
Protein-Protein  
Interaction Assays

Edited by Mahmood-ur-Rahman Ansari

Edited by Mahmood-ur-Rahman Ansari

The chapters in this book are written by a team of well-reputed international 
researchers. The objective is to provide advanced and updated information related to 
protein-protein interactions. I hope the methods, resources and approaches described 

here will enhance the available knowledge of the reader significantly.

Published in London, UK 

©  2018 IntechOpen 
©  Anatoliy Sizov / iStock

ISBN 978-1-78923-390-2

Protein-Protein Interaction A
ssays



PROTEIN-PROTEIN
INTERACTION ASSAYS

Edited by Mahmood-ur-Rahman Ansari



PROTEIN-PROTEIN
INTERACTION ASSAYS

Edited by Mahmood-ur-Rahman Ansari



Protein-Protein Interaction Assays
http://dx.doi.org/10.5772/intechopen.71741
Edited by Mahmood-ur-Rahman Ansari

Contributors

Paolo Arcari, Immacolata Ruggiero, Nicola Martucci, Carmen Sanges, Emilia Rippa, Annalisa Lamberti, Ferdinando 
Papale, Vincenzo Quagliariello, Nunzia Migliaccio, Hiroshi Ueda, Yuki Ohmuro-Matsuyama, Manuel Fuentes, Kausar 
Malik, Haleema Sadia, Muhammad Hamza Basit, Mahmood-Ur-Rahman Ansari, Munazza Ijaz, Muhammad Iqbal

© The Editor(s) and the Author(s) 2018
The rights of the editor(s) and the author(s) have been asserted in accordance with the Copyright, Designs and 
Patents Act 1988. All rights to the book as a whole are reserved by INTECHOPEN LIMITED. The book as a whole 
(compilation) cannot be reproduced, distributed or used for commercial or non-commercial purposes without 
INTECHOPEN LIMITED’s written permission. Enquiries concerning the use of the book should be directed to 
INTECHOPEN LIMITED rights and permissions department (permissions@intechopen.com).
Violations are liable to prosecution under the governing Copyright Law.

Individual chapters of this publication are distributed under the terms of the Creative Commons Attribution 3.0 
Unported License which permits commercial use, distribution and reproduction of the individual chapters, provided 
the original author(s) and source publication are appropriately acknowledged. If so indicated, certain images may not 
be included under the Creative Commons license. In such cases users will need to obtain permission from the license 
holder to reproduce the material. More details and guidelines concerning content reuse and adaptation can be 
foundat http://www.intechopen.com/copyright-policy.html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not necessarily those 
of the editors or publisher. No responsibility is accepted for the accuracy of information contained in the published 
chapters. The publisher assumes no responsibility for any damage or injury to persons or property arising out of the 
use of any materials, instructions, methods or ideas contained in the book.

First published in London, United Kingdom, 2018 by IntechOpen
eBook (PDF) Published by IntechOpen, 2019
IntechOpen is the global imprint of INTECHOPEN LIMITED, registered in England and Wales, registration number: 
11086078, The Shard, 25th floor, 32 London Bridge Street  
London, SE19SG – United Kingdom
Printed in Croatia

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

Additional hard and PDF copies can be obtained from orders@intechopen.com

Protein-Protein Interaction Assays
Edited by Mahmood-ur-Rahman Ansari

p. cm.

Print ISBN 978-1-78923-390-2

Online ISBN 978-1-78923-391-9

eBook (PDF) ISBN 978-1-83881-608-7



Selection of our books indexed in the Book Citation Index 
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 
For more information visit www.intechopen.com

3,600+ 
Open access books available

151
Countries delivered to

12.2%
Contributors from top 500 universities

Our authors are among the

Top 1%
most cited scientists

113,000+
International  authors and editors

115M+ 
Downloads

We are IntechOpen,
the world’s leading publisher of 

Open Access books
Built by scientists, for scientists

 





Meet the editor

Mahmood-ur-Rahman Ansari received his BS degree 
(2003) in Plant Breeding and Genetics from the Uni-
versity of Agriculture, Faisalabad, Pakistan, and MPhil 
Degree (2006) and PhD Degree (2011) in Molecular 
Biology from National Centre of Excellence in Molecular 
Biology, University of the Punjab, Lahore, Pakistan. He 
has been a visiting fellow for 1 year in National Institute 

of Deafness and Other Communication Disorders, National Institutes of 
Health, USA. Currently, he is an assistant professor of Molecular Biology 
in the Department of Bioinformatics and Biotechnology, GC University, 
Faisalabad, Pakistan. He is also working as in charge of Molecular Biology 
Section, Central Hi-Tech Laboratory of the University. He has published 
over 40 papers in international peer-reviewed journals in the field of Mo-
lecular Biology, Biotechnology, and Bioinformatics. He is a member of var-
ious national and international professional societies and editorial board 
member/reviewer of numerous peer-reviewed journals. He is a founding 
member and member of Board of Directors of the Pakistan Society for 
Computational Biology (PSCB) since 2012. He also served as the General 
Secretary of PSCB from 2014 to 2016 for one term. He has been conducting 
research to understand the molecular mechanisms of stress tolerance in 
plants. He is interested to study protein-protein interactions of stress-toler-
ant proteins. 



Contents

Preface VII

Section 1 Introduction    1

Chapter 1 Introductory Chapter: Protein-Protein Interactions
and Assays   3
Munazza Ijaz, Mahmood-ur-Rahman Ansari and Muhammad Iqbal

Section 2 Protein-Protein Interaction Assays    9

Chapter 2 A Novel Protein-Protein Interaction Assay Based on the
Functional Complementation of Mutant Firefly Luciferases:
Split Structure Versus Divided Reaction   11
Yuki Ohmuro-Matsuyama and Hiroshi Ueda

Chapter 3 Protein Interactions and Nanomaterials: A Key Role of the
Protein Corona in Nanobiocompatibility   29
Micaelo Ânia , Rodriguez Emilio , Millan Angel , Gongora Rafael and
Fuentes Manuel

Chapter 4 Protein-Based Detection Methods for Genetically
Modified Crops   47
Kausar Malik, Haleema Sadia and Muhammad Hamza Basit

Chapter 5 Cellular Interaction of Human Eukaryotic Elongation Factor 1A
Isoforms   67
Nunzia Migliaccio, Gennaro Sanità, Immacolata Ruggiero, Nicola M.
Martucci, Carmen Sanges, Emilia Rippa, Vincenzo Quagliariello,
Ferdinando Papale, Paolo Arcari and Annalisa Lamberti



Contents

Preface XI

Section 1 Introduction    1

Chapter 1 Introductory Chapter: Protein-Protein Interactions
and Assays   3
Munazza Ijaz, Mahmood-ur-Rahman Ansari and Muhammad Iqbal

Section 2 Protein-Protein Interaction Assays    9

Chapter 2 A Novel Protein-Protein Interaction Assay Based on the
Functional Complementation of Mutant Firefly Luciferases:
Split Structure Versus Divided Reaction   11
Yuki Ohmuro-Matsuyama and Hiroshi Ueda

Chapter 3 Protein Interactions and Nanomaterials: A Key Role of the
Protein Corona in Nanobiocompatibility   29
Micaelo Ânia , Rodriguez Emilio , Millan Angel , Gongora Rafael and
Fuentes Manuel

Chapter 4 Protein-Based Detection Methods for Genetically
Modified Crops   47
Kausar Malik, Haleema Sadia and Muhammad Hamza Basit

Chapter 5 Cellular Interaction of Human Eukaryotic Elongation Factor 1A
Isoforms   67
Nunzia Migliaccio, Gennaro Sanità, Immacolata Ruggiero, Nicola M.
Martucci, Carmen Sanges, Emilia Rippa, Vincenzo Quagliariello,
Ferdinando Papale, Paolo Arcari and Annalisa Lamberti



Preface

Protein-protein interactions (PPIs) are the physical contacts between two or more protein
molecules as a result of biochemical reaction. These physical contacts or interactions occur in
the cell or in the living organism for a specific biochemical event. The interaction between
proteins shows the closeness of proteins for a specific function. Large number of related pro‐
teins closely works together in a living system to perform a specific task. PPIs are studied
for different perspectives including biochemistry, chemistry, molecular dynamics, signal
transduction, transport across membranes, cellular metabolism, etc. This book contains five
chapters including an introductory chapter. This chapter deals with the introduction of pro‐
tein-protein interactions and information about various assays to study PPIs.

Chapter 2 describes a novel PPI assay. The authors developed a novel assay named FlimPIA
using two mutant Flucs, each of which catalyzes one of the two half reactions catalyzed by
the wild-type enzyme. It shows many advantages over other assays, such as longer detecta‐
ble distance, more stable probes, and higher signal readout in a shorter time period. Chapter
3 discusses various applications of nanomaterials in PPIs. In this chapter, several critical as‐
pects related to the protein corona are described. Chapter 4 highlights different protein-
based methods to detect genetically modified organisms (GMOs) in the environment. The
development of GM crops is rapidly expanding every year around the world. So, it is the
need of the hour to develop suitable methods for their detection. Different immunoassays or
catalyst connected immunosorbent tests discussed here are sensitive and more affordable.
The authors also developed a strip assay to detect Bt genes in GM plants. Chapter 5 de‐
scribes the interactions of eukaryotic translation elongation factor 1A (eEF1A), which is in‐
volved in many cellular processes such as cell survival and apoptosis. The authors showed
that eEF1A phosphorylation occurred only in the presence of eEF1A1 and eEF1A2, thus sug‐
gesting that both isoforms interacted in cancer cells.

The valuable information available in these chapters will advance the knowledge of research
students, researchers, academician and general public who are interested in this topic. At
the end, I thank the IntechOpen Book Department for giving me an opportunity to edit this
book. I am also very much thankful to Ms. Danijela Sakic, Publication Manager, for her
valuable help throughout the editing process. I must thank my research student Ms. Mu‐
nazza Ijaz for her assistance in handling the chapters. Many thanks are given to all authors
for their precious contributions.

Mahmood-ur-Rahman Ansari, PhD
Department of Bioinformatics & Biotechnology

GC University, Faisalabad
Pakistan
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1. Introduction

Protein-protein interactions (PPIs) control variety of biological phenomena including 
development, cell to cell interactions and metabolic processes [1]. The PPIs can be classi-
fied into different groups, depending upon their functional and structural properties [2]. 
Depending upon their persistence, (1) they may be termed as permanent or transient, as 
characterized by their interaction surface, (2) they may be considered as heterooligomeric 
or homooligomeric based on their stability, and (3) they may be called as obligate or 
nonobligate [3]. A blend of these three pairs may develop a protein-protein interaction. 
For example, a permanent interaction of the protein may be able to form a stable protein 
complex while on the other hand a transient interaction among the proteins may form a 
signaling pathway [4].

To perform the function in a living cell, proteins rarely act as isolated species [5] instead over 
80% of the proteins perform their functions in groups [6]. The function of an unidentified 
protein can be suggested by its interactions with a protein of known function. The thorough 
study of PPIs is also important to demonstrate the molecular mechanism of cellular processes 
of proteins [3]. The momentous properties of PPIs are (a) the kinetic properties of the enzymes 
can be modified by PPIs; (b) PPIs can allow substrate channeling; (c) they can create a new 
binding site for the small molecules; (d) PPIs can suppress or activate a protein; (e) PPIs can 
perform regulatory role in downstream or upstream regulation of the protein; and (f) they 
can also alter the specificity of binding of the protein for its particular substrate by changing 
its interactions [7].

© 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.
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The proteins that have many interactions include transcription factors and enzymes [8]. 
Though, PPIs encompass heterogeneous procedures mostly and the possibility of their regu-
lation is enormous. Various interactions and the outcome of these interactions are needed 
to identify the better understanding of PPIs inside the cell [3]. By using methods like mass 
spectrometry, protein chip technology, phage display, and two hybrid system, PPIs data have 
been increased in recent years [3]. These experimental resources are useful for constructing 
comprehensive PPI networks. But, day by day the increase in the amount of data on pro-
tein-protein interactions is becoming a challenge for validation in the laboratory. To under-
stand the functions of unexplored protein by using computational approaches is necessary 
nowadays.

2. Protein-protein interaction assays

Protein-protein interaction (PPI) assays can be classified into three broad categories, i.e., 
in vivo, in vitro, and in silico. (1) The in vivo techniques apply the whole procedure on the 
living cell or organism itself. (2) In vitro methods require the whole procedure completed 
outside the cell in a controlled environment in a laboratory, i.e., affinity chromatography, 
tandem affinity purification (TAP), protein fragment complementation, X-ray crystallogra-
phy, co-immunoprecipitation, phage display, nuclear magnetic resonance, spectroscopy, 
and protein arrays. (3) The techniques that are performed by using computers or computer 
simulations are called in silico techniques. The sequence and structure-based approaches, 
gene fusion, chromosome proximity, gene expression-based approaches, domain pair-based 
approach, in silico two hybrid approaches, phylogenetic profile, and phylogenetic tree are 
some approaches which are based on in silico methods [4].

2.1. In vivo techniques for the prediction of protein-protein interactions

The in vivo technique used to study PPIs is yeast two hybrid (Y2H) method [9]. The two 
protein domains are involved in the Y2H assay. First domain is the DNA binding domain 
which helps in binding the DNA and the second one is activation domain that is involved 
in activation of the transcription of the specific DNA. These two domains are required for 
the transcription of a particular reporter gene [10]. The interacting proteins that are involved 
in the Y2H assays must be present in the close vicinity or inside the nucleus because these 
proteins have the capability to activate reporter gene and the proteins that are not present in 
nucleus do not have the ability to activate reporter genes. Some other techniques being used 
are fluorescence resonance energy transfer (FRET), biomolecular fluorescence complementa-
tion (BiFC), and bioluminescence resonance energy transfer (BRET) [4].

2.2. In vitro techniques for the prediction of protein-protein interactions

To learn PPIs in the inherent environment of the cell, a technique called TAP tagging [11] was 
developed. TAP tagging method was first used to analyze the yeast interactome in a high 
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throughput way [12]. TAP tagging involves two steps, first is double tagging of the protein of 
interest and second is two-step process of purification [13]. After the process, the proteins that 
remain attached with the target protein can be studied by using SDS-PAGE and then mass 
spectrometry analysis is performed to confirm the PPI partner of the protein of interest [14]. 
TAP tagging used in combination with mass spectrometry which can identify both protein 
complexes and protein interactions.

Affinity chromatography is also used to study PPIs in vitro. It is very sensitive technique and 
can identify even the weakest interactions among the proteins. Though, it generates many of 
the false positive results because of the great specificity of the proteins. Therefore, studies of 
protein interactions cannot depend only on affinity chromatography. So, other techniques are 
needed in combination with affinity chromatography to further confirm the results generated. 
The affinity chromatography is often combined with mass spectroscopy and SDS-PAGE to 
produce more convincing results [4].

Co-immunoprecipitation is another in vitro technique that is used for the confirmation of 
PPIs by using the complete cell extract wherever proteins are present in a complicated blend 
of cellular machinery and in their natural form that is essential for the significant interactions 
of proteins [4]. Protein arrays are also being used to study PPIs. A piece of glass is used in 
which different protein molecules are attached in an organized fashion [15]. Protein microar-
ray analysis gained marvelous importance to do high throughput analysis by running many 
of the parallel analysis in an automated procedure. The PPIs can be studied by using another 
proteomics method known as protein fragment complementation assay (PCA). It consists of 
a family of assays that can be used to identify the proteins of any molecular weight and it 
provides very simple and straight conducts to determine PPIs in living cells, in vitro, and 
multicellular organisms [4].

Mass spectroscopy can also be used to determine protein-protein interactions. There are two 
ways to identify PPIs by using mass spectroscopy shotgun proteomics and peptide finger 
printing [16]. To analyze complicated mixtures, shotgun proteomics is the most suitable tech-
nique while in the peptide finger printing, SDS-PAGE is used to separate the eluted complex. 
X-ray crystallography can also be used to determine PPIs in vitro. It is a type of microscopy 
with very high resolution that is used for the identification of proteins at atomic level and it is 
helpful for functional analysis of proteins [17]. The analysis of PPIs can also be done by using 
nuclear magnetic resonance (NMR) spectroscopy. In NMR spectroscopy, the magnetically 
active nuclei that are surrounded by a strong magnetic field engross electromagnetic radia-
tions at distinguishing frequencies that are monitored by the chemical surroundings [18].

2.3. In silico techniques to predict protein-protein interactions

Many of the in vivo and in vitro techniques generate a large amount of data that is helpful in 
the development of software and tools for the identification of PPIs among various proteins 
that are found in many different combinations. The computational methods used for the in 
silico prediction of interactions among proteins may include the tools described in Table 1.
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S. No. Tool name Link

1 Coev2Net http://groups.csail.mit.edu/cb/coev2net/

2 TSEMA http://tsema.bioinfo.cnio.es/

3 InterPreTS http://www.russell.embl.de/interprets

4 Struct2Net http://groups.csail.mit.edu/cb/struct2net/webserver/

5 PoiNet http://poinet.bioinformatics.tw/

6 PrePPI http://bhapp.c2b2.columbia.edu/PrePPI/

7 iWARP http://groups.csail.mit.edu/cb/iwrap/

8 PIPE2 http://cgmlab.carleton.ca/PIPE2

9 PreSPI http://code.google.com/p/prespi/

10 SPPS http://mdl.shsmu.edu.cn/SPPS/

11 HomoMINT http://mint.bio.uniroma2.it/HomoMINT

12 P-POD http://ppod.princeton.edu/

13 BLASTO http://oxytricha.princeton.edu/BlastO/

14 PHOG http://phylogenomics.berkeley.edu/phog/

15 COG http://www.ncbi.nlm.nih.gov/COG/

16 OrthoMCL-DB http://orthomcl.org/orthomcl/

17 STRING http://string.embl.de

18 MirrorTree http://csbg.cnb.csic.es/mtserver/

19 G-NEST https://github.com/dglemay/G-NEST

20 InPrePPI http://inpreppi.biosino.org/InPrePPI/index.jsp

21 PRISM PROTOCOL http://prism.ccbb.ku.edu.tr/prismprotocol/
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Abstract

Protein-fragment complementation assays (PCAs) are commonly used to assay protein–pro-
tein interaction (PPI). While PCAs based on firefly luciferase (Fluc) in cells or lysates are a 
user-friendly method giving a high signal/background (S/B) ratio, they are difficult to use 
in vitro owing to the instability of split Fluc fragments. As a solution to this issue, we devel-
oped a novel protein–protein interaction assay named FlimPIA using two mutant Flucs, each 
of which catalyzes one of the two half-reactions catalyzed by the wild-type enzyme. Upon 
approximation by the tethered protein pairs, the two mutants yielded higher signal owing 
to a more efficient transfer of the reaction intermediate luciferyl adenylate. FlimPIA showed 
many advantages over in vitro split Fluc assays, such as longer detectable distance, more sta-
ble probes, and higher signal readout in a shorter time period, and it also worked in cellulo.

Keywords: protein–protein interaction assay, firefly luciferase, protein-fragment 
complementation assay, FlimPIA, FRET

1. Introduction

When the human genome project was completed in 2003, most researchers expected dramatic 
developments in various fields such as biology, etiology, and drug discovery. However, pro-
gression did not remarkably accelerate. One of the causes is that protein-protein interactions 
(PPIs) are still not well understood. In the cell, many proteins interact with each other and 
cooperate to fulfill their roles in biological phenomena. It is reported that there are 150,000–
300,000 PPIs in the human interactome [1, 2]. Therefore, PPI assays are very important for 
biology, diagnosis, and drug discovery.

© 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.
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The conventional PPI assays, which are available both in vitro and in cellulo, are Förster/fluo-
rescence resonance energy transfer (FRET)-based assays, bioluminescent resonance energy 
transfer (BRET) assays, and protein-fragment complementation assays (PCAs).

For FRET-based assays, two fluorescent proteins or two fluorescent dyes are fused to pro-
teins that interact with each other. When the interaction occurs, the two fluorescent proteins 
(dyes) are in close proximity, and then the energy transfer is induced, resulting in changes of 
the fluorescent intensities. In BRET assays, a bioluminescent enzyme and fluorescent protein 
(dye) are fused to proteins that interact with each other, and the energy is transferred from 
the bioluminescent enzyme to the fluorescent protein (dye). FRET- and BRET-based assays 
are the most common and sophisticated methods.

For PCA, the enzyme or fluorescence is divided into two fragments. The split fragments are 
fused to interacting proteins. Upon interaction, the split fragments come close, and then the 
full length of the structure is reconstituted, resulting in the recovery of the enzyme activity 
or fluorescence. PCA in cells and lysates is a user-friendly method that gives a high signal/
background (S/B) ratio [3]. Moreover, we reported in vitro PCA using purified firefly lucifer-
ase (Fluc) fragments for the first time [4, 5]. The development of PCA is described in Section 2.

Recently, we developed a novel PPI assay, named firefly luminescent intermediate-based protein-
protein interaction assay, FlimPIA [6–10]. FlimPIA utilizes the unique reaction of Fluc, which is 
divided into two half steps. We describe the principle of FlimPIA in Section 3.1 and the several 
improvements of FlimPIA in Sections 3.2–3.6. Then, the advantages and disadvantages of FlimPIA 
compared to another PPI assays such as the in vitro PCA are described in the final section.

2. Demonstration of in vitro protein-fragment complementation 
assay using purified Fluc fragments

Conventional PCA is used in vivo and in cultured cells (in cellulo). Although Porter et al. 
performed a Fluc-based PCA in vitro, the assay requires cell lysate, and the components in 
the lysate might affect the PPIs. We succeeded in developing a Fluc-based PCA in vitro using 
purified probes in a defined solution [4, 5].

For the Fluc-based PCA in vitro, a well-known interacting pair, FKBP12 (a 12 kD domain 
of FK506-binding protein) and FRB (FKBP-rapamycin-associated protein), was utilized. The 
association between these proteins depends on the presence of an antibiotic, rapamycin  
[11, 12]. Two pairs of split Photinus pyralis Fluc—the pair of the N-terminal domain (amino 
acids [aa] 1–437) and the C-terminal domain (aa 394–547) and the pair of the N-terminal 
domain (aa 1–398) and the same C-terminal domain (aa 394–547)—were selected in several 
split sites of Fluc [13], which worked well for in cellulo PCA. The gene encoding FKBP12 or 
FRB was fused to the 5’ end of each domain, and the genes were inserted into the pET32 vec-
tor, which originally encodes thioredoxin (Trx), yielding four fusion protein genes, FKBP-N, 
FKBP-C, FRB-N, and FRB-C. These proteins were expressed in the soluble fraction of E. coli 
BL21(DE3) pLysS and purified by immobilized metal affinity chromatography (Figure 1A).

The two interacting pairs, FKBP-N and FRB-C, FKBP-C and FRB-N, were mixed, and rapamy-
cin was added to the pair (Figure 1B). The luminescence intensities of the mixture of the 
interacting pairs and rapamycin were remarkably increased immediately after adding the two 
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substrates, luciferin and ATP. On the other hand, the luminescence intensities of the mixture 
of the interacting pair (FKBP12 and FRB) without rapamycin and noninteracting pair were 
very low (Figure 1C). The signal and stability of the pair of the N-terminal domain (aa 1–437) 
and the C-terminal domain (aa 384–547) were higher than those of the other pair of N-terminal 
domain (aa 1–398) and the same C-terminal domain. When the first pair was used, the lumi-
nescence signal displayed rapamycin dose dependence, and the limit of detection was deter-
mined as 250 pM. These results clearly showed that the PPI could be detected with a high S/B 
ratio and high sensitivity using the purified probes.

Because the rapamycin-dependent FKBP-FRB association is very strong, another interacting 
pair, p53 and Mdm2, was investigated (Figure 1D and E) [14, 15]. p53 suppresses cell growth 
as a tumor suppressor. The oncoprotein Mdm2 binds to p53 and downregulates the function 

Figure 1. Detection via Fluc-based PCA using purified probes. (A–C) Detection of FKBP-FRB association. (A) Purified 
probes. Lane 1, FKBP-N; Lane 2, FRB-N; Lane 3, FRB-N; Lane 4, FRB-C. (B) PCA using the purified probes at 50 nM each, 
with/without equimolar rapamycin (n = 3). (C) Control experiments (n = 3). (D, E) Detection of p53-Mdm2 association. 
(D) PCA using the purified probes at 50 nM each (n = 3). (E) Inhibition of p53-Mdm2 interaction by Nutlin-3 (n = 3). 
©American Chemical Society
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with/without equimolar rapamycin (n = 3). (C) Control experiments (n = 3). (D, E) Detection of p53-Mdm2 association. 
(D) PCA using the purified probes at 50 nM each (n = 3). (E) Inhibition of p53-Mdm2 interaction by Nutlin-3 (n = 3). 
©American Chemical Society
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of p53 in certain cancer cells. In the assay of p53-Mdm2 interaction using p53-C and Mdm2-N, 
the signal intensity and S/B ratio rose with higher concentrations of the probes of the interact-
ing pair. To investigate the reversibility of the PCA, an inhibitor of the p53-Mdm2 interac-
tion, Nutlin-3, was added to the mixture of p53-C and Mdm2-N. The luminescence intensity 
decreased depending on the concentration of Nutlin-3.

The in vitro PCA opens the way to study PPIs of cytotoxic proteins, which is impossible to perform 
in cells. Furthermore, the possibility that the cellular components affect PPIs can be excluded.

3. Development of a novel PPI assay FlimPIA

In this section, we describe a novel PPI assay, FlimPIA, which we recently developed and 
continue to improve.

3.1. Principle of FlimPIA

In contrast to PCA, in which the structure of Fluc is divided into two domains as the probes, 
FlimPIA divides the reaction catalyzed by Fluc into two half-reactions. Fluc catalyzes the 
conversion of firefly d-luciferin (LH2) to the excited state oxyluciferin (OxL) by a two-step 
catalysis, namely, an adenylation step and oxidative luminescence steps. In the adenylation 
step, LH2 is converted to d-luciferyl adenylate (LH2-AMP), and in the oxidative luminescence 
steps, LH2-AMP is converted to OxL, and then excited OxL emits light. It was recently sup-
posed that Fluc, which consists of a large N-terminal domain and a small C-terminal domain 
connected by a flexible hinge region, rotates its C-terminal domain by ~140° to proceed from 
the adenylation step to the oxidative luminescence steps (Figure 2) [16, 17]. One reason for 
this hypothesis is that the active site of each step in acyl-adenylate-forming enzymes, includ-
ing Fluc, is different. In the adenylation step, K529 is an important amino acid residue, and on 
the other hand, K443 and H245 are key residues for the oxidative luminescence steps [18–20].

Two mutant Photinus pyralis Flucs were designed for FlimPIA; one is H245D/K443A/L530R, 
which can produce LH2-AMP but cannot catalyze LH2-AMP to form OxL, and the other is 
K529Q, which very slowly produces LH2-AMP but maintains the catalytic steps in the oxida-
tive luminescence half-reaction. Each mutant is fused to proteins that interact with each other. 
The interaction brings the mutants close together, and then LH2-AMP, which H245D/K443A/
L530R produces, is utilized by K529Q, resulting in OxL production (Figure 3). The mutant 
H245D/K443A/L530R acts as the “Donor” providing LH2-AMP, and the mutant K529Q works 
as the “Acceptor” of LH2-AMP [7].

When FKBP12 and FRB are fused to the Donor and Acceptor, respectively, the lumines-
cence intensity increased depending on the concentration of rapamycin (Figure 4A, B). The 
EC50 values of the cognate pairs were 10.2 ± 0.6 and 16.0 ± 2.1 nM, respectively, which cor-
respond well with the reported KD value of the association between FKBP12/rapamycin and 
FRB. FK506 (tacrolimus) is commonly used as an immunosuppressant to prevent the rejection 
of organ transplants and inhibits the rapamycin-dependent association between FKBP12 and 
FRB [14]. The luminescence intensity decreased upon FK506 addition (Figure 4C). The S/B 
ratio increased depending on the concentration of PPI when the concentration of probes and 
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rapamycin was up to 500 nM (Figure 4D). In addition, the association between FKBP12 and 
FRB could be detected in 40% fetal bovine serum diluted in phosphate buffered saline, sug-
gesting the applicability of the assay to clinical samples.

Next, p53 and Mdm2 were used as interacting proteins. The luminescence intensity of 
the mixture of the interacting pair (p53-Donor and Mdm2-Acceptor) was higher than the 
intensities of noninteracting pairs (p53-Donor and p53-Acceptor, Mdm2-Donor and Mdm2-
Acceptor) (Figure 4E). The inhibition of the p53-Mdm2 interaction by Nutlin-3 was observed 
(Figure 4F). The result clearly shows that FlimPIA is a versatile system and can analyze tran-
sient interactions.

3.2. Improved FlimPIA by the entrapment of Fluc conformation

The original FlimPIA had exhibited high background signal, which was mainly caused by the 
remaining adenylation activity of the Acceptor. As mentioned above, the C-terminal domain 
rotates according to the reactions proceeding from the adenylation to the oxidative lumines-
cence reactions (Figure 2). Therefore, we tried to entrap the Acceptor conformation into the 
oxidation conformation [10].

Figure 2. The conformational change of Fluc. Fluc is composed of a large N-terminal domain and a smaller C-terminal 
domain, which rotates ∼140° according to the reactions to proceed from the adenylation reaction to the oxidative 
luminescent reactions: Key Lys residues (K529 and K443) are shown in light and dark blue, respectively. Another key 
residue H245 is shown in cyan. ©American Chemical Society.

Figure 3. The working principle of FlimPIA. ©American Chemical Society.
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According to the report by Branchini et al. that the structure of Fluc could be fixed into the 
oxidative luminescence conformation by chemical trapping, we first took the same approach to 
entrap Acceptor mutant [21]. Specifically, all cysteine residues in the Acceptor were substituted 
with serine or alanine residues. Then, the residues at positions 108 and 447 were substituted 
with cysteine residues and cross-linked by 1,2-bis-(maleimide)ethane (BMOE) (Figure 5A).

Figure 4. Detection via FlimPIA in vitro. (A-D) Detection of FKBP-FRB association. (A) Luminescence time course at several 
rapamycin concentrations. A mixture of FKBP/Donor and FRB/Acceptor (50 nM each) was used. (n = 3). (B) Specific detection 
of FKBP12-FRB interaction. The four possible combinations of four Fluc mutants, namely, FKBP/Donor, FRB/Donor, FKBP/
Acceptor and FRB/Acceptor (50 nM each) were tested for their rapamycin dose-dependency. The relative luminescence 
integrated for 1.5−1.6 s after substrate addition is shown (n = 3). (C) Competition of PPI (protein−protein interaction) by FK506. 
Rapamycin (80 nM) and FK506 at indicated concentration were added to the mixture of FKBP/Donor and FRB/Acceptor 
(80 nM each). The luminescence integrated for 0.8−0.9 s after substrate addition is shown (n = 3). (D) Time course of S/B (signal/
background) ratio obtained with the mixture of FKBP/Donor and FRB/Acceptor with and without equimolar rapamycin. 
The ratio of the two light intensities at the indicated time point is shown. Sample with 40% fetal bovine serum and 750 nM 
proteins is also shown (n = 3). (E–F) Detection of p53-Mdm2 association. (E) Luminescence time course of the cognate (Mdm2/
Donor and p53/Acceptor) and control pairs (25 nM each) (n = 3). (F) Competition of PPI by a specific inhibitor. Nutlin-3 
(bottom) at indicated concentration was added to the mixture of p53/Donor and Mdm2/Acceptor (25 nM each) (n = 3). The 
luminescence integrated for 0.8−0.9 s after substrate addition is shown. The ribbon model of Mdm2 (purple)-p53 peptide (light 
green) complex is also shown. ©American Chemical Society.
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The luminescence of the cross-linked Acceptor was almost diminished compared to the non-
cross-linked Acceptor (Figure 5B). The Acceptor and Donor were fused to FRB and FKBP12, 
respectively. In a FlimPIA using the cross-linked Acceptor, the background signal was elimi-
nated, and the signal induced by the interaction was significantly higher than the background 
signal (Figure 5C). Taken together, the results clearly showed that the Acceptor can be trapped 
into the oxidation conformation and the sensitive FlimPIA was successfully developed, giv-
ing a high S/B ratio.

As the substitution of the all cysteine residues considerably reduced the luminescence inten-
sity, next, we tried to use the original Acceptor retaining the cysteine residues and put the cys-
teine residues at positions 108 and 447, which were then cross-linked by BMOE. As a result, 
one-fifth of the luminescence intensity of the cross-linked Acceptor was retained, probably 
due to miss- and/or incomplete cross-linking (Figure 5D). Although there was some back-
ground signal, an apparent improvement in luminescent intensity was observed. When the 
same concentration (50 nM each) of the probes and rapamycin were used, the maximum S/B 
ratio was improved from 2.6 to 5.3, compared with the original system (Figure 5E).

Figure 5. FlimPIA using the trapped Acceptor by bis-maleimide crosslinker (A–C) The trapping by bis-maleimide 
crosslinker (1). (D–E) The trapping by bis-maleimide crosslinker (2). (A) Scheme of the trapped Acceptors by 
BMOE. Residues shown in yellow were used for the N−C linkage. (B, D) Suppression of overall luminescent activity by 
chemical trapping of the Acceptor. The enzyme (10 nM) was reacted with 75 µM LH2 and 10 mM ATP. The luminescent 
intensities with and without chemical modification by BMOE were compared (n = 3). (C, E) The mixture of FKBP/Donor 
and trapped FRB/Acceptor (50 nM each) was added with/without 50 nM rapamycin (n = 3). ©American Chemical Society.
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3.3. Improved FlimPIA using a mutant acceptor (1)

During another attempt to select paired cysteine residues for possible cross-linking of 
N-C domains, the introduction of S198C/S440C mutations on the background of original 
Acceptor was attempted. However, the obtained clone was later found to be contaminated 
with the S440C mutant retaining only one mutation. The resultant S440C mutant showed 
higher ability as the Acceptor, whereas the S198C/S440C mutant did not act as the Acceptor. 
To understand the effect of this mutation, we performed saturation mutagenesis of the S440 
residue. The substitution of leucine, phenylalanine, and tryptophan, which have bulky and/
or large side chains, gave a higher maximal S/B ratio in FlimPIA (Table 1) [9]. Additionally, 
not all the mutants with bulky or long side chains showed higher S/B ratios. Although the 
precise reason is not known, it might be because mutations often affect protein stability and/
or aggregation.

We expected that the bulky and/or large side chains at this position could form steric hin-
drance with hinge region and the C-terminal domain from the structural modeling based on 
the adenylation conformation structure of Luciola cruciata Fluc with bound substrate analog 
(Figure 6A). On the other hand, there seemed no severe inhibition in the model of the oxida-
tive luminescence conformation.

Then we examined the adenylation and oxidative luminescence activities of the S440L 
Acceptor. The amounts of LH2-AMP produced by the new and conventional Acceptors were 
examined according to the method using the N-terminal domain of Fluc as a selective detector 
of LH2-AMP [18]. The LH2-AMP produced by the new Acceptor was less than one-fifth of the 
LH2-AMP produced by the conventional Acceptor (Figure 6B). On the other hand, the kinetics 
against LH2-AMP are shown in Table 2. Because the concentration of the LH2-AMP that the 

S440X S/B ratio S440X S/B ratio

L 7.93 ± 0.60 Q 2.11 ± 0.01

F 5.69 ± 0.12 R 2.08 ± 0.41

W 4.94 ± 0.06 S 1.87 ± 0.24

M 3.65 ± 0.35 N 1.86 ± 0.08

K 3.45 ± 0.20 V 1.85 ± 0.25

A 2.86 ± 0.22 D 1.80 ± 0.13

Y 2.81 ± 0.37 G 1.67 ± 0.26

H 2.57 ± 0.19 I 1.55 ± 0.21

C 2.32 ± 0.13 T 1.52 ± 0.22

E 2.31 ± 0.10 P 1.09 ± 0.11

Table 1. Comparison of maximum S/B ratios obtained by S440 mutants.
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Acceptor uses in FlimPIA is low, the Vmax/Km is the most important kinetics parameter. The 
value of the new Acceptor decreased to 33.6% of the value of the conventional Acceptor; there-
fore, the luminescence intensity in FlimPIA might decrease to some extent. Taken together, 
the balance of the adenylation and oxidative activities of the new Acceptor gave the highest 
S/B ratio in the Acceptors, which we have developed.

3.4. Improved FlimPIA using mutated acceptor (2)

When the C-terminal domain of Fluc rotated to proceed from the adenylation step to the oxida-
tive luminescence steps, the flexible hinge region between N- and C-terminal domains is con-
sidered highly important (Figure 2). Furthermore, the hinge region sits close to the active site 
in the adenylation conformation. To obtain suitable mutants for the Acceptor, semi-random 
mutations at the residues 436–439 in the hinge region were introduced [6]. The amino acid resi-
dues that enzymes in acyl-adenylate-forming enzyme superfamily contain at the correspond-
ing positions were chosen in the semi-random library. The mutant R437K/L438I was selected 
from the library, because the mutants showed lower adenylation activity (~15% of the wild-
type Fluc) and slightly higher oxidative luminescence activity (116% of the wild-type Fluc).

Figure 6. Possible steric hindrance of adenylation conformation with the S440 L mutation. (A) Structure of Fluc (left) and 
a model of Fluc S440L (right), each at adenylation conformation. The Leu440 residue (shown in white) is enlarged in the 
inset. Drawn with PyMOL software. (B) Adenylation activity measured by the N-terminal domain method. Error bars 
mean ±SD (n = 3).

Vmax (× 106 RLU*/sec) Km (μM) Vmax/Km (× 106 RLU/s μM−1)

K529Q 1.40 ± 0.16 0.513 ± 0.018 2.11 ± 0.01

K529Q/S440L 0.296 ± 0.031 0.321 ± 0.013 2.08 ± 0.41

*Relative light units

Table 2. Oxidative luminescence activity of K529Q and S440L/K529Q (1 nM each).
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A single mutation, R437K, or a double mutation, R437K/L438I, was introduced into the conven-
tional Acceptor (K529Q). The overall luminescence activity and the oxidative luminescence activ-
ity of the two new Acceptors were compared to that of the conventional Acceptor (Figure 7A, B). 
The overall activities of both new Acceptors decreased almost tenfold compared with that of the 
conventional Acceptor, whereas the oxidative luminescence activities were almost maintained. 
These results showed that R437K is a key residue for Acceptor activity.

The kinetics properties of the conventional and the new Acceptors fused to FRB are shown 
in Table 3. The lower overall activities and the similar oxidative luminescence activities are 
probably due to the remarkably lower Vmax values for LH2 and ATP and similar Vmax and Km 
values for LH2-AMP. Moreover, in the structural model of the adenylation conformation, the 
mutated residue K437 sits close to the active site residues such as K529, suggesting some inhi-
bition of the adenylation activity (Figure 7C).

When the FKBP12-FRB interaction was detected by FlimPIA, the maximum S/B ratio reached 
approximately 4, whereas it was approximately 2.5 in the conventional assay (Figure 7D). 
Taken together, we succeeded in finding a suitable mutant for the Acceptor in the semi-
random library of the hinge region. Furthermore, these results suggest that the hinge region 
is important for controlling the two half-reactions of Fluc and supports the hypothesis that the 
C-terminal domain rotates to accomplish the half-reactions.

Figure 7. FlimPIA in vitro using the new Acceptor mutated in the hinge region. (A) Overall luminescent activity of the 
conventional Acceptor and the two new Acceptors. Reactions with LH2 and ATP (n = 3). (B) Luminescent activity of the 
Acceptors with LH2-AMP as a substrate (n = 3). (C) 3D models of the Acceptors at adenylation conformation. The wild-
type Fluc (left), the conventional Acceptor (middle), and the mutant M1 (right) are shown. In the conventional Acceptor, 
the shortest distance between the active site against LH2 (529Q) and R437 was ~3.8 Å, which was shorter in the mutant 
(~1.6 Å). (D) FlimPIA with 50 nM each of FKBP/Donor and FRB/the new Acceptor with/ without 50 nM rapamycin 
(n = 3).
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3.5. Optimization of assay conditions

The overall activities of the improved Acceptor (R4437K/K529Q) mentioned in Section 3.4 
showed a tenfold decrease, and the oxidative luminescence activities were almost maintained. 
However, the S/B ratio increased only 1.6-fold. To investigate this discrepancy, the Acceptor 
was reacted with (1) LH2 + ATP, (2) LH2-AMP, and (3) LH2 + ATP + LH2-AMP (Figure 8A). 
The luminescence intensity in the case of (3) should be equal to the sum of the intensities of 
(1) and (2). However, the intensity in (3) was remarkably lower than the sum. Therefore, we 
thought that some competition may exist in the oxidative luminescence steps. It was reported 
that dehydroluciferyl-AMP (L-AMP), which is converted from LH2-AMP, competes with 
LH2-AMP in the oxidative luminescence steps, and coenzyme A (CoA) converts L-AMP to 
dehydroluciferyl-coenzyme A, which is a less potent competitor of LH2-AMP. First, we added 

Figure 8. Optimization of assay condition in vitro. (A) An experimental simulation of FlimPIA using the conventional 
Acceptor. (B) The responses with and without 50 nM rapamycin in the presence of 1 mM CoA and 20 mM ATP. (C) The 
responses in the presence of 1 mM CoA and 1 mM ATP. (D) The results of tube-based luminometer with rapid mixing 
of the probes and substrates.

Km for LH2 Vmax (× 104 
RLU/s) for LH2

Km for ATP Vmax (104 
RLU/s) for ATP

Km for 
LH2-AMP

Vmax (×106 RLU/s) for 
LH2-AMP

K529Q 95.0 ± 12.1 3.49 ± 0.20 424 ± 55 2.50 ± 0.11 0.412 ± 0.055 1.04 ± 0.04

K529Q/R437L 115 ± 4.0 5.52 ± 0.08 307 ± 25 3.94 ± 0.11 0.605 ± 0.063 0.737 ± 0.027

K529A/R437K/
L438I

62.7 ± 4.1 35.1 ± 0.7 306 ± 25 39.8 ± 1.1 0.710 ± 0.093 1.28 ± 0.06

Table 3. Kinetics properties of Acceptors fused to FRB.
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CoA to the mixture of FlimPIA (Figure 8B). In the presence of CoA, the maximum S/B ratio 
reached 8, representing a twofold improvement, when 50 nM of each probe was used.

Next, we optimized the concentration of ATP, as it was designed so that the Km value of the 
Acceptor for ATP was lower than that of the wild type to suppress the adenylation activity, 
but the Km value of the Donor for ATP was maintained to provide LH2-AMP. The optimal con-
centration of ATP was 1 mM, and the maximal S/B ratio reached approximately 40, represent-
ing a fivefold improvement, when 50 nM of each probe was used (Figure 8C).

Finally, we had optimized the reaction conditions. As the increase of luminescence occurred 
as soon as substrates were added, a luminometer equipped with a stirrer was used to mix and 
react the substrates quickly (Figure 8D). The luminescence intensity increased quasi-linearly 
from 0.2 to 0.6 s after the reaction start and then reached a plateau. The maximal S/B ratio 
reached more than 60 when 100 nM of each probe was used.

Taken together, these improvements achieved a remarkably higher S/B ratio and sensitivity [6].

4. Advantages and disadvantages of FlimPIA

In this section, we describe the advantages and disadvantages of FlimPIA compared to the 
conventional PPI assay, FRET, and PCA, which are available in cellulo and in vitro.

4.1. FlimPIA in cells

To determine if FlimPIA is applicable in cellulo or in vivo, the FKBP-Donor and FRB-Acceptor 
were transiently expressed in cultured cells (Figure 9) [7]. The response was clearly observed 
in cells when rapamycin was added, and the luminescence intensity increased depending on 
the concentration of rapamycin.

However, the maximal S/B ratio was less than 2.5, and the detectable range of the concentra-
tion of rapamycin was rather narrow. Although the S/B ratio of FRET is often as low as that of 
FlimPIA in cells, PCA gives a high S/B ratio both in vitro and in cellulo.

4.2. Stability of probes in vitro

The same Fluc derived from P. pyralis was applied to both Fluc-based PCA in vitro and 
FlimPIA. Then, the thermostability of probes was compared [10]. The probes of Fluc-based 
PCA (FKBP-C and FRB-N) and the probes of FlimPIA (FKBP-Donor and FRB-Acceptor) were 
preincubated with or without rapamycin at 37°C (Figure 10A). After 30 minutes, half of the 
luminescence signal was retained in FlimPIA, and on the other hand, the luminescence signal 
was almost completely diminished in PCA. The rate of the luminescence decay in FlimPIA 
was approximately one-fourth of the rate of the decay in PCA (Figure 10B).

4.3. S/B ratio in vitro

The S/B ratio of FRET is rather low, but on the other hand, PCA shows a high S/B ratio and 
high sensitivity. The conventional FlimPIA described in Section 3.1 showed that the maximal 
S/B ratio was 2.5, which is generally lower than the S/B ratio of PCA [7]. However, the S/B 
ratio dramatically increased by the improvements described in Section 3.2-3.5 and was equal 
to or higher than the S/B ratio of PCA [6, 9, 10].
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4.4. Sensitivity in vitro

The detectable limits of the concentration of rapamycin in Fluc-based PCA, the conventional 
FlimPIA, and the improved FlimPIA were compared, when 50 nM of each probe (FKBP-C 
and FRB-N, or FKBP-Donor and FRB-Acceptor) and rapamycin were used. The limits were 
250 pM in Fluc-based PCA and 10 pM in FlimPIA using the K529Q/S440L mutant as the 
Acceptor [4, 9, 10]. The sensitivity of the improved FlimPIA was higher than the sensitivity of 
Fluc-based PCA.

Figure 9. FKBP12-FRB association detected by FlimPIA in cultured cells. ©American Chemical Society.

Figure 10. Comparison of thermostability in vitro. (A) Probes (50 nM each) were preincubated at 37°C with or without 
equimolar rapamycin. The luminescent intensity was measured for 4 s after adding substrates (LH2 and ATP). Left: 
FlimPIA, Right: Fluc-based PCA. Red: incubation for 0 min with rapamycin, Orange: 15 min with rapamycin, pink: 
30 min with rapamycin, green: 0 min without rapamycin, light blue: 15 min without rapamycin, dark blue: 30 min 
without rapamycin. (n = 3) (B) Inactivation time course. Relative luminescent intensities at 4 s after reaction start were 
normalized at the value obtained with 0 min pre-incubation (n = 3). ©American Chemical Society.
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4.5. Detection limit of dimension of interacting protein in vitro

A fundamental limitation of FRET is that the detectable distance between the two probes is 
less than several nanometers, because the fluorescent signal is inversely proportional to the 
sixth power of the distance. A part of fibronectin type III, the seventh and eighth domains 
(Fn7-8), has a rigid structure with a 7 nm N-C terminal distance [10]. Ohashi et al. reported 
that a FRET signal using YPet and CyPet could not be observed by inserting Fn7-8 between 
the two fluorescent proteins [22]. The limit of the detectable distance between the two probes 
determines the detectable dimensions of the interacting protein.

Therefore, we compared the limit of the detectable distance between the probes in our assay. 
To examine this, Fn7-8 was inserted between FKBP12 and one of the probes (C-terminal 
domain for PCA, cerulean for FRET, and Donor for FlimPIA) (Figure 11). The large probes 

Figure 11. Detectable distance between the probes in vitro. (A) Scheme of the assays. A long (7 nm) Fn7-8 domain 
is inserted between a binding domain (FKBP12) and a probe. Signals with and without equimolar rapamycin were 
compared. (B) FRET using 40 nM each of FKBP-Fn7-8-Cerulean and the FRB-YPet as a probe pair. (C) Fluc-PCA using 
100 nM each of FKBP-Fn7-8-C and FRB-N (n = 3). (D) FlimPIA using 100 nM each of FKBP-Fn7-8-Donor and FRB-
Acceptor (left) (n = 3). ©American Chemical Society.
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were mixed with FRB-N, FRB-YPet, and FRB-Acceptors, respectively. As expected, the FRET 
signal was very weak when rapamycin was added to the mixture of FKBP12-Fn7-8-Cerulean 
and FRB-YPet, whereas the signal derived from the mixture of FKBP12-Cerulean and FRB-
YPet was clearly observed (not shown). In the case of PCA using FKBP12-Fn7-8-C and FRB-
N, the luminescence intensity was not significantly increased by the addition of rapamycin 
when the concentrations of the probes were moderate (100 nM each), while some response 
was observed with higher concentrations (750 nM) of each probe (not shown). However, the 
response of FlimPIA was clearly observed, even when 100 nM each of FKBP-Fn7-8-Donor and 
FRB-Acceptor was used.

5. Conclusions

We reported the development of Fluc-based PCA using purified probes for the first time. 
However, the stabilities of the probes were low due to the split forms. The problem might be 
overcome by using another enzyme with a highly stable structure.

Furthermore, we developed a unique PPI assay, called FlimPIA, wherein the catalytic reaction 
of Fluc is divided into two half-reactions. FlimPIA has several advantages, especially in vitro. 
Our next challenge is to improve the response in cellulo.
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Abstract

The protein corona is still somewhat of a mysterious consequence of the nanoparticles’ 
application in theranostics. In this review, several critical aspects related to the protein 
corona are described, in particular which influences more specifically its formation, how 
to evaluate/characterize it, and what interactions to expect when the nanoparticle and the 
protein corona are inside the cell. Despite these issues, which have been studied in a gen-
eral way, it has been verified that there’s still much information missing when it comes 
to specific nanoparticles. Here, a few proteins are also highlighted as examples, which 
have been identified as part of the protein corona; in addition, several factors related to 
the formation of protein corona are discussed due to their important role in the different 
adsorbed proteins.

Keywords: protein corona, nanoparticles, nanobiocompatibility, proteomics

1. Introduction

Nanotechnology is becoming everyday a more valuable resource in developing strategies 
of diagnostics and therapeutics; in fact, a new area is arising which is named nanomedicine 
[1]. From the use of nanoparticles [2] to nanorobots [3] or nanosensors [4], there is no short-
age of ways to apply it to nanomedicine’s benefit. Nanoparticles are particularly useful 
as theranostic agents, as a multifunctional platform which combine both therapeutic and 
diagnostic applications simultaneously [5]. However, nanoparticles must gather a number 
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of characteristics in order to be considered as good theranostic agents, such as suitable size 
[6] and shape [7] for cell penetration, biocompatibility, surface charge, efficient targeting 
[8], and fluorescence, among others [9]. Despite of these advantages and promising appli-
cations, there are still many problems associated to the entrance of the nanoparticle in a 
physiological environment, which may be justified with different intrinsic characteristics 
of the nanoparticles [10]. In general, there are two different nanoparticle identities, such as 
“synthetic identity,” which refers to their intentional physicochemical properties [11], and 
a “biological identity,” which is related to the physicochemical properties shown by the 
nanoparticle after its application in a physiological environment and interaction with the 
presented biomolecules [10]. This “biological identity” is profoundly related to the forma-
tion of the protein corona, as it significantly alters the size, shape, and surface charge of the 
nanoparticle [12, 13]. The protein corona is formed after the entrance of the nanoparticle in 
a physiological environment, such as the bloodstream and/or peripheral blood, where the 
presence of thousands of proteins [14] (among other biomolecules) causes their adsorption 
onto the nanoparticle surface [15], in a corona shape [16]. The formation of this corona is 
energetically favorable, with a decrease of enthalpy and increase of entropy [15]. It can be 
divided into two categories: a “hard” corona, and a “soft” corona. The “soft” corona is based 
on abundant proteins that firstly bind to the nanoparticle through low-affinity bonds, and the 
“hard” corona is more dense [17], based on sparse proteins that replace the “soft” proteins 
over time, due to their higher affinity bonds [11], which is known as the Vroman effect [18].  
The composition of the corona is directly dependent on the biomolecular composition of the 
physiological environment that surrounds it [19, 20], the time of exposure [11, 17, 21], and also 
incubation conditions (such as temperature or mild stirring), among others. Moreover, it is 
clear that the protein corona is not static and varies in the course of time; in other words, it’s 
dynamic [17, 21]. Eventually, it will reach a state of equilibrium, steady stochastic state, where 
the association and dissociation rates for each protein occur equally [21], unless it is further 
incubated in a different biological media or proximal biological fluid, with a formation of a 
new corona [22]. The great majority of the proteins that form the corona are independent of 
the size and surface charge of the nanoparticle but are very influenced by the chemical prop-
erties of the material that constitutes the nanoparticle [23]. However, there are still sensitive 
proteins to size and surface charge, whose nature can change and consequently alter the 
interactions between nanoparticles and cells with the consequent alteration of the biological 
outcome and biological impacts [23]. For instance, if opsonins bind to the nanoparticle in 
the protein corona, they will be recognized as a “threat,” and consequently are phagocy-
tosed by macrophages [24]. It is crucial to prevent opsonization, “camouflage” the nanopar-
ticle to avoid the phagocytosis, and keep the nanoparticles in circulation, which can be 
achieved by the application of a polymer coating, such as poly(ethylene glycol) (PEG) [25].  
This polymer coating also prevents the formation of the protein corona, which can later 
compromise the nanoparticle internalization by the cells [25]. It is thus important to study 
the influence of the protein corona in the internalization of the nanoparticle, as the interac-
tions of the nanoparticles with cells in in vivo studies are much different from the in vitro 
ones [26–28], which can prove to be an obstacle in the generalized application of this ther-
anostic approach based on nanomaterials.
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2. Characterization of protein corona by proteomic strategies

Since the formation of the protein corona has a great impact on the nanoparticle’s performance 
when applied to a biological system, it is important to assess its structure and composition, in 
order to minimize the adverse effects it may have on the nanoparticle’s use. Any alteration in 
shape, size, electron transfer, or others may come from the binding of the protein corona to the 
nanoparticle and may be used as parameters of comparison to be tested between nanoparti-
cles, before and after administration to a biological fluid [29]. However, it is necessary to sepa-
rate the nanoparticle-protein complex from the excess of plasma proteins [30] before assessing 
the composition of the protein corona. This is frequently made by centrifugation [30, 31], but 
it can have many adverse effects in the corona, due to the alterations caused by washing steps 
as well as gradient and volume variations [30, 32, 33]. In order to avoid loss of proteins from 
the corona, or even tainting the protein corona sample with the proteins in excess from the 
plasma, centrifugation can be accompanied by other procedures, such as size exclusion chro-
matography [32] or microfiltration [33, 34]. In the case of magnetic nanoparticles, a one-step 
centrifugation does not work, as it agglomerates the nanoparticles, making it necessary to 
perform a magnetic separation [35, 36]. As said by Megido et al. [33], the main methods of 
evaluation can be held as qualitative or quantitative, being summarized in Figure 1.

2.1. Quantitative proteomics

Quantitative proteomics is the collection of techniques that allow the determination of the 
number of proteins in a sample, which may be its absolute amount or just the relative change 

Figure 1. Summary of methodological approaches useful for the characterization of the protein corona (figure based on 
Megido et al. [33]).

Protein Interactions and Nanomaterials: A Key Role of the Protein Corona in Nanobiocompatibility
http://dx.doi.org/10.5772/intechopen.75501

31



of characteristics in order to be considered as good theranostic agents, such as suitable size 
[6] and shape [7] for cell penetration, biocompatibility, surface charge, efficient targeting 
[8], and fluorescence, among others [9]. Despite of these advantages and promising appli-
cations, there are still many problems associated to the entrance of the nanoparticle in a 
physiological environment, which may be justified with different intrinsic characteristics 
of the nanoparticles [10]. In general, there are two different nanoparticle identities, such as 
“synthetic identity,” which refers to their intentional physicochemical properties [11], and 
a “biological identity,” which is related to the physicochemical properties shown by the 
nanoparticle after its application in a physiological environment and interaction with the 
presented biomolecules [10]. This “biological identity” is profoundly related to the forma-
tion of the protein corona, as it significantly alters the size, shape, and surface charge of the 
nanoparticle [12, 13]. The protein corona is formed after the entrance of the nanoparticle in 
a physiological environment, such as the bloodstream and/or peripheral blood, where the 
presence of thousands of proteins [14] (among other biomolecules) causes their adsorption 
onto the nanoparticle surface [15], in a corona shape [16]. The formation of this corona is 
energetically favorable, with a decrease of enthalpy and increase of entropy [15]. It can be 
divided into two categories: a “hard” corona, and a “soft” corona. The “soft” corona is based 
on abundant proteins that firstly bind to the nanoparticle through low-affinity bonds, and the 
“hard” corona is more dense [17], based on sparse proteins that replace the “soft” proteins 
over time, due to their higher affinity bonds [11], which is known as the Vroman effect [18].  
The composition of the corona is directly dependent on the biomolecular composition of the 
physiological environment that surrounds it [19, 20], the time of exposure [11, 17, 21], and also 
incubation conditions (such as temperature or mild stirring), among others. Moreover, it is 
clear that the protein corona is not static and varies in the course of time; in other words, it’s 
dynamic [17, 21]. Eventually, it will reach a state of equilibrium, steady stochastic state, where 
the association and dissociation rates for each protein occur equally [21], unless it is further 
incubated in a different biological media or proximal biological fluid, with a formation of a 
new corona [22]. The great majority of the proteins that form the corona are independent of 
the size and surface charge of the nanoparticle but are very influenced by the chemical prop-
erties of the material that constitutes the nanoparticle [23]. However, there are still sensitive 
proteins to size and surface charge, whose nature can change and consequently alter the 
interactions between nanoparticles and cells with the consequent alteration of the biological 
outcome and biological impacts [23]. For instance, if opsonins bind to the nanoparticle in 
the protein corona, they will be recognized as a “threat,” and consequently are phagocy-
tosed by macrophages [24]. It is crucial to prevent opsonization, “camouflage” the nanopar-
ticle to avoid the phagocytosis, and keep the nanoparticles in circulation, which can be 
achieved by the application of a polymer coating, such as poly(ethylene glycol) (PEG) [25].  
This polymer coating also prevents the formation of the protein corona, which can later 
compromise the nanoparticle internalization by the cells [25]. It is thus important to study 
the influence of the protein corona in the internalization of the nanoparticle, as the interac-
tions of the nanoparticles with cells in in vivo studies are much different from the in vitro 
ones [26–28], which can prove to be an obstacle in the generalized application of this ther-
anostic approach based on nanomaterials.

Protein-Protein Interaction Assays30

2. Characterization of protein corona by proteomic strategies

Since the formation of the protein corona has a great impact on the nanoparticle’s performance 
when applied to a biological system, it is important to assess its structure and composition, in 
order to minimize the adverse effects it may have on the nanoparticle’s use. Any alteration in 
shape, size, electron transfer, or others may come from the binding of the protein corona to the 
nanoparticle and may be used as parameters of comparison to be tested between nanoparti-
cles, before and after administration to a biological fluid [29]. However, it is necessary to sepa-
rate the nanoparticle-protein complex from the excess of plasma proteins [30] before assessing 
the composition of the protein corona. This is frequently made by centrifugation [30, 31], but 
it can have many adverse effects in the corona, due to the alterations caused by washing steps 
as well as gradient and volume variations [30, 32, 33]. In order to avoid loss of proteins from 
the corona, or even tainting the protein corona sample with the proteins in excess from the 
plasma, centrifugation can be accompanied by other procedures, such as size exclusion chro-
matography [32] or microfiltration [33, 34]. In the case of magnetic nanoparticles, a one-step 
centrifugation does not work, as it agglomerates the nanoparticles, making it necessary to 
perform a magnetic separation [35, 36]. As said by Megido et al. [33], the main methods of 
evaluation can be held as qualitative or quantitative, being summarized in Figure 1.

2.1. Quantitative proteomics

Quantitative proteomics is the collection of techniques that allow the determination of the 
number of proteins in a sample, which may be its absolute amount or just the relative change 

Figure 1. Summary of methodological approaches useful for the characterization of the protein corona (figure based on 
Megido et al. [33]).

Protein Interactions and Nanomaterials: A Key Role of the Protein Corona in Nanobiocompatibility
http://dx.doi.org/10.5772/intechopen.75501

31



in amounts between two states [37]. There are many problems associated to the methods used 
for these assays, such as difficulties in reproducing the results and lack of precision in the 
measurements [38, 39], but recent technologies have allowed to minimize such issues [40], 
increasing the depth and coverage [38], which can also be done by using several techniques 
simultaneously and by defining standards for reproducibility [39]. The most commonly used 
assays are isothermal titration calorimetry (ITC), UV-visible spectrometry, stable isotope 
labeling by amino acids in cell culture (SILAC), isobaric tag for relative and absolute quanti-
tation (iTRAQ), and label-free MS/MS quantification. There are also quantitative approaches 
that make use of two-dimensional electrophoresis (2-DE) [41], but it’s mostly used for qualita-
tive proteomics [39], due to the current limitations in performing quantitative assays .

2.1.1. Isothermal titration calorimetry (ITC)

Isothermal titration calorimetry is a method that allows the determination of thermodynamic 
parameters in a solution (binding affinity, binding stoichiometry, and binding enthalpy 
change [33]), in particular the ones coming from interactions between biological macromol-
ecules [42]. This process is based on the changes in heat caused by the protein adsorption 
to the nanoparticle [43]. The main advantage of this method relies on the fact that it allows 
the characterization while still in the incubation medium [43], which consequently allows a 
greater optimization of the nanoparticle.

2.1.2. UV-visible spectrometry

UV-visible spectrometry is a process based on the ratio between the passed light measured 
and the incident light in the UV-visible wavelength [33]. The presence of the protein corona 
induces changes on the absorption spectrum [17], which makes it an easy, fast, and applicable 
approach, as it requires no other chemicals or resources other than the protein corona itself 
[33]. However, it is an unreliable method, as the radiation energy reaching the sample is low 
[44]; it is very influenced by parameters such as size, temperature, pH [33], and equipment 
errors, which have a much bigger impact, as there is no other chemical or technique applied 
to lower the risk of incorrect results [44].

2.1.3. Stable isotope labeling by amino acids in cell culture (SILAC)

SILAC, an acronym to stable isotope labeling by amino acids in cell culture, is a procedure 
where an essential a.a. has been replaced by its stable isotope counterpart in the cells’ growth 
medium, making this “heavy” amino acid incorporated into all expressed proteins [45]. This 
causes the growth of two populations of cells: the ones growing in “light” medium containing 
the natural isotope in the amino acids and the ones growing in “heavy” medium containing 
stable isotope-labeled amino acids [33, 46]. After complete labeling, equal amounts of labeled 
and unlabeled cells or protein extracts are mixed in the cell population. The samples are then 
digested into peptides and then analyzed with mass spectrometry. The quantification of 
SILAC is thus based on the ratio of introduced isotope-labeled peptides to unlabeled peptides 
[46]. The many advantages of SILAC are its easy implementation, reasonable quantitative 
accuracy, and high reproducibility [46].
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2.1.4. Isobaric tag for relative and absolute quantitation (iTRAQ)

Isobaric tag for relative and absolute quantitation, also known as iTRAQ, is a widely used method 
in proteomics for quantification. It is based on mass spectrometry (MS) [47] and is useful in situ-
ations where the proteins come from different sources in the same sample [33]. This technique 
makes use of amine-reactive reagents with different isotopic masses between them [47], labeling 
the peptides differently and allowing for a clear distinction when analyzing MS scans, as vari-
ous peptides appear each in a single peak [33]. However, this method has a great disadvantage 
concerning its cost [48], which makes it impracticable when compared to cheaper alternatives.

2.1.5. Label-free MS/MS quantification

Label-free quantification methods make no use of labeling on the proteins, relying only on the 
measurement of ion intensity changes in chromatography or on spectrum counting of frag-
ments of peptides in a given protein [46]. This procedure is especially suited for biomarker 
discovery in large sample sets, as it is not needed labeling in any protein [49]. Labeling also 
limits the dynamic range, resulting in loss of signal and possible omission of proteins [50]. 
Therefore, using a label-free quantification approach allows the gathering of reliable informa-
tion, with great reproducibility [49].

2.2. Qualitative proteomics

Qualitative proteomics refers to the assays designed for identification of proteins in a sample 
and are often performed not only for identification but also for quantitative purposes, such as 
the abovementioned 2-DE electrophoresis [39]. Other assessments that allow identification of 
proteins are circular dichroism (CD), SDS-PAGE, fluorescence spectroscopy, shotgun MS/MS, 
selected reaction monitoring (SRM)/multiple reaction monitoring (MRM), Fourier transform 
infrared and Raman spectroscopy, nuclear magnetic resonance (NMR), and X-ray [33].

2.2.1. Circular dichroism

Circular dichroism is an assay based on the determination of the secondary structure, folding 
and binding properties of proteins [51], using the difference between the absorption of left 
and right circularly polarized light [52]. This method is based on the optic properties shown 
by the conformation of the protein, which can be altered when interacting with a nanopar-
ticle. The nanoparticle itself shows no influence in the light, as it is not a chiral compound [33], 
and it can also be used with small amounts of proteins (20 μg) in a short amount of time [51], 
making it a viable way of assessment. However, it has some limitations, such as unfeasibility 
with complex mixtures of proteins [33] and impossibility in obtaining residue-specific infor-
mation [51].

2.2.2. SDS-PAGE

One of the most used methods in proteomics, electrophoresis, is a procedure that separates 
proteins in a sample according to their charge. Using a gel of polyacrylamide, a protein solution 
is applied, and in relation to their charge, proteins will migrate across the gel [53]. The proteins 
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in amounts between two states [37]. There are many problems associated to the methods used 
for these assays, such as difficulties in reproducing the results and lack of precision in the 
measurements [38, 39], but recent technologies have allowed to minimize such issues [40], 
increasing the depth and coverage [38], which can also be done by using several techniques 
simultaneously and by defining standards for reproducibility [39]. The most commonly used 
assays are isothermal titration calorimetry (ITC), UV-visible spectrometry, stable isotope 
labeling by amino acids in cell culture (SILAC), isobaric tag for relative and absolute quanti-
tation (iTRAQ), and label-free MS/MS quantification. There are also quantitative approaches 
that make use of two-dimensional electrophoresis (2-DE) [41], but it’s mostly used for qualita-
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2.1.3. Stable isotope labeling by amino acids in cell culture (SILAC)

SILAC, an acronym to stable isotope labeling by amino acids in cell culture, is a procedure 
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stable isotope-labeled amino acids [33, 46]. After complete labeling, equal amounts of labeled 
and unlabeled cells or protein extracts are mixed in the cell population. The samples are then 
digested into peptides and then analyzed with mass spectrometry. The quantification of 
SILAC is thus based on the ratio of introduced isotope-labeled peptides to unlabeled peptides 
[46]. The many advantages of SILAC are its easy implementation, reasonable quantitative 
accuracy, and high reproducibility [46].
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2.1.4. Isobaric tag for relative and absolute quantitation (iTRAQ)
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and binding properties of proteins [51], using the difference between the absorption of left 
and right circularly polarized light [52]. This method is based on the optic properties shown 
by the conformation of the protein, which can be altered when interacting with a nanopar-
ticle. The nanoparticle itself shows no influence in the light, as it is not a chiral compound [33], 
and it can also be used with small amounts of proteins (20 μg) in a short amount of time [51], 
making it a viable way of assessment. However, it has some limitations, such as unfeasibility 
with complex mixtures of proteins [33] and impossibility in obtaining residue-specific infor-
mation [51].

2.2.2. SDS-PAGE

One of the most used methods in proteomics, electrophoresis, is a procedure that separates 
proteins in a sample according to their charge. Using a gel of polyacrylamide, a protein solution 
is applied, and in relation to their charge, proteins will migrate across the gel [53]. The proteins 
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get sorted by molecular weight [53], and staining is needed with an appropriate pigment, for 
instance, Coomassie blue [54]. The molecular weight is then compared with the one shown by 
the markers, and a densitometry analysis is performed [33]. This procedure is suitable to char-
acterize the proteins that form the corona, comparing the proteins obtained from the plasma 
with the ones that are found in the corona. It is thus possible to verify exactly which ones get 
adsorbed to its surface and, therefore, the ones that have greater affinity to the nanoparticle [43].

2.2.3. Fluorescence spectroscopy

Fluorescence spectroscopy is a method that allows the measurement of the fluorescence of 
a compound, when excited at a given wavelength [33]. The fluorescence may come from 
the protein (intrinsic probes), the nanoparticle, or even a fluorophore added to the complex 
(extrinsic probes) [33, 55], which will be picked up by the amino groups and then detected in 
the fluorescence spectrometer [56].

2.2.4. Shotgun MS/MS

Shotgun proteomics is a widely used technique in proteomics for identifying proteins [57], 
with great sensitivity, making it a great influence in the discovery of clinically actionable bio-
markers [58]. To perform it, a complex mixture of proteins is separated by sequence-specific 
proteolysis, forming peptides that will then be separated in smaller fragments to be later 
analyzed by mass spectrometry [57]. Each peptide will have a mass associated to it, but since 
peptides may have the same a.a., but in a different arrangement, it is important to assess the 
sequence, which can be done by the ratios of its mass spectrum, that is, by MS/MS [57].

This method is often disregarded by researchers, due to its early problems in reproducibility 
and fallible nature [58, 59]. However, the development of bioinformatic tools has allowed a 
decrease in these problems, making it a viable option for proteomic research [57–59].

2.2.5. Selected reaction monitoring (SRM)/multiple reaction monitoring (MRM)

One of the ways frequently used in replacement of shotgun MS/MS is selected reaction 
monitoring (SRM) [60], also known as multiple reaction monitoring (MRM). This assay 
makes use of a triple-quadrupole mass spectrometer [60], where peptides from a previously 
digested protein go through. In the first analyzer, molecular ions with similar mass to the 
peptide are selected, followed by fragmentation of the peptide bonds in the second ana-
lyzer. Lastly, in the third and final analyzer, the fragmented ions from the peptide pieces are 
measured, originating a transition signal [61]. This method does not record any full-mass 
spectrum, increasing its sensitivity and allowing the detection of scarce proteins in complex 
mixtures [60].

2.2.6. Fourier transform infrared and Raman spectroscopy

FTIR is a procedure that gives information about the surface properties of the nanoparticle 
and the protein corona, as it allows the detection of its attachment [33]. Standard Raman 
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spectroscopy is not normally used independently, and it’s usually meant to complement 
other methods, such as FTIR [62]. Together, they provide information about protein’s sec-
ondary structure [63], plus vibrational and rotational parameters.

2.2.7. Nuclear magnetic resonance (NMR)

NMR, which stands for nuclear magnetic resonance, is a form of evaluation of proteins, 
widely used to describe dendrimers, polymers, and fullerenes derivatives, characterizing 
structure, purity, and functionality [64] and their possible effects in membrane disruption 
[65]. Usually, it is used to analyze lipids, as they show high affinity for the nanoparticles 
[66], after a size exclusion chromatography [33]. It still has disadvantages; for instance, it 
cannot distinguish the distribution of targeting agent density on a population of nanopar-
ticles [64].

2.2.8. X-ray crystallography

Considered one of the primary sources of structural information about the protein-ligand 
complex [67], and it is based on the positions and intensities of the reflections as measured in 
the diffraction pattern of the crystal [67]. This method has big challenges associated to it, as 
the quantity of radiation needed may be excessive and cause damages to the proteins before 
a signal is obtained [68], and there are many uncertainties when applying it, such as identity 
or location of the proteins to be evaluated [67].

3. Nanoparticle’s intracellular trafficking

After the nanoparticle’s entry in the biological fluid, it is important to ensure its internaliza-
tion into the cells and intracellular transport, as the formation of the protein corona influences 
directly the cellular uptake and may also have a significant role on the success of the nanopar-
ticle or lack thereof [69]. Most of mammalian cells internalize the nanoparticles through pino-
cytosis, although big, specialized cells (such as macrophages) are able to do it by phagocytosis 
[70, 71], which is the uptake of large particles [70]. Some nanoparticles can also do it by pas-
sive penetration of the cellular membrane; however, if the nanoparticle is not small enough, 
it may deform the membrane [72] by forming holes or thinning it [73], increasing the cyto-
toxicity [71, 74]. Still, this mechanism is useful in drug delivery, as the nanoparticle travels 
directly to the cytosol, without making use of endocytic vesicles [74], promoting the reach of 
the intracellular targets [75]. Hence, it is necessary to take that into account, when designing 
the nanoparticle, as it may be possible to optimally design the surface of the selected nanopar-
ticle for drug delivery and avoid the membrane’s deformation [74]. As for the pinocytosis 
internalization, which is the cellular uptake of small particles (fluids and solutes), it has four 
different types of mechanisms [70] (Figure 2).

The physical properties of the nanoparticle such as size, net surface charge, and chemical 
composition determine which endocytosis process is chosen for the internalization [76], 
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peptides may have the same a.a., but in a different arrangement, it is important to assess the 
sequence, which can be done by the ratios of its mass spectrum, that is, by MS/MS [57].

This method is often disregarded by researchers, due to its early problems in reproducibility 
and fallible nature [58, 59]. However, the development of bioinformatic tools has allowed a 
decrease in these problems, making it a viable option for proteomic research [57–59].

2.2.5. Selected reaction monitoring (SRM)/multiple reaction monitoring (MRM)

One of the ways frequently used in replacement of shotgun MS/MS is selected reaction 
monitoring (SRM) [60], also known as multiple reaction monitoring (MRM). This assay 
makes use of a triple-quadrupole mass spectrometer [60], where peptides from a previously 
digested protein go through. In the first analyzer, molecular ions with similar mass to the 
peptide are selected, followed by fragmentation of the peptide bonds in the second ana-
lyzer. Lastly, in the third and final analyzer, the fragmented ions from the peptide pieces are 
measured, originating a transition signal [61]. This method does not record any full-mass 
spectrum, increasing its sensitivity and allowing the detection of scarce proteins in complex 
mixtures [60].

2.2.6. Fourier transform infrared and Raman spectroscopy

FTIR is a procedure that gives information about the surface properties of the nanoparticle 
and the protein corona, as it allows the detection of its attachment [33]. Standard Raman 
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spectroscopy is not normally used independently, and it’s usually meant to complement 
other methods, such as FTIR [62]. Together, they provide information about protein’s sec-
ondary structure [63], plus vibrational and rotational parameters.

2.2.7. Nuclear magnetic resonance (NMR)

NMR, which stands for nuclear magnetic resonance, is a form of evaluation of proteins, 
widely used to describe dendrimers, polymers, and fullerenes derivatives, characterizing 
structure, purity, and functionality [64] and their possible effects in membrane disruption 
[65]. Usually, it is used to analyze lipids, as they show high affinity for the nanoparticles 
[66], after a size exclusion chromatography [33]. It still has disadvantages; for instance, it 
cannot distinguish the distribution of targeting agent density on a population of nanopar-
ticles [64].

2.2.8. X-ray crystallography

Considered one of the primary sources of structural information about the protein-ligand 
complex [67], and it is based on the positions and intensities of the reflections as measured in 
the diffraction pattern of the crystal [67]. This method has big challenges associated to it, as 
the quantity of radiation needed may be excessive and cause damages to the proteins before 
a signal is obtained [68], and there are many uncertainties when applying it, such as identity 
or location of the proteins to be evaluated [67].

3. Nanoparticle’s intracellular trafficking

After the nanoparticle’s entry in the biological fluid, it is important to ensure its internaliza-
tion into the cells and intracellular transport, as the formation of the protein corona influences 
directly the cellular uptake and may also have a significant role on the success of the nanopar-
ticle or lack thereof [69]. Most of mammalian cells internalize the nanoparticles through pino-
cytosis, although big, specialized cells (such as macrophages) are able to do it by phagocytosis 
[70, 71], which is the uptake of large particles [70]. Some nanoparticles can also do it by pas-
sive penetration of the cellular membrane; however, if the nanoparticle is not small enough, 
it may deform the membrane [72] by forming holes or thinning it [73], increasing the cyto-
toxicity [71, 74]. Still, this mechanism is useful in drug delivery, as the nanoparticle travels 
directly to the cytosol, without making use of endocytic vesicles [74], promoting the reach of 
the intracellular targets [75]. Hence, it is necessary to take that into account, when designing 
the nanoparticle, as it may be possible to optimally design the surface of the selected nanopar-
ticle for drug delivery and avoid the membrane’s deformation [74]. As for the pinocytosis 
internalization, which is the cellular uptake of small particles (fluids and solutes), it has four 
different types of mechanisms [70] (Figure 2).

The physical properties of the nanoparticle such as size, net surface charge, and chemical 
composition determine which endocytosis process is chosen for the internalization [76], 
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although more than one mechanism can be used for the same nanoparticle [77, 78], and 
the formation of the protein corona may have a great influence in this choice [71]. The pro-
teins adsorbed on the nanoparticle give it its biological identity, and they may present a 
sequence that is not recognized by the cell as relevant or needed, preventing its endocytosis 
[79]. It was verified that nanoparticles without a protein corona have higher rates of cellular 
uptake but can also cause more damage to the cell and alter the cellular metabolism and cell 
cycle [79, 80]. Nevertheless, if the sequence of proteins in the protein corona is identified 
as relevant, the endocytosis mechanisms are activated, and the nanoparticle is internalized 
[79]. When binding to the cellular membrane, the protein corona does not separate itself 
from the nanoparticle [81], nor does it detache when inside the cell, being internalized as 
a single complex [82]. After internalization, the nanoparticle’s course must be followed by 
capturing its fluorescence, which can come from the nanoparticle itself or from a fluores-
cent dye added posteriorly. According to Guarnieri et al. [83], polystyrene nanoparticles 
follow a fairly diffuse pattern once inside the cell, which suggested no interaction between 
the nanoparticle and the cytosolic structures, in both situations with and without protein 
corona. This diffuse pattern can be explained by the nanoparticles being transported within 
the endocytic vesicles, whose movements are associated to the molecular motors, such as 
kinesin, myosin, and dynein [83, 84]. Therefore, Guarnieri et al. [83] report that, although 
the protein corona has some influence in the mechanisms of cellular uptake, it does not 
show an impact on the intracellular pathways taken by nanoparticles internalized by endo-
cytosis. While leaving the cell, exocytosis mechanisms are activated, and they are depen-
dent on proteins in the medium, because the proteins forming the corona interacted with 
biological systems inside the cells [76]. The exocytosis is also size, surface coating, and 
shape dependent, as smaller nanoparticles showed faster exocytosis rates and rod-shaped 

Figure 2. Summary of the different kinds of endocytosis (information based on Conner and Schmid [71]).
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nanoparticles showed more efficiency when compared to spherical nanoparticles [76, 85]. 
After performing its function within the cell, the nanoparticle is eventually cleared by the 
liver and spleen, where they can be kept for a long time, increasing the expected cytotoxic-
ity of the nanoparticle [76].

4. Interaction of nanoparticles with cell interfaces

After internalization, it is important not only to guarantee the achievement of the nanopar-
ticle’s function but also to evaluate its effects on cellular organelles [86], as the toxicity can-
not be too high, or it will ultimately exclude its use in nanomedicine. The understanding of 
the nanoparticles’ interaction with each cellular organelle is still fairly underdeveloped, as 
researchers tend to overlook the possible connections between the nanoparticle’s composi-
tion and the cellular response, focusing considerably more on its uptake [86]. Nonetheless, 
some studies have already been made to counteract this tendency, in order to give more 
information and also a better understanding of the nanoparticles’ real impact in the cell. 
According to the experiment performed by Bertoli et al. [78], it is possible to separate the 
organelles retaining the nanoparticle through magnetism, if the particle is designed to have 
magnetic properties. Their experiment [78] was based on separating the nanoparticle from 
the cell after internalization, in order to identify the proteins adsorbed to it, and determin-
ing their origin, according to the characteristic proteins from each cellular organelle. The 
nanoparticles were verified to have the majority of proteins (over 44%) coming from the 
endocytic pathway, while fewer than 5% came from each of the different organelles stud-
ied, such as nucleus, mitochondria, or peroxisomes. However, some proteins can overlap 
by belonging to more than one organelle [87], acting like a contamination, as they can 
induce errors in the examination results. Nevertheless, it can be inferred that the majority 

Figure 3. Summarization of the nanoparticle’s cellular internalization. The nanoparticles interact with the cell, which 
can lead to cellular uptake or accumulation of the nanoparticle in the cell membrane. If uptake occurs, the cell engulfs 
the nanoparticle within endocytic vesicles, which transport the nanoparticle while inside the cell. According to the 
experiments performed by Bertoli et al. [79], the majority of nanoparticles does not leave the endocytic vesicles to interact 
directly with other organelles. The nanoparticles are exocytosed afterwards, through lysosomes, to be cleared by the 
liver or spleen.
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of nanoparticles does not leave the endocytic vehicles to associate itself with the different 
organelles that are present on the cell, which can become a problem, if there is a specific 
intracellular target for the nanoparticle.

In order to find the internalization’s time distribution, Bertoli et al. [78] also performed a 
time-dependent experiment, evaluating the locations of the nanoparticles after submitting 
the cells to a short exposure. It was verified that, after only a few minutes, the presence of 
the nanoparticles was greater in early endocytosis’ organelles, with the total absence of 
lysosomal markers. Still, a more prolonged exposure (24 h) revealed a stronger nanopar-
ticle existence in lysosomes, without any proteins present in early endocytic organelles, 
indicating their concluding exocytosis from the cells. A similar experiment was previously 
performed by Shapero et al. [88], where by electron and fluorescence microscopy, the inter-
nalization pathway of SiO2 fluorescent-labeled nanoparticles was characterized. The results 
obtained also showed a greater number of nanoparticles in the early endocytic organelles 
after a short exposure, lessening those numbers as time passed and as the nanoparticle’s 
location progressed to lysosomal structures, suggesting its clearance mechanism from the 
cell. Shapero et al. [88] also verified a nonexistent association between the nanoparticles 
and the cellular organelles, consolidating the theory that the great majority of nanoparti-
cles does not leave or circulates outside the endocytic vehicles to interact with other organ-
elles (Figure 3).

5. A selection of relevant proteins identified in the protein corona

As mentioned before, the constitution of the protein corona is mainly dependent on the 
composition of the biological medium where it’s inserted [19, 20], as different physiologi-
cal environments have different proteins that compose them. The protein corona is also 
dependent on the time of exposure [11, 17, 20], chemical properties of the nanoparticle 
applied [23], and, in some cases, size and surface of the nanoparticle [23]. It is impossible 
to have a standard protein corona for a given nanoparticle, as each one will have a differ-
ent composition [15]. The best approach possible then is to characterize the most occurring 
proteins, in order to predict the behavior of the nanoparticle when inside the physiological 
system. This issue of research is still emergent, with promising outcomes to better adjust the 
nanoparticle to its function and environment. An example of protein corona evaluation is 
the work presented by Mirshafiee et al. [89], who assessed the differences between nanopar-
ticles with different coatings without a protein corona and the same nanoparticles with it 
adsorbed. Three different types of nanoparticles were used: the bare nanoparticle (with 
no coating), a nanoparticle with human serum albumin coating (HSA), and a nanoparticle 
with gamma-globulin coating (GG). The results indicated that there was a different pro-
tein corona associated to each of the various coatings, identifying the proteins by LC-MS/
MS. For instance, a greater number of lipoproteins and a low quantity of complement fac-
tors and immunoglobulins were found in HSA-coated nanoparticles, while the opposite 
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occurred in GG-coated nanoparticles, with higher levels of complement factors and opso-
nins, especially immunoglobulins, and low levels of lipoproteins. The presence of opsonins 
made the uptake more difficult, and when comparing with nanoparticles without protein 
corona, the differences in uptake were very significant, as nanoparticles without it entered 
the cells more easily.

Another work that explored the composition of the protein corona was provided by 
Mahmoudi et al. [90], who verified the alteration of the proteins that formed the corona 
after submitting it to plasmonic heat induction. In this experiment, gold nanorods were 
used and immersed in fetal bovine serum (FBS) at different concentrations – 10% to mimic 
in vitro milieu and 100% that mimic in vivo milieu. The protein corona was then evalu-
ated before and after exposure to plasmonic heat induction in both concentrations, and by 
LC-MS/MS, it was found that, at room temperature, at 10% FBS the most abundant proteins 
were apolipoprotein A-I precursor and the hemoglobin fetal subunit beta, while the least 
abundant was the apolipoprotein C-III precursor. At room temperature at 100% FBS, the 
protein corona was rich in the apolipoprotein A-II precursor and also in hemoglobin fetal 
subunit beta, while the most scarce was the apolipoprotein C-III precursor as well. After 
exposure to plasmonic heat induction, at 10% FBS the most abundant proteins became the 
α-2-HS-glycoprotein precursor and the apolipoprotein A-II precursor, while hemoglobin 
fetal subunit beta maintaining its numerousness and hemoglobin became the least frequent 
protein. At 100% FBS after plasmonic heat induction, α-2-HS-glycoprotein precursor also 
became the most frequent one, followed by hemoglobin fetal subunit beta as well, having 
a very significant decrease in the quantity of apolipoprotein A-II precursor but still hav-
ing the apolipoprotein C-III precursor as the least prevalent of all the proteins evaluated. 
Accordingly with these results [90], it is then possible to conclude that the protein corona’s 
composition is dependent on the medium where the nanoparticle is inserted, which, in this 
case, also translates to a difference between in vitro and in vivo applications of the nanopar-
ticle, being demonstrated as well its dependency on a physical factor (temperature), which 
must be taken into account when dealing with hyperthermic nanoparticles as a therapeutic 
method against tumors.

6. Conclusions

The study of the protein corona is still in a very embryonic stage, with many problems and 
questions yet to be answered, such as the composition when formed in most nanoparticles, 
exact description of the uptake and clearance mechanisms, and extensive reports on the con-
sequences of its formation. Some steps have been taken with the purpose of answering these 
questions, especially in resorting to bioinformatic approaches, allowing an easier and more 
efficient analysis and sharing of the data obtained. Nevertheless, these are without a doubt 
interesting research topics, leading the way to improve what is already a very auspicious field 
in nanomedicine.
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Abstract

The generation of genetically modified (GM) crops is rapidly expanding each and every 
year around the world. The well-being and quality assessment of these harvests are vital 
issues with respect to buyers’ interests. This drove the administrative specialists to exe-
cute an arrangement of extremely strict strategies for the endorsement to develop and 
use GMOs and to produce an interest in scientific techniques equipped for identifying 
GM crops. The GM crops have been added to the effective fuse of various attributes by 
presenting transgenes, for example, Bacillus thuringiensis (Bt) insecticidal qualities, in var-
ious crop species. GM crops give critical financial, natural, well-being and social advan-
tages to both small and large agriculturists. The detection strategies incorporate either 
DNA-based or protein-based measures. Different immunoassays or catalyst connected 
immunosorbent tests are delicate and more affordable; however, they need experienced 
technicians. A very simple method, that is, immunochromatographic (ICS) test, is set up 
in the world, which is modest, compact and simple to utilize. The ICS is a semiquanti-
tative method for indicative screening and semi-measurement of new remote proteins 
presented through hereditary change of plants. The strip is the easiest method for the 
assessment of several Bt crop plants for insecticidal quality.

Keywords: immunochromatography, lateral flow strips, detection assay, genetically 
modified (GM), trait-specific
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including 33% of the number of inhabitants in sub-Saharan Africa, are undernourished. 
More than 90% of them are enduring long-term malnutrition and micronutrient insuf-
ficiency. Genetic modification of crops can possibly take care of these issues. A heredi-
tarily changed life form (GMO) is a life whose genome has been modified by methods 
of recombinant DNA technology. This innovation adjusts or embeds at least one quality 
into a life through genetic modification. GMOs hold extraordinary potential to build trim 
yield, enhance sustenance quality, decrease input costs and enhance creativity. To date, 
insect protection and herbicide resilient are the primary business attributes utilized as a 
part of maize, cotton and soybean [1, 2]. These qualities are giving monetary advantages 
to the agrochemical business, seed markets and agriculturists because of improved profit-
ability. They additionally conceivably advantage the land because of a lessening in the 
utilization of chemicals or a move to the utilization of all the more naturally agreeable 
chemicals.

The development of GM crops is progressing, more qualities are rising and a bigger number 
of sections of land are being planted with GM crops. The arrival of GM harvests and items 
in the business sectors worldwide has expanded the administrative need to screen and check 
the nearness and the measure of GM crops in yields. The worldwide region of GM crops 
expanded from 1.7 million hectares in 1996 to 81 million hectares in 2004, with an expanding 
extent developed by creating nations. More than 8 million ranchers are profiting from this 
innovation [3]. Around 90% of the farmers are small agriculturists from developing nations, 
who increased their earnings from biotech crops significantly.

The administrative need to screen and confirm the nearness and the measure of GM crops has 
expanded with the development of the GM crops [4]. Effective monitoring of GM crops must 
be accomplished with the improvement of proper techniques.

GM crops can be distinguished by identifying the transformed hereditary material at 
the DNA level, the subsequent protein or phenotype. A few expository techniques, for 
example, strategies in view of the polymerase chain reaction (PCR) for identifying the 
incorporated DNA, immunological measures for detecting the subsequent protein or uti-
lizing bioassays to recognize the resultant phenotype have been reported. Western blot-
ting, enzyme-linked immunosorbent assay (ELISA) and parallel stream sticks are common 
protein-based test techniques [5]. A few other diagnostic advances that can give answers 
for current specialized issues in the GM test examinations are rising. These techniques 
incorporate mass spectrometry, chromatography, close infrared spectroscopy, miniatur-
ized scale manufactured gadgets and, specifically, DNA chip innovation (microarrays) and 
mostly immunoassays. Different immunoassays are being used to determine the geneti-
cally modified proteins.

The test on a specimen is, for the most part, a screening test that may distinguish a scope of 
GMOs. This can be trailed by a particular test to recognize the type of GMO in the sample and 
additionally intended to measure the quantity of a particular GMO. The lion’s share of protein 
recognition strategies depends on immunoassays for discovery and evaluation of new (out-
side) proteins presented through the genetic modification of plants. Immunoassay depends 
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on the reaction between an antigen and a counteracting agent. Protein detection strategies for 
the GMO testing shift from those that are generally modest and simple to perform to more 
refined measures requiring costly instrumentation. Protein detection strategies can be utilized 
to recognize GM attributes in GM crops [6]. GMO testing has turned into a vital and essential 
piece of food production to ensure compliance with labeling regulations, to confirm IP frame-
works and secure customers by approving “non-GMO” item publicizing claims [7].

Binding assays are in widely being used in laboratories for the detection and quantification 
of proteins in samples. For biological samples such as urine, whole blood, plasma, serum and 
other biological fluids, assays are often performed in hospitals and clinical laboratories. These 
binding assays can likewise be performed in natural, horticultural, veterinary, mechanical 
athletic lawful/criminological settings and furthermore, snappy discovery of irresistible sick-
nesses in serological testing of people and creatures. The principles involved in such assays 
are well known by those skilled in the art. Many such devices have been described and are 
available commercially. Immunological binding assay is the sandwich assay. However, 
in clinical laboratories, the use of solid phase chromatographic binding assay devices has 
become commonplace for their relative ease of use, economy, and reproducibility. Typically, 
these chromatographic assay devices are comprised of a porous chromatographic medium 
which acts as the matrix for the binding assay. The sample is added directly or indirectly to 
one end of the medium and is chromatographically transported to a detection reagent with 
which it reacts to form a labeled product, which is then transported to a test zone containing 
an immobilized capture reagent such as a capture antibody, in which the presence, absence or 
quantity of an analyte can be determined.

This depends on immunochromatography and sidelong stream measures. It identifies with 
immunomeasure dipsticks, and especially to those test gadgets used to lead immunological 
and serological restricting tests. This new strip test is low in cost, quick, monetary, convenient 
and less laborious. It can be utilized to detect qualitatively or semiquantitatively the presence 
of protein of interest samples. The development in techniques for utilizing such dipsticks for 
the detection of GMOs is increasing.

GMOs hold the awesome potential to increase crop yield, enhance nutrient quality, lessen 
input costs and enhance creativity. To date, insect and herbicide resistance are the princi-
pal business attributes utilized in maize, cotton and soybean. The worldwide area of GM 
crops expanded 47-fold, from 1.7 million hectares in 1996 to 81 million hectares in 2004, with 
an expanding extent developed by developing nations [2, 3]. GMO testing has turned into 
an indispensable and essential piece of food production to ensure compliance with labeling 
regulations. Protein-based methods, for example, ELISA and strip tests are viable for natural 
items yet rely upon the accessibility of business units and are not appropriate for prepared 
items because of protein degradation [7]. Parallel stream systems are subjective or semiquan-
titative [4]. Immunoassays have the ability to be broadly executed on a large scale for the 
recognition of novel proteins in crude food items. Immunoassay advances are perfect for the 
subjective and quantitative discovery of many sorts of proteins and pathogens in complex 
systems [5, 8]. Effective testing of GM products must be accomplished with the improvement 
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of proper strategies for detection. These strategies are for the most part in view of the study 
of the novel proteins or DNA.

For approval of a scientific strategy, the testing objective must be characterized and execution 
qualities must be illustrated. Execution qualities incorporate exactness, extraction proficiency, 
accuracy, reproducibility, affectability, specificity and strength. The utilization of approved 
strategies is essential to guarantee acknowledgment of results delivered by diagnostic research 
facilities [9]. The greater part of protein detection techniques depends on immunoassays. 
Protein detection techniques can possibly recognize the nearness of a particular GM quality 
and to give the total measurement of the level of transgene expression. Protein identification 
strategies are exceedingly reasonable for checking particular GM attributes amid treatment of 
crude items, gave the protein is communicated in the piece of the plant being tried.

Here are the details of immunoassays being used for the detection of genetically modified 
proteins.

2. Immunoassays

An immunoassay is a biological test that identify and quantify the micro- or macromolecules 
with the help of antigen or antibody, and the molecule to be detected is called as an ana-
lyte. Specific antigens can be stimulated by specific immune responses and as a result of an 
immune response in the body, antibodies are produced, which are proteins, and they have 
a sense to find the presence of any foreign antigen in the body. Immunoassays vary in for-
mats. Multiple steps are involved in these assays where reagents are being added and then 
extra reagents are washed away. Multistep assays are often called heterogeneous immunoas-
says or separation immunoassays [10]. A few immunoassays can be performed by mixing the 
samples and reagents and are nonseparation immunoassays or homogeneous immunoassays. 
The vital component of an immunoassay is an antibody which has a high specificity for the 
target molecule (antigen), and the area on antigen where antibody attaches is called as an epit-
ope. Standards or calibrators of known concentration are being used to quantify the unknown 
concentration of analyte. These detections of antigen or antibody take place with the help of 
labels attached to the antigen or antibody. Many labels are detectable as either they produce 
a color change in a solution, emit radiations or can be induced to emit light or fluorescence 
under UV light. The most common used labels for immunoassays are the enzymes.

2.1. History

In the 1950s, the first immunoassay was developed by the Solomon Berson Rosalyn Sussman 
Yalow. In 1977, Yalow received the Nobel Prize for her work and came in the list of second 
American women who won this award [11, 12]. In the 1960s [13], the immunoassay became 
more simple with the discovery of chemically linked enzymes to the antibodies, and later in 
1983 [14], Professor Anthony Campbell from Cardiff University introduced acridinium ester 
in immunoassay that used its own light. This immunoassay helped to quantify a wide range 
of pathogens, proteins and other proteins in blood samples [14].
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3. Classification of immunoassays

1. Competitive homogenous immunoassays

2. Competitive heterogeneous immunoassays

3. One-site noncompetitive immunoassays

4. Two-site noncompetitive immunoassays

3.1. Competitive, homogeneous immunoassays

In competitive homogenous immunoassay, there is a competition between labeled and bound 
analyte (bound to the antibody) with unlabeled and unbound analyte in the sample. As a 
competition, the unlabeled and unbound analyte displace the labeled and bound analyte and 
get them attached in place, while the detached labeled analyte then give fluorescence, and 
this fluorescence is measured, which is proportional to the amount of unlabeled and initial 
unbound analyte in the sample.

3.2. Competitive heterogeneous immunoassay

In heterogeneous assay, there is a competition between bound and labeled analyte (bound to 
the antibody) with unbound and unlabeled analyte, the difference from competitive homog-
enous assay is that the labeled unbound/displaced analyte is separated by washing, and the 
remaining labeled and bound analyte is measured.

3.3. One-site noncompetitive immunoassays

In this immunoassay, the amount of unknown analyte in the sample is measured by add-
ing the labeled antibodies. The labeled antibodies get attached with the analyte in the 
sample, and the extra labeled unbound antibodies are washed away, so, only labeled and 
bound antibodies are present in the sample, the intensity of fluorescence of these anti-
bodies is measured, which is proportional to the 3.4. amount of unknown analyte in the 
sample.

3.4. Two-site noncompetitive immunoassays

In this immunoassay, there is an antibody present on a site, and the analyte in a sample is 
added to the antibody get attached, and then second antibody is added which is attached 
with the label. If the specific analyte is not present in the solution, the second antibody will 
not attach. Then, the fluorescence of the labeled antibody is measured, which is directly pro-
portional to the amount of analyte in the sample. It is very important to consider that there 
are washing steps after every reaction, so extra materials are always washed away. The other 
thing very important is that what type of labels are attached and how the fluorescence/signal 
is measured. The details of the labels are given as follows:
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more simple with the discovery of chemically linked enzymes to the antibodies, and later in 
1983 [14], Professor Anthony Campbell from Cardiff University introduced acridinium ester 
in immunoassay that used its own light. This immunoassay helped to quantify a wide range 
of pathogens, proteins and other proteins in blood samples [14].
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3. Classification of immunoassays

1. Competitive homogenous immunoassays

2. Competitive heterogeneous immunoassays

3. One-site noncompetitive immunoassays

4. Two-site noncompetitive immunoassays

3.1. Competitive, homogeneous immunoassays

In competitive homogenous immunoassay, there is a competition between labeled and bound 
analyte (bound to the antibody) with unlabeled and unbound analyte in the sample. As a 
competition, the unlabeled and unbound analyte displace the labeled and bound analyte and 
get them attached in place, while the detached labeled analyte then give fluorescence, and 
this fluorescence is measured, which is proportional to the amount of unlabeled and initial 
unbound analyte in the sample.

3.2. Competitive heterogeneous immunoassay

In heterogeneous assay, there is a competition between bound and labeled analyte (bound to 
the antibody) with unbound and unlabeled analyte, the difference from competitive homog-
enous assay is that the labeled unbound/displaced analyte is separated by washing, and the 
remaining labeled and bound analyte is measured.
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sample, and the extra labeled unbound antibodies are washed away, so, only labeled and 
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bodies is measured, which is proportional to the 3.4. amount of unknown analyte in the 
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In this immunoassay, there is an antibody present on a site, and the analyte in a sample is 
added to the antibody get attached, and then second antibody is added which is attached 
with the label. If the specific analyte is not present in the solution, the second antibody will 
not attach. Then, the fluorescence of the labeled antibody is measured, which is directly pro-
portional to the amount of analyte in the sample. It is very important to consider that there 
are washing steps after every reaction, so extra materials are always washed away. The other 
thing very important is that what type of labels are attached and how the fluorescence/signal 
is measured. The details of the labels are given as follows:
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3.4.1. Radioactive isotopes

To produce a radioimmunoassay (RIA), radioactive isotopes can be added into the immu-
noassay reagents and the radiations emitted by bound antigen–antibody complex can be 
determined by the conventional methods. RIA is considered as the earliest developed immu-
noassay, and they are not used frequently nowadays because of the hazards of radioactivity 
[16, 17].

3.4.2. Fluorogenic reporters

Many modern immunoassays are performed by the use of fluorogenic reporters, and the pro-
tein microarrays are the best example where these labels are being used [18, 19].

3.4.3. Electrochemiluminescent tags

Electrochemical tags are the labels which emit light as a response of electric current, and the 
chemiluminescence is detected [20].

3.4.4. DNA reporters

In real-time quantitative PCR, the traditional immunoassays techniques are added and this is 
called as real-time immunoquantitative PCR (iqPCR). The labels used in this assay are DNA-
labeled probes [21, 22].

3.4.5. Enzymes

The most commonly used labels in immunoassays are enzymes, such immunoassays are 
called as enzyme-linked immunosorbent assays (ELISA) or sometimes enzyme immunoas-
says (EIAs). Different enzymes are used in such assays, for example, glucose oxidase, horse-
radish peroxidase (HRM) and alkaline phosphatase. The enzymes are exposed to the reagents 
which cause them to produce chemiluminescence or light.

4. Label-free immunoassays

There are few immunoassays where labels are not required, for example, in one immuno-
assay, the antigens are measured by change in resistance in the electrode as the antigen 
attaches to it. In another method, the binding between unlabeled antibody and antigen is 
detected by resonance and the technique is called as surface plasmon resonance, and these 
resonance signals are produced by metal nanoparticle tags which can be measured by a 
microphone [23, 24].

Different techniques where the immunoassays are being used are as follows:

1. Radioimmunoassay

2. ELISA
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3. Memory lymphocyte immunostimulation assay (MELISA)

4. Immunoscreening

5. Cloned enzyme donor immunoassay (CEDIA)

6. Lateral flow test

7. Magnetic immunoassay (MIA)

8. Surround, optical fiber immunoassay (SOFIA)

9. Ultra sensitive antibody detection by agglutination-PCR

10. CD/DVD-based immunoassay.

4.1. Radioimmunoassay

RIA is an extensive method in which radioactive labels are used in a stepwise manner and 
as it is very specific and sensitive method which require a special equipment. Another such 
method is called immunoradiometric assay (IRMA) in which radiolabels are used in an imme-
diate manner rather in steps. Radioallergosorbent test (RAST) is used to determine the aller-
gen in case of allergy. It is the cheapest method to perform immunoassay. Although it is 
the cheapest method to perform immunoassay, it needs special licensing and precautions as 
radioactive compounds are being used [25–28].

4.1.1. Method

The following steps are required to perform radioimmunoassay:

1. Gamma-radioactive isotopes of iodine, for example, 125-I, attached to the tyrosine are used 
to label the known amount of antigen

2. A known amount of antibody is mixed with these radiolabelled antigens.

3. Labeled antigen and unlabeled antibody get attached by their binding sites.

4. A sample of serum having the same antigen of unknown amount is added to the mixture.

5. A competition between labeled (“hot”) and unlabeled (“cold”) antigen is built to attach 
with antibody binding sites.

6. When the concentration of unknown antigen is increased, it starts to displace the labeled 
antigen from the antibody binding sites

7. The displaced labeled antigens and bound antigen–antibody complexes got separated, and 
the radioactivity of displaced radiolabelled antigens is measured by Gamma Counter.

*Radioimmunoassay can be performed as same as the sandwich ELISA method (see sandwich 
ELISA), the difference is that in ELISA, enzyme is linked with secondary antibody, while in 
this sandwich radioimmunoassay, radioactive compound is used.
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There are few immunoassays where labels are not required, for example, in one immuno-
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attaches to it. In another method, the binding between unlabeled antibody and antigen is 
detected by resonance and the technique is called as surface plasmon resonance, and these 
resonance signals are produced by metal nanoparticle tags which can be measured by a 
microphone [23, 24].
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3. Memory lymphocyte immunostimulation assay (MELISA)

4. Immunoscreening

5. Cloned enzyme donor immunoassay (CEDIA)

6. Lateral flow test

7. Magnetic immunoassay (MIA)

8. Surround, optical fiber immunoassay (SOFIA)

9. Ultra sensitive antibody detection by agglutination-PCR
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method is called immunoradiometric assay (IRMA) in which radiolabels are used in an imme-
diate manner rather in steps. Radioallergosorbent test (RAST) is used to determine the aller-
gen in case of allergy. It is the cheapest method to perform immunoassay. Although it is 
the cheapest method to perform immunoassay, it needs special licensing and precautions as 
radioactive compounds are being used [25–28].

4.1.1. Method

The following steps are required to perform radioimmunoassay:

1. Gamma-radioactive isotopes of iodine, for example, 125-I, attached to the tyrosine are used 
to label the known amount of antigen

2. A known amount of antibody is mixed with these radiolabelled antigens.

3. Labeled antigen and unlabeled antibody get attached by their binding sites.

4. A sample of serum having the same antigen of unknown amount is added to the mixture.

5. A competition between labeled (“hot”) and unlabeled (“cold”) antigen is built to attach 
with antibody binding sites.

6. When the concentration of unknown antigen is increased, it starts to displace the labeled 
antigen from the antibody binding sites

7. The displaced labeled antigens and bound antigen–antibody complexes got separated, and 
the radioactivity of displaced radiolabelled antigens is measured by Gamma Counter.

*Radioimmunoassay can be performed as same as the sandwich ELISA method (see sandwich 
ELISA), the difference is that in ELISA, enzyme is linked with secondary antibody, while in 
this sandwich radioimmunoassay, radioactive compound is used.
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4.2. Enzyme-linked immunosorbent assay (ELISA)

ELISA is a type of immunoassay, and the principle behind its working is the same as that of 
immunoassay, just it is a wet-lab based assay that uses solid phase enzyme and that is why it 
is also called as enzyme immunoassay (EIA). ELISA is considered as a quality control test in 
industries and diagnostic tests in hospitals. ELISA falls under the category of ligand binding 
assays as it involves the binging of antibody and antigen. When labeled antigens or antibod-
ies get attached to substrates, they make a reaction which causes a change in color, and this 
color is used as a signal. This substrate to enzyme linkage was developed by Stratis Avrameas 
and G.B. Pierce. As it is very necessary to wash away the unnecessary or unbound chemicals 
after each reaction, so that is why the bound antigen-antibody complex should be fixed to the 
surface of the container with the help of immunosorbent, and this method was developed by 
Jerker Porath and Wide in 1966. In 1971, a group of different scientists Bauke van Weemen 
and Anton Schuurs, in the Netherlands, and Eva Engvall and Peter Perlmann, in Sweden, 
independently published papers describing the methods of ELISA/EIA. Usually, chromo-
genic reporters and substrates are used, which give observable change in color according to 
the amount of antigen-antibody complex. In ELISA, a solid phase which is physically immo-
bilized is used to absorb certain components of the liquid phase which has the analyte to be 
detected. Different reagents and solutions are added, incubated and washed off, and in the 
end, some optical changes take place which are measured by spectrophotometer at specific 
wavelength. If the antigen is present in the liquid to be diagnosed/detected, then the labeled 
antibody is added and vice versa, and then, the substrate is added which reacts with the 
enzyme of labeled antigen or antibody and then stop solution is added to stop the reaction, 
and the color change is measured at specific wavelengths by ELISA reader. ELISA can give 
results in two forms [12, 29–31]:

1. Qualitative: In quantitative ELISA, just positive or negative results can be mentioned. A 
cutoff value is adjusted by running known positive and negative samples, and the optical 
density of the solution is measured by spectrophotometer.

2. Quantitative: Quantitative ELISA is used for the quantification of analyte, and the series of 
standards are used and the unknown amount of analyte is measured.

Different kits are also available in the market for each type of ELISA according to the applica-
tion and requirement. Mostly, the basic principle and methodology are the same. Procedures 
and reagents are provided with each specific kit along with the methodology.

Following are the four different types of ELISA and their methodologies:

4.2.1. Direct ELISA

Direct ELISA comprised of the following steps:

• A liquid solution having analyte to be detected is added to the microtiter plate, one sample 
per well of the plate. The plate has the solid/plastic phase, which absorbs the analyte by 
charge exchange.
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• Bovine serum proteins or casein is added to the wells, which are nonreactive in order to 
cover that portion of plastic which is not covered by antigen.

• Primary antibody having attached enzyme is added, and it binds with the antigen.

• A substrate is added, which changes the color of the solution by reacting with enzymes.

• The higher the concentration of primary antibody in the solution, the higher the color 
change will be there and higher will be the analyte in the liquid to be tested.

• The major disadvantage of the direct ELISA is that when antigen is to be measured from 
serum, antigen mobilization become difficult due to many other proteins present in the 
serum. Sandwich or indirect ELISA becomes more suitable in that case (Figure 1).

4.2.2. Sandwich ELISA

Sandwich ELISA is a type of immunosorbent assay in which one antigen is sandwiched 
between the two antibodies or one antibody is sandwiched between two antigens for more 
specific reactions. The procedure of the ELISA is given below [32, 33]:

1. A known amount of antibody is bound to a fixed surface.

2. Nonspecific sites on solid surface are blocked by bovine serum albumin, casein or any 
other such neutral solution.

3. The sample containing antigen is applied to the plate and which is captured by antibody.

4. The unbound antigens are washed away by washing solution

5. The secondary antibody is added which is also labeled with enzymes.

6. The unbound antibodies are washed away.

7. The sandwich is formed having two antibodies and one antigen inside.

8. A substrate is added, and the enzyme reacts with the substrate and gives a color which is 
proportional to the amount of antigen.

Figure 1. Direct ELISA. This figure shows the direct ELISA in which the analyte (antigen) to be determined is attached 
with the labelled antibody and then chromogenic substrate is added which reacts with the enzyme and gives fluorescence.
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• Bovine serum proteins or casein is added to the wells, which are nonreactive in order to 
cover that portion of plastic which is not covered by antigen.

• Primary antibody having attached enzyme is added, and it binds with the antigen.

• A substrate is added, which changes the color of the solution by reacting with enzymes.

• The higher the concentration of primary antibody in the solution, the higher the color 
change will be there and higher will be the analyte in the liquid to be tested.

• The major disadvantage of the direct ELISA is that when antigen is to be measured from 
serum, antigen mobilization become difficult due to many other proteins present in the 
serum. Sandwich or indirect ELISA becomes more suitable in that case (Figure 1).

4.2.2. Sandwich ELISA

Sandwich ELISA is a type of immunosorbent assay in which one antigen is sandwiched 
between the two antibodies or one antibody is sandwiched between two antigens for more 
specific reactions. The procedure of the ELISA is given below [32, 33]:

1. A known amount of antibody is bound to a fixed surface.

2. Nonspecific sites on solid surface are blocked by bovine serum albumin, casein or any 
other such neutral solution.

3. The sample containing antigen is applied to the plate and which is captured by antibody.

4. The unbound antigens are washed away by washing solution

5. The secondary antibody is added which is also labeled with enzymes.

6. The unbound antibodies are washed away.

7. The sandwich is formed having two antibodies and one antigen inside.

8. A substrate is added, and the enzyme reacts with the substrate and gives a color which is 
proportional to the amount of antigen.

Figure 1. Direct ELISA. This figure shows the direct ELISA in which the analyte (antigen) to be determined is attached 
with the labelled antibody and then chromogenic substrate is added which reacts with the enzyme and gives fluorescence.
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9. The absorbance or fluorescence or electrochemical signal (e.g., current) of samples is meas-
ured to determine the presence of antigen and to quantify it (Figure 2).

4.2.3. Indirect ELISA

Indirect ELISA is the same as that of the direct ELISA, only primary antibody has been unla-
beled, which is very specific to the antigen and the labeled secondary antibody is added, 
which is labeled withe enzyme or any other label (Figure 3).

4.2.4. Competitive ELISA

There is a competition of analyte in this ELISA. The procedure is as follows:

1. First sample having antigen is incubated in the presence of antibody.

2. This antigen–antibody complex is then added into the antigen-coated well.

Figure 2. Sandwich ELISA. This figure shows the antigen is the analyte which is sandwiched between two antibodies, 
the antibody can be sandwiched between two antigens in the same way.

Figure 3. Indirect ELISA. This figure shows the antigen is the analyte to be detected, the primary antibody specific to 
the antigen is added, secondary antibody is added then, which is labelled with the enzyme and after that chromogenic 
substrate is added, which reacts with the enzyme and give fluorescence.
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3. The plate is washed to remove all the unbound antibodies, and the antigen-antibody (Ag-
Ab) complex have a competition with labeled antigen as there are less unbound antibodies 
and coated antigen needs to attach with antibodies which will be taken from bound Ag-Ab 
complex.

4. Then, the secondary antibody is added which is attached with the enzyme.

5. A substrate is added, and as a reaction of the enzyme and substrate, color is produced.

6. To prevent the eventual saturation of the signal, the stop solution is added to stop the 
reaction.

In some kits, enzyme-linked antigens are used instead of antibodies, and the remaining com-
petition mechanism is same as described earlier; therefore, there will be a competition of 
antigens instead of antibodies.

4.2.5. Applications of ELISA

To determine the immune response in the body enzyme-linked immunosorbent assay (ELISA) 
is being used, which have different methods. These methods are being extensively used to 
determine analyte in the biological samples of whole blood, serum, urine and other biological 
fluids. These assays have wide applications in agriculture, industrial, environmental, athletic 
and legal/forensic fields [34–38].

This assay can be used to determine:

1. The antigen present in oncology samples. The elevated levels of carcinoembryonic antigen 
(CEA) and prostate-specific antigen (PSA) can be used for early diagnosis of tumorigenic 
processes.

2. Other disorders and diseases can be diagnosed by immunoassays, for example, antigenic 
determinants of infectious disease organisms, including fungi, viruses and bacteria and 
yeast. Helicobacter pylori, Mycobacterium tuberculosis, malaria, West Nile Virus, HIV, hu-
man papilloma virus (HPV), human chorionic gonadotropin (HCG) for pregnancy, hor-
mones determination, gastrointestinal disorders determination, inherited metabolic dis-
eases determination by enzymes, hexosaminidase as a marker of Tay-Sachs disease and 
histidase as a marker of histidinemia, tissue damages determination by tissue specific 
antigen in circulation by determination of creatinine kinase for muscle damage cardiac 
troponine for myocardial infarction.

3. Suitable identification of the foreign protein in genetically modified organisms (GMOs) 
and antibodies.

4. To test the athletes’ blood sample for recombinant growth hormone, immunoassays are 
widely used in sports anti-doping laboratories (rGH rhGH, GH, hGH).
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the antigen is added, secondary antibody is added then, which is labelled with the enzyme and after that chromogenic 
substrate is added, which reacts with the enzyme and give fluorescence.
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3. The plate is washed to remove all the unbound antibodies, and the antigen-antibody (Ag-
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4.3. Memory lymphocyte immunostimulation assay (MELISA)

Type-IV hypersensitivity to chemicals, metals and environmental toxins such as molds can be 
determined by an immunoassay called as a memory lymphocyte immunostimulation assay 
(MELISA). The test determines the harmful substance in the blood, which is causing allergic 
reactions, but it will not measure the amounts of toxic substances. Two research articles showed 
MELISA had many false positive results, while one subsequent study showed that it is very 
reliable, specific and sensitive method to detect the metals in metal allergic patients [39–43].

4.4. Immunoscreening

It is a method to determine the proteins produced by genes inserted into expression vectors. 
For this, antiserum should be available and the secondary antibody should also be labeled 
with radioactive compounds or enzymes [44].

4.5. Cloned enzyme donor immunoassay

In this type of Immunoassay, in which two types of enzymes are being used which can be 
active only when they combine together [45]. The one enzyme is conjugated with the same 
type of specific analyte to be determined and this enzyme complex is called as analyte-
enzyme-fragment conjugate. The other enzyme attaches to the specific antibody. The analyte-
enzyme-fragment conjugate is unable to assemble with the other enzyme, if it is attached to 
the antibody. For this purpose, the antibody should be displaced from the enzyme.

Therefore, when the analyte to be determined present in the serum is mixed with the analyte-
enzyme-fragment conjugate and antibody-enzyme. There is a competition between the ana-
lyte in the serum and the analyte-enzyme-fragment conjugate. If the concentration of analyte 
is high in the serum, then, it will attach with the antibody-enzyme, and the enzyme will be 
free to attach with the analyte-enzyme-fragment conjugate to give enzyme activity with the 
substrate. It means the higher the concentration of analyte in the serum, the higher will be 
enzyme activity and vice versa.

4.6. Lateral flow immunochromatographic assays

Simple devices (Strips) are being used to detect the analyte of interest in the sample without 
the need of any equipment. A widely used such tests are home pregnancy test, HCV, HBV 
diagnostic test, and so on. Immunoassays have the ability to be broadly executed on a busi-
ness scale for the recognition of proteins in food [10, 46–49]. The test is used to detect Bt-GM 
crops for the expression of insecticidal crystal protein (ICP) of Bacillus thuringiensis. One-step 
lateral flow tests, which are also called immunochromatographic strips (ICS) or dipstick tests, 
have been a popular platform for qualitative rapid visual tests, which use colloidal gold con-
jugate to generate signals.

In previous methodologies, QuickStix lateral flow test devices employ the same immunoassay 
principles as the plate format, but coat the antibodies and other reagents on a nitrocellulose 
membrane rather than on the inside of test wells or tubes. Nitrocellulose (NC) membranes 
have been the first choice of device manufacturers for over 20 years. A test strip assay device, 
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in which a mobile conjugate labeled with colloidal labels such as gold, can be deposited on a 
chromatographic medium, and after reaction with an analyte, thus transported with the sol-
vent to a test zone. The labeled mobilizable detection reagent reacts with an analyte, and the 
resulting product migrates with the liquid sample as the sample progresses to the test zone. 
During manufacturing, after the unlabeled binding agent is added to and immobilized in the 
test zone, the remainder of the test strip material is treated with blocking agents, in order to 
block any remaining binding sites. The zone where the mobilizable labeled reagent is located is 
often referred to as the “labeling zone,” but can be referred to as the “reversible immobilization 
zone” or “mobilization zone” while the analyte is reacting with the mobilized labeled reagent, 
the liquid sample and mobilized labeled reagent migrates further within the porous carrier to 
the detection zone, where reagent that binds the same analyte is fixed or immobilized, usually 
in the form of a line. The important aspects of antibody pairs include steric separation of epit-
opes, an adequate titer of stocks, high affinity, high specificity, high avidity and purity.

The benefits of immunochromatographic tests include user-friendly format, very short time 
to get a test result, long-term stability over a wide range of climates and relatively inexpen-
sive to make. These features make strip tests ideal for applications such as home testing, 
rapid point of care testing and testing in the field for various environmental and agricultural 
analytes. It is limited to diagnostic screening applications only. Furthermore, the achievable 
sensitivity is a factor of about 10–100 poorer than an instrumented laboratory immunoassay, 
restricting the technology’s utility to relatively high abundance analytes only. Some of the 
more common lateral flow tests currently on the market are tested for pregnancy, strep throat 
[50], Chlamydia and human brucellosis [51]. Lateral flow assays have been used extensively 
as diagnostic tools for monitoring of toxins (Figure 4).

Figure 4. Lateral flow method.
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4.7. Magnetic immunoassay (MIA)

The magnetic nanoparticles were discovered by Frenchman Louis Néel, and he got the first 
Nobel Prize in Physics in 1970. The scientists described the superparamagnetic quality of 
these magnetic nanoparticles in the magnetic field. These component magnetic nanoparticles 
are in the range of 5–50 nm while the magnetic beads may be in the range of 35 nm–4.5 μm. 
A novel type of diagnostic immunoassay was developed by using these magnetic beads as 
labels. The presence of magnetic labels is measured by the magnetic reader, that is, magne-
tometer. Therefore, the signals measured by the instrument are directly proportional to the 
analyte in the serum (toxin, cardiac marker, virus, bacteria). The superparamagnetic quality 
of these beads has already been in practice in magnetic resonance imaging (MRI) [52].

4.8. Surround, optical fiber immunoassay (SOFIA)

A billion times more sensitive and dynamic technique than conventional diagnostic methods is 
“surround, optical fiber immunoassay (SOFIA)” for in vitro diagnostics, in which surround optic 
fiber assembly is used to capture the fluorescence from the sample. SOFIA’s sensitivity is up to 
attograms level, that is, (10−18 g). SOFIA has a power to differentiate the analyte over 10 orders of 
magnitude. This technique is used for ante mortem screening test for, Scrapie, BSE, vCJD, CWD, 
Alzheimer’s, Parkinson’s disease and transmissible spongiform encephalopathies [53].

4.9. Ultra sensitive antibody detection by agglutination-PCR (ADAP)

With this technique, the antibodies in the ultrasensitive solution are detected by synthetic 
antigen-DNA conjugates, which enable the ligation of strands of DNA, and quantification 
is done by qPCR. ADAP can detect zepto- to attomoles of antibodies with dynamic range of 
5–6 orders of magnitude in 2 μL of the sample. Agglutination-PCR gives 1000-fold increased 
sensitive results in the determination of the anti-thyroglobulin autoantibodies from human 
patient plasma. The ADAP is very sensitive, and very cheap equipment such as Slip Chip is 
being used, and there is no need to use hazardous radioactive compounds [54].

4.10. CD/DVD-based immunoassay

Storage and retrieval of information can be performed on the metal reflective layer and the 
polycarbonate surface of CD/DVD. The metal surface of the CD is made of pure gold some-
times, and it shows perfect optical activities and this metal can perform the activity of the sub-
strate and compounds can attach to it and as a result, it can change the refractive and reflective 
properties of the disk, and the signals produced can tell the amount of analyte in the sample.

In addition to the abovementioned immunoassays, there are many other ELISA-based immu-
noassays, the difference is that ELISA is used to determine the analyte in the liquid solution 
while these methods are being used to determine analyte in the tissue samples after perform-
ing a series of steps, provided with easy time of assay, for example, Western blot, immunohis-
tochemistry, dot blot, immunocytometry, immunostaining. It is very important to know that 
in immunoassays, there is an importance of antibodies of immunoglobulin, but scientists are 
working hard to make this procedure more cheaper.
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5. Aptamers

Aptamers are single-stranded oligonucleotides of DNA or RNA molecules, and have prop-
erty to bind with high affinity and specificity to their target due to their strong interactions 
and nanosize, respectively. This property of aptamers can be used for a number of applica-
tions in biomedical research, their high efficiency of molecular recognition makes them effec-
tive biosensors and therefore, they can be used to develop assays against different targets [55]. 
Different aptamers can be synthesized for a specific target through a process called systematic 
evolution of ligands by exponential enrichment (SELEX). Biosensing property of aptamers 
offers fast and easy detection of target molecules. This property can be used for diagnosis and 
other biomedical applications, which will help to fight against a number of diseases, includ-
ing AIDS, cancer, Alzheimer’s, viral and bacterial infections. A number of aptamers can be 
identified against various targets, including nucleotides, proteins, lipids, signaling molecules 
and even whole cells and microorganisms. Recent advances in research have proven that 
RNA aptamers have high therapeutic and diagnostic value. It can also be used for therapeutic 
delivery of oligos. All these attributes of aptamers make them pivotal tools of the emerging 
bionanotechnology and biosensors. Some research groups are working on aptamer technol-
ogy and using them as aptasensors but it requires more attention to boost our research for 
diagnosis and fight against different diseases. Aptamers are easy to synthesize and more 
stable as compared to antibodies; therefore, they can be helpful in our future advances in 
therapeutics and diagnosis [56].
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Abstract

Besides its canonical role in protein synthesis, the eukaryotic translation elongation fac-
tor 1A (eEF1A) is also involved in many other cellular processes such as cell survival and 
apoptosis. We showed that eEF1A phosphorylation by C-Raf in vitro occurred only in the 
presence of eEF1A1 and eEF1A2, thus suggesting that both isoforms interacted in cancer 
cells (heterodimer formation). This hypothesis was recently investigated in COS-7 cells 
where fluorescent recombinant eEF1A isoforms colocalized at the level of cytoplasm with 
a FRET signal more intense at plasma membrane level. Here, we addressed our attention 
in highlighting and confirming this interaction in a different cell line, HEK 293, normally 
expressing eEF1A1 but lacking the eEF1A2 isoform. To this end, His-tagged eEF1A2 was 
expressed in HEK 293 cells and found to colocalize with endogenous eEF1A1 in the cyto-
plasm, also at the level of cellular membranes. Moreover, FRET analysis showed, in this 
case, the appearance of a stronger signal mainly at the level of the plasma membrane. 
These results confirmed what was previously observed in COS-7 cells and strongly rein-
forced the interaction among eEF1A isoforms. Moreover, the formation of eEF1A het-
erodimer in cancer cells could also be important for cytoskeleton rearrangements rather 
than for phosphorylation, most likely occurring during cell survival and apoptosis.
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1. Introduction

Eukaryotic elongation factor 1A (eEF1A) belongs to the family of GTP-binding proteins and 
it is the second most abundant protein in the cellular environment. It catalyzes the first step 
of the elongation cycle by promoting the GTP-dependent binding of aminoacyl-tRNA to the 
A-site of the ribosome [1–3]. eEF1A exists as two isoforms eEF1A1 and eEF1A2 [4], and in 
humans, they share almost identical amino acid sequences (92% sequence identity). eEF1A1 
is ubiquitously present except in skeletal and cardiac muscle, while eEF1A2 expression is 
restricted in the brain, skeleton muscle, heart, and other cell types including large motor neu-
rons, islet cells in the pancreas, and neuroendocrine cells in the gut [5], and it is currently 
found in all vertebrates [6]. Besides their role in polypeptide synthesis, paralogous human 
eEF1A1 and eEF1A2 act as “moonlighting” proteins [7] owing to several noncanonical func-
tions such as cytoskeleton remodeling by binding and bundling filamentous actin [8, 9], apop-
tosis, nuclear transport, proteasome-mediated degradation of damaged proteins, heat shock, 
and transformation [10–12]. Overexpression of eEF1A1 or eEF1A2 in Hela cells led to increased 
cell growth [7], whereas the disruption of eEF1A1 resulted in actin cytoskeleton defects under 
basal conditions and in response to palmitate, thus suggesting that eEF1A1 mediates lipotoxic 
cell death, secondary to oxidative and ER stress, by regulating cytoskeletal changes critical for 
this process [13]. These findings highlighted that eEF1A1 was involved in both cell prolifera-
tion and apoptosis, though the relationship between eEF1A1 and apoptosis is still unclear. By 
contrast, eEF1A2 seems to play antiapoptotic properties in ovarian, breast, pancreatic, liver, 
and lung cancer [14]; however, this oncogenic potential deserves further investigation [15].

The possible interaction between eEF1A molecules was first characterized in Tetrahymena as 
eEF1A dimer was able to bundle actin filament [16]. Subsequently, the identification of dimeric 
eEF1A was also reported in both chicken and human B cell lines [17]. Recent investigations 
indicated that, compared to eEF1A2, eEF1A1 showed a higher property of self-association [18]. 
Moreover, under oxidant condition, eEF1A1 was able to form intermolecular disulfide bonds 
[19]. Recent findings showed that C-Raf kinase interacts in vivo with eEF1A during a survival 
response mediated by epidermal growth factor (EGF) following the treatment of human lung 
cancer cells with α-interferon (IFNα) [20]. Moreover, phosphorylation of eEF1A in vitro by C-Raf 
on S21 required the presence of both eEF1A isoforms, thus suggesting that the existence of an 
eEF1A1/eEF1A2 complex and the S21 phosphorylation represented a regulatory mechanism 
responsible for the switch from eEF1A canonical to noncanonic functions [21]. On the basis of 
these findings, we recently showed the possible direct interaction between the eEF1A isoforms 
by using fluorescence resonance energy transfer (FRET) [22]. Compared to our previous work, 
here we settled for a different experimental approach mainly based on pull-down, confocal 
microscopy, and FRET analysis based on IgG-FITC (donor)- and IgG-TRITC (acceptor)-conju-
gated antibodies in HEK 293 cells transfected with recombinant His-tagged eEF1A2 isoform.

2. Expression and interaction of eEF1A1 and eEF1A2 in HEK 293 cells

To assess the possible physiological interaction between eEF1A isoforms in a natural cellular 
environment, such as the cytoplasm of intact cells, human embryonic kidney 293 (HEK 293) 
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cell line was used as an experimental system. This choice was derived from the finding that 
HEK 293 cells normally express substantial levels of eEF1A1 isoform, whereas the eEF1A2 
isoform is absent.

2.1. Expression in HEK 293 of eEF1A1 and eEF1A2

First, the efficiency of pcDNA3.1-eEF1A2(His)6 (gift from C. R. Knudsen, Aarhus, Denmark [23]) 
to transfect HEK 293 cells was evaluated. As reported in Figure 1A, compared to non-trans-
fected HEK 293, cells transfected with recombinant eEF1A2 isoform showed an increase in the 
expression of the 54 kDa bands corresponding to the molecular weight of eEF1A. Subsequently, 
the expression level of eEF1A2 using a specific anti-eEF1A2 antibody (prepared as already 
reported [22]) was analyzed. As shown in Figure 1B, eEF1A2 isoform was revealed only in 
HEK 293 cells transfected with pcDNA3.1-eEF1A2(His)6 and confirmed with the anti-His anti-
body (Merck, Germany) (Figure 1C).

Figure 1. Expression of eEF1A isoforms in HEK 293 cells. HEK 293 cells were transfected with pcDNA3.1-eEF1A2(His)6, 
and after 24 h from transfection, cell extracts were analyzed by Western blot using commercial mouse anti-eEF1A 
antibody (A), anti-eEF1A2 antibody (B), and rabbit anti-His antibody (C). Lanes: −eEF1A2, non-transfected HEK 293 
cells; +eEF1A2, HEK 293 cells transfected with pcDNA3.1-eEF1A2(His)6.
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cell line was used as an experimental system. This choice was derived from the finding that 
HEK 293 cells normally express substantial levels of eEF1A1 isoform, whereas the eEF1A2 
isoform is absent.

2.1. Expression in HEK 293 of eEF1A1 and eEF1A2

First, the efficiency of pcDNA3.1-eEF1A2(His)6 (gift from C. R. Knudsen, Aarhus, Denmark [23]) 
to transfect HEK 293 cells was evaluated. As reported in Figure 1A, compared to non-trans-
fected HEK 293, cells transfected with recombinant eEF1A2 isoform showed an increase in the 
expression of the 54 kDa bands corresponding to the molecular weight of eEF1A. Subsequently, 
the expression level of eEF1A2 using a specific anti-eEF1A2 antibody (prepared as already 
reported [22]) was analyzed. As shown in Figure 1B, eEF1A2 isoform was revealed only in 
HEK 293 cells transfected with pcDNA3.1-eEF1A2(His)6 and confirmed with the anti-His anti-
body (Merck, Germany) (Figure 1C).

Figure 1. Expression of eEF1A isoforms in HEK 293 cells. HEK 293 cells were transfected with pcDNA3.1-eEF1A2(His)6, 
and after 24 h from transfection, cell extracts were analyzed by Western blot using commercial mouse anti-eEF1A 
antibody (A), anti-eEF1A2 antibody (B), and rabbit anti-His antibody (C). Lanes: −eEF1A2, non-transfected HEK 293 
cells; +eEF1A2, HEK 293 cells transfected with pcDNA3.1-eEF1A2(His)6.
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2.2. Both eEF1A1 and eEF1A2 immuno-interact after pull-down

The possible interaction between eEF1A isoforms was analyzed by pull-down experiment. 
To this purpose, GST-eEF1A1 (kindly supplied by C. Sanges, Wurzburg, Germany [21]) and 
pcDNA3.1-eEF1A2(His)6 constructs were co-transfected in HEK 293 cells and, after 24 h from 
transfection, cell extracts were analyzed by Western blot following GST-agarose and Ni-NTA-
agarose pull-down. As shown in Figure 2, compared to controls, GST pull-down of co-trans-
fected cells showed the presence of a band of 54 kDa corresponding to the size of eEF1A2(His)6 
(Figure 2A, lane 2), whereas Ni-NTA pull-down showed the presence of a band of about 
78 kDa corresponding to the size of the construct GST-eEF1A1 (Figure 2B, lane 2). Figure 2B 
(lane 3) also shows the presence of a band of about 26 kDa corresponding to the GST pro-
tein. This finding suggested that GST by itself somehow interacted with Ni-NTA matrix; thus, 
the result shown in line 2 could be partly due to an interaction of the GST moiety present in 
GST-eEF1A1 with Ni-NTA and not with eEF1A2. Therefore, to further confirm the interaction 
between eEF1A isoforms, a different approach was undertaken after transfection of HEK 293 
cells with pcDNA3.1-eEF1A2(His)6. In fact, as reported in Figure 2C, compared to cells trans-
fected with pcDNA3.1 empty vector, cells transfected with eEF1A2(His)6 showed, after Ni-NTA 

Figure 2. Co-transfection of GST-eEF1A1 and eEF1A2-His in HEK 293 cells. GST-eEF1A1 and pcDNA3.1-eEF1A2(His)6 
were cotransfected in HEK 293 7 cells. After 24 h, the cells were harvested, lysed, and analyzed after GST pull-down 
with antibody anti-His (A) and after Ni-NTA pull-down with anti-GST antibody (B). (A) Lanes: 1, non-transfected 
cells; 2, cells transfected with GST-eEF1A1 and pcDNA3.1-eEF1A2(His)6; 3, cells transfected with GST and pcDNA3.1-
eEF1A2(His)6; 4, GST-agarose alone. (B) Lanes: 1, non-transfected cells; 2, cells transfected with GST-eEF1A1 and 
pcDNA3.1-eEF1A2(His)6; 3, cells transfected with GST and pcDNA3.1-eEF1A2(His)6; 4, Ni-NTA alone. (C) pcDNA3.1-
eEF1A2(His)6 was co-transfected in HEK 293 7 cells. After 24 h, the cells were harvested, lysed, and analyzed after 
Ni-NTA pull-down with anti-eEF1A1, anti-eEF1A2, and anti-His antibody. (a–c) Lanes: 1, cells transfected with empty 
vector; 2, cells transfected with pcDNA3.1-eEF1A2(His)6.
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pull-down of cell extracts, the presence of a band of 54 kDa that was recognized by the specific 
anti-eEF1A1 (prepared as already reported [22]) (Figure 2C-a, lane 2) and anti-eEF1A2 (Figure 
2C-b, lane 2) antibodies, the latter confirmed also with anti-His antibody (Figure 2C-c, lane 2).

2.3. Both eEF1A1 and eEF1A2 colocalize in HEK 293 cells

The intracellular colocalization of eEF1A1 and eEF1A2 was first analyzed by confocal micros-
copy. As shown in Figure 3, HEK 293 cells after 48 h from transfection with pcDNA3.1-
eEF1A2(His)6 construct revealed that both endogenous eEF1A (Figure 3A) and transfected 
eEF1A2(His)6 (Figure 3B) shared a cytoplasmic localization. The superimposition of the two 
panels (merged image, Figure 3D) showed that both eEF1A isoforms exhibited a cytoplasmic 
colocalization with specific signals more intense at the level of the plasma membrane.

2.4. FRET analysis showed that both eEF1A1 and eEF1A2 interact in HEK 293 cells

The interaction between endogenous eEF1A and transfected eEF1A2(His)6 was further investi-
gated by sensitized emission FRET method. FRET effect was performed by confocal  microscope 

Figure 3. Colocalization of eEF1A1 and eEF1A2(His)6 in HEK 293 cells. HEK 293 cells were transfected with pcDNA3.1-
eEF1A2(His)6, and after 48 h from transfection, cells were analyzed by confocal microscopy. (A) eEF1A1, (B) eEF1A2, (C) 
nuclear staining, and (D) merged images.
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GST-eEF1A1 with Ni-NTA and not with eEF1A2. Therefore, to further confirm the interaction 
between eEF1A isoforms, a different approach was undertaken after transfection of HEK 293 
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pcDNA3.1-eEF1A2(His)6; 3, cells transfected with GST and pcDNA3.1-eEF1A2(His)6; 4, Ni-NTA alone. (C) pcDNA3.1-
eEF1A2(His)6 was co-transfected in HEK 293 7 cells. After 24 h, the cells were harvested, lysed, and analyzed after 
Ni-NTA pull-down with anti-eEF1A1, anti-eEF1A2, and anti-His antibody. (a–c) Lanes: 1, cells transfected with empty 
vector; 2, cells transfected with pcDNA3.1-eEF1A2(His)6.
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pull-down of cell extracts, the presence of a band of 54 kDa that was recognized by the specific 
anti-eEF1A1 (prepared as already reported [22]) (Figure 2C-a, lane 2) and anti-eEF1A2 (Figure 
2C-b, lane 2) antibodies, the latter confirmed also with anti-His antibody (Figure 2C-c, lane 2).

2.3. Both eEF1A1 and eEF1A2 colocalize in HEK 293 cells

The intracellular colocalization of eEF1A1 and eEF1A2 was first analyzed by confocal micros-
copy. As shown in Figure 3, HEK 293 cells after 48 h from transfection with pcDNA3.1-
eEF1A2(His)6 construct revealed that both endogenous eEF1A (Figure 3A) and transfected 
eEF1A2(His)6 (Figure 3B) shared a cytoplasmic localization. The superimposition of the two 
panels (merged image, Figure 3D) showed that both eEF1A isoforms exhibited a cytoplasmic 
colocalization with specific signals more intense at the level of the plasma membrane.

2.4. FRET analysis showed that both eEF1A1 and eEF1A2 interact in HEK 293 cells

The interaction between endogenous eEF1A and transfected eEF1A2(His)6 was further investi-
gated by sensitized emission FRET method. FRET effect was performed by confocal  microscope 

Figure 3. Colocalization of eEF1A1 and eEF1A2(His)6 in HEK 293 cells. HEK 293 cells were transfected with pcDNA3.1-
eEF1A2(His)6, and after 48 h from transfection, cells were analyzed by confocal microscopy. (A) eEF1A1, (B) eEF1A2, (C) 
nuclear staining, and (D) merged images.
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that allowed discriminate proteins that colocalize in the same cellular compartment from those 
that are instead involved in specific molecular interactions. FRET effects were calculated using 
ImageJ plug-in software [24]. Figure 4 shows the representation of the FRET effects where the 
blue color is indicated at low signal, whereas yellow-white color designated a high signal. The 
images clearly showed the interaction between eEF1A1 and transfected eEF1A2(His)6 within 
the cytoplasm with specific signals more intense especially at the level of the plasma membrane.

3. Discussion

FRET is a powerful technique suitable for studying in situ interactions between biological mol-
ecules in cellular environments [25]. FRET can be assessed from the transfer of energy from one 
fluorescent molecule (donor) to another fluorescent molecule (acceptor). This process occurs 
optimally only if the two molecules are properly oriented and reasonably at a narrow distance 
(usually 1–10 nm) [26]. By this technique, the interaction between eEF1A1 and eEF1A2 in order 
to reinforce our hypothesis on the formation of an eEF1A1-eEF1A2 heterodimer [21] was high-
lighted. In a different approach, we afforded this aspect by expressing chimeric eEF1As fused 
to CFP and YFP as donor and acceptor (CFP-eEF1A1 and YFP-eEF1A2) in COS-7 cells, respec-
tively [22]. However, some criticisms emerged that could have affected the FRET results such 
as (1) the possible interaction of the expressed chimeric proteins with endogenous enzymes, 
(2) self-association between eEF1A molecules (i.e., homodimer formation), and (3) the overex-
pression in COS-7 cells of both constructs that could have generated an art factual FRET signal 
mainly at the level of plasma membrane. Therefore, to overcome these concerns and to confirm 
that both eEF1A isoforms interact in the cellular environment, we used a different approach 
based on the use of IgG-FITC (donor)- and IgG-TRITC (acceptor)-conjugated antibodies. To 
this end, HEK 293 cell line, lacking the expression of eEF1A2 isoform, was transfected with 

Figure 4. FRET analysis of the interaction between eEF1A1 and eEF1A2. Representative pseudocolor images of cells 
labeled with rabbit anti-eEF1A1 and mouse anti-His primary antibodies followed by FITC and TRITC secondary-labeled 
antibodies.
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pcDNA3.1-eEF1A2(His)6, and the interaction of the recombinant eEF1A2(His)6 with endog-
enous eEF1A1 was assessed by pull-down, confocal microscopy and FRET analysis. The results 
obtained showed that the endogenous eEF1A1 and the expressed eEF1A2 interacted in HEK 
293 cells at the level of both cytoplasm and plasma membrane. Moreover, the FRET image 
highlighted a more intense signal at the level of the plasma membrane. These data confirmed 
those reported in our previous work [22], thus strongly confirming the association in the cells 
of eEF1A isoforms.

The homodimer association of eEF1As has recently emerged from the crystallization of rabbit 
eEF1A2 [27] or as proposed in Tetrahymena, in order to explain actin bundling essential for 
the regulation of actin cytoskeleton and cell morphology during several cellular processes 
[16]. The possible association between eEF1A isoforms was instead proposed by Sanges et al. 
[21] in studying the control of eEF1A function in cancer cells via phosphorylation and by Lee 
et al. [28] in studying the interaction of eEF1A2 with the tumor suppressor protein p16INK4a. 
Since eEF1A1 and eEF1A2 display a very high amino acid sequence identity (above 97%), 
the overall structures appear quite similar, as can be predicted by bioinformatic analysis at 
the GRAMM-X docking Web Server v.1.2.0 [29, 30], using rabbit eEF1A2 (PDB 4C0S chain A) 
as template [27]. These considerations suggest that both eEF1A1 and eEF1A2 complexes are 
present in the cells either as homodimer or as heterodimer. These complexes are most likely 
associated with regulatory noncanonical functions of eEF1As.

4. Conclusions

Because eEF1A dimers are involved in actin bundling [31, 32], it emerges that the fraction of 
eEF1A as dimer is mostly involved in the actin cytoskeleton rearrangement. Therefore, the cel-
lular distribution of eEF1A molecules between monomeric and dimeric form regulates the func-
tional role of eEF1A in translation or in actin bundling. Because actin chains and translational 
system coexist in the cells and maybe also functionally dependent [33, 34], the transition “mono-
mer-dimer-monomer” of eEF1A should be relatively easy depending on the cell conditions 
[35]. This interconversion may be regulated by the reversible posttranslational modifications of 
eEF1A [36] and its interactions with the protein partners such as Raf kinases [20, 21]. Therefore, 
it is possible that in cells coexpressing both isoforms, like cancer cells, eEF1A heterodimer for-
mation could also be important for cytoskeleton rearrangements rather than for some phos-
phorylation catalysis most likely occurring during cell survival and apoptosis [20, 21].

5. Materials and methods

5.1. Cell culture and transfection

HEK 293 cells, obtained from the American Type Tissue Collection (Rockville, MD, USA), 
were grown at 37°C in a 5% CO2 atmosphere in Dulbecco’s modified Eagle medium (DMEM) 
(Gibco, Monza, Italy) supplemented with 10% heat-inactivated FBS (GIBCO), 100 U/ml peni-
cillin, 100 mg/ml streptomycin, and 1% l-glutamine.
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the overall structures appear quite similar, as can be predicted by bioinformatic analysis at 
the GRAMM-X docking Web Server v.1.2.0 [29, 30], using rabbit eEF1A2 (PDB 4C0S chain A) 
as template [27]. These considerations suggest that both eEF1A1 and eEF1A2 complexes are 
present in the cells either as homodimer or as heterodimer. These complexes are most likely 
associated with regulatory noncanonical functions of eEF1As.
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Because eEF1A dimers are involved in actin bundling [31, 32], it emerges that the fraction of 
eEF1A as dimer is mostly involved in the actin cytoskeleton rearrangement. Therefore, the cel-
lular distribution of eEF1A molecules between monomeric and dimeric form regulates the func-
tional role of eEF1A in translation or in actin bundling. Because actin chains and translational 
system coexist in the cells and maybe also functionally dependent [33, 34], the transition “mono-
mer-dimer-monomer” of eEF1A should be relatively easy depending on the cell conditions 
[35]. This interconversion may be regulated by the reversible posttranslational modifications of 
eEF1A [36] and its interactions with the protein partners such as Raf kinases [20, 21]. Therefore, 
it is possible that in cells coexpressing both isoforms, like cancer cells, eEF1A heterodimer for-
mation could also be important for cytoskeleton rearrangements rather than for some phos-
phorylation catalysis most likely occurring during cell survival and apoptosis [20, 21].

5. Materials and methods

5.1. Cell culture and transfection

HEK 293 cells, obtained from the American Type Tissue Collection (Rockville, MD, USA), 
were grown at 37°C in a 5% CO2 atmosphere in Dulbecco’s modified Eagle medium (DMEM) 
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For Western blot analysis, cells (300 × 103/well) were transfected with GST-eEF1A1 (1 μg), 
pcDNA3.1-eEF1A2(His)6 (1 μg) and pcDNA3.1 (3 μg) as control using Lipofectamine 2000 or 
K2. Twenty-four hours after transfection, cells were collected and the corresponding extract 
analyzed with mouse monoclonal anti-eEF1A antibody.

For confocal microscopy and FRET analysis, cells (10 × 103) were layered on 10-mm glass cov-
erslips, grown at confluence and then transfected with pcDNA3.1-eEF1A2(His)6 (1 μg) or with 
pcDNA3.1 (1 μg) as controls. Cells were analyzed after 24 h of incubation.

5.2. Cytosolic extracts, pull-down assay, and Western blot

After growth, HEK 293 were scraped, washed twice in PBS, resuspended for 30 min on ice 
in 20–40 μl of lysis buffer (50 mM Tris-HCl pH 7.4, 1% NP40, 0.25% sodium deoxycholate, 
150 mM NaCl, 1 mg/ml aprotinin, leupeptin, pepstatin, 1 mM Na3VO4, 1 mM NaF), and then 
centrifuged at 14,000 × g for 20 min at 4°C.

Pull-down assay for GST-eEF1A1 or eEF1A2(His)6 was carried out using GST-sepharose 
(Amersham, Milan, Italy) or Ni-NTA agarose (Qiagen, Milan, Italy), respectively. In detail, 
500 μg of cell extracts was incubated with pre-equilibrated resin (about 150 μl slurry/1 mg protein 
extract) for 2 h at room temperature (RT) or ON at 4°C, respectively. Subsequently, for GST pull-
down, the resin was washed two times (centrifugation for 2 min at 2000 r.p.m. 4°C) with 1 ml of 
1× phosphate-buffered saline (PBS), whereas for Ni-NTA pull-down, the resin was washed two 
times with 50 mM NaH2PO4, 300 mM NaCl, and 20 mM imidazole, to reduce nonspecific bound 
proteins, 0.05% Tween 20, pH 8.0. Successively, the samples were resuspended in 30 μl of 4× 
Laemmli loading buffer, heated to 95°C for 15 min and subjected to Western blot analysis.

Protein concentration was determined by a modified Bradford method, using the Bio-Rad 
protein assay and compared with bovine serum albumin (BSA) standard curve. Blots were 
developed using enhanced chemiluminescence detection (SuperSignal West Pico, Pierce, 
Milan, Italy). All films were scanned using Adobe Photoshop Software (San Jose, CA, USA).

5.3. Confocal laser scanning microscopy

Human embryonic kidney cells (HEK 293 Cell line) were treated for 20 min with glutar-
aldehyde 2.5% in PBS, washed three times with PBS, permeabilized for 10 min with 0.1% 
Triton-X100 and finally washed in PBS. Cells were then blocked for 20 min with 1% BSA 
in PBS, and after apposite washes, cells were incubated with rabbit anti-EF1A1 antibody 
(GenScript, Piscataway, NJ, USA) and mouse anti-His polyclonal antibody (Santa Cruz 
Biotechnology, Santa Cruz, CA, USA) diluted 1:300 in 1% BSA for 1 h. After washing three 
times with PBS, cells were incubated for 1 h with the appropriate secondary antibodies con-
jugated to fluorochromes and diluted 1:1000 in 1% BSA. Incubation with TOPRO 3-Iodide 
(Invitrogen Molecular Probes Eugene, OR, USA) diluted 1/1000 in BSA 1% was done for stain-
ing of the nucleus. After this, cells were washed properly with PBS and then observed with 
a Nikon Confocal Microscope C1 equipped with an EZ-C1 Software for data acquisition by 
using 60× oil immersion objective.
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5.4. FRET analysis

HEK 293 cells (7 × 103 cells/cm2) were grown for 24 h on glass coverslips under standard 
conditions (37°C, 5% CO2). Cells were then rinsed with PBS, fixed for 10 min with form-
aldehyde (3.7% in PBS), permeabilized for 10 min with Triton X-100 (0.1% in PBS), and 
blocked for 20 min in bovine serum albumin (BSA) (1% in PBS). Subsequently, each sam-
ple was incubated for 1 h with 5 μg/ml of mouse anti-His and 5 μg/ml of human anti-
eEF1A1 antibodies. Following PBS washes, cells were treated for 1 h with goat anti-mouse 
IgG FITC-conjugated antibody (donor) (Santa Cruz Biotechnology, Santa Cruz, CA, USA) 
(1 μg/ml) and with goat anti-rabbit IgG-TRITC-conjugated antibody (acceptor) (Santa Cruz 
Biotechnology, Santa Cruz, CA, USA) (10 μg/ml), Finally, after 3× washes in PBS, confo-
cal images were collected using a Nikon Confocal Microscope C1 furnished with EZ-C1 
software. FRET analysis was carried out as already reported [24]. “FRET” images give the 
calculated amount of FRET for each pixel in the merged images. The ImageJ plug-in color 
codes the relative FRET efficiency, which is reported by the displayed color bar, on the right 
of the images.
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For Western blot analysis, cells (300 × 103/well) were transfected with GST-eEF1A1 (1 μg), 
pcDNA3.1-eEF1A2(His)6 (1 μg) and pcDNA3.1 (3 μg) as control using Lipofectamine 2000 or 
K2. Twenty-four hours after transfection, cells were collected and the corresponding extract 
analyzed with mouse monoclonal anti-eEF1A antibody.

For confocal microscopy and FRET analysis, cells (10 × 103) were layered on 10-mm glass cov-
erslips, grown at confluence and then transfected with pcDNA3.1-eEF1A2(His)6 (1 μg) or with 
pcDNA3.1 (1 μg) as controls. Cells were analyzed after 24 h of incubation.

5.2. Cytosolic extracts, pull-down assay, and Western blot

After growth, HEK 293 were scraped, washed twice in PBS, resuspended for 30 min on ice 
in 20–40 μl of lysis buffer (50 mM Tris-HCl pH 7.4, 1% NP40, 0.25% sodium deoxycholate, 
150 mM NaCl, 1 mg/ml aprotinin, leupeptin, pepstatin, 1 mM Na3VO4, 1 mM NaF), and then 
centrifuged at 14,000 × g for 20 min at 4°C.

Pull-down assay for GST-eEF1A1 or eEF1A2(His)6 was carried out using GST-sepharose 
(Amersham, Milan, Italy) or Ni-NTA agarose (Qiagen, Milan, Italy), respectively. In detail, 
500 μg of cell extracts was incubated with pre-equilibrated resin (about 150 μl slurry/1 mg protein 
extract) for 2 h at room temperature (RT) or ON at 4°C, respectively. Subsequently, for GST pull-
down, the resin was washed two times (centrifugation for 2 min at 2000 r.p.m. 4°C) with 1 ml of 
1× phosphate-buffered saline (PBS), whereas for Ni-NTA pull-down, the resin was washed two 
times with 50 mM NaH2PO4, 300 mM NaCl, and 20 mM imidazole, to reduce nonspecific bound 
proteins, 0.05% Tween 20, pH 8.0. Successively, the samples were resuspended in 30 μl of 4× 
Laemmli loading buffer, heated to 95°C for 15 min and subjected to Western blot analysis.

Protein concentration was determined by a modified Bradford method, using the Bio-Rad 
protein assay and compared with bovine serum albumin (BSA) standard curve. Blots were 
developed using enhanced chemiluminescence detection (SuperSignal West Pico, Pierce, 
Milan, Italy). All films were scanned using Adobe Photoshop Software (San Jose, CA, USA).

5.3. Confocal laser scanning microscopy

Human embryonic kidney cells (HEK 293 Cell line) were treated for 20 min with glutar-
aldehyde 2.5% in PBS, washed three times with PBS, permeabilized for 10 min with 0.1% 
Triton-X100 and finally washed in PBS. Cells were then blocked for 20 min with 1% BSA 
in PBS, and after apposite washes, cells were incubated with rabbit anti-EF1A1 antibody 
(GenScript, Piscataway, NJ, USA) and mouse anti-His polyclonal antibody (Santa Cruz 
Biotechnology, Santa Cruz, CA, USA) diluted 1:300 in 1% BSA for 1 h. After washing three 
times with PBS, cells were incubated for 1 h with the appropriate secondary antibodies con-
jugated to fluorochromes and diluted 1:1000 in 1% BSA. Incubation with TOPRO 3-Iodide 
(Invitrogen Molecular Probes Eugene, OR, USA) diluted 1/1000 in BSA 1% was done for stain-
ing of the nucleus. After this, cells were washed properly with PBS and then observed with 
a Nikon Confocal Microscope C1 equipped with an EZ-C1 Software for data acquisition by 
using 60× oil immersion objective.
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5.4. FRET analysis

HEK 293 cells (7 × 103 cells/cm2) were grown for 24 h on glass coverslips under standard 
conditions (37°C, 5% CO2). Cells were then rinsed with PBS, fixed for 10 min with form-
aldehyde (3.7% in PBS), permeabilized for 10 min with Triton X-100 (0.1% in PBS), and 
blocked for 20 min in bovine serum albumin (BSA) (1% in PBS). Subsequently, each sam-
ple was incubated for 1 h with 5 μg/ml of mouse anti-His and 5 μg/ml of human anti-
eEF1A1 antibodies. Following PBS washes, cells were treated for 1 h with goat anti-mouse 
IgG FITC-conjugated antibody (donor) (Santa Cruz Biotechnology, Santa Cruz, CA, USA) 
(1 μg/ml) and with goat anti-rabbit IgG-TRITC-conjugated antibody (acceptor) (Santa Cruz 
Biotechnology, Santa Cruz, CA, USA) (10 μg/ml), Finally, after 3× washes in PBS, confo-
cal images were collected using a Nikon Confocal Microscope C1 furnished with EZ-C1 
software. FRET analysis was carried out as already reported [24]. “FRET” images give the 
calculated amount of FRET for each pixel in the merged images. The ImageJ plug-in color 
codes the relative FRET efficiency, which is reported by the displayed color bar, on the right 
of the images.
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