
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
M

ar
ch

 2
02

5.
 D

ow
nl

oa
de

d 
on

 3
/2

9/
20

26
 3

:3
9:

05
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
A hybrid scaffold
aBiomedical Engineering Department, Amir

Polytechnic), Tehran, Iran. E-mail: atefeh.so
bNew Technologies Research Center (NTR

(Tehran Polytechnic), Tehran, Iran. E-mail:
cDepartment of Textile Engineering, Amirka

Tehran), Tehran, Iran

Cite this: RSC Adv., 2025, 15, 6902

Received 11th November 2024
Accepted 12th February 2025

DOI: 10.1039/d4ra08014a

rsc.li/rsc-advances

6902 | RSC Adv., 2025, 15, 6902–69
of modified human amniotic
membrane with gelatine/dendrimer-protected
silver nanoparticles for skin wound healing
applications

Mahdi Khalili, a Aryan Ekhlasi, a Atefeh Solouk, *a Masoumeh Haghbin
Nazarpak *b and Somaye Akbari c

The human amniotic membrane (hAM) is a biological material widely utilized to mimic the extracellular

matrix in damaged skin. Despite its potential, clinical applications of hAM have been hindered by its poor

mechanical properties. Furthermore, cryopreservation process used to store hAM could compromise its

inherent bactericidal properties. This study explores an innovative approach by combining hAM with 2, 4,

6 and 8% w/v of gelatine (Gel) and incorporating 100, 500 and 1000 mL of poly(propylene imine) (PPI)

dendrimer-protected silver nanoparticles (AgNPs) to create antibacterial-bolstered scaffolds using

freeze-drying technique. Based on results, hAM/Gel2/S500 scaffold was identified as optimal specimen.

It exhibited favorable properties, including an ultimate tensile strength of 16 kPa, an elastic modulus of

26.66 kPa, an elongation at break of 59.60%, an average pore size of 490 mm and a porosity of 52.93%.

In vitro degradation indicated that degradation rate of the scaffold was 30% lower on the 1st day and

20% higher on the 21st day compared to commercial ChitoHeal dressing. It also demonstrated higher

water absorbance of 100 and 139% at 1 and 48 hours, respectively, compared to ChitoHeal dressing.

Additionally, uniform distribution of AgNPs throughout the scaffold and their release from 2.30 mg mL−1

on the 1st day to 10.40 mg mL−1 by the 3rd day, resulted in an elevated inhibition zone against S. aureus

and E. coli. Finally, all antibacterial-bolstered scaffolds exhibited 85–89% cell viability after 24 hours and

80–83% after 72 hours. Consequently, hAM/Gel2/S500 scaffold showed promising results for application

in wound healing.
1. Introduction

The skin is the largest organ in the human body, with a surface
area of approximately 1.5 to 1.8 m2 and a thickness ranging
from 0.5 (in the lower eyelid) to 15 mm (in the foot sole) in
healthy adult. Its volume could vary from 7500 to 27 000 mm3,
reecting its diverse physiological functions, which include
mechanistic, energetic, metabolic and immunological roles.1 In
fact, skin creates a safety barrier against pathogens and defends
the human body from external chemical, mechanical or phys-
ical insults. Skin loss could occur for various reasons, such as
thermal trauma, genetic disorders, chronic wounds, burns or
even surgical interventions.2 Skin gras are the most common
approach in the treatment of chronic wounds.3 However, in the
case of deep or large wounds or extensive severe burns, due to
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low immunogenicity and the limited availability of donor skin,
skin gras oen fail to provide complete recovery, rendering
them unsuitable for widespread use.4 With the advent of skin
tissue engineering, the therapeutic potential for healing chronic
wounds has signicantly developed, as this advanced strategy
aims to fabricate skin substitutes that act as bioactive wound
dressings, facilitating wound healing rather than simply
covering it.5

Human amniotic membrane (hAM), the innermost portion
of the fetal membranes, is a biological tissue that surrounds the
fetus in the mother's womb and has been applied as a biological
scaffold in wound care.6,7 It consists of three main layers: an
epithelial monolayer that is separated from the stroma layer by
a basement membrane.8,9 The basement membrane is
composed of various extracellular matrix components, such as
different types of collagen, elastin, laminin, bronectin, vitro-
nectin and glycosaminoglycans. Additionally, it contains
natural inhibitors and is rich in biologically active factors,
including cytokines and growth factors, which have been shown
to be promote wound healing and tissue regeneration.10 More-
over, hAM exhibited a range of benecial properties, including
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra08014a&domain=pdf&date_stamp=2025-03-03
http://orcid.org/0000-0002-3036-4599
http://orcid.org/0000-0002-6080-7610
http://orcid.org/0000-0002-8742-1056
http://orcid.org/0000-0002-3248-974X
http://orcid.org/0000-0003-2081-7758
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra08014a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015009


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
M

ar
ch

 2
02

5.
 D

ow
nl

oa
de

d 
on

 3
/2

9/
20

26
 3

:3
9:

05
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
anti-inammatory, anti-microbial, anti-brotic, anti-scarring,
non-immunogenic, non-tumorigenic and bacteriostatic
effects, as well as enhanced epithelialization.11 Despite all these
excellent properties, hAM has limited clinical use for wounds of
varying dimensions due to threemain limitations. First, its poor
mechanical and handling characteristics hinder effective
application.12 Second, it has been observed that neither fresh
nor acellularized hAM exhibits potent bactericidal activity
against multidrug-resistant (MDR) bacterial strains.13 This
highlights the need for alternative treatment strategies to
effectively address such infections.14–20 Finally, the limited
accessibility of fresh hAM due to its short shelf life has led to the
development of various preservation methods, such as cryo-
preservation in liquid nitrogen,17 which reduces its bactericidal
properties aer each cycle of cryopreservation.20

The poor mechanical and handling characteristics could be
addressed by reinforcement with electrospun nanobers that
enhance its mechanical and handling properties.21 For
instance, gelatine (Gel) nanobers have been successfully
applied to construct a composite membrane through interfacial
bonding to address the issues of the fragile nature and rapid
degradation rate of decellularized hAM.22 Gel is a natural mimic
of the extracellular matrix found in human tissues and organs.
The properties of Gel that have attracted the attention of most
biomaterial researchers include excellent biocompatibility,
good biodegradability, cell interactivity, non-immunogenicity,
as well as its excellent processability, ready availability and
cost-effectiveness.23

The insufficient protection against infections caused by
MDR bacteria, along with the reduced bactericidal properties
aer each cycle of cryopreservation, could be addressed through
antibacterial modication. One notable approach to combat
bacteria and prevent wound infection is the incorporation of
antimicrobial noble metals, with silver being the most popular
choice.24 Silver nanoparticles (AgNPs) have been widely used in
medical devices due to their high biocidal activity against
a broad spectrum of microbes and organisms. Specically,
AgNPs could serve as an effective antibacterial agent targeting
Pseudomonas aeruginosa (P. aeruginosa).25 Additionally, AgNPs
exhibit lower toxicity to human cells compared to other metallic
elements, making them a safer option for therapeutic applica-
tions. Their cost-effectiveness further enhances their appeal,
allowing for widespread use in various medical and healthcare
settings.26 There are various methods to synthesize AgNPs,27

including the dendritic-assisted method.28,29

Among various dendritic materials, those that are amine-
terminated, such as poly(amidoamine) (PAMAM) and poly(-
propylene imine) (PPI) dendrimers, attract signicant attention.
PPI dendrimers have become one of the most popular polymers
in biomedical engineering applications due to their spherical
structure and high density of functional end groups. Further-
more, PPI dendrimers exhibit potent antibacterial properties
due to their terminal amine groups, without inducing bacterial
resistance.20,30–37

In this study, we explored the innovative combination of
cryopreserved hAM with Gel and utilized dendrimer-protected
AgNPs to develop an antibacterial biological scaffold tailored
© 2025 The Author(s). Published by the Royal Society of Chemistry
for the repair of partial and full-thickness wounds. Gel,
renowned for its enzymatic biodegradability and biocompati-
bility in physiological environments, is used to enhance the
mechanical and handling properties of the hAM. Furthermore,
Gel serves as an ideal matrix due to its denatured collagen
composition, which closely resembles the natural components
of hAM. To counteract the reduction in antibacterial properties
from cryopreserved hAM and to achieve sufficient protection
against infections caused by MDR bacteria, the scaffold was
fortied with AgNPs synthesized via in situ formation on PPI
dendrimers, thereby enhancing its antibacterial efficacy.
2. Materials and methods
2.1. Materials

Commercial hAM was provided by Iranian Tissue Products Co.,
Iran. Gel, pepsin enzyme (obtained from porcine gastric mucosa),
tetrahydrofuran (Mw = 72.11 g mol−1), phosphate-buffered saline
(PBS) tablet, HA (Mw = 36.46 g mol−1), glutaraldehyde (GA) and
glycine were purchased from Merck, Germany. The second
generation of PPI (G2,Mw = 773.28 g mol−1) was purchased from
SyMo-Chem Co., Netherlands. Silver nitrate (AgNO3) solution (0.1
M) was obtained from Titrachem Co., Iran. Sodium borohydride
(Mw = 37.83 g mol−1) was bought from Alpha Co., India. Ultra-
pure water was acquired from Dacell, Korea. L929 mouse bro-
blast cells were obtained from National Cell Bank, Pasteur
Institute, Iran. Staphylococcus aureus (S. aureus, ATCC 29213) and
Escherichia coli (E. coli, ATCC 25922) strains were obtained from
the Pathobiological Laboratory of Lashgarak, Iran. Commercial
ChitoHeal foam dressing, which was used as the control in the
test for morphological, mechanical, porosity and pore size, in
vitro degradation and equilibrium water absorbance (EWA), was
purchased from Chitotech Co., Iran. Commercial AGICOAT silver
nanocrystalline dressing, which was used as the positive control
in the disc diffusion antibacterial test, purchased from Emad
Pharmaceutical Co., Iran. All the chemical substances were used
without any renement.
2.2. Synthesize AgNPs using PPI dendrimer-assistance

AgNPs were synthesized using dendrimer-assistance nanoparticle
formation, where PPI dendrimers were employed as stabilizers.
First, the PPI dendrimers were dissolved in tetrahydrofuran (THF)
with a concentration of 1 mg mL−1. Secondly, sodium hydroxide
solution (20 mM) as a reducing agent was prepared by using
ultrapure water (18 MU cm). In the next step, aqueous AgNO3 (0.1
M) was added to the PPI dendrimers in a volume ratio of 1 : 1.
Simultaneously, all mixtures were stirred vigorously for approxi-
mately 1 hour under the ambient atmosphere. Additionally, 15 mL
of reducing agent was added to 5mL of the AgNO3/PPI solution to
create AgNPs stabilized by PPI dendrimers.28,38 Finally, the clear
orange colour of the AgNO3/PPI solution conrmed the produc-
tion of AgNPs at a concentration of 100 ppm. In fact, metal ions
that exhibit an affinity for amines are effectively adsorbed,
primarily driven by mechanisms such as covalent bond forma-
tion, electrostatic interactions, complexation reactions, or
a combination of these forces within PAMAM and PPI
RSC Adv., 2025, 15, 6902–6913 | 6903
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Fig. 1 Schematic of AgNPs synthesized using PPI dendrimer-assis-
tance, illustrating how PPI and its surface amine groups act as stabi-
lizing agents.
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dendrimers.39 As illustrated in Fig. 1, which presents a schematic
of AgNPs synthesized using PPI dendrimer-assistance, den-
drimers could form interdendrimer complexes that lead to the
formation of larger metal nanoclusters. These nanoclusters are
protected by the exterior amine groups, which provide stabilizing
activity. Moreover, the amine-terminated functional groups in PPI
dendrimers also enhance of the reducing agent activity.40
2.3. Preparation of hAM/Gel blend scaffold (mechanical-
reinforced scaffolds)

To achieve the desired composition of the hAM and Gel blend
sponge, four different formulations were prepared. First, 1.5%
w/v fragmentary hAM was dissolved in 0.1 M hydrochloric acid
(HCL) and 1 mg mL−1 pepsin enzyme by stirring for 60 hours at
room temperature (hAM solution). Second, aqueous solutions
of 2, 4, 6 and 8% w/v Gel powder were prepared by stirring for
about 30 minutes at 45 °C (Gel solutions). Third, 2 mL of hAM
solution was added to 10 mL of each Gel solution to create
a total of 12 mL of hAM/Gel constituent solutions (hAM/Gel
solution). Next, the solutions were stirred and poured into
four sealed vessels, then kept in the refrigerator for 15 minutes
to provide a homogeneous gel phase. Aerward, the gels were
kept in a freezer at−85 °C for 24 hours. The obtained freeze-gels
were then freeze-dried for 24 hours to create spongy scaffolds.
GA vapor was used for cross-linking the scaffolds and
enhancing their mechanical properties.33,36,41 This procedure
was performed in a sealed vacuum desiccator with 2 mL of 25%
GA solution for 24 hours at 25 °C. Subsequently, the residual GA
in the scaffold structure was neutralized with a 1 M glycine
solution for 1–3 hours. Following this, the scaffolds were
washed three times with PBS to eliminate any traces of glycine.33
2.4. Preparation of antibacterial hAM/Gel hybrid scaffold
(antibacterial-bolstered scaffolds)

To enhance the bactericidal properties of the mechanical-
reinforced scaffolds, various concentrations of PPI/AgNPs
solution (100, 500 and 1000 mL) were added to the hAM/Gel
solution containing 2% w/v of Gel. Aer stirring the solutions,
6904 | RSC Adv., 2025, 15, 6902–6913
the homogenized solutions were freeze-dried as previously
described. Table 1 presents the specimen codes, and a sche-
matic representation of the different steps of the work is shown
in Fig. 2.

2.5. Characterization

2.5.1. Morphological analysis. To characterize the
morphology of AgNPs, 1 mL of the PPI/AgNPs solution was
diluted with distilled water, dried on aluminium foil, and ana-
lysed using eld emission-scanning electron microscope (FE-
SEM, MIRA3 TESCAN). Furthermore, the morphologies of
commercial hAM, plain hAM, hAM/Gel and ChitoHeal scaffolds
were observed using scanning electron microscope (SEM, Seron
Technologies, AIS2300C). A thin gold layer was coated onto all
the specimens before imaging.

2.5.2. Ultraviolet-visible spectrophotometry analysis. To
characterize the AgNPs, the PPI/AgNPs solution was analysed
ultraviolet-visible (UV-vis) spectroscopy (PerkinElmer, Lambda
950) in the range of 325 to 485 nm, which corresponds to the
absorption peak of AgNPs.

2.5.3. Dynamic light scattering analysis. To characterize
the size of AgNPs, the PPI/AgNPs solution was analysed using
dynamic light scattering (DLS, Cordouan Tech, VASCO 2).

2.5.4. Mechanical properties. Elongation at break and
tensile strength of the hAM/Gel and ChitoHeal scaffolds were
measured in a wet state. The procedure of the experiment was as
follows: rst, the specimens were prepared with dimension of 5
× 2 × 0.3 cm. The two terminals of the tensile specimens were
then xed in a specic clamp. Next, elongation at break and
tensile strength of the scaffolds were measured using a load cell
of 50 N and the crosshead speed of 1 mm min−1 at ambient
temperature. The results were reported as the average of three
measurements for each specimen.

2.5.5. Porosity and pore size analysis. The total porosity of
the hAM/Gel and ChitoHeal scaffolds was measured by the
liquid displacement method.42 In this method, scaffolds of
known weight were placed in a liquid that permeates through
the scaffold without dissolving it. Absolute ethanol, with
a density of re, served as the displacement liquid because it is
a nonpolar solvent that does not interfere with the Gel in the
hAM/Gel scaffolds or with chitosan in the ChitoHeal
scaffold,43–45 thereby preventing any swelling or shrinkage the
matrix. Firstly, the specimens were weighed before immersion
in ethanol (Ws). Ethanol was then poured into each vial, and the
vials containing ethanol were weighed (W1). Aerwards, the
specimens were placed in the lled vials and kept in the
refrigerator for 24 hours at 4 °C. Next, the vials containing
ethanol and specimens were weighed (W2), aer which the
specimens were removed. Finally, the vials containing ethanol
were weighed once more (W3). The porosity of the scaffolds was
calculated using eqn (1)–(3), where Vp and Vs represent the total
volume of the pores and volume of the scaffold, respectively.
Additionally, the pore size of scaffolds was estimated using
ImageJ analysis soware.

Porosityð%Þ ¼ Vp

Vp þ Vs

� 100 (1)
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Specifications of specimens and their codes

Treatment Specimen code hAM content (% w/v) Gel content (% w/v) PPI/AgNPs content (mL)

Plain scaffold Plain hAM 1.5 — —
Mechanical-reinforced scaffolds hAM/Gel2 1.5 2 —

hAM/Gel4 1.5 4 —
hAM/Gel6 1.5 6 —
hAM/Gel8 1.5 8 —

Antibacterial-bolstered scaffolds hAM/Gel2/S100 1.5 2 100
hAM/Gel2/S500 1.5 2 500
hAM/Gel2/S1000 1.5 2 1000

Fig. 2 Schematic of the different steps of the work.
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Vp ¼ W2 �W3 �Ws

re
(2)

Vs ¼ W1 �W2 þWs

re
(3)

2.5.6. In vitro degradation study. To evaluate the degrada-
tion rate of the hAM/Gel and ChitoHeal scaffolds, uniform
specimens were rst weighed. The specimens were then
immersed in PBS at pH = 7.4 and 37 °C. Specimens were
removed aer 1, 3, 7, 14 and 21 days, washed with deionized
water to remove adsorbed ions from the surface, and subse-
quently freeze-dried again. The initial weight (Wi) and nal
weight (Wf) of the dry specimens were recorded. Finally, the
degradation of the scaffolds was calculated using eqn (4).46 This
test was repeated three times for each specimen.

Degradationð%Þ ¼ Wi �Wf

Wi

� 100 (4)

Furthermore, the morphology of the cross-section and
surface structure of the hAM/Gel scaffolds aer 7 days of incu-
bation at 37 °C was examined using the same SEM. The cross-
sectioned scaffolds were prepared by fracturing them in liquid
nitrogen.
© 2025 The Author(s). Published by the Royal Society of Chemistry
2.5.7. Equilibrium water absorbance study. The hAM/Gel
and ChitoHeal scaffolds were cut into small, equal segments
and immersed in PBS at pH = 7.4 and 37 °C. Next, the speci-
mens were removed at predetermined intervals (1, 2, 3, 4, 8, 12,
24 and 48 hours), and any adsorbed water on the surface was
blotted off with lter paper before they were immediately
weighed. The EWA percentage of EWA was calculated using eqn
(5), where Ww and Wd represent the wet and dry weight of the
specimens, respectively.46

EWAð%Þ ¼ Ww �Wd

Wd

� 100 (5)

2.5.8. Fourier transform infrared analysis. Fourier trans-
form infrared (FTIR, Thermo Scientic IS10) was conducted to
identify the presence of hAM and Gel in the plain hAM and
hAM/Gel scaffolds, as well as to analyse the bactericidal solution
in the hAM/Gel2/S scaffolds. Spectra were collected over
a wavelength range of 4000 to 400 cm−1.

2.5.9. In vitro release behaviour of AgNPs. The distribution
and dispersion of AgNPs within the hAM/Gel/S scaffolds were
analysed using the same SEM. Furthermore, the amount of
AgNPs released from the hAM/Gel2/S scaffolds was analysed
using the same UV vis spectroscopy. Firstly, a UV calibration
standard line for AgNPs was established by preparing serial
dilutions of various concentrations of the antibacterial solution
based on the absorption values at 400 nm, which corresponds to
the absorption peak of AgNPs. Secondly, to determine the
amount of AgNPs released by each specimen, hAM/Gel2/S
scaffolds were cut into 1 × 1 × 3 cm pieces and placed in
PBS. They were then incubated for one to three days to simulate
the wound environment. Finally, the solutions containing the
degradation products of the specimens were analysed. Based on
the Beer–Lambert law, the concentration of AgNPs in the
degradation products was calculated for each specimen, where
A is absorbance, 3 is the molar absorptivity of the absorbing
species, b is the path length and c is the concentration of the
absorbing species (eqn (6)).

A = 3bc (6)

2.5.10. Antibacterial activity. To evaluate the antibacterial
properties of the hAM/Gel2 and hAM/Gel2/S scaffolds, the disc
RSC Adv., 2025, 15, 6902–6913 | 6905
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diffusion antibacterial test was employed against S. aureus and
E. coli. Each specimen was cut into pieces measuring 1 × 1 cm
and sterilized for 20 minutes using 70% ethanol. Both bacterial
strains were cultured in 10 mL of sterilized Luria–Bertani (LB)
medium at 37 °C for 18–24 hours (repeated three times).
Following this, 1.5 mL of culture medium was centrifuged at
1000 rpm for 1 minute; the supernatant was removed, and the
pellet was resuspended in 1 mL of sterilized LB medium. To
prepare a bacterial suspension at a 0.5 McFarland concentra-
tion (1.5 × 108 CFU mL−1), an additional 4.5 mL of LB medium
was added. The absorbance of the suspensions was measured at
625 nm to ensure it fell within the range of 0.08 to 0.10 for the
0.5 McFarland standard. Subsequently, 500 mL of the adjusted
suspension was added to separate containers containing 4.5 mL
of LBmedium, which were then incubated at 37 °C with shaking
at 200 rpm for 24 hours. From each specimen, 100 mL was taken
and diluted with 900 mL of saline to determine the colony-
forming units of the bacteria. Eight suspensions consisting of
this main solution were spread on LB agar plates and incubated
at 37 °C for 24 hours. For preparing the nutrient medium, 5 mL
was poured into two 15 mL Petri dishes. Then, 1 mL of inoc-
ulum from the glycerol stock of each bacterial strains was added
and incubated at 37 °C for 10 hours. Nutrient agar was prepared
and sterilized by autoclaving at 121 °C for 15 minutes before
inoculated each Petri dish using the spread plate procedure 100
mL was pipetted onto each and spread evenly with a sterile L-
rod. Finally, the specimens were placed onto the Petri dishes,
which were incubated at 37 °C for another 24 hours.47,48 Aer
labelling, the inhibition zones of all specimens were measured
from the edge of each specimen to the edge of the zone of
inhibition, where no bacterial growth was observed, using
ImageJ analysis soware.

2.5.11. Biological evaluation. The Biological properties of
the scaffolds were explored through cell viability and
morphology assays by assessing the interaction of mouse
broblast cells (L929, NCBI C161) with the specimens. The
Roswell Park Memorial Institute (RPMI)-1640 was used as the
culture medium for broblast cells. (I) Cell Viability Study:
Based on the International Organization for Standardization
(ISO 10993-5), an in vitro indirect contact cytotoxicity assay was
performed on hAM/Gel2/S scaffolds to assess cell viability. This
test measured cell viability by converting yellowish MTT into
purple formazan, indicating metabolic activity; thus, the
reduction of MTT into formazan reects the level of cell
metabolism. Commercial AGICOAT was used as the positive
control, while plain hAM served as the negative control. The
specimens were incubated in the medium at 37 °C for 1 and 3
days, with an extraction proportion of 6 cm2 mL−1 aer being
sterilized with 70% ethanol. The specimen extracts were then
collected and used for the MTT assay. (I) Cell viability study:
Based on the International Organization for Standardization
(ISO 10993-5), an in vitro indirect contact cytotoxicity assay was
performed on hAM/Gel2/S scaffolds to assess cell viability. This
test measured cell viability by converting yellowish MTT into
purple formazan, which indicates metabolic activity; thus, the
reduction of MTT into formazan reects the level of cell
metabolism. Commercial AGICOAT was used as the positive
6906 | RSC Adv., 2025, 15, 6902–6913
control, while plain hAM served as the negative control. The
specimens were incubated in the medium at 37 °C for 1 and 3
days, with an extraction proportion of 6 cm2 mL−1 aer being
sterilized with 70% ethanol. The specimen extracts then
collected and used for the MTT assay. The cells were seeded in
a 96-well plate at a density of 1 × 104 cell per well. Each well
received 100 mL of culture medium containing 10% FBS and was
incubated for 24 hours. The medium was then replaced with
100 mL of specimen extracts mixed with FBS in a 90 : 10 (v/v)
ratio. Aer another 24 hours, the medium was removed, and
the wells were washed with PBS. Subsequently, 0.5 mg mL−1

MTT reagent in PBS was added to each well, and the plate was
incubated at 37 °C for 4 hours. Aer removing the MTT solu-
tion, the formazan crystals were dissolved in isopropyl alcohol
in each well. Optical absorbancemeasurements were performed
at 570 nm using an ELISA microplate reader (STAT FAX 2100,
USA). The cell viability of the scaffolds was normalized to that of
the control specimen (the plate oor) and calculated using eqn
(7).49

Cell viabilityð%Þ ¼ Average optical density of membrane

Average optical density of control
� 100

(7)

(II) Cell morphology study: the sterilized hAM/Gel2/S500
specimen was placed in 12-well plates. Subsequently, the cells
were seeded onto the specimen at a density of 1 × 104 cells per
well and cultured in a complete medium composed of RPMI-
1640 culture medium supplemented with 1% antibiotic
penicillin/streptomycin and 10% v/v FBS in a humidied incu-
bator at 37 °C and 5% CO2. The culture medium was exchanged
every two days. Aer 24 hours of cell seeding, the cell-containing
specimen was washed twice with PBS and then xed using
a 2.5% GA solution. The xed cells were dehydrated in graded
concentrations of ethanol (50, 60, 70, 80, 90 and 100% v/v). Cell
attachment and morphology on the surface of the scaffold were
studied by the same SEM.
2.6. Statistical analysis

Using the SPSS soware, all results were reported as means ±

standard deviations (SD), and a p-value of#0.05 was considered
statistically signicant. Moreover, a one-way analysis of variance
(ANOVA) was performed to evaluate the differences between
groups.
3. Results and discussion
3.1. Characterization of AgNPs

The data characterization of the synthesized AgNPs is presented
in Fig. 3. The FE-SEM image (Fig. 3(a)) illustrates a uniform
spherical morphology and consistent size of the AgNPs. The UV-
vis spectrophotometry analysis (Fig. 3(b)) reveals a distinct
absorbance peak between 385 and 425 nm, which is a dening
feature of AgNPs.28,40,50 This peak is indicative of the surface
plasmon resonance (SPR) phenomenon, which is signicantly
inuenced by the size of the nanoparticles. In fact, the position
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Characterization of AgNPs by (a) FE-SEM, (b) UV-vis and (c) DLS.

Fig. 4 SEM images of (a) commercial hAM, (b) plain hAM, (c) hAM/
Gel2, (d) hAM/Gel4, (e) hAM/Gel6, (f) hAM/Gel8 and (g) ChitoHeal.
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of the SPR could be nely tuned by adjusting the size of AgNPs,
typically ranging from 60 to 100 nm. Furthermore, by varying
the solution concentration during the growth phase, a red shi
in the SPR wavelength has been observed, ranging from 395 to
450 nm.51 The presence of a single dipole SPR peak in the
extinction spectra validate the spherical morphology of the
synthesized nanoparticles, indicating a symmetric shape of the
resulting nanoparticles.52,53 Finally, the DLS results (Fig. 3(c))
indicate an average particle size of 69 nm. This measurement
aligns well with the expectations derived from UV-vis spectro-
photometry, which shows an absorbance peak at 400 nm for the
AgNPs.
3.2. Characterization of the scaffolds

3.2.1. Morphological analysis. The SEM images of the
commercial hAM, plain hAM, hAM/Gel and ChitoHeal scaffolds
are shown in Fig. 4. According to Fig. 4(a), commercial hAM did
not show any porosity, which is a crucial feature for proper cell
nutrition and inltration.24,54 Furthermore, it was unable to
absorb exudate from wounds due to its lack of an adequate
porous structure, which is essential for effective absorption.55

To address this issue, a sponge-like porous scaffold was made
using commercial hAM, which is henceforth called plain hAM
(Fig. 4(b)). However, a large number of hAM sheets were
required to yield the porous scaffold, and also the porosities
were not uniform. Therefore, Gel served as a blend component
in four different ratios, and the structures of the blended scaf-
folds (hAM/Gel) with 2, 4, 6 and 8% Gel are presented in
Fig. 4(c)–(f), respectively. Interestingly, addition of Gel to the
plain hAM scaffold resulted in improved pore size distribution,
and greater homogeneity by increasing Gel content up to 4%,
and then reduced at 6 and 8%, which aligns with the results of
previous studies.56 As a result, the hAM/Gel scaffolds containing
2 and 4% w/v Gel exhibited better pore size distribution
compared to the other hAM/Gel scaffolds. Finally, the SEM
image of the ChitoHeal scaffold, as a commercial product, is
shown in Fig. 4(g).

3.2.2. Mechanical properties. The elastic modulus, ulti-
mate tensile strength and elongation at break of the hAM/Gel
and ChitoHeal scaffolds are reported in Table 2. The plain
hAM scaffold was so brittle that handling it and performing
tensile strength tests were not possible. Addition of Gel to the
blended scaffold improved handling, and signicantly
enhanced the mechanical properties,57 increasing the ultimate
tensile strength from 16 to 34 kPa, increasing the elastic
modulus from 26.66 to 90.00 kPa, but decreasing the elongation
at break from 59.60 to 42.39%. In fact, ultimate tensile strength
© 2025 The Author(s). Published by the Royal Society of Chemistry
and elastic modulus of hAM/Gel2 were the lowest compared to
the other hAM/Gel scaffolds; however, it exhibited maximum
elongation at break and exibility. Increasing the Gel content
results in a higher concentration of amino functional groups,
which further facilitates crosslinking reactions. It is common in
experimental works to harden Gel through crosslinking by
aldehydes with low molecular weight, such as formaldehyde
and GA.58 Since the crosslinking process was conducted using
vaporized GA on the scaffolds, crosslinking of the 3-amino, and
formyl groups present in hydroxylysine, and lysine remnants is
mainly performed by Schiff's base formation through conden-
sation. Gel crosslinking using GA causes the formation of short
aliphatic sections between Gel polymeric chains. As a result,
a higher Gel content in the hAM/Gel scaffolds, leads to an
increased formation of amino groups throughout the entire
scaffold structure. This may increase both physical and chem-
ical crosslinking, which leads to an increased ultimate tensile
strength and elastic modulus, but a decreased exibility.
However, enhancement inadvertently compromises the
inherent bactericidal capabilities of the scaffolds, as indicated
in previous studies.33,41,59 It should be noted that the signicant
differences in the values of ultimate tensile strength and elastic
modulus between hAM/Gel and commercial ChitoHeal arise
from the fact that the hAM/Gel scaffolds are hydrogel-like,
whereas the ChitoHeal is a rigid foam.

3.2.3. Porosity and pore size analysis. Average pore size and
porosity of the hAM/Gel and ChitoHeal scaffolds are reported in
Table 3. According to the values, porosity of hAM/Gel scaffolds
ranged from 52.50 to 56.17%, with no signicant variation (p-
value > 0.05). In other words, increasing the Gel content in the
hAM/Gel scaffolds did not result in a signicant change in
porosity. However, a signicant decrease (p-value# 0.05) in the
average pore size of the hAM/Gel scaffolds was observed, from
490 mm (hAM/Gel2) to 110 mm (hAM/Gel8) as more lamellar
structure layers were created. In fact, increasing the Gel content
in the hAM/Gel scaffolds resulted in smaller and denser pores
(Fig. 4(b)–(f)), which is consistent with the previous
RSC Adv., 2025, 15, 6902–6913 | 6907
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Table 2 Mechanical properties of the hAM/Gel and ChitoHeal scaffolds

Specimen Ultimate tensile strength (kPa) Elastic modulus (kPa) Elongation at break (%)

hAM/Gel2 16 � 2.10 26.66 � 0.94 59.60 � 1.40
hAM/Gel4 23 � 2.20 56.66 � 1.25 44.78 � 1.30
hAM/Gel6 25 � 2.40 73.33 � 1.25 46.22 � 1.50
hAM/Gel8 34 � 2.20 90.00 � 1.43 42.39 � 1.80
ChitoHeal 360 � 10.0 1260.00 � 22.34 33.96 � 1.40
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observations.60 A possible reason for this effect might be the
enhanced hydrophilicity of the polymeric blend solution aer
increasing the Gel concentration. Additionally, this effect
resulted in a higher water absorption, and a decrease in trapped
water, which helps prevent the formation of ice crystals.
Consequently, a reduction in pore size occurred. In fact, the
capacity for water adsorption is grater in porous scaffolds with
effective distribution than in non-porous ones due to the
increased void space for capillary-adsorbed water. This charac-
teristic hinders uid accumulation in defective areas by
adsorbing wound exudates. Furthermore, porosity in the
structure of the scaffolds may promote cell nutrition, and
increase the effective surface area for cell attachment.61 As
a result, the hAM/Gel scaffold containing 2% w/v Gel, which
exhibits the highest average pore size and sparse pore structure
compared to other hAM/Gel scaffolds, could bemore efficient in
adsorbing wound exudates and facilitating cell attachment. It
should be noted that while the average pore size of the Chito-
Heal is similar to that of the hAM/Gel scaffolds containing 2%
and 4%Gel, porosity of the ChitoHeal is signicantly lower than
that of all the hAM/Gel scaffolds.

3.2.4. In vitro degradation study. Fig. 5 illustrates the
weight loss percentage of hAM/Gel and ChitoHeal scaffolds
aer various soaking periods of 1, 3, 7, 14 and 21 days.
Regarding the values, increasing the Gel content in the hAM/Gel
scaffolds enhanced their degradation rate, which aligns with
the results of previous studies.62 For instance, increasing the Gel
content from 2 to 8% resulted in a signicant boost in the
degradation rate, which increased from 10.07 to 33.06% on the
1st day, from 37.58 to 48.29% on the 3rd day, and 58.39 to
80.07% on the 7th day of the degradation period (p-value #

0.05). Aer the 7th day of the degradation period, only insig-
nicant differences were observed among the hAM/Gel scaf-
folds (p-value > 0.05). It should be noted that the degradation
rate did not change due to the presence of hAM in the hAM/Gel
Table 3 Pore size and porosity of the hAM/Gel and ChitoHeal
scaffolds

Specimen Average pore size (mm) Porosity (%)

hAM/Gel2 490 � 11 52.93 � 4.13
hAM/Gel4 420 � 20 52.50 � 4.14
hAM/Gel6 210 � 34 53.04 � 2.41
hAM/Gel8 110 � 10 56.17 � 2.42
ChitoHeal 410 � 21 31.54 � 1.86

6908 | RSC Adv., 2025, 15, 6902–6913
scaffolds. In other words, the Gel/hAM ratio plays a crucial role
due to hAM's lower degradability compared to Gel, even though
it may contribute to a controlling the degradation of the hAM/
Gel scaffolds in the early days.

Fig. 6 illustrates the cross-section and surface structure of
the degradation morphology in hAM/Gel scaffolds following
incubation for 7 days. As shown in Fig. 6(a)–(d), which shows
the cross-section of the hAM/Gel scaffolds, the hAM/Gel2 scaf-
fold retains bulk porosity during degradation. In contrast,
scaffolds with higher Gel content (4, 6 and 8%) exhibit
a reduction in bulk porosity. In Fig. 6(e)–(h), which shows the
surface, it can be observed that, similar to bulk porosity,
a higher Gel content (4, 6 and 8%) in the scaffold results in
a reduction in surface porosity. The bulk and surface porosity
are crucial, as these pores facilitate air supply during the wound
healing process. Therefore, it is essential for the scaffolds to
maintain porosity throughout degradation. The degradation is
also crucial because it may control the release of AgNPs. As
a result, the hAM/Gel scaffold containing 2% w/v Gel, which
exhibits the highest bulk and surface porosity during degrada-
tion compared to the other hAM/Gel scaffolds, could be more
efficient in facilitating air supply during the wound healing
process while also controlling the release of AgNPs.

3.2.5. Equilibrium water absorbance study. The EWA of
hAM/Gel and ChitoHeal scaffolds is presented in Fig. 7. The
results demonstrate that all scaffolds exhibited water uptake
ranging from 102 to 1112% on the 1st day of the measurement.
On the 2nd day, EWA showed a slight signicant increase (p-
value# 0.05) for hAM/Gel2, while it signicantly diminished for
hAM/Gel4 (p-value # 0.05). For all other scaffolds, EWA
remained relatively unchanged on the 2nd day (p-value > 0.05).
Fig. 5 Degradation of hAM/Gel and ChitoHeal scaffolds (* for p-value
# 0.05 and ** for p # 0.005).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 SEM images of (a) degraded hAM/Gel2 (cross section), (b)
degraded hAM/Gel4 (cross section), (c) degraded hAM/Gel6 (cross
section), (d) degraded hAM/Gel8 (cross section), (e) degraded hAM/
Gel2 (surface), (f) degraded hAM/Gel4 (surface), (g) degraded hAM/
Gel6 (surface), (h) degraded hAM/Gel8 (surface).
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The highly porous nature of the wound dressings could be
useful for adsorbing a high volume of wound exudates; whereas,
porosity affects EWA%.46 Since Gel was used as a pore producer,
it could be concluded that additional Gel in scaffolds results in
a greater EWA%. However, this may not apply to all cases
because mass loss is another effective parameter that must be
considered. In fact, degradation plays a role in Ww, and it
directly affects EWA%. Ww represents the sum of the weight
gain due to water absorption, and weight loss due to degrada-
tion. Since the degradation of high-Gel content scaffolds is
more pronounced in the early days, the Ww of high-Gel content
scaffolds (6 and 8%) is less thanWw of low-Gel content scaffolds
(2 and 4%). Consequently, the EWA% of low-Gels is greater than
that of their high-Gels counterparts. As a result, the hAM/Gel
scaffold containing 2% w/v Gel, which exhibits the highest
EWA compared to the other hAM/Gel scaffolds, could be more
efficient in adsorbing a high volume of wound exudates.

Based on the results of the morphological analysis, porosity
and pore size analysis, in vitro degradation study and EWA
study, the specimen containing 2% w/v Gel (hAM/Gel2) was
identied as the optimal specimen among the hAM/Gel scaf-
folds. This designation is attributed to its superior pore size
distribution, highest average pore size, greatest bulk and
surface porosity during degradation and highest EWA. Conse-
quently, the remaining characterizations were conducted using
this specimen, incorporating it with 100 mL (hAM/Gel2/S100),
Fig. 7 EWA of hAM/Gel and ChitoHeal scaffolds (* for p-value# 0.05).

© 2025 The Author(s). Published by the Royal Society of Chemistry
500 mL (hAM/Gel2/S500) and 1000 mL (hAM/Gel2/S1000) of PPI
dendrimer-protected AgNPs.

3.2.6. Fourier transform infrared analysis. The FTIR
spectra of plain hAM, hAM/Gel and hAM/Gel2/S scaffolds are
displayed in Fig. 8. Based on Fig. 8(a), the FTIR spectra of plain
hAM and hAM/Gel scaffolds shows peaks consistent with
previous studies.63 In the spectrum of plain hAM, there are the
characteristic absorption bands at 2959, 1652, 1551, 1453, 1398,
1240, 1079 and 652 cm−1. The absorption band at a frequency of
1600–1640 cm−1 is related to the amide I protein absorption
band, predominantly attributed to the C]O stretching mode.
Additionally, the peaks in the range of 1510–1560 cm−1 are
attributed to the amide II protein absorption band, associated
with C–N stretching and N–H bending modes. The absorption
band within the ranges of 1210–1300 and 1070–1080 cm−1 are
attributed not only to amide III protein but also to the phos-
phodiester group of nucleic acids, phospholipids and glyco-
lipids. The absorption band attributed to amide III result from
the interaction of N–H in plane-bending and C–N stretching
modes, with some contributions from C]O bending vibrations
and C–C stretching.64 Proteins spectra are characterized by
amide and carboxyl groups. A signicant shi in the amide II
band from 1550 to 1517 cm−1 correlates with collagen helix
denaturation.65 It should be noted that adding Gel (as dena-
tured collagen) to the compound caused this shi. This alter-
ation highlights an enhanced separation of the amide I and
amide II bands at 1650 and 1550 cm−1. In addition, the weaker
peaks in the ranges of 1600–1640 cm−1, related to C]O, and
1510–1560 cm−1 related to N–H, indicate that carboxyl and
amine groups in hAM have reacted with amine and carboxyl
groups in Gel, respectively. Furthermore, the peak at 2960 cm−1

may be attributed to the asymmetric stretching mode of the
methyl (CH3) group. Based on Fig. 8(b), it can be observed that
adding more bactericidal solution to the hAM/Gel2 scaffold
attenuates the peaks assigned to C]O and N–H. Specically,
the increase in the antibacterial solution in the compound
causes an interaction of these amine groups with unreacted
carboxyl groups in the compound due to the presence of amine
terminal groups in the PPI dendrimers. Therefore, the related
peaks were reduced.63

3.2.7. In vitro release behaviour of AgNPs. Fig. 9 shows the
presence of AgNPs in the cross-section and surface structure of
hAM/Gel2/S scaffolds. According to Fig. 9(a) and (d), which
Fig. 8 FTIR spectra of (a) plain hAM and hAM/Gel scaffolds and (b)
hAM/Gel2 and hAM/Gel2/S scaffolds.

RSC Adv., 2025, 15, 6902–6913 | 6909
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Table 4 The amount of AgNPs released from the hAM/Gel2/S scaf-
folds in the wound simulated area

Specimen
AgNPs amount at
1st day (mg mL−1)

AgNPs amount at 3rd
day (mg mL−1)

hAM/Gel2/S100 1.02 � 0.30 2.23 � 0.35
hAM/Gel2/S500 2.30 � 0.27 10.40 � 0.46
hAM/Gel2/S1000 2.67 � 0.39 12.19 � 0.81
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display the cross-section and surface of hAM/Gel2/S100,
respectively, the amount of AgNPs exposed in this scaffold is
low. Additionally, Fig. 9(b) and (e), which illustrate the cross-
section and surface of hAM/Gel2/S500, demonstrate that hAM/
Gel2/S500 has an adequate amount and uniform distribution
of AgNPs throughout the scaffold. Finally, Fig. 9(c) and (f),
which show the cross-section and surface of hAM/Gel2/S1000,
respectively, indicate that AgNPs are dense and agglomerated
in the scaffold.

The amount of AgNPs released from the hAM/Gel2/S scaf-
folds in the wound-simulated area is shown in Table 4. The
amounts of free AgNPs varied from 1.02 to 2.67 mg mL−1 on the
1st day, and from 2.23 to 12.19 mg mL−1 on the 3rd day across all
hAM/Gel2/S scaffolds. The results of this assay indicate
a consistent release of AgNPs upon contact with the body. In
fact, high concentrations of AgNPs (greater than 44.0 mg mL−1)
could lead to rapid rupture of the cell membrane, resulting in
cytotoxic effect.66 However, since small amounts of AgNPs were
used in the scaffold formulation, it is anticipated that the side
effects of AgNPs in the wound area will be negligible. Therefore,
it is expected that all hAM/Gel2/S scaffolds demonstrate an
acceptable level of toxicity.

3.2.8. Antibacterial activity. Table 5 presents the calculated
data on bacterial activity (inhibition zone) of Plain hAM, hAM/
Gel2, hAM/Gel2/S and AGICOAT scaffolds against S. aureus
and E. coli. Furthermore, Fig. 10 illustrates the results of the
disc diffusion test for these scaffolds. First, it should be noted
that due to the inherent antibacterial properties of hAM, plain
hAM demonstrates signicant bactericidal activity against both
microorganisms, with inhibition zones measuring 8.30 mm for
S. aureus and 11.18 mm for E. coli. However, due to the use of
only 1.5% w/v of hAM in our scaffolds, it is expected that the
antibacterial activities of the hAM/Gel and hAM/Gel/S scaffolds
would be signicantly lower. Bactericidal activity against the
Gram-positive bacterium S. aureus is evident, with an inhibition
zone of 2.98 mm observed in the scaffold free of AgNPs (hAM/
Gel2). The antibacterial property of this scaffold is entirely
attributed to hAM. Furthermore, hAM/Gel2/S100, hAM/Gel2/
S500 and hAM/Gel2/S1000 exhibit enhanced bactericidal
Fig. 9 SEM images of (a) AgNPs in hAM/Gel2/S100 (cross section), (b)
AgNPs in hAM/Gel2/S500 (cross section), (c) AgNPs in hAM/Gel2/
S1000 (cross section), (d) AgNPs in hAM/Gel2/S100 (surface), (e)
AgNPs in hAM/Gel2/S500 (surface) and (f) AgNPs in hAM/Gel2/S1000
(surface).

6910 | RSC Adv., 2025, 15, 6902–6913
activities against S. aureus, with inhibition zones of 3.16 mm,
3.44 mm and 4.22 mm, respectively. In contrast, no antibacte-
rial activity is observed in the scaffold free of AgNPs (hAM/Gel2)
against the Gram-negative bacterium E. coli, as this bacterium
possesses two membranes, making it more resilient against
bactericidal agents. However, there is antibacterial activity
against E. coli for hAM/Gel2/S100, hAM/Gel2/S500 and hAM/
Gel2/S1000, with inhibition zones of 4.42 mm and 5.41 mm,
respectively. Therefore, all the hAM/Gel2/S scaffolds demon-
strate effective bactericidal activity against both microorgan-
isms. Previous research indicates that hAM exhibits limited
antibacterial activity against E. coli, S. aureus and P. aeruginosa,
while showing no antibacterial activity against Klebsiella pneu-
moniae (K. pneumoniae).13 Since the biologically-based bacteri-
cidal scaffolds fabricated in this study incorporate three
different antibacterial components (AgNPs, PPI dendrimers and
hAM) and show antibacterial effects against E. coli and S.
aureus, we expect that these antibacterial effects could extend to
P. aeruginosa. However, we could not extend these antibacterial
effects to K. pneumoniae.

3.2.9. Biological evaluation. The MTT assay conducted on
the plain hAM, hAM/Gel2/S and AGICOAT scaffolds is repre-
sented in Fig. 11. The results exhibited no toxic effects at 24 and
72 hours for both positive and negative controls. Moreover, all
hAM/Gel2/S scaffolds showed 85–89% cell viability aer 24
hours and 80–83% cell viability aer 72 hours. Aer 72 hours,
cell viability was reduced due to the increased release of AgNPs
resulting from further degradation of the scaffolds. Therefore,
the hAM/Gel2/S500 scaffold demonstrates better cell viability
than the hAM/Gel2/S1000 scaffold. Furthermore, it should be
noted that the difference in the cell viability values could also
result from the cell-material surface interaction, which is
inuenced by numerous complicated factors such as surface
charge, wettability, morphology, roughness, and free energy.67
Table 5 Inhibition zones of bacterial activity of plain hAM, hAM/Gel2,
hAM/Gel/S and AGICOAT scaffolds against S. aureus and E. coli

Specimen

Inhibition zone (mm)

S. aureus E. coli

Plain hAM 8.30 � 0.42 11.18 � 0.34
hAM/Gel2 2.98 � 0.26 —
hAM/Gel/S100 3.16 � 0.60 3.53 � 0.53
hAM/Gel/S500 3.44 � 0.15 4.42 � 0.36
hAM/Gel/S1000 4.22 � 0.22 5.41 � 0.37
AGICOAT 1.67 � 0.18 2.67 � 0.58

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Disc diffusion antibacterial test of plain hAM, hAM/Gel2, hAM/
Gel2/S and AGICOAT scaffolds against (a) S. aureus and (b) E. coli. The
numbers 1, 2, 3, 4 and 5 in section (a) correspond to hAM/Gel2/S100,
hAM/Gel2/S500, hAM/Gel2/S1000, plain hAM and AGICOAT,
respectively.

Fig. 12 (a and b) Fibroblast cell morphology from two different
locations of hAM/Gel2/S500 as optimum scaffold.
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Based on the results of the antibacterial activity and bio-
logical evaluation, the specimen containing 2% w/v Gel and 500
mL of PPI dendrimer-protected AgNPs (hAM/Gel2/S500) was
identied as the optimal specimens among the hAM/Gel2/S
scaffolds. This designation is attributed to its uniform distri-
bution of AgNPs throughout the scaffold, which demonstrates
bactericidal activity against both microorganisms while main-
taining the highest cell viability. Furthermore, in the realm of
clinical scenarios, this scaffold could be competitive with Chi-
toHeal commercial dressing because it not only exhibits similar
characteristics but also demonstrates superior properties such
as enhanced antibacterial activity.

Finally, the broblast cell morphology from two different
locations of hAM/Gel2/S500, identied as the optimum spec-
imen, is shown in Fig. 12(a) and (b). This scaffold exhibits
inherent properties that lead to improved cell adhesion. In fact,
broblast cells were successfully attached to the surface of the
Fig. 11 Cell viability of plain hAM, hAM/Gel2/S and AGICOAT scaffolds
on 1st day and 3rd day (* for p-value # 0.05).

© 2025 The Author(s). Published by the Royal Society of Chemistry
scaffold, indicating a proper interaction between the scaffold
and the cells. This nding aligns with the previous studies that
demonstrated good adherence and viability of broblast cells
on decellularized hAM.68 Moreover, it has been noted that
collagen accumulation occurs specically at the front of the cell
protrusions aer broblasts adhesion.69 The broblast protru-
sions depicted in this gure are the primary means by which
broblast remodel their surrounding brous collagen matrices.
Hence, hAM/Gel2/S500 scaffold may accelerate broblast
adhesion compared to wounds without the scaffold, potentially
leading to improved wound healing.66
4. Conclusions

In the present study, an effective skin regeneration scaffold was
developed through a systematic approach that involved opti-
mizing composition, enhancing antibacterial properties and
evaluating scaffold performance. Initially, the optimization of
hAM and Gel concentrations was performed. By mixing four
different concentrations of Gel (2, 4, 6 and 8% w/v) with an
equivalent amount of hAM solution (1.5%w/v), it was determined
that the hAM/Gel2 scaffold exhibited uniform pore size, a high
average pore size, excellent water absorbance and favourable
degradability. Subsequently, the antibacterial properties of the
hAM/Gel2 scaffold were enhanced. A potent bactericidal solution
of dendrimer-protected AgNPs was prepared at a concentration of
100 ppm. Three different amounts (100, 500 and 1000 mL) of this
antibacterial solution were tested to identify the minimum
inhibitory concentration necessary for effective bacterial control.
Finally, a comprehensive evaluation of the scaffolds was per-
formed through AgNPs release assays, disc diffusion antibacterial
tests, cell toxicity assessments and cell attachment studies. The
results indicated that the hAM/Gel2/S500 scaffold was the
optimal specimen, demonstrating signicant potential for
controlling infections in wounds while promoting wound healing
with minimal toxicity. This study highlights the promising
application of the hAM/Gel2/S500 scaffold in regenerative medi-
cine, particularly in woundmanagement, and suggests directions
for future research to further enhance its efficacy and applica-
bility in clinical settings.
Data availability

All relevant experimental data supporting the ndings of this
study are included within the manuscript in the form of tables
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and gures. Additional inquiries regarding the data may be
directed to the corresponding author.
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