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Abstract: Infectious diseases caused by bacteria have led to a great threat to public health. With the
significant advances in nanotechnology in recent decades, nanomaterials have emerged as a powerful
tool to boost antibacterial performance due to either intrinsic bactericidal properties or by enhancing
the delivery efficiency of antibiotics for effective pathogen killing. Vancomycin, as one of the most
widely employed antimicrobial peptides, has a potent bactericidal activity, but at the same time shows
a limited bioavailability. Silver nanoparticles have also been extensively explored and were found
to have a well-recognized antibacterial activity and limited resistance potential; however, how to
prevent nanosized Ag particles from aggregation in biological conditions is challenging. In this study,
we aimed to combine the advantages of both vancomycin and nano-Ag for enhanced bacterial killing,
where both antibacterial agents were successfully loaded onto a silica nanoparticle with a pollen-like
morphology. The morphology of nano-Ag-decorated silica nanopollens was characterized using
transmission electron microscopy and elemental mapping through energy dispersive spectroscopy.
Silver nanoparticles with a size of 10-25 nm were observed as well-distributed on the surface of silica
nanoparticles of around 200 nm. The unique design of a spiky morphology of silica nano-carriers
promoted the adhesion of nanoparticles towards bacterial surfaces to promote localized drug release
for bacterial killing, where the bacterial damage was visualized through scanning electron microscopy.
Enhanced bactericidal activity was demonstrated through this co-delivery of vancomycin and nano-
Ag, decreasing the minimum inhibition concentration (MIC) towards E. coli and S. epidermidis down
to 15 and 10 pg/mL. This study provides an efficient antimicrobial nano-strategy to address potential
bacterial infections.

Keywords: nanomaterials; antibacterial; silica nanoparticles; silver nanoparticles; vancomycin;
drug delivery

1. Introduction

Bacterial infections pose severe threats to the public health, especially given the ever-
increasing level of drug resistance due to the overuse of antibiotics. Nowadays, infectious
diseases are even more difficult to treat through conventional medications, which may
cause 10 million deaths per year by 2050, overtaking cancer and heart diseases as the
leading cause of death in humans [1,2]. To address this challenge, various strategies have
been developed to combat bacterial infection with an efficient pathogen-killing effect and
reduced resistance [3,4]. For instance, as safe alternatives to conventional synthetic antibi-
otics, natural antimicrobial compounds, such as essential oils extracted from plants [5],
enzymes derived from animal sources [6], bacteriocins obtained from pathogens [7], and
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naturally occurring peptides and polymers [8,9] were favorably chosen for infection treat-
ment. In addition, remarkable advancements in nanotechnology enabled the development
of antibacterial nano-agents, which could either show an intrinsic bactericidal activity or
enable the efficient delivery of antimicrobial compounds to kill bacteria [10-12].

As a natural metabolite, glycopeptide of vancomycin has been widely explored, show-
ing potent antimicrobial activity, especially for Gram-positive strains [13]. Vancomycin
can strongly bind with the D-Ala-D-Ala terminal at the end of the peptide chain during
bacterial cell-wall synthesis, thus inhibiting the crosslinks that form and prevent the bac-
teria from building an intact peptidoglycan layer [14]. To this end, vancomycin has been
used for bacterial inhibition and, at the same time, served as a targeting ligand to bind
with the bacterial surface for efficient antibiotics delivery [15,16]. It is noted that >90%
of vancomycin can be renally cleared within 24 h of dosing [17]. Therefore, to prolong
the circulation half-life and enable a sustained release of vancomycin for long-term bac-
terial inhibition, various types of nanoparticles were employed to load or encapsulate
this hydrophilic glycopeptide. For example, mesoporous carbon nanoparticles were used
to enhance the hydrophobic interactions between nanoparticles and vancomycin, where
the sustained release was demonstrated by tuning the carbon shell thickness and pore
size [18]. Porous silica has also been widely used for antimicrobial compound delivery, but
its hydrophilic nature typically renders the quick release of water-soluble drugs. It has
been reported that engineering rough textures on silica nanoparticles showed hydrophobic
surface properties, which enabled the sustained release of vancomycin [19]. Moreover,
the rough surface enhanced bacterial adhesion, which promoted the localized release of
vancomycin to achieve efficient antibacterial performance. However, the repeated use of
single antibacterial agents such as vancomycin may cause drug resistance to develop [20,21].
It is expected that novel bactericidal nanomaterials with multiple antibacterial functions
could allow for efficient bacterial killing and prevent the potential induction of resistance.

As one of the most widely used antibacterial agents that can intrinsically kill bacte-
ria, Ag nanoparticles (nano-Ag) have attracted a significant research interest in the past
decades [22,23]. Regarding the antibacterial mechanism of nano-Ag, the leaching of Ag*
ions that strongly bind to proteins and nucleic acids, causing cell death, has been widely
reported [22-25]. Moreover, the generation of reactive oxygen species (ROS) has been
recognized as another antibacterial path of nano-Ag [24,25]. Recently, intracellular dys-
functions induced by the direct contact or internalization of nano-Ag with bacteria were
revealed to be responsible for bacterial killing [25]. This multi-approach bacterial killing
reduced the chance of resistance development; thus, many types of nano-Ag were syn-
thesized for antibacterial applications [26,27]. However, when pushing Ag nanoparticles
into the dimension of nanometer scale, nano-Ag ensures a high antibacterial property but
easily aggregates together, hindering its practical use [28]. Anchoring nanoparticles to a
porous support can prevent severe aggregation and allow the efficient delivery of these
nano-silver particles to bacteria for the sustained release of Ag* for prolonged antibacterial
performance [29-31]. Notably, the physicochemical features of support particles such as
surface topography were found to play an important role in regulating Ag loading and
antibacterial performance. In particular, dendritic and spiky silica nanoparticles facilitate
efficient nano-Ag loading and subsequent antibacterial activity [32].

In this study, we report the fabrication of pollen-like spiky silica nanoparticles loaded
with both antibacterial drugs of vancomycin and nano-silver, denoted as SiNPs-Ag-Van, for
enhanced antibacterial applications (Scheme 1). The porous nature of these nanoparticles
allowed for a high loading of both cargos. The spiky nanotopography promoted interactions
with pathogens for surface adhesion to boost the localized delivery of antibacterial agents.
The developed nano-formulation showed a strong bacterial inhibition capability towards
both the Gram-positive strain of S. epidermidis and Gram-negative bacteria of E. coli. The
spiky silica nanoparticle-enabled co-delivery platform provides a promising approach in
combatting bacterial infection with a high efficiency and potential low resistance.
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Scheme 1. Schematic presentation of the fabrication of silica nanopollens (a), decoration of nano-Ag
(b), and loading of vancomycin in the nanopollen particles (c).

2. Results
2.1. Synthesis and Characterizations of SINPs-Ag

Silica nanoparticles with a pollen-like spiky nanotopography were fabricated accord-
ing to our previous report through a polymer-silica co-assembly sol-gel approach [33,34].
In brief, a polymer core was first synthesized, followed by the in-situ growth of a silica-
polymer interpenetrating a composite layer by controlling the polymer and silica condensa-
tion kinetics. Upon high-temperature calcination in air to remove the organic content from
the composite, silica nanoparticles with a hollow interior and numerous surface spikes
were obtained.

To decorate nano-Ag nanoparticles on silica surfaces, a dual-solvent strategy was
used to allow Ag precursors to reside within the porous space on the silica nanoparticle
surface [35]. Typically, hydrophilic silica powder was dispersed into a nonpolar solvent
of hexane to wet the particles through sonication. At the same time, the silver precursor,
AgNOs3, was then dissolved into a polar solvent of acetonitrile that was immiscible with
hexane. A small volume of the AgNOz-acetonitrile solution was then added into the
silica-hexane suspension, where by controlling the volume of acetonitrile solution equal to
the pore volume of silica nanoparticles (pre-measured through nitrogen sorption analysis,
0.33 cm®/g), most of the polar solvent could be infiltrated into the pores of these nanoparti-
cles due to capillary effect. To this end, Ag precursor could be managed so that it resided
on the silica surface and was converted to Ag nanoparticles through drying and calcination
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processes, rather than remaining in the solution and yielding with silver particle aggregates
outside of the silica particles [36].

As observed in Figure la,b, the transmission electron microscopy (TEM) images
demonstrated a successful loading of Ag nanoparticles on spiky silica nanoparticles, de-
noted as SiNPs-Ag, through the above-mentioned dual-solvent approach. Silica nanopar-
ticles showed a pollen-like spiky surface nanotopography, with a particle size of around
200 nm and a hollow core of ~110 nm. Ag nanoparticles of sizes ranging from 10 to 25 nm
were clearly identified as uniformly distributed on the silica particle surface without obvi-
ous aggregation. The nanoparticles characterized in a dark field under STEM (Figure 1c)
and analyzed through EDS mapping (Figure 1d-g) further confirmed the efficient loading
of nano-Ag on silica particles, where the element of Ag overlapped well with the elements
of 5i and O, indicating a well-dispersed Ag nanoparticle distribution.
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Figure 1. TEM images (a,b), with nano-Ag particle size distribution as inset of (a), dark field image
(c), corresponding elemental mapping on silicon (d), oxygen (e), silver (f), Si-Ag-O merged image (g),
and nitrogen sorption isotherm and (h), inset of pore size distribution for SiNPs-Ag.

As observed from the microscopy images where a large number of nano-Ag appeared
on the porous silica surface, it is critical to understand whether there remains a porous
structure with a high surface area to accommodate other antimicrobial agents such as, in
this case, vancomycin. Therefore, a nitrogen sorption analysis of the sample was carried
out with the N, adsorption—desorption isotherm plotted as Figure 1h, and the pore size
distribution is shown in the inset. Clearly, the SiNPs-Ag sample maintained a type-IV
isotherm pattern with a mesopore size of around 10 nm. Compared to bare SiNPs without
nano-Ag loading, the surface area of SiNPs-Ag decreased from 176 m2/ g to 132 m2/ g,
while the pore volume remained around 0.3 cm3/g.

2.2. Vancomycin Loading and Release on SiNPs-Ag

The porous nature of SiNPs-Ag allowed antibacterial molecules of vancomycin to be
transported towards the porous silica surface and loaded on the particles. We then mixed
vancomycin with both SiNPs and SiNPs-Ag samples in a PBS solution and measured the
vancomycin loading capacity and release profile from these nanoparticles. According to
Figure 2a, spiky silica nanoparticles with and without nano-Ag showed a similar van-
comycin loading capacity of approximately 100 ug/mg. The vancomycin release profiles of
these two particles were shown in Figure 2b, where both nanoparticles allowed a sustained
release behavior of antibacterial biomolecules, releasing around 50% of vancomycin in the
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first 4 h and another 40% of the drug in the next 44 h. Notably, no significant difference in
both vancomycin loading and release was identified between SiNPs and SiNPs-Ag samples,
suggesting that the loading of Ag nanoparticles did not negatively impact the second
antibacterial agent loading for pathogen killing.
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Figure 2. Vancomycin loading capacity (a) and release profile in PBS (b) for SiNPs and SiNPs-Ag.
Error bars represent standard derivation (n = 3).

2.3. Antibacterial Performance of SiNPs-Ag-Van Nanoformulation

After the successful loading of both nano-Ag and vancomycin on silica nanoparticles
to obtain our antibacterial formulation of SiNPs-Ag-Van, its antibacterial performance
was then evaluated with both Gram-negative strains of E. coli and a Gram-positive strain
of S. epidermidis. Figure 3a shows the bacterial inhibition profiles of our antibacterial
formulations for E. coli, with nanoparticles dosed at 5-100 pug/mL and corresponding
vancomycin concentrations of 0.5-10 pug/mL. All groups showed a dose-dependent bacte-
rial inhibition performance, while both vancomycin itself and silica nanoparticles loaded
with vancomycin (SiNPs-Van) presented a limited antibacterial activity across the dose
range. This is due to the fact that vancomycin is not very effective against Gram-negative
bacteria. In contrast, the silver-coated nanoparticles (5iNPs-Ag) showed a high bacterial
killing rate with a minimum inhibition concentration (MIC) of about 50 ug/mL. Notably,
the co-delivery of nano-Ag and vancomycin exhibited a superior bacterial inhibition effi-
ciency, bringing the MIC down to 15 ug/mL. Figure 3b further demonstrates the excellent
bactericidal activity of SINPs-Ag-Van as compared to other formulations when dosed at a
nanoparticle concentration of 15 pug/mL. The strong antimicrobial effect by simultaneously
delivering silver and vancomycin to Gram-negative bacteria is evident.

Similarly, Figure 3c shows the inhibition profile of S. epidermidis in the presence of
four types of antibacterial formulations. Notably, there is a clear difference from the results
observed in E. coli, where vancomycin and vancomycin-containing nanoparticles both
showed high bacterial inhibition rates. Van and SiNPs-Van presented an MIC of 25 and
15 pg/mL, respectively, which was much less than the MIC from SiNPs-Ag (~50 pg/mL),
while the co-delivery of vancomycin and silver continued to show the best antibacterial
performance, with an MIC of 10 ug/mL. Figure 3d provides further evidence regarding the
superior bactericidal property of SINPs-Ag-Van dosed at a nanoparticle concentration of
only 10 pg/mL.
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Figure 3. Antibacterial performance against E. coli (a,b) and S. epidermidis (c,d). Error bars represent
standard derivations (1 = 3).

2.4. Bacterial Morphology Change after Nanoformulation Treatment

By understanding the enhanced antibacterial capability achieved by the co-delivery
of nano-Ag and vancomycin using a spiky silica nanoparticle, we further explored how
these nanoformulations interacted with bacterial membranes to realize a bacterial killing
effect. The morphology of E. coli and S. epidermidis treated with different antibacterial
formulations was characterized by scanning electron microscopy (SEM). As shown in
Figure 4a,e, vancomycin itself can hardly induce obvious bacterial damage when dosed
lower than its MIC when, as in this case, E. coli was treated at 15 ug/mL and S. epidermidis
was treated at 10 pug/mL. By loading vancomycin into silica nanoparticles, this nano-
formulation remained inactive towards the Gram-negative strain of E. coli (Figure 4b), which
led to some bacterial cell shrinkage/damage for S. epidermidis, as observed in Figure 4f. This
indicates that the use of silica nanoparticles improves the delivery efficiency of vancomycin
towards the bacterial surface, promoting its antibacterial effect, especially against Gram-
positive strains. Similarly, nano-Ag-decorated silica nanoparticles caused obvious damage
to E. coli, rendering cell shrinkage and collapse, as observed in Figure 4c. Evidently, most
of the S. epidermidis cells maintained their round shapes and remained intact. As shown in
Figure 4d h, it was clear that the co-delivery of nano-Ag and vancomycin can effectively
disrupt the bacterial membrane when dosed at their MICs, where no intact bacteria could
be identified from images. The bacterial morphology observations under SEM further
supported the superior antibacterial property achieved by SiNPs-Ag-Van, as schematically
illustrated in Figure 3i.
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Figure 4. SEM images of E. coli (a-d) and S. epidermidis (e-h) after treatment of vancomycin (a,e),
SiNPs-Van (b,f), SiNPs-Ag (c,g) and SiNPs-Ag-Van (d,h), and schematical illustration of the antibac-
terial activity (i).

3. Discussion

Developing novel strategies to combat bacterial infections and antibiotic resistance is
one of the key research topics that has attracted extensive attention and research efforts. To
this end, a wide range of nanomaterials were developed that could directly kill bacterial
or enhance the delivery efficiency of existing antibacterial agents for improved perfor-
mance [12]. This study aimed to combine the use of two widely used antibacterial agents of
silver nanoparticles and the antibacterial peptide, vancomycin. To overcome their specific
limitations in severe aggregation and short half-life in the body, a silica nano-carrier was
used to anchor the nano-sized Ag particles, preventing them from further aggregation. At
the same time, the porous nature of the nano-carrier allowed for the efficient loading of
vancomycin, enabling the efficient co-delivery of two antibacterial cargos, which has rarely
been reported.

Silver nanoparticles have been widely used for antibacterial applications, and various
substrate/carriers have been developed to incorporate small-sized Ag particles either
inside or on the surface to allow efficient bacterial killing [26,29]. To allow a high loading of
Ag and stable immobilization, the silica nanoparticle surface was typically further modified
with aminopropyl groups that could form Ag-amine coordination bonds to anchor the
nano-Ag [32,37]. In this study, we report a facile Ag loading approach without changing the
silica nanoparticle surface chemistry, a dual-solvent method. This method was previously
used in catalysts by impregnating the active metal species into the pores of the substrate [35].
In this case, porous silica was first immersed in a unipolar solvent of hexane, followed by
the addition of an immiscible polar solvent containing the Ag precursor. The polar solvent
preferred adsorption into the nano-sized pores due to capillary effect, which allowed for
the precise loading of Ag species on the silica surface. The Ag species were then converted
into Ag nanoparticles under high temperature. This simple synthesis strategy enabled high
Ag loading on the particle surface, as demonstrated from the TEM images in Figure 1a,b,
and more importantly, prevented nano-Ag precipitation outside of the silica nanoparticles.

The loading of nano-Ag did not significantly alter the physicochemical features of silica
nanoparticles, providing an abundant surface area and large pore size to accommodate
another antimicrobial agent. It was reported that the rough-structured hydrophilic silica
nanoparticles showed a relatively hydrophobic surface property, which favored the loading
and slow release of vancomycin [19]. The silica nanopollens used in this study shared
similar structure and hydrophobic surface properties, as reported in the literature [34],
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which explains the efficient loading and sustained release profile as shown in Figure 2.
The efficient delivery of two antibacterial agents was achieved using pollen-like silica
nanoparticles. It was reported that such a rough-structured nanoparticle surface enhanced
its adhesion towards bacteria, boosting the local release of cargos. Meanwhile, the surface
charge of nanoparticles was also important for bacterial interactions. The surface charge of
SiNPs was measured as negative (—16.3 £ 1.7 mV), but was positive (4.9 = 1.1 mV) after
the positively charged nano-Ag loading. By the loading of a cationic antibacterial drug,
vancomycin, SiNPs-Ag-Van showed a surface charge of 8.9 + 0.9 mV, which could also
promote their attachment to the negatively charged bacterial surface. Typically, vancomycin
is more active against Gram-positive strains when compared to Gram-negative strains,
where the outermost cell wall of the peptidoglycan is the major target of vancomycin [16].
In contrast, nano-Ag showed a broader spectrum of bacterial killing, possibly due to its
many bacteria-killing mechanisms. This is reflected in the bacterial inhibition results, as
shown in Figure 3a,c.

Synergistically, the co-delivery of vancomycin and nano-sized silver particles out-
performed each individual antibacterial agent, resulting in a low MIC that required a
lower dose of antibacterial formulations to be administrated for efficient bacterial killing,
regardless of Gram-positive/negative strains. In general, this co-delivery system has the
potential to serve as a promising bactericidal toolkit with a high performance against broad
spectrum of strains.

4. Materials and Methods
4.1. Synthesis of Silica Nanopollens

Silica nanopollens were synthesized according to our previous reports [33,34]. Typ-
ically, 0.15 g of resorcinol and 0.21 mL of formaldehyde (37%) were first dissolved in
ethanol (70 mL), water (10 mL), and ammonium hydroxide (28%, 3 mL). Polymer cores
were then formed after reacting for 6 h, where silica precursor of tetraethyl orthosilicate
(TEOS, 0.6 mL), resorcinol (0.4 g) and formaldehyde (0.56 mL) were sequentially added into
the reaction solution. Upon another reaction of 2 h, the precipitates were collected under
centrifugation, dried overnight at 50 °C in the oven, and calcined in air at 550 °C for 5 h.

4.2. Nano-Ag Loading on SiNPs via Dual-Solvent Method

Silica powder obtained from the above method was then used for Ag nanoparticle
loading. Typically, 30 mg of silica nanoparticles was mixed with 2 mL of hexane under
sonication, followed by stirring for 4 h under room temperature to allow for the efficient
wetting of the silica surface by the solvent. Meanwhile, 2M AgNOs-acetonitrile solution
was prepared, with only 10 uL of the solution added into the silica-hexane suspension for
another stirring of 6 h. The Ag-loaded nanoparticles were then centrifuged, dried, and
calcined at 500 °C, leading to the grey nanoparticle powder of SiNPs-Ag.

4.3. Characterizations

The nanostructure and composition of SiNPs-Ag were characterized by TEM using a
JEOL HT-7700, with a setting voltage of 120 kV. The energy-dispersive X-ray spectroscopy
(EDS) integrated in the HT-7700 microscope was used for elemental mapping of the particles
under scanning transmission electron microscopy (STEM) mode. Nitrogen adsorption—
desorption analysis was carried out by using Micrometrics Tristar 302011. Before analysis,
samples were first degassed overnight under vacuum at 150 °C. The zeta potential of
nanoparticles in phosphate-buffered saline (1x PBS, pH = 7.4) was measured by a Zetasizer
Nano (Malvern, Worcestershire, UK).

4.4. Vancomycin Loading and Release

Vancomycin stock solution was prepared by dissolving 10 mg of vancomycin into
10 mL of PBS (pH = 7.4), achieving a concentration of 1 mg/mL. Silica nanopollens as
well as SiNPs-Ag were also suspended in PBS at the same concentration, followed by the
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mixing of 1 mL of silica suspension with 1 mL of vancomycin stock solution by rotating for
24 h. SiNPs-Ag-Van was then centrifuged down, with the free vancomycin concentration in
the supernatant measured using a UV-vis spectrophotometer to calculate the vancomycin
loading capacity. To obtain the vancomycin release profile, SiNPs-Ag-Van and SiNPs-Van
were both re-suspended into PBS by shaking under 37 °C over two days. A small volume of
samples was then collected and centrifuged with the vancomycin content in the supernatant
quantified using a UV-vis spectrophotometer (UV-2450, Shimadzu, Kyoto, Japan).

4.5. Bacterial Inhibition Assay

Gram-negative bacteria, E. coli, and Gram-positive strain, S. epidermidis, were first
cultured overnight in a LB broth at 37 °C prior to antibacterial assays. Cultures were
then diluted with LB to reach a final concentration of 5 x 107 CFU/mL. Samples of
Van, SiNPs-Van, SiNPs-Ag, and SiNPs-Ag-Van were prepared at a set of concentrations
ranging from 50 to 1000 pg/mL (nanoparticle) and corresponding vancomycin dosages
of 5 to 100 ng/mL. Then, 100 uL of antibacterial formulation was mixed with 100 uL of
the bacterial solution, followed by topping up the volume to 1 mL with LB medium. The
treatment was carried out at 37 °C in a shaker with a constant agitation at 200 rpm for 24 h.
The bacterial inhibition capability was then assessed by measuring the absorbance at 600 nm
(OD600), where the background absorbance from liquid and formulations without bacterial
was also recorded and extracted for a turbidity analysis to assess bacterial inhibition. The
bacterial viability was further examined by LB-agar plate assay, where 50 uL of bacteria
samples was spread on the LB-agar plate for overnight culture. For E. coli, the bacteria were
treated with formulations at a nanoparticle concentration of 15 ug/mL (vancomycin at
1.5 pg/mL). For S. epidermidis, the bacteria were treated with formulations at a nanoparticle
concentration of 10 ug/mL (vancomycin at 1.0 ug/mL). Photographs were taken to identify
bacterial colony growth after antibacterial treatments.

4.6. SEM Characterizations of Treated Bacteria

To further investigate the bacterial killing effect by using individual antibacterial
agents and co-delivery of nano-Ag and vancomycin, a JEOL JSM 7800 was used to charac-
terize the bacterial morphology differences/change after treatment. E. coli were treated with
formulations at a nanoparticle concentration of 15 ug/mL (vancomycin at 1.5 ug/mL), and
S. epidermidis were treated with formulations at a nanoparticle concentration of 10 ng/mL
(vancomycin at 1.0 pg/mL). After 24 h of treatment, bacteria were fixed by glutaraldehyde
and stained by osmium tetroxide (OsOy) according to protocol reported in the literature for
following SEM characterization [34].

5. Conclusions

In summary, a co-delivery system for vancomycin and nano-sized silver was devel-
oped by using silica nanopollens as carriers. Firstly, a dual-solvent method was developed
to allow the synthesis of nano-Ag decorated silica nanopollen particles, followed by the
loading of vancomycin to these functional particles. The vancomycin release profile from
the silica nanoparticles showed a sustained release over 2 days, which promoted the bac-
tericidal activity of developed formulations via the localized release of both vancomycin
and Ag. The co-delivery of vancomycin and nano-sized silver particles enhanced their
bacterial killing performance, compared to the single component of antibacterial agents.
Potent antibacterial activity was observed for both Gram-positive and Gram-negative
pathogens. An SEM analysis of the bacterial morphology after antibacterial treatment
further validated the enhanced nanoparticle—cell interactions that promoted the co-delivery
of antibacterial agents efficiently to the bacteria. In general, a new antibacterial co-delivery
system has been established with promising antibacterial applications. The new find-
ings and knowledge derived from this work will pave the way for the rational design of
antibacterial nanomaterials.



Antibiotics 2022, 11, 685 10 of 11

Author Contributions: Conceptualization, C.Y. and H.S.; methodology, C.N. and H.S.; formal analy-
sis Y.Z., WW. and Y.S.; investigation, C.N. and Y.Z.; writing—original draft preparation, Y.Z. and
H.S.; writing—review and editing, PM., C.Y. and H.S,; visualization, C.N. and H.S.; supervision,
H.S; funding acquisition, C.Y. and H.S. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by Australian Research Council, grant number DE210101666.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: This work was performed in part at the Queensland node of the Australian
National Fabrication Facility, a company established under the National Collaborative Research
Infrastructure Strategy to provide nano- and micro-fabrication facilities for Australia’s researchers.
Technical support from Microscopy Australia, Center of Microscopy and Microanalysis at the Univer-
sity of Queensland is also acknowledged.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Murray, C.J.L,; Ikuta, K.S.; Sharara, F.; Swetschinski, L.; Aguilar, G.R.; Gray, A.; Han, C.; Bisignano, C.; Rao, P.; Wool, E.; et al.
Global burden of bacterial antimicrobial resistance in 2019: A systematic analysis. Lancet 2022, 399, 629-655. [CrossRef]

2. De Kraker, M.E.A; Stewardson, A.J.; Harbarth, S. Will 10 Million People Die a Year due to Antimicrobial Resistance by 2050?
PLoS Med. 2016, 13, €1002184. [CrossRef]

3. Mubeen, B.; Ansar, A.N.; Rasool, R.; Ullah, I.; Imam, S.S.; Alshehri, S.; Ghoneim, M.M.; Alzarea, S.I.; Nadeem, M.S.; Kazmi, I.
Nanotechnology as a Novel Approach in Combating Microbes Providing an Alternative to Antibiotics. Antibiotics 2021, 10, 1473.
[CrossRef] [PubMed]

4. Theuretzbacher, U.; Outterson, K.; Engel, A.; Karlen, A. The global preclinical antibacterial pipeline. Nat. Rev. Microbiol. 2020, 18,
275-285. [CrossRef]

5. Bassole, LH.N.; Juliani, H.R. Essential Oils in Combination and Their Antimicrobial Properties. Molecules 2012, 17, 3989-4006.
[CrossRef] [PubMed]

6.  Thallinger, B.; Prasetyo, E.N.; Nyanhongo, G.S.; Guebitz, G.M. Antimicrobial enzymes: An emerging strategy to fight microbes
and microbial biofilms. Biotechnol. J. 2013, 8, 97-109. [CrossRef]

7. Verma, DK, Thakur, M.; Singh, S.; Tripathy, S.; Gupta, AK,; Baranwal, D.; Patel, A.R,; Shah, N.-H.; Utama, G.L,;
Niamah, A.K,; et al. Bacteriocins as antimicrobial and preservative agents in food: Biosynthesis, separation and applica-
tion. Food Biosci. 2022, 46, 101594. [CrossRef]

8.  Zhong, YJ.; Xiao, H.N.; Seidi, F.; Jin, Y.C. Natural Polymer-Based Antimicrobial Hydrogels without Synthetic Antibiotics as
Wound Dressings. Biomacromolecules 2020, 21, 2983-3006. [CrossRef]

9.  Fjell, C.D,; Hiss, ].A.; Hancock, R.E.W.; Schneider, G. Designing antimicrobial peptides: Form follows function. Nat. Rev. Drug.
Discov. 2012, 11, 37-51. [CrossRef]

10. Wang, S.T.; Gao, Y.F; Jin, Q.; Ji, ]. Emerging antibacterial nanomedicine for enhanced antibiotic therapy. Biomater. Sci. 2020, 8,
6825-6839. [CrossRef]

11. Liu, W,; Wang, R.; Vedarethinam, V.; Huang, L.; Qian, K. Advanced materials for precise detection and antibiotic-free inhibition of
bacteria. Mater. Today Adv. 2022, 13, 100204. [CrossRef]

12. Wang, Y.; Yang, Y.N.; Shi, Y.R.; Song, H.; Yu, C.Z. Antibiotic-Free Antibacterial Strategies Enabled by Nanomaterials: Progress
and Perspectives. Adv. Mater. 2020, 32, 1904106. [CrossRef] [PubMed]

13. Binda, E.; Marinelli, F.; Marcone, G.L. Old and New Glycopeptide Antibiotics: Action and Resistance. Antibiotics 2014, 3, 572-594.
[CrossRef] [PubMed]

14. Kim, S.J.; Matsuoka, S.; Patti, G.J.; Schaefer, J. Vancomycin derivative with damaged D-Ala-D-Ala binding cleft binds to
cross-linked peptidoglycan in the cell wall of Staphylococcus aureus. Biochemistry 2008, 47, 3822-3831. [CrossRef] [PubMed]

15. Choi, S.K.; Myc, A;; Silpe, J.E.; Sumit, M.; Wong, P.T.; McCarthy, K.; Desai, A.M.; Thomas, T.P.; Kotlyar, A.; Holl, M.M.B.; et al.
Dendrimer-Based Multivalent Vancomycin Nanoplatform for Targeting the Drug-Resistant Bacterial Surface. ACS Nano 2013, 7,
214-228. [CrossRef]

16. Hussain, S.; Joo, J.; Kang, J.; Kim, B.; Braun, G.B.; She, Z.G.; Kim, D.; Mann, A.P,; Molder, T.; Teesalu, T.; et al. Antibiotic-loaded
nanoparticles targeted to the site of infection enhance antibacterial efficacy. Nat. Biomed. Eng. 2018, 2, 95-103. [CrossRef]

17.  Zaric, R.Z.; Milovanovig, ].; Rosic, N.; Milovanovic, D.; Zecevic, D.R.; Folic, M.; Jankovic, S. Pharmacokinetics of vancomyecin in

patients with different renal function levels. Open Med. 2018, 13, 512-519. [CrossRef]


http://doi.org/10.1016/S0140-6736(21)02724-0
http://doi.org/10.1371/journal.pmed.1002184
http://doi.org/10.3390/antibiotics10121473
http://www.ncbi.nlm.nih.gov/pubmed/34943685
http://doi.org/10.1038/s41579-019-0288-0
http://doi.org/10.3390/molecules17043989
http://www.ncbi.nlm.nih.gov/pubmed/22469594
http://doi.org/10.1002/biot.201200313
http://doi.org/10.1016/j.fbio.2022.101594
http://doi.org/10.1021/acs.biomac.0c00760
http://doi.org/10.1038/nrd3591
http://doi.org/10.1039/D0BM00974A
http://doi.org/10.1016/j.mtadv.2021.100204
http://doi.org/10.1002/adma.201904106
http://www.ncbi.nlm.nih.gov/pubmed/31799752
http://doi.org/10.3390/antibiotics3040572
http://www.ncbi.nlm.nih.gov/pubmed/27025757
http://doi.org/10.1021/bi702232a
http://www.ncbi.nlm.nih.gov/pubmed/18302341
http://doi.org/10.1021/nn3038995
http://doi.org/10.1038/s41551-017-0187-5
http://doi.org/10.1515/med-2018-0068

Antibiotics 2022, 11, 685 11 of 11

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Nor, Y.A.; Zhang, HW.,; Purwajanti, S.; Song, H.; Meka, A K.; Wang, Y.; Mitter, N.; Mahony, D.; Yu, C.Z. Hollow mesoporous
carbon nanocarriers for vancomycin delivery: Understanding the structure-release relationship for prolonged antibacterial
performance. . Mater. Chem. B 2016, 4, 7014-7021.

Nor, Y.A,; Niu, Y.T,; Karmakar, S.; Zhou, L.; Xu, C.; Zhang, J.; Zhang, HW.; Yu, M.H.; Mahony, D.; Mitter, N.; et al. Shaping
Nanoparticles with Hydrophilic Compositions and Hydrophobic Properties as Nanocarriers for Antibiotic Delivery. ACS Central
Sci. 2015, 1, 328-334.

Leong, KW.C.; Cooley, L.A.; Anderson, T.L.; Gautam, S.S.; McEwan, B.; Wells, A.; Wilson, F.; Hughson, L.; O'Toole, R.F. Emergence
of Vancomycin-Resistant&IT Enterococcus faecium&IT at an Australian Hospital: A Whole Genome Sequencing Analysis. Sci.
Rep. 2018, 8, 6274.

Stogios, PJ.; Savchenko, A. Molecular mechanisms of vancomyecin resistance. Protein Sci. 2020, 29, 654-669. [CrossRef] [PubMed]
Le Ouay, B.; Stellacci, F. Antibacterial activity of silver nanoparticles: A surface science insight. Nano Today 2015, 10, 339-354.
[CrossRef]

Qin, Z].; Zheng, YK.; Wang, Y.H.; Du, T.Y,; Li, C.M.; Wang, X.M.; Jiang, H. Versatile roles of silver in Ag-based nanoalloys for
antibacterial applications. Coordin. Chem. Rev. 2021, 449, 214218. [CrossRef]

Rizzello, L.; Pompa, P.P. Nanosilver-based antibacterial drugs and devices: Mechanisms, methodological drawbacks, and
guidelines. Chem. Soc. Rev. 2014, 43, 1501-1518. [CrossRef] [PubMed]

Qing, Y.A.; Cheng, L.; Li, R.Y,; Liu, G.C.; Zhang, Y.B.; Tang, X.F,; Wang, J.C.; Liu, H.; Qin, Y.G. Potential antibacterial mechanism
of silver nanoparticles and the optimization of orthopedic implants by advanced modification technologies. Int. J. Nanomed. 2018,
13, 3311-3327. [CrossRef]

Merkl, P; Zhou, S.Z.; Zaganiaris, A.; Shahata, M.; Eleftheraki, A.; Thersleff, T.; Sotiriou, G.A. Plasmonic Coupling in Silver
Nanoparticle Aggregates and Their Polymer Composite Films for Near-Infrared Photothermal Biofilm Eradication. ACS Appl.
Nano Mater. 2021, 4, 5330-5339. [CrossRef]

Prateeksha, P.; Bajpai, R.; Rao, C.V,; Upreti, D.K.; Barik, S.K; Singh, B.N. Chrysophanol-Functionalized Silver Nanoparticles for
Anti-Adhesive and Anti-Biofouling Coatings to Prevent Urinary Catheter-Associated Infections. ACS Appl. Nano Mater. 2021, 4,
1512-1528. [CrossRef]

Tang, S.H.; Zheng, J. Antibacterial Activity of Silver Nanoparticles: Structural Effects. Adv. Healthc. Mater. 2018, 7, 1701503.
[CrossRef]

Liu, M.T,; Zhang, W.Y; Xu, P.,; Tu, W.L.; Ang, EH.X.; Zhang, Y.; Cheng, J.; Wang, M.; Du, R.R; Yang, X.; et al. Hierarchically
structured Ag modified nanosilica constructed by micelle modification tactics delivers integrated catalytic and antibacterial
activity. J. Alloy Compd. 2022, 892, 162202. [CrossRef]

Chen, ].W,; Chen, K.X;; Li, Q.L.; Dong, G.F; Ai, J.; Liu, H.Q.; Chen, Q.H. Click-Grafting of Cardanol onto Mesoporous Silica/Silver
Janus Particles for Enhanced Hemostatic and Antibacterial Performance. ACS Appl. Bio. Mater. 2020, 3, 9054-9064. [CrossRef]
Wang, Y.L.; Wang, Y.B.; Li, X.Y,; Li, J.; Su, L.; Zhang, X.J.; Du, X. Dendritic Silica Particles with Well-Dispersed Ag Nanoparticles
for Robust Antireflective and Antibacterial Nanocoatings on Polymeric Glass. ACS Sustain. Chem. Eng. 2018, 6, 14071-14081.
[CrossRef]

Wang, Y.L.; Wang, Y.B.; Su, L,; Luan, Y.; Du, X.; Zhang, X.J. Effect of surface topology morphologies of silica nanocarriers on the
loading of Ag nanoparticles and antibacterial performance. J. Alloy Compd. 2019, 783, 136-144. [CrossRef]

Song, H.; Yu, M.-H,; Ly, Y.; Gu, Z.Y,; Yang, Y.N.; Zhang, M.; Fu, ].Y;; Yu, C.Z. Plasmid DNA Delivery: Nanotopography Matters.
J. Am. Chem. Soc. 2017, 139, 18247-18254. [CrossRef] [PubMed]

Song, H.; Nor, Y.A.; Yu, M.H,; Yang, Y.N.; Zhang, J.; Zhang, HW.; Xu, C.; Mitter, N.; Yu, C.Z. Silica Nanopollens Enhance
Adhesion for Long-Term Bacterial Inhibition. J. Am. Chem. Soc. 2016, 138, 6455-6462. [CrossRef]

Wei, C.Y.;; Hou, H.L.; Wang, E.M.; Lu, M. Preparation of a Series of PdA@UIO-66 by a Double-Solvent Method and Its Catalytic
Performance for Toluene Oxidation. Materials 2020, 13, 88. [CrossRef]

Durucan, C.; Akkopru, B. Effect of Calcination on Microstructure and Antibacterial Activity of Silver-Containing Silica Coatings.
J. Biomed. Mater. Res. B 2010, 93, 448-458. [CrossRef]

Du, X.; He, ].H. Amino-functionalized silica nanoparticles with center-radially hierarchical mesopores as ideal catalyst carriers.
Nanoscale 2012, 4, 852-859. [CrossRef]


http://doi.org/10.1002/pro.3819
http://www.ncbi.nlm.nih.gov/pubmed/31899563
http://doi.org/10.1016/j.nantod.2015.04.002
http://doi.org/10.1016/j.ccr.2021.214218
http://doi.org/10.1039/C3CS60218D
http://www.ncbi.nlm.nih.gov/pubmed/24292075
http://doi.org/10.2147/IJN.S165125
http://doi.org/10.1021/acsanm.1c00668
http://doi.org/10.1021/acsanm.0c03029
http://doi.org/10.1002/adhm.201701503
http://doi.org/10.1016/j.jallcom.2021.162202
http://doi.org/10.1021/acsabm.0c01267
http://doi.org/10.1021/acssuschemeng.8b02617
http://doi.org/10.1016/j.jallcom.2018.12.284
http://doi.org/10.1021/jacs.7b08974
http://www.ncbi.nlm.nih.gov/pubmed/29151352
http://doi.org/10.1021/jacs.6b00243
http://doi.org/10.3390/ma13010088
http://doi.org/10.1002/jbm.b.31602
http://doi.org/10.1039/C1NR11504A

	Introduction 
	Results 
	Synthesis and Characterizations of SiNPs-Ag 
	Vancomycin Loading and Release on SiNPs-Ag 
	Antibacterial Performance of SiNPs-Ag-Van Nanoformulation 
	Bacterial Morphology Change after Nanoformulation Treatment 

	Discussion 
	Materials and Methods 
	Synthesis of Silica Nanopollens 
	Nano-Ag Loading on SiNPs via Dual-Solvent Method 
	Characterizations 
	Vancomycin Loading and Release 
	Bacterial Inhibition Assay 
	SEM Characterizations of Treated Bacteria 

	Conclusions 
	References

