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d characterization of three-
dimensional antibacterial nanocomposite sponges
of chitosan, silver nanoparticles and halloysite
nanotubes†

A. Hernández-Rangel, *a P. Silva-Bermudez,c A. Almaguer-Flores,d V. I. Garćıa,d

R. Esparza, e G. Luna-Bárcenas*b and C. Velasquillo*c

In this work, we developed novel nanocomposite three-dimensional (3D) scaffolds composed of chitosan

(CTS), halloysite nanotubes (HNTs) and silver nanoparticles (AgNPs) with enhanced antimicrobial activity

and fibroblast cell compatibility for their potential use in wound dressing applications. A stock CTS–HNT

solution was obtained by mixing water-dispersed HNTs with CTS aqueous-acid solution, and then,

AgNPs, in different concentrations, were synthesized in the CTS–HNT solution via a CTS-mediated in

situ reduction method. Finally, freeze-gelation was used to obtain CTS–HNT–AgNP 3D porous scaffolds

(sponges). Morphology analysis showed that synthesized AgNPs were spherical with an average diameter

of 11 nm. HNTs' presence did not affect the AgNPs morphology or size but improved the mechanical

properties of the scaffolds, where CTS–HNT sponges exhibited a 5 times larger compression stress than

bare-CTS sponges. AgNPs in the scaffolds further increased their mechanical strength in correlation to

the AgNP concentration, and conferred them improved antibacterial activity against Gram-negative and

Gram-positive bacteria, inhibiting the planktonic proliferation and adhesion of bacteria in a AgNP

concentration depending on manner. In vitro cell viability and immunofluorescence assays exhibited that

human fibroblast (HF) culture was supported by the sponges, where HF retained their phenotype upon

culture on the sponges. Present CTS–HNT–AgNP sponges showed promising mechanical, antibacterial

and cytocompatibility properties to be used as potential scaffolds for wound dressing applications.
1. Introduction

The skin is the largest organ in the human body and constitutes
its main defensive barrier against massive uid loss, mechan-
ical damage, and pathogenmicroorganism invasion. Uponmild
injuries, the skin can self-regenerate. However, when damage
extends to a large surface area and beyond the skin top layer,
damaging the dermis, hypodermis, or even muscle and bone as
in the case of severe second-deep or third-degree burns, or when
the healing process is somehow disrupted and proceeds in
IPN S/N Zacatenco, Mexico City, 07738,

zados del IPN, 76230, Querétaro, Mexico.

elular y Medicina Regenerativa, Instituto

Ibarra Ibarra, 14389, Ciudad de México,
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a non-orderly and non-timely manner as in the case of diabetic
foot ulcers, then specialized treatment is required to achieve
proper wound healing. Treatment of chronic and severe acute
wounds represents a signicant burden for health care systems
around the world.1 Typically, wound management involves two
main steps: cleansing and dressing, where dressings are ideally
expected to control uid loss, transfer exudates away from the
wound site, prevent infection and promote healing. Despite
numerous efforts in this eld, designing the scaffold with the
ideal structural and biological properties for wound dressing
remains elusive.2 Ideally, the scaffold would be expected to
present a three-dimensional (3D) structure, large porosity with
highly uniform pores, adequate mechanical properties,
controlled degradation rate, antibacterial activity, biocompati-
bility and biofunctionality.3,4

Chitosan (CTS) is particularly interesting for developing
scaffolds for wound dressing applications,5–7 because it is
biocompatible and biodegradable, presents a chemical struc-
ture similar to that of glycosaminoglycans in the dermis extra-
cellular matrix (ECM),8,9 displays antibacterial properties,
promotes cell adhesion, increases collagen ber deposition and
enhances formation of granulation tissue, all contributing to
© 2024 The Author(s). Published by the Royal Society of Chemistry
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promote wound healing.8,10–13 Moreover, the amino and
hydroxyl functional groups in CTS chemical structure enable its
interaction with other compounds, allowing the formation of
CTS-based composite materials with improved properties.
Numerous studies have reported the development of CTS scaf-
folds for different biomedical applications; however, scaffolds
obtained from pristine CTS normally possess poor mechanical
properties and have proved challenging achievement of
uniform porous structures.13–16 Therefore, different strategies
have been explored to obtain CTS-based scaffolds with desirable
3D structures and improved mechanical properties. Among the
different strategies explored, integration of nanollers into CTS
matrices has shown to signicantly enhance the mechanical
properties of the scaffolds as well as yielding highly homoge-
neous porous structures. A variety of materials such as carbon
nanotubes,17,18 graphene oxide19–21 and clays22–27 have been
studied as nanollers for this purpose.

Halloysite nanotubes (HNTs) have gained attention as effi-
cient reinforcement nanollers, mainly because of their
biocompatibility, ease of dispersion, high availability and low
cost.28–32 HNTs are aluminosilicate clays from the kaolin group
with empirical formula Al2Si2O5(OH)4$nH2O,33,34 and are mainly
found as hollow cylinders of 50–2000 nm average length and
internal and external diameters of 10–70 and 20–200 nm,
respectively.29,31 Outer and inner surfaces of HNTs are mostly
composed of siloxanes (Si–O–Si) and aluminol (Al–OH) groups,
respectively, and hence, they are negatively and positively
charged, correspondingly.34 Appropriate integration of HNTs
within CTS matrices can be achieved in acidic medium through
strong electrostatic interactions between the positively charged
amino groups of CTS and the negatively charged outer surface
of HNTs.35,36 Liu et al. prepared CTS–HNTs sponges demon-
strating that HNTs incorporation enhanced the mechanical
properties of the sponges, and improved broblasts attach-
ment, and hemostatic and wound healing properties.37,38

Similar results have been published by other authors for CTS
composites added with HNTs, showing improved broblasts
proliferation and migration in vitro, and enhanced wound ree-
pithelization and reorganization in vivo,22,32,39,40 further sup-
porting the potential of CTS–HNTs nanocomposites as potential
scaffolds for wound dressing applications.

Previous reports have demonstrated that addition of metallic
nanoparticles (NPs) into polymer matrices can also enhances
their mechanical properties,41,42 where the addition of antibac-
terial metallic NPs can incorporate the further advantage of
developing not only reinforced but also antibacterial nano-
composites. It is important to emphasize that preventing
bacterial infection is crucial for successful wound healing, since
infection is one of the main complications hampering appro-
priate wound healing during treatment of acute-severe or
chronic wounds.43,44 Silver nanoparticles (AgNPs) have been
widely studied and are well-known for their antimicrobial
action against yeast,45,46 fungus47,48 and bacteria.49,50 CTS–AgNPs
lms obtained by AgNO3 in situ reduction, using CTS as the
reducing and stabilizing agent, displayed enhanced antibacte-
rial activity against Staphylococcus aureus and Pseudomonas
aeruginosa in comparison to CTS lms, with low AgNPs
© 2024 The Author(s). Published by the Royal Society of Chemistry
concentration being permissive for broblasts culture on the
lms, evidencing the potential of CTS–AgNPs lms as antibac-
terial scaffolds for wound dressing applications.51,52 One of the
main concerns when using antibacterial metallic NPs for
biomedical applications is the undesirable uncontrolled release
of the NPs into the biological medium, that might cause
signicant cytotoxic effects,53,54 as well as the agglomeration of
the NPs that might decrease their antibacterial activity being
this a highly surface-dependent on phenomenon.55,56 In this
sense, HNTs, in addition to their use as mechanical reinforce-
ment llers for polymeric matrices, have been successfully used
for AgNPs immobilization57,58 in a wide range of elds such as
catalysis,59,60 biosensing,61,62 surface enhanced Raman scat-
tering,63 ltration64–66 and antibacterial materials
development,67–72 improving the dispersibility and stability of
the AgNPs, and decreasing their leaching, while maintaining
their antibacterial activity.73

Herein, we combine the biological advantages of CTS, the
antibacterial properties of AgNPs, and the advantageous
nanoller-reinforcement and NPs-stabilization characteristics
of HNTs, reporting a facile green synthesis process to obtain
CTS–HNT–AgNP nanocomposite sponges with promising anti-
bacterial, structural, mechanical and non-cytotoxic properties
to be used as potential scaffolds for wound dressing applica-
tions. CTS–HNT–AgNP sponges with different AgNPs concen-
trations were obtained by in situ reduction of AgNO3 in CTS–
HNTs solution, followed by frozen-gelation. The physical,
chemical and mechanical properties of the sponges were char-
acterized, their antibacterial activity was tested against Gram-
negative (Escherichia coli and P. aeruginosa) and Gram-positive
(Staphylococcus epidermidis and S. aureus) bacteria strains, and
human dermal broblasts (HF) were used as a model to explore
the sponges' cytocompatibility.

2. Materials and methods
2.1. Materials and reagents

CTS (Mw = 300 kDa and 82% deacetylation), HNTs (H4Al2O9-
Si2$2H2O), AgNO3 and glacial acetic acid were purchased from
Sigma-Aldrich; all reagents were analytical grade and were used
as received. The degradation rate tests were performed using
Egg Hen lysozyme (Sigma-Aldrich) and Phosphate Buffer Saline
solution (PBS, 1X; Gibco). For antibacterial experiments,
enriched Trypticase Soy Broth (TSB), menadione and hemin
were purchased from Sigma-Aldrich. Percentage of viable
bacterial cells adhered to sponge samples was evaluated with
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide; Sigma-Aldrich). For tissue processing to isolate
broblast cells and for broblasts culture, phosphate buffer
solution (PBS, pH = 7.4), dispase II, type I collagenase, Dul-
becco's Modied Eagle Medium (DMEM:F12), Fetal Bovine
Serum (FBS), antibiotic/antimycotic (penicillin/streptomycin)
and trypsin-EDTA were all purchased from Gibco. Cell
viability on the sponges was assessed using the live/dead (green/
red) calcein-AM/ethidium homodimer uorescent kit (LIVE/
DEAD® Viability/Cytotoxicity Kit for mammalian cell; Molecular
Probes, Invitrogen) and Hank's Balanced Salt Solution (Gibco).
RSC Adv., 2024, 14, 24910–24927 | 24911
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Finally, for immunouorescence assays, Triton and bovine
serum albumin were purchased from Sigma-Aldrich, and rabbit
primary anti-human antibody to a-SMA (Abcam, ab5694) and
goat anti-rabbit FITC secondary uorescent antibody (Abcam,
ab6717) were used.
2.2. Synthesis of CTS–HNT–AgNP nanocomposite sponges

A CTS stock solution was prepared by dissolving CTS (2% w/v) in
1% aqueous acetic acid under vigorous stirring until a clear
solution was obtained. For the CTS–HNTs stock solution, HNTs
dispersed in deionized water (4% w/v) were mixed with the CTS
stock solution in a 1 : 2 (v/v) ratio. Then, CTS–AgNPs and CTS–
HNTs–AgNPs nanocomposite colloidal suspensions were
prepared as previously reported,61 using AgNO3 as the AgNPs
precursor and CTS as the reducing and stabilizing agent. Briey,
aqueous 0.010, 0.025, 0.050 and 0.100 M AgNO3 solutions were
prepared with deionized water. Then, 160 mL of each AgNO3

solution was independently added to 20 mL of CTS or CTS–
HNTs stock solution and kept under magnetic stirring at 95 °
C for 8 h to obtain CTS–AgNPs or CTS–HNTs–AgNPs nano-
composite colloidal suspensions, respectively. Then, CTS–AgNP
and CTS–HNT–AgNP porous 3D nanocomposite scaffolds
(sponges) were produced by frozen-gelation according to Ho
et al.74 Briey, CTS–AgNPs and CTS–HNTs–AgNPs nano-
composite colloidal suspensions were independently poured
into Petri dishes and frozen at −20 °C for 12 h. Frozen nano-
composites were immersed in 1M ethanolic NaOH solution and
kept at −20 °C for 3 days. Gelled nanocomposites were washed
thoroughly with MilliQ® water at room temperature (RT), and
the sponges obtained were le to dry at RT and stored at normal
ambient conditions for further use. Pristine CTS and CTS–HNT
sponges were also obtained as controls. Sponges samples were
named as indicated in Table 1.
2.3. Physical–chemical characterization of the
nanocomposite sponges

CTS–AgNP and CTS–HNT–AgNP nanocomposite colloidal
suspensions were analyzed by Transmission Electron Micros-
copy (TEM; JEOL JSM-1010). Samples for TEM analysis were
prepared by independently depositing a drop of CTS–AgNP and
CTS–HNTs–AgNPs colloidal suspensions on carbon-coated
Table 1 Synthesized CTS–AgNPs and CTS–HNTs–AgNPs sponges

Sponges nomenclature

AgNO3 concentration
a (M)CTS–AgNPs CTS–HNTs–AgNPs

p-CTS CTS–HNT 0.00
01-CTS–AgNP 01-CTS–HNT–AgNP 0.01
02-CTS–AgNP 02-CTS–HNT–AgNP 0.02
05-CTS–AgNP 05-CTS–HNT–AgNP 0.05
10-CTS–AgNP 10-CTS–HNT–AgNP 0.10

a AgNO3 concentration in the silver-precursor aqueous solution used to
synthesize the CTS–AgNP and CTS–HNT–AgNP nanocomposite colloidal
suspensions that were gel-frozen to obtain the different nanocomposite
sponges.

24912 | RSC Adv., 2024, 14, 24910–24927
copper grids and allowing them to dry at RT. TEM micro-
graphs were acquired at 80 kV and analyzed with the Image J®

soware to determine distribution and average size of AgNPs.
Porous morphology of the sponges was corroborated by

Scanning Electron Microscopy (SEM; Hitachi SU8230) operated
at 6 kV; dry sponges samples were Au-coated before SEM
analysis.

Silver concentration in the sponges was determined by
Inductively Coupled Plasma-Optical Emission Spectroscopy
(ICP-OES; Ultima-2, Horiba). Sponges samples were indepen-
dently digested in a microwave (multi-wave PRO, Anton Paar)
with 7 vol% HNO3 aqueous solution. Then, silver concentration
was measured by ICP-OES with silver detection low limit of 0.6
mg L−1.

Fourier Transform Infrared Spectroscopy (FTIR; Perki-
nElmer spectrophotometer coupled with an ATR accessory) was
used to study the chemical interactions in the sponges. FTIR
spectra were acquired with 24 scans and 4 cm−1 resolution in
the range of 4000–650 cm−1 from dry sponges samples.

Sponges water uptake capacity was measured by weighing
dry samples of the sponges (W1), and then, independently
immersing them into phosphate buffer solution (PBS, pH= 7.4;
Gibco) at 37 °C. At 0.5, 1, 3, 6 and 24 h of immersion, samples
were taken out, water excess was removed with lter paper and
samples weight was measured again (W2). Experiments were
independently performed by triplicate for each sponges group.
Sponges water uptake in percentage (swelling %) was calculated
according to eqn (1)

Swellingð%Þ ¼ W2 �W1

W1

� 100 (1)

To measure the degradation of the sponges over time, dry
samples of the sponges were independently weighed (W0) and
incubated in PBS containing 5 mg mL−1 of Egg Hen lysozyme.
Samples were incubated at 37 °C for 4, 7, 14 and 21 days under
orbital shaking. At each time interval, samples were taken out,
thoroughly washed with MilliQ® water, dried out and weighed
(W1). Weight loss percentage (weightloss %) was calculated
following eqn (2); all experiments were performed by triplicate.

Weightlossð%Þ ¼ W0 �W1

W0

� 100 (2)

Porosity of the sponges in percentage (porosity %) was
measured by the liquid displacement method.75 The volume
and weight of cylindrical dry sponges samples were measured
and noted as V and W1, respectively. Then, samples were
immersed in absolute ethanol until saturation and weighed
again. Samples weight aer ethanol immersion was noted as
W2, and used in eqn (3) to calculate the porosity % of the
sponges.

Porosityð%Þ ¼ W2 �W1

rV
� 100 (3)

where r corresponds to the density of absolute ethanol.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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To evaluate silver release from the sponges in aqueous
media, dry samples (weighing 0.230 g) of the sponges were
independently immersed in 30 mL of PBS and incubated at 37 °
C under orbital shaking. Incubation supernatants were
collected every 24 h and replaced with the same amount of fresh
PBS. Collected supernatants were digested as previously
described for ICP-OES measurements, and silver concentration
was quantied by ICP-OES with a lower limit silver detection of
0.6 mg L−1. Data are presented as the time-cumulative silver
release at each measurement time.

Compression tests were performed to characterize the
mechanical properties of the sponges. Tests were carried out in
a Texture Analyzer (TA-TX2 plus) at RT. Sponges samples used
for mechanical testing were fully hydrated and cylindrical in
shape with 4 mm diameter and 3 mm thickness at full hydra-
tion. Crosshead speed during mechanical testing was 0.01 mm
s−1 and samples were compressed to 90% strain. The elastic
compressive modulus (E) of the sponges was calculated, and it
is reported along with the compressive stress at 80% strain.
Three independent experiments were performed for each
sponges group.
2.4. Antibacterial activity of the nanocomposite sponges

Four bacteria strains, S. epidermidis, E. coli, S. aureus and P.
aeruginosa (ATCC 14990, 33780, 25923 and 43 636, respectively),
representative of common nosocomial wound- and burn-related
infections were used to test the antimicrobial activity of the
sponges. Bacterial strains were chosen as representative of
Gram-negative (E. coli and P. aeruginosa) and Gram-positive (S.
epidermidis and S. aureus) bacteria. Antibacterial activity of the
sponges was independently studied against each bacterial
strain according to the following procedure. UV-sterilized (l =

254 nm) and hydrated circle-shaped (8 mm in diameter) sponge
samples were individually placed in 24-well tissue culture
plates. The growth of bacteria was harvested from agar plates
and suspended in enriched Trypticase Soy Broth added with 0.3
mg mL−1 menadione and 5 mg mL−1 hemin. Optical density of
bacterial solution was adjusted to 1 at 600 nm in a spectropho-
tometer to obtain a stock bacterial suspension with z1 × 108

bacterial cells per mL. Adequate amounts of stock bacterial
suspension were independently added to wells containing the
sponge samples to a nal concentration of 1 × 106 bacterial
cells per mL in enriched TSB medium. Samples were incubated
for 24 h at 36 °C in an orbital shaker incubator. Antimicrobial
activity of the sponges was characterized at 24 h of culture.
Turbidity measurements of culture medium were performed to
evaluate the inhibition of bacterial planktonic growth exerted by
the sponges. MTT assays were performed on the bacteria-
incubated sponges samples to evaluate the inhibition of
bacterial attachment and growth on the sponges, as the rst
natural steps occurring before biolm formation.

For turbidity measurements, absorbance of the incubation
medium, aer 24 h of bacteria incubation in presence of the
sponges, was read at 595 nm in a spectrophotometer (Filter Max
F5). Absorbance reads of incubation medium from bacteria
incubated in tissue culture well plates with no sponges were
© 2024 The Author(s). Published by the Royal Society of Chemistry
considered as negative antibacterial controls (100% planktonic
bacterial growth). Data are presented as percentage of plank-
tonic bacterial growth, in comparison to negative antibacterial
control, according to eqn (4).

Planktonic bacterial growthð%Þ ¼ Abs�Absp

Absn�Absp
� 100; (4)

where Abs is the absorbance read of bacteria incubation
medium in presence of sponges samples, Absp is the absor-
bance read from fresh incubation medium (basal absorbance
read), and Absn is the absorbance read from bacteria incuba-
tion medium in presence of no sponges (negative antibacterial
control).

For MTT assays (which can be used to denote dehydrogenase
activity of living bacterial cells), 24 h bacteria-incubated sponge
samples were thoroughly washed with fresh TSB medium to
detach loosely attached bacteria. Then, the sponge samples
were independently placed on clean 24-well tissue culture plates
and incubated with MTT : TSB (1 : 10) solution at 37 °C for 3 h.
Aer MTT incubation, bacteria-metabolized formazan crystals
were solubilized in 2-propanol : DMSO (1 : 1) solution and
absorbance of formazan crystals dissolution was read at 570 nm
in a spectrophotometer (FilterMax F5). Absorbance reads of
bacteria-incubated p-CTS and CTS–HNT sponge samples (that
is, sponge samples with no AgNPs) were considered as controls
to evaluate the effect of the AgNPs concentration on the inhi-
bition of bacterial attachment and growth on the sponges.
Absorbance reads of bacteria incubated (attached) in tissue
culture well plates with no sponges were considered as negative
controls (100% bacterial attachment, that is, no inhibition on
bacterial attachment and growth). Data are presented as
percentage of viable bacterial cell attached to the sponges,
calculated according to eqn (5).

Viable attached bacteriað%Þ ¼ Abs�Absp

Absn�Absnp
� 100; (5)

where Abs is the absorbance read from bacteria attached to the
sponge samples, Absp is the absorbance read of sponges incu-
bated with no bacteria (to discard any possible non-specic
interaction of MTT with the sponges components), Absn is
the absorbance read of bacteria attached on tissue culture well
plates incubated with no sponges samples (negative antibacte-
rial control; no inhibition of bacterial attachment and growth
inhibition) and Absnp is the absorbance read of iso-
propanol:DMSO solution (basal absorbance read).

The agar diffusion test was used to assess the bacterial
response to the possible silver release (and diffusion) from the
sponges, which might occur upon a potential application of the
sponges as scaffolds for wound dressings. Agar medium can be
seen as a model of the humid ambient present in wound beds
during the rst stages of wound healing. Petri dishes with
Mueller–Hinton agar were uniformly inoculated with 1 mL of
stock bacterial suspension. Then, UV-sterilized, fully hydrated,
circle-shaped (8 mm in diameter) sponge samples were placed
on the inoculated Petri dishes and incubated for 24 h at 35 °C.
Independent p-CTS and CTS–HNT samples impregnated with
chlorhexidine gluconate antiseptic were used as positive
RSC Adv., 2024, 14, 24910–24927 | 24913
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antibacterial controls. Aer 24 h of incubation, disc inhibition
zones were measured and compared.

All antibacterial experiments were repeated twice by tripli-
cate pear each different sponge group and bacteria strain
studied.
2.5. Cytocompatibility evaluation of the nanocomposite
sponges

Human dermal broblasts were isolated from foreskin biopsies
discarded from circumcision surgeries of healthy pediatric
patients. Parents of all subjects responded to an Informed
Consent approved by the Institutional Committee on Human
Research of the Instituto Nacional de Rehabilitación Luis
Guillermo Ibarra Ibarra (Mexico, Project registry INR-11/12). HF
isolation was performed as previously reported.76 Briey, fore-
skin biopsies were washed with 10% v/v antibiotic-antimycotic
in PBS, mechanically fragmented, and treated with dispase II.
Then, the epidermis was discarded, and the dermis was enzy-
matically digested. HF were recovered by centrifugation, plated
in culture asks with Dulbecco's Modied Eagle Medium sup-
plemented with 10% v/v fetal bovine serum and 1% v/v antibi-
otic–antimycotic (anti:anti), and incubated at 37 °C in a 5% CO2

atmosphere; medium was changed every 2 days. For subcul-
tures, conuent HF monolayers were treated with 0.05% v/v
trypsin-EDTA (0.25%) in PBS, collected, resuspended and
plated in culture asks with fresh culture medium. Cells were
expanded until passage 3–4 when were used for in vitro cyto-
compatibility testing of the sponges.

To evaluate the cytocompatibility of the sponges, UV-
sterilized, fully hydrated sponge samples were independently
placed in 48-well tissue culture plates and seeded with HF in
a drop-seeding technique to a cell density of 1.6 × 106 cells per
cm3. Samples were incubated for 2 h at 37 °C in 5% CO2

atmosphere, and then culture medium was added to fully cover
the samples, which were placed back in the incubator. Cell
viability on the sponges was directly assessed at 8 days of
culture using a live/dead (green/red) calcein-AM/ethidium
homodimer uorescent kit assay. Cells-cultured sponges were
incubated with the LIVE/DEAD® kit assay according to the
manufacturer guidelines, rinsed twice with PBS and immedi-
ately visualized by Confocal Microscopy (LSM 780 Carl Zeiss).
Images were processed with the AxioVision® soware.

Viability of cells on the sponges was also indirectly assessed
by the MTT assay, which indicates the active mitochondrial
activity of living cells. At 2 and 8 days of culture, independent
cell-cultured sponge samples were washed and incubated with
MTT : DMEM-F12 (1 : 10) solution for 3 h at 37 °C. Aer MTT
incubation, medium was removed, and cell-metabolized for-
mazan crystals were solubilized in DMSO : 2-propanol (1 : 1).
Absorbance of formazan crystals dissolution was measured at
620 nm in a spectrophotometric microplate reader (FilterMax
F5).

Immunouorescence assays against alpha-Smooth Muscle
Actin (a-SMA) were performed on HF cultured on the sponge
groups that showed the highest cell viability by MTT assay (that
is, p-CTS, CTS–HNT, 01-CTS–AgNP, 02-CTS–AgNP, 01-CTS–
24914 | RSC Adv., 2024, 14, 24910–24927
HNT–AgNP and 02-CTS–HNT–AgNP). Sponge samples were
seeded with cells following the same procedure as described for
HF seeding on the sponge samples intended for live/dead or
MTT assays. Cell-seeded sponge samples were incubated for 8
days at 37 °C and 5% CO2 atmosphere; culture medium was
changed every 2 days. Then, samples were xed with 2% PFA,
rinsed with PBS, permeabilized with 0.3% Triton™ X-100 and
blocked with 1% bovine serum albumin. Fixed samples were
incubated overnight at 4 °C with primary antibody to a-SMA
(rabbit primary anti-human antibody; 1 : 1000). Aer incuba-
tion, primary antibody was removed, and samples were incu-
bated at 37 °C for 2 h with secondary uorescent antibody (goat
anti-rabbit FITC; 1 : 400). Finally, samples were rinsed, cell
nuclei counterstained with ethidium homodimer and samples
were visualized by Confocal Microscopy (LSM 780 Carl Zeiss).

All biocompatibility experiments were performed by tripli-
cate for each sponges group studied.
2.6. Statistical analysis

Quantitative results are presented as mean ± standard error of
the mean. For statistical signicance, data were analyzed using
the analysis of variance (one-way ANOVA) followed by Bonfer-
roni's post-test for multiple comparisons. Signicant differ-
ences indicated were set at P < 0.05.
3. Results
3.1. Physical–chemical characterization

Fig. 1 shows the macroscopic appearance of the synthesized
CTS–AgNP and CTS–HNT–AgNP nanocomposites as colloidal
suspensions, and aer gelation process as sponges in their dry
and fully hydrated states.

As complementary part of the nanocomposites character-
ization, pristine HNTs dispersed in ethanol were also analyzed
by TEM; Fig. S1 (ESI)† show the representative micrographs
from which it can be corroborated the tubular morphology of
the HNTs with length, outer and inner diameter in the ranges of
200–600 nm, 70–100 nm and 40–50 nm, respectively.

CTS–AgNP and CTS–HNT–AgNP nanocomposites as
colloidal suspensions before gelation were analyzed by TEM,
and representative TEM micrographs, along with histograms of
the AgNPs average size distribution are presented in Fig. 2.
AgNPs in CTS–AgNP nanocomposites were well dispersed into
the CTS matrix, showing a spherical shape with average diam-
eter of 17 nm for all CTS–AgNP nanocomposites, but 01-CTS–
AgNP which exhibited a larger AgNPs average size of 36 nm.
The presence of the HNTs in the nanocomposites did not affect
the shape of the AgNPs synthesized; however, AgNPs average
size for CTS–HNT–AgNP nanocomposites decreased in
comparison to that of the corresponding CTS–AgNP nano-
composites; Fig. 2. For CTS–HNT–AgNP nanocomposites,
AgNPs average size decreased as AgNPs concentration
increased, AgNPs average size was 18, 12, 7 and 4 nm for 01-
CTS–HNT–AgNP, 02-CTS–HNT–AgNP, 05-CTS–HNT–AgNP and
10-CTS–HNT–AgNP, respectively. It is important to mention
that AgNPs in CTS–HNT–AgNP nanocomposites were mainly
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Representative photographs of the macroscopic appearance of the synthesized CTS/AgNps and CTS/HNTs/AgNPs nanocomposites as
colloidal suspensions, after the gelation process as sponges in their dry state, and after full hydration of the sponges.
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around the external surface of the HNTs. In general, AgNPs
around HNTs were smaller than those within the CTS matrix
away from the HNTs surface.

The morphology of the sponges in their dry state was
analyzed by SEM, and representative micrographs are shown in
Fig. 3. p-CTS sponges presented a highly porous structure with
average porosity of 87%, and porous that seemed to be
Fig. 2 Representative tem micrographs of the synthesized CTS/AgNPs a

© 2024 The Author(s). Published by the Royal Society of Chemistry
interconnected presenting an average pore sizes of 80 mm;
Fig. 4A and C. Addition of HNTs to the CTS matrix (CTS–HNT
sponge) had no signicant effect on neither the sponge pore
size nor its porosity; Fig. 4B and D. Nevertheless, CTS–HNT
sponges displayed a more homogenous and less-collapsed
porous structure with better dened and more open pore
walls than p-CTS; Fig. 3. AgNPs incorporation (CTS–AgNP and
nd CTS/HNT/AgNPs nanocomposites as colloidal suspensions.
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Fig. 3 Representative SEM images of the CTS/AgNPs and CTS/HNT/
AgNPs sponges.
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CTS–HNT–AgNP sponges) did not signicantly affect the
sponges average pore size in comparison to p-CTS or CTS–HNT,
respectively; Fig. 4A and B. Nevertheless, porosity of the sponges
decreased by z12% (Fig. 4C and D) for AgNPs-containing
sponges in comparison to their corresponding sponges with
no AgNPs, either p-CTS or CTS–HNT.

Silver content (wt%) in the sponges is summarized in Table
2. Silver content in the sponges increased as silver precursor
concentration in the nanocomposite colloidal suspensions
increased. However, increment in silver content, in wt% terms,
was higher for CTS–AgNP sponges than that of their corre-
sponding CTS–HNT–AgNP sponges, that is, 01-CTS–AgNP vs. 01-
CTS–HNT–AgNP, 02-CTS–AgNP vs. 02-CTS–HNT–AgNP, etc.

Chemical interactions in the sponges were explored by FTIR
spectroscopy and corresponding spectra, along with the IR
24916 | RSC Adv., 2024, 14, 24910–24927
spectrum of pristine HNTs, are shown in Fig. 5. p-CTS sponges
exhibited clear IR bands at 3342 cm−1 (overlapped –OH and –

NH stretching vibrations), 1650 cm−1 (amide I band), and
1590 cm−1 (in-plane –NH2 bending vibration), in agreement
with previous reports for CTS.77 Pristine HNTs exhibited char-
acteristic IR bands at 3695 and 3621 cm−1 corresponding to the
–OH stretching of inner hydroxyl groups, and at 1118 and
1031 cm−1 assigned to Si–O stretching vibrations.77 CTS–HNT
sponges exhibited clear IR bands at 3695, 3621, 1118 and
1031 cm−1 corresponding to the characteristic IR bands of
HNTs, in addition to the typical IR bands of CTS at 3342, 1650
and 1590 cm−1; Fig. 5A.

In general, the same IR bands were observed for AgNPs-
containing sponges as those for their corresponding sponges
with no AgNPs, either for p-CTS- or CTS–HNT-based sponges;
Fig. 5B and C. Nevertheless, a slight shiing of the IR bands
associated to the amide I (CTS), NH2 bending (CTS) and Si–O
stretching (HNTs) vibrations can be noticed; Fig. 5D–F. When
comparing the IR spectrum of p-CTS with those of the CTS–
AgNP sponges (Fig. 5D), and the IR spectrum of CTS–HNT
with those of the CTS–HNTs–AgNPs sponges (Fig. 5E) a slight
upshi of the bands associated with the amide I (from 1650 to
1652 cm−1) and NH2 bending (from 1586 to 1590 cm−1) vibra-
tions can be observed for the AgNPs-containing sponges. In
addition, upon AgNPs incorporation into the CTS–HNT based
sponges (CTS–HNTs–AgNPs), the bands associated with the
stretching of the Si–O groups in HNTs were downshied (1114
and 1027 cm−1), in comparison to the same vibration bands
(1118 and 1031 cm−1) for CTS–HNT; Fig. 5F.
3.2. Swelling and degradation

Fig. 6A and B show the swelling behavior of the sponges. p-CTS
displayed the highest water absorption, reaching a maximum
swelling of 122% aer 1 h of immersion in PBS. CTS–AgNPs
sponges presented a smaller swelling capacity in comparison to
p-CTS, where AgNPs concentration was inversely correlated to the
water adsorption capacity of the sponges (Fig. 6A). CTS–HNT
exhibited a smaller water absorption capacity (z15% decrease
in comparison to p-CTS), Fig. 6A and B, and upon incorporation
of AgNPs, swelling capacity of the CTS–HNTs–AgNPs sponges
further decreased as AgNPs concentration increased.

Fig. 6C and D, present the degradation of the sponges
immersed in lysozyme-PBS solution for up to 21 days of
immersion. p-CTS exhibited the highest degradation rate, at 4
days of immersion it lost 30% of its original weight, and by day
21 its weight loss was $50%. All CTS–AgNPs sponges exhibited
a smaller degradation, in comparison to p-CTS. However,
decrease in degradation was not signicant in comparison to p-
CTS, but for 10-CTS–AgNP, which at all immersion times
showed a signicantly smaller degradation than p-CTS. At 21
days of immersion, 10-CTS–AgNP weight loss was 12%, while
weight loss for p-CTS, 01-CTS–AgNP, 02-CTS–AgNP and 05-CTS–
AgNP was $42%. Upon HNTs incorporation into the CTS
matrix, degradation rate of CTS–HNTs–AgNPs sponges signi-
cantly decreased in comparison to their corresponding sponges
with no HNTs. At incubation day 7, p-CTS weight loss was 38%,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A and B) Pore size distribution and (C and D) porosity percentage of the CTS/AgNPs and CTS/HNT/AgNPs sponges.
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while CTS–HNT weight loss was 25%. Decrease in degradation
rate of the sponges upon HNTs incorporation was even larger
when comparing the sponges containing AgNPs. At 21 days of
incubation, weight loss for 01-CTS–HNT–AgNP, 02-CTS–HNT–
AgNP, 05-CTS–HNT–AgNP and 10-CTS–HNT–AgNP was 25, 12,
10 and 8%, respectively, showing a signicantly smaller degra-
dation than that of their corresponding CTS–AgNPs sponges,
which overall weight loss was $42%, except for 10-CTS–AgNP
that exhibited a weight loss of 14%. Nevertheless, weight loss
of 10-CTS–AgNP at 21 days of incubation (14%) was also
signicantly higher than that of 10-CTS–HNT–AgNP (8%) at the
same incubation time.

3.3. Silver release

Cumulative silver release over time from the sponges immersed
in PBS at 37 °C is shown in Fig. 6E and F. Silver release was
Table 2 Silver content in the sponges

Sponge (CTS–AgNPs)
Silver content
(wt%)

p-CTS —
01-CTS–AgNP 0.056
02-CTS–AgNP 0.081
05-CTS–AgNP 0.211
10-CTS–AgNP 0.651

© 2024 The Author(s). Published by the Royal Society of Chemistry
dependent on the AgNPs concentration in the sponges, and it
increased as AgNPs concentration increased. Nevertheless, the
total amount and rate of silver release from CTS–HNTs–AgNPs
sponges was signicantly higher than their corresponding
CTS–AgNPs sponges. For the two lower concentrations of AgNPs
studied (either 01-CTS–AgNP and 01-CTS–HNT–AgNP or 02-
CTS–AgNP and 02-CTS–HNT–AgNP), additional release of silver
was no longer observed aer 4 days of immersion. For 05-CTS–
AgNP and 10-CTS–AgNP, and 05-CTS–HNT–AgNP and 10-CTS–
HNT–AgNP an additional silver release of z100 and 200 ppb,
respectively, occurred from immersion day 4 to immersion day
7. At 7 days of immersion, cumulative silver release was 18, 52,
215 and 320 ppb for 01-CTS–AgNP, 02-CTS–AgNP, 05-CTS–AgNP
and 10-CTS–AgNP, respectively, while it was 20, 105, 400 and
522 ppb for 01-CTS–HNT–AgNP, 02-CTS–HNT–AgNP, 05-CTS–
HNT–AgNP and 10-CTS–HNT–AgNP, respectively.
Sponge (CTS–HNTs–AgNPs)
Silver content
(wt%)

CTS–HNT —
01-CTS–HNT–AgNP 0.054
02-CTS–HNT–AgNP 0.070
05-CTS–HNT–AgNP 0.084
10-CTS–HNT–AgNP 0.100

RSC Adv., 2024, 14, 24910–24927 | 24917
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Fig. 5 FTIR spectra of (A) as received HNTs and p-CTS and CTS–HNT sponges, (B) p-CTS and CTS/AgNPs sponges, (C) CTS–HNT and CTS/HNT/
AgNPs sponges. Magnification of the FTIR spectra exhibiting the (D) upshifting of themain cts bands occurring in the (D) CTS/AgNPs and (E) CTS/
HNTs/AgNPs sponges. (F) Magnification of the FTIR spectra exhibiting the downshifting of the main hnts bands occurring in the CTS/HNTs/
AgNPs sponges.
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3.4. Mechanical properties

Table 3 shows the compressive stress of the fully hydrated
sponges at 80% strain. p-CTS has the lowest compressive stress
in comparison to all sponges studied. Compressive stress of
CTS–AgNPs sponges increased with AgNPs concentration. For
10-CTS–AgNP compressive stress was 0.0572 MPa, which was
almost 4-fold higher than that of p-CTS (0.0146 MPa). Incor-
poration of HNTs into the CTS matrix signicantly enhanced
the compressive stress of the sponges, where CTS–HNT
compressive stress (0.0794 MPa) was 5.5 times higher than
that of p-CTS (0.0146 MPa). AgNPs incorporation into the CTS–
HNTs matrix, further increased the compressive stress of the
sponges in a AgNPs concentration depending on manner. In
general, CTS–HNTs–AgNPs sponges exhibited a z2–3 times
larger compressive stress than that of their corresponding CTS–
AgNPs sponges.
3.5. Antibacterial evaluation

3.5.1. Planktonic growth inhibition. Antibacterial activity
of the sponges was tested against four strains of clinically-
relevant pathogenic bacteria commonly found in infected
wounds, Gram-negative E. coli and P. aeruginosa and Gram-
positive S. aureus and S. epidermidis. Percentage of planktonic
bacterial growth at 24 h of incubation in presence of the
sponges is shown in Fig. 7. From Fig. 7A and B, it can be
observed that p-CTS signicantly inhibited the planktonic
growth of Gram-negative bacteria E. coli and P. aeruginosa in
comparison to Ctrl− (normal planktonic bacterial growth in
presence of no sponges). CTS–HNT sponges also inhibited E.
24918 | RSC Adv., 2024, 14, 24910–24927
coli and P. aeruginosa planktonic growth in comparison to
Ctrl−; however, this decrease was not signicant. For AgNPs-
containing sponges, the trend exhibited that the antibacterial
activity of the sponges against E. coli and P. aeruginosa increased
as AgNPs concentration increased (Fig. 7A and B); nevertheless,
P. aeruginosa seemed to be more susceptible to AgNPs than E.
coli. Against E. coli (Fig. 7A), all AgNPs-containing sponges
signicantly decreased the planktonic bacterial growth in
comparison to Ctrl−. However, no signicant difference was
observed between the antibacterial activity of the sponges
containing AgNPs and that of their corresponding non-AgNPs
base sponge (either p-CTS or CTS–HNT), except for the largest
AgNPs concentration studied, 10-CTS–AgNP and 10-CTS–HNT–
AgNP, which exhibited a signicantly higher antibacterial
activity than all the other sponges studied. 10-CTS–HNT–AgNP
exerted a signicantly higher inhibition of bacterial plank-
tonic growth than 10-CTS–AgNP. Against P. aeruginosa (Fig. 7B),
antibacterial activity of the sponges signicantly improved,
showing a larger inhibition of planktonic bacterial growth as
AgNPs concentration increased; 05-CTS–AgNP, 10-CTS–AgNP
and 10-CTS–HNT–AgNP completely inhibited P. aeruginosa
planktonic growth.

For Gram-positive bacteria S. aureus (Fig. 7C), p-CTS and
CTS–HNT signicantly decreased (by z70%) S. aureus plank-
tonic growth, in comparison to Ctrl−. The antibacterial activity
further increased with AgNPs concentration in the sponges;
almost complete inhibition of S. aureus planktonic growth was
observed from 02-CTS–AgNP and 05-CTS–HNT–AgNP. In the
case of Gram-positive bacteria S. epidermidis, planktonic
bacterial growth was not inhibited by neither p-CTS nor CTS–
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (A and B) Water absorption capacity (swelling percentage) of the sponges, (C and D) degradation rate of the sponges incubated in PBS-
lysozyme solution, and (E and F) cumulative silver release from the sponges immersed in PBS.

Table 3 Mechanical properties of the sponges in their fully hydrated state

Sponge (CTS–AgNPs)
Compressive stress at
80% strain (MPa) Sponge (CTS–HNTs–AgNPs)

Compressive stress at
80% strain (MPa)

CTS 0.0146 � 0.0031 CTS–HNT 0.0794 � 0.0026
01-CTS–AgNP 0.0275 � 0.0016 01-CTS–HNT–AgNP 0.0801 � 0.0075
02-CTS–AgNP 0.0378 � 0.0023 02-CTS–HNT–AgNP 0.0937 � 0.0045
05-CTS–AgNP 0.0459 � 0.0083 05-CTS–HNT–AgNP 0.1211 � 0.0018
10-CTS–AgNP 0.0572 � 0.0009 10-CTS–HNT–AgNP 0.1739 � 0.0235

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2024, 14, 24910–24927 | 24919
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Fig. 7 Inhibition of (A) E. coli, (B) P. aeruginosa, (C) S. aureus and (D) S. epidermidis planktonic growth, as percentage of viable bacteria at 24 h of
incubation in presence of the sponges; 100% viable bacteria corresponds to Ctrl− (no antibacterial activity; i.e. standard bacteria culture
conditions). *, p < 0.05 vs. Ctrl−; #, p < 0.05 vs. base sponge with no agnps, either p-CTS or CTS–HNT correspondingly.
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HNT; Fig. 7D. However, S. epidermidis planktonic growth was
drastically inhibited from 02-CTS–AgNP and 02-CTS–HNT–
AgNP, with complete inhibition exerted from 05-CTS–AgNP
and 02-CTS–HNT–AgNP.

3.5.2. Adherent growth inhibition. Since bacterial adhe-
sion is the rst step into biolm formation or colonial growth of
adherent bacteria, which is the more common form of bacterial
growth in nature, and it has been found in the tissues of
patients with different infections and chronic wounds,78 the
potential of the sponges to prevent the adhesion and growth of
adherent bacteria was tested. Fig. 8 shows percentage of viable
bacteria adhered to the sponges aer 24 h of incubation in
presence of bacteria inoculum. In the case of E. coli (Fig. 8A), p-
CTS, 01-CTS–AgNP, 02-CTS–AgNP and 05-CTS–AgNP showed
a similar adhesion of viable bacteria as that observed for Ctrl−
(viable bacteria adhered to the standard culture well plate in
presence of no sponges). A signicant decrease in percentage of
viable bacteria adhered, in comparison to Ctrl−, was only
observed for 10-CTS–AgNP. For HNTs-containing sponges, 05-
CTS–HNT–AgNP and 10-CTS–HNT–AgNP signicantly
decreased percentage of viable bacteria adhered, in comparison
to Ctrl−, in a trend where viable bacteria adhered decreased as
AgNPs concentration increased.
24920 | RSC Adv., 2024, 14, 24910–24927
Against P. aeruginosa, p-CTS signicantly reduced viable
bacteria adhesion in comparison to Ctrl−; Fig. 8B. All CTS–
AgNPs sponges, but 01-CTS–AgNPs, exhibited z50% reduc-
tion of bacteria adhered in comparison to Ctrl−, and signi-
cantly reduced percentage of viable bacteria adhered to the
sponges in comparison to p-CTS; however, none of the AgNPs
concentrations studied completely inhibited adhesion of viable
bacteria. Presence of HNTs into the sponges slightly decreased
their antibacterial capacity, in comparison with the corre-
sponding sponges with no HNTs. 05-CTS–HNT–AgNP and 10-
CTS–HNT–AgNP signicantly increased inhibition of P. aerugi-
nosa adhesion, in comparison to Ctrl− and CTS–HNT. None of
the CTS–HNTs–AgNPs sponges completely inhibited P. aerugi-
nosa adhesion.

For S. aureus (Fig. 8C), neither p-CTS, 01-CTS–AgNP, CTS–
HNT nor 01-CTS–HNT showed any decrease on bacterial adhe-
sion, showing a similar bacterial adhesion to that of Ctrl−. 02-
CTS–AgNP, 05-CTS–AgNP and 10-CTS–AgNP completely inhibi-
ted S. aureus adhesion. For HNTs-containing sponges, adhesion
of viable bacteria decreased by 60% on 02-CTS–HNT–AgNP in
comparison to Ctrl−, and further decrements were observed for
the CTS–HNTs–AgNPs sponges with larger AgNPs concentra-
tion, reaching total inhibition of viable bacterial adhesion for
10-CTS–HNT–AgNP.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Inhibition of (A) E. coli, (B) P. aeruginosa, (C) S. aureus and (D) S. epidermidis biofilm formation as percentage of viable bacteria adhered to the
sponges at 24 h of incubation in presence of the sponges; 100% viable bacteria correspond to bacteria adhered to Ctrl− (no antibacterial activity; i.e.
standard culture plate surface with no sponges). *, p < 0.05 vs. Ctrl−; #, p < 0.05 vs. base sponge with no agnps, either p-CTS or CTS–HNT,
correspondingly.
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Against S. epidermidis (Fig. 8D), all the sponges studied, with
or without AgNPs, evidenced a signicant inhibition of viable
bacterial adhesion in comparison to Ctrl−. HNTs-containing
sponges exhibited a smaller antibacterial effect in comparison
to their corresponding sponges with no HNTs. Improvement of
the inhibition of bacterial adhesion on the sponges was
observed as AgNPs concentration increased, for CTS and CTS–
HNTs base sponges, until 96% and 84% decrease in S. epi-
dermidis bacterial adhesion was reached on 10-CTS–AgNP and
10-CTS–HNT–AgNP, respectively.

3.5.3. Inhibition halos. The antibacterial activity of the
sponges was also studied by the disk-diffusion test; p-CTS and
CTS–HNT sponges impregnated with chlorhexidine gluconate
were used as antibacterial Ctrl+. All sponges exhibited antibacte-
rial activity against all tested bacteria; however, zone of inhibition
was dependent on AgNPs concentration and HNT content; Fig. S2
and Table S1.† Sponges with HNT and the higher AgNPs
concentrations showed the larger inhibition zones and were
particularly effective against P. aeruginosa and S. epidermidis; 05-
CTS–HNT–AgNP and 10-CTS–HNT–AgNP exhibited inhibition
halos signicantly larger than that of CTS–HNT. In the case of the
sponges with no HNTs, all sponges, including p-CTS, displayed
similar antibacterial effects where zones of inhibition were limited
to the diameter of the sponges only.
© 2024 The Author(s). Published by the Royal Society of Chemistry
3.6. Cytocompatibility evaluation using broblasts

Fluorescence micrographs (calcein-AM/ethidium homodimer
assay) acquired at 8 days of human broblasts culture on the
sponges are shown in Fig. 9A and uorescence semiquantitative
analysis is shown in Fig. 9B. Cell viability on p-CTS and CTS–
HNT was $95%, and cells were distributed overall the 3D
structure of the sponges; however, a larger number of cells with
the characteristic spindle-like morphology of well adhered
broblast were observed on p-CTS, in comparison to CTS–HNT.
AgNPs presence in the sponges decreased cell viability and the
number of cells on the sponges in a AgNPs concentration-
dependent manner. 10-CTS–AgNP and 10-CTS–HNT–AgNP
exhibited a signicantly smaller cell viability percentage (58%
and 78%, respectively), in comparison to p-CTS and CTS–HNT,
respectively. Presence of HNTs in the sponges had a positive
effect on cell viability and expected cell morphology for bro-
blasts. A larger number of viable cells, distributed over the 3D
structure of the sponge, was observed on CTS–HNTs–AgNPs
sponges in comparison with corresponding CTS–AgNPs
sponges. Nevertheless, differences in cell viability percentage
when comparing 01-CTS–HNT–AgNP vs. 01-CTS–AgNP, 02-CTS–
HNT–AgNP vs. 02-CTS–AgNP, 05-CTS–HNT–AgNP vs. 05-CTS–
AgNP and 10-CTS–HNT–AgNP vs. 10-CTS–AgNP were not
RSC Adv., 2024, 14, 24910–24927 | 24921
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Fig. 9 (A) Fluorescent images of HF cells on CTS/AgNP and CTS/HNT–AgNP sponges at 8 days of culture; viable (green fluorescence) and non-
viable (red fluorescence) cells are observed. (B) Percentage of viable cells on the sponges according to fluorescent images. absorbance
measurements from MTT assay on HF cells cultured for 2 and 4 days on (C) CTS/AgNP and (D) CTS/HNT/AgNP sponges.
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statistically signicant; Fig. 9B. Cells exhibited a more extended
spindle-like morphology on CTS–HNTs–AgNPs sponges than on
corresponding CTS–AgNPs sponges. Cells with an extended
morphology can be observed for up to 05-CTS–HNT–AgNP,
while cells on CTS–AgNPs sponges did not present an
extended morphology from 02-CTS–AgNP.

To conrm the semi-quantitative observations from calcein-
AM/ethidium homodimer assay, MTT tests were performed at 2
24922 | RSC Adv., 2024, 14, 24910–24927
and 8 days of cell culture on independent sponge samples,
Fig. 9C and D. At 2 days of cell culture, MTT assay absorbance
reads were similar between the Ctrl+ and all the sponges tested,
independently of AgNPs and/or HNTs content. A slight trend for
decreasing absorbance was observed with increasing AgNPs
concentration in the sponges, for both CTS–HNTs–AgNPs and
CTS–AgNPs sponges; however, differences were not statistically
signicant. At 8 days of cell culture absorbance reads from p-
© 2024 The Author(s). Published by the Royal Society of Chemistry
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CTS and all CTS–AgNPs sponges were signicantly smaller than
Ctrl+, with absorbance decreasing as AgNP concentration
increased; absorbance reads from 05-CTS–AgNP and 10-CTS–
AgNP were also signicantly smaller than p-CTS. Absorbance
reads from p-CTS, 01-CTS–AgNP and 02-CTS–AgNP at 8 days of
cell culture were higher than those concerning measurements
at 2 days of cells culture on the same sponges, indicating that
the number of viable cells on the sponges increased with culture
time. At 8 days of cell culture on HNTs-containing sponges,
absorbance reads were also signicantly smaller than Ctrl+;
nevertheless, an increment in absorbance was observed when
comparing between the same sponges at 2 days of cell culture.
In addition, absorbance reads were higher for 02-CTS–HNT–
AgNP, 05-CTS–HNT–AgNP and 10-CTS–HNT–AgNP in compar-
ison to their corresponding sponges with no HNTs.

Finally, immunouorescence assays against a-SMA were
performed at 8 days of cell culture on the sponges that showed
the higher cytocompatibility (cell viability) according to the
MTT assay, that is, p-CTS, CTS–HNT, 01-CTS–AgNP, 01-CTS–
HNT–AgNP, 02-CTS–AgNP and 02-CTS–HNT–AgNP. Fig. 10
shows representative confocal images of this immunoassay. It
can be noted that AgNPs presence in the sponges increase a-
Fig. 10 (A) Immunofluorescence images of a-SMA expression for HF c
nuclei and green signal the positive expression of a-SMA. (B) Quantitativ

© 2024 The Author(s). Published by the Royal Society of Chemistry
SMA expression. On p-CTS, z20% of cells exhibited positive a-
SMA expression, while 35% of cells were positive for a-SMA on
01-CTS–AgNP and 02-CTS–AgNP. For the sponges containing
HNTs, percentage of cells positive to a-SMA did not change with
AgNPs presence in the sponges; a-SMA-positive cells percentage
was similar (z33%) for CTS–HNT, 01-CTS–HNT–AgNP and 02-
CTS–HNT–AgNP, and also to p-CTS.
4. Discussion

Here CTS-based composite sponges containing AgNPs were
prepared via in situ reduction process using CTS as reduction
and stabilizing agent. To increase the mechanical properties of
the sponges and hoping to improve the distribution and
avoiding the agglomeration of the AgNPs in the nano-
composites, a constant HNTs concentration was added, and
therefore, two groups of sponges were obtained: (i) CTS–AgNPs
and (ii) CTS–HNTs–AgNPs nanocomposites. Four different
concentrations of silver precursor were used, nally obtaining
four different AgNPs-containing sponges per each group, in
addition to the non-AgNPs control sponges for each group, p-
CTS and CTS–HNT. Synthesized AgNPs had different size
ells cultured on the sponges during 8 days. Red signal shows the cell
e analysis of percentage of cells exhibiting positive a-SMA expression.

RSC Adv., 2024, 14, 24910–24927 | 24923
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distributions depending on the silver precursor concentration,
as silver precursor concentration increased smaller nano-
particles were obtained. This effect can be explained by a greater
quantity of silver precursor presenting more nucleation sites for
AgNPs synthesis, and thus, the highest availability of nucleation
sites resulting in a more controlled growth of AgNPs with
smaller diameter as silver precursor concentration increase.79,80

With addition of HNTs, there was a marked reduction in the
average size of the synthesized AgNPs, resulting in 50% smaller
AgNPs with narrower size distribution for CTS–HNTs–AgNPs
than for CTS–AgNPs nanocomposites. In addition to gener-
ating a larger number of nucleation sites with increasing silver
precursor concentration, the addition of HNTs resulted in
a more viscous CTS–HNT solution than CTS-only solution,
which might prevent the agglomeration, and the subsequent
larger growth, of the synthesized AgNPs.79,80 FTIR spectroscopy
corroborated that AgNPs had a dual chemical interaction in the
CTS–HNTs–AgNPs sponges, that is, not only CTS interacts with
the AgNPs through its –NH3 groups, mainly, but also HNTs
interact with the AgNPs acting as further anchoring sites for the
nanoparticles. This effect has been previously demonstrated by
studies showing the positive effect of HNTs acting as immobi-
lization sites for different metallic nanoparticles in general, and
for AgNPs in particular, improving AgNPs dispersion and
controlling their average size during synthesis.57,73,81,82

The addition of nano-llers in CTS matrices is a method to
increase its mechanical properties, and consequently a method
to improve their degradation rate and handling at physiological
conditions, and overall, their capacity to support cell culture
conditions.22,24,83,84 CTS–HNT sponges showed a more homoge-
neous pore structure and fewer collapsed areas in the pore walls
in comparison with p-CTS, which can be attributed to the strong
interactions between CTS and HNTs. In acidic medium strong
electrostatic interactions between the positively charged amino
groups of CTS and the negatively charged outer surface of HNTs
occur,35,36 improving the mechanical properties of the sponges
by increasing their rigidity, and signicantly decreasing their
degradation rate.

The sudden, total, and uncontrolled release of the silver
content of silver-based antibacterial-intended wound dressings
is undesirable for several reasons, but mainly because a large
abrupt release of silver into tissues can be signicantly cytotoxic
(depending on the concentration released), and because the
antibacterial activity of the dressings would be rapidly lost upon
total sudden release of their silver content.85,86 Silver released
into wounds can be rapidly deactivated, losing its antibacterial
properties due to their complexation with proteins or chloride
ions present on the surface of wounds.52 For the present
sponges, a larger silver release was observed from the sponges
containing HNTs, even when the total silver concentration in
CTS–HNTs–AgNPs sponges was smaller than that in their cor-
responding CTS–AgNPs sponges synthesized with the same
concentration of silver precursor. Thus, the higher silver release
observed from CTS–HNTs–AgNPs sponges was not related to the
silver concentration of the sponges, but it could had been more
related to the size of the AgNPs in each different sponge group
(with HNTs or without HNTs).87,88 As shown by TEM results, the
24924 | RSC Adv., 2024, 14, 24910–24927
addition of HNTs to the nanocomposites resulted in smaller
AgNPs. Since surface contact area increases as AgNPs size
decreases, the reactivity and release of smaller AgNPs upon the
immersion of the sponges in aqueousmediamight increase due
to a larger total surface contact area.87,88 Resulting in CTS–
HNTs–AgNPs sponges releasing a larger amount of silver, in
comparison to corresponding CTS–AgNPs sponges at the same
days of immersion in aqueous medium. Nevertheless, it is
important to emphasize that cytocompatibility of the sponges
seemed to be more related to their silver concentration than to
their silver release rate. In this respect, at 8 days of cell culture
on the sponges, CTS–HNTs–AgNPs sponges, presenting a larger
silver release rate, exhibited a higher cell viability (by both cal-
cein AM/ethidium homodimer and MTT assays), in comparison
to their corresponding CTS–AgNPs sponges synthesized using
the same concentration of silver precursor, which presented
a smaller silver release rate but a larger silver concentration.
Nonetheless, total silver concentration in the sponges and silver
release rates observed for 01-CTS–AgNP and 02-CTS–AgNP, and
01-CTS–HNT–AgNP, 02-CTS–HNT–AgNP, 05-CTS–HNT–AgNP,
10-CTS–HNT–AgNP did not exert a signicantly cytotoxic
effect on human broblasts (as a model of the main cell
phenotype in the dermis layer of the skin) concerning p-CTS or
CTS–HNT at 8 days of cell culture.

On the other hand, the improved antibacterial effects
observed for CTS–AgNPs and CTS–HNTs–AgNPs sponges were
correlated with higher concentrations of AgNPs, in a general
trend for all the bacteria strains tested. Sponges with AgNPs
showed improved antibacterial effects against all strains of
bacteria tested, as compared to p-CTS or CTS–HNT. However,
the signicance of the antibacterial effects observed was
dependent on the AgNPs concentration, the presence of HNTs
in the sponges, and the specic bacteria strain tested. The
results were consistent for the two antibacterial effects studied
(inhibition of oating and adhered growth), indicating that
CTS–AgNPs and CTS–HNTs–AgNPs sponges, inhibited bacterial
planktonic growth and prevented viable bacteria adhesion on
the sponges. Inhibiting the planktonic (oating) growth of
bacteria is a good indication of the antibacterial properties of
the nanocomposites; however, bacteria normally growth in
nature and in infected sites or chronic wounds as colonial
adhered bacteria, thus testing the antibacterial capacity of the
nanocomposites to inhibit the adhesion of viable bacteria, as
the rst step into colonial adherent growth, is also important to
further asses the antibacterial properties of the nanocomposite
sponges.78,89 Presence of HNTs in the sponges slightly decreased
their antibacterial effect in comparison with corresponding
sponges with no HNTs but synthesized with the same concen-
tration of silver precursor. This can be correlated to the fact that
the HNTs nanotubes interacted with the AgNPs, as demon-
strated by the FT-IR analysis. This interaction somehow
decreased the total silver concentration in the CTS–HNTs-based
sponges, in comparison with corresponding CTS-based
sponges, and might had hindered the direct interaction
between the AgNPs and the cell wall of the tested bacteria,
decreasing the AgNPs contact area, and therefore, their anti-
bacterial activity. The less sensitive bacteria strain to the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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sponges was E. coli. CTS–AgNPs and CTS–HNTs–AgNPS signif-
icantly inhibited the planktonic growth and adhesion of Gram-
positive S. aureus and S. Epidermidis from 02-CTS–AgNP and 02-
CTS–HNT–AgNP and sponges with higher silver concentrations.
Against Gram-negative P. aeruginosa similar results were
observed and signicant antibacterial effects were exerted from
02-CTSAgNP and 05-CTS–HNT–AgNP and higher silver
concentrations.
5. Conclusions

Overall results suggest that developed CTS–AgNPs and CTS–
HNTs–AgNPs sponges: (a) present favorable degradation and
mechanical properties as scaffolds for potential wound dressing
applications; (b) are expected to retain their antibacterial action
over time upon a possible application as scaffolds for potential
wound dressing applications, since releasing silver in
a controlled manner upon immersion in aqueous an enzymatic
media at 37 °C; (c) do not represent potential cytotoxic materials
considering that the silver release for all the sponges was in the
order of parts per billion per day, and that the all the sponges,
except for the higher silver concentrations studied 10-CTS–
AgNP and 10-CTS–HNT–AgNP, properly supported human
broblasts culture, and (d) represent antibacterial materials
capable of inhibiting planktonic and colonial adherent bacteria
growth, against different Gram-negative and Gram-Positive
bacteria strains. Constituting prospective scaffold materials
for potential wound dressing applications with simultaneous
adequate cytocompatibility and antibacterial properties, mainly
02-CTS–AgNP and 05-CTS–AgNP, and 02-CTS–HNT–AgNP, 05-
CTS–HNT–AgNP and 10-CTS–AgNPs.
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78 E. Hernández-Jiménez, R. Del Campo, V. Toledano,
M. T. Vallejo-Cremades, A. Muñoz, C. Largo, F. Arnalich,
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