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ABSTRACT

It is of great importance to treat a bacterial-infected wound by a smart dressing capable of delivering antibiotics
in a smart manner without causing drug resistance. The construction of smart release nanocontainers responsive
to near-infrared (NIR) laser irradiation in an on-demand and stepwise way is a promising strategy for avoiding
the emergence of multidrug-resistant bacteria. Here, we develop a hydrogel composite made of alginate and
nanotubes with an efficient NIR-triggered release of rifampicin and outstanding antibacterial ability. This
composite hydrogel is prepared through co-encapsulating antibacterial drug (rifampicin), NIR-absorbing dye
(indocyanine green), and phase-change materials (a eutectic mixture of fatty acids) into halloysite nanotubes,
followed by incorporation into alginate hydrogels, allowing the in-situ gelation at room temperature and
maintaining the integrity of drug-loaded nanotubes. Among them, the eutectic mixture with a melting point of
39 °C serves as the biocompatible phase-change material to facilitate the NIR-triggered drug release. The
resultant phase-change material gated-nanotubes exhibit a prominent photothermal efficiency with multistep
drug release under laser irradiation. In an in vitro assay, composite hydrogel provides good antibacterial potency
against Staphylococcus aureus, one of the most prevalent microorganisms of dangerous gas gangrene. A bacterial-
infected rat full-thickness wound model demonstrates that the NIR-responsive composite hydrogel inhibits the
bacteria colonization and suppresses the inflammatory response caused by bacteria, promoting angiogenesis and
collagen deposition to accelerate wound regeneration. The NIR-responsive composite hydrogel has a great po-
tential as an antibacterial wound dressing functionalized with controlled multistep treatment of the infected
sites.

1. Introduction

which concertation at the site is decreased with time after application
that may allow for new bacterial proliferation. One of the most prom-

Bacterial infection during wound healing and skin regeneration is a
serious threat to public health [1,2]. Although antibiotics are the main
weapon of the war against bacteria, the clinical abuse of antibiotics has
accelerated the appearance of multidrug-resistant bacteria and the for-
mation of biofilms [3-5]. Therefore, it is urgent to explore smart and
effective antibacterial strategies for making revised use of antibiotics, at
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ising options is a smart wound dressing capable of delivering the
payload to the site in a controllable and sustained manner [6-8].
Near-infrared (NIR) laser irradiation, with advantages of deep tissue
penetration, non-invasiveness, and spatiotemporal controllability, has
been applied for treating bacterial infection. Matrix materials, such as
hydrogel and electrospun nanofiber scaffolds, have been incorporated
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with photothermal agents to serve as NIR-responsive antibacterial
wound dressings [9]. The photothermal agents convert light to thermal
energy, causing a local hyperthermia to denaturalize bacterial proteins
and killing bacteria. Various types of photothermal agents have been
incorporated to wound dressings, such as antimonene nanosheets [10],
gold nanorods [11], graphene [12], cuttlefish melanin nanoparticles
[13], and catechol-Fe> [14]. However, in most cases of applying NIR for
the treatment of bacterial infection, it is often necessary to maintain at a
high temperature for a certain period of time for the complete dena-
turation of bacterial proteins [15,16], which may also cause damage to
the surrounding tissues.

NIR irradiation can also be applied as an external stimulation to
trigger controlled drug release, promoting the healing of bacterial
infected wound [15,17]. Various types of nanoparticles [18], nanofibers
[19], microspheres [20], and nanotubes [21] have been developed as
the drug carriers for triggered release. For example, a NIR-triggered
system based on hollow microspheres allowed for the controlled
release of antibiotics via a “molecular switch” [22]. In another study,
drugs were adsorbed on the surface of polydopamine nanoparticles via
n—x stacking and hydrogen bonding, and the drug was released upon
laser irradiation [23]. Due to the complicated requirements on the
support structures and functional groups of the drugs, currently avail-
able formulations for NIR-triggered drug delivery system are still very
limited.

Natural halloysite clay nanotubes (HNTs) have been employed as the
reservoir for encapsulating antibiotics because of their hollow structure,
low price, and good biocompatibility [24,25]. On-demand sustained
drug release is expected when the nanotubes are co-loaded with
heat-sensitive gatekeepers, like NIR-responsive materials that periodi-
cally open with laser pulsing transportation from halloysite lumens.
Phase-change materials (PCMs) are promising and popular gatekeepers
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because they can undergo a reversible solid-liquid transition under
heating [3,18,26-29]. Fatty acids are preferable candidates owing to
their low cost, biocompatibility, and biodegradability [30]. A eutectic
mixture of lauric acid and stearic acid at a weight ratio of 4:1 exhibits a
sharp melting point at 39 °C, which may serve as the gating material for
heat-triggered drug delivery [18].

Hydrogels have been widely used in wound healing and tissue
regeneration due to their similarity with the extracellular matrix micro-
environment [16,31]. Alginate, a Food and Drug Administration
approved polysaccharide [32], plays an important role in wound healing
[33,34] and tissue engineering [35-37]. Alginate macromolecules can
be gelled using calcium ions as the cross-linking agent [35,38,39], and
the resultant material has high water content, elasticity, permeability,
and capability to contain a moist environment [40]. Alginate-based
hydrogels can be prepared at mild conditions [41], which is suitable
as carriers for the bioactive molecules, living cells, nanoscale
containers-loaded with bioactive compounds and PCMs. When being
directly loaded in the alginate hydrogel, the drugs can be easily released
by diffusion, leading to an un-controllable and excessive release, which
may cause the occurrence of bacterial drug resistance. Therefore, the
construction of controlled drug release system to deliver antibiotics in
an on-demand and multistep way to prevent drug resistance is of high
need.

We developed an NIR-responsive hydrogel drug delivery platform by
integrating PCM-gated clay nanotubes to control the release of antibi-
otics for promoting bacterial-infected skin wound healing (Fig. 1). We
firstly constructed an NIR-responsive rifampicin release platform by its
co-encapsulating with indocyanine green (ICG) and fatty acids into the
nanotubes. When irradiated by the NIR laser, photothermal agent ICG
could convert light into local heating, leading to the temperature rise
above the melting point of the fatty acids, enabling the release of
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Fig. 1. Scheme of the NIR-triggered release of drug molecules from PCM-gated nanotubes that were integrated in alginate hydrogel to promote infected wound
healing under photothermal irradiation. PCM was based on the mixture of fatty acids, while rifampicin and indocyanine green served as the antibiotic and NIR-

absorbing dye.
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rifampicin from the nanotubes. At the same time, the temperature was
controlled below 42 °C, preventing any heat damage to the surrounding
tissues and realizing the mild heat triggered bacterial killing. The ob-
tained drug loaded HNTs was then integrated in alginate at 25 wt.% and
cross-linked by divalent cations (Ca2*"), allowing the in-situ gelation at
room temperature. We evaluated the stepwise drug delivery profile
upon sequential laser pulses. The in vivo anti-bacterial performance and
promotion on the infected wound healing of the composite hydrogel
were evaluated using a bacterial-infected rat full-thickness wound
model.

2. Materials and methods
2.1. Materials

HNTs were donated by Applied Minerals Inc. (USA). y-Aminopropyl
triethoxysilane (APTES) was purchased from Alfa Aesar (USA). Rifam-
picin (98%) was purchased from TCI (Japan). Indocyanine green (ICG,
95%) was purchased from Energy Chemical (China). Dimethyl sulfoxide
(DMSO) was purchased from Aladdin (China). Lauric acid (97%) and
stearic acid (95%) were purchased from Sigma-Aldrich (USA). Sodium
alginate (low viscosity) was purchased from J&K (China). CaCl, (AR,
96.0%) was purchased from Aladdin (China). Cell counting kit-8 (CCK-
8) was purchased from WISSEN. Dulbecco’s modified eagle medium
(DMEM) was purchased from Gibco (USA). 4',6-Diamidino-2-phenyl-
indole (DAPI) was purchased from Solarbio (China). Alexa Fluor 568-
phalloidin and LIVE/DEAD BacLight bacterial viability kit were pur-
chased from Invitrogen (USA). Staphylococcus aureus (S. aureus) was
purchased from ATCC (China). Anti-IL-6 antibody (bs-0782R) was pur-
chased from Bioss (China). Anti-CD31 antibody (ab182981), anti-TNF-«
antibody (ab212899), and anti-collagen III antibody (ab6310) were
purchased from Abcam (U.K). Anti-collagen I antibody (PA1-26204) was
purchased from Invitrogen. All the secondary antibodies were purchased
from Servicobio (China).

2.2. Modification of halloysite nanotubes

APTES was firstly employed to modify the surface of HNTs for better
dispersion in DMSO according to the previous report [25]. Briefly, 500
pL of APTES was dissolved in 6.25 mL of toluene, and the suspension was
sonicated for 30 min after 0.15 g of HNTs was added, followed by
refluxing at 120 °C for 8 h under continuous stirring. The resultant
mixture was then centrifuged at 5000 rpm for 5 min, and the sediment
was dried overnight at 120 °C after washing with fresh toluene 6 times to
remove the unreacted APTES. The obtained nanotubes were labeled as
HNT-KH550. Thermogravimetric analysis (TGA, Mettler-Toledo Inter-
national Inc., Switzerland) was utilized to determine the degree of
APTES grafting according to the previous report [25].

2.3. Loading of rifampicin into the modified nanotubes

The nanotubes loaded with PCM and ICG, without drug, were pre-
pared by vacuum, and the obtained sample was labeled as HPL. To
explore the appropriate ratio of ICG and PCM, nanotubes loaded with
ICG and PCM at different ratios of 0.1, 0.05, 0.01, 0.005, and 0.001 were
prepared, and the obtained nanotubes were labeled as HPI-0.1, HPI-
0.05, HPI-0.01, HPI-0.005, and HPI-0.001, respectively. Rifampicin was
further mixed with the PCM and ICG and then loaded in the hollow
cavities of the nanotubes. In a typical process, 240 mg of HNT-KH550,
1200 mg of lauric acid, 300 mg of stearic acid, 600 mg of rifampicin,
and 7.5 mg of ICG were dissolved in 6 mL of DMSO under stirring. After
sonicated and dispersed for 30 min at 25-30 °C, the suspension was
transferred to a vacuum jar and evacuated for 15 min, followed by
connection to the atmospheric pressure for another 5 min. The loading
process was repeated 3 times to enhance the loading efficiency. The
drug-loaded nanotubes were obtained through centrifuging at 5000 rpm
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for 5 min and washing with DMSO for twice to remove the excess cargos.
Then, 6 mL of deionized (DI) water was added to the above precipitate,
leading to the fatty acids solidification and the rifampicin and ICG
retaining inside the nanotubes. The obtained precipitate was then
washed several times with DI water and centrifuged at 4000 rpm for 3
min at 10 °C, a temperature below the melting point of PCM, which
could prevent PCM from melting. The obtained drug-loaded nanotubes
were labeled as HPR.

2.4. Photothermally triggered release of antibacterial drug from the
nanotubes

Firstly, 1 mL of HPI-0.1, HPI-0.05, HPI-0.01, HPI-0.005, and HPI-
0.001 suspensions (4 mg/mL) were added into the wells of a 24-well
plate, respectively. Subsequently, the suspension was irradiated by an
808 nm NIR laser (Changchun Optoelectronics, LR-MFJ-808/5000 mW)
at 3.0 W/cm? for 6 min. The temperature changes and the corresponding
thermal images were recorded by an infrared camera (FLIR E75). The
temperature change of DI water was also recorded as a control.

The loading content of the drug in the nanotubes was measured.
Briefly, 20 mg of HPR was dispersed in 5 mL of ethanol and sonicated for
30 min, and then the solution was centrifuged at 4000 rpm for 5 min.
Afterwards, 5 mL supernatant was retrieved, and the precipitates were
re-suspended with 5 mL of fresh ethanol. The amount of rifampicin
released in the supernatant was analyzed by a microplate reader at 480
nm. This process was repeated for several times until no rifampicin could
be tested in the supernatant.

The cumulative release profiles of rifampicin from the HPR suspen-
sion (100 mg/mL) upon laser irradiation were measured. Briefly, 20 mg
of HPR was dispersed in 200 pL of DI water, and then the mixture was
irradiated by a NIR laser at 3.0 W/cm? for 6 min. At indicated time
points, the solution was centrifuged at 4000 rpm for 3 min at 10 °C.
Then, the supernatant was retrieved, and the precipitates were re-
suspended with 200 pL of DI water. The amount of rifampicin released
in the supernatant was analyzed by a microplate reader (Epoch) at 480
nm. The mixture was left in the absence of light at room temperature for
another 6 min, and the rifampicin in the solution was tested by the same
way. This irradiation procedure was repeated for several rounds, and the
photothermal stability and cycling performance of the HPR was tested
by recording the temperature values and the corresponding thermal
images by FLIR E75. The cumulative release profile of rifampicin from
the HPR suspension without NIR laser irradiation was investigated as a
control. The HPR suspensions (100 mg/mL) irradiated by the NIR laser
for 12 and 15 rounds were labeled as HPR;5 and HPRys, respectively.
Furthermore, the internal structure of HNT-KH550, HPR, HPR;,, and
HPR;5 were analyzed with transmission electron microscopy (TEM,
JEM-2100F) at 120 kV.

We also encapsulated rhodamine B, a fluorescence dye, in the
nanotubes along with PCM to better visualize the release of the encap-
sulated payloads. For visualizing the release process, 4 mg rhodamine B-
loaded nanotubes was suspended in 200 pL DI water and then added into
the well of a 24-well plate, and then hot water (>60 °C) was added to the
suspension and remained stable. The area covered by rhodamine B in the
suspension was observed under a fluorescent inverted microscope (Axio
Observer 3) with the change in time after the addition of hot water.

2.5. Preparation of composite hydrogels

Firstly, a homogeneous alginate sodium solution was prepared by
dissolving 2 g of alginate sodium in 100 mL of sterile DI water by stir-
ring, and 0.5 g of CaCl, was dissolved in 100 mL of sterile DI water under
stirring to prepare a homogeneous CaCly solution. To determine the
optimal amount of HPR in the alginate matrix, different amounts of HPR
(ca., 0, 5, 10, 20, 25, 30 wt.%) were added. Briefly, 0, 8, 16, 32, 40, and
48 mg of HPR were dispersed in 8 mlL alginate sodium solution,
respectively, and then cross-linked by 8 mL of CaCly solution to obtain
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the composite hydrogels. Then, the hydrogels were cut into cylinders
(diameter: 15 mm, thickness: 1 mm) and washed with DI water for
several times to remove the excess alginate sodium and CaCl,. The ob-
tained hydrogels were labeled as ALG-HPR-0, ALG-HPR-5, ALG-HPR-10,
ALG-HPR-20, ALG-HPR-25, and ALG-HPR-30, respectively. As control
groups, pristine alginate hydrogel (ALG) and alginate hydrogel con-
taining HP (ALG-HP) were also fabricated using the same protocol.

2.6. Photothermal behaviors of the composite hydrogels

The photothermal behaviors of the composite hydrogels were
investigated. Briefly, the sample was immersed in 0.4 mL DI water and
irradiated by the laser for 6 min at a power density of 3.0 W/cm?, during
which the volume of the DI water was mimicking the semi-dry and semi-
wet wound environment. The temperature values and the corresponding
thermal images were recorded. In order to elucidate the photothermal
behavior of ALG-HPR hydrogel containing 25 wt.% HRP, they were
placed in the well of a 24-well plate containing 0.4 mL DI water and then
exposed to NIR laser. The laser was removed when the temperature of
the hydrogel was increased from 37 to 42 °C, and the power density of
NIR laser was set to 1.5 W/cm? for the first 10 cycles and 2.0 W/cm? for
the last 13 cycles, respectively. Meanwhile, the temperature changes
and the corresponding thermal images were recorded.

2.7. Drug release profile of photothermal-responsive hydrogels

The drug release profile of the ALG-HPR hydrogel was then investi-
gated according to the versatility and convenience of laser irradiation
for animal experiment. Briefly, three parallel samples of ALG-HPR
hydrogels were placed in the wells of a 24-well plate with 400 pL of
DI water. Then, the ALG-HPR hydrogels were irradiated by a NIR laser
for 7 min. The temperature of the hydrogel was monitored and main-
tained between 39 and 42 °C by tuning the power density of the laser
accordingly in a range of 1.5-3.0 W/cm?. Then, the irradiated hydrogels
were stocked at 37 °C for 24 h to allow the rifampicin to diffuse from the
nanotubes and the hydrogels into the surrounding environment. At
indicated time points, the irradiated supernatant was removed and
analyzed by a microplate reader at 480 nm. In addition, the supernatant
was retrieved and replaced with 400 pL of DI water. The mixture of ALG-
HPR hydrogels were repeatedly irradiated by NIR laser until the tem-
perature of hydrogel could not up to 39 °C.

The irradiation parameter of NIR laser for triggering the release of
the drug to effectively inhibit S. aureus growth was determined. Briefly,
the ALG-HPR hydrogel was placed in the well of a 24-well plate with
400 pL of DI water. The mixture was irradiated by NIR laser at 3.0 W/
cm? for 30 s and repeated 3 times, and then the 24-well plate was
removed to a 37 °C constant temperature incubator for 30 min. At
indicated time points, the irradiated supernatant was removed and
analyzed at 480 nm using a microplate reader, and the 400 pL of su-
pernatant was retrieved and replaced with 400 pL of DI water. This
process was repeated three rounds.

2.8. Invitro cytotoxicity assay

L1929 cells were selected as mode normal cells. Firstly, the ALG-HPR
composite hydrogels (diameter: 15 mm, thickness: 1 mm) were sterilized
under UV and placed in the wells of a 24-well plate. Then, 100 pL of
1929 cell suspension (2 x 10* cells/mL) and 300 pL of cell culture
medium were plated onto the hydrogels and incubated for 1 day. Af-
terwards, the hydrogels were irradiated under the NIR laser at 3.0 W/
cm? for 30 s, repeated 3 times, and then removed to an incubator at
37 °C for another 1 day. Then, 100 pL of CCK-8 solution was added and
incubated for another 4 h, and then the optical density (O.D.) values of
L1929 cells were measured by a microplate reader at 450 nm. The cells
were then stained by DAPI and Alexa Fluor 568-phalloidin and observed
under a fluorescent inverted microscope. This irradiation procedure was
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then repeated at day 3, 5, and 7, respectively. The O.D. values of the
L1929 cells were then examined 1 day after laser irradiation. The com-
posite hydrogel that was not irradiated with NIR laser served as the
control group.

2.9. Invitro antibacterial activity assay

We compared the sizes of the inhibition zones of different groups.
Briefly, 100 pL of 10® CFU/mL S. aureus suspensions were spread uni-
formly onto the Luria-Bertani (LB) solid medium. Subsequently, the
ALG, ALG-HP, and ALG-HPR hydrogel samples were attached to the
center of LB solid mediums by sterile tweezers. The LB solid medium
with S. aureus was set as the Blank control. As for the ALG-HP (+) NIR
group and ALG-HPR (+) NIR group, the hydrogels were irradiated by the
NIR laser at 3.0 W/cm? for 30 s and repeated 3 times. Then, after in-
cubation at 37 °C for 24 h, the bacterial growth was directly observed on
agar plates of all groups.

The antibacterial performance of ALG-HPR hydrogels was also
examined through spread plate count method. Firstly, 400 pL of S. aureus
suspension (5 x 107 CFU/mL) was co-incubated with ALG-HPR hydrogel
samples. Then, hydrogels were treated in the absence and presence of
NIR laser irradiation at 3.0 W/cm? for 30 s and repeated 3 times, which
were labeled as ALG-HPR (—) NIR and ALG-HPR (+) NIR, respectively.
Meanwhile, the S. aureus in the absence and presence of NIR laser
irradiation were labeled as Blank (—) NIR and Blank (+) NIR, respec-
tively. After incubating 24 h at 37 °C, 10 pL of the bacterial suspension
was diluted 100 times with LB, followed by evenly spreading on LB agar
plates. The plates were photographed at determined time and the
developed colonies were quantified using ImageJ software to calculate
the surviving ratio. To visualize the antibacterial performance of the
hydrogels, the bacterial suspension was further stained with SYTO9/
propidium iodide dyes for groups both treated in the absence and
presence of NIR laser irradiation. Subsequently, all samples were
observed via a confocal laser scanning microscope (CLSM, SP8, Leica,
Germany) at 63 x oil. During the incubation, at 36 and 48 h, the irra-
diation procedure was repeated, respectively. The area of green fluo-
rescence for live S. aureus was measured using Image Pro Plus 6.0
software.

2.10. In vivo wound healing experiment

Sprague-Dawley rats (6-weeks-old, 180-250 g) were purchased from
Beijing HFK BioScience Co., Ltd and were housed individually in cages
at standard temperature for 2 days. Briefly, the dorsal skin of the rat was
dehaired using an electric shaver. After anesthesia with 3% pentobar-
bital (45 mg/kg), a diameter of 15 mm full-thickness excision was
established on the back of each rat, then a splint model was created as
previously reported [42,43]. A silicon ring (adhesive side down) was
placed around the wound and secured with 4-0 non-absorbable prolene
sutures. The rats were randomly divided into six groups (n = 18): Blank,
S. aureus, ALG, ALG-HP (+) NIR, ALG-HPR, and ALG-HPR (+) NIR. The
Blank group was free of S. aureus infection, while in the other five
groups, 200 pL of S. aureus suspension (108 CFU/mL) was added on the
wounds, establishing the infected wound. The skin defects were covered
by ALG, ALG-HP, ALG-HPR, and ALG-HPR hydrogels in groups of ALG,
ALG-HP (+) NIR, ALG-HPR, and ALG-HPR (+) NIR, while one piece of
hydrogel was used for each rat. The rats in the ALG-HP (+) NIR group
and ALG-HPR (+) NIR group were treated with laser irradiation of 7 min
duration on day 0, 1, 3, 5, and 7 to maintain the wound temperature at
39-42 °C. The corresponding thermal images of ALG-HP and ALG-HPR
hydrogels on skin wounds under laser irradiation at 1.5-2.0 W/cm?
were recorded and plotted using an FLIR E75. The effective temperature
rising curves and corresponding thermal images of ALG-HP and
ALG-HPR hydrogels was maintained at 39-42 °C for 7 min. All wounds
were photographed on day 0, 3, 7, 14, and 21, and the wound area was
measured using ImageJ software.
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During the entire experiment, the rats were treated in accordance
with the guidelines for Care and Use of Laboratory Animals of Beijing
HFK BioScience Co., Ltd Animal Ethics Committee (IACUC-20201225).
On the 3, 7, 14, and 21st day after surgery, through injected an excess
amount of 3% pentobarbital, the rats were euthanized. The entire
wound with adjacent normal skin were harvested, excised, and fixed in
4% paraformaldehyde for the histological analysis. Inmunohistochem-
istry staining of interleukin-6 (IL-6), tumor necrosis factor-a (TNF-a),
platelet endothelial cell adhesion molecule-1 (CD31), collagen I and III
was performed and measured using Image Pro Plus 6.0 software,
respectively. The amount of the bacteria in the wound on day 7 were
quantified through separating and homogenizing the infectious tissues
in normal saline to obtain the supernatant, which was further diluted
1000 times and plated on LB agar to count and analyze the grown
colonies.
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2.11. Statistical analysis

All results were reported as mean + standard deviation. The data
were analyzed by one-way ANOVA followed by Tukey’s test (GraphPad
Prism software) where p < 0.05 meant a significant difference. (*p <
0.05; **p < 0.01, ***p < 0.001, ns: no significance difference.)

3. Results and discussion

3.1. Preparation and photothermal behavior of the PCM-gated natural
nanotubes

A eutectic mixture of lauric acid and stearic acid was used as
“gatekeepers” of the clay nanotubes for NIR-triggered drug release.
Before drug loading, we firstly modified the surface of HNTs by

HPI-0.001

HPI-0.005

DMEM 500 pg/mL 1 mg/mL
b
2 mg/mL 5 mg/mL 10 mg/mL

Fig. 2. (a) The temperature raises of nanotubes loaded with ICG and PCM at different ratios upon NIR laser irradiation at 3.0 W/cm? for 6 min, and (b) the cor-
responding infrared thermal images at the end of the irradiation. (c) The photothermal behaviors of HPR suspensions indicated by the temperature changes during 15
cycles of the laser irradiation. (d) The TEM images of HNT-KH550, HPR, HPR;,, and HPR;5 nanotubes. (e) The temperature raises of HPR suspensions at different
concentrations upon 6 min of 3.0 W/cm? laser impact, and (f) the corresponding infrared thermal images at the end of the irradiation.



J.-J. Ye et al.

silanization with APTES to improve their dispersion in DMSO (Fig. S1).
To make sure the controllability of the system during laser irradiation,
we optimized the amount of ICG in the load. As shown in Fig. 2a and b,
with the increase of the ICG content, the temperatures of the suspensions
of nanotubes were increased, indicating the concentration-related pho-
tothermal behaviors. The terminal temperatures of HPI-0.1, HPI-0.05,
and HPI-0.01 could reach to above 50 °C within 2 min. For HPI-0.005,
upon laser irradiation, the temperature could be raised above 40 °C
within 1 min, which was enough for melting PCM, allowing for the
subsequent antibacterial drug release from the nanotubes (the terminal
temperature was about 50 °C). Therefore, we set the ratio of ICG and
PCM as 0.005 to prepare the nanotubes loaded with rifampicin, the
antibacterial drug. The mixture of fatty acids, antibiotics, and NIR-
absorbing dye were co-loaded into HNTs, and the obtained hybrid hal-
loysite was labeled as HPR. The loading content of rifampicin in the
nanotubes was 3.7 pg/mg, and thus the loading efficiency, the mass of
drug as a percentage of the total mass of the delivery system, was almost
0.37%. The loading amount of drug in the nanotubes can be regulated by
improving the rounds of cyclic air pumping [24] and by increasing the
lumen volume in the nanotubes through acid etching [44].

The photothermal stability and cyclic performance of the nanotubes
were studied by monitoring the temperature changes of the nanotube
suspension upon a NIR laser irradiation for multiple cycles of “on” and
“off”. As shown in Fig. 2c, the temperature of the HPR suspension could
be elevated up to 50 °C within 6 min. During 12 “on-off” rounds, the
temperature changes of the nanotubes showed similar profiles, while the
terminal temperatures after about 8 cycles were decreased, which could
be attributed to the release of ICG from the nanotubes and the photo-
thermal attenuation of ICG. The temperature still could be increased
above the melting point of the PCM. Therefore, the loaded nanotubes
HPR showed an efficient photothermal conversion capability along with
a good photostability under the laser irradiation up to 15 cycles.

To further demonstrate the encapsulation of the payloads in the
nanotubes and their release out from the nanotubes, we observed the
morphological change of the nanotubes by TEM. Fig. 2d shows TEM
images of the HNT-KH550 nanotubes before and after payload loading,
indicating that the hollow cavities of the nanotubes were filled. The
diameter of the HPR nanotubes were bigger than that of the other three
samples, which was mainly because the outside of the HPR nanotubes
could also be coated by the payload. As shown in Fig. 2d, when the HPR
suspension was irradiated by the laser for 12 rounds (HPR;jy), less
payload was retained inside the nanotubes, and almost all drugs were
released from the nanotubes after 15 rounds (HPR;s). By replacing the
drug with rhodamine B, the release process was visualized by fluores-
cence microscopy method (Fig. S2). These results indicate that the
mixed compounds could be loaded into modified HNT nanotubes and
then trigger-released due to the melt of PCM upon photothermal
heating.

The concentration of HPR suspension could also affect its elevated
temperature under the NIR laser irradiation. The photothermal profiles
of the loaded nanotubes HPR suspensions at different concentrations are
shown in Fig. 2, e-f. The terminal temperatures of the HPR suspensions
at a concentration of 10, 5, 2, and 1 mg/mL were 74.6, 71.4, 51.2, and
42.8 °C, respectively, after 6 min laser irradiation at a power density of
3 W/cm?. There are sudden changes both in the photothermal curves of
HPI-0.1 in Figs. 2a and 10 mg/mL in Fig. 2e at about 5.5 min, which
could be attributed to the experimental operation. The highest point of
the temperature of the suspensions were monitored by the infrared
camera, and the focused position was adjusted during the experiment.

3.2. Photothermal triggered release of antibacterial drug from halloysite
nanotubes

The cumulative release profiles of rifampicin from the loaded
nanotubes HPR suspension (100 mg/mL) in the presence and absence of
the laser irradiation were investigated. The temperature of the
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suspension was increased after the laser was turned on and quickly
reached to the melting point of PCM. As shown in Fig. 3a, rifampicin was
released from the nanotubes because of the melting of the gating ma-
terials, giving a route out for the drug. In contrast, the release of
rifampicin was slow and subtle in the absence of the laser irradiation
because solid fatty acids blocked the nanotubes, inhibiting the drug
diffusion. By applying the NIR irradiation for several rounds, a pulsed
drug release behavior was observed, with its burst release after irradi-
ation followed by minimal release when the laser was switched off,
suggesting that the on-demand drug release could be controlled by
irradiation. The triggered drug release was retained for 12 rounds
(Fig. 3b). The released mass and percentage of rifampicin in the first 6
rounds can be observed from Fig. 3, c-d. The cumulatively released
percentage of the drug from the loaded nanotubes HPR was about 32%
and 47% after 6 and 12 rounds of laser irradiation, respectively. After 15
rounds of NIR irradiation, the temperature of the HPR suspension could
not be raised up to 39 °C, and the 53% rifampicin remaining in the
nanotubes could be released further by diffusion to achieve a long-
lasting antibacterial ability. In addition, the release profile could also
be adjusted by regulating the irradiation parameters. Therefore, one can
control and adjust the drug release rate from HNT nanotubes by NIR
irradiation. This nanocomposite system can be used for various loads of
drug and other biomacromolecules, like proteins and RNA, due to
relatively large diameter (ca. 15 nm) of these clay nanotubes.

3.3. Characterization of photothermal-responsive composite hydrogels

The digital photos of the pristine alginate hydrogels (ALG), alginate
hydrogels containing HP nanotubes (ALG-HP), and alginate hydrogels
containing HPR nanotubes (ALG-HPR) are shown in Fig. S3. The pho-
tothermal performances of the ALG-HPR composite hydrogels with
different concentrations of HPR nanotubes were explored (Fig. 4, a-b).
The ALG exhibited a negligible temperature change under the laser
irradiation. With the increase of HPR content, the temperature of the
ALG-HPR composite hydrogel was increased and reached to 41.9, 47.1,
and 48.6 °C for hydrogels containing 20, 25, and 30 wt.% of HPR,
respectively. The hydrogel containing 20 wt.% HRP had a terminal
temperature of 41.9 °C, which was slightly higher than 39 °C for the co-
loaded PCM and allowed only for a moderate release of drug after laser
irradiation. When the content of HRP was 30 wt.%, the hydrogel could
reach a terminal temperature of 45 °C within 1 min, and such a quick
heating rate could result to the poor controllability of the temperature.
The hydrogel containing 25 wt.% HRP showed a terminal temperature
of 47.1 °C, which was high enough to completely melt PCM, enabling the
induced release of the payload from the nanotubes. More importantly,
the temperature reached to the equilibrium of 45 °C in 90 s, which was
good for preventing skin from scalding. Therefore, we optimized the
loading content of nanotubes in alginate hydrogel as 25 wt.% for the
following NIR-responsive drug release and wound regeneration. Actu-
ally, the temperature raise is related to not only the loading content of
the loaded nanotubes in hydrogels but also the power density and the
NIR irradiation durations. The content of ICG co-loaded inside the
nanotubes was adjusted to suit for the system, and the amount of drug
loaded in the composite hydrogel was also related to the HNT content.

The stability of the photothermal performance of ALG-HPR com-
posite hydrogel was further examined. At 39-42 °C while melting of
PCM, it is necessary to prevent the skin from scalding; therefore, the
laser power was lower to 1.5 W/cm? for the first 10 cycles and 2.0 W/
cm? for the last 13 cycles. As shown in Fig. 4c, during the 23 “on-off”
rounds, the hydrogel temperature changes showed similar profiles,
while the terminal temperatures after about 18 cycles were decreased,
indicating consumption/leakage of ICG, while the melting of inner PCM
clogs still occurred. The ALG-HPR composite hydrogel showed an effi-
cient photothermal conversion along with a good photostability under
the laser irradiation; however, after 23 cycles the PCM melting was not
possible.
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Fig. 3. (a) The cumulative release profiles of rifampicin from the suspension of HPR dispersed in DI water at 100 mg/mL upon NIR laser irradiation for multiple
cycles of “on” and “off”. (b) Released mass of rifampicin during 12 irradiation rounds. Cumulatively drug released (c) mass and (d) percentage during 6 “on-off”
rounds. The red and blue triangles indicate the starting and ending points of irradiation.

The profile of drug released from the ALG-HPR hydrogel was then
investigated. Initially, the loading mass of rifampicin in each sample of
ALG-HPR hydrogel with a diameter of 15 mm was 5.1 + 1.5 pg. From
Fig. 4d, the drug was trigger-released during laser irradiation, with only
minor release at NIR light interruptions. From Fig. S4a, the triggered
release could be retained for 5 rounds, and the cumulatively released
percentage of rifampicin was about 90%. As shown in Figure S4b, 5.1
pg/mL of rifampicin could be detected after the 1st round of laser irra-
diation, which was high enough to inhibit the S. aureus proliferation [3].
After 2, 3, 4, and 5 rounds of laser irradiation, the concentrations of
cumulatively released drug were 9.1, 15.1, 19.2, and 22.9 pg/mL,
respectively. Therefore, upon the laser irradiation, a controlled amount
of rifampicin could be released from the hydrogel, which was difficult to
be realized by some other drug loading systems based on diffusion or
matrix degradation.

3.4. Invitro cytotoxicity of the ALG-HRP hydrogel

The biocompatibility of the ALG-HPR hydrogel was investigated by
L1929 cells. As shown in Fig. 4e, the numbers of L929 cells on the ALG-
HPR hydrogel were continuously increased during 8 days of incubation,
indicating that the ALG-HPR hydrogel was nontoxic and could support
cell proliferation. The cells reached to 70-80% confluence after 4 days
and 90% after 8 days incubation, with healthy morphologies (Fig. 4f).
Upon the laser irradiation, the loaded components were released from
the hydrogel, without affecting L929 cells growth. Moreover, even when
the temperature of ALG-HPR hydrogels was up to 42 °C, the growth of
1929 cells was not adversely affected. We concluded that the ALG-HPR
hydrogels could support the proliferation of 1L929 cells both in the
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absence and presence of irradiation.
3.5. Antibacterial activity of composite hydrogels in vitro

To evaluate the antibacterial capability of the composite hydrogel,
the laser irradiation conditions were adjusted to avoid the over exposure
of bacteria in the air. In this case, the cumulatively released mass and
concentration of rifampicin from the ALG-HPR hydrogel under a NIR
laser irradiation for multiple cycles of “on” and “off” were detected. As
shown in Fig. S5, only a minor concentration of rifampicin was released
in the absence of NIR irradiation. After the 1st round of laser irradiation,
1.8 pg/mL of drug was released, which was enough to inhibit the
S. aureus growth [3]. The concentrations of released rifampicin were
increased to 4.9 and 7.4 pg/mL after 2 and 3 rounds of irradiation to
enhance the efficacy of bacterial elimination. Fig. S6 shows the photo-
graphs of S. aureus inhibition zone around the hydrogels after incubation
for 24 h at 37 °C. No inhibition zone was observed around ALG and
ALG-HP hydrogels, indicating that the whole plate was covered by
bacteria. In contrast, distinct inhibition zone was observed around
ALG-HPR hydrogels both in the absence and presence of the laser irra-
diation. The diameter of the inhibition zone was larger in the presence of
NIR irradiation.

ALG-HPR hydrogels were also co-cultured with the suspension of
S. aureus (5 x 107 CFU/mL) to evaluate the effect of the laser driven on-
demand release of rifampicin on the bacterial growth. The hydrogels in
the absence of laser irradiation served as the control group. The bacterial
suspensions were also incubated in the absence or presence of irradia-
tion served as control groups. As shown in Fig. 5a and Fig. S7, the
number of bacterial colonies formed in the Blank (+) NIR and Blank (—)
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Fig. 4. (a) Temperature raises of composite hydrogels containing different concentrations of loaded nanotubes HPR upon laser irradiation at 3.0 W/cm? for 4 min,
and (b) the corresponding infrared thermal images. (c) The photothermal behavior of ALG-HPR hydrogel containing 25 wt.% HRP. (d) The cumulative drug release
profiles from the ALG-HPR hydrogel containing 25 wt.% HRP in the presence and absence of laser irradiation, respectively. (e) The O.D. values of 1L929 cells after
incubation for 2, 4, 6, and 8 days on the ALG-HPR hydrogel containing 25 wt.% HRP in the presence and absence of laser irradiation, respectively. (f) Fluorescence
micrographs of L929 cells cultured on the ALG-HPR hydrogel containing 25 wt.% HRP in the presence and absence of laser irradiation, respectively.

NIR showed no obvious difference, but the number of bacterial colonies
decreased with ALG-HPR hydrogels added, no matter in the absence or
presence of the laser irradiation. With 3 cycles laser irradiation, the
number of bacteria in the ALG-HPR (+) NIR group was significantly
decreased, indicating that NIR-triggered release of rifampicin from the
ALG-HPR hydrogel could continuously inhibit the growth of S. aureus.
Without irradiation induced drug release, the survival ratio of bacteria
was increased after the initial inhibition of growth, but after laser irra-
diation, the survival ratio was significantly decreased upon multiple
rounds of the laser irradiation, as shown in Fig. 5, b—c. Nearly 100% of
S. aureus was Kkilled after 3 rounds of laser irradiation, which was
attributed to the outstanding photothermally triggered release of the
drug from ALG-HPR hydrogel.
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The viability of bacteria after incubation with the hydrogel upon
laser irradiation was also evaluated and monitored using live/dead
staining assay, as shown in Fig. 5d. In the CLSM images, live and dead
bacteria were stained with green and red fluorescence via SYTO9/pro-
pidium iodide, respectively. Almost no red fluorescence was observed in
both Blank (—) NIR and Blank (+) NIR groups, indicating that the
growth of S. aureus was not adversely affected upon the laser irradiation.
The corresponding intensities of green fluorescence of the bacteria in the
ALG-HPR groups are shown in Fig. 5, e-f. Without NIR irradiation, there
were few green fluorescence spots, but due to the limited content of
rifampicin absorbed in the loaded nanotubes HPR, the area of green
fluorescence in the image was gradually increased. On the contrary, the
areas of green fluorescence in the group of ALG-HPR (+) NIR were kept
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1 2
Rounds of NIR laser irradiation

Fig. 5. (a) Photographs of the bacterial colonies grown on the culture plates showing antibacterial activities of ALG-25 wt.% HPR hydrogels. The corresponding
survival ratio of S. aureus cultured with ALG-25 wt.% HPR hydrogels (b) in absence and (c) presence of the laser irradiation. (d) CLSM images of live (green) and dead
(red) S. aureus cultured on ALG-HPR hydrogels in the absence or presence of the laser irradiation at 3.0 W/cm? for 30 s and repeated 3 times. The corresponding area
of green fluorescence for live S. aureus cultured with ALG-25 wt.% HPR hydrogels (e) in the absence and (f) presence of the irradiation. The S. aureus suspension
without hydrogels in the absence or presence of irradiation served as control group (Blank).

at low level and decreased upon multiple rounds of the laser irradiation.
After 3 rounds, no green fluorescence was observed, indicating that the
drug released from ALG-HPR hydrogels killed majority of S. aureus. As
quantitated using Image Pro Plus 6.0 software (Fig. 5f), for the ALG-HPR
hydrogel exposed to the laser, the intensities of green fluorescence were
significantly decreased with the irradiation rounds, indicating that more
drug was released from the ALG-HPR hydrogel. An excessive and long-
term use of antibiotic treatment can result in the drug resistance of
bacteria. Upon the on-demand and multi-step release, the concentration
of the antibiotics can be maintained to a certain level to reduce the side
effects, which will be beneficial for avoiding drug resistance [3]. Several
studies have developed controlled drug release systems to deliver anti-
biotics in an on-demand and multi-step way to inhibit drug resistance [3,
45].

3.6. Wound healing and anti-bacterial efficacy in vivo

A rat infected full-thickness skin wound model allowed for investi-
gation of therapeutic efficacy of ALG-HPR hydrogels against bacteria
and promoting wound healing. The rats infected with S. aureus were
divided into five groups, i.e., S. aureus (no treatment), and with addition

of different hydrogel and NIR irradiation: ALG, ALG-HP (+) NIR, ALG-
HPR, ALG-HPR (+) NIR. The rats in the Blank group without infection
served as the control group. Fig. S8, a—e shows the splint model of full-
thickness excision wound on rats and the treatment with hydrogels upon
the laser irradiation. Fig. S8f shows the corresponding thermal images of
hydrogels on skin wound upon the irradiation. The temperature of the
hydrogel maintained at 39-42 °C during 7 min of laser impact, which
was high enough for the melt of co-loaded PCM while preventing the
wounds from scalding. Fig. 6a and b, show the photographs of the
wounds at day 0, 3, 7, 14, and 21, after different treatments. The ALG-
HPR (+) NIR group showed the best performance in the infection
inhibiting and promoting the wound healing. In S. aureus, ALG, and
ALG-HP (+) NIR groups, a certain degree of pyosis appeared at day 3 due
to the inoculation of S. aureus, which was still observed after 7 days.
Meanwhile, the two groups of ALG-HPR and ALG-HPR (+) NIR group
involving the use of HPR, no continuous development of pyosis was
observed, indicating that the released drug inhibited the bacteria
growth. In the presence of the laser irradiation, ALG-HPR (+) NIR group
showed a better wound healing, with no pyosis generated.

To quantitatively evaluate the antibacterial activity of ALG-HPR
hydrogels upon NIR irradiation, after 7 days, the bacteria maintained
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Fig. 6. (a) Photographs of the wounds on the 0, 3, 7, 14, and 21st day after different treatments, and (b) the traces of wound closure. (c) Bacterial colonies grown on
7th day in the culture plate after harvesting from the tissues treated by different groups. (d) The wound closure rates with different methods with time. (e) Body

weight changes of the rats during the healing.

around the wound were cultured and counted (Fig. 6¢ and S9). Upon
NIR laser irradiation, there was no bacteria proliferation on the agar
plate, whereas bacterial colonies were found in the wound beds of the
other treatment groups. Specifically, for the ALG-HPR group in the
absence of NIR irradiation, the bacteria could re-grow after the initial

293

release of rifampicin, while a continuous bacterial inhibition could be
realized with pulsing laser initiation of more drug delivered. The per-
centages of wound closure in the different treatment groups for 21 days
were measured, as shown in Fig. 6d. The wounds in all groups were
undergoing a healing process, but with different speed. At the early stage
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of wound healing within 7 days, the healing effect of ALG-HPR (+) NIR
was much more obvious (Fig. 6d). After 21 days, the wound in this group
was completely regenerated and covered by new tissue. As shown in
Fig. 6e, the body weights of the rats in the different groups were also
monitored, with no abnormal behavior.

For in vivo toxicity analysis, a biochemical test was conducted to
check the numbers of white blood cells, platelets, and red blood cells,
and so on, and no adverse effect was detected for used sample treatments
(Fig. S10). In conclusion, during multiple rounds of NIR irradiation the
ALG-HPR hydrogel could effectively kill the S. aureus with a controllable
dose of released drug, which is beneficial for preventing drug-resistance
bacteria.

Blank S.aureus
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3.7. Histological analysis during wound regeneration

To further distinguish the qualities of the regenerated skins during
wound healing, the hematoxylin and eosin (H&E) staining of wound
sections were carried out, as shown in Fig. 7. On day 3, large areas of
necrotic cell debris were observed in the wounds of all groups. Except
Blank group, there were epithelial erosions in other groups, indicating
that the S. aureus added at the wound site resulted in the occurrence of
infection, and thus the bacterial infection model was successfully
established. At the same time, except Blank group, the erosion area of
the ALG-HPR (+) NIR group was smaller than that of the other groups.
On day 7, the unrepaired wound area was the smallest in ALG-HPR (+)

ALG-HP
(+) NIR

ALG-HPR

ALG-HPR (+) NIR

A
ol S,
285 "
e N,
e
&7 4
o

21d

w

=3

o
I

kkk

250 |

200 4

150 ~

100 +

Thickness of epidermis (um) o
(4]
o

o
1

e
L
&
&

A
&
LA

¥

(3]

Thickness of granulation (mm)

g
@

*%

kokk

»
o
L

-
o
1

-
=]
1

&
£l
1

e
°
I

Fig. 7. Accelerated repair and regeneration in S. aureus-infected wound. (a) H&E staining images of tissues from different treatment groups on 3, 7, 14, and 21st day.
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NIR group, and the epithelium had no erosion, while there were still
epithelial erosions in S. aureus, ALG, ALG-HP (+) NIR, and ALG-HPR
groups caused by bacteria infection. After the first week, there was
nearly no epidermis structure formed in the Blank control, while re-
generated epidermis was observed in the ALG-HPR (+) NIR group. On
day 14, the wound healing was in the proliferation stage, and a large
area of tissues had been repaired. It was obvious that the unrepaired
wound in ALG-HPR (+) NIR group was the narrowest. At the same time,
the wound tissues of all groups had new epidermis, and the dermis was
replaced by a large area of hyperplasia of connective tissues. The defect
regions in the wounds were decreased and the thickness of granulation
tissues were increased from day 3 to day 21 in all groups, but induced
drug released ALG-HPR (+) NIR group showed the least defect region
and the thickest granulation tissue. After 21 days, the surface of the
regenerated skin in ALG-HPR (+) NIR group was completely covered by
neo-epithelium without scars and showed a complex epidermis struc-
ture. As shown in Fig. 7b, the newly formed epidermis was the thinnest
in the ALG-HPR (+) NIR group, followed by Blank and ALG-HPR groups.
As for the wound caused by bacterial infection, a thicker granulation
tissue plays a vital role in wound healing process, acting as an important
indicator for evaluating wound repair [46]. The newly formed granu-
lation tissue was also the thickest in the ALG-HPR (+) NIR group fol-
lowed by Blank group (Fig. 7c). Altogether, the above results suggested
that with the treatment of ALG-HPR hydrogel impacted by NIR irradi-
ation, the healing process was essentially accelerated, with
neo-epidermis regeneration and abundant granulation tissue formation
in the wounds.
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3.8. Expressions of IL-6 and TNF-a during wound regeneration and
angiogenesis

Wound healing undergoes four phases [6], and the second inflam-
matory phase will be chronic for bacterial infected-wound, which is
necessary to inhibit bacterial effectively for wound healing. The
immunohistochemistry analysis of both IL-6 and TNF-o, as two
pro-inflammatory factors, was performed to examine the anti-infection
efficacy of the hydrogels [47-49]. Fig. 8, a—d and Fig. S11 shows the
immunohistochemistry staining images and their quantified analysis.
The high positive expressions of IL-6 and TNF-a were found in S. aureus,
ALG, and ALG-HP (+) NIR groups, indicating a serious inflammation
response caused by the bacteria. For the ALG-HPR group, a significant
decrease of the inflammation response was achieved because of the
initial release of rifampicin killing bacteria. Furthermore, in the irradi-
ated ALG-HPR (+) NIR group, both the expressions of IL-6 and TNF-«
were the lowest relative to other infected groups, indicating fewer
inflammation. This could be attributed to the on-demand drug release
killing S. aureus proving excellent antibacterial capability of this
formulation. The results demonstrated that ALG-HPR hydrogel could
resist bacterial infections in vivo and reduce the inflammation with
controlled laser irradiation, transforming wound from inflammatory to
the proliferative phase, which improved the tissue repair rate.

The growth of new capillaries is essential for wound repair,
providing nutrition to damaged tissue. CD31 is a trans-membrane pro-
tein, expressing in early angiogenesis, and it plays an essential role in
promoting wound healing [14,50,51]. As shown in Fig. 8, e-f, a higher
expression of CD31 was found in the ALG-HPR (+) NIR group, ALG-HPR
group, and the Blank group. The positive staining of CD31 was reduced
from day 7-21 in all groups, but irradiated ALG-HPR (+) NIR group still
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had the highest CD31 expression, demonstrating the best
pro-vascularization capability. This could be attributed to the excellent
anti-inflammation capability of the ALG-HPR hydrogel in the presence
of NIR irradiation, causing more macrophages transforms from
pro-inflammatory to anti-inflammatory type and stimulating more
endothelial cells, which play vital roles in promoting angiogenesis and
initiating the growth of new blood vessels [52].

3.9. Collagen deposition in vivo

It is vital for bacterial-infected wound healing to deposit and remodel
the proper collagen. Collagen proteins, including type I and III, are the
primary constituents in dermal extracellular matrix [53]. Previous
studies revealed that early abundant deposition of collagen III would
accelerate wound healing and result in scarless skin [53,54]. Masson
staining was done to visualize the total collagen proteins [6]. The
collagen density and proper type in the regeneration tissues were eval-
uated by immunohistochemistry staining of collagen I and III, per-
forming on the day 7, 14, and 21 [43]. As shown in Fig. 9, a-b and
Fig. S12a, the densities of total collagen proteins were significantly
increased from day 7-21 in all groups, and irradiated ALG-HPR (+) NIR
group showed the highest collagen density, followed by no irradiation
ALG-HPR and Blank groups. On day 21, the wound in ALG-HPR (+) NIR
group was completely healed, and skin appendages could be clearly
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Blank (+) NIR

ALG

S.aureus

a
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Collagen I

CollagenIl ¢

ALG-HPR
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seen. Fig. 9, c-f and Fig. S12, b—c show the immunohistochemistry
staining images and quantitative data of collagen I and III, the two
dominant collagen types in the skin. Positive expressions of both
collagen I and III increased from day 7 to day 21 in all groups, and
irradiated ALG-HPR (+) NIR group showed the highest expression level.
Taken together, the ALG-HPR (+4) NIR group displayed a significantly
higher intensity of collagen deposition when compared to other groups.

4. Conclusions

We developed an efficient NIR irradiation-controlled drug release
nanoplatform by gating the natural clay nanotubes with PCM and then
integrated them in alginate matrix by in situ gelation resulting in NIR-
responsive hydrogel (ALG-HPR). Upon the laser irradiation, the photo-
thermal heating generated by NIR-absorbing dye ICG raised temperature
above 39 °C, leading to the melt of co-loaded PCM and subsequently
triggered on-demand release of the antibacterial drug rifampicin from
the hydrogel, while not causing thermal damage to the tissues under the
mild heat. ALG-HPR hydrogel showed a good cytocompatibility and
antibacterial properties under the NIR laser irradiation. Furthermore,
healing of the rat skin wound infected with gangrene S. aureus demon-
strated that the photothermal-responsive hydrogel inhibited bacterial
proliferation and effectively suppressed the inflammatory response
caused by S. aureus bacteria, thus accelerating wound closure and
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Fig. 9. The collagen deposition and remodeling at wound site in all treatment groups. (a) Masson staining images of tissues on 7, 14, and 21st day, scale bar = 200
pm. (b) Corresponding quantitative data of collagen. Inmunohistochemistry staining images of (c) collagen I and (e) collagen III on 7, 14, and 21st day, scale bar =
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promoting both angiogenesis and collagen deposition. ALG-HPR
hydrogel loaded with drugs has a great potential in the treatment of
bacterially infected wounds. Other types of biological effectors, like
growth factor proteins could be loaded in the nanotubes and controlled
released achieving multiple healing functions. The matrix of the
hydrogel can also be regulated to endow the system with more func-
tions. For example, in some cases, the long-term release of drug is also
important, especially for inhibiting the prolonged bacterial prolifera-
tion. The degree of swelling and degradation time of the hydrogel matrix
will play an important role in the drug release profile. To achieve the on-
demand release of drug in a long-term profile, we can regulate the de-
gree of swelling and degradation time of the hydrogel matrix by modi-
fying the components, composition, and the cross-linking degree of the
hydrogel. In addition, the hydrogel can also be mixed with cells to
further promote the wound healing and tissue regeneration. This work
offers a facile strategy for the construction of biocompatible, NIR-
responsive step-wise drug release platforms for tissue engineering and
medicine.
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