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PDL1 inhibitors and their cytotoxic
effects with silver and gold
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Immunotherapy is a promising treatment for cancer that aims to boost the immune system’s response
to cancer cells. This can be achieved by blocking Programmed cell death protein 1/Programmed
death-ligand 1 (PD1/PDL1), which activates T cells. In this work, the aim was to find high-affinity drugs
against PDL1 using computational tools and conjugate nanoparticles with them. The cytotoxic activity
of the nanoparticle conjugated drugs was then tested. The screening of 100,000 drugs from the ZINC
database and FDA-approved drugs was done computationally. The physicochemical properties and
toxicity of the drugs were analyzed using SwissADME and ProTox-ll, respectively. Silver nanoparticles
(AgNPs) and gold nanoparticles (AuNPs) were synthesized using extracts of Catharanthus roseus
flowers and Juglans regia shells, respectively. The characterization of AGQNPs and AuNPs was performed
using UV-Vis spectroscopy, X-ray diffraction (XRD), and Fourier transform infrared spectroscopy (FTIR).
Their conjugation with the drugs Irinotecan, Imatinib, and Methotrexate was also confirmed using UV-
Vis, FTIR, and Dynamic light scattering (DLS). The top screened drugs were ZINC1098661 and 3 FDA-
approved drugs (Irinotecan, Imatinib, and Methotrexate). Docking studies revealed that Irinotecan

had the highest binding affinity towards PDL1 when conjugated with silver nanoparticles (AgNPs) and
gold nanoparticles (AuNPs). The Irinotecan-PDL1 complex was confirmed as the most stable through
molecular dynamics simulations. The result of the methylthiazol tetrazolium (MTT) assay showed that
conjugated AgNPs and AuNPs with Irinotecan had a higher toxic effect on the A549 cancer cell line
than AgNPs and AuNPs conjugated with Imatinib. This study provides a promising avenue for further
investigation and development of nanoparticle-drug conjugates as a potential cancer immunotherapy
strategy.
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Abbreviations

AuNPs Gold nanoparticles

AgNPs Silver nanoparticles

DLS Dynamic light scattering

FTIR Fourier transform infrared spectroscopy

MD simulation
MTT

Molecular dynamics simulation
Methylthiazole tetrazolium

PDB Protein data bank

PD1 Programmed cell death 1

PDL1 Programmed death-ligand protein 1
Rg Radius of gyration

RMSD Root mean square deviation

RMSF Root mean square fluctuation
SASA Solvent accessible surface area
TEM Transmission electron microscopy
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UV-Vis spectroscopy  Ultraviolet-visible spectroscopy
XRD X-ray diffraction

Cancer is a devastating disease due to which millions of deaths occur every year worldwide!. According to the
statistical report by the World Health Organization (WHO), 10 million people died from cancer in 2020, and the
most occurring cancer was breast and lung cancer?. In the treatment of cancer, chemotherapy is one of the most
adopted treatments. However, it has several limitations, such as drug resistance issues?, as well as side effects
such as hair loss, constipation®, and adverse effects on normal cells®.

Recently, immunotherapy has emerged as a more advanced and promising approach to cancer treatment®.
In immunotherapy, the immune system is enhanced by modification in immune cells to target cancer cells
that are evaded by the immune system’. Currently, research is also going on cancer immunotherapy using
nanomedicine, such as nanoparticles, to treat cancer by targeting delivery®. Moreover, targeting the Programmed
cell death protein 1/Programmed death-ligand 1 (PD1/PDL1) immune checkpoint is a widely studied cancer
immunotherapy’. PDL1, which is also known as CD279 and B7-H1, is a membrane protein that is considered a
cancer biomarker. The extracellular region of PDL1 consists of IgV and IgC domains. It belongs to the B7 series
and has a 33-kDa type 1 transmembrane glycoprotein with 290 amino acids'®. There is an overexpression of
the PDL1 receptor on cancer cells, which binds with PD1. This interaction causes the deactivation of T cells,
leading to tumor growth!!. Targeting PDL1 can inhibit interaction with PD1 to prevent immunosuppression; for
example, PDL1 is targeted by various nanoparticles and nanoparticles conjugated with drugs'>-!4.

Nanoparticles (NPs) are materials with dimensions on the nanoscale ranging from 1 to 100 nm'>. They can
be synthesized by physical, chemical, and biological methods!®. There are several advantages of the biological
synthesis of nanoparticles over chemical synthesis, such as low toxicity and high biocompatibility, therefore,
it is very significant to use them in healthcare applications'”. Moreover, biological materials can also provide
natural compounds which enhance the efficiency of nanoparticles. According to the WHO, herbal sources
possess medicinal properties to treat diseases'®. For example, the Catharanthus roseus plant has seven anti-
cancer compounds, which are vincristine, vinblastine, vindogentianine, vindolidine, vindoline, vindolinine,
and vindolicine'®. Additionally, Juglans regia is rich in vitamins E, folate, melatonin, various antioxidative
polyphenols, and w-3 fatty acids?’. Moreover, studies have shown that Juglans regia can slow the growth and
angiogenesis of colon and renal cancer?!.

Nanoparticles are suitable for drug loading because they have a high surface area due to their size in the
nano range. This also improves the stability and hydrophilicity of drugs for drug delivery?>?. For example,
silver nanoparticles (AgNPs) conjugated with doxorubicin can be effective in killing cancer cells**, and gold
nanoparticles (AuNPs) can be conjugated with doxorubicin to target PDL1%°. For the treatment, nanoparticles
conjugated with a drug can be taken through oral, nasal, parenteral, or intraocular routes®.

These days, in silico drug screening is an excellent approach for discovering new drugs, particularly when
screening millions of chemical compounds, which is very hard to do in a wet lab¥. Additionally, molecular
dynamics simulations can help to predict the behavior of drugs with protein receptors, which can be useful for
analyzing their stability?®.

There are various Food and Drug Administration (FDA) approved monoclonal antibody drugs available to
inhibit PD1/PDLI1, such as Nivolumab and Durvalumab?*3’. However, these macromolecular antibody drugs
may not be effectively able to penetrate cancerous cells®!. Moreover, manufacturing monoclonal antibodies is a
difficult and expensive process, and storing and transporting them is also very challenging®2. Therefore, there is
aneed to discover new small inhibitors that can target the PD1/PDL1 immune checkpoint pathway to overcome
these limitations. Currently, various small molecule drugs, such as JQ1 and CA-170, are under clinical research
to evaluate their safety and efficacy in treating cancer®..

In this study, 100,000 compounds retrieved from the ZINC database were screened against PDL1 (accession
code 5C3T) in order to identify the compounds with the highest binding affinity with PDLI to block the
interaction between PDL1 and PDI. Further, screened compounds were arranged on the basis of affinity
score. Subsequently, 7 FDA-approved compounds were again filtered based on low steric hindrance. Then,
top drugs Irinotecan, Imatinib, Methotrexate, and ZINC1098661 were filtered out for more analysis based on
Absorption, Distribution, Metabolism, and Excretion (ADME) properties, Lipinski’s rule of five, carcinogenicity,
and cytotoxicity. The structural analysis was also done to reveal the binding site and interaction of PDL1 with
drugs. Moreover, the binding energy of selected drugs with AgNPs and AuNPs against PDL1 was also analyzed.
Furthermore, the stability of PDL1 with drugs and their conformational changes were analyzed by performing
molecular dynamics simulations in a solvent condition for 10 ns for each drug, and 100 ns specifically for
Irinotecan. In the lab, the filtered-out drugs were conjugated with synthesized AgNPs and AuNPs mediated by
Catharanthus roseus and Juglans regia, respectively. Subsequently, the drugs, nanoparticles, and nanoparticles
conjugated with drugs were tested on the A549 cell line for comparative studies.

Materials and methods

In silico analysis

Virtual tools and resources

The 3D structure of PDL1 was retrieved from the Research Collaboratory for Structural Bioinformatics Protein
Data Bank (RCSB PDB) using the accession code 5C3T, and a database containing 100,000 ligand compounds
was obtained from the ZINC database. PyRx, Autodock Vina, and 3D QSAR were used for the virtual screening
of drugs. The CHARMM-GUI was used for designing nanoparticles and their docking performance was
evaluated using Hex 8.0.0. SwissADME and ProTox-II were utilized for analyzing the properties and toxicity of
drugs respectively. MD simulation studies were performed using GROMACS on an Asus ROG laptop equipped
with a Core i7 processor, 32 GB of RAM, and a 4 GB NVIDIA GTX 1650 Ti graphic card.
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Multiple drug docking using PyRx and AutoDock Vina

Multiple drug docking was performed using PyRx, utilizing the random forest machine learning algorithm*.
The database was converted into the PDBQT format, and energy minimization was carried out before starting
the docking process. For further filtration, the selected drugs were then docked using AutoDock Vina, with the
use of a genetic algorithm>®. Heteroatoms were removed, and energy minimization was performed, followed by
the addition of polar hydrogen and Kollman charges. The grid parameters were set to 68, 70, and 104, centralized
at 6, 12, and 8 for the X, Y, and Z coordinates, respectively, with a grid spacing of 0.5 A and an exhaustiveness
of 8. The docking was carried out based on high affinity. PyMOL was used to visualize the docked structure of
protein and ligand complex™.

3D QSAR (quantitative structure-activity relationship) for a further selection of drugs

The FDA-approved drugs underwent further analysis using a Three-Dimensional Quantitative Structure-
Activity Relationship (3D QSAR) in order to pinpoint compounds with higher experimental activity. The
drugs were loaded into a 3D QSAR server, with Half-Maximal Inhibitory Concentration (IC,) values for each
drug being retrieved from the ChEMBL database®. The 3D QSAR model dataset was created by conducting
a conformational analysis of the molecules with the innovative balloon method while aligning the molecules
through the use of the RDKit method. Finally, the 3D QSAR model was generated using the Comparative
Molecular Field Analysis (CoMFA) method.

Docking with AgNPs and AuNPs

The selected drugs were docked with silver and gold nanoparticles designed using Chemistry at HARvard
Macromolecular Mechanics—Graphical User Interface (CHARMM-GUI) modulator®®. The size of the
nanoparticles was set at 35 nm. The docking process was carried out using Hex 8.0.0, with the protein and
conjugated nanoparticles with drugs being loaded into the software®. The algorithm used for the process was
the Geometric Hashing and Energy Minimization algorithm. The docking process was initiated once these
structures were loaded.

Predicting physicochemical properties and toxicity of compounds

The selected compounds were analyzed for their physical and chemical characteristics using the SwissADME,
with a particular emphasis on whether they comply with Lipinski’s rule of five’®. In addition, the compounds
were assessed for their potential to induce cytotoxicity and carcinogenicity using the ProTox-II tool to ensure
their safety*!.

Molecular dynamics simulations

The system was prepared for simulation by creating a protein topology file using GROningen MAchine for
Chemical Simulations (GROMACS). The PRODRG was then used to generate a topology file for the ligand*.
The GROMOS96 43al force field was chosen to describe the interactions between the atoms in the system®.
A cubic box was generated to contain the system, and water molecules were added to the box to create an
aqueous environment. To neutralize the charge of the system, Na* and Cl ions were added. The steepest
descent method was used to minimize the energy of the system and eliminate any unnecessary steric clashes
for a duration of one nanosecond and a total of 50,000 steps. During both the NPT (constant pressure and
temperature) and NVT (constant volume and temperature) equilibration phases, a temperature of 300 K and a
pressure of one bar were maintained using periodic boundary conditions throughout the simulation. A 10 ns
molecular dynamics simulation was performed using GROMACS to study the interaction between PDLI and
Irinotecan, Imatinib, Methotrexate, and ZINC1098661. Additionally, a 100 ns molecular dynamics simulation
was specifically conducted for Irinotecan®*. The simulation was performed using the Particle Mesh Ewald (PME)
method to calculate long-range electrostatic interactions®. The resulting trajectories from the simulation were
analyzed using the inbuilt utilities of GROMACS and visualized using Visual Molecular Dynamics (VMD) and
XMGRACE software*®:47,

Synthesis of AgNPs and AuNPs

In order to synthesize silver nanoparticles, 20 g of fresh Catharanthus roseus flowers were washed and added
to a flask containing 200 ml of deionized water (dd H,O). The mixture was boiled to obtain the extract of
the flowers, which was then allowed to cool to room temperature. A solution of silver nitrate was made by
dissolving 17 mg of silver nitrate powder (Brand RANKEM, Product Code: S0080) in 100 ml of deionized water.
The flower extract and silver nitrate solution were then mixed in a 9:1 ratio to initiate the synthesis of silver
nanoparticles. Furthermore, to synthesize gold nanoparticles, 20 g of Juglans regia shells were taken in a separate
flask containing 200 ml of deionized water. The flask was boiled to get an extract of shells. A 1.0 M solution of
Gold (III) chloride hydrate (HAuCl,) (Brand CDH, CAS No. 16961-25-4) was prepared by dissolving 1.0 g of
HAuCl, in 25 ml of deionized water. The extracts of shells were mixed with 1.0 mM HAuCl, solution in separate
flasks in a 4.5:0.5 ratio to start the synthesis of gold nanoparticles.

Characterization of AgNPs and AuNPs

Visible spectral analysis

The absorbance peaks of the AgNPs and AuNPs were measured using a spectrophotometer. A Carry 5000 UV-
Vis NIR spectrophotometer (Agilent Technologies) was used. The Surface Plasmon Resonance (SPR) absorption
of AgNPs is typically observed in the range of 400 to 800 nm, while the SPR absorption of AuNPs is typically
observed in the range of 520 to 570 nm*34,

Scientific Reports |

(2024) 14:26610 | https://doi.org/10.1038/s41598-024-77868-8 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

X-ray diffraction (XRD) analysis

The crystal structure and morphology of the AgNPs and AuNPs were confirmed through XRD analysis. The
samples were dried on glass slides and prepared for analysis. Rigaku MiniFlex II XRD machine was used to
perform XRD. The diffraction pattern of the sample was measured at 2°6 intervals from 30° to 80°°°.

Fourier transform infrared (FTIR) analysis

FTIR spectroscopy was used to identify the functional groups present on the surface of AgNPs & AuNPs. KBr
(potassium bromide) was used as a matrix in FTIR spectroscopy, and a small amount of the sample was mixed
with it to form a mixture. The mixture was then pressed into a pellet and placed in the sample compartment of an
FTIR spectrometer. The PerkinElmer FTIR instrument was utilized to obtain the FTIR spectrum of the AuNPs
and AgNPs, with measurements conducted within the wavenumber range of 500-4000 cm™'>!.

Drug preparation and nanoparticles drugs conjugation

Irinotecan, Imatinib, and Methotrexate were obtained from the Jawaharlal Nehru Medical College (JNMC) in
Aligarh. 100 mg of Imatinib and Methotrexate were weighed and crushed into a powder form. The powdered
drugs were then placed in two separate flasks, each containing 100 ml of deionized and autoclaved water.
The Whatman filter paper was used to filter the solution. Then, 5 ml of silver nanoparticles and 5 ml of gold
nanoparticles were separately mixed with 125 ul (20 mg/ml) of Irinotecan to create solutions with a final
drug concentration of 0.5 mg/ml for each solution. Additionally, 5 ml of silver nanoparticles and 5 ml of gold
nanoparticles were also separately mixed with 5 ml (1 mg/ml) of Imatinib and 5 ml (1 mg/ml) of Methotrexate,
respectively, to create solutions for each with a final drug concentration of 0.5 mg/ml. The mixture was stirred
and left at room temperature for 48 h. The solutions were then centrifuged at 6000 rpm for 15 min, and the
supernatant was discarded. The drugs were loaded again and centrifuged. The supernatant containing unbound
drugs was discarded, and the pellet for each drug was collected.

Characterization of drugs conjugated with AQNPs and AuNPs

Visible spectral analysis

After drug conjugation, the optical densities (ODs) of the nanoparticles conjugated drugs were measured using
a spectrophotometer. Slight variations in the maximum absorbance peaks were observed in both AgNPs and
AuNPs, which confirmed that the nanoparticles had not undergone any changes in shape or structure after
conjugation. The measurements were carried out utilizing an Agilent Technologies Instrument Carry 5000 UV-
Vis NIR spectrophotometer>2.

Fourier transform infrared (FTIR) analysis

FTIR analysis was performed to examine the conjugation between drugs with AgNPs and AuNPs. The liquid
samples were prepared for FTIR analysis using a previously described method. To obtain the Fourier transform
infrared (FTIR) spectrum of the nanoparticles conjugated with the drugs, the PerkinElmer instrument was
utilized. The measurement was conducted within the wavenumber range of 500-4000 cm™!%.

Dynamic light scattering (DLS) analysis
Dynamic light scattering was used to determine the size distribution of AgNPs and AuNPs before and after they
were conjugated with tested drugs. The average size (d.nm) of the solutions was measured>*.

In vitro analysis

Cell culture

A549, a lung cancer cell line, was purchased from the National Centre for Cell Science (NCCS) in Pune. The
medium used for cell culture was Dulbecco’s Modified Eagle’s Medium (DMEM, AL007S-Himedia), which was
supplemented with 10% fetal bovine serum (FBS, RM10434-Himedia) and 1% penicillin-streptomycin (Pen-
Strep, A004-Himedia). The cells were cultured in a T15 flask containing 5 mL of media in an incubator with 5%
CO,, 95% humidity, and a temperature of 37 °C. The medium was refreshed every other day.

Cytotoxicity assay

Twelve samples were analyzed using the methylthiazol tetrazolium (MTT) assay (Promega CellTiter 96°
Aqueous, G3582), a colorimetric assay, to evaluate the effectiveness of drugs (0.5 mg/ml), AgNPs (0.1 mg/
ml), AuNPs (0.1 mg/ml), and AgNPs and AuNPs conjugated with drugs (0.25 mg/ml). The MTT assay used
a solution of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide dye to assess the samples. A T15
flask containing 80% confluent A549 cells (with a cell number of 1.12x 10%) was used for performing the MTT
assay. The medium was removed, and the cells were washed with phosphate buffer saline (PBS). The cells were
trypsinized using 0.5 ml of EDTA trypsin and incubated for 2 min in an incubator at 37 °C to detach them
from the surface of the T15 flask. The cells with EDTA trypsin were centrifuged at 2000 rpm for 2 min, and the
supernatant was discarded. The obtained pellet was resuspended in 1 ml of media. Subsequently, 0.7 ml of the
cell suspension containing 7.84 X 10° cells was carefully drawn from the 1 ml resuspended solution and mixed
with 9.6 ml of fresh media. Finally, 100 pl of the cell suspension containing 7840 cells was delicately seeded
into each well of a 96-well plate. Then, 100 pl of each of the test samples was seeded in triplicate wells. In well
A, untreated cells were used as a control, and three drugs (Irinotecan, Imatinib, and Methotrexate) were also
included. In well B, AgNPs and their drug conjugates were seeded, and in well C, AuNPs were seeded along with
their drug conjugates. The 96-well plate was incubated at 37 °C for 24 h in a humidified, 5% CO, atmosphere.
After 24 h, 20 ul of MTT Reagent was added to each well that contained samples. The culture plates were then
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S.No. | Compound Affinity (kcal/mol)
1 ZINC1098661 -7.7
2 ZINC5832159 -75
3 ZINC8782706 -7.0
4 ZINC20638084 | —6.9
5 ZINC20637343 -6.8
6 ZINC20637348 -6.8
7 ZINC20638090 | —6.7
8 ZINC20638060 | —6.5
9 ZINC20638066 | —6.2
10 ZINC215892771 | —5.8

Table 1. List of docking scores of 10 compounds using AutoDock Vina.

S.No. | Compound | Affinity (kcal/mol)
1 Irinotecan -84
2 Sorafenib -79
3 Imatinib -78
4 Methotrexate | —7.4
5 Exemestane -72
6 Lenvatinib -72
7 Stivarga -7.1

Table 2. List of the 7 top-hit FDA-approved drugs using AutoDock Vina.

incubated at 37 °C in a humidified, 5% CO, atmosphere for 3 h. After incubation, a 96-well plate, Enzyme-
Linked Immunosorbent Assay (ELISA) plate reader, was used to record the absorbance at 490 nm.

Results

PyRx & AutoDock Vina docking analysis

The PyRx docking tool was used to select the top 10 hits chemical compounds with high affinity for the PDL1
protein from a database of 100,000 drugs. These compounds had an affinity ranging from —10.3 to —10.7 kcal/
mol (Supplementary Table S1).

Next, the primary lead compound, ZINC1098661, was selected from the 10 chemical compounds based on
its higher affinity of —7.7 kcal/mol, as determined by AutoDock Vina (Table 1).

The high docking score of ZINC1098661 among all 10 compounds using AutoDock Vina revealed that
it shows the best affinity, with the interaction between ZINC1098661 and PDLI1 via hydrogen bonding and
electrostatic interactions.

In addition, the top 28 FDA-approved drugs with high affinity for PDL1 protein were also selected using the
PyRx docking tool, which had affinities ranging from — 6.4 to —10.8 kcal/mol (Supplementary Table S2).

Irinotecan has the highest affinity among all drugs, which suggests that its interaction is more stable with
PDL1, i.e, its binding to the protein and the shape of Irinotecan leads to low-energy binding, resulting in high
affinity.

Then, among these FDA-approved drugs, the 7 drugs with higher affinities in the range of — 7.1 to — 8.4 kcal/
mol were selected using AutoDock Vina (Table 2). Among all 7 compounds, Irinotecan showed a high affinity of
— 8.4 kcal/mol, revealing that hydrogen bonding and electrostatic interactions between Irinotecan and PDLI are
the most stable. In the initial filtration, Sorafenib affinity was lower than Imatinib, but in the second filtration,
it showed higher affinity in comparison with Imatinib with a difference of 0.1 (kcal/mol). This suggests that
Sorafenib showed slightly better stable binding with PDL1 amino acid residues after interaction with polar
hydrogen and electrostatic interactions. However, all 7 compounds were considered for 3D QSAR analysis.

3D QSAR analysis

The 7 FDA-approved drugs, which were previously selected by AutoDock Vina, were further filtered using
3D QSAR analysis. The resulting three drugs, Irinotecan, Imatinib, and Methotrexate, were selected based on
experimental values generated by the 3D QSAR model, which depends on steric hindrance between cellular
components and the drugs. Drugs with lower steric hindrance have higher experimental values. (Table 3).

Analysis of physicochemical properties and toxicity of drugs

Irinotecan, Imatinib, Methotrexate, and ZINC1098661 have almost passed Lipinski’s rule of five, indicating that
they are likely to be effective and safe for use (Table 4). However, Irinotecan has one violation, which is that its
molecular weight exceeds 500 Da.
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S.No. | Compound | Experimental value

1 Irinotecan 8.23

Methotrexate | 8.20

Imatinib 8.15

Exemestane | 8.13

Stivarga 8.11
Sorafenib 8.10
Lenvatinib 8.09

N| || W

Table 3. List of the 7 FDA-approved drugs using 3D QSAR analysis.

Compound Molecular weight (Da) | No. rotatable bonds | No. H-bond donor | No. H-bond acceptor | LogP | Lipinski violation
Irinotecan 586.68 6 1 8 4.95 1
Imatinib 493.6 8 2 6 4.04 |0
Methotrexate | 454.44 10 5 9 1.01 0
ZINC1098661 | 288.30 1 2 2 1.79 |0

Table 4. The physicochemical properties of four potentially selective compounds.

Toxicity
Compound Cytotoxicity | Carcinogenicity | GI absorption | Bioavailability
Irinotecan Inactive Inactive High 0.55
Imatinib Inactive Inactive High 0.55
Methotrexate | Inactive Inactive Low 0.11
ZINC1098661 | Inactive Inactive High 0.55

Table 5. Toxicity, GI absorption, and bioavailability score of the selected compounds.

The Logarithm of the Partition Coeflicient (logP) values for all the drugs in this group are less than 5,
indicating that they are soluble in water. Additionally, tests for cytotoxicity and carcinogenicity showed that these
drugs had low toxicity (Table 5). The gastrointestinal (GI) absorption and bioavailability scores for Irinotecan,
Imatinib, and ZINC1098661 were higher than Methotrexate. This suggests that these drugs may have better oral
absorption and effectiveness compared to Methotrexate.

Analysis of drugs conjugated with PDL1 receptor

The Irinotecan, Imatinib, Methotrexate, and ZINC1098661 hydrophobic interaction with the PDL1 domain is
shown in (Fig. 1), and. Specifically, the residues Pro24, Lys25, and Lys41 of the PDL1 protein are found to interact
with Irinotecan, while Lys25, Asp26, Tyr28, and Val30 are the residues that interact with Imatinib. Methotrexate
interacts with Val23 and Lys124, and ZINC1098661 interacts with Thr22 and Lys41 residues of the protein.

Hex docking result analysis

The docking results of AgNPs & AuNPs with Irinotecan, Imatinib, Methotrexate, and ZINC1098661 targeting
PDLI receptor protein were analyzed (Table 6). The highest energy was found with AuNPs with Irinotecan to
target PDL1 —536.7 (kcal/mol). Higher energy values indicate greater stability, which implies that the interaction
of Irinotecan conjugated with AuNPs is the most stable with target PDL1. The interaction of AgNPs and AuNPs
with these drugs to target PDLI is shown in (Fig. 2).

Molecular dynamics simulation analysis

A 10 ns molecular dynamics simulation was performed for PDL1 with Irinotecan, Imatinib, Methotrexate, and
ZINC1098661 respectively. The parameters used to determine the stability of the simulated system are Root
Mean Square Deviation (RMSD), Root Mean Square Fluctuation (RMSF), Radius of Gyration (Rg), and Solvent
Accessible Surface Area (SASA). PDL1 conjugated with Irinotecan, Imatinib, and Methotrexate have a higher
RMSD value than only PDL1, as shown in (Supplementary Figs. S3A, S4A, S5A, and S6A). The RMSD value
for Irinotecan with PDLI is the most stable with low fluctuation as compared to the RMSD value of Imatinib,
Methotrexate, and Zinc1098661. The complex PDL1 with Irinotecan became more stable after 2500 (ps), and
then a little fluctuation was observed until it reached 10,000 (ps). The overall RMSF values were similar to PDL1
and PDL1 with Irinotecan, Imatinib Methotrexate, and ZINC1098661, as shown in (Supplementary Figs. S3B,
S4B, S5B, and S6B). The only region with high structural fluctuation is between atoms 1200 and 1300, which can
be the site of the interaction of drugs with PDLI. The Rg values PDL1 with Irinotecan, Imatinib, Methotrexate,
and ZINC1098661 are shown in (Supplementary Figs. S3C, S4C, S5C, and S6C). The Rg values of Irinotecan and
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Fig. 1. Three-dimensional (3D) structural representation of PDLI residues interacting with the compound.
(A) Irinotecan, (B) Imatinib, (C) Methotrexate, and (D) ZINC1098661.

S.No. | Receptor | Compound ETotal (kcal/mol)
1 PDL1 AgNPs with Irinotecan against PDL1 —527.2
2 PDL1 AuNPs with Irinotecan against PDL1 —536.7
3 PDL1 AgNPs with Imatinib against PDL1 —523.3
4 PDL1 AuNPs with Imatinib against PDL1 —517.3
5 PDL1 AgNPs with Methotrexate against PDL1 | —506.2
6 PDL1 AuNPs with Methotrexate against PDL1 | —493.3
7 PDL1 AgNPs with ZINC1098661 against PDL1 | —484.0
8 PDL1 AuNPs with ZINC1098661 against PDL1 | —465.5

Table 6. List of docking scores of AgNPs and AuNPs with drugs.

ZINC1098661 with PDLI decreased over time, which indicated that the stability of the complex had increased.
The Rg value of PDLI with Imatinib increased compared to PDLI alone, while the Rg value of PDL1 with
Methotrexate showed no significant conformational change except between 5000 (ps) and 6000 (ps), which may
indicate temporary conformational changes due to drug binding.

The SASA of PDL1 with Irinotecan, Imatinib, Methotrexate, and ZINC1098661 are shown in (Supplementary
Figures. S3D, $4D, S5D, and S6D). The SASA of PDLLI is approximately 70 (nm?) at 10,000(ps), while PDL1 with
Irinotecan and Imatinib, SASA increased to 75 (nm?) and 77 (nm?) respectively. This showed that the area of
PDL1 increased after drug conjugation due to the conformational changes in the protein structure. The SASA
values of PDL1 with Methotrexate and ZINC1098661 decreased compared to PDLI alone.

The stability of Irinotecan with PDL1 was further confirmed by molecular dynamics simulation for 100 ns.
The analysis of RMSD value is depicted in (Fig. 3A) from 95,000(ps) to 100,000(ps). RMSD peaks of PDL1 with
Irinotecan are approximately between 0.45 nm and 0.7 nm, which indicates that there was low fluctuation and
the complex was stable. The high fluctuations in RMSF value were seen approximately at residue number 140, as
shown in (Fig. 3B), which may be the region of protein and drug interaction. The Rg value between the period
95,000(ps) to 100,000(ps) is shown in (Fig. 3C). The Rg value of the protein and ligand complex was decreased,

Scientific Reports |

(2024) 14:26610 | https://doi.org/10.1038/s41598-024-77868-8 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

O N
a A:‘.,. R

1
i

Fig. 2. Three-dimensional (3D) docked structure against PDL1. (A) AgNPs with Irinotecan, (B) AgNPs with
Imatinib, (C) AgNPs with Methotrexate, (D) AgNPs with ZINC1098661, (E) AuNPs with Irinotecan, (F)
AuNPs with Imatinib, (G) AuNPs with Methotrexate, and (H) AuNPs with ZINC1098661.

which confirms the stability of the complex. The SASA value of PDLI and Irinotecan complex had increased due
to the conformational changes by protein and drug interaction (Fig. 3D).

Characterization of AQNPs and AuNPs

UV-Vis analysis

The visible spectral analysis results showed that the AgNPs and AuNPs have a maximum absorbance peak of
around 430 nm and 550 nm, respectively, as shown in (Fig. 4).

XRD analysis

XRD results confirmed the crystal structure of AgNPs and AuNPs. The miller indices (hkl) align with diffraction
peaks of the AgNPs and AuNPs at 111, 200, 220, and 311, representing face-centered cubic (fcc) structure as
shown in (Fig. 5).

FTIR analysis

In order to determine the structure of the AgNPs and AuNPs, FTIR analysis was used. In the FTIR analysis of
AgNPs, as shown in (Fig. 6A), the peak at a wave number 3400 cm~!indicates the presence of the OH group, and
its wideness was due to the acidic OH group. The spectrum at a wave number 2100 cm™! is associated with the
C=C stretching of the alkyne molecule. The peak at wave number 1650 cm™ represents the C=0 stretching of
the carbonyl group. The peak available at 1100 cm™! corresponds to the deformation vibration of the OH group.
The peak available at 700 cm™ is associated with CH out-of-plane bending vibrations. On analysis of FTIR of
AuNPs, as shown in (Fig. 6B), the wide peak at a wave number 3400 cm™! indicates the presence of the OH group
that is not involved in hydrogen bonding. The spectrum available at wave number 1650 cm ™ represents the C=0
stretching of the carbonyl group. The peaks at 1200 cm™! and at 600 cm™ represent ester carbonyl and C-Cl,
respectively.

Characterization of AGNPs and AuNPs conjugated with drugs

UV-Vis analysis

The AgNPs and AuNPs were conjugated with three drugs (Irinotecan, Imatinib, and Methotrexate) and analyzed
using a spectrophotometer. The result demonstrated a slight variation in the wavelength after conjugating AgNPs
and AuNPs with these drugs, as shown in (Figs. 7 and 8).

FTIR analysis

The conjugation of AgNPs and AuNPs with drugs was confirmed using FTIR. In (Figs. 9A and 10A), the peaks
observed in the Irinotecan spectrum were analyzed. The peak at 850 cm™ is associated with the C-Cl stretching
of a halo group. The peak available at 1150 cm™ is associated with ester carbonyl, while the peak at 1400 cm™!
represents the CH, band. The peak at 1650 cm™ corresponds to the C=O stretching of the carbonyl group. The
peaks at 2650 and 2950 cm™! correspond to C-H stretching with the presence of an aldehyde and alkane group
respectively. The peak at 3400 cm™! indicates the presence of an OH group. Moreover, Irinotecan peaks were also
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Fig. 3. (A) Root mean square deviation (RMSD) plot for PDL1 before and after binding with Irinotecan. (B)
Residual fluctuations plot of PDL1 before and after interaction with Irinotecan. (C) Time evolution of the
radius of gyration (Rg) for PDL1 and PDLL1 Irinotecan Complex. (D) SASA as a function of time for PDLI and
Irinotecan.
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Fig. 4. The maximum absorbance peak of synthesized nanoparticles. (A) AgNPs, and (B) AuNPs.
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Fig. 5. XRD spectrum obtained from the synthesized nanoparticles. (A) AgNPs, and (B) AuNPs.
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Fig. 7. Comparison of maximum absorbance peak of AgNPs with drugs. (A) AgNPs conjugated with
Irinotecan, (B) AgNPs conjugated with Imatinib, and (C) AgNPs with Methotrexate.
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Fig. 9. (A) The obtained FTIR result of AgNPs and AgNPs conjugated with Irinotecan: (a) AgNPs, (b)
Irinotecan, (c) AgNPs conjugated with Irinotecan. (B) The obtained FTIR result of AgNPs and AgNPs
conjugated with Imatinib: (a) AgNPs, (b) Imatinib, (c) AgNPs conjugated with Imatinib. (C) The obtained
FTIR result of AgNPs and AgNPs conjugated with Methotrexate: (a) AgNPs, (b) Methotrexate, (c) AgNPs
conjugated with Methotrexate.
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Fig. 10. (A) The obtained FTIR result of AuNPs and AuNPs conjugated with Irinotecan: (a) AuNPs, (b)
Irinotecan, (c) AuNPs conjugated with Irinotecan. (B) The obtained FTIR result of AuNPs and AuNPs
conjugated with Imatinib: (a) AuNPs, (b) Imatinib, (c) AuNPs conjugated with Imatinib. (C) The obtained
FTIR result of AuNPs and AuNPs conjugated with Methotrexate: (a) AuNPs, (b) Methotrexate, (c) AuNPs
conjugated with Methotrexate.

present in AgNPs and AuNPs conjugated with Irinotecan. Furthermore, a peak at 1750 cm™ was observed in
AuNPs conjugated with Irinotecan, which represents the C=C stretching of the ester group.

Imatinib FTIR spectra are demonstrated in (Figs. 9B and 10B). The peak at wave number 1100 cm™
corresponds to the deformation vibration of OH. The peak at 1250 cm™! is associated with the C-N stretching
of the amine group, while the peak at 1650 cm™! is associated with the N-H bending of the amine group. The
peak available at 2950 cm™! corresponds to the C-H stretching of the alkane group. The peak at 3400 cm™!

1
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indicates the presence of an OH group. These peaks were also observed in the FTIR spectra of AgNPs and
AuNPs conjugated with Imatinib. In addition, in the AgNPs conjugated with Imatinib, a peak at 1350 cm™! was
observed, which belongs to the C-N stretching vibration of aromatic amines. Furthermore, a peak at 1400 cm’},
indicative of the CH, band, was observed in AuNPs conjugated with Imatinib.

Methotrexate FTIR analysis is shown in (Figs. 9C and 10C). The peak at 850 cm™! corresponds to the C-Cl
stretching of a halo compound. The peak at 1100 cm™ represents the deformation vibration of the OH group,
while the peak at 1350 cm™! indicates the C-N stretching vibration of aromatic amines. The peak at 1650 cm™!
represents the C=0 stretching of the carbonyl group. The peak available at 2950 cm™ corresponds to the C-H
stretching of the alkane group. The peak at 3400 cm™ indicates the presence of an OH group. These peaks were
also observed in the FTIR spectra of AgNPs and AuNPs conjugated with Methotrexate.

Dynamic light scattering (DLS) analysis
The results obtained from Dynamic Light Scattering (DLS) indicate that the size of AgNPs and AuNPs has

changed after conjugating with drugs. In particular, the average size of AgNPs was found to be 78.57 d.nm
before drug conjugation (Fig. 11A). However, after conjugation with Irinotecan, Imatinib, and Methotrexate,
the average size increased to 168.9, 293.2, and 220.2 d.nm, respectively, as shown in (Fig. 11B-D). Similarly, the
average size of AuNPs was found to be 81.93 d.nm before drug conjugation, as demonstrated in (Fig. 12A). After
conjugation with Irinotecan, Imatinib, and Methotrexate, the average size increased to 392.8, 566.9, and 562.7
d.nm, respectively, as shown in (Fig. 12B-D). This significant increase in size indicates successful conjugation of
drugs with AgNPs and AuNPs. The Z-average size and Polydispersity Index (PDI) are listed in (Table 7).

In vitro analysis
The three drugs (Irinotecan, Imatinib, and Methotrexate), nanoparticles (AgNPs and AuNPs), and nanoparticles

conjugated with drugs were tested on A549 cells. The MTT assay result was carried out in triplicate; the result of
the MTT assay is shown in (Fig. 13).

At a drug dose of 0.5 mg/ml for Irinotecan, Imatinib, and Methotrexate, Imatinib showed high efficacy in
killing cells, with cell viability of only 11%. The cell viability of Irinotecan and Methotrexate was 59.3% and 65%,
respectively.

The cell viability of AgNPs and AuNPs was found to be 55.7% and 74.3%, respectively, at a concentration
of 0.1 mg/ml. The AgNPs and AuNPs conjugated with drugs were tested at a concentration of 0.25 mg/ml.
When AgNPs were conjugated with Irinotecan and Imatinib, the cell-killing effect of AgNPs was enhanced,
with cell viability of 41.9% and 42.5%, respectively. AgNPs also enhanced the cytotoxic effect of Irinotecan but
reduced it for Imatinib. When AgNPs were conjugated with Methotrexate, the effect of Methotrexate was slightly
enhanced, with a cell viability of 62.3%. However, the cytotoxicity of AgNPs was reduced with Methotrexate.
Conjugation of AuNPs with Irinotecan enhances the cell-killing rate. The cell viability of Irinotecan with AuNPs
was 35.4%. In the case of AuNPs conjugated with Imatinib, the cell viability increased to 78.7%. Furthermore,

AuNPs conjugated with Methotrexate showed a negative result in cell killing, with cell viability reaching 100%.

teasity (%]

Fig. 11. DLS result of the AgNPs before and after drug conjugation. (A) AgNPs, (B) AgNPs conjugated
Irinotecan, (C) AgNPs conjugated Imatinib, and (D) AgNPs conjugated Methotrexate.
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Fig. 12. DLS result of the AuNPs before and after drug conjugation. (A) AuNPs, (B) AuNPs conjugated
Irinotecan, (C) AuNPs conjugated Imatinib, and (D) AuNPs conjugated Methotrexate.

S.No | Nanoparticles and Nanoparticles Drugs Conjugates | Z-average size | Polydispersity Index (PDI)
1 AgNPs 78.57 d.nm 0.295
2 AuNps 81.93 d.nm 0.272
3 AgNPs conjugated Irinotecan 168.9 d.nm 0.437
4 AgNPs conjugated Imatinib 293.2 d.nm 0.503
5 AgNPs conjugated Methotrexate 220.2 d.nm 0.547
6 AuNPs conjugated Irinotecan 392.8 d.nm 0.322
7 AuNPs conjugated Imatinib 566.9 d.nm 0.552
8 AuNPs conjugated Methotrexate 562.7 d.nm 0.600

Table 7. Z-Average Size and Polydispersity Index (PDI) of AgNPs and AuNPs and Their Conjugates with
Irinotecan, Imatinib, and Methotrexate.

Discussion
Targeting the PD1/PDL1 immune checkpoint is an excellent approach in immunotherapy, which leads to the
activation of T Cells*>*®.

Therefore, the aim of this work was to find a molecule that targets PDL1, which can be used with nanoparticles
to inhibit the PD1/PDL1 interaction.

A two-step process was utilized in the drug screening. PyRx was used first for multiple drug screening,
followed by the utilization of AutoDock Vina for further filtration. PyRx is a very robust tool that is used in
various studies for multiple docking®”*® and works on the random forest algorithm.

Afterward, AutoDock Vina was utilized to sub-filter compounds. It has been reported that Abdellah El
Aissouq et al.* also utilized PyRx and AutoDock Vina to search for an inhibitor against SARS-CoV-2. In
another study, the discovery of novel RARa agonists, the same methodology was followed®. AutoDock Vina
works on a genetic algorithm, which is reported to perform sub-filtration after the random forest algorithm®!.
AutoDock Vina provides additional tools to add polar hydrogen atoms and Kollman charges to simulate in vivo
conditions, allowing hydrogen bond interactions and electrostatic interactions between the ligand and the target
molecule®?¢,

Therefore, docking score variation was noted between PyRx and AutoDock Vina. This type of trend was
reported earlier, where PyRx reported affinities of —9.1 and — 8.7, respectively, for Ergotamine and Simeprevir,
but they changed to —7.69 and — 8.5, respectively, after using AutoDock™.

Irinotecan, Imatinib, Methotrexate, and ZINC1098661 were selected after drug screening and 3D QSAR
analysis®!. The Irinotecan had a higher affinity against PDL1 and a high experimental value. Experimental values
are unitless and were obtained by Comparative Molecular Field Analysis (CoMFA) 3D QSAR methods®, which
evaluated the steric fields of drugs in relation to biological activity. The higher experimental values indicate lower
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Fig. 13. The MTT assay result for A549 cells: Only drugs, AgNPs, AuNPs, and AgNPs and AuNPs conjugated
with drugs.

steric hindrance between cellular components and the drugs, suggesting that the drugs can more easily enter
cellular environments and interact with their targets effectively.

Moreover, ZINC1098661 with AgNPs and AuNPs had a lower affinity against PDLI; therefore, it was excluded
from the wet lab experiment. Irinotecan had one violation of Lipinski’s rule of five due to its weight being greater
than 500 Da, but it is still considered a viable drug candidate as it is generally given intravenously. However, a
study suggested that oral Irinotecan showed effective results similar to intravenous Irinotecan®.

The Gl absorption and bioavailability scores of these drugs were high, except for Methotrexate. A bioavailability
score of 0.55 is considered high, as demonstrated by Bojarska et al.®” and the majority of compounds come close to
this value. In another study, Sharma et al.% reported that a bioavailability score of 0.11 is considered a poor score.
Despite this, Methotrexate was considered in the study because of its high docking score and high experimental
value analyzed by 3D QSAR. Moreover, the GI absorption and bioavailability of the Methotrexate could be
improved. For example, it is reported that low doses of Methotrexate can be utilized to improve absorption®7°,
In another study, it is demonstrated that alkalinization may greatly increase Methotrexate’s solubility which can
improve its bioavailability”’.

The ProTox-II analysis showed that cytotoxicity and carcinogenicity were nil with these drugs, implying that
they are safe for use. Kandiah et al.”? reported that AgNPs mediated by Catharanthus roseus flower extracts have
a size range of 0-30 nm, characterized by a Scanning Electron Microscope (SEM). Additionally, Rabori et al.”®
study demonstrated that AuNPs mediated by Juglans Regia have a size range of 10 to 50 nm, characterized by
Transmission Electron Microscopy (TEM). Therefore, for in silico analysis of nanoparticles, AgNPs, and AuNPs
were designed arbitrarily with an average size of 35 nm according to their SEM and TEM analysis. The average
size of AgNPs and AuNPs was considered the same so that the docking scores could be compared to assess their
binding affinity with the drug against PDLI.

The AgNPs and AuNPs were designed using the interface force field, which is a very robust force field’*. Hex
8.0 has been utilized for docking for AgNPs and AuNPs”°. Hex 8.0 works on geometric hashing, which evaluates
the efficiency of binding ligands on receptor sites based on shape. AuNPs with Irinotecan showed high affinity,
which is due to the intrinsic properties of gold nanoparticles that allow optimal orientation for binding to the
target, resulting in high affinity.

A 10 ns molecular dynamics simulation was performed to analyze the parameters, such as RMSD, RMSF,
Rg, and SASA, to determine the stability of the drugs with PDLI. The higher RMSD value of PDL1 with drugs
than only PDLI indicates that the drugs induce large conformational changes in the protein structure. Overall,
all the drugs were found to be stable with PDL1, but Irinotecan was found to be the most stable. Therefore, a
100 ns molecular dynamics simulation was performed specifically for Irinotecan, even though a 10 ns molecular
dynamics simulation was sufficient, as demonstrated by Yu. V. Kordonskaya and his team in their research work
on the behavior of tetragonal lysozyme dimer, used molecular dynamics simulation for 10 ns’®.

In RMSD, RMSE Rg, and SASA analyses, the values for PDL1 alone were also altered because, for each
simulation, there is a unique environment box in which the simulation runs for that drug. The environment box
is filled with water molecules and ions to mimic an in vivo environment. The presence of the drug can alter this
environment due to electrostatic interactions with the polar solvent and conformational changes in the protein
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caused by drug interaction. This is also suggested by various studies where different yields of protein alone are
demonstrated. For instance, RMSD values for Hemagglutinin alone vary from 3.6 to 4.8 A. In another study,
RMSD values for Hemagglutinin esterase alone vary from 3.2 to 60 A777%,

Catharanthus roseus and Juglans regia have medicinal properties’%; therefore, they were utilized for the
synthesis of AgNPs and AuNPs. Since AgNPs and AuNPs were synthesized using a biological route, they had
natural protein capping. Therefore, there was no need for an additional linker for drug conjugation®!, which is
generally required in chemically synthesized nanoparticles.

The Catharanthus roseus and Juglans regia extracts tested on A549 cells are reported®33. It was revealed
that Catharanthus roseus showed no cytotoxic effect at 0.008% (m/v), but with an increase in concentration to
1% (m/v), cell viability decreased to 62%. Juglans regia showed negligible cytotoxic effect at 50 ug/mL, but at a
higher concentration of 75 ug/mL, it showed a cell viability of 76%. This indicates that these extracts have no
significant cytotoxic effect at low concentrations, suggesting that the nanoparticles are primarily responsible
for the anti-cancer effect. However, natural extract components may contribute to enhancing the effects of
nanoparticles®84-86,

In UV-Vis analysis, the maximum absorbance peaks of AgNPs and AuNPs were found to be 430 nm and
550 nm, respectively, due to their SPR properties. XRD confirmed the crystal structure of both AgNPs and
AuNPs. The FTIR analysis showed functional groups present in them.

AgNPs and AuNPs conjugated with drugs were characterized using UV-Vis spectroscopy, FTIR, and DLS.
The UV-Vis analysis showed a slight shift in the absorbance peak, indicating that drugs were conjugated®’.
Furthermore, FTIR also confirmed that AgNPs and AuNPs were conjugated with drugs®®. DLS analysis revealed
an increase in the overall size of the mixture, which also showed that the AgNPs and AuNPs were successfully
conjugated with drugs®®. DLS analysis was based on the Z-average size for the confirmation of drug conjugation;
therefore, the zeta potential was not analyzed in this study.

DLS provides an average size of particles in suspension and is very sensitive to slight interactions between
nanoparticles or adsorption phenomena, which can affect the hydrodynamic radius. In contrast, SEM or TEM
provides individual particle sizes more accurately. Various reports show that DLS usually indicates a larger size
compared to the actual size measured by SEM and TEM>"*°. The variation in hydrodynamic radius in suspension
can result in multiple peaks in DLS, as demonstrated in various reports®'~%3.

In this study, A549 cells were used because they are cells of non-small cell lung cancer, which is one of the
most common types of cancer with a high death rate, according to the World Health Organization (WHO). In
India, lung cancer constitutes 5.9% of all cancer cases and is responsible for 8.1% of cancer deaths’.

Moreover, various studies have been done on A549 to study the PDLI receptor, such as studies on PDL1
expression®®, PDL1 signaling®, and the mechanisms of PDL1 expression®’.

The MTT assay was performed to test the effect of drugs (Irinotecan, Imatinib, and Methotrexate), as well as
AgNPs & AuNPs, and AgNPs & AuNPs conjugated drugs on A549 cells?®. The MTT assay result showed that all
three drugs have a toxic effect on A549 cells, among which Imatinib showed the best result. Moreover, in other
studies, the toxic effect of Irinotecan, Imatinib, and Methotrexate on MCF?7 cells are also reported by Saeedeh
Keyvani-Ghamsari et al., Seyed Ataollah Sadat Shandiz et al., and Javad Farzanfar et al., respectively®-101.

AgNPs were found to be more toxic than AuNPs on A549 cells. This may be due to the presence of additional
anti-cancer alkaloids in AgNPs derived from Catharanthus roseus flowers. Yury Shkryl et al. conducted a
comparative study of AgNPs and AuNPs mediated by Lithospermum erythrorhizon, and the result showed that
the cytotoxicity of AgNPs was higher than that of AuNPs on NIH3T3 cells!?2 In other studies, the cytotoxicity
of AgNPs mediated by E. procera and AuNPs mediated by Lactobacillus acidophilus were tested on MCF7 cells
by Seyed Ataollah Sadat Shandiz et al. and Elmer Casley Repotente Jr. et al., respectively. Upon comparing their
results, AgNPs were found to be more toxic than AuNPs!00:103.104,

The toxicity of Irinotecan, Imatinib, and Methotrexate; AgNPs and AuNPs; and the conjugated AgNPs and
AuNPs with the drugs were tested at a single concentration because the purpose of this study was to test which
drug’s efficiency was increased with nanoparticles with low drug’s concentration. Therefore, the IC,, value was
not focused on in this study which is suggested by various studies in which the IC, value was not included!>%.

The conjugation of AgNPs with Irinotecan and Imatinib increased the toxic effect of AgNPs, whereas
Methotrexate reduced the cytotoxic effect of AgNPs. Moreover, AuNPs conjugated with Irinotecan enhanced
the toxic effect of AuNPs. After conjugation, the size of NPs increased, which implies that cell uptake would
decrease. However, despite the increase in size, the efficiency of cell toxicity increased. This indicates a higher
probability of the nanoparticles conjugated drugs binding to the cell surface receptor (PDL1).

The toxicity of Irinotecan was enhanced with AgNPs and AuNPs at low dosages, suggesting high stability of
Irinotecan with AgNPs and AuNPs, which can target PDL1 effectively for treatment.

However, the toxicity of Imatinib decreased after conjugation with AgNPs & AuNPs, and AuNPs conjugated
with Methotrexate were deactivated and had no effect on the A549 cells. This deactivation may be due to
distortion of Methotrexate structure, which altered pharmacokinetic properties that occur after the conjugation
process of Methotrexate with AuNPs®!. This may also be due to the contrary effect of AuNPs, leading to an
increase in the number of cells. The study conducted by Li et al.!®” demonstrated the proliferative effect of AuNPs
on Human periodontal ligament cells (hPDLCs). Although Methotrexate was not deactivated with AgNPs, the
cytotoxicity of Methotrexate slightly increased after conjugation with AgNPs.

Irinotecan showed a high affinity for PDLI, indicating that it can bind to PDLI better than Imatinib. In
vitro, Imatinib exhibited high toxicity toward A549 cells, suggesting that it is more toxic than Irinotecan. At the
concentration tested, this may not be the physiologically tolerable dose form in therapy. Hence, it is necessary
to study the comparison of a relevant dose of Imatinib with and without nanoparticle conjugation. However,
we find Irinotecan to be a potential drug that can be benefited by the conjugation of AgNPs and AuNPs. After
docking with AgNPs and AuNPs, Irinotecan conjugated with AgNPs and AuNPs showed higher affinity and
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greater cytotoxicity in vitro compared to AgNPs and AuNPs conjugated with Imatinib. This suggests that AgNPs
and AuNPs are efficient for targeting PDL1 and also show cytotoxicity using low dosages of Irinotecan.

Based on our current knowledge, there have been no reports regarding the targeting of PDL1 using AgNPs
and AuNPs conjugated with Irinotecan, Imatinib, and Methotrexate. However, Fakhrossadat Emami et al.z
reported that AuNPs conjugated with doxorubicin and anti-PDL1 antibodies were used to target PDL1. Our
result showed that Irinotecan conjugated with AgNPs and AuNPs had a high toxic effect, which confirmed the
in silico prediction for Irinotecan in which a high affinity against PDL1 was found with AgNPs and AuNPs.

In the future, a larger database of drugs can be used to discover new chemical compounds to target PDL1
receptors. Moreover, various nanoparticles such as silica shell gold core NPs and Ag-Au alloy NPs, as well as their
conjugation with drugs, can be tested in various cell lines, including 3D cell lines, and also in mouse models.

Conclusion

The computational approach helped to predict the lead compound to target PDL1. 100,000 compounds
were screened in silico against PDL1, and the filtered drugs were Irinotecan, Imatinib, Methotrexate, and
ZINC1098661. Among these drugs, Irinotecan had a high affinity with AuNPs and AgNPs against PDL1. A
molecular dynamics simulation was also performed to analyze the stability of these drugs with PDL1. Based
on RMSD, RMSE Rg, and SASA, Irinotecan with PDL1 was found to be the most stable. Furthermore, these
drugs were also toxic to the A549 cells. The biological method of synthesizing AgNPs and AuNPs was simple
and less expensive. Moreover, the biologically synthesized AgNPs and AuNPs had the ability to conjugate with
drugs without any additional linker. The size of AgNPs and AuNPs were increased after drug conjugation. Due
to their larger size, nanoparticles conjugated drugs had lower cellular penetration than nanoparticles alone.
This reveals that the AgNPs and AuNPs conjugated with drugs were bound to the cell surface. The AgNPs and
AuNPs also showed a toxic effect on the cell line, and the efficacy of killing cancer cells with AgNPs and AuNPs
was enhanced with Irinotecan. This result suggests that AuNPs conjugated with Irinotecan can be used to target
PDLI to treat cancer. In the future, various nanoparticles such as silica shell gold core NPs and Ag-Au alloy NPs
can be used to conjugate with Irinotecan and test on cell lines and mouse models.
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