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Background: Photodynamic antimicrobial therapy (PDAT) has been extensively studied because of its potential applications such as
precise controllability, high spatiotemporal accuracy, and non-invasiveness. More importantly, it is difficult for bacteria to develop
resistance to the aforementioned PDATs. However, the selectivity of traditional PDAT methods to bacteria is generally poor, so it has
been proposed to introduce positively charged components such as quaternary ammonium salts to enhance the targeting of bacteria;
however, they always possess high toxicity to normal cells. As a result, measures should be taken to enhance the targeting of bacteria
and avoid side effects on normal cells.

Methods and Results: In our work, we creatively design a nanoplatform with high anti-bacterial efficiency, low side effects and its
size is approximately 121 nm. BSA, as a nanocarrier, encapsulates the photosensitizer (E)-4-(4-(diphenylamino)styryl)-1-methylpyr-
idin-1-ium with AIE properties named as BSA-Tpy, which increases its circulation time in vivo and improves the biocompatibility.
Under acidic conditions (pH = 5.0), the surface positive charge of the BSA-Tpy is increased to +18.8 mV due to protonation of amine
residues to achieve the targeting effect on bacteria. Besides, under the irradiation of white light, the BSA-Tpy will produce ROS to kill
bacteria efficiently about 99.99% for both Gram-positive and Gram-negative bacteria, which shows the potential application value for
the treatment of infected wounds.

Conclusion: We have developed a feasible method for photodynamic antibacterial therapy, possessing excellent biocompatibility and
high antibacterial efficiency with good fluorescence imaging property.

Keywords: bovine serum albumin nanocarriers, aggregate induced emission, photodynamic antibacterial therapy, antimicrobial

resistance

Introduction

The high level of antibiotic resistance of pathogenic bacteria has become a major problem for health care.'? Therefore, it is
imperative to propose efficient and non-resistance-inducing antibacterial methods. Photodynamic antimicrobial therapy
(PDAT) is the essential choice for the treatment of pathogenic bacteria, which mainly includes three factors: light irradiation,
photosensitizers and molecular oxygen.}5 Briefly, the photosensitizer (PS) is excited from the ground state to the excited
state at the appropriate light wave, and then interacts with oxygen to produce singlet oxygen and reactive oxygen species
(ROS), causing oxidative damage to target bacteria.* More importantly, in the PDAT process, the photosensitizer does not
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need to penetrate the interior of the bacteria, and the generated reactive oxygen species destroy the external structure of the
bacteria, resulting in the leakage of internal components, which make it difficult to develop drug resistance.”'”

However, traditional photosensitizers usually suffer from small Stokes shifts, poor chemical stability, limited fluorescence
imaging capabilities, and low ROS yields.'""* Unfortunately, some photosensitizers suppress the emission in the aggregated
state due to the n-x stacking effect of aromatic hydrocarbons and their derivatives, resulting in poor imaging ability and low ROS
yield. So far, advanced plasmas with aggregation-induced emission (AIE) characteristics have been developed. This structural
feature enables them to emit light with high efficiency in the aggregated state due to the restriction of free rotation within the
molecule. Furthermore, photosensitizers with AIE properties can efficiently generate ROS in the aggregated state, providing
high-performance effects during treatment. Furthermore, the efficiency of PS to generate ROS is highly dependent on intersystem
crossing (ISC)."* ' The scientists found that through the HOMO-LUMO design of the D-n-A structure, the ISC can be tuned
such that the energy gap between the triplet state (T1) and the singlet state (S1) is small.'”2°

Unfortunately, molecular photosensitizers are often unstable and hydrophobic in aqueous solution, which may
limit their applications.?’*> To address these issues, various nanoparticle platforms have been developed, such as
liposomes, silica, metals, and bovine serum albumin nanoparticles.23’24 Among them, bovine serum albumin nano-
carriers have attracted more and more interest than other nanomaterials due to their wide range of applications. On
the one hand, the hydrophilic outer part of the nanoparticles has excellent water solubility, which can prolong the
circulation time in vivo; on the other hand, the hydrophobic inner core tends to aggregate, which is beneficial to the
above-mentioned photosensitizers with AIE properties. As an endogenous substance, bovine serum albumin (BSA)
has good compatibility, non-toxicity, no antigenicity, safe metabolites, and no autoimmune reaction. At the same time,
it possesses great stability at a certain temperature and pH compared to other nanomaterials.”>*® So far, poor
bacterial selectivity of the reported PDAT method is still a problem remained that may inevitably lead to off target
toxicity and low efficiency. In order to furtherly improve the targeting effect, biological stimuli system has been
investigated in response to biological stimuli, such as pH, redox potential, and dysregulated enzymes. It is worth
noting that the infected tissues are characterized by low pH value due to the accumulation of lactic and acetic acids as
a result of low oxygen-triggered anaerobic fermentation. As a result, pH-responsive system was proven to be
a feasible strategy, which may improve therapeutic bacteria-targeting effect. Under acidic conditions, the nanoparticle
surface charge is converted to a positive charge due to protonation of amine residues. Besides, the unique spatial
structure of albumin can encapsulate drugs through physical entrapment or chemical bonding. For most exogenous
drugs, albumin can improve the stability by encapsulating it as well as improving drug loading performance.*~°

Inspired by the advanced research, in this contribution, we fabricated a novel system named BSA-Tpy which has high
biocompatibility and high antibacterial efficiency for the purpose of applying in the repair of bacterial infection wound. Under

acidic conditions, the nanoparticle surface charge is converted to a positive charge due to protonation of amine residues.

Materials and Methods

Materials

Dimethyl sulfoxide (DMSO), petroleum ether, ethyl acetate and anhydrous ether were obtained from Aladdin. Methicillin-
resistant Staphylococcus aureus (MRSA) and E. coli were isolated from human clinical specimens, and identified in the Clinical
Microbiology Laboratory, The affiliated Nanhua Hospital, Hengyang Medical College, University of South China (Hengyang,
China). NIH/3T3 cell lines were kindly provided by Dr. Chaotao Hu (The affiliated Nanhua Hospital). 4-methylpyridine, 2,2'-
4-(diphenylamino)benzaldehyde were purchased from Tansoole. These other used solvents and reagents were of analytical purity

and were purchased from commercial sources. Deionized water was used during the process.

Characterization

The size distribution and the zeta potential of the BSA-Tpy in PBS were measured by Zetasizer Nano S90. The absorbance of the
cells was detected by a microplate reader (Thermo Varioskan Flash, USA). The fluorescence was measured using an F-7000
fluorospectrophotometer (HITACHI, Japan). The bacterial morphology was recorded using Inspect F scanning electron
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microscope (Philips, Netherlands). The Laser scanning confocal microscope was used to record the fluorescence images. The
morphology of material detected with a transmission electron microscope (JEOL, Japan).

Synthesis of Photosensitizer

In brief, 4-(diphenylamino)benzaldehyde and 4-methylpyridine were dissolved in DMSO followed by stirring at 85 °C
overnight. Next, it was cooled to room temperature followed by precipitating into anhydrous ether to obtain pink solid
(Figure S1). Finally, it was re-dissolved with KPF6 solution (3 mL) for 3h and then evaporated by compressed air.

Preparation and Characterization of BSA-Tpy NPs

As shown in Scheme 1, typically, BSA-Tpy NPs were prepared by the desolubilization method. Briefly, a certain amount
of BSA was dissolved in ionized water (50 mg/mL). After 30 minutes, under stirring at a rotational speed of 800 rpm at
room temperature, and then ethanol dissolved with 10 mg photosensitizer was continuously added to the solution. After
1 hour stirring, 40 pL of 2% glutaraldehyde was added to the system to obtain stable BSA-Tpy NPs. The resulting
suspension was stirred overnight at room temperature in the dark. Finally, NPs particles were obtained after centrifuga-
tion three times at 20,000 g for 30 minutes at 4 °C. NP pellets were resuspended in either 5% glucose. Finally, the BSA-
Tpy NPs were stored in a sterile environment to facilitate further operation. Its hydrodynamic diameters, PDI was
regarded as the index of evaluating its stability. An average value of three repeated measurements at room temperature
for each sample. Then, TEM. Spectrofluorometer was used to evaluate the morphology of BSA-Tpy NPs.

ROS Measurements Under Irradiation

The method to detect ROS followed by the previous report. Briefly, fresh DCFH was prepared by hydrolysis of DCFH-DA in
sodium hydroxide aqueous solution at ambient temperature. The DCFH solution was mixed with BSA-Tpy NPs solution at room
temperature. At different time intervals, fluorescence emission intensity was collected under 488 nm excitation wavelength. The
DCFH solution without BSA-Tpy NPs and BSA-Tpy NPs without DCFH were set as control groups.

Cell Viability via MTT Assay

Cell viability was assessed with fibroblasts. Briefly, cells were seeded in 96-well plates at a density of 10,000 cells per
well and incubated in Dulbecco’s Modified Eagle Medium (DMEM) containing 10% fetal bovine serum for 24 h under
typical conditions, and then remove the medium. Subsequently, cells were incubated with different concentrations of

on-covalent force
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Scheme | lllustration of BSA-Tpy NPs as a nanoplatform for photodynamic antibacterial therapy.
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samples for 30 min, and then incubated under light of 50 mW-cm 2 for different times. Cells treated with BSA-Tpy NPs
and cells untreated with BSA-Tpy NPs were used as negative controls. The cells were cultured 24 h after the new
medium was replaced. After removing the cell culture medium, add 100 pL of fresh culture medium to each well. After
incubation for 3 h, the MTT solution was removed and 100 mL of DMSO was added to each well. The absorbance at 490
nm was recorded with a microplate reader. The formula for calculating relative cell viability is as follows:

Cell viability(%)=(A1 — A0)/(Acontrol — A0)x 100%

A0, Al and Acontrol represented the absorbance of samples, the absorbance of cells and the absorbance of MTT assay
without samples.

Bacterial Culturing and Staining of BSA-Tpy NPs

The method to culture and stain bacteria with BSA-Tpy NPs was followed according to the previous research. In brief, bacteria
were put into 10 mL medium, incubating for half of day. Afterwards, the concentrations of bacteria were calculated by measuring
optical density at 600 nm, followed by moving to a 2.0 mL centrifuge tube. Bacteria were harvested by centrifuging at 7500 rpm
for 10 min. Then, put 1 mL of BSA-Tpy NPs solution into the centrifuge tube, respectively, after removing the supernatant. The
final concentration of NPs is 50 pg/mL and then incubated together at room temperature, and finally, 5 pL of stained bacteria
solution was transferred to glass slide to obtain the samples. These bacteria were imaged by the CLSM.

Photodynamic Antibacterial Experiments

Bacterial suspensions (ODgo=10" CFU/mL) were mixed with BSA-Tpy NPs (50 pg/mL) solution, then irradiating under light
with different time intervals. At the same time, the bacteria without NPs in PBS at pH 5.0 and pH 7.4 were set as control groups.
Then, the bacterial mixtures were diluted to 1x10° fold and coated on the solid LB agar plate, afterwards, culturing at 37 °C for 24
h. Antibacterial effect was evaluated by plate counting method. The mentioned experiment was done in parallel three times.

Morphology Studies

Scanning electron microscopy (SEM) was used to evaluate the effect of BSA-Tpy NPs after photodynamic antibacterial
experiment. At first, the bacteria were centrifuged and then co-incubated with 2.5% glutaraldehyde solution. After
centrifugation, it was incubated with 2.5% glutaraldehyde in PBS. The supernatant was removed and rinsed 3 times with
sterile water. Finally, drop the bacterial suspension on a clean silicon wafer in a dry environment at room temperature. All
SEM samples were coated with Cu prior to SEM observation and all SEM samples were run in high vacuum mode.

Animal Surgery and Histological Analysis

Normal 8-10 week-male Wistar rats were anesthetized by intraperitoneal injection of 4% sodium pentobarbital. Then,
open excision wounds of 1 cm in diameter were made for each rat by excising the dorsal lateral skin on both sides of the
spine. The rats were inoculated with Staphylococcus aureus suspension (2x108 CFU/mL) to establish a bacterial
infection wound model. Cover all groups with sterile non-woven fabric after treatment. The wound area was photo-
graphed with a video camera on the day, day 4 and day 7 post-infection for each. The hearts, livers, spleens, lungs, and
kidneys of rats after curing with BSA-Tpy were fixed in 4% paraformaldehyde for histological analysis, then embedded
in paraffin, and the fixed tissues were cut into slices with a thickness of 4 mm. H&E stained.

Results and Discussion

Preparation and Characterization of BSA-Tpy NPs

BSA-Tpy NPs were generated by adding ethanol, induced BSA self-assembly into NPs, and then cross-linked BSA molecules
with glutaraldehyde to form stable nanoparticles. BSA-Tpy NPs were characterized by dynamic nanolight scattering (DLS),
showing diameters of approximately 121 nm (Figure 1A) and the PDI of the nanoparticles is 0.18. Transmission electron
microscopy (TEM) revealed spherical NPs (Figure 1B). On the account of existence of both hydrophilic and hydrophobic chain
segments, the material could be self-assembled into NPs. The particle size of BSA-Tpy NPs were monitored for days and show no
obvious fluctuation (Figure 1B). In addition, it was observed that BSA-Tpy NPs have a good size distribution in PBS, DMEM and
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Figure | Characterizations of the BSA-Tpy. (A) Size distribution of NPs in the water. (B) TEM image. (C) The stability of BSA-Tpy. (D) Normalized FL intensity in water.

10% FBS, proving good colloidal stability. The diameter shown in TEM measurement is slightly smaller because the sample was
dried on the copper sheet and the size may narrow down (Figure 1C). In Figure 1D, the normalized fluorescence intensity of the
BSA-Tpy NPs was clearly when the water ratio was about 95%, confirming the AIE property. Besides, the emission of BSA-Tpy
is about 615 nm due to the strong D-nt-A effect leads to the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital separation (LUMO), proving the potential application in antibacterial field. Then we evaluated the pH-
responsive behaviour of the BSA-Tpy NPs. As we have known that the physiological pH in normal tissues and blood is
approximately 7.4, but the infected tissues are acidic with low pH values as far as pH 5.0 due to the accumulation of lactic and
acetic acids and the low oxygen-triggered anaerobic fermentation. As a result, we tested the behaviour of BSA and BSA-Tpy NPs
in response to different pH conditions respectively. As shown in Figure S2, the zeta potential of BSA and BSA-Tpy was —2.4 mV
and +4.9 mV, respectively, at pH 7.4. Then, they sharply increased to +8.9 mV and +18.8 mV. We analyzed the possible reasons
that under acidic conditions, the nanoparticle surface charge of BSA is converted to a positive charge due to protonation of amine
residues.’’ The results directly proved that the positively charged increased significantly under acidic conditions due to the
protonation effect. Hence, this difference between the normal and infected microenvironment endows a great potential for specific
targeting of bacteria at infection sites. Besides, the photosensitizer has a characteristic UV absorption peak near 475 nm. The drug
loading rate is 17.66% and can be obtained by comparing the absorbance of BSA-Tpy with the standard curve made by the
concentration.

ROS Studies

ROS Generation studies of BSA-Tpy NPs. The mechanism of reactive oxygen species produced by materials under light is
shown in Figure 2A, from which we can see that intersystem crossing (ISC) is a very important process. The smaller energy
of ISC contribute to producing more reactive oxygen species. It has a strong D-n-A effect, which means that it has great
potential for long-wavelength emission because long-wavelength emission has the ability to enter deeper tissues as well as
reducing cytotoxicity to mammals by light irradiation sources, so it has very ideal biological applications. At the same time,
the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital separation (LUMO) were
optimized by the strong D-n-A effect, which reduce the single-triplet energy gap. As a result, it enhanced the production
efficiency of amounts of ROS, thereby promoting the application of PDAT.>? Because of the distorted conformation of the
triphenylamine (TPA) segment of Tpy in NPs, these compounds have an extended intermolecular distance, which can reduce
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Figure 2 (A) The process and mechanism of ROS produced by materials under light irradiation. (B) Plotting of relative PL intensity (I/10) at 525 nm versus the irradiation time.

the accumulation of intermolecular -7, and ultimately inhibit fluorescence quenching during the process to improve the
efficiency of reactive oxygen species production.*? Dichlorofluorescein diacetate (DCF-DA) was selected as a probe to detect
ROS. As depicted in Figure 2B, the intensity of fluorescence gradually increased with the increase of irradiation time. It was
clear that the fluorescence intensity increased about 30 times within 30s, proving the production of large amounts of ROS.

In vitro Biocompatibility
Considering the feasibility in practical application, cytotoxicity was measured to evaluate the biocompatibility of the
BSA-Tpy NPs. Herein, NIH/3T3 cells were employed in the experiment. As depicted in Figure 3, the relative toxicity of
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Figure 3 Cell viability of NIH/3T3 cell after being incubated with various concentrations of BSA, BSA-Tpy and Tpy for 24 h in the dark.
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Tpy, BSA and BSA-Tpy to normal tissue cells was determined by the MTT Assay. It can be seen from Figure 3 that Tpy
alone has a certain degree of cytotoxicity, and the toxicity increases with the increase of the concentration. However, the
viability of BSA and BSA-Tpy treated cell maintains a high level of more than 90% at different concentrations. It can be
concluded that in the presence of BSA carrier, the toxicity of Tpy toward to normal cells is significantly suppressed,
indicating that the cell activity is not affected by the material, proving that the material has high biocompatibility and has
the potential for further clinical treatment. When the concentration of the BSA-Tpy is 400 pg/mL the cell ability was still
above 90%, indicating excellent biocompatibility in vitro. It achieved the initial design expectation that we introduced
BSA into nanoplatform to improve the biocompatibility because the BSA would hydrolysate under normal physiological
environment (pH 7.4), hiding the positively charged effect of the photosensitizer itself, thus reducing the adsorption
between the drug and normal cells. Therefore, the results confirmed the feasibility in practical application.

Photodynamic Antibacterial Efficiency

Observing the obtained images by CLSM, the interaction between the BSA-Tpy NPs and bacteria could be visualized to
some extent. Gram-positive MRSA and Gram-negative E. coli, two kinds of typical pathogenic bacteria, were selected as
the evaluation of imaged fluorescence in our experiment. The concentration of BSA-Tpy was 50 pg/mL according to the
cytotoxicity test. General photosensitizers only have the ability to select Gram-positive bacteria to achieve imaging
function, and the literature reports that significant structural differences may explain this. It has been demonstrated that
both the enveloped Gram-positive and Gram-negative bacteria of the cells are negatively charged, which facilitates the
adsorption of positively charged photosensitizers therewith. However, the difference between Gram-negative bacteria,
Gram-positive bacteria is that the later one has only a single lipid membrane covered with a thick layer of cross-linked
peptidoglycan shell structure. As shown in Figure 4A, we found that the red fluorescence at pH 5.0, there were clear
fluorescence signal in bacteria including Gram-negative E. coli. The result was attributed to the structure of the bacteria
and the response of the material in different environments. Amounts of gram-negative bacteria can also be stained by
photosensitizers after modification of our nanocarriers. Hence, the problem was solved according to designed strategy
that most photosensitizers can only act on the Gram-positive bacteria. Besides, it was can be seen that the bacteria were
detected by clear red light, which also proved the superiority of our materials possessing broad absorption, long emission
wavelengths and excellent AIE property.

We evaluated the photodynamic antibacterial effect by using plate counting method. E. coli and MRSA without BSA-
Tpy NPs and white light were set as control groups. The selected experimental concentration was based on the
cytotoxicity test and bacterial staining performance. Gram-negative E. coli and Gram-positive MRSA were set as control
groups without BSA-Tpy without white light. It is shown in Figure 4B, the control group almost did not change on the
agar plates. Both MRSA and E. coli with BSA-Tpy for 25 min continuous white light irradiation in an acidic
environment were killed totally with a colony forming unit (CFU) reduction rate about 100%. This is because the

BSA-Tpy-+light

A

Control

BSA-Tpy

E.coli |

o
MRSA
@

Figure 4 (A) Bright-field and fluorescent images of bacteria. E. coli, MRSA and were incubated with BSA-Tpy at pH 5.0 and for 25 min before imaging (Scale bar: 10 um). (B)
Image of plate counting method for E. coli and MRSA with of BSA-Tpy at pH 5.0.
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Figure 5 Visualizing BSA-Tpy NPs-induced morphological changes of bacteria, MRSA and E. coli for 25 min white light irradiation were imaged by SEM at pH 7.4 and pH 5.0
respectively, bacteria without treatment were set as controls.

ROS generation of antimicrobial platform of BSA-Tpy NPs could physically destroy the integrity of bacterial structure,
resulting in the leakage of intracellular components due to the composition of quaternary ammonium salt, furtherly
enhancing the photodynamic bacteria invasion under white light irradiation. At the acidic environment, the protonation of
the material increased the positively charge of BSA-Tpy NPs and finally contributed to the charge-mediated targeting
bacteria to enhance the antibacterial efficiency. The ROS generation mechanism of PDAT is complicated and mentioned
above, some other studies have explained that PDAT induced oxidative stress, reduced DNA replication, and synthesis of
proteins, indicating that the antimicrobial agent had antioxidant stress on pathogenic bacteria.>

Additionally, to get more insights into the interaction between the BSA-Tpy NPs and bacteria SEM analysis were
employed to detect the morphological changes of bacteria under white light irradiation. As is shown in Figure 5, without
light irradiation and BSA-Tpy NPs treatment, the morphologies of the MRSA and E. coli showed usual shapes with clear
borders and cell walls. Besides, with the BSA-Tpy NPs and light treatment, the damage and deformation were observed
only in Gram-positive bacteria MRSA at pH 7.4; however, when pH reached to 5.0, all bacteria including E. coli were
damaged. We could conclude that under acidic conditions, the material and bacteria could better combine with each other
by the electrostatic interaction forces. This is consistent with the results of the tests mentioned above. The results of SEM
are consistent with those of the plate counting method, which further proved that the material has good antibacterial
properties against both gram-positive and gram-negative bacteria under both acidic and light conditions.

Evaluation on Rat Wound Models

For further studying the effect toward wound healing of the material in vivo, the therapeutic effect of the material on
bacterial infection wound in rats was tested. As depicted in Figure 6A, we established an animal model of wound
infection with MRSA on the dorsal skin of Wistar rats. At different points in time, the pictures of the wound were taken
for each to see how the bacterial infection was recovering. After 7 days, the area of MRSA-infected wounds became
more severe without any treatment or only BSA-Tpy without light treatment. However, in the presence of both the BSA-
Tpy and white light treatment significantly reduced the wound area indicating that the material could effectively inhibit
the wound bacterial infection under light irradiation (Figure 6B). Due to the large amount of ROS produced by the BSA-
Tpy under light irradiation cause the death of MRSA, decreasing the degree of infection. The results above indicated the
effect of promoting wound healing of BSA-Tpy. Next, we further tested the biocompatibility in vivo using wound-
healing rats. As shown in Figure 6C, the material was not found to be toxic to rats by H&E staining of organs, proving
good biocompatibility.
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Figure 6 The evaluation of BSA-TpyNPs in treatment of bacteria-infected wounds of rats in vivo. (A) Images of MRSA-infected wounds after dealing with NPs with/without
light ((50 mW cm-2) on day 0 and day 4 postinfection. (B) The wounding healing rate of the MRSA-infected wound area on day 4 after the injury. (C) H&E staining of the
organs in rats after treatment for 4 days.

Conclusion

In summary, we have developed a feasible method for photodynamic antibacterial therapy, possessing excellent
biocompatibility and high antibacterial efficiency with good fluorescence imaging property. The results confirmed
that such BSA-Tpy NPs delivery systems could maintain stability in a neutral environment enhanced targeting ability to
the bacteria in the acidic environment due to the change in surface potential. Under the irradiation of white light, the
photosensitizer will produce reactive oxygen species, destroy the structure of bacteria, and further induce bacteria to
produce reactive oxygen species. Therefore, both exogenous and endogenous ROS can be generated simultaneously,
greatly improving the antibacterial efficiency. This engineered material can combat both Gram-positive and Gram-
negative bacterial infections greatly improving the antibacterial efficiency under light irradiation. What is more, this
method may have potential application prospect that could expand to photodynamic anti-cancer therapy as well.
Considering all the great significance above, we will continue to search for the possibilities in the following
exploration.
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