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Introduction

Sunflower pollen-derived microcapsules adsorb
light and bacteria for enhanced antimicrobial
photothermal therapy+
Yao Yang,1? Bin Wang,$*° Qian Liu,

Chunfa Chen, ©22® Zaichun You,? Bang Lin Li,
Zhi Xu***" and Hang Qian (2 *20

€ Zhenghua Wei,®® Ziye Mou,® Quan Li,?¢
© Guansong Wang, (2 *2®

Bacterial infection is one of the most serious clinical complications, with life-threatening outcomes.
Nature-inspired biomaterials offer appealing microscale and nanoscale architectures that are often hard
to fabricate by traditional technologies. Inspired by the light-harvesting nature, we engineered sulfuric
acid-treated sunflower sporopollenin exine-derived microcapsules (HSECs) to capture light and bacteria
for antimicrobial photothermal therapy. Sulfuric acid-treated HSECs show a greatly enhanced photother-
mal performance and a strong bacteria-capturing ability against Gram-positive bacteria. This is attributed
to the hierarchical micro/nanostructure and surface chemistry alteration of HSECs. To test the potential
for clinical application, an in situ bacteria-capturing, near-infrared (NIR) light-triggered hydrogel made of
HSECs and curdlan is applied in photothermal therapy for infected skin wounds. HSECs and curdlan sus-
pension that spread on bacteria-infected skin wounds of mice first capture the local bacteria and then
form hydrogels on the wound upon NIR light stimulation. The combination shows a superior antibacterial
efficiency of 98.4% compared to NIR therapy alone and achieved a wound healing ratio of 89.4%. The
current study suggests that the bacteria-capturing ability and photothermal properties make HSECs an
excellent platform for the phototherapy of bacteria-infected diseases. Future work that can fully take
advantage of the hierarchical micro/nanostructure of HSECs for multiple biomedical applications is highly
promising and desirable.

methods and nanomaterials to combat bacterial infection.'™
The skin, as the body’s largest organ and the first line of

Bacterial infection and antibiotic resistance have become
global challenges in recent years and cost hundreds of
millions of dollars each year. The abuse of antibiotics and the
rapid development of drug-resistant bacteria call for innovative
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immune defense, plays an important role in repelling external
aggression such as bacteria and pathogens.’ Chronic wounds,
such as infected ones, can lead to serious complications,
which can be potentially life-threatening.® Recently, multifunc-
tional hydrogels have become a promising strategy for infected
wound healing.”'° Traditional wound dressings, such as ban-
dages and gauze, lack interaction in the process of wound
healing and cause secondary wound injury. Owing to the
three-dimensional structure, hydrogels have great advantages
of a high drug loading capacity and water content, mimicking
the extracellular matrix (ECM) and keeping the wound environ-
ment moist." Curdlan (1,3-B-p-glucan), a carbohydrate
polymer, derived from bacteria and fungi has been approved
by the FDA as a food additive. The most significant feature of
the curdlan biopolymer is its heat-set gelling property.'*'>
Additionally, it has been found to generate inflammatory
responses and activate macrophages.'® Nanoparticles, nano-
fibers, and curdlan hydrogels have been proven to accelerate
wound healing in animal studies."”>°

This journal is © The Royal Society of Chemistry 2024
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Photothermal therapy (PTT) induced by a near-infrared
(NIR) laser has become an effective treatment modality for
infected wounds due to its controlled temperature, low toxicity,
and non-invasive nature, as well as its ability to accelerate
tissue regeneration. It offers an alternative to conventional
antibacterial therapy, as it uses NIR light to absorb and
convert it into heat to kill bacteria and eradicate biofilms
without causing antimicrobial resistance. Various PTT
materials, such as organic materials,>** inorganic
materials,?** and natural materials,>* >’ have been developed.
Generally, PTT agents produce heat and elevate the tempera-
ture of a larger area in the local environment, which might
cause serious thermal damage to healthy organs and tissues. It
is well recognized that engineering the properties of PTT
agents to achieve precisely controlled temperatures and to
prevent thermal damage to surrounding healthy organs and
tissues is desirable.”® We reasoned that if PTT agents were
brought close to pathogens such as bacteria, in a very short
distance or even via direct contact, in the local environment,
the required temperature for PTT would be greatly decreased,
thus reducing the thermal damage.

Sunflower sporopollenin exine capsule (SEC) derived hollow
microcapsules are a great micro/nano-sized material platform
with multiple interesting properties.”* ' Recently, chemically
modified SECs have been shown to be promising microparti-
cles for various research fields due to their strong structure,
abundant resource, and good biocompatibility. The robust
exine capsule from pollen grains has been used for drug and
vaccine delivery in biomedical engineering. Additionally, SEC
microparticles have been used as microrobots for Kkilling
cancer cells,”>”* biofilm eradication,’® optoelectronic
applications,**?” oil remediation applications,*® water clean-
ing, and generating functional multicolor barcodes.*
Interestingly, several recent studies have found that SECs
possess good photothermal properties when exposed to NIR
light radiation.’® However, their photothermal efficiency and
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potential for photothermal therapy against bacterial infection,
based on SECs, still need to be further explored.

In this study, we constructed HSECs that demonstrated a
strong bacteria-capturing capability and significantly improved
photothermal efficiency. We further developed a biocompati-
ble, heat-triggered wound dressing that could simultaneously
capture bacteria and form multifunctional hydrogels in situ
based on HSECs. The multifunctional hydrogel was composed
of curdlan and HSECs and formed by NIR light irradiation. As
illustrated in Scheme 1, HSECs were obtained from natural
pollen and treated with sulfuric acid. The protein, esters, and
polysaccharide in the spores that may cause immune effects
were removed by H;PO, and H,SO,.*" The resultant HSECs
were mainly composed of the sporopollenin biopolymer, a safe
carbon material. As the nature’s most resilient material, sporo-
pollenin exhibits morphological stability under harsh chemi-
cal processing, such as acetolysis, acidolysis, and exposure to
solvents.”” Subsequently, employing HSECs as a PTT agent,
HSECs and curdlan suspension were injected into the infected
wound. The bacteria in the wound were first captured by
HSECs in the precursor suspension. Upon NIR light (808 nm)
stimulation, the temperature of the precursor suspension
increased dramatically, eliminating the bacteria in the infected
tissue. Meanwhile, the precursor suspension transformed into
HSECs@Curdlan hydrogels in situ during the cooling process.
Elemental analysis, Fourier Transform Infrared Spectroscopy
(FTIR), and Scanning Electron Microscopy (SEM) were
employed to characterize the HSECs and HSECs@Curdlan
hydrogels. The CLSM and SEM results demonstrated that
HSEC hollow microcapsules captured bacteria effectively in
between their spikes. HSECs displayed a superior photother-
mal killing efficiency against Staphylococcus aureus (S. aureus)
under NIR light irradiation in vitro. The wound dressing hydro-
gel HSECs@Curdlan showed excellent antibacterial efficacy
and superior biocompatibility in vivo. Collectively, this study
prepared a natural sunflower pollen-derived microcapsule with
an enhanced photothermal performance and developed an
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Scheme 1 In situ capturing and photothermal sterilization of bacteria
accelerate bacteria-infected wound healing.
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HSECs@Curdlan hydrogel wound dressing that could in situ
capture and kill bacteria in vivo. The study indicates that the
in situ capturing concept and light-responsive wound dressings
could be a promising strategy for bacteria-infected wound
healing in realistic applications.** ™

Experimental
Materials

Sunflower pollen was purchased from Jilin province, China.
Sulfuric acid (H,SO,), hydrochloric acid (HCl), 85% phospho-
ric acid (H;PO,), ethyl ether, acetone, and ethyl alcohol were
purchased from Aladdin Biochemical Technology Co., Ltd
(Shanghai, China). Curdlan was bought from Macklin
Biochemical Technology Co., Ltd (Shanghai, China). LB broth
and LB broth agar were obtained from Sangon Biotech Co., Ltd
(Shanghai, China).

Preparation of the SECs, HSECs, and HSECs@Curdlan
hydrogels

Firstly, 200 mL ethyl ether was mixed with 50 g sunflower
pollen and incubated overnight to obtain the defatted pollen.
Secondly, 20 g defatted pollen was suspended with 85% phos-
phoric acid at 70 °C under 300 rpm for 10 h. The suspension
was washed with hot water, acetone, HCI (2 M), sterile double
distilled water (dd water), acetone, and ethanol and lyophilized
in the vacuum freeze dryer to obtain the SECs. Then, 5 g SECs
were suspended with 20 mL H,SO, for 15 min and the suspen-
sion was washed with a large amount of water and lyophilized
in a vacuum freeze dryer to obtain the HSECs. To prepare
HSECs@Curdlan hydrogels, 15 mg HSECs and 150 mg curdlan
were dissolved in 1 mL dd water and then irradiated with an
808 nm laser for 3 min (2.0 W cm™?).

Characterization

Emission scanning electron microscopy (SEM) and energy-dis-
persive X-ray spectrometry (EDX) were conducted using a
Regulus8100 (Hitachi, Japan) at the accelerating voltage of 2
kv. The SECs, HSECs, and HSECs@Curdlan hydrogels were
freeze-dried. Before SEM analysis, the samples were coated
with gold to improve their conductivity. Fourier transformation
infrared (FTIR) analysis was performed on a VERTEX 80 FTIR
spectrometer  (Bruker, German). X-ray Photoelectron
Spectroscopy (XPS) was conducted using a K-Alpha X-ray
photoelectron spectroscopy system (Thermo Fisher Scientific,
American). UV-vis spectroscopy was conducted using a UV-Vis-
NIR spectrometer UV3600 (Shimadzu Corporation, Japan).

Photothermal properties of SECs, HSECs, HSECs@Curdlan

10 mg SECs and HSECs were exposed to an 808 nm NIR laser
for 3 min (1.5 W cm ™). To assess the photothermal properties
of Curdlan@HSECs, the suspension containing 15% (W V)
curdlan and different concentrations of HSECs was irradiated
with an 808 nm laser for 3 min (2 W cm™?). To evaluate the
differences in the photothermal properties of SECs, HSECs,
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and HSECs@Curdlan, 15 mg mL™' SECs, HSECs, and
HSECs@Curdlan suspension containing 15% (W V') curdlan
and 15 mg mL ™" HSECs were irradiated with an 808 nm laser
for 3 min (2 W cm™?). To assess the photostability of
HSECs@Curdlan, HSECs@Curdlan containing 15% (W V)
curdlan and 15 mg mL™' HSECs irradiated with an 808 nm
laser for 3 min (2 W cm™?) was recorded in 8 cycles with 3 min
laser-on and 2 min laser-off. Real-time photothermal images
and temperatures were collected using an FLIR E4 (FLIR
Systems Inc, American). The photothermal conversion
efficiency () was calculated according to the following
equation.”®

n= [hS (Tmax - Tsurr) — Qdis]/l (1 _ 10—A808)

Bacteria adsorption test

Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli)
were cultivated at 37 °C in LB broth overnight. Then, the solu-
tion of S. aureus and E. coli bacteria was centrifuged at 5400g
for 2 min and washed with saline twice. The bacteria suspen-
sion in saline was diluted to 1 x 10° CFU mL™". To evaluate the
adsorption capacity of HSECs, 15 mg HSECs were added to
1 mL bacterial suspension, respectively. After 30 min co-incu-
bation at 37 °C, to separate the free bacteria and HSECs, the
sample was centrifuged at 20g for 3 min. The supernatant was
measured using a microplate reader at 600 nm and diluted
100-fold with saline spreading on LB broth agar plates at 37 °C
for 12 h, and the samples of bacteria captured by HSECs were
collected for confocal laser scanning microscopy (CLSM) and
SEM.

In vitro antibacterial experiments

The antibacterial effect of HSECs@Curdlan was determined
using the agar diffusion method. 100 pL of the suspension
containing HSECs@Curdlan (15% curdlan and different con-
centrations of HSECs) and S. aureus (1 x 10’ CFU mL™") was
irradiated with an 808 nm laser for 10 min (2 W cm™?). Real-
time photothermal images and temperature were collected
using an FLIR E4. After irradiation, 20 puL of the sample was
spread on LB broth agar plates incubated at 37 °C for 12 h.
The colonies of S. aureus on the plate were measured using
Image J.

In vitro cytotoxicity assay and hemolysis experiment

To investigate the in vitro cytotoxicity of HSECs@Curdlan, the
hydrogels (1, 2, 4, 8, 12, 16, 20 mg) were immersed in Roswell
Park Memorial Institute (RPMI) 1640 medium (Gibco) sup-
plemented with 10.0% fetal bovine serum (HyClone), 1.0 x 10°
U L™" penicillin, and 100.0 mg L™" streptomycin at 37 °C for
24 h and Hacat cells (1 x 10%) were seeded in a 96-well plate
and cultured for 24 h. After the Hacat cells were incubated for
24 h, the culture media was removed and the hydrogel extract
liquid was added into the wells. The cell viability was deter-
mined using a CCK8 Kit after 24 h. The LIVE/DEAD cell stain-
ing was conducted using an AO/EB staining kit. The blood was
obtained from healthy male ICR mice. The blood was centri-
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fuged (3000 rpm, 10 min, 4 °C) and washed with saline several
times to obtain the red blood cells (RBCs). To prepare the RBC
suspension, the RBCs were diluted 20-fold with PBS. After
that, 1 mL RBC suspension was incubated with hydrogels at
37 °C for 1 h; dd water and PBS acted as the controls (positive
and negative). The samples were incubated at 37 °C for 1 h
and centrifuged at 3000 rpm for 10 min to collect the super-
natants. These supernatants were measured using a microplate
reader with UV-vis spectroscopy at 570 nm. The percent of the
hemolysis rate was measured using this equation. Hemolysis
(%) = (A sample — A negative)/(A positive — A negative) x 100%.

In vitro immunogenicity assay

BMDMs were extracted from the femur and tibia of C57BL/
6 mice (6-8 weeks), and then cultured with macrophage
medium containing MaM medium and 100 ng mL~' M-CSF
for 6 days.”” To investigate the in vitro immunogenicity of
HSECs@Curdlan, BMDMs were cultured in 6-well plates over-
night at a density of 1 x 10° cells per em?”. Lipopolysaccharide
(1 pg mL™") as a positive control, HSECs (50 pL, 15 mg mL™"),
HSECs@Curdlan hydrogel (50 pL, containing 15% curdlan and
15 mg mL~' HSECs) were added and cultured in 1 mL
medium for 6 hours. After 6 hours, total RNA was extracted
with Trizol reagent and converted to cDNA using the
Transcriptor First Strand c¢DNA Synthesis Kit. Relative
expression of the target gene was determined by RT-qPCR
using the FastStart Essential DNA Green Master on a Bio-Rad
CFX 96 real-time PCR system. The expression value was nor-
malized using GAPDH as an internal control. GAPDH forward:
5'-AGGTCGGTGTGAACGGATTTG-3', reverse: 5-GGGGTCGTT
GATGGCAACA-3'. TNF-a forward: 5-GGAACACGTCGTGGGATA
ATG-3', reverse: 5-GGCAGACTTTGGATGCTTCTT-3". Interleukin-
6 (IL-6) forward: 5-CTCCCAACAGACCTGTCTATAC-3', reverse: 5
CCATTGCACAACTCTTTTCTCA-3'. Interleukin-1p (IL-1p) forward:
5'"TCGCAGCAGCACATCAACAAGAG-3', reverse: 5-AGGTCCACGG
GAAAGACACAGG-3'.

In vivo animal study

All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of the
Third Military Medical University, Laboratory Animal-
Guideline for Ethical Review of Animal Welfare (People’s
Republic of China National Standard GB/T 35892-2018), and
approved by the Animal Care and Use Committee of the Third
Military Medical University. The mice were anesthetized and
the hair on their back was removed. Then, 6 mm diameter full-
thickness skin wounds were created by biopsy punch and the
suspensions of S. aureus (20 pL, 10° CFU mL™") were directly
injected into the wound to establish the S. aureus-infected
wound model. After 48 h, these mice were randomly assigned
to five groups and received a 50 pL injection of different
materials for wound treatment, including Saline, Saline + NIR
irradiation (2 W ¢m™2, 10 min), SECs@Curdlan (containing
15% curdlan and 15 mg mL~" SECs) + NIR irradiation (2 W
em™, 10 min), HSECs (15 mg mL~" HSECs) + NIR irradiation
(2 W em™, 10 min), HSECs@Curdlan (containing 15%
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curdlan and 15 mg mL~" HSECs) + NIR irradiation (2 W cm ™,
10 min). The wound healing process was monitored using a
smartphone for 3 days, and the wound bacteria were collected
using cotton swabs for plate counts. The body weights of the
mice were measured. After treatment for 9 days, the mice were
euthanized, and the wound skin tissue and major organs
(heart, liver, spleen, kidneys, and lungs) were isolated for
hematoxylin and eosin (H&E) and Masson staining. IL-6 anti-
bodies were used as the marker of inflammatory factors in the
wound beds in immunohistochemical staining.

Statistical analysis

All data were expressed as mean + standard deviation and
repeated at least three times. ANOVA analysis and Student’s
t-test were carried out using GraphPad Prism 8. The level of
significance was determined as p < 0.05 (*P < 0.05, **P < 0.01,
***P < 0,001).

Results and discussion
Preparation and characterization of HSECs

As shown in Fig. 1A, HSECs were prepared by treating SECs
with sulfuric acid for 15 min. After rigorous washing and
drying, HSECs were obtained as tan powders. The strong de-
hydration and carbonization during the sulfuric acid treatment
showed the strong oxidizing properties of sulfuric acid. The
surface of HSECs is composed of cellulose and lignin, which
contain numerous hydroxyl groups that were dehydrated using
concentrated sulfuric acid.*®*® SEM results revealed that
HSECs maintained their hollow spherical structures with
micrometer-sized spikes and nanopores on their outer surfaces
(Fig. 1B). The strong oxidation and dehydration during the sul-
furic acid treatment did not disrupt the global structures of
HSECs. Energy-dispersive X-ray spectroscopy elemental
mapping (EDX) analysis indicated that C, N, and O elements
were homogeneously distributed in the HSEC microcapsules
(Fig. 1C). X-ray photoelectron spectroscopy (XPS) further con-
firmed the presence of these elements (Fig. 1D). In addition,
the presence of N 1s and S 2p peaks suggested that HSECs
might contain sulfur and nitrogen elements. Elementary ana-
lysis showed that HSECs were mainly composed of C, H, and O
elements, with a small portion of N and S (Table S1}). The
bonding status between the different elements in HSECs was
further investigated using FTIR (Fig. 1E).

Typical peaks of biomass materials appeared at 1197 cm ™,
1575 cm™, 1682 cm ™, 2930 cm™, and 3413 cm™’; indicating
the presence of phenolic ring vibration (or C-O-C), aromatic,
C=O0O stretching, out-of-phase CH, stretching, and O-H
stretching, respectively. The SECs had similar chemical groups
(Fig. S1t). These results correlated well with the SEC-derived
materials reported in other papers.”® Interestingly, we found
that sulfur acid treatment altered the chemical properties of
SECs significantly.*">! Elementary analysis showed that the
contents of N and S were increased from 0.87% and 1.29% to
2.58% and 3.35%, respectively (Table S1f). Generally, sun-
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Fig. 1 Preparation and characterization of HSECs. (A) Optical photo-
graph of HSEC powder. (B) SEM image of HSECs. (C) EDX of HSECs,
scale bar is 20 pm. (D) XPS spectrum of HSECs. (E) FITR spectrum of
HSECs. (F) Temperature elevation curve of HSECs and SEC powders irra-
diated with 808 nm laser light (1.5 W cm™) in the solid state. (G)
Temperature profiles of HSECs for 8 cycles of on—off laser irradiation
(1.5 W cm™2, 808 nm).

flower pollen grains were initially treated with H;PO, to
remove the proteins and biomass inside the microcapsules. In
this study, we purposely treated SECs with sulfur acids to
further modify their chemical properties. The peak at
1197 em™" (C-O-C) of the HSECs was enhanced compared to
the SECs, along with an increase in the intensity of the O 1s
orbitals, both of which could contribute to the dehydration
reaction of the SECs’ hydroxyl groups (Fig. S2t). We believe
that the significant enhancement of the peak at 1680 cm ™
(C=0O0 stretching) in the HSECs is a result of the oxidization
reaction caused by sulfuric acid treatment of the SECs.
Additionally, the peak at 1575 cm™" (aromatic) also increased,
indicating that some of the lignins are exposed outside of the
HSEC layer. Consequently, the macroscopic chemical compo-
sition of HSECs was remarkably changed, which could benefit
their potential biomedical application.

We next evaluated the photothermal properties of HSEC
powder. After irradiation with NIR light for 3 min, a significant
increase in temperature (increased by 73 °C) was observed for
HSECs (Fig. 1F). In contrast, the temperature of SECs only
increased by 33 °C. The photothermal performances of HSECs
were tested for multiple circles of on-off laser irradiation.

Temperature profiles indicated that HSECs exhibited robust
and stable photothermal efficiencies up to 8 cycles (Fig. 1G).
Additionally, the photothermal efficiencies of HSECs and SECs
were evaluated to be 7.1% and 4.1%, respectively. These
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results suggested that HSECs had better photothermal
efficiency than SECs. Additionally, we measured the photother-
mal conversion efficiency of HSECs under different laser inten-
sities. The photothermal efficiency of HSECs increases with
the power of laser illumination, reaching 3.5% at 1.5 W cm™>
and 12.7% at 2.5 W cm™? (Fig. $31). Previously, we had found
that SECs extracted from sunflower pollen displayed good
photothermal efficiency. The origin of photothermal pro-
perties could likely be attributed to the presence of a unique
spike structure and the surface chemical groups of the SECs,
as suggested by other groups.’® The FTIR curve of HSECs
(Fig. 1D) appeared at 1575 cm™', 1682 cm ™" and 3413 cm ™,
which were assignable to aromatic and carbonyl groups and
hydroxyl groups, indicating the presence of lignin.’> Lignin is
a type of aromatic biopolymer that allows for the formation of
strong conjugation and n-r molecular interactions among
lignin molecules.>® We speculate that the existence of lignin
and the special structure of HSECs are responsible for the
photothermal efficiency. In the current study, we improved the
photothermal performances of SECs considerably through
chemical processing with sulfuric acid. The improved photo-
thermal properties might be attributed to the chemical prop-
erty changes introduced by sulfuric acid. For example, com-
pared with SECs, the intensity of O 1s orbitals was significantly
increased for HSECs (Fig. S2). UV-Vis-NIR spectrum of HSECs
and SECs showed that HSECs had stronger absorbance than
SECs at around 808 nm. The absorbances of HSECs and SECs
at 808 nm were 0.35 and 0.13, respectively (Fig. S4T). However,
the detailed underlying mechanisms need to be investigated
further.

HSECs capture bacteria in vitro

Inspired by the hierarchical structures of HSECs, we explored
the bacteria-capturing ability of HSECs in vitro. Gram-positive
S. aureus and Gram-negative E. coli were selected to evaluate
HSECs’ capturing efficiency. As shown in Fig. 2A, HSECs were
first mixed with bacteria for 30 min, and the quantity of bac-
teria in the supernatant was measured by the spread plate
count method. HSECs were collected to examine the bacteria-
capturing ability by SEM. The colonies plate of the supernatant
of HSECs with S. aureus displayed fewer bacteria colonies
(Fig. 2B right) compared to the untreated group (Fig. 2B left),
indicating that some of the S. aureus in the mixture may have
been captured by HSECs. Similarly, we observed bacteria-cap-
turing phenomena for the Gram-negative bacteria E. coli
(Fig. 2C). Notably, HSECs had a much better capturing
efficiency for S. aureus than for E. coli. CLSM imaging showed
that a considerable amount of spherical S. aureus was captured
on the spiky surface of HSECs. The spherical structure indi-
cated by the red arrow in the left panel of the image is
S. aureus. (Fig. 2D). The most convincing evidence of the bac-
teria-capturing ability of HSECs came from SEM (Fig. 2E). The
zoom-in image in the right panel of Fig. 2E clearly showed the
spherical S. aureus located around the spikes of HSECs.
Similarly, we observed the same bacteria-capturing phenom-
ena for the Gram-negative bacteria E. coli (Fig. 2F and G).

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 HSECs capture bacteria in vitro. (A) Schematic of diagram of the
bacteria captured by HSECs. (B) Photographs of S. aureus colony plates
of the HSECs/S. aureus mixture supernatant. (C) Photographs of E. coli
colony plates of the HSECs/E. coli supernatant. (D) The confocal image
shows a bright field of S. aureus captured by HSECs. (E) SEM image of
S. aureus captured by HSECs. (F) The confocal image shows a bright
field of E. coli captured by HSECs. (G) SEM images of E. coli captured by
HSECs.

However, the absorption of E. coli by HSECs appeared much
less efficient than that of S. aureus. We then measured the
optical density (OD) values of the supernatant after bacteria
absorption at 600 nm to quantify the residues of bacteria left
in the suspension by centrifuging down the HSECs. Semi-
quantitative analysis indicated that the capturing efficiencies
for S. aureus and E. coli were 76.6% and 32.5%, respectively, in
the current experimental settings (Fig. S5f). A few previous
reports have shown that rough surfaces can facilitate the
absorption of bacteria.>*"®® It is hypothesized that the absorp-
tion ability of rough surfaces may be due to physical inter-
actions such as structural entangling. Indeed, SECs have some
bacterial adsorption capacity but are much less efficient than
HSECs in adsorbing Staphylococcus aureus. (Fig. S5%).
Therefore, we reckoned that the greater bacteria-capturing
ability of HSECs may not only stem from the spiky morphology
but also from potential physical adsorption with the HSEC
surface. Physical adsorption is a straightforward method in
which HSECs attach to S. aureus through various interactions,
such as topological interactions, hydrogen bonding, and inter-
molecular n-n-stacking.’®*®°%®! The rough surface of HSECs
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and the hairy structure of bacteria contribute to the topological
interactions. Additionally, hydrogen bonding occurs between
the hydroxyl groups of HSECs and the cell wall of S. aureus.
Furthermore, the functional groups of aromatic and carbonyl
groups of HSECs enable intermolecular n—r-stacking, further
enhancing the ability of bacterial adsorption. Notably, the
increase of sulfur and nitrogen contents in HSECs, as well as
the significant increase of O 1s intensity from XPS spectra,
may play certain roles in the bacteria absorption enhance-
ment. Nevertheless, the detailed interaction mechanisms
between HSECs and bacteria still require further investigation.

HSECs@Curdlan hydrogel formation and photothermal
evaluation

Due to the excellent photothermal efficiency and bacteria-cap-
turing properties, HSECs were employed to design a tempera-
ture-sensitive hydrogel, HSECs@Curdlan. Curdlan is a neutral
homopolysaccharide and its suspension can form a hydrogel
by heating at a temperature above 55 °C followed by cooling.
The HSECs@Curdlan suspension was a brown solution
(Fig. 3A, left and middle), which after being irradiated with
NIR light for 3 min (2 W cm™?) followed by cooling, was shown
to form a gel (Fig. 3A, right). This was further confirmed by
SEM, which revealed the hydrogel’s 3D internal porous struc-
ture with HSECs dispersed on both its surface and intracellular
space (Fig. 3B), and the porosity rate is approximately 46.8%
(Fig. S61). In addition, the compressive strength of the
HSECs@Curdlan is 40.87 MPa (Fig. S7T). To assess the photo-
thermal efficiency of HSECs@Curdlan for photothermal
therapy, the temperature-change tendencies of
HSECs@Curdlan suspensions with different concentrations of
HSECs were measured under NIR light irradiation. Fig. 3C and
D demonstrate how the temperature rises rapidly within 60 s
and reaches a plateau at HSEC concentrations of over 1 mg
mL~'. Furthermore, the highest temperature increase of
33.2 °C was recorded for the 20 mg mL™" HSEC concentration.
In contrast, the temperatures of blank curdlan and 1 mg mL ™"
HSEC groups had negligible increases. Therefore,
HSECs@Curdlan containing 15 mg mL~" HSECs was selected
for further experiments. Fig. 3E compares the photothermal
performances of SECs, HSECs, and HSECs@Curdlan in the
liquid phase. At the 60 s time point, while the temperatures of
HSECs and HSECs@Curdlan had risen 25.3 °C and 26.0 °C
respectively, the SECs suspension had only increased by
6.1 °C, demonstrating that the photothermal efficiency of
HSECs was superior to that of SECs in the liquid phase and
that the addition of Curdlan had no notable impact on the
photothermal efficiency of HSECs. Lastly, to test the reusability
of HSECs@Curdlan, 8 cycles of temperature rising and lower-
ing of the same under NIR light irradiation were recorded. As
shown in Fig. 3F, no obvious temperature decrease was
observed in each cycle.

Antibacterial activity of HSECs@Curdlan in vitro

Given the excellent photothermal efficiency and bacteria-cap-
turing efficiency of HSECs and HSECs@Curdlan, the antibac-
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Fig. 3 Preparation, characterization, and photothermal evaluation of
HSECs@Curdlan. (A) Photograph of the HSECs@Curdlan hydrogel
before (left and middle) and after (right) 808 nm laser irradiation. (B)
SEM images of the HSECs@Curdlan hydrogel. Photothermal images (C)
and (D) heating curves of different concentrations of the
HSECs@Curdlan solution under 808 nm irradiation (2.0 W cm™). (E)
Temperature curves of 15 mg mL™* SECs, 15 mg mL™* HSECs, and
HSECs@Curdlan (containing 15 mg mL™* HSECs) at different time points
under 808 nm light irradiation (2.0 W cm™2). (F) Temperature profiles of
HSECs@Curdlan (containing 15 mg mL™* HSECs) for 8 cycles of on—off
laser irradiation (2.0 W cm™2, 808 nm).

terial performance of HSECs@Curdlan was measured by the
spread-plate count method. Gram-positive S. aureus (1 x 107
CFU mL™") was incubated with HSECs@Curdlan containing a
HSEC concentration ranging from 0 to 20 mg mL ™" and irra-
diated with NIR light for 10 min. As illustrated in Fig. 4A,
there was no obvious antibacterial effect of HSECs@Curdlan
without NIR irradiation. After irradiation, the antibacterial
effects increased with higher HSEC concentrations in
HSECs@Curdlan. Notably, HSECs@Curdlan with concen-
trations higher than 5 mg mL™" showed a significant killing
effect against S. aureus. When the concentration of HSECs was
higher than 10 mg mL™", the antibacterial survival rate of the
HSECs@Curdlan-treated group was only 0.1%. These results
suggested that HSECs@Curdlan exhibited excellent antibacter-
ial effects in vitro. Fig. 4B showed the photothermal perform-
ances of HSECs@Curdlan with different HSEC concentrations
in the presence of S. aureus. As expected, HSECs@Curdlan
showed similar temperature profiles, as indicated in Fig. 3D.
Spread plate count assay results further confirmed the photo-
thermal killing effects of HSECs@Curdlan (Fig. 4C).
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Fig. 4 NIR light-driven antibacterial effects of HSECs@Curdlan against
S. aureus. (A) Bacterial survival rates of S. aureus treated with
HSECs@Curdlan containing different concentrations of HSECs with and
without 808 nm (2.0 W cm™2, 10 min) light irradiation (n = 3, *P < 0.05,
***pP < 0.001). (B) Temperature elevation of the HSECs@Curdlan and
S. aureus mixture containing different concentrations of HSECs under
808 nm 2.0 W cm™2 irradiation for 10 min. (C) Representative photo-
graphs of S. aureus colony plates after being treated with
HSECs@Curdlan containing different concentrations of HSECs.

HSECs@Curdlan exhibited relatively lower bacterial-killing
efficiency for E. coli than for S. aureus at 10 mg mL™"
(Fig. S81). In line with the survival rate data in Fig. 4A,
S. aureus colonies were significantly reduced when the HSEC
concentration in HSECs@Curdlan was higher than 10 mg
mL ™%

Biosafety of HSECs@Curdlan

The biocompatibility of the HSECs@Curdlan hydrogel was
critical for biomedical applications. As shown in Fig. 54, the
hemolysis ratio of HSECs@Curdlan hydrogels of different con-
centrations was all lower than 5%. To test the cytocompatibil-
ity of the hydrogel, Hacat cells were exposed to different con-
centrations of HSECs@Curdlan hydrogels immersed in the
medium culture for 24 h and tested by the CCK8 assay. As
shown in Fig. 5B, HSECs@Curdlan showed no cytotoxicity to
cells up to a concentration of 20 mg mL ™.

Additionally, a Cell Live/Dead Kit was used to directly
observe the cell viability, which revealed via fluorescence
imaging that most of the cells were alive (Fig. 5C). To evaluate
the immunogenicity of HSECs@Curdlan in vitro, BMDM cells
were cultured with HSECs and HSECs@Curdlan hydrogel. LPS-
challenged BMDMs were applied as a positive control. We
examined the inflammatory factors after culturing the cells
with the materials using RT-qPCR. The mRNA expression
levels of TNF-a, IL-6, and IL-1p of HSECs and HSECs@Curdlan
were significantly lower than those in the LPS group, showing
a mild inflammatory response (Fig. S9f). These results
suggested that the HSECs@Curdlan hydrogel has excellent
cytocompatibility and hemocompatibility, and is safe for
wound healing applications.
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HSECs@Curdlan accelerates bacteria-infected wound healing
in vivo

To investigate the photothermal sterilization ability of
HSECs@Curdlan in vivo, we built an S. aureus-infected
mouse wound model (Fig. 6A). In brief, 6 mm skin wounds
were created and infected with S. aureus. After two days,
HSECs@Curdlan was prepared and spread onto the wound
for the evaluation of in vivo wound healing. For comparison,
five groups were applied: Saline, Saline + NIR,
SECs@Curdlan + NIR, HSECs + NIR, and HSECs@Curdlan +
NIR. As shown in Fig. 6B, the temperatures of the wound
region for the HSECs + NIR and HSECs@Curdlan + NIR
groups increased from 28.8 °C to 56.5 °C and from 29.0 °C
to 56.0 °C, respectively. In contrast, the temperatures of the
Saline + NIR and SECs@Curdlan + NIR groups only
increased by 1.3 °C and 7.0 °C, respectively. This result
shows that HSECs@Curdlan indeed have better photother-
mal efficiency than SECs@Curdlan in vivo. Notably, the
temperature increases between HSECs and HSECs@Curdlan
were very close, implying that the addition of curdlan didn’t
significantly alter the photothermal performances.
Additionally, the temperature profiles of the four groups
under NIR light stimulation are presented in Fig. 6C. Due to
the thermal sensitivity of curdlan, the HSECs@Curdlan
hydrogel was able to perfectly coat the wound after NIR light
irradiation. Moreover, the in situ formation of the
HSECs@Curdlan hydrogel on the wound could be observed
as shown in Fig. S10.f The HSECs in the HSECs@Curdlan
captured and concentrated the local bacteria which in turn
facilitated the photothermal sterilization. Furthermore, the
in situ-created HSECs@Curdlan hydrogels provided a micro-
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environment for cell proliferation and expedited wound skin
regeneration. With the formation of a scar, the hydrogel on
the wound area fell off along with the scar at the end of the
in vivo experiment (Fig. S10t). The images of the wound
area were monitored using a smartphone on day 0, 3, 6, and
9 (Fig. 6D). Out of all groups, the HSECs@Curdlan + NIR
group exhibited the most remarkable healing effect on day
9, where the infected wound area achieved a healing ratio of
about 89.4%. The wound area of the HSECs + NIR group
achieved a healing ratio of about 80.2%, while the
SECs@Curdlan + NIR group, Saline + NIR group, and Saline
group only achieved a healing ratio of about 71.3%, 66.3%
and 73.7%, respectively (Fig. 6E).

Quantitative analysis showed that the average wound area
of HSECs@Curdlan + NIR treated groups was much lesser
than that of Saline, Saline + NIR, and SECs@Curdlan + NIR
groups throughout all treatment periods (Fig. 6E). A spread
plate count method was utilized on day 3 to check the antibac-
terial capability of HSECs@Curdlan (Fig. S11}). Among all
groups, the HSECs + NIR group and HSECs@Curdlan + NIR
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group had slight S. aureus colonies present while the other
groups showed great numbers of bacteria colonies.
Quantitative analysis demonstrated that bacteria of the
HSECs@Curdlan + NIR treated group was almost totally eradi-
cated (Fig. 6F). These results indicated that the photothermal
therapy of HSECs@Curdlan was effective and HSECs@Curdlan
could enhance wound healing. The body weight of all groups
was examined during the in vivo validation and no prominent
differences were observed among all groups (Fig. S12). H&E
staining of the primary organs (heart, liver, spleen, lungs, and
kidneys) revealed that no detectable damages were seen after 9
days of treatment, demonstrating the great biosafety of
HSECs@Curdlan (Fig. S121). H&E and Masson staining were
employed in a skin section analysis to further inspect the
healing effects of HSECs@Curdlan with NIR light. As seen in
Fig. 7, the HSECs@Curdlan + NIR group displayed a much
smaller granulation tissue gap compared to the other groups,
suggesting that HSECs@Curdlan + NIR treatment-initiated
skin tissue regeneration. Additionally, H&E staining images
showed that numerous inflammatory cells (represented by red
arrows) were present in the Saline group, Saline + NIR group,
and SECs@Curdlan + NIR group, while the HSECs@Curdlan +
NIR group indicated considerably lesser amounts. This
implies that HSECs@Curdlan + NIR treatment more effectively
reduces the inflammatory responses. Masson’s trichrome
staining showed that in the healed area of the wounds, the col-
lagen arrangement in the HSECs@Curdlan + NIR group-
treated wounds was more complete compared to the other
groups (Fig. 7). Meanwhile, the expression of interleukin (IL-6)
at the wound site was assessed by an immunohistochemistry
assay to evaluate HSECs’ inflammatory response. As shown in
Fig. S13,f the Saline group, Saline + NIR group, and
SECs@Curdlan + NIR group exhibited a higher level of IL-6 on
day 9, while the HSECs + NIR group and HSECs@Curdlan +
NIR group showed a mild inflammation, which is consistent
with the results of wound healing shown in Fig. 7. These
results indicated that HSECs@Curdlan with NIR light
irradiation could destroy bacteria and stimulate wound regen-
eration in vivo.

H. E. Staining Masson Staining

Saline |+

Saline + NIR

SECs@Curdlan |77,
+NIR '

HSECs + NIR [+
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Fig. 7 H&E Staining and Masson staining of mice wounds at day 9.
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Conclusions

In summary, natural sunflower pollen grain-derived micro-
capsules called HSECs were developed with superior bac-
terial adsorption and photothermal efficiency. HSECs were
further used to create an in situ bacterial capturing and
light-responsive HSECs@Curdlan hydrogel wound dressing
which was applied to bacteria-infected wound healing
in vivo. The SEM and CLSM imaging results confirmed the
rapid capture of bacteria on the hierarchical surface of the
HSECs, especially for Gram-positive bacteria S. aureus.
Hemolysis assessment and cell viability assays showed that
the HSECs@Curdlan microcapsules were safe and non-toxic.
When employed both in vitro and in vivo, HSECs@Curdlan
and the accompanying NIR light irradiation were able to
effectively eliminate S. aureus, promoting wound healing.
This strategy of in situ capturing and Kkilling could be useful
for other skin disease therapies, and we anticipate that the
hierarchical structure and surface properties of HSEC micro-
capsules can continue to be modified for various biomedical
applications.
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