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pH-responsive sodium alginate/CMCS/CMCNa
composite hydrogel beads for sustained delivery of

S-fluorouracil-B-cyclodextrin inclusion complexes
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Colorectal cancer chemotherapy often faces challenges such as rapid drug clearance, non-specific

biodistribution, and burst release, leading to systemic toxicity and reduced therapeutic efficacy. To

overcome these limitations, this study developed a colon-targeted sustained-release hydrogel bead
system based on B-cyclodextrin (B-CD) and biocompatible polymers (CMCS/CMCNa/SA). The results
demonstrated that the incorporation of B-CD significantly enhanced the drug loading capacity through
host—guest interactions. Under the optimal mass ratio of drug complex to wall material (15: 35), the

encapsulation efficiency reached as high as 81.23%. Drug release kinetics showed high correlation

coefficients (R? > 0.9) in zero-order, first-order, Higuchi, and Korsmeyer—Peppas models, indicating

a diffusion-controlled release mechanism. The B-CD-modified hydrogel matrix effectively sustained the
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release of 5-fluorouracil (5-Fu) within the therapeutic window while minimizing the initial burst release.

In conclusion, this intelligent delivery system takes advantage of the host—guest inclusion of 3-CD and

DOI: 10.1039/d6ra00194g

rsc.li/rsc-advances cancetr.

1 Introduction

Colorectal cancer is an adenocarcinoma that may progress to
a malignant tumor if not treated properly.”> The FOLFOX
regimen (comprising 5-fluorouracil, leucovorin, and oxaliplatin)
is a preferred chemotherapy option for colorectal cancer.® 5-
Fluorouracil (5-Fu) plays a significant role in clinical therapy
and serves as the gold-standard drug for the treatment of
tumors in the gastrointestinal tract (including colorectal,
pancreatic, and gastric cancers) and the genitourinary system
(such as ovarian and prostate cancers).*> However, its clinical
application is restricted by several limitations,*” primarily
characterized by a brief half-life, notable toxicity, and low
bioavailability. In recent years, gel spheres derived from natural
polysaccharides have garnered substantial interest due to their
outstanding biocompatibility, biodegradability, and ability to
control drug release.*® The use of biodegradable polymer
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the pH-responsive properties of the polymers, showing promise for localized treatment of colorectal

carriers has the potential to markedly enhance the clinical
efficacy of 5-fluorouracil by regulating its release rate. This
approach can lead to improved oral bioavailability, prolonged
half-life, reduced toxicity, minimized gastrointestinal irritation,
better patient adherence, and decreased drug wastage.

To prevent the degradation of the active substance in the
stomach before it reaches the intestine, it is essential to design
carrier systems capable of responding to the pH variations
between the gastric and intestinal environments.' At present,
carrier systems utilizing pH-sensitive materials have gained
widespread acceptance. These systems maintain stability in the
acidic milieu of the stomach and enable precise drug release
under the neutral or weakly alkaline conditions of the intes-
tine.” Sodium alginate (SA), a natural anionic polysaccharide,
can be crosslinked with divalent cations such as Ca>* to form
delivery systems suitable for bioactive substances.’"® The SA
hydrogel demonstrates remarkable pH-sensitive properties
attributed to its abundant carboxyl groups, which undergo
ionization in acidic conditions and deprotonation in alkaline
environments.” However, the system is hindered by three
significant limitations: low drug encapsulation efficiency,
susceptibility to drug leaching, and burst release of the drug
due to the dissolution of SA in the alkaline environment of the
intestine.” To address these challenges, two improvement
strategies have been proposed. First, sodium alginate (SA) was
combined with other polymers to enhance its performance.*®
Second, 5-Fu was encapsulated within B-cyclodextrin (B-CD) to
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construct a dual-sustained-release drug delivery system. Car-
boxymethyl chitosan (CMCS) exhibits remarkable pH sensitivity
owing to the ionization of its acidic groups. CMCS hydrogels
swell under higher pH conditions and demonstrate pronounced
PH responsiveness, enabling targeted drug release in the alka-
line environment of the intestine.** Carboxymethyl cellulose
sodium (CMCNa) has been extensively employed in biomedical
applications owing to its remarkable hydrophilicity, biocom-
patibility, biodegradability, and pH sensitivity."” These proper-
ties render CMCNa an ideal material for drug delivery systems,
as it can facilitate the controlled release of therapeutic agents
and enhance their bioavailability.'*** B-Cyclodextrin (B-CD) is
composed of seven p-glucopyranose units linked by o-1,4-
glycosidic bonds, forming a cyclic structure.”® Its unique
hydrophobic cavity enables the formation of inclusion
complexes with 5-Fu.**** Additionally, B-CD can enhance the
stability and solubility of drugs, while its molecular surface
contains numerous hydroxyl groups that can chelate with heavy
metal ions to form complexes.*

Building upon these foundations, this study developed an
innovative 5-fluorouracil (5-Fu) delivery system through the
rational design of B-cyclodextrin-encapsulated hydrogel spheres
(B-CD@5-Fu/Gel). The system synergistically integrates three
functional polymers: carboxymethyl chitosan (CMCS) for pH-
responsive release and antimicrobial activity, carboxymethyl
cellulose sodium (CMC-Na) for structural reinforcement, and
sodium alginate (SA) for calcium ion-triggered gelation,
combined with B-CD inclusion complexes for enhanced drug
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loading capacity. The carrier materials selected in this study
(sodium alginate, carboxymethyl chitosan, sodium carbox-
ymethyl cellulose, and B-cyclodextrin) have been widely re-
ported to possess good biocompatibility. In addition, the
antitumor activity of 5-Fu against colorectal cancer cell lines
(such as HT-29 and Caco-2) has been well documented in the
literature.**>® On this basis, this study systematically evaluated
the sustained-release mechanism and pharmaceutical charac-
teristics of this multi-component system. The results demon-
strated that the encapsulation efficiency of 5-Fu in the B-CD@5-
Fu complex was 38.32%, with a drug loading rate of 29.82%.
Following further optimization of the preparation process,
when the mass ratio of the drug complex to the wall materials
(CMCS/CMCNa/SA) was 15:35, the resulting hydrogel beads
exhibited optimal performance, with the encapsulation effi-
ciency significantly enhanced to 81.23%. Drug release kinetic
studies revealed that the hydrogel beads achieved fitting coef-
ficients (R*) greater than 0.9 in zero-order, first-order, Higuchi
kinetic and Korsmeyer-Peppas models, indicating that B-CD
could sustainably release the encapsulated drug within
a defined range, thereby maintaining a more stable drug
concentration and effectively preventing burst release. This
characteristic provides critical theoretical and technical support
for the colon-targeted delivery and sustained release of 5-Fu.
The anticipated outcomes of this study are expected to
contribute theoretical and technical insights into the develop-
ment of a novel 5-Fu delivery system and offer new perspectives
for the delivery of other hydrophobic drugs (Scheme 1).
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Scheme 1
of B-CD@5-Fu/CMCS/CMCNa/SA hydrogel beads.
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(a) Synthesis of B-CD@5-Fu; (b) preparation process of 3-CD@5-Fu/CMCS/CMCNa/SA hydrogel beads; (c) in vitro release mechanism
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2 Materials and methods

2.1. Materials

B-Cyclodextrin (B-CD) and sodium alginate (SA) were purchased
from Shanghai Aladdin Biochemical Technology, Carboxymethyl
chitosan (CMCS), carboxymethyl cellulose sodium (CMCNa),
calcium chloride (CaCl,), and sodium chloride (NaCl) were ob-
tained from Sinopharm Chemical Reagent, 5-fluorouracil (5-Fu)
was acquired from Shanghai Macklin Biochemical Technology.

2.2. B-CD@5-Fu inclusion complex

The experimental procedure was adapted from the method-
ology reported by Daria L. Melnikova et al.*” Initially, 3 grams of
cyclodextrin were precisely weighed and dissolved in 100 mL of
purified water. The mixture was continuously stirred at 80 °C
until a homogeneous, clear solution was achieved, yielding
a 3% B-CD solution. To prepare the B-CD@5-Fu inclusion
complex, 50 mL of the 3% B-CD solution (equivalent to 1.5 g of
B-CD) was mixed with 50 mL of a 10" mol L' 5-Fu solution
(containing 0.6504 g of 5-Fu) at a 1:1 volume ratio. The
combined mixture was then subjected to ultrasonication at
80 W for 1 hour using an ultrasonic device while being sealed
with plastic wrap to prevent evaporation. Subsequently, the
mixture was refrigerated at 4 °C for 12 hours to facilitate the
formation of the inclusion complex. After refrigeration, the
mixture was filtered to isolate the supernatant, which was
preliminarily frozen at —80 °C and subsequently lyophilized for
24 hours to obtain the final f-CD@5-Fu powder.

2.3. B-CD@5-Fu/CMCS/CMCNa/SA hydrogel beads

Hydrogel beads of B-CD@5-Fu/CMCS/CMCNa/SA were synthe-
sized following a meticulous protocol based on the ratios out-
lined in Table S1. Precise quantities of 3% B-CD@5-Fu solution,
3% CMCNa solution, 3% CMCS solution, and 3% SA solution
were combined to form the mixture. This mixture underwent
sonication at 80 W power for 1 hour using a numerically
controlled ultrasonic cleaner to ensure homogeneous disper-
sion. Subsequently, the mixture was subjected to hydration at
4 °C in a refrigerated environment for 2 hours, allowing
complete molecular interaction and stabilization.

Following this, the resultant B-CD@5-Fu/CMCS/CMCNa/SA
mixture was carefully dispensed using a 5 mL syringe into a 2%
calcium chloride (CaCl,) solution for crosslinking. The cross-
linking process was maintained for 12 hours at ambient temper-
ature, facilitating the formation of spherical hydrogel beads
through ionic interaction between the alginate and calcium ions.
The synthesized B-CD@5-Fu/CMCS/CMCNa/SA hydrogel beads
were then preserved in 0.9% sodium chloride (physiological
saline) solution and stored at 4 °C to maintain structural integrity
and stability for further characterization and application studies.

2.4. Encapsulation efficiency and loading capacity

2.4.1. B-CD@5-Fu complex. Approximately
0.010-0.015 g of the inclusion complex sample was dispersed in
3 mL of PBS buffer solution (pH 7.4). Under ultrasonication, 5-

inclusion
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Fu was efficiently extracted from the inclusion complex into the
PBS buffer solution for 10 minutes. The mixture was then
subjected to centrifugation at 4000 rpm for 10 minutes to
separate the supernatant, which contained the released 5-Fu.
The concentration of 5-Fu in the supernatant was quantified
using UV spectrophotometry at a wavelength of 264 nm, with
reference to a standard calibration curve of 5-Fu. Based on the
measurements, the encapsulation efficiency (EE%) and loading
capacity (LC%) were calculated using the following formulas:

Amount of 5-Fu actually encapsulated

0 —
EE(%) = Total amount of 5-Fu added x 100 (1)
A f 5-F 1l 1
LC(%) = mount of 5-Fu actually er.lcapsu ated <100 (2)
Total mass of carrier
2.4.2. B-CD@5-Fu/CMCS/CMCNa/SA hydrogel beads. An

appropriate amount of f-CD@5-Fu/CMCS/CMCNa/SA HMs sample
was dispersed in PBS solution (pH 7.4), then sonicated for 5
minutes, followed by continuous stirring for 2 hours to extract 5-Fu.
The reloaded B-CD@5-Fu/CMCS/CMCNa/SA hydrogel beads require
crushing prior to extraction. The suspension was centrifuged at
4500 rpm for 10 minutes, and the absorbance of the supernatant
was measured at 264 nm. The total amount of 5-Fu was calculated
from the standard curve. The encapsulation efficiency (EE) and
loading capacity (LC) were calculated as follows, and the encapsu-
lation efficiency and drug loading were calculated using the stan-
dard curve of 5-Fu. They were calculated as follows (eqn (3) and (4)):

Weight of 5-Fu in the HMs

0 —
EE(%) = Theoretical weight of 5-Fu

x 100 3)

Weight of 5-Fu in the HMs
Weight of 5-Fu/HMs

LC(%) = % 100 (4)

2.5. Characterization of B-CD@5-Fu inclusion complex

2.5.1. Ultraviolet (UV). The inclusion complex was analyzed
using a UV-Vis spectrophotometer (UV1902, Cold Light Tech-
nology, Shanghai, China) with a wavelength range of 200-600 nm.

2.5.2. Fourier transform infrared spectroscopy (FT-IR)
analysis was performed. The hydrogel beads were character-
ized using Fourier Transform Infrared Spectroscopy (FT-IR)
(ATR-FTIR, Nicolet 5700, Thermo Fisher Scientific, USA). The
hydrogel beads were mixed with KBr at a ratio of 1:100 (g g™ )
and pressed into pellets. The spectrum was scanned and
recorded in the range of 4000-400 cm ™.

2.5.3. X-Ray diffraction (XRD). X-Ray diffraction (XRD)
(XRD, Rigaku SmartLab SE, Japan) analysis was performed
using a Rigaku SmartLab SE diffractometer with Cu Ko radia-
tion (A = 0.15406 nm) at 40 kv. The 26 range was set from 10° to
80°, and the scanning rate was 2.0° min .

2.6. Characterization of B-CD@5-Fu/CMCS/CMCNa/SA
hydrogel beads

2.6.1. Fourier transform infrared spectroscopy (FT-IR)
testing. The chemical structure of the drug-loaded hydrogel

RSC Adv, 2026, 16, 25131-25143 | 25133
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beads was detected using a Fourier Transform Infrared Spec-
trometer. In sample preparation, a small amount of the dried
sample powder was mixed uniformly with KBr powder and then
pressed into a pellet at room temperature. The spectrum was
scanned and recorded in the range of 4000-400 cm ™.

2.6.2. Simultaneous thermal analysis (TG-DSC). The
inclusion complex and hydrogel samples were heated from
room temperature to 600 °C at a heating rate of 10 °C min "
under a nitrogen atmosphere. The thermogravimetric (TG) and
differential scanning calorimetry (DSC) curves were recorded
simultaneously to analyze the mass changes and thermal effects
of the samples during the heating process.

2.6.3. Scanning electron microscopy (SEM). The surface
morphology of the freeze-dried hydrogel beads was observed
using a scanning electron microscope (SEM, ZEISS Sigma 360).
The freeze-dried hydrogel beads were fixed on a conductive
carbon tape and sputter-coated with a thin layer of gold before
observation.

2.6.4. Swelling ratio (SR). The dried (dry beads) and
undried (wet beads) B-CD@5-Fu/CMCS/CMCNa/SA hydrogel
beads were weighed separately, and their masses were recorded
as Wy. They were then immersed in 10 mL of different swelling
media for 24 h to allow swelling. After swelling, the hydrogel
beads were removed, gently blotted with filter paper to remove
excess surface water, and immediately weighed, recorded as W,.
The swelling ratio (SR) was calculated using the following
equation:

W, — Wy
———x 100 5
S )

d

SR (%) =

Wy: initial weight of the hydrogel beads (g); W,: wet weight of the
hydrogel beads at time ¢ (g).

2.7. Invitro drug release and kinetic analysis

The in vitro drug release study was conducted following
a modified protocol from literature.”® Experimental conditions
were maintained at 37 °C using simulated physiological fluids:
gastric fluid (pH 1.5) and intestinal fluid (pH 6.8). Precisely
weighed hydrogel samples (0.5 g) were immersed in 10 mL of
release medium. At predetermined time points, 2 mL aliquots
of the medium were systematically withdrawn and immediately
replaced with equal volumes of fresh medium to preserve sink
conditions. UV-Vis spectrophotometric measurements were
performed at A = 264 nm to determine absorbance values, from
which the cumulative 5-fluorouracil release (CFR) was calcu-
lated according to eqn (6). To evaluate the stability of the system
before reaching the colon, we simulated gastric conditions (pH
1.2), upper gastrointestinal tract conditions (pH 6.8, with and
without phosphate), and colonic conditions (pH 7.4, with and
without phosphate), and investigated the release behavior of the
hydrogel beads in different media. The release experiment was
conducted using the replacement method, in which 2 mL of
sample was withdrawn at each time point, followed immedi-
ately by the addition of an equal volume of fresh medium at the
same temperature to maintain a constant total volume of 10
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mL. All experimental procedures were executed in triplicate to
ensure data reproducibility.

M=

(GV)

Il
o

x 100 (6)

where C; is the concentration of the target substance in the
release medium measured at the ith time point (unit: mg mL ™),
V; is the volume sampled at the ith time point (unit: mL), and W
(mg) is the total loading mass of 5-Fu in the hydrogel.

To investigate the release mechanism of 5-Fu from the
prepared hydrogel, the drug release data were analyzed using
zero-order kinetic model (eqn (7)), first-order kinetic model (eqn
(8)), Higuchi model (eqn (9)) and Korsmeyer-Peppas model
(eqn (10)). Kinetic models can clearly provide the suggested
release mechanism of the drug delivery system.

O = Qo + Kot )
log O, =log Qo + Ki? (8)
0, = Kut'"” 9)

M, .
M. Kt (10)

Q; is the cumulative drug release at time ¢, Q, is the initial drug
quantity, and ¢ is the time; M, is the drug release at time ¢, K is

the release constant, M—t is the fraction of drug released at time

o0
t; n is release exponent (dimensionless), indicating the drug
release mechanism.

2.8. Statistical analysis

All experiments were replicated at least three times, and the
data were presented as mean + standard deviation. Origin 2021
software was employed to analyze and plot the data, and the
results were analyzed by variance.

3 Results and discussion

3.1. Characterization of B-CD@5-Fu inclusion complex

The formation of an inclusion complex between the cavity
structure of B-cyclodextrin (B-CD) and 5-fluorouracil (5-Fu) is
the core mechanism for achieving drug loading and initial
stability. The inclusion interaction is maintained through
hydrophobic interactions and hydrogen bonding, resulting in
the formation of the B-CD@5-Fu inclusion complex. The
absorption peak of 5-Fu at 264 nm (ref. 29) is distinct. B-CD
exhibits low absorbance at 300 nm. The redshift of the UV
absorption peak of the B-CD@5-Fu complex (the compound of
B-CD and 5-Fu) from 264 nm to around 266 nm suggests an
interaction between B-CD and 5-Fu, indicating successful
encapsulation of 5-Fu into the cavity of B-CD (Fig. 1(a)).

FTIR spectroscopy is an exploratory analytical tool used to
confirm the formation of inclusion complexes. In B-CD
complexes, non-covalent interactions such as hydrophobic
interactions, van der Waals forces, and hydrogen bonds

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Characterization of B-CD@5-Fu inclusion complex and drug-loaded hydrogels: (a) UV-Vis spectra of 5-Fu, B-CD, and B-CD@5-Fu; (b)
FTIR spectra of 5-Fu, B-CD, and B-CD@5-Fu; (c) XRD patterns of 5-Fu, B-CD, and B-CD@5-Fu; (d) UV-Vis calibration curves of 5-Fu at different
concentrations; (e) linear regression of 5-Fu concentration versus absorbance; (f) encapsulation efficiency (EE) and drug loading (DL) capacity of
B-CD@5-Fu; (g) absorbance comparison of B-CD@5-Fu in water versus PBS; (h and i) EE and DL of hydrogel beads with different drug-carrier

ratios (w/w).

between B-CD and guest molecules lead to a decrease in the
energy of the encapsulated portion of the guest molecules,
reducing the intensity of peaks at corresponding frequencies.
The FT-IR spectra of 5-Fu, -CD, and B-CD@5-Fu are shown in
Fig. 1(b). The characteristic peaks of B-CD, arising from the
glucose macromolecule, are located at 3388 cm ' (O-H
stretching), 2933 cm ' (C-H stretching), 1646 cm ' (C=0
stretching), and 1155 cm ™" (C-O stretching), which are attrib-
uted to the glycosidic bonds and hydroxyl groups present in the
B-CD molecule.®® In the structure of 5-Fu, the peaks at
1723 cm™ ' and 1668 cm ' are attributed to two different
carbonyl groups. The broad peak in the range of 2826-
3388 em™" is associated with the NH stretching vibration in 5-
Fu. In the FT-IR spectrum of 5-Fu, the peaks at 1427 cm ™" and
1247 cm ™' correspond to the C-N and C-O stretching modes,
respectively. The peak in the range of 1155-1180 cm ™ is related
to the C-F stretching, while the peak at 752 cm ™ is attributed to
the vibration of the CF=CH group. The peak at 814 cm
corresponds to the C-F rocking mode, and the peak at 994 cm™
is assigned to the C=C stretching mode.*' The FTIR spectrum
of the B-CD and 5-Fu complex shows significant changes
compared to that of 5-Fu. The C-F stretching band of 5-Fu at

1

© 2026 The Author(s). Published by the Royal Society of Chemistry

1180 cm™ ' completely disappears. This is because the drug is
encapsulated within the cavity of B-cyclodextrin, forming an
inclusion complex. The carbonyl stretching band of 5-Fu (at
1668 cm ') experiences a moderate blue shift to 1666 cm ™" (B-
CD®@5-Fu), which further confirms the successful formation of
the inclusion complex.*”

5-Fu exhibits sharp diffraction peaks at 19.13° and 28.6°,
revealing its crystalline structure (Fig. 1 (c)).* The diffraction
peaks of B-CD are observed at 26 = 10.78°, 12.79°, 18.88°,
27.11°, and 34.88°, indicating its crystalline nature.**** The B-
CD@5-Fu complex shows sharp diffraction peaks at 10.78°,
12.58°, 19.05°, 27.11°, 28.6°, and 34.88°. In the XRD pattern of
B-CD@5-Fu, certain peaks (such as 10.78°, 27.11°, 28.6°, and
34.88°) overlap with the diffraction peaks of B-CD and 5-Fu,
suggesting that parts of their original crystalline structures are
retained after complexation. This may indicate that the
combination of 5-Fu and B-CD forms a stable complex without
completely altering their crystalline structures.

As illustrated in Fig. 1(d and e), a good linear relationship of
5-Fu is observed within the concentration range of 0.5 x 10 to
4.0 x 107" mol L', with the linear equation y = 0.1461 +
0.5679x and a high coefficient of determination (R*> = 0.9910).
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Furthermore, as shown in Fig. 1(g), the B-CD@5-Fu inclusion
complex exhibits excellent solubility in both aqueous solution
and PBS buffer (pH 7.4). Quantitative analysis reveals that the
encapsulation efficiency of 5-Fu in the B-CD@5-Fu inclusion
complex is 38.32%, with a drug loading capacity of 29.82%
(Fig. 1(f)). It should be noted that this relatively low encapsu-
lation efficiency is primarily attributed to the preparation
process, in which an excess of 5-Fu (molar ratio of 5-Fu: B-CD
~3.78:1) was used during the ultrasound-assisted preparation
of the inclusion complex, and the unencapsulated free drug was
removed during the subsequent filtration step. Nevertheless,
this inclusion complex still provides a sufficient drug loading
foundation for the subsequent preparation of hydrogel beads.
Through comparative evaluation of six different drug-loaded
hydrogel bead formulations (as shown in Fig. 1(h and i)), the
sample with a B-CD@5-Fu to CCS (CMCS/CMC-Na/SA) mass
ratio of 15:35 exhibited the highest encapsulation efficiency,
reaching 81.23%. This result indicates that the hydrogel beads
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achieve optimal drug encapsulation capability at this specific
mass ratio. Meanwhile, the corresponding drug loading
capacity is 1.18%, further confirming that the optimized mass
ratio significantly enhances the effective drug loading capacity,
which is sufficient to support the subsequent release behavior
characterization and mechanism analysis.

3.2. Characterization of B-CD@5-Fu/CMCS/CMCNa/SA
hydrogel beads

To evaluate the formation of the B-CD@5-Fu inclusion complex
and its effect on the thermal stability of the hydrogels, ther-
mogravimetric analysis (TGA) was performed on 5-Fu, B-CD,
physical mixture, B-CD@5-Fu inclusion complex, CMCS/
CMCNa/SA hydrogel beads, and B-CD@5-Fu/CMCS/CMCNa/SA
composite hydrogel beads.

As shown in Fig. 2(c) and (d), the physical mixture of 5-Fu
and B-CD exhibited three distinct decomposition temperatures
at 72.37 °C, 287.83 °C, and 327.54 °C, respectively. In contrast,

1004 B-CD | 35
k30
80+ F2s z
- =, [3E
2 gt g
40 Al R
F2
Fs
20
Lo
0 T T r T T 5
100 200 300 400 500 600
d Temperature (°C)
20 -4
B-CD@5-Fu
100 A
15 -
=
804 _ g
: g
= Z 10 ?6
60 - Q
e 2 g
40 oL
204 0
100 200 300 400 500 600
f Temperature (°C)
1004 B-CD@5-Fu/CMCS/CMCNa/SA hydrogel beads | 25 |
90 1 Lo | B
N
= 2l | 2
870 | 2 10 B E
60
Fos
50 4
Foo [!
40 r r T T r
100 200 300 400 500 600
Temperature (°C)

Fig.2 Simultaneous thermogravimetry-differential scanning calorimetry (TG-DSC) curves of 5-Fu (a), B-CD (b), physical mixture of 5-Fu and B-
CD (¢), B-CD@5-Fu inclusion complex (d), CMCS/CMCNa/SA hydrogel beads (e), and B-CD@5-Fu/CMCS/CMCNa/SA (f).
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the DTG curve of the B-CD@5-Fu inclusion complex displayed
significantly different thermal behavior: its onset decomposi-
tion temperature decreased to 83.32 °C, the second decompo-
sition step began at 235.77 °C, and the overall decomposition
temperature range extended to 83.32-325.46 °C. This thermal
behavior was distinctly different from that of the physical
mixture, indicating that 5-Fu was successfully encapsulated into
the hydrophobic cavity of B-CD, forming a stable inclusion
complex. The inclusion interaction, stabilized by hydrogen
bonding and hydrophobic interactions, altered the original
thermal degradation pathway of 5-Fu.

Further comparison between Fig. 2(e) and (f) revealed that
the CMCS/CMCNa/SA hydrogel beads without the inclusion
complex exhibited decomposition peaks at 83.83 °C, 201.18 °C,
260.48 °C, and 467.97 °C, with a residual mass of 49.64% upon
heating to 600 °C. After loading with the B-CD@5-Fu inclusion
complex, the decomposition peaks of the composite hydrogel
beads became significantly broader, with decomposition
temperatures observed at 55.84 °C, 214.11 °C, 282.29 °C, and
382.82 °C, indicating a markedly expanded thermal decompo-
sition range. However, its final residual mass (46.58%) was
slightly lower than that of the hydrogel beads without the
inclusion complex (49.64%).

These results indicate that the introduction of the B-CD@5-
Fu inclusion complex did not significantly increase the residual
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mass of the hydrogel at the extreme high temperature (600 °C)
but did markedly alter its thermal decomposition behavior. The
decrease in onset decomposition temperature (from 83.83-
55.84 °C) may be attributed to the premature release of bound
water within the B-CD cavity of the inclusion complex.*
Meanwhile, the increase and broadening of the decomposition
peaks reflect the formation of more complex non-covalent
interactions (such as hydrogen bonding and hydrophobic
interactions) between the inclusion complex and the hydrogel
matrix, resulting in a multi-stage thermal decomposition
process.*®

In the hydrogel network composed of sodium alginate (SA),
carboxymethyl chitosan (CMCS), and sodium carboxymethyl
cellulose (CMCNa), there are abundant -COO~, -NH;", -OH,
and -COOH groups. The interactions formed among these
groups are the main forces maintaining the stability of the
three-dimensional gel structure. The FTIR analysis results
showed that the characteristic absorption peaks of the samples
were consistent in position but varied in intensity. Specifically,
the characteristic absorption peaks of CMCS/CMCNa/SA, SA,
CMCS, and CMCNa appeared at 3436 cm™ ' (O-H stretching
vibration), 2923 cm ™' (C-H stretching vibration), 1603 cm™*
(C=0 stretching vibration), 1429 cm™ ' (C=C stretching vibra-
tion), and 1036 cm ™" (C-O stretching vibration).*” Additionally,
the absorption peaks observed at 707 cm™ " and 817 cm ™' can be
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(a) FTIR spectra of raw materials; (b) FTIR spectra of six hydrogel bead formulations; swelling ratio of B-CD@5-Fu/CMCS/CMCNa/SA

hydrogel dried beads (c) and swollen beads (d) in purified water and under different pH conditions (pH 1.2; pH 6.8 with and without phosphate;

pH 7.4 with and without phosphate) at 37 °C for 24 h.
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attributed to the characteristic C-H bending vibrations.*®
Notably, a redshift of the characteristic absorption peak of the
CMCS/CMCNa/SA hydrogel beads from 1036 cm ™' to 1069 cm ™"
was observed, which may be associated with the crosslinking of
the -COOH groups with Ca** (Fig. 3(a)). When the drug 5-Fu and
B-CD@5-Fu were incorporated into the wall material, a slight
broadening of the O-H stretching vibration band in the range of
3433-3643 cm™ " was observed, likely due to enhanced hydrogen
bonding interactions caused by the addition of 5-Fu and pB-
CD@5-Fu, resulting in minor changes in the O-H vibration
frequency. The peak at 1607 cm™*, which is close to the previ-
ously mentioned C=O0 stretching vibration peak at 1603 cm ™,
can be assigned to the C=0 stretching vibration. The slight
increase in the wave number of the C=C stretching vibration
peak at 1438 cm ™' may be due to changes in the molecular
structure caused by the introduction of the drug or complex,
affecting the vibration frequency of the C=C bond. Significant
increases in the wave numbers of the C-O stretching vibration
peak at 1077 cm™ ' and the C-H bending vibration peak at
825 cm™ " were also observed, likely due to the incorporation of
the drug or complex (Fig. 3(b)).

As shown in Fig. 3, the swelling behavior of B-CD@5-Fu/
CMCS/CMCNa/SA hydrogel beads exhibited significant pH
dependence. The wet hydrogel beads showed exceptionally high
swelling ratios across different media. In non-phosphate
systems, the swelling ratio reached a maximum of 507.60% at
PH 7.4, while it decreased to 225.41% under acidic conditions at
pH 1.2, indicating that the hydrogel possesses superabsorbent
capacity under physiological conditions, and its pH-responsive
nature is favorable for drug release in the intestinal environ-
ment. Notably, in phosphate-buffered saline (PBS), the swelling
performance of the wet hydrogel was significantly enhanced,
with swelling ratios reaching as high as 2088.50% at pH 6.8 PBS
and 1875.03% at pH 7.4 PBS, both substantially higher than
that in deionized water (336.11%). This phenomenon can be
attributed to the ionic strength effect and osmotic pressure
effect of PBS, where ions screen the electrostatic interactions
between polymer chains, promoting further expansion of the
hydrogel network.

In contrast, the freeze-dried hydrogel beads exhibited
significantly reduced swelling capacity. In deionized water, the
swelling ratio of the freeze-dried beads was only 21.54%. At pH
6.8 and pH 7.4, the swelling ratios were 3.70% and 28.41%,
respectively, much lower than those of the wet hydrogel. More
importantly, in phosphate-buffered saline, the freeze-dried
beads exhibited negative swelling: the swelling ratio was
—1.29% at pH 6.8 PBS and decreased to —22.81% at pH 7.4 PBS,
indicating substantial mass loss. This may be attributed to the
fragile structure formed during freeze-drying, leading to partial
disintegration or leaching of soluble components upon rehy-
dration in PBS.

The dramatic difference in swelling behavior between wet
and freeze-dried beads suggests that the initial hydration state
of the hydrogel plays a decisive role in its subsequent swelling
performance. The wet hydrogel, with its pre-formed hydrated
network, relaxed polymer chains, and fully exposed hydrophilic
groups, can further absorb substantial amounts of water. In

25138 | RSC Adv, 2026, 16, 25131-25143

View Article Online

Paper

contrast, freeze-drying may induce irreversible aggregation of
polymer chains or structural embrittlement, where ice crystal
formation disrupts network integrity, thereby severely impair-
ing the re-swelling capability. In summary, the hydrogel system
exhibits excellent pH responsiveness and superabsorbent
capacity in the wet state, with particularly enhanced swelling
performance in PBS environments, demonstrating great
potential as an intestinal-targeted drug delivery carrier.

The surface morphology of various hydrogel systems was
systematically characterized using scanning electron micros-
copy (SEM), with comparative micrographs of SA, CMCS/
CMCNa/SA, 5-Fu/CMCS/CMCNa/SA, and B-CD@5-Fu/CMCS/
CMCNa/SA nanocarriers presented in Fig. 4. The SA hydrogel
displays a distinct scaly morphology characterized by a regular
arrangement of spherical microporous structures, which are
indicative of effective swelling behavior and enhanced drug-
loading capacity. Following the incorporation of both CMCS
and CMCNa, the resulting CMCS/CMCNa/SA hydrogel exhibits
a more intricate three-dimensional reticular network, accom-
panied by an increased specific surface area that suggests
superior drug-loading performance. Notably, the 5-Fu-loaded
hydrogel formulations demonstrate significantly smoother
surface topography with the absence of observable pores,
providing compelling evidence for the successful encapsulation
of 5-Fu within the polymeric. The surface morphology of the
samples is presented in Fig. S1, revealing distinct structural
features of hydrogel beads. As shown in Fig. S1(a, ¢, e, m and o),
the hydrogel beads demonstrate ideal spherical geometries with
high size uniformity. In contrast, Fig. S1(g, i and k) exhibits
significant variations in bead size and deviations from spherical
morphology. These morphological differences can be attributed
to the unique amphiphilic properties of B-cyclodextrin, whose
hydrophobic cavity and hydrophilic exterior facilitate complex
interactions with various hydrogel components, including
polymer chains and solvent molecules. These interactions,
mediated primarily by van der Waals forces and hydrogen
bonding, promote hydrogel aggregation while simultaneously
stabilizing the spherical architecture of the beads.

From Fig. S2(a), the influence of component ratio on
viscosity can be observed. For the B-CD@5-Fu:CCS system,
when the CCS ratio increased (from 20:30 to 10:40), the
viscosity showed a non-monotonic increase: from 20:30 to 15:
35, the viscosity rose from 541.96-576.16 mPa s (+6.3%),
possibly due to the enhanced entanglement of CCS molecular
chains. From 15:35 to 10:40, the viscosity further increased
from 576.16-658.62 mPa s (+14.3%), but it remained lower than
that of the 5-Fu:CCS system at the same ratio (698.9 mPa s),
suggesting that B-CD inclusion may reduce intermolecular
interactions. For the 5-Fu:CCS system, the viscosity first
increased significantly and then slightly decreased with the
increase of CCS ratio: from 20 : 30 to 15 : 35, the viscosity surged
from 653.68-744.68 mPa s (+13.9%), indicating that the
increase in CCS concentration significantly enhanced the
network density. From 15 : 35 to 10 : 40, the viscosity decreased
to 698.9 mPa s (—6.1%), possibly due to local inhomogeneity
caused by excessive crosslinking. The 3% SA (sodium alginate)
showed the highest viscosity (2600 mPa s), owing to the high

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 Scanning electron microscopy (SEM) images of hydrogel beads with different formulations: (a—f) B-CD@5-Fu-loaded hydrogel beads with
varying mass ratios of B-CD@5-Fu to CCS: (a and b) 20: 30, (c and d) 15: 35, and (e and f) 10:40. (g—|) 5-Fu-incorporated hydrogel beads
(without B-CD) at corresponding ratios: (g and h) 20 : 30, (i and j) 15: 35, and (k and |) 10 : 40. (m—p) Control groups: (m and n) pure SA hydrogel
beads and (o and p) CMCS/CMC-Na/SA ternary hydrogel beads (without drugs).

entanglement ability of its linear molecular chains. The 3%
CMCNa (carboxymethyl cellulose sodium) had the next highest
viscosity (1157.5 mPa s), and its anionic property led to the
extension of molecular chains. CMCS (carboxymethyl chitosan)
had the lowest viscosity (213.25 mPa s), possibly because the
lower molecular weight or charge shielding effect weakened the
interchain interactions. For the composite matrix (CCS), the
viscosity of CCS (SA:CMCNa:CMCS = 1:1:1) was 1107.5
mPa s, which was between that of CMCNa and CMCS, indi-
cating that SA and CMCNa dominated the viscosity behavior,
and the addition of CMCS might interfere with the continuous
network structure of SA/CMCNa. The viscosity of the B-CD@5-
Fu system was generally lower than that of the directly mixed
5-Fu : CCS system, suggesting that B-CD might reduce the direct
contact of polymer chains through steric hindrance.

To further examine the rheological property changes of
hydrogel bead precursor solutions and raw hydrates, the varia-
tions of storage modulus (G') and loss modulus (G”) with
frequency are shown in Fig. S2(b)-(d). The frequency sweep
results indicate that both the hydrogel bead precursor solutions
and raw hydrates exhibit viscoelastic fluid behavior (G” > G'),
without forming a strong gel network. The modulus of raw
hydrates is close to that of the precursor solutions, implying
that they have already possessed a micro-structure similar to
weak gels, possibly due to pre-existing hydration.

© 2026 The Author(s). Published by the Royal Society of Chemistry

3.3. Invitro release and kinetic analysis

During the release process, 5-Fu molecules must diffuse out of
the B-CD structural framework. The inclusion complex formed
between B-CD and 5-Fu restricts the molecular mobility of the
drug. This molecular confinement leads to a significant reduc-
tion in the release rate, as evidenced by the release profiles in
Fig. 5(a) and (b). To further elucidate the release kinetics, the
experimental data were analyzed using various kinetic models,
and the corresponding fitting parameters are presented in
Table 1.

To evaluate the applicability of various kinetic models in
describing the drug release behavior, the coefficient of deter-
mination (R*) was employed as a quantitative indicator, where
an R” value approaching unity signifies an optimal fit to the
experimental data. Among the tested models, the zero-order
kinetic model demonstrated superior fitting performance,
particularly in cases @, @, and @with R” values approaching 1.
Notably, in cases @, @, and @, the R® values exceeded 0.9 for
zero-order, first-order, Higuchi kinetic and Korsmeyer-Peppas
models, suggesting that the release mechanism is complex and
potentially influenced by multiple factors. These findings indi-
cate that B-CD enables sustained drug release within a defined
range, which is crucial for maintaining stable drug concentra-
tions and effectively mitigating burst release phenomena.
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Fig. 5 Drug release performance: (a) release kinetics; (b) shows the comparison results of the cumulative release rate (CFR) of six different
hydrogel beads; (c and d) in vitro release of B-CD@5-Fu and 5-Fu loaded hydrogels at different ratios (the error bars represent the standard
deviation of three replicate experiments); (e) structural stability in SGF (0—2 h) and SIF (0-12 h); (f) schematic diagram of the drug release

mechanism from hydrogel beads.

In the Korsmeyer-Peppas model, the release exponent n can
be used to determine the drug release mechanism: when n =
0.45, the drug release mechanism is mainly Fickian diffusion
(i.e., simple diffusion). When 0.45 < n < 0.89, it is non - Fickian
diffusion, which is a mixed mechanism of diffusion and poly-
mer matrix erosion. When n = 0.89, the mechanism is mainly
polymer matrix erosion. From the Table 2, the n values of ® and
® (1.2654 and 1.1569) are relatively small, but both are greater
than 0.89. This indicates that in the corresponding samples, the
drug release is mainly based on the polymer matrix erosion

25140 | RSC Adv, 2026, 16, 25131-25143

mechanism. The n values of @, @, ®, and ® are even larger,
also suggesting that the drug release mainly relies on the
polymer matrix erosion mechanism. Moreover, the differences
in n values among different ratios of the f-CD@5-Fu and CCS
mixed systems, as well as the 5-Fu and CCS mixed systems,
reflect the influence of component ratios on the drug release
mechanism and rate.

Fig. 5(e) shows optical microscopy images of the in vitro
digestive behavior of hydrogel beads in simulated gastric fluid
(SGF, 0-2 h) and simulated intestinal fluid (SIF, 0-12 h). The

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Kinetic models used to fit the release data
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Coefficient of determination (R?)

Kinetic models Equations ® @] ® @ ® ®

Zero-order kinetic model (6) 0.9975 0.9935 0.9614 0.9956 0.9250 0.9757
First-order kinetic mode (7) 0.9339 0.9190 0.9442 0.9389 0.9601 0.9941
Higuchi (8) 0.9308 0.9637 0.8546 0.9512 0.7370 0.8410
Korsmeyer-Peppas 9) 0.9986 0.9982 0.9970 0.9874 0.9930 0.9901

Table 2 Comparison of fitting parameters and release exponent (n) in the Korsmeyer—Peppas model*

n
Kinetic models Equations ©) ® ® @ ® ®
Korsmeyer-Peppas 9) 1.4510 1.4950 1.9828 1.2654 2.2737 1.1569

“ Annotations: D B-CD@5-Fu@ : CCS = 20: 30; @B-CD@5-Fu@ : CCS = 15 : 35; ®B-CD@5-Fu@ : CCS = 10 : 40; @5-Fu@ : CCS = 20:30; ®5-Fu@:

CCS = 15: 35; ®5-Fu@: CCS = 10 : 40.

results indicate that throughout the SGF phase, the hydrogel
beads maintained their intact morphology and clear granular
structure, demonstrating excellent stability in the acidic gastric
environment. Upon transfer to the SIF phase, the hydrogel
beads retained structural integrity during the first 2 hours.
Subsequently, the beads gradually became transparent, and
within 2-12 h, the spherical structure disintegrated into gel
fragments, at which point the release mechanism was domi-
nated by matrix erosion, followed by the slow release of the drug
from the inclusion complex (Fig. 5(f)). This staged degradation
profile suggests that the hydrogel beads possess the ability to
achieve controlled drug release in the intestinal environment,
thereby providing strong support for effective intestinal-
targeted drug delivery.

Fig. 5(c and d) present a comparative analysis of the mass
loss behavior between hydrogel beads incorporating the (-
cyclodextrin@5-fluorouracil complex and those containing free
5-Fu under simulated digestive conditions. Experimental
results demonstrate that the B-CD@5-Fu complex system
exhibited a mass loss of less than 20% during the simulated
gastric fluid phase (0-2 hours). Upon transition to the simulated
intestinal fluid phase (2-4 hours), the mass loss progressively
increased to a range of 40-60%, reflecting a sustained and
controlled release profile.

In contrast, the free 5-Fu system demonstrated substantial
mass loss (approximately 30%) in the gastric fluid environment
at a drug-to-wall material ratio of 20: 30, although other ratios
maintained mass loss within 20%. However, upon entering the
intestinal fluid phase, all formulations rapidly approached near
60% mass loss, displaying steep release kinetics. These obser-
vations reveal two key insights: (1) increasing the proportion of
wall materials can significantly enhance the hydrogel's barrier
properties against digestive fluid erosion; (2) the incorporation
of B-cyclodextrin, through its molecular encapsulation mecha-
nism, not only improves the system's resistance to both gastric
and intestinal fluids but also achieves controlled release by
modulating the drug diffusion pathway. This controlled release

© 2026 The Author(s). Published by the Royal Society of Chemistry

behavior is primarily attributed to the confinement of 5-Fu
within B-CD's hydrophobic cavity and the associated dissocia-
tion kinetics of the inclusion complex.

Fig. 5(b) illustrates the cumulative release rate (CFR%) of B-
CD@5-Fu complexes with different wall material ratios at
various time intervals. The following key observations can be
derived from the data: (1) all formulations demonstrated
a gradual increase in release rate during the initial 4 hours
period, indicative of controlled and sustained 5-Fu release from
the complexes; (2) notably, formulations containing B-CD (B-
CD@5-Fu) consistently exhibited lower release rates across all
time points compared to those lacking B-CD (free 5-Fu), indi-
cating that B-CD incorporation significantly modulated the
release dynamics of 5-Fu. This controlled release mechanism is
particularly advantageous in cancer therapy, where precise
regulation of drug dosage is essential to minimize cytotoxic
effects.*” Consequently, the introduction of B-CD effectively
reduced the release rate of 5-Fu, providing valuable insights for
the optimization of drug delivery systems.

Table 3 provides a comprehensive comparison of the devel-
oped B-CD@5-Fu/CMCS/CMCNa/SA hydrogel bead system with
other reported colon-targeted 5-Fu delivery systems, focusing on
encapsulation efficiency, in vitro release behavior, and under-
lying release mechanisms. As summarized in the table, most
existing 5-Fu-loaded hydrogel systems—such as P(NVCL-co-
VIm)/PVP hydrogel, azo hydrogel, pectin-based PPAD hydrogel
networks, and 5-FU@pB-CD/AIg/CEM formulations—exhibit
either relatively high gastric release rates (ranging from 22.79-
25%) or excessive colonic/intestinal release rates (up to 100%).
These characteristics may lead to premature drug leakage in the
upper gastrointestinal tract and insufficient local drug
concentrations in the colon. In contrast, the hydrogel beads
developed in this work achieve an outstanding encapsulation
efficiency of 81.23%, coupled with extremely low release rates of
less than 4% in both simulated gastric fluid (pH 1.2) and
colonic/intestinal fluid environments (Fig. S3). This superior
performance is attributed to the system's unique two-stage
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Table 3 Comparison of our system with reported colon-targeted 5-Fu delivery systems

Encapsulation  Gastric release  Colonic/Intestinal
Carrier matrix Drug efficiency rate (pH 1.2) release rate Release mechanism Reference
P(NVCL-co-VIm)/PVP hydrogel 5-Fu  80% ~96% pH-sensitive 39
Azo hydrogel 5-Fu 22.79% 100.00% pH-responsive + enzyme-responsive 40
Pectin/poly(acrylamide-co- 5-Fu  74.3% £ 1.83% 75% pH-responsive 41
(2-dimethylamino)ethyl
methacrylate) (PPAD) hydrogel
networks
5-FU@B-CD/Alg/CEM 5-Fu 25% 85% pH-responsive 24
B-CD@5-Fu/CMCS/CMCNa/SA  5-Fu  81.23% <4% <4% Two-stage: pH-responsive This work

release mechanism: the pH-responsive disintegration of the
hydrogel matrix, combined with the dissociation of the host-
guest inclusion complex between B-CD and 5-Fu. This dual
mechanism effectively prevents premature drug release in the
stomach and enables precise, controlled release in the intes-
tinal tract, demonstrating significant advantages over conven-
tional colon-targeted delivery systems that rely on a single
release mechanism.

It should be noted that this study has certain limitations.
First, although our system exhibits good release stability in
simulated gastrointestinal fluids, systematic long-term stability
studies (e.g., accelerated testing or long-term storage stability
evaluation) have not yet been conducted due to limitations in
sample quantity and research timeline. Second, mucoadhesion
was not a primary design mechanism of our system; therefore,
related in vitro or in vivo mucoadhesion tests were not per-
formed. Nevertheless, we fully recognize that for colon-targeted
delivery systems, mucoadhesive properties may further enhance
local retention time and absorption efficiency at the colonic
site. Therefore, in future studies, we will systematically carry out
the following work: (1) systematically evaluate the long-term
stability of the hydrogel beads under different storage condi-
tions (e.g., temperature, humidity, and light exposure); and (2)
establish in vitro and in vivo mucoadhesion evaluation models
to explore the colonic mucosal interaction mechanism of our
system. These future investigations will provide a more solid
experimental basis for the clinical translation of our system.

4 Conclusion

In this study, a 5-fluorouracil-loaded hydrogel beads system
based on B-cyclodextrin and polymer composites was success-
fully developed, followed by systematic evaluation of its physi-
cochemical properties and sustained-release mechanisms. The
incorporation of 8-CD demonstrated remarkable enhancement
in drug loading capacity and encapsulation efficiency. Specifi-
cally, the B-CD@5-Fu complex exhibited an encapsulation effi-
ciency of 38.32% and a drug loading capacity of 29.82%.
Through rigorous optimization of processing parameters, when
the mass ratio of drug complex to wall materials (CMCS/
CMCNa/SA) was adjusted to 15:35, the resultant hydrogel
beads achieved optimal performance, with encapsulation

25142 | RSC Adv, 2026, 16, 25131-25143

hydrogel disintegration + host-guest
inclusion complex dissociation

efficiency significantly improved to 81.23%. Drug release
kinetics analysis revealed excellent correlation coefficients (R >
0.9) across various models including zero-order, first-order, and
Higuchi kinetics, confirming the sustained-release capability of
B-CD within a controlled range. This unique characteristic
ensures maintenance of stable drug concentration and effec-
tively prevents initial burst release phenomenon. The developed
formulation has the potential for application in the local
treatment of colorectal cancer.
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