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Abstract: Triangular silver nanoplates (TSNPs) exhibit unique optical and antimicrobial properties
due to their shape, sharp edges, and vertices. In this study, TSNPs were incorporated into biopolymer
blends (bacterial cellulose (BC) with polylactic acid (PLA), polycaprolactone (PCL), and polyhydroxy-
butyrate (PHB)). Antimicrobial activity of materials was tested against Escherichia coli ATCC 95922 and
Staphylococcus aureus ATCC 25923 (106 CFU/mL). After incubation (24 h at 37 ◦C, 100 rpm), optical
density was measured at 630 nm. In order to assess biosensing applications, specifically fibronectin
(Fn) behavior, TSNPs were protected with gold (AuTSNP) and analyzed via sucrose sensitivity
test and monitored by localized surface plasmon resonance (LSPR). Additionally, AuTSNPs were
coated with polyethylene glycol (PEGAuTSNP). Fibronectin functionalization of PEGAuTSNPs and
pH-conformation was monitored (FnPEGAuTSNP). Eventually, adequate Fn and anti-Fn antibody
concentrations were determined. BC/PHB/TSNPs showed antimicrobial activity against E. coli and
S. aureus with 80 and 95% of growth inhibition, respectively. The sucrose sensitivity test indicated
that the LSPRλmax of the spectra is directly proportional to the sucrose concentration. LSPRλmax of
Fn-PEGAuTSNPs at pH 7 and pH 4 were measured at 633 and 643 nm, respectively. A total of 5 µg of
Fn was determined to be adequate concentration, while 0.212 mg/mL of anti-Fn antibody indicatied
system saturation.

Keywords: nanoparticles; silver; triangular silver nanoplates; biosensing; antimicrobial; biopolymers;
fibronectin

1. Introduction

The potential applications and synthesis procedures of nanoscale materials were
extensively investigated [1–3]. Humans began using metallic nanoparticles (NPs) in ancient
times, though were not fully aware of their nature. The earliest examples of NPs in
a practical application date back to Mesopotamian and Egyptian cultures when they
used metals in the fabrication of glass. Through history, this technique was used and
improved, mainly for decorative purposes, allowing glass staining in a variety of colors
due to the plasmonic properties of the NPs [4]. While gold nanoparticles were extensively
utilized for several decades, the application of silver nanomaterials with similar potential is
considerably restricted due to certain seemingly unfavorable characteristics, such as their
susceptibility to be quickly oxidized in the presence of halide ions [5].

Silver (Ag) is one of the most attractive metals for the synthesis of nanoparticles
because of the wide range of applications derived from its properties. Attributes such as
its malleability, conductivity, ductility, resilience, rareness, and antimicrobial properties
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made it valuable and convenient for several everyday life purposes through ancient and
modern times. The most common applications of Ag include optoelectronics [6], water
disinfection [7], diagnostics [8], anti-cancer therapeutics [9], biomedical technologies [10],
drug-gene delivery [11], energy science [12], and clinical anti-bacterial purposes, etc. [13,14].
The increasing list of practical uses found for Ag and its NPs present it as highly valuable
for current and future technologies and applications. In recent years, there was signifi-
cant attention focused on enhancing the controlled synthesis methods for triangular silver
nanoplates (TSNPs), primarily due to the widespread utilization of these nanoplates in
diverse fields, such as surface-enhanced Raman scattering (SERS) detection and the pro-
duction of antifungal nanocomposites [15]. Due to their shape, sharp edges, and vertices,
TSNPs are proven to exhibit distinctive optical and antibacterial properties [16,17]. In com-
parison to other nanoparticles, TSNPs garnered significant interest due to their ability to
tune SPR bands over a wide range by controlling the aspect ratio of the particles [18]. More-
over, the enhanced antimicrobial activity of TSNPs in comparison to spherical nanoparticles
is proven to be a consequence of their unique morphology, allowing easier attachment
and penetration into the cell membrane and provoking bacterial death [19]. After bacterial
membrane damage, the mechanism proposed for antimicrobial action is connected to the
formation of reactive oxygen (ROS) and free radical species in high levels inside of the
bacteria, inducing their death [20]. Additionally, colloidal stability of NP was proven to
play a significant role in antimicrobial action. Controlled growth and ambient media used
are critical points for TSNP antimicrobial activity [21].

Silver nanoparticles (AgNP) amalgamated materials are currently used in a range
of different applications, including improving electrical and thermal conductivity, water
treatment, antimicrobial medical materials, and sensing materials for diagnosis, among
others [22]. In the specific case of TSNPs, there are only a limited number of reports of
their incorporation into other materials for different applications, and the exploration of
the antimicrobial activity of said materials is even more limited. Dispersion of triangular
silver nanoprisms in an aqueous acrylamide matrix was reported. The dispersion showed
highly tuneable optical properties, and was used as a carrier liquid for a fluorescent dye in
the fabrication process of poly(acrylamide) microparticles [23]. Additionally, dispersion of
triangular silver microplates in a polyvinylidene fluoride matrix for the improvement of
electrical conductivity was reported by [24]. Zhang et al. (2013) fabricated a composite of
a TSNPs and chitosan, which significantly enhanced the sensitivity as a surface plasmon
resonance (SPR) biosensor [25]. Dithiocarbamaete-stabilized TSNP were used to obtain
nanocomposites with polythiophene-derived nanoparticles, in order to obtain a stable sys-
tem that could be used for applications in catalysis, biosensing, electronics, and optics [26].
The synthesis of solid silver/polyvinylpyrrolidone/polyacrylonitrile nanocomposite films
with triangular silver nanoprisms was also reported, taking advantage of their optical
absorption spectra to increase the efficiency of photothermal conversion in the polymer
matrix, expecting this material to be used in applications such as absorbing materials for
solar collectors [27]. Djafari et al. (2019) compared the antimicrobial activity of TSNPs with
different polymeric coatings (such as silica, PVP, or mercaptohexadecanoic acid), and found
that the surface charge of the selected polymeric coating has an effect on the antimicrobial
efficacy of TSNPs towards Gram-positive or Gram-negative strains [28]. Similarly, Vo
et al. (2019) studied the feasibility of a gelatin–chitosan coating on the synthesis of TSNPs
and evaluated their antimicrobial activity, which was higher than other AgNP morpholo-
gies [29]. A chemical method for synthesis of TSNPs and posterior ex situ incorporation
into polyvinyl alcohol (PVA) was also reported. Potential applications of this method
include dichroic materials and antimicrobial materials, but the antibacterial effects were
not evaluated during this study [30]. As the applications for TSNPs can be diverse, their
incorporation into polymers for purposes such as improvement of electrical conductivity,
thermal conductivity, and biosensing were explored, but there is still a lack of research
about their integration into plastics for antimicrobial purposes.
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With regard to application in diagnostics, noble metal nanoparticles such as Ag and
Au particles exhibit localized surface plasmon resonance (LSPR) in the visible region of
the electromagnetic spectrum, making them attractive for sensing applications, as changes
can even be detected with the naked eye in some cases, making detection faster, easier, and
inexpensive [31]. LSPR is an optical phenomenon that uses the sensitivity of these plasmons’
frequency to change the local refractive index at the nanoparticle surface, emerging as a
highly sensitive label-free biosensing technique [31]. This presents the LSPR technique as
a powerful tool for optical biosensing applications in a range of areas, including biology,
biochemistry, and medical sciences, with the potential to be used as portable devices for
diagnosis and easy-to-use point-of-care (POC) device platforms [32,33]. In biosensing
applications, the nanoparticles’ LSPR is used to detect changes in the position of the
LSPR bands where the position depends on the nanoparticles’ shape, size, uniformity,
composition, dielectric environment, local refractive index, and separation distance of
NPs [34–37]. To date, several silver nanostructures with high refractive index sensitivities
were reported, such as nanorice, nanobipyramids, nanorings, triangular silver nanoplates
(TSNPs), and edge gold-coated silver nanoprisms [38]. Among these diverse nanostructures,
TSNPs exhibit attractive tunable plasmonic properties due to their sharp corners, and their
optical profile displays the strongest and sharpest peaks among all metals [36]. AgNPs
are particularly attractive because among all metals, silver possesses the greater scattering
cross-section, which means a higher probability of interaction between radiation and
the target [39]. Consequently, AgNPs show the most intense plasmonic interaction with
incident light, compared to other metallic NPs [40]. Due to their properties, AgNPs are
recognized as efficient optical sensors for pesticide residues detection [41]. Moreover, the
nanostructure of silver nanoparticles decorated on gold nanoparticles was reported as a
sensitive medium for localized surface LSPR biosensing applications [42].

TSNPs are already being used as biosensors in research. For instance, Zhang et al.
(2014) used a cytidine 5′-diphospocholine-coated TSNP and AuTSNP (gold-coated TSNP)
for detection of C-reactive protein, an inflammatory marker [38]. Brennan-Fournet et al.
(2015) successfully detected conformational changes in fibronectin, a protein related to
tumor growth and cell survival, using AuTSNPs [43]. Rodriguez Barroso et al. (2023) moni-
tored fibronectin behavior overtime within different complex cellular environments [44].
Vinayagam et al. (2018) built a nanoprobe by conjugating single-strand DNA to the TSNP
surface, for specific detection of dengue virus [45]. Cai et al. (2017) proposed a TSNP-AuNP
nanoconjugate that allows detection of glucose due to LSPR changes caused by TSNP
etching [46]. Fang et al. (2017) also applied TSNP etching color changes in the design of a
colorimetric method for the detection of dopamine, which possesses a high affinity to Ag
and formed a protective coating against chlorine [47]. A similar approach for the detection
of mercury (Hg(II)) was reported, taking advantage of Ag/Hg amalgam formation to
protect the TSNP from the effects of chlorine [48]. A slightly contrasting method reported
by Furletov et al. (2017), measured the reduction in TSNP color intensity after the addition
of Hg(II) alone, attributing such changes to both oxidation by Hg+2 ions and amalgam
formation [49].

The inconsistent findings regarding the antibacterial and biosensing applications of
TSNPs can be attributed to the absence of convenient fabrication methods for producing
well-defined anisotropic particles with distinct morphologies, as well as the variations
in fabrication approaches employed across different studies. In this study, following up
on our previous work, we aimed to prove that our TSNP preparation method can be
used for successful incorporation into biopolymer blends (bacterial cellulose (BC) with
polylactic acid (PLA), polycaprolactone (PCL), and polyhydroxybutyrate (PHB)), showing
high potential for a broad spectrum of applications. Additionally, we investigated potential
applications of these nanoplates in biosensing, specifically fibronectin (Fn) conformational
behavior within dynamic environments and the detection of this protein with its antibody
conjugate, Anti-Fn.
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2. Materials and Methods
2.1. Materials

HPLC-grade ultrapure water (34877-2.5L), sodium citrate tribasic (C8532-100G) [TSC],
poly(sodium 4-styrenesulfate) (434574-5G) [PSSS], sodium borohydride (213462-25G) [NaBH4],
silver nitrate (204390-10G) [AgNO3], L-ascorbic acid (A92902-25G) [AA] and O-[2-(3-
mercaptopropionylamino)ethyl]-O’-methylpolyethylene glycol (11124-1G-F) [SH-PEG],
gold (III) chloride trihydrate (520918-1G) [HAuCl4], disodium phosphate buffer (30414-
500G) ≥99.9–101%, sodium phosphate monobasic monohydrate (71507-1KG), fibronectin
bovine plasma [1 mg/mL] (F4759-1G), polyethylene glycol 20000 (8.17018), sucrose (84097-
1KG), and anti-Fn antibody (AV41490-100UL) were obtained from Sigma-Aldrich. The
FRX pump from Syrris was used for the addition of AgNO3 in the original method and
LP-BT100-1F Peristaltic Dispensing Pump with YZII15 pump head and Tygon LMT-55
Tubing (SC0375T) from Drifton (Hvidovre, Denmark) was used for the scaled-up method.
Polycaproplactone (PCL) CAPA 6250 was obtained from Perstorp. Ingeo™ polylactic acid
biopolymer PLA 4044D was obtained from NatureWorks LLC. PHB (P226) was obtained
from Biomer.

2.2. Synthesis of TSNP

The TSNP solution method was adapted from a previously reported seed-mediated
approach [50], consisting of a step for seed production and a subsequent step for TSNP
growth. Briefly, 5 mL of TSC (2.5 mM), 0.25 mL of PSSS (500 mg/L), and 0.3 mL of NaBH4
(10 mM) were mixed, followed by the addition of 5 mL of AgNO3 (0.5 mM) at a rate of
2 mL/min on constant stirring for the formation of the seed solution. For the TSNP growth,
4 mL of distilled water, 0.075 mL of AA (10 mM), and 0.35 mL of seed solution were mixed,
followed by the addition of 3 mL of AgNO3 (0.5 mM) at a rate of 1 mL/min with constant
stirring. Finally, 0.5 mL of TSC (25 mM) was added, for a TSNP solution with a final Ag
concentration of 21.34 ppm. The chemical reaction occurs as follows [51]:

AgNO3 + NaBH4 → Ag + 1/2H2 + 1/2B2H6 + NaNO3.

Afterwards, in the growth step, the spherical Ag seeds can react with new Ag+ ions in
the presence of ascorbic acid and citrate ions, forming the TSNP. The chemical reaction can
be explained as follows [52]:

(Spherical NPs) + Ag+ + C6H8O6
C6 H5 Na3O7→ TSNP.

TSC was added at the end of the synthesis to stabilize the nanoplates.
Increased concentration of NPs is desired to aid treatment for the intended TSNP-

polymer processing. A reduction of 20% of water for the synthesis was successfully
achieved without negatively affecting the results. Different volumes ranging between 0.2
and 0.7 mL were used until 0.35 mL eventually became the standard. Consequently, the
adapted method consists of mixing 4 mL of water, 0.075 mL of AA (10 mM), and 0.35 mL of
seed solution (25.56 ppm of Ag), followed by the addition of 3 mL of AgNO3 (0.5 mM) at a
rate of 1 mL/min. Finally, 0.5 mL of TSC (25 mM) are added when the reaction is finished,
resulting in a final Ag concentration of 21.34 ppm and a volume of 8 mL. Noticeably, upon
adding AgNO3, the color starts changing from yellow to shades of orange, then shades of
red, then purple, and finally takes on a dark blue color, as demonstrated in Figure 1.

Scale-Up of TSNP Production

Unlike the original method where a smaller pump was used, the LP-BT100-1F Peri-
staltic Dispensing Pump with a YZII15 pump head and Tygon LMT-55 Tubing (SC0375T),
provided by Drifton, were used for the addition of AgNO3. The production of TSNP
solution was scaled up to a final volume of 300 mL. To achieve this without affecting
the synthesis reaction and the final properties of the TSNP, all the volumes and the rate
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for addition of AgNO3 were increased proportionally for both the seed solution and the
TSNP growth reaction. Thus, to prepare 20 mL of seeds: 8.53 mL of water, 0.95 mL of
TSC (25 mM), 0.47 mL of PSSS (500 mg/mL), and 0.57 mL of NaHB4 (10 mM) are mixed,
followed by the addition of 9.48 mL of AgNO3 (0.5 mM) at a rate of 3.79 mL/min. After 4 h,
the seeds can be used in the second step of the reaction, mixing 150 mL of water, 2.81 mL
of AA (10 mM), and 13.12 mL of seed solution (25.56 ppm), followed by the addition of
112.5 mL of AgNO3 (0.5 mM) at the rate of 37.5 mL/min, then 18.75 mL of TSC (25 mM)
was added after reaction was finished.

Figure 1. Seed solution (left) and TSNP solution (right).

A method of water evaporation was used to further increase the concentration of
TSNP in the produced solution. A total of 300 mL of the TSNP solution were kept inside
the oven at 40 ◦C for 8 days, until approximately 50% of the water volume was evaporated.
UV-Vis spectrum of the solution was recorded before and after heat treatment to monitor
the stability of the geometry and optical properties of the TSNP through LSPR. Estimated
concentration of the solution after evaporation was 42.64 ppm of atomic silver.

2.3. BC/PHB Blends Preparation

PHB powder, PCL pellets, and PLA pellets were, respectively, dissolved in chloroform
to make solutions containing 40 g/L of each polymer. BC production was achieved using
Komagateibacter medelinensis ID13488 as described in Garcia et al. (2022) [53].

Stripes of 1 × 10 cm of BC were cut and each sample was immersed in 30 mL of
polymer solution inside 50 mL Falcon tubes. Tubes containing the samples were incubated
overnight at 30 ◦C and 120 rpm in a horizontal position. After incubation, the films were
removed from the solution and left inside the waste fume hood for at least 4 h to allow
complete evaporation of the chloroform. The films were immersed in 20 mL of distilled
water and autoclaved (121 ◦C, 15 min) prior to the test of antimicrobial activity.

The obtained BC blends were cut in 1 × 2 cm pieces and each piece was fully im-
mersed into 5 mL of TSNP solution with the highest concentration obtained after the water
evaporation method (42.64 µL/mL) and incubated overnight at 30 ◦C with agitation on
a horizontal platform (100 rpm). Afterwards, films were removed from the solution and
dried overnight at 60 ◦C. To estimate the amount of TSNP absorbed from the solution into
the BC materials, the UV-VIS spectrum reading of the solution was measured before and
after the immersion and incubation, and the difference in the absorbance at the peak of
the spectrum, between the initial and final solution, was observed. A calibration curve
with dilutions of the TSNP solution was used to obtain an estimation of the resulting
concentration based on absorbance.

Scanning electron microscopy (SEM) images were obtained using Mira XMU SEM
(Tescan™, Brno, Czech Republic) in back scattered electron mode for surface analysis. The
accelerating voltage used was 9 kV. Prior to analysis, tested samples were placed on an
aluminum stub and sputtered with a thin layer of gold using the Baltec SCD 005 for 110 at
0.1 mbar vacuum.
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Evaluation of Antimicrobial Activity

The antimicrobial activity of all derived materials was evaluated against E. coli ATCC
95922 and S. aureus ATCC 25923 in Luria-Bertani (LB) broth (10 g/L tryptone, 10 g/L
NaCl, and 5 g/L yeast extract, pH 7.2). Overnight cultures of the bacteria were diluted
to a concentration of 108 CFU/mL to be used as pre-culture. Dried BC films (10 mg of
each specimen) were immersed in fresh LB broth and inoculated with 1% (v/v) from pre-
culture, for a final concentration of 106 CFU/mL of bacteria. Untreated materials were
used as negative control. After incubation for 24 h at 37 ◦C and 100 rpm, BC films were
removed from the cultures and optical density (OD) of the cultivated broth was measured
at 630 nm using a Biotek Synergy HT microplate reader (Biotek Instruments GmbH, Bad
Friedrichshall, Germany). Growth percentage was calculated using the following equation
(Equation (1)).

Growth Percentage =

(
Absorbance of tested sample

Absorbance of positive control

)
× 100 (1)

2.4. Evaluation of TSNP Application in Biosensing and Diagnostics
2.4.1. TSNP Gold Coating

Nanoplate protection against etching by chloride ions present in physiological envi-
ronments was achieved by covering the edges of the nanoplates with gold to keep their
plasmonic resonance properties. Gold edge coating of the TSNP was carried out following
the method reported by [44], consisting of the use of 20 µL of 0.5 mM HAuCl4 salt and
18.9 µL of 10 mM ascorbic acid per 1 mL of TSNP solution. In this method, there is a
reduction in AuCl4 and inhibition of Ag oxidation at the surface of the TSNP, resulting in
the deposition of a thin layer of gold in the edges of the TSNP due to galvanic replacement.

2.4.2. AuTSNP Sucrose Sensitivity Test

Assessment of the AuTSNPs performance as nanobiosensors was analyzed through
a sensitivity test (sucrose test) adapted from [54] by changing the refractive index of the
nanoplates’ local environment. A range of AuTSNP volumes were suspended in a 1:1
ratio to different concentrations of sucrose solutions (10%, 20%, 30%, 40%, and 50% (w/v)
in ultrapure water), increasing the refractive index as the sucrose concentration rises.
UV-Vis spectrum measurements of each sample were recorded to observe changes in the
LSPR spectra.

2.4.3. Polyethylene Glycol Coating of AuTSNP

To secure nanoplate extra protection against the physiological environment for biosens-
ing assays, AuTSNPs were coated with polyethylene glycol (PEG). One of the most re-
searched polymers for coating or stabilizing nanoparticles is polyethylene glycol. Public
health agencies granted approval for the use of this biocompatible, neutral, and hydrophilic
polymer in biomedical and pharmaceutical applications [37]. The AuTSNP solution was
centrifuged at 16,000 rpm at 4 ◦C for 40 min and the clear supernatant was discarded. The
blue pellet of the nanoplates was resuspended with a 0.01% solution of PEG 20,000 at a 1:1
AuTSNP-PEG ratio.

2.4.4. Fibronectin Functionalization of PEGAuTSNP and pH-Conformation Monitoring

AuTSNPs were used to monitor fibronectin (Fn) conformational changes induced
under different pH conditions. As described by [43], Fn has a compact, folded conforma-
tion under physiological buffer conditions (pH 7.4), but is extended at a more acidic pH.
Disodium phosphate buffer (pH 4) and phosphate buffer (pH 7) were prepared to induce
Fn conformational transitions. Phosphate buffer NaH2PO4, 0.2 M at pH 4.16 was prepared
by dissolving 3.12 g of NaH2PO4 in 100 mL of NaCl 0.2 M. To prepare the buffer at pH
7.23, 40.5 mL Na2HPO4 0.2 M, 9.5 mL NaH2PO4 0.2 M, and 50 mL of ultrapure water were
mixed. Both buffers were diluted to 0.01 M before use.
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PEG-coated AuTSNPs were functionalized with Fn by incubating 25 µg of Fn (1 mg/mL)
with 50 µL of PEGAuTSNPs. Upon functionalization, 37.5 µL of Fn-PEGAuTSNPs were
incubated with 200 µL of phosphate buffer pH 7.2 and pH 4.1, respectively. UV-Vis
measurements were performed to record the protein structural changes.

2.4.5. Determination of Adequate Fn Concentration

To ensure successful coating of the nanoplates: 1 µg, 5 µg, 8 µg, 10 µg, and 15 µg of
Fn (antigen Ag) were added to different 1 mL aliquots of PEGAuTSNPs and analyzed in a
96-well plate to observe the minimum volume required to observe a difference in the LSPR
spectrum, and 1 µg of anti-Fn antibody (Ab) was added to each of the scanned samples
after the first reading and analyzed again to observe shift differences upon antibody–
antigen binding.

2.4.6. Determination of Adequate Anti-Fn Antibody Concentration

Varied concentrations of antibody were added to a sample of Fn-PEGAuTSNPs to
determine the limit of detection (LOD) of the Ag-Ab system. A total of 5 µg of Fn was
incubated with 1 mL of PEGAuTSNP. A sample of 99 µL of Fn-PEGAuTSNPs was placed
in a well of a 96-well plate and 1 µg of anti-Fn antibody was added and analyzed in
the microplate reader. Subsequently, 2 µg, 4 µg, 6 µg, 8 µg, 10 µg, 12 µg, and 14 µg of
anti-Fn antibody were added to the well and readings were performed between each
concentration. The experiment was performed in the same well to avoid variations and
preserve uniformity.

3. Results
3.1. Synthesis of TSNP

Figure 2 shows the normalized UV-Vis spectrum of the seeds and the TSNP prepared
using 200 µL of seeds, and afterwards with the modified method (with 350 µL seeds) for
increased concentration. TSC and PSSS were used as stabilizers for the seed production,
and both were reported to aid the formation of the nanoplates. It is postulated that
citrate ions and PSSS (being a charged polymer), bind to the surface of the face of the
particles, promoting growth of the NPs in a triangular plate shape [5,50]. When the
TSNP synthesis procedure was modified, the amount of silver in the nanoplate solution
increased to 21.962 ppm, which led to a narrower LSPR spectrum of ~115 FWHM showing
homogeneity of the TSNP with edge lengths around 20–25 nm [38,50] (Figure 2). The
triangular morphology of the TSNP prepared through this method was evaluated using
TEM on a previous study performed by our team (Figure 3), where the same synthesis
method for the TSNP was used [55].

Figure 2. (A): UV-Vis spectrum of Ag seeds and TSNPs (200 µL seeds), (B): UV-Vis spectrum of Ag
seeds and TSNPs prepared with the optimized method (350 µL seeds).
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Figure 3. Transmission electron microscopy (TEM) images of (a) single TSNP and (b) multiple TSNP.
Adapted from a previous study [55].

3.2. Scale-Up TSNP Production and Increase in Concentration via Thermal Evaporation

Figure 4 shows the normalized UV-Vis spectrum for the scaled-up TSNP solution.
LSPR peak wavelength is 584 and FWHM of 112 nm (635–523 nm). Although there is
a small blue shift in the peak and a small reduction in FWHM compared to the results
obtained from smaller volumes, these differences are not expected to represent a reduction
in antimicrobial activity or in the stability of the nanoparticles, hence, the scale up method
is considered functional. Figure 5 shows the resulting UV-Vis spectrum of TSNPs (21.34
ppm) before evaporation, with an LSPR peak wavelength of 621 nm. After incubation, peak
wavelength presented a small blue shift to 617 nm and the concentration was estimated to
be approximately 43 ppm. FWHM also exhibited a change from 153 nm (707–554 nm) of
the original solution to 178 nm (722–544 nm). Considering the prolonged time inside the
oven, differences between both spectra were not significant and were not considered an
issue, as increasing the concentration is the principal objective of this method.

3.3. Integration of TSNP in Biopolymers for Enhanced Antimicrobial Activity
3.3.1. Preparation of BC Blends with the Addition of TSNP

Following previous examples of integrating TSNPs into polymeric matrices for an-
timicrobial purposes [53,55], blends of BC with PHB, PLA, and PCL were prepared. After
drying the BC/PHB blends, the amount of polymer incorporated into the BC was deter-
mined by weighing the dry BC and the films after immersion in the polymer solution.
For PHB, approximately 15% of the final weight was accounted for by the incorporated
polymer. In the case of PCL, this value was approximately 45%, while for PLA, it was
approximately 50%. The BC blends initially showed a milky and white color, but they
turned dark blue after immersion in the TSNP solution, corroborating the incorporation of
TSNPs into the materials. The amount of TSNPs absorbed by each film was calculated by
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measuring the maximum absorbance point on the spectrum of the TSNP solution before
and after the immersion and incubation of the BC materials. After contrasting the obtained
absorbance values with a calibration curve for the concentration of TSNPs, the amounts
absorbed by the materials were estimated as the difference between the initial amount in
the solution vs. the final amount after incubation. The average weight of incorporated
TSNPs was estimated to be approximately 200 µg for BC/PHB, 153 µg for BC/PCL, and
116 µg for BC/PLA, on each of the 1 × 2 cm pieces, respectively. Figure 6 shows that the
BC/PHB samples exhibited the most homogeneous blue coloration throughout the film
and they incorporated the largest amount of TSNPs compared to the blends with PLA
and PCL. Figure 7 shows the distribution of TSNP clusters on the surface of BC through
SEM images.
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Figure 6. Bare BC blends (white) and BC/TSNP blends (dark blue). (a) BC/PHB blends, (b) BC/PLA
blends, and (c) BC/PCL blends.

Figure 7. SEM micrographs of BC/TSNP films, showing distribution of TSNP clusters (white spots)
at (a) 115×magnification and (b) 1.29 kx magnification.

3.3.2. Antimicrobial Activity of BC Blends

The antimicrobial evaluation of the prepared BC blends was performed by incubating
the samples in inoculated broth, with E. coli and S. aureus as respective representatives
of Gram-negative and Gram-positive strains. The results for PCL, PLA, and PHB blends
incorporated with TSNPs can be observed in Figure 8. As it can be observed, the PCL and
PLA blends showed no significant antimicrobial activity against either of the tested strains,
even with the incorporation of TSNPs. Contrary to the results exhibited by the PLA and
PCL blends, the blend made with PHB showed significant antimicrobial activity against
both, E. coli and S. aureus strains after the incorporation of TSNPs. This is likely due to
the highly homogeneous absorption of TSNPs that was observed in the BC/PHB blends,
allowing for a visibly higher antimicrobial response compared to the other blends, which
absorbed a smaller amount of TSNPs.
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Figure 8. Results of antimicrobial evaluations for blends of BC with PLA, PCL, and PHB, incorporated
with TSNPs, as well as bare materials used as control.

3.4. Evaluation of TSNP Application in Biosensing and Diagnostics
3.4.1. TSNP Gold Coating and Protection Check

The adapted method by Zhang et al. (2014) [38] was used in this study for coating of
the TSNP, and the efficacy of the gold layer protection was evaluated with NaCl. Results
show a TSNP LSPRλmax recorded at 579 nm, and after gold coating, the LSPR showed a
red shift measured at 599 nm (Figure 9). Upon exposure to NaCl 20 mM, no blue shift in
the LSPR peak was observed.

Figure 9. UV-Vis spectrum of TSNPs, AuTSNPs, and AuTSNPs exposed to NaCl 20 nM (protection
check).
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3.4.2. Sensitivity Test

The sensitivity test changes the refractive index of the medium in which the AuTSNPs
are suspended, and can provide a measure of the nanoplates sensitivity without interfering
with their stability. AuTSNP solution was added to increasing concentrations of sucrose
solutions to evaluate the potential of the nanoplates for their use in sensing applications
when there is a variation in the nanoplates’ surrounding medium. Results (Figure 10) are in
agreement with the reported outcomes by Charles et al., where the LSPRλmax of the spectra
increases linearly as the sucrose concentration increases [54,56].

Figure 10. UV-Vis spectra of AuTSNPs suspended in a range of water–sucrose solutions.

3.4.3. Functionalization of FnPEGAuTSNPs and pH Monitoring

Prior to pH adjustment assays, AuTSNPs were coated with polyethylene glycol (PE-
GAuTSNP) to minimize contact between the Fn and the nanoplates’ surface to avoid
potential impact in the protein conformational behavior. Conformational changes in the
protein were monitored by suspending the Fn-PEGAuTSNP in two phosphate buffers at
pH 7.2 and pH 4.1, respectively. In Figure 11, the LSPRλmax of Fn-PEGAuTSNPs at pH
7 was measured at 633 nm; upon pH adjustment from pH 7 to pH 4, the LSPRλmax was
measured to be 643 nm.

3.4.4. Determination of Adequate Fn Concentration

Several concentrations of Fn were added to aliquots of PEGAuTSNPs to determine
the minimum amount of the protein to successfully cover the nanoplates and observe
differences in the spectrum. One µg of anti-Fn was added afterwards to analyze binding. As
reflected in Figure 12, changes in the spectra were observed with low concentrations of Fn.
Results show that when higher concentrations of the protein were added to PEGAuTSNPs,
longer red shifts were recorded as expected (Figure 12a). For all added concentrations of
Fn, a red shift in the λmax was observed upon addition of anti-Fn antibody (Figure 12b).
In Figure 12c, expanded results show that shorter red shifts are recorded in higher Fn
concentration samples once the anti-Fn antibody is added. This could be attributed to the
anti-Fn binding to the excess of free unattached Fn within the nanoplate solution.
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Figure 11. LSPR spectra of Fn-PEGAuTSNPs upon pH adjustment.

Figure 12. LSPR spectra of FnPEGAuTSNP samples (a) before and (b) after addition of anti-Fn
antibody with (c) shift differences in λmax upon addition of anti-Fn.

3.4.5. Determination of Adequate Anti-Fn Antibody Concentration

The limit of detection of the Ag-Ab system was determined by exposing a sample
of Fn-PEGAuTSNPs to increasing concentrations of anti-Fn antibody. As observed in
Figure 11b, there is evident red shifting as the concentration of anti-Fn increases, which
indicates intensifying binding of the antibody to the Fn functionalized nanoplates. There is
detection of Fn-anti-Fn binding with antibody concentrations as low as 0.01 mg/mL, and
shorter redshifts are recorded for the highest concentrations of antibody, indicating system
saturation from 0.212 mg/mL of the anti-Fn antibody (Figure 13a).
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Figure 13. (a) LSPR peak shift as a function of anti-Fn antibody concentration for Fn-PEGAuTSNPs
(b) LSPR spectra of Fn-PEGAuTSNPs upon addition of increasing concentrations of anti-Fn.

4. Discussion

It was established that different morphologies of AgNPs present different properties
to one another. They can be synthesized in a range of shapes, including spheres, rods, wires,
triangles, and cubes, each possessing unique characteristics. Spheres possess excellent
stability and dispersibility, while in the case of TSNPs and other nanostructures with sharp
geometries, it was observed that the tips can provide a greater electric field enhancement,
allowing optical properties to be more easily tuned and controlled [17]. Furthermore, the
same sharp edges and corners present in TSNPs make them more susceptible to oxidation,
resulting in a higher rate of Ag+ ions released compared to spherical NPs, resulting in a
higher antimicrobial activity [16]. In the solution form, color variations provide a visual
means to differentiate and identify the specific shapes of silver nanoparticles: spheres are
exhibiting yellow color while in the form of triangles the solution acquires a distinct blue
(Figure 1).

In the original protocol of [50] the concentration of silver is 16.692 ppm in the TSNP
solution, where results show broad localized surface plasmon resonances (LSPR) of more
than 130 nm full width at half maximum (FWHM) (Figure 2). The broad FWHM of the
TSNP spectrum can be attributed to the inhomogeneity of sizes and nanoparticle shapes in
the solution. This can reduce the nanoplate sensitivity, which is a critical property in TSNPs
when used in nanosensing applications [56]. The triangular morphology of the TSNP
prepared through this method was evaluated using TEM on a previous study performed
by our team (Figure 3), where the same synthesis method for the TSNP was used [55]. The
TEM images, the color, and the spectra readings of our TSNP solution come in accordance
to other studies that used similar seed-mediated methods to synthesize TSNPs [5,50,54].
An increase in the produced volume and in the amount of silver in the nanoplate solution
was achieved, and the resulting LSPR spectrum demonstrated that a reduced water amount
does not have an impact on the LSPR behavior of the TSNP (Figures 4 and 5). It was
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reported that high sensitivity of the TSNP LSPR is due to the high proportion of triangular
geometries and the platelet structure of the nanoparticles. Furthermore, compared to single
silver nanoparticles, the sensitivity is increased in highly organized silver nanoparticle
aggregates (in solution) [56].

Silver nanoplates emerged as a remarkable tool in the development of antimicrobial
materials, offering unique properties that make it a valuable asset in the fight against
microbial infections. Through the incorporation of silver into diverse materials, such as
coatings, textiles, and medical devices, significant advancements were made in the field of
antibacterial therapeutics [57]. Taking into consideration previously mentioned properties
and the lack of research on TSNPs for antimicrobial applications in polymeric materials,
studies were performed to evaluate their suitability as antimicrobial agents for polymers
and biopolymers. The TSNP synthesis method used in this study resulted in a highly
concentrated TSNP solution, which is desirable in order to include the TSNPs into polymer
processing. Using this method, the amount of water required to be removed was decreased,
while the number of nanoplates available for the process was increased. Incorporation
of TSNPs in biopolymer blends with a lower percentage of incorporated polymer (PHB)
resulted in higher absorption of the aqueous TSNP solution by the hydrophilic BC matrix
compared to the PLA and PCL blends that incorporated a higher percentage of polymer on
the BC. Previous studies also evaluated the integration of TSNPs into BC supplemented
with curcumin [53], as well as their integration into pure PCL and PLA using a solvent
casting method, resulting in improved properties of BC and biocompatible materials [55].
BC/PHB blends with TSNPs (Figure 6a) showed significant decrease in microbial growth
for both tested bacterial strains; this is attributed to the higher amount of absorbed TSNPs
compared to the PCL and PLA blends (Figure 8). These results come in accordance with
previous work on the incorporation of AgNPs into polymeric materials, where a higher
antimicrobial response is exhibited on the materials that are able to maintain a higher
rate of silver and Ag+ ions release [58]. Contrary to the previously reported study for
evaluation of the antimicrobial activity of TSNPs incorporated into polymeric materials
through solvent casting [55], the BC/PHB blend exhibited a higher antimicrobial response
towards the Gram-negative strain under the examined conditions.

Proteins are known to easily bind to gold and silver nanoparticles spontaneously.
It occurs through ionic or hydrophobic interactions [59]. Nanoparticles may be pre-
functionalized with specific proteins, which will determine which new protein will attach
to the newly formed NP-protein system [60]. According to Aherne et al., line widths of the
LSPR are reduced as the nanoplate volume increases, which improves sensitivity of the
nanoplates. Furthermore, a blue shift in the LSPR can be observed (from 600 to 530 nm)
upon silver seed volume adjustment, resulting in a size reduction of the nanoplates [50].
This can be advantageous for the use of TSNPs in biosensing, since it allows for a higher
range in which shifts in the spectrum can be easily detected within the UV-Vis range
(Figures 4 and 5). Unprotected TSNPs can be highly susceptible to degradation or etching
by catalytic oxidation in the presence of chlorine or other reactive ions. This can lead to
alterations of the geometry and structure of the TSNP, normally resulting in a substantial
blue shift in their spectrum and impairing their LSPR properties [38]. Different coatings
can be used to protect the TSNP structure; nonetheless, most coatings will also affect the
plasmonic response of the nanoparticles. A method used by [38] proved to successfully coat
TSNP edges with a layer of gold, providing the nanoparticles with protection from etching
while allowing them to maintain their plasmonic response and refractive index sensitivity.
Results of this study are in accordance to the results reported by the [38] deposition of
a thin layer of gold in the triangular nanoplate edges at low Ag:Au ratios, successfully
protecting the nanoplates without causing any structural damages associated with galvanic
replacement (Figure 9). Moreover, no major changes in the nanoplates’ optical properties
occurred besides an enhancement of its optical sensitivity. The LSPR spectrum at pH 4
was redshifted by 10 nm upon Fn extension due to a higher refractive index surrounding
the nanoplates. The presence of the compact protein strand on top of the nanoparticle
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surface occupies a larger surface area; however, it does not bulge from the surface more
than an elongated Fn strand, which can explain the shift in the spectrum. As presented
in Figure 10, sucrose sensitivity assay confirmed that LSPRλmax of the spectra directly
correlates to sucrose concentration [54,56]. In order to minimize any potential impact on
the protein’s conformational behavior, AuTSNPs were coated with PEG in order to avoid
any direct interaction between the nanoplates’ surface and the protein, thus reducing the
likelihood of any influence on its conformation. Conformational changes of the protein
were monitored by suspending the Fn-PEGAuTSNP in two phosphate buffers at pH 7.2
and pH 4.1 since Fn is known to change its structure upon pH variations (Figure 11).
Fn has an uncoiled conformation when in acidic or high salt conditions, whereas within
low salt conditions it shows a “coiled compact” conformation [61]. In previous studies
where Fn conformational changes are analyzed within different pH environments, Fn is
reported to have a hydrodynamic radius of 23 nm when compacted, and when it extends
the radius increases up to 130 nm for single Fn strands [43,44]. Fn can form much larger
strands as networks and fibrils can develop and be mediated within the extracellular matrix
(ECM) [62].

When it comes to determination of adequate concentration of Fn, as reflected in
Figure 12, changes in the spectra were observed with low concentrations of Fn. On the
other hand, Fn-anti-Fn binding with antibody concentrations as low as 0.01 mg/mL were
detected, and shorter redshifts are recorded for the highest concentrations of antibody,
indicating system saturation from 0.212 mg/mL of the anti-Fn antibody (Figure 13). This
correlates with the studies by Zhang et al. (2014) where cytidine 50-diphosphocholine
(PC)-coated AuTSNPs detect C-reactive protein (CRP) in concentrations as low as 0.0033
mg/L, showing the remarkable features of the AuTSNPs and their wide-ranging limits of
detection [38]. Detection limits for several other nanobiosensors were reported with ranging
limits between 0.8 and 40 ng/mL for gold nanoparticles and 12 pM for Cu nanoclusters,
among others [63].

This demonstrates the ability of AuTSNPs for their use as versatile and efficient
platforms for immunnoassays, opening up exciting possibilities for cutting-edge diagnostic
applications. Functionalization of these AuTSNPs with specific antibodies or antigens could
facilitate the detection and quantification of analytes. The integration of AuTSNPs into
immunoassay platforms has the potential to transform disease diagnosis and biomedical
research, providing a powerful tool for rapid detection of diseases with high sensitivity.

5. Conclusions

In conclusion, different morphologies of silver nanoparticles exhibit unique properties.
Spherical AgNPs are stable and dispersible, while triangular silver nanoplates with sharp
edges enhanced electric field enhancement and antimicrobial activity. The synthesis method
used in this study resulted in a highly concentrated TSNP solution, which is desirable
for incorporating TSNPs into polymer processing. TSNPs incorporated into biopolymer
blends, particularly BC/PHB blends, showed significant antimicrobial activity against
bacterial strains compared to blends with other polymers such as PCL and PLA. The
higher absorption of TSNPs by the hydrophilic BC matrix contributed to this antimicrobial
response. Adjusting the silver seed volume reduces nanoplate size, improving sensitivity
for biosensing applications. Coating the edges of TSNPs with a layer of gold protected the
nanoparticles from degradation without impairing their plasmonic response and refractive
index sensitivity. The functionalization of AuTSNPs with specific antibodies or antigens
enables their use as versatile platforms for immunological assays, facilitating the rapid
and sensitive detection of diseases. Future work will include investigation of the proposed
detection system’s selectivity fare in the presence of physiological elements.

Overall, the unique properties and versatility of silver nanoplates, particularly TSNPs,
make them valuable assets in various fields, including antimicrobial materials, nanosensing,
and biomedical research. Further exploration and utilization of these nanoparticles hold
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great potential for advancements in antibacterial therapeutics, disease diagnosis, and
biomedical applications.

Author Contributions: L.G.R.B. conceptualization, methodology, investigation, writing—original
draft preparation; E.L.G. conceptualization, methodology, investigation, writing—original draft
preparation; M.M. conceptualization, writing—original draft preparation, writing—review and edit-
ing, supervision; M.H. methodology, writing—original draft preparation, supervision; R.P. method-
ology, writing—original draft preparation, supervision; D.M.D. methodology, supervision; M.B.-F.
conceptualization, methodology, supervision, and funding acquisition. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was supported by the Technological University of The Shannon through the
President Seed Fund, the Government of Ireland International Education Scholarship 2018/2019, the
European Union’s Horizon 2020 Research and Innovation program [grant number: 870292 (BioICEP)];
European Union’s Horizon Europe EIC Pathfinder program [grant number: 101046758 (EcoPlastiC)].

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: https://zenodo.org/ (accessed on 5 May 2023).

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

References
1. Tanasa, E.; Zaharia, C.; Radu, I.C.; Surdu, V.A.; Vasile, B.S.; Damian, C.M.; Andronescu, E. Novel Nanocomposites Based on

Functionalized Magnetic Nanoparticles and Polyacrylamide: Preparation and Complex Characterization. Nanomaterials 2019, 9,
1384. [CrossRef]

2. Andronescu, E.; Predoi, D.; Neacsu, I.A.; Paduraru, A.V.; Musuc, A.M.; Trusca, R.; Oprea, O.; Tanasa, E.; Vasile, O.R.; Nicoara, A.I.;
et al. Photoluminescent Hydroxylapatite: Eu3+ Doping Effect on Biological Behaviour. Nanomaterials 2019, 9, 1187. [CrossRef]
[PubMed]

3. Lee, K.W.; Kim, Y.H.; Du, W.X.; Kim, J.Y. Stretchable and Low-Haze Ag-Nanowire-Network 2-D Films Embedded into a
Cross-Linked Polydimethylsiloxane Elastomer. Nanomaterials 2019, 9, 576. [CrossRef]

4. Jeevanandam, J.; Barhoum, A.; Chan, Y.S.; Dufresne, A.; Danquah, M.K. Review on Nanoparticles and Nanostructured Materials:
History, Sources, Toxicity and Regulations. Beilstein J. Nanotechnol. 2018, 9, 1050–1074. [CrossRef] [PubMed]

5. Kelly, J.M.; Keegan, G.; Brennan-Fournet, M.E. Triangular Silver Nanoparticles: Their Preparation, Functionalisation and
Properties. Acta Phys. Pol. A 2012, 122, 337–345. [CrossRef]

6. Zhang, C.; Huang, Q.; Cui, Q.; Ji, C.; Zhang, Z.; Chen, X.; George, T.; Zhao, S.; Guo, L.J. High-Performance Large-Scale
Flexible Optoelectronics Using Ultrathin Silver Films with Tunable Properties. ACS Appl. Mater. Interfaces 2019, 11, 27216–27225.
[CrossRef]

7. Bhardwaj, A.K.; Sundaram, S.; Yadav, K.K.; Srivastav, A.L. An Overview of Silver Nano-Particles as Promising Materials for
Water Disinfection. Environ. Technol. Innov. 2021, 23, 101721. [CrossRef]
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