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ABSTRACT: Photoresponsive 1-acetylpyrene—salicylic acid (AcPy-SA) nanoparticles (NPs) were developed for the regulated
release of a natural antimicrobial compound, salicylic acid. The strong fluorescent properties of AcPy-SA NPs have been
extensively used for potential in vitro cell imaging. The phototrigger capability of our newly prepared AcPy-SA NPs was utilized
for the efficient release of an antimicrobial compound, salicylic acid. The photoregulated drug release of AcPy-SA NPs has been
shown by the subsequent switching off and on of a visible-light source. In vitro biological studies reveal that AcPy-SA NPs of ~68
nm size deliver the antimicrobial drug salicylic acid into the bacteria cells (Pseudomonas aeruginosa) and efficiently kill the cells
upon exposure to visible light (>410 nm). Such photoresponsive fluorescent organic NPs will be highly beneficial for targeted
and regulated antimicrobial drug release because of their biocompatible nature, efficient cellular uptake, and light-induced drug

release ability.
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1. INTRODUCTION

Bacterial biofilm formation on implanted medical devices poses
a critical clinical problem. Bacterial infections by adherent
bacteria have been observed on various medical devices like
vascular catheters,"? prosthetic heart valves, urinary cathe-
ters,*° cerebrospinal fluid shunts,” contact lenses® ™' and
prosthetic hips,'> knees,"* and other orthopedic implants. In
general, the most common pathogens involved in biofilm
formation are Staphylococcus aureus, Staphylococcus epidermidis,
and Pseudomonas aeruginosa. Whitchurch et al.'"* showed that
extracellular DNA is a major ingredient of bacterial biofilms
formed by the human pathogen P. aeruginosa. Once a biofilm is
established on the medical device, patients are treated with high
doses of antibiotics; however, this method is often found to be
unsuccessful, with the only remedy being removal of the
implant.

To overcome surgery-related problems, two major strategies
have been employed. One is to synthesize new antibiotics, and
the other one is to develop novel antibiotic delivery systems
that will release in a regulated manner small-molecular-weight
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antibiotics to prevent bacterial colonization. Recently, nano-
particle (NP)-based delivery systems for the regulated release
of antimicrobial drugs in overcoming antibiotics-resistant
pathogens have become a promising strategy. Specific types
of newly developed NPs for the regulated delivery of
antimicrobial drugs include functionalized mesoporous silica, "
gold nanorods,16 dendrimers,"”
resonance energy transfer (FRET) silica NPs,'® and a ZnO/
Ag nanohybrid."”

In recent times, photoresponsive NPs have attracted great
interest for their potential applications, especially in drug”®~>’
and gene delivery,*>*" because of their spatial and temporal
control over the release. Photoresponsive nano drug delivery
systems (DDSS) are made up of two components: (1) a
biocompatible nanocarrier and (ii) a phototrigger. Photo-
triggers are organic chromophores that perform two major
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Scheme 1. Photoregulated Delivery of Salicylic Acid by AcPy-SA NPs
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roles: (i) controlled release of a drug and (ii) connection of the
drug with the nanocarrier. On the basis of the above approach,
Mizukami et al.>* developed a photocontrolled nano DDS for
antibiotics using liposomes as nanocarriers and a coumarin
moiety as a phototrigger. The above-developed photo-
responsive NPs for antibacterial delivery is a bicomponent
system. The major concern with the bicomponent system is
loading inefficiency of the drug on the nanocarrier. If the
phototriggers themselves can be converted into NPs, then the
problem of loading inefficiency can be avoided.

So, herein we aim to design organic NPs that will behave
both a nanocarrier and a phototrigger. Recently, our group has
reported photoresponsive perylene-3-ylmethanol®® as a single-
component nanocarrier for efficient anticancer drug release in
an aqueous medium under visible light. In continuation, we
report for the first time the fluorescent NPs of 1-acetylpyrene—
salicylic acid (AcPy-SA) as a photoresponsive nanocarrier for
regulated in vitro release of a natural antimicrobial, salicylic acid
(Scheme 1). For the current study, we have selected plant
compound salicylic acid because of its antimicrobial activity
against microbial pathogens such as P. aeruginosa and
Heliobacter pylori.** Further, salicylic acid is also shown to
prevent the attachment of S. epidermidis biofilms to polymeric
cathedras and attenuating the virulence of S. aureus.””

2. EXPERIMENTAL SECTION

Synthesis of AcPy-SA Conjugate. Salicylic acid (1 equiv) and
potassium carbonate (1.2 equiv) were stirred in dry N,N-
dimethylformamide (DMF; 2 mL) for 10 min at room temperature.
To the reaction mixture was slowly added 1-(bromoacetyl)pyrene (2;
1 equiv), and the mixture was further stirred for 4.5 h. After
completion of the reaction, the solvent was removed under reduced
pressure, and purification of the crude residue was carried out by
column chromatography (petroleum ether:ethyl acetate = 80:20) to
give a AcPy-SA conjugate (90%) as a yellow-to-orange solid. Mp:
150—152 °C. 'H NMR (CDCl;, 400 MHz): § 10.53 (s, 1H), 9.05—
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9.03 (d, J = 9.6 Hz, 1H), 8.35—8.33 (d, ] = 8.4 Hz, 1H), 8.26—8.17 (m,
SH), 8.08—8.05 (t, ] = 6.8 Hz, 3H), 7.52—7.48 (d, ] = 8 Hz, 1H),
7.03—7.01 (d, ] = 8 Hz, 1H), 6.96—6.92 (t, ] = 8 Hz, 1H), 5.74 (s,
1H). 3C NMR (CDCl,, 100 MHz): § 195.2 (1C), 169.7 (1C), 161.9
(1C), 136.3 (1C), 134.8 (1C), 131.1 (1C), 130.6 (1C), 130.5 (1C),
130.3 9 (1C), 128.0 (1C), 127.1 (1C), 126.8 (2C), 126.6 (1C), 126.0
(1C), 1252 (1C), 124.6 (1C), 124.3 (1C), 124.2 (1C), 124.1 (1C),
119.6 (1C), 117.8 (1C), 112.1 (1C), 68.3 (1C). FTIR (KBr, cm™):
1720 (OCO), 1638 (CO). UV/vis [EtOH; A (log €)]: 356 (4.35), 400
(3.86). HRMS (ES*). Calcd for C,sH,30,: m/z 382.1217 ([M + H]*).
Found: m/z 382.1219.

Preparation of AcPy-SA and 1-(Hydroxyacetyl)pyrene
(AcPy-OH) NPs. Photoresponsive AcPy-SA NPs were prepared by a
reprecipitation technique. To 25 mL of water was added slowly for 30
min with constant sonication 5 L of an acetone solution of a AcPy-SA
conjugate (3 mM, 0.0011 g in 1 mL). When the above-mentioned
technique was employed, AcPy-OH NPs were also synthesized. The
size determination of AcPy-SA and AcPy-OH NPs was carried out
using transmission electron microscopy (TEM) and dynamic light
scattering (DLS).

Stability of AcPy-SA NPs at Different pHs including
Biological pH under Dark Conditions. The stability of AcPy-SA
NPs was determined at different pHs including biological pH under
dark conditions. Initially, a stock suspension of AcPy-SA NPs was
prepared by a reprecipitation technique using 0.0038 g of a AcPy-SA
conjugate in 100 mL of water. For pH stability, 20 uL of a suspension
of AcPy-SA NPs from a stock solution was dispersed in 1 mL of a
phosphate-buffered saline (PBS) solution of different pHs (5.6, 7.4,
and 8.0). Similarly, to monitor the AcPy-SA NP stability under the
biological environment, the same volume of AcPy-SA NPs from the
stock suspension was dispersed in PBS containing a 10% bovine
culture medium. All of the samples were stored at 25 + 2 °C under
dark conditions in an airtight container for 6 days. To all of the
samples was added 2 mL of acetonitrile, and the resulting mixture was
ultrasonicated for 20 min. The samples were then centrifuged, and the
supernatants were examined by reverse-phase high-performance liquid
chromatography (RP-HPLC) to determine the amount of AcPy-SA
NPs decomposed under dark conditions.

Photoinduced Release of Salicylic Acid by AcPy-SA NPs. A
total of 0.0038 g of AcPy-SA NPs was dispersed in 100 mL of water
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Scheme 2. Synthesis of AcPy-SA Conjugate
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Figure 1. TEM images of (a) AcPy-OH and (b) AcPy-SA and DLS plots of (c) AcPy-OH and (d) AcPy-SA NPs.

and irradiated using a 125 W medium-pressure mercury lamp as the
visible-light source (>410 nm) using a suitable filter (1 M NaNO,
solution; the incident intensity (I,) is 2.886 X 10'® quanta S™') with
continuous stirring. The progress of photolysis was monitored by
taking 0.1 mL aliquots from the photolysate at every 10 min of
irradiation, until the reaction reaches 90% conversion. Each 0.1 mL
aliquot was then diluted with 0.1 mL of acetonitrile and analyzed by
RP-HPLC using acetonitrile as a mobile phase at a flow rate of 1 mL
min~'. Detection was performed using a UV-variable wavelength
detector at 310 nm. The percentage of decomposed AcPy-SA NPs was
determined by calculating the gradual decrease in the peak area of the
AcPy-SA NPs. A plot of normalized peak area versus irradiation time
obtained from RP-HPLC showed an exponential decrease in the
amount of AcPy-SA NPs, indicative of a first-order reaction.

AcPy-OH. Yield: yellow solid. Mp: 86—88 °C. '"H NMR (CDCl,,
200 MHz): § 9.26 (d, ] = 9.4 Hz, 1H), 8.31-8.05 (m, 8H), 5.09 (s,
2H), 3.83 (s, 1H, OH). *C NMR (CDCl,;, 50 MHz): § 201.3 (1C),
135.2 (1C), 131.1 (1C), 130.8 (1C), 130.6 (2C), 127.2 (1C), 127.1
(2C), 1268 (2C), 1267 (1C), 1263 (1C), 124.7 (1C), 124.3 (2C),
124.1 (1C), 67.0 (1C).
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Microorganism and Growth Medium. P. aeruginosa-ATCC
27853 was maintained on nutrient agar (NA) plates at 37 °C. The
assays were done in a liquid medium.

Antimicrobial Screening: Disk Diffusion Method. The
antimicrobial activity was screened by the paper disk diffusion
method®” using NA plates. Sterilized paper disks (6 mm), soaked in
a known concentration of the drug, was applied over each of the
culture plates previously seeded with 100 yL of an overnight-grown
culture of the test organism (P. aeruginosa-ATCC 27853). An
antibiotic disk of ciprofloxacin was used as the positive control,
sterilized paper disks with different phenolic derivatives of benzoic acid
(2-hydroxybenzoic acid, 4-hydoxybenzoic acid, and 3,4,5-trihydrox-
ybenzoic acid) along with benzoic acid as tested drugs, and sterilized
paper disks without drug or antibiotics were used as negative controls.
The experiment was performed in triplicate, and plates were incubated
at 37 °C for 18 h. Following incubation, the zones of inhibition formed
were measured and the mean diameter was obtained.

Cell Imaging Studies of P. aeruginosa Using AcPy-SA NPs.
To investigate the cellular internalization of our photoresponsive
AcPy-SA NPs, a cell imaging study was carried out. Briefly, P.
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aeruginosa was grown on 96 well plates (106 well™!) and then
incubated with 0.5 X 107® M NPs for 18 h at 37 °C. Thereafter, cells
were taken by centrifugation at 10000 rpm for 10 min and washed
three times with PBS. Imaging was done using a fluorescence
microscope (IX 51, Olympus) and a high-performance CCD camera
with the appropriate filter using Image-Pro Discovery S.1 software.

Antibacterial Activity Assay of AcPy-SA NPs against P.
aeruginosa. Before Photolysis. The antibacterial properties of AcPy-
SA NPs were evaluated against P. aeruginosa-ATCC 27853 using a
broth dilution method.*® The mid-logarithmic phase bacteria was
obtained by growing bacteria in a nutrient broth and then diluted in
the same medium to give approximately 10° CFU (colony forming
units) mL™". Aliquots (150 L) of a suspension containing bacteria in
a culture medium were added to 150 uL of water containing AcPy-SA
NPs, and it was serially diluted from 0.5 X 107 to 0.0009 X 107% M.
The inhibition of growth was determined by measuring the absorbance
at 600 nm with a microplate reader after an incubation of 18 h at 37
°C.

After Photolysis. Aliquots (150 uL) of a suspension containing
bacteria in a culture medium were added to 150 uL of water
containing AcPy-SA NPs, and it was serially diluted from 0.5 X 107° to
0.0009 X 107 M. Plates were kept at 37 °C for 4 h and then exposed
to a medium-pressure mercury lamp (125 W) by placing it 10 cm away
from the light source with an appropriate filter (1 M NaNO, solution;
A > 410 nm; I, = 2.886 X 10'° quanta S™') for 0—20 min. The plate
was again incubated at 37 °C for 14 h. The inhibition of growth was
determined by measuring the absorbance at 600 nm with a microplate
reader.

Live—Dead Assay. Live—dead assay was performed by live/dead
Baclight Bacterial Viability Kits (Invitrogen), as per manufacturer
protocol. In brief, both the control and visible-light-exposed AcPy-SA
NP-treated cells were washed with PBS and 70% ethanol, respectively.
Then, this mixture was incubated at 25 °C for 1 h and mixed
thoroughly after 15 min of interval. Cells were pelleted by
centrifugation at 10000 rpm for 10 min and resuspended in PBS. A
total of 3 uL of the dye mixture [SYTO9 and propidium iodide (PI)]
was added to each milliliter of a bacterial suspension and incubated at
25 °C in the dark for 15 min. Thereafter, 5 L of a stained bacterial
suspension was trapped between the slide and the 18 mm? coverslip.
Imaging was done using a fluorescence microscope (IX 51, Olympus)
and a high-performance CCD camera with the appropriate filter using
Image-Pro Discovery S.1 software.

3. RESULTS AND DISCUSSION

Synthesis of AcPy-SA Conjugate. 2 was synthesized by
bromination of 1-acetylpyrene (1) using CuBr, in ethyl acetate
under reflux for 6 h. Next, treatment of compound 2 with
salicylic acid in the presence of potassium carbonate in dry
DMF at room temperature yielded a photoresponsive AcPy-SA
conjugate (3) in good yield, as shown in Scheme 2.

Synthesis and Characterization of AcPy-OH and AcPy-
SA NPs. AcPy-OH and AcPy-SA NPs were prepared using a
reprecipitation technique, and their sizes were determined by
TEM and DLS studies. TEM observation showed that AcPy-
OH and AcPy-SA NPs were globular in shape, and their
average diameters were found to be ~44 and ~55 nm (Figure
1a,b), respectively. DLS studies revealed that the average sizes
of AcPy-OH and AcPy-SA NPs were ~58 and ~68 nm (Figure
1c,d) respectively, which is slightly bigger than the particle size
found by TEM. The surface charge of AcPy-SA NPs was
determined by measuring the ¢ potential at pH 7.4 (Figure S2
in the Supporting Information, SI). The { potential of AcPy-SA
NPs is about —48.8 mV. The high negative { potential value
indicates that AcPy-SA NPs are sufficiently stable in aqueous
dispersion and can be used in vitro antimicrobial drug delivery.

Stability of AcPy-SA NPs at Different pHs including
Biological pH. The stability of AcPy-SA NPs was assessed in
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different pH solutions including biological pH. Three different
pH solutions (5.6, 7.4, and 8.0) and biological media (10% fetal
bovine serum) containing AcPy-SA NPs were stored for a
reasonable time period of 6 days at a temperature close to 25
°C under dark conditions. All of the samples were then
centrifuged, and the supernatants were examined by RP-HPLC
to determine the amount of AcPy-SA NPs decomposed under
dark conditions. The result revealed that the AcPy-SA NPs are
sufficiently stable under dark conditions in different pH
solutions and in different biological media during the study
period of 6 days (Table 1).

Table 1. Stability of AcPy-SA NPs at Different pHs and in
Different Biological Media

% of AcPy-SA NPs decomposed under dark
conditions after 6 days®

time (day) pH S.6 pH 74 pHS8 pH 7.4 (10% FBS)
AcPy-SA NPs 6 7 8 8 6
“As examined by RP-HPLC.

substrate

UV/Vis Absorption and Fluorescence Properties of
AcPy-SA and AcPy-OH NPs. The photophysical properties of
AcPy-SA and its phototrigger AcPy-OH NPs were investigated.
The UV/vis absorption and emission spectra of a degassed 2 X
107> M solution of AcPy-SA and AcPy-OH NPs in water were
recorded. Figure 2a & b depict the UV and normalized
emission spectra of AcPy-SA NPs, respectively. The AcPy-SA
NPs showed A, around 356 nm with £ = 50.0 X 10> mol™ L
cm™}, and their emission maximum was found to be at 405 nm.
Similar observations were also noted for AcPy-OH NPs (Figure
2ab), which indicates that salicylic acid has no significant
influence on the UV and fluorescence properties of AcPy-SA
NPs. The absorbance of AcPy-SA NPs in the visible-wavelength
region along with good fluorescence suggests that AcPy-SA
NPs could be suitable for imaging and drug delivery.

Photoinduced Release of Salicylic Acid from AcPy-SA
NPs. To investigate the light-induced drug release ability of
AcPy-SA NPs, an aqueous suspension of AcPy-SA NPs (107*
M) was photolyzed under visible-light irradiation (>410 nm).
The photorelease of salicylic acid by AcPy-SA NPs was
monitored by RP-HPLC. After every 10 min of irradiation, 0.1
mL aliquots were collected from the photolysate, diluted with
0.1 mL of acetonitrile, and analyzed by RP-HPLC. The HPLC
overlay chromatogram in Figure 3 shows that, with an increase
in the irradiation time, there is a gradual decrease of the peak at
tr = 4.4 min, suggesting photocleavage of the AcPy-SA NPs. In
addition, we also noted a gradual increase of two new peaks at
tx = 3.75 and 2.40 min, corresponding to the photoproducts
salicylic acid and AcPy-OH, respectively.

The light-induced release of the antimicrobial drug was then
quantified by plotting the HPLC peak area obtained for salicylic
acid versus different time intervals of irradiation (Figure 4a).
The photolysis was followed until 90% of salicylic acid is
released by AcPy-SA NPs. Further, to demonstrate the ability to
switch drug delivery on and off through light exposure, we
monitored the release of salicylic acid by periodically switching
the visible-light source on and off. Figure 4b clearly indicates
that whenever the light source was switched off, drug release
stopped, which clearly indicates that external stimulus light only
induces the antimicrobial drug release.

Antibacterial Activity Studies of AcPy-SA NPs.
Antimicrobial Activity of Salicylic Acid against P. aeruginosa:

dx.doi.org/10.1021/am500965n | ACS Appl. Mater. Interfaces 2014, 6, 7045—7054
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Figure 4. (a) Amount of salicylic acid released from AcPy-SA NPs upon photolysis (>410 nm) at different time intervals. (b) Release of salicylic acid
under bright and dark conditions. “on” and “off” imply the on and off switching of the visible-light source, respectively.

Disk Diffusion Method. In this study, different phenolic
derivatives of benzoic acid (2-hydroxybenzoic acid, 4-
hydoxybenzoic acid, and 3,4,5-trihydroxybenzoic acid), benzoic

acid, and ciprofloxacin (+ control) were tested for antimicrobial

susceptibility using the Kirby—Bauer disk diffusion technique
on P. aeruginosa-ATCC 27853 having a NA plate at 37 °C.
Results showed that 2-hydroxybenzoic acid (salicylic acid)
exhibited a better inhibitive effect against P. aeruginosa-ATCC
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Figure 5. Confocal fluorescence and bright-field images of P. aeruginosa-ATCC 27853: (a) untreated cells; (b—d) cells + AcPy-SA NPs (0.5 X 107
M) (b) after 1 h, (c) after 6 h, and (d) after 12 h; (i) bright field, (i) fluorescence (4., 430 nm), and (iii) merged.

27853 in comparison to other phenolic derivatives of benzoic
acid (Figure S6 in the SI). Hence, for the current study, salicylic
acid was undertaken.

Cellular Uptake Studies of AcPy-SA NPs. To understand the
cellular internalization behavior of AcPy-SA NPs, we performed
cell imaging studies using P. aeruginosa-ATCC 27853. After 12
h of incubation, the studies showed that the AcPy-SA NPs were
adhered to cell surfaces and internalized by the cell. Further,
time-dependent cellular uptake of AcPy-SA NPs was also
performed, and the results revealed that, as the incubation time
increases, the accumulation of AcPy-SA NPs inside the cell
membrane increases. The maximum accumulation of AcPy-SA
NPs was noted after 12 h of incubation, as shown by confocal
microscopy (Figure 5). However, no fluorescence was observed
from the images of the control cells, which implies that there
was no autofluorescence of the cells.

Live—Dead Assay of AcPy-SA and AcPy-OH NPs at Regular
Intervals of Irradiation. Live—Dead Assay by a Broth Dilution
Method. The antibacterial activity of AcPy-SA and AcPy-OH
NPs at regular intervals (0—20 min) of visible-light irradiation
was evaluated by a broth dilution method. The percentage of
cell viability was plotted against the concentration of AcPy-SA
NPs at different intervals of irradiation (Figure 6). Exposure of
cells incubated with AcPy-SA NPs for a period of 5—20 min
using visible light (>410 nm) resulted in the release of the
antimicrobial drug salicylic acid, thereby causing antimicrobial
activity against P. aeruginosa-ATCC 27853, as validated by
CLSI-broth dilution data given in Figure 6. However, minimal
cell death was noted when the cells were exposed for 20 min in
the presence of phototrigger AcPy-OH NPs or in absence of
AcPy-SA NPs, suggesting that the cytotoxicity is mainly due to
released salicylic acid.
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Figure 6. Antibacterial activity of different concentrations of AcPy-SA
and AcPy-OH NPs at regular intervals of visible-light irradiation. The
culture medium was supplemented with measured at 600 nm after 18
h at 37 + 2 °C. Data are the mean of triplicate experiments + S.E.

Live—Dead Assay by Live/Dead Baclight Viability Stain.
The viability of bacteria upon exposure to visible light (0-20
min) in the presence of AcPy-SA NPs (0.5 X 107° M) was also
assessed by fluorescence microscopy (IX 51, Olympus) using
the live/dead Baclight viability stain. Live—dead assay was
performed by Live/Dead Baclight Bacterial Viability Kits
(Invitrogen), as per manufacturer protocol. Two fluorescent
dyes were used for bacterial live—dead assay, viz.,, SYTO9 (480/
500) and PI (490/635). Live bacteria having an intact cell
membrane fluoresces green upon staining with SYTOY,

dx.doi.org/10.1021/am500965n | ACS Appl. Mater. Interfaces 2014, 6, 7045—7054
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Figure 7. Live/dead Baclight bacterial viability assay on P. aeruginosa-ATCC 27853 [a, control; b and ¢, treated with AcPy-SA NPs (0.5 X 107¢ M)
after 10 and 20 min of visible-light irradiation, respectively]. Imaging was done using a fluorescence microscope (IX 51, Olympus) and a high-
performance CCD camera using Image-Pro discovery S.1 software. The scale bars represent 10 pm.

Figure 8. Confocal bright-field and fluorescence images of P. aeruginosa-ATCC 27853 incubated with 0.5 X 107 M AcPy-SA NPs for 12 h: (a)
bright-field image; (b) fluorescence image (4., = 430 nm); (c) overlay of parts a and b. The scale bars represent 1 ym.

whereas dead bacteria with a damaged membrane fluoresces red
upon staining with PL The results of this study indicate that the
microscopic viability of the cells decreases upon treatment with
visible light (10 and 20 min) in the presence of AcPy-SA NPs
in comparison to control cells (Figure 7).

Cell death of P. aeruginosa by AcPy-SA NPs was also
confirmed by cellular imaging studies using confocal micros-
copy. Figure 8 shows that NPs successively adhere to the
bacterial cell membrane and are internalized by the cells.

Microscopic Analysis of AcPy-SA NPs—Bacterial Interac-
tion Using Field-Emission Scanning Electron Microscopy
(FESEM) and Atomic Force Microscopy (AFM). NPs designed
for DDSs need to be absorbed by the cells at a sufficiently high
rate. Literature studies show that the size of the NPs plays a key
role in their adhesion and interaction to biological cells. It is
presumed that NPs <200 nm are internalized into cells by
receptor-mediated endocytosis, while larger particles are taken
up by the cell via phagocytosis.* In the present study, we can
assume that the bacterial cells were found to uptake the AcPy-
SA NPs to an adequate extent by receptor-mediated
endocytosis because of its smaller size (<100 nm). AcPy-SA
NPs adhered to the bacterial membrane has been shown by
FESEM (Figure 9) and AFM (Figure 10). Figure 9 shows the
FESEM images of bacteria treated with AcPy-SA NPs, in which
the NP was found to adhere to the bacterial cell surface (Figure
9f) and resulted in bacterial cell lysis upon visible-light
irradiation (Figure 9d,e).

AFM was also used to image the surface topography of
bacterial cells at high resolution. The surface of the native cell
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image was homogeneous and smooth. AcPy-SA NP binding
caused a progressive increase in surface roughness. As shown in
Figure 10, root-mean-square roughness of bacteria increases
from 66.86 to 228.97 nm upon binding of NPs to the bacterial
cell surface. AFM analysis also revealed that AcPy-SA NPs
bound to the bacterial cell membrane exhibited different surface
topographies (Figure 10b) upon visible-light irradiation
compared to bacteria alone on the coated glass (Figure 10a).

4. CONCLUSION

We have successfully developed photoresponsive fluorescent
organic NPs of AcPy-SA for the regulated release of an
antimicrobial drug. AcPy-SA NPs were prepared from a AcPy-
SA conjugate by a simple reprecipitation technique. DLS
studies revealed that photoresponsive AcPy-SA NPs were ~68
nm in size. Photophysical studies showed that AcPy-SA NPs
exhibit good fluorescence and absorbance around 400 nm. We
have exploited the fluorescence AcPy-SA NPs for in vitro cell
imaging. The regulated release of salicylic acid by AcPy-SA NPs
was carried out by exposure to visible light (>410 nm). Both
broth dilution method and live/dead Baclight viability stain
studies showed that AcPy-SA NPs kill bacterial cells upon
exposure to visible-light irradiation (>410 nm). Finally, a
change in the topography of the bacterial cell membrane by
AcPy-SA NPs upon visible-light irradiation was studied using
FESEM and AFM. Thus, this work can be a promising starting
point in the field of the design and development of single-

dx.doi.org/10.1021/am500965n | ACS Appl. Mater. Interfaces 2014, 6, 7045—7054



ACS Applied Materials & Interfaces

Research Article

~ Im WD=85mm, Mag.— 1000k |+ IMm WD=8.5mm, Mag.=2000; [ |

v 300pum WD =7.5mm, Mag. = 40.00 kx !

Figure 9. FESEM micrograph of P. aeruginosa-ATCC 27853 (a—c, control; d—f, treated with visible light in the presence of AcPy-SA NPs).
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Figure 10. AFM view of P. aeruginosa-ATCC 27853. Images were captured using a Multiview-1000 scanning probe microscope at a scan rate of 0.8—
1.0 Hz and were first-order flattened. The bacteria appear to be hydrated, and the outer surface appears smooth for bacteria grown (a) without NP
and (b) rough-surface-treated with visible light in the presence of AcPy-SA NPs.
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component photoresponsive organic NPs for targeted and
controlled release of antimicrobial drugs.
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