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Abstract Silver nanoparticles have been commonly used as an antibacterial agent
and are often delivered in a burst release manner to the site of infection. However,
a drawback of this release mode is the limited lasting duration of the antibacterial
properties of the particles. Hence, in order to achieve a more effective and sustained
protection against bacteria growth, this project aims to design and create smart antimi-
crobial materials based on silver-silica nanocapsules that can respond to an acidic
environment to release Ag+ ions in a targeted, slow and sustained manner. In this
project, the as-synthesized silica-silver nanocapsules were found to exhibit excel-
lent colloidal stability, thus allowing for a homogenous distribution within different
polymer matrix materials. Explored applications include the incorporation of the
silver-silica nanocapsules into F127 hydrogel and poly(vinyl alcohol) (PVA) film so
as to develop antibacterial biomaterials that can effectively prevent bacteria growth
for a sustained period of time. In subsequent proof-of-concept studies, both the F127
hydrogel and PVAfilmwere able to respond to acidic conditions for a gradual release
of Ag+ ions. Interestingly, the as-released Ag+ ions from the PVA film were effec-
tively entrapped within the polymer matrix, thereby demonstrating their promising
potential to sterilize absorbed fluid fromwound sites when applied as a wound dress-
ing. On the other hand, the F127 hydrogel exhibited a slow and sustained release of
Ag+ ions into the surrounding environment, hence affirming their capacity for topical
administration in the form of lotions or creams for antibacterial purposes.
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1 Background and Purpose of Research Area

Silver ions have been established to have antibacterial properties as they are able
to destroy bacteria cells by damaging the cell envelope of bacteria and intracellular
content [1]. So far, the antibacterial properties of silver has been utilized in many
areas, such as in water purification [2] or in the treatment of burn victims [3]. Such
silver ions are utilized in a burst release manner, where all the silver ions present
are instantly exposed to their surroundings. However, high concentrations of either
silver ions or metallic silver at once can be toxic to the human body [4]. On the other
hand, a more controlled release will ensure that the amount of silver ions remain at
a level below the toxic threshold of the body as the ions will be slowly exposed to
their surroundings and used up accordingly.

Besides, a more limited exposure to silver will also allow for a larger reservoir of
silver to be presentwithout being toxic to the human body. Coupledwith the design of
a stimuli-responsive antibacterial material to allow for amore targeted and controlled
release of silver ions, this can potentially increase the lasting duration of antibacterial
properties. In this regard, it is noteworthy that certain types of bacteria can create an
acidic medium by secreting acids [5], which can act as a stimuli for the release of
silver ions. Therefore, this project aims to develop a smart antibacterial material that
can respond to acidic conditions to release the silver ions in a sustained and controlled
manner. This will hopefully improve current silver-based antibacterial materials by
enabling the material to be more effective for a sustained protection against bacteria
growth.

2 Engineering Goal of Project

To design and create smart antimicrobial materials based on silver-silica nanocap-
sules. The silver-silica nanocapsules (AgNCs) will act as a reservoir of silver ions
stored in the form of metallic silver on the surface of the nanocapsules. Upon expo-
sure to an acidic environment, the metallic silver will be converted into silver ions
for enhanced antibacterial properties. Silver nanocapsules are chosen because they
have been found to provide a sustained release of silver ions instead of a burst release
when at sizes larger than 50 nm [6]. This aligns with the goal of the project for a
sustained protection against bacteria. Their smaller size also allows for more silver
to be stored due to a larger surface area to volume ratio.
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3 Methods and Materials

3.1 Synthesis of Silica Nanocapsules

30 mg of Pluronic F127 (F127) was first dissolved in 900 µL of tetrahydrofuran
(THF), followed by the addition of 40 µL of tetramethoxysilane (TMOS) to obtain a
homogeneous mixture. The resulting solution mixture was then slowly injected into
10 mL of deionized water while stirred at 800 rpm, and left to stir for an additional
3 days at 300 rpm (For a schematic illustration of the synthesis protocol, refer to
Appendix 1).

3.2 Synthesis of Silver Nanocapsules (AgNCs)

A templating strategy was explored in the synthesis of AgNCs, where the prepared
hollow silica nanocapsules were encapsulated in metallic silver particles. Metallic
silver particles were deposited onto the hollow silica nanocapsules templates via the
Tollens reaction of silver mirroring. Herein, the silver complex [Ag(NH3)2]+ stock
solution was first prepared by dissolving silver nitrate (200 mg) in deionized water
(10 mL), to which ammonium hydroxide (400 µL) was added dropwise until the
precipitate that formed redissolved. Next, the silica nanocapsules, glucose and silver
complex [Ag(NH3)2]+ were mixed together and left to agitate. Finally, the conditions
of the Tollens’ reactionwere then optimized by varying the concentration and volume
of the glucose solution, concentration of silica nanocapsules and the concentration
of the silver complex [Ag(NH3)2]+ solution (Refer to Appendix 2 for details of the
concentration variation).

3.3 Characterization Methods

Characterization of the AgNCs by UV-Vis spectroscopy was carried out to determine
if silver has indeed formed on the surface of the silica nanocapsules. The AgNCs
were then analyzed under the absorbance spectra in 400–4000 nm range with a
Fourier Transform Infrared (FTIR) spectrophotometer to identity organic species in
theAgNCs to confirm the silica still remained in theAgNCs.Dynamic light scattering
(DLS) was used to determine the size of the nanocapsules as well as the critical
micelle concentration. A scanning electronmicroscope (SEM)was used to determine
the morphology of the AgNCs and the contents of the poly(vinyl alcohol) (PVA)
film.1 To test for the antibacterial properties of AgNCs, a culture of Pseudomonas
aeruginosa ATCC 9027 strain was incubated with varying AgNC concentrations of

1Done by supervisor.
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5, 10, 20 and 40% in respect to the cell medium. The culture was then left at room
temperature for two days before quantifying for the bacteria growth in comparison
to a bacteria culture containing no AgNCs (see footnote 1).

To test for the acid-responsive properties of AgNCs, the AgNC solution was first
freeze-dried to obtain its dry powder form. Next, the AgNC powder was added to
different types of acids at various pH. It was noted that 1 M nitric acid (HNO3) was
able to completely breakdown AgNCs (dry powder form) into Ag+ ions as shown by
the decolorization of the brown mixture into a clear solution (Refer to Appendix 3
for overnight results).

3.4 Preliminary Processing of Composite Antimicrobial
Biomaterial Using PVA Film

Thin films incorporating AgNCs were created using 10% weight per volume (w/v)
PVA. PVA powder of 4 different molecular weights were experimented: (i) 80%
hydrolyzed, MW 9000–10,000, (ii) 87–89% hydrolyzed, MW 30,000–50,000, (iii)
99+% hydrolyzed, MW1–30,000, and (iv) 99+% hydrolyzed, MW85,000–124,000.
For each type of PVA, 1 g of PVAwas dissolved in 5mLof deionizedwater by heating
in an oven for 3 h at 95 °C. After cooling to room temperature, 5 mL of AgNC
solution was added and left on an orbital shaker to be homogenized overnight. After
homogenization, the mixture was spread over a petri dish to form a thin layer, after
which it was placed in a freezer at −20 °C to freeze overnight. The samples were
then taken out to thaw for 30 min, before freezing overnight again. The freeze-thaw
cycle was repeated thrice.

To test if AgNCs can still release silver ions in acidic conditions while being
embedded inPVApolymermatrix, the as-synthesizedPVAfilmswere cut into squares
of size 2 cm × 2 cm, and then immersed into 10 mL of HNO3 with concentrations
of 1, 0.5 and 0.1 M. The supernatants were then extracted and tested for silver ions
using qualitative analysis. The composite antibacterial films were also subsequently
observed for possible decolorization,whichwould indicate the conversion ofmetallic
silver into silver ions, upon leaving to stand overnight.

3.5 Preliminary Processing of Composite Antimicrobial
Biomaterial Using F127 Hydrogel

F127 is a FDA-approved thermoresponsive polymer with a sol-to-gel transition that
can be triggered by the average body temperature of 37 °C. Hence it can be hopefully
used as a gel to be applied on the body. 16%, 18%, 20% and 22 wt% F127 were
prepared byweighing 0.8 g, 0.9 g, 1.0 g and 1.1 g of F127 respectively and topping up
to 5 mL using deionized water, after which it was left in a fridge (4 °C) overnight for
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complete dissolution. To verify the sol-to-gel transition behavior of F127 hydrogel,
the glass vial was inverted at both 25 and 37 °C. Visual inspection was then carried
out to observe for any flow of liquid after being inverted.

Acid response to AgNCs-incorporated F127 hydrogel was tested by immersion
in 1500 cm3 of 0.1 M HNO3 using a dialysis cassette of 10,000 MW cutoff, which
would prevent the F127 hydrogel from passing through while allowing the Ag+ ions
to diffuse out into theHNO3.Visual inspection of these hydrogelswas then carried out
to observe for color change to indicate the breakdown ofAgNCs intoAg+ ions. At 12-
h intervals over 60 h, small aliquots of the dialysis fluid were extracted to determine
the released Ag content using Inductively Coupled PlasmaMass Spectrometry (ICP-
MS), and the surrounding medium was also replaced by fresh HNO3. A control was
also set up by replacing the HNO3 with distilled water under the same experimental
conditions to prove that Ag+ ions were only released in acidic conditions.

4 Results and Discussion

4.1 Silica Nanocapsules Templates

The silica nanocapsule templates were monodisperse and on the nanoscale dimen-
sions,withwell-structuredmorphology (Fig. 1c). Itsmechanical stabilitywas attested
by the DLS results, where the critical micelle concentration of the silica nanocap-
sules occurred at a higher dilution level than that of F127 (Fig. 1a, b). This showed
that the silica nanocapsules were able to maintain their integrity and withstand high
levels of dilution, thereby rendering it a good template to be adopted for the silver
nanoparticle coating on it.

4.2 Optimization of the Synthesis Conditions of AgNCs

The optimum reaction conditions were determined from the brown color intensity
of the supernatant obtained by the end of the reaction. The brown intensity gave an
indication of the presence of metallic silver, which would be formed over the silica
nanocapsule templates. Herein, the aim was to obtain a clear solution with a high
brown color intensity, yet without the presence of any precipitation since it would
otherwise indicate the severe aggregation of the silver nanoparticles.

Based on the solution color intensity obtained after varying the conditions of (i)
glucose concentration (Fig. 2a); (ii) glucose amount (Fig. 2b); (iii) silica nanocap-
sule concentration (Fig. 2a); and (iv) silver complex concentration (Fig. 2c), the
optimal combination was (i) 10 mg/mL glucose concentration, where (ii) 40 mg of
glucose was dissolved in (iii) 3 mL silica nanocapsules, and (iv) 1 mL silver complex
synthesized from 10 mg/mL silver nitrate.
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Fig. 1 Characterization of F127Micelles and Silica NCs. a Stability measurement of F127micelle.
b Stability measurement of silica NCs. c Transmission electron microscopy (TEM) image of silica
NCs synthesized [13]

Fig. 2 Results of optimization of synthesis conditions of AgNCs after 2 days, best result(s) circled
in red. a Variation of the concentration of silica nanocapsules and amount of glucose added, shown
left to right, samples 1–9. b Variation in glucose concentration, shown left to right: g0–g5, last 2
bottles are controls with no glucose added and no silver complex added respectively. c Variation of
silver complex solution shown from left to right, A1–A4, B1–B3
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4.3 Properties of AgNCs

Formation of AgNCs was determined by UV-vis spectroscopy, where the surface
plasmon absorbance maxima can be observed at around 420 nm from the UV-vis
spectrum (Fig. 3a). This peak corresponds with what is expected of silver nanoparti-
cles [7]. FTIR spectrum suggested that silica remained intact after its encapsulation
with silver due to similar peaks (Fig. 3c). The AgNCs synthesized were uniform and
spherical in shape, with a small particle size of around 100 nm (Fig. 3e). This was
further supported by the DLS results, where the average hydrodynamic diameter of
AgNCs was around 100 nm. DLS also showed a single peak, with little aggregation,
which made the AgNCs ideal to be incorporated into polymers to form a homo-
geneous composite material (Fig. 3d). The as-synthesized AgNCs were also more
stable than the silica nanocapsules as the former could withstand higher levels of
dilution cycles before reaching its critical micelle concentration (Figs. 3b and 1b).
This excellent colloidal stability could be attributed to the hydrophilic PEO chains of
F127 in the AgNCs, which increased the water solubility and decreased non-specific
protein adsorption.

The antibacterial property of AgNCswasmeasured by comparing bacteria growth
in cell culture mediums with no AgNCs, as well as with AgNCs of various concen-
trations. Based on the results, it was evident that the AgNC had a dose-dependent
antibacterial effect, albeit limited in its inhibition of the bacterial growth. Notably, it
was only able to prevent 47.1% of bacteria growth after two day exposure to a 40%
nanoparticle concentration (Fig. 3f). Thiswas likely because theAgNCs had not been
converted into free silver ions, which would otherwise have a stronger antibacterial
effect [8]. Hence, this further justified the design a biomaterial that allowed a stimuli
controlled release of Ag+ ions.

Fig. 3 Properties of AgNCs. a UV-Vis spectrum. b Stability results. c FTIR spectrum. d DLS
results. e Morphology and size. f Antibacterial properties
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4.4 Incorporation of AgNCs into PVA Film to Form
Composite Biomaterial

PVA was chosen as it is biodegradable, cheap to make and has low cytotoxicity,
thus making it suitable for medical usage [9, 10]. It has also been widely used as a
wound dressing due to its ability to provide a suitable environment for quick healing
[11]. After 3 freeze-thaw cycles during the processing of PVA films, only PVA films
synthesized using 99+% hydrolyzed PVA formed the films successfully (Refer to
Appendix 4 for images of the films). Thus for the subsequent test for their acidic
response behavior, only PVAfilms synthesized using 99+% hydrolyzed PVA, ofMW
1–30,000 and MW 85,000–124,000 were used for experimentation.

The PVA films were observed to decolorize from brown to near colorless after
immersing overnight in HNO3 for all 3 experimented concentrations (Fig. 4b). This
indicated the successful conversion of AgNCs to Ag+ ions, stimulated by the acidic
medium. Hence, HNO3 could be used as the basis for the design of antibacterial
material that can respond to acidic conditions for a slow release of Ag+ ions for
sterilization purposes.

However, qualitative analysis of the supernatant with sodium chloride yielded
negative results as no white precipitate was observed, suggesting that instead of
being dissociated into the surrounding aqueous acidic medium, the Ag+ ions were
most probably trapped inside the PVA polymer matrix. Subsequent SEM analysis of
the air-dried PVA films (Fig. 4a) confirmed that the AgNCs and any silver complex
formed were indeed entrapped in the PVA polymer matrix.

This holds much potential in pharmaceutical applications. Since PVA films are
known to have high water intake that allows them to absorb fluid from the wound
site [11], the embedding of AgNCs in this polymer matrix kills bacteria and other
microorganism that has been absorbed from the wound, preventing the growth of
bacteria after being entrapped in the matrix. This keeps the wound sterile, thereby
enhancing the property of PVA film as an ideal wound dressing.

Fig. 4 Properties of PVA film. a SEM image of transverse section of PVA film. b Shown left to
right, PVA film incorporating AgNC, before immersion in HNO3 (1 M), after immersion in HNO3
(1 M)
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4.5 Incorporation of AgNCs into F127 Hydrogel to Form
Composite Biomaterial

F127 was chosen as it is a Food and Drug Administration (FDA) approved thermore-
sponsive polymer, which can be explored for various unique applications while being
safe for medical use [11]. It is also regarded as an effective drug delivery material,
thus making it ideal for medical usage [12]. As such, the incorporation of AgNCs
into the F127 hydrogel would allow for a safe and effective delivery of the silver
ions.

It was observed that the hydrogels formed using 18%, 20%, 22% and 24 wt%
F127 could undergo the transition to solid hydrogel at room temperature (25 °C)
(Refer to Appendix 5 for images of the hydrogels). Hence, these concentrations of
F127 used were less ideal for bioapplication, as the intended sol-to-gel transition
was to be induced at around 37 °C, the average body temperature. On the other
hand, the hydrogel synthesized using F127 of 16 wt% turned to solid gel at 37 °C
within 1–2 min, while transitioning reversibly back to liquid solution at 25 °C within
10 min (Refer to Appendix 5 for image of the hydrogel). This ensured that the F127
hydrogel acted as an effective reservoir of AgNCs that could be both stored and used
conveniently.

However, after immersion into HNO3 maintained at 37 °C, the 16 wt% F127 gel
reverted back to solution form, suggesting that F127 was unable to remain in gel
form in extreme pH. In this regard, the F127 hydrogel could be treated as a lotion
when exposed to extreme pH instead of a gel. From visual inspection (Fig. 5a),
and analyzing the aliquots taken at regular 12-h intervals using ICP-MS, the F127
hydrogel was seen to be able to release silver ions at a slow, sustained rate (Fig. 5b),
aligning with the goals of the project.

Fig. 5 Release of Ag+ ions from F127. a Left to right, picture of gel before and after immersion in
HNO3. b Release profile of Ag+ in HNO3 and DI water, adjusted by treating the amount released
in HNO3 at 60-h as 100% released
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5 Results and Discussion

From the experiments conducted, it can be seen that the silver-silica nanocapsules
were a stable antibacterial agent that could be easily incorporated into common
polymers, to be further used in various applications. Its colloidal stability arose from
the presence of hydrophilic PEO chains of F127 which enabled the AgNCs to have
excellent antifouling behavior, and also avoided aggregation for a homogenous distri-
bution within different materials. Explored applications include a thermoresponsive
hydrogel or a bandage-like film, both of which were helpful in sterilization and
to prevent bacteria growth. The incorporated AgNCs were also able to respond to
an acidic stimuli within the materials chosen, thus allowing for a more controlled
and sustained release of Ag+ ions for bactericidal purposes, greatly enhancing its
antibacterial effects.

Due to time constraints, the PVA film and hydrogel were not tested with bacteria
cultures under acidic conditions. Futurework can involve testing for the effectiveness
of the materials in preventing bacterial growth in actual bacterial cultures in an acidic
medium.

Appendices

Appendix 1: Synthesis of Silica Nanocapsules

See Fig. 6.

Fig. 6 Diagram showing the formation of micelle and subsequently the silica nanocapsule [13]
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Table 1 Variations of glucose concentration for samples g1 to g5 to find the optimal glucose
concentration

Sample Concentration of glucose (mg/mL) in total reaction volume

g0 40.00

g1 20.00

g2 10.00

g3 5.00

g4 2.50

g5 1.25

The glucose solutions (1 mL) were added to the silica nanocapsules (1 mL) and silver complex
[Ag(NH3)2]+ (1 mL), and left to agitate for 2 days

Table 2 Variations of reagents amount for reactions A1 to A7 to find the optimal glucose amount,
based on the optimum glucose concentration of 10 mg/mL, as determined in Table 1

Sample Mass of
glucose (mg)

Volume of
deionized
water (mL)

Volume of
silica
nanocapsules
(mL)

Volume of
silver complex
[Ag(NH3)2]+

(mL)

Total reaction
volume (mL)

A1. 25.0 0.5 1.0 1.0 2.5

A2. 30.0 1.0 1.0 1.0 3.0

A3. 40.0 2.0 1.0 1.0 4.0

A4. 60.0 4.0 1.0 1.0 6.0

A5. 100.0 8.0 1.0 1.0 10.0

A6. 150.0 13.0 1.0 1.0 15.0

A7. 200.0 18.0 1.0 1.0 20.0

Appendix 2: Variation of Reaction Conditions to Synthesize
AgNCs

See Tables 1, 2, 3 and 4.

Appendix 3: Response of AgNCs to Acidic Conditions

See Fig. 7.
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Table 3 Variations of the reagents amount for samples 1 to 9 to find the optimal silica nanocapsule
concentration

Sample Mass of
glucose (mg)

Volume of
deionized
water (mL)

Volume of
silica
nanocapsules
(mL)

Volume of
silver complex
[Ag(NH3)2]+

(mL)

Total reaction
volume (mL)

1. 30.0 1.0 1.0 1.0 3.0

2. 30.0 0.0 2.0 1.0 3.0

3. 40.0 2.0 1.0 1.0 4.0

4. 40.0 1.0 2.0 1.0 4.0

5. 40.0 0.0 3.0 1.0 4.0

6. 50.0 3.0 1.0 1.0 5.0

7. 50.0 2.0 2.0 1.0 5.0

8. 50.0 1.0 3.0 1.0 5.0

9. 50.0 0.0 4.0 1.0 5.0

The mass of glucose added was also varied in accordance to the total reaction volume so as to fix
at the optimal glucose concentration of 10 mg/mL

Table 4 Variations of the
silver complex concentration
for samples A1 to A4

Sample Concentration of silver complex (mg/mL)

A1 20.0

A2 10.0

A3 5.0

A4 2.5

B1 80.0

B2 40.0

B3 20.0

The silver complex [Ag(NH3)2]+ (1 mL) was added to the silica
nanocapsules (1 mL) and glucose solutions (1 mL) at their respec-
tive optimum concentrations, then left to agitate for 2 days

Fig. 7 Shown left to right,
image of AgNCs (s)
immersed overnight in 1 M
HNO3, 1 M acetic acid and
deionized water respectively
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Fig. 8 Results of the composite biomaterials formed from different types of PVA (shown left to
right: (i) 80% hydrolyzed, MW 9000–10,000, (ii) 87–89% hydrolyzed, MW 30,000–50,000, (iii)
99+% hydrolyzed, MW 1–30,000, and (iv) 99+% hydrolyzed, MW 85,000–124,000), where only
the latter two were formed successfully after 3 freeze-thaw cycles

Appendix 4: Incorporation of AgNCs into PVA Film to Form
Composite Material

See Fig. 8.

Appendix 5: Sol-to-Gel Transition of F127 Hydrogel
at Different wt%

See Figs. 9 and 10.

Fig. 9 F127 hydrogels of 18
and 20% F127 at 25 °C,
observed to be in gel state
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Fig. 10 F127 hydrogel of
16% F127 after heating up to
37 °C in a warm water bath
for 1–2 min, observed to be
in gel state
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