
group, most cells were in cell cycle phase G1, while minor cells were in cell cycle phase S. UVA
I irradiated group was designed to construct a cell injury model and compare the effects of IPL
and UVA on human skin fibroblasts. Compared with the control, UVA induced no significant
changes in proportion of cells in cycle phase S, as well as cell cycle phase G2. As compared with
the UVA I irradiated group and the control group, the UVA+IPL group (fibroblasts irradiated
with IPL after PUVA exposure) proliferate at a faster rate (p ﹤ 0.05) [34] (Figure 13a–d).

Cells were also stained by CCK-8 and assessed by flow cytometry to detect the proliferation
ability. Note that 72 h after therapeutic dose of IPL irradiation, results showed an increase of
cell proliferating index than the control (p < 0.01). As compared with the UVA I irradiated
group, the UVA+IPL group increased in cell proliferating index (p ﹤ 0.05). Cell cycle protein
cyclin D1 and CDK2 expression levels were also upregulated after IPL irradiation (Figure 14).

Figure 14. Cyclin D1 and CDK2 protein expression levels were detected by Western blot.

Cuerda-Galindo did a series of studies regarding the effects of IPL on fibroblasts. Their study
showed that SA Filter 800–1200 nm using a 60.1 J/cm2 energy density double-pulse induces a
significant skin fibroblast proliferation. Note that 48 h after IPL irradiation, 1BR3G human skin
fibroblasts were observed to proliferate at a faster rate, showing a significant increase of cells
in S and G2/M cell cycle phases (S cell cycle phase, 8.23 vs. 10; G2/M cell cycle phase, 8.63 vs.
17.5), which is consistent with the results of Liu [34].

Further studies show IPL could reverse or rejuvenate the cell senescence in fibroblasts. Wang
evaluated the influence of IPL irradiation on 8-methoxypsoralen plus ultraviolet-A irradiation
(PUVA)-induced senescence of fibroblasts. In their study, PUVA treatment increased the
number of SA-β-gal-positive fibroblasts, increased the level of ROS, and shortened the
telomere length. However, irradiation with IPL after PUVA exposure decreased the number
of SA-β-gal-positive cells, decreased the ROS level, and prevented telomere shortening, in
comparison with PUVA treatment only (p ﹤ 0.05) (Figure 15a–c). They proposed that irradiation
with IPL after PUVA exposure partially rejuvenated the cells, demonstrating a protective effect
against PUVA-induced fibroblast senescence [36].
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Figure 15. The staining of SA-β-gal in (a) control (untreated) human fibroblasts, (b) PUVA-induced senescence of fibro-
blasts, and (c) fibroblasts irradiated with IPL after PUVA exposure (reprinted with the permission of Wang Ruiyan).

It is well known that collagen in the dermis is mainly composed of type I (80%) and III (10%)
collagens, which are responsible for the elasticity and integrity of the skin. Fibroblasts secrete
procollagens and then convert them into collagens, which decreased in photoaged skin. More
and more studies have proved that IPL irradiation could promote the production of collagens
in fibroblasts [21, 22]. Besides collagen, other molecular components are present and contribute
to the overall mechanical properties of skin. Among the noncollagenous components of the
dermis, there are proteoglycans (PG), glycosaminoglycan conjugated proteins (GAG), hyalur-
onic acid, and versican, which are important constituents of human skin connective tissue and
essential for maintaining mechanical strength of the skin. A study by Cuerda-Galindo detected
an increase in the amount of collagens, accompanied by an elevation in protein production of
hyaluronic acid and versican, which can be a possible mechanism of action for IPL devices in
aging skin treatment [35, 37].

When referred to the biochemical and molecular mechanism of IPL treatment, three aspects
should be mentioned: fibroblasts proliferation, ECM production, and ECM degrading
enzymes. MMPs are endopeptidases that perform a degradative function, generally targeting
the extracellular matrix. MMP1 is called collagenase and its main substrate are collagen type
III, I, II, VII, and X. Although it is well established that MMP expression was increased in
damaged or photoaged skin [38, 39], Cuerda-Galindo observed MMP-1 increased following
IPL irradiation, consistent with the previous findings induced by laser treatment [40, 41]. Based
on the above theories, these authors speculate that increased MMP could be an overlooked
mechanism of skin rejuvenation, in which it will be implicated, contributing to the degradation
of senescent collagens and then the turnover of the ECM [35]. So, it is reasonable that upre-
gulation of MMPs levels following IPL irradiation did not contradict with the photorejuvena-
tion effects and upregulation of collagen levels.

According to the effects of IPL on MMPs levels, there was another tendency, the downregula-
tion of MMPs levels following IPL irradiation. Wong demonstrated reduced protein levels of
MMP-2, MMP-14, and TIMP-2 in primary human skin fibroblasts following IPL irradiation
[28]. Other authors reported that the IPL management had no impact on MMP secretion levels
in fibroblasts [42]. More than the stimulation of ECM proteins production observed by many
studies, they postulate that photorejuvenation effect of IPL also involves the inhibition of
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MMPs and therefore the decrease of ECM protein destruction [43]. Recent studies demon-
strated that significant differences in the expression of MMP (down- and upregulation) may
be related to the laser parameters such as wavelength and fluence [44, 45].

TGF-β acts as a multifunctional cytokine in regulating cell growth and differentiation and the
biosynthesis of ECM proteins. Previous studies confirmed that TGF-β substantially increases
elastin and type I collagen expression, via a Smads signaling pathway [46, 47]. Wong’s study
verified upregulated expression of collagen III and TGF-β in dermal fibroblasts cultured within
contracted collagen lattices, provided a potential mechanistic explanation for the mechanism
of clinical photorejuvenation effects of IPL. This was verified by Byun, who observed slight
increases in TGF-β1 mRNA and protein levels after IPL treatment.

Other cytokines involved in IPL treatment include interleukin 10 (IL-10), one of the regulatory
cytokines that inhibit cytokine production in activated T lymphocytes and antigen-presenting
cells. In Byun’s study, IL-10 protein increased up to 5.95-fold in IPL-irradiated cultured
keratinocytes (HaCaT cells), which may contribute to the anti-inflammatory effect and the
therapeutic benefit of IPL for inflammatory dermatoses such as acne vulgaris [48].

To determine the principal mechanism that is involved in IPL hair removal treatment, the hair
structures targeted by IPL were observed. Human scalp specimens were exposed ex vivo to IPL
pulses and were then processed for histological analysis, immunofluorescence labeling of
keratin 19, and endogenous alkaline phosphatase activity. Histological analysis confirmed that
the melanin-rich matrix cells of the bulb in anagen follicles and the hair shaft are principally
targeted by IPL treatment, while white hairs and epidermis remained unaffected. Damage
caused by heat sometimes extended over the dermal papilla cells, while stem cells were mostly
spared [49]. Collateral damage does not deplete stem cells. Damage at the dermal papilla was
observed only with high-energy treatment modalities. These observations histologically
verified the mechanism of IPL hair removal technology, explained why some hairs grow back
after a single IPL treatment.

3. Summary

IPL systems are a successful and a noninvasive means of treatment, providing a viable
alternative to laser systems and conventional therapeutic options when it comes to treating a
series of indications, such as telangiectasias, skin photoaging, dyspigmentation, and unwanted
hair. Compared with the wide clinical use, molecular mechanism involved in IPL therapy has
not been thoroughly investigated. However, there are enough data to show that various
biological effects have been shown to be exerted via IPL including fibroblasts proliferation,
collagen production, and MMP secretion. It has also been shown that IPL protect PUVA
induced senesce of fibroblasts. Advances have been made with respect to mechanism of IPL
therapy, but a great deal is still unknown.
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therapeutic benefit of IPL for inflammatory dermatoses such as acne vulgaris [48].

To determine the principal mechanism that is involved in IPL hair removal treatment, the hair
structures targeted by IPL were observed. Human scalp specimens were exposed ex vivo to IPL
pulses and were then processed for histological analysis, immunofluorescence labeling of
keratin 19, and endogenous alkaline phosphatase activity. Histological analysis confirmed that
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hair. Compared with the wide clinical use, molecular mechanism involved in IPL therapy has
not been thoroughly investigated. However, there are enough data to show that various
biological effects have been shown to be exerted via IPL including fibroblasts proliferation,
collagen production, and MMP secretion. It has also been shown that IPL protect PUVA
induced senesce of fibroblasts. Advances have been made with respect to mechanism of IPL
therapy, but a great deal is still unknown.

Photomedicine - Advances in Clinical Practice192

Author details

Gu Weijie1, Liu Hongmei2 and Liu Wei1*

*Address all correspondence to: lwei5811@126.com

1 Department of Dermatology, The General Hospital of Air Force, Beijing, China

2 Laser Center, Huangsi Aesthetic Surgery Hospital, Beijing, China

References

[1] Goldman MP, Weiss RA, Weiss MA. Intense pulsed light as a nonablative approach to
photoaging. Dermatol Surg. 2005 Sep;31(9 Pt 2):1179–87; discussion 87.

[2] Steiner R. Laser-Tissue Interactions [A]. In: Raulin C GB(ed). Laser and IPL Technology
in Dermatologic and Aesthetic Medicine[M]. 1st ed. Springer, Heidelberg, Germany;
2011.1:23.

[3] Goldman MP. Treatment of benign vascular lesions with the photoderm VL high-
intensity pulsed light source. Adv Dermatol. 1997;13:503–21.

[4] Sadick NS, Weiss R. Intense pulsed-light photorejuvenation. Semin Cutan Med Surg.
2002 Dec;21(4):280–7.

[5] Bjerring P, Christiansen K, Troilius A. Intense pulsed light source for treatment of facial
telangiectasias. J Cosmet Laser Ther. 2001 Dec;3(4):169–73.

[6] Clementoni MT, Gilardino P, Muti GF, Signorini M, Pistorale A, Morselli PG, et al.
Intense pulsed light treatment of 1,000 consecutive patients with facial vascular marks.
Aesthetic Plast Surg. 2006 Mar–Apr;30(2):226–32.

[7] Tanzi EL, Lupton JR, Alster TS. Lasers in dermatology: four decades of progress. J Am
Acad Dermatol. 2003 Jul;49(1):1–31; quiz-4.

[8] Kilmer SL, Garden JM. Laser treatment of pigmented lesions and tattoos. Semin Cutan
Med Surg. 2000 Dec;19(4):232–44.

[9] Kawada A, Shiraishi H, Asai M, Kameyama H, Sangen Y, Aragane Y, et al. Clinical
improvement of solar lentigines and ephelides with an intense pulsed light source.
Dermatol Surg. 2002 Jun;28(6):504–8.

[10] Sasaya H,  Kawada A,  Wada T,  Hirao A,  Oiso N.  Clinical  effectiveness  of  intense
pulsed light  therapy for  solar  lentigines of  the hands.  Dermatol  Ther.  2012 Nov–
Dec;24(6):584–6.

Intense Pulsed Light Therapy
http://dx.doi.org/10.5772/65345

193



[11] Moreno Arias GA, Ferrando J. Intense pulsed light for melanocytic lesions. Dermatol
Surg. 2001 Apr;27(4):397–400.

[12] Li YH, Chen JZ, Wei HC, Wu Y, Liu M, Xu YY, et al. Efficacy and safety of intense pulsed
light in treatment of melasma in Chinese patients. Dermatol Surg. 2008 May;34(5):693–
700; discussion 1.

[13] Bae MI, Park JM, Jeong KH, Lee MH, Shin MK. Effectiveness of low-fluence and short-
pulse intense pulsed light in the treatment of melasma: a randomized study. J Cosmet
Laser Ther. 2015;17(6):292–5.

[14] Yun WJ, Lee SM, Han JS, Lee SH, Chang SY, Haw S, et al. A prospective, split-face,
randomized study of the efficacy and safety of a novel fractionated intense pulsed light
treatment for melasma in Asians. J Cosmet Laser Ther. 2015;17(5):259–66.

[15] Dierickx CC. Hair removal by lasers and intense pulsed light sources. Dermatol Clin.
2002 Jan;20(1):135–46.

[16] Feng Y, Zhao J, Gold MH. Skin rejuvenation in Asian skin: the analysis of clinical effects
and basic mechanisms of intense pulsed light. J Drugs Dermatol. 2008 Mar;7(3):273–9.

[17] Weiss RA, Goldman MP, Weiss MA. Treatment of poikiloderma of Civatte with an
intense pulsed light source. Dermatol Surg. 2000 Sep;26(9):823–7; discussion 8.

[18] Kawana S, Tachihara R, Kato T, Omi T. Effect of smooth pulsed light at 400 to 700 and
870 to 1,200 nm for acne vulgaris in Asian skin. Dermatol Surg. 2009;36(1):52–7.

[19] Choi YS, Suh HS, Yoon MY, Min SU, Lee DH, Suh DH. Intense pulsed light vs. pulsed-
dye laser in the treatment of facial acne: a randomized split-face trial. J Eur Acad
Dermatol Venereol. 2009 Jul;24(7):773–80.

[20] Takeshita K, Shibato J, Sameshima T, Fukunaga S, Isobe S, Arihara K, et al. Damage of
yeast cells induced by pulsed light irradiation. Int J Food Microbiol. 2003 Aug;85(1–2):
151–8.

[21] Goldberg DJ. New collagen formation after dermal remodeling with an intense pulsed
light source. J Cutan Laser Ther. 2000 Jun;2(2):59–61.

[22] Iyer S, Carranza D, Kolodney M, Macgregor D, Chipps L, Soriano T. Evaluation of
procollagen I deposition after intense pulsed light treatments at varying parameters in
a porcine model. J Cosmet Laser Ther. 2007 Jun;9(2):75–8.

[23] Hernandez-Perez E, Ibiett EV. Gross and microscopic findings in patients submitted to
nonablative full-face resurfacing using intense pulsed light: a preliminary study.
Dermatol Surg. 2002 Aug;28(8):651–5.

[24] Bruckner-Tuderman L. Biology of the extracellular matrix. In: Bolognia JL, Jorizzo, JL,
Rapini, RP, editors. Dermatology. 2nd ed. London: Elsevier; 2007. pp. 1447–54.

Photomedicine - Advances in Clinical Practice194



[11] Moreno Arias GA, Ferrando J. Intense pulsed light for melanocytic lesions. Dermatol
Surg. 2001 Apr;27(4):397–400.

[12] Li YH, Chen JZ, Wei HC, Wu Y, Liu M, Xu YY, et al. Efficacy and safety of intense pulsed
light in treatment of melasma in Chinese patients. Dermatol Surg. 2008 May;34(5):693–
700; discussion 1.

[13] Bae MI, Park JM, Jeong KH, Lee MH, Shin MK. Effectiveness of low-fluence and short-
pulse intense pulsed light in the treatment of melasma: a randomized study. J Cosmet
Laser Ther. 2015;17(6):292–5.

[14] Yun WJ, Lee SM, Han JS, Lee SH, Chang SY, Haw S, et al. A prospective, split-face,
randomized study of the efficacy and safety of a novel fractionated intense pulsed light
treatment for melasma in Asians. J Cosmet Laser Ther. 2015;17(5):259–66.

[15] Dierickx CC. Hair removal by lasers and intense pulsed light sources. Dermatol Clin.
2002 Jan;20(1):135–46.

[16] Feng Y, Zhao J, Gold MH. Skin rejuvenation in Asian skin: the analysis of clinical effects
and basic mechanisms of intense pulsed light. J Drugs Dermatol. 2008 Mar;7(3):273–9.

[17] Weiss RA, Goldman MP, Weiss MA. Treatment of poikiloderma of Civatte with an
intense pulsed light source. Dermatol Surg. 2000 Sep;26(9):823–7; discussion 8.

[18] Kawana S, Tachihara R, Kato T, Omi T. Effect of smooth pulsed light at 400 to 700 and
870 to 1,200 nm for acne vulgaris in Asian skin. Dermatol Surg. 2009;36(1):52–7.

[19] Choi YS, Suh HS, Yoon MY, Min SU, Lee DH, Suh DH. Intense pulsed light vs. pulsed-
dye laser in the treatment of facial acne: a randomized split-face trial. J Eur Acad
Dermatol Venereol. 2009 Jul;24(7):773–80.

[20] Takeshita K, Shibato J, Sameshima T, Fukunaga S, Isobe S, Arihara K, et al. Damage of
yeast cells induced by pulsed light irradiation. Int J Food Microbiol. 2003 Aug;85(1–2):
151–8.

[21] Goldberg DJ. New collagen formation after dermal remodeling with an intense pulsed
light source. J Cutan Laser Ther. 2000 Jun;2(2):59–61.

[22] Iyer S, Carranza D, Kolodney M, Macgregor D, Chipps L, Soriano T. Evaluation of
procollagen I deposition after intense pulsed light treatments at varying parameters in
a porcine model. J Cosmet Laser Ther. 2007 Jun;9(2):75–8.

[23] Hernandez-Perez E, Ibiett EV. Gross and microscopic findings in patients submitted to
nonablative full-face resurfacing using intense pulsed light: a preliminary study.
Dermatol Surg. 2002 Aug;28(8):651–5.

[24] Bruckner-Tuderman L. Biology of the extracellular matrix. In: Bolognia JL, Jorizzo, JL,
Rapini, RP, editors. Dermatology. 2nd ed. London: Elsevier; 2007. pp. 1447–54.

Photomedicine - Advances in Clinical Practice194

[25] Sardy M. Role of matrix metalloproteinases in skin ageing. Connect Tissue Res.
2009;50(2):132–8.

[26] Wang ML, Liu DL, Yuan Q, Du, B.J. Study of effect of intense pulsed light on TIMP-1
expression in rat skin. Chin J Aesth Med. 2006;15:122–5.

[27] Wang ML, Liu DL, Yuan Q. Effect of intense pulsed light on MMP-1 expression in rat
skin. Chin J Aesth Plast Surg. 2006;17:392–4.

[28] Luo D, Cao Y, Wu D, Xu Y, Chen B, Xue Z. Impact of intense pulse light irradiation on
BALB/c mouse skin-in vivo study on collagens, matrix metalloproteinases and vascular
endothelial growth factor. Lasers Med Sci. 2009 Jan;24(1):101–8.

[29] Wang ML, Liu DL, Yuan Q, Du BJ. Effect of intense pulsed light on transforming growth
factor-β1 mRNA expression in rat skin. J South Med Univ. 2009;29(1):92–6.

[30] Ali MM, Porter RM, Gonzalez ML. Intense pulsed light enhances transforming growth
factor beta1/Smad3 signaling in acne-prone skin. J Cosmet Dermatol. 2013 Sep;12(3):
195–203.

[31] El-Domyati M, El-Ammawi TS, Medhat W, Moawad O, Mahoney MG, Uitto J. Expres-
sion of transforming growth factor-beta after different non-invasive facial rejuvenation
modalities. Int J Dermatol. 2015 Apr;54(4):396–404.

[32] Cao MT, Xuan HD, Thi NP. Effects of intense pulsed light on tissue vascularity and
wound healing: a study with mouse island skin flap model. Plast Surg Int.
2015;2015:429367.

[33] Wu CJ,  Chen CC,  Shih HS,  Chang LR,  Liu CH,  Liu YT,  et  al.  Effect  of  intense
pulsed light  on the  expression of  aquaporin  3  in  rat  skin.  Lasers  Med Sci.  2015
Sep;30(7):1959–65.

[34] Liu HM, Liu W, Zhao XZ, Tian Y, Yuan XY, Wang RY. Protective effect of intense pulsed
light on fibroblast injury induced by UVA I. Chinese J Med Aest Cosmetol. 2011;17(2):
117–20.

[35] Cuerda-Galindo E, Diaz-Gil G, Palomar-Gallego MA, Linares-GarciaValdecasas R.
Increased fibroblast proliferation and activity after applying intense pulsed light 800–
1200 nm. Ann Anat. 2015 Mar;198:66–72.

[36] Wang R, Liu W, Gu W, Zhang P. Intense pulsed light protects fibroblasts against the
senescence induced by 8-methoxypsoralen plus ultraviolet-A irradiation. Photomed
Laser Surg. 2011 Oct;29(10):685–90.

[37] Cuerda-Galindo E, Diaz-Gil G, Palomar-Gallego MA, Linares-GarciaValdecasas R.
Intense pulsed light induces synthesis of dermal extracellular proteins in vitro. Lasers
Med Sci. 2015 Sep;30(7):1931–9.

Intense Pulsed Light Therapy
http://dx.doi.org/10.5772/65345

195



[38] Jansen PL, Rosch R, Jansen M, Binnebosel M, Junge K, Alfonso-Jaume A, et al. Regu-
lation of MMP-2 gene transcription in dermal wounds. J Invest Dermatol. 2007 Jul;
127(7):1762–7.

[39] Ohnishi Y, Tajima S, Akiyama M, Ishibashi A, Kobayashi R, Horii I. Expression of
elastin-related proteins and matrix metalloproteinases in actinic elastosis of sun-
damaged skin. Arch Dermatol Res. 2000 Jan;292(1):27–31.

[40] Kuo YR, Wu WS, Jeng SF, Wang FS, Huang HC, Lin CZ, et al. Suppressed TGF-beta1
expression is correlated with up-regulation of matrix metalloproteinase-13 in keloid
regression after flashlamp pulsed-dye laser treatment. Lasers Surg Med. 2005 Jan;36(1):
38–42.

[41] Orringer JS, Kang S, Johnson TM, Karimipour DJ, Hamilton T, Hammerberg C, et al.
Connective tissue remodeling induced by carbon dioxide laser resurfacing of photo-
damaged human skin. Arch Dermatol. 2004 Nov;140(11):1326–32.

[42] Wu D, Zhou B, Xu Y, Yin Z, Luo D. Impact of intense pulsed light irradiation on cultured
primary fibroblasts and a vascular endothelial cell line. Exp Ther Med. 2009 Oct;4(4):
669–74.

[43] Wong WR, Shyu WL, Tsai JW, Hsu KH, Lee HY, Pang JH. Intense pulsed light modulates
the expressions of MMP-2, MMP-14 and TIMP-2 in skin dermal fibroblasts cultured
within contracted collagen lattices. J Dermatol Sci. 2008 Jul;51(1):70–3.

[44] Dang Y, Ye X, Weng Y, Tong Z, Ren Q. Effects of the 532-nm and 1,064-nm Q-switched
Nd:YAG lasers on collagen turnover of cultured human skin fibroblasts: a comparative
study. Lasers Med Sci. 2010 Sep;25(5):719–26.

[45] Huang J, Luo X, Lu J, Chen J, Zuo C, Xiang Y, et al. IPL irradiation rejuvenates skin
collagen via the bidirectional regulation of MMP-1 and TGF-beta1 mediated by MAPKs
in fibroblasts. Lasers Med Sci. 2011 May;26(3):381–7.

[46] Kucich U, Rosenbloom JC, Abrams WR, Rosenbloom J. Transforming growth factor-
beta stabilizes elastin mRNA by a pathway requiring active Smads, protein kinase C-
delta, and p38. Am J Respir Cell Mol Biol. 2002 Feb;26(2):183–8.

[47] Ghosh AK, Yuan W, Mori Y, Varga J. Smad-dependent stimulation of type I collagen
gene expression in human skin fibroblasts by TGF-beta involves functional cooperation
with p300/CBP transcriptional coactivators. Oncogene. 2000 Jul;19(31):3546–55.

[48] Byun JY, Choi HY, Myung KB, Choi YW. Expression of IL-10, TGF-beta(1) and TNF-
alpha in cultured keratinocytes (HaCaT Cells) after IPL treatment or ALA-IPL photo-
dynamic treatment. Ann Dermatol. 2009 Feb;21(1):12–7.

[49] Larouche D, Kim DH, Ratte G, Beaumont C, Germain L. Effect of intense pulsed light
treatment on human skin in vitro: analysis of immediate effects on dermal papillae and
hair follicle stem cells. Br J Dermatol. 2013 Oct;169(4):859–68.

Photomedicine - Advances in Clinical Practice196



[38] Jansen PL, Rosch R, Jansen M, Binnebosel M, Junge K, Alfonso-Jaume A, et al. Regu-
lation of MMP-2 gene transcription in dermal wounds. J Invest Dermatol. 2007 Jul;
127(7):1762–7.

[39] Ohnishi Y, Tajima S, Akiyama M, Ishibashi A, Kobayashi R, Horii I. Expression of
elastin-related proteins and matrix metalloproteinases in actinic elastosis of sun-
damaged skin. Arch Dermatol Res. 2000 Jan;292(1):27–31.

[40] Kuo YR, Wu WS, Jeng SF, Wang FS, Huang HC, Lin CZ, et al. Suppressed TGF-beta1
expression is correlated with up-regulation of matrix metalloproteinase-13 in keloid
regression after flashlamp pulsed-dye laser treatment. Lasers Surg Med. 2005 Jan;36(1):
38–42.

[41] Orringer JS, Kang S, Johnson TM, Karimipour DJ, Hamilton T, Hammerberg C, et al.
Connective tissue remodeling induced by carbon dioxide laser resurfacing of photo-
damaged human skin. Arch Dermatol. 2004 Nov;140(11):1326–32.

[42] Wu D, Zhou B, Xu Y, Yin Z, Luo D. Impact of intense pulsed light irradiation on cultured
primary fibroblasts and a vascular endothelial cell line. Exp Ther Med. 2009 Oct;4(4):
669–74.

[43] Wong WR, Shyu WL, Tsai JW, Hsu KH, Lee HY, Pang JH. Intense pulsed light modulates
the expressions of MMP-2, MMP-14 and TIMP-2 in skin dermal fibroblasts cultured
within contracted collagen lattices. J Dermatol Sci. 2008 Jul;51(1):70–3.

[44] Dang Y, Ye X, Weng Y, Tong Z, Ren Q. Effects of the 532-nm and 1,064-nm Q-switched
Nd:YAG lasers on collagen turnover of cultured human skin fibroblasts: a comparative
study. Lasers Med Sci. 2010 Sep;25(5):719–26.

[45] Huang J, Luo X, Lu J, Chen J, Zuo C, Xiang Y, et al. IPL irradiation rejuvenates skin
collagen via the bidirectional regulation of MMP-1 and TGF-beta1 mediated by MAPKs
in fibroblasts. Lasers Med Sci. 2011 May;26(3):381–7.

[46] Kucich U, Rosenbloom JC, Abrams WR, Rosenbloom J. Transforming growth factor-
beta stabilizes elastin mRNA by a pathway requiring active Smads, protein kinase C-
delta, and p38. Am J Respir Cell Mol Biol. 2002 Feb;26(2):183–8.

[47] Ghosh AK, Yuan W, Mori Y, Varga J. Smad-dependent stimulation of type I collagen
gene expression in human skin fibroblasts by TGF-beta involves functional cooperation
with p300/CBP transcriptional coactivators. Oncogene. 2000 Jul;19(31):3546–55.

[48] Byun JY, Choi HY, Myung KB, Choi YW. Expression of IL-10, TGF-beta(1) and TNF-
alpha in cultured keratinocytes (HaCaT Cells) after IPL treatment or ALA-IPL photo-
dynamic treatment. Ann Dermatol. 2009 Feb;21(1):12–7.

[49] Larouche D, Kim DH, Ratte G, Beaumont C, Germain L. Effect of intense pulsed light
treatment on human skin in vitro: analysis of immediate effects on dermal papillae and
hair follicle stem cells. Br J Dermatol. 2013 Oct;169(4):859–68.

Photomedicine - Advances in Clinical Practice196

Chapter 11

Biological Function of Low Reactive Level

Laser Therapy (LLLT)

Toshihiro Kushibiki and Miya Ishihara

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/65747

Abstract

Low reactive level laser therapy (LLLT) and photobiomodulation are mainly focused on 
the activation of intracellular or extracellular photoabsorbable molecule (chromophore) 
and the initiation of cellular signaling using low power lasers and lights. Over the past 40 
decades, a number of basic and clinical researches were reported that the laser therapy 
had the potential to improve wound healing and reduce pain and inflammation. In recent 
years, the term “LLLT” has become widely recognized. In this review, the mechanisms 
of action of LLLT at a cellular level are described. Finally, our recent research results that 
LLLT enhanced the cells differentiation are also described.

Keywords: low reactive level laser therapy (LLLT), intracellular chromophore, 
regulation of gene expression

1. Introduction

Low reactive level laser therapy (LLLT) is a form of medical treatment in which human tissue 
is irradiated with a low-powered laser (on the order of several 100 mW) to induce therapeutic 
changes. In an attempt to explore the carcinogenic potential of laser light, Mester et al. applied 
a low-powered ruby laser with a 694-nm wavelength to the shaved dorsal skin of mice [1]. 
Contrary to their expectations, the laser irradiation did not cause cancer, but instead improved 
hair growth. As the first study to document the biological effect of lasers, their findings became 
a springboard for subsequent LLLT research. Although light-based therapies had been used for 
a long time, and ultraviolet therapy has a history longer than a century [2], the work of Mester 
et al. was significant in demonstrating the effects of laser light, which has the unique charac-
teristics of monochromaticity and coherence. Following subsequent experiments, Mester and 
colleagues reported in 1971 that low-level laser rays accelerated wound healing [3]. From this 
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time onward, experimental and clinical studies demonstrated many therapeutic effects of 
LLLT, including improvements in wound healing, collagen synthesis, cell proliferation, frac-
ture repair, and local blood circulation, as well as suppression of inflammation and pain. These 
effects will be explained in more details in the sections to follow. The accumulated volume 
of clinical research suggests that LLLT has the potential to gain wide acceptance in clinical 
practice as a modality with few adverse effects. Today, however, that potential remains incom-
pletely developed. What are the roadblocks to the clinical application of LLLT?

In their 1971 articles [3, 4], Mester et al. proposed irradiation of wounds with 5–25 mW helium-
neon laser at an energy density (fluence) of 1–1.5 J/cm2. Although many subsequent studies 
reported positive effects under these irradiation conditions, several studies did not demon-
strate reproducibility. In addition, some scientists claimed that these positive effects were 
merely the result of laser-induced temperature increases, and others argued that outcomes 
differed significantly by study site and operator. These conflicting results and interpretations 
underscore the need to investigate and elucidate the therapeutic mechanisms of LLLT using 
an interdisciplinary approach involving molecular biology and other advanced sciences. To 
this end, we believe it is important to scrutinize published clinical studies of low-energy laser 
effects and to translate the clinical observations into molecular, cellular, and biological mecha-
nisms. Although large volumes of in vitro, in vivo, and clinical articles on LLLT are published 
every year, this 50-year-old technique has not gained wide acceptance as a first-line option for 
treatment in clinical settings. A common problem described in review articles about the thera-
peutic use of lasers is that laser irradiation parameters vary considerably among operators, 
sites, and manufacturers. However, it is not technically feasible to apply particular uniform 
irradiation conditions to different types of patients or experimental animal species, because 
one must consider differences in the biological and physical conditions of the target organ-
isms (cells) to which these lasers are administered.

In the following paragraphs, the typical biologic effects of LLLT are described, and then 
the cellular effects of LLLT that underlie its biological actions are discussed. Through our 
research, we have discovered (i) the presence of intracellular photoreceptors and physiologi-
cal changes resulting from photoreception, (ii) postirradiation modifications in cellular signal 
transduction cascades, and (iii) postirradiation alterations in gene expression. These various 
effects do not occur in an isolated manner. Here, we focus on how these effects interact with 
each other to induce modifications in cellular functions. We also describe the typical results of 
several of our experiments involving different laser wavelengths, output levels, pulse lengths, 
irradiation times, and a variety of species and cell types.

2. Biologic effects of LLLT

2.1. Wound healing

A large number of studies have shown that LLLT accelerates wound healing, and we pres-
ent some typical results here. Irradiation of cultured human keratinocytes with a 632-nm 
helium-neon laser elevated the interleukin-1α and interleukin-8 mRNA levels, promoted 
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 keratinocyte migration and proliferation, and accelerated would repair [5]. In addition, in vitro 
studies of laser-irradiated cells revealed elevated levels of vascular endothelial growth factor 
(VEGF) [6] and transforming growth factor β(TGF β)expression [7]. These findings illustrate 
the laser-enhanced expression of many cytokines and growth factors in keratinocytes and 
fibroblasts, the key cellular mediators of the wound-healing process.

2.2. Antiinflammatory action

When mice with lipopolysaccharide-induced peritonitis were irradiated with a 904-nm gal-
lium arsenide laser, inflammatory cell migration was inhibited [8]. In a rat model of carra-
geenan-induced pleuritis, a 660-nm indium-gallium-aluminum-phosphate laser suppressed 
the production of inflammatory cytokines and the migration of inflammatory cells [9]. 
A group of researchers led by Albertini are actively pursuing research on LLLT’s antiinflam-
matory effects [10–30].

2.3. Bone growth and repair

LLLT accelerates osteoblast proliferation, bone formation [31], and bone repair [32]. 
Various groups have suggested the involvement of insulin-like growth factor 1 (IGF-1) [33], 
mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase (ERK) [34], 
and bone morphogenetic protein (BMP)/Smad signaling cascades [35].

2.4. Neurologic effect

In addition to regeneration of damaged neurons [36–39], LLLT is effective in reducing pain. 
A rapidly growing body of literature has described the pain-relieving effect of LLLT. For more 
details, refer to the review article on this topic in those special journal issues.

2.5. Other effects

LLLT confers physiological effects on the articular cartilage [40] and muscle tissue [41–43]. 
In  addition, LLLT confers aesthetic benefits, including its effects on hair growth/regrowth [44–48], 
acne treatment, [49, 50] and skin rejuvenation [51, 52].

3. Laser-induced cellular responses

In order to elucidate the biological mechanisms underlying effects of low-level lasers doc-
umented in experimental and clinical studies, one must consider the cellular responses to 
laser irradiation. In this section, we describe the intracellular photoreceptors and the cellular 
responses to laser light.

3.1. Intracellular photoreceptor

In photobiology, photoreception refers to the intracellular process whereby wavelength-
specific photoreceptors absorb photon energy [53]. Photoreceptors are biomolecules that are 
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capable of absorbing photoenergy, either intrinsically or through a molecular component. The 
mitochondrial respiratory chain includes multiple photoreceptors, as described below.

3.1.1. Cytochrome c oxidase

The enzyme cytochrome c oxidase receives electrons from respiratory-chain substrates 
through the cytochrome pathway and transfers them to oxygen molecules. The photoab-
sorption spectra of cytochrome c oxidase in its various oxidation states are very close 
to the action spectra for various biological responses. Cytochrome c oxidase has been 
proposed as the endogenous photoreceptor in the visible to near-infrared region (above 
600 nm) [54]. Scientists have conducted extensive research on the photobiomodulation 
by cytochrome c oxidase, particularly in neuronal cells. In a study of neurons function-
ally inactivated by tetrodotoxin, a voltage-dependent sodium channel blocker [55], near-
infrared irradiation restored the activity of intoxicated cytochrome c oxidase by altering 
its redox state. In another study, laser irradiation of mitochondria increased cytochrome 
c oxidase activity, polarographically measured levels of oxygen uptake, and subsequent 
ATP production [56]. Many other in vitro and in vivo studies of laser-induced cell growth 
have reported changes in cytochrome c oxidase activity and ATP production following 
irradiation [57–65].

3.1.2. Porphyrin

Porphyrins are a group of macrocyclic organic compounds that contain four pyrrole sub-
units joined by methine bridges. These mostly green- or red-colored compounds have 
specific absorption spectra and emit red fluorescence. Naturally occurring porphyrins, 
including those found in the human body, often form complexes with an iron or magne-
sium ion coordinated to the four pyrrole nitrogen atoms. For example, iron protoporphyrin 
IX (PPIX) complexes (i.e., heme b) form the prosthetic groups of hemoglobin, catalase, and 
peroxidase. Mitochondrial cytochromes also contain iron-porphyrin groups (nonheme b). The 
PPIX absorption spectrum has five major peaks in the range of 400–650 nm, with peak height 
decreasing as the absorption wavelength increases. The excited triplet state of PPIX, formed 
by absorption of laser photons, generates reactive oxygen species by transferring energy to 
ground-state oxygen atoms. A mode of photodynamic therapy that exploits this feature has 
been developed for anticancer treatment. In this technique, patients are administered PPIX 
or its precursor, 5-aminolevulinic acid (ALA), and reactive oxygen species are generated 
with local laser irradiation to kill malignant cells or epithelial cells of vascular neoplasms. 
In addition to the tumoricidal effects of reactive oxygen species, photodynamic therapy also 
induces energy-demanding apoptotic process by maintaining intracellular ATP levels [66]. 
Furthermore, my colleagues and we also discovered changes in the functions of cells irradi-
ated with lasers in the presence of low doses of PPIX [67]. As the intracellular photoacceptors, 
porphyrins mediate a wide variety of biochemical reactions through the production of reac-
tive oxygen species following photoreception. We refer to the roles of reactive oxygen species 
in more details below.
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3.1.3. Flavoproteins (flavin proteins)

Flavoproteins are a group of protein complexes containing a riboflavin prosthetic group (e.g., 
flavin adenine dinucleotide [FAD] or flavin mononucleotide [FMN]). Most flavoproteins 
function as flavin enzymes, which use iron, molybdenum, copper, manganese, and other 
heavy metal ions as cofactors. These proteins have major absorption peaks in the range of 
350–500 nm. Flavoproteins mediate a wide array of biological processes, such as biolumi-
nescence, quenching of oxidative stress–induced radicals, DNA repair, and apoptosis [68]. 
A large number of researchers, including the present author, have reported the roles of flavo-
proteins as intracellular photoacceptors [69–71].

3.1.4. Other groups of photoreceptors

In addition to the three major groups of photoreceptors explained above, there are other types of 
photoreceptors, including rhodopsin, bilirubin, melanin, pterin, vitamin B6, vitamin K, nicotin-
amide adenine dinucleotide (phosphate) hydrogen [NAD(P)H], urocanic acid, and tryptophan.

3.2. Laser-induced changes in signaling cascades

Many researchers believe that the photon energy captured by intracellular receptors leads to 
alterations in gene and protein expression through a series of processes that modify signal-
ing cascades. However, little is known regarding how light-stimulated receptors transduce 
their signals to the nucleus, or how these signals mediate the expression of particular genes. 
We have studied the mechanisms underlying the promotion and suppression of stem-cell 
differentiation, with a focus on FAD-containing cryptochromes as cellular photoreceptors 
[70, 71]. Our research suggested that light-activated cryptochromes migrate into the nucleus, 
where they regulate the expression of proteins located downstream of the E-box sequence. 
As a matter of course, cell functions are regulated by an array of other factors, including 
reactive oxygen species. Therefore, We now describe the biochemical changes LLLT induces 
beyond the photoreceptor absorption of light energy, as reported in the literature.

3.2.1. Redox pathways

Several oxygen and nitrogen radicals have been proposed to transduce mitochondrial signals 
to the nucleus. Those species react with NAD, NADH, NADP, NADPH, glutathione, glutathi-
one sulfide, thioredoxin, and thioredoxin sulphide [72]. The cell contains several endogenous 
sensors for these species (typically, superoxide dismutase [SOD]) [73]. Upon detection of reac-
tive oxygen species, the cell activates self-defense pathways by altering its gene expression 
patterns [74]. If these self-defense mechanisms fail, the cell will undergo apoptosis. The levels 
of reactive oxygen species strictly determine the expression of proteins regulating cell prolif-
eration, suggesting that oxygen radicals act as second messengers [75, 76]. Reactive oxygen 
species are considered to play key roles in the control of cellular functions [77]. Low-level laser 
beams with wavelengths around 630 nm generate oxygen radicals in exposed cells [78, 79]. 
We have also discovered significant increases in the levels of oxygen radicals in cells exposed 
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to 405-nm laser light [80]. Although the specific mechanism remains unknown, laser-induced 
intracellular generation of reactive oxygen species probably involves energy transfer from 
PPIX and other photoacceptors present in the cell. In addition, several groups have described 
cellular functions mediated by nitric oxide (NO), which is upregulated by laser irradiation, as 
well as by inducible nitric oxide synthase (iNOS) [79, 81–84]. The mechanism of laser-induced 
control of cellular functions is believed to hinge on the regulation of photoacceptor activity 
and the intracellular levels of reactive oxygen species.

3.2.2. Transcription factors

Several researchers have reported that the aforementioned redox pathways trigger changes in 
the expression of many transcription factors. Here, We do not go beyond a brief description of 
one of the best-characterized transcription factors, nuclear factor (NF)-κB [85, 86]. Published 
articles on other transcription factors mediating a multitude of cell functions have made it clear 
that their expression levels are also modified upon exposure to laser irradiation. As a transcrip-
tion factor, NF-κB can simultaneously induce the expression of interleukin (IL)-1, IL-2, IL-6, 
IL-8, IL-12, tumor necrosis factor (TNF)-α, and other proinflammatory cytokines. It also con-
trols the expression of apoptosis-related proteins, which play a critical role in tumor cell growth 
and immortalization. Several studies have shown that the aforementioned redox pathways trig-
ger increases in NF-κB levels. [85, 86] This mechanism is considered to account, at least in part, 
for the observation that low-level laser irradiation induces the expression of various cytokines.

3.2.3. Circadian rhythm

The circadian rhythm, a roughly 24-h cycle of cellular events, was probably acquired dur-
ing the early stages of evolution, and is ubiquitous from unicellular organisms to mammals. 
Several mammalian clock genes work together to establish a stable oscillation of approxi-
mately 24 h. Circadian clock proteins, such as brain-muscle Arnt-like protein 2 (Bmal2), 
CLOCK (Clk), cryptochrome (Cry), and Period (Per), set the pace of the clock in almost all cell 
types (e.g., the timing of cell division and other cellular activities). Cry, a blue-light receptor in 
higher plants and Drosophilidae [87], utilizes as its chromophore the FAD coenzyme, which 
undergoes blue-light excitation. The intramolecular changes that occur in Cry upon photo-
reception remain unclear. Most photoreceptors identified so far undergo a conformational 
change to their apo state when their chromophore is photoisomerized, and the resultant struc-
tural change in the protein molecule triggers photoreceptor signaling. In the case of Cry, how-
ever, no photoisomerization takes place, because FAD is the chromophore. This observation 
led to the idea that light-excited FAD transfers electrons to a certain substrate. However, the 
validity of this theory has not been tested.

Bone metabolism (remodeling) is a continuous homeostatic process involving resorption 
of existing bone by osteoclasts and formation of new bone by osteoblasts. Fu et al. showed 
that circadian rhythms mediate bone formation [88], and Kawasaki et al. reported that the 
E-box motif, a circadian regulatory sequence, is involved in the osteoblast expression of 
MBP-4 [89]; these findings indicate that Cry proteins regulate various homeostatic and physi-
ological events through E-box elements. We conducted research on the effects of lasers on 
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 endocellular distribution and expression of Cry using 405-nm laser beams, which correspond 
to the absorption band of the Cry coenzyme FAD [70]. Figure 1 presents the beam profile of 
the 405-nm laser used in the study (Panel A) and the changes in mouse marrow mesenchymal 

Figure 1. (A) The beam profile of the blue laser (wavelength; 405 nm, continuous wave). Mouse mesenchymal stromal 
cells were irradiated for 180 s at various laser power densities. Scale bars = 200. (B) Histochemical analysis of laser-
irradiated mouse mesenchymal stromal cells. Calcium deposition of laser-irradiated mouse mesenchymal stromal 
cells was stained by Alizarin red-S (magnification: ×50). At 5 days postirradiation, calcium deposition had increased 
around the cells in a dose-dependent manner. Calcium phosphate deposition was evaluated by von Kossa staining 
(magnification: ×50). The area expressing alkaline phosphatase (ALP) activity was stained (magnification: ×50). 
Laser-irradiated samples displayed immunopositive staining for osteocalcin, a marker of osteoblast differentiation 
(magnification: ×100). Scale bars = 200 (for Alizarin red-S, von Kossa, and ALA staining) and 100 μm (for osteocalcin 
immunostaining). Adapted with permission from [70], copyright (2008).
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Figure 2. Intracellular location of mCRY1 (A) and mPER2 (B) proteins in mouse mesenchymal stromal cells 24 h 
after laser irradiation. Cells were double-labeled with DAPI (blue and upper panel) and mCRY1 or mPER2 (red and 
center panel). The lower panel provides a merged image. mCRY1 and mPER2 localized to the cytoplasm prior to laser 
irradiation. After laser irradiation, proteins translocated to the nucleus. Scale bars = 30 μm. Adapted with permission 
from [70], copyright (2008).
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stromal cells irradiated for 3 min and then cultured for 5 days in osteoblast differentiation 
medium (Panel B). Alizarin red and von Kassa treatments, performed to detect calcium phos-
phate deposits, revealed that the stained cells were distributed in a circular area with a diam-
eter similar to that of the laser beam. Figure 1 also shows positive immunostaining results 
for alkaline phosphatase and osteocalcin, markers for osteoblast differentiation. These results 
confirmed that 405-nm laser irradiation accelerated osteoblast differentiation from mesen-
chymal stromal cells. In addition, the results of immunostaining for Cry1 and Per2 proteins 
are represented in Figure 2. Although Cry1 and Per2 were distributed across the cytosol in 
control cells, they were localized to the nucleus in cells exposed to 405-nm laser irradiation. 
Our results show that 405-nm laser beams promote the nuclear localization of Cry1 and medi-
ate the expression of Cry1 and other proteins downstream of the E-box. We also reported that 
low-level laser irradiation suppressed the adipocyte differentiation of mesenchymal stromal 
cells [70], and accelerated their differentiation into chondrocytes [90].

4. Conclusions

Since the inception of life on earth, light has been one of the fundamental sources of biological 
energy. Today, researchers are conducting intensive basic and clinical research in the arena of 
laser medicine and photobiology, with the goal of developing new diagnostic and therapeutic 
modalities. Here, We described some of the latest advances in research on the cellular effects 
of irradiation with lasers and other forms of light. A great deal of future work will be required 
in order to broaden the applications of LLLT and achieve technical breakthroughs. In my past 
research, We found that living organisms and cells always respond to lasers and other forms 
of light in one way or another. The biological mechanisms underlying such responses signifi-
cantly differ by the type of laser, target, and other experimental conditions. We must accumu-
late a systematic knowledge base by carefully analyzing the vast amount of experimental data 
currently available, as well as data collected in the future. We believe that light-based biomedi-
cal research will open new horizons for photodiagnosis, LLLT, and photodynamic therapy.
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Abstract

Sunlight is essential to almost all forms of life for both  light and heat. Plants need sunlight 
for photosynthesis, and man and animals alike need plants for many vital purposes. The 
sun featured many Millennia ago not only as a deity but also as a therapeutic source, so 
phototherapy  is by no means a recent phenomenon. Niels Finsen’s therapeutic arc lamp 
system in the early 1900s replaced the sun as a therapeutic source. Since then, many light 
sources have been successfully applied for phototherapy, with laser diodes and light-
emitting diodes the most efficient. This chapter will explore what phototherapy is, and 
examine its important role in the fast-developing indication of skin rejuvenation. Systems 
used in phototherapy will be discussed and compared. Photobiological basics and light/
tissue interaction underlying the process will be examined, together with the importance 
of treatment parameters. The wound healing process, on which skin rejuvenation rests, 
will be dissected with a discussion of the optimum wavelengths to photoactivate the skin 
cells, leading to the clinical indications in photorejuvenation.

Keywords: phototherapy, photobiomodulation, low level light therapy (LLLT), 
laser diodes (LDs), light-emitting diodes (LEDs), skin rejuvenation, wound healing, 
mitochondrion

1. Introduction

The authors believe that the first question we need to ask, and answer, is; what is ‘photo-
therapy’? The word is a compound derived from phos, photos, Greek for ‘light’ and from 
modern Latin therapia, from Greek therapeia ‘healing,’ from therapeuein ‘minister to, treat 
medically.’ In its broadest meaning, it is therefore the use of light to treat someone or 
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something. The modern accepted definition is ‘the use of low incident levels of photon 
energy at a particular wavelength, targeting tissue to achieve a clinically useful local or 
systemic effect, but without the creation of heat (athermal) or damage (atraumatic).’ We 
can compare that with ‘photosurgery,’ where heat and damage are deliberately created in 
tissue to achieve the desired clinical result.

Other terms have evolved which can be found in the literature. ‘Photobiomodulation’ was 
recently adopted as a MeSH (Medical Subject Headings) term, part of the US National 
Library of Medicine’s controlled vocabulary thesaurus, which is used for indexing articles 
for MEDLINE, PubMed Central and so on. However, equally useful, and well-used in the 
literature, is the term ‘low level light therapy,’ with its acronym LLLT. This was born in 1988 
with the publication by John Wiley and Sons of Chichester, UK, and authored by Ohshiro and 
Calderhead, of the pivotal and first volume on the clinical use of laser therapy, ‘Low Level 
Laser Therapy; A Practical Introduction’ [1]. The authors of the current chapter like to use 
both terms, with ‘photobiomodulation’ (PBM) being used to describe how low incident levels 
of photon intensity interact with the target at a cellular and subcellular level, and the term 
‘LLLT’ being used to describe the therapeutic application and final result of PBM. Based on 
that, the reader will mostly see LLLT talked about in this chapter.

There are some other inaccurate terms which have been coined, mostly as marketing-driven 
language, which the reader may come across in the literature, including ‘soft laser,’ ‘cold laser,’ 
low power laser’ and so on. One can see how a thermal reaction attracts the name ‘cold 
laser,’ but in actual fact, the lasers used for LLLT, either defocused surgical lasers or laser 
diodes, run very hot and require a lot of cooling, so they are not ‘cold lasers.’ ‘Soft laser’ is 
attractive as it gives the idea of a gently acting laser, but again, inappropriate scientifically 
speaking. It is true that many LLLT systems, laser- or LED-based, deliver output powers in 
milliwatts (mW), so it is tempting to call them ‘low power’ lasers. When we consider these 
misnomers, please realize that the most important consideration for both the scientist and 
the clinician is the therapeutic reaction in the tissue to the incident light that occurs at a 
level below the damage threshold of the target cells to give the PBM effect which delivers 
the LLLT-mediated therapeutic result: the system used to obtain this low level of reaction 
is, however, unimportant. A 50 W CO2 laser is not a ‘low power’ laser, but if defocused to a 
10 cm spot size, in the treatment of a nonresponsive leg ulcer, for example, the incident power 
 density, or irradiance, is actually only 635 mW/cm2, under 1 W/cm2. On the other hand, an 
830 nm 60 mW laser diode (LD)-LLLT system can be focused to a 50 µm spot on the retina by 
the human eye. The incident intensity in this case is in excess of 3000 W/cm2. In the first exam-
ple, the ‘high level’ laser, target tissue will not be heated at all: in other words, phototherapy. 
In the second example, the ‘low level laser,’ the retinal tissue will be severely damaged with 
ablation and vaporization: in other words, photosurgery. In short, the ‘level’ in LLLT has 
therefore got nothing to do with the device used to produce the incident light; it is, rather, the 
level of reaction in the target cells which must be below the cellular damage threshold. This 
is illustrated in Figure 1 and the legend thereto.

In 1988, light-emitting diodes (LEDs) were available and were very bright, but they were 
drastically low-powered with an unstable and extremely divergent output. Furthermore, 
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they emitted at a very broad waveband, so it was possible to source a ‘red’ LED, but it 
was very difficult to find a narrow-band 633 nm LED (Figure 2), essential when targeting 
 wavelength-specific chromophores. ‘Chromophore’ is in general the term given to tissue, 
cellular or subcellular targets for incident light energy at specific wavelengths. The clini-
cal efficacy of LEDs at that time was thus extremely limited. Ohshiro and Calderhead had 
to concentrate their research and clinical findings on laser sources, both to some extent 
defocused continuous wave (CW) surgical lasers, for example, 10,600 nm carbon dioxide 
(CO2) and 1064 nm neodymium-yttrium aluminum garget (Nd:YAG) lasers, very low-out-
put lasers such as the 632.8 nm helium neon (HeNe) laser, but especially on specific-use 
gallium aluminum arsenide (GaAlAs) laser diodes incorporated in laser therapy sys-
tems, developed by Ohshiro in  conjunction with Matsushita Electronics, and emitting at 

Figure 1. Difference in spectral distribution and relative output power (photon intensity) between an old-generation 
broad bandwidth red light-emitting diode (LED) and the new generation type, emitting in the example shown at 
633 ± 5 nm. With the new generation LEDs, even though they are non-coherent, more than 90% of the photons are 
emitted at the rated wavelength with a very narrow bandwidth, conferring quasimonochromaticity on the beam.
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830 ± 3 nm. Low-level laser therapy thus became LLLT, but with the advent of clinically 
useful LEDs, as will be discussed in Section 3 below, low-level laser therapy became low 
level light therapy but with the acronym left as LLLT [2]. Please see Section 3 below for a 
detailed discussion of what lasers, laser diodes and light-emitting diodes are, and how 
they are used in LLLT.

2. Nothing new under the sun

LLLT is often thought of as ‘new,’ only some three decades old or so, and even the laser 
itself is not long over its half-century, having been first successfully demonstrated by Dr 
Theodore Maiman in 1960 [3]. The use of light in medicine dramatically precedes laser 
treatment by not just centuries, but by millennia. In Ancient Egyptian friezes from around 
4000 BC, the sun is depicted as delivering rays to man, dogs and plants, with each ray 
ending in a little hand, ‘patting’ the target. In addition, in front of the face of the Pharaoh, 
the sun’s ray ends in the ankh, the symbol for life (Figure 3). This illustrates the sun as 
the source of light and life. In addition, it is written in papyrus records that a herb similar 
to parsley was crushed and rubbed onto depigmented skin, probably a form of vitiligo, 

Figure 2. Schematic representation of a cell irradiated with two different irradiances, one low, one high, with the cell’s 
arbitrary damage and survival thresholds indicated, showing changes in the extracellular matrix (ECM) temperature 
on the thermometer images. In (a), as the intensity of the absorbed incident photon energy increases, cellular activity is 
enhanced (photobiomodulated): the result of this is characterized as athermal and atraumatic LLLT. In (b), the continuing 
increase in incident photon intensity raises the level of reaction in the cell, and the internal temperature, beyond the 
damage threshold: although damaged, however, the cell is still alive. This is classed as mid level laser treatment (MLLT) 
following Ohshiro’s classification system [Ohshiro T: A new effect-based classification of laser applications in surgery 
and medicine. Laser Ther, 1996; 8: 233–239]. As the temperatures in the target tissue rise to around 60°C, more intensive 
damage occurs as ECM collagen coagulation begins resulting in necrosis. Temperatures continue to rise with even 
higher intensities until tissue temperatures reach 100°C and the tissue is ablated with the vaporization of cellular and 
extracellular water. This is classed as high level laser treatment, HLLT, or photosurgery.
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which in dark-skinned Ancient Egyptians must have been quite stigmatic. The area was 
then exposed to the full force of the sun, and the activation of the coumarins in the crushed 
parsley by the shortwave blue component of sunshine instigated a very strong photosensi-
tive reaction resulting in severe sunburn. This was followed, at least partly, by postinflam-
matory hyperpigmentation, the much feared PIH following today’s laser treatment, thus 
hopefully repigmenting the depigmented area.

Almost 2 millennia later, Hippocrates of Kos, the ‘Father of Medicine,’ was of the opinion that 
sunshine was one of the fuels of life, because his fellow Greeks, basking in Sunshine most 
of the year round, were of a much better and happier disposition than the barbarians to the 
north, which Hippocrates attributed to the fact that the northerners did not get enough sun.

Treatment using the sun is referred to as heliotherapy, from the Greek Helios, ‘the sun.’ 
However, the definition became a little broader, also involving exposure to specific wavebands, 
not necessarily from the sun. For many years, it was really only the sun that was power-
ful enough, and one of the treatments for ‘melancholia’ involved shutting the patient in a 
room with many windows to let in natural light, with red curtains to increase the ant-melan-
cholic component of sunlight. One famous patient was King George III of the UK (1760–1820), 
who in his later years was believed to suffer from severe ‘melancholia’ and was shut in red- 
curtained rooms for treatment. It is now believed that he actually had a form of the blood 
disease porphyria, so this treatment probably exacerbated his condition and it is probably no 
wonder the poor monarch was known as ‘Mad King George.’

At the turn of the twentieth century, man’s dependence on the sun as a therapeutic light 
source was broken by the brilliant Danish scientist and clinician, Niels Finsen, who developed 
an artificial light source based on light energy emitted by an electric arc lamp, from which 
all heat had been filtered out. He was particularly successful for his work using this lamp on 
lupus vulgaris, for which he won the Nobel Prize for Medicine in 1903. Finsen did not enjoy 

Figure 3. A portion of a frieze from Egypt’s Tell el-Amarna, showing the Pharaoh Amenhotep IV in the rays of the sun 
(deified as Aten), where the ‘patting’ hands and the ankh symbol at the end of the rays can be clearly seen.
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good health, and died in 1904. However, his vast interest in phototherapy inspired by his 
own experiments into the use of sunshine and particular filtered wavelengths for treating 
his own Niemann-Pick disease [4], lived on, and the Finsen Medal is awarded to outstanding 
contributors to phototherapy up to this day.

More recently, blue light phototherapy (460–490 nm) has been routinely used in the treatment 
of neonate hyperbilirubinemia, that is, jaundice in newborns, in whom the bilirubin in the 
bloodstream has not been sufficiently filtered out by the mother’s placenta.

However, one of the largest examples of a breakthrough for a unique medical light source 
came in 1960, with the successful oscillation of the first ruby laser by Dr Theodore Maiman. 
The major difference between laser energy and other filtered light sources is the coherent 
nature of laser energy, comprising monochromaticity (one single wavelength), temporal and 
spatial phase of the photons in the laser beam, and the ability to collimate a laser beam so it 
can travel large distances with minimal divergence.

Maiman’s laser was based on a ruby crystal, and as the laser medium usually gives its name 
to the laser, it became known as a ruby laser. In the 5 short years from 1660 to 1965, almost all of 
the lasers used today in surgery and medicine were swiftly developed, including the 1046 nm 
neodymium:YAG (and other members of the YAG family), the argon laser (488 and 514.5 nm), 
the 10,600 nm carbon dioxide (CO2) laser and the helium neon (HeNe) laser. Visible red and 
near-infrared (near-IR) semiconductor (diode) lasers were also developed. The clinical poten-
tial of this unique pure light source was quickly realized, as was of course the military impli-
cations. Ophthalmology was the first field to explore the use of the laser for retinal disorders 
in the mid-60s, followed quickly by dermatology for removal of cutaneous lesions. Both these 
specialities used the selective but destructive photocoagulative power of the visible light 
lasers, particularly the green 514.5 nm band of the argon laser, and the 694.3 nm band of the 
ruby laser. The CO2 laser became a powerful ‘light scalpel’ for comparatively blood-free and 
precise incisional, excisional and ablative indications in a variety of specialities, including 
oto-rhino-laryngologists, neurosurgeons and gynecologists.

However, an interesting anomaly was quickly noted by those using the CO2 laser in partic-
ular, in that patients complained of less postoperative pain, shorter-lasting erythema and 
almost equally good wound healing following laser surgery as compared with the cold 
scalpel. It was thought at first that it was the heat generated by the laser that brought about 
this serendipitous occurrence, but it was gradually realized it was the ‘L’ component of 
laser that was the causative element … the light, not the heat. In 1969, Professor Endrè 
Mester practicing in Semmelweis University, Budapest, Hungary, published a pivotal 
paper in Hungarian on the use of the athermal and atraumatic 5 mW HeNe laser to treat 
over 1000 cases of severely recalcitrant crural ulcers, followed by an English overview in 
1971 [5]. Astonishingly, he achieved a cure rate of better than 80%, with less than 2% of the 
patients not responding at all [6]. This was the birth of modern-age phototherapy, so that 
Prof Endre Mester is regarded rightly as the Father of Phototherapy. Finally, something 
new had been found under the sun after all.

Smaller and for-purpose laser sources were developed enabling the delivery of low incident 
levels of photon energy at wavelengths found useful in cellular biomodulation, in particular 
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laser diodes. More recently, a new generation of light-emitting diode was developed by the 
Space Medicine Laboratory in the National Aeronautics and Space Administration (NASA) in 
the USA, and LEDs are taking their place as useful and verified phototherapy light sources. 
All of these will be explored in the next section.

3. Phototherapy devices

The main devices used in modern state-of-the-art phototherapy have already been mentioned 
in the previous sections. These are filtered polychromatic non-laser light sources, such as 
xenon lamps and (more rarely) incandescent lamps; defocused continuous wave surgical 
laser systems, such as the CO2 and Nd:YAG laser, although more rarely these days; dedicated 
low-irradiance laser diode-based systems; and made-for-purpose LED-based systems.

3.1. Filtered lamps

There are a number of filtered non-laser light sources available for phototherapy practice, 
based on high-intensity xenon or other continuous-output gas-based lamps. These offer 
greater photon intensities than incandescent lamps and also require much less in the way of 
cooling. The filters are typically in the blue, yellow, red and near-infrared (near-IR) range, 
with bandwidths in tens of nanometers or less. The spectral output from these systems is 
heavy in the near-IR waveband and then tends to trail off through the visible to the UV-A 
band. The pattern of a typical spectral output is seen in Figure 4. The entire output power is 
spread over the entire emitted spectrum. There are two possible methods to filter the light 
to obtain the desired ‘color.’ A narrow bandwidth cut-off/cut-on filter for example, used to 
obtain a small 10–20 nm band at the desired wavelength, for example, around 633 nm which 
is a popular wavelength for activating cellular activity, as will be explained later. The reader 
will however appreciate that this will dramatically reduce the available photon intensity to 
give an irradiance of a very few mW/cm2, given that the output through the entire visible 
waveband from 400 to 700 nm is comparatively low in the first place. Another method is to 
cut-off the unwanted shorter wavelengths. A cut-off filter rated at 630 nm will allow light 
energy all the way from the near-IR components up to around 630 nm, but will cut off all 
wavelengths shorter than that. The emitted light is still a polychromatic waveband and there-
fore not really suitable for any indication requiring wavelength selectivity for the target chro-
mophore. However, many of those who use these lamps find them effective, but very long 
exposure times are needed to achieve the desired final dose in even a few joules per square 
centimeter (J/cm2).

3.2. Defocused surgical lasers

When Ohshiro and Calderhead started researching the field of phototherapeutic indications 
in the late 1970s, the only dedicated low output laser system available was the helium neon 
(HeNe), delivering milliwatt ranges at 632.8 nm. The HeNe laser was the system used by 
Mester in his early papers, and it was these data from Mester that first encouraged Ohshiro 
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and then Calderhead to investigate the potential of the use of low incident levels of light 
energy for first pain attenuation, and then wound healing. Ohshiro had established a pain 
clinic in his Tokyo Clinic, and, in addition to the HeNe laser, he first looked at the 1064 nm 
wavelength of the continuous wave Nd:YAG laser, chosen because of its deeper penetration 
than 632.8 nm, and comparatively low absorption in melanin and blood. In addition, the 
HeNe laser tended to be rather low-powered, necessitating longer treatment times to achieve 
good results.

By defocusing the usual output of his CW Nd:YAG laser, delivered by a selectable variety of 
larger spot sizes, extremely practical and very low incident irradiances of less than 1 W/cm2 
could be delivered with good efficacy for pain attenuation of both acute and chronic pain. To 
compare the Nd:YAG with the HeNe, to produce a useful incident dose or energy density of 
15 J/cm2, an approximately 20 s exposure with the Nd:YAG was needed: over 15 min treat-
ment was needed to get the same dose with a 15 mW/cm2 HeNe.

The defocused CO2 laser as a pain attenuation and wound healing device also attracted some 
attention in the late 1980s and early 1990s, but like the Nd:YAG system, they are large and 
expensive devices, and need a great deal of ancillary equipment and adaptation for regular 

Figure 4. Approximate representation of the polychromatic spectral spread of a typical unfiltered continuous operation 
xenon lamp. The envelope of the lamp contains an ultraviolet filter to remove potentially harmful UV wavelengths. The 
majority of the output lies in the near-IR (from approximately 700 nm upwards). Some lamps apply the full spectrum 
in therapeutic practice. Others use cut-off filters to cut out the unwanted shorter wavelengths. However, all longer 
wavelengths are still delivered up to the cut-off point, that is, still polychromatic light, unless a cut-on filter is also 
applied to remove the unwanted longer wavelengths.
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use as phototherapy systems. Furthermore, technology advanced rapidly so that CW Nd:YAG 
lasers were quickly supplanted by more adaptable and versatile Q-switched and long-pulsed 
systems, and CW CO2 lasers lost favor in the face of the much more precise superpulsed and 
ultrapulsed systems, followed by the fractionated approach. Having said that, small CW CO2 
lasers still occasionally attract attention in the literature for wound healing applications [7], 
although there have been no reports for defocused CO2 laser systems for skin rejuvenation.

3.3. Laser diode‐based therapeutic systems

As mentioned, Ohshiro’s Nd:YAG laser was a large and expensive piece of equipment, so he 
worked with an electronics company in Tokyo to develop a much smaller, dedicated semi-
conductor-based laser therapy system for phototherapy. First tried was the gallium arsenide 
(GaAs) diode, but it could not be run at continuous wave without severely overheating, 
so finally the gallium aluminum arsenide diode was developed and found to be ideal. The 
first system to be trialled was a battery-operated 15 mW GaAlAs system, delivering around 
500 mW/cm2, and a controlled study on pain attenuation was published in 1981 comparing the 
efficacy of the GaAlAs diode system with the defocused CW Nd:YAG system in pain entity 
and age-matched patients at the same dose. Despite its small size, the diode laser proved to 
be at least as effective as the Nd:YAG system [8].

The first commercial laser therapy system was jointly developed by Ohshiro and Matsushita 
Electronics (National Panasonic,) and launched as the first of the 830 nm Panalas® systems in 
1981. Ohshiro did not stop thinking about improving both systems and treatment techniques, 
as well as looking at underlying mechanisms. In 1988, Ohshiro launched a new GaAlAs diode 
laser based system, delivering 60 mW, the OhLase-3D1®, and that has evolved to the present 
day. Also in 1988, Ohshiro and Calderhead put all of their thoughts together in having the 
volume already mentioned above, ‘Low-Level Laser Therapy: A Practical Introduction’ pub-
lished by John Wiley and Sons. In the same year, the journal Laser Therapy was announced by 
John Wiley of Chichester, and the International Laser Therapy Association (ILTA) was formed, 
all championing Low-Level Laser Therapy. LLLT was well and truly born and has continued 
to grow and develop up till today. The agreed MeSH term may be  photobiomodulation, but if 
‘LLLT’ is entered into PubMed as a search term, the reader will find over 4400 entries! A very 
large percentage of them are actually on clinical or research facets of LLLT and phototherapy, 
rather than any other laser-associated aspect.

LLLT systems based on laser diodes (LDs) remain extremely popular and are manufactured 
by a number of reputable companies worldwide. Some of them have USA FDA and other 
national regulatory body clearances. Because of the beam geometry of LD chips, the treatment 
area is usually punctal in nature with a spot sizes ranging from less than 1 mm2 to defocused 
systems offering 1 cm2 or so, but not a lot larger than that. Treatment techniques are therefore 
based on point by point approaches. To cover a larger area, quite useful for treating larger 
wounds, for example, an array of LDs could be considered. In reality, GaAlAs diodes run 
quite hot, so good heat sink design is need to keep even single LDs running cool. Too much 
heat in the chip will cause a change in the rated wavelength, and that would not meet the 
criterion of precisely targeting wavelength-dependent chromophores. It is therefore difficult 
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to run arrays of LDs without some form of aggressive cooling. Light-emitting diodes (LEDs), 
on the other hand, do not run so hot and are much easier to cool than LDs. For such planar 
arrays, LEDs are the answer, which leads us into the next subsection.

3.3.1. Enter the light‐emitting diode

When LLLT was dependent on LDs for the light source, as in the many publications appear-
ing in the late 1980s and early 1990s, LEDs were commercially available. However, although 
they were certainly cheap and cheerful, ideal for indicator lamps, traffic signals and Christmas 
trees, they were on the other hand totally inappropriate for medical application because of their 
low and unstable output powers, extreme divergence and wide bandwidths. As said already, 
we could source red LEDs, but not 633 nm LEDs (cf Figure 2 above and legend). Very expen-
sive superluminescent diodes (SLEDs) were available offering almost laser-like bandwidths, but 
even these proved significantly inferior to LD-LLLT systems when compared side by side in con-
trolled animal studies and could still only be applied point by point [9]. All this changed in 1988, 
however, when Professor Harry Whelan and his NASA Space Medicine Colleagues succeeded 
in developing what became known as the ‘NASA LED’ [10]. These LEDs were many-fold more 
powerful than their older generation cousins, typically 5 orders of magnitude more powerful in 
fact; they had much narrower divergence offering high photon intensities; they were remark-
ably stable; and probably the most important development, they were quasimonochromatic, 
offering spectral outputs with more than 95% of the photons at the rated wavelength. In other 
words, although they were still noncoherent, non-laser light sources, they offered laser-like pre-
cision for targeting wavelength-specific chromophores in tissue, cellular and subcellular targets. 
Finally, a real breakthrough had been made to provide a practical, clinically useful new light 
source for phototherapy, capable of being mounted in large area planar arrays. Whelan and his 
colleagues went on in the following 2 years to demonstrate that their new near-IR wavelength 
LEDs were clinically viable in an in vivo wound healing model [11]. In the first few years of the 
New Millennium serious and scientifically proven, LED-based systems were developed first for 
hands-free large area PDT for non-melanoma skin cancers using the 633 nm wavelength [12], 
followed by LED-only acne treatment using the combination of the visible blue 415 and 633 nm 
wavelengths [13], skin rejuvenation and accompanying histochemical and ultrastructural extra-
cellular matrix changes with 830 nm near-IR and 633 nm wavelengths [14], sports medicine and 
pain attenuation with the 830 nm wavelength [15], and so on. LED-LLLT was well and truly 
demonstrated to work, and work well. All of the above wavelengths, with the exception of the 
415 nm wavelength, fell within Karu’s phototherapeutic window for effective cellular photoac-
tivation with visible and near infrared lights sources, laser or non-laser [16]. Thus, it is when the 
reader examines these 4400-plus PubMed results for LLLT, that he or she will find more and 
more very serious papers demonstrating a growing solid body of evidence for both clinical and 
basic research into LED-LLLT among the laser-based literature.

Figure 5 schematically illustrates the differences in the patterns of emission from lasers, laser 
diodes, light-emitting diodes and filtered non-coherent lamps as used in phototherapeutic 
indications, including the rejuvenation of photo- and chronologically aged skin. Figure 6 
shows examples of commercially available laser diode-based, lamp-based and light-emitting 
diode-based systems used worldwide for LLLT.
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Figure 5. LLLT sources compared. Although not used these days, of historical interest is the defocused CW 1064 nm 
Nd:YAG. The optimum method was to couple the beam from the laser into an optical fiber. This could be any length, so 
the laser could be well away from the treatment room, and even several treatment rooms could be serviced with the one 
laser. The beam emerging from the distal end of the fiber is divergent and multimode, giving a uniform intensity across 
the beam. By using different beam sizes, the desired irradiance could be selected. Laser diodes (LDs) by their nature 
emit a defocused elliptical beam. The angle of divergence is high so it is normal to have the beam collimated (just like the 
ubiquitous laser pointer), because an LD is still a laser. The beam can then be focused within the handpiece of the system, 
so that either a convergent beam or a divergent beam can be used to give the ideal irradiance at the tissue, depending 
on the distance between the lens and the target tissue. The divergent beam is inherently safer. LEDs are also highly 
divergent, but emit noncoherent light. The better quality new generation LEDs are, however, quasimonochromatic, 
emitting all of their photon energy more or less at the rated wavelength, and no color filter is required. They can be 
semicollimated to decrease the angle of divergence and increase the irradiance, but they cannot be perfectly focused 
like a laser. They can be mounted in large planar arrays to irradiate a large area of tissue in a hands-free manner. The 
polychromatic lamp type system requires a filter to filter out (cut off) the unrequired shorter wavelengths, leaving only 
the wavelength wanted for treatment. To make this light output as similar as possible to an LED, the filter, however, 
needs to be very precise (i.e., narrow band), and it needs to have a cut on element to remove the unwanted longer heat-
producing IR light. This means that the photon intensity at tissue is rather low, and longer exposures are required to 
give a reasonable dose.
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Figure 6. Examples of current phototherapy systems. Top left: laser diode (LD)-LLLT systems. The upper example shows 
a pen-type probe, near-IR system (Thor Probe, Thor Lasers, UK). This is connected a mains-operated control console. The 
lower example is a battery-operated 830 nm LD-LLLT system (OhLase-3D1 HT1, JMLL, Japan). In both cases, the treated 
area is very small, and the systems are used in a punctal fashion in contact mode, separating the treated points by a few 
millimeters or so. Top right: filtered polychromatic filtered lamp LLLT system (Bioptron, Switzerland). A larger area of 
tissue can be treated in a hands-free manner. The yellow cut-off filter is illustrated here. Bottom: free-standing 830 nm 
LED-LLLT system (HEALITE II, Lutronic, Korea). The large treatment head can be adjusted to treat anybody contour 
from the back, to the face, to an arm or leg, again in a hands-free manner.
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4. Wavelength: the prime parameter in phototherapy

The first law of photobiology states that absorption must occur before there can be any 
 reaction. This might appear to be self-evident, but what actually governs absorption of light 
in a target, and indeed, what decides the chromophore, or target, for that light? The reader 
would be excused for thinking it is the output power of the light source, but it is in fact 
the wavelength. This is particularly critical in phototherapy. Photons travel through space 
in straight lines, but with a sinusoidal waveform. Wavelength is a measurement of how far a 
photon will travel in one complete cycle, and is measured in nanometers (nm), one billionth 
of a meter, or fractions and multiples thereof. Light energy comprises a very small section of 
the very extensive electromagnetic spectrum which runs from ultrashort cosmic rays in fem-
tometers and below all the way to wavelengths of kilometers for electrical energy (Figure 7). 
Knowing the wavelength of an LLLT system lets us understand if we can see the light it emits 
or not (visible or invisible light), and if we can see it, what color it is.

Figure 8 is a composite of three main concepts centered around wavelength. In the central 
part of Figure 8, the visible spectrum (400–700 nm) and a portion of the invisible near-IR 
spectrum can be seen (700–1010 nm), as part of a photospectrographic data set captured from 
polychromatic ‘white’ light which had been shone through a human hand in vivo [17]. The 
wavelength is indicated on the x-axis in nanometers (nm), and the optical density (OD) ranges 
from 3 to 8.5 (logarithmic units) on the y-axis. The higher the OD, the more dense the target is 
to specific wavelengths of the incident light. The upper portion of Figure 8 schematically rep-
resents the relative penetration of selected wavelengths into skin, based on the OD findings 
of the central portion. The shorter wavelength visible light at blue (415 nm), green (532 nm) 
and yellow (590 nm) offers poor penetration into skin in vivo. From 590 nm yellow, it is only 
43 nm to 633 nm red, but penetration increases by almost 3.5 orders of magnitude, more than 
1000 times better than yellow. That is a critical difference in penetration which is highly wave-
length dependent. Deepest penetration is achieved around 830 nm in the near infrared. In 
general, as wavelength increases, tissue penetration also increases.

The lower section of Figure 8 offers an explanation as to why these wavelength-mediated 
differences in penetration exist. Here are shown the absorption spectra of three of the biologi-
cal chromophores in living skin: melanin normally in the epidermis; blood (oxy- and deoxy-
hemoglobin) in the dermis and water throughout the skin. From this, the strong affinity of 
the shorter visible wavelengths for blood and melanin precludes light at these wavelengths 
reaching much beyond the superficial papillary dermis. If the target for the phototherapy is, 
for example, fibroblasts, then these wavelengths will not reach the target … no absorption, no 
reaction. Red light at 633 nm penetrates much better because it has much less absorption in 
both blood and melanin, and even less so at 830 nm. Beyond 830 nm, water starts to become 
of interest as a chromophore, and penetration into tissue starts to fall off quite rapidly after 
1000 nm. This is why, apart from the now more or less extinct defocused 1064 nm beam of the 
CW Nd:YAG or the very occasional use of defocused CW CO2 energy, no phototherapeutic 
light source is reported with a wavelength over 1000 nm.

The blue 415 nm is at the peak of the Soret band and is not only highly absorbed in melanin and 
blood, and it is right at the peak of the absorption spectrum of porphyrin. This wavelength is 
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Figure 7. The electromagnetic spectrum (EM) covers a vast range of energy radiation types extending from the shortest 
cosmic waves (wavelengths measured in femtometers [fm] or shorter), through ultraviolet and visible radiation (nm), 
infrared radiation (µm) to the broadcasting waveband (m) and even mains current and wired telephone transmission 
(km).
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Figure 8. Several aspects illustrating the importance of wavelength in phototherapy. The central image shows 
photospectrometric data measured from penetration through a human hand in vivo. Based on the computer-derived 
trace on that part of the figure, the upper section illustrates relative penetration of selected wavelengths into the skin. 
Coupled with these, the lower section shows the absorption spectra of some biological chromophores, or targets, namely 
melanin, blood and water. Note the wavelength selectivity in these chromophores, and how that helps to determine the 
depth of penetration of different wavelengths into a living target as well as determining the target itself. Please see the 
text for further details.
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popular as part of combination blue and red light (or near-IR) treatment of active inflammatory 
acne vulgaris [18]. The causative bacterium, Propionibacterium acnes, is known to harbor proto-
porphyrin IX (PpIX) and coproporphyrin III when it is active. By selectively targeting these por-
phyrins with light at 415 nm through endogenous photodynamic therapy (PDT), reactive oxygen 
species are rapidly generated within the P. acnes, and they are forced into apoptosis through oxi-
dative stress [19]. With P. acnes damaged and destroyed, the inflammatory cycle of acne vulgaris 
is partially broken. No other wavelength is therefore appropriate for targeting the endogenous 
porphyrins in P. acnes. However, acne is recognized as a multifactorial disease with a strong 
inflammatory component, only partly associated with P. acnes, and both visible red (e.g., 633 nm) 
and near-IR light (e.g., 830 nm) have powerful antiinflammatory properties [20, 21]. If either of 
these wavelength therefore follows the 415 nm treatment some 48 h later, the remaining causes of 
the inflammation are targeted with deep penetration into the dermis, and an all-round approach 
to treating acne with blue and red (or infrared) light has been developed and well-reported [13, 
22]. Here is an example where only a particular wavelength, or wavelengths, can affect a particu-
lar target, and in a multi-targeted disease a combination of wavelengths is therefore effective.

It can thus be stated that, in LLLT, wavelength governs both absorption, and penetration. 
However there is one other important factor which is connected with these two and that is inten-
sity, consider Figure 9a. Two wavelength-specific targets exist in the upper dermis. An LLLT 
system, but with the incorrect wavelength, tries to treat target 1. The wavelength is incorrect, 
there is no absorption, and therefore, there is no reaction. Target 2 is irradiated with the correct 
wavelength, absorption occurs, and a reaction is successfully elicited. This is what the discus-
sion above has been saying. Now look at Figure 9b: the targets are the same, but they are in the 
deeper dermis. An LLLT system irradiates the area over target 3, and the operator knows that the 
wavelength is correct. Unfortunately, there is insufficient photon intensity to get enough photons 
down through the dermis to the target: there is no absorption, hence no reaction. The operator 
therefore takes an LLLT system with a higher photon intensity and treats the area. The photons 
now reach the target 4 and are absorbed, and the desired reaction is achieved. So, although wave-
length is key, if there is insufficient photon intensity from the light source giving low irradiance, 
or a too high angle of divergence diluting the irradiance, then the photon intensity at the target 
will not be sufficient to get the optimum reaction. In theory, one photon can activate one cell, but 
in practice, the cell needs to be bombarded with several photons, that is, multiphoton absorption, 
before the optimum level of reaction is reached. Sometimes having the right wavelength is just 
not enough.

This problem is associated more with LEDs than with LDs, because the photon intensity of 
LDs is many times higher than LEDs, given that LDs are coherent with all photons exactly the 
same wavelength, and in phase, exactly in step in temporally and spatially, like a regiment 
of identically clad soldiers marching in perfect time. The disadvantage of LD-LLLT is that it 
needs to be applied manually, point by point, in the contact mode, whereas LED systems have 
planar arrays which can cover large areas. Another way to ensure that as large a volume of 
 tissue is involved is to maximize the scattering effect in tissue, and wavelength determines 
how well the light will scatter. Longer wavelengths scatter much better than shorter ones, 
in other words 830 nm scatters better than 640 which scatters better than 530 nm: Figure 10 
compares the penetration and scattering power of a 530 laser pointer (5 mW) with that of a 
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 tissue is involved is to maximize the scattering effect in tissue, and wavelength determines 
how well the light will scatter. Longer wavelengths scatter much better than shorter ones, 
in other words 830 nm scatters better than 640 which scatters better than 530 nm: Figure 10 
compares the penetration and scattering power of a 530 laser pointer (5 mW) with that of a 
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Figure 9. (a) The wavelength of light irradiating target 1 is inappropriate resulting in no absorption, therefore no 
reaction. On the other hand, target 2 is irradiated with an appropriate wavelength, and absorption occurs with a reaction. 
(b) The same targets are now deeper in the dermis. The same light source is used again, but the intensity is insufficient 
so not enough photons reach the target: no reaction. When the same light source is used at a higher intensity, the target 
is reached and a reaction is achieved.

Figure 10. A green 530 nm 5 mW laser pointer compared with a red 640 nm 3 mW pointer. (a and b). Proof that green 
light, even laser energy, at 530 nm from a laser pointer neither penetrates deeply into a living finger nor does it scatter, 
even when placed near the thinner part of the fingertip. (c and d) On the other hand, the less powerful red laser light 
penetrates right through the finger and out the other side, even when placed a little bit further down the finger where 
there is bone as well (d). Note the scattering effect, transilluminating the whole lateral width of the finger. Note also the 
red light seen on the hand holding the pointer: that is illustrating powerful backscatter from the irradiated tissue.

Photobiological Basics and Clinical Indications of Phototherapy for Skin Rejuvenation
http://dx.doi.org/10.5772/intechopen.68723

231



640 nm laser pointer (3 mW). That figure illustrates very well that red light around 633 nm 
is capable of penetrating into living tissue deeper than 1 cm … the thickness of the author’s 
(RGC) finger!

Scattering occurs when photons encounter different optical characteristics in the target and 
are pushed off their straight trajectory. They can be scattered forwards, laterally and backwards: 
actually, with enough photon intensity, it’s a mixture of all three, and it is an excellent way 
to ensure that the largest possible area of tissue is affected by the incident light. In the case of 
laser energy, it is well understood that larger spot sizes minimize lateral and back scattering 
outside of the beam path in tissue and therefore get deeper absorption with more photons. Of 
course, the intrinsic absorption depth depends above everything else on the wavelength, but 
we can make science work for us to maximize that depth, and ensure multiphoton absorption 
in the target.

5. Light and tissue interaction

Unlike the situation in laser surgery, at the incident photon intensities associated with LLLT, 
there is no photothermally mediated effect. All effects take place at athermal, or almost ather-
mal levels, and with no damage to cells or their organelles, or surrounding tissue. The key to 
the efficacy of LLLT in redressing the skin damage cause by the combination of photoaging 
and chronological aging lies in how the target cells, and other tissues, use the energy which is 
delivered to them by the incident photons, following absorption. As stressed in the previous 
section, there has to be absorption so that the little packet of energy carried by each photon 
is passed on to the energy pool of the target cells. The interaction between incident light and 
tissue is therefore at both the subcellular, cellular and tissue levels.

It was mentioned in passing in the previous section on wavelength that visible light and 
near-IR light actually have different primary mechanisms of action when absorption occurs in 
the target tissues. On referring back to Figure 7, there is a column titled ‘Primary response.’ For 
neither visible nor infrared light is photobiomodulation actually the primary response, but 
is rather the end result of the effect following the intermediate reactions associated with the 
primary response. As Karu has postulated [16], the basic stages of the LLLT-mediated reaction 
can be described as follows:

• Absorption (photoreception) occurs (by necessity … no absorption, no reaction) leading to 
the primary response.

• This induces the second stage, signal transduction and amplification.

• And leads to the ultimate stage of photobiomodulation (the photoresponse).

5.1. Visible light: primary photochemical reaction

For visible light, the primary response is photochemical in nature, with the main photore-
ceptor being the end terminal enzyme of the respiratory chain of the cellular mitochondria, 
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cytochrome c oxidase, CCO, well demonstrated by Karu [16, 23]. The mitochondrion is 
arguably the most essential organelle for the cell, indeed for the entire organism, as its 
function is to act as the energy factory for the cell and surrounding tissue. The nucleus may 
be the heart and soul of a cell, but hearts and souls need energy to function, and that’s the 
task of the mitochondrion. Mitochondrial CCO has an action spectrum which runs from 
the yellow through the red waveband (580–700 nm) with the peak around 630–635 nm. 
This made the helium neon (HeNe) laser at 632.8 nm an ideal phototherapy research tool, 
and almost all of Karu’s and others’ research on photobiomodulation in the 1970s to the 
end of the 1990s centered on the HeNe as the light source of choice. Now with quasimono-
chromatic LEDs available as a clinically useful light source, photoeffects of the 633 nm LED 
have also been well reported. The energy released by absorption of the incident photons 
in the CCO starts a photochemical cascade, resulting in the creation of adenosine triphos-
phate (ATP), simply described as follows: ATP synthase (ATPsy) with the coenzyme nico-
tinamide adenine dinucleotide (NAD) is triggered to combine inorganic phosphate (Pi) 
with adenosine diphosphate (ADP) to synthesize adenosine triphosphate (ATP). ATP is the 
fuel of the cell, and the organism. As part of this process, minute amounts of nitric oxide 
(NO) are released, NO being a powerful signaling compound with beneficial properties 
in tissues. In addition, calcium ions (Ca2+) and protons (H+) are also released into the cyto-
sol, two very powerful additional signaling compounds. As the levels of these signaling 
compounds increase in the cytosol, the membrane transport mechanisms, in particular the 
sodium-potassium pump (Na+K+-ATPase), are stimulated into action resulting in interex-
change of materials between the cellular cytosol and the extracellular fluid. At the same 
time, the message reaches the nucleus, and the final stage of photoresponse is reached: the 
cell is fully photoactivated. Photoactivated cells, if damaged or compromised, can repair 
themselves or be repaired; photoaged skin and wounded skin are examples of tissues with 
damaged or compromised cells. If the cells have a function to perform, for example, mac-
rophages or fibroblasts, they will perform their job better and faster. If more of the cells are 
required, mitosis will be stimulated, or others will be recruited in. One, two or all three of 
these things can happen in photoactivated tissues. It is a powerful process.

On the other hand, light energy at 830 nm in the near-IR induces a completely different pri-
mary response, which is photophysical in nature rather than photochemical, as pointed out 
by Smith [2]. This comprises vibrational and rotational changes in the electrons of the atoms 
making up the molecules of the membranes of the target cells. This instantly  activates the 
membrane transport mechanisms and intra- and extracellular exchange begins. The cel-
lular energy requirements for this are very high, so the mitochondria are swiftly co-opted 
into action: at the same time, not only the cellular membranes, but also the membranes of 
the cellular organelles including the mitochondria are activated by near-IR wavelengths, 
so a secondary chemical ATP cascade is swiftly induced. Rather than being the primary 
photoresponse as with visible light, it therefore becomes part of the second stage of signal 
transduction and amplification with near-IR light, but the end result is exactly the same 
as for visible light: a photoactivated cell. The same three possible responses exist: repair, 
functional improvement or cell recruitment. Regarding the particularly interesting effect 
of LLLT at both visible and near-IR wavelengths on compromised or damaged cells, they 
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actually and surprisingly respond many times better to LLLT than normal cells do, as has 
been commented on by many researchers [24]. As the cells found in photoaged skin are in 
various states of damage and are compromised to at least some degree, this aspect of the 
reaction to LLLT is of great interest in the photorejuvenation process in all affected cell 
types and extracellular matrix components. Figure 11 schematically summarizes the effect 
of visible and near-IR LLLT on target cells. Figure 12 takes us beyond the photoresponse, 
the endpoint achieved by both visible and near-IR light, and with a flow chart takes us 
through the various processes and complex interactions which have already been elicited 
and which lead to wound healing, as dealt with in a later section together with the antiin-
flammatory response [25]. The chart also shows the steps to pain attenuation which is also 
something that LLLT can achieve, but out with the scope of this chapter although it may 
be of interest to the reader.

Figure 11. Primary and secondary photoresponse of target cells to visible and near-IR light. (A) Visible light penetrates 
through the cell membrane and is absorbed in cytochrome c oxidase in the mitochondrion respiratory chain, initiating 
a photochemical cascade with production of adenosine triphosphate. (B) Near-IR light, on the other hand, is mostly 
absorbed by the membrane itself, immediately initiating the membrane transfer mechanisms through a photophysical 
reaction. This leads to a secondary chemical cascade. See the text for further details (CCO, cytochrome c oxidase; NAD, 
nicotinamide adenine dinucleotide; NAD+, oxidized form of NAD; ATP, adenosine triphosphate; ATPsy, ATP synthase; 
ADP, adenosine diphosphate; Pi, inorganic phosphorus; Ca2+, calcium ion; H+, proton; Na+K+ATPase, sodium-potassium 
pump [cell transport mechanism]).
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5.1.1. Parameters involved in this interaction

The critical parameter has already been discussed above, namely the wavelength. What 
 wavelength is required will depend largely on what targets are to be treated. In the case of 
rejuvenation of photoaged skin, the major target will be the cells in the epidermis and dermis 
whose function is to maintain the integrity of these structures. The next section will look at 
these cells in some detail, with a note regarding which wavelength or wavelengths have been 

Figure 12. What happens after the photoresponse has been achieved and the target cells are photoactivated? This 
flowchart explores the already elicited steps on the pathway to wound healing, including the antiinflammatory effect 
of LLLT. These effects are mostly elicited with 830 nm (from Refs. [25, 26]. Used with permission of the publishers). 
ATPase, adenosine triphosphatase; cAMP, cyclic adenosine monophosphate; ECM, extracellular matrix; Ca2+, 
calcium ion; K2+, potassium ion; H+, proton; FGF, fibroblast growth factor; SOD, superoxide dismutase; SRF, serum 
response factor.
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examined for efficacy in achieving photomodulation in these cells. The other two parameters, 
which are also important, are the irradiance or power density measured in W/cm2, and the 
dose or energy density, measured in J/cm2.

The power density (PD) describes the actual power incident on the tissue per unit area. The 
output power on its own is a good guide to what the system is capable of delivering, but 
it does not become meaningful until the unit area the energy is irradiating is also brought 
into the equation: the area targeted by any system is called the spot size, from which the 
 irradiated area can be calculated. For LD-LLLT systems, the spot size can be rather small 
with the diameter measured in mm, although there are some systems that deliver a defo-
cused spot of 1 cm in diameter or more using an optical fiber delivery system. Typical output 
powers for these systems range from a few mW up to 1000 mW, 1 W. The irradiation pattern 
for LDs is an ellipse, with a longer and a shorter axis, so measuring the area is not as simple 
as that of a circular spot for which the area is calculated using the formula pi (π, 3.142) times 
the square of the radius (r) of the spot in centimeters, written as πr2, expressed in cm2. It is 
important to remember to use the radius, one-half of the diameter, rather than the diameter 
itself. To calculate the PD, the output power in watts is divided by the irradiated area in cm2, 
giving W/cm2, or mW/cm2. In the following example, an LD-LLLT system delivers 1000 mW 
with a spot size of 1 cm: the power is thus 1.0 W and the radius is 5 mm, 0.5 cm, which when 
squared becomes 0.25 multiplied by 3.142, to give the area as 0.786 cm2. Dividing the power 
by the area gives us the PD, 1.27 W/cm2 in this example. The typical range of power densities 
can be from 15 mW/cm2 or lower, up to as high as 5 W/cm2 or even higher. It is possible to go 
up to a PD of 10 W/cm2 without seeing any appreciable rise in the temperature of the irradi-
ated tissue, but the exposure time becomes much shorter as will be discussed under energy 
density below. For elliptical spot sizes treated with an LD-based system, the area of an ellipse 
is calculated by πab, where a is the radius of the longer axis and b the radius of the shorter axis 
(expressed in cm). If the spot size is 2 mm x 1 mm, then the area will be (3.142 × 0.1 × 0.05) = 0
.0157 cm2. A 60 mW LD-LLLT system with that spot size would thus have a power density of 
3.82 W/cm2. These examples give PDs (irradiances) on the high side, but which are still valid 
power densities to achieve athermal LLLT.

Having worked out the power density, the next consideration is how long will this be incident 
on the target tissue, referred to as the exposure time and measured in seconds (s). By multi-
plying the PD by the exposure time, the energy density (ED) or dose is calculated in J/cm2. 
Quite often the energy of a system is stated in J. One joule is 1 W for 1 s, but without the unit 
area irradiated by that energy, the value is totally useless for anyone trying to replicate the 
experiment. The correct way to report any such LLLT experiment is to give all of the param-
eters, namely output power, spot size or irradiated area and the exposure time. Both the PD 
and the ED can then be calculated, and the same parameters can be replicated by anyone 
wishing to conduct the same treatment, with hopefully the same result. Once an ideal dose 
in J/cm2 has been determined, then the irradiation time necessary to achieve that dose can 
be calculated for any system once the PD is known, by dividing the ED in J/cm2 by the PD 
expressed in W. If 60 J/cm2 is determined to be the optimum dose, then for an LLLT system 
delivering 100 mW/cm2, the treatment time will be 60 ÷ 0.1 = 600 s = 10 min. The higher the PD 
of the system, the shorter the irradiation time to achieve the same dose: a 500 mW/cm2 system 
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will take 2 min, and a 3 W/cm2 system will take only 20 s to deliver 60 J/cm2. However, caution 
is required when only the dose (ED) is considered without thinking of the PD. When a dose 
of 60 J/cm2 is achieved over 30 ms with a PD of 2000 W/cm2, the effect will be photosurgical, 
with heat and damage occurring in the tissue. On the other hand, if the same dose (60 J/cm2) 
is delivered with a PD of 100 mW/cm2 over 10 min, the effect will ne athermal and atraumatic, 
in other words LLLT, but the dose is the same. If we use a pharmaceutical analogy, the PD is 
the medicine, and the ED is the dose. As any pharmacist will tell you, if the medicine is not 
correct, there is no use in playing around with the dose.

In the case of LED-based systems, or the filtered lamp type of system, we are often at the mercy 
of the manufacturer regarding the rated irradiance of their system unless we have access to 
the sophisticated type of integrating sphere power meter needed to measure this output. In 
both types of system, a divergent cone of light is delivered: LEDs by their very nature emit a 
divergent ellipse-like cone, whereas the light from the lamp filter is a simple divergent cone. 
This means that the area irradiated by the light will increase as the light source is drawn away 
from the target, thereby reducing the incident PD by an inverse square ratio. This is illustrated 
in Figure 13 comparing a single collimated LD, a single LED an LED panel and several panels 
in an articulated array, ideal for treating contoured biological targets, for example, the face, 
to give uniform intensity over the entire surface. It is therefore important to ascertain at what 
distance the manufacturer has calculated the irradiance (almost always in mW/cm2). One of 
the advantages of LED systems, but which make calculation of the PD extremely difficult 
without actual measurement with a suitable power meter, is the fact that the intersecting LED 
beams create a phenomenon known as photon interference. Figure 13 shows this schemati-
cally. A greater photon intensity is delivered at a distance from the surface of the LEDs in 
the array than actually at the surface of the array, that is, directly in front of the LEDs with 
no distance between them and the target tissue. For this reason, those LED mask-type facial 
photorejuvenation systems available on the market, and some hand-held systems designed to 
be used in contact with the target tissue, are not maximizing the effect of the LEDs mounted 
in the mask or applicator, because the full potential of the LEDs is not being realized by not 
creating a distance between the LEDs and the target tissue. This is not to say that these direct 
contact systems will not have any effect: there will be some absorption, therefore there will be 
a reaction, but it will not be as effective clinically as when the LED array is some centimeters 
from the target tissue. A recent study measured the irradiance of a commercially available 
830 nm LED-LLLT system at various points from adjacent to the LEDs themselves to several 
cm away [26]. At some 10 cm away from the arrays, the actual irradiance in mW/cm2 had 
gradually increased to be significantly higher than that measured at the LEDs themselves, 
because of the photon interference phenomenon, and remained high up to 17 cm from the 
panels before there was any noticeable drop off in intensity. Interestingly in this study, at 
20 cm the measured irradiance was equal to that at 3 cm distance. The photon intensity of LED 
planar arrays is a function of the total area of the active array and the placing of the LEDs. 
From a certain distance between the array and the tissue: the array is not seen by the tissue as 
individual LEDs, but as a fairly homogeneous single irradiator.

When the benefit of photon interference is combined with the powerful scattering effect of red 
and particularly near-IR light in tissue (cf the scattering power of red vs green in Figure 10), 
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an interesting phenomenon has been noted whereby the highest photon intensity in the tar-
get tissue is actually beneath the surface, exactly where it is required, as the cellular targets 
for LED-LLLT lie at the stratum basale in the epidermis and in the dermal matrix. The same 
phenomenon of photon interference does not occur with the filtered light sources as many of 
these incorporate a polarizer in the lens, and therefore, a highly significant drop-off in inten-
sity occurs concomitantly with the increasing distance between the lamp/filter and the target 
tissue, similar to the single LED seen in Figure 12b.

5.2. Cellular targets for light‐tissue interaction

The following Table 1 summarizes the main cellular targets for LLLT, and all can participate in 
some way to help to turn back the skin aging clock during the process of LLLT photorejuvenation.

The majority of these cells are the key players in the wound healing process. What has the 
wound healing process to do with photorejuvenation of skin? The answer is … everything, 
and that will be made clear in the next section.

Figure 13. Different beam patterns above and in tissue compared among an LD and LEDs. (a) LD-based LLLT system 
showing a collimated, coherent beam without too much loss of intensity. Deep penetration is achieved in tissue because 
of the coherent nature of the beam and high photon intensity. Good scattering causes concentrated intensity in the target 
tissue just beneath the skin surface. (b) A single LED with a noncoherent divergent beam, losing in intensity as the beam 
diverges. Poor penetration is achieved with extremely low photon intensity in very superficial skin. (c) An array of 
LEDs showing intersection of each beam causing the photon interference phenomenon, increasing the photon intensity 
as the beams show multiple intersection as they near the tissue. Deeper penetration is achieved in the target because of 
the enhanced photon intensity, with scattering of the red light causing the zone of highest intensity in the target tissue 
beneath the skin surface. (d) Treatment head comprising 5 LED panels, articulated to allow adjustment to follow the 
contour of a curved target, for example, the face. Where the beams from all the panels intersect, a zone of even higher 
photon intensity is created to enhance treatment efficacy.

Photomedicine - Advances in Clinical Practice238



an interesting phenomenon has been noted whereby the highest photon intensity in the tar-
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some way to help to turn back the skin aging clock during the process of LLLT photorejuvenation.

The majority of these cells are the key players in the wound healing process. What has the 
wound healing process to do with photorejuvenation of skin? The answer is … everything, 
and that will be made clear in the next section.
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tissue just beneath the skin surface. (b) A single LED with a noncoherent divergent beam, losing in intensity as the beam 
diverges. Poor penetration is achieved with extremely low photon intensity in very superficial skin. (c) An array of 
LEDs showing intersection of each beam causing the photon interference phenomenon, increasing the photon intensity 
as the beams show multiple intersection as they near the tissue. Deeper penetration is achieved in the target because of 
the enhanced photon intensity, with scattering of the red light causing the zone of highest intensity in the target tissue 
beneath the skin surface. (d) Treatment head comprising 5 LED panels, articulated to allow adjustment to follow the 
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5.3. Blood supply as a target for LLLT photorejuvenation

There is no point in encouraging the skin cells to thrum along nicely unless these cells are 
receiving nutrition and oxygen and that is the function of the dermal vasculature. Both 633 
and 830 nm have been associated with supportive activity for the blood vessels in the dermis 
[42–47]. The interaction between blood vessels and LLLT is therefore of equal importance 
to the interaction between LLLT and the skin cells. Because of its deeper penetration, and 
 possibly because it delivers a photophysical primary response to the endothelial cells, 830 nm 
has a good body of literature supporting a strong interaction with the blood supply, deliver-
ing a higher flow rate and volume and thus bring oxygenation and nutrition to the ECM. In 
addition, where there have been circulatory problems, LLLT has restored circulation such as 
in ischemia animal models, and Raynaud’s patients [47, 48]. It has been suggested that the 
LLLT acts directly on the vessel walls, but there is also a reaction involving the parasympa-
thetic system, inducing further extended vasodilation. In one study involving patients with 
the athetotic type of cerebral palsy, patients in a state of sympathetic hypertension with very 
poor blood supply to the peripheral circulation as assessed by real-time fine plate thermog-
raphy received one single 830 nm LLLT session on acupuncture points on the chest. Within 
5 min, thermography revealed increasing body warming which remained highly significant 
in the extremities at 90 min after the single treatment [49].

This effect on the parasympathetic system, our ‘rest and digest’ or ‘rest and relax’ nervous 
system is important as a destressor, as stress is also a contributory factor to the aging of 
the skin. In particular with the 830 nm LED-LLLT system, it is often noted that patients 
quickly fall asleep during photorejuvenation sessions and wake up feeling refreshed. 
Within 5–10 min, a gentle warming of the face is also felt as the microvasculature brings 
more blood to the superficial dermis through vasodilation. The latter is without a doubt 
a physical beneficial phenomenon, whereas the former is more of a psychosomatic ben-
efit. However, if patients feel more relaxed, and in fact, their faces have been treated with 
LLLT photorejuvenation; the importance of the psychosomatic benefits cannot be ignored, 
mostly due to the improved vascular supply following parasympathetic system stimula-
tion by, in particular, 830 nm LLLT.

6. Wound healing: the basis of photorejuvenation

As stated above, the wound healing process underpins good skin rejuvenation. When the 
photoaged and intrinsically aged skin is studied carefully, the onslaught from environmen-
tal factors such as air pollution, ultraviolet-related oxidative stress, smoking for those who 
smoke, or even for those who are forced to exist in a smoky atmosphere, nutritional factors 
and even the water in which we wash our skin and drink takes an enormous toll on the 
ordered structures of the extracellular matrix and the level of activity of the cells populating 
it. Photoaged skin is every bit as compromised as wounded skin, and so one of the optimum 
and most elegant ways to fight this skin damage, most of which is due to sunlight, is to use the 
beneficial side of light through application of LLLT: in other words, apply photorejuvenation.
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When the aims of photorejuvenation are considered carefully, the reader will see clearly 
that the end results of the wound healing process and photorejuvenation are synonymous. 
We need new and well-organized collagen fibers and bundles, efficiently remodeled to give 
 optimum orientation, body and strength to the skin including a nicely linearly oriented Grenz 
zone coursing under the dermoepidermal junction, and adding support to the epidermal 
appearance. We need the degraded elastotic elastic fibers replaced with newly synthesized 
elastin forming new, viable elastic fibers to return the reforming and tightening properties to 
sagging photoaged skin. We need fresh and well-hydrated ground substance, to lubricate and 
oxygenate the components of the ECM. We need toned up and active fibroblasts to deliver all 
three of these goals just mentioned, and to regulate the homeostasis of the ECM supported 
by hard-working macrophages to maintain ECM health through keeping it free of clogging 
debris. Furthermore, above this restored and youthful ECM, we need a clear, luminous epi-
dermis, with good basement membrane function to support and nourish the activities of the 
germinative and other cells in the stratum basale; well-convoluted papillary processes are 
also needed to give as large a supporting area as possible at the dermoepidermal junction, 
and above the epidermis, we need a well-ordered stratum corneum to provide good skin 
barrier function without excess sebum. With application of LLLT, all of these can be achieved 
through the athermal and atraumatic action of LLLT on the target cells, particularly if LLLT 
is used in combination with moisturizing and nutrifying creams and sera with the added 
protection of a daily regimen using a good UVA/B sunscreen.

The wound healing cells have been introduced in Table 1, namely, the mast cells, macro-
phages and neutrophils during the immediately post-wound inflammatory process; the 
 fibroblasts and endotheliocytes (to repair damaged blood vessels or for neovascularization) 
during the proliferative stage; and the transformational cells during the long remodeling 
stage, fibroblast to myofibroblast transformation and fibroblast to fibrocyte dedifferentiation. 
All these cells occur at their different stages, and in different numbers. If we can marry LLLT 
with these potential targets, then we can get more efficient wound healing, and faster, without 
compromising the process in any way. The wavelengths which have shown efficacy for each 
cell type are listed in Table 1. In general, 830 nm near-IR is the favorite, followed by 633 nm 
visible red, and LED-based systems are in the ascendency compared with LD-based systems, 
simply because the LED systems are capable of irradiating a large area in a hands-free man-
ner. If we can get efficient wound healing, then we can most certainly extrapolate the same 
benefits to the indication of phototherapy for photorejuvenation of the aging skin.

A PubMed search using ‘LLLT’ and ‘Wound healing’ brings up over 700 titles in a vast range 
of wound types, and surgical specialities. That is an impressive number. How does LLLT 
affect frank wound healing? In a study by Trelles and colleagues on the application of LED-
LLLT after full face ablative resurfacing with the Er:YAG and CO2 laser in 50 patients, 25 
received LLLT after their resurfacing procedure, and 25 received sham treatment [50]. In the 
LLLT group, healing (as defined by full reepithelization and resolution of edema and ery-
thema) occurred in an average of 6.1 days compared with 13.2 days in the non-LLLT group. 
In addition, all the usual side effects associated with full-face ablative resurfacing, edema, 
erythema, bruising and pain were significantly reduced in the LLLT group, with better than 
92% of the LLLT patients being extremely satisfied with the procedure  compared with 55% 
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of the sham-LLLT group. A recent study by Min and Goo examined 830 nm LED-LLLT 
for a variety of skin wounds which had proved recalcitrant to normal healing, including 
severe inflammation, bacterial infection, viral infection, and Bell’s palsy [51]. All cleared up 
in from 1 to 5 weeks with no visible scar formation, even in one case of a severe ischemic 
ulcer with a large defect. In a case report on contact irritant dermatitis caused by a home-
use alpha-hydroxy peel, corticosteroids failed to reduce the inflammation for more than 
5 weeks: 830 nm LED-LLLT in three sessions, 3 days apart, completely controlled it [25]. 
Moreover, 830 nm LED-LLLT has shown significant prophylaxis against hypertrophic scar 
formation postthyroidectomy in a controlled study [52]. To summarize, it can be argued 
that LLLT not only speeds up the wound healing process, but ensures that good quality 
wound healing is achieved, with prophylaxis against unwanted scar formation.

7. Clinical indications of phototherapy in skin rejuvenation

So, finally, having looked at some of the science and technology behind phototherapy, what 
about LLLT for photorejuvenation of the aging and aged skin? First the methods available 
need to be considered. Discussed earlier in this chapter were LD-based systems, LED-based 
systems, and filtered lamp-based systems. It has to be said that LD-based systems deliver 
higher photon intensities than LEDs, which in turn are in general much more intense than 
filtered lamp systems. LDs deliver coherent light at a precise wavelength. LEDs deliver non-
coherent light, but with more than 95% of the photons at the rated wavelength, quasimono-
chromaticity, and with clinically useful photon intensity thanks to their treatment head 
design and photon interference among the LED beams. Filtered lamps deliver polarized light 
at a slightly broader bandwidth than LEDs because of the filter technology, but with rather 
low intensities requiring longer exposure times. Almost all LD-based systems require manual 
application in a point-by-point mode, and even those with some form of stand-based applica-
tor can cover only a small area at a time. LED-based systems have large-areas planar arrays, 
the better systems having multiple articulated panels to enable uniform irradiation of curved 
areas of the body, such as the face: these are applied in a completely hands-free manner, 
covering large areas of the body in one session. Filtered lamp systems are also available with 
stands to hold the lamp in a hands-free manner, but have a smaller treatment area than LED 
systems, and cannot cover curved areas with uniform irradiance.

Based on the statements above, the authors therefore feel that, given the rise of popularity of 
LED-based phototherapy systems in the clinical world and also given the increasing body 
of LED-based evidence in the peer-reviewed literature [25, 53], the optimum phototherapy 
system for photorejuvenation should thus be the large array LED-based system. The wave-
lengths which have achieved the largest coverage in the literature are as follows: 415 nm, 
but only as part of acne phototherapy, so perhaps cannot be included in photorejuvenation; 
633 nm visible red; and 830 nm. Of the latter two, several articles have examined the use of 
the wavelengths in sequential combination for photorejuvenation, with very good results. 
[14, 54, 55]. The regimen as it evolved called for the near-IR 830 nm to be applied first, then 
2–3 days later the 633 nm visible red head was applied. This was repeated over 4 weeks. The 
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dose for the 830 nm component was usually 60 J/cm2, and for the 633 nm was over the 100 J/
cm2 mark. All three studies had a follow-up period, ranging between 8 and 12 weeks during 
which no further treatment was given, subjects being allowed only to wash their faces with 
hypoallergenic soap without any other skin care preparation. In all studies, steady improve-
ment was noted in the skin condition in the weeks after the final treatment. The ultimate 
study in photorejuvenation with LED-LLLT was that by Lee and colleagues [32], in which she 
compared 633 used on its own with 830 used on its own, the 830/633 nm combination and 
a sham treated control group. All subjects had only one-half of their faces treated. Lee not 
only took clinical photography, she also conducted histological, profilometric, ultrastructural 
and immunohistochemical assays to examine what was happening underpinning the very 
good results of her study at 12 weeks after the final treatment session. All the LED-treated 
groups were statistically significantly better than the sham group, and the treated sides were 
improved compared with the untreated sides: in the sham-irradiated group, there was no 
real improvement between the sides. It was anticipated that the combination group would 
show the best results, but in fact it was the 830 nm group who led in most of the assays. Skin 
elasticity at 2 weeks after the final treatment was significantly better for the 830 nm group, as 
was neocollagenesis and elastinogenesis. A strong Grenz zone was seen under a plumper and 
 better organized epidermis, and fibroblasts in transmission electron microscopy were active 
and fibroplasic, surrounded by bundles of good quality collagen fibers. At 2 weeks after the 
final treatment, tissue inhibitors of matrix metalloproteinases (TIMPs) 1 and 2 were seen, sug-
gesting a photoprotective effect, which was not seen in the sham or unirradiated specimens. 
The major finding for the subjects themselves was assessed via patient satisfaction. In all the 
treated groups, this grew significantly from immediately after the final session to 12 weeks 
after the session. The combination 830/633 nm group was significantly superior to the 633 nm 
only group. However, the most surprising finding was the much earlier and better satisfaction 
recorded by the 830 nm group.

So how does LED-LLLT help with rejuvenating the photoaged face? In short, LED-LLLT 
 stimulates all phases of the wound healing process, but without causing any wound. It was 
shown that 830 nm LED in a human subject study in vivo recruited significantly more mast 
cells, macrophages and neutrophils into irradiated tissue 48 h after a single irradiation of one 
arm in all 8 subjects in the study, compared with the unirradiated arms [34]. Moreover, at 
48 h the mast cells had mostly degranulated, compared with no degranulation at all seen 
in the contralateral untreated arm. Similar findings have also been observed in the mouse 
tongue model, although with 633 nm rather than 830 nm [33]. Additionally, ultrastructural 
assessment with transmission electron microscopy showed that the ECM in all the treated 
tissue specimens was in what appeared to be an inflammatory state with abundant interstitial 
spaces and the clear presence of perivascular edema. The findings resembled those after a 
wound, but there was no wound.

The authors surmised that the swift degranulation of the mast cells very soon after 830 nm 
LED-LLLT had dumped a slew of proinflammatory cytokines into the normal tissue during the 
first stage of excellulation of granules which had induced a wound-like response. More mast 
cells and macrophages were then recruited in via chemotactic signals released by the granules, 
together with neutrophils, none of the latter being found in any of the fields in the specimens 
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from the unirradiated arms. In other words, a quasi-wound had been formed with a strong 
inflammatory response, but without heat or damage, and with no grossly visible aspects of 
any of the traditional signs of wounding, calor, rubor or dolor. The wound healing process 
teaches us that, after inflammation, comes proliferation, followed by remodeling. The authors 
concluded that the action of the 830 nm LED-LLLT on mast cells had elucidated the first stage 
toward photorejuvenation by creating the inflammatory response.

It could therefore be argued, based on the findings in the Lee study referenced above, and 
the speedy wound healing in other studies, that the continued regimen of LED LLLT, twice 
weekly over 4 weeks, accelerated the wound healing process underpinning the rejuvenation 
of both the ECM and the epidermis in a stepwise manner, enhancing the fibroblast activity 
in the proliferative stage, and allowing the remodeling stage to be entered earlier. That 
continued improvement seen in the Lee study following the end of the actual treatment in 
all three treatment groups, but particularly in the 830 nm group, was the visible result of the 
remodeling process working on the newly laid down collagen fibers in the dermis during 
the proliferative stage, supported by the fresh elastinogenesis. On the other hand, it took 
time, 12 weeks in fact, to see the optimum results. This shows how important it is to prepare 
patients to be patient when planning photorejuvenation with low level light therapy. LED-LLLT 
certainly works, but it works from the inside out and takes time. However, concomitant use 
of good skin care preparations and establishment of a daily UVA/B sunscreen regimen would 
accelerate results and quite possibly maintain them even longer.

As to the optimum wavelength, in a review on the efficacy of LED-LLLT, Kim and Calderhead 
came down firmly in favor of the 830 nm wavelength [25]. Calderhead and colleagues 
reviewed 830 nm LED-LLLT both in stand-alone and in adjunctive indications and came to 
the same conclusion [56]. In a recent invited review for Clinics in Plastic Surgery, Calderhead 
and Vasily examined the efficacy of LED-LLLT in the aging face, and again pointed to the 
overall efficacy of the 830 nm wavelength [57]. Having said that, 633 nm has shown interest-
ing results on induction of fibroplasia in fibroblasts in a human in vivo model, so cannot be 
 discounted [32]. As long as there is absorption there will be reaction, and remember that the 
key to absorption to achieve effective photorejuvenation is primarily wavelength.

8. Innovations in photorejuvenation

The previous sections in this chapter have dealt mostly with very narrow-band light sources 
in photorejuvenation as part of photomedicine, concentrated on non-coherent but qua-
simonochromatic LEDs and coherent LDs at specific wavelengths. However, one of this 
chapter’s authors (YT) has recently launched exploration into a new concept of potentially 
phototherapeutic light having built up an impressively large body of evidence. Tanaka offers 
an innovative approach to photorejuvenation, namely comparatively broad band near-IR 
with a cut-on/cut-off water filter to exclude certain wavelengths in that IR waveband.

A specific band of near-IR energy (1100–1800 nm together with a water-filter that excludes 
wavelengths 1400–1500 nm) has been demonstrated by Tanaka to induce various biological 
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effects through a broad range of clinical, histological, and biochemical investigations [58–72]. 
Tanaka reported that water-filtered broad-spectrum near-IR can promote up-regulation of 
genes related to type I collagen synthesis, including LARP6 and COL1A1, which achieves 
skin tightening and skin rejuvenation [72]. This exciting development of a specific broad-band 
IR waveband is also associated with deep penetration of the water-filtered waveband into the 
dermal ECM, targeting both cells, subcellular components and the vascular plexus.

Tanaka also reported that water-filtered broad-spectrum near-IR induces long-lasting vaso-
dilation that may prevent vasospasm and be beneficial for ischemic disorders [65]. Near-IR 
also relaxes and weakens dystonic and hypertrophic muscles to reduce wrinkles and myalgia 
[60, 61]. The ability of LLLT at 830 nm to activate the parasympathetic system and counteract 
sympathetic hypertension was noted above as reported by Asagai and colleagues [49], so this 
new approach pioneered by Tanaka may also have far-reaching benefits in the treatment of 
athetotic tonic spasm in profoundly affected cerebral palsy quadriplegic patients. Near-IR 
is an essential tool in cancer detection and imaging and induces drastic non-thermal DNA 
 damage of mitotic cells, which may be beneficial for treating cancer [66, 67]. Activation of stem 
cells by near-IR energy may be useful in regenerative medicine [62, 68, 70, 73].

Although the underlying mechanisms of various biological effects by water-filtered broad-
spectrum near-IR have not been clearly elucidated, the potential of this innovative approach 
may be also significant, and the range of its applications in the medical field is expected to 
be wide [70]. Therefore, further studies in this area are needed to more accurately investigate 
the biological effects of water-filtered broad-spectrum near-IR phototherapy and photoreju-
venation, and to evaluate its potentially large contribution as a new component in the low 
level light therapy armamentarium.

9. Conclusions

The authors of the present chapter are of the clear opinion that LLLT is a valuable tool for 
the aesthetic clinician in rejuvenating the photoaged face, but it is only one such tool. We 
further believe that LED-based systems are the best way to go because of their ease of use and 
hands-free delivery, compared with LD-based devices. We finally believe that 830 nm offers 
very interesting properties compared with other wavelengths, making it the wavelength of 
choice because of its superior depth of penetration, and larger number of cells and targets 
it has been shown to photoactivate. However, the novel indication of Tanaka’s broad-band 
water-filtered near-IR must also be watched extremely closely, since this waveband penetrates 
well into the ECM and beyond and has been proved to target and photoactivate wound heal-
ing cells and the vascular plexi.

A great deal of work remains in exploring the exact mechanisms of LLLT action, although 
many pathways at subcellular and genetic levels have been and are being explored. The 
TGF-β/Smad signaling pathway is the latest to be explored in the collagen synthesis chain 
of events [74], coupled with up-regulation of genes related to type I collagen synthesis, 
including LARP6 and COL1A1 [72], and more will doubtless be uncovered. The more that 
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is known, the better can we use LLLT to target the correct pathways to help turn back the 
skin’s aging clock in photorejuvenation, from the inside out … fighting photodamage with 
reparative  phototherapy. However, ‘No man is an island, entire of itself’ (1624 Meditation 
17, from Devotions Upon Emergent Occasions, John Donne, 1573–1631): in the same way LLLT 
photorejuvenation cannot possible accomplish everything. Combination is without a doubt 
the key, and whereas LLLT as a stand-alone modality has a lot of promise in rejuvenating the 
not-so aged face, when we come to treat the seriously aged face, then LLLT will be an excel-
lent adjunctive modality to the more aggressive laser and energy-based device treatments.

Just to leave the reader with a teasing thought, the authors have often seen the term ‘photoan-
tiaging’ bandied about, when what people are really talking about is photorejuvenation, the 
central subject of this chapter. But what about ‘true photoantiaging’? Suppose we clinicians 
and researchers start to apply pure LLLT, either with near-IR LEDs or broad-band water-fil-
tered near-IR in younger patients in their late teens, for example … would that give us true 
‘photoantiaging’ and remove or at least postpone the necessity for photorejuvenation later in 
life? It is an intriguing thought.

Finally, a group of authors, writing almost 10 years ago in Lasers in Medical Science on their 
years of experience in the use of light in facial rejuvenation, concluded that no single modality 
could accomplish all the complex events required for effective skin rejuvenation, and suggested 
that combination phototherapy was the best approach, amalgamated with other conventional 
modalities, and with an adjunctive epidermal care regimen [75]. There is indeed, nothing new 
under the sun.
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