‘Ghost’ Silica Nanoparticles of ‘Host’-Inherited Antibacterial Action
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ABSTRACT: We fabricated surface-rough mesoporous silica nanoparticles (‘ghost’ SiO,NPs) by using composite
mesoporous copper oxide nanoparticles (‘host’ CuONPs) as templates which allowed to copy their surface morphology. The
‘host’ CuONPs used here as templates, however, had a very high antibacterial effect, with or without functionalization. In
order to evaluate the surface roughness effect on the ‘ghost’ SiO,NPs antibacterial action we functionalized them with (3-
glycidyloxypropyl)trimethoxysilane (GLYMO) to permit additional covalent coupling of 4-hydroxyphenylboronic acid (4-
HPBA). The diol groups on the bacterial membrane can form reversible covalent bonds with boronic acid (BA) groups on
the ‘ghost’ SiO,NPs surface and bind to the bacteria, causing in a very strong amplification of their antibacterial activity
which does not depend on electrostatic adhesion. The BA-functionalized ‘ghost’ SiO,NPs showed a very significant
antibacterial effect compared to smooth SiO,NPs of the same surface coating and particle size. We attribute this to the
‘ghost’ SiO,NPs mesoporous surface morphology which mimics to certain extend those of the original mesoporous CuONPs
used as templates for their preparation. We envisage that the ‘ghost’ SiO,NPs effectively acquires some of the antibacterial
properties from the ‘host’ CuONPs, with the same functionality, despite being completely free of copper. The antibacterial
effect of the functionalized ‘ghost’ SiO.NPs/GLYMO/4-HPBA on Rhodococcus rhodochrous (R.rhodochrous) and
Escherichia coli (E.coli) is much higher than that of the non-functionalized ‘ghost’ SiO,NPs or the ‘ghost’ SiO,NPs/GLYMO.
The results indicate that the combination of rough surface morphology and strong adhesion of the particle surface to the
bacteria can make even benign material as silica act as a strong antimicrobial agent. Additionally, our BA-functionalized
nanoparticles (‘ghost’ SiO,NPs/GLYMO/4-HPBA) showed no detectable cytotoxic impact against human keratinocytes at
particle concentrations which are effective against bacteria.

INTRODUCTION

Nanoparticles have been extensively explored for a range
of biomedical applications, as contrast agents for medical
imaging, labelling of cells, targeting of tumors and
therapeutic drug delivery.">% The optical, photoactive,
electronic, catalytic and thermal properties can be greatly
influenced by the specific particle morphology (sphere,
cube, rod, etc.) and size3> Often the nanoparticle shape
and size can be easily controlled with a high degree of
accuracy  during  their  synthesis  procedure.®s
Nanoparticles have been heavily researched in recent years
for their potential nanotoxicity and promising
antimicrobial capabilities due to their high surface area to
volume ratios,'®® and nanoparticles of different metal
oxides* as titanium dioxide,* zinc oxide* iron oxides>
silver and copper oxides*4,% have been investigated.
Antibacterial action includes the disruption of the
bacterial membrane integrity leading to the leakage of
intracellular components 25, creation of reactive oxygen
species (ROS) harming bacterial cell constituents>+ as well
as metal ions leaching from the nanoparticles interfering
with the metabolism of the bacteria.?® These mechanisms
are found to rely on the particle shape, size, surface charge,
chemical functionalities and composition.?7-35

SiO,NPs have been explored as good candidates for drug
delivery vehicles, biosensor applications and biomedical
imaging due to their relatively low toxicity against
mammalian cells, their biocompatibility and their easy

surface modifications.3¢37 SiO,NPs modified with either
photosensitizing molecules or antibiotics, or anchored to
hybrid materials are promising in both bacterial
detection3® and antibacterial action.3® Despite this great
potential, the effects of the surface morphology of SiO.NPs
on the interactions with bacteria are not well documented
in the literature3* SBA-15 mesoporous silica sieve with
uniform hexagonal pores, a narrow pore size distribution
and a tunable pore diameter of between 5 and 15 nm have
been used by Molina-Manso and co-workers to
encapsulate 3 various antimicrobial agents such as
rifampicin, linezolid and vancomycin.#° Yu et al. have
studied the use of poly(N-isopropylacrylamide)-gated
Fe;O,/Si0O, core shell nanoparticles for the temperature
triggered release of antibacterial enzyme lysozyme.# Ruiz-
Rico and others have stated the antimicrobial effect of
caprylic acid incorporated in mesoporous silica particles
against Escherichia coli, Salmonella enterica,
Staphylococcus aureus and Listeria monocytogenes. They
discovered that bacteria treatment with the caprylic acid-
loaded silica nanoparticles produced disruption of cell
envelope and leakage of cytoplasmic content, which
resulted in cell death.#> Design and synthesis of surface-
rough nanoparticles have attracted much attention due to
their special structure and wide applications.*3
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Figure 1. Schematics displaying the mechanism of self-grafting/covalent binding of the sugar groups expressed on the bacterial cell wall

and boronic acid-functionalized surface-rough SiO2NPs (‘ghost”).

Here we explore the role of the silica particle surface
roughness on their antimicrobial action. We prepared the
surface-rough SiO,NPs by using mesoporous shaped
CuONPs as templates (host), which are reported to have
strong antimicrobial action.>63%+ In order to explore the
effect of the particle surface roughness and morphology we
effectively created ‘ghost’ SiO,NPs which copy the
morphology of the templated ‘host’ CuONPs. The CuO was
removed from the composite CuO/SiO2 nanoparticles by
dissolving the CuO with nitric acid and additional cleaning
with EDTA which left mesoporous SiO,NPs with similar
size and morphology as the host nanoparticle but free of
any copper content. However, since the original CuONP is
positive charged at pH 7 and normally attach to the
negatively charged bacteria, we needed to engineer a
similar attraction between bacteria and the rough and
mesoporous ‘ghost’ SiO,NPs. For this reason, we
functionalized the ‘ghost’ SiO,NPs with BA-surface groups
in attempt to design a non-electrostatic binding
mechanism to the bacterial cell wall which is expected to
accumulate them on the bacterial cell surface even in the
presence of other anionic species in the aqueous solution.
The BA-groups on the surface-rough SiO,NPs are able to
covalently attach to different carbohydrates and
glycoproteins that are expressed on the bacterial
membrane surfaces. BA-functionality has been utilized
before in chemosensor applications because of its high
sensitivity for sugar determination#+ and the antimicrobial
properties of BA-functionalized CuONPs particles have
been  recently  reported.>®>%+  The  BA-surface
functionalization of the SiO,NPs was done using GLYMO
and further conjugation of phenylboronic acid.>%»% An
attractive property of the BA-surface functionality that
makes it very active for biomedical applications is its
perceived lack of toxicity*> in spite of its ability to form
reversible covalent binding with diol groups.4¢47
Attachment of BA to sugars is sensitive to the sugar

concentration, nevertheless, it is non-discriminating and
will thus attach to any diol containing compounds.#® BA
has been utilized as a promising material for the evaluation
of the total content of bacteria.#9> Saccharides can
covalently attach to BA groups and form boronic esters.> 5>
546364 For comparison, we used smooth SiO,NPs of similar
size surface functionalized in the same way as the ‘ghost’
SiO,NPs/GLYMO/4-HPBA in order to compare their
antibacterial action and evaluate the effect of the particle
surface roughness. This is shown schematically in Figure 1.

We studied the antibacterial action of the 4-HPBA
functionalized smooth and rough SiO2NPs on
R.rhodochrous and E.coli as representative Gram-positive
and Gram-negative bacterial species, respectively. The
present study was carried out with SiO,NPs,
SiO,NPs/GLYMO and SiO,NPs/GLYMO/4-HPBA to
examine the antibacterial effect as a function of the NPs
concentration, the zeta potential and particle size on the
cell viability of bacteria at different exposure times.
Importantly, the functionalization of the rough SiO,NPs
with BA surface groups should lead to their covalent
binding on the saccharides containing diol groups on the
bacterial cell membrane, therefore impaling their rough
SiO,NPs on the bacteria cells which can potentially break
up the membrane and increase the antibacterial effect.

MATERIALS AND METHODS
Materials

R.rhodochrous was provided from Blades Biological, UK
(Carolina.com, item No. 155175). E.coli, obtained from
Thermofisher (Invitrogen MAX Efficiency DHioB), was
kindly supplied for our antibacterial tests by Prof. J.
Rotchell’s group at the Hull University, U.K. We used
NaOH (99.6%, Fisher Scientific, UK) with CuCl, (99%,
Sigma Aldrich) as a precursor in the preparation of
CuONPs by the direct precipitation method.
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Figure 2. A schematic of the synthesis method of (A) a surface-smooth SiO2NPs/GLYMO/4-HPBA and (B) a surface-rough
SiO2NPs/GLYMO/4-HPBA by sequential grafting of GLYMO and 4-HPBA on SiO2NPs in an aqueous suspension.

Ammonia solution (35 %, 1.2 mL), Tetraethyl orthosilicate
(TEOS), Ethylenediaminetetraacetic acid (EDTA),
Fluorescein diacetate (FDA), GLYMO and 4-HPBA were
sourced from Sigma Aldrich. BacTiter-Glo (BTG) microbial
cell viability assay was supplied by Promega, UK. The silica
nanoparticles with smooth surface and a nominal diameter
of 100 nm were obtained from Fiber Optical Center, USA.
Deionized water purified by ion exchange and reverse
osmosis with a Milli-Q system (Millipore, UK) was utilized
in this work. At 25°C its surface tension was 71.9 mNm?,
with measured resistivity exceeding 18 MQ cm™.

Methods

Surface coating of CUONPs with SiO.. The silica-coated
copper oxide nanoparticles labelled as CuONPs/SiO, were
prepared. The method is similar to the SiO,
functionalization of other NPs, 5 but in our manuscript,
the porous CuONPs were further modified with SiO,. 0.1 g
of CuONPs was dispersed in a mixture of concentrated NH,
solution (35 %, 1.2 mL), ethanol (40 mL) and deionized
water (10 mL) by ultrasonication for 1 h. To the above
mixture, TEOS (0.43 mL) was added dropwise. After
stirring for 6 h, the mixture was collected and washed with
ethanol and deionized water.5” Similar version of this
procedure and the antibacterial tests with the resulting
particles are described in the ESI, where instead of 1.2 mL
35% ammonia solution, 0.1 g of sodium hydroxide (99.6%
purity) is used as a catalyst.

Surface modification of CUONPs/SiO. by GLYMO and 4-
HPBA. 0.1 wt% of GLYMO were added to the suspension
of CuONPs/SiO,, followed by stirring for 1 h. The reaction
mixture was stirred for 1 day, then washed three times with
deionized water by centrifugation to remove the excess of
GLYMO. The procedure is similar to the APTES
functionalization of other inorganic NPs 58 but in our work
GLYMO brings epoxy-ring as a terminal group. No other

study in the present literature has reported such
functionality as this was done here for the first time. The
CuONPs/SiO,/GLYMO was then redispersed in 100 mL of
deionized water and added dropwise to 0.1 g of 4-HPBA
dissolved in 100 mL of ethanol. After being shaken for 2 h,
the samples were washed three times with ethanol by
centrifugation for 30 min at 10000 rpm. Finally, the formed
CuONPs/SiO,/GLYMO/4-HPBA were redispersed in 100
mL of deionized water.> 5%

Surface modification of smooth SiO.NPs by GLYMO and
4-HPBA. 0.1 g of smooth SiO,NPs were dispersed in 100 mL
of deionized water at pH 7. Then, the same procedure used
in the surface modification of CuONPs/SiO, described
above was followed. The SiO,NPs/GLYMO/4-HPBA were
re-dispersed in 100 mL of deionized water.> 5% Figure 2
shows the chemistry of the process of surface
functionalization of both smooth and rough SiO.NPs with
4-HPBA.

Synthesis of surface rough ‘ghost’ SiO:NPs. The rough
SiO,NPs were prepared by using CuONPs as templates
(‘host’ particles). CuONPs were first synthesized in
aqueous solution. Silica was then deposited on the nano-
porous CuONPs to achieve CuONPs/SiO, nanostructures
using ammonia solution as a catalyst (labelled as rough
SiO.NPs) or NaOH as a catalyst (labelled as rough
SiO,NPs-2 - see ESI). The synthesized CuONPs/SiO,
nanoparticles were isolated from the suspension by
centrifugation. Further, they were treated with 1M HNO,.
After 24 h, the resulting SiO2NPs were centrifuged, washed
with EDTA and deionized water to remove completely the
Cu** ions, producing rough and mesoporous ‘ghost’
SiO.NPs as shown in Figure 3. The rough ‘ghost’ SiO,NPs
were further modified with GLYMO and 4-HPBA by similar
procedures as reported above.
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Antibacterial action of bare and BA-surface
functionalized SiO-NPs on bacteria. The culture media of
R.rhodochrous was prepared by adding 13 g of nutrient
broth to 1 L of deionized water. It was mixed well and
transferred into the final containers after autoclaving at
125°C and 1.5 bar for 1 h. Once the culture media was cooled
down to 30 °C, a few microliters of the stock solution of
R.rhodochrous were dispersed in the autoclaved culture
media beside the Bunsen burner. The R.rhodochrous was
incubated with shaking at 30 °C for 5-7 days. The
R.rhodochrous were removed from their growth media and
transferred in deionized water. Non-functionalized and
HPBA-functionalized SiO,NPs were incubated with fixed
aliquots of the R.rhodochrous cultures for various
incubation times. Then, 1 mL aliquot of each
R.rhodochrous suspension was washed with deionized
water by centrifugation and re-suspended in 1 mL
deionized water to yield starting concentrations in the
range of (0.5-1.0) x 10°colony forming units per mL
(CFU/mL). 100 pL of BacTiter-Glo™ cell viability reagent
was mixed with 100 pL of the treated R.rhodochrous
suspension in a white opaque g96-well microplate and
shaken for 5 min. The bioluminescence intensity was then
measured as a function of the incubation time and used to
determine the fraction of viable R.rhodochrous upon
exposure to different concentrations of BA-surface
functionalized SiO,NPs. Non-functionalized SiO.NPs were
used as an additional control.

Cell viability of HaCaT cells treated with bare SiO:NPs
and HPBA-functionalized SiO.NPs. HaCaT cells (an
immortalised human keratinocyte cell line, sourced from
the Skin Research Group at St James University Hospital at
Leeds) were cultured in DMEM supplemented with 1% L-
glutamine and 10% FBS under humidified conditions at 5%
CO2, 37°C in T7s5 flasks until a confluency of 70% was
reached, determined by visualisation with an optical
microscope. The cells were accurately washed with PBS for
10 sec then incubated with 1x trypsin buffer at 37 °C 5% CO,
for 5 min until the cells were detached into the suspension.
The trypsin was neutralized by adding fresh DMEM media
before a centrifugation for 4 min at 400g. The HaCaT cells
culture (~75000 cells mL"') were removed from their
growth media by centrifugation and transferred in 25 mL
PBS. Then, the non-functionalized and the HPBA-
functionalized SiO,NPs at different concentrations were
incubated with fixed aliquots of the HaCaT cells
suspension for various incubation times.

The HaCaT cells without exposure to any nanoparticles (a
control sample) were kept at identical conditions. The
viability of HaCaT cells suspension was measured using a
microplate reader after incubating 1 mL of the treated
HaCaT cells (washed from the non-functionalized or
HPBA-functionalized SiO,NPs), with 10 pL of 0.1% FDA in
acetone for 15 min and washing with PBS by centrifugation
for 4 min at g4oog. The HaCaT cell viability test was
repeated in three independent experiments.
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TEM imaging of the treated bacteria. After incubation
with non-functionalized and HPBA-functionalized NPs,
the R.rhodochrous cells were visualized by TEM imaging
using the following protocol. The cells were washed with
deionized water 3 times to remove the residual NPs by
centrifugation at 5oog for 5 min and then fixed in 2 wt%
glutaraldehyde at room temperature for 1 h, followed by
washing with cacodylate buffer. The R.rhodochrous were
post fixed for 1 h in 1 wt% osmium tetroxide, washed with
a cacodylate buffer. The bacteria were incubated for 1 h
with 2.5 wt% uranyl acetate and washed with aqueous
ethanol solutions of increasing ethanol concentration.
After standard dehydration, the bacteria were embedded
in fresh epoxy/Araldite resin for 48 h at 60 °C, left at room
temperature for 48 h and then sectioned with an ultra-
microtome and finally imaged using TEM.

RESULTS AND DISCUSSION

Surface modification of CUONPs with SiO., GLYMO and
4-HPBA. Figures 4A and 4E show the TEM images of the
CuONPs formed by using the process with annealing at 100
°C and further sonication in deionized water. SiO,-coated
copper oxide nanoparticles were synthesized using base-
catalyzed hydrolysis (with ammonia solution) of tetraethyl
orthosilicate in the presence of CuONPs. A typical TEM
image of the obtained CuONPs/SiO, (Figures 4B, 4F)
showed that the cluster-shaped copper nanoparticles
(darker) were infused and coated with a uniform silica
(light gray) - see also Figure S1A and S1B (ESI). The average

hydrodynamic diameter of the CuONPs/SiO, measured by
dynamic light scattering has increased in comparison to
the core CuONPs, corresponding to a 25 + 5 nm thick SiO,
deposited layer, and the surface of the (host/ghost)
composite CuONPs/SiO, became rough as the deposited
silica follows the topology of the rough CuONPs surface.
These nanoparticles were treated with HNO; solution to
remove the CuONPs (‘host’) templates completely,
producing mesoporous and surface rough ‘ghost’ SiO.NPs
as shown in Figure 4C, which copies certain surface
roughness features from the original host particles. The
zeta potential of the nanoparticles has also changed from
a positive value of +37 + 3 mV for the bare CuONPs to a
negative value of - 44 = 7 mV after their surface
modification with a SiO, layer, GLYMO and 4-HPBA as
shown in Figure S2A (ESI). The negative surface charge of
silica contributed to the reduction in the total charge of the
composite ‘host/ghost’ nanoparticles. Dynamic light
scattering analysis indicated that the size of the CuONPs
has slightly increased after coating with SiO, and the
subsequent functionalization with GLYMO and 4-HPBA
(Figure S2B (ESI)).

Surface modification of the mesoporous surface-rough
SiO:NPs. The rough SiO,NPs (ghost NPs) were prepared
by using the CuONPs (host NPs) as templates. CuONPs
were first synthesized in aqueous solution, silica layer was
then deposited on the CuONPs to yield composite
CuONPs/SiO, nanoparticles.
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Figure 5. EDX spectrum of the CUONPs/SiO2 nanoparticles before (A) and after (B) treatment with HNOs and EDTA solution. (C) The
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The composite CuONPs/SiO, were dispersed in the HNO,
and EDTA solution to remove any traces of CuO and
copper ions from the produced rough SiO,NPs. Figure 4C
and 4D show the TEM images of the resultant surface-
rough SiO,NPs and an analogous surface smooth SiO,NPs
obtained from Fiber Optical Center (USA), respectively.
The images in Figure 4A and 4C shows that the rough
surface morphology of the original CuONPs clusters is
reflected in the produced rough SiO,NPs. Thus, rough
SiO2NPs with the size of 15 + 10 nm was successfully
fabricated from CuONPs. Figure S1C and S1D (ESI) showing
the TEM images of a surface-rough SiO.NPs at different
magnifications confirm that the particles produced with
NaOH catalyst in the Stober process have similar
morphology and roughness to those prepared with
ammonia as a catalyst. Figure 5A and 5B shows EDX
analysis of the CuONPs/SiO, nanoparticles before and
after treatment with HNO; and EDTA solution. Figure 5A
shows the presence of Cu, Si and O before the treatment as
expected. However, the EDX spectrum of the silica after
treatment with HNO; (Figure 5B) shows only two main
peaks for Si and O components with no peaks of copper.
Hence the ‘ghost’ SiO,NPs are free of copper oxide and Cu?*
residues. Since they have negative surface charge, one
could expect them not to have antimicrobial action. The
surface-rough SiO,NPs were modified by GLYMO and 4-
HPBA and further characterized using DLS measurements.

The data in Figure 5C and Figure S3A (ESI) show that the
zeta potentials of the bare rough SiO,NPs and rough
SiO,NPs/GLYMO/4-HPBA are both negative, similar to the
negatively charged bacterial cell membranes. The
hydrodynamic diameter of the bare rough SiO,NPs was 115
+ 10 nm, whereas that of the rough SiO,NPs/GLYMO and
rough SiO.NPs/GLYMO/4-HPBA was slightly larger, as
shown in Figure 5D and Figure S3B (ESI).

Surface modification of smooth SiO:NPs by GLYMO and
4-HPBA. At first, the smooth silica nanoparticles were
dispersed in deionized water, then, functionalized with
GLYMO needed for the subsequent grafting of 4-
phenylboronic acid. The GLYMO is expected to attach to
the silica surface by reaction between the hydroxyl and
silanol groups followed by an easy reaction between the
epoxy group of GLYMO and hydroxyl groups of 4-HPBA.
Figure 5G shows TEM images of smooth SiO,NPs before
the functionalizing process. DLS measurements made by
using a Malvern Zetasizer Nano ZS system have shown that
the smooth SiO,NPs have fairly narrow diameter
distribution (Figure 5H). The average diameter of the bare
smooth SiO,NPs is 107 + 10 nm, which is consistent with
the TEM result shown in Figure 5F. The zeta potential of
smooth SiO,NPs slightly changed after modification with
GLYMO and 4-HPBA (Figure 5E) but remained negative.
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Antibacterial action of CuONPs/SiO. surface
functionalized by GLYMO and 4-HPBA. Figure 6 displays
the antibacterial impact of suspensions of bare CuONPs,
composite CuONPs/SiO,, CuONPs/SiO,/GLYMO and
CuONPs/SiO2/GLYMO/4-HPBA  of various particle
concentrations on R.rhodochrous. In this case (Figure 6),
the CuONPs crystallites are still inside the composite NPs
and have not yet been removed. We also functionalized
these particles with GLYMO and 4-HPBA to study their
antibacterial action. The data in Figure 6 indicate that the
bare CuONPs have an extremely strong antibacterial
impact in a wide range of concentrations ranged from 5 pg
mL™to 250 ug mL? after 6 h of incubation (see Figure 6B).
Figure 6D and 6F show the antibacterial impact of the
CuONPs/SiO, and CuONPs/Si0,/GLYMO on
R.rhodochrous after 6 h incubation time at room
temperature. In this case, there was no pronounced
antibacterial impact upon the incubation of R.rhodochrous
with each individual concentration. The antibacterial
effect of CuONPs/SiO, and CuONPs/SiO,/GLYMO in dark
conditions and under UV light is much lower than the one
of the bare CuONPs. One may conclude that the
functionalization of the CuONPs with SiO, and
subsequently with GLYMO reduced their antibacterial

effect. This is probably due to the electrostatic repulsion of
the CuONPs/SiO, and the functionalized
CuONPs/SiO,/GLYMO from the R.rhodochrous surface as
both the particles and cell membranes have a negative
surface charge. However, after functionalizing these
nanoparticles with 4-HPBA (CuONPs/SiO,/GLYMO/4-
HPBA), the viability of the R.rhodochrous was considerably
reduced as shown in Figure 6G and 6H. In fact, their
antibacterial effect is similar to that of the bare CuONPs.
This could be explained by the boronic acid functionality
in CuONPs/SiO,/GLYMO/4-HPBA which can selectively
bind with carbohydrates expressed on the bacteria surface
by covalent interactions. TEM imaging confirmed that the
outer cell walls of bacteria accumulate a significant
number of deposited non-modified CuONPs (Figure 7B)
and CuONPs/SiO,/GLYMO/4-HPBA (Figure 7E and 7F)
over 6 h of incubation. In contrast, the bacterial cells
exposed to  CuONPs/SiO, (Figure 7C) and
CuONPs/SiO,/GLYMO (Figure 7D) show smooth and
intact bacteria membranes similar to those untreated with
nanoparticles (Figure 7A). The results in Figure 7E and 7F
shows TEM images of the bacteria incubated with HPBA-
and GLYMO-functionalized CuONPs/SiO,. One can see
that there is a significant impact of this functionality in
promoting the adhesion to the surface of the cell walls.
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The strong covalent interaction of the HPBA-
functionalized CuONPs/SiO, with the cell walls is probable
the main contributor towards bacterial walls disruption
and damage which makes it a very effective antibacterial
agent.

Antibacterial activity of surface functionalized smooth
SiO:NPs against R.rhodochrous. Antibacterial activity
experiments were conducted through the incubation of
suspensions of various particle concentrations of smooth
SiO,NPs, smooth SiO,NPs/GLYMO and smooth
SiO,NPs/GLYMO/4-HPBA with R.rhodochrous. The data
in Figure 8A-8D show a very low antibacterial activity on
R.rhodochrous upon incubation with series of suspensions
of various particle concentrations of bare SiO,NPs,
SiO,NPs/GLYMO and SiO,NPs/GLYMO/4-HPBA at room
temperature. At 6-24 h exposure time, the percentage of
R.rhodochrous viability was reduced in the case of smooth
SiO,NPs/GLYMO/4-HPBA particles at concentrations in
the range 25-2000 pg mL™. In contrast, the R.rhodochrous
viability with bare SiO,NPs and SiO,NPs/GLYMO was
higher than that for SiO.NPs/GLYMO/4-HPBA for the
same particle concentrations and exposure times. These
results indicate that a surface-smooth silica nanoparticles
(see Figure 4D and 4D) do not apparently affect the

viability of R.rhodochrous for the duration of these
incubation experiments.

Antibacterial activity of surface functionalized rough
SiO:NPs and smooth SiO.NPs on R.rhodochrous. We
studied the viability of the bacterial cells after treatment
with surface functionalized rough SiO.NPs produced using
two different catalysts, NH,OH (or NaOH, see ESI), in the
Stober process, respectively. Figure 8E-8H compares the
effect of the bare rough SiO,NPs and the surface-
functionalized rough SiO,NPs with GLYMO and 4-HPBA
at different particle concentrations on the R.rhodochrous
viability. The functionalized ‘ghost’ SiO,NPs particles in
this experiment were produced using NH,OH as catalyst.
We incubated samples of R.rhodochrous with dispersions
of rough SiO,NPs (bare and functionalized with GLYMO
and GLYMO/4-HPBA) at fixed particle concentrations (o,
25, 250, 500, 1000 and 2000 pg mL") for different periods of
exposure up to 24 h. The data in Figure 8E-8H reveal that
no measurable change in the R.rhodochrous cell viability
was observed for both rough SiO,NPs and rough
SiO,NPs/GLYMO at 250 pg mL* particle concentrations.
We did not detect significant difference between the rough
SiO,NPs and rough SiO,NPs/GLYMO at the same particle
concentration.
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Figure 8. Cell viability of R.rhodochrous as a function of nanoparticle concentration with (A-D) smooth SiO2NPs, SiO2NPs/GLYMO and
SiO2NPs/GLYMO/4-HPBA. (E-H) ‘Ghost’ SiO2NPs, “ghost’ SiO2NPs/GLYMO and “ghost’ SiO2NPs/GLYMO/4-HPBA of various particle

concentrations. The incubation times were (A, E) 10 min, (B, F) 1 h, (C, G) 6 h and (D, H) 24 h, respectively.

For longer incubations times, however, the rough
SiO.NPs/GLYMO/4-HPBA showed significant
antibacterial activity on R.rhodochrous at 500, 1000, 2000
pg mL? particle concentrations (Figure 8F-8H). We also
tested the antibacterial activity of 4-HPBA-functionalized
rough SiO,NPs (made with NaOH as a catalyst) on
R.rhodochrous as shown in Figure S4 (ESI). The data in
Figure S4 (ESI) show similar antibacterial trends to those
observed with rough SiO,NPs prepared with ammonia as a
catalyst (Figure 8E-8H). They also show that the rough
SiO.NPs/GLYMO/4-HPBA has a strong antibacterial effect
on R.rhodochrous at 2000 [g mL* particle concentration.
A plausible explanation for this result is that the surface
morphology of the rough SiO,NPs/GLYMO/4-HPBA forces
the cell membrane of the bacteria to closely follow its
topology due to formation of covalent bonds between the
cis-diols groups on the cell membrane surface and the 4-
hydroxyphenylboronic acid terminal groups on the particle
surface. The adhesion of the rough nanoparticles to the
cells due to formation of strong reversible boronic esters
with carbohydrates and glycoproteins molecules which are
abundant on the Rrhodochrous cell wall leads to
dislocation of the bacterial membrane which kills the
bacteria. Note also, that the free GLYMO or 4-HPBA

reagents did not show any antibacterial activity at
concentrations up to 2000 pg mL* (see Figure Ss, ESI).

We compared the antibacterial activity of both bare (non-
functionalized) and surface functionalized smooth and
rough SiO,NPs with GLYMO and 4-HPBA on
R.rhodochrous in order to determine whether the surface
roughness of the ‘ghost’ SiO,NPs, that mimics the one of
the original ‘host’ CuONPs, could enhance their
antibacterial activity. Figure 9 compares the R.rhodochrous
cell viability upon incubation with GLYMO/4-HPBA-
functionalized SiO,NPs and bare SiO,NPs with the same
nanoparticle concentration. The GLYMO/4-HPBA-
functionalized ‘ghost’ SiO.NPs shows much higher
antibacterial efficiency against R.rhodochrous than both
the bare ‘ghost’ SiO,NPs and GLYMO-functionalized
‘ghost’ SiO.NPs at the same conditions. The reason behind
this is the rough surface morphology of the ‘ghost’ SiO,NPs
which upon covalent bonding between the rough
SiO,NPs/GLYMO/4-HPBA and the bacterial cell
membrane causes its impaling on the surface rough
features and produces membrane dislocation which kills
the bacteria.
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Figure 9. Comparison of the R.rhodochrous cell viability at
2000 pg mL?t concentration of the bare and surface
functionalized smooth and rough SiO2NPs with GLYMO and
4-HPBA at 24 h of exposure time.

R. rhodochrous

Figure 10. TEM images of epoxy resin-embedded and sectioned
R.rhodochrous cells after 24 h exposure to the bare (A, C) and
surface functionalized smooth (B) and rough (D) SiO2NPs with
GLYMO and 4-HPBA.

The effect is very similar to the antimicrobial action of
CuONPs/GLYMO/4-HPBA which is strongly amplified
compared with this of CuONPs/GLYMO.

This result implies that similar surface roughness copied
from the original ‘host’” CuONPs combined with strongly
adhesive interactions between the particles and the
bacterial cell membrane leads to proportionate boost in
their antimicrobial action compared with non-adhering
nanoparticles at the same concentration (e.g.
CuONPs/GLYMO or SiO,NPs and SiO,NPs/GLYMO). Note
that the antimicrobial effect of the ‘ghost’
SiO,NPs/GLYMO/4-HPBA is much higher than the
smooth SiO,NPs of the same functionalization (see Figure
9 and Figure 10). The TEM images confirm that the
nanoparticles do not transfer into the bacteria cytoplasm,
rather than accumulate on their cell walls. However, our
estimates show that at the SiO,NPs concentration of 500
pg mL* and a sample with 10° bacteria per mL, where the
antibacterial effect of the ghost nanoparticles starts to
manifests itself, the ratio between NPs and cells is nearly
~430,000, i.e. vastly in favor of the NPs. Hence not all NPs
attach to the bacteria. The revealed mechanism of action,
however, implies that even a single rough silica NP can
pierce the bacterial cell wall. One may conclude that the
‘chost’” SiO2NPs surface topology imposed through the
templating process from the ‘host’ (CuONPs) greatly
contributes to their antimicrobial action at the same
particle size and surface chemistry. We also tested the
antibacterial activity of 4-HPBA-functionalized rough
SiO,NPs and smooth SiO,NPs on E.coli as shown in the
added Figure S7 (ESI). The data in Figure S7 (ESI) show
similar antibacterial trends to those observed with rough
SiO,NPs and smooth SiO,NPs on R.rhodochrous (Figure
8A-8H). Since the ‘ghost’ SiO,NPs act in the same way on
both Gram-positive (R.rhodochrous) and Gram-negative
(E.coli) bacterial, one can envisage that the suggested
mechanism of antibacterial action seems to be universal.

Viability of HaCaT cells incubated with bare and HPBA-
functionalized SiO2NPs. We tested the effect of HPBA-
functionalized smooth and ‘ghost’ SiO,NPs towards
human keratinocytes as a proxy for human cells. Figure S6
(ESI) displays the cytotoxicity test of smooth and rough
SiO.NPs and SiO.NPs/GLYMO/HPBA on HaCaT cells for
up to 24 h of exposure. Note that the control sample of cells
have lost a minor fraction of their viability over this period
of time because of the depletion of the culture media. One
can conclude that the NP does not measurably impact the
HaCaT cell viability up to 2000 pg mL". However, at these
concentrations of the ‘ghost’ SiO,NPs/GLYMO/4-HPBA,
the impact on bacteria is very significant - see Figure 9.
Therefore, one may conclude that the HPBA-
functionalized  ‘ghost’ SiO,NPs  shows excellent
biocompatibility with these human skin cells. More
research will have be conducted in the future on the NPs
effects on various type of other cell lines. This functionality
(‘ghost’ SiO,NPs/GLYMO/HPBA) could have a potential
topical application in wound care formulations. 3334, 62-65
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CONCLUSIONS

We have explored how the imposition of similar surface
morphology from antimicrobial nanoparticles made of
CuO (‘host’) to one fabricated by their templating with a
benign material like silica can yield nanoparticles of
antimicrobial properties mimicking those of the host CuO
nanoparticles. Here, we have developed a process to create
a rough silica layer on the mesoporous CuONPs as
templates that copies their surface roughness and
morphology. TEM imaging confirmed that the silica was
infused and coated the CuONPs. The diameter of the
‘host/ghost’ composite particles, CuONPs/SiO,, was
slightly increased, corresponding to a 25 + 5 nm SiO, layer
deposited on the CuONPs template, and the surface of
CuONPs/SiO, acquired similar surface roughness as the
original CuONPs (‘host’). After removal of the CuO by
treatment with HNO; and EDTA solutions we obtained
surface-rough ‘ghost’ SiO,NPs which mimic the ‘host’
CuONPs surface morphology. We functionalized the
‘ghost’ SiO,NPs nanoparticles with 4-HPBA surface groups
that allowed the ‘ghost’ SiO,NPs particles to reversibly
form covalent bonds with cis-diol groups from
glycoproteins and carbohydrates expressed on the cell wall
of bacteria. We demonstrated that by surface grafting of
GLYMO and 4-HPBA on such surface-rough ‘ghost’
SiO.NPs we can produce antimicrobial particle
formulations which are several times more effective
against bacteria compared to smooth SiO,NPs at the same
adhesive surface groups and particle concentration. Our
tests also indicated that the anionic surface-rough
SiO,NPs/GLYMO/4-HPBA show much higher
antibacterial activity than the bare smooth SiO,NPs and
the surface-rough but non-surface functionalized SiO,NPs.
This is explained by the strong covalent binding of the
anionic surface-rough SiO,NPs/GLYMO/4-HPBA to the
bacterial cell membrane because of formation of boronic
ester bonds between 4-HPBA groups on the functionalized
nanoparticle surface and the diol groups from
carbohydrates on the cell surface. Our results imply that
the combination of adhesive particle-cell interactions with
surface-rough morphology transferred from the ‘host’
CuONPs to the apparently benign SiO,NPs by templating
produced ‘ghost’ SiO,NPs with significant ‘host-intertied’
antibacterial effect. One can say is that the surface
roughness of the ‘ghost’ SiO,NPs is on the same scale as the
CuONPs templates and their particles sizes match closely.
This, combined with similar surface functionalization with
4-HPBA yielded significant antimicrobial effect, although
SiO, is usually benign to bacteria. Applying the same
strategy to produce silica ‘ghost’ NPs with other
antimicrobial nanoparticles like TiO,NPs, ZnONPs,
Mg(OH),NPs, etc. is also on our agenda but out of the
scope of the present study. We also did experiments of
incubation of the SiO,NPs/GLYMO/4-HPBA with human
keratinocytes which surprisingly showed no measurable
cytotoxicity. This type of surface functionality showed
good antibacterial activity. Hence, after surface grafting of

GLYMO and 4-HPBA on the surface-rough SiO,NPs could
be used as an antibacterial agent.
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