
Journal Full Title: Journal of Biomedical Research & Environmental Sciences
Journal NLM Abbreviation: J Biomed Res Environ Sci
Journal Website Link: https://www.jelsciences.com
Journal ISSN: 2766-2276
Category: Multidisciplinary
Subject Areas: Medicine Group, Biology Group, General, Environmental Sciences
Topics Summation: 133
Issue Regularity: Monthly
Review Process: Double Blind
Time to Publication: 21 Days
Indexing catalog: IndexCopernicus ICV 2022: 88.03 | GoogleScholar | View more
Publication fee catalog: Visit here

DOI: 10.37871 (CrossRef)
Plagiarism detection software: iThenticate
Managing entity: USA
Language: English
Research work collecting capability: Worldwide
Organized by: SciRes Literature LLC
License: Open Access by Journal of Biomedical Research & Environmental Sciences is 
licensed under a Creative Commons Attribution 4.0 International License. Based on a 
work at SciRes Literature LLC.
Manuscript should be submitted in Word Document (.doc or .docx) through

Online Submission
form or can be mailed to support@jelsciences.com

Bibliographic Information System

 Vision: Journal of Biomedical Research & Environmental Sciences main aim is to enhance the importance of science and technology to the scientific community and also to provide an equal opportunity to 
seek and share ideas to all our researchers and scientists without any barriers to develop their career and helping in their development of discovering the world.

IndexCopernicus 
ICV 2022: 

83.03

https://portal.issn.org/resource/ISSN/2766-2276
https://www.jelsciences.com/assets/img/subjects.php
https://www.jelsciences.com/archive.php
https://www.jelsciences.com/peer-review-process.php
https://www.jelsciences.com/indexing.php
https://www.jelsciences.com/publication-fee-2021.php
https://search.crossref.org/?q=%22Journal+of+Biomedical+Research+%26+Environmental+Sciences%22&from_ui=yes
https://www.jelsciences.com/crossref-similarity-check.php
https://www.jelsciences.com/submit-form.php
https://www.jelsciences.com/
https://urlis.net/xm1nc7iy


 

REVIEW ARTICLE

Advanced in Protein-Ligand 
Interaction Studies: Optical-Based 
Spectroscopic Insights and Simulation 
Perspectives
Amirreza Gholami1 and Saman Shirmohammadi2,3

1Department of Biology, Faculty of Natural Sciences, University of Tabriz, Tabriz, Iran
2Faculty of Physics, University of Tabriz, Tabriz 51665-163, Iran
3Photonics Devices Research Group, Research Institute of Applied Physics and Astronomy, University of Tabriz, Tabriz 51665-163, Iran

*Corresponding author(s)

Amirreza Gholami, Department of Biology, 
Faculty of Natural Sciences, University of 
Tabriz, Tabriz, Iran 

Tel: +989-101-763-346
Fax: +984-133-356-027
Email: amir.bio1996@yahoo.com

DOI: 10.37871/jbres1934

Submitted: 01 June 2024

Accepted: 15 June 2024

Published: 18 June 2024

Copyright: © 2024 Gholami A, et al. 
Distributed under Creative Commons CC-BY 
4.0 

 OPEN ACCESS 

Keywords

  Optical-based spectroscopic

  Protein-ligand interaction

  Simulation studies

VOLUME: 5 ISSUE: 6 - JUNE, 2024

BIOLOGY GROUP

BIOCHEMISTRY  BIOLOGY

How to cite this article: Gholami A, Shirmohammadi S. Advanced in Protein-Ligand Interaction Studies: Optical-Based Spectroscopic 

Insights and Simulation Perspectives. J Biomed Res Environ Sci. 2024 Jun 18; 5(6): 614-629. doi: 10.37871/jbres1934, Article ID: 

JBRES1934, Available at: https://www.jelsciences.com/articles/jbres1934.pdf

Abstract
Spectroscopic methods relying on light sources play a crucial role in the identifi cation 

of protein-ligand interactions. Such experimental techniques open doors for scientists to 
employ them in disease prevention, treatment, drug synthesis, identifi cation of pathways 
contributing to different disorders, and unveiling the chemical structure of receptors within 
the human body. Furthermore, alongside experimental approaches, simulation methods 
also fi nd utility. The combination of both experimental and theoretical techniques 
enhances the robustness of researchers' investigations. Conversely, the human body 
harbors a myriad of distinct proteins, each possessing its own distinct structure and 
functionality; the disruption of any one of these may lead to a range of ailments. Proteins 
within the human body have the capacity to engage with diverse ligands, yielding 
intriguing outcomes. Not only proteins interact with other proteins, but they also engage 
with pharmaceuticals and other substances within the body. Examination of the bonding 
types formed between the protein and the specifi c ligand can be effectively accomplished 
through optical spectroscopic techniques and simulation inquiries. This paper provides 
a comprehensive review of recent optical spectroscopy methods, as well as simulation 
studies, which are currently being employed by researchers in these investigations.

Introduction
The interaction of biomacromolecules and ligands gives useful 

information about the properties of their active site, biophysical and 
biochemical characteristics, and the type of bonds involved in them [1]. 
Proteins in the human body and other animals are the most diverse known 
biomolecules, whose structure and function identifi cation using various 
biophysical and biochemical methods can open the important doors in 
medicine, biology, pathology, and drug identifi cation [2,3]. Researchers 
and scientists of biology and biochemistry use various methods to know 
the diff erent characteristics of proteins. These methods can be done 
both experimentally and theoretically [4,5]. One of the most important 
methods for identifying proteins is spectroscopic methods. Photon-
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based spectroscopy methods play a crucial role 
in identifying and characterizing protein-ligand 
interactions by providing detailed insights into the 
structural, dynamical, and functional aspects of 
the complexes [6-8]. In these types of methods, 
researchers experimentally study the identifi cation 
of features such as the active site of the protein 
and its specifi c ligand and the characteristics of the 
chemical bonds involved in the interaction between 
the protein and the ligand [9,10]. Surface Plasmon 
Resonance (SPR) [11], Fluorescence spectroscopy 
[12], Förster Resonance Energy Transfer (FRET) [13], 
Fourier Transform Infrared (FTIR) [14], Circular 
Dichroism (CD) [15] and Dynamic Light Scattering 
(DLS) [16] can be mentioned among the most 
important spectroscopic methods used to identify the 
interaction between protein and ligand.

In the realm of in silico approaches, computational 
spectroscopy methods, including molecular docking 
[17], lumerical software [18,19] have become 
invaluable tools for predicting and analyzing protein-
ligand interactions. These techniques allow for the 
exploration of binding modes, energetics, and the 
structural basis of interactions, often complementing 
experimental fi ndings and providing a more 
comprehensive understanding of the molecular 
underpinnings of protein-ligand recognition [20]. 
By integrating photon-based spectroscopy methods 
with computational approaches, researchers can gain 
a comprehensive understanding of protein-ligand 
interactions, encompassing both the experimental 
characterization and the theoretical exploration of 
these complex systems [21]. The synergy between 
experimental and computational techniques enables 
the elucidation of binding mechanisms, the rational 
design of ligands, and the exploration of structure-
activity relationships, all of which are pivotal in the 
drug discovery and development processes. 

Until now, signifi cant studies have been done 
using spectroscopic laboratory techniques as well as 
simulation techniques on protein-ligand interactions 
[22-24]. Among them, studies have been conducted 
on plasma proteins [25], proteins involved in heart 
diseases [26] and neurodegenerative diseases [8]. By 
understanding the role of proteins in the formation 
of spreading diseases such as heart diseases [27], 
Alzheimer's [28], Parkinson's [29], various disorder 
related to the circulatory system [30], and various 
anemia diseases [31], great steps can be taken to 
facilitate prevention, treatment and drug production. 

In this review article, an attempt has been made 
to point out the most important experimental and 
theoretical methods used to identify interactions 
between proteins and ligands. Moreover, novel and 
growing methods of identifying these compounds are 
mentioned.

Spectroscopic Investigations
Surface plasmon resonance technique

When the study of protein and ligand interaction 
is considered, SPR is undoubtedly one of the most 
powerful and sensitive tools for their study. SPR 
instruments typically consist of a light source, a 
prism, a sensor chip coated with a thin layer of metal 
(commonly gold), a fl ow cell for sample introduction, 
and a detector to monitor changes in refl ected 
light intensity (Figure  1) [32]. Most modern SPR 
instruments support both single- and multi-channel 
setups and are equipped with sophisticated software 
for data collection and analysis [33,34]. The basis of 
this technique, is as follows: at its core, SPR relies on the 
collective oscillation of free electrons at the interface 
between a metal surface and a dielectric medium, 
such as glass or liquid [11,35]. This oscillation, known 
as a surface plasmon, interacts with incident light, 
and its resonant behavior is sensitive to changes at 
the surface, making it an excellent tool for real-time, 
label-free detection and analysis of biomolecular 
interactions. When polarized light (commonly used 
at a fi xed wavelength) strikes a metal surface at 
the interface with a dielectric medium, such as the 
glass prism of an SPR instrument in contact with an 
aqueous sample, the surface plasmons is excited. 
The angle at which this resonance condition occurs 
is sensitive to changes in the refractive index near 
the metal surface, which, in turn, is infl uenced by 
the binding of molecules to the surface [36,37]. As 
a result, any change in the refractive index due to 
molecular binding leads to a shift in the angle of 
minimum refl ected light intensity, which is then used 
to derive information about the molecular interaction 
[38]. 

When a ligand (immobilized on the sensor 
surface) binds to an analyte (present in the sample 
solution), changes in the refractive index at the 
surface occur, leading to an alteration of the SPR 
signal. By monitoring these changes, researchers can 
gain valuable insights into the kinetics and affi  nity 
of the interaction, including association (ka) and 
dissociation (kd) rates constants, equilibrium binding 
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constants, and the stoichiometry of the interaction 
(Figure 1) [32]. 

After obtaining the sensograms related to the 
interaction between the protein and the ligand, the 
information about the association and dissociation 
rates on the system will be determined [39]. We 
use the Eq. 1 to calculate the equilibrium binding 
constants [39].

d
D

a

k
K

k


                                                
 (1)

where kd is the decayed complex fraction per second 
and ka is the rate at which molecular complexes 
form within a single second. The value of KD shows 
the affi  nity of the protein-ligand complex together, 
which have an opposite relationship with each other. 
By obtaining KD, it can be drawn the graph of lnKD 
against 1/T and using the slope and the y-intercept, 
obtain the thermodynamic parameters employing the 
following Eq [40].

H SLnK
RT R
 

                                          (2)

G H T S                                                    (3)

In these equations, T shows us the time and R is 
used for the universal gas constant, which is equal to 
8.314 J.mol-1

.K
-1. By measuring the thermodynamic 

factors of enthalpy (ΔH) and entropy (ΔS) it is possible 
to understand what type of chemical bond is formed 
between the protein-ligand complexes. When ΔH and 
ΔS have positive values, hydrophobic interactions 
are the dominant force, while ΔS<0 and ΔH<0 are 
indicative of van der Waals force and hydrogen 
binding. On the other hand, ΔH<0 and ΔS>0 show the 
presence of electrostatic interactions. But the Gibbs 
free energy (ΔG° (will show us the spontaneity of the 
reaction so that if its value is positive, it means that 
the reaction has been done non-spontaneously [41].

Figure 1 Schematic view of the SPR device and how it operates (A), and Sensogram output from SPR device (B).
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Fluorescence spectroscopy technique

Fluorescence spectroscopy is a widely adopted 
technique for studying protein-ligand interactions 
due to its sensitivity, versatility, and ability to 
provide detailed information about molecular 
binding events [12,42]. This method involves the 
excitation of fl uorescently labeled proteins or 
the intrinsic fl uorescence of amino acid residues 
within the protein, such as tryptophan, tyrosine, 
and phenylalanine, followed by the detection of the 
emitted fl uorescence [43]. When a ligand binds to a 
protein, it can induce changes in the fl uorescence 
properties of these residues, off ering insights into 
the nature of the binding interaction. The technique 
enables the exploration of the binding site by 
monitoring alterations in the fl uorescence emission 
of specifi c amino acid residues within the protein. This 
helps in identifying the location and environment 
of the binding site, shedding light on the intricacies 
of the molecular interaction [44,45]. Fluorescence 
spectroscopy allows researchers to determine the 
stoichiometry of the protein-ligand complex and 
to monitor thermodynamic parameters, including 
changes in entropy and enthalpy, providing a 
comprehensive understanding of the binding process. 
About protein-ligand interactions, fl uorescence 
spectroscopy involves selective excitation of the 
protein using an appropriate wavelength, followed 
by the detection and characterization of the emitted 
fl uorescence. Data analysis often includes examining 
changes in fl uorescence intensity, shifts in emission 
wavelengths, and alterations in the fl uorescence 
anisotropy of the protein upon ligand binding [23,46].

As shown in fi gure 2 the basic components of 
fl uorescence instrument include light source, optics, 
sample compartment, and detector [47]. The light 
source provides the excitation energy required to 
promote the fl uorescent molecule (or labeled protein) 
from its ground state to an excited state. This can be 
achieved using a xenon or mercury lamp, or a laser 
depending on the excitation wavelength needed. 
A monochromator or a combination of fi lters and 
prisms as optics is employed to select the desired 
excitation wavelength, allowing only the specifi c 
wavelength of light to reach the sample. The sample 
compartment holds the protein-ligand complex. 
The interaction is induced by introducing the ligand 
of interest into the protein solution, initiating the 
molecular binding event. Photodetectors are used 
to measure the emission signals resulting from 
the fl uorescent interaction. Photomultiplier tubes, 
photodiode arrays, or Charge-Coupled Devices 
(CCDs) are commonly used detectors in fl uorescence 
spectroscopy setups [48,49].

The working principle of this device is done in two 
ways: excitation and emission and spectral analysis. A 
specifi c excitation wavelength is selected and delivered 
to the sample. Upon excitation, the fl uorescent 
molecules emit light at a longer wavelength due to 
the relaxation of the excited state. The emitted light 
is then detected and measured by the photodetector. 
The emitted fl uorescence spectrum provides key 
information about the interaction. Changes in 
emission intensity, peak positions, and fl uorescence 
lifetimes can yield insights into the binding affi  nity, 
environment, and conformational changes within the 
protein upon ligand binding [48,50]. 

Figure 2 Fluorescence spectroscopy procedure and output curve.
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When a protein binds to a ligand, it can aff ect 
the fl uorescence properties of aromatic amino acid 
residues. For instance, the binding of a ligand to a 
protein may cause a change in the microenvironment 
around a tryptophan residue, leading to alterations 
in its fl uorescence properties [51]. These changes 
in fl uorescence can be detected and analyzed 
to understand the nature of the protein-ligand 
interaction. After monitoring the fl uorescence 
emission spectra in the protein-ligand complex, 
the graphs created from the obtained data can be 
evaluated. Using the obtained data, it is possible to 
understand what kind of change or shift the studied 
compounds show and what changes have been 
made in the emission intensity [51,52]. After that, to 
identify the possible types of quenching processes, 
Stern-Volmer Eq. 4 has been employed [51].

][1][1 0
0 QKQK
F
F

qSV                                             (4)

Kq = KSV /0                                                                                                   (5)

Where F0 and F represent the fl uorescence 
intensity of protein when no quencher and 
fl uorescence intensity of protein in the presence 
of ligand, respectively. KSV and Kq denote Stern-
Volmer constant and the constant of quenching rate, 
respectively. τ0 and [Q] are the fl uorescence lifetime (of 
which an emitter in its excited state can just emit one 
single photon at a time) and the molar concentration 
of the quencher [53]. By graphing F0/F vs the ligand 
concentration the values of KSV were measured as 
well as the constants of quenching rate (kq) were 
calculated using Eq. 5. Fluorescence quenching may 
occur via two primary mechanisms: dynamic or static. 
Static quenching is typically observed when a complex 
forms between ligands and macromolecules, resulting 
in decreased fl uorescence emissions. On the other 
hand, dynamic quenching involves a collision-based 
interaction between the quencher and fl uorophores 
while they are in their excited state. Both dynamic and 
static quenching mechanisms exhibit temperature 
dependence as a shared characteristic [54,55]. When 
it comes to dynamic quenching, higher temperatures 
result in an elevated quenching constant (KSV). In 
contrast, in the case of static quenching, an increase 
in temperature consistently leads to a decrease in KSV 
values [56]. 

Another equation that is used is called double 
logarithmic equation (Eq. 6), which is utilized to 
specify determine the binding constants (Kb) and 

binding site numbers (n) involving protein-ligand 
complexes [57]. 

 00 0
b 0

0

P F FF F
 log log K n log{ D n }

F F
        

         
(6)

where, [D]0 and [P]0 are the total concentration of 
quencher and the total concentration of protein, 
respectively. By analyzing the curve of (log F0-F/F) 
vs. 0 00 0

 log ( ) /D n P F F F        , the n and Kb values can be 
obtained. But in order to obtain the thermodynamic 
factors, the mentioned eq. 2 and 3 in the SPR section 
can be used and act in the same way.

The SPR technique confi nes the reaction within a 
two-dimensional plane due to the immobilization of 
ligands on the chip surface, making it non-solution-
based. Conversely, fl uorescence spectroscopy 
allows the formation of complexes without spatial 
constraints, as the molecules in solution can move 
freely and are not infl uenced by a surface [58]. 
Therefore, the results obtained from the SPR and 
fl uorescence spectroscopic techniques can be 
diff erent [8].

One can determine the FRET between protein-
ligand using Eq. 7. This method involves the spectral 
overlap between the fl uorescence spectra of the 
proteins (functioning as donors) and the absorption 
spectrum of ligand (acting as acceptors) [59].

66
0

6
0

0

1
rR

R
F
FE




  

                                                 (7)

Here, r signifi es the distance between the donor 
and acceptor, F0 and F denote the emission intensities 
of protein in the absence and presence of ligand, 
respectively, and E represents the effi  ciency of the 
energy transfer. Eq. 8 was utilized to calculate R0, 
which signifi es the distance between protein and 
ligand when the transfer effi  ciency is 50% [59].

6 25 2 4
0 8.79 10R K n J                                               (8)

In this equations, K represents the spatial 
orientation factor between the donor's emission 
and the acceptor's absorption, while n denotes the 
refractive index of the solution. Furthermore, Φ 
signifi es the emission quantum yield of protein, and 
J refers to the spectral intersection integral involving 
the donor (proteins) and acceptor (ligand). The value 
of J was obtained from Eq. 9 [59].
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where F(λ) represents the emission intensities of 
protein, and ɛ(λ) signifi es the coeffi  cient of extinction 
(molar absorptivity) of ligand. As part of the analysis, 
this study adopts specifi c values for K2, n, and Φ, 
setting them as 2/3, 1.336, and 0.15, respectively.

Fourier transform infrared spectroscopy

FTIR spectroscopy is an optical technique for 
studying protein-ligand interactions by analyzing 
the infrared radiation absorbed by the sample. In 
the scope of protein-ligand interactions, when a 
ligand binds to a protein, it can lead to alterations 
in the vibrational modes of the protein and ligand 
molecules. These changes manifest as peaks in the 
FTIR spectrum, providing valuable information about 
the binding event [60]. FTIR spectroscopy typically 
involves several key components, including: infrared 
source, interferometer, sample compartment, and 
detector (Figure 3). Infrared source produces the 
infrared radiation used to probe the sample. Often, it 
includes a source such as a ceramic, nichrome wire, 
or a glowing silicon carbide element to generate the 
necessary radiation [60,61]. The heart of the FTIR 
spectrometer, the interferometer is responsible 
for splitting the infrared beam, sending it through 
the sample and a reference, and recombining the 
beams to produce an interference pattern. Sample 
compartment is where the protein-ligand mixture 
is placed. It's essential for the sample to be in a form 
that allows the infrared radiation to interact with 

it, commonly as a thin fi lm, solution, or in the form 
of a crystal. After that, the detector captures the 
interference pattern produced by the interferometer. 
It could be based on technologies such as Mercury 
Cadmium Telluride (MCT) or Deuterated Triglycine 
Sulfate (DTGS), allowing for the precise measurement 
of the infrared absorption [62,63].

In this technique, after performing the test in the 
presence and absence of the ligand the device will 
give us the corresponding curves for comparison. 
These comparisons are used to investigate the 
secondary structure of the protein.  When we look at 
proteins using FTIR spectra, we notice three specifi c 
bonds (amid I, II, and III). Within these, one band 
corresponds to the stretching of N-H bonds, which 
happens from 2070 to 3300 cm−1. Another band relates 
to the stretching of C=O bonds, occurring at around 
1600-1700 cm−1. In addition, the amid II band is a 
result of stretching vibrations in amide C-N bonds, 
found within 1500-1600 cm−1, while the amid III band 
is linked to both N-H bending and C-N stretching 
vibrations, falling within 1200-1400 cm−1 [64].

Circular dichroism spectroscopy

Circular Dichroism (CD) spectroscopy is a powerful 
tool used in biochemistry to study the secondary 
structure of proteins, peptide folding, and protein-
ligand interactions. When it comes to protein-
ligand interactions, CD spectroscopy can provide 
valuable insights into the conformational changes 
that occur in a protein upon binding to a ligand, as 
well as information about the binding affi  nity and 
stoichiometry of the interaction [15,65].

When a protein interacts with a ligand, such as a 

Figure 3 FTIR's Schematic view of the functionality.
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small molecule or another protein, this interaction can 
lead to changes in the protein's secondary structure, 
which can in turn impact the protein's CD spectrum 
[66]. CD spectroscopy measures the diff erential 
absorption of left- and right-handed circularly 
polarized light by chiral molecules. Proteins are 
chiral molecules due to the asymmetric arrangement 
of amino acids in their secondary structure. CD 
measures the diff erence in the absorption of left-
handed (L-Circularly polarized) and right-handed 
(R-Circularly polarized) light by the chiral molecule. 
Upon ligand binding, the secondary structure of the 
protein may change, leading to alterations in the CD 
spectrum. These changes can be characterized by 
shifts in the shape and intensity of the CD spectra, 
which can provide information about the binding 
affi  nity and the conformational changes that occur 
in the protein as a result of the interaction with the 
ligand [15,67].

Figure 4 demonstrates the basic components of a 
CD spectrometer which include polarized light source, 
sample compartment, wavelength selector, detector, 
and data analysis software. The CD spectrometer 
typically includes a light source that emits polarized 
light. This light is then split into left- and right-
handed circularly polarized components.   Sample 
compartment is where the protein-ligand complex 
is placed for analysis. The sample compartment 
usually has a cuvette holder to hold the sample for 
measurement. A device that selects the wavelength of 
light to be used for the measurement. This allows for 
the collection of CD spectra at specifi c wavelengths, 
typically in the Ultraviolet (UV) or visible range. After 
that the detector measures the diff erential absorbance 
of the left- and right-handed circularly polarized 
light. Finally specialized software is used to analyze 

the spectral data and extract information about the 
protein-ligand interaction[15,68].

CD spectroscopy, the patterns in the amide 
groups of proteins, polypeptides, and peptides are 
mainly due to n→π* and π→π* transitions. These 
transitions happen in the far Ultraviolet (UV) region 
and are aff ected by the shapes of the polypeptide 
chains. These patterns give details about the various 
secondary structures in the molecule, like helices, 
sheets, turns, and other irregular shapes. By studying 
these structures, we can fi gure out the overall shape 
of the protein [69,70].

Dynamic light scattering

 DLS is a powerful technique used for studying the 
size distribution of particles in a solution, including 
proteins and their interactions with ligands. When it 
comes to protein-ligand interactions, DLS can help 
to understand changes in the size of the protein as 
it binds with the ligand. When particles like proteins 
or protein-ligand complexes are in solution, they 
constantly undergo random movements known as 
Brownian motion [71]. DLS takes advantage of this 
random motion by analyzing the fl uctuations in 
scattered light caused by the moving particles. As 
proteins bind with ligands, their size or hydrodynamic 
radius may change due to complex formation or 
conformational shifts. DLS measures the fl uctuation 
in scattered light intensity caused by these moving 
particles and translates it into size distributions. So, by 
monitoring the changes in the size distributions over 
time or with varying ligand concentrations, we can 
gain insights into the kinetics and thermodynamics 
of interactions [72,73].

In this device, a laser is used to illuminate the 

Figure 4 Basic components of CD and its procedure.
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sample. The light scattering from the particles is 
then captured and analyzed. This device captures the 
scattered light and records its intensity fl uctuations 
as the particles move in solution. DLS uses a correlator 
to analyze the intensity fl uctuations and convert 
them into information about the size distribution of 
particles (Figure 5). 

Sample holder is where your solution containing 
the protein-ligand complex is placed for analysis [74]. 
This technique has recently been used for studies, so 
that it was used in a limited way before [51,75].

Simulations
Molecular docking 

Molecular docking is a computational technique 
used in the fi eld of structural biology and drug design 
to predict the preferred orientation of one molecule 
to a second when bound to each other to form a 
stable complex [76]. The primary goal of molecular 
docking is to predict the preferred orientation of a 
ligand (such as a small molecule drug or substrate) 
when bound to a target protein, RNA, DNA, or other 
macromolecule of interest. The process begins with 
the representation of the 3D structures of the receptor 
(the target macromolecule) and ligand. Typically, 
these structures are derived from experimental data 
such as X-ray crystallography, NMR spectroscopy, or 
homology modeling [76,77]. The Protein Data Bank 
(PDB) (http://www.rcsb.org) is a comprehensive 
resource that provides 3D structural information 
for large biological molecules, particularly proteins 

and nucleic acids. It's a crucial tool for researchers 
in structural biology, bioinformatics, and drug 
discovery. Users can access and download high-
quality structural data, as well as related experimental 
methods and additional annotations. PDB off ers 
tools for visualizing and analyzing macromolecular 
structures, providing a deeper understanding of 
their functions and interactions. PDB connects 
structural data with various biological and chemical 
resources, enabling comprehensive analysis and data 
integration [78]. Table 1 demonstrates a number of 
three-dimensional proteins structures taken from 
the PDB. 

PubChem (https://PubChem.ncbi.nlm.nih.gov) as 
another online website, is a widely used repository of 
chemical molecules, off ering extensive information 
on their biological activities, physical properties, 
and related data. It's a vital resource for chemists, 
biologists, and researchers in drug discovery and 
toxicology. PubChem provides data on the biological 
activities of chemicals, including assay results, target 
proteins, and pathways [79]. Docking algorithms 
explore the conformational space of the ligand 
relative to the receptor, searching for the most 
energetically favorable binding mode. This involves 
considering all possible translational and rotational 
orientations of the ligand within the binding site of 
the receptor. The docked conformations are ranked 
and scored based on various criteria, such as shape 
complementarity, electrostatic interactions, van 
der Waals forces, hydrogen bonding, and solvation 
eff ects. These scoring functions aim to estimate the 

Figure 5 Schematic view of DLS device procedure.
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been widely used in academic and industrial research 
settings [79,80]. 

AutoDock performs fl exible ligand docking, 
allowing for the exploration of multiple conformations 
and orientations of the ligand within the binding 
site of the target protein. It incorporates various 
scoring functions to evaluate the binding affi  nity and 
predict the energetically favorable binding modes. 
AutoDock employs parameterized force fi elds to 
model intermolecular interactions, including van der 
Waals forces, electrostatic interactions, and hydrogen 
bonding. The software off ers tools for visualizing 
docked conformations and analyzing the binding 
modes and interactions between the ligand and the 
receptor [17,79,81].

DOCK is another popular molecular docking 
software, utilized for predicting the binding modes 
and affi  nities of small molecules with protein targets. 
DOCK uses effi  cient search algorithms to explore 
the conformational space of ligands and identify 
energetically favorable binding orientations within 
the receptor's binding site. It incorporates scoring 
functions to rank the potential binding modes based 
on various criteria such as shape complementarity, 
electrostatic interactions, and desolvation energies. 
Similar to AutoDock, DOCK supports fl exible ligand 
docking, allowing for the exploration of ligand 
conformations and orientations. DOCK can be 
integrated with experimental binding affi  nity data, 
facilitating the validation and refi nement of predicted 
binding modes [17].

Glide, developed by Schrödinger, is a versatile 
molecular modeling software suite that includes 
features for molecular docking and virtual screening. 
Glide is optimized for high-throughput virtual 
screening of large compound libraries, aiding in the 
identifi cation of potential lead compounds for drug 
discovery. It off ers various scoring and sampling 
methods to predict ligand-receptor binding affi  nities 
and explore the conformational space of ligands. 
Glide is known for its balance of accuracy and speed, 
making it suitable for large-scale virtual screening 
campaigns in drug discovery projects. It seamlessly 
integrates with other tools within the Schrödinger 
suite, allowing for comprehensive molecular 
modeling and drug design workfl ows [17,82].

Gaussian is a powerful computational chemistry 
software suite used for performing ab initio and 
Density Functional Theory (DFT) calculations on 
molecular systems. Gaussian facilitates a wide 

Table 1: Three-dimensional proteins structures taken from the PDB.

Protein name
Identifi cation 

numbers
3D structure

Human serum albumin 1AO6

Bovine serum albumin 4F5S

Tau protein 5O3L

Acetylcholinesterase 1ACJ

Hemoglobine 3WTG

Amyloid precursor 
protein's 

transmembrane 
domain

2LLM

α-synuclein protein 1XQ8

Creatine kinase (from 
human muscle)

1I0E

binding free energy or affi  nity between the ligand and 
the receptor [78]. The docking software generates a 
set of potential complex structures, often ranked by 
their predicted binding affi  nity. Researchers can then 
analyze and prioritize these potential binding modes 
for further experimental validation. Docking software 
packages, such as AutoDock, DOCK, Glide, Gaussian, 
and Chimera off er a range of functionalities and have 
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range of quantum chemical calculations, including 
geometry optimization, energy minimization, and 
vibrational frequency analysis. It provides tools for 
analyzing the electronic structures and properties 
of chemical compounds, aiding in understanding 
and predicting their behaviors. Gaussian includes 
solvation models for studying molecular systems 
in solution, taking into account the eff ects of the 
surrounding environment. It can predict a variety 
of molecular properties, such as molecular orbitals, 
electrostatic potentials, and reaction mechanisms 
[83]. 

Chimera is a powerful and versatile molecular 
visualization and analysis software widely utilized 
in the fi elds of structural biology, biochemistry, and 
computational chemistry. Developed by the Resource 
for Biocomputing, Visualization, and Informatics 
(RBVI) at the University of California, San Francisco, 
Chimera off ers a comprehensive suite of tools for 
visualizing, analyzing, and manipulating molecular 
structures and related data. Chimera provides state-
of-the-art visualization capabilities for molecular 
structures, allowing users to display and manipulate 
3D models of proteins, nucleic acids, small molecules, 
and macromolecular complexes [79]. Users can 
customize molecular representations, apply color-
coding based on various properties (e.g., electrostatic 
potential, hydrophobicity), and generate publication-
quality images and videos. The software supports 
the visualization and analysis of molecular docking 
results, enabling users to explore and interpret the 
binding modes and interactions of ligands with 
protein targets. Chimera includes tools for structural 
alignment, superposition, and comparison of multiple 
molecular structures, facilitating the detailed 
analysis of similarities and diff erences between 
related macromolecules. It off ers functionalities 
for visualizing electron density maps, particularly 
those derived from X-ray crystallography and cryo-
electron microscopy (cryo-EM) experiments [84]. 
This software can be used to visualize and analyze 
molecular dynamics trajectories, providing insights 
into the conformational changes and dynamics 
of biomolecular systems over time. The software 
supports the development of extensions and 
plugins, enabling users to customize and extend 
its functionalities to suit specifi c research needs. 
Chimera off ers educational resources, tutorials, 
and documentation to support users in learning and 
mastering its various features and applications [79]. 

Lumerical

Lumerical software is a suite of photonics 
simulation tools used for designing and optimizing 
nanophotonic devices, photonic integrated circuits, 
and other electromagnetic and photonic systems 
[18,85,86]. The software is utilized by engineers, 
researchers, and designers in various industries such 
as telecommunications, healthcare, and consumer 
electronics to develop cutting-edge photonic devices 
and systems [87,88]. 

In the context of light-matter interactions and their 
applications in studying protein-ligand interactions, 
Lumerical software can be used to model various 
optical phenomena and analyze the interactions 
between light and biological molecules [89]. 
Lumerical software can be employed to simulate the 
fl uorescence and absorption spectra of biomolecules, 
providing insights into their optical properties 
and interactions with light. The software is used to 
design and optimize photonic structures, plasmonic 
sensors, and nanophotonic devices for biosensing 
applications, including the study of protein-ligand 
interactions [90]. Lumerical's simulation tools are 
also applied in the modeling and design of optical 
systems and microscopy techniques used for imaging 
and studying biomolecular interactions [91].

When delving into protein-ligand interactions, 
Lumerical's suite could potentially play a role in 
simulating and analyzing the optical properties of 
ligands and their interactions with proteins. This 
could be particularly relevant in scenarios where the 
interaction induces changes in the refractive index 
or optical properties of the medium due to complex 
formation [92,93]. Now, with regards to the refractive 
index component, Lumerical's FDTD (Finite-
Diff erence Time-Domain) solutions can potentially 
aid in simulating the changes in the refractive index 
of the medium due to the interactions. The changes 
in refractive index might aff ect the light scattering 
properties and could potentially be characterized 
using the simulation capabilities of the software [93]. 
When using Lumerical for these applications, it's 
important to carefully consider some notes. Ensuring 
accurate models of the protein-ligand system and the 
surrounding medium is crucial. This involves defi ning 
the optical properties of the molecules, taking into 
account potential changes due to binding, and 
accurately representing the structural aspects that 
might aff ect the refractive index properties. Properly 
parameterizing the interaction-induced changes in 
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refractive index and other relevant optical parameters 
is vital for an accurate simulation [94]. Validating the 
results by comparing them with experimental data 
is essential. Simulated data should be reasonably 
interpretable in the context of experimental fi ndings 
[95]. 

Conclusion 
Optical-based spectroscopic methods mentioned 

in this article have been widely used in protein-
ligand interaction studies. The defi ned simulation 
studies have been of interest to researchers as well as 
experimental studies. SPR and fl uorescence methods, 
which are on the one hand, are the most sensitive 
and accurate methods for studying protein-ligand 
interaction. In addition to these methods, FTIR 
and CD methods can be used to study the secondary 
structures of proteins. DLS method is another method 
for these studies. Computational methods such 
as molecular docking is a simulation method that 
examines the spatial location of the binding of the 
ligand to the protein. In addition to these methods, 
Lumerical simulation studies, which are used to 
investigate light-matter interaction, are a powerful 
and innovative method that can be considered in 
future studies. In this review paper, the part of 
spectroscopic experimental methods and simulation 
theory methods were evaluated, which was related 
to protein-ligand interaction studies. This part 
of studies is actually a combination of biology, 
biochemistry, biophysics, photonics, and computer 
simulation, which together can cause signifi cant and 
powerful advances in the aforementioned sciences.
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