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ABSTRACT: An electrospun chitosan-gelatin (CS-GL) nanofiber
encapsulated with the curcumin (CUR)-chrysin (CHR)-loaded
copper (Cu) metal−organic framework (MOF) was successfully
synthesized in this study. A high percentage of encapsulation
efficiency (99.2%) of CUR and CHR in Cu-MOF-CUR-CHR was
yielded. Other than the confirmation of the successful fusion of
MOFs with CUR-CHR in CS-GL/Cu-MOF-CUR-CHR nano-
fibers using Fourier-transform infrared (FTIR) spectroscopy, the
scanning electron microscopy (SEM) images depicted an average
diameter in the range of 302−380 nm. The percentage of
cumulative drug release of CS-GL/20% Cu-MOF-CUR-CHR
nanofibers in phosphate-buffered solution at pH 7.4 after 48 h
was 98.9%, which was higher than CS-GL/CUR-CHR nanofibers without Cu-MOFs. In the cytotoxicity test on Human epidermal
keratinocytes cell line cells, it was noticed that 1% and 5% CS-GL/Cu-MOF-CUR-CHR nanofibers exhibited high cell survival
(>90%). Through the colony counting method, the logarithm reduction values (LRVs) of CS-GL/5% Cu-MOF-CUR-CHR
nanofibers were 2.69 against Staphylococcus aureus and 1.87 against Pseudomonas aeruginosa. It was noteworthy that the CS-GL/Cu-
MOF-CUR-CHR nanofiber exhibited a higher antibacterial activity against Gram-positive than Gram-negative bacteria. Overall, the
biocompatible CS-GL/Cu-MOF-CUR-CHR nanofibers with an effective antibacterial effect have the potential to be used as an
alternative to antibiotics in antibacterial wound dressing applications.

1. INTRODUCTION
Antibacterial wound dressings act as wound covers to reduce
the risk of wound infections in partial- and full-thickness.1 A
nanofiber is defined as one-dimensional nanomaterials of a
fiber shape with a diameter in the range of nanometers.2 As an
alternative to traditional wound dressing (gauze and
bandages), the nanofiber has been devoted much attention
due to its high porosity, biodegradability, and high surface-to-
volume ratio.3

In addition to this, the nanofiber forms a structure similar to
the natural extracellular matrix, promoting cell adhesion and
proliferation and leading to an accelerated wound healing
process.4 In the past decade, the chitosan (CS)-gelatin (GL)-
based nanofiber has attracted much attention in the field of
drug delivery, wound care, as a biosensor, tissue engineering,
and food packaging.5 Blending of GL with CS improves the
stability and the poor electrospinning ability of CS to produce
nanofibers with better thermal and mechanical properties.6

Over the years, curcumin (CUR) or (bis-1,7-[4-hydroxy-3-
methoxyphenyl]-hepta-1,6-dione) is a natural component of
rhizome Curcuma longa.7 This hydrophobic polyphenolic

pigment has been widely used for medicinal purposes due to
its antibacterial, antioxidant, anti-inflammatory, antifungal,
antitumor, and wound healing effect.8 Previous research has
reported that CUR possesses a synergistic effect with
flavonoids such as chrysin.9−11 Chrysin (CHR) (5,7-dihydrox-
yflavone) belongs to a group of natural polyphenols, which
occurs in honey and propolis, passion flowers, Passiflora
caerulea and Passiflora incarnata, as well as in Oroxylum
indicum.12 Similar to CUR, CHR has shown various promising
pharmacological effects, such as antimicrobial, anti-inflamma-
tory, anticancer, and antidiabetic.13

The nanofiber is used as a nanocarrier to cope with the
limitations of CUR and CHR, such as poor water solubility,
low permeability, and bioavailability.12,14 Despite the fact that
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the nanofibers have garnered considerable interest in drug
delivery systems, the explosive release of nanofibers remains as
a barrier to their use.4 When the drug molecules are evenly
distributed over the nanofiber surface, it results in a fast drug
release.4,15 In this present study, CUR and CHR were loaded
into the presynthesized Hong Kong University of Science and
Technology-1 (HKUST-1) or Cu-MOF to obtain modified
CUR- and CHR-loaded Cu-MOFs (Cu-MOF-CUR-CHR). A
metal−organic framework (MOF) is an extensive class of
crystalline materials formed by inorganic metal ions and
organic linkers by different methods such as the solvothermal
method.16 The MOF acts as an exceptional drug carrier with a
superior loading capacity due to its highly ordered, porous, and
3-dimensional crystalline structure.17 The Cu-MOF or
HKUST-1, which is a copper-based MOF made up of dimeric
Cu2+ units with 1,3,5-benzenetricarboxylic acid, has been
widely used to act as a drug delivery vehicle in the biomedical
field.18 The combination of the MOF and nanofiber, which
creates a unique class of hierarchical nanostructures, is able to
cater the burst release of the polymer nanofiber by slowing the
drug release.15 Previously, Wang et al. reported that the
polyacrylonitrile (PAN) composite nanofiber loaded with a
Portulaca oleracea L. extract (POE) and a zinc-MOF slowed
down the cumulative drug release from 90.54 ± 0.79% for the
nanofiber without the MOF to 65.92 ± 1.95% for nanofibers
with the MOF in 72 h.19 However, the MOF nanofiber design
remains limited in the existing field of drug delivery systems.

Herein, we aim to synthesize the electropsun CS-GL
nanofiber loaded with Cu-MOF-CUR-CHR to test for its
physiochemical properties using scanning electron microscopy
(SEM), Fourier-transform infrared (FTIR) spectroscopy, and
in vitro drug release behavior. In addition to the biocompat-
ibility test, this study also evaluated the antibacterial efficacy of
CS-GL/Cu-MOF-CUR-CHR nanofibers to compare them
with CS-GL/CUR-CHR nanofibers. It is expected that these
results provide as an impetus for further research on the
synergistic effect of CUR and CHR with respect to the
antibacterial effect for accelerating the wound healing process.

2. MATERIALS AND METHODS
2.1. Materials. Chitosan (low-molecular weight), gelatin

from the bovine skin (Type B), curcumin powder from C.
longa (turmeric), chrysin (97% 5, 7-dihydroxyflavone),
thiazolyl blue tetrazolium bromide (MTT), dimethyl sulfoxide
(99.9%, analytical reagent grade), copper(II) nitrate trihydrate,
trimesic acid (BTC, benzene-1, 3, 5 tricarboxylic acid,
H3BTC), and glutaraldehyde solution (GTA, grade II, 25%
H2O) were purchased from Sigma-Aldrich (USA). Ethyl
alcohol (95%, v/v- denatured) and acetic acid (Glacial,
Analytical reagent) were purchased from SYSTERM-chemAR
(Malaysia). For the preparation of phosphate-buffered solution
(PBS), sodium chloride, potassium chloride, disodium hydro-
gen phosphate, and potassium dihydrogen phosphate were
purchased from Merck (Germany). Dulbecco’s Modified Eagle
Medium (DMEM) and Human epidermal keratinocyte cell
line (HaCaT) were procured from CLS-Cell Line Services
(Germany). Trypsin (0.25%, 2.21 mM EDTA, 1× [−] sodium
bicarbonate) was purchased from Thermo Fisher Scientific
(U.S). The fetal bovine serum (FBS) was purchased from
Eurobio Scientific (France). Penicillin−Streptomycin (100×)
was purchased from MedChemExpress (USA). Staphylococcus
aureus American Type Culture Collection (ATCC) 43300 and
Pseudomonas aeruginosa ATCC 27853 were purchased from

the ATCC (USA). Brain heart infusion (BHI) agar was
purchased from Oxoid (United Kingdom).The soybean casein
digest medium with tween 80 and lecithin (SCDLP) was
purchased from HiMedia Laboratories (India). The nutrient
broth (for microbiology) was purchased from Merck
(Germany). All chemicals were used without additional
purification.
2.2. Cu-MOF Synthesis. First, HKUST-1 or Cu-MOF was

synthesized by using the solvothermal method as reported by
Mohammadnejad and Fakhrefatemi.20 To an amount of 7
mmol of copper(II) nitrate trihydrate in 15 mL of distilled
water, 1.75 mmol of H3BTC in 15 mL 95% ethanol was
added.21 After stirring at room temperature for 30 min, the
reaction mixture was introduced into a Teflon-lined autoclave
and heated at 140 °C for 24 h. After the heating process, the
Cu-MOF product synthesized was rinsed with 15 mL of
distilled water. The supernatant was discarded after centrifu-
gation (5000XG, 30 min). The washing steps were repeated at
least three times. Following this, the Cu-MOF product was
rinsed with 15 mL of 95% ethanol at least three times to purify
the Cu-MOF powder. After the supernatant was removed after
centrifugation, the Cu-MOF powder was dried at 70 °C for 24
h.
2.3. Postsynthesis Modification of Cu-MOF with CUR

and CHR. After the Cu-MOF synthesis, the presynthesized
Cu-MOF was modified with CUR and CHR based on Lawson
et al. with slight modification.22 To prepare Cu-MOF-CUR-
CHR, 5 g of each CUR and CHR (100 wt %) was dissolved in
500 mL of 95% ethanol to obtain a final concentration of 10
mg/mL followed by the addition of 10 g of Cu-MOF. The
weight ratio of drugs to the Cu-MOF was kept at 1:1.23 The
mixture was stirred for 72 h at 350 rpm and 25 °C. After that,
the impregnated Cu-MOF was recovered by centrifugation at
5000 XG for 30 min, and the supernatant was used to quantify
the percentage encapsulation efficiency (EE). The modified
Cu-MOF was rinsed with 15 mL of distilled water at least three
times following that the supernatant was removed. After the
drying process at 70 °C for 24 h, the dried Cu-MOF-CUR-
CHR were added into a polymer solution for electrospinning
to obtain nanofibers for further testing.
2.4. EE of CUR and CHR in Cu-MOFs. To quantify the

amount of CUR and CHR within the Cu-MOF, the
absorbance value of the supernatant collected was measured
using a UV spectrophotometer at 425 nm (CUR)24 and 275
nm (CHR).25 The percentage of encapsulation efficiency (EE)
was calculated using the below equation.

i
k
jjjjj

y
{
zzzzz= ×Encapsulation efficiency (%)

Entrapped drug
Total drug added

100

2.5. Preparation of CS-GL/CUR-CHR and CS-GL/Cu-
MOF-CUR-CHR Polymer Solution. Based on Ahmadi et al.
with slight modification,6 CS 2 wt % and GL 45 wt % in 25%
acetic acid with a ratio of 30/70 (CS: GL)26 were prepared
and stirred at 50 ̊ C for 1 h. To prepare the CS-GL/CUR-CHR
polymer solution, 1, 5, 10, and 20 wt % of pure CUR and CHR
(ratio 1:1, with respect to the CS-GL content) were added into
the CS-GL polymer solution.11 Similarly, CS-GL/Cu-MOF-
CUR-CHR polymer solutions with 1, 5, 10, and 20 wt % were
prepared in the ratio of the synthesized Cu-MOF-CUR-CHR
to CS-GL content (1:1). After being stirred for 1 h at 50 °C,
the prepared polymer solutions were then sonicated for 5 min
before electrospinning was performed.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c08100
ACS Omega 2025, 10, 21065−21076

21066

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c08100?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


2.6. Electrospinning and Cross-Linking Using Gluta-
raldehyde (GTA) Vapor Treatment. To form a nanofiber,
the prepared blend solution was transferred into a 5 mL
syringe and connected to a needle gaged 22 G. After that, the
electrospinning process was performed at a flow rate of 0.8
mL/h, 15 cm nozzle-to-collector, and 18 kV voltage for 2 h.
The nanofiber formed on the collector was dried at 70 °C for
24 h to remove the additional solvent. Following this, the
cross-linking of the CS-GL nanofiber was performed by using
GTA vapor treatment at 25 °C according to Hajzamani et al.27

First, 10 mL of GTA and nanofibers was taken in a closed
container for 24 h. After cross-linking, the nanofiber was dried
overnight at 70 °C to remove entrapped GTA.
2.7. ATR-FTIR Spectroscopy. To determine the chemical

structures of copper, trimesic acid, Cu-MOF, CS-GL nano-
fiber, CS-GL/CUR-CHR, and CS-GL/Cu-MOF-CUR-CHR
nanofibers, the FTIR spectra of each sample were obtained
using a Shimadzu IRAffinity-1S machine equipped with an
attenuated total reflection (ATR) accessory with a diamond
crystal at an angle of incidence 45°. The samples were directly
placed onto the diamond crystal and subjected to FTIR
spectroscopy scanning. The FTIR study was carried out at a
scan rate of 16 scans and wavenumbers ranging from 4000 to
400 cm−1, with 4 cm−1 resolutions.
2.8. Scanning Electron Microscopy (SEM). To inves-

tigate the morphology and diameter of nanofibers, a JEOL
6400 scanning electron microscope (SEM) was attached with
Energy-Dispersive X-ray (EDX) (Microscopy Unit. Institute of
Bioscience, University Putra Malaysia, Malaysia) at 5 kV was
used. After coating the samples with gold using a Bal-Tec
SCD005 Sputter-Coater, the samples were observed and
analyzed by SEM. Following this, the diameter of the nanofiber
(n = 50) was measured using ImageJ software (Version 1.53
K).
2.9. EE of CUR and CHR within Electrospun CS-GL

Nanofibers. First, a 2.5 cm × 2.5 cm nanofibrous scaffold was
prepared and immersed in 10 mL of 95% ethanol for 6 h at
room temperature. After the dissolution of CUR and CHR, the
absorbance of solutions was measured using a Shimadzu UV-
1800 UV−visible scanning spectrophotometer at 425 nm24

and 275 nm25 for CUR and CHR, respectively. The
absorbance obtained was applied to the calibration curve to
calculate the total drug load content or the amount of drug
released in ethanol. All the tests were performed in triplicate
and their average was taken. The encapsulation efficiency of
CUR and CHR in nanofibers was calculated using the
following formula

i
k
jjjjj

y
{
zzzzz= ×

encapsulation efficiency(%)

total drug load content in nanofibers
total amount of the inital drug

100

2.10. In Vitro Drug Release. To conduct a drug release
test, a 2.5 cm × 2.5 cm nanofiber was cut and immersed in 10
mL of PBS solution (pH 7.4) at 37 °C with a rotating speed of
100 rpm. At each time point (10, 20, 30, 1, 2, 4, 6, 12, 24, and
48 h), 5 mL of samples were withdrawn by a 10 mL Terumo
syringe. At each sampling process, 5 mL of a fresh PBS solution
was returned to maintain a constant volume of media. The
calibration curves at 423 nm28 and 267 nm29 were used to
measure the amount of CUR and CHR released from
nanofibers in the PBS solution (pH 7.4). All tests were
performed in triplicate and the average was obtained. The

percentage of released CUR and CHR at each time interval
was calculated based on the equation below

i
k
jjjjj

y
{
zzzzz=

×

drug release(%)
total amount of drug released in PBS

total drug load content in ethanol

100

2.11. Cell Viability Test. The cell viability test of
nanofibers was performed by using an MTT assay.30 First, a
2.5 cm × 2.5 cm nanofiber was cut and irradiated under UV
light for 30 min. The test samples and controls, such as
polyethylene (PE) and zinc diethyldithiocarbamate (ZDTC),
were placed into the wells.31 The irradiated nanofibers and
controls were added with 1 mL of Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% (v/v) FBS, 1%
penicillin/streptavidin in a 12-well culture plate, and incubated
at 37 °C for 48 h. The PE acted as the negative control while
the ZDTC served as the positive control to verify that the
experimental procedure was functioning as expected.31 Then,
HaCaT cells were seeded at a density of 5000 cells/mL in 96-
well culture plates for 24 h. After that, the medium was
removed and replaced with a soaked solution of nanofibers.
The plate was then incubated at 37 °C for 48 h. Following this,
a 25 μL of 2 mg/mL MTT reagent was added into each well
and incubated at 37 °C for 3 h. After 3 h of incubation, the
solution was discarded. One hundred microliters of DMSO
were added into each well to dissolve the formed formazan
crystal. The absorbance of the solution was measured at 570
nm by using a microplate reader. The control used in this
experiment was the cells added to the fresh medium without a
sample. The experiment was performed in triplicate.

i
k
jjj y

{
zzz= ×Cell viability(%)

OD control OD sample
OD control

100

2.12. Antibacterial Test. The antibacterial effect of
nanofiber against S. aureus ATCC 29213 and P. aeruginosa
ATCC 27853 was carried out by using the colony counting
method.32 Initially, a 2.5 cm × 2.5 cm nanofibrous scaffold was
irradiated under UV light for 30 min. Each bacterium was
plated on a brain heart infusion (BHI) agar plate overnight at
37 ̊ C. Colonies of each bacterium were picked and dissolved
in a nutrient broth (ratio of 1/500). The bacterial suspension
was measured at OD625 nm using a microplate reader to obtain
an OD of 0.12 (108 cfu/mL). 10-fold dilutions were performed
by transferring 100 mL of adjusted bacterial suspension into
900 μL of the nutrient broth. Following this, 20 microliters of
the suspension (1 × 105 cfu/mL) were added to the irradiated
nanofiber and covered with a sterile coverslip. After 3 h
incubation at room temperature, the nanofiber was transferred
into a 5 mL centrifuge tube and added with 1 mL of soybean-
casein-digest-lecithin-polysorbate 80 (SCDLP); thereby, the
tube was vortexed for 60 s. Two hundred microliters of the
solution were extracted into 96 well culture plates. Five serial
dilutions were performed, and 10 μL of each dilution was
spotted on the BHI agar plate. After 24 h incubation at 37 °C,
the colonies were counted manually to calculate the number of
colony-forming units per milliliter (cfu/mL). The CS-GL
nanofiber was used as a control in the calculation of log10
reduction values (LRVs). The LRV was calculated using the
equation below
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=

logarithm reduction values (LRV)

log cfu/mLsample log cfu/mLcontrol

(CS GLnanofibers)
10 10

2.13. Statistical Analysis. For comparison of relative
groups, statistical analysis was conducted with the Student’s t-
test by using Statistical Package of Social Sciences (SPSS, IBM,
version 28) software. All the samples were considered
significant with * p-value ≤0.05 and ** (p-value ≤0.01).

3. RESULTS AND DISCUSSION
3.1. Synthesis and Characterization of Cu-MOF-CUR-

CHR. In this study, CUR and CHR were loaded to the
presynthesized Cu-MOF using the postsynthesis modification
method. As shown in Table 1, we obtained Cu-MOF-CUR-

CHR with a high encapsulation efficiency of 99.2% for both
CUR and CHR, which was higher than the % EE of CUR in
the Zn-MOF (79.2%) obtained by Nabipour et al.33 This also
indicated the higher drug loading34,53 capacity of Cu-MOF
than Zn-MOF. Additionally, ATR-FTIR analysis was used to
confirm the presence of CUR and CHR within the CS-GL
nanofiber.

The formation of the Cu-MOF involves the bonding of
copper(II) nitrate trihydrate and trimesic acid (H3BTC). In
the Cu-MOF spectrum shown in Figure 1A, the absorption
peaks located at 1643 cm−1, 1369 cm−1, and 729 cm−1

corresponded to the O−H stretching vibration in the adsorbed
H2O molecule in Cu3(BTC)2, the O�C−O bonded to Cu,
the C�C stretching vibration of the aromatic rings of BTC
molecules, and the Cu−O stretching vibration, respectively.
These stretching vibrations closely match data previously
published in the literature.35 Based on Figure 1B, several
common peaks have been seen for CS and GL such as a broad
peak at 3358 and a weak peak at 2900 cm−1 representing the
groups of O−H and CH2, respectively. To demonstrate the
presence of CS and GL in the CS-GL nanofiber, distinct peaks
of CS at 1080.14 cm−1 and GL at 1631 cm−1 and 1529 cm−1

appeared in the spectra. These results were in accordance with
previous findings.6,36

Table 1. Encapsulation Efficiency (% EE) of CUR and CHR
within Cu-MOFs

samples EE of CUR (%) EE of CHR (%)

Cu-MOF-CUR-CHR 99.2 ± 0.011 99.2 ± 0.036

Figure 1. FTIR spectra of (A) Cu-MOF, (B) CS-GL/CUR-CHR nanofiber, and (C) CS-GL/Cu-MOF-CUR-CHR nanofibers.
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Figure 2. continued
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The FTIR spectra of the samples obtained after drug
encapsulation into the CS-GL polymer blend were compara-
tively studied. The peak shifting of functional groups provides
an excellent way to determine the extent of encapsulation
when the FTIR spectra of the polymer-encapsulated drug, the
free drug, and the polymer-free drug were compared. In the
spectra of all CS-GL/CUR-CHR nanofibers, the prominent
peaks at 1448 cm−1 and 1273 cm−1 appeared to belong to
CUR, while the peaks at 1571 cm−1, and 1184 cm−1 observed
belong to CHR. Compared to native drugs and polymers, there
was no major shift of functional peaks, showing that there were
no significant interactions between drugs and polymers that
could alter the effective nature of the functional group. By

increasing the drug concentrations up to 10% and 20%, more
absorption peaks for CUR (1625 cm−1 and 1602 cm−1) and
CHR (2628 cm−1) were identified.9,37 In addition, CHR was
observed in the spectra of CS-GL/CUR-CHR nanofibers due
to the incorporation of CUR and CHR into the CS-GL
nanofiber. This suggested the true interactions between CUR
and CHR with the CS-GL nanofiber.

Based on the comparison of FTIR spectra of the free drug
and Cu-MOF, it demonstrated the characteristics peaks for the
Cu-MOF (1355 cm−1 and 729 cm−1), CUR (1606 cm−1, 1421
cm−1, and 1273 cm−1), and CHR (2980 cm−1, 1575 cm−1, and
1166 cm−1).38 It was found that the common needle-like peak
of the Cu-MOF and CHR overlapped at 1649 cm−1. Hence,

Figure 2. SEM images, nanofiber diameter distribution, and the average diameter of CS-GL/CUR-CHR and CS-GL/Cu-MOF-CUR-CHR
nanofibers with four different drug concentrations.
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these data represented the successful encapsulation of CUR
and CHR into the MOF.

In Figure 1C, all the CS-GL/Cu-MOF-CUR-CHR nano-
fibers contained the absorption bands for the existence of the
MOF (1647 cm−1, 1355 cm−1, and 729 cm−1), CUR (1448
cm−1 and 1273 cm−1), and CHR (1577 and 1168 cm−1). In the
CS-GL/Cu-MOF-CUR-CHR nanofiber, the absorption peak
of CUR shifted from 1421 cm−1 to 1448 cm−1. The FTIR
spectra revealed that the prominent peaks for the Cu-MOF
and CUR overlapped at 1647 cm−1. Compared to other
concentrations of CS-GL/Cu-MOF-CUR-CHR nanofibers,
there was a loss of one absorption band at 2989 cm-1 in 1%
CS-GL/Cu-MOF-CUR-CHR nanofibers. Due to a high drug
concentration within nanofibers, additional peaks were
identified clearly at the spectra of the nanofibers with higher
drug concentrations.
3.2. Scanning Electron Microscopy (SEM). After the

characterization of Cu-MOF-CUR-CHR, we loaded the Cu-
MOF-CUR-CHR into the CS-GL polymer solution to
fabricate the nanofiber using the electrospinning technique.
Nanofibers with different drug contents were characterized
using scanning electron microscopy (SEM). The SEM images
demonstrated that all the nanofibers met the requirement in
engineering a hybrid scaffold by showing the nanofibers were
porous, uniform in size, and had fewer beads.39 The high
porosity of nanofibers prevents bacterial infection and provides
moisture to allow the transfer of nutrient and oxygen
exchange.40

Compared to the control (CS-GL nanofibers), the average
diameter of the CS-GL nanofiber was increased with the
addition of CUR and CHR. The increased average diameter
indicated the effect of the filling nature of CUR and CHR as
additional components in the spinning solution. This effect on
the average diameter nanofiber was consistent with previous
studies.41,42 As shown in Figure 2, the average diameter
directly depended on the initial CUR and CHR loaded into the
nanofiber. Similar to previous findings,42,43 the average
diameter decreased with the increase of CUR and CHR
contents. Additionally, the average diameter of CS-GL/Cu-
MOF-CUR-CHR nanofibers was lower than that of CS-GL/
CUR-CHR nanofibers. This could be due to the presence of
the Cu-MOF decreasing the average diameter of nanofibers by
decreasing the viscosity of the polymer solution. Therefore,
this allows the formation of more uniform and smaller
nanofibers than those without the Cu-MOF.44

3.3. The Encapsulation Efficiency of CUR and CHR of
Nanofibers. As shown in Table 2, the percentage of drug
encapsulation efficiency for CS-GL/Cu-MOF-CUR-CHR
nanofibers was higher than that for CS-GL/CUR-CHR

nanofibers. Accordingly, the drug encapsulation efficiency of
Cu-MOFs was better than the CS-GL blend due to the large
pore volume, highly ordered structure, and high surface area-
to-volume ratio offered by Cu-MOFs.22 This allows the Cu-
MOF to adsorb large amounts of drug molecules and trap
them inside the framework.45 Additionally, the percentage of
the encapsulation efficiency of all nanofibers increased with an
increase in drug contents. The CUR was encapsulated in the
CS-GL nanofiber with an EE value higher than that of the
CHR in both CS-GL/CUR-CHR and CS-GL/Cu-MOF-CUR-
CHR nanofibers. This could be due to the lower solubility of
CHR than CUR causing the lesser amount of CHR dissolving
in the CS-GL polymer blend.46 Furthermore, it was found that
the CS-GL/Cu-MOF-CUR-CHR nanofiber with more than
1% drug content resulted in 100% EE for both CUR and CHR.
From our data, the CS-GL/Cu-MOF-CUR-CHR nanofiber
showed a higher EE for CUR and CHR than that for previous
findings that used a single drug in nanofibers without Cu-
MOFs.47

3.4. In Vitro Drug Release of Nanofibers. In Figure 3,
all CS-GL/CUR-CHR nanofibers showed initial CUR and
CHR releases after 20 min, while the initial drug release of CS-
GL/Cu-MOF-CUR-CHR nanofibers was detected after 10
min. The initial CUR release of CS-GL/1% Cu-MOF-CUR-
CHR nanofibers (23.7%) was the highest among the samples
(5, 10, and 20%). This data was higher than the % cumulative
release (12.9%) obtained by Fahimirad et al. in the first 2 h.48

However, the initial CHR release of CS-GL/Cu-MOF-CUR-
CHR increased from a range of 13.7 ± 9.222% to 15.5 ±
0.578% as the drug concentration increased in the nanofiber.
Importantly, the maximum drug release of CS-GL/Cu-MOF-
CUR-CHR nanofibers was higher compared to that of CS-GL/
CUR-CHR nanofibers. Based on the data, the maximum drug
release from the nanofiber is correlated to the amount of drug
loaded into the nanofiber. Furthermore, CUR release was
higher than that of CHR in all nanofibers. Faster drug release
kinetics was observed in CS-GL/CUR-CHR nanofibers by
showing their maximum release within 6 h. In contrast, the
presence of Cu-MOFs within the nanofiber resulted in high
and prolonged drug release up to 48 h. The prolonged drug
release of the nanofiber with the Cu-MOF may be attributed to
the CS-GL nanofiber protecting the drug molecules leaked out
from the Cu-MOF to keep the drug molecules within the
delivery system.49

3.5. Cell Viability Test. Figure 4 shows the effect of CS-
GL/CUR-CHR and CS-GL/Cu-MOF-CUR-CHR nanofibers
with different concentrations on the % cell viability of HaCaT
cells after 48 h. Similar results of the PE and ZDTC were seen
in previous research conducted by Sreekantan et al.31 Based on
Figure 5, all nanofibers exhibited a higher cell viability than
ZDTC (5.8 ± 0.092%). Importantly, the addition of Cu-MOF
alone (1−20%) into CS-GL nanofibers showed no cytotoxicity,
implying the low toxicity of Cu-MOFs in human cells (Figure
S1). In addition, our data revealed that not all nanofibers
exhibited significant toxicity as CS-GL/CUR-CHR and CS-
GL/Cu-MOF-CUR-CHR nanofibers with 1% and 5% of drug
concentrations achieved more than 70% cell viability. The
MTT value showed that all nanofibers with 10% and 20% drug
concentrations were more cytotoxic than those with 1% and
5% drug concentrations. By increasing the % drug concen-
tration by more than 5%, the cell viability of the nanofiber
decreased. Hence, the data reported that CS-GL/CUR-CHR
and CS-GL/Cu-MOF-CUR-CHR nanofibers with 1% and 5%

Table 2. Encapsulation Efficiency (% EE) of CUR and CHR
within Electrospun Drug-Loaded CS-GL Nanofibers

samples EE for CUR (%) EE for CHR (%)

CS-GL/1% CUR-CHR 11.96 ± 0.181 10.91 ± 0.199
CS-GL/5% CUR-CHR 17.29 ± 0.320 13.00 ± 0.319
CS-GL/10% CUR-CHR 19.22 ± 6.400 15.18 ± 0.286
CS-GL/20% CUR-CHR 38.35 ± 0.764 27.15 ± 2.519
CS-GL/1% Cu-MOF-CUR-CHR 97.12 ± 3.672 91.68 ± 1.310
CS-GL/5% Cu-MOF-CUR-CHR 108.81 ± 5.745 103.56 ± 7.415
CS-GL/10% Cu-MOF-CUR-CHR 107.95 ± 0.615 100.92 ± 2.016
CS-GL/20% Cu-MOF-CUR-CHR 103.40 ± 4.166 100.67 ± 2.934
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of drug concentrations were considered biocompatible
materials due to their high cell viability (>70%). Nonetheless,

the data showed that CS-GL/Cu-MOF-CUR-CHR nanofibers
(p ≤ 0.01) exhibited lower cell viability than CS-GL/CUR-
CHR nanofibers (p ≤ 0.001). For example, CS-GL/Cu-MOF-
CUR-CHR nanofibers with 10% and 20% drug concentrations
exhibited the lowest % cell viability (48.3% ± 0.913 and 33.3%
± 0.123, respectively) among the nanofibers. This may be due
to the higher drug loading within CS-GL/Cu-MOF-CUR-
CHR than CS-GL/CUR-CHR causing the reduced cell
viability.
3.6. Antibacterial Test. The CS-GL/CUR-CHR and CS-

GL/Cu-MOF-CUR-CHR nanofibers with more than 70% cell
viability were selected to perform the antibacterial test against
S. aureus and P. aeruginosa. In this study, S. aureus and P.
aeruginosa, which are the most common causes of wound
infection, were selected for the antibacterial test. S. aureus is a
Gram-positive bacterium that causes most infections such as
skin infections.50 P. aeruginosa is a Gram-negative bacterium
that infects patients with cystic fibrosis, burn wounds, and
severe infection.51 The antibacterial effect of the selected
nanofibers was evaluated by determining the number of
colonies (log10 cfu/mL) and LRV. Based on Table 3, the data
showed that the effectiveness of all nanofibers selected in
inhibiting S. aureus (LRV of 2.69 ± 0.030) was greater than
that of P. aeruginosa (1.87 ± 0.564). Additionally, the
antibacterial effect of nanofibers was enhanced with the

Figure 3. Drug release behavior of CUR and CHR from CS-GL/CUR-CHR (a,b) and CS-GL/Cu-MOF-CUR-CHR (c,d) nanofibers in PBS at pH
7.4.

Figure 4. % Cell viability of CS-GL/CUR-CHR and CS-GL/Cu-
MOF-CUR-CHR nanofibers. Control: without sample; PE: poly-
ethylene; and ZDTC: zinc diethyldithiocarbamate. * Significant
differences between the CS-GL (control) and CS-GL/CUR-CHR and
CS-GL/Cu-MOF-CUR-CHR groups (p-value ≤0.05) and ** (p-value
≤0.01).
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increase in the concentration of CUR and CHR. Based on
Figure 5, CS-GL/5% Cu-MOF-CUR-CHR had a higher
antibacterial effect against S. aureus when the number of
bacteria was decreased to 2.92 log10 cfu/mL (p-value ≤0.0001)
compared to CS-GL/1% Cu-MOF-CUR-CHR (3.40 log10 cfu/
mL, p-value ≤0.0001). Compared to CS-GL/CUR-CHR
nanofibers, the antibacterial effect was significantly higher (p
≤ 0.05) in CS-GL/Cu-MOF-CUR-CHR nanofibers. From the
data, the highest LRV value was observed (LRV of 2.69 ±
0.030 for S. aureus and 1.87 ± 0.564 for P. aeruginosa) in the
CS-GL/5% Cu-MOF-CUR-CHR, indicating its strongest
antibacterial effect among the samples. These results could
be attributed to the Cu-MOF as a drug carrier with a high
loading capacity facilitating the drug release to the bacteria to
induce an efficient antibacterial effect.52

4. CONCLUSIONS
Due to the burst release of drugs from nanofibers, nanofibers
still remain at the laboratory level. The formation of MOF
nanofibers has advantages over conventional materials by
reducing the rate of drug release. In this study, a biocompatible
CS-GL nanofibers loaded with Cu-MOF-CUR-CHR was
successfully fabricated. Incorporation of Cu-MOF-CUR-CHR
with 99.2% of EE of CUR and CHR into CS-GL nanofibers
reduced the fiber diameter in the range of 302 ± 0.098 to 380

± 0.092 nm due to increased conductivity in the electro-
spinning process. In the FTIR spectra of Cu-MOF-CUR-CHR,
it was proved that the CUR and CHR loading into HKUST-1
did not chemically change the bond structures of the Cu-MOF.
Similarly, FTIR spectra of CS-GL/Cu-MOF-CUR-CHR nano-
fibers were unaffected by the impregnation of Cu-MOF-CUR-
CHR into the CS-GL nanofiber by showing the retained
characteristic peaks for Cu-MOF-CUR-CHR and CS-GL. For
the drug release behavior of nanofibers in PBS at pH 7.4, the
CUR and CHR releases of CS-GL/Cu-MOF-CUR-CHR
nanofibers were sustained for up to 48 h, allowing prolonged
antibacterial activity. The maximum cumulative release of
CUR and CHR of about 97% was obtained from the CS-GL/
20% Cu-MOF-CUR-CHR nanofiber after 24 h. Based on the
results, CS-GL/5% Cu-MOF-CUR-CHR nanofibers exhibited
the highest LRV (2.69 ± 0.030) against S. aureus (p-value
≤0.05). Therefore, it has the potential to be used as a
therapeutic antibacterial wound dressing due to the role of Cu-
MOF as a carrier for the sustained release of CUR and CHR
over an extended period. In the future, CS-GL/Cu-MOF-
CUR-CHR nanofibers are expected to be studied in human
studies to act as an alternative to conventional wound dressing.
Additionally, a pH-responsive antibacterial CS-GL/Cu-MOF-
CUR-CHR nanofiber will be one of the major future directions
for the treatment of acute and chronic wounds, depending on
the pH of the skin.
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Table 3. Logarithm Reduction Value (LRV) of Nanofibersa

LRV
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Staphylococcus

aureus
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cfu colony forming unit
CHR chrysin
CS chitosan
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GTA glutaraldehyde
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ogy-1
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