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Doxycycline hyclate (DH) is a second-generation tetracycline antibiotic with lower toxicity than
its predecessors, used for bacterial infections and topically for mucosal and diabetic ulcers.
Healthy skin's pH is mildly acidic (4.0-6.0), regulating bacterial flora and preventing infections.
Wounds disrupt this pH, revealing the tissue's neutral pH of 7.4, necessitating pH-sensitive
controlled drug release for effective chronic wound treatment. This study explores
polysaccharide-based hydrogels synthesized by crosslinking sodium alginate/citric acid
(NaAlg/CA) solutions using gamma radiation with varying citric acid concentrations for pH-
sensitive DH release. The citric acid-modified polysaccharide hydrogels were created using a

t(_e%| green method, free of additional chemicals. Citric acid significantly influenced swelling, critical
. Sgdiur% for drug loading and release, with the highest swelling capacity (3500% mass) observed at a 5:1

NaAlg/CA ratio. Hydrogels were tested for pH-dependent swelling and DH drug release profiles
at pH 5.5, 7.4, and 9.0. The results indicate that at pH 7.4, which replicates the pH of chronic
wounds, the release of DH showed a prolonged profile up to 40 hours, distinct from the results
at pH 5.5 and 9.0. These results highlight the capabilities of NaAlg/CA hydrogels created through
gamma radiation, combining the biocompatibility and low toxicity of sodium alginate/citric acid,
for efficient and sustainable drug delivery, especially valuable in acute wound care where pH-
specific therapeutic effectiveness is essential.
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INTRODUCTION

Hydrogels are a unique class of materials characterized by their ability to retain a significant
amount of water within their polymeric networks. These three-dimensional structures are formed
through the physical or chemical crosslinking of hydrophilic polymers, which allows them to swell in
water while maintaining their distinct form (Hoffman, 2002). Hydrogels are highly versatile and can
mimic the natural extracellular matrix, making them extremely useful in a range of biomedical
applications, from drug delivery systems and wound healing dressings to tissue engineering and
regenerative medicine (Drury & Mooney, 2003; Klouda & Mikos, 2008). The remarkable properties of
hydrogels stem from their hydrophilic nature and the porosity of their structure. This allows for the
controlled release of small molecules and drugs, responsiveness to environmental stimuli (such as pH,
temperature, and ionic strength), and the ability to promote cell adhesion and proliferation (Koetting et
al., 2015; Sood et al., 2014). Moreover, their soft tissue-like consistency and low interfacial tension with
biological fluids minimize irritation when in contact with tissue, which is critical for medical implants
and injectable therapies (Moller et al., 2007; Tan et al., 2009). Scientific interest in hydrogels has grown
due to their potential to be tailored for specific applications by manipulating their chemical composition
and physical structure. Hydrogels are commonly synthesized using chemical crosslinking agents, which
create a network of polymer chains through covalent bonds. These agents can include molecules such as
formaldehyde, glutaraldehyde (GA), genipin, diglycidyl ether, and N,N’-methylenebisacrylamide, which
facilitate the formation of stable, three-dimensional structures (Ali et al., 2022; Bashir et al., 2020).
While effective, these chemical crosslinking methods often involve toxic reagents and by-products that
may pose biocompatibility issues, particularly for medical and pharmaceutical applications.
Additionally, the residual crosslinking agents might remain in the hydrogel, potentially leading to
adverse reactions when applied to sensitive tissues or open wounds (Hennink & Van Nostrum, 2002;
Maiti et al., 2024; Mashabela et al., 2022). Therefore, developing alternative crosslinking methods that
avoid these drawbacks is crucial for advancing hydrogel technology.

In this context, radiation-induced crosslinking emerges as a promising green alternative. Gamma
radiation, in particular, offers a clean and efficient method to induce crosslinking without the need for
additional chemical agents. This technique relies on high-energy photons to create free radicals within
the polymer matrix, leading to the formation of covalent bonds between polymer chains (Bray & Merrill,
1973; Rosiak & Ulanski, 1999). The absence of toxic crosslinkers enhances the biocompatibility and
safety profile of the resulting hydrogels, making them highly suitable for biomedical applications.
Furthermore, radiation-induced crosslinking can be precisely controlled by adjusting the radiation dose,
enabling the customization of hydrogel properties such as swelling capacity and mechanical strength
(Lugao & Malmonge, 2001; Rosiak et al., 1995; Yang et al., 2022). This environmentally friendly
approach not only simplifies the hydrogel synthesis process but also ensures that the final product is free
from harmful contaminants, aligning with the principles of green chemistry and sustainable development
(Ahmed et al., 2024). In biomedical applications, radiation-synthesized hydrogels are employed in
wound healing (Demeter et al., 2023), tissue engineering scaffolds (Kim et al., 2017), and controlled
drug delivery systems (Ghobashy et al., 2021) due to their biocompatibility and ability to mimic
biological environments. They also find use in environmental applications for water purification and
pollutant remediation, showcasing their versatility and broad utility across different disciplines (Haque
etal., 2024).

pH-sensitive hydrogels play a crucial role in various biomedical and pharmaceutical applications
due to their unique ability to respond to changes in pH. These hydrogels are designed to swell or shrink
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in response to the pH of their environment, allowing for controlled release of drugs or other therapeutic
agents (Singh et al., 2020a; Sood et al., 2014). This capability is particularly beneficial for targeted drug
delivery, where the hydrogel releases its payload at specific sites in the body with different pH levels,
such as the neutral or slightly alkaline environment of a wound. This targeted approach not only
improves the efficacy of the treatment but also minimizes side effects on healthy tissues (Li et al., 2021a,
Al-Arjan et al., 2022). Healthy skin maintains a mildly acidic pH ranging from 4.0 to 6.0, which is
essential for regulating bacterial flora and preventing infections. However, when a wound occurs, this
acidic environment is disrupted, revealing the underlying tissue's neutral pH. Particularly, for acute
wounds, there is a fluctuation in pH ranging from 7.20 to 8.35 (Kruse et al., 2017; Schreml et al., 2010).
This alkaline environment in chronic wounds can foster bacterial proliferation and trigger a cycle of
inflammation that exacerbates the wound's severity, potentially resulting in tissue death or even
amputation (Kuo et al., 2020). Therefore, it is crucial to control the drug delivery mechanisms to actively
modulate the pH of the wound. In wound care, pH-sensitive hydrogels can respond to the altered pH of
the wound environment, releasing antimicrobial agents or other therapeutics to promote healing and
prevent infection. At the neutral pH of a wound, these hydrogels can provide a sustained, controlled
release of medication, which is critical for maintaining therapeutic levels over an extended period and
promoting efficient healing (Zong et al., 2023). Additionally, these hydrogels enable sustained drug
release over extended periods, enhancing therapeutic outcomes and reducing the need for frequent
dosing, which improves patient compliance (Al-Arjan et al., 2022). The environmentally friendly
synthesis of pH-sensitive hydrogels, such as through radiation-induced crosslinking, further enhances
their appeal by ensuring safety and sustainability.

Hydrogels can be synthesized from a diverse array of materials, including monomers, synthetic
polymers, and naturally derived polysaccharides (Maiti et al., 2024). In this study, sodium alginate was
used to create pH-sensitive hydrogels. Sodium alginate is a natural polysaccharide derived from brown
seaweed and is widely recognized for its safety and biocompatibility. Its approval for use in food
products by the Food and Drug Administration ( FDA) underscores its non-toxic nature and suitability
for consumption. This inherent safety profile makes sodium alginate an excellent candidate for medical
and pharmaceutical applications, particularly for creating drug delivery systems and wound dressings
(Augst et al., 2006; Bidarra et al., 2014; Rowley et al., 1999). In this study, hydrogels were synthesized
by crosslinking sodium alginate with citric acid using gamma radiation. The pH sensitivity of these
hydrogels is primarily due to the chemical structure of sodium alginate and its interaction with citric
acid. Citric acid, bearing three carboxylic and one hydroxyl group, offers an ideal platform for pH-
sensitive materials (Franklin & Guhanathan, 2015) and has also been found to possess antimicrobial
properties (Pooresmaeil et al., 2021). On the other hand, sodium alginate contains carboxyl groups,
which can ionize and form carboxylate ions in aqueous solutions. The degree of ionization and the
overall charge of the hydrogel network depend on the pH of the surrounding environment. At different
pH levels, the carboxyl groups within the sodium alginate matrix undergo ionization changes. At acidic
pH (low pH), fewer carboxyl groups are ionized, resulting in less swelling of the hydrogel. Conversely,
at neutral or slightly basic pH, more carboxyl groups ionize, leading to increased swelling of the hydrogel
(Zhang et al., 2022). This behavior also promotes controlled drug release, offering particular benefits at
the natural pH typical of wound environments, thereby ensuring sustained and targeted therapeutic
effects. Here, the synthesized hydrogel with optimum parameters was used for the in vitro release study
of Doxycycline hyclate (DH). This model drug was employed to investigate the pH-sensitive release
mechanisms of gamma-synthesized hydrogels. DH, a second-generation broad-spectrum antibiotic in
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the tetracycline class, was developed to provide improved effectiveness and lower toxicity compared to
earlier tetracycline antibiotics. In addition to its oral use, doxycycline hyclate can also be applied
topically for treating certain skin and mucosal infections, including those caused by ulcers and diabetic
wounds. Its broad-spectrum activity, combined with its lower toxicity, makes it a versatile and widely
used antibiotic in both human and veterinary medicine (Gabriele et al., 2019; Saliy et al., 2024). Various
strategies have been proposed for the use of DH in biomedical applications, including the employment
of in situ gel systems capable of transitioning from a sol state to a gel form under physiological
conditions. For example, Atridox® (Atrix Laboratories), a commercially available in situ gel
formulation containing DH, has been effective in treating periodontitis and other inflammatory
conditions affecting dental support tissues and muscoskeletal wounds (Javali & Vandana, 2012). Other
in situ gel formulations for DH delivery have also been explored using polymers such as ethyl cellulose,
eudragit RS, shellac, bleached shellac, cholesterol, benzyl benzoate, and N-methyl-2-pyrrolidone (Saliy
et al., 2024). Limited hydrogel studies synthesized by conventional methods on DH delivery were based
on polyethylene glycol (PEG)-based hydrogels (Anumolu et al., 2011), collagen-based hydrogels
crosslinked with glutaraldehyde (Sanapalli et al., 2021) and hydrogel films composed of chitosan and
polyvinyl alcohol (Hedayatyanfard et al., 2020). Other formulations include alginate and pectin core-
shell aerogel beads where DH is encapsulated into the pectin core and protected by an alginate shell (De
Cicco et al., 2016), alginate microgels embedded in Pluronic F127 thermogels for intradermal sustained
delivery (Giovagnoli et al., 2010), and electrospun nanofibers of polylactic acid-hydroxyapatite (Farkas
et al., 2022). Clearly, sodium alginate holds promise for DH as a next-generation drug delivery system,
yet studies specifically focusing on sodium alginate hydrogels (NaAlg) have been notably absent. On
the other hand, radiation crosslinking has been explored in only two studies for DH formulations:
hydrogels of O-carboxymethyl chitosan conjugated with caffeic acid and its composite with
polyacrylamide synthesized using electron beam irradiation (Moghaddam et al., 2020), and gamma-
irradiated poly (vinyl alcohol)/methylcellulose blend hydrogels (EI-Naggar et al., 2016). This study
pioneers the synthesis of sodium alginate hydrogels using gamma irradiation, integrating citric acid to
control the swelling mechanism, not yet documented in the literature for the controlled and pH specific
release of DH.

MATERIALS AND METHODS

Materials

Alginic acid sodium salt from brown algae (Sodium alginate, NaAlg, low viscosity, Sigma-
Aldrich), citric acid monohydrate (CA,>99.0%, Sigma-Aldrich), doxycycline hyclate (DH, Kunshan
Chemical & Pharmaceutical Co., Ltd, China) were used as received. Hydrochloric acid (HCI, 37%,
Merck), sodium hydroxide (NaOH, pellets ACS/Reag. Ph. Eur., Sigma-Aldrich) and phosphate-buffered
saline (PBS, Sigma-Aldrich) were used to adjust the pH of the solutions. Deionized water (conductivity
0.01 uS, filtered through 0.2 um pore-size Durapore filters (Millipore Corp.)) was used to prepare
NaAlg/CA solutions.

Synthesis of NaAlg/CA Hydrogels by Gamma Irradiation

Hydrogel synthesis was conducted by preparing 10 mL solutions of 1% sodium alginate (NaAlg)
and 0.2%, 0.1%, and 0.05% citric acid (CA) in the following ratios: 5:1 NaAlg/CA (w/w), 10:1
NaAlg/CA (w/w), and 20:1 NaAIlg/CA (w/w), respectively. These solutions were then transferred to 38
mm PP syringes and sealed, ensuring the removal of excess air. The samples were irradiated in air at
ambient temperature using a Co-60 gamma source (Gammacell 220 Nordion, Canada) at a dose rate of
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1 kGy/h for 10 h to achieve a total absorbed dose of 10 kGy.The irradiated samples conformed precisely
to the shape of the mold (syringe), demonstrating complete and uniform gelation of the solutions, as
illustrated in Figure 1. The samples were then sliced into hydrogel discs using a razor blade for
subsequent studies. The synthesized hydrogels were purified over two days by immersing them in excess
water and agitating at 150 rpm on an orbital shaker, with periodic replenishment of water. The purified
hydrogels were dried overnight at 30°C in a vacuum oven for further studies.
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Figure 1. The synthesis of NaAlg/CA hydrogels

Characterization of NaAlg/CA Hydrogels

NaAlg, CA, and dried NaAIlg/CA hydrogels were analyzed using Attenuated Total Reflectance
Fourier Transform Infrared Spectroscopy (ATR-FTIR). Spectra were acquired using a PerkinElmer
Spectrum Two™ spectrometer in ATR mode with 4 scans and a resolution of 4 cm™!, in the range of
500-4000 cm™! from solid or dried hydrogel samples.

The surface morphology of the dried hydrogel was examined by environmental scanning electron
microscopy (FEI Quanta 200F ESEM) operating at 10 kV. Cross sections of freeze-dried hydrogel were
prepared by using a sharp razor blade and the samples were gold-sputtered (5 nm) prior to imaging.

In order to determine the gel fraction of hydrogels, samples were placed in distilled water within
a shaker incubator at room temperature for 24 hours to remove the soluble fraction. Subsequently, the
gel was dried under vacuum until a constant weight and the insoluble fraction was determined
gravimetrically. The gel fraction was calculated using the Equation 1:

Gel Fraction (%) = we/wg x 100 @

where we is the weight of dry gel after extraction and w; is the initial weight of the dry gel after
irradiation.

For the swelling measurements, dried hydrogel samples (0.02 g) were immersed in various
solutions with different pH levels. After an equilibration period of 24 hours, the swollen hydrogels were
removed, gently blotted to remove any excess surface solvent, and then weighed. The percent swelling
(%S) of the hydrogel was calculated using Equation 2:

0%s = W=D 1 100 @)

Wi

where wi is the initial dry weight and ws is the final weight of the hydrogel at specific time intervals.

Loading of DH to NaAlg/CA Hydrogels
To investigate the release profile of Doxycycline Hyclate (DH) from hydrogels at different pH
levels, a specific experimental setup was designed. Initially, a DH solution was prepared at a
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concentration of 5 mg/mL, with a total volume of 20 mL. Hydrogels with a dry mass of approximately
10 mg each were then immersed in three different buffer solutions, corresponding to pH values of 5.5,
7.4, and 9.0 and kept in a rotator for 24 hours for DH loading. The supernatant was collected to assess
the amount of unloaded and hence loaded drug using a UV/vis spectrophotometer (Varian Cary100)
operating at a wavelength range of 250—800 nm at room temperature. The absorbance of DH at 272 nm
was measured to determine its concentration from the UV/Vis spectra of standard DH solutions given in
Figure 2a. A calibration curve for calculating drug loading was created using the UV absorbance of
standard DH concentrations (20-250 mg/L) as depicted in Figure 2b.
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Figure 2. UV/Vis spectra of standard DH solutions (20-250 mg/L) (a) and linear calibration curve of standard DH
solutions, derived from the maximum absorbance of DH at 272 nm (b)

The formulas used to calculate drug loading capacity (DLC) and drug loading efficiency (DLE)
were presented in Equations 3 and 4:

Weight of the drug in the hydrogel
Total weight of the hydrogel

Drug loading capacity (DLC) = x 100 3)

Weight of the drug in the hydrogel

Drug loading efficiency (DLE) = x 100 “4)

Initial weight of the drug used for loading
The pH sensitive drug release of DH@NaAlg/CA Hydrogels

The DH release from hydrogels was performed in an orbital shaking water bath at 37°C at 150
rpm, lasting up to 40 hours. In detail, DH loaded NaAlg/CA hydrogels were transferred into 20 mL of
release medium at pH values of 5.5, 7.4 and 9.0. Periodically, 1 mL of solution was extracted from the
medium and immediately replenished with fresh pH solution to keep the volume constant. The retrieved
samples were examined using UV/Vis spectroscopy, focus on DH's absorbance peak emission at 272
nm (Figure 2a) which was correlated with DH concentration using the linear calibration equation given
in Figure 2b. All the release studies were studied in triplicates.

RESULTS AND DISCUSSION

The use of gamma radiation for crosslinking vinyl polymers and polysaccharides in solution has
been well-documented (Ghobashy et al., 2021; Makuuchi, 2010; Tranquilan-Aranilla et al., 1999; Rosiak
et al., 1995). Exposure of polymer aqueous solutions to ionizing radiation leads to the formation of
reactive intermediates on the macromolecules, as described in Equation 5, arising both from direct
radiation effects on polymer chains where the radiation can directly break the chemical bonds within
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polymer chains resulting in the formation of radicals on the polymers themselves and from the indirect
reaction of water radiolysis generating highly reactive species such as hydroxyl radicals (OH¢), hydrogen
atoms (He), and hydrated electrons (eaq’) as the main products. These reactive intermediates subsequently
interact with the polymer chains (Makuuchi, 2010; Rosiak et al., 1995).

ionizing radiation

». OH,e-.,H,H*H,, H,0,

H20 ,Baq,

(5)

These radicals would then transfer to sodium alginate, increasing the number of alginate radicals,
consequently increasing the rate of crosslinking and gelation. This crosslinking results in the formation
of a gel, improving the material's mechanical properties and stability up to a certain dose (Chang et al.,
2022; Hug et al., 2012). Several studies demonstrate the fact that higher doses such as 20-40 kGy may
result in radiolytic degradation which negatively affects the physicochemical properties of sodium
alginate (Chang et al., 2022; Craciun et al., 2023, Sen, 2011). Therefore, a 10 kGy dose was selected for
this study for the crosslinking of NaAlg/CA solutions to minimize this degradation behavior but also
promote adequate crosslinking.

Citric acid, on the other hand, was also reported to promote the crosslinking of polymers.
Thermoresponsive hydrogels based on xanthan and poly(N-isopropyl acrylamide) were crosslinked
using citric acid (Chen et al., 2019) and pectin and sodium alginate were crosslinked through
crosslinking with citric acid (CA) and tartaric acid (TA) and proposed as alternative green packaging
materials (Singh et al., 2020b). The incorporation of citric acid for crosslinking various polymers with
ionizing radiation has also been extensively explored for polymers such as poly(vinyl alcohol) (Bodug6z
et al., 1999), poly(N-vinyl pyrrolidone) (Caykara et al., 2000), poly(acrylamide) (Karadag et al., 2001),
and poly(N-isopropyl acrylamide) (EI-Arnaouty et al., 2015). However, there appears to be a lack of
research exploring the radiation synthesis of hydrogels specifically using the combination of sodium
alginate and citric acid.

Briefly, NaAlg-CA hydrogels were prepared by dissolving 1% sodium alginate (NaAlg) and
varying concentrations (0.2%, 0.1%, and 0.05%) of citric acid (CA) in ratios of 5:1, 10:1, and 20:1
NaAlg/CA (w/w) in water subsequently irradiated under atmospheric conditions using a Co-60 gamma
source at a dose rate of 1 kGy/h. The resulting hydrogels conformed to the mold shape, indicating
uniform gelation (Figure 1). The samples were then cut into discs for further studies.

The gel fractions of hydrogels were calculated using Equation 1 and the results were given in Table
1. The results indicate that increasing the ratio of sodium alginate to citric acid generally leads to higher
gel fractions, suggesting a higher degree of crosslinking and gel formation in the hydrogel samples. Even
though the citric acid were expected to promote crosslinking, similar behavior was observed in the
studies with poly(vinyl alcohol) hydrogels synthesized in the presence of citric acid where gelation was
decreased with CA addition (Bodugdz et al., 1999). To better understand the structural behavior of
hydrogels, it is important to examine the relationship between their crosslinking density and water
absorption capabilities. Therefore swelling measurements were performed in DI water. Table 1 presents
the equilibrium swelling ratios of samples determined after 24 hours, where swelling reaches a maximum
and stabilizes. The results suggest an inverse relationship between gel fraction and equilibrium swelling:
hydrogels with higher crosslinking densities (higher gel fraction) tend to exhibit lower equilibrium
swelling capacities. This phenomenon is due to the tighter network structure formed by increased
crosslinking, which restricts the hydrogel's ability to absorb water. The % swelling reached as high as
3880 % for NaAlg/CA with 5:1 NaAIlg/CA ratio where it decreased to 2763 % for 20:1 NaAlg/CA ratio.
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Therefore, these preliminary tests showed that ratio of 5:1 was would be optimum providing highest
swelling capacity.

Table 1. The compositions, gel fraction (%) and equilibrium swelling (%) of NaAlg/CA hydrogels
(Dose=10 kGy)

Entry NaAlg (%) CA (%) NaAlg/CA ratio Gel Fraction (%) Equilibrium Swelling (%0)
1 1 0.2 5:1 81.2+1.6 3880+ 33
2 1 0.1 10:1 83421 3201 £ 46
3 1 0.05 20:1 88.7+19 2763 =71

The swelling kinetics of the hydrogels in water are illustrated in Figure 3. The samples exhibited
a typical swelling profile over time. Initially, the hydrogels absorbed water rapidly, reaching their
maximum swelling capacity within the first few hours. Following this initial phase, the swelling rate
stabilized, and the hydrogels maintained nearly constant volume, indicating that equilibrium was reached
within 8 hours with minimal additional water uptake observed up to 24 hours. This behavior is typical
of hydrogel materials, demonstrating their ability to swell rapidly and retain a substantial amount of
water relative to their dry mass. Furthermore, the influence of different concentrations of citric acid (CA)
on swelling kinetics aligns with earlier discussions.
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Figure 3. Swelling kinetics of NaAlg/CA hydrogels with NaAlg/CA ratios 5:1, 10:1 and 20:1 in water (dose=10 kGy)

The swelling experiments were also conducted across various pH levels, spanning from pH 1 to
pH 10, as depicted in Figure 4. The swelling behavior of hydrogel based on NaAlg is intricately linked
to pH-induced changes in the ionization state of its carboxyl groups along its molecular chains. In acidic
conditions, carboxyl groups (-COO") protonate to form carboxylic acid groups (-COOH), leading to
strengthened hydrogen bonding and reduced hydrogel swelling. As pH becomes neutral to basic, -COOH
groups ionize into -COO™ ions, weakening hydrogen bonds and allowing the hydrogel to expand due to
increased hydrophilicity and water absorption. This pH-responsive property was also depicted in Figure
4. where all NaAlg/CA hydrogels show similar pH-responsive property. Specifically, the hydrogels with
the highest citric acid ratio (5:1) displayed greater swelling across all pH levels as compared to hydrogels
with lower citric acid amount except for pH 10. This could be attributed to the enhancement of the pH
sensitivity of the hydrogel due to CA. At lower pH levels, CA facilitates stronger interactions between
sodium alginate chains through hydrogen bonding and electrostatic attractions. As pH levels increase,
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the ionization of citric acid and sodium alginate carboxyl groups decreases these interactions, allowing
the hydrogel to swell further.
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Figure 4. Equilibrium swelling (%) of NaAlg/CA hydrogels with NaAlg/CA ratios 5:1, 10:1 and 20:1 at different
pHs (Dose=10 kGy)

The structural characterizations of NaAlg/CA hydrogels were performed using FTIR
spectroscopy. As shown in Figure 5, the FTIR spectrum of pure SA revealed a broad absorption band at
3249 cm* attributed to —OH stretching vibrations, a peak at 2910 cm™ associated with C—H stretching,
and a peak at 1593 cm ! assigned to asymmetric stretching vibrations of COO— groups, the peak at 1404
cm™! corresponded to the C—H deformation and 1024 cm™ was attributed to C-O symmetric stretching
vibrations of the glycosidic bond typical for polysaccharides (Li et al., 2021b; Sezen et al., 2021). The
characteristic peaks of citric acid were as follows: absorption bands in the region of 3100-3500 cm™ due
to O-H stretching vibration, peaks at 1662 and 1695 cm™ are associated with the stretching vibration of
the C=0 bond of -COOH, and 779 cm™* due to CH> rocking (Li et al., 2021b). NaAlg/CA hydrogels
present all the characteristic peaks of NaAlg in addition to the specific peaks corresponding to citric acid
(CA). As the concentration of CA increases, the intensity of peaks corresponding to the CA also
increases clearly visible for peaks at 1662 and 1695 cm™* (C=0) and 779 cm™! (CHy), indicating greater
incorporation of CA into the hydrogel matrix.

As the concentration of CA increases, the intensity of peaks corresponding to CA becomes more
pronounced, particularly notable at peaks around 1662 and 1695 cm™ (C=O stretching) and 779
cm™! (CHz rocking). This phenomenon reflects the progressive interaction and integration of citric acid
molecules within the sodium alginate network, influencing the structural and chemical properties of the
hydrogels.

The optimal conditions for NaAlg/CA hydrogels were presented and ratio of 5:1 was selected for
prior in vitro studies of DH. DH is a tricarboxylic acid and present multiple pKa values as 3.02, 7.97 and
9.15 (Kogawa & Salgado, 2012) as illustrated in Figure 6a. Therefore, drug loading experiments were
performed in different pHs to assess the effect of pH on DLC and DLE of DH using Equations 2 and 3.
Figure 6b illustrates the effect of dissolution medium pH on these parameters. The lowest drug loading
was attributed to the pH 5.5 condition, where DH tends to be more protonated due to its lower pKa
values. This protonation potentially reduced its interaction with sodium alginate, resulting in lower drug
loading compared to neutral pH conditions. On the other hand, at pH 7.4, DH exists in a mixture of
protonated and deprotonated forms. Sodium alginate, in its deprotonated form (-COO"), possibly
interacted more effectively with DH due to electrostatic attractions resulting in highest drug loading. At
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pH 9.0, DH becomes predominantly deprotonated, its interaction with the hydrogel matrix was expected
to be enhanced. However, excessive alkalinity may have affected DH's stability or solubility, potentially
influencing its loading efficiency despite increased electrostatic interactions.
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Figure 5. FTIR spectra of NaAlg, CA and NaAlg/CA hydrogels with different CA amount (NaAlg/CA=5:1, Dose=10 kGy)
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Figure 6. Chemical structure of doxycycline hyclate (DH) (a), DLC and DLE values for DH loading into NaAlg/CA
hydrogels at different pHs (b), and photographs of swollen, dried and DH loaded NaAlg/CA hydrogels (from left to right)
(c) (NaAlg/CA=5:1, Dose=10 kGy)

DH loading into hydrogels was characterized using FTIR spectroscopy, as illustrated in Figure 7.
The results revealed the integration of DH into the hydrogel structure, evidenced by the presence of
specific DH peaks as the C—N stretching band at 1039 cm™, the amide | band attributed to C=0
stretching at 1610 cm™2, and the amide 11 band due to N-H bending at 1554 cm™2, all of which were
distinctly observed in the DH-loaded hydrogels (Yadav et al., 2017).
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Figure 7. FTIR spectra of NaAlg/CA hydrogel, DH, and DH loaded NaAlg/CA hydrogel (NaAlg/CA=5:1, Dose=10 kGy)

Figure 8 depicts the SEM images of freeze-dried bare and DH loaded NaAlg/CA hydrogel
(NaAlg/CA=5:1, Dose=10 kGy) where unloaded hydrogel possessed porous 3D structure and loading
with DH revealed a significant reduction in pore size, indicating effective incorporation and closure of
pores due to the drug loading process.

(b)

Figure 8. SEM images of dried (a) and DH loaded NaAlg/CA hydrogel (b) (NaAlg/CA=5:1, Dose=10 kGy)

Acute wounds typically have a higher pH ranging from 7.20 to 8.35 compared to healthy skin, which
remains mildly acidic (pH 4.0 to 6.0) (Kruse et al., 2017). Several pH sensitive materials were proposed
in the literature for enhanced delivery in acidic or basic conditions but achieving sustained drug release
specifically tailored to neutral to alkaline pH ranges is limited (Al-Arjan et al., 2022; Li et al., 2021a).
Figure 9. illustrates the in vitro release profiles of DH from NaAlg/CA hydrogels in dissolution media at
pH levels 5.5, 7.4, and 9.0. The results indicated that drug release from the hydrogels is pH-dependent. At
pH 5.5 and pH 9, half of the drug was released within just 20 minutes, demonstrating a burst release, with
a subsequent decrease in release rate at these pH levels as compared to pH 7.4. At acidic pH, the
carboxylate group of NaAlg protonates, leading to strong hydrogen bonds with DH and a consequent
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reduction in drug release. At high pH, NaAlg transforms into its sodium salt form, enhancing
hydrophilicity and increasing drug release due to electrostatic repulsion. However, the most effective
release occurred at pH 7.4, typical of chronic wound environments, where the highest release was observed
reaching 85% at 3 hours. Unlike other conditions, at pH 7.4, a slower and biphasic release pattern was
noted, lasting up to 40 hours, following a conventional profile.

100 -

Cumulative DH release (%)

50 - pH 7.4
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Figure 9. In vitro release profiles of DH from NaAlg/CA hydrogels in dissolution media with pH values of 5.5, 7.4 and 9.0

Various studies have examined doxycycline hyclate (DH) release, including nanoparticles, in-situ
gelling systems, and hydrogels. However, most of these systems do not exhibit any pH sensitivity and/or
the studies do not consider the effect of pH. Kazmi et al. studied the pH-dependent release of DH from
gold nanoparticles showing 60% release at pH 4.30 and only 5% at pH 7.34 (Kazmi et al., 2019). Another
study focused on DH release from crosslinked and non-crosslinked chitosan sponges, observing that the
non-crosslinked sponge exhibited a slower initial release due to gel formation, while both systems could
prolong drug release, but without pH sensitivity (Phaechamud, Charoenteeraboon, 2008). Guglava et al.
studied niosomes with various surfactants and cholesterol for ocular delivery of doxycycline hyclate,
aiming for prolonged release. While the release duration was extended, the study did not address the
effect of pH (Gugleva et al., 2019). Ranch et al. designed an in situ gel-forming system using Poloxamer
407, chitosan, and polyethylene glycol 600, which achieved sustained drug release above the minimum
inhibitory concentration (MIC) and high drug retention in the periodontal cavity. Although this system
offered ease of administration and sustained release, pH sensitivity was not a focal point (Ranch et al.,
2021). Patlolla et al. investigated hydrogels composed of Poloxamer 407 and Poloxamer 188, observing
an increasing release profile up to 50 hours. However, similar to the previous studies, pH sensitivity was
not considered (Patlolla et al., 2019). Phaechamud at al. explored doxycycline hyclate-loaded bleached
shellac in situ forming gel achieving maximum release within 1-2 hours and rapid equilibrium, without
addressing pH-dependent release (Phaechamud et al., 2019). Ardica et al. presented a hydrogel system
based on crosslinks between carboxymethyl chitosan (CMC) and aldehyde hyaluronic acid (AHA). This
study achieved up to 85% DH release and examined the release at pH 5.5 and 7.4, but found no
significant differences in the release profiles between these pH levels (Ardica et al., 2023). Overall, pH-
sensitive in-vitro drug release profiles of DH-based systems, especially at neutral pH, are uncommon.
This highlights the unique advantage of the proposed NaAlg/CA hydrogels.
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CONCLUSION

This study showcased the environmentally friendly synthesis of sodium alginate/citric acid
(NaAlg/CA) hydrogels using gamma radiation, offering a sustainable and safe approach devoid of toxic
chemicals, thus minimizing environmental impact. The inclusion of citric acid significantly influenced the
cross-linking and subsequent swelling behavior of the hydrogels in aqueous environments across varying
pH conditions, crucial for developing robust and pH-responsive structures. The hydrogel with an optimal
NaAlg/CA ratio of 5:1 was selected for in vitro studies, revealing that the release profile of doxycycline
hyclate (DH) was strongly influenced by pH conditions. At pH 7.4, simulating the pH of chronic wounds,
DH release exhibited an enhanced release profile lasting up to 40 hours, in contrast to the release behavior
at pH 5.5 and 9 conditions. These findings underscore the potential of NaAlg/CA hydrogels synthesized
via gamma radiation for sustainable and effective drug delivery, particularly in acute wound healing
applications where pH-dependent therapeutic efficacy is crucial.
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