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a b s t r a c t

Glycol chitosan is a derivative of chitosan that has attracted attention in recent years due to its biocom-
patibility and biodegradability. Due to its unique biological characteristics, it has been widely used in
hydrogels and biomaterials. In this study, we explored the loading efficiency of a self-healing hydrogel
(GC-DP) comprising glycol chitosan (GC) and telechelic difunctional poly(ethylene glycol) (DF-PEG) for
delivering the anticancer drugs gemcitabine and doxorubicin through full atomistic simulations. We also
constructed full atomistic models of the two drug delivery systems at three drug concentrations of 10%,
40%, and 80% to understand how the drug concentration affects the loading efficiency and molecular
structure of the GC-DP hydrogels. Through the analysis of the results, we show that the GC-DP hydrogel
exhibits excellent loading efficiency for both gemcitabine and doxorubicin at all drug concentrations
(10%, 40% and 80%). Our results reveal that the main mechanism of interaction between the GC-DP hydro-
gels and gemcitabine is van der Waals adsorption and that the dominant interactions between the GC-DP
hydrogel and doxorubicin are hydrogen bonds for the D10 model and van der Waals adsorption for the
D40 and D80 models. Our results provide molecular insights into how drug molecules are carried by
hydrogel materials and indicate that the GC-DP hydrogel is a promising candidate for carrying both gem-
citabine and doxorubicin, and thus serving as a novel drug carrier for cancer treatment.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Chitosan is a partially deacetylated polysaccharide derived from
chitin which has been used in a variety of research fields, including
biomedicine and environmental science [1,2]. Because of its non-
toxicity, bioavailability and low immunogenicity, chitosan has
attracted attention among polymer materials in biomedical and
pharmaceutical applications [3,4]. Glycol chitosan is a derivative
of chitosan that offers the advantages of biocompatibility and
biodegradability, and glycol groups can enhance water solubility;
therefore, it has become a potential candidate for drug delivery
in many polymer carriers [5–8]. Due to its many advantages, glycol
chitosan has potential for use in the development of self-healing
hydrogels. A self-healing hydrogel is a material that has the ability
to repair itself when its structure is damaged. These materials have
been extensively studied in the past thirty years, including their
synthesis, self-healing mechanisms and in vitro encapsulation of
cells [9–13]. Among them, an injectable chitosan hydrogel, which
self-heals by Schiff-base linkage, has also been studied [14–18].
The self-healing chitosan hydrogel (GC-DP) was prepared by mix-
ing glycol chitosan solution and DF-PEG solution, where glycol chi-
tosan solution and DF-PEG solution were obtained by dissolving
glycol chitosan and DF-PEG in distilled and deionized water,
respectively [17,19–23]. The GC-DP hydrogel has shown feasibility
in cell encapsulation and injection processes [19], a positive effect
on the repair of the zebrafish embryo neural system [20], and the
feasibility for use as 3D cell culture platforms [21], and it was also
used as a carrier for adipose-derived mesenchymal stem cells,
showing that this transplantation achieved significant cartilage
regeneration and repaired the cartilage-defect area in vivo experi-
ments[23]. Furthermore, a chitosan-fibrin-based self-healing
hydrogel was fabricated, and it successfully repaired the blood cir-
culation of the ischemic hindlimbs of mice, indicating the feasibil-
ity of applying hydrogels to vascular repair[24]. For microwave
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tumor ablation, a chitosan-based injectable ionic hydrogel was
reported to have excellent microwave susceptibility properties,
providing a biocompatible and stable treatment system[22].

Owing to these excellent properties, glycol chitosan has
attracted attention in controlled-release drug delivery[25]. Yang
et al. used a chitosan-PEG hydrogel as a carrier for Taxol, success-
fully delivering the drug to the desired location. Due to its various
excellent properties in the context of tumor chemotherapy, such as
stability, controlled drug release and few side effects, this kind of
hydrogel can be used as a drug carrier to improve the therapeutic
effects of drugs[26]. The study of dual-drug-loaded magnetic
hydrogels using iron oxide for magnetically induced drug release
has been reported. Researchers found that the codelivery of dox-
orubicin and docetaxel-loaded poly(lactic-co-glycolic acid)
nanoparticles by this hydrogel improved antitumor activity against
triple-negative breast cancer cell lines to a greater extent than a
single drug-loaded hydrogel[27].

Gemcitabine, an anticancer drug, can treat a variety of cancers,
such as pancreatic cancer and bladder cancer[28,29]. Its cytotoxic-
ity is triggered by incorporation into DNA, so controlling the dose
in a safe range while simultaneously obtaining excellent loading
efficiency has become an important consideration when designing
a drug delivery system[30]. A study revealed that chitosan
nanoparticles loaded with gemcitabine showed good antiprolifera-
tive activity[31]. Another study found that chitosan nanoparticles
loaded with gemcitabine-mediating cisplatin can be used in the
clinical treatment of pancreatic cancer[32]. Doxorubicin is another
typical anticancer drug used in chemotherapy and is widely used
in the treatment of lung cancer and breast cancer[33]. Although
doxorubicin shows high antitumor activity, it attacks both normal
cells and tumor cells due to its poor tumor selectivity[34,35]. In
one study, nanosized self-aggregating hydrophobically modified
glycol chitosan was synthesized by the chemical conjugation of
doxorubicin to the backbone of glycol chitosan, and the results
showed that this glycol chitosan loaded with doxorubicin effec-
tively inhibited the growth of tumors in vivo, indicating the poten-
tial of this system as a carrier for hydrophobic drugs[6]. However,
the molecular interaction mechanisms between GC-DP hydrogels
and drugs, including gemcitabine and doxorubicin, remain unclear.

Molecular dynamics simulations have been widely used to help
understand physical phenomena and molecular mechanisms at the
atomic scale[36–39]. Drug delivery systems have also been exten-
sively studied in the past few decades[40]. The delivery of gemc-
itabine and camptothecin by a system composed of lactic acid
and glycolic acid has been studied; the authors explored the encap-
sulation efficiency of hydrophilic and hydrophobic drugs loaded
with different ratios of lactic acid and glycolic acid[29]. Another
study investigated the effects of the molecular weight of chitosan
and temperature on a specific target drug delivery system contain-
ing carbon nanotubes and chitosan[41]. The stability and binding
affinity of curcumin and chitosan nanoparticles have also been
studied[37]. The ability of the thermosensitive PLGA-PEG-PLGA
hydrogel to carry colchicine and irinotecan to treat myocardial
infarction and promote tumor regression has also been investi-
gated[42,43]. A series of PLGA-PEG-PLGA thermogels and camp-
tothecin have also been prepared as drug delivery systems to
enhance the solubility of this hydrophobic drug[44].

In this study, hydrophilic gemcitabine and hydrophobic doxoru-
bicin were the anticancer drugs selected to be carried by GC-DP
hydrogels. Full atomistic simulations of a GC-DP hydrogel carrying
drugs from regions of low to high drug concentrations (10%, 40%
and 80%) were performed to explore whether the GC-DP hydrogel
is an excellent drug delivery system for both drugs and to reveal
the molecular mechanisms by which the drugs are carried by
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GC-DP hydrogels, with the aim of providing design strategies for
GC-DP hydrogels to develop a novel drug delivery system.

2. Simulation methodology

In this study, full atomistic models of glycol chitosan-based self-
healing hydrogels were constructed following the settings
described in previous work[13]. Glycol chitosan is composed of
D-glucosamine linked by b-(1,4) glycosidic bonds, and the degree
of protonation is determined by the different number of positive
charges carried by the amino group on the b-(1–4) glycosidic bond
in the structure. The distribution of ammonium groups (�NHþ

3 ) on
the glycol chitosan chains is also described in the previous litera-
ture, and these groups are evenly distributed on the glycol chitosan
chains. The pH value of the 20% protonated glycol chitosan was
approximately 7.1, which is close to the pH value of human
serum[45]. Since the absorption of most drugs occurs in the neutral
environment of the gastrointestinal tract, the degree of protona-
tion of glycol chitosan was fixed at 20%[46]. Due to protonation,
both glycol chitosan and doxorubicin were positively charged, so
chloride ions were added to balance the charge of the system.
The schematic of the GC-DP hydrogel is shown in the top middle
panel of Fig. 1. The top right panel of Fig. 1 shows the protonation
sites of glycol chitosan, and the segment composition ratio of DF-
PEG is presented in the middle bottom panel of Fig. 1.

The Materials Studio Amorphous Cell was used to construct the
initial structure models. Table 1 shows the characteristics of our six
models. Referring to the previous literature, 1.5% glycol chitosan
and 1% DF-PEG were used to achieve the appropriate formula of
the GC-DP hydrogels[20]. We used five chains of glycol chitosan
with a degree of polymerization of 20 and protonation of 20% as
the benchmark to calculate the corresponding amounts of the
other components in the system. The drug concentration was cal-

culated by Equation (1)[30].

Drug concentration ¼ mass of drug
mass of polymer

� 100% ð1Þ

Additionally, because the pKa of doxorubicin is approximately
8.3[47], the amine group on doxorubicin would also be protonated

when the pH of the environment is lower than the pKa. Equation

(2) was used to determine the proportion of protonation of doxoru-
bicin in the system.

Nprotonated ¼ 10pka�pH

1þ 10pka�pH
Ntotal ð2Þ

where Nprotonated is the number of protonated positions and Ntotal is
the total number of ionizable functional groups.

All molecular dynamics simulations were performed by
LAMMPS[48].The consistent valence force field (CVFF) was used
for all the simulations. CVFF was the forerunner of CFF and was

originally applied to biological systems[49]. As Equation 3 shows,
this force field included bond stretching or compression; angle
bending; torsion angle twisting; out-of-plane deformation of the
planar system; several cross-coupling terms between bond defor-
mations, angle bendings, a bond deformation, an angle bending, a
torsion angle twisting and the two associated angle bendings;
and the nonbonded interaction between nonbonded atoms. The
nonbonded interaction contained repulsive, dispersive, and
Coulombic interactions. Among them, Db;Hh;Hu;Hv and Fij are
the corresponding intramolecular deformation mechanical param-
eters, e and r� are the parameters of the nonbonding repulsive and
dispersive interactions, and qi is the partial charge of each atom
[50].



Fig. 1. Atomistic model of the GC-DP hydrogel. A schematic of the protonation sites on the glycol chitosan chain at 20% protonation is shown in the top right panel. A
schematic of the composition ratio of DF-PEG segments and the chemical structures of gemcitabine and doxorubicin is shown in the bottom right panel.

Table 1
Characteristics of models; number of glycol chitosan chains, polymerization of glycol chitosan, protonation of glycol chitosan, drug concentration, number of drug molecules and
number of atoms.

Models G10 G40 G80 D10 D40 D80

Number of GC chains 5 5 5 5 5 5
Polymerization of GC 20 20 20 20 20 20
Protonation of GC (%) 20 20 20 20 20 20
Drug concentration (%) 10 40 80 10 40 80
Number of drug molecules 8 31 62 4 15 30
Atoms 110,363 110,190 111,380 110,072 109,877 111,558
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The simulation results of our models were analyzed by visual

molecular dynamics (VMD)[51]. Equation (4) defines loading effi-
ciency (LE), which is one way to measure the efficiency of drug car-
riers[30].
LE ¼ number of drug molecules placed within 4 angstrom from polymer chains
total number of drug of molecules

ð4Þ

The end-to-end distance is a parameter used to describe the size
of the polymer. The flexibility of the polymer was judged by mea-
suring the distance between the head and tail of the polymer chain.

The p-stacking interaction analysis was used to explore the
influence of the benzene ring structure between the components
of the model on the overall structure. In this study, as the centroid
distance of the benzene ring was below 7.5 Å, it was defined as a p-
stacking interaction[52,53]. According to the angle between the
two benzene ring planes, the p-stacking interactions were subdi-
vided into parallel-stacked and T-shaped structures, and the angle
702
classification is shown by Equation (5). D represents the possible
combinations of p-stacking interactions.

D ¼

1; centroid distance between benzene ring � 7:5 Å
� 	
and ð0 � angle of plane of benzene rings � 15Þ

1; centroid distance between benzene ring � 7:5 Å
� 	
and ð75 � angle of plane of benzene rings � 105Þ

0;otherwise

8>>>>>><
>>>>>>:

ð5Þ
Additionally, because the structure contains many functional

groups that can form hydrogen bonds, the hydrogen bonds
between the carrier and drugs cannot be ignored. The average
number of hydrogen bonds between the GC-DP hydrogels and

drugs is computed according to the condition shown in Equation

(6). Through analysis of hydrogen bonds, we can understand their
influence on the interaction between the components, as well as
the exact positions and combinations of functional groups that
form hydrogen bonds.

H ¼
1; distance donor � � � acceptorð Þ � 3:5 Å

� 	
and angle H� donor � � � acceptorð Þ � 30ð Þ

0; otherwise

8><
>: ð6Þ
3. Results

3.1. The loading efficiency and molecular structures of GC-DP
hydrogels with gemcitabine and doxorubicin

By comparing the loading efficiencies of our gemcitabine sys-
tems and doxorubicin systems, we found that the GC-DP hydrogels
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achieved good loading efficiency when carrying either gemcitabine

or doxorubicin. As shown in Fig. 2A, the loading efficiency was
higher than 60% at the three drug concentrations in both the gem-
citabine systems and doxorubicin systems, indicating that the GC-
DP hydrogel is an excellent reservoir for both drugs. The efficiency
of the GC-DP hydrogels loaded with doxorubicin was higher than
that of hydrogels loaded with gemcitabine. The models with 40%
drug concentrations, G40 and D40, showed slightly lower loading
efficiencies. Razmimanesh et al. reported simulation results of
gemcitabine in chitosan, and the loading efficiencies at 10%, 40%,
and 80% drug concentrations were 25%, 27%, and 10%, respec-
tively[30]. Compared with the results of the literature, the GC-DP
hydrogel showed significantly higher loading efficiency than chi-
tosan at the three drug concentrations.

To understand how the drug molecules were loaded by the GC-
DP hydrogels, we analyzed the number of drugs loaded by glycol
chitosan and DF-PEG. The proportion of loading efficiency provided
by glycol chitosan or DF-PEG for gemcitabine systems is shown in

Fig. 2B. In G10, more gemcitabine molecules were loaded by glycol
chitosan, but the proportions of gemcitabine loaded by glycol chi-
tosan or DF-PEG remained almost the same as the drug concentra-
tion increased. In the D10 model, there were also more doxorubicin
molecules loaded by glycol chitosan, but in the D40 and D80 mod-
els, the loading efficiency provided by DF-PEG was significantly

higher (Fig. 2C). These results indicate that both glycol chitosan
and DF-PEG play important roles in loading doxorubicin and
gemcitabine.
Fig. 2. A The loading efficiency of the GC-DP hydrogels for gemcitabine and doxorubicin.
gemcitabine systems. C The proportion of the loading efficiency provided by glycol chit
glycol chitosan chains in each system.
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From the analysis of the end-to-end distance detailed in Fig. 2D,
we found that the glycol chitosan chains were more extended in
the doxorubicin systems than in the gemcitabine systems. The
change in drug concentration had a slight effect on the end-to-
end distance of the glycol chitosan chains in either the gemcitabine
system or the doxorubicin system. The model with a drug concen-
tration of 40% had the smallest average end-to-end distances,
which were 47.5 Å for G40 and 63.6 Å for D40. These results indi-
cate that the loading of doxorubicin or gemcitabine does not affect
the molecular structure of the GC-DP hydrogels.
3.2. Molecular interaction mechanisms between the GC-DP hydrogels
and gemcitabine

The adsorption behaviors of gemcitabine were evaluated by
analyzing the hydrogen bonds, p-stacking interactions and van
der Waals adsorption between the GC-DP hydrogels and gemc-

itabine. Fig. 3A shows the proportion of loading efficiency for the
three interactions of G10. Gemcitabine (58.4%) was loaded through
van der Waals adsorption, which was the main interaction
between the GC-DP hydrogels and gemcitabine. The secondary
interaction was the p-stacking interaction at 13.6%, while only
6% of loading occurred through hydrogen bonds. This result indi-
cates that the major interactions between the GC-DP hydrogels
and gemcitabine are van der Waals interactions.

For hydrogen bond analysis, we divided the structure of glycol
chitosan into the main group and the side group, where the main
B The proportion of the loading efficiency provided by glycol chitosan or DF-PEG for
osan or DF-PEG for doxorubicin systems. D Analysis of the end-to-end distance of



Fig. 3. A Distribution of gemcitabine molecules loaded through hydrogen bonds, p-p interactions and van der Waals adsorption for the G10 model. B Analysis of the average
number of hydrogen bonds between the GC-DP hydrogels and gemcitabine for the G10 model. C Distribution of the centroid distance between the cytosine rings in the loaded
gemcitabine molecules and benzene rings of the DF-PEG molecules for the G10 model. The transparent sections indicate a lack of p-stacking interactions between the rings.
The frequency represents the average number of p-stacking interactions that appear in each frame. D Snapshots of van der Waals adsorption in the G10 model. E Schematic of
the interaction mechanisms between the GC-DP hydrogels and gemcitabine. Adapted from ‘‘Blank Panels (1 � 3)” by BioRender.com (2021). Retrieved from https://app.
biorender.com/biorender-templates.

Tzu-Hsuan Huang, Shan-hui Hsu and Shu-Wei Chang Computational and Structural Biotechnology Journal 20 (2022) 700–709
group contained b-(1–4)-linked D-glucosamine and the side group

included glycol chains, as shown in Fig. 3B. Hydrogen bonds are
mainly formed at the main group of glycol chitosan, but the aver-
age number of hydrogen bonds between the GC-DP hydrogels and
gemcitabine is small.

We further analyzed the p-stacking interactions between the
cytosine ring of gemcitabine and the benzene rings of DF-PEG.
The distributions of the centroid distance and the angle between
704
the plane of the cytosine ring and the plane of the benzene ring

were analyzed and are shown in Fig. 3C. The p-stacking interac-
tions were found between DF-PEG and gemcitabine molecules at
147% frequency, and the conformation was dominated by
parallel-stacked p-stacking interactions.

We classified the loading interactions aside from the hydrogen
bonds and p-stacking interactions as van der Waals adsorption. In
the simulation trajectories, the main location of van der Waals
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adsorption was near the protonated amine group of the glycol chi-

tosan chains (Fig. 3D).
In summary, our results show that gemcitabine is mainly

loaded by GC-DP hydrogels through two mechanisms of interac-
tions, p-stacking interactions and van der Waals adsorption, as

illustrated in Fig. 3E.
We also performed the same analysis for the G40 and G80 mod-

els, and the detailed results are shown in Fig. 4. Fig. 4A shows that
the most vital interaction between the GC-DP hydrogels and gem-
citabine was van der Waals adsorption, followed by p-stacking
interactions and hydrogen bonds.

As shown in Fig. 4B, the main hydrogen bond between the GC-
DP hydrogel and gemcitabine is also located in the main group of
glycol chitosan in G40 and G80. Even when the drug concentration
was significantly increased, the average number of hydrogen bonds
between the GC-DP hydrogels and gemcitabine remained small,
indicating that hydrogen bonds were not the primary interactions
at all drug concentrations.

The frequency of p-stacking interactions gradually increased
with increasing drug concentration, and the interaction frequen-
cies in G40 and G80 were 327% and 1000%, respectively. The p-
Fig. 4. A Distribution of gemcitabine molecules loaded through hydrogen bonds, p-stacki
of hydrogen bonds between the GC-DP hydrogels and gemcitabine. C Distribution of the
and the benzene rings in the DF-PEG molecules in the G40 and G80 models.
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stacking interaction was still dominated by parallel-stacked con-

formations in G40 and G80 (Fig. 4C).
3.3. Molecular interaction mechanisms between the GC-DP hydrogels
and doxorubicin

The interactions between the GC-DP hydrogels and doxorubicin
were also studied. We calculated the distribution of the drug load-

ing interactions of D10, as shown in Fig. 5A, and all three interac-
tions between the GC-DP hydrogels and doxorubicin were
observed. It was found that 48% were hydrogen bonds, 22% were
p-stacking interactions, and 30% were van der Waals adsorption
interactions. This result reveals that hydrogen bonds represented
the major interaction, while p-stacking interactions and van der
Waals adsorption were secondary interactions. It is worth noting
that although the GC-DP hydrogel is an excellent drug carrier for
both gemcitabine and doxorubicin, the molecular interactions are
different.

The average number of hydrogen bonds between the GC-DP

hydrogels and doxorubicin was 2.85, as shown in Fig. 5B. We found
that the average number of hydrogen bonds between glycol chi-
ng interactions and van der Waals adsorption. B Distribution of the average number
centroid distance between the cytosine rings in the loaded gemcitabine molecules



Fig. 5. A Distribution of doxorubicin molecules loaded through hydrogen bonds, p-stacking interactions and van der Waals adsorption for the D10 model. B Analysis of the
average number of hydrogen bonds between the GC-DP hydrogels and doxorubicin for the D10 model. C Distribution of the centroid distance between the benzene rings in
loaded doxorubicin molecules and the benzene rings in DF-PEG molecules for the D10 model. D Snapshots of van der Waals adsorption in the D10 model. E Schematic of the
interaction mechanisms between the GC-DP hydrogels and doxorubicin. Adapted from ‘‘Blank Panels (1� 3)” by BioRender.com (2021). Retrieved from https://app.
biorender.com/biorender-templates.
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tosan and doxorubicin was only 0.46, while that between DF-PEG
and doxorubicin was 2.39, indicating that the hydrogen bonds
were mainly formed between DF-PEG and doxorubicin.

Next, the distribution of p-stacking interactions between DF-
PEG and doxorubicin in the D10 model was calculated, as shown

in Fig. 5C. As discussed earlier regarding the p-stacking interaction
of the gemcitabine systems, we defined the angle between the
plane of the benzene ring of doxorubicin and DF-PEG as h. The

results obtained in Fig. 5C show that the total frequency was
575%, and that the conformation was dominated by parallel-
stacked p-stacking interactions.

We observed from the simulation trajectories that the location
of van der Waals adsorption between the GC-DP hydrogels and
706
doxorubicin molecules was also near the protonated amine groups

of the glycol chitosan chain (Fig. 5D).

Fig. 5E demonstrates the three interaction mechanisms of the
D10 model. Among the interactions, the hydrogen bond was
mainly formed by the ether group of DF-PEG and the hydroxyl
group of doxorubicin, and the p-stacking interaction was domi-
nated by parallel p-stacking between the benzene rings of DF-
PEG and doxorubicin. The location of van der Waals adsorption
near the protonated amine groups of the glycol chitosan chain
was observed from the simulation trajectories.

We calculated the distribution of the drug loading interactions

in the D40 and D80 models, as shown in Fig. 6A. In the D40 model,
only 19.5% of these interactions were hydrogen bonds, which is

https://app.biorender.com/biorender-templates
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lower than the loading efficiency of p-stacking interactions and
van der Waals adsorption. In the D80 model, 53.3% of the interac-
tions were van der Waals adsorption, indicating that the most
important interaction changed from hydrogen bonding to van der
Waals adsorption when the drug concentration was higher.

The increase in drug concentration exerts a significant effect on
the increase in the average number of hydrogen bonds shown in

Fig. 6B. The average numbers of hydrogen bonds between the
GC-DP hydrogels and doxorubicin on D40 and D80 were 3.52 and
9.59, respectively. Hydrogen bonds were also mainly formed
between DF-PEG and doxorubicin. Analysis of the hydrogen bond-
ing formation positions revealed that when a certain doxorubicin
molecule interacted with the GC-DP hydrogel through hydrogen
bonds, more than two hydrogen bonds may have formed between
them simultaneously, which meant that the increase in drug con-
centration enhanced the local hydrogen bond interaction between
the GC-DP hydrogels and doxorubicin.

In Fig. 6C, the frequencies of p-stacking interactions in D40 and
D80 are 1052% and 2075%, respectively, indicating that the fre-
quency of p-stacking interactions increases with increasing drug
concentration. The p-stacking interactions in D40 and D80 were
also dominated by parallel-stacked conformations.
Fig. 6. A Distribution of gemcitabine molecules loaded through hydrogen bonds, p-stac
average number of hydrogen bonds between the GC-DP hydrogels and doxorubicin for D4
loaded doxorubicin molecules and the benzene rings in the DF-PEG molecules for D40 a
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3.4. Diffusivity of gemcitabine and doxorubicin in the GC-DP hydrogels

The diffusivity of drug molecules in all systems was calculated

by plotting the MSD curves. Fig. 7A shows the MSD diagrams for
the diffusion of gemcitabine and doxorubicin molecules in the
GC-DP hydrogels at different drug concentrations. The curves with
increasing MSD indicate that the drug molecules continuously dif-
fused through the system throughout the simulation time. We cal-
culated the values of the diffusion coefficients in each system, as

shown in Fig. 7B. For gemcitabine systems, it was found that the
highest diffusion coefficient was measured for G10
(2:34� 10�5cm2=s), and the smallest diffusion coefficient was
observed for G40 (1:76� 10�5cm2=s). However, in the doxorubicin
systems, the highest diffusion coefficient was found for D40
(1:24� 10�5cm2=s), followed by D80 (0:96� 10�5cm2=s), and the
slowest diffusion was measured for D10 (0:82� 10�5cm2=s). The
results also confirmed the results obtained from the analysis of
the loading efficiency. Therefore, from the MSD analysis, we know
that the diffusion of gemcitabine was relatively rapid, while the
diffusion of doxorubicin was relatively slow, possibly due to the
stronger interactions between the GC-DP hydrogels and doxoru-
bicin. Falk et al. reported that the diffusion coefficient of paraceta-
king interactions and van der Waals adsorption for D40 and D80. B Analysis of the
0 and D80. C Distribution of the centroid distance between the benzene rings in the
nd D80.



Fig. 7. A MSD diagrams for the diffusion of gemcitabine and doxorubicin molecules in the GC-DP hydrogels. B Diffusion coefficients of gemcitabine and doxorubicin in each
system with different drug concentrations.
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mol in chitosan hydrogels was 3� 10�5cm2=s[54], and Mahdavi
et al. reported that the diffusion coefficients of doxorubicin in
GO-13 and GO-16 were 1:3� 10�5cm2=s and 1:7� 10�5cm2=s[33],
respectively. The diffusion coefficients of gemcitabine and doxoru-
bicin in the GC-DP hydrogel were close to the results reported in
the literature.
4. Conclusion

In this study, we explored the loading efficiency of GC-DP
hydrogels for gemcitabine and doxorubicin through bottom-up full
atomistic simulations. The GC-DP hydrogels showed excellent
loading efficiency, indicating that they had the potential to carry
both drugs. We also explored the molecular interaction mecha-
nisms between the GC-DP hydrogels and both drugs to reveal
molecular insights into how drug molecules are loaded by the
hydrogel. Our results showed that although the GC-DP hydrogels
had high loading efficiency for both drugs, the molecular interac-
tions between the drugs and the hydrogel were different. The
molecular interaction between the GC-DP hydrogel and gemc-
itabine was dominated by van der Waals adsorption, and the pri-
mary location of adsorption was near the protonated amine
groups of the glycol chitosan chains. In contrast, the dominant
interaction between the GC-DP hydrogels and doxorubicin was
affected by the drug concentration; hydrogen bonding was the
main interaction in the D10 model, and van der Waals adsorption
represented the main interaction for the D40 and D80 models. The
hydrogen bond formed between the ether group of DF-PEG and
doxorubicin was the most common interaction, and van der Waals
adsorption also usually appeared near the protonated amine
groups of the glycol chitosan chains. In addition, the parallel p-
stacking interaction was an important molecular interaction
between the GC-DP hydrogels and doxorubicin. Since hydrogen
bonds and p-stacking interactions mainly occurred between DF-
PEG and doxorubicin, DF-PEG might play an important role when
GC-DP hydrogels carry doxorubicin. Our results reveal the impor-
tant molecular insight that a good crosslinking agent, for example,
DF-PEG in GC-DP hydrogels, can not only provide better mechani-
cal properties for self-healing hydrogels but also play an important
role in the loading of drug molecules.

We also calculated the diffusivity of drugs in all of the systems.
The diffusion of doxorubicin molecules was slower than that of
gemcitabine molecules, which might be attributed to the hydrogen
bonds and p-stacking interactions between the GC-DP hydrogels
708
and doxorubicin. Understanding the loading efficiency of the GC-
DP hydrogels and the molecular interaction mechanism between
hydrogels and drugs provides crucial fundamental knowledge for
designing novel drug delivery systems, thus promoting the appli-
cation of self-healing hydrogels in biomaterials and biomedicine.
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