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ABSTRACT: We report an antibacterial surface that kills airborne
bacteria on contact upon minutes of solar near-infrared (NIR)
irradiation. This antibacterial surface employs reduced graphene
oxide (rGO), a well-known near-infrared photothermal conversion
agent, as the photosensitizer and is prepared by assembling oppositely
charged polyelectrolyte-stabilized rGO sheets (PEL-rGO) on a quartz
substrate with the layer-by-layer (LBL) technique. Upon solar
irradiation, the resulting PEL-rGO LBL multilayer efficiently generates

Antibacterial surface activated by solar NIR light.
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rapid localized heating and, within minutes, kills >90% airborne

bacteria, including antibiotic-tolerant persisters, on contact, likely by permeabilizing their cellular membranes. The observed
activity is retained even when the PEL-rGO LBL multilayer is placed underneath a piece of 3 mm thick pork tissue, indicating
that solar light in the near-infrared region plays dominant roles in the observed activity. This work may pave the way toward
NIR-light-activated antibacterial surfaces, and our PEL-rGO LBL multilayer may be a novel surface coating material for
conveniently disinfecting biomedical implants and common objects touched by people in daily life in the looming postantibiotic

era with only minutes of solar exposure.
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B INTRODUCTION

Human’s ever-growing demand for healthy living spurs the
ever-lasting development of antibacterial materials. Antibacte-
rial surfaces, in particular, are a high research priority, as
bacteria prefer to colonize a solid substrate if available rather
than dwell in a planktonic state’ and, in doing so, may render
the substratum surfaces dysfunctional and/or infection-trans-
missive.”™* For example, surfaces of common objects touched
by people in daily life (e.g, doorknobs and keyboards), if not
intrinsically antibacterial, often transmit infections by airborne
bacteria. To be antibacterial, surfaces require modifications.>®
Techniques for this purpose include coating the surfaces with
certain polymers (e.g, poly(ethylene glycol), poly(4-vinyl-N-
alkylpyridinium bromide), and zwitterionic polymers) that
repel bacterial attachment and/or kill bacteria on contact,
modifying the micro- and nanoscale surface topographical
features to control bacterial attachment/survival, and impreg-
nating the surfaces with antimicrobial agents (e.g., silver ions)
that release into the surrounding solution and kill bacteria
therein.’~'® Recently, photoactivated antibacterial surfaces have
attracted intensive investigations. One prominent example is
titanium oxide (TiO,) thin film, which eradicates bacteria via
photocatalytic activity upon irradiation of ultraviolet (UV)
light; excitation wavelengths are extended to the visible (vis)
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region for TiO, thin films doped with other metals (e.g,, silver)
and anions (e.g, sulfur) as well as other semiconductor
materials (e.g, 7Zn0).%""'2 To activate these photoactivated
antibacterial surfaces, an external light source is required.
Frequently, it is a single-wavelength laser. Recently, broad-band
solar light has been employed as alternative to laser light, for
activating antibacterial surfaces including sulfur-doped TiO,,"?
N-doped TiO, thm films,"* TiO,—nanoparticle-impreganated
polymer matrix," T102 thin film coated with graphene oxide
(GO) nanosheets,'® TiO, thin film coated successively with Ag
nanoparticles and Ag-TiO, nanocomposites,'”  Cu,O-nano-
particle-sensitized ZnO nanorod arrays on indium—tin—oxide-

coated glass substrates,'® sputtered TiON on polyester
surfaces,~ and textile coated with graphene/TiO, compo-
sites.”® Though diverse, these photoactivated antibacterial

surfaces usually act via the photocatalytic property of
semiconductor materials such as TiO, upon irradiation by
light in the UV and/or visible regions.

It is known that UV light is carcigenous,u’22 and light in the
UV—vis region has limited tissue penetration depth. Moreover,
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the photocatalytic property of TiO, may accelerate sunlight’s
photodamage to human skin.*> These factors may severely
impede the applications of the above photoactivated anti-
bacterial surfaces in biomedical fields especially as coatings for
biomedical implants. In addition, only ~5% of solar energy on
earth surface is in the UV region, which may limit the efficiency
of solar light in activating the above antibacterial surfaces.
Having these concerns in mind and noticing that ~55% of solar
energy at earth surface is in the near-infrared (NIR) region, we
developed a photoactivated antibacterial surface that acts
responsively to solar light with NIR irradiation.

As a proof-of-concept, we use reduced graphene oxide
(rGO), a well-known NIR photothermal conversion agent*~>*
with a broad absorption spectrum, as the photosensitizer, and
prepare rGO-based thin film on a quartz substrate via the layer-
by-layer (LBL) technique with oppositely charged polyelec-
trolyte-rGO complexes (i.e, rGO functionalized with poly-
electrolytes (PELs) via noncovalent adsorption on rGO basal
plane) (Figure 1). Our results suggest that, upon simulated
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Figure 1. Schematic illustration of a (PSS-tGO/PDADMAC-rGO),
multilayer on a quartz substrate (where n is the number of LBL cycles
repeated in multilayer preparation), which is prepared via the LBL
technique with the oppositely charged PSS-rGO and PDADMAC-
rGO complexes, and kills >90% airborne bacteria on contact upon
minutes of solar irradiation.

solar irradiation, the resulting PEL-rGO LBL multilayer
generates rapid localized heating and kills >90% airborne
bacteria on contact within minutes likely by permeabilizing the
bacterial membranes, and solar light in the near-infrared region
may play dominating roles in the observed activity. This study
suggests that our PEL-rGO LBL multilayer may offer safe and
convenient surface disinfection for both biomedical implants
and common objects touched by people in daily life in the
looming postantibiotic era.

B MATERIALS AND METHODS

PEL-rGO Complex Preparation. Graphite oxide (GtO) was
prepared following a modified Hummers” method using an extended 5-
day oxidation period®>® and characterized with thermogravimetric
analysis (TGA) and Fourier transform infrared spectroscopy (FT-IR),
as described in detail in our prior work.>!

GO was prepared by sonicating the GtO powder dispersion in
Millipore water (5 mg/ mL) in a glass vial with a water-bath sonicator
at output energy of 200 W for 10 min; the resulting GO dispersion was
used within 30 min.

rGO was prepared by reducing GO with hydrazine (85%,
Sinopharm Chemical Reagent Co., Ltd.) in the presence of a
polyelectrolyte, poly(sodium 4-styrenesulfonate) (PSS) (Mw 70 000,
Sigma-Aldrich) or poly(diallyldimethylammonium chloride) (PDAD-
MAC) (Mw 200000—350000, 20% in H,O, Sigma-Aldrich).
Specifically, GO dispersion in a flask was mixed with a polyelectrolyte
(GO:polyelectrolyte = 1:10, mass ratio) via vortex for over 1 min,
followed by addition of hydrazine (hydrazine:GO = 50 yuL:S mg). The

resulting mixture was refluxed at 90 °C for 24 h in a water bath, which
yielded the PEL-rGO complex dispersion as a black suspension. After
having been cooled to room temperature, the resulting PEL-rGO
complex suspension was filtered through mixed cellulose ester
membrane with pore size of 0.22 pm, to remove excess free
polyelectrolyte molecules, followed by washing extensively with
Millipore water. The residue on the membrane was redispersed into
Millipore water of the expected amount, which yielded the PEL-rGO
complex dispersion at approximately 2—3 mg/mL; the concentration
was estimated by dividing the innitial GtO mass with the final
suspension volume. The same procedure was used for preparing both
PSS-rGO and PDADMAC-rGO complexes.

UV—vis—NIR spectra of the dispersions of GO, PSS-rGO, and
PDADMAC-rGO in Millipore water were measured with a UV—vis—
NIR spectrometer (UV-3600, Shimadzu), with those of the PSS and
PDADMAC solutions in Millipore water as controls. Before FT-IR
and TGA analysis, dispersions of GO, rGO, PSS, PSS-rGO,
PDADMAC, and PDADMAC-rGO were lyophilized for 48 h. FT-IR
spectra were collected with an FT-IR spectrometer (TENSOR27,
BRUKER) at the wavelength range 400—4000 cm™ at a resolution of
2 cm™. TGA analysis was performed with a thermogravimetry analyzer
(DTG-60H, Shimadzu) by heating the sample under N, flow from
room temperature to 700 °C at 10 °C/min.

PEL-rGO LBL Thin Film Preparation. Prior to the LBL
procedure, a quartz substrate (10 X 25 X 1.2 mm®) was pretreated
with piranha solution (H,SO,/H,0, 7:3, v/v) for 1 h at 90 °C, rinsed
thoroughly with Millipore water, and then dried under gentle N, flow.
The as-treated substrate was subsequently immersed into polyethyle-
nimine (PEL, Mw 25000 Sigma-Aldrich) solution (S mg/mL in
Millipore water) for 40 min, to coat the substrate with PEI monolayer
that facilitates the subsequent LBL process, and then into Millipore
water for 2 min to remove excess PEI molecules. The resulting PEI-
monolayer-coated substrate was subsequently immersed successively
into a PSS-rGO complex dispersion (0.75 mg/mL in Millipore water)
for 30 min, Millipore water for 1 min (to remove excess PSS-rGO
complexes), a PDADMAC-rGO complex dispersion (0.75 mg/mL in
Millipore water) for 30 min, and Millipore water for 1 min (to remove
excess PDADMAC-rGO complexes); this LBL cycle was repeated for
n times, leading to (PSS-rGO/PDADMAC-rGO), LBL multilayer.
The as-prepared LBL film was dried under a gentle N, stream and
stored in a sterile Petri dish before following experiments. The (PSS/
PDADMAC), LBL thin film was prepared via a similar procedure but
with PSS (3.75 mg/mL) and PDADMAC (3.75 mg/mL) solutions.

The UV—vis—NIR absorption spectra of the as-prepared LBL thin
films were recorded using a UV—vis spectrometer (UV-3600,
Shimadzu). Water contact angles were measured using a contact
angle goniometer (CAM 200, KSV) in the water phase. Surface
morphology and in situ energy dispersive X-ray (EDX) spectra of the
as-prepared LBL thin films after gold sputtering (for 120 s) were
obtained with a field emission scanning electron microscope (SEM,
Sirion200, FEI). Zeta-potentials of PSS-rGO and PDADMAC-rGO
complexes were obtained by characterizing the complex dispersion in
Millipore water (0.2 mg/mL) after brief sonication (with a water bath
soniator at 100 W for 3 min) with a zeta-potential analyzer (Zetasizer
Nano ZS90, Malvern) at 25 °C. Each sample was measured three
times, each of which was performed for 13 runs. The reported results
are averages of three-time results. Atomic force microscopy (AFM)
images were obtained by dispersing a PEL-rGO complex (either PSS-
rGO or PDADMAC-rGO) into Millipore water (at 0.02 mg/mL),
dropping the resulting PEL-rGO complex dispersion (10 L) onto a
freshly cut mica sample, followed by air-drying at room temperature,
and then the sample was imaged under an AFM microscope with
tapping mode (DI MultiMode V, Veeco); the results were analyzed
using Nanoscope Analysis Software.

Photothermal Conversion Characterizations. The kinetics in
temperature rise of an LBL thin film during a 10 min light irradiation
was monitored by recording its thermographs with an infrared thermal
camera (ICI 7320, Infrared Camera Inc.). Simulated solar irradiation
was obtained with a solar simulator (Oriel So13A, Newport) (AM 1.5
G) at one sun. Laser irradiation was obtained with an 850 nm laser at
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0.1 W/cm? which corrsesponds to the irradiance of one sun. Surface
temperatures at the center of irradiation zone on an LBL film were
extracted from the as-obtained thermographs.

CFU-Counting Antibacterial Assays. Dehydrated Mueller—
Hinton (MH) medium formulation and Tryptic Soy Broth (TSB)
medium formulation were purchased from Qingdao Hope Bio-
Technology (Qingdao, China) and used as supplied to prepare the
Mueller—Hinton agar plates and TSB broth, respectively.

To assess the activity of an LBL thin film against wild-type bacteria,
assays were carried out using E. coli (ATCC 25922) and P. aureginosa
(ATCC 25873) as representative strains for Gram-negative bacteria,
while S. aureus (ATCC 25923) and B. subtilis (ATCC 6051) stains are
representative Gram-positive bacteria. There were 3—5 individual
colonies inoculated into sterile fresh TSB broth (4 mL), followed by
incubation at 37 °C for 16—18 h to stationary phase. The bacterial
cells were harvested and washed twice with sterile saline (0.9% NaCl)
via centrifugation (S810R, Eppendorf) at 710 g for 3 min and adjusted
with sterile saline in a commercial spraying bottle to achieve a final
bacterial number density of ~S X 10° CFU/mL (colony forming unit
per milliliter).

The resulting bacterial suspension was sprayed onto an LBL film on
a quartz substrate in a sterile Petri dish 5—7 times, followed by 10 min
irradiation with a solar simulator (AM 1.5 G, at one sun); the same
solar irradiation was applied when assessing the antibacterial activity of
an LBL thin film shielded by a piece of 3 mm thick pork tissue
(purchased from a butcher shop). The as-irradiated thin film on a
quartz slide was subsequently immersed into sterile fresh TSB broth (6
mL) followed by vortex (LabDancer, IKA) for 1 min; the resulting
bacterial suspension was then subjected to 10-fold serial dilutions with
sterile saline, and the resulting dilutions (20 L) were plated onto MH
agar plates. This whole procedure should be completed within 30 min.
The plated agar plates were subsequently incubated at 37 °C overnight
to yield visible colonies. Each assay was performed by plating the as-
obtained bacterial suspensions in triplicate, and the reported results are
averages of two independent trials (i.e, with two independently
prepared LBL films). Controls are those assayed similarly but without
solar-light irradiation (i.e., left alone at room temperature for ~30
min).

The activity of an LBL multilayer surface on a quartz substrate
against bacterial persisters was assessed via a similar procedure as
described above but with the bacterial persisters prepared using wild-
type bacteria, S. aureus (ATCC 25923) and E. coli (ATCC 25922),
according to a previously reported protocol.*>”** Briefly, for each
strain, 3—S5 individual colonies were inoculated into sterile fresh TSB
broth (4 mL) followed by incubation at 37 °C for 16 h to stationary
phase, addition of ampicillin (final concentration of 100 yg/mL), and a
3-h incubation at 37 °C to eliminate nonpersister cells; previous work
has demonstrated that this treatment causes lysis of a subset of the
bacterial cell population.**** The as-prepared persister cells were
harvested via centrifuge (S810R, Eppendorf) at 2627 rcf (relative
centrifugal force) for S min, washed with sterile saline for 3 times, and
then resuspended into sterile saline to ~5 X 10® CFU/mL.

Bacterial Dead/Live Viability Assays. Bacterial live/dead
viability assays were performed using a bacterial dead/live viability
kit (Molecular Probes), and the staining effects were examined under
fluorescence microscopy (IX81, Olympus). E. coli (ATCC 25922) and
P. aureginosa (ATCC 25873) were used as representative strains for
Gram-negative bacteria, while S. aureus (ATCC 25923) and B. subtilis
(ATCC 6051) stains were used as representative Gram-positive
bacteria. For each bacterial strain, 3—5 individual colonies were
inoculated into fresh sterile TSB (4 mL) and then incubated at 37 °C
for 16—18 h to the stationary phase. The bacterial cells were harvested
and washed with sterile saline via centrifugation at 710 g for 3 min,
followed by resuspension into sterile saline to ~10° CFU/mL. The
resulting bacterial suspension was sprayed on an LBL film on a quartz
substrate in a Petri dish with a commercial spray bottle 10 times,
followed by simulated solar irrdiation at one sun (corrsesponding to
0.1 W/cm?) for 10 min with a Solar Simulator (Oriel Sol3A,
Newport). Controls are those assayed similarly but without solar-light

irradiation (i.e., left alone in the dark at room temperature for ~30
min).

The as-treated bacteria cells were subsequently stained with SYTO-
9 (9.8 uM in Millipore water, 100 L) and propidium iodide (PI, 58.8
uM in Millipore water, 100 L), incubated at 37 °C in the dark for 15
min, covered with a coverslip, and imaged under a fluorescence
microscopy (IX81, Olympus) with 20X objective lens. FITC and
TRITC filters were used for SYTO-9 and P]J, respectively. Each sample
was imaged at more than five different areas, and the reported results
have been checked for consistency with two individual samples.

Statistical Analysis. Statistical comparisons were performed with a
student ¢ test using the statistical software package BioMedCalc
(version 2.9), and p values of <0.05 and <0.01 indicate statistical
difference and statistically significant difference, respectively.

B RESULTS AND DISCUSSION

Preparation of a PEL-rGO LBL thin film on a quartz substrate
comprises two steps: preparing the PEL-rGO complex
dispersions in Millipore water, and assembling the oppositely
charged PEL-rGO complexes on a quartz substrate via the LBL
technique (Supporting Information Figure S1).** PEL-rGO
complexes were prepared by reducing GO with hydrazine in
the presence of a polyelectrolyte, poly(sodium 4-styrenesulfo-
nate) (PSS) or poly(diallyldimethylammonium chloride)
(PDADMAC). PSS and PDADMAC are oppositely charged
and biocompatible,*® and adsorbates on rGO basal planes via
noncovalent adsorptions (Supporting Information Figure
$2),>”* which not only make the resulting PSS-rGO and
PDADMAC-rGO complex dispersions stable without precip-
itation after standing still for 3 days ( Supporting Information
Figure S3) but also quench the intrinsic antibacterial activity of
rGO®"*? to enable the expected photoactivated antibacterial
activity. UV—vis—NIR absorption spectra (Supporting In-
formation Figure S4a,b), FT-IR absorption spectra (Supporting
Information Figure SS), thermogravimetric analysis (Support-
ing Information Figure S6), and zeta-potential characterizations
(Supporting Information Figure S7) consistently confirmed the
successful preparation of PSS-rGO and PDADMAC-rGO
complexes, which are negatively and positively charged,
respectively, and have mass ratios of PEL to rGO estimated
to be ~1:1 (Supporting Information).

We monitor the preparation of a PEL-rGO LBL multilayer
by comparing the UV—vis—NIR absorption spectra, the water
contact angles, and the scanning electron microscopy (SEM)
images before and after the LBL procedure. UV—vis—NIR
absorption spectra (Figure 2a and Supporting Information
Figure S8) show that a (PSS-rGO/PDADMAC-rGO); multi-
layer prepared by repeating the LBL procedure for n = 7 times
exhibited consistent absorbance of >0.4 across the measured
NIR region, indicating that its area-averaged rGO dosage may
be high enough for generating bactericidal photothermal
effects; further increasing n leads to higher NIR absorption
but also makes the LBL procedure more time- and effort-
consuming. Therefore, we used the (PSS-rGO/PDADMAC-
rGO), multilayer as our PEL-rGO LBL multilayer for all
following experiments, with (PSS/PDADMAC), multilayer as
our PEL LBL multilayer for reference. Water contact angles
(Supporting Information Figure S9) reveal that the LBL
process rendered the originally hydrophilic piranha-solution-
treated quartz substrate (contact angle 6 = 18°) significantly
more hydrophobic (6 > 48°), indicative of formation of LBL
thin film over the substrate. SEM images (Figure 2b,c and
Supporting Information Figure S10) show that, unlike the PEL
multilayer (Supporting Information Figure S10b), the PEL-
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Figure 2. (a) UV—vis—NIR absorption spectra show that a (PSS-
rGO/PDADMAC-rGO); (i.e., PEL-rGO) LBL multilayer consistently
exhibited absorbance of >0.4 across the as-measured wavelength-span
(2001500 nm), whereas a (PSS/PDADMAC), (ie, PEL) LBL
multilayer did not. The (PSS-+GO/PDADMAC-rGO), LBL multilayer
was used as our PEL-rGO LBL thin film for all following experiments,
with the (PSS/PDADMAC), LBL multilayer as our PEL LBL thin film
for reference. (b, c) SEM images show that the PEL-rGO thin films
exhibited a rather rough surface with frequent appearance of wrinkles,
with an average film thickness of 487.5 + 57.5 nm (inset). Data points
are reported as mean =+ standard deviation (averaged over 3 individual
multilayer samples). (d) Thermographs of a PEL-rGO multilayer at 0-
and 600-s post-initiation of irradiation with a solar simulator (AM 1.5
G) at one sun. Those of a PEL-rGO multilayer irradiated similarly but
with an 850 nm laser at 0.1 W/cm? (corresponding to the irradiance of
one sun), and those of a PEL multilayer irradiated similarly with a solar
simulator were included for reference.

rGO multilayer exhibited a rather rough surface with frequent
appearance of wrinkles (Figure 2b), indicative of successful
intercalation of rGO. Cross-section-view SEM images of the
PEL-rGO multilayer (Figure 2c) further revealed an average
multilayer thickness of 487.5 + 57.5 nm (inset); it should be
noted that the film thickness varies significantly even for the
same sample (Supporting Information Figure S11). The in situ
energy dispersive X-ray (EDX) spectra (Supporting Informa-
tion Figure S10c,d) revealed simultaneous presence of S and Cl
elements within an LBL multilayer, confirming successful
assembly of PSS and PDADMAC within both PEL-rGO and
PEL LBL multilayers. Taken together, these results consistently
suggest successful preparation of the expected PEL-rGO LBL
multilayer. Moreover, the resulting PEL-rGO LBL multilayer is
highly stable even after having been stored at room temperature
for 75 days (Supporting Information video).

rGO is well-known for its photothermal effects upon
irradiation with an NIR laser.”*™?® To assess whether simulated
solar irradiation renders the as-prepared PEL-rGO LBL
multilayers efficient in generating rapid localized heating, we
recorded the thermographs of a PEL-rGO LBL multilayer
during a 10 min period of irradiation with a solar simulator
(AM L5 G, at one sun) using an infrared thermal camera
(Figure 2d and Supporting Information Figure S12a), with the
performance of a PEL LBL multilayer as a reference. After 10
min of simulated solar irradiation, the PEL-rGO multilayer
generated an average surface-temperature-rise of ~22 °C (from
20.8 to 42.5 °C) at the center of the irradiation zone
(Supporting Information Figure S12b), as compared to <S$
°C temperature rise by the PEL multilayer, likely owing to

rGO’s photothermal effects. In stark contrast, 10 min
irradiation with an 850 nm laser at 0.1 W/cm? which
corresponds to the irradiance of one sun, caused the PEL-
rGO multilayer to generate only <4 °C temperature rise in
similar assays. Clearly, the broad-band solar irradiation is more
efficient in making our PEL-rGO LBL multilayer generate a
localized temperature rise than the single-wavelength NIR-laser
irradiation of same irradiance, likely owing to rGO’s broad
absorption.*

Rapid localized heating generated by gold nanorod (GNR)
conjugated magnetic nanoparticle (MNP) composite (GNR-
MNP) upon light irradiation may explain why the composite
consistently leads to higher viability loss than does hot-plate
heating at the same temperature.* Now our PEL-rGO
multilayer generates rapid localized surface heating upon 10
min simulated solar irradiation. Is it bactericidal? To address
this, we evaluated the activity of our PEL-rGO multilayer
against airborne bacteria on contact, as indirect contact is a
major pathway for transmission of many diseases.” Specifically,
we performed colony-forming-unit (CFU) counting antibacte-
rial assays,'”** using E. coli and P. aeruginosa as representative
Gram-negative bacteria while S. aureus and B. subtilis are
representative Gram-positive bacteria. Against all four strains
tested, the PEL-rGO multilayer killed >90% bacteria within 10
min upon irradiation with a solar simulator (AM 1.5 G) at one
sun (Figure 3a), as compared to <20% killing in the dark. In
striking contrast, the PEL multilayer barely impaired bacterial
survival no matter whether solar irradiation was applied or not,
as did the quartz substrates (Figure 3a). Clearly, the PEL-rGO
LBL multilayer kills >90% airborne bacteria on contact within
minutes upon solar irradiation, likely via rGO’s photothermal
effects.

Bacterial dead/live viability assays under fluorescence
microscopy further suggest that, upon solar irradiation, the
PEL-rGO LBL thin film may kill bacteria on contact by
permeabilizing the bacterial membranes (Figure 3b and
Supporting Information Figure S13). SYTO 9 (green) and
propidium iodide (P, red), two nucleic acid stains with distinct
spectra characteristics and healthy-membrane-penetrating capa-
bilities, were used to label all and dead bacteria, respectively.
For all four bacterial strains tested, cells on a PEL-rGO
multilayer stained intensely red upon 10 min solar irradiation,
indicative of dead cells with compromised membranes, whereas
those assayed similarly but without solar irradiation remained
dark in the red channel, indicative of live cells with intact
membranes. In contrast, bacteria on a PEL multilayer remained
dark in the red channel no matter whether solar irradiation was
applied or not, indicative of live cells with intact membranes,
similar as those on a quartz substrate. Combined with our
CFU-counting antibacterial assays above, these bacterial dead/
live viability assays suggest that, upon solar irradiation, the PEL-
rGO multilayers may kill bacteria by permeabilizing bacterial
membranes (albeit other targets may exist).

Antibacterial materials/molecules that target the barrier
function of bacterial membranes are widely viewed as a
promising source of novel anti-infective agents especially
agalnst antibiotic-resistant bacteria**** and bacterial per51st-
ers,*® which are notorious for their antibiotic tolerance*” and
deteriorating roles in the recurring and chronic infections.*”**
Erad1cat1n§ persisters may significantly impact emerging
resistance,” as persistant presence of fersisters effectively acts
as a reservoir for resistant mutants.””*® Thus, we evaluate the
potential of our PEL-rGO multilayer as antibacterial surface in

31,43

DOI: 10.1021/acsami.5b02008
ACS Appl. Mater. Interfaces 2015, 7, 10511-10517


http://dx.doi.org/10.1021/acsami.5b02008

ACS Applied Materials & Interfaces

Research Article

a) P. aeruginosa E. coli S. aureus B. subtilis
ikl * ok *
*k %k * hukd
_ * %} * |
2 120 [Jsubstrate
~ %
30 r [ PEL LBL
2 50 [ PEL-rGO LBL
g 40
» 20 # # #
0 — —

solar - + - + - + - +

b) P. aeruginosa S.aureus
- solar + solar - solar + solar

SYTO 9

Substrate

PEL-rGO LBL PEL LBL

Figure 3. (a) CFU-counting antibacterial assays against four wild-type (wt) bacterial strains consistently reveal that the PEL-rGO LBL thin film,
though barely bactericidal when in the dark, killed >90% airborne bacteria on contact within 10 min upon solar irradiation (AM 1.5 G, at one sun).
In contrast, the PEL LBL multilayer barely affected bacterial survival no matter whether solar irradiation was applied or not, similar to the behavior of
the bare quartz substrate. Data points are reported as mean + standard deviation. * and ** indicate p < 0.0S and p < 0.01, respectively. (b) Bacterial
dead/live viability assays under fluorescence microscopy show that P. aeruginosa and S. aureus cells on a PEL-rGO LBL thin film after 10 min
irradiation with a solar simulator (AM 1.5 G) stained intensely red, indicative of dead cells with compromised membranes, whereas those treated
similarly but without solar irradiation remained dark in the red channel, indicative of live cells with intact membranes. In striking contrast, cells on a
PEL LBL thin film or a quartz substrate remained dark in the red channel in similar assays, no matter whether solar irradiation was applied or not.

Scale bar = 100 ym.

the looming postantibiotic era by assessing its activity against
bacterial persisters. Briefly, CFU-counting antibacterial assays
were performed with a similar procedure as described above but
against E. coli and S. aureus persisters prepared with a previously
reported protocol.**** Our results (Figure 4) show that the
PEL-rGO multilayer, though barely active in the dark, killed
>90% E. coli and S. aureus persisters on contact upon 10 min
simulated solar irradiation (AM 1.5 G, at one sun), suggesting
the PEL-tGO multilayer as a potential antibacterial surface

coating material in the looming postantibiotic era.
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Figure 4. CFU-counting antibacterial assays against bacterial persisters
reveal that, upon 10 min solar irradiation (AM 1.5 G, at one sun),
PEL-rGO multilayers killed persisters of E. coli (left) and S. aureus
(right) on contact to survival percentages of 6.2% and 2.6%,
respectively, as compared to <10% killing when in the dark. In
contrast, the bare quartz substrate imposed undetectable effects on
bacterial survival no matter whether solar irradiation was applied or
not. Data points are reported as mean + standard deviation. * and **
indicate p < 0.05 and p < 0.01, respectively.
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Simulated solar irradiation offers broad-wavelength light
across the UV—vis—NIR window. To assess whether solar light
in the NIR region plays dominant roles in the observed activity
of our PEL-rGO multilayer, we carried out similar antibacterials
assays but with shielding of the LBL-rGO LBL multilayer with a
piece of 3 mm thick pork tissue (Figure Sa), a simple but useful
setup for simulating an in vivo environment***® where NIR
light is desired for deep tissue penetration. P. aeruginosa and S.
aureus were used as representative Gram-negative and -positive
bacteria, respectively. Our results (Figure Sb,c) reveal that,
upon 10 min solar irradiation, the pork-tissue-shielded PEL-
rGO LBL multilayer killed P. aureginosa and S. aureus to
survival percentages of 18% and 13%, respectively, indicative of
an activity close to that of its tissue-absent counterparts (Figure
3) . Consistently, bacterial dead/live viability assays (Support-
ing Information Figure S14) reveal that, even in the shade of
the pork tissue, bacterial cells on a PEL-rGO multilayer stained
intensely red upon 10 min solar irradiation, indicative of dead
cells with compromised membranes, as did those on counter-
parts without shielding by the pork tissue (Figure 3b). Taken
together, these results indicate that solar light in the NIR region
plays dominant roles in the observed activity of our PEL-rGO
LBL multilayer, suggesting its potential as novel surface coating
materials for biomedical implants.

B CONCLUSION

In summary, we show that a PEL-rGO LBL thin film, which is
prepared by assembling the oppositely charged PSS-rGO and
PDADMAC-1GO complexes on a quartz substrate with the
LBL technique, kills >90% airborne bacteria, including the
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Figure S. (a) Schematic illustration of a PEL-+GO multilayer that was
placed underneath a piece of 3 mm thick pork tissue and, after being
sprayed with bacterial suspension, irradiated with a solar simulator
(AM 1.5 G). (b, ¢) CFU-counting antibacterial assays reveal that, upon
10 min solar irradiation, PEL-rGO multilayer shielded by a piece of 3
mm thick pork tissue killed P.aeruginosa (b) and S. aureus (c) bacteria
on contact with survival percentages of 18% and 13%, respectively, as
compared to <10% killing when in the dark. Data points are reported
as mean = standard deviation. * and ** indicate p < 0.05 and p < 0.01,
respectively.

antibiotic-tolerant persisters, on contact within 10 min upon
simulated solar irradiation at one sun, likely by permeabilizing
the bacterial membranes. Solar light in the NIR region may play
dominant roles in activating the observed activity of our PEL-
rGO LBL multilayer. This work may pave the way toward NIR-
light-activated antibacterial surfaces, and the PEL-rtGO LBL
multilayer may be a novel surface coating material for
conferring biomedical implants as well as common objects
touched by people in daily life with antiseptic surfaces within
minutes of solar exposure.

B ASSOCIATED CONTENT
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Video of a sample. Figures S1—S14, and additional results and
discussion. The Supporting Information is available free of
charge on the ACS Publications website at DOIL: 10.1021/
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