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HIGHLIGHTS

e A ‘dual active templating’ strategy is firstly reported, using cationic and anionic bactericidal agents as co-templates for the preparation

of antibacterial silica nanocomposite with spiky nanotopography.

e The spiky nanocomposite exhibited enhanced antibacterial and biofilm inhibition performance, compared to pure antimicrobial cationic

agent templated smooth silica nanocomposite.
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property. The cationic-anionic dual active templating strategy further contributes to antibacterial nanocomposites with a spiky surface.
With controllable release of dual active antibacterial agents, the spiky nanocomposite displays enhanced anti-microbial and anti-biofilm
properties toward Staphylococcus epidermidis. These findings pave a new avenue toward the designed synthesis of novel antibacterial

nanocomposites with improved performance for diverse antibacterial applications.
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1 Introduction

Mesostructured materials such as mesoporous silica have
attracted much attention during the past decades since their
early reports in the 1990s [1-4]. Mesoporous silica nanopar-
ticles (MSNs) have been applied in biocatalysis [5, 6], anti-
tumor [7, 8] and specially antibacterial applications [9-12]
due to unique properties including adjustable particle/pore
sizes, high pore volume and excellent biocompatibility [13,
14]. MSNs generally act as carriers for the delivery of anti-
bacterial compounds [15-20]. To create the mesopores,
surfactants are removed for subsequent loading of drug
molecules [21, 22]. Recently, a bactericidal reagent, benza-
lkonium chloride (BAC) was reported to act as the cationic
surfactant to template the synthesis of mesostructured silica
composite material. The antibacterial activity of BAC is due
to the electronic interaction between cationic ammonium
head group and negatively-charged bacterial membrane as
well as the lipophilic tail enhanced membrane permeabil-
ity, leading to bacterial membrane rupture and a leakage
of cytoplasmic materials [23, 24]. However, the obtained
composite particles have an large size of 650-850 nm, a
small mesopore size of 18 A, alow BAC release percentage
of <8% (in acidic condition) thus limited bactericidal effi-
ciency (bacteria alive after 6 h treatment) [9, 25]. Therefore,
it is highly desired to design novel silica based antibacterial
nanocomposites with controlled structural properties and
improved efficacy.

Among various strategies to combat bacterial infection
[26, 27], creating spiky nanotopography has been reported
with enhanced bacterial membrane adhesion and physical
damage performance [28-30]. This strategy has also been

applied to engineer antimicrobial nanoparticles with a rough
surface topology and enhanced performance [31, 32]. For
the synthesis of spiky silica nanoparticles, there are mainly
two methods. One approach is using co-assembly of silica
and polymer [9], while the other via surfactant cylindrical
micelle templating in an oil/water biphasic system [33].
In these reports, extra treatment steps such as calcination
or extraction are needed to remove the template to get the
spiky surface, similar to most MSNs prepared as nanocar-
riers for further loading of antibacterial agents [34, 35]. To
date, there are rare reports on the preparation of bactericidal
surfactant containing silica nanocomposites with a spiky
surface.

Herein, a “dual active templating” strategy is reported to
synthesize bactericidal silica nanocomposites with a spiky
surface, using cationic and anionic dual templates that are
both active antibacterial agents. As shown in Scheme 1, BAC
is used as a cationic structure-directing agent and sodium
salicylate (NaSal) as an anionic agent. It is noted that sodium
salicylate (NaSal) has antibacterial activity [36, 37], and has
been utilized as a co-template to finely adjust the structures
of MSNss (e.g., with large pores) [38, 39]. However, neither
its content nor bactericidal property in silica nanocomposites
has been reported. The use of BAC and NaSal as co-tem-
plates leads to a spiky silica nanocomposite I. Compared to
nanocomposite IT with a smooth surface templated by pure
BAC, nanocomposite I showed high BAC loading (~22.0
wt%), efficient release (BAC and NaSal) (>75% in 24 h),
improved bactericidal activity and enhanced biofilm inhi-
bition (70%) toward Gram-positive bacteria Staphylacoc-
cus Epidermidis (S. Epidermis). The dual active templating
strategy developed from this study may pave the way for the

? BAC

Q NaSal

A Silicate oligomers

Staphylococcus
Epidermidis

Scheme 1 Schematic illustration for the synthesis, enhanced antibacterial and anti-biofilm activity of spiky nanocomposite I co-templated by

BAC and NaSal

© The authors

https://doi.org/10.1007/s40820-022-00826-4



Nano-Micro Lett. (2022) 14:83

Page 3 of 11 83

designed synthesis of novel functional nanocomposites for
antibacterial applications.

2 Experimental Section
2.1 Materials and Reagents

Benzalkonium chloride (>95%), triethanolamine (TEA,
99%), tetraethyl orthosilicate (TEOS, 98%), sodium salicy-
late (>95%), hydrofluoric acid (HF reagent, 48%), hydro-
chloric acid (HCI, 37%), crystal violet solution (CV, 1%
aqueous solution), phosphate buffer solution (PBS, 10 mM,
pH=7.4), and dead cell staining buffer propidium iodide
(PI, Minimum Purities >95%) were purchased from Sigma-
Aldrich. Green-fluorescent nucleic acid stains (SYTOTM
9, 5 mM) were purchased from Thermo Fisher Scientific.
S. Epidermis (American Type Culture Collection (ATCC)-
12,228) was purchased from ATCC.

2.2 Synthesis of Nanocomposite I and 11

Nanocomposites I with a spiky morphology containing
BAC/NaSal/silica were synthesized using BAC and NaSal
as co-templates and TEOS as the silica source. In a typical
synthesis, 68 mg of TEA was added into 25 mL of deion-
ized water and stirred at 80 °C for 30 min. Then, around
0.7 mL of 50% aqueous BAC and 80 mg of NaSal were
added into the above solution and stirred for 1 h at 80 °C
(molar ratio: NaSal/BAC =0.5). After addition of 3 mL of
TEOS, the solution was further stirred at 80 °C for another
2 h. Final nanocomposite I was collected by centrifugation at
25,200 RCF for 5 min, washing with ethanol for three times,
and vacuum dried at 50 °C for 12 h. Part of nanocomposite
I was calcined at 550 °C under air for 5 h and denoted as
I-calcined. Nanocomposite II with a smooth surface was
prepared vis a similar method, using only BAC as the tem-
plate and TEOS as the silica precursor. Specifically, 68 mg
of TEA was added into 25 mL of deionized water and stirred
at 80 °C for 30 min. Then, 0.7 mL of 50% aqueous BAC was
added into the above solution and stirred for 1 h at 80 °C.
After the addition of 3 mL of TEOS, the solution was further
stirred at 80 °C for another 2 h. The final nanocomposite IT
was collected by centrifugation at 25,200 RCF for 5 min,
washing with ethanol for three times, and vacuum dried at
50 °C overnight.

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

2.3 Quantification of BAC and NaSal Contents
in Nanocomposites

Ultraviolet—visible spectroscopy (UV-Vis) analysis was
applied to determine the contents of BAC and NaSal in sil-
ica nanocomposite. Nanocomposites were dissolved in HF
at room temperature for 4 h and then diluted for UV-Vis
analysis. The NaSal and BAC contents were determined and
calculated at 299 and 209 nm, respectively (see details in
Results and Discussion section).

2.4 Characterization

Transmission electron microscopy (TEM) study was per-
formed using J HT7700-EXALENS with an accelerated
voltage of 80—-100 kV. Scanning electron microscope
(SEM) measurements were conducted using a JEOL JSM
7800 field-emission scanning electron microscope (FE-
SEM). Energy-dispersive X-ray (EDX) mapping analysis
was carried out using Hitachi HF5000 Cs-STEM/TEM.
Dynamic light scattering (DLS) measurement was con-
ducted at 25 °C using the Zetasizer Nano-ZS from Malvern
Instruments. Before measurements, the samples were dis-
persed in deionized water by ultra-sonication, and all sam-
ples were measured for three times. Attenuated total reflec-
tance Fourier transform infrared spectroscopy (ATR-FTIR)
analysis was conducted on a ThermoNicolet Nexus 6700
FTIR spectrometer equipped with Diamond ATR Crystal.
Nitrogen adsorption—desorption analysis was measured by
a Micromeritcs Tristar IT system at 77 K. Before the meas-
urement, samples were degassed at 353 K overnight on a
vacuum line. The total pore volume was calculated from the
adsorbed amount at the maximum relative pressure (P/P)
of 0.99. The pore size of samples was calculated through
Barrrett-Joyner-Halenda (BJH) method from the adsorption
branches of the isotherms. The Brunauer—-Emmett—Teller
(BET) method was used to calculate the specific surface
areas. Cross-Polarization Magic Angle Spinning '*Car-
bon Nuclear Magnetic Resonance (*C CP/MAS NMR)
spectrum was measured by a solid-state Bruker Avance III
spectrometer with 7 T (300 MHz for 1H) magnet, Zirconia
rotor, 4 mm, rotated at 7 kHz. ICP-OES was performed
to provide the quantitative measurement of silica adhered
or uptaken by bacterial after 4 h incubation. A Thermo
Scientific iCAP 6500 ICP-OES instrument was used, and

@ Springer
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the analysis was duplicated. The bacterial suspension and
nanocomposite solution were mixed at the same ratio and
condition as the antibacterial test. After 4 h culturing, the
solution was filtered through 450 nm-pore filter membrane
and washed with PBS twice. Then, the filter paper was
dissolved in 10% HF solution for 24 h before the ICP-OES
quantification of silicon content. The silicon amount was
calculated based on each bacteria, and the bacterial number
was determined by optical density (OD) reading at 600 nm.

2.5 Drug Release Study

The release study was investigated by dispersing nanocom-
posite in pH 7.4 or pH 5 PBS solutions shaking at 37 °C at
220 RPM. Released BAC and NaSal were determined by
analyzing the collected supernatant at different time points
using UV-Vis.

2.6 Antibacterial Activity

The antimicrobial capability of nanocomposite I was tested
in S.epidermidis using Luria—Bertani (LB) -agar plates assay.
Nanocomposite II, BAC, NaSal, calcined nanocomposite I
and mixture of BAC/NaSal were selected as control. The
nanocomposites were sterilized by dissolved in 70% (v/v) eth-
anol, followed by washing with sterilized PBS for three times
before bacterial culture based on a reported protocol [40]. All
the tests were conducted under acidic LB medium (pH=15)
with the tested BAC concentrations of 1, 2, 4 ng mL~".
The mixture of bacteria suspension (1.0 X 107 CFU mL™),
acidic LB medium and nanocomposites/drug was incubated
in 37 °C shaker at 220 RPM for 24 h and examined by LB-
agar plate assay. 200 pL of treated bacterial suspensions were
spread on sterilized LB-agar plates. After incubation at 37 °C
for overnight, photographs were taken, and the bacteria colo-
nies grown in each plate were counted.

2.7 In vitro Biofilm Inhibition

For biofilm inhibition study, 200 pL of S. Epidermidis bacte-
rial suspension (1.0 X 108 CFU mL™") added with BAC or
nanocomposite I at 4 pg mL~' BAC was added to 24-well
plates and cultured at 37 ‘C without shaking. After 12 h
incubation, the supernatant was removed. The samples
were washed with 85% NaCl aqueous solution three times

© The authors

and then stained by SYTO9 and PI for confocal microscopy.
Another plate was prepared for CV staining. The untreated
biofilm was denoted as the control, and all experiments were
performed in duplicates.

2.8 Biocompatibility Assay

Cell viability was evaluated in Human Embryonic Kid-
ney (HEK239T) cells using 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT) assay. HEK cells
were seeded in a 96-well flat-bottom plate with a density
of 7000-8000 cells per well for 24 h. Then, cell culture
medium was replaced with fresh medium containing PBS,
nanocomposite I/IT and calcined nanocomposite I at a BAC
concentration of 1 pg mL~!. After incubation in the incuba-
tor at 37 °C for 24 h, 20 uL of MTT solution (5 mg mL™)
was added to each well and cells were incubated for another
4 h. Then medium was replaced with 100 pL of dimethyl
sulfoxide (DMSO). Then absorbance readings were meas-
ured at the wavelength of 570 nm using a microplate reader.
The cells incubated with PBS were used as the control. All
experiments were performed four times.

3 Results and Discussion

The nanocomposite I was prepared in an aqueous system
using TEOS as the silica precursor, BAC as the cationic
surfactant and NaSal as an anionic co-templating agent
[38]. Low and high magnification TEM images (Fig. 1a, b)
showed that nanocomposite I possesseds a spiky structure
and a uniform particle size of 100 + 10 nm by measuring 50
particles. The spiky surface morphology was further visu-
alized in the SEM image (Fig. 1¢). Uniform distribution of
nitrogen, silicon and oxygen elements in nanocomposite I
was revealed by the energy-dispersive X-ray spectroscopy
(EDX)-mapping results (Fig. 1d—g). The observation of
nitrogen indicates the existence of BAC in the nanocompos-
ite I. However, the presence of NaSal cannot be confirmed
from these results.

To understand the role of NaSal in the synthesis and
antibacterial application, the nanocomposite II was fabri-
cated via a similar synthetic protocol without the addition
of NaSal. Nanocomposite II exhibited a smooth surface and
similar diameter to Nanocomposite I as shown in TEM (Fig.
S2a, b) and SEM images (Fig. S2¢). EDX mapping results

https://doi.org/10.1007/s40820-022-00826-4



Nano-Micro Lett. (2022) 14:83

Page 5 of 11 83

h i j
" = ” : @ 0)100- o BAC-pH 5.0
7 \ e A « BAC-pH 7.4
. -+ NaSal-pH 5.0 N
P, -~ & 801 . Nasal-pH 7.4 :
X 2 >
<~ |2950 2850 \m/ %)
] A B S 60-
g~ x15 /v\:\m = ‘E_J
£ _g o 401
17} @ 0
c a @©
S (0]
: wﬁ £ 8
—] r 20
—Il — NaSal
— |-Calcined - ' 0- — T T T
3000 2000 1000 0 2(')0 v 2é0 360 v 350 05 1 2 4 8 12 24 48

Wavenumber (cm™)

Time (h)

Wavelength (nm)
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of nanocomposite IT also showed uniform distribution of
nitrogen, silicon and oxygen elements (Fig. S2d—g). The
relatively weak nitrogen signal indicated the content of BAC
in nanocomposite II was lower than that in nanocomposite
I. FTIR was further conducted to characterize the exist-
ence of BAC and NaSal. Compared to the spectrum of BAC
(Fig. 1h), nanocomposites I and II exhibited typical peaks at
2950, 2850, and 1480 cm™' corresponding to C—H stretching

29
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bands and benzene ring originated from BAC [23], suggest-
ing the existence of BAC, which is consistent with EDX
mapping results. The peaks originated from NaSal at 1300,
810, and 620-690 cm™" are only observed from nanocom-
posite I [38]. The typical peaks of BAC and NaSal were not
observed in I-calcined, suggesting complete removal of sur-
factants after calcination. '*C MAS NMR was conducted to
characterize the compositions in nanocomposite I. As shown

@ Springer
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in Fig. S3, The typical peaks at 134 and 137 ppm were orig-
inated from benzyl chain of NaSal [41]. The peaks at 51
and 57 ppm are assigned to N(CH;), and NCH, species,
respectively; and the peak around 29 ppm is attributed to
hydrophobic carbon chain in BAC [42]. These observations
indicate the presence of BAC and NaSal in nanocomposite 1.
The nitrogen sorption analysis was conducted to char-
acterize the porous structure. The adsorption—desorption
isotherms of nanocomposite I and nanocomposite II are
shown in Fig. S2h. The major capillary condensation steps
of nanocomposite I occurred at two high relative pressure
(P/P) steps, one around 0.90 and the other at>0.97. The
first capillary condensation step corresponds to a broad pore
size distribution (Fig. S2h-inserted) centered at 26.3 nm
for nanocomposite I, presumably reflecting the mean pore
size of the spiky layer. The second capillary condensation
step at higher P/P, of 0.97 is attributed to packing voids
between particles [33], which is also observed in the adsorp-
tion—desorption isotherm of nanocomposite II. The physical
properties of nanocomposites I and II are summarized in
Table S1. Compared to BAC templated nanocomposite II
with a specific surface area of 86 m?> g~! and a pore volume
of 0.34 cm® g~!, nanocomposite I templated by BAC/NaSal
showed a higher specific surface area of 2900 m? g™! and a
pore volume of 0.69 cm® g=!. Considering their difference
in morphology (Figs. la—c and S2—c), the higher specific
surface area of nanocomposite I than nanocomposite II is
mainly attributed to the nanostructured spiky rough surface,
which contains a portion of mesopores as evidenced in Fig.
S2h. The zeta potential of three particles was measured
(Table S1). Compared to nanocomposite II, nanocomposite
I exhibited a higher surface charge, in accordance with a
higher BAC content in nanocomposite I which is beneficial
for antibacterial performance. After calcination, calcined-I
exhibited the negative surface charge, indicating the success-
ful removal of BAC in the nanocomposite.
Time-dependent TEM images of intermediated struc-
tures at different timepoints were collected to investigate
the formation mechanism of nanocomposite I (Fig. S4).
At the reaction time of 15 min, nanospheres with an aver-
age diameter of ~ 100 +5 nm were observed (Fig. S4a). A
few rod-like structures were found deposited on the nano-
sphere outer surface. With the reaction time prolonged to
20 and 40 min, the nanoparticles with clear spike structure
were observed as shown in Fig. S4b-c. Considering that in
the absence of NaSal nanocomposite II a smooth surface

© The authors

formed, it is proposed that the interaction between nega-
tively charged Sal™ and positively charged BAC* decreases
the charge density and thus the hydrophilic head group area
in the BAC*/Sal /silicate assembly, leading to an increase in
packing parameter (g) and structural transition from spheri-
cal composite micelles toward cylindrical structures [38].
As reported by Zhao and co-workers, the epitaxial growth
of cylindrical structures contributes to the growth of spiky
silica nanocomposite I [33].

To quantitatively measure BAC and NaSal contents in the
nanocomposites, a protocol based on UV-Vis spectroscopy
was developed. As shown in Fig. 1i, the UV—-Vis absorption
spectrum of pure NaSal showed a peak at 299 nm, while at
this wavelength pure BAC or nanocomposite II prepared in
the absence of NaSal showed negligible absorbance. There-
fore, the content of NaSal in nanocomposite I was deter-
mined from the standard curve obtained at 299 nm, which
was calculated to be 4.28 wt% (Fig. S2j, top). To quantify
the BAC content, the standard curves of NaSal and BAC at
209 nm were measured (Fig. S2j middle and bottom). By
deducting the absorbance contributed from NaSal, the BAC
content in nanocomposite I calculated was determined to be
21.96 wt%. Similarly, the percentage of BAC in nanocom-
posite IT was determined to be 14.92 wt%, lower than that
in nanocomposite I. Thermogravimetric analysis (TGA) was
further conducted to determine the surfactants loading con-
tents of nanocomposites. The weight loss before 110 °C is
attributed to the removal of moisture. The weight loss in the
temperature range between 110 and 600 °C should be attrib-
uted to the decomposition of templates and silica condensa-
tion, which was calculated to be 37.2% for nanocomposite
I (mainly BAC and NaSal) and 20.3% (mainly BAC) for
nanocomposite II. The difference between nanocomposites
I and II is similar to that obtained from UV-Vis analysis.
The higher loading contents analyzed from TGA compared
to UV-Vis can be attributed to the further condensation of
silanol groups.

Furthermore, the release of BAC and NaSal from nano-
composite I as a function of time was studied by UV—Vis
spectroscopy (Fig. 1j). The release test was conducted in
PBS at two pH values (7.4 or 5), considering the acidic pH
at the bacterial infection site [43]. Compared to the rela-
tively slower release of BAC and NaSal (<40% within 12 h)
at neutral pH, nanocomposite I exhibited a higher release
percentage of BAC/NaSal (e.g.,> ~60% at 12 h). For BAC
release at pH 5, a burst release stage before 12 h and a

https://doi.org/10.1007/s40820-022-00826-4
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subsequent sustained release stage (> 12 h) were observed.
Moreover, the BAC release percentage at 24 h from nano-
composite I (~45% at pH 7.4;~70% at pH 5) was signifi-
cantly higher than that from nanocomposite II (<20% at
pH 7.4;~36% at pH 5). The dissolved silicon content was
also measured by ICP-OES. After 24 h, the concentration
of dissolved silicon under pH 5 (23.3 mg L™!) was higher
than that at pH 7.4 (10.8 mg L_'). Therefore, the increased
release percentage of BAC at acidic pH is presumably due
to the faster silica degradation as well as the replacement
of benzalkonium ions by H* under more acidic conditions
[20]. The higher BAC release percentage of nanocompos-
ite I compared to nanocomposite II is probably due to the
faster degradation rate of large pore sized structure, which
is consistent with a literature report where large-pore sized
MSNs exhibited faster degradation than MSNs with smaller
pore sizes [44]. The increased release of active molecules
in nanocomposite I with spiky surface is beneficial for anti-
bacterial applications.

To demonstrate the advantage of nanocomposite I pre-
pared by the “dual active templating” approach, its anti-
bacterial activity toward S. epidermis was evaluated using
plate counting method. The bacteria were cultured in acidic
LB medium for 24 h, using nanocomposite II, I-calcined
(see detailed characterization in Fig. S6), BAC/NaSal, BAC
and NaSal as control groups due to more efficient release
of BAC/Sal at acidic pH tested above. Nanocomposite 1,
BAC/NaSal, nanocomposite II (Fig. 2a, b), BAC or NaSal
(Fig. S6) all showed dose-dependent antimicrobial activ-
ity compared to untreated group (Fig. 2c) while no obvious
antibacterial activity was observed for calcined I (Fig. S6),
suggesting the antibacterial function from silica is minimal.
Less bacterial colony grown in BAC/NaSal treated group
compared to either BAC or NaSal treated group, suggesting
the enhanced antibacterial efficiency of the combination of
BAC and NaSal. Least colony was observed for nanocom-
posite I group at all dosages compared to nanocomposite
II or drug controls, suggesting the advantage of the spiky
topography and BAC/NaSal compositions (Fig. 2d).

Compared to the bacterial viability of BAC and NaSal
treated groups (7.39% and 32.27%, respectively), the sur-
vival rate of BAC/NaSal treated group was less (1.25%),
implying the synergistic effect of the dual antibacterial
agents in bacterial killing. Similar synergistic effect can also
be evidenced by the higher survival rate of nanocompos-
ite II treated group (7.59%) than nanocomposite I (1.07%)

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

treated bacteria. The cell viability was also evaluated in
Human Embryonic Kidney (HEK239T) cells. Compared
to the 41% cell viability of pure drug treated group (BAC/
Sal), nanocomposite I, IT and calcined nanocomposite I all
exhibited ~90% cell viability, suggesting excellent biocom-
patibility of the silica-based nano-formulations.

Next, SEM was conducted to visualize the morphology
change in bacteria with or without nanocomposite treatment.
Compared to smooth and intact membrane in untreated
group (Fig. 2h), clear bacterial cell membrane damage with
nanocomposite sinking into bacteria was observed in nano-
composite I treated group, creating some dents on bacterial
surface (Fig. 2f red arrow), while limited membrane damage
was observed in BAC/NaSal (Fig. 2e) or nanocomposite II
(Fig. 2g) treated bacteria. These results collectively dem-
onstrated that rough nanocomposite I templated by "dual
actives" displayed the most effective bactericidal capability,
presumably due to bacterial membrane disruption through
spiky surface enhanced adhesion and boosted release of dual
antibacterial agents (BAC and NaSal). The silicon content
was analyzed by ICP-OES as shown in Fig. S8. Nearly 2 pg
of nanocomposite I adhered on/uptaken by each bacteria,
which was almost twofold of the silicon content of nano-
composite IT or I-calcined treated bacteria. The results are
consistent with the observation from SEM images. From
Figs. 2d and S6, BAC/NaSal and nanocomposites I treated
groups showed 100% bactericidal performance at the con-
centration of 4 pg BAC mL™!, thus 4 pg mL~! was chosen
for the following biofilm inhibition study.

The advantage of nanocomposite I over nanocompos-
ite IT and the BAC/NaSal group was further evaluated in
their biofilm inhibition performance through examining
their efficiency in inhibiting bacterial surface adhesion and
biofilm formation. Nanocomposites or BAC/NaSal were
added to planktonic bacteria at the concentration of 4 pg
BAC mL™!. Crystal violet (CV) staining was applied to visu-
alize remaining biofilm treated with or without nanocom-
posite [45], where the positively charged dye interacted with
the negatively-charged cell wall and resulted in the purple
color of CV [46]. As shown from the standard CV colori-
metric assay (Fig. 3a), untreated control or nanocomposite
II remained dark purple, suggesting more biofilm biomass,
the BAC/NaSal or nanocomposite I treated groups exhibited
significantly lighter color, suggesting its ability in biofilm
inhibition. Quantification of biofilm biomass normalized to
untreated group was shown in Fig. 3b, the inhibiting effect of

@ Springer
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Fig. 2 a, b Dose-dependent killing of S. epidermidis by BAC/NaSal, nanocomposites I and II. Photographs of plates containing treated culture,
where 1/2 represents the BAC concentration of each group. ¢ Photograph of plate containing tenfold serial dilutions of untreated culture. d the
average survival percentage of S. epidermidis upon exposure to each group quantified based on 1, 2 and 4.pg BAC mL~! Statistical significance
is calculated using a two-tailed t test with significant p-values shown. “ns” denotes “not significant.” e~h SEM images of BAC/NaSal, nanocom-
posite I, nanocomposite II treated bacterial and untreated S.Epidermidis. (red arrows refer to a semi-spherical dent on bacterial surface upon

adhesion of nanocomposite I; scale bar: 1 pm)

nanocomposite I was significantly better (biofilm formation
reduced to 33%) than nanocomposite II (85%) and BAC/
NaSal (63%).

To better analyze the biofilm thickness, 3D confocal
microscopy was conducted and LIVE/DEAD bacteria was
stained and analyzed (Fig. 3c). The thickness of untreated
biofilm was estimated to be 25 pm. Much thinner biofilms

© The authors

(less than 10 pm) with significantly increased dead cell
populations (>90%) were observed after 24 h incubation
withnanocomposite I (Fig. 3c, I). For comparison, thicker
biofilm was formed on BAC/NaSal (~ 15 pm) or nanocom-
posite IT (22 pm biofilm) treated groups. The above results
demonstrate that "dual actives templated" nanocomposite
I shows excellent synergy in inhibiting biofilm formation.

https://doi.org/10.1007/s40820-022-00826-4
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Fig. 3 a Digital images of biofilms stained by CV. b Quantitative analysis of CV stained biofilm. ¢ 3-D Confocal images of 24 h old biofilm

treated by PBS, nanocomposite I, BAC/NaSal or nanocomposite I1

4 Conclusions

In summary, we have reported a “dual active templating”
strategy and successfully synthesized spiky silica nanocom-
posite containing two active agents for antibacterial applica-
tions. The dual active templating strategy contributes to not
only the formation of a spiky surface that enhances bacterial
membrane adhesion and physical damage, but also an effec-
tive release of two bactericidal components for synergisti-
cally improved bacterial killing and biofilm inhibition. These
findings provide a new strategy for the designed synthesis
of novel functional silica composite materials with boosted
performance in antibacterial applications.

Acknowledgements The authors acknowledge the financial sup-
port from the Australian Research Council. We also thank the tech-
nical assistance from the Australian National Fabrication Facility,

SHANGHAI JIAO TONG UNIVERSITY PRESS

the Australian Microscopy and Microanalysis Research Facility at
the Centre for Microscopy and Microanalysis, The University of
Queensland.

Funding Open access funding provided by Shanghai Jiao Tong
University.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of
this licence, visit http://creativecommons.org/licenses/by/4.0/.

@ Springer


http://creativecommons.org/licenses/by/4.0/

83 Page 10 of 11

Nano-Micro Lett. (2022) 14:83

Supplementary Information The online version contains

supplementary material

available at https://doi.org/10.1007/

s40820-022-00826-4.

References

1.

10.

11.

12.

T. Yanagisawa, T. Shimizu, K. Kuroda, C. Kato, The prepa-
ration of alkyltrimethylammonium—kanemite complexes and
their conversion to microporous materials. Bull. Chem. Soc.
Jpn. 63(4), 988-992 (1990). https://doi.org/10.1246/bcsj.63.
988

C.T. Kresge, M.E. Leonowicz, W.J. Roth, J.C. Vartuli, J.S.
Beck, Ordered mesoporous molecular sieves synthesized by
a liquid-crystal template mechanism. Nature 359, 710-712
(1992). https://doi.org/10.1038/359710a0

J.S. Beck, J.C. Vartuli, W.J. Roth, M.E. Leonowicz, C.T.
Kresge et al., A new family of mesoporous molecular sieves
prepared with liquid crystal templates. J. Am. Chem. Soc.
114(27), 10834-10843 (1992). https://doi.org/10.1021/ja000
532020

D. Zhao, J. Feng, Q. Huo, N.A. Melosh, G.H. Fredrickson
et al., Triblock copolymer syntheses of mesoporous silica
with periodic 50 to 300 angstrom pores. Science 279(5350),
548-552 (1998). https://doi.org/10.1126/science.279.5350.548

M. Kalantari, M. Yu, Y. Yang, E. Strounina, Z. Gu et al., Tai-
loring mesoporous-silica nanoparticles for robust immobili-
zation of lipase and biocatalysis. Nano Res. 10(2), 605-617
(2017). https://doi.org/10.1007/s12274-016-1320-6

T. Zhang, B. Huang, A.A. Elzatahry, A. Alghamdi, Q. Yue
et al., Synthesis of podlike magnetic mesoporous silica nano-
chains for use as enzyme support and nanostirrer in biocataly-
sis. ACS Appl. Mater. Interfaces 12(15), 17901-17908 (2020).
https://doi.org/10.1021/acsami.0c03220

Y. Yang, C. Yu, Advances in silica based nanoparticles for
targeted cancer therapy. Nanomed. Nanotechnal. Bio. Med.
12(2), 317-332 (2015). https://doi.org/10.1016/j.nano.2015.
10.018

Y. Yang, Y. Lu, P.L. Abbaraju, J. Zhang, M. Zhang et al.,
Multi-shelled dendritic mesoporous organosilica hollow
spheres: roles of composition and architecture in cancer immu-
notherapy. Angew. Chem. Int. Ed. 56(29), 8446-8450 (2017).
https://doi.org/10.1002/anie.201701550

H. Song, Y.A. Nor, M. Yu, Y. Yang, J. Zhang et al., Silica
nanopollens enhance adhesion for long-term bacterial inhibi-
tion. J. Am. Chem. Soc. 138(20), 6455-6462 (2016). https://
doi.org/10.1021/jacs.6b00243

B. Tian, Y. Liu, Antibacterial applications and safety issues of
silica-based materials: a review. Int. J. Appl. Ceram. Technol.
18(2), 289-301 (2021). https://doi.org/10.1111/ijac.13641

V. Vedarethinam, L. Huang, W. Xu, R. Zhang, D.D. Gurav
et al., Bacteria inhibition: detection and inhibition of bacteria
on a dual-functional silver platform. Small 15(3), 1970020
(2019). https://doi.org/10.1002/sml11.201970020

M.S. Rana, L. Xu, J. Cai, V. Vedarethinam, Y. Teng et al.,
Zirconia hybrid nanoshells for nutrient and toxin detection.

© The authors

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Small 16(46), 2003902 (2020). https://doi.org/10.1002/smll.
202003902

S. Savic, K. Vojisavljevic, M. Poc¢uca-Nesi¢, K. Zivojevic,
M. Mladenovic et al., Hard template synthesis of nanomateri-
als based on mesoporous silica. Metall. Mater. Eng. 24(4),
225-241 (2018). https://doi.org/10.30544/400

S.H. Wu, C.Y. Mou, H.P. Lin, Synthesis of mesoporous silica
nanoparticles. Chem. Soc. Rev. 42(9), 3862-3875 (2013).
https://doi.org/10.1039/c3cs35405a

LI. Slowing, B.G. Trewyn, V.S.Y. Lin, Mesoporous silica
nanoparticles for intracellular delivery of membrane-imperme-
able proteins. J. Am. Chem. Soc. 129(28), 8845-8849 (2007).
https://doi.org/10.1021/ja0719780

R.R. Castillo, M. Vallet-Regi, Recent advances toward the use
of mesoporous silica nanoparticles for the treatment of bacte-
rial infections. Int. J. Nanomed. 16, 4409-4430 (2021). https:/
doi.org/10.2147/1IN.S273064

C.A. Schiitz, L. Juillerat-Jeanneret, H. Mueller, 1. Lynch, M.
Riediker, Therapeutic nanoparticles in clinics and under clini-
cal evaluation. Nanomedicine 8(3), 449-467 (2013). https://
doi.org/10.2217/nnm.13.8

M. Michailidis, I.S. Bellido, W.A. Adamidou, Y.A. Diaz-
Fernandez, J. Aveyard, Modified mesoporous silica nanopar-
ticles with a dual synergetic antibacterial effect. ACS Appl.
Mater. Interfaces 9(44), 38364—-38372 (2017). https://doi.org/
10.1021/acsami.7b14642

K. Khorsandi, R. Hosseinzadeh, H.S. Esfahani, S. Keyvani-
Ghamsari, S.U. Rahman, Nanomaterials as drug delivery sys-
tems with antibacterial properties: current trends and future
priorities. Expert Rev. Anti Infect. Ther. 19(10), 1299-1323
(2021). https://doi.org/10.1080/14787210.2021.1908125

D. Hu, L. Zou, Y. Gao, Q. Jin, J. Ji, Emerging nanobiomateri-
als against bacterial infections in postantibiotic era. View 1(3),
20200014 (2020). https://doi.org/10.1002/VIW.20200014

Y. Wang, H. Song, M.H. Yu, C. Xu, Y. Liu et al., Room tem-
perature synthesis of dendritic mesoporous silica nanoparticles
with small sizes and enhanced mRNA delivery performance.
J. Mater. Chem. B 6(24), 4089-4095 (2018). https://doi.org/
10.1039/c8tb00544c

D. Niu, Z. Ma, Y. Li, J. Shi, Synthesis of core-shell struc-
tured dual-mesoporous silica spheres with tunable pore size
and controllable shell thickness. J. Am. Chem. Soc. 132(43),
15144-15147 (2010). https://doi.org/10.1021/jal070653

V. Dubovoy, A. Ganti, T. Zhang, H. Al-Tameemi, J.D. Cer-
ezo et al., One-pot hydrothermal synthesis of benzalkonium-
templated mesostructured silica antibacterial agents. J. Am.
Chem. Soc. 140(42), 13534-13537 (2018). https://doi.org/10.
1021/jacs.8b04843

Q. Lin, J.Y.C. Lim, K. Xue, P.Y.M. Yew, C. Owh et al., Sani-
tizing agents for virus inactivation and disinfection. View 1(2),
e16 (2020). https://doi.org/10.1002/viw2.16

W. Li, E.S. Thian, M. Wang, Z. Wang, L. Ren, Surface design
for antibacterial materials: from fundamentals to advanced
strategies. Adv. Sci. 8(9), 2100368 (2021). https://doi.org/10.
1002/advs.202100368

https://doi.org/10.1007/s40820-022-00826-4


https://doi.org/10.1007/s40820-022-00826-4
https://doi.org/10.1007/s40820-022-00826-4
https://doi.org/10.1246/bcsj.63.988
https://doi.org/10.1246/bcsj.63.988
https://doi.org/10.1038/359710a0
https://doi.org/10.1021/ja00053a020
https://doi.org/10.1021/ja00053a020
https://doi.org/10.1126/science.279.5350.548
https://doi.org/10.1007/s12274-016-1320-6
https://doi.org/10.1021/acsami.0c03220
https://doi.org/10.1016/j.nano.2015.10.018
https://doi.org/10.1016/j.nano.2015.10.018
https://doi.org/10.1002/anie.201701550
https://doi.org/10.1021/jacs.6b00243
https://doi.org/10.1021/jacs.6b00243
https://doi.org/10.1111/ijac.13641
https://doi.org/10.1002/smll.201970020
https://doi.org/10.1002/smll.202003902
https://doi.org/10.1002/smll.202003902
https://doi.org/10.30544/400
https://doi.org/10.1039/c3cs35405a
https://doi.org/10.1021/ja0719780
https://doi.org/10.2147/IJN.S273064
https://doi.org/10.2147/IJN.S273064
https://doi.org/10.2217/nnm.13.8
https://doi.org/10.2217/nnm.13.8
https://doi.org/10.1021/acsami.7b14642
https://doi.org/10.1021/acsami.7b14642
https://doi.org/10.1080/14787210.2021.1908125
https://doi.org/10.1002/VIW.20200014
https://doi.org/10.1039/c8tb00544c
https://doi.org/10.1039/c8tb00544c
https://doi.org/10.1021/ja1070653
https://doi.org/10.1021/jacs.8b04843
https://doi.org/10.1021/jacs.8b04843
https://doi.org/10.1002/viw2.16
https://doi.org/10.1002/advs.202100368
https://doi.org/10.1002/advs.202100368

Nano-Micro Lett.

(2022) 14:83

Page 11 of 11 83

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

H. Koo, R.N. Allan, R.P. Howlin, P. Stoodley, L. Hall-Stood-
ley, Targeting microbial biofilms: current and prospective
therapeutic strategies. Nat. Rev. Microbiol. 15(12), 740-755
(2017). https://doi.org/10.1038/nrmicro.2017.99

Y. Wang, Y. Yang, Y. Shi, H. Song, C. Yu, Antibiotic-free
strategies: antibiotic-free antibacterial strategies enabled by
nanomaterials: progress and perspectives. Adv. Mater. 32(18),
2070138 (2020). https://doi.org/10.1002/adma.202070138

V.K. Truong, R. Lapovok, Y.S. Estri, E.P. Lvanova, The influ-
ence of nano-scale surface roughness on bacterial adhesion to
ultrafine-grained titanium. Biomaterials 31(13), 3674-3683
(2010). https://doi.org/10.1016/j.biomaterials.2010.01.071
E.P. Ivanova, N. Mitik-Dineva, R.J. Crawford, Staleya gutti-
formis attachment on poly(tert-butylmethacrylate) polymeric
surfaces. Micron 39(8), 1197-1204 (2008). https://doi.org/10.
1016/j.micron.2008.04.009

E.P. Ivanova, Y. Niu, S. Karmakar, L. Zhou, C. Xu et al., Bac-
tericidal activity of black silicon. Nat. Commun. 4(1), 2838
(2013). https://doi.org/10.1038/ncomms3838

Y.A. Nor, Y. Niu, S. Karmakar, L. Zhou, C. Xu et al., Shaping
nanoparticles with hydrophilic compositions and hydrophobic
properties as nanocarriers for antibiotic delivery. ACS Cent.
Sci. 1(6), 328-334 (2015). https://doi.org/10.1021/acscentsci.
5b00199

Y. Wang, Y. Wang, L. Su, Y. Luan, X. Du et al., Effect of
surface topology morphologies of silica nanocarriers on the
loading of Ag nanoparticles and antibacterial performance.
J. Alloys Compd. 783, 136-144 (2019). https://doi.org/10.
1016/j.jallcom.2018.12.284

W. Wang, P. Wang, X. Tang, A.A. Elzatahry, S. Wang et al.,
Facile synthesis of uniform virus-like mesoporous silica nano-
particles for enhanced cellular internalization. ACS Cent. Sci.
3(8), 839-846 (2017). https://doi.org/10.1021/acscentsci.
7600257

Y. Niu, M. Yu, S.B. Hartono, J. Yang, H. Xu et al., Nanopar-
ticles: nanoparticles mimicking viral surface topography for
enhanced cellular delivery. Adv. Mater. 25(43), 6232-6232
(2013). https://doi.org/10.1002/adma.201302737

C. Xu, Y. Niu, A. Popat, S. Jambhrunkar, S. Karmakar et al.,
Rod-like mesoporous silica nanoparticles with rough surfaces
for enhanced cellular delivery. J. Mater. Chem. B 2(3), 253—
256 (2014). https://doi.org/10.1039/c3tb21431a

D. Kaplan, Effect of sodium salicylate on the antibacterial

activity of glucose oxidase. Chemotherapy 19(4), 235-242
(1973). https://doi.org/10.1159/000221460

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

C.T.D. Price, L.R. Lee, J.E. Gustafson, The effects of salicylate
on bacteria. Int. J. Biochem. Cell Biol. 32(10), 1029-1043
(2000). https://doi.org/10.1016/S1357-2725(00)00042-X

Y. Yang, S. Bernardi, H. Song, J. Zhang, M. Yu et al., Anion
assisted synthesis of large pore hollow dendritic mesoporous
organosilica nanoparticles: understanding the composition
gradient. Chem. Mater. 28(3), 704-707 (2016). https://doi.
org/10.1021/acs.chemmater.5b03963

Y. Zhang, Z.Y. Gu, Y. Liu, W.L. Hu, C. Liu et al., Benzene-
bridged organosilica modified mesoporous silica nanoparticles
via an acid-catalysis approach. Langmuir 37(8), 2780-2786
(2021). https://doi.org/10.1021/acs.langmuir.0c03541

D. Kharaghani, D. Dutta, P. Gitigard, Y. Tamada, A. Katagiri
et al., Development of antibacterial contact lenses contain-
ing metallic nanoparticles. Polym. Test. 79, 106034 (2019).
https://doi.org/10.1016/j.polymertesting.2019.106034

R.G. Dinis-Oliveira, P.G. Pinho, A.C.S. Ferreirad, A.M.S.
Silvae, C. Afonso et al., Reactivity of paraquat with sodium
salicylate: formation of stable complexes. Toxicology 249(2),
130-139 (2008). https://doi.org/10.1016/j.tox.2008.04.014

J. Pernak, 1. Mirska, R. Kmiecik, Antimicrobial activities
of new analogues of benzalkonium chloride. Eur. J. Med.
Chem. 34(9), 765-771 (1999). https://doi.org/10.1016/S0223-
5234(99)00216-0

L.R. Bennison, C.N. Miller, R.J. Summers, A.M.B. Minnis, G.
Sussman et al., The pH of wounds during healing and infec-
tion: a descriptive literature review. Wound Manag. Prev.
25(2), 63-69 (2017). https://doi.org/10.3316/informit.92738
0056251808

X. Hong, X. Zhong, G. Du, Y. Hou, Y. Zhang et al., The pore
size of mesoporous silica nanoparticles regulates their antigen
delivery efficiency. Sci. Adv. 6(25), 4462 (2020). https://doi.
org/10.1126/sciadv.aaz4462

C. Lei, Y.X. Cao, S. Hosseinpour, F. Gao, C. Xu, Hierarchical
dual-porous hydroxyapatite doped dendritic mesoporous silica
nanoparticles based scaffolds promote osteogenesis in vitro
and in vivo. Nano Res. 14(3), 770-777 (2020). https://doi.org/
10.1007/s12274-020-3112-2

J.W. Bartholomew, H. Finkelstein, Crystal violet binding
capacity and the Gram reaction of bacterial cells. J. Bacteriol.
Res. 67(6), 689-691 (1954). https://doi.org/10.1128/jb.67.6.
689-691.1954

@ Springer


https://doi.org/10.1038/nrmicro.2017.99
https://doi.org/10.1002/adma.202070138
https://doi.org/10.1016/j.biomaterials.2010.01.071
https://doi.org/10.1016/j.micron.2008.04.009
https://doi.org/10.1016/j.micron.2008.04.009
https://doi.org/10.1038/ncomms3838
https://doi.org/10.1021/acscentsci.5b00199
https://doi.org/10.1021/acscentsci.5b00199
https://doi.org/10.1016/j.jallcom.2018.12.284
https://doi.org/10.1016/j.jallcom.2018.12.284
https://doi.org/10.1021/acscentsci.7b00257
https://doi.org/10.1021/acscentsci.7b00257
https://doi.org/10.1002/adma.201302737
https://doi.org/10.1039/c3tb21431a
https://doi.org/10.1159/000221460
https://doi.org/10.1016/S1357-2725(00)00042-X
https://doi.org/10.1021/acs.chemmater.5b03963
https://doi.org/10.1021/acs.chemmater.5b03963
https://doi.org/10.1021/acs.langmuir.0c03541
https://doi.org/10.1016/j.polymertesting.2019.106034
https://doi.org/10.1016/j.tox.2008.04.014
https://doi.org/10.1016/S0223-5234(99)00216-0
https://doi.org/10.1016/S0223-5234(99)00216-0
https://doi.org/10.3316/informit.927380056251808
https://doi.org/10.3316/informit.927380056251808
https://doi.org/10.1126/sciadv.aaz4462
https://doi.org/10.1126/sciadv.aaz4462
https://doi.org/10.1007/s12274-020-3112-2
https://doi.org/10.1007/s12274-020-3112-2
https://doi.org/10.1128/jb.67.6.689-691.1954
https://doi.org/10.1128/jb.67.6.689-691.1954

	Cationic and Anionic Antimicrobial Agents Co-Templated Mesostructured Silica Nanocomposites with a Spiky Nanotopology and Enhanced Biofilm Inhibition Performance
	Highlights 
	Abstract 
	1 Introduction
	2 Experimental Section
	2.1 Materials and Reagents
	2.2 Synthesis of Nanocomposite I and II
	2.3 Quantification of BAC and NaSal Contents in Nanocomposites
	2.4 Characterization
	2.5 Drug Release Study
	2.6 Antibacterial Activity
	2.7 In vitro Biofilm Inhibition
	2.8 Biocompatibility Assay

	3 Results and Discussion
	4 Conclusions
	Acknowledgements 
	References




