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ABSTRACT: Stearoyl chitosan (SC), derived from the acylation of
chitosan, contributes to the efficiency of drug delivery systems because of
its structure, which accommodates the drug in a particle. Nonetheless, its
role in chemotherapy has been largely unexplored. The present study
involves the synthesis of stearoyl chitosan through the reaction of
depolymerized chitosan with stearoyl chloride under mild reaction
conditions. The resulting compound was subjected to structural analysis
utilizing Fourier-transform infrared (FTIR) spectroscopy, 1H NMR, and X-
ray diffraction (XRD) spectroscopy. The dispersion of SC molecules in
phosphate-buffered saline (PBS) forms SC nanoparticles. The best
dispersion of SC in the solution was achieved at a 1:60 chitosan-to-stearoyl
chloride weight ratio. Three antimetabolite drugs, methotrexate, pemetrexed,
and raltitrexed, were selected to examine the loading efficacy of SC.
Pemetrexed had the highest drug-loading value of 36.8% among the three antimetabolites incorporated into SC, along with an
encapsulation efficiency of 85.1%. The size of SC loaded with antimetabolites ranged from 225 to 369 nm, and their spherical form
was verified via a transmission electron microscope. The in vitro release study showed that SC demonstrated controlled drug release,
suggesting that SC nanoparticles have significant promise as a delivery strategy for chemotherapy.

1. INTRODUCTION
Categorized as chemotherapeutic drugs, antimetabolites
mitigate the propagation of cancer cells by hindering their
ability to copy DNA and RNA.1,2 Rapid tumor progression, as
observed in leukemia, breast, ovarian, and gastrointestinal
cancer types, demands this type of antimetabolite medication.3

The molecular structure of an antimetabolite comprises a
cluster of purines or pyrimidines, nucleotides that function as
reactants, and other components related to metabolic path-
ways.4 Nevertheless, there are certain limitations associated
with the utilization of antimetabolites in the context of cancer
therapy, whereby cancer cells may gradually acquire resistance
to antimetabolites.5 On the other hand, antimetabolite
medications are toxic to the liver, kidneys, and bone marrow,
and they cause side effects and are not selective to the target
cells.6 This has led scientists to investigate novel strategies for
administering antimetabolites with selective targeting capa-
bilities.

The technological efficiency of antimetabolite delivery
systems has attracted considerable attention from scientists.
Recent studies concerning antimetabolite encapsulation have
investigated 5-fluorouracil encapsulation in B40 fullerene,7

single-walled carbon nanotubes,8 magnetically responsive
microbubbles,9 and gold nanoparticles.10 Furthermore, metho-
trexate has been studied in poly(lactic-co-glycolic acid)
(PLGA) nanoparticles11 and deoxycholate-D-α-tocopheryl
polyethylene.12 A new study was conducted by Li et al. to

design a long-acting drug delivery system of intraocular lenses
to encapsulate methotrexate for posterior capsule opacification
prophylaxis.13 All of the aforementioned carriers exhibited
either sustained or controlled drug release via both oral and
intravenous administration routes.

Chitosan and its derivatives have been extensively examined
and deployed as efficient drug carriers owing to their
interesting properties, such as nontoxicity, biocompatibility,
biodegradability, bioadhesiveness, antimicrobial, and antifun-
gal.14−20 Studies pertaining to chitosan and its modified forms
for drug delivery systems have demonstrated sustained release
and colon-targeting delivery systems.21−24 Drug carriers
derived from acylated chitosan, ranging from short chain to
long chain, have been widely utilized in many applications,
including nanoparticle formulations and as coatings for
liposomes.25−27 The hydrophobicity increases proportionally
with the length of the chain, thereby facilitating the
encapsulation of the lipophilic medication.
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To date, studies on stearoyl chitosan with a C18 chain
length as a drug delivery system have been limited. According
to Chirio et al., nanoparticles of stearoyl chitosan (SC) loaded
with curcumin generated from the microemulsion cold dilution
method demonstrated mean diameters ranging at 200−250 nm
and 73% of curcumin entrapment efficiency.28 Meanwhile, fish
oil incorporated into N-stearoyl O-butylglyceryl chitosan
resulted in a 12.9 μm size distribution and −101.4 mV ζ-
potential.29 Liu et al. introduced an amphiphilic carrier by
grafting chitosan with stearoyl chloride and poly-
(vinylpyrrolidone) (PVP). The distribution size of paclitaxel-
loaded PVP-SC was 144 nm with −7.5 mV ζ-potential.30 In
another study, Yang et al. reported that the paclitaxel was
successfully encapsulated into L-Carnitine-conjugated chitosan-
stearic acid polymer micelles with 157.1 nm particle size and
15.96% loading capacity.31

In the present study, a delivery system was synthesized using
the self-assembly of stearoyl chitosan to integrate three
antimetabolites with varying log P values, specifically peme-
trexed, methotrexate, and raltiterxed, as shown in Figure 1. The
acylation process involves the reaction of depolymerized
chitosan with stearoyl chloride under mild conditions, which
is facilitated by an acidic environment that enhances the rate of
acylation. The optimal formulation of stearoyl chitosan was
employed to encapsulate antimetabolites using the solvent
evaporation−hydration technique.32 Therefore, the objective
of this work was to assess the most stable formulation of

stearoyl chitosan based on its physicochemical properties.
Additionally, the incorporation of antimetabolite into the
selected stearoyl chitosan was investigated by analyzing the
encapsulation efficiency, particle size, ζ-potential, morphology,
and in vitro release. The three antimetabolites were used as
model drugs based on variations in log P values, as presented in
Table 1. The log P value was calculated empirically by dividing
the chemical between presaturated octanol and water phases in
a shake flask.33 It is hypothesized that pemetrexed, exhibiting a
positive value, demonstrates a tendency to readily engage with
the hydrophobic moiety of stearoyl compared to methotrexate
and raltitrexed. Consequently, this interaction is anticipated to
yield a high encapsulation value and sustained release behavior.
In addition, stearoyl chitosan is most likely to be a suitable
delivery system with a controlled release dosage form for these
antimetabolites because of its narrow therapeutic index. To the
best of our knowledge, there are no reports documenting the
effects of stearoyl chitosan on encapsulated drugs with different
lipophilicity values.

2. EXPERIMENTAL SECTION
2.1. Materials. The compounds used in this study were

purchased commercially and used as received without further
purification. Chitosan (MW 100,000−300,000 Da) was bought
from Sigma-Aldrich. Sodium hydroxide (NaOH) and NaNO2
were obtained from Fluka (Switzerland). Ethanol, hydrochloric
acid, chloroform, acetone, deuterium oxide (D2O), deuterated

Figure 1. Antimetabolite drugs: (a) pemetrexed, (b) methotrexate, and (c) raltitrexed.

Table 1. Chemical Properties of Antimetabolites

antimetabolite chemical formula
log P

(oct/water)

solubility in PBS
(mg·mL−1) drug delivery aystem

molecular
weight

(gmol−1)

pemetrexed (P) C20H21N5O6 1.52 10 gold nanoparticle34 597.5
methotrexate
(M)

C20H19H3N8O5 −0.11 1 biodegradable mesoporous silica nanoparticles;35 hyaluronic
acid-mangiferin-methotrexate nanodrug;36 microneedle patch37

457.5

raltitrexed (R) C21H22N4O6S −0.82 <0.043 raltitrexed combined with gold and silver nanoparticles;38 drug-eluting beads
(DEB-TACE)39

458.5
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acetic acid (CD3COOD), and tetrahydrofuran (THF) were
purchased from Merck (Germany). Methotrexate, pemetrexed,
and raltitrexed were purchased from Cayman Chemicals.
2.2. Synthesis of Stearoyl Chitosan. A chitosan solution

(1% w/v) was prepared by dissolving chitosan (DD 85%) in a
1% v/v acetic acid solution and stirring at 80 °C for 6 h. Prior
to the acylation procedure, water-soluble chitosan was
obtained by depolymerizing chitosan with NaNO2.

40 10 mL
of NaNO2 was introduced into the neutralized chitosan
solution, followed by agitation of the resulting mixture at a
temperature of 30 °C for 1 h. The pH of the solution was
adjusted to 8 to form a suspension containing insoluble
chitosan. Water-soluble chitosan was precipitated via filtration
and centrifugation. Subsequently, the chitosan, designated as
NC, was subjected to a drying process in a vacuum oven to
facilitate analysis.

The synthesis of stearoyl chitosan involves the introduction
of stearoyl chloride into a solution of depolymerized chitosan
(NC). The solution was prepared using the same methodology
described previously using a 1% w/v acetic acid solution. In
this synthesis, acetic acid was utilized not only to dissolve the
depolymerized chitosan but also to accelerate the acylation
process, similar to the function of a Lewis acid catalyst. The
acylation was performed at 30 °C for 5 h. Different weight
ratios of stearoyl chloride were introduced into the chitosan
solution with continuous stirring. Based on the glucosamine
fraction in chitosan, the weight ratios of chitosan to stearoyl
chloride were set as follows: 1:20, 1:40, 1:60, 1:80, and 1:100,
and labeled as SC1, SC2, SC3, SC4, and SC5, respectively. The
resultant mixture was agitated for 5 h at a controlled
temperature of 30 °C using a Lauda Ecoline RE207 water
bath to produce a homogeneous solution. After optimization of
the acylation process, the solution was left overnight. An
equivalent volume of acetone was added to the mixture to form
a suspension. The precipitated SC was isolated from the
unreacted stearoyl chloride via centrifugation for 15 min at
5000 rpm. Finally, SC was retrieved by drying the precipitate
for 12 h in a vacuum oven.
2.3. Preparation of Self-Assembled Stearoyl Chitosan

Nanoparticles. In this study, nanoparticles were formed when
stearoyl chitosan (SC) was allowed to self-assemble in aqueous
solutions of various concentrations. First, each SC (0.5 mg)
was solubilized in 5 mL of tetrahydrofuran (THF). A volume
of 10 mL of phosphate-buffered saline (PBS) with a
concentration of 0.01 M and pH 7.4 was gradually introduced
into the prepared SC solution. The mixture was sonicated for 1
h at a rotational speed of 300 rpm to facilitate the self-assembly
of the SC into nanoparticles. Subsequently, THF was removed
using a rotary evaporator by heating the mixture to 50 °C.
Nitrogen gas was then introduced into the solution afterward
in order to purge any residual THF. PBS, with a pH of 7.4, was
employed during the preparation of the self-assembled SC to
enhance its resemblance to the pH of human blood. Moreover,
the use of isotonic PBS can mitigate the occurrence of osmotic
stress on stearoyl chitosan during self-assembly.
2.4. Fourier Transform Infrared (FTIR) Spectroscopy.

Attenuated total reflectance (GladiATR) FTIR spectroscopy
(Pike Technologies) was employed to identify the functional
groups of native chitosan (NC) and SC. All measurements
were performed in the range 4000−550 cm−1 with 32 scans
and a resolution of 4 cm−1.

The degree of substitution of SC was controlled by the
weight ratio (chitosan to stearoyl chloride) and calculated
using the following equation

=DS 1 DD (1)

Degree of substitution (DS) and DD refer to the degree of
substitution and the degree of deacetylation, respectively.25

The value of DD was determined based on the ratio of A1655/
A3450, as given in the equation below41

i
k
jjjjj

y
{
zzzzz= ×

A
A

DD (%)
100
1.33

1655

3450 (2)

where A1655, A3450, and 1.33 correspond to absorbance values at
1655 cm−1 due to C�O (amide I), band at 3450 cm−1 owing
to the O−H band, and the assumption for fully deacetylated
chitosan,42 respectively.
2.5. 1H Nuclear Magnetic Resonance (1H NMR). NMR

spectroscopy (Bruker, Avance III 400 MHz) was used to
determine the number of protons in the NC and various SCs.
1H NMR analysis was performed by dissolving the samples in
2% CD3COOD and D2O solutions. To increase the solubility
of SC, all of the samples were measured at 70 °C. Delta NMR
data processing software was used to analyze the NMR spectra.
2.6. Powder X-ray Diffraction Analysis. The diffraction

patterns of the NC and SC powders were captured using a
PANalytical powder X-ray diffractometer (EMPYREAN) with
a Cu X-ray source (Cu K-α) in reflectance mode (wavelength:
0.15418 nm and 2θ: 4−40°). HighScore Plus software was
used to analyze the diffractograms.
2.7. Determination of Water Solubility Using UV−

Visible Spectroscopy. The water solubility of SC was
determined by using an ultraviolet−visible (UV−vis) spec-
trophotometer. A saturated sample of each SC was prepared in
deionized water and agitated for 1 h at 30 °C. Subsequently,
the UV−visible absorbance of the saturated SC solution was
measured. A saturated SC solution, which served as a stock
solution, was subsequently employed to produce a series of SC
solutions at known concentrations. A calibration curve was
established by plotting the absorbance of a series of SC
solutions at a wavelength of 271 nm against their
concentration. The water solubility of each SC sample was
calculated by extrapolating the saturated SC value obtained
from the calibration curve.
2.8. Determination of Critical Micelle Concentration

(CMC). The critical micelle concentration of various SCs was
determined using an Eutech Conductivity Meter CyberScan
CON 510. A series of concentrated SC was prepared in
deionized water, and its conductivity was then assessed. The
critical micelle concentration (CMC) is the concentration at
which the linear relationship between the conductivity and the
surfactant concentration breaks down.
2.9. Determination of Average Molecular Weight.

The static light scattering technique was employed in this
study to determine the average molecular weight of NC and
various SC ratios using a Zetasizer Nano (Malvern Instru-
ments). Samples of various concentrations were dispersed in
an aqueous solution. The measurements were repeated three
times to determine the data accuracy. Debye plots of intensity
against concentration were plotted to calculate the average
molecular weight based on the intercept using the following
equation
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= +KC
R M

A C
1

2
w

2
(3)

The concentration-dependent KC/Rθ linear fit (the Debye
plot) showed an intercept equivalent to the inverse of
molecular weight (Mw) and a slope equivalent to the second
virial coefficient (A2). The Rayleigh ratio, denoted as Rθ, is
utilized to determine the ratio of the intensity of scattered light
to the intensity of incident light at a specific angle θ.
Additionally, C is the sample concentration and K is the Debye
constant.
2.10. Particle Size and ζ-Potential Analyses. The

dynamic light scattering method was applied to measure the
hydrodynamic diameters of NC and SC using a Zetasizer Nano
ZS (Malvern Instruments, U.K.) with a backscatter detection
of 173°. In contrast, the ζ-potentials of NC and SC were
measured at a detection angle of 17°. All measurements were
performed in triplicate in an aqueous solution at 25 °C.
2.11. Morphology Analysis. The morphology of the SC

nanoparticles incorporated into antimetabolites was assessed in
this study using an LEO Libra-120 transmission electron
microscope (TEM; Carl Zeiss, Germany) with an accelerating
voltage of 120 kV. Briefly, a drop of SC dispersion was
deposited on a carbon-coated copper grid and dried for 3 min
at room temperature. Next, a drop of 1% (w/v) phospho-
tungstic acid (PTA) was employed to stain the specimen. The
grid was then gently transferred to a desiccator and dried for
24 h.
2.12. Encapsulation Efficiency and Loading Capacity

of Drugs. The three antimetabolites encapsulated in SC in
this study were pemetrexed, methotrexate, and raltitrexed.
Each drug was individually encapsulated in the selected SC,
based on its optimal physicochemical properties, as a colloidal
system. Various weight ratios of the drug to carrier and SC
solution were prepared in PBS (0.01 M, pH 7.4). SC (1 mg)
was loaded with 0.025−0.125 mg of various drugs to yield a 10
mL suspension. The encapsulation of different drugs into the
SC was accomplished in the same manner as the self-assembly
of the SC nanoparticles. After the SC and each drug were
dissolved in THF separately, the two solutions were mixed
using an orbital shaker and agitated for 30 min. A solution of
0.01 M phosphate-buffered saline (PBS) (pH 7.4) was
introduced into the mixture of SC and the drug. Subsequently,
the mixture was agitated at 300 rpm for 24 h on an orbital
shaker. Finally, THF was extracted by using a rotating
evaporator and nitrogen gas. To separate the free drug, 1
mL of the sample was run through a centrifugal concentrator
(Vivaspin 6) with a pore size of 10 kDa molecular weight
cutoff (MWCO). Centrifugation was performed for 15 min at
5000 rpm. A Varian Cary 50 UV−vis spectrophotometer was
used to analyze the free drug concentration at the bottom of
the centrifugal concentrator. Methotrexate, pemetrexed, and
raltitrexed exhibited maximum wavelengths of 373, 225, and
351 nm, respectively. All assays were performed in triplicate.
The encapsulation efficiency was calculated by using the
following equation32

= ×EE (%)
(total drug added free drug)

total drug added
100%

(4)

Drug loading was calculated in this study. In brief, drug
loading refers to the fraction of drug found in a nanoparticle
based on the total amount of drug applied while preparing the
nanoparticle yield.47

= ×
g

DL (%)
(total drug added free dru )

total nanoparticle
100%

(5)

2.13. In Vitro Release Study. In this study, a Franz cell
diffusion system (Hanson Research Co.) was used to perform
an in vitro antimetabolite release. The system consisted of six
glass cells, a 4 mL receptor chamber, a programmable
circulator bath, and a Hanson Microette Plus Autosampler. A
regenerated cellulose membrane with 5 kDa of MWCO (63
mm, Nest Group Inc.) was placed onto the glass cells after they
were washed with deionized water and soaked for 12 h in PBS
(0.01 M, pH 7.4). The experiment was carried out at 37 ± 0.1
°C separately for each drug. A similar sample preparation
technique was used to determine the encapsulation efficiency.
Each drug (0.1 mg) was incorporated into the SC nano-
particles, and the drug-loaded SC dispersion was transported
into the donor chamber. Owing to the gradient concentration,
the drug diffused into the receptor chamber containing PBS
solution (0.01 M) through the membrane. Sampling was
performed at 0.5, 1, 2, 4, 6, 8, 12, 16, 20, and 24 h, in which an
aliquot of 1 mL in the receptor chamber was automatically
transferred into vials (Agilent). Subsequently, the solution in
the receptor chamber was gradually replaced with a fresh
receiving medium of PBS (0.01 M) to maintain a constant
volume. A Varian Cary 50 UV−visible spectrophotometer was
used to measure the content of the studied drug at 373 nm
(methotrexate), 225 nm (pemetrexed), and 351 nm (ralti-
trexed). A comparative analysis was performed between the
cumulative drug release from the SC-encapsulated drug and
the free drug release over time to identify the drug release
features.

Drug release kinetics was quantitatively predicted by
deploying several mathematical models and analyzing the
overall release behavior. Using the DDSolver tool, the
cumulative release profile of the three selected antimetabolites
incorporating SC was fitted with Higuchi, first-order, and
Korsmeyer−Peppas kinetic models.43 The first-order kinetic
model was built by calculating the cumulative fraction of drug
release as a logarithm over time. In the Higuchi kinetic model,
the plot reflects the cumulative drug release as a percentage of
the square root of the time. Meanwhile, the Korsmeyer−
Peppas kinetic model was constructed by plotting the
logarithm of the percentage of cumulative drug release against
the logarithm of time.

=F k tfirst order model: ln(1 ) 1 (6)

=F k thiguchi model: 2
1/2 (7): M

M

k t

Korsmeyer Peppas model t

n
3 (8)

where F denotes the fraction of drug released at time t in both
first-order and Higuchi kinetic models. In the Korsmeyer−
Peppas kinetic model, Mt refers to the drug released at time t,
k1 signifies the release constant in the first order, k2 is the
release constant in the Higuchi model, k3 denotes the kinetic
constant, M∼ exemplifies the amount of drug released at
infinite time, and n represents the release exponent.
2.14. Statistical Analysis. Data were analyzed using

Origin and Analysis of Variance (ANOVA). Significant
variations observed between the mean values of the samples
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were determined using one-way analysis of variance
(ANOVA), with a significance level set at p < 0.05.

3. RESULTS AND DISCUSSIONS
3.1. FTIR Analysis. The stearoyl chitosan (SC) structure

was confirmed through the analysis of the FTIR spectra.
Additionally, the FTIR spectra of stearoyl chitosan and native
chitosan were compared, as depicted in Figure 2. The NC
spectrum demonstrated a broad peak at 3436 cm−1 attributed
to O−H stretching vibration, which could have overlapped
with N−H stretching vibration.21 The band at 1152 cm−1 was
ascribed to C−O−C stretching vibration, which reflects a β(1
→ 4) glycosidic linkage,44,45 whereas the stretching vibration
of C−O occurred at 1059 and 1025 cm−1. When examining the
SC spectrum, it was observed that the O−H stretching
vibration exhibited a slight shift with the exception of SC1.
This discrepancy in SC1 may be attributed to its resistance or
limited detection during acylation. One notable distinction is
the emergence of two distinct peaks following the acylation
process at 2918 and 2850 cm−1, denoted as the stretching of
asymmetric and symmetric CH2, correspondingly.

46 Moreover,
the two prominent peaks at 1644 and 1582 cm−1 denoted C�
O stretching vibration (amide I) and N−H stretching vibration
(amide II), respectively.21,46 All SC ratios demonstrated bands
similar to those of SC1. This signified that the acylation
mechanism was more highly selective for amine groups than
hydroxyl groups in chitosan due to the electronegativity of
amines.47,48 The notion is verified due to the absence of a band
at 1750 cm−1 in all SC spectra, reflecting the O-ester group.46

The encapsulation of drugs into stearoyl chitosan can
potentially lead to intermolecular interactions between the
drug and the carrier. Figure 3 illustrates the interaction
between stearoyl chitosan (SC3) and methotrexate. Upon
conducting a comparative analysis of the spectra of SC3,
methotrexate, and M-loaded SC3, it is obvious that there is a
noticeable difference in the intensity of the peaks associated

with each functional group. In the methotrexate spectrum, a
prominent and broad peak was observed at 3393 cm−1, which
can be attributed to the vibrations of the N−H bonds. Notably,
this particular peak exhibited a slight shift when methotrexate
was loaded onto SC3. Shifts in the peaks in the spectral range
1632−1514 cm−1 were observed, which can be ascribed to the
vibrations of C�C bonds in the aromatic ring and R-NH2
groups. Additionally, the presence of peaks at 1392 and 1209
cm−1 suggested the presence of stretching vibrations in the C−
C or C−H bonds. The occurrence of a highly pronounced
carbonyl C�O peak is likely attributable to the impact of the
functional group derived from SC3, namely, the O−H group.
This finding indicated that the interaction between metho-
trexate and the carrier molecule was due to hydrogen bonding.

Figure 2. FTIR spectra of NC and stearoyl chitosan (SC1−SC5).

Figure 3. FTIR spectra of SC3, methotrexate, and M-loaded SC3.
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3.2. 1H NMR Analysis. The 1H NMR spectra of NC and
SC3 in deuterated acetic acid are shown in Figure 4.

Deuterium oxide and deuterated acetic acid exhibited chemical
shifts of 4.61 and 2.03 ppm, respectively. The spectrum of
chitosan revealed peaks at 1.80, 3.56, 3.91−4.33, 5.24, and 8.62

ppm attributed to CH3(N-acetylglucosamine), H2, H3−H6,
H1, and NH, respectively. The proton signal seen in Figure 4b
is identical to that of NC, except for the CH3 (N-acetyl) and
NH peaks, which presumably diminished owing to the
presence of stearoyl. However, the effectiveness of this
acylation method was evidenced by the prominent presence
of stearoyl group peaks observed consistently over subsequent
ranges. Several stearoyl moiety peaks were found in the ranges
0.61 1.55, 1.73, 2.20, 2.28, and 2.55, 2.57 ppm assigned to
methyl protons R-CH3, methylene protons R-CH2-CH3,
methylene protons R-CH2-CH2−CH3, and methylene protons
R-CH2-C�O, respectively. The same spectrum was recorded
for SC1, SC2, SC4, and SC5, with varying intensities.
3.3. Average Molecular Weight, Water Solubility, and

Critical Micelle Concentration. The average molecular
weights of various SCs are listed in Table 2. After
depolymerization of medium molecular weight chitosan using
sodium nitrite, the molecular weight of the new chitosan (NC)
was found to be 17 kDa. The introduction of a stearoyl moiety
into the NC gradually increased the average molecular weight
based on the amount of stearoyl. The highest average
molecular weight of 57 kDa was observed in SC5, where the
weight ratio of chitosan to stearoyl was 1:100 based on the N-
glucosamine unit. As shown in the table, the substitution of a
hydrogen atom with a stearoyl is energetically favorable, such
that the acylation process occurs spontaneously. Although
there is no direct relationship between the average molecular
weight and degree of substitution, these two parameters affect
the solubility of SC in deionized water. As the NC was
acylated, the water solubility decreased significantly owing to
the length of the side chain. The more stearoyl was added, the
less soluble the SC was in deionized water.

The critical micelle concentration (CMC) of soluble SC was
determined by using conductivity measurements. This method
allows the observation of the formation of micelles or self-
aggregation of SC.49 At low concentrations, SC appears as
individual polymer chains with a charge capable of conducting
current. As the concentration increased, the self-assembly of
SC molecules occurred, leading to the formation of micelles. At
this concentration, the flow of electrical current through water
is hindered by the production of micelles. This phenomenon
gives rise to discontinuities or fractures in the system, where
the conductivity initially exhibits a linear increase with
increasing concentration. When the concentration of SC is
high, agglomerates are formed, thereby reducing the likelihood
of an individual polymer SC being present in the solution.
Consequently, this phenomenon slows the further increase in
the conductivity.

According to Table 2, the degree of substitution (DS)
represents the quantity of stearoyl embedded in the chitosan
backbone. In addition, the increased stearoyl content led to
higher DS values. The acylation procedure, conducted at a

Figure 4. 1H NMR spectra of the (a) NC and (b) SC3.

Table 2. Estimation of Average Molecular Weight, Degree of Substitution, and SC Yield

average molecular weight (Mw)
(kDa)

degree of substitution
(DS)

yield
(%)

crystallinity index
(%)

solubility in DI water at 30 °C
(g·L−1)

CMC
(mg· mL−1)

NC 17 67 5.84 ± 0.01 0.88 ± 0.01
SC1 27 0.15 88 98.5 1.93 ± 0.05 0.07 ± 0.02
SC2 29 0.17 73 97.7 1.60 ± 0.03 0.06 ± 0.02
SC3 41 0.29 87 99.2 1.20 ± 0.03 0.05 ± 0.07
SC4 49 0.33 78 99.0 0.51 ± 0.02 0.04 ± 0.02
SC5 57 0.47 81 94.8 0.11 ± 0.01 0.02 ± 0.01
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temperature of 30 °C, yielded a product with a purity of over
70%. This indicated the successful substitution of the hydrogen
atom attached to the amino group with an acyl group. In
addition, the findings suggest that the acylation process can be
feasibly performed at ambient temperature.
3.4. XRD Analysis. Figure 5 shows the XRD patterns of the

NC and various SCs. The diffractogram of NC displayed broad
peaks at 2θ = 20.4 and 10.4°, attributed to amine I (−N−CO−
CH3) of chitosan and amine II (−NH2) of chitosan,
respectively. The peak near 20° became broader and weaker,
indicating an amorphous state of their crystalline structures
and a substantial reduction of intramolecular hydrogen
bonds.50 The diffractogram of NC displayed broad peaks at
2θ = 20.4 and 10.4°, which signified its amorphous
characteristics.51 The introduction of a stearoyl group into
the chitosan backbone significantly altered its structure and
enhanced its crystallinity. It can be observed from the X-ray
patterns of SC that the strongest reflections appeared at about
2θ = 5.5° and at about 19−25°, which corresponds to a
stearoyl group. Moreover, several weak peaks at 2θ = 8, 13, and
32° probably correspond to highly ordered long alkyl chains.
The crystallinity percentage was calculated using the equation
below52

= ×I I
I

%crystalline 100am002

002 (9)

where I002 refers to the maximum intensity of the (002) lattice
diffraction and Iam represents the diffraction intensity at 2θ =
20.4°.

Both SC3 and SC4 exhibited the highest crystallinity index,
which was ascribed to the well-arranged stearoyl chains and
possible hydrophobic interactions within their structures. The
increment of DS in SC distorted the stearoyl group, which
lowered the crystallinity index.

3.5. Particle Size and ζ-Potential. As shown in Figure 6a,
a significant increase was noted in the particle size of NC,
which ranged from 74 ± 17 to 170 ± 24 nm with an increase
in concentration between 0.008 and 0.04%. This outcome was
ascribed to the increasing concentration, which led to a larger
particle size as a result of self-assembly. The other SC
nanoparticles displayed a similar trend in which the particle
size increased progressively with increasing DS. The findings
revealed various polydispersity indices for both the NC and SC
particles, which reflected the distribution of large-sized
particles. Figure 6a depicts the correlation between the particle
sizes of various SCs and the differences in their concentrations
in aqueous solution. The depolymerization of chitosan,
denoted as NC, resulted in a reduction in particle size from
170 ± 24 to 74 ± 17 nm, following five consecutive dissolution
cycles. A similar pattern was noted in SC5, but the observed
change was relatively less substantial in comparison of SC1−
SC4. This dilution leads to a decrease in the number of
particles present, resulting in a diminished likelihood of
collisions or interactions between the particles. Ultimately,
Brownian motion decelerates, leading to a reduction in light
scattering, as indicated by the diminishing size of the SC
particles. Additionally, Figure 6a demonstrates a noticeable
correlation between the ratio of stearoyl incorporated into
chitosan and the resulting particle size. The relationship
between the ratio of stearoyl to chitosan (SC5) and particle
size can be easily understood because an increase in the
stearoyl ratio results in a reduction in particle size. As the
amount of stearoyl rises, the van der Waals forces increase,
resulting in a more pronounced attraction among the polymer
chains, thereby facilitating their closer proximity. Conse-
quently, this phenomenon led to a reduction in the particle
size.

The polydispersity index (PDI) in Figure 6b illustrates the
particle size distributions of both the NC and SC. Among

Figure 5. XRD patterns of NC and various SCs.
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them, SC1 exhibited the widest PDI values, ranging from 0.23
to 0.81. This phenomenon might be attributed to the relatively
low concentration of stearoyl groups attached to chitosan. As a
result, SC1 exhibits a preference for integration within an
aqueous solution rather than for particle formation. Con-
sequently, the particle size distribution of SC1 was nonuni-
form. In contrast to the situation observed in SC3, the PDI
value exhibited a very consistent trend within the range of
0.22−0.28 across five different concentrations. This finding
demonstrates that the formulation denoted as SC3 exhibits
superior stability in terms of particle size dispersion. In the
pharmaceutical industry, a PDI value of less than 0.3 is critical
for assessing the durability of colloid dosage forms during
storage. Formulating encapsulated therapeutic drugs requires

careful consideration of the size distribution of drug delivery
systems throughout time.53

ζ-Potential measurements were performed in this exper-
imental study to determine the stability of the SC nanoparticles
as a colloidal system in an aqueous solution, as shown in Figure
7. The positive ζ-potential value exhibited by NC can be
attributed to the presence of an amine group that carries a
positive charge. The stability of this depolymerized chitosan
with respect to its ζ-potential was shown to be generally
consistent within the concentration range 0.008−0.032%,
exhibiting an average value of approximately 5 mV. However,
it is notable that at the highest concentration, a slight drop in
the ζ-potential was observed, potentially indicating the
initiation of aggregation or the occurrence of strong particle

Figure 6. DLS measurements of NC, SC1, SC2, SC3, SC4, and SC5: (a) particle size and (b) PDI.
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interactions. In addition, the introduction of stearoyl to the
amine group subsequent to the acylation procedure resulted in
the modification of the ζ-potential, rendering it a negative
value. This indicated that the acylation of chitosan decreased
the ζ-potential. The ζ-potential value of ∼0 mV indicated that
the systems preferred aggregation at larger concentrations of
both NC and SC. The aggregation of particles results in a
reduction in the repulsive forces acting between them, causing
a drop in the value of the ζ-potential. Among the five ratios of
stearoyl/chitosan, SC3 and SC5 exhibited ζ-potential values
above −10 mV at the two lowest concentrations. This
indicated that these two stearoyl chitosan compounds
demonstrated considerable stability when dissolved in an
aqueous medium.

Dynamic light scattering (DLS) studies revealed that SC3
exhibited the most favorable system stability, as evidenced by
its superior performance in terms of the average particle size,
PDI value, and ζ-potential. Consequently, SC3 was selected as
the carrier for the three antimetabolites with varying log P
values. The concurrent use of the three antimetabolites
resulted in alterations in the mean particle size, polydispersity
index (PDI), and ζ-potential, as shown in Table 3.

Table 3 shows that the average particle size obtained from
DLS measurements was greater than that observed in the
transmission electron microscopy (TEM) images for all
samples. This phenomenon can be attributed to the utilization
of the DLS technique, wherein the particles are distributed
within an aqueous solution. Consequently, the dimensions of
the particles are influenced by the presence of the surrounding

liquid layer. In TEM, the examination was conducted under
vacuum, and the particles were in a desiccated state, ensuring
that the resulting size measurement was predominantly
representative of the particle size. When examining the PDI
values associated with the three antimetabolites loaded into
SC3, it was observed that these values were within the range of
0.5, suggesting a relatively broad particle size distribution. On
the other hand, the SC3 formulation loaded with raltitrexed
had the highest ζ-potential value of −15.93. The observed
phenomenon can be attributed to the relatively lower
logarithmic partition coefficient (log P) of raltitrexed compared
to pemetrexed and methotrexate. This indicated that
raltitrexed exhibited a reduced affinity for hydrophobic
interactions with the stearoyl group, favoring attachment or
interaction through the formation of hydrogen bonds with the
hydrophilic group on SC3. In contrast, the ζ-potential of SC3
decreased after loading pemetrexed. This decrease can be
attributed to the hydrophobic nature of pemetrexed, which
induces the formation of intermolecular forces with the
nonpolar groups present on SC3.
3.6. Morphology Analysis. The limited contrast observed

under transmission electron microscopy (TEM) can be
attributed to the electron sensitivity of TEM images and the
low atomic number (Z) of the chitosan backbone, which
mostly comprises carbon, hydrogen, nitrogen, and oxygen
atoms. Based on previous characterization, SC3 was selected as
the carrier in this experimental study to be amalgamated with
drugs because of its ideal particle size and stability as a drug
delivery system. The TEM images revealed that drug-loaded
SC3 exhibited a predominantly spherical morphology, albeit
with variations in size. Figure 8a illustrates that the average
particle size of SC3 was 160 nm, representing a reduction of
50% compared to the particle size obtained from dynamic light
scattering (DLS) measurements. This phenomenon can be
observed in dynamic light scattering (DLS) analysis, where the
particle size is determined based on the hydrodynamic radius
of all particles in the sample following solvent penetration,
encompassing both individual particles and those that have
formed aggregates. Transmission electron microscopy (TEM)
provides insights into the dimensional characteristics of
particles in the dry state. As depicted in Figure 8b−d, the
spherical morphology of stearoyl chitosan remained unchanged
after incorporation of the three antimetabolites possessing
distinct log P. Upon comparing drug-free SC3 with the three
drug-loaded SCs, it was observed that the particle size
increased, particularly in the case of pemetrexed. This
phenomenon was facilitated by pemetrexed, which exhibited
a positive log P. This indicates that the hydrophobic moiety of
pemetrexed has a greater affinity for binding to the
hydrophobic stearoyl chain than methotrexate and raltitrexed.
Meanwhile, the size of methotrexate- and raltitrexed-loaded SC
particles increased slightly compared to drug-free SC. Based on
these images and the average particle size, it was possible to
determine the position of the antimetabolite-incorporated SC.
Specifically, it can be inferred that pemetrexed could be located
within the inner nonpolar stearoyl group of chitosan.
Methotrexate and raltitrexed, however, most likely reside
around the hydrophilic regions of the SC. Furthermore, both
antimetabolites exhibited a negative log P value, which
indicates a stronger affinity for the aqueous phase.
3.7. Encapsulation Efficiency and Drug Loading. The

encapsulation efficiencies and drug-loading capacities of SC3
are listed in Table 4. Notably, the drug loading of all

Figure 7. ζ-Potentials of NC, SC1, SC2, SC3, SC4, and SC5.

Table 3. Particle Size, PDI, and ζ-Potential of SC3 and
Drug-Loaded SC3

particle size (nm)

sample
DLS

measurement
TEM

micrograph PDI (DLS)
ζ-potential

(mV)

drug-free
SC3

320 ± 12 155 ± 15 0. 25 ± 0.02 −10.93 ± 0.35

P-SC3 687 ± 28 369 ± 22 0.59 ± 0.08 −7.25 ± 1.31
M-SC3 502 ± 13 277 ± 18 0.69 ± 0.18 −9.64 ± 1.15
R-SC3 582 ± 65 225 ± 12 0.59 ± 0.16 −15.93 ± 0.72
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antimetabolites increased with the amount of drug incorpo-
rated into SC nanoparticles. Pemetrexed had the largest drug-
loading value, approximately three times those of methotrexate
and raltitrexed. This was made feasible by the extensive van der
Waals forces between the benzene of pemetrexed and stearoyl,
allowing more pemetrexed loading into the SC. In contrast, for
methotrexate and raltitrexed, the presence of nitrogen and
sulfur atoms in the middle of these structures weakened the
van der Waals interactions. Hence, both drugs attained low
drug loading values.

As shown in Table 4, the encapsulation efficiency of the
three drugs ranged from 93.6 to 94.5% at low drug weights.
Nonetheless, the encapsulation efficiency demonstrated by
pemetrexed decreased steadily with increasing drug loading,
stemming from the high amount of pemetrexed that was not
tolerated by the SC and hindered the carrier−drug bond

formation. However, this phenomenon was absent in
methotrexate and raltitrexed, attributable to the dipole−dipole
interactions that occurred between the drugs encapsulated in
the SC. In addition, both nitrogen and sulfur atoms cause
partial charge in the molecules. Thus, the addition of the drug
led to a stronger bonding force. This dismissed any correlation
between the drug amount and encapsulation efficiency.
Moreover, the encapsulation efficiency experienced a slight
change because of the possibility of the drug being entrapped
not only within the inner core, where stearoyl exists, but also
potentially attached to the hydrophilic region of SC3 facing
outward. This, in turn, contributes to the attainment of a high
encapsulation efficiency.
3.8. In Vitro Drug Release. Figure 9 illustrates the rate of

drug release from the three selected antimetabolites for over 24
h with and without a carrier. The outcomes revealed that free

Figure 8. TEM image of (a) SC3, (b) pemetrexed-loaded SC3, (c) methotrexate-loaded SC3, and (d) raltitrexed-loaded SC3.

Table 4. Drug Loading and Encapsulation Efficiency

drug loading (%) encapsulation efficiency (%)

weight ratio SC-3: drug P M R P M R

1:0.025 6.8 ± 2.0 2.4 ± 0.2 2.1 ± 1.3 93.6 ± 1.6 94.5 ± 1.4 94.3 ± 1.2
1:0.05 17.0 ± 3.8 4.6 ± 0.1 4.6 ± 0.2 92.0 ± 3.4 92.8 ± 1.4 92.0 ± 1 2
1:0.075 26.1 ± 2.4 6.9 ± 0.2 6.9 ± 3.0 89.9 ± 2.5 92.3 ± 1.2 92.5 ± 2.2
1:0.1 36.8 ± 1.1 9.1 ± 0.3 9.2 ± 2.1 85.1 ± 3.5 92.1 ± 2.4 92.4 ± 3.0
1:0.125 46.7 ± 1.4 11.6 ± 0.3 11.8 ± 1.3 69.5 ± 2.8 91.8 ± 2.7 86.2 ± 3.5
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methotrexate was completely released within 16 h, while free
pemetrexed and free raltitrexed were discharged to 80, and
95%, respectively, within 24 h. However, the incorporation of
the three drugs into the SC drastically altered the drug release
rate. It was found that about 20% of pemetrexed was released
within 24 h, which displayed a significantly lower rate than

those of methotrexate and raltitrexed. In contrast, methotrexate
release peaked at 60% and raltitrexed at approximately 40%
within the same time frame. The diffusion of pemetrexed from
the SC into the water-based medium occurred very slowly
because of the strong bond formed between the drug molecule
and the carrier. The aromatic part of pemetrexed could have

Figure 9. Cumulative release of free drug and drug-loaded SC3 at 0.016% concentrations: (a) pemetrexed, (b) methotrexate, and (c) raltitrexed.

Table 5. Kinetic Model of Drug Release

zero-order first order higuchi Korsmeyer-Peppas

P-loaded SC3 R2 = 0.9135 R2 = 0.9887 R2 = 0.9614 R2 = 0.9968
k0 = 3.429 k1 = 0.055 kH = 13.820 kKP = 8.934

n = 0.665
M-loaded SC3 R2 = 0.9302 R2 = 0.9574 R2 = 0.9513 R2 = 0.9963

k0 = 1.151 k1 = 0.013 kH = 4.620 kKP = 2.773
n = 0.692

R-loaded SC3 R2 = 0.9334 R2 = 0.9598 R2 = 0.9506 R2 = 0.9972
k0 = 1.137 k1 = 0.013 kH = 4.561 kKP = 2.707

n = 0.697
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interacted with the nonpolar stearoyl group through van der
Waals force.54 When the SC began to swell owing to the effect
of temperature, pemetrexed required additional time to break
the strong bond and diffuse into the medium.

It is noteworthy that a mathematical approach is applicable
for comparing the cumulative release of drug models from the
SC carrier. As tabulated in Table 5, among the three
mathematical models used for comparative analysis with the
retrieved experimental outcomes, the Korsmeyer−Peppas
kinetic model displayed the best fit for modeling the in vitro
drug release mechanism for all drugs loaded in the SC. As
shown in Table 5, the kinetic studies showed that the
cumulative drug release for the drug models was consistent
with the Korsmeyer−Peppas kinetic model, whereby the R2

values retrieved for pemetrexed, methotrexate, and raltitrexed
were 0.9968, 0.9963, and 0.9972, respectively. The release
exponent (n), which ranged from 0.665 to 0.697, revealed the
mechanism of drug release via anomalous transport (non-
Fickian diffusion).55 Furthermore, the concentration gradient
had no impact on the diffusion of the drug into the medium.
Other factors (e.g., drug−carrier chemical interactions,
swelling, and drug-diffusion medium interactions) affected
the results.56 Hence, SC has been proven in this study to offer
an exceptional controlled release for all three tested
antimetabolites.

4. CONCLUSIONS
The hydrophobicity of chitosan improved after its acylation
with stearoyl, as evidenced by the validation of its structure by
FTIR, 1H NMR, and XRD analyses. The acylation process
exhibited selectivity for the amine group, wherein stearoyl
preferentially binds to the amine nitrogen, resulting in the
formation of an amide. The calculated crystallinity of stearoyl
chitosan exceeded 90%, suggesting an enhancement of its
crystalline structure. The observed increase can be attributed
to the proportional change in the weight ratio of chitosan to
stearoyl chloride, which affected the average molecular weight
and degree of substitution. On the other hand, a notable
decline in the solubility of SC in deionized water was noticed
with values decreasing from 5.84 to 0.11 g·L−1. To minimize
contact with the aqueous phase, SC, which is incorporated into
the aqueous phase, starts to form aggregates at concentrations
where SC conductivity measurements give CMC values
between 0.02 and 0.07 mg·mL−1. Dynamic light scattering
(DLS) observations revealed a correlation between the
concentration of dispersed SC and the particle size.
Specifically, the dilution of the SC solution leads to a decrease
in the intensity of light scattering, resulting in a reduction in
particle size. Among the five synthesized SCs, SC3 exhibited
notable stability, as evidenced by its polydispersity index (PDI)
values ranging from 0.22 to 0.28 and ζ-potential exceeding
−10 mV at low concentrations. The particle sizes of P-loaded
SC3, M-loaded SC3, and R-loaded SC3 were 687, 502, and
582 nm, respectively, owing to the presence of the three
antimetabolites. Raltitrexed-loaded SC3 had a ζ-potential value
of −15.93 mV, suggesting the presence of a significant
repulsive force that enabled its stability in aqueous solution.
Pemetrexed had the highest drug-loading capacity, although
the encapsulation efficiency values for the three antimetabolites
were quite similar. An in vitro release study showed that the
release of the three drugs could be controlled within 24 h by
incorporation into SC3 to improve the therapeutic efficiency.
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