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The development of safe and efficient delivery systems for targeted and
controlled release of therapeutic agents has become a major focus in
pharmacotherapy. The colon is one organ that serves as an optimal site for
the absorption of protein and peptide drugs, offering significant potential for both
localized and systemic therapies. However, effective drug delivery is challenged
by the need to protect these drugs from premature absorption andmaintain their
stability across the varying pH levels of the gastrointestinal tract. In this study, we
introduce, for the first time, a fully natural hydrogel system composed of
N-acetylated chitosan and alginate, crosslinked using a phenylalanine-
phenylalanine dipeptide. The hydrogel demonstrates a unique swelling
behavior, allowing for a solvent-free drug-loading method and pH-sensitive
release properties. In a colon-simulated pH environment, the hydrogel
achieved a high drug release efficiency, with 77.6% of the tested drug
sulfasalazine and 51% of hydrocortisone over 5 hours. These findings
underscore hydrogel’s potential as a promising drug delivery carrier for
targeted gastrointestinal treatments, with the capacity to enhance the efficacy
of current therapeutic options.
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1 Introduction

In controlled drug delivery, targeting the colon is highly desirable for treating a range of
localized diseases, including colorectal cancer, inflammatory bowel diseases (IBD), Crohn’s
disease, and ulcerative colitis (Koev et al., 2022). In addition to treating localized diseases,
this approach also enables the treatment of systemic conditions and diseases affecting distal
organs (McCoubrey et al., 2023). The selective release of bioactive molecules in the colon
not only reduces the required dosage for therapeutics but also minimizes side effects
associated with drug release and absorption in the upper gastrointestinal (GI) tract (Casadei
et al., 2008). Given the colon’s distal location in the GI tract, an ideal design for a colon-
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specific drug delivery system should prevent drug release in the
stomach and small intestine, while ensuring a rapid onset of release
upon reaching the colon (Yang et al., 2002).

Oral administration is the preferred route for drug delivery,
offering several advantages, such as ease of consumption, non-
invasive nature, and convenience of drug administration
(Alqahtani et al., 2021). Additionally, the rectal route serves as an
effective alternative for the local delivery of pharmaceutical
compounds, particularly for drugs with poor oral absorption, due
to the rectum’s stable environment and low enzymatic activity
(Rathi et al., 2022). Designing an effective colon-targeted drug
delivery system necessitates careful consideration of various
factors, including the physiological, anatomical, and
pathophysiological conditions in the GI tract across individuals
(Hua et al., 2015). One of the key challenges in achieving colon-
targeted drug delivery is the variability in pH levels across different
segments of the GI tract. The stomach maintains a highly acidic
environment (pH 1–3), while the small intestine ranges from slightly
acidic to neutral (pH 5.9–7.8), and the colon’s pH varies between
5 and 8. As pH serves as a common biological cue, it is widely
utilized to trigger responsiveness in nanomedicine (Li and Kataoka,
2020). Therefore, developing systems that can specifically respond to
the unique pH conditions of the colon is crucial for facilitating
targeted drug release (Van Den Abeele et al., 2017). Common
strategies to achieve this include the use of polymeric materials
(Soppimath et al., 2001), nanoparticles (He and Shi, 2011), and pH-
responsive carriers (Liu et al., 2017), all aimed at creating effective
and controlled drug delivery systems.

Polymeric hydrogels represent a promising class of biomaterials
for targeted drug delivery, owing to their biocompatibility and
favorable physicochemical properties (Kesharwani et al., 2021).
The swellable, porous polymeric structure allows hydrogels to
absorb significant amounts of water or biofluids, making them
highly desirable for controlled and sustained drug delivery
(Caccavo et al., 2016; Tian and Liu, 2023). Additionally, the
ability to modify the physical and chemical properties of the
hydrogel network, along with optimizing hydrogel–drug
interactions, enables precise control over the release of
therapeutic agents (Li and Mooney, 2016).

Natural polymers, such as polysaccharides and proteins derived
from plants, microorganisms, and animals, offer excellent properties
for hydrogel design and fabrication due to their biodegradability,
biocompatibility, and non-toxicity (Karoyo and Wilson, 2021;
Varghese et al., 2020). Among these, natural polymers, chitosan
has garnered significant attention as a scaffold material in drug
delivery systems (Tian and Liu, 2023; Saeedi et al., 2022; Yuan et al.,
2022) because of its biodegradability, biocompatibility, and
availability of functional moieties (N-H, O-H), which allow for
chemical modification and the tailoring of specific physicochemical
properties (Bhattarai et al., 2010). This attractive polysaccharide
serves as an exceptional excipient, being non-toxic, stable, and can
be sterilized, while, unlike other naturally derived materials, it does
not induce an immune response (Cheung et al., 2015). Similarly,
alginic acid and its sodium and calcium salts, collectively known as
Alginate, are among the most versatile naturally derived
polysaccharide polymers used in pharmaceutical applications
(Motasadizadeh et al., 2022; Li et al., 2022; Maxwell et al., 2022).
In addition to its non-toxicity and biocompatibility, alginate’s ability

to form two distinct types of gels, one pH-dependent, and the other
ionotropic endows the biopolymer with unique physicochemical
properties compared to neutral macromolecules (Szekalska et al.,
2016). The pH sensitivity of both alginate and chitosan, attributed to
their carboxyl and amino groups, respectively, makes them
particularly well-suited for drug carrier applications. Similar to
chitosan, the highly porous three-dimensional structure of
alginate hydrogels offers advantageous swelling properties due to
the presence of hydrophilic functional groups (Lee and Mooney,
2012). However, a significant limitation of ionically cross-linked
alginate gels is their reduced long-term stability under physiological
conditions. In such environments, divalent ions may be released into
the surrounding microenvironment through exchange reactions
with monovalent cations, ultimately leading to gel dissolution
(Kong et al., 2003). Despite this, alginate gels are easily modified
and chemically cross-linked and can be administrated orally or
injected in aminimally invasive manner, allowing for a wide range of
pharmaceutical applications (Nandini et al., 2008).

The combination of chitosan and alginate has been extensively
used to develop hydrating and gel-forming matrix systems for
homogeneous solid dispersion and the prolonged and controlled
release of various active substances at specific local sites (Ching et al.,
2008; Miyazaki et al., 1995; Murata et al., 1996; Mi et al., 2002;
Ribeiro et al., 2005). The electrostatic interactions that form the
chitosan-alginate polyelectrolyte complex not only address the
limitations of alginate hydrogels but also enhance the drug
release performance. This interaction strengthens the structural
integrity and functional efficiency of the hydrogel, making it a
more effective platform for controlled drug delivery (Anal and
Stevens, 2005). Moreover, the hydrophilic nature of chitosan and
alginate results in limited swelling in acidic pH, while promoting
substantial swelling in the neutral pH of the colon, enabling
controlled drug release. This property makes them an ideal
choice for polymeric matrix complexes designed for controlled,
colon-specific drug delivery (Kaur et al., 2014). Studies by Xu
et al. (2007) and Wang et al. (2016) demonstrated that chitosan-
alginate hybrid matrix systems could achieve drug release rates of
97.84% and 65.6% for icariin and BSA model protein drug,
respectively, triggered in the colonic environment, with minimal
release of 2.35% and 10% in simulated gastric fluid (Xu et al., 2007;
Wang et al., 2016).

Various cross-linking methods have been developed to form
hybrid polymer networks of chitosan-alginate, enhancing their
physicochemical properties and biological activity (Chen et al.,
2004; Lin et al., 2005; Baysal et al., 2013). Naturally occurring
cross-linking agents not only provide a non-cytotoxic option but
have been shown to reinforce drug release from the chitosan-
alginate matrix system (Nandini et al., 2008). In this work, we
present a novel hydrogel system incorporating a naturally occurring
phenylalanine-phenylalanine dipeptide cross-linker, covalently
integrated into the chitosan and alginate polymeric network
backbone (Figure 1). This fully natural hydrogel exhibited
solvent-free drug loading properties, achieving 100% loading
efficiency of model drugs. Additionally, the release behavior of
sulfasalazine and hydrocortisone was evaluated under colonic
pH conditions, showing rapid release in this environment and
underscoring the potential of this system for targeted drug
delivery to the colon.
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2 Experimental

2.1 Material

Commercially available materials were utilized without further
purification or any modification. The phenylalanine amino acid was
purchased from Iris Biotech, and DIEA (N,N-
diisopropylethylamine) was obtained from Sigma–Aldrich.
Organic solvents, including DMF (dimethylformamide), CH2Cl2
(dichloromethane), MeOH (methanol), and CH3CN (acetonitrile)
were purchased from Merck. Alginate and medium molecular
weight Chitosan (300–500 kDa, Deacetylation ≥75%) were
supplied by Sigma-Aldrich.

Melting points were determined on an Electrothermal
9100 apparatus. Infrared (IR) spectra were obtained on an ABB
FT-IR FTLA 2000 spectrometer. Proton nuclear magnetic resonance
(1H-NMR) spectra were recorded using Bruker DRX-300 AVANCE
spectrometers at 300 MHz, with Dimethyl sulfoxide (DMSO) as the
solvent. The release test was performed using the Distek dissolution
system 2,500. Drug release data was obtained using the Shimadzu
uv-3600 spectrophotometer and a KNAUER Smartline high-
performance liquid chromatography (HPLC) system.

2.2 Preparation of phenylalanine-
phenylalanine dipeptide (4) crosslinker

The phenylalanine-phenylalanine dipeptide was synthesized
through a three-step process, as illustrated in Figure 2. Initially,
functional groups on two equal batches of L-phenylalanine (1)
were selectively protected to prevent polymerization. In the first
batch, the carboxylic acid functional group was protected,
yielding L-phenylalanine methyl ester (2), while in the second
batch, the amine group was protected, producing (Z)-OSu-
Phenylalanine (3). The protected amino acids were then
subjected to a solid-phase coupling reaction to form the
dipeptide (4). Detailed procedures for each step are outlined
in the following sections.

2.2.1 Preparation of L-phenylalanine methyl
ester (2)

To synthesize L-phenylalanine methyl ester (Phe-OMe) (2),
L-phenylalanine (1) (10 mmol) was dissolved in 30 mL of
methanol. Thionyl chloride (3 mmol) was then added
dropwise to the reaction mixture while maintaining constant
stirring. Due to the exothermic nature of the reaction, the flask

FIGURE 1
(A) Schematic structure of the proposed hydrogel and (B) drug loading and release process. Chitosan, derived from crustaceans, and alginate,
sourced from brown algae, were used as the polymeric backbone of the hydrogel. These polymers were crosslinked with naturally occurring
phenylalanine-phenylalanine dipeptide, forming a hybrid hydrogel designed as a pH-sensitive drug delivery system. This system was employed for the
controlled release of model drugs hydrocortisone and sulfasalazine.
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was placed in an ice bath to control the temperature. The reaction
was allowed to proceed at room temperature for 24 h. Upon
completion, the reaction mixture was treated with 50 mL of
diethyl ether to precipitate the product. The resulting precipitate
was collected via vacuum filtration, washed with cold diethyl
ether, and dried under vacuum to yield L-phenylalanine methyl
ester (Phe-OMe) (2).

2.2.2 Preparation of (Z)-OSu protected
L-phenylalanine (3)

N-(Benzyloxycarbonyloxy)succinimide ((Z)-OSu, (3) (Figure 3)
was used as the protecting agent for the amine group in the second
batch of L-phenylalanine (1). To initiate the reaction, (Z)-OSu (3)
(12 mmol) was dissolved in 20 mL of ethyl acetate, while
L-phenylalanine (1) (10 mmol) was dissolved in a 0.25 M
sodium bicarbonate solution. The two solutions were combined
and stirred at room temperature for 24 h.

After the reaction, the pHwas adjusted to 3 by adding solid citric
acid. The organic phase was then extracted with 30 mL of ethyl
acetate and washed with saturated sodium chloride solution to raise
the pH to 5, facilitating product precipitation. Finally, the organic
phase was evaporated and the resulting (Z)-OSu-protected
L-phenylalanine (Z)-OSu-Phe, (3) was dried in a vacuum oven
at 40°C.

2.2.3 (Z)-OSu-Phe-Phe-OMe (4) preparation
To synthesize the phenylalanine-phenylalanine dipeptide (4),

(Z)-OSu-Phe (3) (10 mmol) was dissolved in 30 mL of ethyl acetate,
followed by the addition of N,N-diisopropylethylamine (DIEA)
(3.9 g, 30 mmol). The peptide synthesis was carried out by the
coupling reagent 2-(1H-Benzotriazole-1-yl)-1,1,3,3-
tetramethylaminium tetrafluoroborate (TBTU) (5). TBTU (5) and
phenylalanine methyl ester (Phe-OMe) (2) were simultaneously
added to the reaction flask and the mixture was stirred at room
temperature for 24 h.

Upon completion of the reaction, the mixture was washed
successively with 10% w/w sodium carbonate and 10% w/w citric
acid solutions to remove unreacted materials. The organic phase was
then extracted and washed with a saturated NaCl solution to adjust
the pH to 5. The solvent was removed under vacuum, resulting in the
production of the (Z)-OSu-Phe-Phe-OMe dipeptide (4)with an 80%
yield. The product was dried in a vacuum oven at 40°C overnight.
Structural determination of (Z)-OSu-Phe-Phe-OMe dipeptide (4)
was performed using 1H-NMR at 300 MHz with DMSO as
the solvent.

2.3 Preparation of alginate-phenylalanine-
phenylalanine-chitosan (Alg-Phe-Phe-Chit)
(10) hydrogel

The hydrogel synthesis followed a four-step process. First, the
carboxylic acid functional group of the dipeptide was deprotected.
Next, the deprotected dipeptide (5) was coupled with N-acetylated
chitosan (6). In the next step, the (Z)-OSu group was removed from
the amine functional group of (Z)-OSu-Phe-Phe-Chit (7). Finally,
sodium alginate (9) was coupled with NH₂-Phe-Phe-Chit (8),

FIGURE 2
The synthesis process of phenylalanine-phenylalanine dipeptide
(4). (A) Protection of the carboxylic acid group of L-phenylalanine (1)
by conversion to its methyl ester form, yielding Phe-OMe (2). (B) (Z)-
OSu protection of the amino group, forming (Z)-OSu-Phe (3). (C)
Solid-phase coupling of the protected amino acids, resulting in the
synthesis of (Z)-OSu-Phe-PheOMe (4).

FIGURE 3
The structure of N-(Benzyloxycarbonyloxy)succinimide ((Z)-
OSu) a protecting agent used for the amine functional group of
L-phenylalanine amino acid (1).
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resulting in the formation of the Alg-Phe-Phe-Chit (10) hydrogel. A
complete chemical overview of this synthesis is shown in Figure 4,
with detailed procedures for each step described in the
following sections.

2.3.1 Preparation of soluble chitosan by
N-acetylation

Following the protocol by Lu et al. (2004) for preparing
N-acetylated chitosan (6), a chitosan solution was prepared by
dissolving medium molecular weight Chitosan (300–500 kDa,
deacetylation ≥75%) (1 g) in 2.8% w/w acetic acid. Ethanol (25 mL)
was then added to the reaction, followed by the dropwise addition of
pyridine (8 mL). Acetic anhydride (0.5 g) was introduced into the
reaction mixture, which was stirred at room temperature for 1 h to

facilitate gel formation. The N-acetylated chitosan (6) was precipitated
by adding ethanol to the reaction mixture, collected by vacuum
filtration, and dried at 50°C for several hours.

2.3.1.1 Deacetylation degree (DD) of N-acetylated
chitosan (6)

Deacetylation (DD) degree of N-acetylated chitosan (6) was
determined by quantifying its free amino groups through acid-base
titration. For this procedure, N-acetylated chitosan (6) (0.3 g) was
dissolved in 0.1 M hydrochloric acid (30 mL), with methyl blue as
the indicator. The titration was carried out using a standard sodium
hydroxide solution, following the method described in the reference
(Lin et al., 2005). The degree of deacetylation of N-acetylated
chitosan (6) was calculated using the following formulas:

FIGURE 4
The synthesis of Alg-Phe-Phe-Chit hydrogel (10)was carried out in four steps: (A)Methyl ester deprotection of dipeptide and the formation of (Z)-
OSu-Phe-PheOH (5), (B) Coupling of N-acetylated chitosan (6) with (Z)-OSu-Phe-PheOH (5), (C) Deprotection of (Z)-OSu (3) from (Z)-OSu-Phe-Phe-
Chit (7), resulting in NH2-Phe-Phe-Chit (8) formation, (D) Coupling reaction of sodium alginate (9)with NH2-Phe-Phe-Chit (8) to form thefinal Alg-Phe-
Phe-Chit (10) hydrogel.
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−NH₂%( ) � 0.016 × C1V1-C2V2( )
W

× 100

DD% � 203 × −NH₂%( )
16 + 42 × −NH₂( )( ) × 100

Where C1, V1, C2, and V2 represent the concentrations and
volumes of standard solutions.

2.3.1.2 Methyl ester deprotection of dipeptide (4)
For the deprotection of the methyl ester group of the dipeptide,

(Z)-OSu-Phe-Phe-OMe dipeptide (4) (10 mmol) was dissolved in
tetrahydrofuran (107 mL) at a concentration of 0.14 mmol dipeptide
per 1.5 mL tetrahydrofuran. Lithium hydroxide (3.5 M, 0.3 mL) was
added, and the reaction mixture was stirred at 60°C for 1 h. Upon
completion, the pH was adjusted to 5 using a 5% w/w hydrochloric
acid solution. The deprotected dipeptide was isolated by vacuum
filtration, followed by extraction with deionized water and
dichloromethane. The deprotection was confirmed by comparing
the melting point of the resulting (Z)-OSu-Phe-PheOH (5) to
existing literature values (157°C–160°C).

2.3.1.3 Coupling of N-acetylated chitosan (6) and (Z)-OSu-
Phe-PheOH (5)

In this step, the coupling method outlined in section 2.2.3 was
employed to synthesize (Z)-OSu-Phe-Phe-Chit (7).

2.3.1.4 Coupling of sodium alginate (9) and (Z)-OSu-Phe-
Phe-Chit (7)

Initially, (Z)-OSu-Phe-Phe-Chit (7) was dissolved in methanol,
and pure palladium (1 g) was added as a catalyst. The reaction
mixture was stirred at room temperature for 24 h under a hydrogen
atmosphere. Upon completion, the palladium catalyst was removed
by filtration through Celite, and the solvent was evaporated under
vacuum. The resulting NH2-Phe-Phe-Chit (8) was dried overnight
in a vacuum oven at 40°C. Subsequently, the coupling method
described in section 2.2.3 was used to couple sodium alginate (9)
with NH2-Phe-Phe-Chit (8), and the resulting Alg-Phe-Phe-Chit
(10) was extracted using water and ethanol.

2.3.2 FT-IR
Fourier transform infrared spectroscopy (FT-IR) was used to

confirm the coupling reactions and verify the synthesis of the desired
products at each stage. The FT-IR analysis was conducted using
potassium bromide (KBr) tablets, with a resolution of 1 cm−1,
spanning the wavelength range of 400–4,000 cm−1.

2.4 Alg-Phe-Phe-Chit (10) hydrogel:
swelling, drug loading, and release

2.4.1 Swelling of Alg-Phe-Phe-Chit (12) hydrogel
The swelling behavior of the Alg-Phe-Phe-Chit (10) hydrogel

was evaluated using gravimetric analysis. A compressed disk of Alg-
Phe-Phe-Chit (10) (10 mg) with a diameter of 10 mm was prepared
under the pressure of 3 megapascal (MPa) and immersed in
phosphate buffer (pH 7.5) to simulate colonic pH condition. The
disk remained in the buffer for 24 h, and its weight change was
monitored over time. The water uptake of the hydrogel was

calculated using the following formula, based on the observed
weight changes during the experiment:

Swelling% � Wt −W₀

W₀
× 100

Where W0 represents the initial weight of the Alg-Phe-Phe-Chit
hydrogel (10) and Wt is the weight of the hydrogel through time.

2.4.2 Hydrogel drug loading
In this study, hydrocortisone and sulfasalazine were selected as

model drugs. To prepare the drug-loaded hydrogel, 50 mg of Alg-
Phe-Phe-Chit (10) was mixed with 10 mg of each model drug. The
mixture was heated to 40°C–50°C for 2–3 min to facilitate drug
incorporation into the hydrogel matrix. After the drugs were fully
absorbed into the swollen hydrogel, the sample was cooled for
several minutes. The drug-loaded hydrogel was then compacted
into 10 mm disks under a pressure of 3 MPa, in preparation for the
drug release test.

2.4.3 Drug release evaluation using dissolution
testing and HPLC analysis

The drug release test was conducted using a dissolution method
in a simulated colonic pH environment with phosphate buffer
(900 mL, pH 7.5). Hydrogel disks were placed in dissolution cells
maintained at 37°C, with agitation set at 100 rpm. Drug release was
monitored by measuring the absorbance of samples at specific time
intervals using UV-Vis spectroscopy, with readings at
predetermined reference wavelengths (254 nm for hydrocortisone
and 385 nm for sulfasalazine). A standard solution of the model
drugs served as the reference for quantifying the drug release.
Absorbance measurements were recorded every hour for up to 5 h.

To confirm drug release over the 5 h, HPLC was employed. A
standard solution of each model drug served as a reference for
calculating the drug release. Chromatographic separation was
performed using an octadecylsilyl groups (ODS) (C18) column
(5 μm, 4.6 × 150 mm), with a mobile phase consisting of
methanol, water, and acetic acid in a 60:30:10 (v/v/v) ratio. The
mobile phase was delivered at a flow rate of 1.0 mL/min. Drug
release was calculated using the following equation:

Release% � Asample

ASTD
× 100

Where Asample represents the absorption (UV-Vis
spectroscopy) and peak area (HPLC) of the sample solution,
and ASTD represents the absorption and peak area of the standard
solution, respectively.

3 Results

3.1 (Z)-OSu-Phe-Phe-OMe dipeptide
(4) synthesis

The chemical structure of the dipeptide (Z)-OSu-Phe-Phe-
OMe (4) was confirmed by 1H-NMR analysis in DMSO at
300 MHz. The 1H-NMR spectrum (Figure 5) exhibited several
characteristic peaks. The diastereotopic hydrogens of the
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methylene groups appeared as multiple peaks in the range of
2.8–3.10 ppm (Figure 5, peak 1). A distinct singlet corresponding
to the methoxy group was observed at 3.67 ppm (Figure 5, peak
2). The methylene group of the (Z)-OSu protecting agent
produced a singlet peak at 5.1 ppm (Figure 5, peak 3).
Additionally, two pairs of doublets in the regions of
4.5–4.8 ppm and 4.9–5.3 ppm were attributed to the protons
at the chiral centers of the dipeptide (Figure 5, peak 4), which
could couple with two diastereotopic hydrogens of methylene
groups, confirming the successful synthesis of the
desired compound.

3.2 Soluble chitosan preparation and
characterization

The synthesis of soluble chitosan was investigated through
three different methods. The first method involved ether bond
hydrolysis using hydrogen peroxide (Xia et al., 2013), producing
soluble low molecular weight chitosan. However, this approach
was limited by low yields, harsh reaction conditions, and
substantial residue formation. In a second method, ((Z)-OSu)

(3) was used to partially protect the amine groups of chitosan,
but the final product was obtained in low yields. The most
successful method involved the synthesizing partially
N-acetylated chitosan (6) by protecting the amino groups
with acetic anhydride, known to enhance solubility in organic
solvents. Despite a reaction time of 24 h, this method resulted in
the desired chitosan with a reasonable yield. A comparative
solubility test in ethyl acetate for 24 h demonstrated that
N-acetylated chitosan (6) exhibited significantly improved
solubility. The degree of deacetylation (DD) was determined
to be 58% using acid-base titration. Additionally, the formation
of amide bonds was confirmed by a characteristic peak at
1,668 cm−1 in the FT-IR spectrum.

3.3 Alg-Phe-Phe-Chit hydrogel (10)
synthesis and characterization

For the synthesis of Alg-Phe-Phe-Chit hydrogel (10), the
methyl ester deprotection of (Z)-OSu-Phe-Phe-OMe dipeptide
(4) was successfully achieved. The preparation of (Z)-OSu-Phe-
PheOH (5) was confirmed by its melting point, which matched

FIGURE 5
The 1H-NMR spectrum of (Z)-OSu-Phe-Phe-OMe (4). The structure of the dipeptide is illustrated, with corresponding peaks in the spectrum
indicated in numbers. The 1H-NMR analysis confirmed the synthesis of the (Z)-OSu-Phe-Phe-OMe (4), with characteristic chemical shifts matching the
expected functional groups.
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the reference values (157°C–160°C). FT-IR analysis (KBr pellet)
of (Z)-OSu-Phe-PheOH (5) revealed characteristic peaks at
3,443 cm−1, 1714 cm−1, and 1,658 cm−1, corresponding to O-H
stretching in the carboxylic acid, C=O stretching in the
carboxylic acid, and the amide group of the dipeptide,
respectively. The subsequent coupling of N-acetylated chitosan
(6) with (Z)-OSu-Phe-Phe-OH (5) was monitored by FT-IR,
which showed the formation of an ester bond through the
appearance of a new carbonyl peak at 1724 cm⁻1 (Figure 6).

Following the deprotection of (Z)-OSu-Phe-Phe-Chit (7) to its
amine form, NH2-Phe-Phe-Chit (8) was successfully coupled with
sodium alginate (9). The FT-IR spectrum of NH2-Phe-Phe-Chit (8)
displayed bands at 3,299 cm−1 and 2,929 cm−1, corresponding to
O-H and N-H stretching, respectively. Additional peaks at
1726 cm−1, 1,654 cm−1, and 1,620 cm−1 were attributed to C=O
stretching in ester and amide functional groups. The formation of
the final Alg-Phe-Phe-Chit hydrogel (10) was confirmed by FT-IR,
with peaks at 1718 cm−1 and 1,625 cm−1, indicating C=O stretching
in the ester and amide groups. Bands at 3,276 cm−1 and 2,929 cm−1

were observed, corresponding to hydroxyl and amine groups,
respectively. Additionally, fingerprint peaks at 698 cm−1 and
752 cm−1 confirmed the presence of C-C and C-N bond
stretches. Figure 6 illustrates the significant changes in the FT-IR
spectra throughout the formation of the Alg-Phe-Phe-Chit
hydrogel (10).

3.4 Alg-Phe-Phe-Chit hydrogel (12) swelling

The swelling behavior of the hydrogel in a medium that
mimicked colonic pH was also assessed. After 24 h, the

hydrogel exhibited a 30% increase in swelling, with its weight
increasing from 50 to 65 mg in phosphate buffer
(pH 7.5) (Table 1).

3.5 Drug loading in Alg-Phe-Phe-Chit
hydrogel (12)

In chitosan-based hydrogels cross-linked with polymers like
alginate, the conventional method for drug loading typically
involves immersing the fully formed hydrogel in a drug-
saturated medium (Bhattarai et al., 2010). However, the Alg-
Phe-Phe-Chit hydrogel (10) demonstrated limited drug loading
capacity using this method. Notably, this hydrogel exhibited
unique swelling properties compared to previously reported
cross-linked chitosan-alginate hydrogels. Specifically, the Alg-
Phe-Phe-Chit hydrogel (10) demonstrated swelled at

FIGURE 6
The FT-IR analysis of Alg-Phe-Phe-Chit hydrogel (10) synthesis. (A) Overview of the synthetic process for Alg-Phe-Phe-Chit hydrogel (10). (B)
Comparison of IR spectra for N-acetylated chitosan (6), NH2-OSu-Phe-Phe-Chit (8) and Alg-Phe-Phe-Chit hydrogel (10), highlighting spectral changes
during the coupling reactions that confirms successful hydrogel formation.

TABLE 1 Swelling behavior of Alg-Phe-Phe-Chit (10) hydrogel in phosphate
buffer (pH 7.5). The hydrogel showed a 30% increase in swelling up to 24 h.

Time (h) Hydrogel weight (mg) % Swelling

1 50 0

2 51.6 3.2

3 53.2 6.4

4 55.4 10.8

5 57.6 15.2

24 65 30
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temperatures between 40°C–50°C, followed by precipitation
upon cooling. This behavior was evident during hydrogel
synthesis, during the solvent evaporation under vacuum at
40°C resulted in swelling and subsequent precipitation upon
cooling. These unique swelling properties were leveraged in the
drug loading procedure described in section 2.3.2, enabling a
solvent-free drug loading method with a remarkable 100% drug
loading capacity, while minimizing drug waste by eliminating
the need for solvents during the loading process.

3.6 Hydrocortisone and sulfasalazine release
from Alg-Phe-Phe-Chit hydrogel (12)

A dissolution test was performed to evaluate the release of
hydrocortisone and sulfasalazine in a colonic pH medium. The
experimental parameters, including the mobile phase,
chromatography column, and release formula were adapted
from the United States Pharmacopeia (USP) and British
Pharmacopeia (BP). A summary of the drug release results is
provided in Table 2. UV-Vis spectroscopy indicated that 35% of
hydrocortisone was released within the first hour, increasing to
49% after 5 h (Figure 7). In contrast, sulfasalazine, showed a
faster release pattern, with over 65% of the drug released in the
first hour and reaching 75% by the 5-h mark (Figure 8). HPLC
analysis confirmed the UV-Vis findings, revealing release rates of
51% for hydrocortisone and 77.6% for sulfasalazine over the same

period. In the HPLC analysis, hydrocortisone was eluted at
approximately 8 min and sulfasalazine at 18 and 19 min, with
the phosphate buffer eluting between 0 and 5 min.

4 Discussion

The structural analysis of the phenylalanine-phenylalanine
dipeptide crosslinker provided valuable insights into the
functional groups and stereochemistry. Peaks observed
between 2.8 and 3.10 ppm confirmed the presence of
diastereotopic hydrogens in the methylene groups, while a
single peak at 3.67 ppm indicated uniform methoxy groups. A
distinct peak at 5.1 ppm for the (Z)-OSu protecting agent
confirmed its successful attachment to the dipeptide, a critical
step for controlling reactivity during synthesis. The presence of
doublet peaks around 4.5–4.8 ppm and 4.9–5.3 ppm,
corresponding to chiral centers, showed the stereospecificity of
the molecule. Additionally, peaks at 6.8 ppm and 7.1 ppm in the
aromatic region were attributed to the hydrogens of the amide
groups (Figure 5, peak 5), while peaks above 7 ppm were
associated with the aromatic hydrogens of the phenyl groups
(Figure 5, peak 6), confirming the presence of the phenyl groups
in the structure (Pavia et al., 2015).

A significant challenge in synthesizing the Alg-Phe-Phe-Chit
hydrogel (10) was obtaining a soluble chitosan derivative for
effective coupling reactions. Among the various approaches
tested, the partial N-acetylation of chitosan (Lu et al., 2004)
using acetic anhydride yielded the most favourable results. In
contrast to the hydrolysis method (Xia et al., 2013) which
resulted in low yield and involved challenging reaction
conditions, N-acetylation produced chitosan with enhanced
solubility, particularly in organic solvents like ethyl acetate. This
improved solubility facilitates efficient coupling reactions. The
degree of deacetylation was determined to be 58% through acid-
base titration, further demonstrating the effectiveness of acetic
anhydride in achieving the desired degree of acetylation.
Additionally, the presence of a peak at 1,668 cm−1 in the FT-IR
spectrum confirmed the successful formation of amide bonds,
validating the structural integrity of the synthesized
N-acetylated chitosan (6).

The synthesis of the Alg-Phe-Phe-Chit hydrogel (10)
involved critical reaction stages, as confirmed by FT-IR
spectroscopy (Pavia et al., 2015) and melting point analysis.
The successful deprotection of (Z)-OSu-Phe-Phe-OMe
dipeptide (4) and its conversion to (Z)-OSu-Phe-PheOH (5)
was validated by its melting point and characteristic FT-IR
peaks. Notably, the appearance of the carbonyl peak at
1724 cm−1 confirmed the formation of ester bonds during the
coupling reaction between N-acetylated chitosan (6) and the
dipeptide, highlighting the efficiency of the synthetic pathway.
FT-IR analysis of the final hydrogel revealed the characteristic
peaks for O-H, N-H, and C=O stretching, confirming the
presence of ester and amide groups in the cross-linked
structure. This comprehensive characterization of chemical
changes throughout the synthesis process (Figure 6)
underscores the robustness of the methodology in forming a

TABLE 2 Drug release data for hydrocortisone and sulfasalazine, obtained
from UV-Vis spectroscopy (top panel) and HPLC (bottom panel) over 5 h.
The release data from UV-Vis at 5 h was consistent with HPLC results.
Hydrocortisone exhibited a release of 49% via UV-Vis and 51% via HPLC.
Sulfasalazine showed a release of 75% via UV-Vis and 77.6% via HPLC. Data
are presented as Mean ± standard deviation (SD), with results generated
from two experimental replicates.

UV-Vis Spectroscopy

Time (min) Hydrocortisone Sulfasalazine

A% Release% A% Release%

15 0.130 36.1 ± 1.98 0.194 58 ± 1.79

30 0.136 37.5 ± 0.85 0.212 63.8 ± 1.84

45 0.140 38.6 ± 1.55 0.219 66 ± 2.40

60 0.145 40 ± 2.12 0.223 67 ± 2.69

120 0.155 43 ± 0.56 0.226 68 ± 2.76

180 0.161 44.4 ± 1.70 0.227 68.3 ± 2.54

240 0.167 46 ± 1.27 0.235 70.7 ± 1.13

300 0.172 49 ± 1.41 0.238 75 ± 2.12

HPLC

Drug λmax

(nm)
Area

(sample)
Area

(standard)
Release

%

Hydrocortisone 254 3.5 6.8 51

Sulfasalazine 385 5.9 7.6 77.6
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well-defined hydrogel structure, which directly impacts its
efficacy in controlling drug release and enhancing its stability
in physiological conditions (Thang et al., 2023).

The unique swelling behavior observed in the Alg-Phe-Phe-
Chit hydrogel (10) presents an innovative approach to drug
loading, setting it apart from conventional chitosan-alginate
hydrogels (Baysal et al., 2013). The hydrogel’s ability to swell
at temperatures between 40°C–50°C, followed by precipitation
upon cooling, enables a solvent-free drug-loading process that
achieves a 100% drug-loading capacity. This method not only
improves drug loading efficiency but also significantly reduces
solvent use and drug waste. This in turn enhances patient safety
by avoiding potential toxicity or side effects that may arise from
residual solvents while decreasing the overall cost of
manufacturing (Kumar et al., 2024).

The temperature-dependent swelling behavior is likely
influenced by the thermal properties of the phenylalanine-
phenylalanine dipeptide cross-linker, which undergoes
structural changes that enhance drug entrapment. Previous
studies have shown that simple dipeptides, such as
L-phenylalanine, can readily self-assemble and form β-amyloid
proteins (Sedman et al., 2006). Thermal stability assessments
have demonstrated that as the temperature increases, the
structural integrity of phenylalanine-phenylalanine blocks
diminishes, leading to a loss of free phenylalanine. This
degradation was observed over a temperature range of

25°C–200°C (Sedman et al., 2006). These findings suggest that
the drug-loading process conducted at 50°C may be facilitated by
a reduction in the structural integrity of the phenylalanine-
phenylalanine cross-linker, allowing for the effective drug
entrapment (Sedman et al., 2006). This temperature-
dependent structural alteration highlights the efficiency of the
newly developed drug loading method for the Alg-Phe-Phe-Chit
hydrogel (10), positioning it as a promising platform for targeted
drug delivery applications.

The dissolution study demonstrated the hydrogel’s
effectiveness as a carrier for hydrocortisone and sulfasalazine
under colonic pH conditions. The burst release of hydrocortisone
(35% in the first hour) followed by a slower, sustained release
pattern (49% in 5 h), suggests a dual-phase release mechanism
(Kasiński et al., 2023) 02. This behavior is likely due to the initial
release of surface-bound drugs, followed by the gradual diffusion
of drug molecules through the hydrogel matrix. The consistency
between UV-Vis spectroscopy and HPLC data reinforces the
reliability of these findings, with HPLC confirming 51%
release in 5 h. Sulfasalazine exhibited a faster release profile,
with over 65% of the drug released in the first hour and up to
77.6% after 5 h, as confirmed by both UV-Vis and HPLC
analyses. The rapid initial release may be attributed to
sulfasalazine’s hydrophilic nature (Ol’khovich et al., 2017),
allowing it to readily diffuse through the hydrogel matrix in
aqueous environments. The close agreement between UV-Vis

FIGURE 7
Release profile of hydrocortisone. (A) Image of hydrocortisone loaded Alg-Phe-Phe-Chit disk, (B)UV-Vis release pattern of hydrocortisone showing
an initial release of 35% within the first hour, increasing to 49% after 5 h. HPLC profile for standard (C) and sample (D) solutions of hydrocortisone. The
release data indicates a consistent finding of 51% hydrocortisone release, confirming the UV-Vis analysis results.
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and HPLC results for both drugs and the consistent retention
times observed during HPLC analysis, further validate the
accuracy of the release data.

In summary, the Alg-Phe-Phe-Chit hydrogel (10) exhibited an
optimal balance of swelling properties, drug-loading capacity, and
controlled release profile under colonic pH conditions, making it a
promising candidate for pH-responsive drug delivery systems. Its
ability to effectively encapsulate and release drug models in
simulated colonic environments underscores its potential for
targeted colon-specific drug delivery. Further refinement and
optimization of the hydrogel synthesis parameters could
significantly enhance its performance, paving the way for broader
applications in both localized and systemic drug delivery strategies.

5 Conclusion

In this study, the synthesis, characterization, and drug delivery
potential of the Alg-Phe-Phe-Chit hydrogel were thoroughly
investigated. The hydrogel’s unique swelling properties at
elevated temperatures enabled the development of a solvent-free
drug-loading process, achieving 100% drug-loading capacity. This
innovative approach highlights the hydrogel’s efficiency in
incorporating therapeutic agents without waste. The thermal

behavior of the phenylalanine-phenylalanine dipeptide cross-
linker played a crucial role in facilitating this high drug-loading
efficiency. The results underscore the hydrogel’s potential as a
carrier for pH-responsive drug delivery, offering both immediate
and sustained release profiles. The solvent-free loading process and
high drug loading capacity reinforce the hydrogel’s suitability for
targeted drug delivery and controlled release. Future studies should
focus on optimizing the hydrogel composition and evaluating its
efficacy across a broader range of drugs to maximize its potential for
specific drug delivery applications.
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