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Abstract Intelligent, controlled, slow-release anti-
microbial materials have shown excellent application
prospects in the medical field. Herein, silver parti-
cles (Ag) were synthesized using the hydrothermal
method and a bacterial cellulose (BC) membrane as
a template. The BC/Ag composite membrane was
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clad with copper alginate (CAlg) via the in-situ dip-
coating method. Based on the Cu* ions in copper
alginate, a layer of copper sulfide (CuS) was formed
through a liquid-phase sulphuration reaction. This
CuS layer leads the film to possess a photothermal
and electrothermal response. Furthermore, we sys-
tematically investigated the microstructure, mechani-
cal strength, and antibacterial properties of the com-
posite film. The tensile strength of the BC/Ag/CAlg/
CuS sample can reach 14.7 MPa, which should be
attributed to the combination of the Cu** cross-linked
CAlg and the inner BC/Ag composite film. Mean-
while, this assembled film exhibited hydrophilic and
hygroscopic properties, as the antibacterial Ag parti-
cles can be continuously released and migrated from
the inner layer to the outer layer. Finally, the BC/Ag/
CAlg/CuS film inhibited Staphylococcus aureus and
Escherichia coli by 99.9% and 99.6%, respectively,
which should be attributed to the synergistic effect
of silver ions and CuS’s electrical and photothermal
stimulation responses. These characteristics of the
thermally responsive BC/Ag composite films indicate
that they may successfully serve as wound dressings
and other medical biomaterials.

Keywords Bacterial cellulose - Alginate - Nano
silver - Cupric sulfide - Antibacterial
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Introduction

As the immune system’s first line of defense, the skin
protects the human body’s internal organs and acts as
a physical and chemical barrier to prevent pathogen
invasion and dehydration (Deng et al. 2021; Zheng
et al. 2020; Pazyar et al. 2014). However, the patient
will be exposed to bacterial infections, tissue dehy-
dration, and severe secondary trauma once a skin
injury occurs (Wen et al. 2020). Though wound heal-
ing occurs naturally, complications such as infection
and inflammation often occur, and the appearance
of infection is prevented clinically by using antibiot-
ics (Su et al. 2017). Unfortunately, the use of antibi-
otics frequently leads to the development of bacte-
rial resistance while eliminating bacterial infections
(Durand et al. 2019). Therefore, an ideal wound-heal-
ing dressing with unique properties that can maintain
a moist environment, possess excellent antibacterial
activities, protect the wound from infections, absorb
excess wound exudates, and allow gas exchange is
highly demanded (Dart et al. 2019; Yang et al. 2017).

Silver, whether in nanoparticle (AgNPs), oxide
(mainly Ag,0), or ionic form (Ag*), has shown
excellent antibacterial activity (Lee et al. 2007,
Rieger et al. 2016). It has long been used as a broad-
spectrum antimicrobial agent against bacteria, fungi,
and viruses. The advantage of AgNPs over other
antimicrobial agents is their higher toxicity to micro-
organisms (Zhao et al. 2015; Nie et al. 2021a, b, c).
Although some arguments exist about the potential
cytotoxicity of the released silver ions, most stud-
ies have shown that silver is safe to use as an anti-
microbial agent at the maximum allowable dose (Dos
Santos et al. 2014; Wijnhoven et al. 2009). Yet, in the
case of typical applications such as wound healing,
it would be preferable to integrate AgNPs into a spe-
cific porous material and control the release of Ag*
to improve their antibacterial durability (Tabaii et al.
2018). Bacterial cellulose (BC), synthesized by Ace-
tobacter, is environmentally friendly. It has excellent
characteristics such as high porosity, water absorp-
tion, mechanical properties, formability, and bio-
compatibility (Sulaeva et al. 2015). In addition, it is
considered a natural wound dressing without chang-
ing its structure or properties. Hence, there is increas-
ing interest in producing hybrid Ag/BC materials for
antimicrobial treatments (Pal et al. 2017; Yang et al.
2012a, b, c; Liu et al. 2020; Nie et al. 2021a, b, ¢).
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Yang et al. used BC as a template for the in-situ syn-
thesis of AgNPs by chemical reduction of sodium
borohydride (Yang et al. 2012a, b, c¢). They found that
abundant hydroxyl groups on BC microfibers acted
as anchor sites for silver ions, the nanopores of BC
materials served as nano-reactors for the nucleation
and growth of AgNPs, limiting the growth of particles
within the pores, and the prepared AgNPs became
smaller in size and narrower in size distribution
(Pinto et al. 2009; Wan et al. 2020). Even so, the anti-
microbial composite films prepared using BC alone
always suffer from poor mechanical strength in the
wet state and weak water swelling ability after dry-
ing. To resolve this, many researchers tried to com-
bine BC with inorganic filler or synthetic polymers,
such as clay (Perotti et al. 2011) and PVA (Song et al.
2021a, b), but it is still hard to improve the mechani-
cal strength and water swelling ability simultane-
ously for the composite film. Alginate (Alg), a natu-
ral linear, unbranched polymer made of 1,4-linked
-D-mannosic acid and a-L-guluronic acid, is widely
used as biomedical material (Shen et al. 2022). Com-
bining the water solubility, cross-linkability, and bio-
compatibility of alginate, many studies have prepared
composites by mixing BC with Alg (Chiaoprakobkij
et al. 2011; Jiang et al. 2020; Ji et al. 2021). Gener-
ally, researchers crushing BC matrix into slurry and
mixing it with alginate solution, followed by coagu-
lation with CaCl, (Wang et al. 2020). Unfortunately,
the crosslinked BC/Alg composites usually exhibited
a weaker mechanical strength than pure BC. This
mechanical decrease might be attributed to the dam-
age of BC’s network microstructure (Siddhan et al.
2016). Herein, we intend to prepare BC/Alg dual net-
work composites using BC films instead of BC slurry.
This method is expected to maintain the natural
three-dimensional network structure of BC, resulting
in improved mechanical strength and water swelling
capacity.

Currently, most dressings available on the market
are gauze-based and incorporate antibiotics for anti-
bacterial properties. However, the use of antibiotics
not only sterilizes and reduces inflammation but also
promotes the development of antibiotic resistance in
certain bacteria, thereby diminishing the effective-
ness of sterilization and inflammation reduction. In
this work, we have developed CAlg-encapsulated
BC/Ag antimicrobial films with a thermally respon-
sive slow-release effect. Initially, BC/Ag film was
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hydrothermally synthesized using BC as a template
for the inner layer structure (Li et al. 2014). Subse-
quently, Alg was impregnated onto the surface of
the BC/Ag film, forming an interpenetrating struc-
ture with the BC matrix, followed by additional Cu**
cross-linking to construct the CAlg encapsulation
layer. By employing the copper ions in CAlg, we
selectively conducted a liquid-phase sulfide reaction
on the external CAlg. As a result, a copper sulfide
(CuS) layer was deposited in situ on the surface of the
composite antimicrobial film. On the one hand, the
CuS layer endows the composite film with excellent
photothermal and electrothermal characteristics (Nie
et al. 2021a, b, c); on the other hand, CuS also acts
as an auxiliary antimicrobial component (Qiao et al.
2019; Ren et al. 2022; Mutalik et al. 2022). During
the study, we systematically described the microstruc-
ture and physical properties of the composite film, as
well as the antibacterial, photothermal, and electro-
thermal slow-release properties. The development of
this study will provide a theoretical basis and experi-
mental support for developing and applying high-per-
formance bio-based antibacterial wound dressings.

Experimental section
Experimental materials

Bacterial cellulose was supplied from QiHong Tech-
nology Co Ltd (Guilin, China). Sodium alginate
was purchased from Aladdin Reagents Ltd (Shang-
hai, China). Silver nitrate (AgNO;), copper chloride
(CuCl,) and sodium sulphide (Na,S) were purchased
from Sinopharm Chemical Reagent Co Ltd (Shang-
hai, China). All the chemicals were in analytical
grade and used without further purification.

Preparation of BC/Ag composite antimicrobial film

Synthesis of BC/Ag nanocomposite: BC in gel form
was boiled in a solution of NaOH at pH 13 for 4 h at
110 °C. After washing with deionized water to neu-
tralize it, the BC was homogenized to obtain a BC
homogenate. Then BC film was prepared by vacuum
filtration and dried. With BC as a template, it was
immersed in a 0.1 mol/L AgNOj; solution and placed
in an autoclave with reaction conditions of 0.1 MPa
and 121 °C for a hydrothermal reaction until the beige

BC membrane turned brown, proving the successful
synthesis of silver nanoparticles.

CAlg encapsulated BC/Ag film: The BC/Ag
composite film prepared by the hydrothermal method
was dried in an oven to a constant weight and then
dipped into a 1% Alg solution. The composite film
impregnated with Alg was placed in a 5 wt% CuCl,
coagulation bath to crosslink Alg. The CAlg encap-
sulated BC/Ag film was obtained after washing with
deionized water and drying in an oven at 60 °C for
12 h.

CuS deposition on the CAlg encapsulated BC/
Ag composite film: Relying on the copper salt in
the CAlg layer, the BC/Ag/CAlg composite film
was immersed in a Na,S solution at a concentration
of 0.1 mol/L and sulphurised at 20 °C for 2 min to
deposit a layer of CuS in situ on the surface of the
composite film, which was removed and washed in
deionized water and dried to obtain BC/Ag/CAlg/
CuS composite antibacterial film with thermally
responsive properties.

Characterization

FTIR spectra of the films were obtained with a Spot-
light 400 spectrometer in ambient conditions. An
average of 32 scans with a resolution of 4 cm™! in the
range of wavelength 650-4000 cm™! was employed
in attenuated total reflectance (ATR) mode. X-ray
diffraction (XRD) was carried out using a DX-
2700BH X-ray diffractometer (PANalytical) with Cu
Ko radiation (A=1.54 10%) and a 20 scanning range
of 10-90°. CuS and nano-Ag were tested in powder
form, while BC, CAlg, BC/Ag/CAlg/CuS, and BC/
Ag samples were tested in thin film form, and all
samples were tested in reflection mode. The morphol-
ogy of the prepared films was characterized by a field
emission scanning electron microscope (FESEM)
(Quanta-450) operating at an accelerating voltage of
10 kV. SEM samples were all films, which we cut
into small 2 mm X 2 mm square pieces and glued
to the sample stage by means of carbon glue, as the
samples for the SEM investigations were treated with
spray-gold. The mechanical properties of the compos-
ite films were measured at room temperature (25 °C)
at a constant speed of 5 mm/min with a universal test-
ing machine (UM-5504, Sans), each group of films
was measured at least 5 times. Water absorption is the
mass difference between wet and dry weights divided
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by their initial masses. Before immersed the samples
in water for 3 h, the test films were dried to a con-
stant weight in a vacuum at 50 °C. Thermogravimet-
ric analysis (TGA, Q500, TA Instruments) was per-
formed from 30 to 800 °C at a heating rate of 10 °C/
min under a nitrogen atmosphere. Ultraviolet absorp-
tion spectra (UV) were recorded using a Shimadzu
UV-2600 spectrometer from 200 to 600 nm. The anti-
bacterial properties of the composite membrane were
tested by the plate diffusion method. After coating a
9 and 15 cm diameter solid medium with an active
bacterial solution, the test composite membrane sam-
ple was placed in the middle of the medium, and the
bacteria’s growth state was recorded after 3 days. The
electrical properties of the films were measured via
a four-probe tester (ST2263). An infrared thermo-
graphic camera was used to measure the temperature

(8) oSl (b) ()

variation and thermographic properties of the films
(FLIR ONE Pro).

Results and discussion

Manufacturing of the thermally responsive
antimicrobial film

The BC film, with excellent biocompatibility, has
been proven to be a suitable substrate for the in situ
growth of functional particles. To achieve efficient
storage, controlled release, and thermal response of
the antimicrobial components of the dressing, we
designed a multilayer composite membrane to obtain
these functions simultaneously, as shown in Fig. 1.
BC membranes were used as templates to generate
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Fig. 1 Schematic diagram of the BC/Ag/CAlg/CuS composite
film preparation process a BC hydrogel is produced by biosyn-
thesis b Dissolution of BC in alkaline solution ¢ The BC film
was formed by vacuum filtration d Growth of Ag on BC film
by the hydrothermal method e The BC/Ag composite mem-
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brane was impregnated with Alg solution f Obtained BC/Ag/
CAlg composite film by CuCl, crosslinking g A CuS layer
forms on the surface of CAlg after curing in a sulfur source
h Applications include photothermal, electrothermal, wound
healing, and bacterial inhibition
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silver (Ag) nanoparticles in the BC template struc-
ture using a hydrothermal synthesis method in this
work. The BC/Ag composite membranes were further
impregnated in a sodium alginate (Alg) solution using
copper ions to form a copper alginate (CAlg) cladding
layer. Based on Cu" ions in copper alginate, a layer
of copper sulfide (CuS) was formed on the surface of
the composite antimicrobial film by a liquid-phase
sulfide reaction. Finally, we prepared a bright medi-
cal dressing with a controlled release of photothermal
and electrothermal energy. This composite antibacte-
rial film maintains biocompatibility, degradability,
moisture absorption, and water retention, relying on
BC and Alg. In the meantime, the material exhib-
ited good photothermal and electrothermal response
abilities except for ensuring the excellent antibacte-
rial properties of the composite material owing to the
introduction of a CuS layer. Based on the nano-net-
work of BC, the composite antibacterial film presents
excellent breathability and oxygen permeability while
achieving free exchange of antibacterial copper and
silver ions with electrolytes in body fluids.

Microstructure and properties of the composite
antimicrobial film

FT-IR analysis can be used to determine the compos-
ite film’s surface material composition. The stretching
vibration absorption band of the hydroxyl group is at
approximately 3400 cm™', the stretching vibration
absorption band of the carboxyl anion and glycosidic
bond C-O-C is at around 1609 cm™" and 1083 cm™
(Leal et al. 2008; Yang et al. 2022) as shown in
Fig. 2a. Silver ions are reduced by BC, which also
serves as a stabilizer to stop the resulting Ag nanopar-
ticles from aggregating and a matrix for homogene-
ous distribution and immobilization during the hydro-
thermal reduction reaction for Ag formation (Li et al.
2014). When compared to the purified BC curve,
which had an absence of the remarkable characteristic
band at 1613 cm™!, which indicated that the —OH at
C, of BC was changed into C=0 during the reduc-
tion reaction, the BC/Ag curve’s great characteristic
band at 1613 cm™' indicates the existence of C=0.
The infrared curve of the BC/Ag/CAlg/CuS film
shows the absorption band of the cross-linked CAlg,
attempting to prove that the CAlg forms an inter-
penetrating structure with BC/Ag sample, and the
absorption band of —OH at 3400 cm™~! is narrowed,

indicating that Alg interacts with -OH on the surface
of BC, confirming the above viewpoint again (Yang
et al. 2022). Meanwhile, the BC/Ag/CAlg/CuS films,
which form the interpenetrating network, still retain
water absorption of up to 240%, as shown in Fig. 2c.

To further confirm the presence of nano-silver and
CusS particles in composite films, the XRD spectrum
in Fig. 2b was used. As shown by the clear absorp-
tion bands of the sample nano-silver powder at 38.2°,
44.4°, 64.5°, and 77.5°, which are situated on the
(111), (200), (220), and (311) crystal faces of the cor-
responding cubic silver, the nano-silver possesses a
face-centered cubic structure (Jalali et al. 2016; Zhu
et al. 2013). Ag was successfully grafted onto BC film
through in-situ growth using BC film as a template,
as evidenced by the XRD curve of BC/Ag, which
displays the absorption band of BC are at 14.7°and
22.7°, which were indexed as the (100) and (110)
peaks of cellulose Io (French 2014) and three absorp-
tion bands of Ag (111), (200), and (220). The CuS
curve reveals that the (100), (110) and (116) crystal
planes of CuS are responsible for the sharp crystal-
lization bands at 31.7°, 48.1° and 58.7°, respectively.
The (100) crystal plane of CuS and the (111) crys-
tal plane of Ag appeared in BC/Ag/CAlg/CuS sam-
ples at 31.7° and 38.2° respectively (Roy et al. 2020),
after cross-linking CAlg vulcanization, indicating that
after dipping CAlg, the nano-silver migrated from
the inside of the film to the surface of the film, real-
izing the transfer of nano-silver along the Alg. Fur-
thermore, the BC/Ag/CAlg/CuS sample still shows
the absorption band of BC, again proving that CAlg
does not entirely cover the surface of BC/Ag but
enters the network void of BC, forming a CAlg-BC
interpenetration structure. The weight loss ratio of the
composite film from the TGA test can also reflect the
in situ formation of silver and copper sulfide particles
(Fig. 2d) (Fig. S1).

Figure 2e displays the physical morphologies of
the various films. Pure BC is a translucent film, and
CAlg film is transparent blue-green in the dry state.
Due to the in-situ synthesis of silver particles, the BC/
Ag film is light brown and opaque, while the BC/Ag/
CAlg sample coated with CAlg is a translucent, light
green film. This phenomenon should be attributed to
the fact that Alg enters the network structure of BC
during impregnation and fills the gap while chelating
between the alginic acid molecular chain and Cu®* to
form an “eggshell structure”, which further compacts

@ Springer
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the internal structure of the film and increases the
refractive index of the film, resulting in the translu-
cent state of the film. After CuS deposition, the BC/
Ag/CAlg/CuS film turns black.

SEM images show the surface morphology of the
composite membranes. Figure 3a shows BC film’s
unique network structure (Fig. S2). Numerous silver
nanoparticles are on the surface of the BC/Ag film
after the silver nanoparticles have in situ synthesis,
demonstrating the efficacy of the high-temperature,
high-pressure hydrothermal process used to create
the silver nanoparticles on the BC film (Fig. 3b). The
bulge and network structure of the BC/Ag/CAlg sam-
ples vanished after CAlg was dip-coated (Fig. 3c).
Because sodium alginate is a water-soluble material
and BC is a hydrophilic material, the process of coat-
ing BC with sodium alginate is realized by impregna-
tion, and the sodium alginate solution can easily swell
into the network of BC through water absorption. This
smooth surface indicates that CAlg has completely
penetrated its network structure, forming a CAlg-BC
interpenetrating structure. The film structure becomes
denser, confirming that BC/Ag/CAlg samples become
transparent (Fig. 2f). As shown in Fig. 3d, a CuS
layer is deposited on the surface of the BC/Ag/CAlg/
CusS film, providing the premise for a photothermal
and electric thermal stimulation response. Through
the SEM cross-section image, we can see that Ag par-
ticles are distributed in the BC cross-section, which
proves Ag’s successful synthesis, as shown in Fig. 3f.
In Fig. 3g, the BC/Ag/CAlg film comprises several
layers, with Alg closely connected, and the bound-
ary is almost indistinguishable. The multi-layer struc-
ture with a three-dimensional nanofiber network and
the firm connection between layers provide a solid
foundation for the excellent comprehensive proper-
ties of the film, especially the mechanical proper-
ties. This structure makes Ag well embedded in the
BC network and effectively enhances the interaction
between BC and Alg. However, in Fig. 3h, there are
some voids in the BC/Ag/CAlg/CuS sample, which
proves that CuS will compete with crosslinked CAlg
for Cu®" in the synthesis process so that some copper
alginate will be lost after losing Cu**, thus forming
voids. We performed elemental analysis by EDS test
to confirm whether nano-silver particles would come
out and be lost during the preparation process. Fig-
ure 3i shows only two elements, C and O, in the BC
film, and Ag elements are uniformly distributed on

the surface of the BC/Ag sample, demonstrating the
successful synthesis of silver nanoparticles. Because
of the Cu?* in the coagulation bath, the element Cu
appeared on the EDS image after dipping CAlg.
Many elements, including Cu and S, were evenly dis-
tributed on the surface of BC/Ag/CAlg/CuS samples
after CuS deposition.

Mechanical properties and reinforcing mechanism of
BC/Ag/CAlg/CuS composite film

Figure 4a depicts a typical stress-strain curve of a
composite film. All films are broken brittlely, with
limited elongation at break and no apparent yield,
which should be attributed to the rigidity of BC mate-
rials and nano-Ag particles. BC film has a maximum
tensile strength of 18.4+ 1.8 MPa. With the addition
of nano-Ag particles, the tensile strength reached
20.0+0.9 MPa, and the mechanical strength of BC
was not reduced, which was attributed to the strong
interaction between polymer matrix and nano-Ag
particles and their excellent dispersibility (Table S1).
On the other hand, the tensile strength of the BC/
Ag/CAlg film decreased, which should be attributed
to the lower strength of CAlg, as the tensile strength
of CAlg is only 15.1+1.2 MPa. However, the BC/
Ag/CAlg/CuS sample has a minor fracture strength
of only 14+ 1.5 MPa compared to the other samples
because the Cu®* in the cross-linked CAlg competes
with the copper source in the synthetic CuS, and the
synthesis of CuS is accompanied by a reduction in
CAlg. The above phenomenon analysis demonstrates
that CAlg and BC form an interpenetrating structure
rather than a coated one. The BC/Ag/CAlg/CuS com-
posite film with a width of 4 mm and a thickness of
0.01 mm, as well as the BC/Ag sample, can easily lift
the weight of 50 g (Fig. 4b), demonstrating its appli-
cation potential in the bandage-type dressing field.

Joule heating and photothermal performance of BC/
Ag/CAlg/CuS film

Films made of BC/Ag/CAlg/CuS exhibit good elec-
trothermal stability. The maximum steady-state tem-
perature rises with increased applied voltage, as
shown in Fig. 5a. It has adjustable electrothermal per-
formance, when the voltage is supplied to 30 V, the
temperature of the sample increases quickly, reach-
ing its maximum value only in 20 s, and declines
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«Fig. 3 a—e SEM images for the surface of BC film (a, a,), BC/
Ag film (b, b;), BC/Ag/CAlg film (c, c,), and BC/Ag/CAlg/
CusS film (d, d,) CAlg film e-h SEM images for the cross-sec-
tion of BC film (e, e,), BC/Ag film (f, f;), BC/Ag/CAlg film
(g, g1), and BC/Ag/CAlg/CuS film (h, h,) i EDS spectra of BC
film, BC/Ag film, BC/Ag/CAlg film and BC/Ag/CAlg/CuS
film

quickly to room temperature in 40 s when the voltage
is switched off. In the linear I-V curve (as shown in
Fig. 5b), the BC/Ag film’s resistance is low because
BC’s unique network structure completely covers a
small amount of nano-Ag particles. However, after
being impregnated with Alg, the resistance of the BC/
Ag/CAlg film increases because the molecular chain
of Alg enters the BC network, causing nano-Ag par-
ticles to migrate from the interior to the surface and
thereby increasing the conduct. BC/Ag/CAlg/CuS
sample has excellent conductive properties, which
make its resistance stable and ensure the safety of
electrothermally controlled antibacterial dressing for
the human epidermis. Figure 5c characterizes the
BC/Ag/CAlg/CuS film electric heating test sample
and the related infrared thermal image captured by
an infrared thermal imager (IR), clearly showing the
heating process and temperature change. These find-
ings demonstrate that BC/Ag/CAlg/CuS films have a
fast thermal response, stability, and safety.

The development of controllable, innovative anti-
microbial dressings with thermal stimulus-response
is essential for the ease of use of functional dress-
ings. Herein, the existence of the CuS layer explains
the photothermal performance of BC/Ag/CAlg/CuS
composite film. On the one hand, the photothermal

properties can achieve the controlled release of anti-
bacterial silver ions. On the other hand, CuS is also
an antibacterial material that can achieve a synergistic
antibacterial effect. Figure 6a demonstrates the photo-
thermal properties of the composite film in the near-
infrared. Adding silver nanoparticles accelerates the
heating rate of BC and Ag samples. The temperature
quickly rose to 72 °C after applying the CuS layer to
the surface. Near-infrared light was used to further
demonstrate the excellent photothermal performance
of the BC/Ag/CAlg/CuS sample. After irradiation,
Fig. 6b shows that the temperature dropped to room
temperature in 30 s, and the photothermal effect of
the BC/Ag/CAlg/CuS film remained stable after
repeated cycles. The temperature change (maximum
in the central location) was measured using an infra-
red thermal imager (Fig. 6¢). Under 250 W infrared
lamp irradiation, the temperature of BC/Ag/CAlg/
CuS film increases linearly, and the temperature of
BC/Ag/CAlg/CuS film can quickly rise to 60 °C in
20 s, with a maximum temperature of 72 °C. The CuS
layer gives the composite film excellent photothermal
performance, including fast response, high sensitivity,
intelligent controllability, and safe operation. It has a
tremendous impact on the clinical application of pho-
tothermal therapy (Ren et al. 2022).

Antibacterial properties of BC/Ag/CAlg/CuS
composite film

Since the film dressing will be in direct contact with
the skin during application, its slow-release anti-
microbial properties are one of its most essential

B
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—— BC/AgICAIg/CuS
—— CAlg

Fig. 4 a Stress-strain (a)
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film, BC/Ag/CAlg film, . 25f
BC/Ag film, BC film and g
CAlg film b Digital image = 2l
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Fig. 5 a Temperature plots against time under different volt-
ages for BC/Ag/CAlg/CuS film b I-V curve of BC/Ag/CAlg/
CusS film, BC/Ag/CAlg film and BC/Ag film c Electric heating

characteristics. Figure 7 shows the mechanism of the
effect of thermal stimulation and time on the retarda-
tion effect of the samples and UV analysis. UV analy-
sis shows the retardation effect of the samples at the
same temperature (20 °C) and different soaking times
(12 h, 24 h, 36 h), as in Fig. 7b, and simultaneously
(12 h) and at different soaking temperatures (36 °C,
50 °C, 60 °C). The results showed that the higher the
photothermal temperature and the longer the impreg-
nation time, the higher the absorbance of the leachate.
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test sample and the associated infrared thermal images of BC/
Ag/CAlg/CusS film

AgNPs have good antibacterial activity, as shown
in Fig. 8a, with 99.9% activity against E. coli and S.
aureus. It works through three antibacterial mecha-
nisms: (1) When positively charged silver ions come
into contact with negatively charged microbial cells,
they adsorb to each other. (2) Silver ions pierce the
cell surface, destroy cell DNA, inhibit protein forma-
tion, and prevent cell metabolism and reproduction
until death, thus achieving bactericidal effects. (3)
When the cells become inactive, the silver ions leave
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Fig. 6 a Surface temperature-time curves of BC/Ag/CAlg/
CuS film, BC/Ag film and BC film under 250 W near-infrared
light b Surface temperature-time curve of BC/Ag/CAlg/CuS

and resist the bacteria, resulting in a long-lasting, non-
toxic antibacterial effect (Korshed et al. 2018; Li et al.
2013). BC films do not have any antibacterial proper-
ties. The antibacterial rate of BC/Ag films against E.
coli and S. aureus can be increased up to 74.5% and
79.8% by tracing AgNPs and the antibacterial proper-
ties of BC/Ag/CAlg samples due to Cu®* cross-link-
ing in Fig. 8b. NIR light did not affect the inhibition
rate of the above samples. However, Fig. 8c shows

film under repeated heating/cooling cycles ¢ Optical and IR
images of the surfaces of BC/Ag/CAlg/CuS film under 250 W
near-infrared light for different time

that the antibacterial activity of CuS was significantly
enhanced to 99.7% when exposed to 250 W of NIR
light, indicating a significant photothermal antibacte-
rial effect of CuS. CuS converts light energy into heat
energy by irradiating the photothermal agent with a
specific wavelength of light. The temperature increase
weakens bacterial tolerance and kills bacteria at high
temperatures. The BC/Ag/CAlg/CuS films showed
99.9% and 99.6% inhibition against S. aureus and E.
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Fig. 7 a Sustained release mechanism of BC/Ag/CAlg/CuS
film in isothermal b UV analysis after dressing soaking for
12 h, 24 h, and 36 h in isothermal ¢ Sustained release mecha-

coli due to the synergistic effect of the electric and
light-heat stimulation responses of Ag ions and CuS in
Fig. 8d. Furthermore, the outer electrothermal or pho-
tothermal effect of CuS will raise the temperature of
the film, which can promote the release of internal Ag
while inhibiting bacteria. The antibacterial rate also
can be further controlled by controlling the electro-
thermal or photothermal temperature, resulting in an
intelligent and controllable antibacterial of the film.

Conclusions

Based on the nano-network of BC and the interpen-
etrating structure formed between BC and CAlg,
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nism of BC/Ag/CAlg/CuS film in isochronism d UV analysis
after dressing soaking for 36 °C, 50 °C, 60 °C in isochronism

this work created a copper alginate-encapsulated
BC/Ag composite antibacterial film with thermally
responsive properties. This structural design gave the
composite antibacterial film good biocompatibility,
moisture absorption, and breathability. Adding a CuS
layer endowed the photothermal and electrothermal
response of the composite film while maintaining its
excellent antibacterial properties. The BC/Ag/CAlg/
CuS composite film inhibited S. aureus and E. coli
up to 99.9% and 99.6%, respectively. The controlled
release of antibacterial ions from the composite film
material is made possible by the dual photothermal
and electrothermal stimulation responses and the
synergistic antibacterial functions of CuS and Ag
ions. This work opens up new possibilities for using
and developing advanced dressings.
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Fig. 8 a Agar plate diffusion method was used to test the bac-
tericidal performance of AgNPs powder, CuS powder, BC/Ag/
CAlg/CuS film, BC/Ag/CAlg film, BC/Ag film and BC film
against E. coli and S. aureus in the natural environment b Bac-
terial inhibition rate of AgNPs powder, CuS powder, BC/Ag/
CAlg/CuS film, BC/Ag/CAlg film, BC/Ag film and BC film
against E. coli and S. aureus in natural environment ¢ Agar
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