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Vemurafenib, as a first-generation BRAF inhibitor, has received approval for use in cases of BRAF V600E-mutated melanoma.
The clinical utility of Vemurafenib is limited due to low target specificity, off-target toxicity, and improper delivery pathways.
The study proposes a dual-targeted delivery system using gold nanoparticles (AuNPs) that target the Alpha-V Beta-3 (o,,33)
integrin receptor, potentially promoting increased binding specificity, enhanced target release, and intracellular availability.
Molecular docking simulations and structural validations were completed to collect binding affinity data, structural validation,
and analysis. We compared two different nanoparticles, Polyamidoamine (PAMAM) and AuNP, and selected the optimal one
to conduct docking affinity evaluation for the o, 33 integrin receptor. Upon molecular docking analysis, PAMAM dendrimers
exhibited a weak bonding affinity with Vemurafenib. On the contrary, gold nanoparticles (AuNPs) were associated with direct
bonds to both the drug and the o, 85 integrin receptor, revealing promising prospects in target-specific delivery. The subsequent
exercise of molecular simulations was done to reconfirm the validity of the structural compatibility and favorable orientation of the
nanoparticle in receptor binding. This method of dual-ligand targeting is potentially beneficial to the treatment of melanoma, as it
relates to the process of recognition of growth factors influenced by the local binding of the tumor receptor and the subsequent
tumor cell proliferation. These results are highly advisable for the field of nanomedicine and locations where local interventions
for melanoma control are of urgent importance, particularly in high UV-exposed areas.
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Introduction has the ability to treat unresectable melanoma skin cancer and
advanced metastasis™. Targeted melanoma therapy utilizes Ve-
murafenib as its primary therapeutic component; however, sys-
temically administered Vemurafenib often leads to non-specific
distribution, off-target toxicity, and future drug resistance de-
velopment®. Recent advances in nanomedicine have opened

Melanoma, from the Greek word for “black tumor,” is the most
dangerous form of skin cancer due to its aggressive growth po-
tential and high potential for metastasis. Melanoma accounts
for approximately 90% of cases related to ultraviolet (UV) ra-

diation®, most intense in equatorial regions and high-altitude
regions. Ecuador, located directly along the equator and with
the high-altitude capital city of Quito, offers a distinctive and
pressing environment to study melanoma. Studies in Ecuador
are motivated by the geographical location of the region in com-
bination with the need for better and more precise therapeutic
options. Skin cancer can develop into aggressive melanoma,
which is characterized by a high rate of mutations and both
metastatic behavior and resistance to traditional chemotherapy
treatments>. BRAF is a gene located on chromosome seven that
produces both the BRAF gene and the protein. The protein helps
cells grow through internal signaling mechanisms, which sup-
port cell division as one of its primary functions. Vemurafenib
belongs to a category of targeted cancer drugs called cancer
growth blockers. Vemurafenib is a BRAF V600E inhibitor, and
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possibilities for artificially engineered nanoparticles capable of
delivering medication precisely to tumor cells without harming
healthy tissues, minimizing collateral damage®.

Even though ligand-targeted nanoparticles have showcased
their potential, single-ligand models are impractical due to the
fact that solid tumors are heterogeneous, which makes it difficult
for the selective reaction to occur’. The presence of competi-
tive inhibitors at binding sites weakens the strength of the drug,
especially when both the carrier nanoparticle and the drug tar-
get at the same proteins. In the same way, nanoparticles and
Vemurafenib both compete for the BRAF protein binding site,
which may have limitation for Vemurafenib’s binding to BRAF.
Therefore, the study illustrates a two-ligand approach that is
presented by the idea of attaching nanoparticles to the surface
receptor of a protein, so that it allows Vemurafenib to bind to
BRAF unimpeded, thus achieving complete drug efficiency.
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This research brings a new delivery system via dual-ligand
methods using Polyamidoamine (PAMAM) dendrimers® and
gold nanoparticles® (AuNP) as model carriers, testing its bind-
ing affinity to both the drug and the surface receptor and find-
ing the optimal nanoparticle; thus improving drug targeting
effects and drug release simulation with enhanced specificity
levels. The innovation enables both the enhancement of current
nanomedicine processes and provides a computational platform
for future experimental validation.

o, B3 integrin is an important transmembrane receptor that
has been shown to play a critical role in tumor angiogenesis, in-
vasion, and metastasis, and researchers previously documented
overexpression in several aggressive melanomas'’. These prop-
erties provide a good rationale for receptor-mediated drug de-
livery using o, 33 as a targeted strategy, specifically by taking
advantage of active targeting and the preferential accumula-
tion of particles through enhanced permeability. However, it
is also essential to acknowledge that o, 33 is not purely tumor-
specific, and while highly expressed in malignant cells, it is
also expressed at lower levels in some normal endothelial cells,
osteoclasts, and smooth muscle cells, which raises concerns
about off-target binding and toxicity. Therefore, while this study
uses a, B3 docking in a proof-of-concept study for targeted drug
delivery, future work should assess the differences in receptor
density between melanoma and healthy tissue, provide compar-
ative docking to other integrin subtypes, and better elucidate the
ligand specificity to reduce off-target effects.

The AuNP-VG16KRKP construct was chosen over unmodi-
fied AuNPs in this study. VG16KRKP is an artificial antimicro-
bial peptide that was originally created for targeting intracellular
bacterial infections, especially those induced by S. Typhi'l. The
peptide contains seven amino acids with a sequence of Val-Gly-
Lys-Arg-Lys-Arg-Pro. Although the conventional use of AuNP-
VGI16KRKP lies in antimicrobial therapy, in this study, the
potential of the AuNP-VG16KRKP complex as a novel drug de-
livery system for melanoma treatment is demonstrated. The hy-
pothesis that motivates the current research is that VG16KRKP’s
(lysine and arginine) positively charged residues may increase
electrostatic interactions with Vemurafenib and thus improve
cellular uptake''2. For this design, the gold nanoparticle is the
carrier while the peptide is the targeting ligand that can be used
theoretically for delivery and internalization of the therapeutic
agent 13

This choice of using AuNP-VG16KRKP was due to several
key reasons. To begin with, VG16KRKP excerpts cell mem-
brane penetration, thus greatly promoting the internalization
of nanoparticles into the target cells'#. Furthermore, although
VGI16KRKP was initially designed for antimicrobial use, it is
cationic and amphipathic as well—two features that make it
easy to interact with cell membranes negatively charged, such as
those of cancer cells, and intracellular vesicles like endosomes
and lysosomes. These traits are very likely to be the best op-

tions for drug delivery in the intracellular space, especially in
the acidic microenvironment of the tumor tissues. Likewise,
VGI16KRKP can help Vemurafenib to disrupt the endosomes
and membranes; hence, it can better access its intracellular
targets, in this case, the BRAF V600E in the melanoma cells.
Thus, enabling the transportation and the intracellular concen-
tration of Vemurafenib, the AuNP-VG16KRKP platform, sees
a potentially effective way of theoretically elevating the thera-
peutic efficacy in melanoma treatment. A scoring matrix system
based on available literature will be used below to visualize the
effectiveness of AuNP and AuNP-VG16KRKP complex. An
in-depth molecular docking analysis and the evaluation of the
binding affinity will be given in the discussion section in order
to provide further substantiation of these findings.

Originally characterized for antimicrobial activity,
VG16KRKP works via membrane disruption in bacterial
cells. Antimicrobial peptides (AMPs), like anticancer peptides
(ACPs), are cationic, amphipathic, and membrane-active and
penetrate cells, however, their target membranes differ in
lipid composition, charge density, and receptor expression.
VG16KRKP was chosen for this study because its availability
aligns with the objective of this study and due to the potential
that VG16KRKP will augment electrostatic association with
melanoma cell membranes, and given it is membrane-active and
has cell penetrating properties, we hypothesized VG16KRKP
would enhance nanoparticle association with negatively charged
cancer cell membranes and facilitate internalization!®. Cationic
residues (lysine, arginine) increase the electrostatic attraction
to negatively charged membrane components, and encourage
endosomal uptake and membrane translocation’”. Previous
work has shown the successful binding of peptides to AuNP
scaffolds, and has demonstrated the ability to enhance cell
uptake, indicating that this strategy is chemically feasible'!®.
While VG16KRKP was not selected because it is a known
o, B3 integrin binder, this study models o, 33 targeting with
peptide-conjugated AuNPs in the presence of affixed docking
studies to evaluate the nanoparticle-integrin interface. We
acknowledge that VG16KRKP’s melanoma specific targeting
ability is yet to be established. Experimental validation such
as peptide-integrin binding assays, competitive binding studies
with known «,f; ligands, and in vitro cell uptake studies
using melanoma lines, will be necessary to confirm whether
VG16KRKP provides selective o, 33 targeting, or if a different
peptide (such as RGD derivative would be improved).
Description: A scoring matrix system based on available litera-
ture is used to visualize the effectiveness of AuNP and AuNP-
VG16KRKP complex. An in-depth molecular docking analysis
and the evaluation of the binding affinity will be given in the
discussion section in order to provide further substantiation of
these findings. Each feature was assigned a score from 0 (poor
performance) to 5 (excellent performance) based on available
experimental and literature-based evidence.
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Table 1 Justification of the Scoring System (0-5 Scale)
Score  Performance Description
0 No capability or significant disadvantage
-2 Minimal effect
Moderate effect but with limitations
Good performance, well-documented in literature
Optimal effect, strong evidence

W B =

Table 2 Clarification of Evaluation Criteria

Criterion Importance for Vemurafenib Delivery

Targeting Determines how specifically the

Capability nanoparticle reaches tumor cells (e.g.,
melanoma), affecting drug accumulation
and side effects.

Cellular Affects how efficiently Vemurafenib is

Uptake taken up into cancer cells, where BRAF
V600E is located.

Intracellular Directly impacts the ability of the

Delivery nanoparticle to release the drug in the
cytoplasm, where the target (BRAF) is
located.

Cytotoxicity Affects safety and therapeutic index,

Profile essential for ensuring normal cells are not

harmed.

Description: The comparison is based on five core features that
are critical to the success of nanoparticle-based drug delivery
systems. These features were selected for their direct relevance
to Vemurafenib delivery efficiency, intracellular targeting, safety,
and broader therapeutic potential.

The primary aim of the research is to create an in silico
nanoparticle-mediated dual-ligand targeting approach to deliver
Vemurafenib to melanoma cells. This is achieved through molec-
ular docking in AutoDock Vina to evaluate ligand-receptor and
drug-target docking affinities, and then analyze docking poses in
Chimera. Finally, show the complete process of a nanoparticle-
drug device performing receptor-mediated release of the drug
and BRAF inhibition within cancer cells. It is hypothesized
that AuNPs will be better than PAMAM dendrimers in the roles
of not only facilitating drug delivery but also performing the
receptor-mediated targeting and releasing of Vemurafenib?Z,
because the former could possess a more favorable structure
compatibility with Vemurafenib and better interaction with the

melanoma-specific surface receptors.

This study focuses solely on in silico simulations, which in-
clude conducting molecular docking and structural analysis to
predict the feasibility of the existence of a dual ligand system>*.
It is confined to the scope of computational modeling and predic-

tive simulation. The complexity of in vivo conditions, including

pharmacokinetics, immune responses, systemic toxicity, and
biodistribution, is not considered in this phase. Likewise, no
chemical synthesis, biological assays, or experimental valida-
tion are included, due to limited access to laboratory resources
and constraints on material availability. As such, the study se-
lects only two accessible nanoparticles to construct a conceptual
framework for dual-ligand targeting. The findings are intended
to serve as a theoretical basis for future experimental work in
targeted melanoma therapy. Additionally, the final model is
intended as a conceptual demonstration of the theoretical se-
quence needed to achieve a theoretically precise binding of Ve-
murafenib to the intracellular BRAF target. It isolates each step
as an independent docking event, focusing on structural feasibil-
ity rather than simulating the dynamic, biochemical processes
that would occur in vivo. The research leverages principles
of receptor-ligand binding kinetics>, surface plasmon chem-
istry of AuNPs2, and nanoparticle encapsulation techniques>’.
Computational drug discovery methodologies, especially dock-
ing algorithms and molecular surface modeling, underpin the
predictive aspects of this study. Ligand-receptor docking scores
were compared to assess targeting potential, while spatial vi-
sualization supported hypotheses about nanoparticle-mediated
delivery.

Results

Systematic Review

Books, articles, and websites were searched extensively in the
databases of PubMed, NIH, and Web of Science using the search
terms: “nanoparticle drug delivery”, “melanoma”, “dual ligand
targeting”, “nanoparticles”, “gold nanoparticles”, and “Vemu-
rafenib.” Articles discussing the mechanism of action of Ve-
murafenib as a melanoma treatment, and relevant articles about
recent advancements in nanoparticle treatments were included.
Compilations that used computational modeling involved multi-
ple structure selections blasted from 3D PDB structures and ob-
tained from RCSB PDB and PubChem. Relevant data from each
selected article were extracted, including the type of nanopar-
ticle, the ligand used, the targeted type of cancer and recep-
tor, the method’s specificity for docking, the software used for
docking, the key findings including binding affinities, and de-
livery efficacies. Findings not only included thematic analysis
of each relevant finding, but they were also analyzed for com-
parisons between studies with nanoparticles based on type, and
some studies concurred with drug-binding performance with
delivery specificity. They then analyzed further trends between
methodological strengths and innovative approaches to ligand
conjugation. The methodological quality of each study was
also assessed using the PRIMSA checklist. The basis of quality
assessment was based on transparency of methodology, consis-
tency of methodology, reproducibility, validation of software,
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Table 3 Comparison Matrix: AuNP vs AuNP - VG16KRKP

Feature Bare AuNPs (score 1-5) AuNP-VG16KRKP (score 1-5)

Targeting Capability 3 (Passive accumulation relies on 4 (Facilitates specific interactions
EPR effect for tumor targeting, with membranes, enhancing
leading to non-specific targeting of infected cells#)
distribution®)

Cellular Uptake 3 (Can bypass endocytosis; 5 (Promotes efficient internalization

Intracellular Delivery

however, requires a large charge
density??)

3 (Able to penetrate cellular
membranes, however, causing
disorders in the surrounding lipid2")

into host cells, improving
intracellular delivery“l)

5 (Demonstrated capability to
potentially deliver therapeutic
agents into infected cells,

effectively targeting intracellular
bacterial)

Cytotoxicity Profile 3 (Exhibit cytotoxicity when 5 (Significantly reduced
AuNPs penetrate the cell membrane, cytotoxicity, preserving
disrupting its structure by biocompatibility2l)
disordering the lipids2")

Total score 12/20 19/20

Description: With the evidence presented above, we can visualize the justification for the creation of the hypothesis of the
increased effectiveness of AuNP-VG16KRKP. Literature references and sources used in this table are adapted from Chowdhury et
al., 201718, Datta et al., 2016%, Toanna-Aglaia Vagena et al., 20252, Lin et al., 2010, Mohid et al., 2022%!

and interpretation of coupled docking results.

Molecular Docking and Analysis

Vemurafenib-BRAF V600E Docking (CB-Dock?2)

BRAF is a serine/threonine-protein kinase in the MAPK/ERK
signaling cascade, and it contains an ATP-binding cleft formed
between its N-terminal and C-terminal lobes. The V60OE muta-
tion replaces valine with glutamic acid at residue 600, causing
the kinase to be stabilized in its active conformation, resulting
in constitutive downstream signaling that drives proliferation of
melanoma cells. Vemurafenib (e.g., PDB ID: 4RZV) binds in a
type I binding mode, interacting with BRAF and occupying the
ATP-binding pocket of BRAF V600E2S.

The types of stabilizing interactions made by vemurafenib
include a hydrogen bond from the sulfonamide group of ve-
murafenib to hinge residue, Cys532; n—x stacking interactions
between the two aromatic moieties of vemurafenib and Phe595;
and hydrophobic interactions with Val471, Ala481, and I1e527.
In the docking simulations presented here, vemurafenib had a
predicted binding affinity of —5.4 kcal/mol with BRAF V600E,
reproducing the hinge-binding hydrogen bond and hydrophobic
interactions seen in crystallographic complexes. The predicted
binding pose showed an RMSD of 0.715 A from the experi-
mental reference structure, suggesting the docking protocol is
reliable, and validating the interaction model.

To evaluate Vemurafenib — BRAF V600E binding, molecu-
lar docking was conducted using CB-Dock2, which integrates
automated cavity detection with AutoDock Vina scoring. Five
candidate binding pockets were predicted, with binding energies
ranging from —5.8 to —12.4 kcal/mol:

Residues involved in the C1 pocket include: ILE463,
GLY464, SER465, SER467, VAL471, TYR472, ALA48I1,
VAL482, LYS483, LEU505, LEUS14, ILE527, THRS529,
GLN530, TRP531, CYS532, SER535, SER536, HIS539,
ASNS580, ASNS581, PHES83, ILE592, GLY593, ASP594,
PHES95, GLY 596, and LEU597—all located in Chain B.

The C1 pocket was identified to have the highest binding
affinity of -12.4 kcal/mol; therefore, the most worthy of exami-
nation of its interactions. Furthermore, its location, nearby to
the ATP-binding pocket of BRAF V600E, indicates that the
pocket is completely within the area of the known kinase in-
hibitor Vemurafenib. The most critical parts of the structure
are arguably the hinge area that joins the ligand with the amino
acid residue Cys532, and together with a DFG motif at posi-
tion Asp594. Several hydrophobic regions were noted, such
as Leu514, 11e527, and Val471, while pi-stacking was found at
Phe583. The representation of the amino acids—residues, is
located in some drawings—Ile463, Gly464, Ser465, Ser467,
Tyrd72, Val482, Leu505, Thr529, Ser535, Ser536, His539,
Asn580, Asn581, 11e592, and Leu597— that are positioned
around the ATP-binding pocket as secondary stabilizers and also
participate in numerous interactions.
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Table 4 Vemurafenib—-BRAF V600E Docking Results

CurPocket ID  Vina Score Cavity Volume (A%) Center (x,y,z) Docking Size (x, y, z)
Cl -12.4 3799 58, 20, 48 22,35,22
C2 -10.9 2536 85,11, 15 22,22,22
C4 -8.6 1095 91,9, 33 22,22,22
C3 -1.4 1604 70, 15, 31 22,31,22
C5 -5.8 853 80, 24, 63 22,22,22

Description: All data in this table were generated in this study.

According to the above observations, it is anticipated that Ve-
murafenib will form a hydrogen bond in the hinge region by its
sulfonamide group to Cys532 and also Asp594 within the DFG
motif. The binding of the aromatic rings of Vemurafenib with
the interacting amino acid residues Leu514, 11e527, and Val471
is via hydrophobic contacts and is also estimated. Furthermore,
the Pi-stacking will be one of the interactions of Phe583 with
the fluorophenyl ring of Vemurafenib.

To verify the above-mentioned interactions, the C1 pose was
isolated and visualized in UCSF Chimera. According to the
analysis, the C1 pose was manually identified as hydrogen bonds,
so it was possible to identify the hydrogen bond between the
sulfonamide oxygen of Vemurafenib and the backbone nitrogen
of Cys532 at a distance of 3.351 A, and the inhibitor binding
was confirmed within the hinge region and a similar process
like ATP’s interaction was performed. Additionally, the distance
of 2.953 A between Vemurafenib’s polar group and the side-
chain oxygen of Asp594 confirmed the inactivation DFG-out
conformation. Both bonds were found to be of the most common
donor-acceptor distance (< 3.5 A), consistent with the literature,
thereby confirming the role of Vemurafenib in kinase inhibition
through the essential interactions.

Fig. 1 Two angles of the hydrogen bonding confirmation at Cys532
(distance 3.351 A) and Asp594 (distance 2.953 A) between
Vemurafenib—-BRAF V600E

After a manual identification process, the hydrophobic in-
teractions were recognized: Leu514 had a distance of 3.380
A, which was the interaction of the aromatic carbons of Vemu-
rafenib and the side chain carbons of Leu514, e.g., CD1, CD2.
Val471 had a distance of 3.883 A, which was achieved in contact
with the side chain CG1, CG2. I1e527 had a distance of 3.640
A, which was also in contact with the side chain CD1, CG2.
These interactions display that hydrophobic contacts (< 4.0 A)

cause Vemurafenib to be stable in the ATP pocket, in line with
its known binding mode, thus increasing binding affinity and
specificity.

Fig. 2 Hydrophobic interaction confirmation at Leu514 (distance 3.380
A), Val471 (distance 3.883 A), and Tle527 (distance 3.640 A) between
Vemurafenib—-BRAF V600E

The process also identified Pi-Stacking interaction: Phe583
determined a 3.833 A distance between the fluorophenyl ring
of Vemurafenib and the phenyl ring of Phe583, nearly parallel
arrangement. Pi-stacking also offers extra stability, which is an
often-seen trait in kinase inhibitors such as Vemurafenib.

The fully analyzed structure is shown below:

Docking Validation and Structural Accuracy

To further evaluate the accuracy of the docked pose, the lig-
and conformation from the C1 complex was aligned with the
Vemurafenib molecule from PDB 30G7 based on the match
command in UCSF Chimera. The root-mean-square deviation
(RMSD) between the two structures was 0.715 A, indicating
a high level of structural alignment. This low RMSD value
(< 2 A) also further indicates that the C1 pose is very accurate,
nearly identical, in terms of structure and orientation to the struc-
ture determined experimentally in 30G7, indicating compelling
support for the docking and its associated results.
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Table 5 Summary of Key Interactions in the C1 Pose

Interaction Type Residue Distance ) Functional Role
Hydrogen Bond Asp594 (green) 2.953 Stabilizes inactive DFG-out conformation
Hydrogen Bond Cys532 (yellow) 3.351 Anchors the ligand at the hinge region
Hydrophobic Contact Leu514 (purple) 3.380 Enhances pocket stability
Hydrophobic Contact  Val471 (purple) 3.883 Stabilizes aromatic core
Hydrophobic Contact  1le527 (purple) 3.640 Adds additional hydrophobic interactions
Pi-Stacking Phe583 (pink) 3.833 Aromatic stabilization

Description: All data in this table were generated in this study.

Fig. 3 Pi-stacking interaction con rmation at Phe583 (distance 3.833ig. 5 Structural validation of Vemurafenib—BRAF V600E against
A) between Vemurafenib—BRAF V600E 30G7 showing RMSD of 0.71A

tion against the experimental data in 30G7 (RMSD = 0.715
A) demonstrate that the docked pose of Vemurafenib in BRAF
V600E is accurate and realistic, as the H-bond interactions,
hydrophobic interactions, and pi-stacking interactions are con-
sistent with Vemurafenib's known mechanism of anticancer
activity.

Ge tinib was also used to validate the docking protocol as
a negative control, given that it is a drug-like structure but has
no measurable inhibition of BRAF. Using the same docking
software and methods, Ge tinib gave a docking score of -8.8
kcal/mol which was 3.6 kcal/mol less favorable than the best
scoring active ligand, vemurafenib (-12.4 kcal/mol). This separa-
tion illustrates that the docking protocol was able to distinguish
between a known BRAF inhibitor and a non-binding molecule.

PAMAM-BRAF V600E Docking
Fig. 4 Fully analyzed structure of C1 pose of Vemurafenib—BRAF

V600E showing hydrogen bonding, hydrophobic interactions, and

Initially, a PAMAM dendrimer was tested as a direct nanopar-
Pi-stacking interactions.

ticle binder to BRAF for the delivery of Vemurafenib. Unfortu-
nately, it was not effective as a drug delivery vehicle. Molecular
docking identi ed that PAMAM cannot directly bind to the ATP-
The descriptive interaction analyses from above and validading pocket of BRAF. Through CB-Dock2, the strongest
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Table 6 Negative control docking score with Ge tinib
CurPocket ID  Vina Score Cavity Volume (A%) Center (x,y,z) Docking Size (, Y, z)

Cc2 -8.8 2121 1,-12,41 22,22,22
C1 -8.6 2436 4,-9,15 22,29, 22
C3 -8.6 1855 3,-19, 27 22,22,22
C4 -7.9 1065 3,-56 22,22,22
C5 -5.4 309 23,-16,57 22,22,22

Description: All data in this table were generated in this study.

binding interaction was BG of -6.9 kcal/mol in the C1 pocketof Vemurafenib treatments.
of BRAF, which indicated a modest interaction that could in-
hibit Vemurafenib's targeting ability. The same docking was
conducted in DockThor which resulted in a simil2G of -7.167 . )
as well for the purpose of cross-validation which is later used”MAM dendrimers are tested as a targeted drug delivery
to compare the af nity score against AuN®bg in order to system for melanoma treatment to qlel_lver BRAF inhibitor Vemu-
eliminate methodological bias. In order for Vemurafenib {afenib, but the study had severe limitations that demonstrated
inhibit BRAF's kinase activity, the pocket must be completeﬂrg utility in thg aIterna_tive delivery platform. ngurafenib was
available to its binding site. Since PAMAM occupies the spaB8t able to bind suf ciently to PAMAM, as evidenced by the

of the ATP-binding pocket, steric hindrance blocks Vemuraferfgolecular docking study that found a binding af nitp¢) of

from binding and thus could potentially decrease the therapet#i kcal/mol; well below the targeted -4 to -6 kcal/mol range
effect. In addition, PAMAM dendrimers have a highly branchéf@t is preferred for sustained drug loading and release. The non-
structure with positively charged amine groups that enharfR§C! € electrostatic interactions between the positively charg.ed
non-speci ¢ electrostatic and hydrogen-bonding interactio&ine groups of PAMAM and the polar regions of Vemurafenib
with residues near the ATP pocket (e.g. Asp594 & Lys48(’§)9v su.lfonamlde group)lwere enough to suggest the drug could
that stabilize PAMAM in the pocket and prevent VemurafenfiiSsociate before reaching the target melanoma cells.

from binding effectively. PAMAM dendrimers also have a sig- APart from the suboptimal binding af nity, PAMAM den-

ni cant steric hindrance associated with their high moleculdfimers did not promote suf cient stabilization of Vemurafenib.
weight. For example, PAMAM dendrimers are typically usedthough PAMAM dendrimers can encapsulate drugs via hy-
with an overall diameter of about 4-5 nm at G4-G5. Beirf§jophobic interactions and electrostatic interactions, the weak
a large dendrimer only increases steric hindrance and, witR@ value (-3.2 kcal/mol) indicates there are no strong hydro-
partial resistance to displacing PAMAM during binding, onlgen bonds or hydrophobic contacts to retain the drug while in
complicates binding to BRAF. Moreover, the intracellular pAirculation. The risk of instability meant little drug retention

MAM:’s strong binding to BRAF inhibits PAMAM's potential @nd therefore, a decreased effective concentration of Vemu-
to act as a delivery vehicle. rafenib delivered to melanoma cells and ultimately insuf cient

BRAF signaling inhibition. Additionally, binding af nity also

To mitigate these issues, an alternative targeted appros@te regulated release a challenge. Although PAMAM's amine
has been suggested. For example, nanoparticles can be fynocps are further pH-responsive, they simply did not form
tionalized with targeting melanoma cell surface markers, sughough speci ¢ interactions with Vemurafenib that would suc-
as Alpha-V Beta-34,b3) Integrin. Nanoparticles can bindcessfully provide good release in the acidic tumor microenviron-
to the melanoma cell surfaces selectively, thus delivering Weent or intracellular environment, which can further inhibiting
murafenib intracellularly. Once bound, Vemurafenib could beerapeutic ef cacy.
released from the nanopatrticle, thus giving Vemurafenib acces$o overcome these disadvantages, the delivery system was
to BRAF's ATP pocket without having to compete with theedesigned to be administered with gold nanoparticles (AuUNPS).
nanoparticle, improving bioavailability and inhibition potentishuNP-based systems provide a multitude of additional bene ts
This may also decrease cytotoxicity through lowering the mver the PAMAM-based approach. The gold nanopatrticle acts
tracellular exposure to nanopatrticles. By targeting the surfdike a stable scaffold, with VG16KRKP attached via thiol-gold
of a cell and releasing Vemurafenib either on or shortly aftelmemistry. In addition, VG16KRKP has speci c interactions
endocytosis, the drug will have less time to cause off-targdth Vemurafenib, leading to better drug loading. The surface
effects. This method will take advantage of the great potentisbperties of AUNPs allow for controlled release mechanisms
of nanoparticles for targeted delivery without aiming to interatitrough the tumor microenvironment conditions that can bene t
directly with BRAF, therefore could improve the effectivenesitug release from the AUNP-derived release systems. Ultimately,

PAMAM-Vemurafenib
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this opens the door to providing a buttress of additional treatmenggest that the AUNP-VG16KRKP-Vemurafenib complex can
for Vemurafenib delivery through localized hyperthermia heaffectively transport Vemurafenib and release it directly at the
ing, which leads to increased cell membrane permeability, feelanoma site, while also potentially maximizing its effect on
cilitating drug uptake and producing synergy of therapies aloBRAF-mutant pathway inhibition and minimizing undesired,
with BRAF inhibition. The AUNP-VG16KRKP system has a s@dverse systemic toxicity. Integrating the photothermal potential
perior biocompatibility compared to PAMAM dendrimers. Golwvith Vemurafenib likely sets this platform apart from the
nanoparticles can be easily functionalized with peptides suchraslitional delivery system by potentially allowing for multiple
VG16KRKP, which also provide a great exibility for targetedherapeutic modes of delivery in a single nanoscale construct.
delivery and potentially lower the cytotoxicity associated with

delivering anticancer agents.

AuNP-VG16KRKP—-Vemurafenib

The ef cacy of drug delivery systems is vital to improve the
stability, cellular uptake, and the potential therapeutic ef cacy
of Vemurafenib for melanoma while minimizing off-target ef-
fects. With some of the disadvantages in mind, we conducg; . 6 The evidence for two angles of molecular docking of the

computational docking to assess the binding of Vemurafei\p_verumrafenib complex, and the con rmation of the hydrogen

to a novel delivery system consisting of an AUNPfVG]-GKRKl?(and between Lys5 and the sulfonamide oxygen of Vemurafenib
We wanted to transition from the PAMAM dendrimer systergistance 3.12). The AuNP is expressed in green and blue, and the

which had a binding af nity PG) of -3.426 kcal/mol, to a more Vemurafenib is expressed in red.
effective target range of -4 to -6 kcal/mol.

Using computational analysis, it was determined that ve Through an in-depth analysis of the molecular contacts, we
different binding pockets existed, with the C1 pocket having théund that VAL1 and GLY4 are supporting large contributions
largest cavity volume (433) and the most favorable energeticso the hydrophobic contacts with the aromatic portions of Vemu-
The best docking pose in the C1 pocket had a Vina scorergfenib, as well as the indole and chlorophenyl groups, creating
-5.4 kcal/mol, which is in the range of target af nity obtained stable complex through complementary van der Waals forces.
and represents an improvement of approximately 2 kcal/mwle gold nanoparticle core is a vital part of the structural scaf-
better the previous work based on PAMAM. The moleculggld that con nes the peptide to allow the drug to interact in the
interactions were subsequently analyzed in UCSF Chimera, @hgper conformation. A comparison of the two delivery systems
contact residues on the VG16KRKP peptide (VAL1, ARG8howed signi cant differences in the binding ef cacy of the two
GLY4, LYS5, ARG6, LYS3) showed speci ¢ interactions withsystems.

Vemurafenib. The PAMAM-Vemurafenib system had a binding af nity
Multiple interactions were identi ed as providing a molecybG) of -3.426 kcal/mol. It was not binding tightly enough to
lar basis for the binding af nity. The most important of thesgetain the drug due to non-speci ¢ electrostatic interactions and
involved the con rmation of a hydrogen bond between thefNHlarge steric hindrance. The AUNP-VG16KRKP system demon-
side chain of LYS5 and a sulfonamide oxygen in Vemurafenibsttated further improvements, and binding energy was enhanced

a distance of 3.12 (3.5 A = max threshold for a stable hydroby an average of about 2 kcal/mol td& value of -5.4 kcal/mol.
gen bond donor-acceptor distance). There are likely additiomak differences in the binding af nity can be largely explained
hydrogen bonds formed by LYS3, ARG3, and ARG6. The twsy the hydrogen bondings of lysine and arginine residues of
non-polar residues, VAL1 and GLY4, exhibit complementary hire VG16KRKP peptide, allowing for a more favorable binding
drophobic interactions with the aromatic rings of Vemurafenihicro-environment to Vemurafenib than the amine functional
In the complex under study, the AuNP functions chie y asgroups of PAMAM. We also believe the contribution of the gold
structural scaffold for stabilizing the bioactive conformation anthnoparticle as a structural scaffold is signi cant, as it provides
likely forms only weak van der Waals contacts with the aromaticstable structure for peptide conjugation, which is absent in the
portions of the Vemurafenib molecule. The VG16KRKP peptid®dMAM system.

performs the bulk of mediating binding through its hydrogen The C1 binding site shows a de nitive advantage over other
bonds and electrostatic interactions with the drug molecule.binding sites according to cavity volume analysis because it has

The Vemurafenib complex of AuNP-VG16KRKP43A3 of volume, while alternative sites C2 - C5 measure from
Vemurafenib demonstrated a reasonable binding af niy2 A3 in volume. Vemurafenib reaches its most optimal t
for the above chemistry to advance to experimental veri catiavithin the C1 pocket because of its enhanced ability to t the
with a melanoma cell model. The computer docking dgdtharmacological dimensions and shape requirements of the drug.
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