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Aptamers are single-stranded small nucleotide segments capable of interacting with numerous 
biomolecules with solid affinity and have gained significant attention in cancer biomarkers and targeted 
therapy. Recently, a drug delivery nanovehicle incorporating an anticancer compound targeting the HER2 
receptor in breast cancer has been developed. This demonstrates how useful aptamer-based nanovehicles 
are for creating indicators unique to cancer, reducing side effects, and enhancing treatment effectiveness. 
The interior of the nanovehicle contains a protamine-aptamer complex that binds to epigallocatechin 
gallate (EGCG: an anticancer medication), while the surface comprises a HER2 affinity aptamer. The 
nanovehicle is a carrier bound to cancer cells and transports the anticancer medication into them. Our hy- 
pothesis is that the HB5 aptamer on the nanovehicle surface interacts with the particular HER2 receptor 
area to identify HER2+ cancer cells. AlphaFold web server was used for the HER2 receptor 3D structure. 
We conducted in silico investigations to estimate aptamers’ three-dimensional structure and interactions 
with HER2 and protamine. We discovered that the surface aptamer creates a particular linear shape nec- 
essary for HER2 receptor interactions. The inner aptamer is small and forms a patterned structure with 
the protamine, releasing EGCG into the cytoplasm in the presence of abundant cytoplasmic ATP. These 
findings would benefit in understanding aptamer-receptor binding, cancer medicine release mechanism, 
and creating a possible accurate and safe drug-delivery vehicle.  

 

 
 

1. INTRODUCTION 

 
HER2 receptors are transmembrane proteins with signal trans- 
duction potential due to tyrosine kinase activity [1]. The struc- 
ture of HER2 receptors contains a ligand-binding domain (extra- 
cellular), a single transmembrane helix, a tyrosine kinase domain 
(intracellular), and a C-terminal tail (intracellular) [1]. HER2, 
unlike other HER family receptors, does not have a known lig- 
and [2]. Instead, it forms heterodimers with different receptors 
in the HER family (HER1, HER3, HER4) that are activated by 
their ligands [3]. HER2 plays a vital part in cell growth, dif- 
ferentiation, and survival. Its heterodimer formation enhances 
these receptor complexes’ signaling potency [4]. This activates 
intracellular pathways such as the MAPK and PI3K/AKt path- 
ways, helping cell multiplication [5]. However, the overexpres- 
sion/amplification of the gene controlling HER2 expression is ev- 
ident in multiple cancers, most notably in breast cancer, causing 
aggressive tumor growth and poor prognosis [6]. Trastuzumab 
(Herceptin) and other targeted therapies are designed to inhibit 
the signaling of the HER2 receptor, affecting the development of 
HER-2-positive tumors [7]. Although many patients with HER2- 
positive malignancies respond well to Herceptin (trastuzumab), 

other people eventually develop resistance to the medication. 
Furthermore, Herceptin has serious adverse effects that may re- 

strict its usage for some people. These drawbacks emphasize the 
need for better or alternative treatments to overcome resistance 
or provide safer alternatives. The normal breast cell and HER2 
overexpressed breast cancer cell is shown in Figure 1a. 

Docking is a computational technique that predicts interac- 
tions between ligands, such as medicines and biomolecules [8]. 
This approach is critical in drug development and discovery 
efforts since it allows researchers to find the compounds that can 
most effectively inhibit/modulate cancer protein activity with- 
out actually building and testing the compounds in a lab setting. 
HER2 receptors are located on the surface of cancer cells, particu- 
larly those from breast cancer. Docking allows for the simulation 
of interactions between HER2 receptors and potentially effective 
compounds and the development of a method of blocking this 
receptor, reducing the uncontrolled cell proliferation of cancer 
cells containing HER2 receptors. 

Single-stranded nucleotides called aptamers can bind with 
particular target proteins [9]. Because of their great specificity 
and affinity for binding to cancer-specific markers, aptamers 
are perfect for targeting cancer cells with few off-target effects. 
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Fig. 1. Schematic of research.(a) The average breast cell has limited HER2 receptors on the surface, while HER2 receptor prolifera- 

tion occurs on the breast cancer cell surface. These receptors are biomarkers for breast cancer. (b) The nanovehicle is equipped with 
an aptamer, protamine, and EGCG (an anticancer compound) inside, and a surface aptamer is on the vehicle’s surface. The surface 
aptamer recognizes and binds to the HER2 receptors on breast cancer cells. In the next step, the nanovehicle enters the cancer cell 
cytoplasm and releases its contents, resulting in anticancer activity against the breast cancer cells. 

 

They are effective and adaptable for both therapeutic and di- 
agnostic applications due to their adaptable structure, which 
enables precise targeting of distinct cancer cell receptors. These 
include proteins, molecules, and cells; the aptamer can bind 
them with high affinity and specificity. SELEX was used to select 
these synthetic molecules through iterative binding, separation, 
and amplification rounds [10]. Because aptamers can uniquely 
fold into 3D shapes, they can interact with the target similarly 

to antibodies [9]. Due to their chemical modifiability, ease of 
synthesis, and stability, they are helpful in many applications, 
such as therapeutic, diagnostic, and research. 

Recently, Liang et al. developed a drug delivery nanovehi- 
cle incorporating an anticancer compound targeting the HER2 
receptor in breast cancer [11]. The nanovehicle comprises a 
biodegradable polymeric core (e.g., PLGA), encapsulating the 
drug payload, and a lipid envelope for stability [11]. It is func- 
tionalized with cascaded aptamers for HER2 targeting and pre- 
cision drug release in HER2-overexpressing breast cancer [11]. 
Therapeutic compounds can be delivered directly to specific 
cells or tissues using a nanovehicle, which is a nanoscale carrier. 
By increasing stability, lowering adverse effects, and permit- 
ting controlled, site-specific release, it improves drug delivery, 
increasing therapy effectiveness and limiting harm to healthy 
cells. The cartoon representation of their drug delivery method 
is shown in Figure 1b. The interior of the nanovehicle contains 
a protamine-aptamer complex that binds to epigallocatechin 
gallate (EGCG-an anticancer medication), while the surface com- 
prises a HER2 affinity aptamer. Protamine is described as a 

cationic protein that helps condense nucleic acids within the 
nanovehicle, facilitating efficient cellular uptake. Green tea con- 
tains a polyphenol called EGCG, which has antioxidant qual- 
ities. It works by stopping cell division and triggering death, 

especially by focusing on cancer cells’ PI3K/AKT and NF-κB 
pathways. The nanovehicle is a carrier that is bound to cancer 
cells and transports the anticancer medication into them. We 
hypothesize that the surface aptamer binds to the specific site 

of the HER2+ receptor and could help detect cancer cells. Ad- 
ditionally, we suggest that unique interactions between ATP 
and the aptamer-protamine complex within the cell influence 
the interior aptamer’s anticancer drug release mechanism. We 
conducted in silico investigations to estimate these aptamers’ 
three-dimensional structure and interactions with HER2 and pro- 
tamine. We discovered that the surface aptamer creates a partic- 
ular linear shape necessary for HER2 receptor interactions. The 
inner aptamer is small and forms a patterned structure with the 
protamine, releasing EGCG into the cytoplasm in the presence 
of abundant cytoplasmic ATP.  These findings will contribute   
to studying aptamer-receptor binding and cancer medication 
release mechanisms and developing a possible medication de- 
livery platform that is biologically safe and has great transport 
accuracy. Protamine-bound drug formulations use the naturally 
occurring, positively charged peptide protein protamine to bind 
and stabilize specific medications, especially negatively charged 
ones like heparin or nucleic acids [12]. This idea improves med- 
ications’ administration, bioavailability, or therapeutic profile 
by taking advantage of the potent ionic interactions between 
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the negatively charged medicines and the positively charged 
protamine [12]. 

 
2. RESULTS 

The term "druggable/binding site" refers to the capacity of med- 
ications or ligands to target and bind to particular protein areas 
effectively.   We  anticipated that the aptamer would attach to   
a particular HER2 receptor binding site. To find the universal 
binding site on the receptor’s surface, we employed a graph 
neural network (GNN) with the Graph Attention Site Prediction 
(GrASP) web server. The aptamer will most likely attach to this 
binding site as well.  It highlighted the most significant areas  
of the graph, which also shows the likely site for aptamer bind- 
ing. Critical atomic interactions and structural properties are 

learned by the GNN to predict the binding location. To validate 
this, the binding site on the HER2 surface was estimated using 
a machine-learning method known as P2Rank [13]. It predicts 
the ability to bind ligands on the HER2 surface, or ligandability. 
The binding sites obtained from both methods is displayed in 
(Figures 2a and b). The term "druggable/binding site" refers  
to the capacity of medications or ligands to target and bind to 
particular protein areas effectively. Developing therapies that 
bind to these macromolecules requires the identification of drug- 
gable/binding sites. 

The next stage was to predict the 3D structure of aptamers 
by using the Vfold2d and Vfold3d to make the 3D structure of 
aptamers clear [14]. This study involved four aptamers: HB5 
Aptamer and ATP Aptamer Control inside the nanovehicle and 
ATP Aptamer and HB5 Aptamer control on the nanovehicle 
surface. The control aptamer is a nonspecific DNA sequence of 
equal length to the aptamer for comparison of binding to the 
HER2 receptor. Table 1 displays the aptamer sequences used in 
this study. The outer HB5 aptamers were docked on the HER2 re- 
ceptor to find their interactions. The HB5-aptamer docking was 
performed using the HDOCK2.4 software, Figure 2d [15]. Their 
interactions were calculated by the PLIP software, as shown in 
Table 2. Based on the aptamer structure prediction and aptamer- 
HB5 binding, the mechanism of aptamer binding and function- 
ing is shown in Figure 3. Amino acids of the HER2 receptor 
that interact with aptamers are mostly present in the predicted 

binding site of the HER2 receptor. For instance, Asn416, Gln424, 
Gly425, His451, His415, His447, and His448 are present in the 
binding site of the HER2 receptor. On the other hand, only four 
amino acids, Ser259, Ala276, Cys277, and Gln462 of the HER2 
receptor were interacting with the control aptamer. This shows 
that the HB5 Aptamer binds more strongly to the predicted 
binding site of the HER2 receptor. 

The protamine amino acids involved with the binding to the 
aptamer were Arg9, Ser29, Arg 24, Cys30, Thr32, Arg33, Met37. 
The interactions were mainly due to the highly positive nature of 
the protamine protein. Due to its high specificity for HER2, the 
HB5 aptamer performs better than the control aptamer, enabling 
precision drug delivery to breast cancer cells that overexpress 
HER2. Compared to the non-specific control aptamer, the thera- 
peutic efficacy is significantly improved, and off-target effects 
are reduced. Similarly, the HB5 aptamer demonstrated a better 
binding orientation concerning the HER2 receptor in our com- 
putational analysis. The HB5 aptamer attaches vertically to the 
HER2 receptor, whereas the control aptamer binds horizontally, 
as shown in Figure 2d. Both HB5 and control aptamer sequences 
were obtained by Liang et al. Vertical binding is preferred over 
horizontal binding for optimal nanovehicle attachment. This 

orientation enables more efficient cell-nanovehicle interaction. 
We did not model the ATP binding and aptamer/drug release 
mechanisms since they are computationally expensive. Still, we 
did model the aptamer-HB5 and ATP-protamine complexes, as 
illustrated in Figure 4. These models, created with AlphaFold3, 
show how the negatively charged HB5-aptamer attaches to the 
positively charged protamine protein. We hypothesize that the 
surface HB5-aptamer binds to the specific site of the HER2+ re- 
ceptor and could help detect cancer cells. Conversely, negatively 
charged ATP can attach to positively charged protamine proteins. 
ATP’s high charge density allows it to dislodge the HB5-aptamer 
from the protamine. These transitions are influenced by ionic 
strength, pH, and other cell-environmental variables. 

We used the CHARMM-GUI web server to model a 200 Å 
nanovehicle and estimate its drug payload capacity, Figure 5. 

Our findings show that 20 protamine molecules, each associ- 
ated with an ATP-aptamer, may fit inside a single nanovehicle 
of this size. However, due to AlphaFold 3 constraints, which 
limit the number of protein copies per model, we could only 
insert 20 protamine-ATP-aptamer complexes. Despite this limi- 
tation, the model gives an early estimate of the payload capacity 
that a nanovehicle can provide. Calculating a single nanovehi- 
cle’s payload capacity is critical for dose optimization, safety, 
and therapeutic effectiveness. Knowing how much therapeu- 
tic agent may be loaded allows researchers to create nanovehi- 
cles that improve medication delivery while limiting potential 
adverse effects. This information promotes cost-effective pro- 
duction, prevents waste of precious treatments, and assures 
regulatory compliance for clinical applications. Understanding 
the payload capacity for the best possible development and use 
of nanomedicine technology is essential. 

 
3. DISCUSSION 

Aptamer-HER2 receptor interactions. The bonds formed be- 
tween aptamers and the HER2 receptor are shown. 

Despite aptamers’ popularity in drug delivery and disease 
imaging, they face several challenges that must be  consid- 
ered [16]. For instance, aptamers are susceptible to nucleases, 
which degrade them and reduce their half-life and effective- 
ness [16]. This problem is generally overcome by making rea- 

sonable chemical mutations that depend on the important base 
pairs involved in the protein binding. Moreover, delivering the 
aptamers to the targeted cell is difficult. It’s also challenging 
to make sure aptamers can interact with the intracellular tar- 
get through the plasma membrane. A promising approach to 
overcome all these challenges is using aptamer-conjugated nano- 
materials with target-specific binding capacity. Some common 
nanomaterials are nanoparticles, nanoconjugates, and nanorods. 
These exhibit unique properties like small size, large surface 
area, and the capacity to get beyond biological barriers [17] [18]. 
ATP-triggered drug research is a targeted drug delivery 
method in which drugs are released in response to elevated 
ATP levers. Higher ATP levers are common in tumors and in- 
flammatory tissues. The drug is entrapped in a nano vehicle 
and with an ATP-response element such as aptamers. A higher 
ATP concentration makes structural changes in the aptamer and 
releases the drug in a precise location. The nanovehicle-targeted 
drug transport mechanism heavily depends on the structure 
of the aptamer. Therefore, we have predicted the aptamer 3D 
structure for both ATP aptamer (present inside the nanovehicle) 
and HB5 aptamer (present on the surface). The ATP aptamer 
is smaller and circular with only 27 base pairs and helps bind 
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Fig. 2. The HER2 receptor’s druggable location.(a) The P2Rank web server identified the druggable site; (b) The GrASP web server 

forecasted the druggable site, which is displayed in yellow and green; (c) the Electrostatic Surface Potential (ESP) of the receptor 
which shows the charge on the surface of the protein. In ESP the red is positive charge, blue is negative charge, and white is neutral 
charge; and (d) the HB5 Aptamer (left) binds linearly and HB5 Aptamer (proper) control binds horizontally to the HER2 receptor. 

 
Table 1: Sequences of aptamers used in this study. The ATP aptamer and ATP Aptamer Control were present in the center of the 
nanovehicle, while the HB5 Aptamer and HB5 Aptamer Control were present on the surface.  

 

Aptamer Name Aptamer sequences 
ATP Aptamer ACCTGGGGGAGTATTGCGGAGGAAGGT 
ATP Aptamer 
Control 

ACCTTCCTCCGCAATACTCCCCCAGGT 

HB5 Aptamer AACCGCCCAAATCCCTAAGAGTCTGCACTTGTCATTTTGTATATGTATTTGGTTTTTG- 
GCTCTCACAGACACACTACACACGCACA 

HB5 Aptamer 
Control 

AAAAAAAAAAAAAAACGTGCAGTACGCCAACCTTTCTCATGCGCTGCCCCTCTTAAG- 

TACGCCAACCTTTCTCATGCGCTGCCCCT 
 

 

ECGC and protamine.  On the other hand,  the HB5 aptamer   
is an 86-base pair long and linear shape aptamer that binds to 
the HER2 receptors present in abundance on the cancer cell’s 
surface. The linear and long shapes are essential for  aptamer 
to extend and bind to the HER2 receptor. Molecular docking 
shows that the HB5 interacts with the binding site on the HER2 
receptor, further confirming our results. The HB5 receptor’s 
Lenier orientation will let it attach to the HER2 receptor head-on. 
"Head-on" describes how the HB5 aptamer directly and linearly 
binds to the HER2 receptor, strengthening the nanovehicle’s ad- 
herence to cancer cells for efficient drug delivery. For the best 
possible binding and therapeutic effectiveness, this orientation 
is essential. Nevertheless, docking simulations demonstrate that 
the HER2 receptor is vertically bound by the control receptor. 
As a result, the Her2 receptor and the control receptor are un- 
able to interact correctly. These results also show that a head-on 
binding between aptamer and HER2 receptor is essential for the 
nanovehicle binding to the cancer cell’s surface. 

Another critical factor in designing nanomaterials is the com- 
plex’s payload or drug-load capacity [17]. A high payload capac- 
ity is crucial for effective drug delivery, with higher therapeutic 
effects and minimum side effects [17]. Because the quality of the 
models and algorithms that the corresponding software uses for 
molecular docking rely on them, faulty models may produce 
false positives. In addition, molecular docking and 3D structure 
heavily depend on the type of data entered into the system; there- 
fore, experimental validation will be required in future studies. 
In the future, performing MD simulations in water would be 
more optimal. In addition, these molecular dynamics simula- 
tions will better inform whether or not the aptamers would stay 
with the HER2. In contrast to docking, which assumes stiff or 
semi-flexible structures, MD simulations incorporate molecular 
flexibility, solvent effects, and dynamic interactions throughout 
time. MD is perfect for researching biomolecular interactions in a 
physiological setting because it offers a more accurate depiction 
of binding stability and conformational changes. Furthermore, 
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Fig. 3. Mechanism of aptamer binding and functioning. The ATP aptamer, protamine, and EGCG (anti-cancer compound) form a 

complex inside the nanovehicle. The surface aptamer is located on the surface, and due to its linear shape, it can easily access the 
HER2 receptor. The nanovehicle reaches the cytoplasm upon binding, and the payload is released to the cytoplasm. Finally, excess 
cytoplasmic ATP binds the protamine to the ATP molecules, and EGFG is released to the cytoplasm. 

 

the binding energy between the aptamer and HER2 will be deter- 
mined using MD simulations. To advance the authenticity of the 
research, experimental methods such as Surface Plasmon Reso- 
nance (SPR) or Isothermal Titration Calorimetry (ITC) might be 
used as a next step after MD simulations [19]. The binding inter- 
actions into the HER2 will be explained by these experimental 
methods. 

The study focuses on computational methods for docking 

HER2 receptors to aptamers. To identify druggable HER2 recep- 
tor regions, we used P2Rank and GrASP web service. The HB5 
aptamer has been shown to interact substantially with specific 
amino acids in the HER2 receptor, revealing potential binding 
sites. Several approaches were used to confirm docking inter- 
actions, which were then visualized using molecular modeling 
tools. The work stresses the value of aptamers in targeted cancer 
therapy, particularly for HER2-positive breast cancer, and the 
importance of computational techniques in identifying and vali- 
dating druggable sites on cancer-related proteins. Future studies 
will improve docking prediction accuracy and experimentally 
validate recommended contacts to further the development of 
aptamer-based nanomedicine. 

 
4. METHOD 

The nanovehicle 3D structures were derived using the 
CHARMM-GUI platform and the following configurations de- 
termined by the work of Liang et al. were  used:  monos- 
tearate 57.09%, polyoxyethylene stearate 19.69%, octadecyl 
amine (ODA) 9.84%, and oleic acid (OA) 13.39% [20]. CHARMM- 
GUI is used for configuring, modeling, and simulating biomolec- 

ular systems. The structures were created by entering the re- 
quired parameters into the CHARMM-GUI, which subsequently 
analyzed the data to build precise and detailed 3D models. These 
models were then utilized for additional research and simula- 
tions. The aptamer’s fundamental structure (aptamer sequence), 
which was discovered through earlier research, served as the 
basis for the structural predictions of the aptamer. This step in- 
volves uploading the aptamer base pair sequence to the Vfold2D 

website to obtain the aptamer’s secondary structure [14]. These 
were useful in figuring out 3D aptamer structure and function. 
In dot-bracket notation, dots represent non-bonded nucleotides, 
and a pair of opened and closed parentheses represent bonded 
base pairs. Vfold3D was used to model the tertiary structure. 
Several web servers offer the lowest energy structure, or the most 
stable structure, to validate the structure. HDOCK2.4 simulated 
aptamer binding to the HER2 receptor [21]. A graph neural net- 
work (GNN) was employed to obtain the receptor’s binding site, 
known as GrASP [22]. Additionally, the P2Rank webserver was 
used for the same objective. By comparing the found binding 
sites to known HER2 receptor binding regions, the accuracy of 
binding site predictions made with GNN and P2Rank was eval- 
uated, confirming that predicted locations match the druggable 
areas shown in experiments. The Protein-Ligand Interaction 
Profiler (PLIP) webserver was used for the HER2-aptamer inter- 
actions [23]. 
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Fig. 4. Proposed structure of Aptamer-protamine and ATP-protamine complex.The highly positive protamine (pink) binds to the 

highly negative aptamer (purple) and forms a circular complex. In the presence of ATP, the aptamer-protamine complex is replaced 
by ATP, resulting in the ATP-protamine complex. 

 
 
 

 

 

 

Fig. 5. Model of Nanovehicle. Protamine-bound ATP aptamer is in the middle. In the nanovehicle only 20 protamine-aptamer 
complexes 
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Table 2. Sequences of aptamers used in this study. The ATP aptamer and ATP Aptamer Control were present in the center of the 
nanovehicle, while the HB5 Aptamer and HB5 Aptamer Control were present on the surface. 

HB5 Aptamer 

Hydrogen Bonds Amino Acids 
Tyr42 

Distance (Å) 
2.26 

 Asn416 3.07 
 Gln424 3.23 
 Gly425 2.35 
 His451 2.27 

Salt Bridges Arg332 5.31 
 Arg332 3.43 
 His415 5.29 
 His415 5.18 
 His447 4.48 
 His448 4.22 

HB5 Aptamer Control 
His448 4.88 

Hydrophobic Interactions Amino Acids 
Tyr252 

Distance (Å) 
3.48 

 Tyr252 3.77 
 Pro261 3.28 
 Pro261 3.30 

Hydrogen Bonds Ser259 2.21 
 Ser259 3.28 
 Ser259 2.80 
 Ala276 3.17 
 Cys277 3.11 
 Asp304 2.57 
 Asp304 1.55 
 Asp304 2.48 
 Asp304 1.56 
 Gly305 3.28 
 Arg308 3.55 
 Glu310 3.16 
 Lys311 2.17 
 Gln462 2.90 

Salt Bridges Lys311 2.53 
 Arg536 4.78 

 
REFERENCES 

1. I. Rubin and Y. Yarden, “The basic biology of HER2,” Ann Oncol 
12, 3–8 (2001). 

2. Y. Yarden, “Biology of HER2 and its importance in breast cancer,” 
Oncology 61, 1–13 (2001). 

3. A. Esparís-Ogando, J. C. Montero, J. Arribas, A. Ocaña, and 

A. Pandiella, “Targeting the EGF/HER Ligand-Receptor System in 
Cancer,” Curr Pharm Des 22, 5887–5898 (2016). 

4. A. B. Cadwallader, D. E. Rollins, and C. S. Lim, “Effect of anabolic- 
androgenic steroids and glucocorticoids on the kinetics of hAR and 
hGR nucleocytoplasmic translocation,” Mol Pharm 7, 689–98 (2010). 

5. D. Gentilini, M. Busacca, S. D. Francesco, M. Vignali, P. Viganò, A. M. 
Di, and Blasio, “PI3K/Akt and ERK1/2 signalling pathways are involved 
in endometrial cell migration induced by 17beta-estradiol and growth 
factors,” Mol Hum Reprod 13, 317–339 (2007). 

6. D. P. English, D. M. Roque, and A. D. Santin, “HER2 expression beyond 
breast cancer: therapeutic implications for gynecologic malignancies,” 
Mol Diagn Ther 17, 85–99 (2013). 

7. S. Maximiano, P. Magalhães, M. P. Guerreiro, and M. Morgado, 
“Trastuzumab in the Treatment of Breast Cancer,” BioDrugs 30, 75–86 
(2016). 

8. J. Fan, A. Fu, and L. Zhang, “Progress in molecular docking,” Quantita- 
tive Biology 7, 83–89 (2019). 

9. A. D. Keefe, S. Pai, and A. Ellington, “Aptamers as therapeutics,” Nature 
Reviews Drug Discovery 9, 537–550 (2010). 

10. M. Darmostuk, S. Rimpelova, H. Gbelcova, and T. Ruml, “Current 
approaches in SELEX: An update to aptamer selection technology,” 

 

Biotechnology Advances 33, 1141–1161. 

11. T. Liang, Z. Yao, J. Ding, Q. Min, L. Jiang, and  J.  J.  Zhu,  “Cas- 

caded Aptamers-Governed Multistage Drug-Delivery System Based 

on Biodegradable Envelope-Type Nanovehicle for Targeted Therapy of 

HER2-Overexpressing Breast Cancer,” ACS Appl Mater Interfaces 10, 

34050–34059 (2018). 

12. B. Scheicher, A. L. Schachner-Nedherer, and A. Zimmer, “Protamine- 

oligonucleotide-nanoparticles: Recent advances in drug delivery and 

drug targeting,” European Journal of Pharmaceutical Sciences 75, 

54–59. 

13. R. Krivák and D. Hoksza,  “P2Rank:  machine  learning  based  tool 

for rapid and accurate prediction of ligand binding sites from protein 

structure,” Journal of Cheminformatics 10, 39–39 (2018). 

14. X. Xu and S. J. Chen, “Predicting RNA Scaffolds with a Hybrid Method 

of Vfold3D and VfoldLA,” in “RNA Scaffolds: Methods and Protocols, L. 

Ponchon Ed,” (Springer US, 2021), pp. 1–11. 

15. Y. Yan, H. Tao, J. He, and S. Y. Huang, “The HDOCK server for inte- 

grated protein-protein docking,” Nature Protocols 15, 1829–1852. 

16. G. T. Rozenblum, V. G. Lopez, A. D. Vitullo, and M. Radrizzani, “Ap- 

tamers: current challenges and future prospects,” Expert Opin Drug 

Discov 11, 127–162 (2016). 

17. L. Yang, “Aptamer-conjugated nanomaterials and their applications,” 

Adv Drug Deliv Rev 63, 1361–70 (2011). 

18. C. D. Medley, S. Bamrungsap, W. Tan, and J. E. Smith, “Aptamer- 



Research Article International Journal of Science and Innovation 

 

8 

 

Volume 2 Issue 3 
 

Conjugated Nanoparticles for Cancer Cell Detection,” Analytical Chem- 
istry 83, 727–734 (2011). 

19. G. K. Krishnamoorthy, P. Alluvada, S. H. M. Sherieff, T. Kwa, and J. Kr- 
ishnamoorthy, “Isothermal titration calorimetry and surface plasmon 
resonance analysis using the dynamic approach,” Biochemistry and 
Biophysics Reports 21, 100712–100712. 

20. S. Jo, T. Kim, V. G. Iyer, and W. Im, “CHARMM-GUI: a web-based 
graphical user interface for CHARMM,” Journal of computational chem- 
istry 29, 1859–65 (2008). 

21. Y. Yan, D. Zhang, P. Zhou, B. Li, and S. Y. Huang, “HDOCK: a web 
server for protein-protein and protein-DNA/RNA docking based on a 
hybrid strategy,” Nucleic Acids Research 45, 365–373 (2017). 

22. Z. Smith, M. Strobel, B. P. Vani, and P. Tiwary, “Graph Attention Site 
Prediction (GrASP): Identifying Druggable Binding Sites Using Graph 
Neural Networks with Attention,” Journal of Chemical Information and 
Modeling 64, 2637–2644. 

23. S. Salentin, S. Schreiber, V. J. Haupt, M. F. Adasme, and M. Schroeder, 
“PLIP: fully automated protein-ligand interaction profiler,” Nucleic Acids 
Research 43, 443–447 (2015). 


