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ARTICLEINFO ABSTRACT

Article histury The development of safe multifunctional biomaterials that possess

I antibacterial activity is of great importance. In this study, a composite
Suhrmtted. 2025-09-16 alginate-gelatin  hydrogel incorporating silver-modified MOF-5 was
Revised: 2025-10-22 developed to enhance antibacterial activity. The successful synthesis of the

Accepted: 2025-10-27 samples was confirmed by XRD characterization of MOF-5, showing
1D: AJCA-2509-1928 characteristic peaks at 28 = 6.8°, 9.6°, and 13.7°, which remained identifiable
DOI: 10.48309 /AJCA.2026.547525.1928 after modification with Ag. FTIR analysis of the Hy/Ag(20)@MOF-5 sample

KEYWORDS indicated an interaction between the carboxylate groups (-C00-) of alginate

and the amino groups (-NH;) of gelatin, with the absorptiol nd shifting
Hydrogel from 1583 em™ to 1545 cm™’, signifying the incorporation of Ag@MOF-5
MOF-5 within the hydrogel matrix. SEM-EDX res@ of Hy/Ag(20)@MOF-5 revealed
Ag a uniformly porous surface structure and confirmed the presence of Zn, O,@
Antibacterial and Ag elements. Ag@MOF-5 in alginate-gelatin hydrogel causes a decrease in
Cytotoxicity the swelling ratio and biodegradability percentage. The release profile of Ag
Alginate indicates thatin the Hy/Ag(20)@MOF-5 sample, the concentration of released
Gelatin Ag is higher at 7.4 pg/mL after 24 hours; however, the release of Ag ions

remains controlled. The cytotoxicity test, shows a cell viability of over 79 %
across all sample types, categorizing them as non-toxic within the tested
concentration range. The antihactelq activity test results indicate that the
hy/Ag(20)@MOF-5 sample exhibits the highest antibacterial activity against
Staphylococcus aureus and Escherichia coli, with MIC values of 1.2 0.1 and
1.0 £ 0.1 mg/mlL, respectively, and MBC values of 2.5 + 0.1 and 2.7 = 0.2
mg/mL, and is capable of killing all bacteria within 24 hours.
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Introduction

The most commonly encountered complications
of diabetes mellitus are the pathological changes
in the extremities, namely, pain in the feet and the
emergence of wounds (diabetic ulcers). DM
patients suffering from diabetic ulcers generally
experience open ulceration that is difficult to heal
[1,2]. Diabetic ulcer wounds can be exacerbated
by immune system disorders and bacterial
resistance due to high blood glucose levels [3].
Research conducted by Mulyati et al. [4] indicates
that in a sample of PUS patients with DM in Kediri
City, 48 isolates containing various types of
bacteria were found, namely Staphylococcus
aureus (38 %), Pseudomonas aeruginosa (23.2
%), Bacillus subtilis (21 %), and Escherichia coli
(18 94), all of which were proven to be resistant to
antibicms. One approach that can address this
issue is the development of Metal Organic
Frameworks (ES8F).

MOF (Metal-Organic Framework) is a porous
material composed of metal clusters connected by
organicligands to form a framework [5]. MOFs are
extensively developed as antibacterial and
wound-healing materials due to their various
advantages, such as the ability to oxidize and
depolarize the outer membrane of bacterial cells
[6], enhancing the formation of ROS (reactive
oxygen species) that can damage bacterial DNA
[7]. Among the various types of MOFs, zinc-based
WFS (Zn) have garnered special attention as they
exhibit significant antibacterial activity against
Gram-positive and Gram-negative bacteria. A
study by Mulyati et al. [8] reported that MOF-5
@erated an inhibitory zone diameter of 389 + 1
mm against Staphylococcus aureus and 36.2
mm against Escherichia coli, indicating its
potential as a broad-spectrum antimicrobial
agent. One of the metal-organic frameworks
(MOFs) frequently used for chronic wound
healing is MOF-5, which is composed of zinc and
benzendicarboxylic acid. MOF-5 offers several
advantages, including a highly porous structure,
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excellent biocompatibility, and controlled Zn**
ion release. These characteristics facilitate
efficient drug loading and release as well as
optimal antibacterial and regenerative effects
[9,10]. Furthermore, compared to other MOFs
(based on Cu, Ag, or Fe), MOF-5 has the advantage
of lower cytotoxicity risk and more stable
degradation in biological environments. The
released Zn®* ions mnot only inhibit bacterial
growth but also enhance angiogenesis, fibroblast
pro]iferatiand collagen synthesis, all of which
are crucial for the healing of chronic wounds such
as diabetic ulcers [9,11].

MOFs are known to have higher persistence than
conventional antibiotics and exhibit synergistic
effects when modified with other bioactive
compounds. Research by Shakya [12]
demonstrated that silver-modified Co-MOF
(HKUST-1) could reduce the populations of E. coli
and S. aureus by up to 90 %, reinforcing silver-
modified MOFs' role in antimicrobial therapy
applications. Although silver-modified MOFs
exhibit very strong antibacterial activity, the
topical application of MOFs on wounds faces
numerous challenges, such as potential particle
aggregation, low adhesion to wound tissue, and
the risk of local toxicity [13]. Modification of MOF-
5 with AgNPs results in a synergistic antibacterial
effect, where Zn** jons from MOF-5 act as
bacteriostatic agents by disrupting cell
membranes and metabolic enzymes, while Ag*
ions are bactericidal, damaging bacterial DNA and
proteins [14,15]. The combination of both
provides a broad-spectrum antibacterial activity
and high Killing efficiency. Additionally, the
porous structure of MOF-5 serves as a carrier and
controlled release platform for AgNPs, preventing
the toxic spikes that typically occur with direct
use of AgNPs [15]. Several approaches can be
taken to address these issues, including
developing MOFs in hydrogel preparations.

Hydrogel is a formulation that has a porous
structure capable of absorbing wound fluids and
has the advantage of being easily modified
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without changing its fundamental properties [16].
Research by Vincekovic et al. [17] also shows that
composite alginate /gelatin/AgNPs hydrogels can
enhance antibacterial activity up to 85 %. Alginate
and gelatin-based composite hydrogels have a
porous structure suitable for addressing moist
and purulent wounds such as burns and diabetic
[18]. This finding is supported by
Maghsoudi et al. [19], who reported the
antibacterial effectiveness of alginate-gelatin
hydrogels containing Zn-MOF W-S) reaching 99
% against E. coli and S. aureus. On the other hand,
research on the modification of Ag in MOF-5 and
its  formulation in alginate-gelatin-based
hydrogels is still limited, especially for multi-
resistant antibacterial applications. Therefore, in
this study, alginate-gelatin hydrogel containing
Ag@MOF-5 will be developed, and its cytotoxicity
and antibacterial activity will be evaluated as an
effective antibacterial hydrogel.

ulcers

Experimental
Materials

The materials used in this study are Zinc (II)

terephthalic acid mBDC), and Potassium
chloride (KCI) with a purity of 99.0 % supplied by
Sigma-Aldrich, chloroform (CHCl3), methanol
(CH30H), N,N-dimethylformamide (DMF), sodium
alginate (medium viscosity), gelatin from porcine
skin (Type A, Bloom 300), silver nitrate (AgNO3),
phosphate-buffered saline (PBS, pH 7.4), nitric
acid (HNO3, 65 %), dimethyl sulfoxide (DMSO),
and 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), Luria
Bertani (LB), and Nutrient Agar (NA), with a
purity of 99.0 % supplie%y Merck. The test
bacterial strains used were Staphylococcus aureus
ATCC 33591 (gram-positive) and Escherichia coli
ATCC 25922 (gram-negative), obtained from the
Yogyakarta Health Laboratory Center. At the same
time, Baby Hamster Kidney cells (BHK-21, CCL-
10) were supplied by the Institute of Tropical
Disease - Airlangga University, Surabaya.
EEnimum Essential Medium Eagle (MEM, Gibco,
Thermo Fisher Scientific, USA) supplemented
with 10 % fetal bovine serum (FBS), penicillin
(100 U/mL), and streptomycin (100 pg/mL) was
utilized for cell culture.

nitrate hexahydrate (Zn(NO3)206H20),
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Figure 1. Schematic representation of the synthesis of alginate-gelatin composite hydrogel modified with
Ag@MOF-5.

579




T.A Mulyati et al. / Adv. J. Chem. A 2026, 9 (4), 577-593

Methods

Formation of algin-gelatin composite hydrogel
modified Ag@MOF-5

The formation of the alginate-gelatin compoﬂe
hydrogel modified Ag@MOF-5 begins with the
synthesis of MOF-5 via the solvothermal method,
followed by the modification of MOF-5 with silver
(AgNO3) through an ultrasonic method. The
synthesis is performed by integrating Ag@MOF-5
into the alginate-gelatin hydrogel matrix,
resulting in the composite Hy/Ag@MOEF-5. Below
is the procedure for each stage of the formation of
Hy/Ag@MOF-5. Figure 1 illustrates the alginate-
gelatin composite hydrogel modified Ag@MOF-5
synthesis process.

4
Synthesis of MOF-5

The first stage of the synthesis of MOF-5,
represented as Step I iwgure 1, involves the
preparation of MOF-5 following the modified
methodsg Ediati et al. [5] and Hu et al. [20].
Initially, Zn(NO3),*6H,0 and terephthalic acid
(H.BDC) weremacted in a molar ratio 3:1 in 60
mL of DMF. The mixture was stirred with a
magnetic  stirrer for 30 minutes until
ho@geneous. The solution was then transferred
to a Teflon container and heated in an oven at 120
°C for 24 hours without stirring [smtm The
resulting precipitate was subsequently wﬂled
with DMF and chloroform three times. The solid
was then dried under vacuum at 60 °C and named
MOF-5.

Synthesis of Ag@MOF-5

MOF-5 with silver was modified by modifying
the method of Mulyati et al. [8] and Sacourbaravi
et al. [Zg as shown in Step II of Figure 1. Initially,
1 gram of MOF-5 powder was dispersedl() mL
of chloroform for 5 days. The suspension was then
centrifuged at 500 rpm for 5 minutes. The
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resulting solid was subsequently dried at 80 °C for
24 hours. The solid was then weighmt 0.1 grams
and added to 10 mL of AgNO; solution with
concentrations of 10 mg/mL and 20 mg/mL. The
solutions were reacted under ultrasonic
conditions for 10 minutes. The final solid was
filtered and tated for free silver ions using a KCl
solution. The solid was subsequently dried under
vacuum at 60 "ﬂmd designated as Ag(10)@MOF-
5 and Ag(20)@MOF-5.

Synthesis of Hy/Ag @MOF-5

The synthesis of composite alginate-gelatin
hydrogel modified with Ag@MOF-5 was
performed by modifying the research of
Maghsoudi et al. [19] as shown in Step 111 of Figure
1. Initially, sodium alginate and gelatin were
dissolved in distilled water at 12 % w/v and 6 %
w/v, respectively. The sodium alginate solution
was heated while sﬁrrin@ 80 °C, while the
gelatin solution was heated ata temperature of 50
°C for 1 hour until fully dissolved. Both solutions
were mixed in a 1:1 ratio and then stirred again at
50 °C until a homogeneous polymer mixture was
formed, which is referred to as Hy. The resulting
alginate-gelatin  hydrogel (Hy) was then
supplemented with solid mF»S. Ag(10)@MOF-5,
and Ag(20)@MOF-5, each ata concentration of 10
% w/v and 20 % w/v. The mixing was conducted
using a sterile syringe. The mixture was
centrifuged at a speed of 1000 rpm for 1 minute.
The modified alginate-gelatin hydrogel is
subsequently referred to as Hy/MOF-5,
Hy/Ag(10)@MOF-5, and Hy/Ag(20)@MOF-5.

Characterization

Material characterization is utilized to confirm
the formation of MOF-5, Ag@MOF-5, and modified
a]gie-gelatin hydrogel Ag@MOEF-5, referring to
the studies by Xiong et al. [22], Mulyati et nﬁ&i],
and Maghsoudi et al. [19] employing X-ray
Diffraction (XRD), Attenuated Total Reflectance -
Fourier Transform Infrared Spectroscopy (ATR-
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FTIR), Scanning Electron Microscopy (SEM),
Energy Dispersive X-ray Spectroscopy (EDS), and
Thermogravimetric alalysis (TGA).  The
diffractogram patterff§ of MOF-5 and Ag@MOF-5
were analyzed using a JEOL diffractometer (Cu Ka
radiation, A = 1.54056 A, 40 kV, 30 mA) over the
range onES—SO °, This analysis was conducted
to identify the characteristic crystal peaks of MOF-
5 and its changes upon mndifica@ with silver
(AgNO3). The thermal stability of MOF-5 and
Ag@MOF-5 was @essed through TGA analysis
(Mettler Tole@ in the temperature range of 30-
600 °C with a heating rate of 10 °C/min in a
nitrogen atmosphere, resulting in a thermal
degradation profile. The analysis of functional
groups was conducted on MOF-5, Ag@MOF-5, Hy,
Hy/MOE-5, Hy/Ag(10)@MOF-5, and
Hy/Ag(20)@MOEF-5 using ATR-FTIR (Shimadzu
Corporation, Japan) at wavenumbers ranging
from 400@ 4000 cm™. This analysis was
employed to identify the functional groups of the
samples and the chemical interactions between
the hydrogel and Ag@MOF. Surface morphology
analysis was performed on MOF-5, Ag@MOF-5,
Hy, Hy/MOF-5, Hy/Ag(10)@MOF-5, and
Hy/Ag(20)@MOF-5 using SEM (Zeiss EVO MA10)
with a gold coating (Au coating). The success of
silver modification is demonstrated through
elemental analysis with EDS on Hy/Ag@MOF-5 to
verify the presence of silver elements within the
alginate-gelatin hydrogel matrix.

Swelling test

The swelling test was conducted to evaluate the
fluid absorption capacity of the samples Hy,
Hy/MOF-5, Hy/Ag(10)@MOF-5, and
Hy/Ag(20)@MOF-5 according to the procedure
by Maghsoudi et al. [19]. Each sample was
weighed at 1 gram at a constant v.aight at 37 °C
and recorded as W,. Each sample was immersed
in3 mL of phosphate-buffered saline (PBS, pH 7.4)
at 37 °C. At 30, 60, 120, 180, 240, 300, and 360
minutes, the samples were removed and weighed
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again as W, The swelling ratio was calculated
using the Equation 1:

Swelling Ratio = Wi Wo
Wy

(1)
Biodegradation test

The biodegradation test was conducted to
determine the stability of samples Hy, Hy/MOF-5,
Hy/Ag(10)@MOF-5, and Hy/Ag(20)@MOF-5 in a
physiological medium according to the procedure
by Maghsoudi et al. [19]. Each sample was
weighed at 1 gram to achieve a constant weight at
a temperaturmf 37 °C and recorded as W,. Each
sample was immersed in 3 mL of phosphate-
buffered saline (PBS, pH 7.4) at 37 °C. The samples
were dried at 5, 10, 15, 20, 25, and 27 days until a
constant weight was achieved and recorded as W,.
The percentage of degradation at a specific time
was calculated using the Equation 2:

Degradation ( %) = W“p; % % 100% 2)
o

Ag release test

The Ag release test is conducted to determine the
Ag release profile from the Hy/Ag(10)@MOF-5
and Hy/Ag(20)@MOF-5 samples using modified
procedures from Xiong et al. [22] and Far et al.
[23]. Each samp]ns weighed at 1 gram and then
submerged in 10 mL of phosphate-buffered saline
(PBS, pH 7.4) at a temperature of 37 °C. At time
intervals of 0, 6, 12, and 24 hours, the entire
soaking solution is collected and nitric acid
(HNO3,2 % \ﬂ) is added to fully dissolve the Ag*
ions before analysis using Inductively Coupled
Plasma-Optical Emission Spectroscopy (ICP-
OES).

Cytotoxicity test (MTT Assay)

The cytotoxicity test was conducted using the
MTT Assay method on BHK-21 (Baby Hamster
Kidney) cells cultured in MEM Eagle medium. This
cytotoxicity test was performed by modifying the
research of Urzedo et al. [24]. BHK-21 cells were
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maintained inan inculm}r at37°Cwitha5%CO,
atmosphere. BHK-21 cells were seeded in a 96-
well plate at a density of 1.5 x 10* cells/well in a
volume of 100 uL, and then incubated for 24 hours
until they reached approximately 80 %
confluence. Each sample, namely Hy, Hy/MOF-5,
Hy/Ag(10)@MOF-5, and Hy/Ag[Zﬁ@MDF-S. was
extracted in the culture medium at 37 °C for 24
hours. The culture medium was then replaced
with hydrogel elution medium at various
concentrations (1, 2, 4, 8, and 15 pg/mL) and
incubated for 24 hours under the same conditions.
After incubation, 5 mg/mL MTT solution was
added to each well and incubated for 3-4 hours
until formazan crystals formed. m formed
formazan crystals are subsequently dissolved in
100 uL of DMSO. Absorbance is measured usi
ELISA reader at a wavelength of 570 nm. The
percentage of cell viability is calculated by
corparing the absorbance values of the samples
to the negative control. All experiments were
performed in triplicate (n = 3), and the results
were expressed as mean * standard deviation
(SD) to ensure data reliability. The assay was
intended to cytotoxic  behavior
qualitatively based on the cell viability threshold
(= 70 % indicates non-toxic).

evaluate

30
Antibacterial activity

The antibacterial activity of the samples Hy,
Hy/MOEF-5, Hy/Ag(10) @E¥RF-5, and
Hy/Ag(20)@MOF-5 was tested against the Gram-
positive  bacterium  Staphylococcus — aureus
(ATCC33591) and the Gram-negative bacterium
Escherichia coli (ATCC25922). The determination
of the Minimum Inhibitory Concentration (MIC)
and Minimum Bactericidal Concentration (MBC)
was conducted using the broth microdilution
method according to the procedures of Li et al
[25]. A standard bacterial suspension of 1 x 10°
CFU/mL was inoculated into microplates
containing the samples in nutrient broth media.
Each well was incubated at 37 °C for 24 hours. The
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MIC was established as the lowest concentration
of the hydrogel extract, and it showed no bacterial
growth. Forthe MBC determination, aliquotsaom
wells that showed no bacterial growth were
inoculated onto nutrient agar media and
incubated at 37 °C for 24 hours. The lowest
concentration that does not produce colony
growth, or that reduces the number of colonies by
= 99.9 %, is expressed as MBC. The bacterial
growth kinetics test is also conducted according
to the method of Maghsoudi et al. [19]. Samples
are incubﬂd with bacterial suspension (1 x 10°
CFU/mL) at a temperature of 37 °C. At specific
time intervals of 3, 6, 12, and 24 hours, aliquots
are taken @1 serially diluted. The samples are
then plated on nutrient agar media and incubated
at 37 °C for 24 hours. The number of colonies
(CFU/mL) formed is counted to evaluate the
bactericidal effects of the samples. Al
anﬁbact@] experiments (MIC, MBC, and growth
kinetics) were performed in triplicate (n = 3). The
IC and MBC data were expressed as mean + SD.
Normality and homogeneity of variance were
verified using the Shapiro-Wilk and Levene’s
tests. One-way ANOVA followed by Tukey's post
hoc test was applied to determine@niﬁcant
differences among groups, with p < 0.05
considered statistically significant. Statistical
analyses were performed using SPSS version 21
(IBM, USA).

Results and Discussion

In this study, the synthesis of alginate-gelatin
Hy/Ag@MOF-5 has been successfully conducted.
[nitially, the white solid MOF-5 was successfully
synthesizg through a solvothermal reaction
between Zn(NO3).#6H;0 and terephthalic acid
(HzBDC) in DMFZO]. The modification of MOF-
5 with AgNO; at concentrations of 10 L and
20 mg/mL resulted in brownish solids, indicating
the initial successful incorporation of Ag ions into
the MOF-5 framework, subsequently referred to
asAg(10)@MOF-5 and Ag(20)@MOE-5. This color
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change phenomenon showed that the
modification of Ag ions within the MOF
framework alters the electronic structure and
light emission absorption, thereby affecting the
optical properties of the solid [26]. The alginate-
gelatin  hydrogel was also  successfully
synthesized by mixing sodium alginate (12 %b/v)
and gelatin (6 %b/v) solutions in a 1:1 ratio,
subsequently referred to as Hy. This ratio was
selected because it produces a hydrogel with a
sufficiently dense yet elastic consistency,
facilitating the integration of active materials. The
stability of this hydrogel is pported by
intermolecular  interactions between the
carboxylate groups in alginate and the amine
groups in gelatin through hydrogen bonding and
electrostatic interactions, which play a crucial role
in forming the gel consistency [27].

Samples of Hy and Hy/MOE-5, exhibit a milky
white color and a smooth texture. The integration
of Ag@MOF-5 into the hydrogel produces a
noticeable visual change, rransiﬁg‘ng to a
brownish hue in both Hy/Ag(10)@MOE-5 and
Hy/Ag(20)@MOF-5 samples, reflecting the
presence of Ag@MOF-5 particles within the
alginate-gelatin hydrogel. This color change
indicates a successful modification of the hydrogel
with Ag@MOF-5 and serves as an initial indication
of particle distribution within the l matrix [28].
The samples Hy/Ag(10)@MOEF-5 and
Hy/Ag(20)@MOF-5 also exhibit thresence of
non-homogeneous solids within the hydrogel
matrix. This phenomenon is attributed to the
mixing oDF inthe hydrogel, which often results
in weak interactions between MOF particles and
the polymer matrix, leading to agglomeration and
Eheven distribution [29]. These findings highlight
the need for the development of synthesis
methods for the alginate-gelatin/Ag@MOF-5
composite hydrogel to address this issue.

@e crystallinity of the MOF-5 and Ag@MOF-5
samples was analyzed using Powder X-Ray
Diffraction (PXRD), and the recorded patterns are
illustrated in Figure 2. The XRD analysis shows
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that there are characteristic peaks of MOF-5 at 20
=68°96°13.7°155° 19.3 % 20.7 °; 225 %
31.7 % 36.3 ° and 425 ° [8,20]. Meanwhile,
Ag@MOF still retains the characteristic pattern of
MOF-5 but exhibits distinct peaks at 9 © agj 45 °
[20,30]. The difference between Ag(10)@MOF-5
and Ag(20)@MOF-5 is observed in the
characteristic peaks at 9 © and 45 °, where the
higher the Ag concentration, the greater the
intensity of the pattern.

&) *
S SNV WS D

—_t A

@ |

Intensity (a.u)

K.UJJLLMAMW"‘MJM
|;! 2;! 3'0 4'0 50
20(degrees)

Figure 2. PXRD patterns(a] MOF-5; (b)
Ag(10)@MOF-5; (c) Ag(20)@MOF-5.
1

Hy/Ag@MOF is confirmed by comparing gm
FTIR spec of MOE-5 Ag@MOF-5,
Hy/Ag(10)@MOF-5, and Hy/Ag(20)@MOF-5 as
presented in Figure 3. The FTIR spectrum oflg:-
5 exhibits characteristic pe such as 0-H, C=0,
C-0,C-0-C,and ZnO at 3180 cm'L, 1583 cm?, 1545
cml, 1498 cm, 1019 cml, and 595 cm?,
respectively[8]. On the other hand, the Ag@MOF-
5 spectrum shows Q characteristic peaks of
MOF-@name]y 0-H, €=0, C-0, C-0-C, and ZnO at
3194 cm!, 1501 cm?, 1017 cm, ag 647 cm!
[31,32]. The difference between MOF-5 and
Ag@MOF-5 is noted in the C=0 peak, where MOF-
5 displays a double peak, while Ag@MOF-5 shows
a single peak, indicating the interaction between
MOF-5 and nano Ag.

The thermal decomposition behavior of MOF-5
and Ag@MOF-5 is illustrated in Figure 4, which




T.A Mulyati et al. / Adv. J. Chem. A 2026, 9 (4), 577-593

%Transmittance

oW

\
\feal/
co ch

T T T
3500 3000 2500

T T T
2000 1500 1000

Wavenumber (cm™)

3
Figure 3. FTIR spectra of (a) MOF-5; (b) Ag (10) @MOF-5; (c) Ag (20) @MOF-5; (d)Hy; (e) Hy/MOE-5; (f) Hy/Ag
(10) @MOF-5; (g) Hy/Ag (20) @MOF-5.
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Figure 4. TGA curves of (a) MOF-5; (b) Ag (10)
@MOF-5; (c) Ag (20) @MOF-5.

demonstrates thatm: TGA curve of mass loss for
MOF-5 is observed over a wide temperature range
up to 600 °C. The initial loss is observed up to a
temperature of 180 °C, attributed to the
decomposition of the 1,4-benzenedicarboxylate
framework. Subsequently, a relatively slow mass
loss occurs with increasing temperature. A
significant mass loss occurs between 400 °C and
600 °C, amounting to 32.3 %, indicating that the
entire MOF structure has deteriorated, leaving
only ZnO residue [33,34]. At 600 °C, 37.8 % of
MOF-5 remains, which signifies its thermal
stability. On the other hand, Ag@MOF-5 displays
an initial mass loss which differs from MOF-5,
occurring at a temperature of 400 °C due to the
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interaction between Ag and MOF. This interaction
binds the ligands more strongly and renders the
MOF framework more rigid [35,36]. The decrease
recorded is the highest at 46.2 %, indicating the
degradation of the MOF structure. At
temperatures ranging from 486 °C to 600 °C,
Ag@MOF-5 remains at 45.8 Y4ggFurthermore, the
difference between Ag (10) @MOEF-5 and Ag (20)
@MOF-5 lies in the remaining amounts at 486 °C
to 600 °C, where Ag (10) @MOF-5 remains at 45.8
%, while Ag (20) @MOF-5 remains at S(B %.

The surface morphology and elements of MOF-5,
Ag@MOF-5, Hy, Hy/MOF-5, g Hy/Ag@MOF-5
has been analyzed using Scanning Electron
Microscopy and Energy Dispersive X-ray
Spectroscopy (SEM-EDS) as shown in the Figure 5.
The Figures indicate that MOF-5 has a regular
cubic shape [5,8], while Ag@MOF-5 exhibits a
flake-like shape with a rough surface due to the
presence of Ag nanoparticles [30,37]. Hy shows an
irregular porous shape and smooth texture.
Furthermore, after the addition of MOF-5,
Hy/MOF-5 retains a smooth form, and the pores
of the Hydrogel become closed. On the other hand,
Hy/Ag@MOF-5 exhibits open, regular, and
smaller pores compared to the original Hydrogel,
which indicates the formation of Hydrogel
modified with Ag@MOF-5. The results are also
supported by the EDS findings, as shownin Figure
5.
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Figure 6. Swelling ratio and biodegradation profile of Hy, Hy/MOEF-5, Hy /Ag(10)@MOF-5; and
Hy/Ag(20)@MOF-5.

Tresu]ts of EDS indicate that MOF-5 consists
of the predicted elements, namely C, O, andm
Furthermore, Ag@MOF-5 consists of the
predicted elements C, O, Zn, and Ag [37].@
addition, the Hydrogel demonstrates the
predicted elements of C, 0, and Na. Modification of

Hydrogel with MOF-5 shows the predicted
elements of C, 0, Na, and Zn. On the or}'wland, the
Hy/Ag@MOF-5 shows the predicted elements of
C, O, Zn, and Ag. These results confirm the
alCCESSle] production of Hydrogel modified with
MOF-5 and Ag@MOF-5 [37].

The swelling and biodegradatioeests in Figure
6 indicate that the addition of MOF-5 and
Ag@MOF-5 in the alginate-gelatin hydrogel can
reduce the swelling ratio and biodegradation
percentage. In the swelling test, the Hy sample
exhibited the highest swelling ratio of 5.2 after
360 minutes of immersion. In contrast,
Hy/Ag(20)@MOF-5 showed the lowest swelling
ratio of 3.5 after the same immersion period. The
Hy/MOF-5 sample also demonstrated a decrease
in swelling ratio, suggesting that MOF-5 has filled
the internal pores of the hydrogel, thereby
reducing the space available for water absotion
and stabilizing the hydrogel matrix [19,38]. These
results align with the research by Ghanbari et al.
[39], which reported that the addition of Zn-based
compounds to alginate-gelatin hydrogels can
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enhance the number of cross-links in the hydrogel
network,mus decreasing its water absorption
capacity. The incorporation of Ag@MOEF-5 into the
hydrogel also significantly reduced the swelling
ratio. The addition of Ag@MOF-5 in the hydrogel
also significantly reduces the swelling ratio, which
is due to the release of Ag in the hydrogel, which
increases the density of cross-linking, resulting in
a denser hydrogel matrix [27]. The results of
biodegradation tests also show a similar pattern
with the swelling ratio. The Hy sample
experienced a degradation percentage of 62.7 %
on day 27, while the Hy/Ag(20)@MOF-5 sample
showed a degradation percentage of 34.3 % on
day 27. The Hy/MOEF-5 sample also experienced a
decrease in the rate of biodegradation because the

integration of MOF-5 can strengthen the
interactions between alginate and gelatin
polymer chains, while also inhibiting the

penetration of water and enzymes into the
hydrogel matrix. In hydrogels modified with
Ag@MOFS5, a decrease in the biodegradation
percentage was also observed. The increase in
Ag@MOF-5 concentration also contributes to the
stability of the matrix, as seen
Hy/Ag(20)@MOF-5, which is more stable
compared to Hy/Ag(10)@MOF-5, indicated by the
slower decrease in biodegradation percentage
due to the increased number of cross-links [39].

in
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The profile of silver ion (Ag) releasfrom
Hy/Ag(10)@MOF-5 and Hy/Ag(20)@MOF-5
samples is shown in Figure 7. Initially, the
concentration of released Ag was only 3.2 pg/mL
(Hy/Ag(10)@MOF-5) and 3.6 ug/mL
(Hy/Ag(20)@MOF-5). The concentration of Ag
gradually increased over time of immersion,
reaching 7.4 ug/mL (Hy/Ag(10)@MOF-5) and 9.5
pg/mL (Hy/Ag(20)@MOF-5). In this study, the

concentration of released Ag ions from the
Hy/Ag(20)@MOF-5 sample tended to be higher
compared to Hy/Ag(10)@MOF-5, which was
attributed to the higher initial Ag content in the
Hy/Ag(20)@MOF-5 sample compared to
Hy/Ag(10)@MOF-5. In contrast, the release of Ag
ions remained controlled. These results align with
the characteristics of MOF-based hydrogels
designed for the gradual release of Ag ions,
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thereby supporting increased antibacterial
activity and reducing toxicity risks [22].

The results of the cytotoxicity test using the MTT
method are shown in Figure 8. All samples,
including MOF-5, Hy, Hy/MOE-5,
Hy/Ag(10)@MOF-5, and Hy/Ag(20)@MOF-5, are
relatively safe for BHK-21 cells with cell viability
percentagesebove 79%, suggesting that the
integration of MOF-5 and Ag@MOF-5 in the
alginate-gelatin hydrogel matrix does not cause
significant effects within the tested
concentration range. The pure MOF-5 sample also
showed high cell viability across all
concentrations, confirming that the MOF-5
framework itself is biocompatible and does not
exert cytotoxic effects on BHK-21 cells. In the
samples Hy and Hy/MOF-5, all tested
concentrations maintained high BHK-21 cell
viability (>87 %), indicating no significant
cytotoxic effects and categorizing them as highly
biocompatible. In the samples Hy/Ag(10)@MOF-
5 and Hy/Ag(20)@MOF-5, there was a slight
decrease in BHK-21 cell viability with increasing
concentrations, especially in Hy/Ag(20)@MOE-5,
which showed a viability of 79 % at 15 mg/mL.
This phenomenon corresponds to the Ag release
profile, where the highest concentration of
released Ag is found in Hy/Ag(20)@MOF-5,
thereby increasing cellular stress. Nevertheless,
the decrease is only slight and remains within the
non-cytotoxic category; thus, the material can be
declared safe for biome@] applications [40] and
also consistent with [SO 10993-5 standards,
which stipulate that cell viﬁity of 270 % is
categorized as non-cytotoxic. These results are in
accordance with the research conducted by Amiri
et al. [41], which reported that the modification of
Ag in hydrogel composites demonstrated
fibroblast cell viability of >80 %, indicating good
tmompatibility.

The antibacterial activity of the samples is
demonstrated by the MIC, MBC, and time-kill

toxic
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results. The results of the MIC and MBC in Figure
9 indicated that that the MIC results for S. aureus
and E. coli followed the order: Hy > MOF-5 >
Hy/MOF-5 > Hy/Ag(10)@MOF-5 > Amoxicillin >
Hy/Ag(20)@MOF-5, while the MBC results
showed Hy > MOF-5 > Hy/MOF-5 >
Hy/Ag(10)@MOF-5 > Hy/Ag(20)@MOF-5 >
Amoxicillin. The Hy sample exhibited the highest
MIC and MBC (6.4 + 0.2 mg/mL and 10.4 + 0.2
mg/mL for S. aureus and 5.8 + 0.2 mg/mL and 9.6
+ 0.3 mg/mL for E. coli), indicating limited
antibacterial activity. The modification of MOF-5
in the hydrogel was shown to significantly reduce
the MIC and MBC values, indicating the
contribuw of MOF-5 to enhanced antibacterial
activity. These findings are consistent with the
research by Maghsoudi et al. [19], which reports
that alginate-gelatin hydrogel combined with ZIF-
8 (a Zn-based Ia:] can improve antibacterial
activity through the release of Zn2* jons from the
MOF.

The modification of Ag@MOF-5 in both
Hy/Ag(10)@MOF-5 and Hy/Ag(20)@MOF-5
samples also significantly enhanced antibacterial
activity significantly. The Hy/Ag(20)@MOF-5
sample exhibited the best MIC and MBC values
(1.2 £ 0.1 mg/mL and 2.5 £ 0.1 mg/mL for S.
aureus,and 1.0 + 0.1 mg/mL and 2.7 + 0.2 mg/mL
for E. coli) a approached the values of
amoxicillin. The results indicate that the presence
of Ag in the hydrogel can synergistically enhance
antibacterial  activity [42]. The highest
antibacterial activity is shown in the sample
Hy/Ag(20)@MOF-5 which exhibited a highly
significant enhancement compared to Hy, further
validating the role of Ag@MOF-5 in improving
antibacterial efficacy. This finding is consistent
with the Ag release profile in Figure 6, indicating
that the sample Hy/Ag(20)@MOF-5 has a higher
Ag release concentration than Hy/Ag(10)@MOF-
5, thus its antibacterial effectiveness tends to be
higher.
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Figure 10. Time-kill assay of Hy, Hy/MOF-5, Hy/Ag(10)@MOF-5, and Hy/Ag(20)@MOF-5 against (a) S. aureus
and (b) E. coli.

The results of the time-kill test (Figure 10) also  2x10° CFU/mL for S. aureus and 5%10° CFU/mL
show a consistent pattern mh the results of the  for E. coli. The Hy/MOF-5 can accelerate bacterial
MIC and MBC tests, both against Gram-positive  death. However, bacteria were still detected at
bacteria (S. aureus) and Gram-negative bacteria ~ 1x10° CFU/mL for S. aureus and 3x10% CFU/mL
(E. coli). The control hydrogel (Hy) only exhibited  for E. coli after 24 hours, which was attributed to
a gradual decrease in the number of colonies;  the porosity of MOF-5 and the release of Zn, which
however, bacteria persisted for up to 24 hoursat  has antibacterial activity [19]. In the Hy/Ag(10)-
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Figure 11. Schematicillustration of the antibacterial mechanism of Hy /Ag(20)@MOF-5 against S. aureus and E.

coli.

@MOF-5 sample, the number of bacteria
decreased dramatically, with no bacteria found
after 24 hours for . aureus. The most substantial
antibacterial effect is demonstrated by
Hy/Ag(20)@MOF-5, which is capable of killing
almost the entire population within just 12 hours
(2%10° CFU/mL for S. aureus and 5x10° CFU/mL
for E. coli) and eliminating all b@eria within 24
hours. This indicates that the higher the
concentration of Ag, the faster and more potent
the bactericidal effects produced [43].

The  antibacterial  mechanism of the
Hy/Ag(20)@MOF-5 sample is illustrated in Figure
11. In general, the alginate-gelatin hydrogel will
function as a matrix that can absorb fluids,
mainraianoisture, and support the diffusion and
release of Ag@MOF-5. The presence of MOF-5 in
the sample will enhance the diffusion capacity,
thereby increasing the release processes of both
Zn and Ag [32,44,45]. The presence of Ag in the
E‘np]e will provide a synergistic effect through
the disruption of cell membranes, interference
wighgenzymatic function and metabolism, as well
as the generation of reactive oxygen species (ROS)
that induce oxidative stress in bacteria [16,46-
48]. In the Hy/Ag(20)@MOF-5 sample, the
concentration of released Ag is higher, thus
accelerating the death of both E. coli and S. aureus
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bacterial cells. Furthermore, the controlled
release of Ag ions from the hydrogel matrix can
reduce the risk of toxicity (according to
cytotoxicity results) while also preventing the
emergence of bacterial resistance. Thus, the
synergistic effect between MOF-5 and Ag in
alginate-gelatin hydrogel makes the
Hy/Ag(20)@MOEF-5 formulation highly promising
for the development of long-term biomedical
applications.

Conclusion

The Ag@MOF-5-loaded alginate-gelatin
hydrogel was successfully synthesized and
exhibited  excellent  biocompatibility and
antibacterial performance. The Ag ion release
profile revealed that the Hy/Ag(20)@MOEF-5
sample released 7.4 pg/mL of Ag within 24 hours
with a sustained release behavior. The
cytotoxicity test results demonstrate cell viability
>79 % across all samples, categorizing them as
non-toxic and biocompatible. The best
antibacterial activity was exhibited by the sample
Hy/Ag(20)@MOF-5, cable of killing nearly the
entire population of S. aureus and E. coli with MIC
values of 1.2 *+ 0.1 and 1.0 * 0.1 mg/mlL,
respectively, and MBC values of 2.5 + 0.1 and 2.7
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+ 0.2 mg/mL, and is capable of killing all bacteria
within 24 hours. These findings suggest that the
Ag@MﬁS-based alginate-gelatin hydrogel has
strong potential as a biocompatible antimicrobial
material for wound healing applications.
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