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Abstract 

Before embarking on any experimental research endeavor, it is advisable to do a mathematical computation and thor-
oughly examine the methodology. Despite the use of polymeric nanocarriers, the regulation of bioavailability 
and drug release at the disease site remains insufficient. Several effective methods have been devised to address this 
issue, including the creation of polymeric nanocarriers that can react to stimuli such as redox potential, temperature, 
pH, and light. The present study has been utilized all-atom molecular dynamics (AA-MD) and coarse-grained molecu-
lar dynamics (CG-MD) methods and illustrated the drug release mechanism, which is influenced by pH, for Chitosan-
Eudragit bioresponsive nanocarriers. The aim of current work is to study the molecular mechanism and atomistic 
interactions of PAX delivery using a Chitosan-Eudragit carrier. The ability of Eudragit polymers to dissolve in various 
organic solvents employed in the process of solvent evaporation is a crucial benefit in enhancing the solubility 
of pharmaceuticals. This study investigated the use of Chitosan-Eudragit nanocarriers for delivering an anti-tumor 
drug, namely Paclitaxel (PAX). Upon analyzing several significant factors affecting the stability of the drug and nano-
carrier, it has been shown that the level of stability is more significant in the neutral state than the acidic state. Further-
more, the system exhibits higher stability in the neutral state. The used Chitosan-Eudragit nanocarriers exhibit a stable 
structure under alkaline conditions, but undergo deformation and release their payloads under acidic conditions. It 
was demonstrated that the in silico analysis of anti-tumor drugs and carriers’ integration could be quantified and vali-
dated by experimental results (from previous works) at an acceptable level.
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Graphical abstract

Introduction
The diverse physiological circumstances inside the 
human body serve as a catalyst for the development and 
exploration of nanocarriers with sophisticated phys-
icochemical characteristics [1]. These nanocarriers are 
designed to overcome obstacles and barriers, allowing 
them to effectively target and treat specific areas affected 
by illnesses [2]. To this end, researchers examined various 
strategies and methods. From an experimental point of 
view, drug carriers are designed and synthesized based on 
the target’s condition and evaluated their performance in 
vitro and in vivo [3, 4]. For instance, nanoparticles (NPs) 
with controlled properties (e.g., size, size distribution, 
electrical potential, etc.) and morphology (e.g., geometry, 
crystallinity, etc.) via different synthesis methods (e.g., 
self-assembly, crosslinking, and in-situ polymerization) 
have been tested for the efficacy of multiple products [5–
7]. The wide applications of nanocarriers in biomedicine, 
including drug delivery, cancer therapy, immunotherapy, 
wound dressing, tissue regeneration, and etc., accelerate 
the development of multiple materials and synthesizing 
methods for nanoparticles and novel frameworks [8–10].

Chitosan, a natural biological and cationic polysaccha-
ride mainly derived from marine crustaceans, is thought 
to be a promising nanomaterial with multiple medicinal 
uses [11]. Due to  its biocompatibility, biodegradability, 
low toxicity, hydrophilicity, and structural diversity, it is 
an appropriate and viable drug delivery carrier for treat-
ments and diagnostics [12, 13]. Internal enzymes such 
as lysozymes and chitosanases may breakdown chitosan 

to get oligosaccharides and monosaccharides, which can 
then be absorbed by the body [11].

However, chitosan has not been widely used in the 
clinic despite its unique physicochemical and biological 
features, owing to its limited solubility and poor mechan-
ical properties [14]. To address these challenges, numer-
ous ways of altering and improving its performance have 
been devised [14]. Based on its strong affinity for func-
tional proteins and capacity to self-assemble, free amino 
and hydroxyl groups have been used to build a diverse 
spectrum of chitosan derivatives with increased solubil-
ity [15]. As a result, chitosan has been extensively used 
in a variety of biomedical and pharmaceutical studies, 
including drug [16], gene [17], and vaccine [18] deliv-
ery, regenerative medicine [19], and tissue engineering 
[20] concepts, along with wound healing [21] and cos-
metic product manufacturing [22]. Chitosan-conjugated 
components in targeted tumors also react to external 
or internal physical and chemical stimuli, referred to as 
environment triggers [23].

Polymethacrylate polymers for pharmaceutical appli-
cations, often known as Eudragit, are synthetic polymers 
with a methacrylate monomer ratio ranging from two to 
three, such as methacrylic acid, methacrylic acid esters, 
and dimethylaminoethyl methacrylate [24]. Eudragit 
polymers are classified as cationic, anionic, or neutral 
and are available as powders, granules, aqueous disper-
sions, and organic solutions [25]. The Eudragit family 
has the same common structure, but differs in their sub-
stituents, which give diverse chemical characteristics. 
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Due to their pH-dependent water solubility, these poly-
mers are ideal coating agents for drug delivery systems 
[26]. Furthermore, the solubility of these polymers in a 
range of organic solvents, which are utilized in the sol-
vent evaporation technique, is a significant benefit in the 
development of pharmaceutical technology to increase 
pharmaceuticals solubility [27].

Even with polymeric nanocarriers, bioavailability and 
drug release at the disease site remain uncontrolled [28]. 
To address this issue, several effective approaches have 
been investigated for synthesizing polymeric nanocar-
riers possessing characteristics that respond to stimuli 
such as redox potential, temperature, pH, and light have 
been established [29–31]. Because of their capacity to 
improve bioavailability at the disease site, the resulting 
stimuli-responsive polymeric nanocarriers have shown 
great promise in drug delivery applications [32]. In such 
systems, drug release is regulated in response to external 
or endogenous stimuli [33, 34]. Besides, molecular struc-
ture is critical in responding to stimuli.

The study of macromolecular structure is crucial 
to understanding biology [35]. The basis of biological 
activity is molecular interactions, which are the prod-
uct of macromolecular structures [36].  Prior to taking 
any practical activity, it is preferable to do a mathemati-
cal calculation and research. Molecular dynamics (MD) 
simulations have evolved into a sophisticated method 
for understanding macromolecular structure–function 
relationships [37]. To achieve a better understanding of 
intra/intermolecular interactions, the agents under con-
sideration are extensively examined on an atomic scale 
[38, 39]. Simulation process timeframes are comparable 
to physiologically relevant timeframes. The information 
given on dynamic macromolecule properties is strong 
enough to shift the conventional paradigm of structural 
bioinformatics from single structure study to conforma-
tional ensemble analysis [37, 40]. MD simulation, which 
is capable of modeling and analyzing numerous macro-
molecules such as drugs and polymers, allows for the dis-
cussion of prospective treatment methods for a variety of 
medical concepts.

Running MD simulations are possible through various 
techniques. All-atom molecular dynamics (AA-MD) sim-
ulation, in which each atom is represented individually, is 
more precise but computationally costly and is normally 
used only for brief simulations of up to a few microsec-
onds and smaller systems in length [41]. AA-MD simu-
lation has been shown to be an effective method for 
understanding the structure and dynamics of soluble 
proteins, lipid bilayers, and polymers [42]. However, the 
computational complexity of explicitly modeling every 
atom of the solute and solvent restricts AA-MD simula-
tions to tens of nanosecond timescales. To address this 

limitation, coarse-grained molecular dynamics (CG-MD) 
force fields were created, in which groups of atoms are 
represented by a single CG-MD bead [43]. The CG-MD 
technique is a  strategy for running longer simulations, 
using larger boxes during simulation. Although the 
CG-MD model loses the accuracy of the AA-MD model 
by representing 3–4 heavy atoms with a single bead, its 
advantage is that it allows for longer simulations [43].

The aim of the current work is to gain a deeper under-
standing of molecular interactions and the mechanism 
of PAX drug adsorption and release from the Chitosan-
Eudragit carrier. For this purpose, molecular simulation 
has been used in different dimensions to investigate the 
molecular interactions of this drug delivery system. This 
study exhibits the pH-dependent drug release mecha-
nism for Chitosan-Eudragit nanoparticles via AA-MD 
and CG-MD techniques. In this regard, delivering anti-
tumor drug, Paclitaxel (PAX), through employing Chi-
tosan-Eudragit nanocarriers were investigated. To the 
best of our knowledge, this is the first in-silico study to 
demonstrate the pH-dependent drug release mechanism 
for Chitosan-Eudragit nanoparticles, confirmed by previ-
ous experimental works.

Results and disscusions
The structures of Chitosan and Eudragit used for MD 
simulations are shown in  Fig.  1a. Results from both 
AA-MD and CG-MD simulations have been compared 
with experimental data for initial evaluations. Figure 1b 
exhibits PAX release (%) from computational approaches 
with experimental results. Interestingly, computational 
and experimental results are in appropriate agreement. 
In a comprehensive view, both mathematical approaches 
can catch the trend in the release diagram vs. pH condi-
tions and anticipate comparable data to the reported real 
numbers. AA-MD results are lower than experimental 
data in all pH conditions, while CG-MD predicts more 
than experimental release. However, considering the 
trend of release values, the differences between com-
puted and reported data are negligible.

Furthermore, to validate computational results with 
reported experimental data, the formation of NPs 
through hydrodynamic radius  (Rh) and the radius of 
gyration  (Rg) obtained through simulations were com-
pared (Fig.  1c). The  Rg resembles the self-assembly of 
polymeric chains in the lab condition throughout the 
simulation. Moreover,  Rg can be interpreted as the stabil-
ity of the NPs’ model, i.e., the less the  Rg size indicates the 
tighter and more stable particle. In this line, the diagrams 
showing the  Rg change over the simulation time (in nano-
second scale) were prepared to be compared with the 
hydrodynamic size of NPs in the lab that has been pre-
pared in the various reaction periods (based on hour 
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scale). The change in  Rg vs. AA-MD and CG-MD simula-
tion times resembles the change in the size of actual NPs 
vs. reaction times. Altogether, the agreements between 
 Rg and  Rh, in addition to the release results, provide other 
pieces of evidence on the reliability of the computa-
tional procedures and approaches to continue for further 
investigations.

The interaction of the Chitosan molecule with the PAX 
molecule is simulated at different pHs. Gyration radius 
and energy analysis, charge distribution, the RDF and 
SASA diagrams are supposed to illustrate the results of 
this computational study. These results are obtained from 
both AA-MD and CG-MD simulations. The results of a 
comparison of analyses show PAX adsorption and release 
at specific pH levels.

Validation of simulations with experimental results
Figure  2 shows the release of PAX employing nanocar-
rier via simulation methods of AA-MD and CG-MD. 
The simulation results show a similar release percentage 
with the results of the experimental work. Experimental 

data was obtained from a previously published research 
by Hasani-Sadrabadi et  al. [44], in which they assessed 
various pH conditions on PAX delivery through multiple 
nanocarriers. Consistency of the simulation and experi-
mental work results demonstrates the validity of the 
method and algorithm used in this work.

Figure 3 illustrates the changes in nanocarrier size dur-
ing simulation by AA-MD and CG-MD methods in blue 
and purple, respectively. Also, the nanocarrier size of the 
experimental work is shown in red. The process of alter-
ing nanocarrier size in computational and experimen-
tal work is similar. This result shows the accuracy of the 
methods and algorithms used in this work.

Table  1 shows the average energy obtained from the 
simulation in the canonical (NVT) ensemble stage, and 
the experimental work. The average energy similarity in 
the NVT phase shows the accuracy of the methods and 
algorithms used in this work. At the NVT stage, the num-
ber of moles, temperature, and volume of the simulation 
box are fixed during the simulation. Molecular simula-
tions are very sensitive to the force-field and potential 

Fig. 1 Initial comparison of the computational approaches with reported real data of PAX-Citosan-Eudragit. a molecular structure of Chitosan 
and Eudragit used in simulations. b Drug release (%) in varying pH conditions for real and mathematical methods (AA-MD and CG-MD). c i,ii) 
Comparison between hydrodynamic radius  (Rh) of NPs (with different reaction times) with radius of gyration  (Rg) (during simulations) obtained 
from computational methods at pH = 5 and 7, respectively. All diagrams are in good agreement with eachother, i.e., simulations anticipate 
the variation of  Rg similar to the size of NPs. Experimental data was obtained from [44]
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functions. The potential function that the reference simu-
lation used is different from the potential function of all-
atom simulation. This caused a difference in the results 
as shown in Table 1. In coarse-grained simulations, this 
difference is much less (less than one percent). Given that 
molecular simulations have many limitations in terms of 
dimensions, potential functions, assumptions, etc., more 
in qualitative studies and are semi-quantitative, so the 

Fig. 2 The comparison of PAX release (%) by nanocarrier through (a) AA-MD, and (b) CG-MD simulation methods. Experimental data was obtained 
from [44]

Fig. 3 The comparison among nanocarrier size resulted from computational and experimental works

Table 1 The average energy obtained from the simulation in 
the NVT stage and the experimental situation. Experimental data 
(reference simulation) was obtained from [44]

Simulation Energy (Kj/mol)

Refrence Simulation 1988.73

All-Atom Simulation 2468.148

Coarse Grained Simulation 1979.528
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differences are usual in molecular simulations as long as 
they do not cause conflict in the trends and the qualita-
tive understanding of the subjects.

AA‑MD simulation
In AA-MD simulation, the results are presented on 
smaller scales but more accurately. The first analysis is 
the charge distribution analysis, which shows the charge 
density along with the simulation box (with Coulomb/
box volume unit) and is made for PAX molecules, Chi-
tosan, and Eudragit monomers (Fig. 4). Figure 4a shows 
the charge distribution for the Eudragit monomer. In this 
monomer, positive–negative charges are seen in pro-
portion, considering that the ratio of negative charges 
is more than positive charges, and the charge of this 
polymer is negative. Also, as shown in Fig. 4b, Chitosan 
monomer has different charge distributions. In this mon-
omer, there are positive and negative charges, where the 
positive charge is due to the presence of the amine group, 
and the negative charge is linked to the presence of the 
OH group. According to  Fig.  4c, the PAX molecule has 

a relatively negative charge, and this is due to the OH 
group being in its structure. Also, the binding of PAX and 
nanocarrier after simulation is shown in Fig. 4d.

Figure 5 also shows the energy diagrams and the num-
ber of hydrogen bonds for the PAX molecule and the 
Eudragit and Chitosan polymers at different pHs. The 
energy diagram is calculated based on the electrostatic 
van der Waals energy and the total energy. The van der 
Waals energy results from the interaction among the 
molecules, based on the Leonard Jones equation [45]. 
Regarding this equation and based on the various mol-
ecules and atoms’ mass, van der Walls energy calcula-
tions are obtained. Electrostatic energy is also calculated 
depending on each atom’s charge, derived from Cou-
lomb’s law [46]. In AA-MD simulation, each atom has 
charge and mass and based on these two parameters, van 
der Waals and electrostatic energies are calculated. The 
total energy is obtained regarding the sum of van der 
Waals and electrostatic energies. Energy analysis is essen-
tial in pH-dependent simulations since with the change 
of pH, both the charge of the atoms and the number of 

Fig. 4 Charge distribution in the structure of molecules (a) Eudragit, (b) Chitosan, (c) PAX, and (d) Binding of PAX molecules and nanocarrier 
after simulation
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hydrogens and proteins in the system change. The charge 
alter causes immediate changes in electrostatic and total 
energy and consequently affects van der Waals energy.

The diagrams in Fig. 5 demonstrate that with the acidi-
fication of the system, the number of protons has also 
increased; hence its electrostatic energy has become 
positive. At the pH = 7 (neutral), the average total energy 
is approximately -800, while at the pH = 5, the number 
of protons increases, and the charge becomes positive, 
and the average total energy is about 1500. However, van 
der Waals energy, which depends on atoms mass, has 
changed very quitely. These results indicate that at neu-
tral pH, PAX adsorption occurred through Chitosan and 
Eudragit nanocarriers, while at the acidic pH, PAX excre-
tion would occur. Therefore, it could be concluded that 
the PAX excretion also takes place at the acidic pH of the 
cancerous tumor. Another analysis that is essential in pH-
dependent simulations is the analysis of hydrogen bonds, 
which are more potent than van der Waals and electro-
static energies. pH changes are evident in Fig. 5c as the 
number of hydrogen bonds increases in terms of simula-
tion time. Also, protonation depends on pH changes.

The number of hydrogen bonds established at neutral 
pH is greater than the number of hydrogen bonds estab-
lished at acidic pH. According to the Arrhenius theory 

[47], the lower average of hydrogen bonding at acidic pH 
indicates that nanocarrier and drug molecules release 
themselves in the hydrogen environment in cancer cells’ 
acidic conditions. This phenomenon resulted in positive 
electrostatic energy in Fig. 5a and the number of hydro-
gen bonds in Fig. 5c. Thus, at acidic pH, not only do the 
molecules gain the same charge, but also, they lose their 
hydrogen to form a hydrogen bond, resulting in the 
excretion of PAX molecules from the nanocarrier.  Fig-
ure  5c  shows that the average hydrogen bond increases 
slightly by 40 ns. This point indicates that from 40 ns 
onwards, the adsorption of PAX molecules into the nano-
carrier increases and the drug bind to the nanocarrier.

Figure  6  shows the radial distribution function (RDF) 
diagram and the gyration radius. The RDF diagram 
depicts the distribution of PAX loads around the nano-
carrier at different pHs. The maximum of this graph 
shows the highest adsorption rate among PAX and nano-
carrier molecules. As shown in  Fig.  6a, PAX molecules 
were more adsorbed at neutral pH. It can also be seen 
that at more than 2 nm distances, the number of PAX 
molecules is less at neutral pH. In general, this diagram 
shows that the PAX molecules were more around the 
nanocarrier molecules at neutral pH than at the acidic 
pH.

Fig. 5 Energy diagram of the interactions among PAX and nanocarrier over time at (a) pH = 5; and (b) pH = 7; (c) hydrogen bonds formed 
between PAX and nanocarrier at pH = 5 and pH = 7
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Figure  6b  also shows the gyration radius, which indi-
cates the radius of the accumulated molecules at various 
simulation times. According to this diagram, PAX mole-
cules and nanocarriers have accumulated more at neutral 
pH. This diagram shows that the mean gyration radius 
and its endpoint at neutral pH were less than at acidic 
pH. The simulation outputs indicate that PAX molecules 
are more adsorbed at neutral pH.

Figure  7  demonstrates the information based on the 
analysis of solvent accessible surface area (SASA). Fig-
ure 7a shows the available water area in PAX molecules. 
PAX molecules were more in contact with water at an 
acidic pH. Also, the continuous decrease of this diagram 
at neutral pH shows that PAX molecules at neutral pH 
were constantly adsorbed to the nanocarrier, while in the 
acidic state, several fluctuations are seen in the diagram; 
these fluctuations can be due to the formation of electro-
static repulsion in the acidic state.

Figure  7b  also shows the changes in the contact sur-
face between nanocarriers and PAX molecules over time. 
These changes were compared to the initial simulation 
mode, which is why the value of this parameter was 0 in 
the 0-ns mode. The contact area indicates that the surface 
in contact among the drug molecules and the nanocar-
rier in the neutral state is nearly twice that of the contact 
surface among the nanocarrier molecules and the drug in 
the acidic state. As a result, PAX molecules adsorb in the 
neutral state was much higher.

Figure  8 also shows the root-mean-square deviation 
(RMSD) and root-mean-square fluctuation (RMSF) dia-
grams. These diagrams illustrate the oscillations of the 

system (separatly for each atom) in terms of time. At the 
beginning of the simulation, fluctuations are high, while 
they decrease at the end of the simulation. This trend 
indicates that the system is moving towards stability. That 
is, the energy level of the molecules decreases during 
simulation time. Table 2 also shows the mean, maximum 
and minimum values   of RMSD and RMSF.

Figure  8b and Table  2 show that the mean RMSD at 
neutral pH was lower than the acidic state, and even 
the range of fluctuations among maximum and mini-
mum RMSD at neutral pH was smaller than acidic pH. 
The RMSF analysis also reports the same results for each 
atom in Fig.  8b and Table  2. According to this analysis, 
the average fluctuations for all atoms at all time intervals 
in the neutral pH state were less than in the acidic state. 
Moreover, Table  2 states that the maximum and mini-
mum fluctuations of RMSF at neutral pH were less than 
at acidic pH. In addition to showing that the system and 
the simulation are moving towards a steady state, these 
analyses also show that this level of stability is better in 
the neutral state than in the acidic state, and the system is 
more stable in the neutral state.

The SASA analysis for the Edragit monomer is reported 
in Fig. 9a. In this analysis, the contact surface of various 
parts of the monomer with water is shown in color. The 
range of this contact surface is between 1.03 and 2.34 nm. 
In the acidic state, the contact surface tends to be more 
towards 2.34 nm. This means that in the acidic state, the 
molecules were more inclined to water, and they were 
able to put more of their surface in contact with water. 
According to the Arrhenius theory [47], when free 

Fig. 6 Analyzing the RDF (g(r)) and the gyration radius (a) Density of PAX around the nanocarrier at pH = 5 and 7; (b) Gyration radious change 
of PAX over time at pH = 5 and 7
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Fig. 7 SASA analysis results. a Contact area changes among PAX and water when interacting with the nanocarrier; and (b) Contact surface changes 
among nanocarrier particles at pH = 5 and pH = 7

Fig. 8 The RMSF and RMSD analysis results. a Fluctuations of PAX atoms upon interacting with the nanocarrier at pH = 5 and pH = 7; (b) fluctuations 
of PAX particles over time at pH = 5 and pH = 7
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hydrogen is released in the acidic state, a charge differ-
ence is created between the molecule and water, and they 
become electrostatically inclined to absorb each other. 
However, in the neutral state, where the adsorption of 
water molecules is almost negligible, these monomers are 
in contact with other molecules. This means that these 
molecules may have been in contact with PAX, and more 
adsorption may have occurred.

Table 2 The mean, maximum and minimum RMSD and RMSF 
values for PAX

RMSF (nm) RMSD (nm)

pH = 5 pH = 7 pH = 5 pH = 7

Average 2.848078761 2.247470796 6.28327302 5.418648217

Maximum 4.317 3.1406 9.1452227 8.8004856

Minimum 2.0164 1.7036 0.0000232 0.0002312

Fig. 9 SASA analysis results of Edragit and Chitosan monomers. a Changes in contact surface of Eudragit and water monomer atoms at pH = 5 
and pH = 7 (b) Contact surface changes of Chitosan and water monomer atoms at pH = 5 and pH = 7
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Figure  9b  shows the same analyses for the Chitosan 
monomer. A greater tendency to absorb water could be 
seen in the acidic state. There is a strong tendency for 
water to be absorbed by the aromatic ring within the Chi-
tosan monomer in both acidic and alkaline states. This 
tendency has reached its maximum in the acidic state 
(2.34 nm). In this case, less adsorption in the acidic state 
and more in the neutral state could be concluded.

CG‑MD simulation
In addition to the AA-MD simulation method, CG-MD 
simulations have also been performed. These simula-
tions were performed on larger scales and with more 
molecules than in the AA-MD simulation state. Figure 10 
shows the energy diagrams obtained from these analy-
ses. The results of these graphs are pretty similar to the 
results obtained in the AA-MD method. According to 
these results, adsorption occurs at neutral and acidic 
pH, and electrostatic energy causes repulsion among 
molecules.

Figure  11  also shows gyration radius and SASA dia-
grams. The gyration radius in these diagrams is in higher 
range than in the AA-MD method, while fully confirming 
the results of that analysis. The result of analysis of the 
gyration radius indicates that accumulation occurred in 
the neutral state. The results are also evident in Fig. 11b, 
which is related to the SASA diagram. The result of 
SASA analysis in the CG-MD simulation method also 
dictates PAX adsorption in the neutral state. Based on 
these results, at neutral pH, the PAX molecules had a 
lower contact surface with water, meaning that these 
molecules were attached to the nanocarrier and did not 

float in water. The simulation snapshots can be seen 
in Fig. 11 since the scale of the molecules in the CG-MD 
mode is partially out of the nano mode, and the mole-
cules interact in the micro mode, and their large number 
and dispersion are visible.

Figure 11c also shows the contact surface among PAX 
and nanocarriers. According to this diagram, the con-
tact surface among drugs and nanocarriers increases at 
neutral pH. This contact surface is constant at acidic pH 
and does not change much during the simulation. Also, 
repulsions are side by side during simulation.

Conclusions
The current study presents the pH-dependent anti-tumor 
drug release mechanism employing Chitosan-Eudragit 
bioresponsive nanocarriers through an experimental and 
MD study. Multiple effective parameters for the nanocar-
rier-drug interaction stability have been studied. Results 
showed that the process of changing the size of nanocar-
riers during simulation is identical in computational and 
experimental works. PAX adsorption occurred through 
Chitosan-Eudragit nanocarriers at neutral pH, while PAX 
excretion occurred at acidic pH. As a result, it is possi-
ble to deduce that PAX excretion occurs at the acidic pH 
of the cancerous tumor. The amount of hydrogen bonds 
formed at neutral pH is more than the number formed 
at acidic pH. The decreased average of hydrogen bond-
ing at acidic pH shows that nanocarrier and drug mole-
cules release themselves in the hydrogen environment in 
acidic cancer cells. At acidic pH, the molecules not only 
receive the same charge, but they also lose their hydrogen 

Fig. 10 Graph of energy resulting from interactions among PAX and nanocarrier over time at (a) pH = 5, and (b) pH = 7 through CG-MD simulation 
method
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to form a hydrogen bond, leading to the excretion of PAX 
molecules from the nanocarrier.

The results of the gyration radius reveal that the PAX 
molecules were more adsorbed at neutral pH. The contact 
area demonstrates that the surface in contact between the 
drug molecules and the nanocarrier in the neutral state is 
roughly twice as large as the surface in contact between 
the drug molecules and the nanocarrier in the acidic state. 
Consequently, the adsorption of PAX molecules in the 
neutral state was significantly increased. The maximum 

and lowest RMSF variations at neutral pH were fewer than 
those at acidic pH. In addition to the system and simula-
tion approaching a steady-state, these analyses reveal that 
this degree of stability is better in the neutral state than in 
the acidic state, and the system is more stable in the neu-
tral state. The used Chitosan-Eudragit bioresponsive nano-
carriers have a relatively stable structure at higher pH but 
deform and release their payloads at lower pH. Considering 
the biocompatibility and adjustability of Chitosan-Eudragit 
bioresponsive nanocarriers for PAX drug delivery, it seems 

Fig. 11 Results of gyration radius and SASA analysis through CG-MD simulation (a) Changes in the PAX drug gyration radius over time at pH = 5 
and pH = 7; (b) PAX and water contact surface changes upon interacting with nanocarrier at pH = 5 and pH = 7; (c) Contact surface changes 
among nanocarrier particles at pH = 5 and pH = 7



Page 13 of 15Maleki et al. Journal of Biological Engineering           (2024) 18:49  

that this work can be studied further. In-vitro and in-vivo 
studies can complete and deepen the current work results. 
The use of advanced methods and new improvements 
in the microfluidic synthesis of Chitosan-Eudragit carri-
ers and the testing them in the living environment can be 
a good suggestion for future research works. So far, based 
on the results obtained from molecular simulation, it can 
be predicted that chitosan carriers will probably be able to 
play a key role in the delivery of anticancer drugs, especially 
PAX, in the future of cancer treatment. Of course, proving 
this prediction to the extent that it can be used clinically 
requires additional research at different levels.

Materials and methods
Molecule designs
The molecular structure of polymers and PAX are 
designed using Gaussian, and then the structures are 
geometry-optimized with Avogadro and Hyperchem 
software. Afterward, the leading optimization was per-
formed with Gaussian based on the ONIOM method 
consisting of three layers. The Gaussian 09 software with 
the ONIOM method is employed to optimize (based on 
DFT and semi-empirical methods) the structures in three 
layers: high (b3lyp and basis set of 6–311 + G*), medium 
(b3lyp and basis set of STO-3G) and low (PM6). Charge 
density has been calculated by Gaussian, which is used 
in the topology parameters. Molecular topologies were 
retrieved from the PolyParGen web interface. Next, the 
leading optimization is carried out in simulation cells 
6 × 6 × 20 nm3 for 50 ns for each molecule.

Simulation
The primary simulation was performed with GROMACS 
2020 at MD, NPT (constant number of atoms, N; constant 
pressure, P; constant temperature, T), NVT (constant 
number of atoms, N; constant volume, V; constant tem-
perature, T), and EM steps. Simulation boxes are consid-
ered 10 × 10 × 10 nm3 with an OPLS-AA force field. The 
NPT and NVT were performed for 0.5 ns (with 1 femto-
second time steps) with isotropic Berendsen algorithm at 
1 bar and velocity-scaling algorithm at 300 K, respectively. 
The MD (100 ns with 2 fs time step) simulations. The cut-
off radius was adjusted at 1.2  nm for the van der Waals 
and Coulomb interactions. The pressure and temperature 
algorithms are isotropic Parrinello–Rahman algorithm at 
1  bar and with nose–hoover (velocity-scaling algorithm 
in NVT and NPT) at 300  K. We used coulomb energy 
algorithm and Particle Mesh Ewald (PME). The Coarse-
Grained simulations were performed at different pH con-
ditions with the Martini force field in the simulation cells 
40 × 40 × 40 nm3 for 100 ns (with 30 fs time step).
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