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Preface

Dendrimers are a new and important class of macromolecules increasingly used in recent
years in the fields of medicine, biology, materials science, synthetic organic chemistry, bio‐
technology, environmental engineering, optics, electronics, catalysis, electrochemistry, pho‐
tochemistry, and sensors and even for production of cosmetics and personal care products.

Dendrimers: Fundamentals and Applications aims to provide an interdisciplinary approach of
this exciting and rapidly growing area of research. A general introduction to the subject of
dendrimers, including definition, properties, and the main applications, is provided. Subse‐
quent sections discuss topics including dendrimers as drug nanocarriers, computer simula‐
tion of interaction of lysine dendrimers with different peptides, radiolabeled dendrimers for
molecular imaging of tumor angiogenesis, dendrimers as functional materials, dendrimers
as dopant atom carriers, and dendrimers in self-healing technology.

Throughout the book, examples from the authors’ work and other current researches are
also mentioned. This book will appeal to a wide range of scientists, including nonspecial‐
ists who require an introduction to fundamentals of dendrimers and their application in the
field of biology, medicine, liquid crystal devices, electronics, quantum devices, and self-
healing technology.

Prof. Claudia Maria Simonescu, PhD
Analytical Chemistry and Environmental Engineering Department

Politehnica University of Bucharest
Faculty of Applied Chemistry and Materials Science

Bucharest, Romania
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1. Introduction

Over the last years, a great attention has been paid to develop and discover new materials with
potential applications in our daily lives. From these new materials, dendrimers, as a new class
of synthetic polymers discovered in the late 1970s by German scientist Fritz Vögtle, at the
University of Bonn, and American chemist Donald Tomalia who was working at Dow Chem-
ical Corporation have been readily engineered to be used in many industrial applications.

Dendrimers are defined as nano-scaled macromolecules having a particular architecture with
three definite domains: (1) one central core represented by either a single atom or an atomic
group with at least two similar chemical functions, (2) many branches bonded to the core
composed by repeat units resulting a series of radially concentric layers named generations
and (3) numerous terminal functional groups located at the edge of the molecule which
determine the properties of dendrimers [1]. These structural characteristics imposed properties
essential for their applicability such as: (i) controlled shape, (ii) accurate dimensions and an
extraordinary diversity of peripheral functions (theoretically inexhaustible), (iii) ability to
simultaneously create isotropic and anisotropic assemblies, (iv) almost perfect compatibility
with other nanomolecules such as: DNA, metal nanocrystals or carbon nanotubes, (v) a
remarkable self-assembly potential, (vi) the ability to combine both mineral and organic com-
pounds simultaneously, (vii) the tendency to encapsulate or to be associated in unimolecular
functional mechanisms. All these are in accordance with the high number of the researches
reported in scientific literature and with the numerous applications of dendrimers. By using as
keyword “dendrimers” one searching on ScienceDirect revealed a number of 18,549 results of
which 550 are in the first 2 months of this year.

© 2016 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 eproduction in any medium, provided the original work is properly cited.

DOI: 10.5772/intechopen.75844
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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.



Chapter 1

Introductory Chapter: Dendrimers as Nanoengineered
Materials and Their Applications

Claudia Maria Simonescu

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.75844

Provisional chapter

Introductory Chapter: Dendrimers as Nanoengineered
Materials and their Applications

Claudia Maria Simonescu

Additional information is available at the end of the chapter

1. Introduction

Over the last years, a great attention has been paid to develop and discover new materials with
potential applications in our daily lives. From these new materials, dendrimers, as a new class
of synthetic polymers discovered in the late 1970s by German scientist Fritz Vögtle, at the
University of Bonn, and American chemist Donald Tomalia who was working at Dow Chem-
ical Corporation have been readily engineered to be used in many industrial applications.

Dendrimers are defined as nano-scaled macromolecules having a particular architecture with
three definite domains: (1) one central core represented by either a single atom or an atomic
group with at least two similar chemical functions, (2) many branches bonded to the core
composed by repeat units resulting a series of radially concentric layers named generations
and (3) numerous terminal functional groups located at the edge of the molecule which
determine the properties of dendrimers [1]. These structural characteristics imposed properties
essential for their applicability such as: (i) controlled shape, (ii) accurate dimensions and an
extraordinary diversity of peripheral functions (theoretically inexhaustible), (iii) ability to
simultaneously create isotropic and anisotropic assemblies, (iv) almost perfect compatibility
with other nanomolecules such as: DNA, metal nanocrystals or carbon nanotubes, (v) a
remarkable self-assembly potential, (vi) the ability to combine both mineral and organic com-
pounds simultaneously, (vii) the tendency to encapsulate or to be associated in unimolecular
functional mechanisms. All these are in accordance with the high number of the researches
reported in scientific literature and with the numerous applications of dendrimers. By using as
keyword “dendrimers” one searching on ScienceDirect revealed a number of 18,549 results of
which 550 are in the first 2 months of this year.

© 2016 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 eproduction in any medium, provided the original work is properly cited.

DOI: 10.5772/intechopen.75844

© 2018 The Author(s). Licensee IntechOpen. 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.



Regarding the applications of dendrimers, the most important are in: medicine [2], catalysis
[3], nanoparticle synthesis [4], environmental protection and remediation [5], electrochemistry
[6], photochemistry [7], electronics [8], sensors [9], batteries [10], optics [11], biology [12],
cosmetics, and personal care product [13].

Substantial progress andmany studies have been performed towards the employing of dendrimers
for therapeutic and diagnostic purposes for cancer treatment. In this field, the dendrimers were
involved as anti-neoplastics and contrast agents, in photodynamic therapy, photothermal therapy
and neutron capture therapy [14]. Impressive results have been registered regarding uses of
dendrimers for lung, breast, ovarian, pancreatic, cervical and brain cancer treatments.

An emerging field to apply dendrimers is genetics. Selective replacing of defective or deficient
genes inside cells is expecting to take place by embedding genetic material into dendritic struc-
tures. This is called “gene therapy” and it was previously attempted using a genetically modified
virus. In this therapy, the genetically modified virus has been attached to the cells and injects its
DNA. The body recognized these “good” viruses as a disease and it attacks them. In case of
dendrimers, this immune-system reaction does not occur and they can be applied successfully.

Dendrimers are also considered as excellent candidates for tissue engineering applications [15].

Recently, dendrimers have shown exciting applications in environmental remediation [15].
They are used as adsorbents for organic and inorganic compounds from water as well as
materials for different treatment technologies. Many studies reported the application of
dendrimers for removal and recovery of heavy metals, precious metals, dyes, and phenol from
wastewater. The removal mechanisms and the factors affecting adsorption/removal parame-
ters have been discussed and presented in these studies [5]. These applications are due to their
tunable architectures and their selectivity [5, 15].

The cavity of dendrimers has been exploited as “nanoreactors” for accommodating of different
guests from metallic nanoparticles to biomolecules [16]. By this encapsulation, it will be
registered an improving properties of guests such as solubility and biocompatibility. One
control of the size and the shape of nanoparticles can be also shown when the synthesis of
nanoparticles has been performed in dendrimers.

Considering the key role of dendrimers in many processes and reactions, it is expected an
increase of developments and researches/articles and books in this field.
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Abstract

Synthetic polymers, such as dendrimers, play a critical role in pharmaceutical discovery 
and development. Advances in the application of nanotechnology in medicine have given 
rise to multifunctional “smart” nanocarriers that can deliver one or more therapeutic 
agents safely and selectively to cancer cells, including intracellular gene-specific target-
ing. Dendrimers with their 3D nanopolymeric architectures are highly attractive class of 
drug and gene delivery vector. Advances in understanding and manipulating genes gave 
scientists a tool to make changes in people DNA to prevent or treat diseases. Over the past 
decade, gene therapy has been in use in clinical trials. The inactivation of the tumor sup-
pressor genes is the main idea of the development of gene therapy in the cancer treatment. 
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1. Introduction

Cancer is one of the world’s most stressful diseases with no apparent cure in sight for several 
tumor types and millions of new cases reported every year [1]. Cancer chemotherapy using con-
ventional anticancer agents has been slowed down by several challenges such as severe toxicity, 
poor membrane permeability, rapid clearance, and narrow therapeutic index. In this regard, a 
wide range of nanoparticles such as liposomes, polymeric micelles, polymeric nanoparticles, 
dendrimers, silica nanoparticles, and carbon nanotubes with their structural, physicochemical, 
and functional diversity can be utilized to enhance drug loading and enable drug internalization 
in target cancer cells while limiting uptake in normal tissues and cells [2, 3]. The development 
of smart cancer treatment approaches revolves engineering such unique nanosystems carrying 
drug and gene payloads that can passively or/and actively target cancer cells [4]. Gene therapy 
and newer molecular target-based anticancer tactics involve the use of potent but highly labile 
agents such as monoclonal antibodies, aptamers, siRNA and miRNA that are readily degraded 
and/or have limited stability in vivo [5]. The big limitation of conventional anticancer agents is 
a poor therapeutic response and adverse side-effects involving healthy organs [6]. To overcome 
those limitations searching for new effective carrier vectors is very important. They might protect 
the payload from degradation during the transit, enhance targeting efficiency, optimize drug 
release profiles, and reduce the adverse toxic effect caused by the non-target organ accumulation 
of cytotoxic drugs [7–9].

2. Dendrimers

Dendrimers are globular macromolecules sized 1–100 nm with an architecture consisting of 
three distinct domains: a central core, a hyperbranched mantle, and a corona with periph-
eral reactive functional groups [10]. The high level of control over the synthesis of dendritic 
architecture makes dendrimers a nearly perfect (spherical) nanocarrier with predictable 
properties. Many different kinds of dendrimers, including polyamidoamine (PAMAM), 
poly(propylene imine) (PPI), poly(glycerol-co-succinic acid), poly-l-lysine (PLL), melamine, 
triazine, poly(glycerol), poly[2,2-bis(hydroxymethyl)propionic acid], poly(ethylene glycol) 
(PEG), and carbohydrate-based and citric acid-based ones, have been successfully developed 
for drug delivery [11–14]. The most widely investigated vectors for medical application are two 
dendrimers: PAMAM and PPI [15, 16]. Those two amine-terminated dendrimers display stim-
uli-responsive (pH-dependent) drug release behavior. The tertiary amine groups are deproton-
ated at high pH (alkaline), causing a collapse of the dendrimer on itself, which is named ‘back 
folding’ [17]. The utility of dendrimers can be appreciated by their ability to traverse several 
delivery barriers using two overarching principles, namely active and passive tumor targeting.

3. Cancer treatment and limitations of chemotherapy

Surgery and radiation are the main common treatment in solid tumors as soon as they are 
recommended to undertake considering the tumor infiltration. These kinds of treatments are 
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considered as local treatments [18]. As it is well recognized, surgery can be disfiguring and 
radiation can be damaging to local healthy tissues and organs. Chemotherapy is the third option 
in cancer treatment, which is called adjuvant therapy to surgery and radiotherapy. It is based on 
cytotoxic effect (cell-killing therapy). The most desirable effect of chemotherapy is to eliminate 
cancer completely, which is still in most cases the wishful thinking. If such a cure is not pos-
sible, the good result is to even stop the growing tumor [19]. Despite some excellent drugs are 
available, the efficacy of many existing chemotherapeutics is limited by their inability to reach 
their therapeutic site of action in sufficient amounts to be effective [20]. In most cases, patients 
are administered with an excess of medications that are distributed throughout the whole body, 
and thus, it is extremely difficult to avoid distribution into healthy organs and tissues and the 
depression of the immune system. It always gives the limitation of dosage that can be given 
and, in turn, prevents these drugs from achieving the potential cures [21]. Current anticancer 
drugs often have a poor therapeutic index and they cause a lot of side effects [22]. A major con-
cern is when the medications affect non-cancer cells, causing the adverse reduction of red and 
white blood cells, and affecting the gastrointestinal tract triggering nausea and diarrhea  [23]. To 
reduce, or even better to avoid such side effects, the drug delivery to the tumor is optimized by 
preparing carriers containing an active agent associated with a molecule capable to accurately 
target cancer cells such as antibody drug conjugates (ADC) or nanoparticles [24–26].

4. Dendrimers as drug delivery systems

Dendrimers have been engineered as nanodevices, either in nanocarrier drug approaches or 
as drugs per se. The biological effect of dendrimers is caused by terminal moieties and is 
responsible for the global efficiency. Dendrimers due to their proper, reproducible, and opti-
mized design parameters overcoming the physicochemical limitations of classical drugs (for 
example, solubility, specificity, stability, biodistribution, and therapeutic efficiency) are suc-
cessful. They are also able to omit biological problems to reach the right targets such as first-
pass effect, immune clearance, cell penetration, and off-target interactions [27]. Polymers are 
commonly used materials for nanoparticles-based delivery [28], among them dendrimers are 
the ones more commonly used as a non-viral delivery system. The best drug carrier should 
meet several requirements such as drug retention, release the drug, unaffecting by the immune 
system, extending the time in blood circulation, and specific targeting to cells or organs [29]. 
When a drug carrier is applied to the patient and reaches the level of the blood, it starts an 
intricate trip before it is able to reach the destination of the target site. When they attach to the 
target cell membrane, they undergo the endocytosis process. There are several parameters of 
dendrimers that can facilitate the process. We have to emphasize also the impact of the body 
structure including size, shape, additional chemistry on the surface, and mechanical flexibil-
ity [30]. The nanoparticles, due to their size, have a huge impact on the circulation time if they 
are applied intravenously (IV), so they are safe for the smallest capillaries and they are not 
able to clog them [31]. Cellular uptake by phagocytosis and endocytosis is also particle size 
dependent [32, 33]. The unique uniformity of dendrimers gives them the ability to cross the 
membrane of cancer cells. The anticancer drug can be either non-covalently encapsulated in 
the core of the dendrimer or covalently conjugated to its surface, being possible to customize 
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the drug release profiles by controlled depolarization processes [34, 35]. When amphiphilic 
dendrimers with a hydrophobic core and hydrophilic branches encapsulate the anticancer 
drugs, it helps to utilize these dendrimers in local treatments such as intratumoral injections. 
Such a solution helps to solubilize the hydrophobic drugs and leaves the drug unaltered [36]. 
The attachment of anticancer drugs to the surface groups of the dendrimer by covalent chemi-
cal bonds offers also some other advantages compared to the non-covalent encapsulation. 
Besides the enhancement of solubilization of the drugs, it is possible to attach many different 
hydrophobic anticancer drugs, and the controlled release is being maintained [37, 38].

Dendrimers have already been used as passive anticancer nanocarriers [38–41]. There are pre-
clinical promising results in vitro as well as in vivo with active targeting dendrimers [36]. For 
example, antibody-dendrimer conjugates showed better efficacy than free antibodies [42–45]. It 
has been also reported that dendrimers modified with folic acid on the surface generated better 
tumor accumulations that untargeted controls or free drug, producing a stronger reduction of 
the tumor mass [46, 47]. Moreover, sugar-modified PPI dendrimers tested by our research team 
at University of Lodz, Poland, are very attractive and specific for leukemia and lymphoma 
cells derived from lymphocytes B. Depending on the sugar on the surface and the number of 
molecules, we can observe the different extend of triggering apoptosis in those cells due to 
the diversity in affecting particular gene pathways [48–51]. Lysine dendrimers, PAMAM, PPI, 
and phosphorus have been reported to be able to modulate amyloid peptide aggregation in 
solution [52–54]. The deposition of amyloid fibrils is characteristic in neurological disorders as 
well as prion and Alzheimer’s diseases. Some of the positively charged dendrimers could even 
inhibit the growth of amyloid fibrils or even disrupt existing mature of these fibrils. Others 
could decrease the number of toxic amyloid oligomers [55, 56]. The slow translation of preclini-
cal studies to clinical trials may be due to the toxicity of dendrimers [46, 47], with the aim of the 
current research in the development of new biocompatible and less toxic alternatives [57, 58].

Once these molecular machines arrive at the target site inside the living organism, several 
barriers must be overcome. Nanocarriers are usually internalized by endocytic processes [59], 
the processes called vesicular internalization. The most widely studied endocytic pathways 
are clathrin-mediated endocytosis, caveolae-mediated endocytosis, and macropinocytosis, 
but other cellular pathways have been recently identified, including clathrin- and caveolae-
independent endocytosis and phagocytosis [60]. Molecules, which are internalized by the cell 
membrane, are endocytosed by the early endosomes pathway. They may progress later to late 
endosomes and lysosomes. If the loading of dendrimer targets the nucleus, thus the nuclear 
membrane is another barrier that the dendrimer should come across [61].

We should be very careful designing the drug delivery system because unexpectedly our 
desired nanovector might have its own power. This is what our genetic research has shown—
4th generation PPI glycodendrimers with maltotriose molecules directly trigger mechanism 
of apoptosis in mitochondria of lymphocytes B, particularly those transformed to the leuke-
mic cells. That discovery was successfully patented (US 9,877,85) and applied as a potential 
drug for lymphoproliferative disorders coming from B cells, such as chronic lymphocytic 
leukemia (CLL) or B-lymphoma. The power of these glycodendrimers relied on the ability 
to affect several genetic pathways simultaneously, and as opposed to the commonly used 
drugs or the new ones already proved by FDA, they affect the cell genome very quickly and 
efficiently according to the natural death process initiation (Figure 1).
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5. Delivery of RNA therapeutics

During the past decades, RNA-based drugs have arisen as good candidates to cure the dis-
eases at the gene and RNA levels. Since 1990, it has been known that nucleic acids can be 
used to modify protein production in vivo [62]. However, therapeutic RNA delivery has been 
limited for a long time by many different factors [63]. It is known that naked, single-stranded 
RNA is easily degraded by nucleases. It can also activate an immune system and is too large to 
be able to passively cross the cell membrane. Moreover, the negative charge of RNA causes the 
problem to enter the cell. Therefore, an additional solution should be provided to facilitate cel-
lular entry and escape from endosomes [63, 64]. Typically, cationic polymers (e.g. dendrimers) 
are used to electrostatically condense the negatively charged RNA into nanoparticles [65]. 
Very important for effective nucleic acid delivery are modifications made to RNA itself [66], to 
make it more resistant to degradation and render them unrecognizable by the immune system 
[67]. RNAs can be modified by means of chemical alterations to the ribose sugar [67, 68], the phos-
phate linkage, and the individual bases [69–72]. One of such modified RNA is locked nucleic 
acid (LNA) modification. LNA’s ribose moiety is modified with an extra bridge between the 
2′ oxygen and 4′ carbon. The bridge “locks” the ribose in the 3′-endo(North) conformation. 
LNA nucleotides can be mixed with DNA or RNA residues in the oligonucleotide whenever 

Figure 1. Mechanism of action—PPI-G4-OS-Mal3 dendrimers in B-lymphocyte (the illustration prepared by B. Ziemba).
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preferred and hybridize with DNA or RNA according to Watson-Crick base-pairing rules. 
Due to the high stability of LNA-RNA it started to be used in a biotechnology field in a phar-
maceutical business [73]. The multi-valent folate (FA)-conjugated 3WJ RNP constructed to 
harbor anti-miR-21 LNA sequences (FA-3WJ-LNA-miR21). Specifically targeted anti-miR-21 
LNA was delivered to glioblastoma cells. It caused the knock down of miR-21 expression in in 
vitro and in vivo models with favorable biodistribution. The results are indicative of the clinical 
benefit of FA-3WJ RNP-based gene therapy for the successful targeted therapy of developing 
and even recurring glioblastoma [74]. In the other study, (LNA)-anti-miR was reported as a 
blockage factor of miR-182-5p in human breast cancer cell line (MCF-7). MTT (3-[4,5 dimeth-
ylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide) assay and annexin/propidium iodide stain-
ing at different time points after LNA-anti-miR-182-5p transfection were accomplished. The 
results showed that miR-182-5p inhibition induces apoptosis and thus reduces the viability 
of MCF-7 cells. These results can be used in translational medicine for future investigation in 
breast cancer and approach treatment based on antisense therapy.

siRNA is not the only RNA drug to be examined for protein knockdown at the clinical stage 
(NCT01676259) [75, 76]. Antisense oligonucleotides (ASO) were the first RNA drugs success-
fully reported in clinical trials. They are able to block protein translation through Watson-
Crick base pairing with the target mRNA, similar way to siRNA mechanism, and they can 
also be modified to improve their stability [77–79]. Despite that the ASOs inhibit protein 
production through the sterically blocking ribosome attachment or eliciting RNase-H activa-
tion, they are also able to promote the exon skipping, which may lead to a deletion of faulty 
sequences within proteins and thus it can make a protein upregulation, that can be used in 
diseases where certain genes are repressed [80].

An emerging, but less clinically improved, is microRNA (miRNA) platform for protein knock-
down. Endogenous miRNAs are non-coding RNAs that are regulatory factors for a variety 
of cellular pathways and are often downregulated in diseases [81]. Exogenous mRNAs, or 
miRNA mimics, delivered therapeutically could make a knockdown of several proteins 
simultaneously, which might be very useful in cancer, where having a single disease-relevant 
target is rare [82]. The first miRNA mimic therapy to enter clinical trials was MRX-34—a 
liposomal-encapsulated miRNA mimic from Mirna Therapeutics meant to treat variety of 
cancers [83]. Despite the big number of carriers, mRNA molecules are significantly larger 
than (600–10,000 kDa) than the previously discussed siRNAs (~14 kDa) and ASOs (4–10 kDa), 
which poses an additional challenge for delivery of mRNA therapeutics [84]. Therapeutic 
applications based on mRNA are currently being explored as vaccinations against cancer, 
infectious diseases, and gene editing. Cancer mRNA vaccines have experienced accelerated 
development in cancer immunotherapy. The majority of approaches tested in clinical trials 
employ adoptive transfer of DCs transfected with mRNA coding for tumor-specific antigens 
(TSAs) and immunomodulation of T cells with mRNAs expressing chimeric antigen receptors 
(CARs) or TSAs [85–87].

The most recent and the most sophisticated gene delivery is CRISPR-Cas system that also 
relies on Watson-Crick base-pairing between a single guide RNA (sgRNA) and a correspond-
ing DNA target site followed by a distinct protospacer-adjacent motif (PAM), which is a 3–5 
nucleotide DNA sequence required for binding Cas9 and cleavage of the target sequence.  
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It leads to the double-stranded break (DSB) into a DNA molecule [88]. DSBs can be repaired 
by cells using non-homologous end joining (NHEJ) and homology-directed repair (HDR). 
NHEJ results in insertions and deletions causing permanent gene knockout [89]. CRISPR-
Cas components based on nanoparticle mRNA delivery are therapeutically attractive due to 
the temporary ability of mRNA expression. There is also no risk of genomic integration and 
mRNA cytoplasmic activity, mitigating the need to overcome the nuclear barrier in compari-
son with pDNA [90]. The major challenges for RNA-based drugs and CRISPR-Cas therapies 
will be shaping the scope of upcoming clinical trials.

6. Clinical studies of dendrimers for targeted cancer therapy

To design the most effective and variety therapies for different kinds of cancer, an effective 
vector protecting siRNA that is non-toxic and can be targeted at selected cells is necessary 
[91, 92]. Several classes of dendrimers seem to be good candidates for carriers of oligonucle-
otides. Cationic carbosilane dendrimers (CBD) characterized by Si─O or Si─C bond and ter-
minated with ammonium or amine groups, form also complexes with siRNAs.

There are many reports presenting promising results in the topic of nucleic acids delivery using 
complexes called ‘dendriplexes’ [93–95]. Among variety of proposed candidates, PAMAM 
dendrimers are the most explored dendrimers type, followed by poly(propylene imine) (PPI) 
dendrimers, poly(l-lysine) (PLL) dendrimers, and some others [96].

PAMAM dendrimers, hydrophilic, biocompatible, and non-immunogenic particles, are build 
of ethylenediamine core (most commonly) and methyl acrylate and ethylenediamine branches 
[97, 98]. They have been successfully used as nucleic acid delivery systems in many in vitro 
and in vivo researches of which we present selected examples [107–119].

The transfection efficiency of PAMAM dendrimers largely depends on their generation, 
which determines the structure of the PAMAM molecule: higher generations are more com-
pact and spherical than the low ones and provide a surface with a high density of primary 
amines therefore form more stable dendriplexes with higher efficiency [99, 100]. However, 
dendrimers with high generations results in higher toxicity due to a large number of terminal 
cationic groups which can interact with negatively charged cell components, e.g. cell mem-
branes causing their disruption [101, 102]. This disadvantage can be diminishing by surface 
modification with different targeting or shielding moieties providing with not only low toxic-
ity but also enhance the cell uptake and specific accumulation of nucleic acid molecules inside 
cells [103–106]. For example, novel targeted nanoparticle system consisting of FLT3 ligand-
conjugated PAMAM G7 encapsulating a pivotal tumor suppressor and negative regulator 
of FLT3 miRNA—miR-150, was developed by Jiang et al. [107] to treat FLT3-overexpressing 
acute myeloid leukemia (AML), a leukemia associated with unfavorable prognosis. The sys-
tem demonstrated high efficacy significantly inhibiting progression of FLT3-overexpressing 
AML in vivo with no obvious side effects on normal hematopoiesis. In other research, Liu 
et al. demonstrated that triethanolamine (TEA)-core PAMAM dendrimer is able to deliver 
Hsp27 siRNA effectively to a castrate-resistant prostate cancer model in vitro [108] and in 
vivo [109] and produce potent gene silencing of the heat-shock protein 27 (HSP27), leading 
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preferred and hybridize with DNA or RNA according to Watson-Crick base-pairing rules. 
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down. Endogenous miRNAs are non-coding RNAs that are regulatory factors for a variety 
of cellular pathways and are often downregulated in diseases [81]. Exogenous mRNAs, or 
miRNA mimics, delivered therapeutically could make a knockdown of several proteins 
simultaneously, which might be very useful in cancer, where having a single disease-relevant 
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of ethylenediamine core (most commonly) and methyl acrylate and ethylenediamine branches 
[97, 98]. They have been successfully used as nucleic acid delivery systems in many in vitro 
and in vivo researches of which we present selected examples [107–119].

The transfection efficiency of PAMAM dendrimers largely depends on their generation, 
which determines the structure of the PAMAM molecule: higher generations are more com-
pact and spherical than the low ones and provide a surface with a high density of primary 
amines therefore form more stable dendriplexes with higher efficiency [99, 100]. However, 
dendrimers with high generations results in higher toxicity due to a large number of terminal 
cationic groups which can interact with negatively charged cell components, e.g. cell mem-
branes causing their disruption [101, 102]. This disadvantage can be diminishing by surface 
modification with different targeting or shielding moieties providing with not only low toxic-
ity but also enhance the cell uptake and specific accumulation of nucleic acid molecules inside 
cells [103–106]. For example, novel targeted nanoparticle system consisting of FLT3 ligand-
conjugated PAMAM G7 encapsulating a pivotal tumor suppressor and negative regulator 
of FLT3 miRNA—miR-150, was developed by Jiang et al. [107] to treat FLT3-overexpressing 
acute myeloid leukemia (AML), a leukemia associated with unfavorable prognosis. The sys-
tem demonstrated high efficacy significantly inhibiting progression of FLT3-overexpressing 
AML in vivo with no obvious side effects on normal hematopoiesis. In other research, Liu 
et al. demonstrated that triethanolamine (TEA)-core PAMAM dendrimer is able to deliver 
Hsp27 siRNA effectively to a castrate-resistant prostate cancer model in vitro [108] and in 
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to a notable anticancer effect. To further improve the delivery system, the arginine-termi-
nated PAMAM-G4 dendrimers were developed with the aim of combining and harnessing 
the unique siRNA delivery properties of the TEA-core PAMAM dendrimer and the cell- 
penetrating advantages of the arginine-rich motif. The modification led to improved cell 
uptake of siRNA by comparison with non-modified bearing PAMAM-G4 and to yield potent 
gene silencing in human hematopoietic CD34+ stem cells [110] and anticancer effects with no 
discernible toxicity in both in vitro and in vivo models [110, 111]. Another example of a deliv-
ery system where the modification aiming at increasing the efficiency yield is FA-decorated 
PAMAM G4 (G4-FA) used as a vector for local delivery of siRNA against vascular endothelial 
growth factor A (siVEGFA) in a xenograft HN12 tumor mouse model of head and neck squa-
mous cell carcinomas. The G4-FA/siVEGFA complex exhibited high tumor uptake, sustained 
retention properties and pronounced tumor suppression in even single- or two-dose regimen 
studies [112]. Thioaptamer (TA)-modified PAMAM dendrimers, on the other hand, are pro-
posed as effective miRNA deliver system to breast cancer cells constituting a prototype that it 
could be safely used in pre-clinical and clinical research [113].

A frequent way of using dendriplexes in anticancer therapy is to provide them in conjunc-
tion with approved anticancer agents [114–116]. Researchers from Virginia Commonwealth 
University used nanoplexes of PAMAM dendrimer with polyethylene glycol and lactobionic 
acid complexed with AEG-1 siRNA against hepatocellular carcinoma (HCC), a fatal cancer 
with no effective therapy. Applied in the combination with all-trans retinoic acid (ATRA), 
the complex developed a profound and synergistic inhibition in tumor growth in human 
HCC xenografts model suggesting, that combinatorial approach might be an effective way to 
combat resistant types of cancer [117]. Liu et al. used PAPMAM dendrimers as a nanoparticle 
delivery platform for a MDR1 gene targeting siRNA to reverse multidrug resistance (MDR) in 
human breast cancer MCF-7/ADR cells. This PAMAM-siMDR1 complex decorated addition-
ally with phospholipid demonstrated high gene silencing efficiency and enhanced cellular 
uptake of siMDR1 resulting in rising of cellular accumulation of doxorubicin (DOX), inhibi-
tion of the tumor cell migration, and due to synergistic work with paclitaxel (PTX), increase 
of cell apoptosis, and cell phase regulation [118]. More complex system designed in order to 
achieve effective treatment to MDR breast cancer is PAMAM functionalized graphene oxide 
(GO-PAMAM) which can load DOX and MMP-9 shRNA plasmid at the same time [119].

It is still a challenging task to deliver the anticancer drugs to brain tumors and overcome the 
restriction of blood-brain barrier (BBB). He et al. [12] have proposed recently an interesting 
approach. G4.0 PAMAM dendrimers have been conjugated with two targeted ligands—
transferrin and wheat germ agglutinin. Such conjugates were used for crossing the BBB and 
incorporation drugs to brain tumor cells. That dual-targeting drug carrier system allowed 
to deliver successfully DOX inside the brain tumor and provided a potential therapy for 
brain cancer [12].

Dendrimers have been investigated for ophthalmic drug delivery since it offers a number of 
advantages as a carrier system. They may improve effective delivery of therapeutic agents to 
intraocular tissues, such as the retina or choroid, using non-invasive delivery methods. Eye can-
cers are not among the most common but also in this area, scientists have started to look for inspi-
ration in nanoparticles [120]. Kang et al. made a successful single injection of subconjunctival 
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G3.5 PAMAM dendrimer to transgenic murine retinoblastoma with no associated toxicity. The 
higher dose of nanoparticle even could reach and decrease the tumor burden in the untreated, 
contralateral eye [121].

Poly(propylene imine) (PPI) dendrimers are constructed from a 1,4-diaminobutane core and 
propylene imine branches [122]. Positively charged surface of PPI dendrimers provides an 
interaction with nucleic acids, enabling the dendritic scaffold to be used as a vector for gene 
transfection [123].

As in the case of the PAMAM dendrimers, the surface of PPI dendrimers can be freely modi-
fied to reduce their toxicity and increase their uptake by target cells. A small library of alkano-
ate-modified PPI G5 dendrimers was developed and tested for their ability to transfect DNA 
to neuroblastoma Neuro-2a cells. It was shown that a balanced hydrophobic surface modifi-
cation results in improved transfection, low cytotoxicity, and hemotoxicity [124]. Much larger 
modifications of PPI dendrimers in order to increase their efficiency as gene carriers have 
been made by a team of researchers from The State University of New Jersey [123–126]. In 
2009, Taratula et al. modified PPI G5-siRNA complex with dithiol-containing cross-linker 
molecules followed by PEG coating. To direct the complex specifically to the human ovarian 
and lungs cancer cells, an analog of luteinizing hormone-releasing hormone (LHRH) peptide 
was conjugated to the end of PEG. The modification and targeting approach confers the com-
plex stability in plasma and intracellular bioavailability, promoted its tumor-specific uptake 
and accumulation in the cells, and efficient gene silencing. Moreover, in vivo study confirmed 
high specificity of the proposed targeting delivery approach [125]. A year later, the same team 
developed a novel way to compact and deliver nucleic acids with lower, third-generation 
PPI dendrimers by using gold nanoparticles (AuNP) as a “labile catalytic” packaging agents. 
The AuNP helped dendrimers to compact siRNA but were not included in the final com-
plex. The efficiency of mRNA silencing by this approach was even higher than that with PPI 
G5 dendrimers [126]. To further improve the efficiency of investigated delivery systems, the 
authors developed siRNA vectors based on PPI G5 dendrimers and superparamagnetic iron 
oxide nanoparticles, together with incorporation of PEG coating and LHRH conjugation. This 
novel multifunctional siRNA delivery system improved selective internalization into cancer 
cells and increased the efficiency of targeted gene silencing in vitro and sufficiently enhanced 
in vivo activity of anticancer drug—cisplatin [127]. In further studies the team designed a 
drug delivery system (DDS) containing a PPI dendrimer as a carrier and a LHRH peptide as 
a tumor-targeting moiety, siRNA targeted to CD44 mRNA and anticancer drug—PTX. The 
proposed DDS was tested in vitro and in vivo using metastatic ovarian cancer cells. The treat-
ment resulted in suppression of CD44 mRNA and protein expression, induction of cell death 
and tumor melting, and moreover, it was free from adverse side effects [128]. The potential 
of PPI dendrimers as a core of delivery complexes was also investigated in the combination 
therapy against multidrug-resistant breast cancer cells (MCF-7/ADR). Copolymer consist-
ing of PPI dendrimer, Pluronic P123 and anti-CD44 monoclonal antibody (anti-CD44-P123-
PPI) loaded with pDNA-iMDR1-shRNA against MDR1 protein demonstrated high efficiency 
of transfection contributing to increased sensitivity of cancer cells to the DOX. The results 
demonstrated that the administration of anti-CD44-P123-PPI/pDNA-iMDR1-shRNA nano-
complexes combined with DOX inhibit tumor growth more efficiently than DOX alone [129]. 
Poly(propylene imine) (PPI) dendrimers with surface modification with maltose have been 
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to a notable anticancer effect. To further improve the delivery system, the arginine-termi-
nated PAMAM-G4 dendrimers were developed with the aim of combining and harnessing 
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uptake of siRNA by comparison with non-modified bearing PAMAM-G4 and to yield potent 
gene silencing in human hematopoietic CD34+ stem cells [110] and anticancer effects with no 
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plex. The efficiency of mRNA silencing by this approach was even higher than that with PPI 
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oxide nanoparticles, together with incorporation of PEG coating and LHRH conjugation. This 
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cells and increased the efficiency of targeted gene silencing in vitro and sufficiently enhanced 
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demonstrated that the administration of anti-CD44-P123-PPI/pDNA-iMDR1-shRNA nano-
complexes combined with DOX inhibit tumor growth more efficiently than DOX alone [129]. 
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tested as drug carriers for nucleoside analog (NA) 5′-triphosphates. The study showed the 
interactions between PPI dendrimers of 3rd (G3) or 4th (G4) generation and cytidine-5′-
triphosphate (CTP) measured by Isothermal Titration Calorimetry method. CTP was used 
as a good representative molecule of pyrimidine nucleoside analog (NA)—cytarabine (ara-
CTP) commonly used in leukemia treatment. Dendriplexes made of PPI dendrimers and NAs 
may help to improve NA limitations such as low solubility and stability or resistance in leu-
kemia cells. The study depicted that dendrimer generation is responsible for the efficiency 
of complex formation. Also a type of surface modification of dendrimer with maltose resi-
dues and a type of solvent used to prepare dendriplexes were evaluated. The results of PPI 
dendrimers creating complexes with CTP were highly efficient that makes them promising 
candidates for a drug delivery system [130]. As soon as we know that cationic nature of PPI 
dendrimers makes it possible to form complexes with nucleotide Ara-C triphosphate forms 
(Ara-CTP), the authors went further to test the concept of applying PPI glycodendrimers as 
a drug delivery system. They wanted to facilitate the delivery of cytarabine to cancer cells to 
overcome metabolic limitations of the drug. As a leukemic cell lines models they used 1301 
and HL-60 as well as peripheral blood mononuclear cells. The enhanced activity of Ara-C 
triphosphate forming (Ara-CTP) complexes with PPI-M dendrimers had been shown. An 
enhanced uptake and cytotoxicity of Ara-CTP-dendriplexes toward 1301 cells with blocked 
human equilibrative nucleoside transporter, hENT1, suggested that it might be a multipur-
pose candidate for resistant acute lymphoblastic leukemia chemotherapy with lower expres-
sion of hENT1 [131]. It has been also reported that PPI-Ma-DS did not impact THP-1 cells 
(monocytic cell line model of innate immunity effectors) viability and growth even at high 
concentrations (up to 100 μM). They also did not induce expression of genes for important 
signaling pathways: Jak/STAT, Keap1/Nrf2 and ER stress. The high concentrations of 4th gen-
eration PPI-Mal-DS (25–100 μM) induced nuclear translocation of p65 NF-κB protein and 
its DNA-binding activity. It leads to NF-κB-dependent increased expression of mRNA for 
NF-κB targets: IGFBP3, TNFAIP3, and TNF. The 3rd generation of PPI-Mal-DS dendrimers 
did not exert the same effect. There was observed no increase in pro-inflammatory cytokine 
secretion which is a very promising result [132]. PPI-5G dendrimers, similar to PAMAM, also 
possessed the ability to deliver anticancer drugs to brain tumors. Gajbhije and Jain reported 
polysorbate-80-conjugated PPI dendrimers for targeted delivery of docetaxel (DTX) to the 
brain tumor [133]. This complex reduced the tumor volume more than 50% after 1 week of 
treatment. It is because this formulation owing the higher BBB permeability of polysorbate-
80-anchored dendrimers [134]. The other report showed that PPI-5G dendrimers conjugated 
with thiamine exhibited improved delivery of PTX across the BBB and the preferential brain 
uptake of PTX by the nanoconjugates might be attributed to the association with the thiamine 
transporters or increased passive diffusion secondary to an improved concentration gradient 
of the dendrimers located at the BBB interface [135].

Poly(l-lysine) (PLL) dendrimers, amino acid-based macromolecules characterized by high 
biocompatibility and low toxicity, have also been developed as non-viral vectors for gene 
delivery [136–139]. In example, in 2002 it was reported that dendritic PLL G5 and G6 trans-
fected DNA into several different cell lines with high efficiency and without any cytotoxic 
effects [139]. The results of more recent studies confirm previous reports. Newly synthesized 
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siRNA carriers containing amphiphilic PLL dendrons exhibited not only the siRNA binding 
properties but also the ability to inhibit the proliferation of glioblastoma cells while being 
non-toxic for cell types that share the anatomical space with tumor cells during the course of 
the disease [140]. Research on the use of PLL dendritic structures as gene carriers in combina-
tion with traditional anticancer drugs also yields promising results. PLL G3 dendrimers with 
a silsesquioxane cubic core were conjugated with a c(RGDfK) peptide through PEG spacer for 
codelivery of DOX and siRNA to glioblastoma U87 cells. The complex showed high transfec-
tion efficiency and gene silencing and was more toxic to U87 cells than free DOX [141].

7. Concluding remarks

Although conventional chemotherapy has been the cornerstone in the fight against cancer, is 
far from being totally satisfactory due to the problems related with their formulation, pharma-
cokinetics, and the last but not least, severe side effects of such a therapy. Last past decades the 
huge progress has been made in the understanding of the disease, its molecular background and 
development of newer targeted therapies. Unfortunately, an effective treatment of several forms 
of cancer still remains a major challenge. Recent advances in drugs based on dendrimer and gene 
delivery using dendrimers as a vector has appeared as a great option to overcome the limitations 
of conventional chemotherapy. Currently, more than 50% of the cancers are not curable and drug 
nanocarriers might help to decrease this percentage. Nanomedicine represents one of the fastest 
growing research areas and is regarded as one of the most promising tools for cancer treatment. 
Several solutions based on nanoparticles have been developed and many are used in clinical 
cancer care. Liposomes and polymer conjugates were the first nanocarriers to be approved by 
FDA; however, only five liposomal drugs, two polymer-protein conjugates, and two dendrimers 
are in the market up to date. Abraxane®, an albumin-bound paclitaxel nanoparticle, has been 
approved by FDA in 2005 for the treatment of metastatic breast cancer. In 2012 the same drug 
has been approved for the first-line treatment of advanced non-small lung cancer and in 2013 
for the metastatic pancreatic cancer. There was an absence of evidence and guidance, regula-
tory decisions on nanomedicine therapeutics. The FDA collaborates with the Nanotechnology 
Characterization Laboratory (NCL) to facilitate the regulatory review and in-depth characteriza-
tion of nanodrugs in medicine. The European Technology Platform on Nanomedicine (ETPN) 
set up a European Nano-Characterization Laboratory (EU-NCL) as the part of the Horizon2020 
project. The regulatory problems seem to be finally overcome since FDA published the Guidance 
for Industry (‘Drug Products, Including Biological Products, that Contain Nanomaterials’)  
in December 2017 (https://www.fda.gov/Drugs/GuidanceComplianceRegulatoryInformation/
Guidances/default.htm). Looking into the future, the use of cancer theragnostics, combining 
anticancer targeted therapy and diagnosis by multifunctional nanoparticles, that combine the 
therapeutic and imaging agent, might be a revolution in the cancer treatment because they allow 
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tic in the real time. This is a future of medicine, right now it still seems to be a science-fiction 
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tested as drug carriers for nucleoside analog (NA) 5′-triphosphates. The study showed the 
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project. The regulatory problems seem to be finally overcome since FDA published the Guidance 
for Industry (‘Drug Products, Including Biological Products, that Contain Nanomaterials’)  
in December 2017 (https://www.fda.gov/Drugs/GuidanceComplianceRegulatoryInformation/
Guidances/default.htm). Looking into the future, the use of cancer theragnostics, combining 
anticancer targeted therapy and diagnosis by multifunctional nanoparticles, that combine the 
therapeutic and imaging agent, might be a revolution in the cancer treatment because they allow 
to diagnose, visualize, and kill the cancer cells simultaneously and both treatment and diagnos-
tic in the real time. This is a future of medicine, right now it still seems to be a science-fiction 
movie, but proudly we are coming closer every year to such an amazing progress in diagnostic 
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Abstract

Lysine dendrimers consist of natural lysine amino acid residues. Due to this reason, 
they are usually not as toxic as other dendrimers. Lysine dendrimers are often used in 
drug and gene delivery. These dendrimers penetrate blood-brain barrier and thus could 
be used for the delivery of drugs and other substances, for example, bioactive peptides 
to brain or elimination of disease-related peptides out of the brain. To do it, dendrimers 
should form complex with these peptides. In the present chapter, we describe computer 
simulation of the interaction of lysine dendrimer of the second generation with three 
different peptides and check does it form complexes with them. Two of these peptides 
(Semax and Epithalon) are nootropic peptides and third is the fragment of amyloid 
peptide, which forms amyloid fibrils and plaques in Alzheimer’s disease. Our simula-
tion demonstrates that the lysine dendrimers form complexes with these therapeutics 
peptides. Thus, we demonstrated that lysine dendrimer is a good candidate for the 
delivery of therapeutic peptides. We also have shown that lysine dendrimer destroys 
existing stacks of amyloid peptides and forms a stable complex with them. Thus, it 
looks that it could be used in future for the treatment of Alzheimer’s diseases.

Keywords: lysine dendrimer, peptide delivery system, molecular dynamics, Semax, 
Epithalon

1. Introduction

Only a few of the peptide drugs reach their targets. Most of them accumulate in nontargeted 
organs and produce different side-effects. Drug delivery systems help to overcome these 
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problems and increase safety and efficacy of therapeutic peptides [1]. Traditional drug deliv-
ery systems include tablets, injections, suspensions, ointments, creams, liquids, and aerosols. 
Polymers are also used for this goal and protect drugs from biological degradation during 
delivery [2].

Dendrimers were synthesized in seventieth to eightieth of the last century [3]. They have reg-
ular branched (star-like) structure. Dendrimers have well-defined size and constant spherical 
shape. Many dendrimers have a large number of charged terminal groups available for func-
tionalization [4, 5]. Dendrimers could be used for drug and gene delivery, as a branched core 
for multiple antigen peptides (MAPs) as well as antibacterial and antiviral agents. Also, they 
were proposed as potent anti-amyloid agents for the treatment of different neurodegenerative 
diseases (Alzheimer’s, Parkinson’s, etc.).

In the present chapter, we describe our results of simulation of the interaction of the second 
generation lysine dendrimer (Figure 1) with three types of peptides: Semax, Epithalon, and 
the fragment of amyloid peptide.

2. Molecular dynamics simulation

Molecular dynamics simulation (MDS) is widely used for modeling of different polymer and 
biopolymer systems. In this approach, all atoms or groups of atoms in molecules in a sys-
tem are represented by spherical beads. Chemical bonds between atoms are represented by 

Figure 1. Structure of lysine dendrimer of the second generation.
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springs or rigid bonds. The dynamics of such mechanical model of real molecular systems is 
described by classical Newton equations of motion and the system of these equations for all 
beads in the system is solved numerically.

   F  i   =  m  i     
 d   2   r  i   (t)  _____  dt   2     (1)

where ri(t) = (xi(t), yi(t), zi(t))—the position vector of the ith particle (or its coordinates xi(t), yi(t), 
zi(t)), Fi—the force acting on the ith particle at time t, and mi—mass of the particle.

This method was applied for the first time for the study of simple 2D model of hard disks, 
which represents two-dimensional analog of a monoatomic gases [6]. Later, it was extended 
for simulation of liquids [7, 8] and coarse-grained model of linear polymer chains [9] and 
n-alkanes [10]. During the last 30 years, MDS was applied for the study of many molecu-
lar systems of different structure and composition. The potential energy in MDS usually 
includes the energy of valence bonds, the energy of valence angles, and dihedral angles as 
well as van der Waals energy and electrostatic energies. In the present study, the variant 
of molecular dynamics simulation approach realized in the framework of GROMACS 4.5.6 
software package [11] and one of the most modern force fields (AMBER_99SB-ildn) was used 
for the representation of potential energy [12] of our system. The force field has the follow-
ing form:

  U ( r  1  , … ,  r  N  )  = ∑   
 a  i   __ 2     ( l  i   −  l  i0  )    2  + ∑   

 b  i   __ 2     ( θ  i   −  θ  i0  )    2  + ∑   
 c  i   __ 2   [1 + cos  ( n𝜔𝜔  i   −  γ  i  ) ]  

             + ∑ 4  ε  ij   [  (   σ  ij   __  r  il    )    
12

  −   (   σ  ij   __  r  il    )    
6

 ] + ∑ k   
 q  i    q  j   ___  r  ij      (2)

where li—valence bond lengths, θi—valence angles values, li0 and θi0—equilibrium values of 
them, and ai and bi—force constants, correspondingly, εijand σij—values of Van der Waals 
parameters of Lenard-Jones 6–12 potential, qi—partial charges, ci, γi, and n—numerical coef-
ficients in dihedral potential while summation is done through all i-beads or pairs of ith and 
jth beads in the system consisting of N beads.

The more detailed description of MDS method used in the present work including simulation 
of linear and branched polyelectrolytes as well as dendrimers has been described in [13–33]. 
All simulations were performed at normal conditions (temperature 300 K and pressure 1 atm).

The size of dendrimer and complexes at time t was evaluated by the mean square radius of 
gyration Rg(t) which is defined from:

   R  g  2  (t)  =   1 __ M   ×  [ ∑ 
i=1

  
N
     m  i   ×  | r  i   (t)   −   R|    2 ] ,  (3)

where R—the center of mass of subsystem, ri and mi—coordinates and masses of i-atom cor-
respondingly, N—the total number of atoms in subsystem, and M—the total mass of den-
drimer. This function was calculated using g_gyrate function of GROMACS software.

Radial distribution of density p(r) of atoms in dendrimer and complexes as well as distribu-
tion of ion pairs were calculated using g_rdf function of the GROMACS package.
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where R—the center of mass of subsystem, ri and mi—coordinates and masses of i-atom cor-
respondingly, N—the total number of atoms in subsystem, and M—the total mass of den-
drimer. This function was calculated using g_gyrate function of GROMACS software.
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To calculate the coefficient of translational mobility of dendrimer and complexes, the 
time dependence of the mean square displacements of the centers of inertia (MSD) of 
corresponding subsystem was calculated. MSD was calculated using g_msd function of 
GROMACS.

   〈 ∑ 
t
     Δ  r   2  (t + kΔt) 〉  =  〈   (r (t + kΔt)  − r (t) )    2 〉  = 6Dt   (4)

3. Semax peptide

Therapeutic Semax peptide with primary sequence Met-Glu-His-Phe-Pro-Gly-Pro [34] was 
selected in present chapter as the first peptide for study. Semax is one of the few synthetic 
regulatory peptides that, after all the fundamental research, have found its application in 
therapy as a nootropic and neuroprotective agent [35]. However, its penetration into the brain 
and mechanisms of action remain insufficiently studied. In addition, the peptide is rapidly 
destroyed by blood enzymes [36].

To check if lysine dendrimer forms a complex with Semax peptides, we prepared system 
containing lysine dendrimer of the second generation, 16 Semax peptides, and counterions in 
water and studied the time evolution of this system.

Snapshots of this system are shown in Figure 2 at different time moments during MD simu-
lation (water molecules are not shown for clarity). It is easy to see that at the beginning of 
the time trajectory (Figure 2a), all peptide molecules are located far from the dendrimer. 
After 20 ns (Figure 2b), some peptide molecules already sit on the surface of the dendrimer, 
and at the end of the simulation (Figure 2c), most of the peptide molecules are adsorbed 
on its surface.

The time dependence of gyration radius Rg(t) (Figure 3a) shows that at the beginning of simu-
lation, the size of subsystem consisting of lysine dendrimer and Semax peptides is big because 
peptides are located far from dendrimer. During first 30–40 ns, the value of Rg(t) decreases 

Figure 2. Snapshots of the dendrimer and Semax peptides at different time moments: t = 0 (a), t = 20 ns (b), t = 160 ns (c).
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because peptides begin to adsorb on dendrimer surface. Stable dendrimer-peptides complex 
forms within 30–40 ns and after this time the size of complex fluctuates but its average value 
does not change with time.

Another quantity that can characterize complex formation is the hydrogen bond number (N) 
between dendrimer and peptides (see Figure 3b). In the beginning of simulation, there are no 
contacts between dendrimer and peptides and hydrogen bond number between them equals 
zero. The increase of this function with time during first 30–40 ns demonstrates that the num-
ber of contacts between dendrimer and peptides increases due to complex formation and 
after this time it fluctuates but its average value almost does not change with time. Thus, from 
Figure 3b, we can conclude that the system reaches equilibrium (plateau) state after 30–40 ns. 
This result correlates well with results for the gyration radius in Figure 3a.

We also calculated different equilibrium characteristics (see Table 1 and Figure 4) of complex 
averaged through equilibrium part of our simulation (t > 40 ns). In particular, we calculated 
the mean square radius of gyration Rg of our dendrimer and complex (consisting of G2 and 
16 Semax peptides) and obtained that the value of Rg of the complex is nearly twice larger 
than the size of dendrimer itself (see Table 1). It is quite natural because the molecular weight 
of the complexes also increases nearly twice in comparison with the molecular weight of the 
dendrimer. The shape of dendrimer and complex can be characterized by main components 
of the tensor of inertia Rg

11, Rg
22, Rg

33, (see Table 1). It can be roughly estimated by ratio Rg
33/Rg

11 
of largest and smallest eigenvalues of inertia tensor of the corresponding subsystem. The ratio 
is equal to 1.68 for dendrimer and 1.45 for dendrimer with peptides. Thus, we obtained that 
complex has more spherical shape than dendrimer.

The radial density distribution functions are shown in Figure 4a. It demonstrates that atoms 
of dendrimer (curve 2, Figure 4a) are located mainly in the center (i.e. at small distances r 
from the center of mass), whereas peptides (curve 1, Figure 4) are mainly on the surface of the 

Figure 3. Time dependence of gyration radius of subsystem consisting of dendrimer and peptides (a) and time 
dependence of number of hydrogen bonds (N) between dendrimer and peptides during the complex formation (b).
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To calculate the coefficient of translational mobility of dendrimer and complexes, the 
time dependence of the mean square displacements of the centers of inertia (MSD) of 
corresponding subsystem was calculated. MSD was calculated using g_msd function of 
GROMACS.

   〈 ∑ 
t
     Δ  r   2  (t + kΔt) 〉  =  〈   (r (t + kΔt)  − r (t) )    2 〉  = 6Dt   (4)

3. Semax peptide

Therapeutic Semax peptide with primary sequence Met-Glu-His-Phe-Pro-Gly-Pro [34] was 
selected in present chapter as the first peptide for study. Semax is one of the few synthetic 
regulatory peptides that, after all the fundamental research, have found its application in 
therapy as a nootropic and neuroprotective agent [35]. However, its penetration into the brain 
and mechanisms of action remain insufficiently studied. In addition, the peptide is rapidly 
destroyed by blood enzymes [36].

To check if lysine dendrimer forms a complex with Semax peptides, we prepared system 
containing lysine dendrimer of the second generation, 16 Semax peptides, and counterions in 
water and studied the time evolution of this system.

Snapshots of this system are shown in Figure 2 at different time moments during MD simu-
lation (water molecules are not shown for clarity). It is easy to see that at the beginning of 
the time trajectory (Figure 2a), all peptide molecules are located far from the dendrimer. 
After 20 ns (Figure 2b), some peptide molecules already sit on the surface of the dendrimer, 
and at the end of the simulation (Figure 2c), most of the peptide molecules are adsorbed 
on its surface.

The time dependence of gyration radius Rg(t) (Figure 3a) shows that at the beginning of simu-
lation, the size of subsystem consisting of lysine dendrimer and Semax peptides is big because 
peptides are located far from dendrimer. During first 30–40 ns, the value of Rg(t) decreases 

Figure 2. Snapshots of the dendrimer and Semax peptides at different time moments: t = 0 (a), t = 20 ns (b), t = 160 ns (c).
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because peptides begin to adsorb on dendrimer surface. Stable dendrimer-peptides complex 
forms within 30–40 ns and after this time the size of complex fluctuates but its average value 
does not change with time.

Another quantity that can characterize complex formation is the hydrogen bond number (N) 
between dendrimer and peptides (see Figure 3b). In the beginning of simulation, there are no 
contacts between dendrimer and peptides and hydrogen bond number between them equals 
zero. The increase of this function with time during first 30–40 ns demonstrates that the num-
ber of contacts between dendrimer and peptides increases due to complex formation and 
after this time it fluctuates but its average value almost does not change with time. Thus, from 
Figure 3b, we can conclude that the system reaches equilibrium (plateau) state after 30–40 ns. 
This result correlates well with results for the gyration radius in Figure 3a.

We also calculated different equilibrium characteristics (see Table 1 and Figure 4) of complex 
averaged through equilibrium part of our simulation (t > 40 ns). In particular, we calculated 
the mean square radius of gyration Rg of our dendrimer and complex (consisting of G2 and 
16 Semax peptides) and obtained that the value of Rg of the complex is nearly twice larger 
than the size of dendrimer itself (see Table 1). It is quite natural because the molecular weight 
of the complexes also increases nearly twice in comparison with the molecular weight of the 
dendrimer. The shape of dendrimer and complex can be characterized by main components 
of the tensor of inertia Rg

11, Rg
22, Rg

33, (see Table 1). It can be roughly estimated by ratio Rg
33/Rg

11 
of largest and smallest eigenvalues of inertia tensor of the corresponding subsystem. The ratio 
is equal to 1.68 for dendrimer and 1.45 for dendrimer with peptides. Thus, we obtained that 
complex has more spherical shape than dendrimer.

The radial density distribution functions are shown in Figure 4a. It demonstrates that atoms 
of dendrimer (curve 2, Figure 4a) are located mainly in the center (i.e. at small distances r 
from the center of mass), whereas peptides (curve 1, Figure 4) are mainly on the surface of the 

Figure 3. Time dependence of gyration radius of subsystem consisting of dendrimer and peptides (a) and time 
dependence of number of hydrogen bonds (N) between dendrimer and peptides during the complex formation (b).
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Figure 4. Radial distribution functions p(r): density distribution of the atoms in the complex: 1—peptide atoms, 2—
dendrimer atoms, 3—all atoms of the complex (a) and distribution function of ion pair numbers between opposite 
charges: 1—between NH3

+ groups of the dendrimer and COO− groups of peptides; 2—between NH3
+ groups of the 

dendrimer and Cl− ions (b).

complex. At the same time, some fraction of peptides could slightly penetrate into dendrimer 
but not to its inner part.

The average number of hydrogen bonds between peptides and dendrimers in the equi-
librium state (which was determined from second part (t > 40 ns) of Figure 3b) shows 
how tightly peptides are connected with dendrimer. From our calculations, it follows 
that average hydrogen bonds number in equilibrium state for the complex is close to 
19. It means that each peptide is connected in average by one hydrogen bond with 
dendrimer. We could also check how the number of hydrogen bonds in the equilibrium 
state fluctuates. It is easy to see from Figure 3b that fluctuations in hydrogen bond 
number between dendrimer and peptides in the complex are in the range of 8–30. It 
means that the average number of hydrogen bonds with dendrimer per peptide fluctu-
ates between 0 and 2.

Another equilibrium characteristic of interaction between dendrimer and peptides in the 
complex is the distribution of ion pair numbers between their oppositely charged groups. 
Figure 4b shows the dependence of ion pair number on the distance between dendrimer 
charges and peptides charges (curve 1) in the complex as well as between dendrimer charges  
and counterions (curve 2). It is seen, that there is a sharp peak, corresponding to the direct contact  

System Rg
11 (nm)   R  

g
  22   (nm) Rg

33 (nm) Rg (nm)

Dendrimer (G2) 0.64 0.97 1.08 1.12

G2 + 16 Semax 1.36 1.88 1.97 2.30

Table 1. Eigenvalues Rg
11, Rg

22, Rg
33 of tensor of inertia in dendrimer and Semax peptide complex.
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between positively charged groups (NH3
+) of dendrimer and negatively charged groups 

(COO−) of the glutamic acid in peptides (curve 1) and peak between dendrimer charges and 
counterions is less pronounced (curve 2). It means that dendrimer and peptides are strongly 
connected by this ion pairs with each other, whereas dendrimer charges and counterions 
contacts are not so strong.

To determine diffusion coefficient of the dendrimer-peptide complex, we calculated its mean 
square displacement (MSD) as a function of time. It was obtained, that the time dependence 
of MSD function is close to linear in double logarithm coordinates (not shown). It means that 
the translational motion of complex is the diffusion-like motion. The diffusion coefficient of 
the complex was determined from the slope of the time dependence of MSD and it is equal to 
(0.12 ± 0.03) × 105 sm2/s.

The results of simulation of the system consisting of lysine dendrimer of the second genera-
tion and 16 Semax peptides confirm that lysine dendrimer quickly forms complex with these 
peptides and thus lysine dendrimers could be a good candidate for using as a vehicle for 
delivery of Semax peptides.

4. Epithalon peptides

Therapeutic peptide Epithalon was selected in present chapter as the second model peptide. 
Biologically active regulatory peptides are promising and effective medicines in a wide range 
of diseases treatment. Such peptides are effective at low concentrations, selective, multifunc-
tional, and completely biodegradable and do not produce side-effects [37]. Epithalon is a 
regulatory tetrapeptide with amino acid sequence of alanine-glutamate-asparagine-glycine 
(AENG). It is synthesized as analogs of the epithalamine peptide preparation and isolated 
from the epiphysis of the animal brain [38].

One of the most important properties of this peptide is its ability to activate the telomerase 
enzyme in patients’ body and to prolong human cells life. The most well-known pharmaco-
logical properties of Epithalon are the following:

1. Regulation of neuroendocrine system.

2. Increased sensitivity of hypothalamus to endogenous hormonal effects.

3. Normalization of gonadotropin hormones, uric acid, and cholesterol level.

4. Strengthening of the immune system.

5. Inhibition of spontaneous and induced carcinogenesis.

6. Improves rheological properties of blood and reduces formation of blood clots.

To check if lysine dendrimer could form the complex with Epithalon peptides, we prepared 
system consisting of lysine dendrimer of second generation, 16 Epithalon peptides, counter-
ions, and water and studied time evolution of this system.
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Figure 4. Radial distribution functions p(r): density distribution of the atoms in the complex: 1—peptide atoms, 2—
dendrimer atoms, 3—all atoms of the complex (a) and distribution function of ion pair numbers between opposite 
charges: 1—between NH3

+ groups of the dendrimer and COO− groups of peptides; 2—between NH3
+ groups of the 

dendrimer and Cl− ions (b).

complex. At the same time, some fraction of peptides could slightly penetrate into dendrimer 
but not to its inner part.

The average number of hydrogen bonds between peptides and dendrimers in the equi-
librium state (which was determined from second part (t > 40 ns) of Figure 3b) shows 
how tightly peptides are connected with dendrimer. From our calculations, it follows 
that average hydrogen bonds number in equilibrium state for the complex is close to 
19. It means that each peptide is connected in average by one hydrogen bond with 
dendrimer. We could also check how the number of hydrogen bonds in the equilibrium 
state fluctuates. It is easy to see from Figure 3b that fluctuations in hydrogen bond 
number between dendrimer and peptides in the complex are in the range of 8–30. It 
means that the average number of hydrogen bonds with dendrimer per peptide fluctu-
ates between 0 and 2.

Another equilibrium characteristic of interaction between dendrimer and peptides in the 
complex is the distribution of ion pair numbers between their oppositely charged groups. 
Figure 4b shows the dependence of ion pair number on the distance between dendrimer 
charges and peptides charges (curve 1) in the complex as well as between dendrimer charges  
and counterions (curve 2). It is seen, that there is a sharp peak, corresponding to the direct contact  

System Rg
11 (nm)   R  

g
  22   (nm) Rg

33 (nm) Rg (nm)
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Table 1. Eigenvalues Rg
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33 of tensor of inertia in dendrimer and Semax peptide complex.
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between positively charged groups (NH3
+) of dendrimer and negatively charged groups 

(COO−) of the glutamic acid in peptides (curve 1) and peak between dendrimer charges and 
counterions is less pronounced (curve 2). It means that dendrimer and peptides are strongly 
connected by this ion pairs with each other, whereas dendrimer charges and counterions 
contacts are not so strong.

To determine diffusion coefficient of the dendrimer-peptide complex, we calculated its mean 
square displacement (MSD) as a function of time. It was obtained, that the time dependence 
of MSD function is close to linear in double logarithm coordinates (not shown). It means that 
the translational motion of complex is the diffusion-like motion. The diffusion coefficient of 
the complex was determined from the slope of the time dependence of MSD and it is equal to 
(0.12 ± 0.03) × 105 sm2/s.

The results of simulation of the system consisting of lysine dendrimer of the second genera-
tion and 16 Semax peptides confirm that lysine dendrimer quickly forms complex with these 
peptides and thus lysine dendrimers could be a good candidate for using as a vehicle for 
delivery of Semax peptides.

4. Epithalon peptides

Therapeutic peptide Epithalon was selected in present chapter as the second model peptide. 
Biologically active regulatory peptides are promising and effective medicines in a wide range 
of diseases treatment. Such peptides are effective at low concentrations, selective, multifunc-
tional, and completely biodegradable and do not produce side-effects [37]. Epithalon is a 
regulatory tetrapeptide with amino acid sequence of alanine-glutamate-asparagine-glycine 
(AENG). It is synthesized as analogs of the epithalamine peptide preparation and isolated 
from the epiphysis of the animal brain [38].

One of the most important properties of this peptide is its ability to activate the telomerase 
enzyme in patients’ body and to prolong human cells life. The most well-known pharmaco-
logical properties of Epithalon are the following:

1. Regulation of neuroendocrine system.

2. Increased sensitivity of hypothalamus to endogenous hormonal effects.

3. Normalization of gonadotropin hormones, uric acid, and cholesterol level.

4. Strengthening of the immune system.

5. Inhibition of spontaneous and induced carcinogenesis.

6. Improves rheological properties of blood and reduces formation of blood clots.

To check if lysine dendrimer could form the complex with Epithalon peptides, we prepared 
system consisting of lysine dendrimer of second generation, 16 Epithalon peptides, counter-
ions, and water and studied time evolution of this system.
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Snapshots of a system consisting of dendrimers, peptides, and ions during simulation are 
shown in Figure 5 (water molecules are not shown for clarity). It is easy to see that at the 
beginning of process (Figure 5a) peptide molecules located far from dendrimer. After 20 ns 
(Figure 5b), some part of the peptide molecules are already sitting on the surface of the den-
drimer, and in the end (Figure 5c) most of the peptide molecules adsorbed on its surface. This 
behavior is very similar to that for the system consisting of dendrimer and Semax peptides 
discussed above.

The time dependence of radius of gyration Rg(t) describes the process of transition of the sys-
tem to equilibrium state with the formation of a complex between dendrimer and Epithalon 
peptides (see Figure 6a). From Figure 6a, one can see that at the beginning of simulation 
the size of subsystem consisting of dendrimer and peptides is big because peptides are far 
from dendrimer. During first 20–30 ns, the value of Rg(t) decreases because peptides begin to 
adsorb on dendrimer surface and after this time the average value of Rg practically does not 
change with time. It means that stable dendrimer-peptides complex forms within 20–30 ns.

Another quantity that can characterize complex formation is the hydrogen bond number N(t) 
between dendrimer and peptides (see Figure 6b). In the beginning of simulation, there are no 
contacts between dendrimer and peptides and the number of hydrogen bonds between them 
equals zero. The increase of this function with time during first 20–30 ns demonstrates that 
the number of contacts between dendrimer and peptides increases due to complex forma-
tion. From Figure 6b, we can conclude that the complex goes into an equilibrium (plateau) 
state after 30–40 ns. This result correlates well with the results for the gyration radius Rg(t) in 
Figure 6a.

After equilibration and complex formation, all characteristics of complex fluctuate but their 
average values practically do not change with time. We calculated different equilibrium char-
acteristics of complex averaged through these equilibrium part of our simulation (t > 30 ns).

It was obtained that in equilibrium state the size Rg of the complex (G2 and 16 Epithalon pep-
tides) is near 2.18 times larger than the size of dendrimer itself. The shape of the complex can 

Figure 5. Time evolution of dendrimer and Epithalon peptides during complex formation: t = 0 (a), t = 20 ns (b), 
t = 160 ns (c).
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be characterized by main components of the tensor of inertia Rg
11, Rg

22, Rg
33 (see Table 2). In the 

simplest case, anisotropy can be characterized by Rg
33/Rg

11. For dendrimer, this ratio is equal to 
1.69 and for the complex—1.28. Thus, the anisotropy of dendrimer with adsorbed Epithalon 
peptides is less than anisotropy of dendrimer itself as it was shown earlier for the complex of 
dendrimer with Semax peptides.

The equilibrium (t > 30 ns) radial density distribution functions p(r) are shown in Figure 7a. It 
demonstrates that atoms of dendrimer (curve 2, Figure 7a) located in the center of the complex 
(i.e. at small distances r from the center of mass) and Epithalon peptides (curve 1, Figure 7a) 
located mainly on the surface of the complex. At the same time, some fraction of peptides 
could slightly penetrate into dendrimer but not to its inner part.

The average number of hydrogen bonds between dendrimer and Epithalon peptides in 
the equilibrium state (which was determined by averaging through t > 30 ns of Figure 6b) 
shows how tightly peptides are associated with dendrimer. From our calculations, it follows 

Figure 6. Time dependence of gyration radius Rg(t) of subsystem consisting of the dendrimer and Epithalon peptides (a) 
and time dependence of number of hydrogen bonds (N) between dendrimer and Epithalon peptides during the complex 
formation (b).

System Rg
11 (nm)   R  

g
  22   (nm) Rg

33 (nm) Rg (nm)

Dendrimer (G2) 0,64 0,97 1,08 1,12

G2 + 16 Epithalon 1.76 2.08 2.26 2.44

Table 2. Eigenvalues Rg
11, Rg

22, Rg
33 of tensor of inertia in dendrimer and Epithalon peptide complex.
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Snapshots of a system consisting of dendrimers, peptides, and ions during simulation are 
shown in Figure 5 (water molecules are not shown for clarity). It is easy to see that at the 
beginning of process (Figure 5a) peptide molecules located far from dendrimer. After 20 ns 
(Figure 5b), some part of the peptide molecules are already sitting on the surface of the den-
drimer, and in the end (Figure 5c) most of the peptide molecules adsorbed on its surface. This 
behavior is very similar to that for the system consisting of dendrimer and Semax peptides 
discussed above.

The time dependence of radius of gyration Rg(t) describes the process of transition of the sys-
tem to equilibrium state with the formation of a complex between dendrimer and Epithalon 
peptides (see Figure 6a). From Figure 6a, one can see that at the beginning of simulation 
the size of subsystem consisting of dendrimer and peptides is big because peptides are far 
from dendrimer. During first 20–30 ns, the value of Rg(t) decreases because peptides begin to 
adsorb on dendrimer surface and after this time the average value of Rg practically does not 
change with time. It means that stable dendrimer-peptides complex forms within 20–30 ns.

Another quantity that can characterize complex formation is the hydrogen bond number N(t) 
between dendrimer and peptides (see Figure 6b). In the beginning of simulation, there are no 
contacts between dendrimer and peptides and the number of hydrogen bonds between them 
equals zero. The increase of this function with time during first 20–30 ns demonstrates that 
the number of contacts between dendrimer and peptides increases due to complex forma-
tion. From Figure 6b, we can conclude that the complex goes into an equilibrium (plateau) 
state after 30–40 ns. This result correlates well with the results for the gyration radius Rg(t) in 
Figure 6a.

After equilibration and complex formation, all characteristics of complex fluctuate but their 
average values practically do not change with time. We calculated different equilibrium char-
acteristics of complex averaged through these equilibrium part of our simulation (t > 30 ns).

It was obtained that in equilibrium state the size Rg of the complex (G2 and 16 Epithalon pep-
tides) is near 2.18 times larger than the size of dendrimer itself. The shape of the complex can 

Figure 5. Time evolution of dendrimer and Epithalon peptides during complex formation: t = 0 (a), t = 20 ns (b), 
t = 160 ns (c).
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be characterized by main components of the tensor of inertia Rg
11, Rg

22, Rg
33 (see Table 2). In the 

simplest case, anisotropy can be characterized by Rg
33/Rg

11. For dendrimer, this ratio is equal to 
1.69 and for the complex—1.28. Thus, the anisotropy of dendrimer with adsorbed Epithalon 
peptides is less than anisotropy of dendrimer itself as it was shown earlier for the complex of 
dendrimer with Semax peptides.

The equilibrium (t > 30 ns) radial density distribution functions p(r) are shown in Figure 7a. It 
demonstrates that atoms of dendrimer (curve 2, Figure 7a) located in the center of the complex 
(i.e. at small distances r from the center of mass) and Epithalon peptides (curve 1, Figure 7a) 
located mainly on the surface of the complex. At the same time, some fraction of peptides 
could slightly penetrate into dendrimer but not to its inner part.

The average number of hydrogen bonds between dendrimer and Epithalon peptides in 
the equilibrium state (which was determined by averaging through t > 30 ns of Figure 6b) 
shows how tightly peptides are associated with dendrimer. From our calculations, it follows 

Figure 6. Time dependence of gyration radius Rg(t) of subsystem consisting of the dendrimer and Epithalon peptides (a) 
and time dependence of number of hydrogen bonds (N) between dendrimer and Epithalon peptides during the complex 
formation (b).
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Dendrimer (G2) 0,64 0,97 1,08 1,12
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that average hydrogen bond number in equilibrium state for the complex is close to 20. It 
means that each peptide is connected in average by one hydrogen bond with dendrimer. 
We also could check how the number of hydrogen bonds in the equilibrium state fluctuates. 
Fluctuations in hydrogen bonds number between dendrimer and peptides in the complex 
(see Figure 6b) are in the range of 9–28. It means that the average number of hydrogen bonds 
with dendrimer per peptide fluctuate between 0 and 2.

Figure 7b shows the dependence of ion pair numbers on the distance between dendrimer 
charges and Epithalon peptides charges in the complex as well as between dendrimer charges 
and counterions. It is seen that there is a sharp peak, corresponding to the direct contact 
between positively charged groups (NH3

+) of dendrimer and negatively charged groups 
(COO−) of peptides (curve 1) and significantly less sharp peak (curve 2) between dendrimer 
charges and counterions. It means that dendrimer and peptides are strongly connected at 
these points with each other, whereas dendrimer charges and counterions contacts are not 
so strong.

To determine diffusion coefficient of the dendrimer-peptide complex, we calculated its mean 
square displacement (MSD) as a function of time. It was obtained, that the time dependence 
of MSD function is close to linear in double logarithm coordinates (not shown). It means that 
the translational motion of complex is the diffusion-like motion. The diffusion coefficient of 
the complex was determined from the slope of the time dependence of MSD and is equal to 
(0.21 ± 0.03) × 105 sm2/s.

The results of simulation of the system consisting of lysine dendrimer and Epithalon pep-
tides confirm that the dendrimer could form complex with these peptides and thus lysine 
dendrimers could be a good candidate for using as a vehicle for delivery of Epithalon 
peptides.

Figure 7. Radial distribution functions p(r): density distribution of atoms in complex: 1—peptide atoms; 2—dendrimer 
atoms; 3—all atoms of the complex (a) and distribution function of ion pair numbers between opposite charges: 1—
between NH3

+ groups of the dendrimer and COO− groups of peptides; 2—between NH3
+ groups of the dendrimer and 

counterions (b).
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5. Amyloid fibrils

Fragment of amyloid peptide (LVFFAE) was selected in present chapter as a third model 
peptide. Many peptides and proteins have the ability to self-assembly into amyloid fibrils. 
Polypeptides that can form amyloid fibrils include molecules associated with neurodegen-
erative diseases [39, 40]. For example, in Alzheimer’s disease, it is a β-amyloid peptide, in 
Parkinson’s disease, it is a-synuclein protein, and in type 2 diabetes mellitus, it is an islet-
amyloid peptide (IAPP, or amylin). The most studied are amyloid peptides that are also called 
amyloid-β peptides or Aβ-peptides.

It is known that synthetic protonated dendrimers (for example, polyamidoamine (PAMAM) 
dendrimers) can prevent aggregation of amyloid peptides [41]. It was also shown that they 
can destroy already existing amyloid fibrils in solution. Recently, it was experimentally shown 
that lysine dendrimers can also destroy amyloid fibrils [14].

To confirm the possibility of amyloid stack destruction by lysine dendrimer, we prepared 
system consisting of lysine dendrimer of second generation and 16 short amyloid peptides 
(LVFFAE) in water with counterions and studied the time evolution of this system.

From snapshots in Figure 8, one can see that at the beginning of the process (Figure 8a) all pep-
tide molecules of the stack are located rather far from the dendrimer. After 20 ns (Figure 8b), 
a few of peptide molecules are already detached from the stack and adsorbed on the surface 
of dendrimer, and in the end of calculations after 160 ns (Figure 8c), most of the peptide mol-
ecules in the system adsorbed on its surface.

The first part (t < 20–30 ns) of the time dependence of gyration radius Rg(t) describes the pro-
cess of destruction of the amyloid stack by G2 dendrimer and dendrimer-peptides complex 
formation (Figure 9a). From Figure 9a, one can see that second generation dendrimer forms 
complex with 16 peptides within 20–30 ns. After that, the complex size Rg(t) fluctuates slightly, 
but its average value Rg practically does not change systematically with time. Therefore, we 
can assume that after 20–30 ns the system is in equilibrium state. It correlates with snapshots 
that are shown in Figure 8. From Figure 9b, it can be concluded that the system reaches equi-
librium (plateau) state after 20–30 ns.

Figure 8. Snapshots of the LVFFAE stack and dendrimer at different time: t = 0 (a), t = 20 ns (b), t = 160 ns (c).
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that average hydrogen bond number in equilibrium state for the complex is close to 20. It 
means that each peptide is connected in average by one hydrogen bond with dendrimer. 
We also could check how the number of hydrogen bonds in the equilibrium state fluctuates. 
Fluctuations in hydrogen bonds number between dendrimer and peptides in the complex 
(see Figure 6b) are in the range of 9–28. It means that the average number of hydrogen bonds 
with dendrimer per peptide fluctuate between 0 and 2.

Figure 7b shows the dependence of ion pair numbers on the distance between dendrimer 
charges and Epithalon peptides charges in the complex as well as between dendrimer charges 
and counterions. It is seen that there is a sharp peak, corresponding to the direct contact 
between positively charged groups (NH3

+) of dendrimer and negatively charged groups 
(COO−) of peptides (curve 1) and significantly less sharp peak (curve 2) between dendrimer 
charges and counterions. It means that dendrimer and peptides are strongly connected at 
these points with each other, whereas dendrimer charges and counterions contacts are not 
so strong.

To determine diffusion coefficient of the dendrimer-peptide complex, we calculated its mean 
square displacement (MSD) as a function of time. It was obtained, that the time dependence 
of MSD function is close to linear in double logarithm coordinates (not shown). It means that 
the translational motion of complex is the diffusion-like motion. The diffusion coefficient of 
the complex was determined from the slope of the time dependence of MSD and is equal to 
(0.21 ± 0.03) × 105 sm2/s.

The results of simulation of the system consisting of lysine dendrimer and Epithalon pep-
tides confirm that the dendrimer could form complex with these peptides and thus lysine 
dendrimers could be a good candidate for using as a vehicle for delivery of Epithalon 
peptides.

Figure 7. Radial distribution functions p(r): density distribution of atoms in complex: 1—peptide atoms; 2—dendrimer 
atoms; 3—all atoms of the complex (a) and distribution function of ion pair numbers between opposite charges: 1—
between NH3

+ groups of the dendrimer and COO− groups of peptides; 2—between NH3
+ groups of the dendrimer and 

counterions (b).

Dendrimers - Fundamentals and Applications38

5. Amyloid fibrils

Fragment of amyloid peptide (LVFFAE) was selected in present chapter as a third model 
peptide. Many peptides and proteins have the ability to self-assembly into amyloid fibrils. 
Polypeptides that can form amyloid fibrils include molecules associated with neurodegen-
erative diseases [39, 40]. For example, in Alzheimer’s disease, it is a β-amyloid peptide, in 
Parkinson’s disease, it is a-synuclein protein, and in type 2 diabetes mellitus, it is an islet-
amyloid peptide (IAPP, or amylin). The most studied are amyloid peptides that are also called 
amyloid-β peptides or Aβ-peptides.

It is known that synthetic protonated dendrimers (for example, polyamidoamine (PAMAM) 
dendrimers) can prevent aggregation of amyloid peptides [41]. It was also shown that they 
can destroy already existing amyloid fibrils in solution. Recently, it was experimentally shown 
that lysine dendrimers can also destroy amyloid fibrils [14].

To confirm the possibility of amyloid stack destruction by lysine dendrimer, we prepared 
system consisting of lysine dendrimer of second generation and 16 short amyloid peptides 
(LVFFAE) in water with counterions and studied the time evolution of this system.

From snapshots in Figure 8, one can see that at the beginning of the process (Figure 8a) all pep-
tide molecules of the stack are located rather far from the dendrimer. After 20 ns (Figure 8b), 
a few of peptide molecules are already detached from the stack and adsorbed on the surface 
of dendrimer, and in the end of calculations after 160 ns (Figure 8c), most of the peptide mol-
ecules in the system adsorbed on its surface.

The first part (t < 20–30 ns) of the time dependence of gyration radius Rg(t) describes the pro-
cess of destruction of the amyloid stack by G2 dendrimer and dendrimer-peptides complex 
formation (Figure 9a). From Figure 9a, one can see that second generation dendrimer forms 
complex with 16 peptides within 20–30 ns. After that, the complex size Rg(t) fluctuates slightly, 
but its average value Rg practically does not change systematically with time. Therefore, we 
can assume that after 20–30 ns the system is in equilibrium state. It correlates with snapshots 
that are shown in Figure 8. From Figure 9b, it can be concluded that the system reaches equi-
librium (plateau) state after 20–30 ns.

Figure 8. Snapshots of the LVFFAE stack and dendrimer at different time: t = 0 (a), t = 20 ns (b), t = 160 ns (c).
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The distance between neighboring peptides in amyloid stack (Figure 10a, curve 1) is an 
important characteristic of stability of the stack. The distance between dendrimer and pep-
tides (Figure 10a, curve 2) allows estimating the rate of dendrimer-peptides complex forma-
tion after stack was destructed by dendrimer. At the beginning of simulation, the distances 
between the neighboring peptides of the stack are small. During first 20–30 ns, this distance 
is increase. It means that the destruction of amyloid stack occurs and peptides become sepa-
rated from each other.

At the same time, the distance between dendrimer and peptides (Figure 10a, curve 2) in 
the beginning of the simulation (at t = 0) is large because peptides are located far from the 

Figure 9. Time dependence of gyration radius of subsystem consisting of the dendrimer and peptides (a) and time 
dependence of hydrogen bonds number (N) between dendrimer and peptides during the complex formation (b).

Figure 10. Changes in distances d between amyloid peptides (1) and between dendrimer and peptides (2) (a) and 
distribution function of ion pair numbers: 1—between NH3

+ groups of the dendrimer and COO− groups of peptides; 
2—between NH3

+ groups of the dendrimer and counterions (b).
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dendrimer. During first 20–30 ns, the peptides become attracted by dendrimer and distance 
between them and dendrimer decreases. It means that the dendrimer of the second genera-
tion could destroy the stack of amyloid peptides and adsorb the peptides.

After complex formation (t > 20–30 ns), all characteristics of complex fluctuate but their aver-
age values do not change with time. We calculated different equilibrium characteristics of 
complex averaged through equilibrium part of our simulation (t > 30 ns).

In equilibrium state, the mean square radius of gyration Rg of the complex is 1.7 times larger 
than the size of the dendrimer G2 itself (see Table 3). The ratio Rg

33/Rg
11 (which allows to 

roughly estimating anisotropy of molecule) is equal to 1.68 for dendrimer and 1.45 for the 
complex of dendrimer with peptides. Thus, the anisotropy of dendrimer with adsorbed amy-
loid peptides is again less than anisotropy of dendrimer itself as it was for previous two com-
plexes of lysine dendrimer with model peptides Semax and Epithalon.

Radial distribution p(r) density (not shown) obtained for this complex is similar to that for 
complexes of the dendrimer with two peptides (Semax and Epithalon) studied above. It dem-
onstrates that dendrimer atoms are located mainly in the center of the complex and amyloid 
peptides are mainly on the surface of the complex. At the same time, some fraction of amyloid 
peptides could slightly penetrate into the outer part of the dendrimer.

The average number of hydrogen bonds N between dendrimer and LVFFAE peptides in our 
complex (determined from second part (t > 30 ns) of N(t) from Figure 9b) is close to 15. It 
means that in average each amyloid peptide is connected by one hydrogen bond with den-
drimer in the complex. Fluctuations in hydrogen bond number are in the range of 5–27, and it 
means that a number of hydrogen bonds per peptide can fluctuate between 0 and 2.

Figure 10b shows the dependence of number of ion pairs between dendrimer and peptide 
charges on the distance between them in the complex. One can see that there is a sharp peak, 
corresponding to the direct contact between positively charged groups (NH3

+) of dendrimer 
and negatively charged groups (COO−) in peptides (curve 1) and significantly less sharp peak 
between dendrimer charges and counterions (curve 2). It means that dendrimer and LVFFAE 
peptides are strongly connected at these points with each other, whereas dendrimer charges 
and counterions contacts are not so strong.

To determine diffusion coefficient of dendrimer-peptide complex, we calculated its mean 
square displacement (MSD) as a function of time. It was obtained that the time dependence of 
MSD function is close to linear in double logarithm coordinates (not shown). It means that the 
translational motion of complex is the diffusion-like motion. The coefficient of translational 

System Rg
11 (nm)   R  

g
  22   (nm) Rg

33 (nm) Rg (nm)

Dendrimer (G2) 0,64 0,97 1,08 1,12

G2 + 16 LVFFAE 1,26 1,78 1,83 1,98

Table 3. Eigenvalues Rg
11, Rg

22, Rg
33 of tensor of inertia in dendrimer and LVFFAE fibril complex.
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The distance between neighboring peptides in amyloid stack (Figure 10a, curve 1) is an 
important characteristic of stability of the stack. The distance between dendrimer and pep-
tides (Figure 10a, curve 2) allows estimating the rate of dendrimer-peptides complex forma-
tion after stack was destructed by dendrimer. At the beginning of simulation, the distances 
between the neighboring peptides of the stack are small. During first 20–30 ns, this distance 
is increase. It means that the destruction of amyloid stack occurs and peptides become sepa-
rated from each other.

At the same time, the distance between dendrimer and peptides (Figure 10a, curve 2) in 
the beginning of the simulation (at t = 0) is large because peptides are located far from the 
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dendrimer. During first 20–30 ns, the peptides become attracted by dendrimer and distance 
between them and dendrimer decreases. It means that the dendrimer of the second genera-
tion could destroy the stack of amyloid peptides and adsorb the peptides.

After complex formation (t > 20–30 ns), all characteristics of complex fluctuate but their aver-
age values do not change with time. We calculated different equilibrium characteristics of 
complex averaged through equilibrium part of our simulation (t > 30 ns).

In equilibrium state, the mean square radius of gyration Rg of the complex is 1.7 times larger 
than the size of the dendrimer G2 itself (see Table 3). The ratio Rg

33/Rg
11 (which allows to 

roughly estimating anisotropy of molecule) is equal to 1.68 for dendrimer and 1.45 for the 
complex of dendrimer with peptides. Thus, the anisotropy of dendrimer with adsorbed amy-
loid peptides is again less than anisotropy of dendrimer itself as it was for previous two com-
plexes of lysine dendrimer with model peptides Semax and Epithalon.

Radial distribution p(r) density (not shown) obtained for this complex is similar to that for 
complexes of the dendrimer with two peptides (Semax and Epithalon) studied above. It dem-
onstrates that dendrimer atoms are located mainly in the center of the complex and amyloid 
peptides are mainly on the surface of the complex. At the same time, some fraction of amyloid 
peptides could slightly penetrate into the outer part of the dendrimer.

The average number of hydrogen bonds N between dendrimer and LVFFAE peptides in our 
complex (determined from second part (t > 30 ns) of N(t) from Figure 9b) is close to 15. It 
means that in average each amyloid peptide is connected by one hydrogen bond with den-
drimer in the complex. Fluctuations in hydrogen bond number are in the range of 5–27, and it 
means that a number of hydrogen bonds per peptide can fluctuate between 0 and 2.

Figure 10b shows the dependence of number of ion pairs between dendrimer and peptide 
charges on the distance between them in the complex. One can see that there is a sharp peak, 
corresponding to the direct contact between positively charged groups (NH3

+) of dendrimer 
and negatively charged groups (COO−) in peptides (curve 1) and significantly less sharp peak 
between dendrimer charges and counterions (curve 2). It means that dendrimer and LVFFAE 
peptides are strongly connected at these points with each other, whereas dendrimer charges 
and counterions contacts are not so strong.

To determine diffusion coefficient of dendrimer-peptide complex, we calculated its mean 
square displacement (MSD) as a function of time. It was obtained that the time dependence of 
MSD function is close to linear in double logarithm coordinates (not shown). It means that the 
translational motion of complex is the diffusion-like motion. The coefficient of translational 

System Rg
11 (nm)   R  

g
  22   (nm) Rg

33 (nm) Rg (nm)

Dendrimer (G2) 0,64 0,97 1,08 1,12

G2 + 16 LVFFAE 1,26 1,78 1,83 1,98

Table 3. Eigenvalues Rg
11, Rg

22, Rg
33 of tensor of inertia in dendrimer and LVFFAE fibril complex.
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diffusion of the complex was determined from the slope of the time dependence of MSD and 
is equal to (0.13 ± 0.04) × 105 sm2/s.

The results of simulation of the system consisting of lysine dendrimer of second generation 
and fragments of amyloid peptides confirm that this lysine dendrimer could form the com-
plex with amyloid peptides. Thus, lysine dendrimers could be a good candidate for using as 
anti-amyloid agent.

6. Conclusion

In the present chapter, we have shown that lysine dendrimer of the second generation could 
form stable complexes with therapeutic Semax and Epithalon peptides. We also have shown 
that this dendrimer could destroy the stable stacks of amyloid peptides and form stable com-
plex with them. Thus, our simulations confirm that lysine dendrimers could be a good candi-
date for vehicles for the delivery of different nootropic peptides to brain and for the destruction 
of fibril consisting of disease-related peptides and elimination of them from the brain.
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diffusion of the complex was determined from the slope of the time dependence of MSD and 
is equal to (0.13 ± 0.04) × 105 sm2/s.

The results of simulation of the system consisting of lysine dendrimer of second generation 
and fragments of amyloid peptides confirm that this lysine dendrimer could form the com-
plex with amyloid peptides. Thus, lysine dendrimers could be a good candidate for using as 
anti-amyloid agent.

6. Conclusion

In the present chapter, we have shown that lysine dendrimer of the second generation could 
form stable complexes with therapeutic Semax and Epithalon peptides. We also have shown 
that this dendrimer could destroy the stable stacks of amyloid peptides and form stable com-
plex with them. Thus, our simulations confirm that lysine dendrimers could be a good candi-
date for vehicles for the delivery of different nootropic peptides to brain and for the destruction 
of fibril consisting of disease-related peptides and elimination of them from the brain.
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Abstract

Introduction: Angiogenesis is a normal physiological process that plays an imperative 
role during tumor development. We believe that the development of a non-invasive imag-
ing technique targeting angiogenesis can provide a better understanding of this important 
process. Positron emission tomography (PET) – a highly sensitive imaging technique can 
offer accurate degree of disease quantification. The phenomenon of enhanced permeabil-
ity and retention effect (EPR effect) is now becoming the gold standard in cancer targeting 
drug designing. Dendrimers have the ability to exhibit EPR effect for targeted therapeu-
tic/drug delivery approach. Therefore, molecular imaging of tumor angiogenesis using 
radio-labeled dendrimers is expected to broaden the possibilities for drug development.

Body: In the present chapter, the significance of performing conjugation chemistry of 
bifunctional chelators quality control parameters of the radiolabeled dendrimer conju-
gates in vitro stability, animal biodistribution, radiation dosimetry and molecular imag-
ing of animal tumor model after injecting radiotracer have also been discussed in detail.

Conclusion: Conjugation of the radio-metal complexes to larger molecules like den-
drimers has created a new domain of research in the field of biomedical applications. 
Therefore, it has been proposed to develop new effective targeting moieties suitable for 
radiolabeling with PET tracers so as to perform molecular imaging studies.

Keywords: dendrimers, radiolabeling, PET imaging, tumor angiogenesis

1. Introduction

The present chapter highlights the importance of dendrimer based radio imaging of angiogen-
esis as a novel approach for molecular imaging of carcinogenesis because of their topology, 
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functionality and dimensions. The high loading capacity of dendrimers enables them to deliver 
chemotherapeutic agents as well. The dendrimer-drug complexes designed for either targeted 
or non-targeted drug delivery successfully penetrate through the leaky vasculature of tumor 
and accumulate in the cancer tissue. However, the added advantage of using dendrimer-drug 
complexes specifically designed for targeted delivery is that they bind to specific receptors over-
expressed on the surface of cancer cells, thereby, increasing their residence time over the cell 
surface. Thus, the development of dendrimer complexes that incorporate the targeting ligands, 
anticancer drugs and positron emission tomography (PET)/β emitting radionuclides may pro-
vide the way for combinational anticancer therapies along with the in vivo imaging of the tar-
geted tumor.

2. Tumor angiogenesis

Angiogenesis is an essential physiological process that involves formation of new blood ves-
sels from the pre-existing ones and is one of the fundamental processes required for normal 
growth and development [1]. It has been recognized long ago that most solid tumors are per-
fused by large number of blood vessels [2]. The ability of a tumor to stimulate the formation 
of new blood vessels enables expansion of tumors, local invasion and dissemination. Thus, 
angiogenesis is also considered as one of the key requirements during tumor development 
as it provides oxygen and nutrients to the otherwise dormant tumors and without which the 
tumor cannot grow beyond 2.0–3.0 mm in diameter [3, 4]. Tumor comprises of cells that pro-
liferate aberrantly and have lost the ability to regulate growth. Thus, tumor cells like normal 
cells require adequate supply of oxygen and nutrients and also needs an effective mean to 
remove wastes in order for metabolic processes to occur [5]. In order to fulfill these require-
ments, tumor cells can establish their own blood supply and this ability of tumors to promote 
the formation of new capillaries from the pre-existing ones is called the angiogenic switch. 
Tumor induced blood vessels are abnormal and leaky in nature. Since, the leaky vasculature 
of tumor blood vessels provides an efficient route of exit for tumor cells to leave the primary 
site and enter the main circulation, angiogenesis, thus has been considered as the critical com-
ponent of metastasis [6].

3. Imaging of tumor angiogenesis

Angiogenesis is considered as an important therapeutic target in both cardiovascular and 
malignant diseases [7]. In cardiovascular diseases, the therapeutic goal is to perfuse the isch-
emic tissue and to promote recovery from ischemic injury by inducing angiogenesis [8, 9]. 
On the other hand, in tumor angiogenesis, the angiogenic therapeutic approach is based on 
inhibiting angiogenesis, which is responsible for tumor growth and metastasis [10]. This fact 
has led to an increased search for new anti-angiogenic molecules and to design targeted anti-
angiogenic strategies for cancer treatment and the prevention of cancer recurrence or metasta-
sis [11, 12]. Further, with the increasing use of anti-angiogenic drugs in the field of oncology, 
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the importance of imaging the angiogenic process has also increased. Various candidates 
for diagnosing angiogenesis include vascular endothelial growth factor (VEGF), circulating 
endothelial progenitor cells and biopsy specimens.

Though, biopsy specimens are extremely rich in information but they suffer a limitation from 
sampling bias and inherent invasiveness. The traditional gold standard measure of angiogen-
esis is the histological estimate of microvascular density (MVD) which quantifies the average 
number of micro vessels within a selected microscopic field. However, this method is invasive 
and will vary according to the location from which the biopsy is taken and may cause under 
or overestimation of the degree of angiogenesis.

Thus, the development of non-invasive imaging technique, specifically targeting angiogen-
esis among other biological processes would provide a better understanding of this important 
process and would also enable the evaluation of anti-angiogenic effect of new drugs adminis-
tered as adjuvant therapy to reduce tumor growth.

4. Imaging techniques

Certain imaging modalities like computed tomography (CT) angiography, high resolution 
magnetic resonance angiography and contrast enhanced ultrasound are available for struc-
tural visualization of microvasculature. Multi detector (MDCT) angiography has better 
spatial and temporal resolution and is considered as the most useful modality in evaluat-
ing vascular structures [13]. The spatial resolution of MDCT is about 1.0 mm and the size 
of a human capillary is about 7.0–10.0 μm. Thus, MDCT can still not adequately visual-
ize microvasculature [14]. Several molecules like growth factor receptors, tyrosine kinase 
receptors and G-protein coupled receptors can be used as specific targets for angiogenesis 
imaging [7].

Radionuclide based imaging techniques like single photon emission computed tomography 
(SPECT) and PET can offer accurate degree of disease quantification (progression/regression) 
in view of the high sensitivity of these imaging modalities [15]. In PET imaging, the annihila-
tion of an electron-positron pair gives rise to two 511 KeV gamma ray photons being emitted 
at 180°. These high energy photons are then detected by a detector ring which is made up of 
crystals like bismuth germanium oxide (BGO), gadolinium oxyorthosilicate (GSO) or lute-
tium oxyorthosilicate (LSO).

Undoubtedly, the success of such this modality lies with the development of specific molecu-
lar imaging probes for the accurate diagnosis of angiogenesis and for identifying the respond-
ers/non-responders at an early stage after the initiation of treatment [7]. Over the last decade, 
PET imaging has emerged as a very powerful imaging technique for use in the direct imaging 
of angiogenesis in animal (eventually human) models, an early diagnosis, complete staging 
and early treatment response assessment [16]. The ability of PET imaging to detect picomolar 
concentration of tracer accumulation makes it several times more sensitive technique than 
the SPECT imaging [17]. PET imaging not only enables in vivo visualization of physiological 
processes at molecular level but also helps in its quantification. PET may be considered as a 
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functional or a targeted imaging modality. The staging can be done more accurately using 
PET when compared to any other conventional diagnostic means and thus it might be used 
independently as the first diagnostic choice [18].

5. Role of dendrimers in angiogenesis imaging

Most of the low molecular weight anticancer drugs have a characteristic to move in and 
out of blood vessels freely, unless the drug is linked with a tumor specific molecular ligand 
like anti-VEGF antibodies or receptor-specific ligands having high binding constant [19]. 
However, despite their high selectivity, the slow clearance rate of antibodies limits their 
clinical application. Recent studies have revealed that tumor cells have diverse epitopes 
because of great magnitude of mutation frequency even among the same cancer patient. 
Thus, the specific antibodies and ligands show inefficient binding with each of the diverse 
epitopic targets [20, 21]. In order to overcome this problem, the phenomenon of enhanced 
permeability and retention effect (EPR effect) is now becoming the gold standard in can-
cer targeting drug designing. The EPR effect is based on macromolecular, polymeric and 
micellar particles including nanoparticles [22]. The leaky blood vessels of tumors enables 
the molecules of size greater than 40 kDa to escape out of the tumor blood vessels and accu-
mulate into the tumor tissues whereas this EPR effect is not present in normal tissues [23]. 
Thus, this unique phenomenon of EPR effect is being exploited increasingly for anticancer 
drug development.

The concept of nanomedicine has been used extensively to develop biocompatible products 
for targeted drug delivery and sustained drug release at the targeted sites [24]. Nanomedicine 
is an emerging field that deals with interactions between molecules, cells and engineered 
substances like molecular fragments, atoms and molecules They have a high available surface 
area per unit of volume and they can be engineered to have different sizes, shapes and chemi-
cal compositions, hollow or solid structures [25]. Nanodelivery systems are believed to allow 
for more specific targeting. Nanotechnology products like fullerenes or dendrimers, macro-
molecular, micellar and polymeric particles have the ability to exhibit EPR effect for targeted 
therapeutic/drug delivery approach [22, 24].

Dendrimers are highly branched; 3-dimensional polymeric structures which are usually clas-
sified by the number of repeated branching cycles formed during synthesis and are reported 
to have an emerging role in a variety of biomedical applications [26]. They can be used as bio-
mimetic catalysts, drug carriers, gene delivery and can also be used in boron neutron capture 
therapy [27–30]. The dendrimers are considered potentially advantageous due to their numer-
ous surface functional groups, relatively low immunogenicity and also their size, which is 
very close to various important biological polymers. Lower generation dendrimers are asym-
metric in nature and are considered as more open structures when compared to dendrimers 
of higher generation. With the increasing generation, dendrimers acquire a globular structure 
[31] and forms a closed membrane like structure due to the dense packing of branches.

Dendrimers are monodisperse molecules and their solubility is influenced by the nature of 
functional groups present on the surface of dendrimers, that is, dendrimers with hydrophilic 
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terminal groups are soluble in polar solvents whereas dendrimers possessing hydrophobic 
end groups are soluble in non-polar solvents [32]. The need to study the biological properties 
of dendrimers is very important because of their increasing use in biomedical applications. 
The molecular dimensions of dendrimers are comparable to medium sized proteins [33].

Though, dendrimers have been extensively used as magnetic resonance imaging (MRI) 
contrast agents and drug delivery carriers, however, the complex of radionuclides with 
polyamidoamine (PAMAM) dendrimers in order to perform molecular imaging of tumor 
angiogenesis is a new field. In the past, dendrimers have been extensively studied as pro-
spective carriers for drug delivery, gene delivery and moieties for modifying the drug solu-
bility and absorption [34, 35]. The geometry of the molecule and the charges present on 
the surface of dendrimers influence the microvascular extravasation of polymers across the 
endothelial barrier.

EPR effect has been widely used for passive targeting of macromolecular anticancer agents to 
angiogenic solid tumors. Dendrimers with hydrophilic surfaces and molecular weights above 
25–30 kDa are usually retained in the circulation for longer periods and provide an enhanced 
opportunity for passive targeting via EPR effect.

Many studies describing the process of dendrimer-chelator conjugation and subsequent 
complexation with metal ions and the potential use of dendrimers as probes in MRI and 
fluorescent imaging have been cited previously [36, 37]. However, studies with regard to 
radiolabeling of these dendrimer-chelator conjugates as PET imaging probes are very few.

6. Radionuclides used for molecular imaging of dendrimers

More than 80.0% of the radiopharmaceuticals used in nuclear medicine imaging are techne-
tium −99 m (99mTc) based tracers. However, a dramatic shift toward the development of PET-
based novel tracers using fluorine-18 (18F), carbon-11 (11C), gallium-68 (68Ga) and copper 64 
(64Cu) positron emitters have been witnessed over the last few years. Majority of these radio-
pharmaceuticals are administered intravenously. Radiopharmaceuticals can be divided into 
diagnostics and therapeutics depending on their medical applications. Diagnostic radiophar-
maceuticals are predominantly metal complexes with an organic chelator for metal-essential 
agents or a chelator-biomolecule conjugate for target-specific radiopharmaceuticals. In gen-
eral, a target-specific radiopharmaceutical can be divided into four parts: targeting biomole-
cule (BM), pharmacokinetic modifying (PKM) linker, bifunctional coupling or chelating agent 
(BFC) and radionuclide.

7. Bifunctional chelating agents (BFC)

Chelators used for labeling with PET radionuclides are usually dominated by polydentate 
chelators like 1,4,7-triazacyclononane-triacetic acid (NOTA), 1,4,7,10-tetraazacyclododec-
ane-tetraacetic acid (DOTA), diethylenetriaminepentaacetic acid (DTPA), DTPA-monoamide 
and 4-(4,7-bis(2-(tert-butoxy)-2-oxoethyl)-1,4,7-triazacyclononan-1-yl)-5-(tert-butoxy)-
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functional or a targeted imaging modality. The staging can be done more accurately using 
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drug development.

The concept of nanomedicine has been used extensively to develop biocompatible products 
for targeted drug delivery and sustained drug release at the targeted sites [24]. Nanomedicine 
is an emerging field that deals with interactions between molecules, cells and engineered 
substances like molecular fragments, atoms and molecules They have a high available surface 
area per unit of volume and they can be engineered to have different sizes, shapes and chemi-
cal compositions, hollow or solid structures [25]. Nanodelivery systems are believed to allow 
for more specific targeting. Nanotechnology products like fullerenes or dendrimers, macro-
molecular, micellar and polymeric particles have the ability to exhibit EPR effect for targeted 
therapeutic/drug delivery approach [22, 24].

Dendrimers are highly branched; 3-dimensional polymeric structures which are usually clas-
sified by the number of repeated branching cycles formed during synthesis and are reported 
to have an emerging role in a variety of biomedical applications [26]. They can be used as bio-
mimetic catalysts, drug carriers, gene delivery and can also be used in boron neutron capture 
therapy [27–30]. The dendrimers are considered potentially advantageous due to their numer-
ous surface functional groups, relatively low immunogenicity and also their size, which is 
very close to various important biological polymers. Lower generation dendrimers are asym-
metric in nature and are considered as more open structures when compared to dendrimers 
of higher generation. With the increasing generation, dendrimers acquire a globular structure 
[31] and forms a closed membrane like structure due to the dense packing of branches.

Dendrimers are monodisperse molecules and their solubility is influenced by the nature of 
functional groups present on the surface of dendrimers, that is, dendrimers with hydrophilic 
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terminal groups are soluble in polar solvents whereas dendrimers possessing hydrophobic 
end groups are soluble in non-polar solvents [32]. The need to study the biological properties 
of dendrimers is very important because of their increasing use in biomedical applications. 
The molecular dimensions of dendrimers are comparable to medium sized proteins [33].

Though, dendrimers have been extensively used as magnetic resonance imaging (MRI) 
contrast agents and drug delivery carriers, however, the complex of radionuclides with 
polyamidoamine (PAMAM) dendrimers in order to perform molecular imaging of tumor 
angiogenesis is a new field. In the past, dendrimers have been extensively studied as pro-
spective carriers for drug delivery, gene delivery and moieties for modifying the drug solu-
bility and absorption [34, 35]. The geometry of the molecule and the charges present on 
the surface of dendrimers influence the microvascular extravasation of polymers across the 
endothelial barrier.

EPR effect has been widely used for passive targeting of macromolecular anticancer agents to 
angiogenic solid tumors. Dendrimers with hydrophilic surfaces and molecular weights above 
25–30 kDa are usually retained in the circulation for longer periods and provide an enhanced 
opportunity for passive targeting via EPR effect.

Many studies describing the process of dendrimer-chelator conjugation and subsequent 
complexation with metal ions and the potential use of dendrimers as probes in MRI and 
fluorescent imaging have been cited previously [36, 37]. However, studies with regard to 
radiolabeling of these dendrimer-chelator conjugates as PET imaging probes are very few.

6. Radionuclides used for molecular imaging of dendrimers

More than 80.0% of the radiopharmaceuticals used in nuclear medicine imaging are techne-
tium −99 m (99mTc) based tracers. However, a dramatic shift toward the development of PET-
based novel tracers using fluorine-18 (18F), carbon-11 (11C), gallium-68 (68Ga) and copper 64 
(64Cu) positron emitters have been witnessed over the last few years. Majority of these radio-
pharmaceuticals are administered intravenously. Radiopharmaceuticals can be divided into 
diagnostics and therapeutics depending on their medical applications. Diagnostic radiophar-
maceuticals are predominantly metal complexes with an organic chelator for metal-essential 
agents or a chelator-biomolecule conjugate for target-specific radiopharmaceuticals. In gen-
eral, a target-specific radiopharmaceutical can be divided into four parts: targeting biomole-
cule (BM), pharmacokinetic modifying (PKM) linker, bifunctional coupling or chelating agent 
(BFC) and radionuclide.

7. Bifunctional chelating agents (BFC)

Chelators used for labeling with PET radionuclides are usually dominated by polydentate 
chelators like 1,4,7-triazacyclononane-triacetic acid (NOTA), 1,4,7,10-tetraazacyclododec-
ane-tetraacetic acid (DOTA), diethylenetriaminepentaacetic acid (DTPA), DTPA-monoamide 
and 4-(4,7-bis(2-(tert-butoxy)-2-oxoethyl)-1,4,7-triazacyclononan-1-yl)-5-(tert-butoxy)-
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5-oxopentanoic acid (NODA-GA (tBu)3) etc. These chelators are also called as “bifunctional 
chelating agents” as they possess a metal binding moiety as well as a chemically reactive 
functional group. The radionuclide of interest can bind to the metal binding moiety and the 
chemically reactive functional group provides the requisite chemistry for covalent attach-
ment to the targeting vector/carrier of interest like proteins [38], peptides [39] or nanopar-
ticles. BFC is covalently attached to the targeting molecule and strongly coordinates the 
radio-metal. The design of BFC depends upon number of fundamental criteria. Foremost 
seems the metal complex stability followed by other coordination chemistry criteria such 
as charge, chelator cavity size compatibility with the ionic radius of the radionuclide, che-
late denticity and availability of donor binding groups of appropriate chemical character. 
Two additional properties are also critical to consider: the rate at which the metal complex 
forms and the rate of dissociation. All of these criteria are interrelated. Cavity size must 
accommodate the ionic radius of the radionuclide such that all of required donor groups 
can be properly aligned for optimal binding to the metal ion in such a way to adequately 
encapsulate the ion thereby providing high stability and limiting dissociation. The suitable 
radio-metals are diverse in their properties and coordination chemistry, so, unfortunately 
there is no bifunctional chelating agent suitable for all radionuclides. The selection of BFC 
depends upon the oxidation state of the radio-metal that makes it imperative to understand 
the coordination chemistry of chelators with any given radionuclide to be labeled. Any BFC 
that forms a thermodynamically stable radio-metal chelate with high kinetic inertness is 
considered as an ideal BFC.

8. Chelating groups/techniques

There are several conjugation groups that can be used for the attachment of a BFC to the biomole-
cule like anhydride, isothiocyanate, bromoacetamide, iodoacetamide, N-hydroxysuccinimide 
(NHS) ester and maleimide. All of these conjugation groups are electrophiles, which require 
a nucleophile functionality in the biomolecule but in some cases, the biomolecule of interest 
contains groups like carboxylic acid only which are electrophilic in nature. In these cases, a 
nucleophile like ethylenediamine, is used to convert the electrophilic group into a nucleo-
philic group. These reactive groups, can serve as “linkers” for conjugation of a BFC. Selection 
of conjugation group depends largely on the “linker” in biomolecules. Very often the “linker” 
is a primary amine or a thiol group. The functional groups reactive toward primary amines 
include DTPA dianhydride, NHS-activated esters and isothiocyanates while maleimide is 
very reactive to thiols.

DTPA anhydride – DTPA dianhydride is commercially available and reacts readily with 
primary amines to form the DTPA-biomolecule conjugate in both aqueous and non-aque-
ous media [40, 41]. For small biomolecules, the cross-linking may result in the improved 
receptor binding kinetics and proves to be beneficial because simultaneous binding of two 
biomolecules on adjacent receptor sites will result in a slow dissociation of the receptor 
ligand. Asymmetric anhydrides of DTPA and DOTA have also been used to prepare their 
bio conjugates [42–44].
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NHS ester – The NHS esters have intermediate reactivity toward amines and are highly selec-
tive for aliphatic amines at an optimum pH of 8.0–9.0 in aqueous systems. Molecules con-
taining a carboxylic group can be converted into its NHS ester, making NHS-activated ester 
groups among the most powerful and the most commonly used conjugation groups for large 
(antibodies) and small biomolecules [45, 46].

Isothiocyanates – Isothiocyanates are also reactive to amine groups, and form thiourea bonds 
with primary amines from proteins or small biomolecules. They show intermediate reactivity 
toward amines at pH 9.0–9.5 in aqueous solutions and are more stable in water than NHS esters.

Aromatic isothiocyanates are often used to conjugate biomolecules onto DTPA and DOTA 
analogs [45, 46].

Maleimide – Maleimide reacts with a thiol group at a pH of 7.0 and leads to the formation 
of a thioether bond [47]. Maleimides can hydrolyze at higher pH (>8.0) to form non-reactive 
maleimic acids. The only limitation of using maleimide as a conjugation group is that not 
many biomolecules contain thiol groups thereby limiting the use of maleimide as a chelator.

Radiolabeling of DTPA and DOTA-biomolecule conjugates – DTPA analogs have a major 
advantage of being used as BFCs as they can be radiolabeled with high labeling efficiency 
even under mild conditions, but the kinetic instability of these metal chelates results in dis-
sociation of the radio-metal from the chelate.

DOTA analogs can be used as BFCs because if the kinetic inertness of their radio-metal che-
lates. However, the radiolabeling of DOTA chelates depends upon various factors like chelate 
concentration, pH, reaction temperature and incubation time, buffer concentration and pres-
ence of metal ions such as Zn (II) and Fe (III) [48–51]. In spite of the high solution stability of 
their radio-metal chelates, slow radiolabeling kinetics remains a major obstacle for the wide 
use of DOTA analogs as BFCs in target-specific radiopharmaceuticals. Coordination chemis-
try plays an imperative role in designing BFCs, radiolabeling, solution stability, modification 
of pharmacokinetics and formulation development.

9. Characterization and purification techniques

Certain mass spectroscopic techniques are utilized to determine the yields of bio-conjugation 
reactions. Liquid chromatography-mass spectrometry (LC–MS) technique is used for the 
characterization of dendrimers with mass below 3000 Da. Electrospray ionization-mass spec-
trometry (ESI-MS) is used for dendrimers which are able to form stable multiple charged spe-
cies. Matrix assisted laser desorption ionization: time of flight mass spectrometry technique 
(MALDI-tof) is used to characterize the chelate dendrimer conjugates with high molecular 
weight. These mass spectrometric techniques are used to analyze and compare the mass 
spectra of unmodified dendrimers and dendrimer-chelate conjugates in order to confirm the 
degree of conjugation. The average number of chelate molecules conjugated at the surface of 
dendrimer molecule is calculated using the formula:
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5-oxopentanoic acid (NODA-GA (tBu)3) etc. These chelators are also called as “bifunctional 
chelating agents” as they possess a metal binding moiety as well as a chemically reactive 
functional group. The radionuclide of interest can bind to the metal binding moiety and the 
chemically reactive functional group provides the requisite chemistry for covalent attach-
ment to the targeting vector/carrier of interest like proteins [38], peptides [39] or nanopar-
ticles. BFC is covalently attached to the targeting molecule and strongly coordinates the 
radio-metal. The design of BFC depends upon number of fundamental criteria. Foremost 
seems the metal complex stability followed by other coordination chemistry criteria such 
as charge, chelator cavity size compatibility with the ionic radius of the radionuclide, che-
late denticity and availability of donor binding groups of appropriate chemical character. 
Two additional properties are also critical to consider: the rate at which the metal complex 
forms and the rate of dissociation. All of these criteria are interrelated. Cavity size must 
accommodate the ionic radius of the radionuclide such that all of required donor groups 
can be properly aligned for optimal binding to the metal ion in such a way to adequately 
encapsulate the ion thereby providing high stability and limiting dissociation. The suitable 
radio-metals are diverse in their properties and coordination chemistry, so, unfortunately 
there is no bifunctional chelating agent suitable for all radionuclides. The selection of BFC 
depends upon the oxidation state of the radio-metal that makes it imperative to understand 
the coordination chemistry of chelators with any given radionuclide to be labeled. Any BFC 
that forms a thermodynamically stable radio-metal chelate with high kinetic inertness is 
considered as an ideal BFC.

8. Chelating groups/techniques

There are several conjugation groups that can be used for the attachment of a BFC to the biomole-
cule like anhydride, isothiocyanate, bromoacetamide, iodoacetamide, N-hydroxysuccinimide 
(NHS) ester and maleimide. All of these conjugation groups are electrophiles, which require 
a nucleophile functionality in the biomolecule but in some cases, the biomolecule of interest 
contains groups like carboxylic acid only which are electrophilic in nature. In these cases, a 
nucleophile like ethylenediamine, is used to convert the electrophilic group into a nucleo-
philic group. These reactive groups, can serve as “linkers” for conjugation of a BFC. Selection 
of conjugation group depends largely on the “linker” in biomolecules. Very often the “linker” 
is a primary amine or a thiol group. The functional groups reactive toward primary amines 
include DTPA dianhydride, NHS-activated esters and isothiocyanates while maleimide is 
very reactive to thiols.

DTPA anhydride – DTPA dianhydride is commercially available and reacts readily with 
primary amines to form the DTPA-biomolecule conjugate in both aqueous and non-aque-
ous media [40, 41]. For small biomolecules, the cross-linking may result in the improved 
receptor binding kinetics and proves to be beneficial because simultaneous binding of two 
biomolecules on adjacent receptor sites will result in a slow dissociation of the receptor 
ligand. Asymmetric anhydrides of DTPA and DOTA have also been used to prepare their 
bio conjugates [42–44].
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NHS ester – The NHS esters have intermediate reactivity toward amines and are highly selec-
tive for aliphatic amines at an optimum pH of 8.0–9.0 in aqueous systems. Molecules con-
taining a carboxylic group can be converted into its NHS ester, making NHS-activated ester 
groups among the most powerful and the most commonly used conjugation groups for large 
(antibodies) and small biomolecules [45, 46].

Isothiocyanates – Isothiocyanates are also reactive to amine groups, and form thiourea bonds 
with primary amines from proteins or small biomolecules. They show intermediate reactivity 
toward amines at pH 9.0–9.5 in aqueous solutions and are more stable in water than NHS esters.

Aromatic isothiocyanates are often used to conjugate biomolecules onto DTPA and DOTA 
analogs [45, 46].

Maleimide – Maleimide reacts with a thiol group at a pH of 7.0 and leads to the formation 
of a thioether bond [47]. Maleimides can hydrolyze at higher pH (>8.0) to form non-reactive 
maleimic acids. The only limitation of using maleimide as a conjugation group is that not 
many biomolecules contain thiol groups thereby limiting the use of maleimide as a chelator.

Radiolabeling of DTPA and DOTA-biomolecule conjugates – DTPA analogs have a major 
advantage of being used as BFCs as they can be radiolabeled with high labeling efficiency 
even under mild conditions, but the kinetic instability of these metal chelates results in dis-
sociation of the radio-metal from the chelate.

DOTA analogs can be used as BFCs because if the kinetic inertness of their radio-metal che-
lates. However, the radiolabeling of DOTA chelates depends upon various factors like chelate 
concentration, pH, reaction temperature and incubation time, buffer concentration and pres-
ence of metal ions such as Zn (II) and Fe (III) [48–51]. In spite of the high solution stability of 
their radio-metal chelates, slow radiolabeling kinetics remains a major obstacle for the wide 
use of DOTA analogs as BFCs in target-specific radiopharmaceuticals. Coordination chemis-
try plays an imperative role in designing BFCs, radiolabeling, solution stability, modification 
of pharmacokinetics and formulation development.

9. Characterization and purification techniques

Certain mass spectroscopic techniques are utilized to determine the yields of bio-conjugation 
reactions. Liquid chromatography-mass spectrometry (LC–MS) technique is used for the 
characterization of dendrimers with mass below 3000 Da. Electrospray ionization-mass spec-
trometry (ESI-MS) is used for dendrimers which are able to form stable multiple charged spe-
cies. Matrix assisted laser desorption ionization: time of flight mass spectrometry technique 
(MALDI-tof) is used to characterize the chelate dendrimer conjugates with high molecular 
weight. These mass spectrometric techniques are used to analyze and compare the mass 
spectra of unmodified dendrimers and dendrimer-chelate conjugates in order to confirm the 
degree of conjugation. The average number of chelate molecules conjugated at the surface of 
dendrimer molecule is calculated using the formula:
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  Number of DOTA molecules conjugated =  [ (Increase in molecular weight relative to

 unmodified dendrimer)  ÷  (Molecular weight of BFC) ]  . (1)

Conjugation of BFCs with dendrimer can also be confirmed by Fourier transform-infrared 
spectroscopy (FT-IR). Chromatography techniques like size exclusion chromatography (SEC) 
helps in the purification and separation of dendrimer-chelate conjugates from free BFC’s 
according to their sizes.

10. Dendrimer-chelate cytotoxicity

“Cationic” dendrimers (e.g., amine terminated PAMAM dendrimers) are generally hemo-
lytic and cytotoxic [52]. The toxicity of dendrimers depends upon the generation number and 
increases with the increasing number of surface groups. Anionic dendrimers that bear carbox-
ylate surface groups are not cytotoxic even at a broad concentration range [53]. Amine termi-
nated PAMAM dendrimers are believed to have been showing more cytotoxicity because of 
the interaction between positively charged dendrimers and the negatively charged cell mem-
branes [54]. Thus, the cytotoxicity of these cationic dendrimers can be decreased by either 
shielding or decreasing the positive charge on their surface. Thus, the positively charged 
groups are usually capped with neutral molecules [55, 56]. Similarly, the surface amino 
groups/carboxylate groups of dendrimers are modified with BFCs resulting in a significant 
decrease in the number of positive charges on their surface. The toxicity of dendrimers on 
cells is concentration, time and generation dependent. Previous studies have demonstrated 
that the dendrimers with surface modifications are less toxic and more biocompatible when 
compared with the unmodified dendrimers [52, 54].

11. Radiolabeling of dendrimer-chelate conjugates

The radiolabeling of the purified and characterized dendrimer-chelate conjugates depends 
upon various factors and needs to be standardized. The ability of these bifunctional chelators 
to coordinate with a variety of metals makes them more sensitive to metallic impurities and 
contaminants en route the reaction process. Also, considerable attention has to be given for 
optimizing the reaction conditions so as to achieve best results for all conjugation and radio-
labeling experiments [57]. Factors like buffer pH, buffer volume, concentration of conjugate 
and incubation time has to be optimized in order to achieve best radiolabeling efficiency. The 
lead for setting up the range of test conditions for optimizing the radiolabeling of dendrimers 
with different radio-metals was taken from the previous studies [58].

12. 68Ga containing dendrimers for PET imaging

More than 80.0% of the radiopharmaceuticals used in nuclear medicine imaging are 99mTc based 
tracers. Among, several PET radionuclides, there has been a renewed interest in 68Ga for many 
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reasons. 68Ga is well suited for use as a radiolabel for PET because of its comparatively shorter 
half-life of 68 min. The emission of two divergent photons per decay allows the construction 
of three-dimensional images. Also, the advances in generator technology for 68Ga production, 
favorable chemistry of 68Ga for radio-complexation have paved the way for emerging applica-
tions of 68Ga radiopharmaceuticals [59]. The most stable oxidation state of gallium in aqueous 
solution is +3 and its coordination number is 6. The coordination chemistry of Ga3+ is very sim-
ilar to high spin Fe3+ ion. Both the ions have oxidation state of +3 and have almost same ionic 
radii (62 pm for Ga3+ and 65 pm for Fe3+). Ga(III) can undergo ligand exchange with protein 
transferrin when injected into the biological system. Transferrin contains two iron binding 
sites with high affinity for this metal ion. At physiological conditions, the human transferrin 
has a high binding affinity for Ga3+ given by log KST = 20.3 [60]. Thus, radiolabeling of 68Ga is 
best achieved by using bifunctional chelators which can strongly chelate the gallium ion and 
are covalently bound to targeting vectors [61, 62]. The most widely used bifunctional chelator 
for 68Ga radionuclide labeling is DOTA [63]. Ga(DOTA) complex is stable enough to be used in 
clinical practice. These macrocyclic chelators display high conformational and size selectivity 
toward metal ions. This category of chelators can encapsulate the metal ions with high effi-
ciency keeping it away from the competing species like blood transferrin [64].

The pH of buffer plays an important role in radiolabeling procedures especially with 68Ga. In 
aqueous solution, free hydrated gallium, that is, [Ga(H2O)6]3+ is stable under acidic conditions 
(pH < 3). At slightly higher pH, the aqueous solution chemistry is determined by the hydro-
lysis of the aqua ion leading to the formation of insoluble trihydroxide, that is, Ga(OH)3. At 
physiological pH, the solubility of gallium is high due to the exclusive formation of [Ga(OH)4−] 
ions [61]. Formation of Ga(OH)3 due to the hydrolysis can be avoided by using stabilizing 
weak ligands like acetate, citrate or HEPES as conjugating as well as radiolabeling buffers. 
For use as a radiopharmaceutical, a gallium compound must be either thermodynamically 
stable toward hydrolysis at physiological pH or be kinetically stable in the time frame of an 
imaging procedure. The reaction kinetics for the incorporation of Ga3+ is inversely related to 
pH [65]. The complexation of Ga3+ by DOTA shows slow kinetics because of its cavity size 
and eight donor atoms. Therefore, the radiolabeling procedures were carried at an elevated 
temperature of 90–100°C.

13. Quality control

ITLC – The radiolabeling efficiency is estimated chromatographically using ITLC-silica 
gel strips as the stationary phase and solvents such as ammonium acetate: methanol as 
mobile phase. The radiolabeled preparation is spotted at the origin of ITLC strips, dried 
and introduced into the solvent chamber containing mobile solvent. The mobile solvent is 
allowed to reach the top of the ITLC strip; the strip is removed, dried in air, cut into two 
halves and measured for its radioactivity in order to calculate its radiolabeling efficiency. 
The retention factor (Rf) can also be calculated, the strips are marked from origin and 
divided into 10 equal sections each of 1.0 cm. The strips are cut, put into the test tubes and 
counts can be recorded in sodium iodide (NaI) well counter. The observed counts from 
each segment can be plotted as a linear graph and the Rf value for radiolabeled dendrimers 
can be evaluated.
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  Number of DOTA molecules conjugated =  [ (Increase in molecular weight relative to

 unmodified dendrimer)  ÷  (Molecular weight of BFC) ]  . (1)

Conjugation of BFCs with dendrimer can also be confirmed by Fourier transform-infrared 
spectroscopy (FT-IR). Chromatography techniques like size exclusion chromatography (SEC) 
helps in the purification and separation of dendrimer-chelate conjugates from free BFC’s 
according to their sizes.

10. Dendrimer-chelate cytotoxicity

“Cationic” dendrimers (e.g., amine terminated PAMAM dendrimers) are generally hemo-
lytic and cytotoxic [52]. The toxicity of dendrimers depends upon the generation number and 
increases with the increasing number of surface groups. Anionic dendrimers that bear carbox-
ylate surface groups are not cytotoxic even at a broad concentration range [53]. Amine termi-
nated PAMAM dendrimers are believed to have been showing more cytotoxicity because of 
the interaction between positively charged dendrimers and the negatively charged cell mem-
branes [54]. Thus, the cytotoxicity of these cationic dendrimers can be decreased by either 
shielding or decreasing the positive charge on their surface. Thus, the positively charged 
groups are usually capped with neutral molecules [55, 56]. Similarly, the surface amino 
groups/carboxylate groups of dendrimers are modified with BFCs resulting in a significant 
decrease in the number of positive charges on their surface. The toxicity of dendrimers on 
cells is concentration, time and generation dependent. Previous studies have demonstrated 
that the dendrimers with surface modifications are less toxic and more biocompatible when 
compared with the unmodified dendrimers [52, 54].

11. Radiolabeling of dendrimer-chelate conjugates

The radiolabeling of the purified and characterized dendrimer-chelate conjugates depends 
upon various factors and needs to be standardized. The ability of these bifunctional chelators 
to coordinate with a variety of metals makes them more sensitive to metallic impurities and 
contaminants en route the reaction process. Also, considerable attention has to be given for 
optimizing the reaction conditions so as to achieve best results for all conjugation and radio-
labeling experiments [57]. Factors like buffer pH, buffer volume, concentration of conjugate 
and incubation time has to be optimized in order to achieve best radiolabeling efficiency. The 
lead for setting up the range of test conditions for optimizing the radiolabeling of dendrimers 
with different radio-metals was taken from the previous studies [58].

12. 68Ga containing dendrimers for PET imaging

More than 80.0% of the radiopharmaceuticals used in nuclear medicine imaging are 99mTc based 
tracers. Among, several PET radionuclides, there has been a renewed interest in 68Ga for many 
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reasons. 68Ga is well suited for use as a radiolabel for PET because of its comparatively shorter 
half-life of 68 min. The emission of two divergent photons per decay allows the construction 
of three-dimensional images. Also, the advances in generator technology for 68Ga production, 
favorable chemistry of 68Ga for radio-complexation have paved the way for emerging applica-
tions of 68Ga radiopharmaceuticals [59]. The most stable oxidation state of gallium in aqueous 
solution is +3 and its coordination number is 6. The coordination chemistry of Ga3+ is very sim-
ilar to high spin Fe3+ ion. Both the ions have oxidation state of +3 and have almost same ionic 
radii (62 pm for Ga3+ and 65 pm for Fe3+). Ga(III) can undergo ligand exchange with protein 
transferrin when injected into the biological system. Transferrin contains two iron binding 
sites with high affinity for this metal ion. At physiological conditions, the human transferrin 
has a high binding affinity for Ga3+ given by log KST = 20.3 [60]. Thus, radiolabeling of 68Ga is 
best achieved by using bifunctional chelators which can strongly chelate the gallium ion and 
are covalently bound to targeting vectors [61, 62]. The most widely used bifunctional chelator 
for 68Ga radionuclide labeling is DOTA [63]. Ga(DOTA) complex is stable enough to be used in 
clinical practice. These macrocyclic chelators display high conformational and size selectivity 
toward metal ions. This category of chelators can encapsulate the metal ions with high effi-
ciency keeping it away from the competing species like blood transferrin [64].

The pH of buffer plays an important role in radiolabeling procedures especially with 68Ga. In 
aqueous solution, free hydrated gallium, that is, [Ga(H2O)6]3+ is stable under acidic conditions 
(pH < 3). At slightly higher pH, the aqueous solution chemistry is determined by the hydro-
lysis of the aqua ion leading to the formation of insoluble trihydroxide, that is, Ga(OH)3. At 
physiological pH, the solubility of gallium is high due to the exclusive formation of [Ga(OH)4−] 
ions [61]. Formation of Ga(OH)3 due to the hydrolysis can be avoided by using stabilizing 
weak ligands like acetate, citrate or HEPES as conjugating as well as radiolabeling buffers. 
For use as a radiopharmaceutical, a gallium compound must be either thermodynamically 
stable toward hydrolysis at physiological pH or be kinetically stable in the time frame of an 
imaging procedure. The reaction kinetics for the incorporation of Ga3+ is inversely related to 
pH [65]. The complexation of Ga3+ by DOTA shows slow kinetics because of its cavity size 
and eight donor atoms. Therefore, the radiolabeling procedures were carried at an elevated 
temperature of 90–100°C.

13. Quality control

ITLC – The radiolabeling efficiency is estimated chromatographically using ITLC-silica 
gel strips as the stationary phase and solvents such as ammonium acetate: methanol as 
mobile phase. The radiolabeled preparation is spotted at the origin of ITLC strips, dried 
and introduced into the solvent chamber containing mobile solvent. The mobile solvent is 
allowed to reach the top of the ITLC strip; the strip is removed, dried in air, cut into two 
halves and measured for its radioactivity in order to calculate its radiolabeling efficiency. 
The retention factor (Rf) can also be calculated, the strips are marked from origin and 
divided into 10 equal sections each of 1.0 cm. The strips are cut, put into the test tubes and 
counts can be recorded in sodium iodide (NaI) well counter. The observed counts from 
each segment can be plotted as a linear graph and the Rf value for radiolabeled dendrimers 
can be evaluated.
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In vitro stability assay – The in vitro stability of the radiolabeled formulation can be deter-
mined by radio-chromatography using ITLC. The radiolabeling efficiency of the formulation 
is calculated at various time intervals. This assay depicts the pattern of degradation of radio-
labeled formulation as a function of time.

In vitro serum stability assay – The stability of radiolabeled dendrimers in systemic circula-
tion is usually evaluated by performing serum stability assay. The radiolabeled formulation 
is measured for any degree of degradation, if any due to enzymatic or other factors present 
in the blood/serum.

Lipophilicity assay – Affinity of radiolabeled formulation toward the organic phase (octanol) 
and aqueous phase, phosphate buffered saline (PBS) can be determined by calculating the 
organic/aqueous partition coefficient. Log P value is considered as the measure of lipophilic-
ity and can be calculated by using the formula:

  Log P = log  [Counts in organic phase  (octanol)  / Counts in aqueous phase  (PBS) ]   (2)

14. Biodistribution and dosimetry studies

It is important to perform biodistribution and dosimetry studies with any new radiopharmaceuti-
cal to study the dose absorbed by various “critical organs” and also to study the pharmacokinetics 
of these newer tracers [66]. The documentation of pharmacokinetics and dosimetry data and sub-
mission of the same to the ‘regulatory authorities’ provide a robust evidence for seeking permission 
to carry out first ‘human studies’ and thus, has a translational relevance. Whenever new or experi-
mental radiopharmaceuticals are administered to patients, it becomes mandatory to get information 
on the patient’s radiation exposure by performing a dosimetry study. The procedure used to assess 
the organ’s absorbed doses has been summarized in MIRD pamphlet number 21 [67] and includes 
two major steps. Firstly, the quantification of the time integrated activity for each tissue localizing 
the radiopharmaceutical and secondly, determination of the S values, that is, the absorbed dose 
to target tissues per decay, in each source tissue were carried out. The S values for a radionuclide 
as required for the internal dosimetry must be based upon the internationally accepted reference 
anatomic phantoms as defined by the International Commission on Radiological Protection [68]. 
Further, the effective dose can be calculated by using the tissue weighing factors and the absorbed 
dose values to the organs. The critical organs of interest in humans for the use of a new radiophar-
maceutical clinically are generally evaluated in preclinical studies in rodents and other mammalian 
species. However, estimates derived from the animal studies are usually considered sufficient for 
the purpose of grant of regulatory permissions for human trials [69].

15. Molecular imaging with radiolabeled dendrimers

Dendrimers can be used to target the tumor vasculature by modifying their surface 
through covalent conjugation. Such a modification increases the targeting potential of 
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dendrimers toward cancer cells [70]. A combination of imaging modalities and several 
biocompatible and biodegradable dendrimers over the decade has been used to develop 
bio-imaging probes that have prolonged plasma half-lives, enhanced stability, reduced 
toxicity and improved target specificity. However, the application of dendrimers in 
nuclear medicine and radiochemistry is still at its infancy. With the escalating knowledge 
of science and research in the field of oncology, the development of new drug delivery 
systems has attained great heights. It is believed that rapid technological and scientific 
progresses in the development of bio-imaging dendrimers and their role as drug delivery 
agents will provide new research opportunities for use of dendrimers in the preclinical 
and clinical development of new therapies. Due to the 3-dimensional structure and pres-
ence of numerous functional groups on the surface, dendrimers have generated huge 
interest and attention as drug delivery systems. They provide a platform for attaching 
drugs or genes and further releasing them through several mechanisms which include 
either in vivo degradation of drug dendrimer covalent bonding due to the presence of 
certain enzymes or drug release due to changes in physical environment such as pH and 
temperature.

16. Conclusion

The high loading capacity of dendrimers enables them to deliver chemotherapeutic agents 
as well. The dendrimer-drug complexes designed for either targeted or non-targeted drug 
delivery successfully penetrate through the leaky vasculature of tumor and accumulate in the 
cancer tissue. However, the added advantage of using dendrimer-drug complexes specifi-
cally designed for targeted delivery is that they bind to specific receptors overexpressed on 
the surface of cancer cells, thereby, increasing their residence time over the cell surface. Thus, 
the development of dendrimer complexes that incorporates the targeting ligands, anticancer 
drugs and PET/β emitting radionuclides may provide the way for combinational anticancer 
therapies along with the in vivo imaging of the targeted tumor.
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Abstract

Dendrimers can behave as active functional materials, if they are substituted at their tail
ends by azo groups. The dendrimers we developed spontaneously attach to interfaces or
surfaces, providing us with a variety of functions. After describing the synthesis of
dendrimers and azodendrimers, we first review functions for static uses; alignment
surface for liquid crystals (LCs). Then, a major part of this review is devoted to the
introduction for dynamic uses. Because of photo-induced trans-cis isomerization, the
azodendrimers act as a command surface, which enables us to control LC orientation.
Azodendrimer layers were formed at glass substrates, LC droplets in polymers, and
surfaces of microparticles in LCs. Photo-controlled trans- and cis-forms, respectively,
provide homeotropic and planar orientations of LCs. The photo-irradiation induces
dewetting of dendrimer layers as well. Photo-induced orientation changes of LCs pro-
vide us with various applications and novel phenomena; photo-controlled macroscopic
physical properties such as thermal transport, defect structure changes in LC colloids
and LC systems with microinclusions, and even dynamics of inclusions in LCs.

Keywords: azo, surface, interface, liquid crystal, command surface, photo-induced
phenomenon, dewetting, liquid crystal colloid, microparticle, defect structure

1. Introduction

Azo molecules show photo-induced conformational changes based on trans-cis photo-
isomerization. The conformational changes lead to various functions such as a macroscopic
deformation in polymers containing azo groups [1] and a command surface for liquid
crystals (LCs) providing orientation changes [2, 3]. The readers may find a lot of review
articles on this topic [4]. Dendrimers have a controlled structure with a central core and well-
defined branched terminals and have been an expanding research area in recent three
decades [5]. We can easily imagine that dendrimers with azo chromophores (azodendrimers)
in the internal structure and on peripheries are quite intriguing research aspects in material
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science and applications. Namely, photo-irradiation onto azodendrimers exerts not only the
trans-cis conformational change of azo moiety but also the dendrimer structure, which brings
about a variety of functions [6]; switching device or data storage using Langmuir-Blodgett
films of azodendrimer molecules [7], active materials for electro-optic applications [8], LC
photo-orientation [9], photo-controlled chirooptics [10], and enhanced optical nonlinearity
[11]. We found some additional benefits by introducing azo linkages into our dendrimers. In
this chapter, we review such functions offered by azobenzene-containing dendrimers
(azodendrimers). After an introduction and syntheses of azodendrimers, we describe (1)
spontaneous surface modification by dendrimers for LC displays, (2) application for control-
ling physical parameters, (3) photo-triggered dewetting surface and its control, (4) applica-
tion to memory devices using a LC showing an anchoring transition, (5) command surfaces
in restricted surfaces such as LC droplets, silica microparticle surfaces, and (6) controlling
surface anchoring strength for LC orientation. Through these applications, we want to
emphasize the important functions, which are provided not only by dendrimers themselves
but also by introducing azo groups into dendrimers.

2. Motivation and synthesis

Dendrimers are a kind of polymeric materials consisting of regular multi-branched structure
with a specific topology. Dendrimers are known to exhibit low viscosity and good solubility
comparing with linear polymers with comparable molecular weights because of less tangled
molecular structures. Their molecular structures consist of core units, branched repeating
units, and terminal groups. The modifications of the terminals are quite easy because the
terminal functional groups are not hindered unlike the functional groups bound to the
crowding main chain of linear polymers.

Introducing mesogenic groups into the terminal groups of flexible dendrimers provides the
dendrimers with liquid crystalline natures [12]. Then we can expect better compatibility of the
dendrimer with LCs. Such liquid crystalline dendrimers can be prepared using commercial
polypropyleneimine dendrimers (PPIDs), whose chemical structure is shown in Figure 1(a), and
mesogen-carrying acrylates through the double-Michael addition to produce tertiary amine link-
ages, as shown in Figure 1(b) [13]. For the latter, we can use numerous acrylates, which have been
reported in many literatures, developed for the syntheses of side-chain liquid crystalline poly-
mers. The reaction can be carried out by simply heating in THF solution at 40–50�C, but requires
two or more weeks in order to prevent the reaction from stopping at the secondary amine stage,
which is difficult to be removed from the final product. Once the complete Michael addition,
which means the absence of the residual primary or secondary amines, can be achieved, the
resulting liquid crystalline dendrimer can be purified by simple precipitation to poor solvents
such as methanol or hexane, which is chosen based on the solubility of the mesogenic units.

We have introduced various mesogens including biphenyls, phenyl benzoates, cyclohex-
ylbenzene, and azobenzenes, as shown in Figure 2 [13, 14]. We refer the liquid crystalline
dendrimers as DG-nX, where G is the generation of PPID, n is the number of carbon atoms of
the alkylene spacer between PPID and the mesogenic unit, and X represents the mesogen. The
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obtained dendrimers exhibited thermotropic liquid crystalline nature. The phase transition
temperatures are shown in Table 1. Regardless of the mesogen structure, the dendrimers tend
to exhibit smectic (Sm) liquid crystalline phases. In the DG-10PPF2O4 series, the larger gener-
ations of PPID made the smectic-isotropic transition temperature higher, but the generation
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Figure 2. Chemical structures of mesogenic groups used for the preparation of liquid crystalline dendrimers synthesized.
Please refer to Table 1 for the phase sequences of each molecule.
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(G) did not affect the liquid crystalline phase. In the D2-nPC5 series, the longer alkylene spacers
tend to stabilize the SmB phase rather than the SmA phase, which influences the spontaneous
alignment of the dendrimers in cells, as will be mentioned below.

Some dendrimers exhibit spontaneous homeotropic orientation between two bare glass sur-
faces on slow cooling (typically ΔT = �1�C/min). Figure 3 shows the polarizing optical micro-
scope images of D2-6PC5 under crossed polarizers during slow cooling from the isotropic
melt. The focal conic texture disappeared and the area of a dark field gradually expanded.
The typical cross isogyre was observed in the dark field by conoscopic observation under a
polarizing optical microscope. From these results, we confirmed the homeotropic orientation
of D2-6PC5 between bare glass surfaces.

These orientation behaviors are strongly influenced by the mesogenic phase structure. Table 1
also lists the tendency to exhibit spontaneous homeotropic orientation together with the phase
sequences. Among the D2-6X series, homeotropic orientation was observed for X = PPCN,
PC5, and Azo5 as well as D2-10PPF2O4. These dendrimers exhibited relatively wide tempera-
ture ranges of the SmA phase. On the other hand, the mesogens, PPO1 and PPF, showed a
narrow SmA temperature range and no SmA phase, respectively. The similar tendency was
more clearly observed in D2-nPC5 series. D2-12PC5, whose SmA range is only 7–8 K, did not

Dendrimer Phase transition temperaturea/�C Homeotropic alignmentd

D2-6PPCN I 68 SmA �5 G +

D2-6PPO1 I 96 SmA 90 SmEb �
D2-6PPF I 50 SmEb �
D1-10PPF2O4 I 72 SmA 56 SmEb �
D2-10PPF2O4 I 78 SmA 58 SmEb +

D3-10PPF2O4 I 86 SmA 51 SmEb +

D4-10PPF2O4 I 91 SmA 54 SmEb +

D5-10PPF2O4 I 97 SmA 54 SmEb �
D2-6BPO1 I 67 SmA �3 G �
D2-3PC5 I 74 SmA 16 SmB �14 G +

D2-6PC5 I 69 SmA 17 SmB �21 G +

D2-12PC5 I 80 SmA 73 SmB 5 G �
D2-6Azo5 G � 5 SmB 34 SmA 85 Ic +

Signs: +, exhibited homeotropic orientation; �, exhibited random orientation.
aRecorded during the 2nd cooling scan with ΔT = �10�C/min.
bGlass transition temperatures were not observed above �20�C.
cRecorded during the heating scan (ΔT = 10�C/min).
dTendency to show spontaneous homeotropic alignment between glass plates on slow cooling.

Table 1. The phase transition temperatures and the homeotropic alignment capability of the liquid crystalline
dendrimers.
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exhibit the homeotropic orientation. In contrast, D2-nPC5’s with n = 3 or 6 have a wide SmA
range of around 50 K, and show good spontaneous homeotropic orientation. Therefore, the
spontaneous homeotropic orientation seems to be realized in mesogens with the stable SmA
phase, in which mesogens can easily move within the SmA layer structure rather than in the
more highly ordered SmB or SmE phases. However, D2-6BPO1 did not show homeotropic
orientation, although it exhibited the stable SmA phase. Thus, the orientation might require the
alkyl termini longer than four carbons like PC5, Azo5, and PPF2O4. The effect of the generation
can be seen in DG-10PPF2O4 (G = 1–5): the 1st and the 5th generation dendrimers did not align
homeotropically. The former (G = 1) may not form well-ordered smectic structure. As for the
latter (G = 5), the molecule is so large that the molecule becomes a spherical shape due to the
steric repulsion between the terminal mesogens.

3. Application for liquid crystal alignment

The present dendrimers have an advantage for providing spontaneous LC alignment at sur-
faces and interfaces. In other words, no pretreatment of surfaces is necessary for obtaining
good alignment. This advantage can be used for manufacturing LC displays. In this section,
we introduce two applications of dendrimer molecules for LC alignment; LC displays and
controlling physical parameters of LC cells.

The first issue to be discussed is how dendrimer molecules align at surfaces. Based on X-ray
diffraction measurements, Li et al. [15] assigned a strong diffraction peak in a small angle
region to n = 2 and concluded the periodicity corresponds to a stretched structure shown in
Figure 4(a) [15]. However, other researchers assign this peak to n = 1 [16] and the periodicity is
concluded to a half the stretched molecular length. Hence, the surface structure could be
Figure 4(b) [17] or Figure 4(c) [18]. Additional important information for the surface structure
is that the surface with azodendrimers is optical second-harmonic generation (SHG) active.
Figure 5 shows SHG intensity as a function of UV intensity [19]. The film is SHG active
without UV irradiation. This is consistent with the models shown in Figure 4(b) and (c). With
increasing UV light intensity, SHG activity decreased. This is because the transformation to the
cis-form destroys the polar orientation order. Further details are a future problem.

Conoscopic Image
at RT

Figure 3. Photomicrographs of D2-6PC5 under crossed polarizers during slow cooling from the isotropic melt (from left
to right, DT = �1�C/min). A conoscopic image at room temperature is also shown on the right.
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D2-6Azo5 G � 5 SmB 34 SmA 85 Ic +

Signs: +, exhibited homeotropic orientation; �, exhibited random orientation.
aRecorded during the 2nd cooling scan with ΔT = �10�C/min.
bGlass transition temperatures were not observed above �20�C.
cRecorded during the heating scan (ΔT = 10�C/min).
dTendency to show spontaneous homeotropic alignment between glass plates on slow cooling.
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Figure 5 shows SHG intensity as a function of UV intensity [19]. The film is SHG active
without UV irradiation. This is consistent with the models shown in Figure 4(b) and (c). With
increasing UV light intensity, SHG activity decreased. This is because the transformation to the
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3.1. Application for liquid crystal display

LC displays are essentially driven by an electric field. Hence, photo-induced switching is not
relevant in LC displays. However, to introduce the capability of spontaneous alignment of LCs
at surfaces/interfaces by the present dendrimers, we cannot avoid the description of the LC
display application using dendrimers with and without azo linkages (see Figure 2).

The most important property is spontaneous adsorption of dendrimers onto substrate sur-
faces, resulting in spontaneous homeotropic alignment of LCs, which makes pre-surface
treatment-free or polyimide-free LC displays possible [20]. The process of LC introduction into

Figure 5. SHG intensity as a function of UV intensity [19]. Optical geometry is also shown in the figure. Copyright 2017,
Royal Society of Chemistry.
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Figure 4. Model structures of dendrimer molecules adsorbed on a surface, (a) symmetric shape [15], (b) asymmetric
shape [17], and (c) asymmetric fan shape [18]. Copyright 2012, American Chemical Society [15], Copyright 2015, National
Academy of science [17], and Copyright 2014, Optical Society of America [18].
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an empty cell shown in Figure 6(a) and (b) are illustrations of the initial and final stages of the
introduction of LCs containing dendrimers, respectively [21]. A corresponding texture is
shown in Figure 6(c) [22]. In the injected area (right), homeotropic alignment is realized, but
in the area far from the entrance (left), planar alignment is obtained because of the lack of
surface coverage by dendrimers.

The application of dendrimers to a LC display was first reported in IDW (International Display
Workshop) in 2011 [20]. Since the unperturbed state is homeotropic, application is principally
possible for vertical alignment (VA) mode. The main advantage is of course polyimide-free
spontaneous homeotropic (vertical) alignment just by dissolving dendrimers in LCs used.
Momoi et al. [20, 21, 23] used a large glass substrate with dimensions 100 mm � 100 mm and
large ITO interdigitated electrodes used for the in-plane switching (IPS) mode. The electrode
with the gap of 10 μm covers a 10 mm � 10 mm area. Figure 7 shows photographs of (a) off
and (b) on states of a test cell of an LC mixture ZLI-4792 (Merck) containing 1% D2-6PC5 (see
Figure 2) [20, 23]. The corresponding orientation change during the electro-optic switching
between dark and bright is illustrated in Figure 7(c) and (d) [24]. A polarizing microscope
image and a temporal electro-optic response behavior are shown in Figure 8 [18].

An important question for practical applications is whether this method using dendrimers is
applicable for all LCs and surfaces or not. Haba et al. [18] addressed this question. They used two
dendrimers (D2-6PPCN and D2-6PC5) as shown in Figure 2, and two LCs; 40-cyano-4-n-
penthylbiphenyl (5CB) and a mixture ZLI-4792. Although 5CB could dissolve both dendrimers,

Figure 6. Cartoons showing the introduction of LC with dendrimers into a cell; (a) initial and (b) final stages. Actual
photomicrograph image corresponding to (b) is also shown in (c).
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Figure 7. Electro-optic performance. Photographs of (a) off and (b) on states of a test cell [23]. The corresponding sectional
images of the director orientations are also shown in (c) and (d), respectively. Copyright 2012, Society for Information
Display.

Figure 8. Electro-optic response [18]. (a) Polarizing optical microscope images in off (upper) and on (lower) states. (b)
Temporal transmittance changes during sequential electric field application and termination. Copyright 2014, Optical
Society of America.
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D2-6PCN was not soluble in ZLI-4792. Both D2-6PPCN/5CB and D2-6PC5/ZLI-4792 gave good
homeotropic alignment in the absence of an electric field. The surface free energy of substrates
was found to be another important factor for good homeotropic alignment. Examination of
contact angles for various surfaces showed that hydrophilic surfaces are important for good
homeotropic alignment.

Another question is a possible use of azodendrimers for planar alignment, which is necessary
for the twisted nematic (TN) and IPS modes. A new dendrimer was successfully developed
for this purpose [25]. It is well known as a command surface [2] that surface azobenzene layer
commands the orientation change from homeotropic-to-planar by photo-isomerization of the
azobenzene. A cartoon of this phenomenon in the present azodendrimer case is illustrated
in Figure 9. For the present purpose of IPS mode displays, however, there are two problems
such as (1) prohibiting the relaxation to the trans-state and (2) realization of uniform planar
orientation.

In order to prevent the relaxation and fix the planar orientation, we introduced a cinnamate
group (Figure 10(a)), which is expected to dimerize and prevent the transformation of the
cis-form to the trans-form. To examine the LC orientations upon photo-isomerization and
relaxation, nematic LC mixture JC-5066XX (JNC, Japan) was doped with 1 wt% azoden-
drimer (D2-6AzoCin2). Solubility was poor and planar orientation was observed in most of
the mixtures. Some of however, showed a good homeotropic orientation as shown in
Figure 10(b). Upon UV irradiation, the schlieren texture showing a planar orientation
emerged, as shown in Figure 10(c). More importantly, the planar texture remained after
72 days, as shown in Figure 10(d). When we used D2-6Azo5 without a cinnamate group
(Figure 2), however, stable planar orientation was not obtained after terminating UV irra-
diation. Thus, the cinnamate group in D2-6AzoCin2 is important for a stable and sustain-
able planar orientation [25]. We confirmed prolonged stability after 133 days using a
different LC mixture (ZLI4792) [25].

Figure 9. Cartoons showing a command surface effect. (a) Without UV light irradiation, dendrimers are in the trans-state,
resulting in homeotropic orientation. (b) Unver UV light irradiation, dendrimers are in the cis state, resulting in planar
orientation.
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The second problem, uniform planar alignment, could be solved by using linearly polarized
UV light irradiation [25]. Preferential orientation of LCs along the direction perpendicular to
the polarization of UV light is well known [3]. The result is shown as photo-micrograph
images under crossed polarizers subjected to a rotation of a microscope stage, as shown in
Figure 11. At angles 0� (parallel to the linear polarization of UV light), complete dark views
were obtained. At 45�, bright views due to the birefringence were obtained. Thus, a uniform
planar alignment was successfully obtained. Electro-optic response was confirmed to occur.
The detailed examination of the electro-optic response is a future problem.

3.2. Application for controlling physical parameters

As mentioned in Section 3.1, the present dendrimer molecules are useful for aligning LCs
without pretreatment of surfaces. Initially, the surfaces force LCs to align homeotropically, as
mentioned in Section 3.1. If we use azodendrimers, the surface acts as a command surface; UV
and VIS light irradiation commands LC molecules to make planar and homeotropic orienta-
tions, respectively, due to trans-cis photo-isomerization (Figure 9). Since LCs have anisotropy,

Figure 10. (a) Chemical structure of an azodendrimer with cinnamate tails. Please refer to Figure 2 for X. Polarizing
photomicrographs in (b) without UV light irradiation, (c) immediately after UV light irradiation, and (d) 72 days after
terminating UV light. Photos taken by Mr. Shun Sato.

Figure 11. Polarizing photomicrographs of a cell after linearly polarized UV light irradiation. Two images are taken
during the cell rotation under crossed polarizers. Photos taken by Mr. Shun Sato.
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their physical parameters are also anisotropic. Namely, refractive index, dielectric constant,
electric conductivity, etc. have different values depending on the direction with respect to the
director. Actually, LC displays utilize the light transmittance change due to refractive index
change caused by electric field-induced orientation change. We may find other applications by
controlling the physical parameters using external stimuli. An electric field is one of important
external stimuli, but is not always necessary. Instead, light irradiation is another useful external
stimulus. Here we introduce a possible device using photo-controllable thermal diffusivity [26].

The sample used was 40-n-pentyloxybiphenyl-4-carbonitrile (5OCB) containing a small amount
(0.02 wt%) of azodendrimers. The thermal diffusivity was measured by a temperature wave
method [27]. Figure 12(a) shows a temperature dependence of thermal diffusivity for a sample
under UV (365 nm) light irradiation (cross), under VIS (420 nm) light irradiation (open circle),
and without light irradiation (filled circle). It is natural to have a good agreement between the
latter two data because of the same homeotropic alignment in both conditions. Photo-induced
switching of the thermal diffusivity at 54�C is shown in Figure 12(b). Upon UV and VIS light
irradiation, the thermal diffusivity drastically changes almost by two times. The switching speed
depends on light intensity. It was found that the switching rate linearly depends on UVand VIS
light intensities. Under a moderate light intensity such as 5–10 mW/cm2, the response time of a
few tens of seconds was obtained.

4. Photo-triggered surface dewetting

One of the important applications of azo molecules is a surface relief grating formation, which
is based on the phenomenon of photo-induced mass migration in azo-containing polymer
films [28], low-molecular-mass azo compounds [29], and even in dendron-containing com-
pounds [30]. According to Seki et al. [31], the mass migration in liquid crystalline azo-
polymers is highly sensitive to UV light compared with conventional amorphous polymer
films. In this sense, the azodendrimer systems are a very attractive candidate for efficient mass
migration upon UV light irradiation.

Figure 12. (a) Temperature dependence of thermal diffusivity under UV light irradiation (cross), under VIS light irradi-
ation (open circle), and without light irradiation (filled circle). (b) Photo-induced temporal change of thermal diffusivity
[26]. Copyright 2015, AIP Publishing.
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For experiments [15], quartz substrates were properly cleaned to be hydrophilic. Chloroform
solution of azodendrimers was spin coated on such substrates. The samples were subjected to
UV light irradiation.

Figure 13 shows atomic force microscopy (AFM) images of D2-6Azo5 after UV light irradia-
tion under different conditions. The morphological change is remarkable, exhibiting the sur-
face dewetting and providing a number of separated domains of a few micrometers [15]. Note
that a linear polymer of almost identical molecular mass showed no change under the same
experimental condition. Another important condition is the hydrophobicity of the substrate.
No dewetting behavior was observed under the same experimental condition when hydro-
phobic surfaces were used. The morphological structure depends on many factors such as UV
intensity, irradiation duration, film thickness, etc. The initial flat surface started to change
above UV light intensity of 150 mJ cm�2. First, holes grew, coalesced, and formed dome struc-
tures with increasing UV light intensity. Under UV light intensity of 400 mJ cm�2, the dome
height reached 770 nm, which was about eight times of the initial film thickness. The film
thickness dependence of the morphology is shown in Figure 13(a). With increasing the film
thickness, the dome size increased and the dome density decreased. The films thicker than
100 nm did not show dewetting. Instead, some protrusions of several micrometers diameters
were observed on the film surface. Patterned structure formation such as a surface relief
grating is also possible using patterned UV light irradiation through photomasks. The result
reflects the film thickness dependence. Namely, as shown in Figure 13(b), hierarchical mor-
phologies were observed in films thinner than 100 nm, but ordinary surface relief grating was
formed in a film of 120 nm thick.

Figure 13. AFM images of azodendrimer surface layer with different thicknesses after UV light irradiation [15]. (a)
Uniform and (b) patterned UV light irradiation. A sample with a 120 nm thick layer in (b) shows a simple conventional
surface relief grating. Copyright 2012, American Chemical Society.
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5. Memory device

LC devices are usually fabricated as sandwich cells with different surface orientations planar,
homeotropic, and hybrid orientations obtained using two planar surfaces, two homeotropic
surfaces, and (planar/homeotropic) surfaces, respectively. If we can manipulate the surface
orientation locally, we can make memory devices. LC displays are one of the examples, where
an electric field is applied using matrix-type electrodes to change the LC orientation locally. In
this case, however, the perturbed LC orientation returns back to the original one after termi-
nating the field, since the stable orientation is guaranteed by the surface anchoring condition.
Using light irradiation is another useful technique for driving devices.

We proposed a novel bistable device using an anchoring transition and a command surface
[32]. This device (Figure 14(c)) has advantages compared with devices, which use only anchor-
ing transition (Figure 14(a)) [33] or command surface (Figure 14(b)) [2]. Here the anchoring

Figure 14. Cartoons showing orientation change upon UV light irradiation and termination (from left to right) in three
cells with different surface layers; (a) CYTOP/CYTOP, (b) azodendrimer/azodendrimer, and (c) azodendrimer/CYTOP
hybrid. Intense light irradiation is needed for an orientation change in (a). An induced planar orientation relaxes back to a
homeotropic orientation in (b). A hybrid orientation is established and preserved in (c).
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were observed on the film surface. Patterned structure formation such as a surface relief
grating is also possible using patterned UV light irradiation through photomasks. The result
reflects the film thickness dependence. Namely, as shown in Figure 13(b), hierarchical mor-
phologies were observed in films thinner than 100 nm, but ordinary surface relief grating was
formed in a film of 120 nm thick.
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transition we used was a spontaneous discontinuous orientation transition between planar
and homeotropic orientations. This phenomenon was clearly observed in a commercial com-
pound 40-butyl-4-heptyl-bicyclohexyl-4-carbonitrile (CCN-47, Merck) sandwiched by glass
substrates with poly[perfluoro(4-vinyloxy-1-butene)] (CYTOP, Asahi Glass) (Figure 15(a)) on
their surfaces [33]. As schematically shown in Figure 15(b), the transmittance of the cell
between crossed polarizers appears at the Isotropic (Iso)-nematic (N) transition, and suddenly
drops to zero by decreasing temperature. This process is the manifestation of a discontinuous
anchoring transition from planar to homeotropic alignment. On heating, the reverse change is
observed at different temperatures. This means that there exists a temperature range (hatched
area in Figure 15(b)) showing bistable states, where both planar and homeotropic orientations
are stable. The existence of the bistable states provides us with a bistable memory device [34].

We constructed a hybrid cell consisting of CYTOP-coated and bare glass substrates (Figure 14(c))
and introduced a small amount (0.05 wt%) of azodendrimer molecules into the CCN-47 host
[32]. In this cell, we confirmed stable performance as a memory device, as described in
the following. First, the hybrid cell was cooled to room temperature. At this condition, the
homeotropic orientation was realized. Then the cell was heated to a bistable temperature
region, keeping the homeotropic orientation (dark view under crossed polarizers). UV light
irradiation onto the cell induced the anchoring transition at the azodendrimer surface. The
orientation change to a planar state propagated to the opposing surface, resulting in a bright
spot. Since the anchoring transition is light-driven, the UV light intensity was very low
(35 μW/mm2), compared with laser (heat)-driven anchoring transitions (1 kW/mm2) [34].
Hence, the present hybrid device is advantageous to the devices using only the anchoring
transition (Figure 14(a)).

The advantage of the hybrid device over the device using only command surfaces (Figure 14(b))
is clear. If we use sandwich cells with azodendrimer-attached surfaces in both sides without
using CYTOP, the azodendrimers play as a command surface, that is, a homeotropic-to-planar

Figure 15. (a) Molecular structures of a LC compound (CCN-47) and a surface layer (CYTOP). The LC cell with the
combination of CCN-47 and CYTOP exhibits a discontinuous anchoring transition. (b) Cartoon illustrating a discontinu-
ous anchoring transition with a bistable temperature range (hatched area).
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orientation change occurs locally at the spot under UV irradiation. However, the life time of
the cis (excited) state is finite, a few minutes to an hour depending on LCs (solvents) used.
Hence, the planar orientation relaxes to the homeotropic orientation with time. On the con-
trary, the planar orientation at the CYTOP surface is very stable in the bistable temperature
range. Hence after the relaxation to the trans-state at the dendrimer surface, a hybrid orienta-
tion, namely a homeotropic orientation at the dendrimer surface and a planar orientation at the
CYTOP surface, is stabilized. The advantages of the present hybrid cell over cells with only
CYTOP surfaces or only azodendrimer surfaces are clearly displayed in Figure 14. In this way,
azodendrimer surfaces provide us with highly photo-sensitive surface for writing in devices
keeping the memory capability using the anchoring transition phenomenon.

6. Photo-switching of liquid crystal orientation in different geometries

The azodendrimer command surface facing to LCs makes photo-switching of LC orientation
possible, as mentioned above (see Figure 9). This phenomenon is well known on flat substrate
surfaces, which are necessary to be coated with azo molecules before fabricating cells [2]. The
present azodendrimers have a characteristic feature that the azodendrimer molecules are
spontaneously adsorbed at interfaces. This means that we need no pretreatment of surfaces.
Moreover, the molecules can be attached at interfaces, which we cannot intentionally treat
beforehand, such as liquid/liquid interfaces. Only thing we have to do is just dissolving the
azodendrimer molecules into LCs before preparing samples. Four examples are introduced in
the following.

6.1. Defects in liquid crystal droplets

If LC molecules are mixed with other liquid materials such as water or glycerol and stirred, LC
forms droplets with different sizes (Figure 16(a)). The formation of LC microdroplets with a

Figure 16. (a) Photomicrograph of LC droplets in water. Photomicrographs of a droplet of 5CB in (b) glycerol and (c)
CYTOP [22]. If 5CB is doped with azodendrimers and is dispersed in glycerol, a radial orientation is realized like in (c).
The structure changes from radial-to-bipolar by UV irradiation like in (b) [22]. Copyright 2013, John Wiley & Sons, Inc.
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orientation change occurs locally at the spot under UV irradiation. However, the life time of
the cis (excited) state is finite, a few minutes to an hour depending on LCs (solvents) used.
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trary, the planar orientation at the CYTOP surface is very stable in the bistable temperature
range. Hence after the relaxation to the trans-state at the dendrimer surface, a hybrid orienta-
tion, namely a homeotropic orientation at the dendrimer surface and a planar orientation at the
CYTOP surface, is stabilized. The advantages of the present hybrid cell over cells with only
CYTOP surfaces or only azodendrimer surfaces are clearly displayed in Figure 14. In this way,
azodendrimer surfaces provide us with highly photo-sensitive surface for writing in devices
keeping the memory capability using the anchoring transition phenomenon.
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The azodendrimer command surface facing to LCs makes photo-switching of LC orientation
possible, as mentioned above (see Figure 9). This phenomenon is well known on flat substrate
surfaces, which are necessary to be coated with azo molecules before fabricating cells [2]. The
present azodendrimers have a characteristic feature that the azodendrimer molecules are
spontaneously adsorbed at interfaces. This means that we need no pretreatment of surfaces.
Moreover, the molecules can be attached at interfaces, which we cannot intentionally treat
beforehand, such as liquid/liquid interfaces. Only thing we have to do is just dissolving the
azodendrimer molecules into LCs before preparing samples. Four examples are introduced in
the following.

6.1. Defects in liquid crystal droplets

If LC molecules are mixed with other liquid materials such as water or glycerol and stirred, LC
forms droplets with different sizes (Figure 16(a)). The formation of LC microdroplets with a
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uniform size is one of topical fields, that is, microfluidics, which are interesting both from basic
science and various applications [35].

The studies of LC microdroplets have been conducted since long time ago [36]. The LC
orientations at interfaces are fixed when background liquid is chosen: LC molecules orient
tangentially at glycerol interfaces. On the other hand, in aqueous solutions and hydrophobic
polymer CYTOP, LC molecules align normal to the interface. Under crossed polarizers, LC
droplets in glycerol and CYTOP show a bipolar image and a dark cross, respectively, being
characteristic of tangential and radial molecular orientations, respectively, as shown in
Figure 16(b) and (c) [22]. In previous studies, fixed surface conditions were used except for a
work by Yamamoto et al. [37]. We introduced the azodendrimer molecules into host LCs,
which provide normal orientation of LCs at droplet surfaces. In addition, planar orientation is
induced by irradiating the droplet with ultraviolet (UV) light. We showed the orientation
change of LCs upon UV and visible (VIS) light irradiation in three phases, nematic (N),
cholesteric (Ch), and smectic A (SmA) [22], which will be described in the following. We used
5CB for the N phase. For a cholesteric material, a chiral dopant CB15 (Merck) was added to
5CB. For smectic A (SmS) materials, 40-n-octyl-4-cyanobiphenyl (8CB) was also used. The
dendrimer molecules added in LC hosts were 0.1–0.3 wt% of D2-6Azo5.

In the N phase, the textures are similar to Figure 16(b) and (c) under UVand VIS (or before UV
irradiation), respectively [22]. In the Ch phase, concentric rings were observed when the
sample was irradiated with UV light (Figure 17(a)), although they are vague because of a short
helical pitch. If we use a Ch LC with a longer pitch, clear concentric rings with a periodic space
are observed, as shown in Figure 17(c). Under UV light, the surface orientation is planar (see

Figure 17. Photomicrographs of a droplet of a cholesteric LC-containing azodendrimers under (a) UV and (b) VIS light
irradiation [22]. Schematic illustrations of molecular orientations corresponding to (a) and (b) are also shown on the right
[22]. (c) Photomicrograph of a droplet of a cholesteric LC with a long helical pitch containing azodendrimers [22].
Concentric rings showing a helical structure with a helical axis along the radial direction are clearly seen. Copyright
2013, John Wiley & Sons, Inc.
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Figure 17(a) right), so a helical structure with the helical axis along the radial direction is
formed. Since the planar surface orientation overall the droplet surface inevitably induces
defect(s), at least one defect line from the center of the droplet toward the surface emerges, as
clearly seen in Figure 17(c). The situation is more complicated under VIS light. The helical
structure remains at least in the central region, which is identified by remaining concentric
rings. The helical structure is disturbed from the surface region, where homeotropic orienta-
tion is achieved (see Figure 17(b) right). Many dark lines showing defects are observed in the
texture (see Figure 17(b) left) [22].

In the SmA phase, the deformation is serious under UV light. Since the surface orientation is
homeotropic under VIS light, an onion-like smectic layer structure is formed with the director
being parallel to the radial direction (Figure 18(b)). A large extinction cross is a manifestation
of the concentric SmA layer structure. Here the splay deformation of the director within each
layer is allowed. The molecular orientation under UV light is complex, because the layer must
be perpendicular to the surface. Since the reorientation occurs from the surface, curved smectic
layers are formed in the outer region of the droplets, and are connected to concentric layer
structure inside the droplets. As shown in Figure 18(a) right, many defect lines are formed
along the radial direction, and are observed as a microscope image (Figure 18(a) left).

Droplet formations of LCs in other phases are interesting topics. Bent-shaped molecules
exhibit various phases [38]. Particularly, many phases, in which reflection symmetry breaking
occurs, such as the B2, B4, B7, DC (dark conglomerate), and NTB (twist-bend nematic) phases
would be interesting. How does chiral segregation occur in droplets, if it occurs? Bent-shaped
molecules are also useful for the study of the blue phase (BP), since they stabilize the BP and
expand the temperature range. The N phase of bent-shaped molecules also show peculiar

Figure 18. Photomicrographs of a droplet of a SmA LC-containing azodendrimers under (a) UV and (b) VIS light
irradiation [22]. Schematic illustrations of molecular orientations corresponding to (a) and (b) are also shown on the right
[22]. Copyright 2013, John Wiley & Sons, Inc.
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of the concentric SmA layer structure. Here the splay deformation of the director within each
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features unlike the conventional N phase. Apart from the bent-shaped mesogens, the relation-
ship between photo-induced reorientation phenomena as a function of elastic constants is
another interesting topic. In homeotropic orientation, a splay deformation exists. In contrast,
in tangential orientation, a bend deformation is the major component. UV-induced radial-to-
bipolar reorientation is strongly suppressed in compounds with huge bend elastic constants
compared with splay elastic constants. A compound reported in [39] is an example, in which
bend elastic constant is a hundred times larger than splay elastic constants.

6.2. Defects in the vicinity of microspheres

Extensive studies have been made since late 1990s on the defect structures in the vicinity of
microspheres [40] and the attractive forces between them [41]. The studies to control the
microspheres and the defects around them by external stimuli have been widely made. The
external fields used were an electric field [42], laser trapping [43], and thermal gradient [44]. As
same as in LC/liquid interface mentioned above, however, the surface of microspheres is
normally pretreated to have tangential or homeotropic orientation of LCs. Hence the surface
orientation was fixed and no orientation changes have been studied except for the studies by
Yamamoto et al. [37]. They observed photo-induced changes of topological defects around
colloidal droplets dispersed in azobenzene-containing LCs. In our dendrimer case, photo-
controllable interfaces can be provided just by introducing a small amount of azodendrimers
into a LC host. The results are shown in [45].

The sample used was 5CB mixed with 0.1 wt% of azodendrimers (D2-6Az05) and a small
amount (volume fraction of about 2 � 10�4) of silica microparticles (about 3 μm in diameter).
The sample was introduced into an empty cell of 25 μm thick with rubbing treated planar
surfaces. Figure 19 shows microscope images under crossed polarizers without (a)–(c) and
with (d)–(f) a waveplate inserted along the direction diagonal to the crossed polarizers [45].
From the left to right, the temporal changes before ((a) and (d)), during ((b) and (e)), and after
((c) and (f)) UV irradiation are shown. These images are consistent to the defect structures,
hedgehog, boojum, and Saturn ring, shown in Figure 19(g)–(i), respectively. Before UV irradi-
ation (g), azodendrimers at surfaces are in a trans-state, providing a homeotropic orientation.
During UV irradiation (h), trans-to-cis photo-isomerization leads to a planar (tangential) orien-
tation. Once the azodendrimers at the surface relax to a trans-state, a homeotropic surface is
realized. Then, the symmetric boojum structure never returns back to the asymmetric hedge-
hog structure, but to the symmetric Saturn ring structure. Hence, only the transformations
between the boojum and the Saturn ring occur by the subsequent UV light on/off.

The response time upon light irradiation is dependent on the UV light intensity and is quite
fast under high intensity UV irradiation, as shown in Figure 20 [45]. The response is nearly
exponential (Figure 20(a) inset). All processes complete within a one video frame (66 ms).
Interestingly, the square of the switching rate is proportional to UV intensity (Figure 20(b)).

Let us consider the UV light intensity dependence of the response time assuming a two-level
model (Figure 21). Here, ktc and kct are the transition coefficients from trans-to-cis by UV
light and from cis-to-trans by VIS light, respectively. kr is a relaxation rate. The rate equation is
given by.
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_nc ¼ ktcIUVnt � kctIVISnc � krnc: (1)

.Here, nt and nc are numbers of trans and cis molecules, n is a total number of molecules
(n = nt + nc), and IUV/VIS are UV/VIS light intensity. By neglecting the second (no VIS irradia-
tion) and third (very long relaxation time) terms, we obtain.

Figure 19. Photomicrographs showing defect structures around a microsphere under crossed polarizers (a)–(c), with a
waveplate (d)–(f). A hedgehog defect (g) corresponding to (a) and (d) is observed before UV irradiation. A boojum defect
(h) corresponding to (b) and (e) is observed during UV irradiation. A Saturn ring defect (i) corresponding to (c) and (f) is
observed after turning off the UV irradiation [45]. Copyright 2014, Optical Society of America.

Figure 20. (a) Switching rate as a function of UV light intensity. Temporal change of transmittance is also shown in an
inset. (b) Square of the switching rate as a function of UV light intensity [45]. Copyright 2014, Optical Society of America.
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exponential (Figure 20(a) inset). All processes complete within a one video frame (66 ms).
Interestingly, the square of the switching rate is proportional to UV intensity (Figure 20(b)).

Let us consider the UV light intensity dependence of the response time assuming a two-level
model (Figure 21). Here, ktc and kct are the transition coefficients from trans-to-cis by UV
light and from cis-to-trans by VIS light, respectively. kr is a relaxation rate. The rate equation is
given by.
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_nc ¼ ktcIUVnt � kctIVISnc � krnc: (1)

.Here, nt and nc are numbers of trans and cis molecules, n is a total number of molecules
(n = nt + nc), and IUV/VIS are UV/VIS light intensity. By neglecting the second (no VIS irradia-
tion) and third (very long relaxation time) terms, we obtain.

Figure 19. Photomicrographs showing defect structures around a microsphere under crossed polarizers (a)–(c), with a
waveplate (d)–(f). A hedgehog defect (g) corresponding to (a) and (d) is observed before UV irradiation. A boojum defect
(h) corresponding to (b) and (e) is observed during UV irradiation. A Saturn ring defect (i) corresponding to (c) and (f) is
observed after turning off the UV irradiation [45]. Copyright 2014, Optical Society of America.

Figure 20. (a) Switching rate as a function of UV light intensity. Temporal change of transmittance is also shown in an
inset. (b) Square of the switching rate as a function of UV light intensity [45]. Copyright 2014, Optical Society of America.
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nc ¼ n 1� exp � t
τ

� �� �
: (2)

The exponential change shown in the inset of Figure 20(a) is reasonable. By using Eqs. (1) and
(2) with kr = 0, we obtain.

1
τ
¼ ktcnIUV: (3)

The switching rate (1/τ) is proportional to the UV light intensity IUV. Experimentally, however,
(1/τ)2 is proportional to IUV. The discrepancy may be attributed to the assumption IVIS = 0 used.
Actually, the experiments were made under VIS light from an optical microscope lump, which
always induced the cis-to-trans transition.

6.3. Defects in the vicinity of microrods

The studies of microrods in LCs are much minor [46]. Here we first describe the defect
structures around a microrod and their photo-induced changes [17]. Silica microrods used
have their length of 10–20 μm and their diameter of 1.5 μm. Figure 22 shows micrographs of
a microrod in a homeotropically aligned LC cell and the director map around the rod. The
background under crossed polarizers is dark because of the homeotropic alignment of LCs

Figure 21. Two-level model for photoisomerization process.

Figure 22. Photomicrographs of a nematic LC with a microrod in a homeotropic cell and corresponding director maps.
Micrographs under (a) crossed polarizers, (b) and (c) with a waveplate. Before (a) and (b) and after (c) UV irradiation. Top
view of the director orientations before UV irradiation is shown in (d). Side views before and after UV irradiation are
shown in (e) and (f), respectively (SI in [17]).
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(Figure 22(a)). The regions, where LC molecules orient along nearly 45� with respect to the
polarizers, are brightest because of birefringence. The insertion of a waveplate gives a blue
color at the sides of the rod and an orange color at the edges of the rod, being consistent with
the director map shown in Figure 22(d). Figure 22(e) is another view of the molecular orienta-
tion structure, where two defect lines perpendicular to the image plane (along the rod) are
shown as dots.

Upon UV light irradiation, the blue color becomes lighter, but the blue and orange colors
themselves do not change. This means that the LC molecules (director) do not orient along
the long axis of the rod, but align tangentially perpendicular to the long axis, as shown in
Figure 22(f). In this situation, the slow and fast axes of the index ellipsoid do not change but
the birefringence becomes smaller, being consistent with the microscope image (Figure 22(c))
and the molecular orientation structure (Figure 22(f)).

Next, let us describe the results in cells with planar surfaces [17]. Although the free energy
does not depend on the orientation of a microrod sitting parallel to the surfaces in homeotropic
cells, it does in planar cells, because the elastic energy of LCs and the energy of defects around
the rod depend on how the rod orients with respect to the director. Figure 23 shows the
distribution of the rod orientation observed. Two distribution peaks can be seen at 0� and 60�.
Full understanding of this distribution is not easy because of the difficulty particularly of the
energy estimation of the defect structures.

Figure 24 shows the orientation field of the director around a microrod; (a) and (c) before UV
irradiation and (b) and (d) under UV irradiation, where directors are perpendicular and
parallel to the rod, respectively. The director orientations are visualized by green and yellow
colors in the images seen with a waveplate, which are the same color as observed experimen-
tally (see the actual microscope images at left top in each subfigure). Under UV irradiation
(Figure 24(b) and (d)), the director changes the orientation to be parallel to the rod. In Figure 24(b),
where the microrod is almost parallel to the director, the director deformation is localized only
at the edge of the rod, so that no color appears, as actually observed experimentally. If the rod

Figure 23. Angular distribution of rod orientation with respect to a rubbing direction (SI in [17]).
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Figure 22. Photomicrographs of a nematic LC with a microrod in a homeotropic cell and corresponding director maps.
Micrographs under (a) crossed polarizers, (b) and (c) with a waveplate. Before (a) and (b) and after (c) UV irradiation. Top
view of the director orientations before UV irradiation is shown in (d). Side views before and after UV irradiation are
shown in (e) and (f), respectively (SI in [17]).
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(Figure 22(a)). The regions, where LC molecules orient along nearly 45� with respect to the
polarizers, are brightest because of birefringence. The insertion of a waveplate gives a blue
color at the sides of the rod and an orange color at the edges of the rod, being consistent with
the director map shown in Figure 22(d). Figure 22(e) is another view of the molecular orienta-
tion structure, where two defect lines perpendicular to the image plane (along the rod) are
shown as dots.

Upon UV light irradiation, the blue color becomes lighter, but the blue and orange colors
themselves do not change. This means that the LC molecules (director) do not orient along
the long axis of the rod, but align tangentially perpendicular to the long axis, as shown in
Figure 22(f). In this situation, the slow and fast axes of the index ellipsoid do not change but
the birefringence becomes smaller, being consistent with the microscope image (Figure 22(c))
and the molecular orientation structure (Figure 22(f)).

Next, let us describe the results in cells with planar surfaces [17]. Although the free energy
does not depend on the orientation of a microrod sitting parallel to the surfaces in homeotropic
cells, it does in planar cells, because the elastic energy of LCs and the energy of defects around
the rod depend on how the rod orients with respect to the director. Figure 23 shows the
distribution of the rod orientation observed. Two distribution peaks can be seen at 0� and 60�.
Full understanding of this distribution is not easy because of the difficulty particularly of the
energy estimation of the defect structures.

Figure 24 shows the orientation field of the director around a microrod; (a) and (c) before UV
irradiation and (b) and (d) under UV irradiation, where directors are perpendicular and
parallel to the rod, respectively. The director orientations are visualized by green and yellow
colors in the images seen with a waveplate, which are the same color as observed experimen-
tally (see the actual microscope images at left top in each subfigure). Under UV irradiation
(Figure 24(b) and (d)), the director changes the orientation to be parallel to the rod. In Figure 24(b),
where the microrod is almost parallel to the director, the director deformation is localized only
at the edge of the rod, so that no color appears, as actually observed experimentally. If the rod

Figure 23. Angular distribution of rod orientation with respect to a rubbing direction (SI in [17]).
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tilts from the director by 45� (Figure 24(c) and (d)), the director orientation in the vicinity of the
rod changes from perpendicular to parallel with respect to the waveplate. Then, a color change
from yellow to green occurs, as shown in Figure 24(b) and (d). At the edges of the rod, an
opposite color change occurs.

Such observations are possible when microrods are somehow fixed at surfaces. When rods are
free from surfaces, additional dynamic motions are observed, which are the topics in the next
section.

6.4. Dynamic motions of microrods

Figure 25 shows three different dynamic motions of microrods in LCs by UV irradiation [17].
When microrods are parallel to the director, we often observe a lateral motion of the microrods
along the director as shown in Figure 25(a) and (b). In the other case, the microrod motion
appears as its length change (Figure 25(c) and (d)). This is the result of the rotation of the
microrod about its short axis parallel to the surface. The most distinguished motion is

Figure 24. Photomicrographs (left up in each figure) of a nematic LC with a microrod in a planar cell and corresponding
director [17]. Copyright 2015, National Academy of Science.

Figure 25. Photomicrographs showing dynamic motions of microrods: (a) and (b) before and during UV light irradiation,
respectively, for a lateral motion along the director. (c) and (d) Before and during UV light irradiation, respectively, for a
seesaw motion about an axis parallel to a cell surface. (e) and (f) Before and during UV light irradiation, respectively, for a
seesaw motion about an axis normal to the cell surface [17]. Copyright 2015, National Academy of science.
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observed when rods orient to the direction with finite angles to the director, that is, microrod
rotation about its short axis within a plane parallel to the surface (Figure 25(e) and (f)). The rod
returns back to the original direction when UV light is turned off. Thus, the microrods make a
seesaw motion by repeated UV light on/off.

The temporal rotation behavior is shown in Figure 26(a), where the angle between the
microrod long axis and the director is plotted as a function of time. The rod tends to rotate to
the direction parallel to the director (0�) under UV irradiation. When the UV light is termi-
nated, the rod tends to rotate back to the original direction. The rotation speed (response time)
is faster and the rotation angle becomes larger with increasing UV light intensity, as shown
in Figure 26(b). The solid line in Figure 26(b) is the best theoretical fit. The switching angle
and the switching rate (inverse switching time) are shown as a function of UV intensity in
Figure 27. With increasing UV light intensity, the rotation angle becomes larger and the

Figure 26. Rotation angle of the seesaw motion of microrods (a) after on and off of the UV light irradiation and (b) the
irradiation power dependence [17]. Copyright 2015, National Academy of Science.

Figure 27. (a) UV intensity dependence of a saturated rotation angle of a microrod. (b) UV intensity dependence of a
switching rate of a microrod [17]. Copyright 2015, National Academy of Science.
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rotation about its short axis within a plane parallel to the surface (Figure 25(e) and (f)). The rod
returns back to the original direction when UV light is turned off. Thus, the microrods make a
seesaw motion by repeated UV light on/off.

The temporal rotation behavior is shown in Figure 26(a), where the angle between the
microrod long axis and the director is plotted as a function of time. The rod tends to rotate to
the direction parallel to the director (0�) under UV irradiation. When the UV light is termi-
nated, the rod tends to rotate back to the original direction. The rotation speed (response time)
is faster and the rotation angle becomes larger with increasing UV light intensity, as shown
in Figure 26(b). The solid line in Figure 26(b) is the best theoretical fit. The switching angle
and the switching rate (inverse switching time) are shown as a function of UV intensity in
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Figure 26. Rotation angle of the seesaw motion of microrods (a) after on and off of the UV light irradiation and (b) the
irradiation power dependence [17]. Copyright 2015, National Academy of Science.

Figure 27. (a) UV intensity dependence of a saturated rotation angle of a microrod. (b) UV intensity dependence of a
switching rate of a microrod [17]. Copyright 2015, National Academy of Science.
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switching time becomes faster. As will be discussed in Section 7, the anchoring energyWasin
2θ

depends on nt/nc; the anchoring strength Wa = +∞ when all azodendrimers are in the trans-
form, Wa = �∞ when all azodendrimers are in the cis-form, and Wa = 0 for nt = nc. At zero IUV,
Wa = +∞. With increasing IUV, Wa becomes negative, then the director rotation starts to occur.
When the absolute value ofWa is small, the rotational torque is not efficiently transferred to the
microrod. Hence the rotation speed is low. With increasing IUV, | Wa | becomes larger and the
torque is efficiently transferred to the rod, resulting in faster rotation.

Important difference to the command surface is no use of polarized UV light. In the command
surface, linearly polarized UV light irradiation forces the azo linkage to align perpendicular to
the polarization direction [3]. On the contrary, linear polarization is not necessary in the
present case. However, preferential bending direction in the cis-form is automatically chosen
by the director field near the surfaces over which azodendrimers cover. Qualitative explana-
tions for the translational and seesaw motions are illustrated in Figure 28(a) and (b), respec-
tively. For microrods to make a translational movement, the director field including defect
structures must be asymmetric as shown in Figure 28(a). In this case, it is expected that azo
groups spontaneously bend (tilt) to a left-hand side upon UV irradiation. This motion forces
LC molecules to rotate counterclockwise and clockwise at the upper and lower sides, respec-
tively (1, 2, 3, and 4 in Figure 28(a)). The microrod is subjected to an external torque by this
rotational motion, resulting in the translational motion to the right.

When the rod is tilted from the director field (Figure 28(b)), the director field is oppositely
bends at both sides of the rod by UV light, so that the azo groups bend to opposite directions at
both sides of the rod, resulting in clockwise rotation of LC molecules. The subsequent torque
leads to the rotation of the rod toward the direction parallel to the director. When the UV light
is terminated, the rod rotates back to the original orientation shown in Figure 28(b).

Quantitative analysis of the switching behavior was made using a two-dimensional finite
element method. With one-constant approximation of elastic constants K, azimuthal angle u
of the director field is given by.

Δu x; y; tð Þ ¼ γ
K
∂u x; y; tð Þ

∂t
, (4)

Figure 28. Cartoons showing the mechanisms of (a) the lateral motion and (b) the seesaw motion of microrods. Arrows
indicate the bending direction in the cis state of azo groups [17]. The numbers from 1 to 4 in small blue rods show the
rotation sequence of the directors in the vicinity of the microrods. Green arrows indicate the motion of the microrods by
the torques exerted by the director rotations (red arrows) [17]. Copyright 2015, National Academy of Science.
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where γ is a rotational viscosity coefficient. The switching behavior can be obtained by solving

n∙Δu ¼ Wa

K
sin 2 u� u0ð Þf g (5)

under an initial and boundary conditions. Here u0 is the azimuthal angle of the director at the
boundary. The results are shown in Figure 29; (a) the initial state of the director field and (b)
switching rate (inverse switching speed) as a function of the absolute value of the anchoring
strength. Figure 29(b) corresponds to Figure 27(b), since the anchoring strength is directly
related to the UV light intensity under a certain VIS light intensity (see Section 7).

7. Controlling surface anchoring strength

As mentioned in Section 6.4, the orientation change due to the command surface is considered
to be the result of the change in the anchoring strength Wa depending on nt and nc ratio. Here
we describe more quantitative discussion together with the experimental results of Wa as a
function of the ratio of UV and VIS light intensities [19]. In the precedent section, we only paid
attention to the UV light intensity IUV, but neglected the effect of VIS intensity IVIS. Careful
experiment, however, indicates that the surface anchoring condition is governed both by IUV

and IVIS, as shown in Figure 30; homeotropic alignment is realized when IVIS is strong and IUV

is week, and planar alignment is realized in the opposite situation. The order parameter
obtained by anisotropic infrared absorption of the C � N peak shows the variation from
positive to negative with increasing IUV under a certain IVIS light irradiation [19].

The anchoring strengthWa can be obtained by determining an extrapolation length ξ using the
Freedericksz transition method in appropriate cell geometries.

ξ ¼ K=Wa: (6)

Figure 29. Simulation results of (a) a director map and (b) a switching rate as a function of anchoring strength. Since the
anchoring strength is equivalent to the ratio of UV and VIS light intensities (see Section 7), (b) can be compared with
Figure 6–14(b) under a constant VIS intensity with a sufficient agreement (SI in [17]).
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Here K is the elastic constant corresponding to the electric-induced director deformation. The
obtained ξ and Wa are shown in Figure 31.

For the analysis of Eq. (1), we neglected the third term, that is, thermal relaxation from cis-to-trans,
but properly took into account the second term, then we obtain the IUV/IVIS-dependent stationary
values of cis and trans isomer populations, nc0 and nt0, respectively:

nc0 ¼ ktcIUV

ktcIUV þ kctIVIS
n, (7)

nt0 ¼ kctIVIS
ktcIUV þ kctIVIS

n: (8)

Considering that Wa is +∞ and –∞, when all azodendrimers are trans and cis, respectively, and
assuming Wa = 0, when nt = nc, we can empirically write Wa as.

Wa ¼ κn
nt � nc
ntnc

, (9)

Figure 30. Homeotropic and planar states realized under different UV and VIS light intensities [19]. Copyright 2017,
Royal Society of Chemistry.

Figure 31. (a) Extrapolation length as a function of IUV/IVIS. (b) Anchoring energy as a function of IUV/IVIS [19]. Copyright
2017, Royal Society of Chemistry.
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where κ is a scaling factor. Using Eqs. (6)–(9), we obtain

Wa ¼ κ
kctIVISð Þ2 � ktcIUVð Þ2

kctktcIVISIUV
¼ κ

1
η
� η

� �
(10)

and

ξ ¼ K
κ

η
1� η2

(11)

with η = ktcIUV/kctIVIS. Since η is directly related to the experimental parameter IUV/IVIS, ξ vs.
IUV/IVIS in Figure 31 can be fitted by Eq. (11), as shown by a solid curve in Figure 31(a). Thus,
the director switching by photo-isomerization of azo molecules at surfaces is ascribed to the
change of the anchoring strength at surfaces.

8. Summary

We introduced various functions given by azodendrimers. First, we summarized dendrimer
molecules with mesogenic groups synthesized and their mesogenic phase sequences. Some of
them have a strong tendency to align themselves to homeotropic orientation. As a function for
static use, we described the use for LC display applications. Spontaneous homeotropic orien-
tation is achieved just by doping LCs with a small amount of dendrimers without pre-surface
treatment. This technique can be used not only for the VA mode but also for the IPS mode, if
azo linkages are introduced to the dendrimers and photo treatment is applied using linear
polarized light. We can find much more functions, if dendrimers are substituted at their tail
ends by azo groups. The property of spontaneous adsorption of dendrimers onto a variety of
surfaces and interfaces is very important, as exemplified in LC colloidal systems and LC
systems with micro inclusions, which are the main topics of this review. Because of photo-
induced trans-cis isomerization, the azodendrimers act as a command surface, which enables
us to control LC orientation. Azodendrimers can be attached to form layers at a variety of
surfaces and interfaces, that is, glass substrates, LC droplets in polymers, and surfaces of
microparticles in LCs. Photo-controlled trans- and cis-forms, respectively, provide homeotropic
and planar orientations of LCs. The photo-irradiation triggers azodendrimers transport
(dewetting) and orientation changes, resulting in various changes; macroscopically physical
properties such as thermal transport, microscopically orientational defect structure changes,
and even dynamics of inclusions in LCs.
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ξ ¼ K
κ

η
1� η2

(11)

with η = ktcIUV/kctIVIS. Since η is directly related to the experimental parameter IUV/IVIS, ξ vs.
IUV/IVIS in Figure 31 can be fitted by Eq. (11), as shown by a solid curve in Figure 31(a). Thus,
the director switching by photo-isomerization of azo molecules at surfaces is ascribed to the
change of the anchoring strength at surfaces.

8. Summary

We introduced various functions given by azodendrimers. First, we summarized dendrimer
molecules with mesogenic groups synthesized and their mesogenic phase sequences. Some of
them have a strong tendency to align themselves to homeotropic orientation. As a function for
static use, we described the use for LC display applications. Spontaneous homeotropic orien-
tation is achieved just by doping LCs with a small amount of dendrimers without pre-surface
treatment. This technique can be used not only for the VA mode but also for the IPS mode, if
azo linkages are introduced to the dendrimers and photo treatment is applied using linear
polarized light. We can find much more functions, if dendrimers are substituted at their tail
ends by azo groups. The property of spontaneous adsorption of dendrimers onto a variety of
surfaces and interfaces is very important, as exemplified in LC colloidal systems and LC
systems with micro inclusions, which are the main topics of this review. Because of photo-
induced trans-cis isomerization, the azodendrimers act as a command surface, which enables
us to control LC orientation. Azodendrimers can be attached to form layers at a variety of
surfaces and interfaces, that is, glass substrates, LC droplets in polymers, and surfaces of
microparticles in LCs. Photo-controlled trans- and cis-forms, respectively, provide homeotropic
and planar orientations of LCs. The photo-irradiation triggers azodendrimers transport
(dewetting) and orientation changes, resulting in various changes; macroscopically physical
properties such as thermal transport, microscopically orientational defect structure changes,
and even dynamics of inclusions in LCs.
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Abstract

Dendrimers exhibit healing functionalities on polymer level. In the present chapter, the
effect of hydrogen-bonded supramolecular polymers (SP) into high performance aero-
space carbon fiber reinforced plastics (CFRPs) is assessed. More precisely, the inter-
laminar fracture toughness of unidirectional (UD) SP-modified composites (containing
SP interleaves) and their healing capability were measured under mode I and mode II
fracture loading conditions. During testing, these modified samples exhibited
extended bridging between the interlaminar crack flanks, which considerably
enhanced their interlaminar fracture toughness. Furthermore, SP pre-impregnated
fiber layers (prepregs) were fabricated to facilitate the introduction of the self-healing
agent (SHA) into the composite laminated structure. SP prepregs were used to modify
quasi-isotropic CFRPs in a symmetric fashion, and the damage tolerance of the mod-
ified composites was investigated. To that direction, the SP-modified laminates were
tested under low velocity impact (LVI) conditions, and compression after impact
(CAI) tests were conducted prior and after the activation of the healing. Finally,
examination of the morphology of fracture surface led to qualitative conclusions
regarding the involved failure and healing mechanisms.

Keywords: composites, self-healing, hydrogen bonds, supramolecular polymers
fracture mechanics, damage tolerance

1. Introduction

1.1. Background

During the last decades, the use of composites in aeronautics, wind energy, automotive, and
other mechanical engineering applications has been significantly increased. The need for new
materials with enhanced mechanical properties, low density and corrosion resistance combined
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with the necessity for greener operation of structures, was the main driver for intensive research
and application of polymer-matrix-fiber-reinforced composites in many fields as structural
materials. Figure 1 shows the evolution in use of materials versus time. In this picture, the rapid
increase in the use of polymers and composite materials, during the last decades is evident [1].

In addition, the use of composites and, especially, carbon/epoxy composites in aerospace
applications has been considerably increased since 1960. Characteristic examples are Boeing
787 Dreamliner and Airbus 350-XWB in which their structural mass is made by 50 and 55% of
composites, respectively. As it is expected, the extensive use of composites results to more fuel
efficient and environmental friendly aircrafts. However, a primary limitation of composites is
their poor interlaminar strength and fracture toughness that make them prone to delamina-
tions [2, 3]. In [4], possible damage modes into a polymer composite are described in detail.
Delamination is the result of out of plane LVI of a composite structure. Joining of the
microcracks, developed into the polymer matrix under service loads, is another option for
delaminations. It is obvious that delaminations can lead to significant suppression of the
load-bearing capacity of the composite components and structures.

During the last decades, significant research effort has been invested to the improvement of
interlaminar fracture performance of structural composites and especially of CFRPs. A variety

Figure 1. Schematic representation of the importance of four classes of materials (ceramics, composites, polymers, and
metals) in mechanical and civil engineering as function of time [1].
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of methodologies have been proposed in the literature to prevent composites from delamina-
tions. These include chemical modification of epoxy matrix systems (either by modifying the
resin or the hardener), interleaving, hybridization, stitching, short-fibers, z-pinning, optimiza-
tion of staking sequence, reactive rubbers and edge-cap reinforcement [5–14]. However,
although the interlaminar fracture properties have been enhanced, delamination remains the
main damage mode in the case of FRPs. Furthermore, conventional repair techniques [15, 16]
of composites are time consuming, require extensive labor cost, and the repair defects face
certain restrictions. These repair techniques involve patch repair (e.g., bonded external patch,
bonded flush patch) or non-patch repair (e.g., resin injection, potting or filling and surface
coating) [15, 16]. In the case of repair of primary structural components, the certification
authorities required additional mechanical joining. Figure 2(a) illustrates a representative
example of patch repair method in which the damage material is carefully removed by using
a high-speed grinder [15]. After material removal, new composite plies are utilized to fill the
created cavity. On the other hand, Figure 2(b) shows non-patch repair which includes resin
injection through an access hole into the damage area. This method eliminates the removal of
undamaged plies and results in higher recovery of the strength [16].

Thus, utilization of composites in human safety critical components has always to be accom-
panied with non-destructive testing techniques (NDTs) as damage monitoring tool. These
techniques involve ultrasonics, surface waves, Acoustic emission, infrared thermography, and
X-ray radiography [16]. It is also of note that conventional damage detection equipment is, in
some cases, not able to detect tiny defects deep inside the material. However, these defects
could rapidly propagate between two periodical inspections and lead the composite part to
significant deterioration. This challenging situation acted as an inspiration for seeking of new
repair methods; cheaper and applicable at the early stages of damage evolution. With an aim
to address some principal weak points of conventional repair techniques, an emerging approach
called “self-healing materials” [17, 18] has been proposed but not yet been applied to commer-
cial composites. This smart technology aims to in-situ and autonomously repair damage and
thus to lead to extension of the effective life-span of composite structures. Self-healing of

Figure 2. (a) Scarf cavity formation prior to patch repair [15]. (b) Depiction of the resin injection process into honeycomb
panel skin’s composite.
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composites promises to mitigate the importance for detecting damage and to reduce the
frequency of scheduled inspections.

Self-healing mechanisms incorporated into existing materials is an emerging alternative to
conventional repair methods to remove cracks and restore performance. It is also considered
as an intense research field over the last decades. A self-healing material [19] is a class of
biomimetic materials that can autonomously repair damage and regain its initial properties
after damage. Self-healing technologies could extend the service life and reliability of epoxy
resins and their composites. Based on published research work, a typical way to classify self-
healing systems is as: (a) autonomous (extrinsic) [20, 21] (capsule-based systems [20] or
vascular-based systems [21]), where a container is prefilled with a liquid self-healing agent
(SHA). (b) Non-autonomous [22, 23], where self-healing is created either by using a modifier
with inherently reversible behavior [22] or by incorporating functional groups directly into a
thermoset structure that can form reversible bonds (intrinsic [23]). While for non-autonomous
self-healing, an external stimulus (heating) is required, autonomous self-healing operates at
service temperature (not external stimulus is required).

A new technology that could be beneficial for self-healing in composites has been built on
dendrimers (SP) [24]. Especially those based on reversible hydrogen bonding arrays show
great promise as self-healing materials [25–27], since these materials can typically withstand
multiple healing cycles without substantial loss of performance, because of the highly directional
and fully reversible non-covalent interactions present into the polymer matrix. During the last
decades, many types of dendrimers have been reported and are classified according to the type
of the non-covalent bond involved. Dendrimers are classified into the following categories: SP
based on hydrogen bonds [25–27], SP based on π-π stacking interaction [28], SP based on
metal ligand interaction [29], and SP based on ionomer [30]. In the present chapter, the
ureiodypyrimidone hydrogen bonding unit (UPy) as developed by Meijer and coworkers [27]
has been employed because of its strong self-association, its synthetic accessibility, and the
highly dynamic nature of low Tg-polymers comprising the UPy [31]. Most interestingly, UPy-
polymers have recently been shown to give unprecedented toughening in polybutadiene-
based interpenetrating networks [32].

In the present chapter, interleaves comprising self-healing materials based on hydrogen-
bonded SP were successfully incorporated into high performance UD carbon/epoxy compos-
ites. The interlaminar fracture toughness of these modified composites and their healing
capabilities were measured under mode I and II fracture loading conditions (Sections 3 and 4,
respectively). During testing, these modified samples exhibited extended bridging phenom-
ena, which considerably enhanced the interlaminar fracture toughness of the composites.
Potential knock-down effect by the incorporation of the SP interleaf was quantified through
three-point bending tests (3PB). Furthermore, SP carbon fiber prepregs were fabricated to
simplify the incorporation process of SHA into the composite laminates. SP prepregs were
further utilized to modify quasi-isotropic CFRPs. Potential knock-down effects and the
induced healing capability of these modified composites were investigated under LVI and
CAI tests. Finally, examination of the morphology of fracture surface led to qualitative conclu-
sions regarding the involved failure and healing mechanisms.
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2. Experimental

2.1. Materials and methods

2.1.1. Materials

The SP-modified composite laminates, which are used in the present chapter, were fabricated by
UD carbon fiber/epoxy resin prepreg CE-1007 150-38. The prepreg tapematerial supplied by SGL
Group, Germany having tensile strength of 2.4 GPa and axial Youngmodulus of 140 GPa. The SP
was developed and supplied by Suprapolix, the Netherlands. The supplied material (batch
identification code: SPSH01) is based on a low Tg (�66�C) polymer modified with UPy moieties.

2.1.2. Preparation of the SP interleaves and SP prepreg plies

The preparation process of the SP interleaves and prepregs are illustrated in Figure 3. The as-
received polymer piece (Figure 3(ai)) was converted into a thin film by a two-step heating/
pressuring treatment (Figure 3(aii)) using a hot press machine. On the other hand, the preparation
process of the SP prepreg is illustrated in Figure 3(b). Raw SP pieces (Figure 3(bi)) were placed on
the top and bottom surfaces of dry UD carbon fabric. Then, the systemwas placed in between two
Polytetrafluoroethylene (PTFE) films and converted into SP prepreg by a two-step heating/

Figure 3. (a) Filming process of the SP and (b) preparation process of the SP-modified prepreg plies.
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pressing treatment (Figure 3(bii)) using a hot press machine. Firstly, both systems were pressed
under 80 bars at 100�C for 1 h. Then, heating was stopped and both the SP film and prepreg were
left under 80 bars applied pressure overnight to cool down and reach their final form (Figure 3
(aiii, biii)). The thickness of the film and prepreg was measured to be approximately 120 μm and
180 μm, respectively, with no significant thickness variations, using a digital caliper.

2.1.3. Mode I interlaminar fracture toughness testing

Quasi-static interlaminar fracture toughness tests described in Section 3 were performed at a
25 kN Instron Universal testing machine (Instron, High Wycombe, UK) at RT conditions. The
mode I interlaminar fracture toughness was measured using the double cantilever beam (DCB)
method according to the AITM 1.0005 standard issued by Airbus. DCB specimen dimensions
and experimental setup are both illustrated in Figure 5. The 25-mm-long PTFE starter film that
was placed at the central plane, at one edge of the samples to facilitate crack initiation is also
shown. Two aluminum tabs were glued on the outer surfaces of the pre-cracked end of the
specimens, for the application of the opening load. The specimens were loaded in tension at a
cross-head velocity of 10 mm/min until the crack was propagated from starting point consid-
ered as zero to 75 mm. Five samples were tested each time for the calculation of GIC. The mode
I interlaminar fracture energy of the CFRPs was calculated using Eq. (1),

GIC ¼ A
aw

∙103
kJ
m2

� �
(1)

where, A is the required energy to achieve the total propagated crack length, a is the propa-
gated crack length (final crack length minus initial crack length, a = 75 mm), and w is the
specimen’s width.

2.1.4. Mode II interlaminar fracture toughness testing

The mode II interlaminar fracture toughness tests described in Section 4 were measured using
the three-point end-notched flexure (ENF) method according to the AITM 1.0006 standard
issued by Airbus. Firstly, the DCB specimens were loaded under mode I in alignment with the
AITM 1.0005 to create a natural sharp pre-crack. Then, the delaminated specimens were cut
into ENF specimens as shown in Figure 15, according to AITM 1.0006. ENF specimen dimen-
sions and experimental setup are both illustrated in Figure 15. The pre-cracked ENF specimens
were subjected to flexural loading that generated a shear crack driving force at the crack tip
region. The cross-head velocity was fixed at 1 mm/min. Five samples were tested for each
fracture toughness assessment. The GIIC was determined using Eq. (2),

GIIC ¼ 9Pa2d
2w 1

4 L
3 þ 3α3

� � kJ
m2

� �
(2)

where, d is the cross-head displacement at crack delamination onset, P is the critical load to
start the crack, α is the initial crack length (from the support point to the end of the crack,
α = 35 mm), w is the width of the specimen, and L is the span length (L = 100 mm). For accurate
calculation of the GIIC, the simple methodology described was applied.
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2.1.5. Low velocity impact and post-impact testing

The core objective of the current characterization program, which is described in Section 5, is
the determination of the low velocity impact resistance and the compression strength after
impact of the proposed modified CFRP systems, since these characteristics dominate the
damage tolerance of the composite material system. The LVI and CAI tests were performed at
RT conditions according to AITM1-0010: 2015 standard of Airbus. A guided drop weight tester
was utilized for this purpose. A drop tower equipped with a 16-mm diameter hemispherical
aluminum impactor weighing 2.5 kg was employed. The selected impact energy was 25 J and
was delivered by adjusting the initial height of the impactor. The impactor was manually left to
fall from the pre-determined height and was arrested automatically after rebounding to avoid
a second strike. The residual compressive strength of the damaged CFRP plates before and
after the healing process was measured through CAI tests. For this purpose, an anti-buckling
jig was employed to support the specimen edges and to inhibit Euler buckling. All tests were
conducted at an Instron (250 kN) hydraulic machine. The specimens were loaded under
displacement control of cross-head velocity of 0.5 mm/min.

2.1.6. Composites quality issues

C-scan inspection was performed on all the manufactured plates. A Physical Acoustics Corpo-
ration (PAC) UT C-Scan system was used with a 5 MHz transducer. C-scan images of plates
intended for mode I, mode II, and LVI tests confirmed good qualities and showed absence of
porosity and delaminations due to the manufacturing process.

2.1.7. Healing procedure and healing efficiency calculations

After first crack propagation under mode I or mode II or delamination damage due to LVI
described below (Sections 3–5, respectively), the specimens were subjected to a simple healing
cycle of heating under controlled through-the-thickness compression. The cycle comprised a
15 min dwell at 100�C under loading of 1 kN for mode I & II samples, while of 5 kN through the
thickness compressive force was used for LVI samples, using a heat press machine. The applied
temperature was chosen to be 23�C higher than the Tm value (approximately 77�C) of the SP
material, for 15 min, in order to be sure that the SP will flow between the crack flanks and to
achieve the healing effect. The healing temperatures were chosen based on previous in-house
differential scanning calorimetry (DSC) measurements. The compressive loading value was cho-
sen as theminimumnecessary to ensure that the adjacent crack flankswere kept in close proximity
during healing activation. The loading values were chosen as the minimum necessary to ensure
that the adjacent crack flanks were kept in intimate contact during the healing procedure. Then,
the samples were left to cool down at room temperature (RT). After the healing cycle, the samples
were tested again using the same configurations. The calculations of the healing efficiency (HE) of
every systemwere based on Eq. (3) for mode I and II tests and on Eq. (4) for LVI tests:

HE ¼ Mhealed

Mmodified
∙100 %ð Þ (3)

HE ¼ Shealed
Sdamaged

∙100 %ð Þ (4)
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pressing treatment (Figure 3(bii)) using a hot press machine. Firstly, both systems were pressed
under 80 bars at 100�C for 1 h. Then, heating was stopped and both the SP film and prepreg were
left under 80 bars applied pressure overnight to cool down and reach their final form (Figure 3
(aiii, biii)). The thickness of the film and prepreg was measured to be approximately 120 μm and
180 μm, respectively, with no significant thickness variations, using a digital caliper.
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mode I interlaminar fracture toughness was measured using the double cantilever beam (DCB)
method according to the AITM 1.0005 standard issued by Airbus. DCB specimen dimensions
and experimental setup are both illustrated in Figure 5. The 25-mm-long PTFE starter film that
was placed at the central plane, at one edge of the samples to facilitate crack initiation is also
shown. Two aluminum tabs were glued on the outer surfaces of the pre-cracked end of the
specimens, for the application of the opening load. The specimens were loaded in tension at a
cross-head velocity of 10 mm/min until the crack was propagated from starting point consid-
ered as zero to 75 mm. Five samples were tested each time for the calculation of GIC. The mode
I interlaminar fracture energy of the CFRPs was calculated using Eq. (1),
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where, A is the required energy to achieve the total propagated crack length, a is the propa-
gated crack length (final crack length minus initial crack length, a = 75 mm), and w is the
specimen’s width.

2.1.4. Mode II interlaminar fracture toughness testing

The mode II interlaminar fracture toughness tests described in Section 4 were measured using
the three-point end-notched flexure (ENF) method according to the AITM 1.0006 standard
issued by Airbus. Firstly, the DCB specimens were loaded under mode I in alignment with the
AITM 1.0005 to create a natural sharp pre-crack. Then, the delaminated specimens were cut
into ENF specimens as shown in Figure 15, according to AITM 1.0006. ENF specimen dimen-
sions and experimental setup are both illustrated in Figure 15. The pre-cracked ENF specimens
were subjected to flexural loading that generated a shear crack driving force at the crack tip
region. The cross-head velocity was fixed at 1 mm/min. Five samples were tested for each
fracture toughness assessment. The GIIC was determined using Eq. (2),

GIIC ¼ 9Pa2d
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where, d is the cross-head displacement at crack delamination onset, P is the critical load to
start the crack, α is the initial crack length (from the support point to the end of the crack,
α = 35 mm), w is the width of the specimen, and L is the span length (L = 100 mm). For accurate
calculation of the GIIC, the simple methodology described was applied.
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ration (PAC) UT C-Scan system was used with a 5 MHz transducer. C-scan images of plates
intended for mode I, mode II, and LVI tests confirmed good qualities and showed absence of
porosity and delaminations due to the manufacturing process.
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After first crack propagation under mode I or mode II or delamination damage due to LVI
described below (Sections 3–5, respectively), the specimens were subjected to a simple healing
cycle of heating under controlled through-the-thickness compression. The cycle comprised a
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material, for 15 min, in order to be sure that the SP will flow between the crack flanks and to
achieve the healing effect. The healing temperatures were chosen based on previous in-house
differential scanning calorimetry (DSC) measurements. The compressive loading value was cho-
sen as theminimumnecessary to ensure that the adjacent crack flankswere kept in close proximity
during healing activation. The loading values were chosen as the minimum necessary to ensure
that the adjacent crack flanks were kept in intimate contact during the healing procedure. Then,
the samples were left to cool down at room temperature (RT). After the healing cycle, the samples
were tested again using the same configurations. The calculations of the healing efficiency (HE) of
every systemwere based on Eq. (3) for mode I and II tests and on Eq. (4) for LVI tests:
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where M or S (i.e., damage area) is the property under examination. Mhealed and Mmodified are
the values of the property after healing and before healing, respectively. Shealed and Sdamaged

are the values of the property after healing and after LVI testing, respectively.

3. Mode I interlaminar fracture toughening and healing of carbon fiber/
epoxy composites by hydrogen-bonded supramolecular polymer
interlayers as SHA

3.1. Composites manufacturing

Two UD laminated plates made of 22 layers were manufactured for the needs of the current
study; the reference plate and the modified one containing the SP interleafs at the mid-plane,
both appropriate for mode I interlaminar fracture tests. Figure 4 shows schematically the plate
configuration. The dimensions of the plates were 300 mm � 150 mm � 3 mm. During the
manufacturing process, two 13-μm-thick sheets of PTFE film were placed in the mid-thickness
plane of both laminates as shown in Figure 4, to act as initial pre-crack according to the request of
the interlaminar fracture test. In the case of the modified laminate, SP strips were carefully placed
at the mid-plane as shown in Figure 4(b, c).

Following the lay-up, the laminates were vacuum bagged and cured in autoclave for 2 h at
130�C under 6 bars applied pressure, according to the prepreg manufacturer guidelines. The
fiber volume fraction of all manufactured plates was calculated to be close to 60%. Moreover,
the incorporation of the SP film in the mid-plane of the modified laminate did not appear to

Figure 4. Schematic representation of (a) the reference plate and (b) the modified plate. (c) Photograph of the mid-plane
placement of SP film, together with the PTFE initial crack formation.
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have a significant effect on the densities and the thicknesses of the samples. Five mode I
samples were cut from both the reference and the modified plate. Two aluminum tabs were
glued on the DCB specimen outer surfaces (Figure 5) using a two-component epoxy adhesive
in order to apply the peel/opening forces.

3.2. Results and discussion

The study is deployed in two levels. The first level covers the assessment of the performance
change due to the introduction of the SHA in the reference CFRP system. It is possible that the
approach to introduce the healing functionality may jeopardize the load-bearing capacity of
the composite. This change in performance is commonly referred to as the knock-down effect.
The second level of this study deals with the healing functionality of the composite system and
its performance. Essentially, once the SHA has been incorporated, the system is expected to
have a healing functionality; meaning the capability to heal damage in the form of cracks
(externally activated). The extent to which this functionality delivers its purposes is assessed
in the second level of this work. Details on the procedure are given in the next paragraph.

3.2.1. Mode I fracture toughness: reference versus modified CFRP

The introduction of the SHA in the CFRP laminate is expected to have an impact on the
material performance. In this paragraph, the impact of SHA on the mode I interlaminar
fracture toughness is assessed according to specifications described in Section 2.1.3. To this
purpose, load-displacement measurements were performed on the pre-cracked samples under
mode I peel loading. The concluded load-displacement curves for the reference as well as for
the SHA-modified samples are depicted in Figure 6(a). For both composite DCB specimens,
the applied load initially increased linearly prior the interlaminar pre-crack start to propagate,
followed by a deviation from linearity and ended with a load drop as the crack starts to
propagate. It is important to notice that the modified laminate that comprises the SP film as

Figure 5. Schematic depiction of the modified DCB test specimen configuration. (a) Side view. (b) Top view. Dimensions
in mm.
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where M or S (i.e., damage area) is the property under examination. Mhealed and Mmodified are
the values of the property after healing and before healing, respectively. Shealed and Sdamaged

are the values of the property after healing and after LVI testing, respectively.

3. Mode I interlaminar fracture toughening and healing of carbon fiber/
epoxy composites by hydrogen-bonded supramolecular polymer
interlayers as SHA

3.1. Composites manufacturing

Two UD laminated plates made of 22 layers were manufactured for the needs of the current
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both appropriate for mode I interlaminar fracture tests. Figure 4 shows schematically the plate
configuration. The dimensions of the plates were 300 mm � 150 mm � 3 mm. During the
manufacturing process, two 13-μm-thick sheets of PTFE film were placed in the mid-thickness
plane of both laminates as shown in Figure 4, to act as initial pre-crack according to the request of
the interlaminar fracture test. In the case of the modified laminate, SP strips were carefully placed
at the mid-plane as shown in Figure 4(b, c).

Following the lay-up, the laminates were vacuum bagged and cured in autoclave for 2 h at
130�C under 6 bars applied pressure, according to the prepreg manufacturer guidelines. The
fiber volume fraction of all manufactured plates was calculated to be close to 60%. Moreover,
the incorporation of the SP film in the mid-plane of the modified laminate did not appear to

Figure 4. Schematic representation of (a) the reference plate and (b) the modified plate. (c) Photograph of the mid-plane
placement of SP film, together with the PTFE initial crack formation.
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have a significant effect on the densities and the thicknesses of the samples. Five mode I
samples were cut from both the reference and the modified plate. Two aluminum tabs were
glued on the DCB specimen outer surfaces (Figure 5) using a two-component epoxy adhesive
in order to apply the peel/opening forces.

3.2. Results and discussion

The study is deployed in two levels. The first level covers the assessment of the performance
change due to the introduction of the SHA in the reference CFRP system. It is possible that the
approach to introduce the healing functionality may jeopardize the load-bearing capacity of
the composite. This change in performance is commonly referred to as the knock-down effect.
The second level of this study deals with the healing functionality of the composite system and
its performance. Essentially, once the SHA has been incorporated, the system is expected to
have a healing functionality; meaning the capability to heal damage in the form of cracks
(externally activated). The extent to which this functionality delivers its purposes is assessed
in the second level of this work. Details on the procedure are given in the next paragraph.

3.2.1. Mode I fracture toughness: reference versus modified CFRP

The introduction of the SHA in the CFRP laminate is expected to have an impact on the
material performance. In this paragraph, the impact of SHA on the mode I interlaminar
fracture toughness is assessed according to specifications described in Section 2.1.3. To this
purpose, load-displacement measurements were performed on the pre-cracked samples under
mode I peel loading. The concluded load-displacement curves for the reference as well as for
the SHA-modified samples are depicted in Figure 6(a). For both composite DCB specimens,
the applied load initially increased linearly prior the interlaminar pre-crack start to propagate,
followed by a deviation from linearity and ended with a load drop as the crack starts to
propagate. It is important to notice that the modified laminate that comprises the SP film as

Figure 5. Schematic depiction of the modified DCB test specimen configuration. (a) Side view. (b) Top view. Dimensions
in mm.
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interleaf in its mid-plane, displays a significantly higher Pmax and calculated GIC, when com-
pared to the reference laminate without SP interleave (Figure 6(b)).

Figure 7 illustrates the bridging that occurs during crack propagation, resulting from the
presence of the SP film in between the upper and lower crack surfaces of the sample. The crack
appeared to propagate through the SP interleaf rather than along the SP/thermoset interface.
Clearly, the presence of the SP interleaf reduces the crack opening displacement at a given
applied load, due to the developed bridging within the crack flanks, and thus results in a
lowering of the stress at the crack tip, and consequently in an increased mode I interlaminar

Figure 6. (a) Representative load (P) versus crack opening displacement (d) curves during the mode I interlaminar
fracture toughness test of the reference and the modified CFRPs. (b) Comparison between the reference and the modified
CFRP in terms of the Pmax and the GIC values, respectively.

Figure 7. Illustration of the extended bridging phenomenon of the SP interleaf between the upper and the lower adjacent
surfaces during mode I tests.
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fracture toughness. Furthermore, the SP material displayed a high peel resistance. The results
clearly show that the presence of the SP interleave in the plate resulted not only in a consider-
able increase of Pmax (545%) but even more into a calculated GIC that was increased with more
than one order of magnitude (1550%).

Typical crack opening resistance curves (R-curves) under mode I loading conditions for the
reference and the SP-modified composites are depicted in Figure 8. The GIC value in composite
laminates is of great importance, since it controls the initiation and the propagation of the
delamination damage. As it is shown in Figure 8, the reinforcing effect of the SP film is
apparent. The presence of the SP interleaf promotes the development of a bridging traction
zone at the interlaminar region, which suppresses the crack tip opening stresses and as a result
increases the resistance of the composite to both the initiation and the propagation of the
delamination damage. The R-curve for the reference composite shows the plateau value
already after reaching a crack length of 30 mm, resulting in a very limited damage process zone
(lower than 5 mm). On the other hand, the R-curve for the SP-modified interleaf composite
shows the plateau value only after reaching a crack length of 45 mm. This results in an extended
damage process zone followed by a self-similar crack propagation pattern showing the typical
delamination evolution mechanism up to a crack growth length of 80 mm and eventually
resulting in a significant reduction of GIC value at longer crack lengths.

The significant toughness increase observed for the modified interleaf is attributed to the
enhanced SP material interface with the epoxy matrix, which is extremely strong thereby
forming strong bonding between the SP polymer and the epoxy resulting in a transfer of the
propagation of delamination to the SP material. This enhanced interface is visible in Figure 9(b),

Figure 8. Representative R-curves of the reference and the modified CFRPs, showing the relation between GI and crack
length (a).
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interleaf in its mid-plane, displays a significantly higher Pmax and calculated GIC, when com-
pared to the reference laminate without SP interleave (Figure 6(b)).

Figure 7 illustrates the bridging that occurs during crack propagation, resulting from the
presence of the SP film in between the upper and lower crack surfaces of the sample. The crack
appeared to propagate through the SP interleaf rather than along the SP/thermoset interface.
Clearly, the presence of the SP interleaf reduces the crack opening displacement at a given
applied load, due to the developed bridging within the crack flanks, and thus results in a
lowering of the stress at the crack tip, and consequently in an increased mode I interlaminar
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laminates is of great importance, since it controls the initiation and the propagation of the
delamination damage. As it is shown in Figure 8, the reinforcing effect of the SP film is
apparent. The presence of the SP interleaf promotes the development of a bridging traction
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increases the resistance of the composite to both the initiation and the propagation of the
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already after reaching a crack length of 30 mm, resulting in a very limited damage process zone
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shows the plateau value only after reaching a crack length of 45 mm. This results in an extended
damage process zone followed by a self-similar crack propagation pattern showing the typical
delamination evolution mechanism up to a crack growth length of 80 mm and eventually
resulting in a significant reduction of GIC value at longer crack lengths.

The significant toughness increase observed for the modified interleaf is attributed to the
enhanced SP material interface with the epoxy matrix, which is extremely strong thereby
forming strong bonding between the SP polymer and the epoxy resulting in a transfer of the
propagation of delamination to the SP material. This enhanced interface is visible in Figure 9(b),
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which shows infiltration by the SP material into the epoxy matrix as evidenced by the darkened
region of the matrix next to SP interleaf.

In addition, there is also a clear difference between the failure types of the matrix. The
reference material clearly shows brittle matrix failure with intact carbon fibers as observed
with optical microscopy (Figure 10(a)). In contrast, the matrix of the SP-modified interleaf
composite shows ductile failure, since both fracture surfaces are covered with the SP interleaf
comprising partially pulled-out carbon fibers emanating from the edges of the SP film that
the epoxy system exists (Figure 10(b, c)). This behavior reveals the strong bonding of the SP
interleaf with both the matrix and the carbon fibers due to the infiltration. This strong
bonding is foreseen to inhibit crack propagation because of the extra energy required for
interfacial failure. In this turn, interfacial failure leads to frictional sliding and/or plastic
deformation at the interface and finally to the propagation of delamination through the SP
material as well as carbon fibers breakage or pull-out and crack bridging. Another character-
istic of the SP was the formation of agglomerates on fractured surfaces locally, after the
fracture of the SP interleaf (Figure 10(d)), probably originating from yielded SP bridges at
the delamination interfaces.

3.2.2. Assessment of healing functionality of composites

The ability of these SP interleafs for self-healing of the cracked CFRP composites was investi-
gated by subjecting the samples after the interlaminar crack propagation under mode I loading
to a healing cycle of heating and compression of the laminates at 100�C for 15 min under a
compressive load of 1 kN, as described in Section 2.1.7. Indeed, when the fractured samples had
been removed from the loading frame after the mode I interlaminar fracture tests, and had been
subjected to this healing cycle, a large recovery of the interlaminar fracture performance was
observed. As can be seen in the resulting load-displacement curves for the SP-modified compos-
ites before and after the healing (Figure 11(a)), recovery of around 60% of Pmax and GIC values
after the first healing cycle were monitored. In subsequent healing cycles on the same samples, a

Figure 9. Cross section of the (a) reference and (b) SP interleaved-modified composite.
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Figure 11. (a) Representative load (P) versus crack opening displacement (d) curves before and after the healing cycles
during the mode I experiments. (b) Bar diagrams for the Pmax and GIC values, before and after the healing cycles in mode I
experiments.

Figure 10. Fracture surfaces of the CFRPs. (a) Reference. (b) Bottom fracture plane of the SP interleaf-modified CFRP. (c)
Top fracture plane of the SP interleaf-modified CFRP. (d) Illustration of the agglomerates on the top fracture plane of the
modified CFRP. In the left side (of image (d)), the epoxy area is distinguished, while in the right side, the infiltrated area is
distinguished by the SP material (photograph taken from the edge of the SP interleaf).
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interleaf with both the matrix and the carbon fibers due to the infiltration. This strong
bonding is foreseen to inhibit crack propagation because of the extra energy required for
interfacial failure. In this turn, interfacial failure leads to frictional sliding and/or plastic
deformation at the interface and finally to the propagation of delamination through the SP
material as well as carbon fibers breakage or pull-out and crack bridging. Another character-
istic of the SP was the formation of agglomerates on fractured surfaces locally, after the
fracture of the SP interleaf (Figure 10(d)), probably originating from yielded SP bridges at
the delamination interfaces.

3.2.2. Assessment of healing functionality of composites
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gated by subjecting the samples after the interlaminar crack propagation under mode I loading
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subjected to this healing cycle, a large recovery of the interlaminar fracture performance was
observed. As can be seen in the resulting load-displacement curves for the SP-modified compos-
ites before and after the healing (Figure 11(a)), recovery of around 60% of Pmax and GIC values
after the first healing cycle were monitored. In subsequent healing cycles on the same samples, a

Figure 9. Cross section of the (a) reference and (b) SP interleaved-modified composite.

Dendrimers - Fundamentals and Applications112

Figure 11. (a) Representative load (P) versus crack opening displacement (d) curves before and after the healing cycles
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drop in HE was observed after each cycle until the recovery of Pmax and GIC values, after the
seventh healing cycle, dropped at the level of 26 and 22%, respectively, when compared to the
pristine samples (Figure 11(b)). Although, the bridging of crack flanks was still there during
mode I interlaminar loading for the healed samples, its efficiency appeared to decrease with
increasing number of healing cycles.

The ability of the healing interleaf to heal the cracks and to recover the fracture properties
depends highly on the ability of the SP material’s chains to reconnect themselves after mechan-
ical rupture during the mode I experiments. It is important to notice that during manufactur-
ing of the samples, there is a diffusion of SP polymer into the epoxy matrix and consequently,
the intra SP propagation of the delamination under mode I loading. Due to the sufficiently low
viscosity of the SP polymer at 100�C, it flows along the crack flanks and covers the debonded
surfaces. The presence of the thermally reversible hydrogen bonds between the polymer
chains, anchored strongly on the crack flanks, under mechanical loading, facilitates the exten-
sive contact between the SP polymer chains and the final rebonding upon cooling. The
observed reduction in the Pmax and the GIC values with increasing number of healing cycles,
is attributed to the progressive deactivation of the thermally reversible hydrogen bonds versus
exposure time at high temperature and an uneven distribution of the SP film over the
debonded surfaces during the healing cycle at 100�C, which concludes to thickness variation
of SP polymer and variation of the delamination propagation locally.

Figure 12. Representative R-curves of the modified composite before and after the healing cycles, showing the relation
between GI and crack length (a).
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The typical R-curves under mode I loading conditions before and after the application of the
healing cycles are depicted in Figure 12, and they are consistent with the load-displacement
data. The general trend is that with increasing number of healing cycles, the GIC values
decrease and the plateau values of the GIC reach at a slightly later stage than the
corresponding plateau value of the pristine SP-modified interleaf composite, at 50 mm
instead of 45 mm. In line with the pristine SP sample, the plateau value remains almost
constant until a crack growth length of about 80 mm. It is necessary to stress that after the
first rupture of the interleaf-modified composite, the only active material that works and
keeps the upper and lower fractured surfaces together after healing activation, is the revers-
ible polymer material and the epoxy matrix infiltrated by this. More information can be
found in Ref. [33].

3.2.3. Knock-down effect on in-plane mechanical properties

The incorporation of the SP interleaf into composites laminate is expected to have an impact on
in-plane properties of the composite. For this purpose, 3PB tests were conducted for the
reference and the modified CFRPs, where a layer of SP polymer was placed at the middle
surface of the composite. According to these experiments, it was shown that there was no
knock-down effect on the flexural modulus (Eflex) of the composite as it was retained close to
55.5 GPa for both reference and modified CFRPs (due to the position chosen for the introduc-
tion of SP polymer). On the other hand, the flexural strength (σmax) value was reduced by 22%
(from approximately 638 to 493 MPa). Bar chart in Figure 13 describes these results in detail.
Based on this, a more detail investigation is needed for evaluating completely the effect of the
introduction of SP polymers into the composite laminate.

Figure 13. Knock-down effect of the SP interleaf on the Eflex and σmax values of the CFRP.
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4. Mode II interlaminar fracture toughening and healing of carbon fiber/
epoxy composites by hydrogen-bonded supramolecular polymer
interlayers as SHA

4.1. Composites manufacturing

Two UD laminated plates made of 22 prepreg layers were manufactured for the needs of
the current study; the reference laminate and the modified laminate containing the SP interleaf
on the mid-plane, both appropriate for deriving mode II interlaminar fracture specimens.
Figure 14 shows schematically the plate configuration with respect to the fracture pre-crack
and the SHA location. During the manufacturing process, two 13-μm-thick sheets of PTFE film
were placed in the mid-thickness plane of both laminates as shown in Figure 14 to act as initial
pre-crack according to the request of the interlaminar fracture test. In the case of the modified
laminate, a SP strip was carefully placed on the mid-plane as shown in Figure 14(b, c).
Following the lay-up, the laminates were vacuum bagged and cured in autoclave for 2 h at
130�C under 6 bar pressure, according to the prepreg supplier guidelines. The dimensions of
the plates were 300 mm� 150 mm� 3 mm. Five mode I (DCB) samples were cut from both the
reference and the modified plate. The incorporation of the SP film in the mid-plane of the
modified laminate did not appear to have a significant effect on the thicknesses of the samples.
The fiber volume fraction of all manufactured plates was calculated to be close to 60%.

Figure 14. Schematic representation of the mid-plane of (a) the reference plate and (b) the SP containing modified plate.
(c) Photograph of the mid-plane of the modified plate, where a SP strip was carefully positioned, together with the PTFE
film.
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4.2. Mode II interlaminar fracture toughness testing

The mode II experiments were performed according to specifications described in Section 2.1.4.
Based on Eq. (2), the crack length (a) has to be known in order the GIIC value to be calculated.
For brittle materials, the moment of unstable crack growth can be clearly determined; Pmax

is attributed to the critical load at the onset of crack growth. On the other hand, for modified
materials containing ductile interleaves in which the crack is growing through the ductile
interleaved layer as described in Section 3, the crack initiation (Pini) occurs long before Pmax.
In addition, in mode II loading of the pre-cracked specimen the crack tends to close which
hinder a clear visualization of its tip. Thus, mode II fracture characterization of CFRPs with a
ductile interlayer remains a major challenge including uncertainties on the results. Figure 15,
depicts the modified ENF test specimen configuration as derived from DCB specimen.

Based on these, whereas in the case of reference CFRPs the GIIC calculations were extracted
directly from the P-d data without any concern, for the modified CFRPs the monitoring of the
crack growth was carried out by using a high-resolution digital camera system Figure 16. It is
suggested that the crack initiation point of the modified CFRPs corresponds to the onset of the
visual deviation of linearity in P-d curves. In addition, a vertical line with pencil was marked at
the end of the starter film, as shown in Figure 16. It is suggested that the separation of the line
into two lines corresponds to the crack initiation.

Figure 15. Schematic depiction of the modified ENF test specimen configuration as derived from DCB specimen. (a) DCB
specimen, (b) ENF specimen, (i) side view, (ii) top view. Dimensions in mm.
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4.3. Results and discussion

The study is deployed in two parts. The first part covers the assessment of the performance
change due to the introduction of the SHA in the reference CFRP system. It is possible that the
approach to introduce the healing functionality may jeopardize the load-bearing capacity of
the composite. This change in performance is commonly referred to as the knock-down effect.
The second part of this study deals with the healing functionality of the composite system and
its performance. Essentially, once the SHA has been incorporated, the system is expected to have
a healing functionality; meaning the capability to heal damage in the form of cracks (intrinsic or
externally activated). The extent to which this functionality delivers its purposes is assessed in
the second level of this work. Details on the procedure are given in the next paragraph.

4.3.1. Mode II fracture toughness: reference versus modified CFRP

The introduction of the SHA in the CFRP architecture is expected to have an impact on the
material performance. At this part of the work the impact on mode II fracture toughness is
assessed. The mechanical response of the reference and the modified CFRP to mode II fracture
loading in combination with crack evolution camera recording was studied.

Typical load-displacement (P-d) curves for the reference and the modified plate are given in
Figure 17(a). All specimens within each set showed a similar behavior. The average values and
standard deviation for the twomaterial sets are shown in Figure 17(b). As previouslymentioned,
the P-d behavior of the two material sets differs. For the reference material, the applied load
increases linearly until the onset of the pre-crack propagation where the load drops abruptly. On

Figure 16. Experimental setup of the mode II interlaminar fracture toughness tests where the high-resolution camera
monitoring of the crack evolution is seen.
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the other hand, for the modified CFRP, the initially linear P-d relation is followed by a distin-
guishable deviation from linearity andmuch latter the load drop appears.Whereas the load drop
for the reference case is attributed to the crack evolution onset, for the modified CFRP the Pmax

indicates the load-bearing capacity of the composite before undergoing major damages. Interest-
ingly, themodified laminate exhibits a significantly higher Pmax and respective displacement. As
seen in the Figure 17(a), Pmax is more than double that of the reference CFRP (120% increase)
while the displacement at failure is approximately four times larger than the reference.

From the recorded mechanical data, the mode II interlaminar fracture toughness (GIIC) was
calculated. For the calculation, the displacement (d) at crack propagation onset is needed to be
known. The crack initiation points for the reference and the modified CFRP, determined as
described in Section 4.2, are marked in Figure 17(a). The snapshot of Figure 17(a) corresponds
to the marked crack initiation point for the modified specimen. In this snapshot, a slight
separation of the pencil line into two lines is observed. The GIIC for both material sets were
calculated using in Eq. (2) the (P, d) values that correspond to the indicated points of the curve.
The average values and standard deviation are shown in Figure 17(b). The GIIC values for the
modified CFRP exhibit an increase of 100%, which is related both to the slightly higher
corresponding load (P) recorded and to the displacement (d) at that instance.

The post-tests inspection revealed the in-plane crack propagated through the SP interleaf
rather than along the SP-epoxy interface. This observation indicates that the interface of the
interleaf to the host matrix is stronger than the properties of the interleaf, thus guiding the
crack to a lower energy path through the interleaf (see Section 3). This was also monitored in
the case of mode I experiments. This behavior essentially maximizes the effectiveness of the
interleaf and explains the higher resistance to crack propagation. In addition, high displace-
ments are recorded while the load increased steadily. This can be related to the ductile behav-
ior of SP polymer, in combination with its strength. Even when the crack initiated, the presence
of the SP interleaf arrests the crack and prevents propagation due to the developed shear
bridging (see Section 3) within the crack sides. These results to lower stress at the crack tip

Figure 17. (a) Representative load (P) versus displacement (d) curves for the reference and modified CFRPs during the
mode II interlaminar fracture toughness test. (b) Comparison between the reference and the modified CFRP, for the Pmax

and the GIIC values, respectively.
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and consequently to an increased mode II interlaminar fracture toughness. Based on these
results, it is clearly shown that the presence of the SP interleave in the composite resulted in a
considerable increase of the mode II interlaminar fracture toughness characteristics. On the
other hand, the mechanisms delivering this increase of mode II fracture toughness are related
both to the SP-epoxy interface (the diffusion of SP polymer into epoxy matrix), as well as the
structural properties of the interleaf itself. Thus, it is obvious that the fracture toughness
characteristics of the composite have been enhanced significantly by the introduction of the
SP interleaf. It can be concluded that, regardless of the healing functionality performance, this
finding is extremely positive and of great interest.

4.3.2. Assessment of healing functionality of composites

The healing functionality of these SP interleaves into CFRP composites was assessed by
subjecting the samples to a healing cycle consisting of heating and compression as described
in Section 2.1.7. Indeed, a large recovery of the interlaminar characteristics (Pini, Pmax and GIIC)
during the repeated mode II experiments was observed when the fractured samples had been
subjected to multiply healing cycles.

In Figure 18(a), the recorded load-displacement data are shown for a representative modified
CFRP specimen. There are five curves; one for the initial test (before healing) and one after each
consecutive healing cycle. In all curves, the general trend is the same; the initially linear P-d part
of the curve is followed by a deviation from linearity. In subsequent healing cycles, the sample
exhibits a drop in stiffness as well as a smaller Pmax value. Nevertheless, the lowest Pmax value
remains well above that of the reference value (approximately 80% higher). In Figure 18(a), a
magnification of the curves at the crack initiation points is given and for each curve the crack
initiation points are marked. In the histogram of Figure 18(b), the effect of the number of healing
cycles on the mode II fracture characteristics (Pini, Pmax and GIIC) of the modified CFRP is
presented. After the first healing activation, the Pini and Pmax values of the modified CFRP
showed a decrease of approximately 5 and 16%, respectively. The same decreasing trend was
observed also after the second healing cycle when the values are compared against the values
concluded after the first healing cycle. Following the third healing cycle the decrease of the Pini
and Pmax values were much lower, this was also the trend after the fourth healing cycle. On the
other hand, the GIIC values appear a slight increase with increasing the number of healing
activation cycles; the GIIC value after the fourth healing cycle is 14% higher than that achieved by
the initial SP-modified CFRPs. This behavior is attributed to the fact that the displacement value at
crack propagation onset increases as the healing cycles increase (see Eq. (2)). In Figure 18(c), the
actual HE values for the three quantities of interest (namelyGIIC, Pini and Pmax) calculated based on
Eq. (3), are given as a function of the number of healing cycles. In subsequent healing cycles a drop
for the HEPini and HEPmax is observed. Nevertheless, the lowest value remains over 70% of the
reference values of pristine CFRPs. On the other hand, the bending stiffness of the modified
laminate presents a gradual decrease with increasing the number of healing activations.

The partial recovery may is associated with the degradation of the SP properties, as well as the
epoxy-SP interface after each loading/healing cycle. In addition, the interlaminar cracked area
is only partially healed after the subsequent healing cycles. Snapshots of the sample during the
mode II experiments at the crack initiation and fracture points before and after the healing
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cycles are illustrated in Figure 19(a). The high HE proportions and the ability of the SP interleaf
to heal the cracks are attributed to the SP material’s chains that can reconnect themselves after
the mechanical rapture during the mode II experiments. Critical parameters are a good cover-
age of the fractured surfaces by the SP material and a sufficiently low viscosity of the reversible
polymer at 100�C in order to be able to flow into the crack flanks and to reposition itself
equally over the debonded surface. Therefore, the observed reduction in the Pmax value with
increasing number of healing cycles can be attributed further of the degradation of SP material,
to an uneven spreading of the SP interleaf over the fracture surface during the healing cycle.
An important point to note is the observation that the apparent flexural stiffness of the system
decreases after multiple healing activations. Several reasons have been identified to answer to
this observation. Firstly, the tests extended to very large deformation which can lead to the
breakage of the fibers on the outer layers. As a matter of fact, Figure 19(b) shows evidence of
broken fibers on the loading cross-head side. It is proposed that these excessive damages were
reflected as portion reduction in the load versus displacement curve. Secondly, during the SHA
activation it is possible that not all the interface surface of the crack is healed. Thus, the system

Figure 18. Results from the mode II interlaminar fracture toughness tests of the modified CFRPs before and after four
healing cycles. (a) Representative load (P) versus displacement (d) curves for the modified CFRP before and after the
healing cycles and determination of the crack initiation point. (b) Bar diagrams for the Pini, Pmax and GIIC values of the
modified CFRP, before and after the healing cycles. (c) The effect of the number of healing cycles on the HE of the modified
CFRP, in terms of the Pini, Pmax and the GIIC.
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mode II experiments at the crack initiation and fracture points before and after the healing
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equally over the debonded surface. Therefore, the observed reduction in the Pmax value with
increasing number of healing cycles can be attributed further of the degradation of SP material,
to an uneven spreading of the SP interleaf over the fracture surface during the healing cycle.
An important point to note is the observation that the apparent flexural stiffness of the system
decreases after multiple healing activations. Several reasons have been identified to answer to
this observation. Firstly, the tests extended to very large deformation which can lead to the
breakage of the fibers on the outer layers. As a matter of fact, Figure 19(b) shows evidence of
broken fibers on the loading cross-head side. It is proposed that these excessive damages were
reflected as portion reduction in the load versus displacement curve. Secondly, during the SHA
activation it is possible that not all the interface surface of the crack is healed. Thus, the system

Figure 18. Results from the mode II interlaminar fracture toughness tests of the modified CFRPs before and after four
healing cycles. (a) Representative load (P) versus displacement (d) curves for the modified CFRP before and after the
healing cycles and determination of the crack initiation point. (b) Bar diagrams for the Pini, Pmax and GIIC values of the
modified CFRP, before and after the healing cycles. (c) The effect of the number of healing cycles on the HE of the modified
CFRP, in terms of the Pini, Pmax and the GIIC.
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cannot recover the initial stiffness since the extent of the delamination is larger. Finally, the
healing functionality of the SP may degrade after multiple activations; an observation also
noted in Section 3 with the same material. According to this work, the bulk SP material can
withstand at least seven healing cycles with excellent healing recoveries (still higher toughness
values compared to the reference one), but in the present case of mode II loading the experi-
ments were stopped after the fourth loading/healing cycle. The post-testing examination of the
fracture surface of the healed laminates revealed that the SHA was clearly separated between the
two adjacent fracture surfaces. Thus, the healing effect of the SP material was fully utilized. More
information can be found in Ref. [34].

5. Low-velocity impact response and compression after impact assessment
of carbon fiber/epoxy composites containing hydrogen-bonded
supramolecular prepregs as SHA

5.1. Composites manufacturing

Two types of quasi-isotropic laminated plates containing 16 plies, with [45/0/�45/90]2S stacking
sequence each were manufactured for the needs of the current study; the reference laminate,

Figure 19. (a) Snapshot during the mode II interlaminar fracture toughness testing of the modified CFRP (i) just after
crack propagation onset and (ii) just before failure (i.e. P ~ Pmax), before and after healing. (b) Photographs showing the
progressive damage accumulation on the upper layers of the modified CFRP during the mode II testing, with increasing
the number of testing cycles. The damaged line is the contact line between the specimen and the loading cylinder.
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and the modified laminate, with two SP prepregs placed symmetrically into the composite.
Both material groups (reference and modified) were tested under compression prior of impact,
in order to identify possible knock down in compression strength. After exposed to LVI, CAI
tests were performed for the pristine CFRP plates as well as for the SP prepreg modified ones,
but in this case before and after the application of the healing activation cycle. Figure 20, shows
schematically the configuration of the plates (Figure 20(a)) and the position where the two SP
prepregs were placed (Figure 20(b)). The SP prepregs replaced the 6th and 11th UD 90� layers
of the composite (Figure 20(b)). Following the lay-up, the laminates were vacuum bagged and
cured in an autoclave for 2 h at 130�C under 6 bars applied pressure, according to the prepreg
manufacturer guidelines. The dimensions of the final plates were 150 mm� 100 mm� 2.1 mm.
Ten reference and 15 modified impact test samples were manufactured, respectively. Five
samples of pristine CFRPs and 10 samples of SP prepreg-modified CFRPs were exposed to
impact tests. All the samples were tested to CAI. In the case of SP prepreg-modified samples
one group was tested to CAI just after initial impact, while a second group was passed through
a healing cycle (following the earlier described cycle) and after this step they were also
tested to CAI.

5.2. Results and discussion

5.2.1. Composites manufacturing

The handling of the CF/SP prepreg plies at RT and the incorporation of them into composite
laminate did not create any concerns. SP prepreg seem to combine characteristics of both
traditional thermoplastics (good processability, softening and flow at elevated temperatures).
The modified prepreg UD plies had an average thickness of 180 μm each and thus they did not
alarmingly thicken the entire CFRP laminate. The fiber volume fraction of both composite
groups was calculated to be slightly lower for the modified plates (approximately 60% for the
reference while approximately 59% for the modified ones, respectively). They also did not
disrupt the fiber architecture. In Figure 21, optical microscopy cross-section photographs of
reference and modified CFRPs with SHA based on SP are illustrated. Optical microscopy
photograph of the modified CFRPs show the location where the SHA has been incorporated
symmetrically.

Figure 20. Design of (a) the reference CFRP, (b) the modified CFRP with SP prepregs.
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tests were performed for the pristine CFRP plates as well as for the SP prepreg modified ones,
but in this case before and after the application of the healing activation cycle. Figure 20, shows
schematically the configuration of the plates (Figure 20(a)) and the position where the two SP
prepregs were placed (Figure 20(b)). The SP prepregs replaced the 6th and 11th UD 90� layers
of the composite (Figure 20(b)). Following the lay-up, the laminates were vacuum bagged and
cured in an autoclave for 2 h at 130�C under 6 bars applied pressure, according to the prepreg
manufacturer guidelines. The dimensions of the final plates were 150 mm� 100 mm� 2.1 mm.
Ten reference and 15 modified impact test samples were manufactured, respectively. Five
samples of pristine CFRPs and 10 samples of SP prepreg-modified CFRPs were exposed to
impact tests. All the samples were tested to CAI. In the case of SP prepreg-modified samples
one group was tested to CAI just after initial impact, while a second group was passed through
a healing cycle (following the earlier described cycle) and after this step they were also
tested to CAI.

5.2. Results and discussion

5.2.1. Composites manufacturing

The handling of the CF/SP prepreg plies at RT and the incorporation of them into composite
laminate did not create any concerns. SP prepreg seem to combine characteristics of both
traditional thermoplastics (good processability, softening and flow at elevated temperatures).
The modified prepreg UD plies had an average thickness of 180 μm each and thus they did not
alarmingly thicken the entire CFRP laminate. The fiber volume fraction of both composite
groups was calculated to be slightly lower for the modified plates (approximately 60% for the
reference while approximately 59% for the modified ones, respectively). They also did not
disrupt the fiber architecture. In Figure 21, optical microscopy cross-section photographs of
reference and modified CFRPs with SHA based on SP are illustrated. Optical microscopy
photograph of the modified CFRPs show the location where the SHA has been incorporated
symmetrically.
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5.2.2. Resistance to low-velocity impact

Reference and modified CFRPs were subjected to LVI as described in Section 2.1.5. After
testing, C-scan inspection measurements were performed to evaluate the impact-induced
damage. The typical C-scans for all material types in the before and after impact situations
are shown in Figure 22(a, b). The white region in the center of the images in Figure 22(a, b)
represents the damage area (mainly delamination) induced by the impact event. For the
determination of the impact damage area, post-processing software was utilized. The software
was able to quantify the white region area (damage area) of the recorded C-scan images after
the LVI event for both material sets. These areas were calculated to be approximately 592 and
115 mm2 for the reference and the modified plates, respectively. Thus, the modified composites
exhibit higher resistance to delamination, compared against the reference ones. The incorpora-
tion of the SHA in prepreg form into composite laminate increases the LVI damage resistance
of the final material. The SP prepreg provides higher energy absorption characteristics to the
entire composite due its ductile nature, during LVI. In the present work impact energy of 25 J
was used. It is considered a moderate amount of impact energy that does not occurs fiber
breakage and the main damage mode that is promoted is delamination. In fact, no visible or
detectable damage was shown on the top and bottom faces of the reference samples after LVI
testing. On the contrary, optical inspection of SP-modified prepreg samples exhibited only
indentation on the top face (Figure 22(ci)), while no ply splitting phenomena were observed
on the bottom face of the CFRP plate (Figure 22(cii)).

In general, during an impact event with moderate impact energy, the impact energy intro-
duced into the composite structure is mainly absorbed through elastic deformation and
through different failure modes. In CFRPs, plastic deformation does not take place. Samples
containing SHAs with a ductile nature such as SP, plastic deformation takes place. Figure 23
illustrates cross-section photos at the center of reference and modified CFRPs (around the
impact site) after LVI. According to Figure 23(a), the formation of multiple delaminations sites
in the reference sample is apparent. On the contrary modified CFRPs exhibited different

Figure 21. Optical microscopy photographs of (a) the cross-section area of reference CFRPs, (b) the cross-section area of
modified CFRPs with SP prepregs in which the SHA area is also clearly illustrated.
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behavior after LVI. Extended damage has been occurred into the composite in the form of
delaminations and significant transverse cracks that leads to off axis ply split.

5.2.3. Repair of the impact-induced damages via the healing treatment

After LVI tests, one group of the SP prepreg-modified samples were subjected to heating
under controlled through-the-thickness compression as described in Section 2.1.7. After
healing, C-scan was performed in order to evaluate the reduction of the impact damage in the
areas where the SP prepregs have been placed. Interestingly, it was found that after healing the
modified samples exhibited macroscopically a HE of about 40% (accounting by the measure-
ment of the impact damage area before and after healing, as it demonstrated globally in the
C-Scan plots (Figure 24(a, right)).

The HE value was calculated according to Eq. (4). Modified composites were not able to heal
the entire damage after the healing process as Figure 24 suggests. The SHA has the trend to
follow the carbon fibers (90o ply). This behavior was also validated by optical microscopy
examination of the damaged samples after the healing process. Materials micro-structure
examination under optical microscopy was used to validate the results from non-destructive

Figure 22. Representative C-scan inspection images of the (a) reference CFRP, (b) modified CFRP with SP prepregs in the
before and after the LVI situation. (c) Indicative top- and bottom-face photographs after LVI for the SP prepreg-modified
composites.
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illustrates cross-section photos at the center of reference and modified CFRPs (around the
impact site) after LVI. According to Figure 23(a), the formation of multiple delaminations sites
in the reference sample is apparent. On the contrary modified CFRPs exhibited different
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behavior after LVI. Extended damage has been occurred into the composite in the form of
delaminations and significant transverse cracks that leads to off axis ply split.

5.2.3. Repair of the impact-induced damages via the healing treatment

After LVI tests, one group of the SP prepreg-modified samples were subjected to heating
under controlled through-the-thickness compression as described in Section 2.1.7. After
healing, C-scan was performed in order to evaluate the reduction of the impact damage in the
areas where the SP prepregs have been placed. Interestingly, it was found that after healing the
modified samples exhibited macroscopically a HE of about 40% (accounting by the measure-
ment of the impact damage area before and after healing, as it demonstrated globally in the
C-Scan plots (Figure 24(a, right)).

The HE value was calculated according to Eq. (4). Modified composites were not able to heal
the entire damage after the healing process as Figure 24 suggests. The SHA has the trend to
follow the carbon fibers (90o ply). This behavior was also validated by optical microscopy
examination of the damaged samples after the healing process. Materials micro-structure
examination under optical microscopy was used to validate the results from non-destructive

Figure 22. Representative C-scan inspection images of the (a) reference CFRP, (b) modified CFRP with SP prepregs in the
before and after the LVI situation. (c) Indicative top- and bottom-face photographs after LVI for the SP prepreg-modified
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Figure 24. Representative C-scan inspection images of the modified CFRP plates with SP prepregs, in before, after impact
situation and after healing process.

Figure 23. Optical microscopy photographs for reference and modified CFRPs cross sections after LVI situation (a)
reference CFRP, (b) modified CFRP with SP prepregs.
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C-scan inspections. In Figure 25, the optical microscopy photos of the cross sections of the
repaired modified CFRPs are illustrated. Figure 25 zooms in the SHA area (CF/SP prepreg
layer) and the upper and lower adjacent layers of the laminate. For the modified samples
(Figure 25) the presence of many delaminations after the healing process is still apparent, as it
is expected in all the interfaces that do not contain SP material. Only areas adjacent to SP were
healed and this is the reason why low HE value for the damaged area in modified samples was
achieved.

5.2.4. Compressive behavior of CFRPs before impact

The incorporation of SP prepreg into composite laminate is expected to have an impact (i.e.,
knock-down effect) on final composites’ mechanical performance. In the present subsection,
the effect on the compressive properties is assessed. Typical stress versus strain curves under
compression before impact (CBI) for the reference and modified CFRPs (unimpacted) are
illustrated in Figure 26(a). In all curves, the initially linear stress versus strain response is

Figure 25. Optical microscopy photograph of the SP-modified CFRP cross section after the healing process.

Figure 26. (a) Representative compressive stress versus compressive strain (%) curves from the CBI testing of the
reference and modified CFRPs. (b) σmax and Ecomp the values of the two material types.
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Figure 24. Representative C-scan inspection images of the modified CFRP plates with SP prepregs, in before, after impact
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reference CFRP, (b) modified CFRP with SP prepregs.
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followed by a deviation from linearity and load drop just before the end of the test. The
compressive strength (σmax) and the effective compressive modulus (Ecomp) values of the two
material types are summarized in Figure 26(b). Modified CFPRs exhibited lower compression
characteristics than the reference ones. The σmax was decreased by 60% whereas Ecomp by 55%
due to SP SHA introduction. Thus, even though SP prepreg promotes the energy absorption
under out-of-plane impact loading, it adversely deteriorates the in-plane (compressive) prop-
erties of the final CFRP.

5.2.5. Residual compressive properties of the CFRPs after LVI

As already described, after LVI tests reference and SP-modified samples were loaded in
compression to assess their CAI properties. Also, the introduced healing functionality of the
SP-modified samples was quantified by subjecting these samples to a simple healing cycle as
described in Section 2.1.7 and then, repeating the CAI tests in order to investigate the post-
healing CAI performance of the modified plates.

Typical compressive stress versus compressive strain (%) curves after LVI for reference and SP-
modified samples (prior and after healing) are illustrated in Figure 27(a). In addition, σmax and
Ecomp values of both the reference and modified CFRPs in prior impact, after impact and after
healing situation are summarized in Figure 27(b). According to these results, it is shown that
after LVI, the σmax of the reference samples was reduced by 16%. SP modified samples,
exhibited also the same reduction (16%) for the σmax value. The reduction of the apparent
compressive modulus (Ecomp) is 5% for the reference and 9% for the SP-modified CFRPs.
Furthermore, the SP-modified samples passed through healing process as it is has been already
described earlier, and after that they exposed to CAI tests in order the post-healing perfor-
mance of the composite plates to be investigated. According to these tests, it was shown that
healed samples presented higher σmax and Ecomp values approximately 6 and 42%, respectively
compared against the unhealed SP-modified ones (impacted samples). Therefore, modified
samples improved CAI properties via healing treatment.

Figure 27. (a) Representative compressive stress versus compressive strain (%) curves from the CAI testing of both the
reference and modified CFRPs (prior and after healing). (b) σmax and Ecomp values of both the reference and modified
CFRPs prior impact, after impact and after healing.
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As previously mentioned, the SP SHA was not able to heal all the cracks in the through-the-
thickness direction. Only delaminations in the adjacent interfaces to the SP-modified ply were
healed. After healing process, samples containing SP prepregs showed better load transfer
characteristics. Finally, it is of note that whereas reference composites fail in a brittle manner,
SP-modified CFRPs fail in a ductile or less brittle manner, both the virgin and healed ones. It is
suggested that this result is a reflection of the ductile nature of the SP and of the softening
effect induced by the presence of this type of plies as SHA into composites’ architecture.

6. Outlook

The self-healing technology described in this chapter is envisioned to be incorporated locally
in the early failure regions and other highly stressed areas of aeronautical CFRP structures.
Also, this self-healing technology based on reversible polymers can be placed in known critical
regions of structures where the damage predominately occurs, such as around drilled holes or
on skin-stringer run-outs. These regions will take advantage of these repair mechanisms and
do not represent the overall host matrix mechanical performance due to the knock-down effect
of these polymers to the whole composite. It is obvious that the current tests do not represent
the “real life service” conditions of these materials; however, this investigation demonstrates
the self-healing capabilities of SP polymers. This preliminary “model study” proves the viabil-
ity of the concept of incorporating the current SHAs into epoxy CFRPs.

7. Conclusions

In this chapter, the effect of the SP interleaf on the mode I and mode II interlaminar fracture
toughness, as well as on LVI, CAI of CFRPs, and the provided healing capability was studied.
SP polymer interlayers were locally incorporated into the area that the crack is expected to
propagate. According to experimental results, it was shown that SP was able to considerably
enhance the mode I and mode II interlaminar fracture toughness of the composites laminates
through toughening and extended bridging. Characteristic example is GIC value that was
increased by more than one order of magnitude (1550%). These modified samples also
exhibited high fracture performance recovery after first fracture for both mode I and II
interlaminar fracture toughness. Potential knock-down effects on the in-plane properties of
these modified samples were assessed. 3PB experiments revealed that by the incorporation of
the SP interleaf into mid-thickness area, the ultimate stress (σult) value was significantly
decreased.

For the assessment of LVI behavior of CFRPs, SP prepregs were fabricated in order to the
incorporation of the SHA into the composite to be simplified. Samples containing SP prepregs
were examined under LVI and CAI tests and compared. Initially, it was shown that by the
incorporation of the SP into composites laminate, the compression properties of the CFRPs
were decreased. After LVI tests, samples containing SP prepregs exhibited higher resistance to
damage, if compared against the reference ones. Healing process revealed that SP SHA was
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characteristics. Finally, it is of note that whereas reference composites fail in a brittle manner,
SP-modified CFRPs fail in a ductile or less brittle manner, both the virgin and healed ones. It is
suggested that this result is a reflection of the ductile nature of the SP and of the softening
effect induced by the presence of this type of plies as SHA into composites’ architecture.

6. Outlook

The self-healing technology described in this chapter is envisioned to be incorporated locally
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Also, this self-healing technology based on reversible polymers can be placed in known critical
regions of structures where the damage predominately occurs, such as around drilled holes or
on skin-stringer run-outs. These regions will take advantage of these repair mechanisms and
do not represent the overall host matrix mechanical performance due to the knock-down effect
of these polymers to the whole composite. It is obvious that the current tests do not represent
the “real life service” conditions of these materials; however, this investigation demonstrates
the self-healing capabilities of SP polymers. This preliminary “model study” proves the viabil-
ity of the concept of incorporating the current SHAs into epoxy CFRPs.
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In this chapter, the effect of the SP interleaf on the mode I and mode II interlaminar fracture
toughness, as well as on LVI, CAI of CFRPs, and the provided healing capability was studied.
SP polymer interlayers were locally incorporated into the area that the crack is expected to
propagate. According to experimental results, it was shown that SP was able to considerably
enhance the mode I and mode II interlaminar fracture toughness of the composites laminates
through toughening and extended bridging. Characteristic example is GIC value that was
increased by more than one order of magnitude (1550%). These modified samples also
exhibited high fracture performance recovery after first fracture for both mode I and II
interlaminar fracture toughness. Potential knock-down effects on the in-plane properties of
these modified samples were assessed. 3PB experiments revealed that by the incorporation of
the SP interleaf into mid-thickness area, the ultimate stress (σult) value was significantly
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For the assessment of LVI behavior of CFRPs, SP prepregs were fabricated in order to the
incorporation of the SHA into the composite to be simplified. Samples containing SP prepregs
were examined under LVI and CAI tests and compared. Initially, it was shown that by the
incorporation of the SP into composites laminate, the compression properties of the CFRPs
were decreased. After LVI tests, samples containing SP prepregs exhibited higher resistance to
damage, if compared against the reference ones. Healing process revealed that SP SHA was
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not able to fully restore, even locally, the damage into the composite. Even though 100%
healing was not achieved, SP prepreg-modified samples exhibited slightly improved compres-
sion characteristics after healing cycle.
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Abstract

Properties of modern semiconducting transistors and future electron or quantum devices 
are essentially determined by single dopant atoms. How to precisely control the individ-
ual dopant position is one of the key factors to advance these technologies. In this chap-
ter, we first briefly introduce the research progress in single dopant devices. To fabricate 
single dopant devices at large scale, we then overview our previous propose to control 
the locations of single dopants by self-assembly of large molecules (polyglycerols) with 
each carrying one dopant atom. The synthesis process, doping properties, and challenges 
of the molecular doping technique will be thoroughly elaborated before we conclude this 
chapter.

Keywords: monolayer doping, dendrimer, dopant carriers, hyperbranched 
polyglycerols

1. Introduction

Dopants play an important role in electrical [1], optical [2], and other properties [3] of semi-
conductors. As the size of semiconducting devices scales down, the device functionality will 
be essentially determined by the property of a single dopant atom. In recent years, these sin-
gle atom devices such as single atom transistors [4] and atomic memory devices [5] have been 
demonstrated. The technology that can place dopants precisely at arbitrary locations is the 
key to electronics based on single dopant atoms. Although single atom devices have not com-
mercialized, the precise control of dopant locations is still important to today’s integrated cir-
cuits. For example, an ordered array of dopants in the channel of metal-oxide-semiconductor 
field-effect transistors (MOSFET) will help suppress the fluctuation of threshold voltage [6–8].

In 2005, Shinada et al. [6] reported that transistors based on uniformly distributed dopants 
were successfully developed by single ion implantation (SII) technique in which individual 
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ions were controlled by chopping a focused ion beam through an aperture. With this tech-
nique, a broad range of single ions such as B, Si, and P can be controlled individually. Indeed, 
for transistors based on dopants that are spatially distributed at a uniform pattern, the fluctu-
ation of threshold voltages is significantly suppressed, compared to those based on randomly 
distributed dopants by traditional ion implantation. In the meantime, an Australian research 
group developed a new “hydrogen lithography” technique to control single dopants. In 2012, 
this group first reported transistors based on a single P dopant atom. The “hydrogen-lithog-
raphy” technique is based on the removal of single hydrogen atom on the Si-H surface by 
scanning tunneling microscopy (STM). A single phosphine molecule will be self-assembled 
onto the Si dangling bond after the hydrogen is removed. In the end, the P atoms will be dif-
fused into the Si substrate by thermal annealing. Transistors based on single P atoms were 
fabricated and investigated. In addition, resistors based on a line of P dopants were also char-
acterized, showing that the Ohm’s law is still effective at atomic level [9].

However, these single dopant control techniques are time-consuming serial processes and 
will be inefficient for industry applications. How to control individual dopants at large scale is 
urgently needed for future electronics based on single dopant atoms. We previously proposed 
to control individual dopants at large scale by the self-assembly of molecules with each carry-
ing one dopant atom [10]. The substrate surface is patterned chemically by advanced lithog-
raphy so that the carrier molecules will be grafted onto the desired locations as designed. Due 
to the limitation of the today’s advanced lithography, the surface patterns are on an order of 
10 nm. Multiple molecules will be grafted onto each patterned area unless the molecule size is 
comparable to the surface pattern size. Clearly, large molecule carriers are required to control 
single dopants at large scale.

Dendrimers are a series of large molecules, the size of which can be controlled during synthesis. 
We previously synthesized dendrimers with a diameter of more than 10 nm [10]. Each den-
drimer carries only one P dopant. These dendrimers as dopant carriers can be self-assembled on 
the substrate. The dopants will be driven into silicon to form electrically active dopants by ther-
mal annealing. Although the dopants will diffuse in all directions during the annealing process, 
the rapid thermal annealing and other techniques, such as laser-based annealing process can 
limit the dopants in the ultra-shallow surface. In short, the dendrimer-based monolayer doping 
technique is potentially a promising approach to control individual dopants at large scale. This 
chapter is to review the potential application of dendrimers as single dopant carriers.

2. Atom control and devices design

As reported [6], deterministic dopants help suppress the fluctuation of threshold voltages in 
CMOS field-effect transistors. More importantly, individual dopant-related devices are also 
the frontier in the microelectronic field. For example, single atom transistor and single mag-
netic atom memory were demonstrated. In this section, we will briefly overview the single 
atom devices and related properties.

Xie et al. [11] firstly reported a single atom transistor (Figure 1) based on redox circles of the 
electrochemistry. To fabricate the device, a pair of Ag electrodes was etched to be in contact via 
a single Ag atom using AgNO3 and HNO3 mixture as the electrolyte. When the single Ag atom 
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contact was electrochemically oxidized, the circuitry would be in “off” state. As a reverse process, 
the circuitry can be in “on” state by reduction. Besides silver, Pb can be also made to single atom 
transistors by a similar method [12]. Moreover, Martin et al. [13] used the elastic properties of 
single atom relays and substrates to control single-atom switch in which the gate voltage can be 
performed to regulate the switch “on-off” state between the monatomic contact condition and the 
tunneling regime state. These works opened a new horizon to investigate atomic level switches, 
although the devices were made in electrolyte solution. However, one critical shortage of mona-
tomic contact-based transistor is the poor stability and repeatability of single atom contact in the 
“on-off” circles, which is of significant impact on the development and application in industry.

In 1998, Kane proposed [14] a new architecture of spin transistors made of single P atoms in 
silicon substrate (Figure 2), based on the well-developed Si:31P system in the past four decades. 
As known in semiconductor physics, phosphorus dopants as a donor-type of dopants in Si will 
provide free electrons with the wavefunction spreading out in the crystal lattice. The electron 
wave function of one P donor is also easily affected by the nuclear spin of another P donor. 
This nuclear-nuclear spin interaction mediated by electrons can be employed as an excellent 
approach to control the logical operation, because these hyperfine interactions can be controlled 
by gate voltages [15]. For the purified 28Si isotope bulk with P-doping, the outer electron of 
31P at low temperature (1.5 K) is unionized, and it can be ionized by external electric field, for 
example, metallic gate voltage. When 31P donor is under positive charge with 1/2 nuclear spin, 
the interaction range of electron wave function can extend tens of nanometers away from ion-
ized phosphorus nucleus, and the electron-mediated nuclear spin coupling can be observed by 
using electron spin-resonance spectroscopy (ESR). To perform this type of quantum calcula-
tions, there are three necessary parameters: modulation of the hyperfine interaction length by 
gate voltage, control of “on-off” states for single donor, and the resonance flipping of nuclear 
spins by global magnetic field. Pla et al. [16] reported the readout and control of 31P spin in Si 
with 99.8% fidelity. Vrijen et al. [17] presented in their work that Si/Ge epitaxial heterostructures 
were selected to control the single-phosphorus electron spin. Morton et al. [18] demonstrated 
a quantum memory by using 31P nuclear spin. However, the most important obstacle of spin-
based quantum computers is the short coherent time (less than 100 ms) at low temperature. It 
is caused by the 29Si isotope and the environment effect. It still needs more work to explore and 
optimize the testing condition to achieve a long coherent and dephase time.
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31P at low temperature (1.5 K) is unionized, and it can be ionized by external electric field, for 
example, metallic gate voltage. When 31P donor is under positive charge with 1/2 nuclear spin, 
the interaction range of electron wave function can extend tens of nanometers away from ion-
ized phosphorus nucleus, and the electron-mediated nuclear spin coupling can be observed by 
using electron spin-resonance spectroscopy (ESR). To perform this type of quantum calcula-
tions, there are three necessary parameters: modulation of the hyperfine interaction length by 
gate voltage, control of “on-off” states for single donor, and the resonance flipping of nuclear 
spins by global magnetic field. Pla et al. [16] reported the readout and control of 31P spin in Si 
with 99.8% fidelity. Vrijen et al. [17] presented in their work that Si/Ge epitaxial heterostructures 
were selected to control the single-phosphorus electron spin. Morton et al. [18] demonstrated 
a quantum memory by using 31P nuclear spin. However, the most important obstacle of spin-
based quantum computers is the short coherent time (less than 100 ms) at low temperature. It 
is caused by the 29Si isotope and the environment effect. It still needs more work to explore and 
optimize the testing condition to achieve a long coherent and dephase time.
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In the microelectronics industry, how to produce the large area density of bit information in 
memory devices is an important task [19]. Richard Feynman once said “all of the informa-
tion that man has carefully accumulated in all the books in the world, can be written… in a 
cube of material one two-hundredth of an inch wide” [20]. He used the cubic array 125 atoms 
(5 × 5 × 5 array) to store the information (one bit) [21], which is comparable to the data stor-
age in DNA (32 atoms for one bit). This sentence gives a glimpse into how to significantly 
improve the areal density of data storage down to atomic level. Afterward, using single mol-
ecules or nanotubes as basic unit to store information has been extensively explored, and the 
types of memory structures also have been extended to be more diversiform, for example, 
nanowire arrays [22]. However, the final goal of memory devices is to achieve the atomic 
level storage at room temperature [23]. To reach this goal, Feynman designed the atomic 
level memory bit structure [21], which is more efficient than classical CD-ROM storage as 
shown in Figure 3. These images were coded by Morse code, and this atomic level memory 

Figure 3. Comparison of atomic memory with CD-ROM (Ref. 21).

Figure 2. 31P nuclear-spin-based single atom transistor (Ref. 14).
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significantly improves the capacity for per area. To achieve this final goal, it is the key to 
develop a technology that can place individual dopants at specific sites at a large scale.

Recently, Kalff et al. [24] reported the kilobyte rewritten atomic memory devices. In their work, 
the chlorine self-assembled atomic layer was first prepared on the Cu(100) surface, and then 
scanning tunneling microscope (STM) was used to control the vacancy of chlorine on the copper 
surface. An array of 12 × 12 atoms as the basic memory unit was created, and the ASCII code 
was used to encode the characters on the copper surface. These memory units can operate at 
77 K, and were used to write the Feynman’s lecture “There’s plenty of room at the bottom.” The 
authors successfully used the vacancy of atoms to encode the byte information, and the memory 
volume is significantly improved to 1016 bytes, the area density of which achieved to 0.778 bits 
nm−1. Moreover, Schirm et al. [23] reported the current-driven single atom memory by changing 
the “on-off” state to code the information. Maze et al. [25] demonstrated the individual electronic 
spin state in the diamond to code information. Clearly, the fabrication of atomic memory devices 
needs the precise control of the atom positions to code information bit by bit (Figure 4).

Figure 4. Hopping mechanism of chloride atom vacancy on the chlorinated copper surface (Cu < 100>) (Ref. 24). (a) 
Theoretical atomic structure near a vacancy by density function theory (DFT). Cl atom, Cu atom. (b) Theoretical height 
profile and potential energy of Cl atom in a switch circle. (c) STM images of consecutive process. (d) Measured tip height 
in a successful and unsuccessful manipulation.
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significantly improves the capacity for per area. To achieve this final goal, it is the key to 
develop a technology that can place individual dopants at specific sites at a large scale.

Recently, Kalff et al. [24] reported the kilobyte rewritten atomic memory devices. In their work, 
the chlorine self-assembled atomic layer was first prepared on the Cu(100) surface, and then 
scanning tunneling microscope (STM) was used to control the vacancy of chlorine on the copper 
surface. An array of 12 × 12 atoms as the basic memory unit was created, and the ASCII code 
was used to encode the characters on the copper surface. These memory units can operate at 
77 K, and were used to write the Feynman’s lecture “There’s plenty of room at the bottom.” The 
authors successfully used the vacancy of atoms to encode the byte information, and the memory 
volume is significantly improved to 1016 bytes, the area density of which achieved to 0.778 bits 
nm−1. Moreover, Schirm et al. [23] reported the current-driven single atom memory by changing 
the “on-off” state to code the information. Maze et al. [25] demonstrated the individual electronic 
spin state in the diamond to code information. Clearly, the fabrication of atomic memory devices 
needs the precise control of the atom positions to code information bit by bit (Figure 4).

Figure 4. Hopping mechanism of chloride atom vacancy on the chlorinated copper surface (Cu < 100>) (Ref. 24). (a) 
Theoretical atomic structure near a vacancy by density function theory (DFT). Cl atom, Cu atom. (b) Theoretical height 
profile and potential energy of Cl atom in a switch circle. (c) STM images of consecutive process. (d) Measured tip height 
in a successful and unsuccessful manipulation.
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The field-effect transistors (FETs) are the workhorse of the microelectronics industry [26]. 
A decade ago, the channel lengths of FETs were at micrometer level, and the fluctuation of 
dopants in the bulk device has nearly no impact on the threshold voltage [27, 28]. When the 
gate length of MOSFET is only ~10 nm, the active channel region of devices will only con-
tain several dopants, and the fluctuation in dopant number will generate much stronger ran-
dom telegraph noise than the average threshold voltage [29], [30]. Ohdomari group reported 
the phosphorus dopant array [6], As dopant array [31], and other dopants [32] in the silicon 
devices. It was found that the fluctuation of dopants increases the threshold voltage variation 
significantly (Figure 5), making the circuitry consisting of these transistors less reliable. This 
effect will be exacerbated as the transistor size continues to scale down [33]. Consequently, 
how to precisely control the positions of individual impurities is critical to the reproducibility 
and reliability of MOSFET circuits.

In conclusion, the individual dopant control is a key to quantum devices. The STM-based 
atom control and single ion implantation does not meet the industry demand for large-scale 
fabrication. From the engineering point of view, it is required to develop technologies that can 
precisely control individual dopants at a large scale.

3. Molecular monolayer doping

Thermal diffusion and ion implantation are the two main doping techniques that are widely 
used to introduce impurities into semiconductors [34]. By thermal diffusion, the concentra-
tion and profile of dopants follow the diffusion equation, which is determined by diffusion 

Figure 5. Histograms of voltage shift of (a) ordered array and (b) conventional random dopant distribution (Ref. 31).
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time, temperature, and diffusivity of dopants [35]. The advantage of thermal diffusion is low 
cost, but it is difficult to obtain shallow junctions due to the fact that dopants are required 
to be activated at high temperature [36]. The high activation temperature in turn pushes the 
dopants further into the substrate. Ion implantation and rapid thermal annealing were cre-
ated to decouple the dopant activation and thermal diffusion of dopants. The depth of dop-
ants is controlled by acceleration voltage and the dopants are activated by rapid annealing 
temperature. The thermal annealing is accomplished in seconds so that the thermal diffusion 
of dopants is negligible. Unfortunately, the high-energy ion beam will create a lot of damages 
to the crystalline lattice [37], which not only amorphizes the silicon surface but also induces 
defects in bulk.

In 2008, Ho et al. [38] reported that the molecular monolayer doping is a potential method to 
resolve these issues. The monolayer doping protocol consists of two major steps: molecular 
monolayer formation by hydrosilylation process with dopant-carried precursor molecules 
(dopant carriers), and rapid thermal annealing (RTA) with a capping layer to block the out-
diffusion of dopants. In the first step of self-assembled monolayer on the silicon surface, the 
density of dopant is determined by the coverage of dopant carrier and molecular size (or 
footprint). The monolayer is then capped by a thin SiO2 layer. In the end, dopants are dif-
fused into the silicon shallow surface by RTA process. Through analysis of monolayer doping 
results under different annealing conditions, the authors found that the depth of diffusion 
and amount of dopants are determined by both annealing time and temperature [39]. By care-
fully controlling these parameters, the ultra-shallow junctions were obtained [39].

Since the monolayer doping protocol had been reported, several critical dopants including 
As, N, Sb, and Bi were performed to control the electronic properties of semiconductor sub-
strate. Here, we would like to discuss in detail the development of monolayer doping in the 
last decade by different aspects, for example, dopant elements, doping parameters control, 
and III-V group substrate doping.

a. Dopant elements in monolayer doping

The natural feature of monolayer doping is dopant thermal diffusion, which is originated 
from precursor molecules on the surface. Silicon is the primary semiconductor material for 
modern microelectronic industry. Silicon is doped to be n-type by Group V elements and 
p-type by Group III elements. In Ho’s work [38], it was found that the area density of boron 
is lower than phosphorus, which is caused by significant out-diffusion of boron in SiO2 cap-
ping layer.

Arsenic is also an important donor-type dopant for silicon semiconductor [40]. O’Connell 
et al. [41] reported that As dopants were introduced into silicon surface by using triallylar-
sine (TAA) molecules which contain three unsaturated C=C bond. As shown in Figure 6, the 
As-carrying molecules were first anchored on the silicon surface, and As elements were then 
diffused into the silicon surface with the protection of a capping layer by annealing process. 
The surface doping concentration reaches to ~2 × 1020 cm−3, and the diffusing depth is ~120 nm 
after rapid thermal annealing at 1050°C for 5 s. To investigate the electronic properties after 
doping process, the authors used a “four point probe test structure” to measure I-V curves 
for nanowires with different width. The results show that the nanowire conductance is lin-
early dependent on the nanowire width, implying that the doping is uniform. Moreover, the 
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time, temperature, and diffusivity of dopants [35]. The advantage of thermal diffusion is low 
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to be activated at high temperature [36]. The high activation temperature in turn pushes the 
dopants further into the substrate. Ion implantation and rapid thermal annealing were cre-
ated to decouple the dopant activation and thermal diffusion of dopants. The depth of dop-
ants is controlled by acceleration voltage and the dopants are activated by rapid annealing 
temperature. The thermal annealing is accomplished in seconds so that the thermal diffusion 
of dopants is negligible. Unfortunately, the high-energy ion beam will create a lot of damages 
to the crystalline lattice [37], which not only amorphizes the silicon surface but also induces 
defects in bulk.
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monolayer formation by hydrosilylation process with dopant-carried precursor molecules 
(dopant carriers), and rapid thermal annealing (RTA) with a capping layer to block the out-
diffusion of dopants. In the first step of self-assembled monolayer on the silicon surface, the 
density of dopant is determined by the coverage of dopant carrier and molecular size (or 
footprint). The monolayer is then capped by a thin SiO2 layer. In the end, dopants are dif-
fused into the silicon shallow surface by RTA process. Through analysis of monolayer doping 
results under different annealing conditions, the authors found that the depth of diffusion 
and amount of dopants are determined by both annealing time and temperature [39]. By care-
fully controlling these parameters, the ultra-shallow junctions were obtained [39].

Since the monolayer doping protocol had been reported, several critical dopants including 
As, N, Sb, and Bi were performed to control the electronic properties of semiconductor sub-
strate. Here, we would like to discuss in detail the development of monolayer doping in the 
last decade by different aspects, for example, dopant elements, doping parameters control, 
and III-V group substrate doping.

a. Dopant elements in monolayer doping

The natural feature of monolayer doping is dopant thermal diffusion, which is originated 
from precursor molecules on the surface. Silicon is the primary semiconductor material for 
modern microelectronic industry. Silicon is doped to be n-type by Group V elements and 
p-type by Group III elements. In Ho’s work [38], it was found that the area density of boron 
is lower than phosphorus, which is caused by significant out-diffusion of boron in SiO2 cap-
ping layer.

Arsenic is also an important donor-type dopant for silicon semiconductor [40]. O’Connell 
et al. [41] reported that As dopants were introduced into silicon surface by using triallylar-
sine (TAA) molecules which contain three unsaturated C=C bond. As shown in Figure 6, the 
As-carrying molecules were first anchored on the silicon surface, and As elements were then 
diffused into the silicon surface with the protection of a capping layer by annealing process. 
The surface doping concentration reaches to ~2 × 1020 cm−3, and the diffusing depth is ~120 nm 
after rapid thermal annealing at 1050°C for 5 s. To investigate the electronic properties after 
doping process, the authors used a “four point probe test structure” to measure I-V curves 
for nanowires with different width. The results show that the nanowire conductance is lin-
early dependent on the nanowire width, implying that the doping is uniform. Moreover, the 
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cross-sectional transmission electron microscopy (TEM) confirmed that this organic arsenic 
monolayer doping process will not introduce the lattice damages or crystal defects into the 
nanowire crystal structure. These results are consistent with other literature reports, such as 
Ang et al. reported [42] the 300 mm level monolayer doping on FIN structure without crystal 
damage-free.

Another Group V element, nitrogen, is not often used to dope silicon. As reported, nitro-
gen can decrease the defects and dislocation of silicon crystal, and increase the mechanical 
strengthen of silicon [43]. Nitrogen as n-type dopants in silicon has two energy levels at 0.28 
and 0.19 eV [44]. However, there is no literature to report the role of nitrogen co-doping 
with phosphorus in silicon, in particular for the interaction between two dopants. Our group 
found that nitrogen dopants retard the electrical activity of phosphorus when co-doped with 
phosphorus via monolayer doping process [45]. As shown in Figure 7, nitrogen elements 
were introduced into the silicon surface by Boc-allylamine or P-N bond with phosphorus. 
10-undecenoic molecules that contain the same length of carbon chain were used as a con-
trol. Van der Pauw measurements indicate that the sheet resistance of nitrogen-doped silicon 
is ~35.6 kΩ, close to the sheet resistance of the N and P co-doped samples. The profile of P 
and N dopants in the samples is retrieved by secondary ion mass spectroscopy (SIMS) [46]. 
However, the sheet resistances are not consistent with SIMS data on the assumption of full 
activation of P dopants, although high activation rates for P dopants in silicon introduced by 
monolayer doping were reported [39]. To further explore the mechanism of dopants interac-
tion, low temperature Hall measurements were employed to obtain the concentration of dop-
ants that are electrically active. It was found that nitrogen is the key factor to explain these 

Figure 6. Schematic protocol of organic arsenic monolayer doping process (Ref. 45).
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results. When nitrogen was co-doped with phosphorus into silicon, some kind of nitrogen-
phosphorus complex entities will form, retarding the electrical activation of phosphorus to 
~1%. These results indicate that nitrogen dopants should be avoided to achieve a high activa-
tion rate of phosphorus by monolayer doping, although the dopant-carrying molecules that 
contain nitrogen were used in micelles discrete doping process by Popere et al. [47] and anti-
oxidation surface with “click” cycloaddition by O’Connell et al. [48].

Most monolayer doping processes were performed on the oxide-free Si-H surface. However, 
the hydrogen-passivated Si surface must be prepared in the glovebox or Schlenk line system, 
because of the low stability of Si-H in ambient environment and the resultant poor quality 
of self-assembled monolayer [49]. If the monolayer doping process can be performed on the 
thin oxide layer of silicon surface, it will simplify the monolayer doping process and find 

Figure 7. Nitrogen-containing molecule monolayer doping protocol. The small molecules containing nitrogen were 
anchored on the Si-H surface through the UV initiating method (Ref. 45).
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the hydrogen-passivated Si surface must be prepared in the glovebox or Schlenk line system, 
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more applications on the silicon devices. Hydrogen silsesquioxane, so-called HSQ as e-beam 
resist [50], is a series of inorganic Si-O framework compounds with a cubic cage structure. 
The cage rearrangement will be performed by reacting with phosphoric acid at the Si-O-Si 
bridge of cage structure [51]. Alphazan et al. reported that polyhedral oligomeric silsesqui-
oxane (POSS) (Figure 8) carrying phosphorus was grafted onto the oxide-passivated silicon 
surface [52]. The POSS molecules were synthesized by substitution of phosphoric acid at one 
site of POSS cage. As shown in Figure 8, the POSS molecules were grafted onto the thin oxide 
layer through the new Si-O-Si bond formation, and POSS with Si-O framework also can be 
treated as the capping layer instead of coating with an extra SiO2 layer in the aforementioned 
doping protocol. The dopants successfully diffused into the silicon surface, and the thin SiOx 
layer (0.7 nm) has little impact on the doping process. In addition, this POSS-based monolayer 
doping on the oxide surface was also used to dope other elements such as antimony in the 
SiO2 [53] and Ge substrates [54].

In addition to the applications in nanowire and Fin-structure doping, highly ordered nanopat-
tern doping is another potential application for monolayer doping. In fact, the combination 
of monolayer doping and nanoimprint lithography is a powerful approach to obtain ordered 
doping patterns. Based on this technique, Voorthuijzen et al. [55] reported two different proto-
cols to attain doped micro-belts by monolayer doping with or without pre-surface monolayer 
modification process, as shown in Figure 9. For the protocol with pre-surface modification, 
the extra monolayer will be completely removed by O2 RIE process, while the residual mono-
layer is under the protection of lithography resist. After RTA process, TOF-SIMS clearly shows 
the large-scale doping region, indicating that nanoimprint-controlled monolayer doping with 
ordered patterns is efficient. Moreover, Taheri et al. [56] further improved the monolayer pat-
tern doping method by gas-phase monolayer doping, which can achieve smaller doping belt 
(~2 μm) than nanoimprint-based monolayer pattern doping (~100 μm). The silicon sample 
with e-beam-lithographic pattern was put into the reactor with gas-phase molecules to obtain 
the monolayer absorption under a temperature of ~120°C. The gas-phase molecules with 
unsaturated bonds form stable covalent bonds as the molecules are grafted onto the Si sub-
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To sum up, we find that the monolayer doping is a potential doping technology for 3D 
nanodevices at low cost. Owing to the well-developed organic synthesis methods, many dop-
ants can be introduced to different substrates. Nevertheless the monolayer doping process is 
still under development. More research work is needed on its application particularly in the 
COMS doping process. [57]

Figure 9. Nanoimprint monolayer doping protocol (Ref. 55). (A) Pattern formation of self-assembled monolayer after 
nanoimprint process. (B) Pattern formation using nanoimprint and RIE etching. NIL, nanoimprint lithography.
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b. Doping concentration control by monolayer doping

Besides the kinds of dopants, the doping concentration is another important factor for the 
device performance. In Ref. [38], the authors explored the impact of thermal temperature 
and annealing time on the area doping dose. The control of doping concentration can be also 
achieved by tuning the molar ratio of dopant-containing molecules and the neutral molecules 
that do not carry any dopant atoms. The dopant-containing molecules and the neutral mol-
ecules are structurally similar, as a result of which similar chemical reactions will occur in the 
self-assembly process. After the same rapid thermal annealing (RTA) process, the dopant dose 
show the linear correlation between the rise in sheet resistance and the mixing molar ratio 
of the dopant-containing molecules to neutral molecules. For example, as the mixing ratio 
increases from 1:5 to 1:20, the sheet resistance increases from 5 to 20 folds.

Ye et al. [58] studied in detail how to control the area doping dose by tuning the mixing ratio 
of the dilution reagent (1-undecene) and dopant precursors (diethyl vinylphosphonate), as 
shown in Figure 10. After the molecules were grafted to the Si substrate surface, X-ray photo-
electron spectroscopy (XPS) was employed to investigate the surface chemistry. The electron 
energy for different carbon component (C-O vs. C-C, for instance) is different as expected. 
For example, diethyl vinylphosphonate has two C-O bonds per molecule whereas only C-C 
bounds exist in the dilution reagent 1-undecene. The ratio of different carbon bonds from XPS 
allows the authors to derive the ratio of the dilution reagent and dopant precursors that are 
immobilized on the Si surfaces. As the mixing ratio of dopant precursors increases, the sheet 
resistance of doped silicon samples significantly decreases. Surprisingly, the surface doping 
dose is dependent on the mixing ratio in a monomial (instead of linear) correlation as shown 
in D-SIMS measurements. This phenomenon can be attributed to the difference in reaction 
efficiency between dopant precursor and diluting reagent.

As mentioned previously, one critical disadvantage of boron monolayer doping is the low 
doping efficiency (~33%) [38] due to the high diffusivity of boron in SiO2. The SiO2 capping 
layer can effectively block the out-diffusion of phosphorus but less efficiently for boron dop-
ants. This results in a lower doping concentration of boron in silicon. To improve the B dop-
ing concentration, one possible solution is to increase the number of boron atoms that each 
molecule carries. For instance, organoboron or carborane compounds contain a larger amount 
of boron atoms than the ordinary precursors such as allylboronic acid, pinacol ester, and 
ABAPE [59]. Ye et al. [60] reported that 10-boron carborane (Figure 11) was used as the doping 
precursor to improve the boron doping concentration. The resultant area doping dose reaches 
~3 × 1013 cm−2, which is almost 20 times higher than the dose introduced by ABAPE although 
the number of boron atoms per molecule is only 10 times higher. This is because the footprint 
of the carborane is relatively smaller when compared to the latter. Clearly, dopant atoms for 
per footprint area are the critical parameter for doping dose control.

Besides the high area doping dose, the discrete doping also can be prepared by suitable dopant 
precursors. Micelles, which are micro- or nanoscale globular particles, are prepared by amphi-
philic block co-polymers and can carry several guest molecules at the core region. The size selec-
tion of micelles is achieved by centrifuging the samples at different speed [61]. Popere et al. [62] 
reported that micelles, which were formed by copolymer polystyrene-block-poly(4-vinylpyridine) 
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(PS-b-P4VP), carried the dopant precursor molecules to prepare the discrete doping. Before the 
monolayer doping process, the surface morphology was characterized by AFM, confirming that 
a compact self-assembled film consists of the micelle particles. To check the dopants distribution, 
the core part of micelles was replaced by HSbF6 which can be directly observed by transmission 
electron microscopy (TEM). After the monolayer doping process, the discrete distribution of dop-
ants was indirectly confirmed by TEM.

c. Monolayer doping on III-V semiconductors

Group III-V compounds are direct bandgap semiconductors and often have a much higher 
electron mobility than silicon [63]. These semiconductors are widely used as light emitting 
devices (LEDs), lasers, and high-speed transistors. Sulfur is often used as the n-type dopants. 
For the molecular monolayer doping on Group III-V semiconductors, most attention focuses 

Figure 10. Mixing method to control doping concentration (Ref. 58).
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on how to obtain high uniform vertical doping profile, for fin structure in particular [64]. The 
conformal nature of self-assembled monolayers provides the possibility to obtain a uniform 
doping profile for three dimension structures. Loh et al. [65] reported that sulfur-contained 
inorganic salts (for example, sulfate and sulfite) were applied to dope the InAsGa thin layer. 
It was found that oxygen atoms in the dopant carrier molecules are of great impact on the 
doping dose. Cho et al. [66] reported later that sulfur was introduced to dope InP. Ho et al. [67] 

Figure 12. Monolayer doping protocol for group III-V semiconductors (Ref. 68).

Figure 11. Carborane-based monolayer doping protocol (Ref. 60). (a) Schematic of monolayer doping process. (b) 
Molecular structure of related-carborane molecules.
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reported that ammonium polysulfide was used to dope InAs. To improve the doping dose, 
Yum et al. [68] used a compact capping layer (Figure 12) to obtain the higher S doping dose 
(1.34 × 1013 cm−2), which is 3 times higher than the previous reports [38]. The knowledge on 
the molecular monolayer doping on III-V semiconductors is still limited although quite some 
research works have been conducted on this topic.

d. Impact of other unwanted elements on monolayer doping process

In the self-assembled monolayer doping protocol, the precursors play the essential role to 
introduce the dopants. However, the dopant precursor molecules also contain other elements 
such as carbon, oxygen, and hydrogen. These elements other than the desired dopants may 

Figure 13. (A) Fabricated specimen by FIB technique. (B) Schematic of APT technique. (C) Elemental distribution of silicon 
sample annealed by 800 ℃ and 1025 ℃ (D), respectively.
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have undesired impacts on the electrical properties of the doped devices. Shimizu et al. [69] 
studied the distribution of carbon and other inorganic moieties such as CO, SiO, and O. Laser-
assisted atom probe tomography (ATP) was employed to measure the elemental distribution 
profile. The unwanted diffusion of C- and O-related molecules is revealed, showing that the 
diffusion of C and O is only limited to the first few atomic layers near the surface. Moreover, 
the Ar + ion etching results in a different work [70] also indicates the SiC moiety mostly 
located in the ultra-shallow depth underneath the surface.

However, the effect of unwanted impurities introduced by the monolayer doping process 
still remains largely unexplored, in particular for carbon and oxygen impurities. In 1960s and 
1970s, carbon and oxygen impurities in silicon were the major challenge to develop high-per-
formance integrated circuits. Only when the carbon and oxygen impurities in silicon reduced 
to a level of 1015 cm−3 or lower have an era of microelectronics opened. The molecular mono-
layer doping technique is a promising low-cost doping technique that may potentially replace 
the traditional ion implantation technology. But it would not happen unless the unwanted 
carbon and oxygen impurities are removed from the doping process (Figure 13).

4. Structural features of dendrimers and dendrimer monolayers

Dendrimers are a series of dendritic molecules containing a core and repeating units. In the 
past 30 years, the processes for dendrimer synthesis have been well developed. Various den-
drimers with different chemical characteristics were synthesized including poly-(amidoamine) 
with multiple amine-terminated groups [71], polyglycerols with polyetheric chains and 
hydroxyl groups [72], and silane dendrimers with carboxyl groups [73]. It is relatively easy 
to synthesize the dendrimers that carry dopant atoms such as phosphorus, sulfur, nitrogen 
or even iron [74] in addition to carbon, oxygen, and hydrogen. Therefore, dendrimers can be 
potentially used as precursor molecules for monolayer doping.

Due to their symmetric structure, dendrimers are often in a globular form [75], as shown 
in Figure 14. Previously, we mentioned that periodic discrete doping was achieved by self-
assembled micelles. Except for the difference in particle size, dendrimer and micelles are 
similar in several aspects. For instance, both have moderately rigid structures and their core 
is both designable. Logically, dendrimers can also be used as dopant precursors or carriers 
to create discrete doping. In the following, we will discuss in detail the dendrimer synthesis 
methods and immobilization of dendrimers on silicon surfaces for doping.

According to the literature reports [76], the synthesis strategy of dendrimers can be classi-
fied as divergent and convergent growth method as shown in Figure 15. In Figure 15a, the 
divergent growth method is initiated from the active sites of core part [77], which is synthe-
sized step-by-step and can obtain the unique molecular weight, such as the highest reported 
generations (G10) of PAMAM [78]. Another approach is the convergent assembly of well-
defined branches to the core [79]. The convergent approach is to generate dendrons which 
are catenated to the core structure, as shown in Figure 15b. It provides a way to control 
molecular structures and obtain a faster synthesis speed owing to fewer coupling steps and 
the ability of precisely functionalizing specific growing sites. However, the molecular weight 
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Figure 14. Dendrimer structure containing core and branched units.

Figure 15. Divergent (a) and convergent growth (b) of dendrimers synthesis.
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of dendrimers by convergent methods is smaller than by divergent growth, which is caused 
by the crowding environment around the core molecules [80]. By using dendrimers as sin-
gle dopant carriers, it is necessary to ensure that each dendrimer carries only one dopant 
and the molecular weight is easily controlled from low to high by conventional approaches. 
Although the convergent method can provide a controlled parallel synthesis route with 
fewer steps, only the divergent growth can provide a broad range of molecular weight. As 
a result, we selected the divergent approach as the basic synthesis strategy to generate the 
dopant carriers.

Polyglycerols are dendrimers in the simplest form. The basic molecular skeleton of polyglyc-
erols is polyetheric chains, and the monomers only contain carbon, oxygen, and hydrogen 
which are not electrically active in silicon. The excellent water solubility allows polyglycerol 
molecules to be purified to the CMOS grade using the conventional dialysis in deionized 
water. In our opinion, polyglycerols are potentially an ideal candidate as dopant carriers.

Depending on the molecular degree of branching, polyglycerols can be classified as den-
dritic and hyperbranched structures [81]. Dendritic polyglycerols is normally synthesized 
by the divergent method, as shown in Figure 16 [72]. The main synthesis steps contain the 
substitution of 2-propenyl group and formation of vicinal diol moiety by oxidation process 
(i.e., oxidized by using K2OsO4). This synthesis strategy is time-consuming, but the dendritic 
structure of products is well-defined with unique molecular weight. However, the substitu-
tion efficiency decreases as the generation increases. The highest generation with fully den-
dritic is 5 [82], indicating that it is impossible to synthesize dendritic polyglycerols with very 
high molecular weight. Unlike time-consuming synthesis of dendritic polyglycerols, hyper-
branched polyglycerols (hbPGs) are synthesized by self-polymerization of glycidol monomers 
at initiating sites. To overcome the drawbacks of the wide molecular weight distribution and 
the uncontrollable polymerization when using base reagents in earlier studies [83], Sunder 
et al. [84] performed the anionic ring-opening polymerization to obtain the controlled glycidol 
self-polymerization process, in which the slow addition strategy is adapted to attain a narrow 
molecular weight distribution. The reported hbPGs molecular weight is typically ranged from 
1 to ~7 kDa. The particularly high molecular weight hbPGs can reach up to approximately 
25 kDa via the two-step strategy based on the pre-synthesis low molecular weight hbPGs 
[85]. Meanwhile, Kainthan et al. [86] took a different strategy to obtain high molecular weight 
hbPGs in which dioxane was used as the emulsifying reagent with similar addition strategy. 
The SEC/MALLS results showed that the molecular weight of hbPGs can achieve to ~700 kDa 
with low polydispersities (PDI = 1.1–1.3). Besides the synthesis strategy, polyglycerols were 
synthesized with various initiating cores including tris(hydroxymethyl)-propane [84], gra-
phene [87], and SiO2 particles [88], implying that hbPGs molecules also can carry different 
dopants, such as phosphorus, nitrogen, boron, arsenic, iron or even rare earth elements.

Besides the synthesis of polyglycerols as dopant carriers, the graft of polyglycerols onto the 
substrate surface is another important step for monolayer doping process. Molecules or par-
ticles can be grafted onto the solid surface via physical absorption by Van de Waals force, 
electrostatic interaction or covalent bonds [89]. The physical absorption is weak and the elec-
trostatic interaction is not specific, which, as a result, are not suitable for dopant control. The 
self-assembly via covalent bonds can generate a stable film for further modification, which 
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is suitable for doping control. In particular, it has been demonstrated that the patterned self-
assembled monolayer or ordered lithography patterns with monolayer films can provide 
ordered and discrete doping patterns [47, 55].

Depending on the order of polymerization and grafting, the graft of polymers can be classi-
fied “grafting to” and “grafting from” approaches [90]. As shown in Figure 17, the “grafting to” 
method is to immobilize pre-synthesized polymers or macromolecules onto solid surface. The 
“grafting from” method is to polymerize on functional surfaces [91]. Ordinary amino-termi-
nated dendrimers are often anchored by covalent bonds with carboxyl groups. For example, 
Mark et al. [92] reported in Figure 18 that the gold surface was firstly modified by AUT and 
bis-[sulfosuccinimidyl]suberate molecules through Au-S bonds. Then, through the activated 
carboxyl by NHS, the G4 dendrimer can be bonded to the carboxyl group by formation of 
amide bonds.

Polyglycerols contains a large amount of hydroxyl groups mostly located at the molecular 
surfaces. These hydroxyl groups in return can be modified by other functional groups such as 
disulfide to bind to gold surface [93]. Although there are few reports on applying the “graft-
ing to” method on silicon surfaces, the well-developed silicon surface chemistry can provide 
some feasible resolutions to graft hbPGs molecules to, for example, carboxyl-functionalized 
or halogen-terminated silicon surfaces [49].

Briefly in this section, we discussed in detail the possibility of using molecules as the potential 
dopant carriers, and the grafting methods of these molecular dopant carriers.

Figure 16. Synthesis flowchart of PG dendrons by substitution and oxidation process (Ref. 72).
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which are not electrically active in silicon. The excellent water solubility allows polyglycerol 
molecules to be purified to the CMOS grade using the conventional dialysis in deionized 
water. In our opinion, polyglycerols are potentially an ideal candidate as dopant carriers.

Depending on the molecular degree of branching, polyglycerols can be classified as den-
dritic and hyperbranched structures [81]. Dendritic polyglycerols is normally synthesized 
by the divergent method, as shown in Figure 16 [72]. The main synthesis steps contain the 
substitution of 2-propenyl group and formation of vicinal diol moiety by oxidation process 
(i.e., oxidized by using K2OsO4). This synthesis strategy is time-consuming, but the dendritic 
structure of products is well-defined with unique molecular weight. However, the substitu-
tion efficiency decreases as the generation increases. The highest generation with fully den-
dritic is 5 [82], indicating that it is impossible to synthesize dendritic polyglycerols with very 
high molecular weight. Unlike time-consuming synthesis of dendritic polyglycerols, hyper-
branched polyglycerols (hbPGs) are synthesized by self-polymerization of glycidol monomers 
at initiating sites. To overcome the drawbacks of the wide molecular weight distribution and 
the uncontrollable polymerization when using base reagents in earlier studies [83], Sunder 
et al. [84] performed the anionic ring-opening polymerization to obtain the controlled glycidol 
self-polymerization process, in which the slow addition strategy is adapted to attain a narrow 
molecular weight distribution. The reported hbPGs molecular weight is typically ranged from 
1 to ~7 kDa. The particularly high molecular weight hbPGs can reach up to approximately 
25 kDa via the two-step strategy based on the pre-synthesis low molecular weight hbPGs 
[85]. Meanwhile, Kainthan et al. [86] took a different strategy to obtain high molecular weight 
hbPGs in which dioxane was used as the emulsifying reagent with similar addition strategy. 
The SEC/MALLS results showed that the molecular weight of hbPGs can achieve to ~700 kDa 
with low polydispersities (PDI = 1.1–1.3). Besides the synthesis strategy, polyglycerols were 
synthesized with various initiating cores including tris(hydroxymethyl)-propane [84], gra-
phene [87], and SiO2 particles [88], implying that hbPGs molecules also can carry different 
dopants, such as phosphorus, nitrogen, boron, arsenic, iron or even rare earth elements.

Besides the synthesis of polyglycerols as dopant carriers, the graft of polyglycerols onto the 
substrate surface is another important step for monolayer doping process. Molecules or par-
ticles can be grafted onto the solid surface via physical absorption by Van de Waals force, 
electrostatic interaction or covalent bonds [89]. The physical absorption is weak and the elec-
trostatic interaction is not specific, which, as a result, are not suitable for dopant control. The 
self-assembly via covalent bonds can generate a stable film for further modification, which 
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is suitable for doping control. In particular, it has been demonstrated that the patterned self-
assembled monolayer or ordered lithography patterns with monolayer films can provide 
ordered and discrete doping patterns [47, 55].

Depending on the order of polymerization and grafting, the graft of polymers can be classi-
fied “grafting to” and “grafting from” approaches [90]. As shown in Figure 17, the “grafting to” 
method is to immobilize pre-synthesized polymers or macromolecules onto solid surface. The 
“grafting from” method is to polymerize on functional surfaces [91]. Ordinary amino-termi-
nated dendrimers are often anchored by covalent bonds with carboxyl groups. For example, 
Mark et al. [92] reported in Figure 18 that the gold surface was firstly modified by AUT and 
bis-[sulfosuccinimidyl]suberate molecules through Au-S bonds. Then, through the activated 
carboxyl by NHS, the G4 dendrimer can be bonded to the carboxyl group by formation of 
amide bonds.

Polyglycerols contains a large amount of hydroxyl groups mostly located at the molecular 
surfaces. These hydroxyl groups in return can be modified by other functional groups such as 
disulfide to bind to gold surface [93]. Although there are few reports on applying the “graft-
ing to” method on silicon surfaces, the well-developed silicon surface chemistry can provide 
some feasible resolutions to graft hbPGs molecules to, for example, carboxyl-functionalized 
or halogen-terminated silicon surfaces [49].

Briefly in this section, we discussed in detail the possibility of using molecules as the potential 
dopant carriers, and the grafting methods of these molecular dopant carriers.

Figure 16. Synthesis flowchart of PG dendrons by substitution and oxidation process (Ref. 72).
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5. Dendrimer-based monolayer doping

hbPGs is an ideal potential candidate as dopant carriers. The molecular size can be readily 
controlled and the number of dopants that the molecule carries can be precisely tuned. In 
addition, the unique polymerization process allows the molecules to carry different kinds of 
dopants. Phosphorus is n-type dopants in silicon [4]. Several research groups have reported 
the atomic devices based on single phosphorus dopants [4].

Figure 18. PAMAM G4 was anchored to the carboxyl-terminated gold surface (Ref. 92).

Figure 17. Flowchart of “grafting to” and “grafting from.” In figure, X is functional group, and A is initiating site.
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Recently, we reported on using hyperbranched polyglycerols (hbPGs) as the phosphorus car-
riers [10]. The hbPGs were synthesized through the ring-open multibranching polymerization 
with (tri(4-hydroxylphenyl)phosphine oxide) which is the initiating core. To graft hbPGs onto 
silicon surfaces, the hydrogen-terminated silicon surfaces were modified with 10-undecenoic 
acid molecules. The hbPGs were anchored by a process shown in Figure 19 during which 
ester bonds are formed. After the rapid annealing process, the phosphorus dopants were dif-
fused into a shallow depth underneath the surface (~100 nm) and the areal dose of dopants is 
approximately 1.64 × 1011 cm−2 with a surface doping concentration of ~1017 cm−3. According 
to the empirical equation [38], the experimental sheet resistance (Rs) would be close to the 
sheet resistance Rs predicated by SIMS results. However, the actual activation rate evalu-
ated by low temperature Hall measurement is unexpectedly low (~7%) by comparing the 
electrically active phosphorus dopants with the total phosphorus elements. As our group 
previously reported [45], nitrogen is one of the factors to retard the activation of phosphorus 
by forming N-P complex. We believe that the observed low ionization rate is due to nitrogen 
contamination introduced by coupling reagents (DCC and DMAP) in the reaction process. 
The XPS full survey and narrow scan also confirmed the nitrogen contamination. Although 
the final doping efficient of phosphorus is lower than expectation, this protocol confirmed 
that it is feasible to use dendrimer-like hbPGs molecules as dopant carriers.

Clearly, a nitrogen-free doping process is a must to obtain the highly efficient doping proto-
col. In the following experiments, we will perform the nitrogen-free and one-step self-assem-
bled monolayer process, which will help us to explore the impact of other elements on the 
doping efficiency.

Although oxygen and carbon do not electrically dope silicon, they form defects which lower 
the ionization rate of electrically active dopants by trapping electrons [94]. In the previous stud-
ies, different types of carbon-related defects were successfully observed by using deep level 
transient capacitance spectroscopy (DLTS), for example, interstitial carbon (Ci), interstitial-
carbon-substitutional-carbon (Ci-Cs) pairs, and interstitial-carbon-substitutional-phosphorus 
(Ci-Ps) pairs. These carbon-related defects display different energy levels from 100 to 300 meV 
[95, 96]. Our group further explored the effect of carbon elements on the doping efficiency by 

Figure 19. Dendrimer-like macromolecular monolayer doping protocol (Ref. 10).
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using DLTS. With the assistance of low temperature Hall measurements, we found that the 
ionization rate of phosphorus dopants is ~64% when the P concentration is high. This ioniza-
tion rate is lowered to 10% when the P concentration is low because phosphorus dopants are 
electrically retarded by the carbon defects by forming interstitial carbon-substitutional phos-
phorus (Ci-Ps) pairs [95, 97, 98]. Developing techniques to reduce the concentration of carbon 
impurities introduced by the molecular monolayers is the key to the control of single dopants 
by the self-assembly of macromolecule dopant carriers.

6. Conclusion

The precise control of individual dopants is critical for the development of single atom elec-
tronics and quantum devices. We propose to control single dopant atoms by the self-assembly 
of individual hbPGs molecules with each carrying one phosphorus atom. Unlike the single 
atom manipulation techniques by STM and single ion implantation, the dendrimer-based 
monolayer doping process is more feasible to achieve the controllable doping at large scale 
from the engineering point of view.
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