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ABSTRACT: Combination chemotherapy with a defined ratio and sequence of
drug release is a clinically established and effective route to treat advanced solid
tumors. In this context, a growing body of literature demonstrates the potential
of hydrogels constructed with chemically modified polysaccharides as depots for
controlled release of chemotherapeutics. Identifying the appropriate modifica-
tion in terms of physicochemical properties of the functional group and its
degree of substitution (χ) to achieve the desired release profile for multiple
drugs is, however, a complex multivariate problem. To address this issue, we
have developed a computational toolbox that models the migration of a drug
pair through a hydrated network of polysaccharide chains modified with
hydrophobic moieties. In this study, we chose doxorubicin (DOX) and
Gemcitabine (GEM) as model drugs, as their synergistic effect against breast
cancer has been thoroughly investigated, and chitosan as the model polymer.
Our model describes how the modification of chitosan chains with acetyl, butanoyl, and heptanoyl moieties at different values χ
governs both the structure of the hydrogel network and drug migration through it. Our experimental data confirm the in silico
predictions for both single- and dual-drug release and, most notably, the counterintuitive inversion of release vs χ that occurs
when switching from a single- to a dual-drug system. Consensus between predicted and experimental data indicates that acetyl
modifications (χ = 32−42%) and butanoyl modifications (χ = 19−24%) provide synergistic GEM/DOX release molar ratios
(i.e., 5−10). Collectively, these results demonstrate the potential of this model in guiding the design of chemotherapeutic
hydrogels to combat cancer.

■ INTRODUCTION

Combination therapy with synergistic chemotherapeutics has
become of increasing interest owing to its ability to overcome
the main limitations of the single-drug approach: acquired drug
resistance1−3 and heavy dosage of highly cytotoxic drugs.4,5

Multidrug chemotherapy operates by simultaneously disrupt-
ing various metabolic pathways in cancer cells and has been
shown to overcome drug resistance and reduce side effects
considerably.6 The complementary action of drugs targeting
different metabolic pathways, in fact, provides enhanced
therapeutic activity while requiring a significantly lower dosage.
Recent work in this field has demonstrated that the therapeutic
outcome depends not only on the molar ratio of the drugs in
the cocktail but also on the schedule of administration, that is,
the sequence at which the various drugs reach the target
cells.7,8 Optimizing both ratio and sequence in a combined
chemotherapy regimen is therefore essential to further lower
the dosage relative to single-drug therapy needed to obtain a
satisfactory therapeutic outcome.7,9,10 This reduction of
required therapeutic dosing (IC50 values) using drug

combinations relative to single-drug chemotherapy has been
recently demonstrated in vivo using various combination
chemotherapy regimens and tumor models.11−13

To implement synergistic delivery schemes, researchers have
investigated the use of nanoparticles,8,11,14 liposomes,15,16

micelles,17,18 polymer−drug conjugates (PDCs),12,19 and
hydrogels.20,21 Among these systems, hydrogels possess unique
advantages. Owing to the flexible microstructure of hydrogels,
release kinetics can be tuned by varying the gel fraction in
physical hydrogels and the cross-linking density in chemically
cross-linked gels.22,23 In addition, hydrogels act as drug
“depots” that afford sustained release and maintain a high
local drug concentration in the surrounding tissues over an
extended period, thereby circumventing the pharmacokinetic
limitations of most chemotherapeutic agents.24 Further, the
loading and release rates of the therapeutic payload in and out
of hydrogels are mostly governed by diffusion, which depend
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on the molecular interactions between the polymer chains and
the drugs, as well as the network morphology. These features
have been harnessed for tuning the release kinetics and the
scheduling of drugs, especially through chemical modification
of the polymer backbone.25

A polymer of major interest to researchers and clinicians for
developing therapeutic hydrogels is chitosan. Chitosan, which
is derived from naturally abundant chitin, is a biocompatible,
nontoxic polymer that is degradable by human enzymes.26 In
addition, the presence of primary amine groups on the
glucosamine monomer provides a site for chemical mod-
ification, which has been extensively exploited to tailor the
kinetics of drug release.27,28 Interestingly, owing to their
relatively short half-life in physiological media (i.e., days-
month(s)), physical chitosan hydrogels are ideal for short-term
delivery and do not release any toxic degradation byproducts.29

As a result, a variety of chitosan-based formulations have been
developed for oral, ophthalmic, and transdermal applica-
tions,26,30−32 several of which have received FDA approval,
demonstrating clear feasibility of these materials toward clinical
translation.
Customizing the chemical modification of chitosan hydro-

gels to achieve a precise, synergistic ratio and kinetics of drug
release, however, is a complex multivariate problem that
depends on the physicochemical properties of the drugs, the
composition and level of functional moieties, and the gel
fraction. Collectively, these factors determine the hydrogel
structure as well as the interactions between the drugs and the
polymer backbone, thereby governing the release outcome.
Such a large design space makes the optimization of hydrogels
for the controlled release of specific combinations of
chemotherapeutics extremely laborious. A toolbox capable of
guiding the developmental phase would be of great assistance
to pharmaceutical chemists in streamlining preclinical studies,
thus realizing the full potential of these materials.
To this end, we have developed a method for guiding the

chemical modification of chitosan chains to be utilized for
designing hydrogels that afford the delivery for any desired
drug combination with a synergistic molar ratio and kinetics.
Our method comprises a computational modeling phase and
an experimental validation phase. The computational phase
comprises both all-atom and coarse-grained molecular dynamic
(MD) simulations that model networks constructed with
modified chitosan chains; its goal is to understand the
microstructure/morphology, polymer−drug interactions, and
the resulting diffusion of one or multiple drugs. The input
design parameters input by the operator include (i) the
chemical identity and distribution of the modifications across
each chitosan chain, (ii) the ratios of the numbers of water
molecules to polymer chains and of drug molecules to polymer
chains, and (iii) the loading of the single drugs. While
atomistic molecular dynamics can provide detailed insights
into the effect of chemical modifications on the drugs’ local
interactions with the polymer chains, coarse-grained simu-
lations enable rapid modeling of larger systems, containing a
high number of polymer chains, water molecules, and drug
molecules, for longer simulation times. Since the modeling of
chemically modified, drug-loaded hydrogels requires simu-
lations with sufficient spatio-temporal width to provide reliable
guidance for design, we resolved to develop an ad hoc coarse-
grained model.33−35 Specifically, our model returns predicted
diffusion coefficients of every drug species. The design
parameters affording the most favorable diffusion coefficients

toward synergistic molar ratio and kinetics of drug release were
utilized in the experimental validation phase to construct the
drug-loaded hydrogels.
To demonstrate our method, we selected doxorubicin

(DOX) and Gemcitabine (GEM) as a model drug pair and
three N-acyl groups (acetyl, butanoyl, and heptanoyl) as model
modification moieties. The combination of DOX, a topo-
isomerase II inhibitor, and GEM, an antimetabolite, has been
proven to be a highly effective drug regimen. Both are FDA-
approved chemotherapeutics and have been studied in a
variety of drug delivery vehicles, such as micellar nanoparticles,
PDCs, polymersomes, mesoporous silica nanoparticles, and
nanostructured lipid carriers.15,36−40 Their synergistic combi-
nation has been demonstrated with multiple breast cancer cell
lines, such as MCF7 and MDA-MB-231.7,41 While extensive
research has focused on their synergistic molar ratio, much less
work has focused on the effect of scheduling on their
therapeutic outcome. Vogus et al. have reported a strong
effect of the scheduling of GEM and DOX release on MDA-
MB-231 cells, by showing that simultaneous treatment with
both drugs and incubation with GEM prior to DOX induced
more toxicity than treatment with DOX prior to GEM, for the
same concentrations. Furthermore, they showed that treatment
with GEM prior to DOX (combination index, CI = 0.16 ±
0.03) afforded higher synergy than treating simultaneously
with GEM and DOX (CI = 0.76 ± 0.10). They also found that
the earlier the cells are exposed to GEM prior to DOX, the
higher the resulting amount of synergy (lowest CI).7 In a
follow-up work, Vogus et al. studied the effect of the
GEM:DOX molar ratio on MDA-MB-231 cells, and MCF-
10a cells, non-tumorigenic breast epithelial cells, demonstrat-
ing that synergism on the cancer cells is fairly independent of
molar ratio, whereas maximum antagonism to healthy cells
occurs at the higher values of the molar ratio.41 These studies
provide evidence that an efficacious GEM/DOX delivery
system should be able to stagger the release of the two drugs,
such that GEM impacts the cells prior to DOX, and release a
molar ratio of GEM:DOX > 1.
Acetyl, butanoyl, and heptanoyl moieties were chosen for

chitosan modification as they represent similar but increasingly
hydrophobic modifications and therefore allow us to study
systematically the kinetics of drug release. Specifically, they
enable two mechanisms of modulating the molar ratio and
relative kinetics of drug release: the first based on the
molecular interaction between modified chitosan chains and
the drug molecules, and the second based on the formation of
microscopic channels within the hydrogel network resulting
from the hydrophobically driven aggregation of modified
chitosan chains. The first mechanism applies mostly to
hydrophobic drugs (e.g., DOX) resulting in slower release
kinetics and becomes more prominent when the polymer is
modified with longer aliphatic chains or with a higher degree of
modification. The second mechanism, instead, impacts all
drugs and depends not only on the composition and degree of
modification but also on its distribution along the chitosan
chain (e.g., random vs blocky). Both phenomena were
captured by our coarse-grained molecular dynamics simulation
and were observed experimentally with butanoyl- and
heptanoyl-chitosan hydrogels.
The systems modeled and tested in this study feature

chitosan hydrogels prepared with different degrees of
modification (χ) (i.e., 0−50% molar acetyl, 5−40% molar
butanoyl, and 5−30% molar heptanoyl on chitosan) and
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loaded either with a single-drug (DOX or GEM) or with a
double-drug (DOX and GEM) payload. We compared the
predicted trends of drug diffusion coefficients with those
obtained from experimental measures fitted on the Kors-
meyer−Peppas equation.42 Furthermore, we report the
development of hydrogels that are capable of delivering the
GEM/DOX combination with the desired kinetics and dose
ratio of the pair. With dual-drug-loaded systems, acetyl-
chitosan gels with χ = 32−42% delivered a GEM/DOX molar
ratio of 7.5−10.5, whereas butanoyl-chitosan gels with χ = 19−
24% delivered a molar ratio of 10−7.5. Further, the GEM/
DOX ratio of release exponents calculated using the
Korsmeyer−Peppas equation, which is a measure of release
kinetics, was 3.7−8.9 for acetyl-chitosan gels and 5.6−6.3 for
butanoyl-chitosan gels, indicative of faster GEM release than
DOX. Both of these measures agree with computational
results. Because the acetyl-modified gels display favorable
release kinetics of GEM/DOX and a wider working range of
modification, future work will further develop and test acetyl-
modified gels for efficacy in vitro. Collectively, these results
demonstrate the potential of the proposed strategy to guide the
rapid, successful development of hydrogelsincluding, but not
limited to, chitosanfor controlled release of synergistic
combinations of anticancer drugs.

■ EXPERIMENTAL SECTION
Materials. Low-molecular-weight chitosan (85% maximum degree

of deacetylation, 15 kDa) was obtained from Polysciences Inc.
(Warrington, PA). Low-molecular-weight chitosan (75−85% degree
of deacetylation, 50−190 kDa), acetic anhydride, phosphate-buffered
saline (PBS), and the Kaiser Test kit were obtained from Sigma
Aldrich (St. Louis, MO). Butyric and heptanoic anhydride were
obtained from TCI Chemicals (Portland, OR). Doxorubicin hydro-
chloride (DOX) and Gemcitabine hydrochloride (GEM) were
obtained from LC Laboratories (Woburn, MA). All other chemicals
were of reagent grade or higher.
Modification of Chitosan. The protocol of chemical modifica-

tion of chitosan was adapted from Kubota et al.43 Briefly, chitosan was
dissolved in 1% wt acetic acid (aq) at a concentration of 6 mg/mL
and filtered to remove insoluble components. A stoichiometric
amount of chosen anhydride (acetic, butyric, or heptanoic) was added
to the chitosan solution and allowed to react at room temperature
overnight. The solution was then precipitated by dropwise addition in
a 3× reaction volume of 5 M methanolic potassium hydroxide. The
precipitate was then collected and washed to neutral pH with
methanol and copiously washed with water to yield a physical
hydrogel. The gel was weighed, and subsequently lyophilized and
weighed, to determine the gel fraction as the ratio of the mass pre and
post lyophilization.
Determination of the Level of Modification. The level of acyl

modification of the chitosan polymer chains was measured using a
modified version of the Ninhydrin assay developed by Kaiser et al.44

Briefly, lyophilized samples of modified chitosan were dissolved in 1%
acetic acid (aq) at 3 mg/mL, and native chitosan (used to generate a
standard curve) was dissolved at varying concentrations (0.5−7.5 mg/
mL). Chitosan solutions were then combined with 30 μL of
potassium cyanide in water/pyridine and ninhydrin and 6% in
ethanol. The solutions were then incubated at 100 °C for 5 min. The
solution was then diluted to 20×, and absorbance at 570 nm was
measured by UV−vis spectroscopy. The level of modification was
determined through the derived eq 1

χ =
−

−

̅

̅

( )
( )
1

1

CDM
C

CDM
C

monomer

modification

(1)

where χ is the degree of modification, C̅ is the molar concentration of
amine groups on a chitosan chain, D is the dilution factor, C is the
mass concentration used for the Kaiser test, Mmonomer is the molecular
weight of the glucosamine monomer, and Mmodification is the molecular
weight of the modification (acetyl, butanoyl, or heptanoyl).

Computational Procedure. The simulations were performed
utilizing the GROMACS 4.6.4 package.45 All-atom molecular
dynamics (MD) simulations were performed using the GLYCA-
MOSMOr14

TIP5P force field.46,47 The parameters for the butanoyl and
heptanoyl modifications, as well as for GEM and DOX were obtained
from the gaff force field,48 whereas the partial charges were derived
following the GLYCAM06 protocol.46 All all-atom chitosan systems
contained 10 chitosan chains with degree of polymerization (DP,
number of monosaccharides per chain) of 16, and 200 water
molecules per chain. Separate simulations were performed using 50
DOX, 50 GEM, or 50 DOX and 50 GEM molecules, with 10 water
molecules per drug molecule, to derive the interaction potentials for
the drug−drug and drug−water interactions. Similarly, additional
systems containing 10 DOX or 10 GEM molecules together with 10
chitosan chains with DP = 16 and 200 water molecules per chain were
simulated to derive the drug−polymer interaction. The particle mesh
Ewald method49 was used to calculate the long-range electrostatic
interaction using a Lennard-Jones (LJ) and electrostatic interaction
with a cutoff of 1.4 nm. The system was equilibrated in the NPT
ensemble for 50 ns using a Parinello−Rahman barostat with
additional pressure dispersion correction50 and subsequently equili-
brated for 400 ns in the NVT ensemble. A final 100 ns NVT MD
simulation was performed to derive the coarse-grained interaction
potentials.

In the coarse-grained model, each monosaccharide was mapped
onto three coarse-grained interaction sites. The modifications were
represented by one, two, and three additional sites for the acetyl,
butanoyl, and heptanoyl groups, respectively. Water molecules were
represented as a single coarse-grained site. DOX and GEM were
represented by 11 and 4 coarse-grained sites, respectively. The
interaction potentials between these sites were generated using
Boltzmann inversion51 for the bonded interactions and the MSCG
method52 for nonbonded interactions, following the procedure
described by Sauter et al.53 Coarse-grained systems containing 20
chitosan chains with DP of 50, and 100 000 water beads (5000 water
molecules per chains), were equilibrated for 100 ns using the Nose−́
Hoover thermostat.54−56 The drug diffusion simulations were
performed by randomly loading the chitosan networks with either
10 DOX or 10 GEM for single-drug release or 10 DOX and 10 GEM
molecules for dual-drug release. The diffusion coefficients of the drugs
were obtained from the slope of their mean square displacement
(MSD) as a function of time. Pore distributions were calculated using
the procedure described by Bhattacharya and Gubbins57 with the
SOLVOPT routine for constrained nonlinear optimization.58 The
procedure finds the largest sphere that can be placed in the network
while containing randomly chosen points.

Single-Drug Loading and Release Studies. Initial single-drug
loading and release studies were performed using low-molecular-
weight chitosan (Polysciences Inc). Drug loading experiments were
performed by incubating 150 mg of chitosan hydrogel with 1 mL of a
1 mg/mL aqueous drug solution for 48 h. After loading, the drug-
depleted supernatant was collected for drug quantification by UV−vis
spectroscopy. The loaded hydrogel was then combined with 1 mL of
0.01 M PBS pH 7.4 and placed in a 37 °C orbital shaker at 50 rpm. At
selected time points, 200 μL of the sample was withdrawn and
replenished with fresh PBS. After the release studies, all samples
(loading supernatant and time point collections) were analyzed by
UV−vis on Biotek Synergy at 480 and 290 nm to determine the
amounts released of DOX and GEM, respectively.

Dual-Drug Loading and Release Studies. Dual-drug loading
and release studies were performed on the low-molecular-weight
chitosan gels Polysciences Inc. Samples of 150 mg of hydrogel were
incubated with 1 mL of a 1 mg/mL aqueous DOX/GEM solution,
50/50 molar ratio, for 48 h. The supernatant was collected, and the
loaded hydrogel was then combined with 1 mL of 0.01 M PBS pH 7.4
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and placed in a 37 °C orbital shaker at 50 rpm. At selected time
points, 200 μL of the aqueous supernatant was withdrawn and
replenished with fresh PBS. Samples were then passed through a
Waters 2690 Separation reversed-phase high-performance liquid
chromatography system equipped with an Aeris 3.6 μm C18 column
(150 × 4.6 mm). The gradient utilized 0.1% formic acid (A) and
acetonitrile with 0.1% formic acid (B) from 5−100% B over 10 min.
The column eluate was monitored at wavelengths of 290 and 480 nm,
wavelengths corresponding to the GEM and DOX. The concen-
trations of GEM and DOX were determined by peak-area integration
of the resulting 290 and 480 nm chromatograms relative to the
respective standard curves.
Mathematical Drug Release Models. Several models are used

to describe drug diffusion profiles59 or the quantity of drug released
from the modified chitosan hydrogels over time (Supporting
Information, Table S2): (i) the zero-order model, which describes
drug dissolution from pharmaceutical dosage forms that do not
disaggregate and release the drug slowly; (ii) the first-order model,
which describes drug dissolution that occurs from porous matrices
and water-soluble drugs; (iii) the Hixson−Crowell model,60 which
describes release that occurs in planes that are parallel to the drug
surface if the tablet dimensions diminish proportionally, meaning that
the initial geometrical form keeps constant all the time; (iv) the
Higuchi model,61 which describes the release of water-soluble and
low-solubility drugs incorporated in semisolid and/or solid matrixes;
and (v) the Korsmeyer−Peppas model,42 which characterizes release
from hydrophilic matrices and is presented in eq 2

=
∞

Q

Q
K tt
k
n

(2)

where Qt is the amount of drug released at time t, Q∞ is the maximum
possible amount, and the ratio of Qt to Q∞ is the percent release. Kk is
the release rate constant, which is correlated to the diffusion
coefficient, and n is the release exponent, where n ∼ 0.5 denotes
Fick-type drug diffusion, and n > 0.5 indicates that spatial
rearrangement of the polymer chains also contributes to drug
transport. The release exponent, n, is a metric for characterizing the
mechanism of release. To determine n, only the portion of the release
curve where Qt/Q∞ < 0.6 was used. The in vitro drug release data was
analyzed by fitting it to all models listed in Table S2.

■ RESULTS AND DISCUSSION
Chitosan Gel Preparation and Selection. Initial studies

were performed using two chitosan starting materials to
evaluate the properties of the resulting gels, namely, the
consistency in gel fraction across different acyl modifications
and different degrees of modification and to select a polymer
for further optimization. Figure 1 illustrates the polymer gel
fraction (i.e., the mass of polymer contained in a given mass of
hydrogel) obtained with either 15 or 50−190 kDa chitosan
using acetyl, butanoyl, and heptanoyl moieties, spanning a wide
array of modification levels, ranging from native chitosan (0%
modified) to 50% modified. Interestingly, the gel fraction was
found to depend only on the acyl moiety used to modify the
polymer but not on the chitosan molecular weight. The mean
gel fractions (percent ratio of polymer weight vs total hydrogel
weight) obtained with 15 kDa chitosan (∼90 monomers), in
fact, were 2.02 ± 0.5, 2.59 ± 0.3, and 3.31 ± 0.4 for the acetyl-,
butanoyl-, and heptanoyl- modifications, respectively, whereas
the corresponding values obtained with 50−190 kDa chitosan
(∼300−1200 monomers) were 2.14 ± 0.6, 2.63 ± 0.2, and
3.29 ± 0.5, across all modification levels. This consistency in
gel fraction across a vastly different length of polymer suggests
that the physical behavior of the gels depends mainly on the
type and degree of the modification groups. Thus, to maintain
consistency between the experimental and in silico studies,

which are limited to 50 monomer-long chitosan chains to limit
computational costs, 15 kDa chitosan was utilized in all
subsequent studies. With the drug transport through the
hydrogels being dependent on both gel fraction and
modification on the polymer backbone, consistency in gel
fraction values is critical to study the correlation between drug
release and the type and degree of modification. Since the gel
fraction for heptanoyl-modified gels was statistically different
from acetyl-modified gels, and the average gel fraction values
for acetyl- and butanoyl-modified gels were closer than those
of butanoyl- and heptanoyl-modified gels with both 15 and
50−190 kDa chitosan, drug release from heptanoyl-modified
hydrogels was not computationally modeled, and the
experimental data are reported in the Supporting Information.

In Silico Modeling of Single and Dual-Drug Diffusion
through Modified Chitosan Hydrogels. Drug−Chitosan
Interactions at All-Atom Resolution. All-atom simulations of
the drug-loaded chitosan hydrogels were analyzed to obtain a
molecular-level understanding of (i) the interactions between
the drug molecules and the modified chitosan chains and (ii)
the dependence of these interactions on the type and degree
(χ) of modification. Atomistic systems feature a high density of
saccharide monomers (chitosan) and low water content, which
is necessary to obtain a sufficient sampling of the forces needed
to implement the coarse-grained procedure. This high density,
however, results in many nonbonded interactions between the
polymer and drug molecules. It must be also noted that the
frequency of these interactions in real hydrogels, where the
water content is much higher, is much lower. Nonetheless, the
atomistic analysis of these interactions provides insight into
their relative contribution toward determining drug diffusion
through the network. The interaction energies among the drug
molecules, the chitosan backbone, and the modification groups
were separated into electrostatic and Lennard-Jones (LJ)
contributions and the ability to form hydrogen-bond contacts.
The resulting interactions between DOX and modification
groups and between DOX and the chitosan backbone as a
function of χ are reported in Figure 2. The analogous results
for GEM are reported in Figure S1. The hydrogen-bond
interactions for DOX modification and DOX backbone as a
function of χ are reported in Figure S2.

Figure 1. Comparison of gel fraction for acetyl-, butanoyl-, and
heptanoyl-chitosan gels prepared using base chitosan polymers with
molecular weights of 15 and 50−190 kDa. Data represent mean ±
95% CI (n ≥ 12).
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We observed that the interactions between drug molecules
and modified chitosan chains were consistently of the LJ type,
particularly for DOX, which interacts both with the chitosan
backbone and with the modification groups. The daunosamine
moiety in DOX aligns with the pyranose rings in the chitosan
backbone, resulting in the formation of multiple hydrogen
bonds (Figure S3). As χ increases, the number of contacts
(nonbonded interactions) between DOX and the modification
groups (both acetyl and butanoyl) increases, resulting in higher
interaction energy as shown in Figure 2. On the other hand,
the dependence of the backbone interactions with χ is less
clear, as the number of nonbonded interactions decreases with
χ for acetyl modifications and increases slightly for butanoyl
modifications. It should be noted, however, that DOX
molecules tend to aggregate into clusters, thereby reducing
their ability to form interactions with the backbone, especially
within the time scale of the all-atom simulations, where
equilibration of the aggregate size is not accessible. GEM
shows overall weaker interactions with the modified chitosan
chains compared with DOX. The LJ contribution to the
interaction energy, in fact, is about 50% of that observed with
DOX, whereas the electrostatic contribution is approximately
the same for the two drugs.

Figure 2. Lennard-Jones and Coulombic contribution to the DOX-
modification group interaction energy for (a) acetyl-chitosan and (b)
butanoyl-chitosan; and Lennard-Jones and Coulombic contribution to
the DOX-backbone interaction energy for (c) acetyl-chitosan and (d)
butanoyl-chitosans at different χ.

Figure 3. All-atom and coarse-grained representations of (a) DOX, (b) GEM, (c) unmodified glucosamine monomer, (d) acetyl-glucosamine, (e)
butanoyl-glucosamine, and (f) heptanoyl-glucosamine.
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Coarse-Grained Simulations of Acyl-Modified Chitosan
Hydrogels. The all-atom simulations described in the last
section were performed to evaluate the molecular-level
interactions and elucidate the thermodynamic mechanisms
by which the drugs interact with the chitosan backbone and
the modification groups. However, to understand how the
chemical modifications govern the morphology of the hydrogel
and the transport of the drugs therein, it is necessary to model
drug-loaded hydrogels across a large spatio-temporal scale,
where a high number of elements (long polymer chains, drug
molecules, and water molecules) and their dynamic interplay
can be simulated, thereby rendering a physically accurate
representation of these systems. This, however, is not possible
with all-atom simulations. We therefore resolved to adopt a
coarse-grained modeling procedure that was informed by the
results of the all-atom simulations and that has been shown to
capture the behavior of the polysaccharide-based hydrogel.47

The coarse-grained models for the base glucosamine and the
modified (acetyl, butanoyl, and heptanoyl) glucosamine
monomers, as well as the drug molecules were constructed
as routinely done by grouping four heavy atoms into one
coarse-grained interaction site while preserving the overall ring
topology of the molecule. Water molecules were represented
by one coarse-grained interaction site. The coarse-grained
mapping of GEM and DOX is shown in Figure 3a,b, whereas
that of the monosaccharides with zero, one, two, and three
interaction sites corresponding to unmodified and acetyl,
butanoyl, and heptanoyl modifications is reported in Figure
3c−f.
The coarse-grained interaction potentials of the drug

molecules and the chitosan chains were obtained from all-
atom molecular dynamics (MD) simulations following the
force matching method62−64 and a procedure outlined in our

prior work.53 The radial distribution functions between all
interaction sites of the coarse-grained model showed excellent
agreement with their equivalent obtained from all-atom
simulations as shown in Figure S4. The transferability to
systems with different degrees of modification was explicitly
confirmed so that the coarse-grained model was expected to
accurately reflect the interactions of the underlying atomistic
force field.
The hydrogel models were set to comprise 20 chitosan

chains, each of 50 monomers (polymerization degree, DP =
50), and modified using the same values of χ utilized in the
follow-up experimental work: χ of 0, 16, 32, and 50% for
acetyl-chitosan, and χ of 0, 16, 24, and 32% for butanoyl-
chitosan.
We considered the use of chitosan chains with DP > 50

unnecessary, given the lack of correlation between the gel
fraction and the molecular weight of chitosan (Figure 1) and
the resulting higher computational cost. Furthermore, the
modification pattern, that is, the distribution of the acetyl-,
butanoyl-, and heptanoyl- groups on the chitosan chains, was
also considered. In real hydrogels, both χ and the modification
patterns are governed by the monomers and the reagents
utilized for chemical modification, as well as the structure of
the polymer chain in solution as it evolves through the course
of the chemical modification. Whereas χ can be easily
measured, evaluating the modification patterns is much more
challenging, and it is often assumed to be random. However,
other distributions of the modification groups resembling
either an evenly spaced or a blocky pattern can also be
envisioned, and their presence can be inferred based on
indirect measurements derived from macroscopic behaviors of
the polymer. A consideration for the modified chitosan
molecules is that the hydrophobic tails (acetic, butanoic, and

Figure 4. Representative simulation snapshots of chitosan hydrogels with a blocky modification pattern for (a) 16% acetylation, (b) 50%
acetylation, (c) 16% butanoation, and (d) 32% butanoation.
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heptanoic) of the anhydrides utilized for modifying the
chitosan chains dissolved in an acidic aqueous environment
are likely to aggregate around the modified monomers that are
initially formed and promote localized modification thereupon,
resulting in a block-type pattern.
Both χ and the modification pattern, in fact, govern the

aggregation of polymer chains in solution; in particular, chain
aggregation is promoted by blocky modification patterns as
opposed to a random distribution along the polymer
chain.65−67 To evaluate the effect of the modification pattern
on the network structure and molecular interactions, chitosan
chains modified with two different patterns, namely, evenly
spaced (i.e., two neighbor modification groups are separated by
a number of unmodified monomers equal to [PD(1 − χ)]/
[PDχ − 1]) and blocky (i.e., clusters of MM modified
monomers separated by a number of unmodified monomers
equal to [MM(1 − χ)]/χ), were constructed to be simulated.
A random modification pattern, where blocks of different sizes
are assigned to every chain, would render the derivation of
structure vs χ correlations particularly challenging and was not
considered in this work. The hydrogels were constructed with
100 000 water molecules in total, corresponding to a gel
fraction value of 8.2%. While this is higher than the
experimental values (2−2.5% wt), increasing the number of
water molecules per polymer chain would escalate the
computational costs and prevent the possibility of scanning
over a range of conditions for system optimization. The
resulting equilibrated structures of acetyl- and butanoyl-
chitosan featuring blocky modification pattern are presented
in Figure 4, whereas the corresponding structures with an
evenly spaced modification pattern are reported in Figure S5.
The coarse-grained simulation of these systems indicates

that increasing χ consistently promotes aggregation of the
chitosan chains, morphing the microstructure of the gel from a
homogeneous network of contacting chains to a heterogeneous
system featuring hydrophobic-rich domains (clusters) sur-
rounding large pores (channels). This transition is evident with
butanoyl-chitosan, which shows a strong dependence of
aggregation upon the modification pattern (see Figure 4c,d
for a blocky modification pattern with χ = 16 and 32%,
respectively, and Figure S5c,d for an evenly spaced pattern
with χ = 16 and 32%, respectively), and a less pronounced
dependence upon the modification pattern for acetyl-chitosan,
for which both the modification pattern and the value of χ
seem to have little or no influence (see Figure 4a,b for the
blocky modification pattern with χ = 16 and 50%, respectively,
and Figure S5a,b for the evenly spaced pattern with χ = 16 and
50%, respectively). The clusters formed at high values of χ
feature a hydrophobic core, which comprises the segments of
chitosan chains carrying the modification, and a hydrophilic
shell; polymer bridges connecting the clusters are formed by
the chitosan segments carrying low or no modification. These
types of structures (Figure 5) have been extensively studied in
prior literature and have been comprehensively reviewed by
Philippova and Korchagina.68

To obtain a more quantitative measure of network
homogeneity, the structures derived from the coarse-grained
simulations were analyzed by calculating the distribution of
pore sizes (Figure 6). The pore size distribution in the acetyl-
chitosan network remains essentially unchanged over the entire
range of χ for both evenly spaced and blocky modification
patterns (Figure 6a,b); this corresponds to the homogeneous
network structure featuring relatively small pores shown in the

simulation snapshots in Figure 4a,b. In butanoyl-chitosan, on
the other hand, the pore size distribution shifts to markedly
larger pore diameters at higher χ, indicating the appearance of
large channels resulting from the formation of hydrophobic
clusters for both modification patterns. The comparison
between pore size distributions further indicates that the
transition of butanoyl-chitosan from a homogeneous network
to cluster/channel morphology occurs at lower χ with a blocky
modification pattern than with an evenly spaced pattern
(Figure 6c,d). The large difference in the hydrogel morphology
between acetyl and butanoyl modifications likely plays a
significant role in determining the migration of drug molecules.

Simulation of Single-Drug Migration through Modified
Chitosan Hydrogels. After equilibrating the chitosan hydrogel
structure, the coarse-grained hydrogels were loaded with 10
drug molecules of either DOX or GEM initially placed at
random positions. The number of drug molecules was chosen
to match the loading (ratio of drug molecules vs polymer
chains) featured by the experimental systems. In choosing the
number of drug molecules, we also considered the tradeoff
between ensuring reproducible simulations (higher drug
loading) and avoiding the formation of aggregates (lower
drug loading). While, in fact, an insufficient number of drug
molecules can lead to poor statistical significance, especially
when diffusing through structurally nonhomogeneous systems,
excessive drug loading results in the formation of aggregates,
which would distort drug migration through the polymer
network. Regarding the choice of distributing the drug
molecules randomly across the network, we note that the
diffusion constants obtained by arranging the drug molecules
into different initial distributions showed the same trends and,
in most cases, agree within the fitting error.
Coarse-grained simulations of 10 ns were performed, and

the migration of the drug molecules through the networks was
monitored. The diffusion constants were calculated from the
slope of the mean-squared displacement (MSD) of the drug
molecules with respect to time and are reported in Figure 7; it
should be noted that the diffusion constants did not
significantly change with simulations performed at longer
time scales. The error bars correspond to the fitting error due
to the nonlinearity of MSD fitting.
As anticipated, the differences in hydrogel morphology

(homogeneous vs clusters/channels) and physicochemical
properties of the drugs and the modification groups result in
different trends of drug diffusion vs χ. GEM migrates through
all networks with a diffusion constant similar to that of free
GEM in water, indicating that there is no effect of the polymer

Figure 5. Schematic cluster/channel structure formed by hydro-
phobically modified chitosan, wherein the micellar aggregates (red)
comprise chitosan segments with a high degree of hydrophobic
modification, and the bridges (green) represent chitosan segments
with a low degree of modification.68
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on its diffusion (Figure 7a,c). GEM molecules, which are small
and hydrophilic, form a relatively low number of nonbonded
interactions with the chitosan chains, irrespective of the type of
modification and χ, as listed in Table S1. Owing to the limited
interaction with the polymer chains, GEM travels easily
through the water-filled channels in both homogeneous and
cluster/channel hydrogel morphologies. Only a slight reduc-
tion in GEM diffusion is observed in butanoyl-chitosan at
higher χ.
On the other hand, DOX molecules, which are larger and

more hydrophobic than GEM, show markedly different values

of the diffusion coefficient and, most notably, an inversion in
the diffusion trends with χ between acetyl and butanoyl
modifications. In acetylated-chitosan networks, DOX diffusion
decreases as χ increases, independent of the modification
pattern (Figure 7b). However, the network structure and pore
size distributions between acetylated-chitosan networks with
evenly spaced and blocky modification were the same (Figure
6a,b), ruling out a role of network morphology on decreasing
the mobility of DOX as χ increases. Rather, the lower diffusion
coefficient of DOX at higher χ is due to a higher number of
nonbonded interactions between DOX and the acetyl groups

Figure 6. Pore size distribution functions for (a) evenly spaced acetyl-chitosan, (b) blocky acetyl-chitosan, (c) evenly spaced butanoyl-chitosan,
and (d) blocky butanoyl-chitosan.

Figure 7. Drug diffusion constants vs χ for single-drug migration across different chitosan networks for evenly spaced (black) and blocky (red)
modification patterns: (a) GEM and (b) DOX in acetyl-chitosan, and (c) GEM and (d) DOX in butanoyl-chitosan.
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on the chitosan chains. As reported in Table S1, in fact, the
number of nonbonded interactions between DOX and the
acetyl moieties increases with χ for both modification patterns,
although the number of nonbonded interactions with the
backbone remains constant; for example, a DOX molecule
forms an average of 15 ± 2 interactions with acetyl-chitosan at
χ = 16% and up to 60 ± 4 interactions with acetyl-chitosan at χ
= 50% with an evenly spaced pattern. This indicates that
hydrophobic nonbonded interactions are the main cause of the
slowed diffusion.
DOX diffusion through butanoyl-chitosan gels, on the other

hand, increases with χ independent of modification patterns
(Figure 7d). As χ increases, the butanoyl-chitosan network
undergoes a transition from homogeneous (Figure 4c) to
cluster/channel morphology (Figure 4d). Coarse-grained
simulations of DOX migration through butanoyl-chitosan
networks showed sharp differences in the migration of DOX
molecules across chitosan networks with different morpholo-
gies. Specifically, the migration of DOX through the
homogeneous butanoyl-chitosan network (low χ, Figure 8c)
is identical to that of DOX through the homogeneous acetyl-
chitosan network (low and high χ, Figure 8a,b). In clustered
butanoyl-chitosan, instead, DOX molecules either adsorb
onto/within the chitosan clusters or travel freely through the
large pores (Figure 8d). This indicates that, as in acetyl-
chitosan systems, a high number of interactions occur between
DOX and butanoyl-chitosan at high χ (Table S1); at the same
time, the DOX molecules freely migrating through the large
pore determine a strong increase in the overall diffusion
coefficients, as indicated by the comparison in mean-squared
displacement (MSD) vs time for both adsorbed and freely
migrating DOX molecules (Figure S6). It is also crucial to note

that the chitosan vs water ratio andconsequentlythe
channel vs cluster ratio are much higher in the experimental
systems than in the simulated networks. We therefore expect
the actual hydrogel to mirror the increase in the diffusion
coefficient with χ observed in the coarse-grained simulations.
The faster dynamics enabled by the smoother energy

landscapes featured in coarse-grained simulations may
introduce some error in the calculation of the diffusion
constants; however, the comparison among the migration of
drug molecules in different networks provides a reliable
evaluation of the influence of the network morphology and
physicochemical properties on drug transport. In the cluster/
channel morphology, in particular, the difference between
diffusional pathways of single-drug molecules becomes very
pronounced, with drug molecules experiencing sharper differ-
ences in the morphology of the medium through which they
diffuse. Collectively, these single-drug simulations indicate that
the hydrophobicity driven morphing of the hydrogel structure
affects drug diffusion by two opposing mechanisms: first, the
larger pores favor the migration of the drug molecules; and
second, the nesting of the modification groups within the core
of the clusters is responsible for strong adsorption of the drug
molecules that collide with the chitosan clusters; notably, our
simulations indicate that while both DOX and GEM are
affected by the first mechanism, only DOX undergoes the
second mechanism. We anticipate that the high water/polymer
ratio of the real chitosan hydrogels makes the first mechanism
dominant over the second.

Simulation of Dual-Drug Migration through Modified
Chitosan Hydrogels. We finally sought to understand how the
combination of multiple drugs affects the molecular
interactions and diffusion through the networks for different

Figure 8. Snapshot of DOX migration through (a) acetyl-chitosan networks at low χ (16%), (b) acetyl-chitosan networks at high χ (50%), (c)
butanoyl-chitosan network at low χ (16%), and (d) butanoyl-chitosan networks at high χ (32%), where the chitosan backbone is represented by red
beads, modifications are represented by yellow beads, and DOX is represented by black beads.
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types and degrees of modification. Such understanding is
needed to gain control over the kinetics and molar ratio of
release when using synergistic drug combinations. While
numerous in silico models have been developed to simulate
the migration of single drugs through polymer hydrogel
networks,69,70 models for multiple drugs are much less
common. Combining drugs, especially with different phys-
icochemical properties, in fact, introduces considerable
complexity related to drug−drug interactions and their effect
on drug−polymer interactions.

Following the procedure outlined above, we performed
coarse-grained simulations of equimolar GEM and DOX
migration through the different chitosan networks and
calculated the diffusion constants for both drugs. Notably,
the values derived from dual-drug release (Figure 9) show
rather different trends from those obtained with single drugs
(Figure 9). In particular, the diffusion of DOX remains almost
constant across the entire range of χ for both acetyl- and
butanoyl-chitosan. The diffusion of GEM is also markedly
different. With an evenly spaced modification pattern, GEM

Figure 9. Drug diffusion constants vs χ for dual-drug migration across different chitosan networks: (a) GEM in acetyl-chitosan, (b) DOX in acetyl-
chitosan, (c) GEM in butanoyl-chitosan, and (d) DOX in butanoyl-chitosan.

Figure 10. Radial distribution functions of GEM around the center of mass of DOX in acetyl-chitosan networks with (a) evenly spaced and (b)
blocky modification, and in butanoyl-chitosan networks with (c) evenly spaced and (d) blocky modification.
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diffusion decreases with χ through both acetyl- and butanoyl-
chitosan. With the blocky modification pattern, instead, GEM
diffusion increases with χ through acetyl-chitosan and is almost
constant with χ through butanoyl-chitosan. These differences
are actually the result of drug−drug interactions, which
significantly affect drug−polymer interactions. This is con-
firmed by the radial distribution functions for GEM around
DOX molecules, which indicate a strong tendency of the two
drug molecules to aggregate. As can be seen from the double-
peak shape of the curves in Figure 10, in fact, clusters
comprising one DOX and two GEM molecules are frequently
formed.
Experimental Single-Drug Release. Kinetic Profiles of

Single-Drug Release. Single-drug release experiments were
performed by contacting 150 mg of drug-loaded hydrogel with
PBS at pH 7.4 to simulate physiological conditions. The drug
release profiles presented in Figure 11 were obtained using
acetyl- and butanoyl-chitosan gels with χ of 25%, which is
comparable to the lowest modification investigated in the MD
simulations. The analogous plot for heptanoyl-chitosan is
reported in Figure S7, and all of the other release profiles for
different modification types and degree are reported in Figures
S8−S10. Collectively, these data indicate that the choice of
modification has a profound impact on the kinetics of drug
release.
In the acetyl-chitosan gel (Figure 11a,c), GEM is released

slightly more rapidly than DOX, achieving 20% release in
about 1 h, compared with 6.5 h for DOX. Notably, the two
drugs are released at different doses; in particular, the
hydrogels released ∼40% of the GEM payload (100 μg) and
∼25% of the loaded DOX (32 μg) over 72 h, corresponding to
a molar ratio of 6.3 of GEM/DOX. The difference in both

release kinetics and dose can be related to the physicochemical
properties of the two drugs, DOX being moderately hydro-
phobic and GEM being very hydrophilic. These results agree
with the simulations of single-drug diffusion through acetyl-
chitosan, wherein the hydrophobic interactions between DOX
and the acetyl moieties displayed throughout the homoge-
neous network decrease its migration compared with GEM,
which exhibits no change in the diffusion coefficient as
modification prevalence increases in the acetyl-chitosan
network (Figure 7a,b).
The butanoyl-chitosan hydrogel shows a markedly different

behavior (Figure 11b,d), with DOX being released more
rapidly than GEM, reaching 20% release instantaneously
compared with 1 h for GEM. Additionally, the hydrogels
released ∼45% of the GEM payload (98 μg) and ∼60% of the
DOX payload (78 μg) over a 72 h period, corresponding to a
molar ratio of 2.6 of GEM/DOX. These results corroborate
the single-drug diffusion simulations through the butanoyl-
chitosan networks (Figure 7c,d), which indicated that the
release of DOX is not affected by LJ-type interactions with the
modified chitosan chains, but is rather governed by rapid
migration through the large channels produced by the
hydrophobic clustering of the butanoyl-chitosan chains. The
release of GEM, on the other hand, is unaffected by the
transition of a homogenous to heterogeneous structure. Both
the computational (Figure 7a,c) and experimental (Figure
10a,b) results of drug diffusion indicate that there is no
dependence of GEM diffusion on modification type and
pattern. The release profiles of DOX and GEM obtained from
chitosan hydrogels constructed with different degrees of
acetylation (15−55%) (Figure S8) and butanoation (15−
40%) (Figure S9) consistently align with the in silico results,

Figure 11. Release profiles of DOX (triangles) and GEM (squares) from chitosan hydrogels at χ = 25% of (a) acetyl at 72 h, and (b) butanoyl at 72
h, (c) acetyl at 1 h, and (d) butanoyl at 1 h. Data represent mean ± 99% CI (n ≥ 3).
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corroborating the correlation between drug release kinetics and
hydrophobicity driven morphing of the hydrogel micro-
structure provided by our coarse-grained model. Drug release
from heptanoyl-chitosan gels across a range of χ between 15
and 35% (Figure S10) showed strong similarity with that from
butanoyl-chitosan gels. These results were anticipated, given
than heptanoyl moieties, owing to their higher hydrophobicity,
are expected to trigger the formation of the cluster-channels
microstructure at low degrees of modification.
Equilibrium Single-Drug Release. The values of equili-

brium release, defined to be the asymptotic values of drug
release (t > 30 h), and the corresponding GEM/DOX molar
ratio from the different acetyl- and butanoyl-modified gels are
collated in Figure 12, where they are plotted against the degree
of acetyl and butanoyl modification (χA and χB). Analogous
plots obtained with heptanoyl-modified gels are reported in
Figure S11.
For acetyl-modified gels (Figure 12a), a downward trend in

DOX release is observed as χ increases, from a 36% release
(native chitosan, χA = 0.150) to a 7% release (χA = 0.592). This
is indicative of DOX retention in the hydrogel network by
hydrophobic adsorption of the drug on the acetyl modifica-
tions (Table S1), as the hydrogel maintains a homogenous
structure. The release of GEM fluctuates between 35% release
(χA = 0.150) and 46% release (χA = 0.531), indicating a quasi-
constant release within experimental error. The hydrophilic
character of GEM minimized its nonbonded interaction with

the acetyl moieties (Table S1), rendering its diffusion
independent of χ. In butanoyl-chitosan gels (Figure 12b),
the amount of DOX released increases significantly with χ,
from a 36% release (χB = 0.150) to a 92% release (χB = 0.384),
whereas GEM release remains relatively constant, varying from
a 35% release (χB = 0.150) to a 36% release (χB = 0.411) with
no statistically significant difference across all modifications.
These trends fully agree with the results obtained from the

single-drug diffusion simulations (Figure 7), indicating that the
migration of DOX is controlled by the hydrophobic
interactions with the acetyl-chitosan chains arranged in a
homogeneous gel and by pure diffusion across the cluster/
channels structure of butanoyl-chitosan gels. The migration of
GEM, instead, is effectively independent of gel modification
and microstructure, likely a result of GEM’s hydrophilicity. As
discussed above, the trend of DOX release seems to
corroborate the hypothesis of a blocky modification pattern,
wherein the clusters feature a micellar structure comprising a
hydrophobic core rich in butanoyl-chitosan segments and a
hydrophilic shell formed by unmodified chitosan segments. In
this scenario, in fact, DOX migrates more rapidly than in the
case of chitosan modified by evenly spaced modification, where
the surface of clusters may display butanoyl groups that would
adsorb DOX, thereby hindering its migration.

Mathematical Model Fitting. Drug release data from
acetyl-, butanoyl-, and heptanoyl-modified gels loaded with
either GEM or DOX were fitted to several empirical models,

Figure 12. Equilibrium release percents of DOX (triangles) and GEM (squares) and GEM/DOX molar ratio (red circles) vs χ for (a) acetyl-
chitosan and (b) butanoyl-chitosan. Data represent mean ± 99% CI (n ≥ 3).

Figure 13. K values obtained from the Korsmeyer−Peppas model for single GEM (black) and DOX (red) release vs χ in (a) acetyl-modified
chitosan gels and (b) butanoyl-modified chitosan gels. Data represent mean ± 99% CI (n ≥ 3).
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listed in Table S2. The fitting results summarized in Tables
S3−S5 indicate that the Korsmeyer−Peppas model provided
the best fit for the release of both DOX and GEM from the
hydrogels utilized in this study. In the Korsmeyer−Peppas
model, the values of the diffusion (or release) exponent n and
the kinetic constant K are correlated to the mechanism of
release and the diffusion coefficient, respectively.42 In
particular, n ≤ 0.45 indicates a classical Fickian diffusion
mechanism from cylindrical matrices. The fitted values of these
parameters for acetyl- and butanoyl-chitosan gels are reported
in Tables S6 and S7, respectively. For all of the gels, release of
DOX and GEM followed the Fickian mechanism.
Notably, the data indicate a clear trend for the release

exponent K (Figure 13), which is linked to the diffusion
coefficient. In acetyl-modified gels (Figure 13a), the K values
for GEM fluctuate between 11.4 and 19.5, without a strong
correlation to χ. The K values for DOX, on the other hand,
drastically decrease from 16.6 to 2.3 with increasing χ. This
translates in a decrease of the effective diffusion coefficient of
DOX with χ, due to the increasing number of nonbonded
interactions between DOX and the modified chitosan chains at
higher χA as predicted by our in silico model (Table S1).
The butanoyl-modified gels also showed values of n ≤ 0.45

for both drugs, indicating a purely Fickian diffusion mechanism
of migration through the hydrogel. As with acetyl-modified
gels, the values of K for GEM release from butanoyl-modified
gels fluctuate between 15.8 and 18.8, showing no correlation
with χ (Figure 13b). In contrast, the value of K for DOX

doubles over the range of χ, going from 20.9 to 50.8. As χ
increases, in fact, the butanoyl moieties morph the hydrogel
structure from a homogeneous network to a heterogeneous
cluster/channel structure. Once again, as hypothesized for the
blocky modification pattern, the large channels and the
concealment of the hydrophobic modifications within the
clusters result in a doubling of the effective diffusion coefficient
of DOX.

Experimental Dual-Drug Release. The final goal of this
study is to develop a delivery system that releases multiple
chemotherapeutics with precise kinetics and a molar ratio
conducive to synergistic therapeutic effects. We therefore
performed a number of dual-drug release studies aimed at
correlating the release kinetics and doses of GEM and DOX
with the type and degree of modification of the chitosan
hydrogel. As in the single-drug studies, dual-drug release was
performed using acetyl-, butanoyl-, and heptanoyl-modified
gels spanning a range of modification levels comparable to
those utilized in the dual-drug in silico modeling. Specifically,
acetyl-chitosan gels covered the range of χ values between
0.249 and 0.592, whereas butanoyl-chitosan gels covered a
range between 0.189 and 0.334. The resulting release profiles
(% release vs time) are reported in Figures S12−S14.
In all dual-drug release studies, the asymptotic release was

obtained within 24 h, resulting in wide ranges of equilibrium
GEM/DOX molar ratios for both acetyl-chitosan and
butanoyl-chitosan gels, as shown in Figure 14. In acetyl-
chitosan gels, the equilibrium GEM/DOX molar ratio

Figure 14. Equilibrium dual-drug release percents of DOX (black triangles) and GEM (black squares), and GEM/DOX molar ratio (red circles) vs
χ for (a) acetyl-chitosan and (b) butanoyl-chitosan. Data represent mean ± 99% CI (n ≥ 3).

Figure 15. K values obtained from the Korsmeyer−Peppas model for GEM (black) and DOX (red) released vs χ from (a) acetyl-modified chitosan
gels and (b) butanoyl-chitosan gels. Data represent mean ± 99% CI (n ≥ 3).
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increases with χ from 2.2 at χA = 0.264 to 14.3 at χA = 0.592. In
butanoyl-chitosan gels, the GEM/DOX ratio decreases with χ,
from 10.0 at χB = 0.189 to 5.2 at χB = 0.334. These trends show
some similarity with single-drug release data, although the
GEM/DOX ratios are considerably higher for dual-drug
release than for the single-drug release.
In addition to equilibrium data, kinetic release properties

were determined by fitting the GEM and DOX release data to
the Korsmeyer−Peppas model, reported for both acetyl- and
butanoyl-chitosan in Figure 15. It is important to notice that
the diffusion rate for DOX is nearly constant across the entire
range of χ for both acetyl- and butanoyl-chitosan, whereas the
GEM diffusion rate slightly increases with χ through acetyl-
chitosan and is almost constant with χ through butanoyl-
chitosan. These results match the dual-drug release profile
predicted by our MD simulations (Figure 9) for chitosan
modified with a blocky pattern, thereby corroborating the
hypothesis of blocky modification. For both acetyl- and
butanoyl- modified gels, the K values for GEM and DOX do
not show a strong correlation with χ, likely due to the drug−
drug interactions within the chitosan matrix, which are also
predicted by the MD simulations (Figure 10). Nonetheless, as
observed in single-drug release studies, the releases of GEM
and DOX were characterized by markedly different values of K,
indicating that GEM is released more rapidly than DOX.
These dual-drug studies demonstrate the efficacy of

modified chitosan gels for combined chemotherapeutic
treatment. First, the formulations studied herein afford the
desired schedule, with GEM being released prior to DOX; in
all dual-drug studies, in fact, the ratio of K values (GEM/
DOX) ranges from 2.0 to 9.0, with a mean of 5.4, indicating
release of GEM much faster than DOX. Second, the desired
molar ratio (dose), namely, the molar ratio yielding the highest
synergy (GEM/DOX = ∼10), is present from 32 to 42%
modification in acetyl-modified gels and from for 19 to 24%
modification in butanoyl-modified gels. These findings are
consistent with the current literature demonstrating that the
combination of GEM and DOX can be administered such that
a synergistic efficacy may be observed in vitro or in vivo when
the aforementioned kinetics and dose are present.7,41

■ CONCLUSIONS
Hydrogels constructed with native or modified polysaccharides
and loaded with chemotherapeutic drugs have been extensively
studied, and a number of them have entered the clinical
pipeline through the last decade.71−74 A growing body of
literature focuses on polymer conjugates and hydrogels that
deliver synergistic combinations of drugs. In developing these
systems for a given drug combination, the choice of the
modification groups, degree of modification, and initial drug
loading are crucial to ensure the therapeutic efficacy of the
formulation. Empirical exploration of such a wide design space,
however, is cumbersome and hinders the preclinical stages.
This study focuses on developing a computationally designed
and experimentally validated system that could serve as a
powerful guide to pharmaceutical chemists in the identification
of the design parameters that afford a schedule and a ratio of
drug release that ensure a successful therapeutic outcome.
Specifically, the proposed model has managed to accurately
portray complex phenomena, such as the different microscale
morphologies present in hydrogels constructed with different
types and degrees of modification, and the migration of not
only one but also two drugs through these modified polymer

networks. The experimental data validate the behaviors
predicted by the molecular dynamics simulations and indicate
specific formulations that afford synergistic combinations for
the specific drug pair considered in this study (DOX and
GEM) within the scope of the current literature. While
focusing on hydrophobically modified chitosan hydrogels and
the GEM−DOX drug pair, this method is applicable to any
other polymer substrates, whether natural or synthetic,
modification moiety, and therapeutic payload. The results
presented in this work fully demonstrate the potential of this
approach to accelerate the translation of drug-loaded hydrogels
for cancer therapy.
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