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ABSTRACT: An attractive strategy for treating bacterial infection
is the combination of antibiotic chemotherapy with photothermal
therapy (PTT), which could be implemented using multifunctional
nanomaterials. In this work, the intrinsic photothermal efficiency of
two-dimensional (2D) rhenium disulfide (ReS,) nanosheets is
enhanced by their coating on mesoporous silica nanoparticles
(MSNs) to realize a highly efficient light-responsive nanoparticle
endowed with controlled-release drug delivery capability, denoted
as MSN-ReS,. The MSN component of the hybrid nanoparticle
features augmented pore size toward facilitating increased loading
of antibacterial drugs. The ReS, synthesis is conducted in the
presence of MSNs through an in situ hydrothermal reaction and
leads to a uniform surface coating of the nanosphere. The MSN-
ReS, bactericide testing showed more than 99% bacterial killing efficiency in both Gram-negative bacteria (Escherichia coli) and
Gram-positive bacteria (Staphylococcus aureus) upon laser irradiation. A cooperative effect that led to a 100% bactericide effect on
Gram-negative bacteria (E. coli) was observed when tetracycline hydrochloride was loaded in the carrier. The results show the
potential of MSN-ReS, to be used as a wound-healing therapeutic with a synergistic bactericide role.
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1. INTRODUCTION functionalized molybdenum disulfide nanoflowers (PEG-
MoS, NFs) showed a 95% inhibition rate of two tetracy-
cline-resistant bacterial strains when irradiated with an 808 nm
near-infrared (NIR) laser."*

The outstanding photothermal properties of various 2D
materials could bring synergy to the bacterial eradication
process and have seen increased interest in recent years. Near-
infrared (NIR) light features higher energy of photons relative
to UV light as well as less scattering and absorption in
biological tissues, and therefore IR lasers are the key choice for
photothermal therapy (PTT) applications. In addition to being
minimally invasive to noninvasive, PTT using near-infrared
(NIR) irradiation enables deep tissue penetration depth and
does not pose the challenge of nondrug resistance, thus having

Wound healing, used by the body to repair damaged tissue, is a
homeostatic process that occurs after an injury or rupture of
the skin." Although most small skin damages heal without
external intervention, large full-thickness skin defects, where
wounds are usually deeper and more severe than superficial
ones, could result in severe inflammatory responses and are
prone to bacterial infections, which require medical treatment.”
Antibiotics are the most widely used form of chemotherapy for
bacterial infections, but the overuse and abuse of antibiotics
can induce bacterial resistance, often culminating with the
development of super-bacteria (bacteria resistant to one or
more antibiotics).”* As the development of new antibiotics is
both expensive and time-consuming, therapeutic nanomaterials
with antibacterial and antioxidant properties emerged as potent
wound-healing alternatives.”~"" Specifically, the atomically thin
two-dimensional transition metal dichalcogenides (2D
TMDCs) could interact with bacteria both chemically and
physically, thus reducing microbes’ ability to develop antibiotic
resistance. For example, molybdenum disulfide (MoS,) Received: December 30, 2022
nanosheets exhibit antimicrobial activity, which could be Accepted:  February 13, 2023

explained both by MoS, affinity for water, potentially leading Published: February 20, 2023

to cell membrane disruption, and by the dichalcogenide’s

property to generate reactive oxygen species (ROS) when

exposed to light.'”'” Furthermore, poly(ethylene glycol)-

great potential in the antibacterial and antitumor therapy
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arena. Owing to their outstanding optoelectronic proper-

ties, strong light—matter interactions, prominent excitonic

effects, large surface area, and reduced dimensionality, 2D

EEIAPPLIE!
510 1A

© 2023 American Chemical Society https://doi.org/10.1021/acsabm.2c01084

v ACS PUbl icatiOI’] S 1577 ACS Appl. Bio Mater. 2023, 6, 1577—1585


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ha+Na"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Melissa+Venedicto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chen-Yu+Chang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jake+Carrier"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cheng-Yu+Lai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsabm.2c01084&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.2c01084?ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.2c01084?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.2c01084?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.2c01084?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.2c01084?fig=abs1&ref=pdf
https://pubs.acs.org/toc/aabmcb/6/4?ref=pdf
https://pubs.acs.org/toc/aabmcb/6/4?ref=pdf
https://pubs.acs.org/toc/aabmcb/6/4?ref=pdf
https://pubs.acs.org/toc/aabmcb/6/4?ref=pdf
www.acsabm.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsabm.2c01084?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsabm.org?ref=pdf
https://www.acsabm.org?ref=pdf

ACS Applied Bio Materials

www.acsabm.org

TMDCs are at the forefront of many other applications.'” ™

Combined with their good biocompatibility and strong NIR
absorption, TMDCs have been investigated as potential
photothermal agents.”>~>” One promising TMDC is ReS,,
which has been shown to possess excellent photothermal
capabilities and good biocompatibility.”* ™" ReS, exhibits
photothermal properties and has been employed for cancer
theraggr as theranostic in vitro when treated with a NIR
laser.”"*!

Multifunctional nanomaterials open avenues to combine
antibiotic chemotherapy with photothermal therapy (PTT) in
a system that includes a drug nanocarrier and a 2D TMDC.
Compared with traditional drug carriers such as liposomes and
emulsions, inorganic carriers demonstrated a significant role in
the biomedical field due to their excellent stability, facile
surface functionalization, and unique optical, magnetic,
electrical, and physical properties.”> Among them, mesoporous
silica nanoparticles (MSNs) serve not only general inorganic
carrier functions but further benefit from adjustable pore size,
large surface area, and tunable yet narrow particle size
distribution.””™® By functionalizing their surface or using
their pores as a reservoir for the control-releasing of desired
cargo molecules, MSNs can serve as a versatile platform for
various biomedical applications.”~*

In this work, we designed and tested a multifunctional
bactericide system consisting of the MSN nanoparticle with
expanded pore size and 2D TMDC rhenium disulfide (ReS,)
gating nanosheets that serve as both antibacterial and
photothermal agents. The expanded pores facilitate the loading
of an antibiotic, tetracycline hydrochloride. The photothermal
efficiency of MSN-ReS, was measured. The antibacterial
properties of MSN-ReS, were evaluated by the spread plate
method, fluorescence probe staining, and electron microscopy,
demonstrating that MSN- ReS, possesses good stability and
dispersity. The system features an unprecedented photo-
thermal conversion efficiency (28.7%), 100% of tetracycline
hydrochloride loading capacity, and over 99% of the bacterial
killing effect when tested in vitro. The results suggest the
potential of MSN-ReS, in bactericide and wound-healing
biomedical applications.

2. EXPERIMENTAL SECTION

2.1. Materials. Hexadecyltrimethylammonium bromide (CTAB,
>99%) was purchased from Sigma-Aldrich (Saint Louis, MI).
Tetraethyl orthosilicate (TEOS, 99.9%) was purchased from Alfa
Aesar (Haverhill, MA). Mesitylene (99%), hydrochloric acid (HC],
37%), hydroxylamine hydrochloride (NH,OH-HCl, 99 + %), thiourea
(99%), ammonium perrhenate (VII) (NH,ReO,, 99 + %),
tetracycline hydrochloride (TC), sodium hydroxide (NaOH), sodium
chloride (NaCl), acridine orange (AO), glutaraldehyde (50%), and
methanol were purchased from ThermoFisher Scientific (Waltham,
MA). Propidium iodide (PI) was purchased from Biotium (Fremont,
CA). Ethanol (200 proof, 100% by volume) was purchased from
Decon Labs (King of Prussia, PA). ACS reagent-grade nanopure
water was purchased from LabChem (Zelienople, PA). LB broth
(Lennox L Broth) and LB agar (Lennox L Agar) were purchased from
Research Products International (Mount Prospect, IL). Phosphate-
buffered saline (PBS, pH 7.4) without calcium and magnesium was
purchased from Lonza Bioscience (Walkersville, MD). All chemicals
were used without further purification unless otherwise indicated.

2.2. Characterization. Nanoparticle imaging was performed with
a JEOL/JSM-F100 Schottky field emission scanning electron
microscope (FE-SEM) and a ThermoFisher Talos/F200X scanning
transmission microscope (STEM) to determine the particle size and
morphology. { Potentials were measured on a Malvern/Zetasizer
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Nano-ZSZEN3600 operated at room temperature. The specific
surface areas of the materials were determined via nitrogen
adsorption—desorption isothermal curves using Brunauer—Emmett—
Teller (BET) theory on a Quantachrome/NOVAtouch LX-2; the
density functional theory (DFT) method was used to determine the
pore volume and pore size distribution. Fourier transform infrared
spectroscopy (FT-IR) was conducted on a Shimadzu/IRTracer-100
to validate the removal of the surfactant template. UV absorption
spectroscopy was employed for a UV—visible spectrophotometer
(Thermo Scientific/BioMate 160). X-ray diffraction (XRD) measure-
ments were performed on a Rigaku MiniFlex600 equipped with Cu
Ka radiation (4 = 1.5405 A) operating at 40 mV and 30 mA. Raman
spectroscopy was performed with a confocal Raman microscope
(WITec alpha300 R) using a 532 nm laser. Fluorescent properties
were analyzed using a Nikon C2 laser scanning confocal microscope
system. An 808 nm NIR laser (RLDH808-1200-S, Roithner
Laserthchnik Gmbh, Vienna, Austria) was used for the photothermal
therapy study. The temperature of the solution was recorded with a
TH-S Thermalert Clinical Monitoring Thermometer (Physitemp
Instruments, Clifton, NJ). A heated stage insert (World Precision
Instruments Inc.) was used to hold the cell culture plates at 37 °C.

2.3. Synthesis of Expanded Pore-Sized Mesoporous Silica
Nanoparticles (MSNs). Mesoporous silica nanoparticles were
prepared according to a previously described procedure.*’ In a typical
experiment, CTAB (2.00 g, 548 mmol) was added to a solution
obtained by dissolving NaOH (0.56 g, 14.0 mmol) in nanopure water
(480 mL). This mixture was heated under stirring and kept at 85 °C
to ensure complete dissolution of CTAB. After 1.5 h, 14 mL of
mesitylene (0.90 g, 7.42 mmol) was added to the mixed solution and
stirred for another 3 h. Subsequently, 10 mL of TEOS (9.33 g, 44.8
mmol) was added swiftly into the mixture and continuously stirred for
2.5 h. The resulting white suspension (MSNs-CTAB) was isolated by
filtration of the hot suspension. The filtrate was washed three times
with nanopure water and twice with methanol, followed by drying
overnight in a vacuum oven. To remove the surfactant template
(CTAB), 1.50 g of MSNs-CTAB nanoparticles was refluxed for 24 h
at 75 °C in a solution formed of 160 mL of methanol and 9 mL of
HCl (37%) (18:1 v/v). The resulting MSNs were isolated via
filtration of the hot suspension. The filtrate was washed three times
with nanopure water and twice with methanol, followed by drying
overnight in a vacuum oven.

2.4. Synthesis of ReS,-Coated MSNs (MSN-ReS,) and ReS.,.
An amount of 0.200 g of MSNs prepared as described in Section 2.3
was dispersed in 20 mL of nanopure water and ultrasonicated for 20
min, resulting in an opaque (milky) suspension. Separately, a solution
of NH,ReO, (0.161 g, 0.600 mmol), NH,OH-HCI (0.125 g, 1.80
mmol), and thiourea (0.20S g, 2.70 mmol) was prepared in 50 mL of
nanopure water.”> The mixture was stirred overnight at room
temperature (12 h) and then transferred in a tightly sealed autoclave
which was introduced in a box furnace heated at 240 °C and allowed
to react for 24 h. Upon reaction, the autoclave was cooled at room
temperature, and the product was collected by centrifugation at 4000
rpm for 30 min. The resulting nanoparticles were washed three times
with nanopure water, collected by centrifugation, and dried in a
vacuum oven. Similarly, ReS, was synthesized by the same procedure
without the addition of MSNs.

2.5. Photothermal Properties of MSN-ReS,. MSN-ReS,
suspensions (300 yL in nanopure water) with different concentrations
(0, 10, 25, 50, 100, 200, 400, 800 ug-mL™") were placed in 2 mL test
tubes and irradiated for 10 min with an 808 nm NIR laser (Roithner
Lasertechnik GmbH/RLDH808-1200-5) using a laser power density
of 1 W-cm™2. The temperature of the solution was recorded every 10 s
by a digital thermometer (Physitemp/TH-S) connected with a high-
temperature microprobe thermocouple. The MSN-ReS, suspension
with a fixed concentration of 200 ug-mL™"' was irradiated with the
same 808 nm NIR laser for 10 min; next, the laser was shut off for
measuring the cooling temperature; the temperature was recorded
every 60 s until the suspension reached room temperature.** The
photothermal conversion efficiency was calculated according to
previously reported methods.*>*°
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Figure 1. MSN-Re$, nanoparticle characterization results: (a) FE-SEM showing the particle morphology; (b) STEM showing the size and shape of
an MSN-ReS, nanoparticle; (c) STEM-EDS images validating the presence of all elements of ReS, and MSN (Re, S, Si, and O); (d) FT-IR; (e)

Raman spectra; and (f) XRD patterns.

2.6. Loading of Tetracycline Hydrochloride (TC) and
Determination of Loading Efficiency (LE). Predetermined
amounts of MSNs and MSN-ReS, nanoparticles were dispersed into
nanopure water by ultrasonication for 20 min. Tetracycline hydro-
chloride (TC) was prepared as a 1 mg-mL™" aqueous solution under
ultrasonication for 15 min. The nanoparticles were dispersed in the
TC aqueous solution at a 1:10 ratio (TC/nanoparticles mass ratio).
After stirring in the dark at room temperature for 24 h to allow the
drug uploading, the nanoparticles were collected by high-speed
centrifugation, which served both to isolate the loaded carrier and to
remove the unloaded antibiotic. The drug-loaded nanoparticles were
collected upon freeze-drying in a lyophilizer at —80 °C for 24 h. The
nanoparticle loading efficiency (LE) was determined by UV—vis
spectroscopy using a calibration curve (Figure S9, Supporting
Information) raised by measuring the absorption curve of TC (0.1,
0.05, 0.025, 0.0125, 0.00625, and 0.0 mg-mL™") at ... = 357 nm
using eq 1.

weight of loaded drug(mg)

LE (%) = X 100

weight of drug used for loading (mg) (1)

2.7. Cumulative Drug Release of MSN-ReS,. The quantifica-
tion of TC release from MSN-ReS, was conducted in PBS buffer (pH
7.4). In a typical experiment, 10 mg of MSN-ReS,/TC was dispersed
into 2 mL of PBS buffer and placed in the dark. After one hour, the
supernatant was collected by centrifugation at 10,000 rpm for S min.
The supernatant’s absorbance was measured with a UV—vis
spectrophotometer at A, = 357 nm. Next, the resulting pellet was
redispersed into pH 7.4 buffer and the same steps were followed to
determine the release amount at 2, 4, 6, 8, 12, 24, and 48 h. The
cumulative release profile was determined using the TC calibration
curve and calculating the concentration of the drug released over time.

2.8. Bacterial Culture. Escherichia coli (E. coli, ATCC3 35218,
KWIK-STIK) and Staphylococcus aureus (S. aureus, ATCC 29213,
KWIK-STIK) were cultured in a liquid Luria—Bertani (LB) culture
medium kept at 37 °C, shaken at 170 rpm overnight, and harvested at
the logarithmic growth phase before the experiments. The
concentration of the bacteria was controlled by measuring the optical
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density at a wavelength of 600 nm (OD 600) using a UV—vis
spectrophotometer.

2.9. In Vitro Bactericide Evaluation. The antibacterial effect of
nanoparticles on E. coli and S. aureus was evaluated using the spread
plate method.*” Briefly, the bacteria were collected by centrifugation
at 10,000 rpm for 3 min and washed with PBS to remove the culture
medium. Next, the PBS (pH 7.4) bacterial resuspension (E. coli and S.
aureus) was added into 2 mL test tubes in the following twelve
groups: (1) control: bacteria + PBS; (2) bacteria + MSN; (3) bacteria
+ MSN/TC; (4) bacteria + ReS,; (5) bacteria + MSN-ReS,; (6)
bacteria + MSN-ReS,/TC; (7) bacteria + PBS + NIR 808 nm; (8)
bacteria + MSN + NIR 808 nm; (9) bacteria + MSN/TC + NIR 808
nm; (10) bacteria + ReS, + NIR 808 nm; (11) bacteria + MSN-ReS,
+ NIR 808 nm; and (12) bacteria + MSN-ReS,/TC + NIR 808 nm.
The groups of (7)—(12) were further exposed to an NIR laser (808
nm, 1.0 W-cm™2) for 10 min. The final concentrations of samples and
bacteria were 200 pgmL™ and 1.0 X 10° colony forming units
(CFU)-mL™", respectively. The total volume of solution in each well
was 300 uL. After incubation for 4 h, 100 uL of the bacterial
suspension of groups (1)—(12) were diluted 1000-fold, spread on an
agar culture plate, and incubated at 37 °C for 17 h. Each experiment
was performed in triplicate and the number of colonies was counted.
The bacteria survival rate was calculated using eq 2.

# of colonies formed in exp . group

# of colonies formed in control group

X 100

viability(%) =

)
2.10. Viability Staining Test. An amount of 100 uL of the 1.0 X
10® CFU-mL™ bacterial suspension (E. coli and S. aureus) was washed
with 0.85% NaCl after the above irradiation and incubation and then
costained with 4.0 uM AO and 8.0 uM PI at 37 °C in the dark for 1 h.
Next, 5 uL of the above mixture was dropped onto an 18 X 18 mm
cover glass. A confocal fluorescence microscope was used for imaging,
measuring the green (live) and red (dead) fluorescence signals at 488
and 561 nm, respectively.
2.11. Imaging of Bacterial Morphology. For SEM imaging,
each bacterial specimen was prepared as follows. The bacteria
suspensions (E. coli and S. aureus) (100 uL, 1.0 X 10* CFU-mL™")
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ACS Appl. Bio Mater. 2023, 6, 1577—1585


https://pubs.acs.org/doi/suppl/10.1021/acsabm.2c01084/suppl_file/mt2c01084_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsabm.2c01084?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.2c01084?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.2c01084?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.2c01084?fig=fig1&ref=pdf
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.2c01084?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Bio Materials

www.acsabm.org

were centrifuged (4000 rpm, 3 min) and redispersed into
glutaraldehyde (2.5% in PBS) for fixation after antibacterial
treatments. After 24 h, the fixed samples were dehydrated using
500 uL of a gradient ethanol solution with increasing concentration
(10, 30, 50, 70, 90, and 100% ethanol) for 10 min each.*” Next, each
bacterial suspension was resuspended in 15 uL of ethanol and
dropped on a 9 mm circular cover glass and further dried in air. The
circular cover glass samples were taped to the sample holder and
sputter-coated with Au to obtain a coating of ~5 nm Au thickness.
Each sample was imaged by SEM at 15.0 kV.

2.12. Statistical Analysis. All collected data were tabulated and
the mean =+ standard deviation (SD) was calculated for each data set.
The analysis of these experimental groups was compared by Student’s
multiple t-test, by which p < 0.05 (*), p < 0.01 (**), and p < 0.001
(**#*) were regarded as statistically significant.

3. RESULTS AND DISCUSSION

3.1. Nanomaterial Particle Size and Morphology.
MSN nanoparticles with an expanded pore size were
synthesized following literature-reported procedures*”*® and
employed as a supporting scaffold for the ReS, in situ
hydrothermal synthesis.*””° FE-SEM imaging shows an
MSNs average diameter of ~300 nm (Figure S1). Also,
MSNs featured pore size with ~5 nm diameter mesopores in
the silica framework, as shown by high-resolution transmission
electron microscopy (HRTEM) (Figure S2). After ReS,
coating, the resulting MSN-ReS, hybrid nanoparticles show
an average diameter of ~400 to 500 nm by FE-SEM (Figure
la) and DLS (Figure S18, Supporting Information), and the
ReS, nanosheets in the MSN-ReS, (Figure 1a,b) show similar
morphology and aggregation as the stand-alone ReS, nano-
sheets (Figures S3 and S4).

FT-IR spectroscopy displays silicon dioxide characteristic
absorption peaks at 1050 and 798 cm™ attributed to the
vibration of Si—O—Si and Si—O, respectively (Figure 1d). The
C—N stretching vibration peak at 1471 cm™" corresponding to
CTAB disappeared in the MSN framework, indicating that the
CTAB template was removed successfully after the acid wash
procedure.

Raman spectroscopy (Figure le) was employed to validate
the presence and purity of ReS,, showing two characteristic
Raman modes at 155.6 and 206.9 cm™' resulting from the in-
plane (E,) and mostly out-of-plane (A-like) vibrational modes
of ReS,, respectively. Also, E; and 2nd-order vibrational modes
arise due to the low crystal symmetry.”’

Low-angle powder XRD patterns of MSNs (Figure S4)
showed a characteristic MSN peak 26° of 1.65°, which belongs
to the dq, diffraction lattice plane of ordered hexagonal pore
structures.”” The presence of the two additional characteristic
diffraction peaks located at 20 = 2.79° and 26 = 3.22°
corresponding to the diffraction surface index of (110) and
(200), respectively, indicate that the long-range order of the
pore structure was significantly enhanced after an acid wash.
For ReS,-coated MSNs and 240 °C hydrothermal-treated
MSNs, the MSN characteristic diffraction peaks (Figure S4)
owing to the ordered porosity were not observed, suggesting
structural changes due to the hydrothermal treatment.
However, sharp diffraction peaks appeared at 20 = 14.32°
and 26 = 32.26° (Figure 1f), attributed to the (100) and (002)
diffraction index of triclinic ReS, consistent with (PDF#00-
063-0205) validating the crystallinity of ReS, coating.

3.2. Porosity Testing. To confirm that the pores are
accessible both before and after coating, we employed nitrogen
physisorption measurements. The MSN shows a type-IV
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nitrogen adsorption—desorption isotherm with capillary
condensation in the range of P/P, = 0.3—1.0, pointing to a
cylindrical pore structure characteristic of the mesoporous
materials. The pore size distribution (Figure S6b) further
confirmed that the pore size within the MSN sample was
relatively uniform. The material has an average pore size of
5.09 nm, as calculated by the density functional theory (DFT)
method and volume analysis, and a large surface area of 1013
m?g~!, as determined by the Brunauer—Emmett—Teller
(BET) surface area analysis method (Table 1).>> After being

Table 1. BET Characterization Results for MSNs and MSN-
ReS,

nanoparticles pore size (nm) surface area (m>g™")
MSNs 5.09 1013
MSN-ReS, 6.49 763

coated with ReS, (Figure S7), the nitrogen adsorption—
desorption isotherm showed an H3-type hysteresis loop, which
may be considered as the slit hole of the accumulation of ReS,
sheets and did not exhibit adsorption saturation in the range of
higher relative pressure. The average surface area and pore
sizes were 76.3 m*g "' and 6.5 nm, respectively, after DFT and
BET calculations.

3.3. Photothermal Response. The MSN-ReS, and ReS,
aqueous solutions with different concentrations (0, 10, 25, S0,
100, 200, 400, 800 /,tg-mL_l) were irradiated continuously with
an 808 nm NIR laser for 10 min and the temperature increase
was recorded by a microprobe inserted into the dispersion.
Nanopure water was used as a negative control. As shown in
Figure S8, increasing MSN-ReS, and ReS, concentrations lead
to a temperature change (AT) increase.

As shown in Figure 2a,b, the temperature of the MSN-ReS,
(200 ug-mL™") aqueous solution could rapidly raise up to 63.4
°C with a temperature increase of 42.8 °C (AT gispersion)s
which was 12.1 °C higher than ReS, (200 yg'mL™") and much
higher than the negative control for 3.9 °C (AT, 11,0)- After

10 min of irradiation, the NIR laser was shut off and the
temperature was recorded for another 17 min, as shown in
Figure 2b.

The photothermal conversion efficiency (17) was calculated
according to eq 3.%

hA( A Tmax, dispersion
B 1(1 — 107%)

— AT,

max,

HZO)

n
(3)
where h is the heat transfer coefficient, A is the surface area of

the container, AT, gispersion a0d AT 0 11,0 are the temperature

change of MSN-ReS, and solvent water at the maximum
steady-state temperature, respectively, I is the laser power, and
A, is the absorbance of MSN-ReS, at 808 nm in aqueous
solution. The A, was obtained by averaging triplicate
measurements. The calculated photothermal conversion
efficiency (17) of MSN-ReS, was 28.7%, larger than the # of
stand-alone ReS,, which was calculated as 22%. All materials
employed in this work were tested for photothermal stability
and demonstrated that after five cycles of irradiation, ReS,,
MSN-ReS,, and MSN-ReS,-TC all show consistent perform-
ance, indicating their high photothermal stability (Supporting
Information, Figures S16 and S17).

3.4. Synergetic In Vitro Chemotherapy and PTT. As a
broad-spectrum antibiotic, which mainly inhibits bacterial
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Figure 2. (a) Photothermal heating curves of MSN-ReS, (200 pg-mL™"), ReS, (200 pg-mL™"), and nanopure water irradiated by an 808 nm laser
(1 W-em™2, 10 min). (b) Temperature change (AT) responses of MSN-ReS, (200 pg-mL™") and ReS, (200 ug-mL™") to heating and cooling

periods over 27 min.

protein synthesis, TC has been widely applied as a bactericide
to wounds. In this work, we aimed to explore if the bactericide
activity of MSN-ReS, could be further enhanced by TC
loading. Tetracycline hydrochloride was chosen as a proof-of-
concept antibiotic to prove that MSN-ReS, has a loading
capacity that could further serve for combined drug and
irradiation treatment of wounds. Specifically, TC is soluble in
water, enabling fast uploading, and it was estimated that the
overall molecular size of ~1.1 nm diameter”* matches the pore
size of MSN. The TC molecules were loaded into MSN-ReS,
by physisorption and are held inside the pores by noncovalent
interactions. The loading efficiency, determined by measuring
the UV—vis absorption at A, = 357 nm, was 47.98% as
determined using the calibration curve (Figure S9). To
investigate the TC release performance of MSN-ReS,, the
drug-release kinetic behavior was revealed at pH 7.4, 37 °C
(body temperature). As shown in Figure 3, the cumulative TC
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Figure 3. TC release behavior of MSN-ReS,/TC at 37 °C at pH 7.4.

release ratio at 1, 2, 4, 6, 8, 12, 24, and 48 h was 8.2, 21.0, 41.6,
51.9, 62.4, 84.2, and 91.7%, respectively, demonstrating that
MSN-ReS, is an effective TC time-release delivery system.
The bactericide effect of MSN-ReS, and MSN-ReS,/TC was
evaluated in the presence of the negative control, MSN, MSN/
TC, and ReS, groups by the spread plate test on E. coli (Gram-
negative bacteria) and S. aureus (Gram-positive bacteria),
followed by quantitative analysis. In addition, a control
experiment was conducted to capture the antibacterial effect
of TC at a concentration equivalent to the one of the TC
released from the MSN, showing that irradiation does not
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impact TC activity. Nevertheless, the TC release is enhanced
by 0.74% upon irradiation of MSN-ReS,-TC in the same
conditions (at 37 °C at pH 7.4) (Figure S11, Supporting
Information), providing a proof-of-concept for the synergy
between irradiation and drug therapy.

As shown in Figure 4a,b, each treatment group without NIR
irradiation, as compared with the negative control in the PBS
working solution (pH 7.4), showed some intrinsic bactericide
effect, especially on S. aureus bacteria. However, after
irradiation, the ReS,, MSN-ReS,, and MSN-ReS,/TC groups
all exhibited an excellent bactericide effect against both E. coli
and S. aureus when compared with the negative control group;
this effect is attributed to the photothermal properties of ReS,.
Meanwhile, as shown in Figure 4c,d, the relative viability of the
control + NIR group on E. coli and S. aureus was up to 96.8 and
94.8%, respectively, confirming that the NIR laser itself does
not have a significant bactericide effect. For the MSN group,
the relative viability of E. coli and S. aureus was 92.0%. After
irradiation, the viability rate decreased to 86.2 and 85.3%,
respectively, due to the toxicity of materials and irradiation.
For the MSN/TC group, the relative viability of E. coli and S.
aureus was 87.1 and 76.4%. After irradiation, the viability rate
decreased to 83.3 and 72.3%, respectively, suggesting a minor
synergistic effect between the TC treatment and the effect of
irradiation. For the ReS, group, the relative viability of E. coli
and S. aureus was 85.9 and 53.5%, which decreased to 0.0 and
6.0% after being treated with NIR laser. In the case of the
MSN-ReS, group, the rate was 94.6 and 63.4% and decreased
to 0.74 and 0.25% after being treated with NIR laser. For the
MSN-ReS,/TC group, the rate was 76.5 and 61.7%, which
decreased to 0.0 and 0.17% after being treated with an NIR
laser. These results demonstrated that IR-light-activated MSN-
ReS, has excellent bactericidal activity.

In addition, the bactericidal effect of MSN-ReS, was directly
observed by conducting live/dead staining (AO and PI) of
bacteria after different treatments, and the results were
consistent with the spread plate data. As shown in Figure
Sa,b, the strong green fluorescence signals in the control,
MSN-ReS,, MSN-ReS,/TC, and PBS+NIR groups represented
the living colonies that could only upload AO. The strong red
fluorescence signals in the MSN-ReS, + NIR and MSN-ReS,/
TC + NIR groups represent colonies of dead bacteria that
could only upload PI. The yellow signals represent the
superposition of the green and red fluorescence signals, which
could imply that the cell membrane of some bacteria became
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Figure 4. Photographs of the LB agar plates with (a) E. coli and (b) S. aureus following different treatments. The relative bacterial viability of (c) E.
coli and (d) S. aureus after various treatments based on panels (a and b).

thinner or damaged, thus allowing the PI dye to penetrate the
membrane easily, leading to DNA binding and staining the
nucleus red.

To further understand the interaction of the hybrid MSN-
ReS, nanoparticles with bacteria, the morphological changes of
bacteria were investigated by SEM. As shown in Figure Sc,d,
the antibacterial effects of MSN-ReS, and MSN-ReS,/TC
groups were owed to the surface collapse of bacteria, while the
bacterial skeleton structure was deformed severely or
completely collapsed after 10 min of irradiation. Overall, it
was confirmed that the photothermal effect of MSN-ReS,
hybrid nanoparticles plays a decisive role in the bacteria-killing
process, showing great potential as wound bactericide

treatment, thus reducing the risk of wound infection.
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4. CONCLUSIONS

A hybrid nanoparticle MSN-ReS, was fabricated and evaluated
for its bactericide effect in vitro when irradiated with an NIR
(808 nm) laser. Comprehensive characterization of the hybrid
nanoparticles revealed ovoidal morphologies and an average
particle size of 400—500 nm. The MSN scaffold used for ReS,
deposition in situ preserved porosity (as determined by
nitrogen physisorption measurements), but XRD no longer
showed the characteristic peak, suggesting either pore
obstruction or structural changes. In addition, a significant
surface area decrease in MSN-ReS, could suggest the collapse
of part of the porous structure due to the long hydrothermal
synthesis. However, MSN-ReS, showed narrow particle size
distribution with an average particle size of 400—500 nm (by
SEM) and the presence of all elements (Re, S, O, and Si), thus
validating the templating effect of the MSN. The in vitro
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5. Fluorescence staining merged confocal images of (a) E. coli and (b) S. aureus using AO/PI for 1 h after different treatments. FE-SEM

antibacterial evaluation demonstrated that MSN-ReS, has an
excellent bactericide effect upon irradiation with an NIR laser.
The antibiotic drug loading complemented the photothermal
response for bacteria killing in vitro, showing that antibiotic-
loaded MSN-ReS, is a potent platform for deep wound healing
in synergistic chemo-photothermal therapy.
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