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ABSTRACT: A two-dimensional (2D) antimicrobial nanoagent is synthesized by incorporating the titanjum amino-
benzenesulfanato complexes (Ti-SA,) onto black phosphorus nanosheets (BPs). The strong P—Ti coordination between Ti-SA,
and BPs results in the high loading capacity (~43%) of Ti-SA, onto BPs and enhances the stability of BPs against oxidation.
Compared to bare BPs and Ti-SA,, the Ti-SA,@BPs exhibit improved antibacterial efficacy, and most of the bacteria are
inactivated within 3 h with a dose of only 50 yzg/mL. The underlying antibacterial mechanism is investigated. This proposed Ti-
SA,@BPs have great potential in clinical applications, and the results provide insights into the design and synthesis of 2D

antibacterial nanoagents.
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1. INTRODUCTION

Infectious diseases caused by pathogenic bacteria pose growing
threats to public health." As an alternative to antibiotics,
chemotherapeutic sulfa drugs with antimicrobial activity are
adopted in clinical treatments, but most of them suffer from
low efficiency and severe side effects raised by high-dose
administration. In this respect, rapid development of nano-
technology in recent years offers the possibility to increase the
efficiency of chemical pharmaceuticals.”~> Compared with the
conventional chemotherapeutic drugs, nanodrugs provide
many advantages including limited immunogenicity and
cytotoxicity,”” favorable dru§ release profiles,” prolonged
circulation, extended half-lives,” and targeting ability to specific
cells and tissues.'”"" In particular, ultrathin two-dimensional
(2D) nanomaterials'>'® have elicited increasing interest in
biomedicine due to the large surface-to-volume ratio, unique
2D structure with special physicochemical features, and
abundance of drug anchoring sites. For example, §raghene
oxide (GO),'™" reduced graphene oxide (rGO),'°”" and
molybdenum disulfide (MoS,)"”~>* have been proposed for
drug delivery in cancer therapy due to the high drug loading
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capacity.”™*® In spite of recent progress, the use of 2D

materials to deliver antimicrobial drugs is seldom prac-
ticed,”*~*" although it has been reported that graphene
materials have intrinsically antibacterial activity ascribed to
their specific physical effects enabling destructing the bacterial
membrane integrity via the extremely sharp edges and/or
extracting phospholipids destructively to induce bacterial
inactivation.””>° However, there are still controversial issues
about these antimicrobial effects, and the mechanisms deduced
from current achievements are far from exhaustive.’** What is
more, most of the 2D materials are not biodegradable
naturally,'** thus restricting some clinical applications.

As a new class of 2D nanomaterials, black phosphorus
nanosheets (BPs) have aroused increased interest due to their
many unique physical and chemical properties. BPs contain
only phosphorus, which is an essential element making up
about 1% of the total human body weight.""%’34 Furthermore,

Received: November 15, 2018
Accepted: January 9, 2019
Published: January 30, 2019

DOI: 10.1021/acsanm.8b02065
ACS Appl. Nano Mater. 2019, 2, 1202—1209


www.acsanm.org
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsanm.8b02065
http://dx.doi.org/10.1021/acsanm.8b02065

ACS Applied Nano Materials

BPs are biodegradable and the products are nontoxic
phosphate anions.*>*® Consequently, BPs have recently been
used in biomedical applications such as photothermal/
photodynamic therapies,””*”** biosensing,” and reinforcing
osteoimplants.”” BPs with the special 2D puckered honeycomb
structure have also been employed as a robust platform for
loading and delivering anticancer drugs.41 Nevertheless, the
antimicrobial properties and concomitant application of BPs
have seldom been reported, perhaps because BPs are quite
unstable in the physiological environment,* thus complicating
drug delivery. Herein, we design and synthesize a novel
antimicrobial nanodrug system by loading BPs with titanium
aminobenzenesulfanato (designated as Ti-SA;), the well-
designed metal complex with antibacterial activity. On account
of the strong P—Ti coordination, highly efficient loading of Ti-
SA, onto BPs is achieved, and the as-obstained Ti-SA,@BPs
with enhanced stability enable a long-term action. By taking
advantage of the synergistic effect of Ti-SA, and BPs, Ti-SA,@
BPs show a much better antibacterial activity than bare BPs,*
which can directly deactivated bacteria without the association
of near-infrared-mediated photothermal performance.”* Ti-
SA,@BPs exhibit a more superior antibacterial activity than Ti-
SA, and BPs, and the underlying synergetic antibacterial
mechanism is explored and described.

2. EXPERIMENTAL SECTION

2.1. Materials. 4-Amino-2-methylbenzenesulfonic acid, N-methyl-
2-pyrrolidone (NMP), and ethyl alcohol (EtOH) were purchased
from Aladdin Reagents (Shanghai, China). Dimethylformamide
(DMF) and Ti(O'Pr), were obtained from Alfa Aesar (Heysham,
UK). Luria-Bertan (LB) broth and LB agar were purchased from
Thermo Fisher Scientific (Waltham, MA). The LIVE/DEAD
BacLight Bacterial Viability Kit was obtained from Invitrogen
(Carlsbad, CA), the genomic DNA extraction kit was obtained
from Beyotime (Hangzhou, China), and bulk BP crystals were
purchased from MoPhos (China). All the other reagents used in this
study were analytical grade, purchased from Sigma-Aldrich (St. Louis,
MO), and used directly without further purification. Ultrapure water
(Millipore, 18.2 MQ) was used to prepare the aqueous solutions.

2.2. Synthesis. The BP crystals were dispersed in the NMP
solution (25 mL) and treated in an ultrasonic ice bath at 40 kHz
frequency. The solution was centrifuged at 4000 rpm for 10 min after
exfoliation to remove the unexfoliated bulk, and the supernatant
containing the BPs was stored.

To synthesize Ti-SA,, a solution of 4-amino-2-methylbenzene-
sulfonic acid in EtOH was added with Ti(O'Pr),. The molar ratio of
4-amino-2-methylbenzenesulfonic acid to Ti(O'Pr), was 4/1. The
mixture was heated at S0 °C for 5 h under argon. After removing the
solvent, the crude mixture was passed through a bed of silica gel and
Ti-SA, was obtained as a yellow solid.

To fabricate Ti-SA,@BPs, the BPs were dispersed in NMP with the
addition of an excessive amount of Ti-SA,. The mixture was stirred in
darkness under the protection of Ar environment for 20 h. The
mixture was centrifuged at 12000 rpm for 20 min, and the precipitated
Ti-SA,@BPs were collected.

2.3. Characterization. '"H NMR and *C NMR were performed
in dimethyl sulfoxide-ds (DMSO-dy) on an Advance DRX Bruker-400
spectrometer at 25 °C. The TEM and HR-TEM images were acquired
on a Tecnai G2 F20 S-Twin transmission electron microscope at an
acceleration voltage of 200 kV. Raman scattering was conducted on a
Horiba Jobin-Yvon Lab Ram HR VIS high-resolution confocal Raman
microscope equipped with a 633 nm laser. XPS was conducted on a
Thermo Fisher ESCALAB 250Xi XPS. The UV-NIR absorption
spectra were acquired at room temperature on a Lambda 25
spectrophotometer (PerkinElmer) with QS-grade quartz cuvettes.
The zeta potentials were measured on a zeta potential analyzer
(Malvern Instruments Ltd.).
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To determine the loading capacity of Ti-SA,, the suspensions of
BPs were mixed with Ti-SA, at different feeding ratios (Ti-SA,/BPs
feeding ratios: 0.8, 1.6, 2.4, 3.2, 4, 4.8, 5.6, and 6.4). The loading
capacity was measured by inductively coupled plasma atomic emission
spectroscopy (ICP-AES). Based on the elemental content of
phosphorus and titanium, the loading ratios of Ti-SA, on BPs were
calculated.

2.4. Biocompatibility Assay. The lung microvascular endothelia
cells (HULEC-5a) were maintained in red-free endothelial basal
medium (Clonetics, San Diego, CA) containing 10% fetal bovine
serum (FBS, Invitrogen, Carlsbad, CA), supplemented with 10 ng/
mL epidermal growth factor, 1 pug/mL hydrocortisone, 10 mM L-
glutamine, 20 IU/mL penicillin, and 20 pg/mL streptomycin. The
adenocarcinomic human alveolar basal epithelial cells (AS49) were
routinely cultured in Dulbecco’s Modified Eagle medium (Gibco
BRL) supplemented with 10% (v/v) fetal bovine serum. By use of 96-
well tissue culture plates as the holders, Ti-SA,@BPs at different
concentrations (5, 10, 30, and 50 ug/mL) were incubated with each
kind of 1 X 10* cells for 24 h, and the cell viability was determined by
a CCK-8 assay (Donjindo) according to the manufacturer’s
instructions.

2.5. Bacterial Culture. The LB broth was utilized to cultivate the
bacteria, and a sterile saline solution was used as a testing medium.
The E. coli (ATCC 25922) and S. aureus (ATCC 43300) were
resuspended in 10 mL of LB broth, respectively, and cultivated in a
rotating shaker at 37 °C for 12 h. Afterward, 100 uL of the bacterial
suspension was transferred to 10 mL of fresh LB broth for subculture
and harvested at the exponential growth phase. In the next step, the
bacteria were rinsed twice to remove the growth medium constituents
and then resuspended in a sterile saline solution (0.9% NaCl). The
final bacterial suspension was prepared in a sterile saline solution with
a density of 5 X 10° colony-forming units (CFU)/mL.

2.6. LIVE/DEAD Fluorescence Staining. The bacteria viability
after different treatments was evaluated by a Live/Dead BacLight kit.
The assay was performed according to the manufacturer’s
instructions. Briefly, 5 X 10° CFU/mL of E. coli and S. aureus were
added with 15 pug/mL Ti-SA,, 35 ug/mL BPs, or 50 pg/mL Ti-SA,@
BPs, and the mixture was incubated under shaking at 200 rpm at 37
°C for 3 h. Subsequently, 1 mL of each specimen was mixed with 2 yL
of SYTO 9 and 2 uL of propidium iodide for 15 min incubation in the
dark at room temperature. The bacterial solution was centrifuged at
4000 rpm for S min and visualized and photographed under a
fluorescence microscope (Olympus IX71).

2.7. Antibacterial Assay by Colony Counting. The anti-
bacterial efficacy of the samples was assessed by a colony counting
method. The E. coli and S. aureus (5 X 10° CFU/mL) in 5 mL of the
sterile saline solution were incubated with 15 ug/mL Ti-SA,, 35 ug/
mL BPs, or 50 pug/mL Ti-SA,@BPs and incubated under shaking at
200 rpm at 37 °C for 3 h. The mixture was diluted with the sterile
saline solution and spread on LB agar plates for another 24 h
incubation at 37 °C. The viable bacteria were recorded by counting
the number of CFU, and the antibacterial ratio was calculated by the
formula

antibacterial ratio = (control group CFU

— experimental group CFU)/control group CFU X 100%

2.8. SEM Observation of Bacteria Morphology. After
incubation with various samples for 3 h, the bacterial suspensions
were centrifuged at 4000 rpm for S min and rinsed three times with
the PBS solution. The bacteria without any treatment were the
control. All the bacteria were fixed with a 2.5% glutaraldehyde
solution for 2 h, rinsed with PBS three times, and dehydrated with
graded ethanol series (30, 50, 70, 80, 90, and 100% v/v) for 10 min.
After completely drying at room temperature, the bacteria were
sputter-coated with gold (20 s, 30 mA), and the morphology was
examined by scanning electron microscopy (Zeiss Sigma 300).

2.9. Zeta Potential and Membrane Potential Assays. After
incubation with different samples for 3 h, the bacterial suspensions
were centrifuged at 4000 rpm for 5 min and rinsed with the PBS
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solution thrice. The zeta potential of treated bacteria was measured on
the zeta potential measurement analyzer (Malvern Instruments Ltd.).
A BacLight Bacterial Membrane Potential Kit (invitrogen) was used
to determine the potential of bacterial membrane. The kit provides a
fluorescent membrane potential indicator dye: diethyloxacarbocya-
nine (DIOC2), which exhibits green fluorescence from all bacteria,
but the fluorescence shifts to red when the dye molecules accumulate
intracellularly caused by larger membrane potentials. Carbonyl
cyanide 3-chlorophenylhydrazone (CCCP) was used as the positive
control as it could destroy membrane potential by eradicating the
proton gradient. The measurements were performed according to the
manufacturer’s instructions. Briefly, the bacteria after different
treatments were stained with 5 yL of 3 mM DiOC2 in the darkness
for 20 min, and the positive control group of bacteria was treated with
10 pL of 500 uM CCCP prior to staining. All the stained bacteria
were assayed by Cell Lab Quanta SC flow cytometry (Beckman
coulter).

2.10. Bacterial Protein Assay. The proteins extracted from the
bacteria were determined by the sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE) method. The
bacteria after different treatments were centrifuged at 4000 rpm for
S min and rinsed with the PBS solution thrice. The bacteria were then
resuspended in a cold lysis buffer (Beyotime, China) supplemented
with PMSF at 4 °C for 40 min. The lysates were centrifuged at 4 °C at
14000 rpm for 20 min, and the supernatant extracts were collected.
After determining the protein concentration by a BCA assay kit
(Beyotime, China), the protein extracts were added with SDS-PAGE
loading buffer, heated to 100 °C for 10 min, and separated by 10%
SDS-PAGE. The protein gels were stained by Coomassie Brilliant
Blue and imaged after water destaining for 12 h.

2.11. DNA Extraction and Fragmentaion Analysis. The
bacterial DNA were extracted using a genomic DNA extraction kit
according to the manufacturer’s instructions. To analyze DNA
laddering, the extracted DNA samples of the various experimental
groups were separately electrophoresed on a 1% agarose gel
containing 0.1% ethidium bromide. The DNA bands were visualized
under 312 nm UV radiation.

3. RESULTS AND DISCUSSION

Ti-SA, is synthesized by a reaction between 4-amino-2-
methylbenzenesulfonic acid (SA) and titanium tetraisoprop-
oxide [Ti(O'Pr),] (Figure la). The 'H nuclear magnetic

Figure 1. Fabrication of Ti-SA,@BPs: (a) synthesis and structural
formula of Ti-SA4; (b) schematic illustration of coordination of Ti-
SA, onto BPs.

resonance (NMR) spectrum of Ti-SA, (Supporting Informa-
tion, Figure S1) reveals a singlet at 2.33 ppm attributed to the
hydrogen atoms in —CHj, a wide peak at 9.59 ppm ascribed to
the hydrogen atoms in —NH, group, and three multiple peaks
at 7.23, 7.30, and 7.60 ppm associated with hydrogen atoms in
the benzene ring. The corresponding *C NMR spectrum
(Figure S2) shows the carbon peak in — CH; at 19.5 ppm, and
those at 118.3, 126.8, 127.2, 128.1, 133.4, and 141.3 ppm stem
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from carbon atoms in the benzene ring. Both the 'H and *C
NMR spectra confirm successful synthesis of Ti-SA,.

After liquid exfoliation of BPs according to a previously
described method,* the Ti-SA,@BPs are prepared by loading
Ti-SA, onto BPs via surface coordination (Figure 1b). The
samples are characterized by transmission electron microscopy
(TEM) and atomic force microscopy (AFM). As shown in
Figures 2a and 2b, the Ti-SA,@BPs exhibit the typical 2D
morphology with an average lateral size and thickness of ~220
nm and ~S nm, respectively. The high-resolution TEM (HR-
TEM) image of Ti-SA,@BPs (inset in Figure 2a) reveals lattice
fringes of 2.5 A corresponding to the (014) plane of BP crystal.

The zeta potentials of BPs before and after Ti-SA,
coordination are shown in Figure 2c. Compared to bare BPs
(—31.8 mV), the zeta potential of Ti-SA,@BPs changes to
+32.2 mV, which reaches the same level as Ti-SA, (+28.6 mV).
The '"H NMR spectra of Ti-SA, and Ti-SA,@BPs also exhibit
similar results (Figure S1). Both the zeta potentials and 'H
NMR data demonstrate successful loading of Ti-SA, onto BPs.
It has been reported that the titanium sulfonate ligand interacts
with BPs due to strong P—Ti coordination.”” Here, the strong
electron-withdrawing effect of Ti-SA, and intrinsic electron-
donating property of BPs result in efficient loading of Ti-SA,
onto BPs.

With regard to the characterization by high-resolution X-ray
photoelectron spectroscopy (HR-XPS), Ti-SA,@BPs show the
typical P 2p;;, (129.5 eV) and P 2p,,, (130.5 eV) doublets of
crystalline BP and a broad peak at 132.6 eV corresponding to
Ti—P coordination (Figure 2d). The Ti 2p,,, (463.8 eV) and
Ti 2p;/, (458.2 eV) peaks are also detected from Ti-SA,@BPs
(Figure 2e), in agreement with reported Ti—P coordination.*’
HR-XPS corroborates successful coordination of Ti-SA, onto
BPs. The samples are further examined by Raman scattering
(Figure S3). The bare BPs show three typical peaks at 360.0,
437.7, and 466.0 cm™" corresponding to the Agl, B,y and Ag2
modes of BP.*® After Ti-SA, modification, the A}, B,y and Ag2
peaks red-shift by about 3.1, 5.2, and 5.4 cm™, respectively,
suggesting that oscillation of P atoms is hindered by Ti—P
coordination and the corresponding Raman scattering energy
is reduced.”’

In the next step, the BPs react with Ti-SA, at an increased
feeding ratio of Ti-SA,/BPs, and the obtained Ti-SA,@BPs are
analyzed by ICP-AES to determine the loading capacity. As
shown in Figure 2f, the loading capacity of Ti-SA, by BPs
shows a typical dose-dependent relationship until a saturation
level of about 43% (w/w).

The influence of Ti-SA, coordination on the stability of BPs
is also investigated. As shown in Figure S4, after exposing to
the ambient environment, the optical absorption of bare BPs in
the aqueous solution decreases gradually, and the solution
becomes colorless after 8 days. In contrast, the Ti-SA,@BPs
exhibit good stability with well-maintained absorption intensity
and solution color during dispersion. The enhanced stability is
ascribed to strong P—Ti coordination which occupies the lone
electron pair of phosphorus, subsequently preventing BPs from
oxidation and facilitating antibacterial applications.

Two common bacteria, E. coli (Gram-negative bacterial
strain) and S. aureus (Gram-postive bacterial strain), are
employed to evaluate the antibacterial activity of Ti-SA,@BPs.
For comparison, the antibacterial performance of the bare BPs
and Ti-SA, with the same corresponding amount of Ti-SA,@
BPs is also studied. 5 X 10° CFU/mL of each bacterial strain is
incubated with 15 ug/mL Ti-SA, 35 pug/mL BPs, or 50 ug/
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Figure 2. Characterization of Ti-SA,@BPs. (a) TEM image with the inset HR-TEM image of Ti-SA,@BPs. (b) AFM image of Ti-SA,@BPs. The
insets show the size and thickness profiles of Ti-SA,@BPs. (c) Zeta potentials of Ti-SA,, BPs, and Ti-SA,@BPs. (d) High-resolution P 2p spectrum
of Ti-SA,@BPs. (e) High-resolution Ti 2p spectrum of Ti-SA,@BPs. (f) Loading capacity of Ti-SA,@BPs (w/w%) with increasing feeding ratio of

Ti-SA,/BDs.

mL Ti-SA,@BPs and subjected to biological assays. Besides
Live/Dead staining, the antibacterial efficacy is quantitatively
determined, and the results are displayed in Figure 3. The
intense green fluorescence from E. coli and S. aureus in the
blank group indicate that almost all the bacteria are alive. After
Ti-SA, or BPs treatment, green fluorescence recedes, whereas
red fluorescence increases, implying that the bacteria are partly
sterilized. In comparison, the Ti-SA,@BPs group delivers the
most efficient antibacterial performance, from which intense
red fluorescence and aggregated dead bacteria are readily
observed (Figure 3a). The statistical results determined by
colony counting (Figure SS) reveal that sulfonamide Ti-SA, is
insufficient from the perspective of antibacterial efliciency, as
only 40.01 + 3.95% of E. coli and 33.55 + 5.69% of S. aureus
are inactivated after the Ti-SA, treatment (Figure 3b). By
adopting BPs coordination, the antibacterial ratios of Ti-SA,@
BPs go up to 99.23 + 1.04% (against E. coli) and 94.56 +
2.11% (against S. aureus) for the same amount. Moreover, the
living bacteria (0.77% for E. coli and 5.44% for S. aureus)
quantities are exponentially smaller than those observed from
Ti-SA, (59.99% for E. coli and 66.45% for S. aureus) and BPs
(84.81% for E. coli and 87.69% for S. aureus) groups. It is also
noted that only an incubation period of 3 h with Ti-SA,@BPs
is sufficient to sterilize most of the bacteria (Figure 3c), and
the rapid onset of Ti-SA,@BPs is desirable. On the other hand,
Ti-SA,@BPs at the same concentration show a good
biocompatibility to the mammalian cells (Figure S6) and
therefore are very promising in clinical applications.

In view of the outstanding antibacterial properties of Ti-
SA,@BPs, the morphological changes of bacteria after different
treatments are examined by scanning electron microscopy
(SEM). As illustrated in Figure 4, the untreated E. coli and S.
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aureus show the typical bacterial morphology with a smooth
surface. With regard to the Ti-SA, and BPs groups, most of the
bacteria retain the normal shape, indicating that the single Ti-
SA; or BPs treatment is not effective enough to produce
bacterial membrane damage. In contrast, the bacteria treated
by Ti-SA,@BPs are wrinkled, and damaged membranes are
observed. The Ti-SA, ligands designed for this study derive
from antimicrobial sulfonamides,*”>° which are used in clinical
treatment of infectious diseases. Nevertheless, similar to most
sulfa drugs, Ti-SA, suffers from low antibacterial efficacy. By
combining with BPs coordination, the antibacterial perform-
ance of Ti-SA,@BPs is improved significantly compared to Ti-
SA, for the same concentration. The excellent performance
stems from strong P—Ti coordination, which leads to local
enrichment of Ti-SA, on the surface of nanosized BPs and
subsequently facilitates the interaction between Ti-SA, and
microorganisms to deliver better therapeutic effects. From
another point of view, Ti-SA,@BPs with a positive surface
potential are much more accessible than bare BPs with
negative potential to bacteria with negatively charged
membranes.”’ The high affinity between Ti-SA,@BPs and
bacteria can effectively isolate the bacteria from the survival
condition, and the sharp edges of 2D Ti-SA,@BPs can
penetrate the phospholipid membranes of bacteria to destroy
the membranes causing eventual bacteria death.””**~>°

To investigate the synergistic antibacterial activity of Ti-
SA,@BPs and underlying mechanisms, the zeta potentials of
bacteria after different treatments are measured. As shown in
Figure Sa, both Ti-SA, and BPs downregulate the negative zeta
potential of E. coli and S. aureus. During incubation with Ti-
SA,@BPs, the zeta potential of E. coli changes from —14.3 to
—2.96 mV and that of S. aureus changes from —16.2 to —1.74
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Figure 3. Antibacterial activity against E. coli and S. aureus. (a) Microscopic images of the different experimental groups after Live/Dead staining.
The live bacteria are stained green, and red fluorescence derives from dead microorganisms; the scale bar is valid for all images. (b) Antibacterial
efficacy of the different groups. (c) Time-dependent antibacterial efficacy of Ti-SA,@BPs.

Figure 4. SEM images of E. coli and S. aureus treated with Ti-SA,, BPs, or Ti-SA,@BPs.

mV. The high affinity between negatively charged bacteria and
positively charged Ti-SA,@BPs is corroborated. Actually, the
nearly neutral zeta potential values of E. coli and S. aureus after
Ti-SA,@BPs treatment indicate low electrostatic repulsion,
which may induce bacterial aggregation and subsequently
cause cell death as the results of LIVE/DEAD fluorescence
staining shown in Figure 3a. These different groups are further
assessed using a BacLight Bacterial Membrane Potential Kit.
The carbocyanine dye (3,3’-diethyloxacarbocyanine iodide),
which exhibits green fluorescence in all bacterial cells, can shift
toward red fluorescence at the higher cytosolic concentrations
caused by larger membrane potentials. Therefore, the larger
red/green ratio of the stained bacteria is an indicator for the
larger membrane potential. As shown in Figure Sb, the bacteria
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after the Ti-SA,@BPs treatment show a prominent loss of
membrane potential, which is close to the level of the positive
control. These results suggest that Ti-SA,@BPs induce
bacterial inactivation via a membrane depolarization mecha-
nism. Furthermore, the Ti-SA,@BPs treatment suppresses
protein synthesis in the bacteria (Figure Sc, the box with
dashed-red border), and the diffused strips of the Ti-SA,@BPs
group indicate decomposition of genome DNA (Figure 5d, the
box with dashed-red border). The reduced protein synthesis
and irreparable DNA damage provide strong evidence about
sterilization of bacteria and reveal that Ti-SA,@BPs kill

bacteria by destroying the membrane.
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Figure S. Mechanism of the antibacterial process: (a) zeta potentials of the bacteria after various treatments; (b) assay of bacterial membrane
potential; (c) gel electrophoresis analysis of the total bacterial proteins; (d) agarose gel electrophoresis of the bacterial DNA.

4. CONCLUSIONS

In conclusion, a 2D antimicrobial nanoagent is designed and
fabricated by loading the titanium aminobenzenesulfanato
complexes Ti-SA, onto BPs. Strong P—Ti coordination gives
rise to efficient loading (~43%) of Ti-SA, onto BPs and
enhances the stability of BPs against oxidation. The Ti-SA,@
BPs exhibit markedly improved antibacterial efficacy compared
to bare Ti-SA, and BPs. When a dose of about 50 pg/mL is
used, the Ti-SA,@BPs are capable of inactivating most of the
bacteria within 3 h. Further investigation of the antibacterial
mechanism demonstrates that not only the coordination
strategy increases the therapeutic effect of Ti-SA, by locally
enriching the antibacterial agents on the surface of nanosized
BPs but also the Ti-SA,@BPs with surface positive charges
facilitate the interaction with negatively charged bacteria,
resulting in the destruction of bacterial membrane, reduced
protein synthesis, and irreparable DNA damage. Considering
the biodegradability and biocompatibility of BPs, the 2D Ti-
SA,@BPs are promising in clinical applications. Furthermore,
the results provide insights into the design and synthesis of
new 2D nanoagents that can meet the multifarious and
rigorous requirements of biomedicine.
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Figure S1. The!H NMR spectra of Ti-SA, and Ti-SA;@BPs.



Figure S2. The 13C NMR spectra of Ti-SA,,



Figure S3. Raman scattering spectra of bare BPs and Ti-SA;@BPs.



Figure S4.  Stability of Ti-SA;@BPs and bare BPs resuspended in pure water: (a)
Photographs and time-dependent absorption spectra of (b) Ti-SA,@BPs and (c) Bare BPs at

an initial concentration of 100 pg/mL.



Figure S5. Images of the bacterial colonies after different treatments for 3 h.



Figure S6. Cell viability of HULEC-5a and A549 cells after the treatments with different
concentrations of Ti-SA;@BPs for 24 h.



