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Bacitracin-Engineered BSA/ICG Nanocomplex with Enhanced
Photothermal and Photodynamic Antibacterial Activity
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ABSTRACT: To reduce the drug resistance of bacteria and
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enhance the antibacterial ability in bacterial infection therapy, we + 00, n‘; ® \9:&'
designed a new antibacterial nanoagent. In this system, a _ ¢ = Lo b 4
photosensitizer (indocyanine green, ICG) was loaded in bovine BSA ICG  BSA@ICG | i
serum albumin (BSA) through hydrophobic-interaction-induced i Fhgiecs
self-assembly to form stable BSA@ICG nanoparticles. Further- Baciteacis 5
more, a positively charged antibacterial peptide bacitracin (Bac)
was physically immobilized onto the surface of BSA@ICG to —p %
generate a bacterial-targeted nanomedicine BSA@ICG@Bac Pm.‘ ~
through electrostatic interactions. Afterward, its photodynamic , @

Live bacteria Dead bacteria

and photothermal activities were intensely evaluated. Moreover, its
bactericidal efliciency was assessed via in vitro antibacterial assays
and bacterial biofilm destruction tests. First, the obtained BSA@
ICG@Bac showed both good singlet oxygen generation property and high photothermal conversion efficiency. In addition, it
showed enhanced photodynamic and photothermal antibacterial capacities and biofilm-removing ability in vitro due to Bac
modification. To sum up, our research provided an economic and less-time-consuming approach to preparing antibacterial
nanomedicines with excellent antibacterial ability. Therefore, the prepared antibacterial nanomedicines have great potential to be
utilized in clinical trials in the future.

1. INTRODUCTION

With the increasing application of traditional antibiotics,
bacterial drug resistance is becoming a significant threat.!
Bacteria use various strategies to avoid the antibiotic
effectiveness. For example, f-lactamases in bacteria negate

cally, the activated photosensitizer can transfer energy to the
surrounding oxygen and produce singlet oxygen with strong
activity. Singlet oxygen can oxidize biomacromolecules, induce
cytotoxicity, and then kill the bacteria."® Photosensitizers are
pivotal in photodynamic therapy. There are many kinds of

the antibacterial effects of penicillin.” In addition, the
formation of a biofilm increases the risk of treatment failure.
Biofilms can provide a suitable microenvironment for bacteria,
which is very unfavorable to some antibacterial agents and
greatly weakens their function.” Rapidly increasing antibiotic
resistance and high mortality rates lead to an urgent need for
new alternatives in infection therapy.

Among many new antibacterial strategies, light-based local
therapies such as photodynamic therapy (PDT) and photo-
thermal therapy (PTT) emerged as alternative and comple-
mentary therapeutic methods.””® Photodynamic therapy
(PDT) is a kind of treatment that can kill cells with a
photosensitizer and a specific wavelength laser. PDT utilizes
reactive singlet oxygen ('O,) produced by photosensitizers to
cause irreparable oxidative damage to vital cellular compo-
nents, such as lipids, proteins, and DNA, which leads to the
death of bacteria with negligible bacterial resistance.” "
During antibacterial therapy, irradiating the infected site with
a specific wavelength can activate the photosensitive drugs
selectively gathered in the infected tissue, which could induce a
luminescent chemical reaction and kill the bacteria. Specifi-

© 2022 The Authors. Published by
American Chemical Society
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photosensitizers, such as porphyrin compounds and phthalo-
cyanine compounds.'® Photothermal therapy is a method that
converts light energy into heat energy by photothermal
conversion agents and kills bacteria by causing thermal damage
to cell walls, proteins, and enzymes.'” Currently, there are
many photothermal agents. Inorganic precious metals (Ag, Au,
Pt), sulfide/oxidized metals (MoS,, CuS, MnO,), and carbon-
based nanomaterials show high photothermal conversion
efficiency, which is beneficial to the application of photo-
thermal therapy.'®

However, some pathogenic infections occur in a hypoxic
environment, or after PDT treatment, the surrounding oxygen
is decreased and the reactive oxygen species (ROS) is

Received: April 20, 2022
Accepted: August 18, 2022
Published: September 16, 2022

https://doi.org/10.1021/acsomega.2c02470
ACS Omega 2022, 7, 33821-33829


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yueying+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenhong+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Le+Xiao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qian+Lan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mingen+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yun+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lijun+Song"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Li+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.2c02470&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02470?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02470?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02470?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02470?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02470?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/7/38?ref=pdf
https://pubs.acs.org/toc/acsodf/7/38?ref=pdf
https://pubs.acs.org/toc/acsodf/7/38?ref=pdf
https://pubs.acs.org/toc/acsodf/7/38?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.2c02470?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Omega http://pubs.acs.org/journal/acsodf

eitas $E
W2 + 9—Gee

BSA ICG BSA@ICG ||
L' ) BSA@ICG@Bacitracin

' Bacitracin

Live ba.;:teria Dead bacteria

PDT

Figure 1. Schematic illustration of the construction of BSA@ICG@Bac nanomedicine for combined photothermal and photodynamic antibacterial
therapy.
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Figure 2. (a) TEM image of the BSA@ICG@Bac nanoparticle. Scale bar is 200 nm. (b) Size distributions. (c) { potentials of diverse drug-loaded
nanoparticles (BSA@ICG and BSA@ICG@Bac). (d) Spectrogram of UV absorption of 1,3-diphenylisobenzofuran (DPBF) with BSA@ICG@Bac

under 808 nm irradiation. (e) Absorption strength of the different sample groups. (f) Photothermal conversion curves of BSA@ICG@Bac at 1 W/
2
cm?.

insufficient, which seriously affect the antibacterial effect of indocyanine green (ICG) could produce the photodynamic
PDT." In addition, due to the poor penetration of white light effect and the photothermal conversion effect at the same time
in the tissue, the use of visible light to PDT limits the at an 808 nm laser irradiation. However, as a near-infrared
therapeutic effect of bacterial infection in deep tissues. organic dye, ICG showed poor biocompatibility, low stability
In addition, the thermal effect produced by photothermal in aqueous solutions, and photobleaching and could be

therapy is poorly specific to bacteria, which can easily attack removed quickly in vivo, which limited its application.”®
the surrounding cells and tissues. Meanwhile, the agents for Physically coating nanomedicines with oppositely charged
photothermal therapy and photodynamic therapy often antibacterial peptides is an economic, versatile, and less-time-
showed low biocompatibility and difficult biodegradation. consuming approach to preparing bacterial-targeting drug
Also, some new agents with complex synthesis processes were delivery vehicles. Herein, to improve the poor biocompatibility
also not suitable for further development.*’ and difficult biodegradation of ICG, we loaded the photo-
To improve the antibacterial ability of these light-based local sensitizer ICG onto bovine serum albumin (BSA) and
therapies and avoid the defects caused by the unilateral modified bacitracin onto the surface of nanoparticles to form
application of photodynamic therapy or photothermal therapy, BSA@ICG@BAC nanoparticles. BSA has good biocompati-
the combination of PDT and PTT to design an antibacterial bility and biodegradability. ICG is a photosensitizer that shows
system has been studied.”'~>” Recent studies showed that a good phototherapeutic effect and excellent safety clinically
33822 https://doi.org/10.1021/acsomega.2c02470
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Figure 3. Photographs of bacterial colonies formed by (a) S. aureus and (b) E. coli treated with different concentrations of BSA@ICG and BSA@
ICG@Bac with or without NIR (808 nm, 1 W/cm?). The bacterial survival of (c) S. aureus and (d) E. coli after treatment as determined by the

plate counting method.

approved by FDA. To augment the bacterial selectivity of the
nanosystem and reduce the side effects of PTT, we modified
bacitracin to the surface of nanoparticles. Bacitracin can play a
certain role in bacterial targeting and bacterial killing and
strengthen the antibacterial ability of the system (Figure 1).

2. RESULTS AND DISCUSSION

2.1. Synthesis and Characterization of BSA@ICG@Bac
Nanoparticles. Accordingly, self-assembled BSA could be
carried with ICG to obtain stable BSA@ICG nanoparticles.*”
Moreover, due to the electrostatic interaction in albumin, the
Bac was attracted to the surface of BSA@ICG nanoparticles to
obtain BSA@ICG@Bac nanoparticles, which was fully
characterized by transmission electron microscopy (TEM),
dynamic light scattering (DLS), Fourier transform infrared
(FTIR) spectroscopy, and a UV—visible spectrophotometer
(Figures 2a—c and S1—S3) The morphology and hydro-
dynamic size of the BSA@ICG@Bac nanoparticles were
confirmed by transmission electron microscopy (TEM) and
dynamic light scattering (DLS), respectively (Figure 2).
Spherical BSA@ICG@Bac nanoparticles that were uniform
and exhibited excellent stability were observed through TEM,
and their average diameter was about 15.9 + 1.7 nm (Figure
2a). Consistent with the TEM data, the average hydrodynamic
diameter of BSA@ICG@Bac was 43.5 + 2.2 nm, which was
larger than the 21.3 + 0.7 nm of BSA@ICG (Figures 2b and
Sla). The BSA@ICG nanoparticles showed electronegativity
in water, which was reduced after loading with electropositive
Bac on its surface, implying the successful loading of the Bac
(Figure 2¢). The DLS measurement of BSA@ICG@Bac was
performed for 7 days both in water and in phosphate-buffered
saline (PBS) (pH 7.4); the hydrodynamic size of BSA@ICG@
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Bac was still less than 100 nm, which proved its good aqueous
stability (Figure S1b,c). Moreover, the loading capacity (LC)
and encapsulation efficiency (EE) were determined to be 6.6
and 80.5%, respectively (Figure S3).

2.2. Photothermal and Photodynamic Behaviors of
BSA@ICG@Bac Nanoparticles. ICG, an FDA-approved
drug, could generate singlet oxygen and heat after 808 nm
near-infrared laser irradiation.”® The singlet oxygen generation
capability of BSA@ICG@Bac was determined by a fluo-
rescence indicator 1,3-diphenylisobenzofuran (DPBF).”” The
more the singlet oxygen generated, the more the fluorescence
decreased. In the presence of H,O or BSA@ICG@Bac, the
fluorescence of DPBF did not change without near-infrared
(NIR) laser irradiation owing to the fact that no singlet oxygen
was generated (Figure S4). Nevertheless, after being irradiated
with an NIR laser (808 nm, 1 W/cm?) for 10 min, the
fluorescence of DPBF decreased to 40% in the presence of
BSA@ICG@Bac, which confirmed that singlet oxygen was
generated (Figure 2d,e). In addition, BSA@ICG@Bac
generated less 'O, than free ICG under NIR irradiation.
However, BSA@ICG@Bac achieved a much longer photo-
degradation period than free ICG (2 min), which is beneficial
for photothermal therapy (Figure S5a). In comparison, we
performed the 'O, generation experiment using DPBF as a
probe under visible-light (660 nm) irradiation. As can be seen
from Figure S5b, BSA@ICG@Bac generated less 'O, under
visible-light (660 nm) irradiation than under NIR (808 nm)
irradiation.

According to Figure S6, the photothermal conversion
efficiency () of the BSA@ICG@Bac NPs at 808 nm was
calculated to be 33.07%. Besides, the BSA@ICG@Bac
nanoparticles exhibited excellent photothermal properties
after NIR laser irradiation (808 nm, 1 W/cm?®) (Figures 2f
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Figure 4. Fluorescence micrographs of SYTO 9 and Pl-costained (a) S. aureus and (b) E. coli after various treatments. Scanning electron
microscopy (SEM) images of (c) S. aureus and (d) E. coli after different treatments. Scale bar: (a, b): 25 um; (¢, d): 1 pm.

and S7). As the concentration of BSA@ICG@Bac nano-
particles increased from 25 to 100 pug/mlL, the temperature
increased dose-dependently. At the concentration of 100 ug/
mL, the aqueous solution of BSA@ICG@Bac could heat up
24.7 °C after 3.5 min of irradiation, while the temperature of
its PBS solution and at the concentration of 25 ug/mL just
heated up to 5.5 and 11.2 °C, respectively (Figure 2f). With
the irradiation time increasing, the temperature increase was
slow or even decreased because the ICG was deactivated after
NIR laser irradiation.””** Taken together, BSA@ICG@Bac
nanoparticles could provide both photodynamic and photo-
thermal therapy with a single NIR laser.

2.3. In Vitro Antibacterial Assay. The antibacterial effects
of BSA@ICG and BSA@ICG@Bac nanoparticles were
assessed by a standard broth microdilution method.” After
being incubated with different concentrations of different
nanoparticles, Staphylococcus aureus and Escherichia coli were
treated with or without 808 nm NIR irradiation. Due to the
bacteriostatic and targeting effects of Bac, the antibacterial
ability of BSA@ICG@Bac was better than that of BSA@ICG
(Figure 3a,b). Notably, at the concentration of 75 pg/mlL, little
S. aureus colonies were grown on the plate with the BSA@ICG
+ NIR and BSA@ICG@Bac + NIR. The survival rates were
292% (BSA@ICG + NIR) and 102% (BSA@ICG@Bac +
NIR), respectively (Figure 3c). In accordance with the results
of S. aureus, the survival rates were 44.5% (BSA@ICG + NIR)
and 38.5% (BSA@ICG@Bac + NIR) in E. coli, respectively
(Figure 3d). Encouragingly, when the concentration of BSA@
ICG and BSA@ICG@Bac nanoparticles was increased to 100
ug/mL, all bacteria colonies were inhibited under 808 nm NIR
irradiation. In comparison, the in vitro antibacterial ability of
BSA@ICG@Bac under visible-light (660 nm) irradiation was
also evaluated. Compared with NIR (808 nm) irradiation,
visible-light (660 nm) irradiation led to a dramatic decrease in
the antibacterial ability at the concentration of 100 ug/mL
(Figure S8). Moreover, the minimum inhibitory concen-
trations (MICs) of BSA@ICG@Bac for S. aureus and E. coli
were determined to be 100 pg/mL with NIR irradiation (Table
S1).

33824

Meanwhile, all live/dead bacteria under different conditions
were analyzed by SYTO 9 and propidium iodide (PI), which
provide green fluorescence (live bacteria) and red fluorescence
(dead bacteria), respectively (Figure 4a,b).** Consistent with
the colonies on the plate, the majority of the bacteria emitted
green fluorescence without any nanomaterials. Nevertheless,
there was a small percentage of bacteria that emitted red
fluorescence in the BSA@ICG@Bac nanoparticle group. Even
more encouraging, most of the bacteria were dead, as
evidenced by the emission of red fluorescence in the presence
of BSA@ICG@Bac nanoparticles and NIR laser irradiation.

To further confirm the antibacterial effect and the
underlying mechanism of BSA@ICG@Bac nanoparticles,
scanning electron microscopy (SEM) was used.”! Figure 4¢,d
shows that untreated bacteria exhibited a smooth surface with
an integrated membrane structure. For the PBS + NIR and
BSA@ICG@Bac groups, there were a few shrinkages on the
surface of bacteria, indicating NIR irradiation or BSA@ICG@
Bac nanoparticles were useless to disrupt the cell membrane.
However, under 808 nm NIR irradiation, BSA@ICG@Bac
nanoparticle treatment impaired the bacterial cell membrane,
which shrank and collapsed, and the bacteria could barely grow
on the agar plate. Therefore, nanomaterials may induce
bacterial death by destroying the bacterial membranes.

To study the targeting capacity of the BSA@ICG@Bac in S.
aureus, the uptake percentage of the nanoparticle method was
used. As shown in Figure S9, the uptake proportion of
nanoparticles increased in a time-dependent manner. After
coincubation for 1 h, about 18.5% BSA@ICG@Bac was taken
up, whereas only 14.1% BSA@ICG was taken up by S. aureus.
Up to 210 min, 24.5% BSA@ICG@Bac was taken up by S.
aureus, which is more than the absorptivity of BSA@ICG
(21.3%). Therefore, Bac seemed to enhance the targeting
capacity of nanoparticles in S. aureus. On the other hand, the
intracellular ROS generation experiment in S. aureus after
incubating with BSA@ICG and BSA@ICG@Bac using 2,7'-
dichloroacetate (DCFH-DA) as a probe was performed. As can
be seen from Figure S10, both BSA@ICG and BSA@ICG@
Bac groups generated ROS inside S. aureus, which confirms its
antibacterial mechanism.
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NaCl, and different concentrations of BSA@ICG@Bac.

2.4. In Vitro Bacterial Biofilm Destruction Test. The
formation of a bacterial biofilm makes bacteria immune to the
interference of the external environment such as antibiotics,
light, and heat, which may cause bacterial resistance and the
failure of antibiotic treatment. Thus, the treatment of bacterial
infection was facing great challenges. Therefore, there is an
urgent need to find a new antimicrobial strategy, especially to
eliminate the formation of biofilms.

In our study, we tested bacterial biofilm destruction
experiments with the intact biofilm of S. aureus and E. coli.

First, to evaluate the complete development of the bacterial
biofilm, crystal violet staining was used (Figure S11). S. aureus
and E. coli were incubated with PBS, BSA@ICG, and BSA@
ICG@Bac in the presence or absence of NIR laser irradiation.
After that, the plate counting method was used to evaluate the
bacterial survival rate of the treated biofilm. As shown in Figure
S, in the BSA@ICG- or BSA@ICG@Bac-treated group, the S.
aureus survival rates of the remaining biofilm were 63 and 42%,
whereas the E. coli survival rates were 84 and 71%, respectively.
These results suggested that the nanomaterial could destroy
and penetrate the biofilm. In our study, we performed bacterial
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biofilm destruction experiments with the intact biofilm of S.
aureus and E. coli. At the same time, under the NIR laser
irradiation, the S. aureus and E. coli survival rates were 0 and
1.57% in the presence of BSA@ICG@Bac, which was lower
than 0.71 and 3.72% in the presence of BSA@ICG. These data
confirmed that NIR laser played an important role in
antibiofilm activity, which could induce ICG to generate 'O,
and heat to attack the biofilm and cause bacterial death.

2.5. In Vitro Biocompatibility Assay. To evaluate the in
vitro biocompatibility assays of BSA@ICG@Bac nanoparticles,
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay and hemolysis experiments were applied.
The cytotoxicity of BSA@ICG@Bac nanoparticles (0—100
ug/mL) was determined by the MTT assay using L929 cells.
As shown in Figure 6a, after 48 h of incubation, the cells of
each group grew well, and the cell viability was above 90%,
which indicated no potential cytotoxicity of BSA@ICG@Bac
against 1929 cells. At the concentration of BSA@ICG@Bac
under 75 ug/mL, the cell proliferation effect of BSA was
greater than its ability to inhibit cell proliferation. However, at
the concentration of BSA@ICG@Bac above 75 pug/mlL, the
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toxicity of nanoparticles was so great that the cell proliferation
was limited. In hemolysis assays, the test was accessed by
mouse red blood cells (4%), which were coincubated with a
series of gradient concentrations of BSA@ICG@Bac (0, 25,
50, 75, 100 pug/mL). Figure 6b shows that the hemolysis rate
increased in a dose-dependent manner. Encouragingly, the
hemolysis rate was 4.7% at the concentration of BSA@ICG@
Bac of 100 pg/mL, which was less than the permissible limit
(5%). Consequently, the obtained BSA@ICG@Bac nano-
particles exhibited excellent biosafety.

3. CONCLUSIONS

In conclusion, a bacterial-targeting nanomedicine, BSA@
ICG@Bac NPs, was developed for antibacterial therapy.
BSA@ICG@Bac NPs were conveniently produced by a
thorough hydrophobic-interaction-induced self-assembly be-
tween ICG and BSA, followed by the physical immobilization
of oppositely charged Bac to the surface of BSA@ICG NPs.
Due to the Bac-mediated bacterial-targeting property, in vitro
antibacterial assays demonstrated that the therapeutic
efficiency of BSA@ICG@Bac NPs against both planktonic
bacteria and biofilms was significantly enhanced under the
irradiation of an 808 nm laser compared to BSA@ICG NPs. In
vitro experiments proved that BSA@ICG@Bac NPs also
demonstrated excellent biosafety. Therefore, this bacterial-
targeting nanomedicine is a promising candidate for clinical
trials in the future.

4. EXPERIMENTAL SECTION

4.1. Materials. Bovine serum albumin (BSA) was supplied
by Shanghai Yuanye Biology Science and Technology Co., Ltd.
(China). Indocyanine green (ICG) was provided by Meryer
(Shanghai, China). Bacitracin, dimethyl sulfoxide (DMSO),
and N,N-dimethylformamide (DMF) were purchased from
Macklin (Shanghai, China). Luria-Bertani (LB) broth was
obtained from Solarbio Reagent Co., Ltd (China). Mueller
Hinton Agar was supplied by Huangdong huankai microbial
SCI. & Tech Co., Ltd. (China). Dulbecco’s modified Eagle’s
medium (DMEM) and fetal bovine serum (FBS) were
purchased from Gibco. Propidium iodide (PI) was purchased
from Sigma Co., Ltd. All solvents and chemicals were of
analytical grade and used as received unless specified
otherwise.

4.2. Synthesis of BSA@ICG@Bac Nanoparticles. To
prepare BSA@ICG nanoparticles, 67 mg of BSA was dissolved
in 20 mL of distilled water, and a solution of ICG (12 mg) in
DMSO (8 mL) was added slowly at the rate of 1 mL/min.
Then, the mixture was stirred in the dark for 12 h and dialyzed
against distilled water for 24 h to obtain the aqueous solution
of BSA@ICG nanoparticles. Next, 2 mL of the solution was
lyophilized and weighed for measurement of the concentration.
Another 2 mL of the solution was separated by ultrafiltration
using Nanosep centrifugal devices with a molecular weight
cutoff of 300 kD (Pall Life Sciences, Ann Arbor, MI), and the
aqueous phase was kept to determine the concentration of free
ICG via UV—vis spectroscopy in the following step.

To prepare BSA@ICG@Bac nanoparticles, bacitracin (1
mg) dissolved in deionized water (1 mL) was slowly added to
the solution of BSA@ICG nanoparticles. The obtained mixture
was stirred for 12 h to generate BSA@ICG@Bac nanoparticles.
Then, it was dialyzed against deionized water for 24 h to obtain
the aqueous solution of BSA@ICG@Bac nanoparticles. Then,

2 mL of the solution was lyophilized and weighed for
measurement of the concentration.

4.3. Instrument. Dynamic light scattering (DLS) was
measured by a Zetasizer nanoZ$ (Horiba SCL. Ltd., Japan) for
the { potential and size distribution of nanoparticles in distilled
water. A transmission electron microscope (TEM) image was
obtained by JEM-1400 (Japan) at 80 kV. The UV-—vis
absorption was recorded by a UV—visible spectrophotometer
(UV-6000PC, Shanghai Metash instruments Co. Ltd.). A
scanning electron microscope (SEM, Zeiss Gemini SEM 300)
was used to observe the morphology of bacteria. Fluorescence
images were obtained by confocal laser scanning microscopy
(Leica, SP8, Germany). Fourier transformed infrared (FTIR)
spectra were obtained by the KBr pellet method in an FTIR
spectrophotometer (Bruker, TENSOR 27, Germany).

4.4, Measurement of the ICG Loading Amount in
BSA@ICG@Bac Nanoparticles. In our work, UV—vis
spectroscopy was used to determine the loading capacity
(LC) and encapsulation efficiency (EE) of the content of ICG
in the final formulation of BSA@ICG@Bac. The aqueous
phase (0.4 mL) kept during the preparation of BSA@ICG was
dissolved in the cosolvent system of DMSO/H,0 (1:5, v/v, 2
mL) for UV—vis measurement at the wavelength of 783 nm to
determine the concentration of unloaded ICG. The LC and EE
of BSA@ICG@Bac were calculated according to the following
formula

LC (%) = (Wy — W)/ Whp X 100% (1)

where Wr is the total weight of the drug fed, Wk is the weight
of the nonencapsulated free drug, and Wy, is the weight of
drug-loaded nanoparticles.

EE (%) = (Wy — W;)/ Wy X 100% )

where Wr is the total weight of the drug fed and Wk is the
weight of the nonencapsulated free drug.

4.5. Photothermal Performance of BSA@ICG@Bac
Nanoparticles. To verify the photothermal effect of BSA@
ICG@Bac nanoparticles, an infrared thermal imaging camera
was used to document the temperature changes of various
concentrations (25, 50, 75, 100 pg/mL) of nanoparticles (1
mL) under an 808 nm NIR laser (1 W/cm?) irradiation
(Zhongjiao Jinyuan Technology, 16 Ltd., Beijing, China).

4.6. Detection of '0, Generation. The production of
'0, was analyzed using the method described previously.”®
Briefly, 700 uL of DMF and 300 uL of distilled water were
added into a Quartz cuvette as a negative group. Then, 290 uL
of free ICG and BSA@ICG@Bac (100 pug/mL) with an equal
concentration of ICG were mixed with 10 L of a 5 mM DPBF
solution and 700 yL of DMF in the miscible liquids. Finally,
the whole solution was exposed to 808/660 nm LED
irradiation for different times (0, 1, 2, 4, 6, 8, and 10 min),
and the absorbance was recorded by UV—vis spectroscopy.

4.7. Bacteria Culture. Single colonies of S. aureus (ATCC
25923) and E. coli (ATCC 25922) on a solid Mueller Hinton
(MH) agar plate were dispersed in S mL of LB, separately, and
cultured at 37 °C under 110 rpm shaking overnight. The
bacteria were centrifuged and washed with 0.9% NaCl, which
were resuspended in fresh LB.

4.8. In Vitro Antibacterial Study. S. aureus or E. coli (100
uL, 107 CFU/mL) was added to a 96-well plate for different
treatments. They were incubated with PBS, BSA@ICG (100,
75, 50, 25 ug/mL, 100 uL), and BSA@ICG@Bac (100, 75, 50,
25 pg/mL, 100 uL) for 3 h, separately. Then, they were treated
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with or without 808 nm laser irradiation for 10 min. Finally, a
method of colony counting using solid agar plates was
employed to evaluate the antibacterial property of the
material.*° In addition, the same method was used to treat
bacteria under 660 nm LED for 10 min as a comparison.

The minimum inhibitory concentrations (MICs) of NPs
against S. aureus and E. coli were determined by a previously
reported method.”® BSA@ICG and BSA@ICG@Bac NPs
were serially diluted 2-fold in LB in 96-well plates to obtain
concentrations ranging from 25 to 400 pg/mL. The endpoints
were determined when no turbidity in the well was observed.

4.9. Scanning Electron Microscopy Characterization.
To visualize the influence of materials on bacteria, a bacterial
solution (10° CFU/mL, 500 L) was mixed with PBS (pH ~
74) or BSA@ICG@Bac NPs (200 ug/uL, SO0 pL) in a 48-
well plate. After incubating for 3 h at 37 °C, the group NIR(+)
was exposed to 808 nm laser irradiation (1 W/cm?) for 10 min,
while the group NIR(—) was kept in the dark. After that, the
bacteria were resuspended in a glutaraldehyde solution (2.5%)
and fixed for 12 h at 4 °C. Then, the bacteria were dehydrated
with different concentrations of ethanol (30, 50, 70, 80, 90,
100%) for 10 min, separately. After drying with a vacuum dryer
overnight and sputter-coating with platinum for 60 s, the
samples were obtained and visualized by SEM."°

4.10. In Vitro Bacterial Biofilm Destruction Test. The
bacterial biofilms (E. coli and S. aureus) were constructed by
culturing the bacteria into a tryptic soy broth (TSB) medium
at a concentration of 10° CFU/mL for 48 h at 37 °C with a
constant agitation speed of 110 rpm. The obtained biofilms
were treated differently, and they were divided into six groups:
(a) control; (b) control + NIR; (c) BSA@ICG (100 ug/uL);
(d) BSA@ICG (100 ug/uL) + NIR; (e) BSA@ICG@Bac
(100 pg/uL); and (f) BSA@ICG@Bac (100 ug/uL) + NIR.
After treatment, the 48-well plate was ultrasonicated for 10 min
to disperse the remaining biofilms into the solution. Finally,
the method of colony counting using solid agar plates was
employed to determine the CFU in biofilms.

4.11. Live/Dead Bacterial Staining Assay. The bacteria
(E. coli and S. aureus, 10’ CFU/mL) were cultured with PBS
and BSA@ICG@Bac at 37 °C for 3 h. The group NIR(+) was
exposed to an 808 nm laser irradiation (1 W/cm?) for 10 min,
while the group NIR(—) was kept in the dark. After
centrifugation and washing with PBS, SYTO 9 (0.6 uL, 1.5
mM) and propidium iodide (PL, 1 uL, 1.5 mM) were
sequentially mixed with a bacterial suspension (100 yL) in the
dark for 20 min. After centrifugation, the stained bacteria were
resuspended in PBS for confocal laser scanning microscope
(CLSM, Leica, SP8) measurement. SYTO 9 and PI were
excited at 488 and 561 nm, and the emission signals were
collected at S00—545 nm (green channel) and 600—650 nm
(red channel), respectively.

4.12. Bacterial Uptake of BSA@ICG@Bac. BSA@ICG
and BSA@ICG@Bac (1 mL, 100 xg/mL) were added to the
bacterial solution (1 mL, 2 X 10 CFU/mL) in a 24-well plate
and cultured at 37 °C at a shaking speed of 100 rpm for
different time intervals (60, 90, 120, 150, 180, and 210 min).
After centrifugation, the pellet was washed gently with PBS to
remove the unbound BSA@ICG or BSA@ICG@Bac. Then, it
was incubated with methanol (300 L) at room temperature
for 2 h and centrifuged at 5000 rpm for 10 min. The
absorbance of the supernatant at 783 nm was measured to
evaluate the bacterial uptake capacity of BSA@ICG@Bac
according to the following formula

uptake of ICG (%) = [M;/M,] X 100% (3)

where M, is the amount of ICG in the supernatant and M,
stands for the total amount of ICG in BSA@ICG or BSA@
ICG@Bac.

4.13. In Vitro Cytotoxicity Assays. The MTT assay was
used to measure the cytotoxicity of BSA@ICG@Bac nano-
particles. L929 cells were grown in DMEM supplemented with
10% FBS and 1% penicillin/streptomycin. BSA@ICG@Bac
(100, 75, S0, 25 ug/mL) was coincubated with L929 cells
(5000 cells per well) in a 96-well plate at 37 °C in a 5% CO,
atmosphere for 24 h, separately. After that, 10 uL of MTT (5§
mg/mL) was added to each well and incubated for 4 h. Then,
the supernatant was removed, and DMSO (100 uL) was added
to each well for incubation (15 min) and shaking. The relative
cell viability was calculated by measuring the absorbance at 570
nm.

4.14. Hemolysis Assays. Hemolysis was characterized by
rat red blood cells (RBCs) from BALB/c mouse. The whole
blood (1 mL) was added to 0.9% NaCl (9 mL) solution, and
RBCs were obtained by centrifuging at 750 rpm for 10 min and
washed until the supernatant was clear. Then, 400 uL of BSA@
ICG@Bac (200, 150, 100, 50 pg/mL) was mixed with 400 L
of 4% v/v RBCs and incubated for 1 h at 37 °C, separately.
After centrifuging at 1000 rpm for S min, the supernatants
(100 pL) were transferred to a 96-well plate for UV—vis
measurement at the wavelength of 576 nm using a microplate
reader (Biotek). The dispersions of RBCs incubated with DI
water and 0.9% NaCl were used as the positive and negative
controls, separately. The hemolysis rate of BSA@ICG@Bac
nanoparticles can be calculated from the following formula

hemolysis ratio (%) = (Asample — Ay)/(4p — Ay) X 100%

(4)
where A is the absorbance of RBCs incubated with BSA@
ICG@Bac nanoparticles, Ay reflects the absorbance of RBCs
incubated with 0.9% NaCl, and A stands for the absorbance of
RBCs incubated with DI water.

4.15. Detection of Intracellular Reactive Oxygen
Species (ROS). 2',7’-Dichloroacetate (DCFH-DA) was used
to detect the ROS produced.”” Briefly, the overnight test
culture (1 X 107 CFU/mL) was treated with BSA@ICG and
BSA@ICG@Bac in an appropriate concentration and
preincubated for 4 h. The preincubated samples were treated
with 100 uM DCFH-DA and incubated in the dark for 30 min.
Excess of DCFH-DA from the samples was removed by
centrifugation and irradiated for 10 min. The control wells
were maintained untreated. A similar experiment was
maintained in the dark for comparison. CLSM was used to
observe the bacteria (ex = 488 nm, em = 525 nm).

4.16. Statistical Analysis. The values were manifested as
mean = standard deviation (SD), and the data were gathered
based on more than three parallel experiments. The statistical
analysis was concluded using Student’s t-test. In all tests, the
statistical significance for the test was set at *p < 0.05, **p <
0.01, and ***p < 0.001.
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Particle size distribution of BSA@ICG, and stability of
BSA@ICG@Bac in water and PBS 7.4 (Figure S1); drug
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loading of ICG in BSA@ICG@Bac (Figure S2); effect of
water on the UV—vis absorption spectrum of DPBF
under 808 nm laser irradiation and the effect of BSA@
ICG@Bac in the dark (Figure S3); absorption intensity
under different conditions (Figure S4); photothermal
conversion efficiency of BSA@ICG@Bac (Figure SS);
FTIR spectra of the raw materials forming BSA@ICG@
Bac and BSA@ICG@Bac (Figure S6); photothermal
imaging of BSA@ICG@Bac at different concentrations
(Figure S7); in vitro antimicrobial activity of BSA@ICG
and BSA@ICG@Bac with or without 660 nm laser
irradiation (Figure S8); targeting of BSA@ICG and
BSA@ICG@Bac by S. aureus (Figure S9); fluorogram of
the intracellular production of reactive oxygen species by
S. aureus (Figure $10); and photographs of S. aureus and
E. coli biofilms (Figure S11) and of BSA@ICG@Bac
(Table S1) (PDF)

(PDF)
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