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Introduction

Bacterial pathogenicity is a relentless threat to the global public

Diatom-inspired 2D nitric oxide releasing
anti-infective porous nanofrustules

Hong Kit Lim,7° Shao Jie Tan,}° Zhuoran Wu,® Boon Chong Ong, (&°
Kwan Wee Tan, 2 Zhili Dong {22 and Chor Yong Tay () *@b<

Two-dimensional (2D) nanomaterials (NM) have emerged as promising platforms for antibacterial
applications. However, the inherent “flatness” of 2D NM often limits the loading of antimicrobial
components needed for synergistic bactericidal actions. Here, inspired by the highly ornamented
siliceous frustules of diatoms, we prepared 2D ultrathin (<20 nm) and rigid “nanofrustule” plates via the
out-of-plane growth of cetyltrimethylammonium bromide (CTAB) directed silica mesostructures on the
surfaces of 2D graphene oxide nanosheets. The nanofrustules were characterized by the presence of
mesoporous channels with a pore size of 3 nm and a high specific surface area of 674 m? g‘l.
S-nitrosothiol-modification on the silica surfaces enables the development of a novel anti-infective nitric
oxide (NO) releasing NO-nanofrustule system. The cage-like mesoporous silica architecture enabled a
controlled and sustainable release of NO from the NO-nanofrustules under physiological conditions.
The NO-nanofrustules displayed broad antibacterial effects against Staphylococcus aureus and
Escherichia coli with a minimum inhibitory concentration of 250 pg ml~1. Mechanistic studies revealed
that the antibacterial property of NO-nanofrustules was attained via a unique “capture-and-release”
mode-of-action. The first step entailed the capture of the bacteria by the NO-nanofrustules to form
micro-aggregates. This was followed by the release of high levels of NO to the captured bacteria to
elicit a potent anti-infective effect. In combination with the lack of cytotoxicity in human dermal cells,
the 2D hybrid NO-nanofrustules may be utilized to combat wound infections in clinical settings.

In the last two decades, numerous classes of nanomaterials
such as 0D nanoparticles (NPs)," 1D nanorods® and more
recently, 2D planar materials®’ with intrinsic antimicrobial

health. Due to the rapid climate change, globalization and
urbanization, there is a significant rise in the number of deaths
due to pathogens and infections with major public health
repercussions in the past decades.’ Based on current trend,
infections are projected to kill 10 million people by 2050.>
Currently, the use of a single or combinatorial prescription of
antibiotics remains the weapon of choice against bacterial
infections. Unfortunately, many years of antibiotics misuse
have led to the emergence of drug-resistant ‘“superbugs” which
has undermined existing anti-infective treatments.* Therefore,
the development of novel antibiotic-free strategies to combat
pathogenic bacteria is urgently needed.
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activities have been explored extensively to combat bacterial
infections. Compared to antibiotics, the use of nanomaterials is
less likely to elicit antimicrobial resistance due to their multiple
simultaneous modi operandi.® Owing to the ease of synthesis,
tunable size, tailorable chemistries, 2D nanomaterials such as
graphene oxide (GO),” reduced graphene oxide (rGO)," transi-
tion metal dichalcogenides'' (TMD) and MXenes'> have
emerged as promising novel anti-infective candidates. 2D
nanomaterials were reported to elicit potent antimicrobial
effects through physicochemical means. For instance, the high
surface area and reactivity of 2D nanomaterials can exert
chemical pressure via overproduction of intracellular reactive
oxygen species (ROS) through electron transfer’® or material
surface imperfections,'* as well as physical disruption of the
bacteria cell membrane.’

However, 2D antimicrobial nanomaterials are not omnipo-
tent; the clinical adoption of 2D nanomaterials is currently
curtailed due to their toxic effects in mammalian cells when
used at bactericidal concentrations."® Furthermore, if we solely
capitalize on the NP properties such as shape, surface charge
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and size for antibacterial activity, various optimizations are
required to facilitate the cell membrane penetration'® and/or
uptake."” Bacterial uptake of NPs can be difficult especially
when dealing with a biofilm."® At the same time, most of the 2D
nanomaterials tend to self-aggregate in biological milieu due to
the “plate-plate DLVO interaction”,'® thereby further reducing
their antibacterial efficacy as a result of reduced bacteria
uptake®® and may even confer resistance.”’ Therefore, many
studies in this field strive to incorporate other active antimi-
crobial components, such as peptides,> drugs®>>* or small
molecules® to the 2D nanomaterials, aiming for synergistic
bacteria-killing effects.

Nitric oxide (NO) is a diatomic, free-radical gas that is
naturally produced in the body and plays a major role in innate
immunity. In response to an infection, NO is produced in large
quantities by macrophages via the NO synthase isoforms (iNOS/
NOS2) that spontaneously react with O~ containing superox-
ides to generate a variety of antimicrobial molecules in the
form of reactive nitrogen species such as such as dinitrogen
trioxide (N,O;), nitroxyl (HNO) and peroxynitrite (ONOO™).2¢
These powerful oxidants can induce irreparable damage to
bacterial proteins through nitrosation of reactive thiols and
amines, as well as DNA materials.”” NO displays non-specific
broad-spectrum antimicrobial activity against a wide range of
Gram-positive and Gram-negative bacteria such as Pseudomo-
nas aeruginosa (P. aeruginosa),”® Staphylococcus aureus (S. aur-
eus),”® Escherichia coli (E. coli),>° Acinetobacter baumannii
(A. baumannii),*" Staphylococcus epidermidis (S. epidermidis),*
and even the Methicillin-resistant Staphylococcus aureus
(MRSA).** NO passes through most physiological barriers easily
at the targeted site for effective antimicrobial action.** As such,
the choice of a planar structure to serve as a “mothership” for
NO delivery offers a distinctive advantage as this type of
structure enables greater interaction with bacteria before
releasing the high NO payload.

In this study, we report the development of a novel NO
releasing 2D hierarchical porous nanocomposite that is
inspired by the bio-silicification process and the ultra-
structured ‘“anatomy” of the diatom siliceous cell shells, also
called frustules. The process of bio-silicification entails the
precise integration of silica materials into an organic matrix
to form nanoscale composites with exquisite morphologies.*®

5 PAOM method
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Herein, GO was used as the organic template for the growth of
surfactant-directed silica to create a mesoporous heterostruc-
ture 2D nanomaterial that will enable us to maximize the
loading capacity of the pharmacological active S-nitrosothiol
(SNO) moiety as an NO source. Because the resultant silica
architecture emulates the highly ornamented silica frustules of
diatoms, we term this class of porous 2D nanomaterials as 2D
“nanofrustule” plates.*® The physiochemical properties such as
nanoscale surface topography, porosity and NO loading capa-
city were systematically characterized. As an antimicrobial
agent, the design and working principle of nitrosylated
nanofrustule (NO-nanofrustule) are premised on the “capture
and release” concept - it is envisioned that once the NO-
nanofrustules have successfully docked onto the surface of
the bacterial wall, release and diffusion of cell wall-permeable
NO into the target cells can occur to exert a potent bactericidal
effect. In contrast to the GO based antimicrobial agents, the
presence of the mesoporous silica bilayer confers rigidity and
structural stability to the nanofrustules, ensuring maximal
presentation of the material surface to seek out and capture the
bacteria.’” In addition, unlike conventional nanomedicine
strategies,”® the bacteria-killing effect of nanofrustules does
not require active nanomaterials uptake by the microorgan-
isms. As a proof-of-concept, the anti-microbial activity of NO-
nanofrustules was evaluated in S. aureus and E. coli. Further-
more, the biocompatibility of NO-nanofrustules was also vali-
dated with keratinocytes and dermal fibroblasts of human
origin.

Results and discussion

Fig. 1 shows the synthesis scheme of the nanofrustules. Gra-
phene nanopowder with an average planar size of 500 nm to
2 pm range was chosen as the base template for oxidation,
whereby the previously developed Preformed Acidic Oxidizing
Medium (PAOM) method was used to produce highly oxidized
GO sheets.’® Afterwards, the GO sheets were subjected to the
modified Stober method involving co-condensation of two
different silica sources, i.e., TEOS and MPTMS, to form the
thiol-functionalized (SH) nanofrustules with the mesoporous
silica layers covering the top and bottom faces of the GO sheet.

condensatlon ‘ l
surfactant
mediated

Stober process S- nltrosatlon

1 hour 2 hours 1 hour
35°C/85°C 85°C 4°C
Graphene Graphene PH 10.5 Thiolated (SH) Nitrosylated (NO)
nanoflakes oxide nanofrustule nanofrustule

Fig. 1 Schematic diagram showing the synthesis scheme of NO-nanofrustules starting from graphene nanoflakes. Photographic inserts show the color
of homogeneous aqueous dispersions of GO, SH-nanofrustules and NO-nanofrustules.
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The final ratio of the two silica sources was optimized in
accordance to an earlier study.*® Finally, the final NO-loaded
nanofrustules were formed via S-nitrosation which involves the
formation of the S-NO bond from the thiol group. Both SH- and
NO-functionalized nanofrustules displayed good dispersibility
in water, forming a uniform suspension after 1-2 minutes of
ultrasonication.

Fig. 2a shows the representative SEM image of Coscinodiscus
sp., a genus of centric diatom that is characterized by a distinct
honeycomb-shaped array of pores covering the valve surface
that is believed to maximize contact with the extracellular
environment for efficient nutrient and gas exchange.*' In the
case of the synthetic NO-nanofrustule, similar periodic nano-
scale 2D pore arrays were grown on the surfaces of the GO
template. The as-synthesized CTAB-directed mesoporous silica
structure had an average pore size of around 3 nm as shown in
Fig. 2b. This contrasts with the TEM image of GO nanosheets
which depicts a smooth and non-textured surface (see Fig. S1
in the ESIf). The mesoporous characteristics of the SH-
nanofrustules were confirmed in nitrogen sorption measure-
ments, displaying a Type IV isotherm with a hysteresis loop (see
Fig. S2 in the ESIT). BET specific surface area of nanofrustules
obtained from the nitrogen sorption analysis was 674 m> g™,
which is significantly higher compared to dried graphite
oxide (20-40 m* g~ ')** and mesoporous silica nanoparticles
(18-630 m*> g~ ').*> Based on the TEM images of the synthesized
products, the nanofrustules not only appeared to be signifi-
cantly thicker than the GO nanosheets after silicification, but
also smaller in terms of the average planar size (see Fig. S1 in
the ESIf). Worm-like mesopores were also observed on the

-
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Fig. 2 Structural and physicochemical characterization of nanofrustules.
(a) FESEM image of the Coscinodiscus sp. diatom frustule, lying on top of
other frustules. Scale bar = 5 um. (b) Representative bright field TEM image
of a single NO-nanofrustule. Scale bar = 100 nm. Left inset indicates
mesopores (bright spots) on the surface of NO-nanofrustules arranged in
worm-like fashion, scale bar = 5 nm. Right inset indicates the absence of
an observable electron diffraction pattern, suggesting the amorphous
nature of the silica layers. (c) FTIR spectroscopic results for GO and the
nanofrustules with important peaks labelled. (d) NO release profile for NO-
nanofrustules in PBS at body and room temperatures, showing ability of
controlling the NO release by heat.
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surface of the nanofrustules, which is in agreement with the
mesoporous structure obtained using a similar synthesis
method.** The pore size of the mesopores was around 3 nm,
when measured using BJH analysis (see Fig. S3 in the ESIT).

Shown in Fig. 2c are the FITR spectra of the GO, as well as
thiolated (SH) and nitrosylated (NO) nanofrustules. After con-
jugation of silica and thiol functional groups, the characteristic
peaks at approximately 451 cm ™" (Si-O-Si asymmetric stretch),
564 cm ' (C-S stretch), 694 cm ™' (C-Si stretch), 1128 cm '
(Si-O-Si asymmetric stretch), 1450 cm™ ' (C-H bending in
methyl group), 2560 cm ™" (S-H stretch) and 2930 cm ™" (C-H
stretch in methyl group) appeared in the nanofrustules samples
while they were absent in GO. This indicates that the thiol-
functionalized silica was successfully conjugated onto the GO
template. Successful thiol conjugation in the nanofrustules was
further validated by the quantitative Ellman assay, where we
found that the free thiol group concentration in the SH
nanofrustules was 0.41 £ 0.08 pmol mg . The reduction in
wavenumber for the peaks at 1058 cm ™' (C=O stretch) and
1384 cm ™' (edge C~C vibration) after conjugation indicates that
the C=0 and edge C bonds in the graphene sp> structure
became weaker. This may be due to the added silica layer
covering both sides of the GO nanosheet, therefore reducing
the intensity of n—n stacking between two graphene layers of the
nanofrustules. In addition, the characteristic peak at approxi-
mately 1520 ecm ™" (N-O stretch) for NO-nanofrustule samples
confirmed the presence of the nitroso functional group.

Next, to elucidate the NO releasing capability of the NO-
nanofrustules, the amount of NO liberated in phosphate buffer
solution (PBS) was measured using the Griess reagent method.
Fig. 2d shows the time-dependent release of NO at 25 °C and
37 °C. In both experimental groups, we observed an initial burst
release of NO in the first 2 hours, followed by a near zero-order
sustained release over a period of 4 days. The half-life of NO
release from NO-nanofrustules was approximately 1.5 hours.
The initial burst NO release may be caused by the spontaneous
nature of the S-NO bond cleavage, accompanied by an increase
in the local temperature as the suspension equilibrates to
37 °C, which is consistent with the literature.*® The prolonged
NO release may be attributed to the ‘“cage effect” of the
mesoporous silica structure of NO-nanofrustules, whereby after
the homolytic cleavage of the S-NO bond, the resultant thiyl
radical and NO radical tend to recombine in the tightly con-
fined spaces of the mesopores.*”> The release profile could be
modelled using the Korsmeyer-Peppas model for drug
release,"® whereby a best-fit straight line could be obtained by
plotting log of cumulative percentage of NO release vs. log time.
The gradient of the best fit line is m = 0.2891 with a correlation
coefficient of 0.9797 (see Fig. S3 in the ESIT). In this model,
a value of m equal to or smaller than 0.5 describes a
Fickian diffusion release mechanism.?” However, the cumula-
tive amount of NO released at the end of 4 days in 37 °C
(0.41 pmol mg ') was significantly higher than the 25 °C
(0.25 pmol mg™') experimental set, suggesting that the
NO-nanofrustule has moderate thermal stability and moderate
S-NO bond energy.
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Fig. 3 Antibacterial broth microdilution assay results for (a) S. aureus and
(b) E. coli. (c) Agar regrowth results after treatment with different con-
centrations of NO-nanofrustules for 2 hours at 37 °C. Data represent mean
=+ standard deviation of the percentage viability of three replicates normal-
ized to the untreated control. Experiments were triplicated. * denotes
statistical significance between two sample groups, where p < 0.05.

Taking into consideration the half-life of the NO release i.e.,
1.5 hours, we conducted the antibacterial broth dilution assay
by exposing it to 0.0625 to 1 mg ml ™", in 2-fold increments, of
NO-nanofrustules for 2 hours. The corresponding results from
the assay are shown in Fig. 3a and b. To decouple the anti-
bacterial contributions from NO from the effects of the 2D
nanostructure, SH-nanofrustules were used as an internal con-
trol. As expected, both 2D nanomaterials displayed a dose-
dependent killing profile against both types of the bacteria.
This observation is consistent with numerous reports on the
innate anti-microbial properties of 2D nanomaterials. However,
compared to SH-nanofrustules, NO-nanofrustules displayed a
significant enhancement in the antibacterial efficacy, with a
half minimum inhibitory concentration (MIC50) of 250 pg ml ™"
in both the S. aureus and E. coli groups. In contrast, the bacteria
killing efficacy of SH-nanofrustules was clearly lower as indi-
cated by a MIC50 of 1 mg ml~'. Furthermore, the minimum
bactericidal concentration (MBC) of NO-nanofrustules,
whereby more than 99% of bacteria were killed, was deter-
mined to be 4 mg ml~" (data not shown). To further demon-
strate the antibacterial potential of NO-nanofrustules, a diluted
fraction (1/10000) of the surviving bacteria following the
2 hours treatment of various concentrations of the bacteria
were plated on agar plates for 24 hours. Fig. 3c shows that
the number of viable bacteria colonies of both S. aureus
and E. coli groups decreased in a dose-dependent manner,
until 1 mg ml™', whereby agar regrowth of the bacteria
was minimum. Therefore, the results show that the NO-
nanofrustules have potent non-specific antibacterial activity,
in comparison to their predecessor SH-nanofrustules with mild
antibacterial activity.

Comparing the antibacterial activity of NO-nanofrustules
with other similar published materials in retrospect, the best-
performing NO-releasing silica nanorods by Yuan’s group
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Fig. 4 FESEM images depicting (a) untreated E. coli; (b) treated E. coli;
(c) untreated S. aureus and (d) treated S. aureus. The treated bacterial
samples were exposed to NO-nanofrustules at 250 ug ml™ for 2 hours.
Aggregated clumps consisting of distorted bacteria (marked by red circles)
and stacks of the nanoflakes were formed, regardless of the Gram-type of
the bacteria. Scale bar = 1 pm.

required at least 70 uM of total NO dose to kill S. aureus,*®
while the NO-nanofrustules required less than 50 puM of
total released NO to kill S. aureus. Similarly, Grommersch’s
group who used real diatom frustules bio-templated with
S-nitrosothiols achieved good antibacterial efficacy at relatively
high concentrations, i.e., in the order of 1-10 mg ml *.*°

The high antibacterial efficacy of NO-nanofrustules sets the
stage for further investigation in the mechanism of bacteria
killing by this material. We first hypothesize that due to the
high surface area of NO-nanofrustules, it is an excellent plat-
form to trap or interact with the bacteria in the proximity
until the localized NO flux is large enough to kill them.
FESEM images of the bacteria colonies treated with the NO-
nanofrustules confirmed this hypothesis. Fig. 4a and c show
the morphology of normal E. coli and S. aureus under SEM,
respectively, prior to treatment. Fig. 4b and d show that after
treatment with 250 pg ml~" of NO-nanofrustules, they form
micrometer-scale nanomaterial-bacteria aggregates. As a result,
almost all the bacteria were observed to interact extensively
with the nanomaterials, in such a way that the local NO flux can
quickly increase to a lethal level. In addition, some indistin-
guishable features, other than the flake-like nanofrustules or
distorted bacteria, were observed, possibly consisting of the
extracellular polymeric matrix (EPS) secreted by the bacteria as
a protective attempt against stress.>

To visualize how the bacteria were killed by NO-
nanofrustules, we next conducted a BacLight™ bacterial viabi-
lity fluorescence assay on the mixture of NO-nanofrustules and
bacteria. In Fig. 5a and b, the green and red spots represent the
state of bacteria as alive and dead, respectively. The clump
appeared as an overlap of slightly brighter green or red spots,

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Representative BacLight™ fluorescence micrographs (SYTO9 and
Pl staining) of (a) S. aureus and (b) E. coli as a function of treatment
(with NO- or SH-nanofrustules, untreated) and incubation times (2 hours
or 24 hours). Live bacteria cells are labelled green, while dead bacteria cells
are labelled red. Scale bar = 10 pm. (c) Computed clumping index of
S. aureus and E. coli treated with NO-, SH-nanofrustules or 2 mM of SNAP,
normalized to untreated bacteria. Values represent a mean + standard
deviation of 30 independently resolved particles in ImageJ. (d) Schematic
illustrating the mechanism-of-action of NO-nanofrustules.

representing the bacteria and the aggregated layered mass of
the NO-nanofrustules. This observation suggests that most of
the bacteria trapped within the clumps were dead. Compared
to the images at 2 hours post-treatment, the images at 24 hours
post-treatment show that the bacteria were killed in a much
greater extent in the NO-nanofrustules treated samples. In
contrast, the untreated control displayed mainly green (live)
individual free-floating bacteria.

Based on the analysis of the fluorescence BacLight™ assay
images, the extent of aggregation of the observed aggregated
clumps can be quantified by defining a term called clumping
index (CI). The CI is defined as the fraction of observable
fluorescent area with a maximum Feret diameter greater than
0.015. As shown in Fig. 5c, the bacterial samples treated with
both SH-nanofrustules and NO-nanofrustules showed similar
CIs, both values of which were higher than those of the
untreated and samples treated with 2 mM of S-nitroso-n-
acetylpenicillamine (SNAP), a small molecular donor of NO
and a widely recognized antimicrobial.>" No significant differ-
ence was found between S. aureus and E. coli in terms of CI,
indicating that the formation of aggregated clumps is non-
specific to the Gram type or the membrane structure of the
bacteria.

Taken together, our findings suggest a unique two-step mecha-
nism of action of NO-nanofrustules. The first step, illustrated
in Fig. 5d, involves the tendency of bacteria to adsorb to

This journal is © The Royal Society of Chemistry 2021
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the nanofrustule surface, together with the size-dependent “can-
vas effect” which helped to capture and wrap surrounding
bacteria forming clumps. This is then followed by subsequent
killing of the trapped bacteria due to the high NO flux to elicit a
potent bactericidal effect. This clump-forming aggregation pro-
cess is most likely to be thermodynamically and chemically
driven. The bacteria were able to adsorb spontaneously to the
nanofrustules due to the porous architecture which provides
sufficient interactive anchorage points at the bacteria-nanoma-
terial interface, which resembles the initial step of biofilm for-
mation. However, in our case, instead of being able to propagate
healthily on the surface, the adsorption process is clearly an act of
suicide for the bacteria due to the high NO flux on the nanofrus-
tule surface. Our approach is markedly different from using
conventional antibacterial NO-releasing nanoparticles, which rely
on the bacteria as the anchorage point and subsequent bacterial
uptake.” Notably, other types of 2D nanomaterials such as GO,
MoS,® and MXenes'? with a similar lateral size range also
demonstrate the specialty of wrapping and capturing bacteria.
Further evidence also points to a van der Waals force dominated
interaction between amorphous colloidal silica nanoparticles and
the dioleoyl phosphatidylcholine (a component of bio-
membranes) monolayer, independent of the particle size, pH,
and the ionic strength of the solution,* hence ruling out the
possibility of electrostatic nature of the interaction. Furthermore,
a silica substrate with a nanostructured rough surface or porous
surface has higher adhesion force with bacteria compared to the
non-porous surface, as quantified by surface morphometry.>>>® As
for the observed shape distortion in both types of bacteria,
because GO sheets with lateral sizes of more than 1 um are found
to wrap and trap bacteria, causing bacterial cells to be intertwined
together alongside a perturbation to the bacterial membrane
potential,”” the nanofrustules with a flake-like structure may
have inherited this specialty from their GO predecessor.
Another possible explanation for this aggregation process is the
previously reported “phase-to-size transformation” as seen
in thermal responsive polymer brush-conjugated Zn-doped carbon
nanosheets, involving a thermal-driven hydrophilic-to-hydrophobic
switching of the nanosheet surface. This transformation was found
to improve trapping and wrapping-induced local bacteria
eradication. However, the transformation of our study is not
as drastic because the attempt to alter the hydrophilicity state
using external electromagnetic radiation such as NIR has not
been employed in this study.

Biocompatibility must be established for the exploitation of
NO-nanofrustules to combat infections. We first examined the
viability of NO-nanofrustules treated human dermal fibroblasts
(HDF) and human keratinocytes (HaCaT) using the Calcein AM/
PI Live/Dead staining assay. In Fig. 6a, the assay highlighted
that when exposed to NO-nanofrustules at the MIC50 (250 pg
ml™ ") for 24 hours, majority of the cells remained viable
(green), while the occurrence of PI-stained cells (red) was
negligible. Furthermore, the nanomaterials treated -cells
retained their characteristic cellular morphologies of epithelial
cells (HaCaT) and fibroblasts (HDF), suggesting that those cells
remained healthy.

J. Mater. Chem. B, 2021, 9, 7229-7237 | 7233
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Fig. 6 (a) Representative fluorescence images of HDF and HaCaT coun-
terstained with Hoechst 33342 (blue), Calcein AM (green) and PI (red)
treated with 250 pg ml~* NO-nanofrustules for 24 hours. Scale bar = 10
um. Image cytometer based quantitative analysis of live/apoptotic cells for
(b) HDF and (c) HaCaT. Experiments were triplicated. Data represent a
mean =+ standard deviation (n = 5).

Consistently, for both cell types, the annexin V/PI cell
viability assay results in Fig. 6b show that more than 90% of
the cells were viable, with less than 5% undergoing apoptosis,
when treated with up to 500 ug ml~" of NO-nanofrustules for
2 hours, which is within the time scale of antibacterial studies.
The observations are in line with previous findings in the
literature, as a similar dose of NO-releasing particles can be
detrimental to bacteria but not mammalian cells due to sheer
differences in size, uptake mechanism and membrane
structures.>”

The results led us to conclude that NO-nanofrustules are
cytocompatible with human dermal cells and shows great
potential to be used for skin-related anti-infective therapies
such as treatment of lesions in wounds and eczema. It is a
proven strategy to use such nanomaterials under inflammatory
conditions, whereby the nanomaterials can be absorbed on the
surface of pathogenic microbes, not only disrupting any immi-
nent biofilm formation but also blocking the active membrane
fragments and adhesion factors, finally leading to their clear-
ance from the wound.>®

Conclusions

In summary, we developed novel diatom-inspired NO-releasing
nanofrustules with high efficacy in eradicating Gram-positive
S. aureus and Gram-negative E. coli bacteria. Besides showing
the non-specific broad-spectrum lethality of the material, we
also elucidated the mechanism of bacteria killing which
leverages on the entropy driven aggregation behavior of the
unique 2D porous architecture. The aggregation not only helps
to capture and trap the bacteria in the process, but also creates
a favorable environment for NO diffusive action. Importantly,
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NO-nanofrustules were observed to elicit negligible cytotoxicity
within our experimental conditions, suggesting that the plat-
form is biocompatible for future clinical exploitation. In the
broader context, our nano-enabled ‘capture-and-release” bac-
tericidal strategy can be extended to design a range of multi-
functional 2D nanomaterials to combat wound infections.

Experimental
Materials

The following materials were used without any further mod-
ifications, unless stated otherwise. Sulfuric acid (H,SO,, 98%),
phosphorus pentoxide (P,0Os), potassium permanganate
(KMnO,), sodium nitrate (NaNOj3), hydrogen peroxide (30%,
H,0,), cetyltetraammonium bromide (CTAB), tetraethyl ortho-
silicate (TEOS), 3-mercaptopropyl trimethoxysilane (MPTMS),
sodium nitrite (NaNO,), sodium hydroxide (NaOH) and
S-nitroso-n-acetylpenicillamine (SNAP) were purchased from
Sigma-Aldrich. Pentetic acid (DTPA) was purchased from Ark
Pharm. Graphene nanopowder (0541DX) was purchased from
SkySpring Nanomaterials. Anhydrous ethanol (99.9%, EtOH)
and anhydrous methanol (99.9% MeOH) were purchased from
Aik Moh Pte Ltd.

Synthesis procedures

Synthesis of GO nanosheets. 23 ml of concentrated H,SO,
was added to a round-bottomed flask and kept in an ice bath
(0-5 °C). 1 g of P,O5 and 3 g of KMnO, were slowly added to the
flask immersed in ice under continuous stirring at 300 rpm for
3 mins. 0.5 g of NaNO; and 0.5 g of graphene nanopowder were
mixed and finely ground using a mortar and pestle. The
resultant powder was slowly added to the chilled mixture and
stirred at room temperature. After 10 minutes, the solution
temperature was increased to 35 °C and stirred for 1 hour.
10 ml of deionized (DI) water (Millipore, Merck) was added
dropwise to the flask via a 1 ml pipette to avoid overheating the
solution due to the resultant exothermic reaction. The solu-
tion’s temperature was then adjusted to 85 °C for 15 minutes
before cooling to room temperature. 5 ml of H,O, was added
dropwise to the flask and a bright yellow coloration was
observed indicating the presence of highly oxidized GO. To
remove metal impurities, the flask’s contents were washed
thrice with 1 M HCI and twice with DI water. The resultant
GO dispersion was then dialyzed in DI water using a cellulose
membrane dialysis tube (10 kDa, Thermo Scientific) for at least
72 hours, changing the dialysate at least once every 12 hours.
The neutralized, dialyzed solution was then centrifuged at
8500 rpm for 5 minutes to increase the lateral size homogeneity
of GO. Part of the dialysis product was then lyophilized for
24 hours to obtain solid GO nanoflakes.

One-pot synthesis of thiol functionalized (SH-)nanofrus-
tules. This method was modified from a previously reported
protocol.>® Briefly, a 0.28 M CTAB solution was prepared by
adding CTAB and 100 ml of DI water to a round-bottomed flask.
At 80 °C, 27 mg of GO was added to the flask and the contents
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were stirred at 300 rpm for 1 hour. The solution’s pH was
adjusted to 11.5 using 2 M of NaOH. 1.429 ml of TEOS and
0.829 ml of MPTMS were pre-mixed and then added dropwise
to the solution. The reaction mixture was stirred at 80 °C and
500 rpm for 2 hours, followed by centrifugation at 8000 rpm for
5 minutes. The pellet obtained was washed twice using a
solution containing equal parts by volume of 1 M of HCI
and EtOH (HCI-EtOH) before incubating with the HCI-EtOH
mixture at 60 °C and stirred at 500 rpm. After 48 hours, the
SH-nanofrustules were washed thrice with EtOH before drying
using a rotary evaporator (50 °C, pressure 60 mbar) for at least
1 hour.

NO loading for SH-nanofrustules. 16 mg of SH-
nanofrustules were added to 8 ml of MeOH in a 50 ml round-
bottomed flask to make a methanolic mixture of 2 mg ml ™.
4 ml of 5 M HCl was then added to the flask while the contents
are stirred in an ice bath at 300 rpm. 4 ml of a pre-chilled
mixture consisting of 500 uM DTPA and ten-fold molar excess
of NaNO, was added to the flask in the absence of light and
incubated in an ice bath for 1 hour. The solution was washed
thrice using pre-chilled 500 uM DTPA and once with pre-chilled
MeOH. The solid pellet product was lyophilized for 30 minutes
before storing in a —40 °C freezer under dark conditions.

Characterization methods

Ellman assay for quantification of sulfhydryl groups. Briefly,
a reaction buffer of 0.1 M sodium phosphate, pH 8.0, contain-
ing 1 mM EDTA was prepared. Then 4 mg ml~" of the Ellman
Reagent was dissolved in the reaction buffer. 150 pl of the
DTNB solution was then mixed with 50 pl of SH-nanofrustules
suspension (50 pg ml™") in each well of a 96-well plate. The
absorbance was measured in a microplate reader at 405 nm.
Sample solutions with particles at desired concentrations were
used as blanks. The concentration of sulthydryl groups was
then determined from a standard curve generated using differ-
ent known concentrations of N-acetyl cysteine.

NO release measurement with Griess assay. The assay was
evaluated in physiological buffer (PBS, pH 7.4) at 37 °C, DI
water and 10% (v/v) Luria-Bertani (LB) broth (Miller). The test
was carried out in a 96-well plate with five replicates. Briefly,
125, 250 and 500 pg ml~' of NO-nanofrustules in desired
medium of suspension were prepared in a centrifuge tube with
a total volume exceeding 1 ml. At designated time points, the
suspension was centrifuged at 8000 rpm for 3 minutes and
150 pl of the supernatant was collected and added to the wells
of a 96-well plate. Then, 20 pl of the Griess reagent (Biotium)
was added and the plate was incubated at RT in the dark for 10
minutes before measuring the absorbance at 548 nm with a
spectrophotometer. Various concentrations of sodium nitrite
solution were used as standards and a standard curve of
absorbance against concentration was plotted.

Dynamic light scattering (DLS) and zeta potential measure-
ments. Nanoparticle solutions were dispersed in DI water and
sonicated to reduce polydispersity before a ZetaSizer Nano ZS
(Malvern, Herrenberg, Germany) was used to measure the
mean hydrodynamic radii and zeta potential of the studied
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nanoparticles. A minimum of five measurements for each
sample were performed using a 633 nm He-Ne laser operating
at an angle of 173°. The equipment uses the Stokes-Einstein
equation and Henry correction to the Smoluchowski equation
to obtain the hydrodynamic radius and zeta potential,
respectively.

Nitrogen sorption measurement. The Brunauer-Emmett-
Teller (BET) surface area and Barrett-Joyner-Halenda (BJH)
pore size distribution of SH-nanofrustules dry powder samples
were determined using the Micromeritics ASAP TriStar
3020 Instrument with nitrogen gas adsorption and desorption.
The degassing procedure was carried out at 60 °C overnight
under vacuum conditions (100 mTorr).

Fourier-transform infrared spectroscopy (FTIR). Fourier
Transform Infrared (FTIR) spectroscopy was used to determine
chemical structures of the samples. A PerkinElmer Frontier
FTIR spectrometer was used to scan the samples from 4000 to
400 cm ™" with potassium bromide (KBr) as the background
spectra. Prior to measurement, dry samples were mixed with
KBr in a mass ratio of 1:20 and pressed to form disks.

Scanning electron microscopy (SEM) and energy dispersive
X-ray spectroscopy (EDX). JEOL FESEM 6340F was used to
investigate the surface morphology of the as-synthesized nano-
materials. Briefly, 0.5 mg of the powdered materials mentioned
above were dispersed in 1 ml of absolute ethanol by sonication
and 5 pl of the dispersion was dropped on a freshly cleaved
mica disc, dried in air overnight and sputter-coated with gold at
20 mA for 10 s. Then, an operating voltage of 5 kV was used to
view the sample. For EDX experiments, the working distance
and the operating voltage were increased to 15 cm and 10 kV,
respectively. The average particle size of 10 individual particles
in the SEM image was calculated after measurement using
Image] software.

Transmission electron microscopy (TEM). Carl Zeiss Libra
100 TEM was used to examine the fabricated mesoporous
structures and to determine pore size and particle size in
greater detail. 50 pg ml~" sample solutions were prepared by
dispersing sample nanoparticles in EtOH and sonicating for
10 minutes. Next, 10 pl of the solution was dropped onto a
continuous carbon TEM grid (Latech Pte Ltd) and air-dried at
37 °C overnight. The mean particle size of 10 individual
particles in the TEM image was calculated post-measurement
using Image] software.

Broth and agar dilution assay for antibacterial testing. E. coli
(ATCC 25922) and S. aureus (ATCC 25923) were cultured in
20 ml of Luria-Bertani (LB) medium (Miller formulation) for
6 to 8 hours to reach the mid-exponential growth phase.
The optical density (OD) at 600 nm of the bacterial suspension
was measured using a spectrophotometer to estimate the
number of bacteria commonly termed as the colony forming
units (CFU) using a self-determined calibration curve. Briefly,
0D600 = 1 was equivalent to 2.3 x 10"° and 1.1 x 10° CFU per ml
for S. aureus and E. coli, respectively, post-calibration using the
agar counting method. Next, a bacterial stock was prepared by
serially diluting the bacterial suspension to 1 x 10° CFU per ml
using the fresh LB medium. Then, 90 pl of the sample material
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suspension prepared at desired concentration was added to each
well of a 96-well plate (Greiner Bio One) prior to adding 10 ul of
bacterial stock. The well plate was wrapped in foil to reduce
evaporation and incubated at 37 °C in a static incubator for
2 hours or 24 hours. At designated time points, 10 pl of the
bacterial suspension was removed from the control well and wells
of interest and diluted 10 000x with fresh LB medium and plated
on agar as a part of the agar dilution assay.

For the broth microdilution assay, 10 pl of the PrestoBlue
reagent (Invitrogen) was added to each well and incubated for 1
hour. Fluorescence readings were taken with a spectrophot-
ometer at an excitation wavelength of 560 nm and an emission
wavelength of 590 nm; the bacterial cell viability was calculated
as a percentage of fluorescence intensity I of the sample
compared to that of the negative control in eqn (1).

S I, — Iy
Bacterial viability (%) = -*mple — “blank €))

Iconlrol - Iblank

Antimicrobial activity was expressed as the minimum inhibi-
tory concentration (MIC), i.e., the lowest concentration that did
not result in the change in color of the PrestoBlue after 2 hours
of incubation. In addition, the MIC in the agar dilution assay
can be defined as the lowest concentration which did not result
in observable bacterial growth in agar after 2 hours. Although
MIC is usually determined based on turbidity changes, the
presence of opaque nanoparticles may complicate the measure-
ment of turbidity. Therefore, assays based on optical density
(OD) and turbidity were not employed in this work.

Cytotoxicity assays. Human dermal fibroblasts (HDF) and
human immortalized keratinocytes (HaCaT) were cultured in
Dulbecco’s Modified Eagle Medium (DMEM) with 10% fetal
bovine serum at 37 °C and 5% CO,. For metabolic activity
assessment, the cells were cultured in a 96 well plate. NO-
nanofrustules suspended in DMEM were added to the cells
when the cells reached 50% confluency, followed by further
incubation for 24 hours. 10 pl of Presto Blue was added to each
well and the fluorescence at 560/590 nm was analysed using a
spectrophotometer after 1 hour. For the cellular LIVE/DEAD
assay, the cells are cultured in Lab-Tek™ chamber slides and
stained with Calcein AM for live, propidium iodide (PI) for
dead, and Hoechst dye for nuclei, according to standard pro-
tocols. The fluorescence intensities of the micrographs were
analyzed using Image] software. For apoptotic assays, the cells
were cultured in 12 well plates and trypsinized before resus-
pending in binding buffer. The Annexin V Alexa Fluor 488
conjugate and PI were then added into the cell suspension
and the results were analyzed using the Arthur NanoEntek™
automated cell counter after 15 minutes of incubation at room
temperature.

Statistical analysis. Statistical analysis of experimental data
was conducted using Microsoft Excel with RealStats macro for
the Mann-Whitney non-parametric test for statistical signifi-
cance (for samples with n = 3) or the Student’s t-test
with unequal variances (for samples with n larger than 3).
Plotted graphs contain the mean and standard deviation of at
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least 3 independent samples from the same experiment or 3
separate experiments.
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