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Abstract:
Silver nanoparticles (AgNPs) have emerged as promising agents in biomedical research due to their
unique physicochemical properties and versatile applications. This study focuses on the synthesis
of AgNPs using a microfluidic platform, optimizing reaction parameters to achieve monodisperse
nanoparticles with a hydrodynamic diameter of approximately 129 nm and a stable negative zeta
potential. Characterization techniques including dynamic light scattering and nanoparticles tracking
analysis confirmed the size distribution and stability of the synthesized AgNPs. Evaluations of
antibacterial activity demonstrated effective inhibition of Staphylococcus aureus, Escherichia
coli, and Pseudomonas aeruginosa over 72 hours. Biocompatibility assessments on human
keratinocytes revealed no cytotoxic effects, supporting the potential of AgNPs for safe biomedical
applications. This comprehensive study underscores the significance of AgNPs in nanomedicine,
highlighting their role in combating bacterial infections and their promising prospects in therapeutic
applications.
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1. Introduction

In recent years, the rapid and widespread advancements
in nanosciences and nanotechnology have significantly ex-
panded the applications of nanomaterials across various
fields. Nanomaterials, with their promising physicochem-
ical properties, have enhanced the efficiency and perfor-
mance of a wide array of materials and applications, foster-
ing immense technological and economic prospects. Signif-
icant technological progress has been made in areas such
as environmental remediation, electronics, cosmetics, struc-

tural materials, and biomedical sciences, medical diagnos-
tics, imaging, and cancer therapy [1]. Among these, silver
nanoparticles (AgNPs) have garnered significant attention
in the biomedical field due to their advantageous properties,
such as small size, elevated surface area to volume ratio,
and biocompatibility [2]. Their pronounced efficacy against
a broad spectrum of bacteria and viruses makes them invalu-
able in various medical applications.For example, Shahnaz
Majeed et al. produced silver nanoparticles conjugating
trans-activator of transcription (TAT) peptide with potential
cytotoxic activity against MDA-MB-231 breast cancer cells
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[3]. Research indicates that smaller silver nanoparticles ex-
hibit stronger antibacterial effects compared to larger ones.
This increased efficacy is attributed to the higher concentra-
tion of atoms on the surface, enhancing their reactivity and
antimicrobial action [4, 5]. Consequently, silver nanopar-
ticles are employed in numerous medical and healthcare
applications. They are extensively utilized in drug deliv-
ery, diagnosis of diseases, wound healing, cosmetic treat-
ments, and are commonly applied as coatings for medical
devices, surgical tools, and implants [6].The synthesis of
silver nanoparticles can be accomplished through various
methods, with microfluidic technology being a particularly
promising approach. Microfluidic systems, or lab-on-a-chip
platforms, manipulate small fluid volumes and are typically
made from transparent, chemically compatible, and biocom-
patible plastic materials [7]. These systems offer precise
control over reaction conditions, ensuring reproducibility
and the desired size and morphology of nanoparticles (NPs).
Microfluidic is cost-effective and scalable, making it ideal
for producing silver nanoparticles with specific characteris-
tics needed for advanced biomedical applications [8]. This
study explores the use of a t-shaped microfluidic system for
the efficient on chip synthesis of these NPs. The synthetic
process involves reducing silver ions in the presence of
sodium hydroxyde (NaOH) and glucose at 25 °C, followed
by comprehensive characterization to determine particle
size, zeta potential, and hydrodynamic radius. Aim of this
investigation is to optimize the synthesis process and en-
hance the desirable properties of silver nanoparticles for
antibacterial-based advanced biomedical applications.

2. Experimental section

2.1 Materials
Silver nitrate (99.9%, Sigma Aldrich), sodium hydroxide
(both of p.a. purity, Sigma Aldrich) and D-glucose (p.a.
purity, Sigma Aldrich) were purchased from Sigma-Aldrich
and used without any further purification. Ultrapure water
was produced by Milli-Q® Type 1 Ultrapure Water Sys-
tems (Merck Millipore). All of the buffers cells and chem-
icals were purchased from Sigma-Aldrich (St. Louis MO,
USA), Thermo Fischer Scientific (Milan, Italy), Invitrogen
(Waltham, MA, USA), Gibco (Grand Island, NY, USA).

2.2 Microfluidic platform characteristic
Nanoparticles were synthesized using the automated
Dolomite microfluidic platform (Dolomite, Royston, UK),
provided of a T shaped Dolomite’s glass Micromixer Chip
with H interface connected by 0.25 mm FEP tubing to Mitos
Duo XS-Pumps (10−50 µL/min and 100−500 µL/min).

2.3 Synthesis
Silver nanoparticles were synthesized by directly reducing
silver ions from a metallic precursor within a microfluidic
platform. The microfluidic platform was designed in a cross
shape with three inlet channels to optimize the reduction re-
action. The silver precursor solution was introduced through
the central inlet, while the other two inlets were designated
for the organic reduction solution. The experiment was
conducted using different concentrations of AgNO3 in the

final reaction mixture. The flow rates of the individual peri-
staltic pump channels were adjusted to different settings,
as detailed in result and discussion paragraph. In the opt-
mized conditions a 0.03 M AgNO3 aqueous solution reacts
with a 0.25 M NaOH aqueous solution containing 1 g/L of
D-glucose. The obtained AgNPs were collected through
centrifugation at 14,000 rpm for 30 min (5718R, OHAUS,
Nanikon, Switzerland).

2.4 Characterization
The hydrodynamic diameter of nanoparticles (with the de-
rived size), along with the polydispersity index (PDI) and
the surface charge (zeta potential) of AgNPs were mea-
sured on the collected nanoparticles using the methodology
detailed in Conte et al. [9]. AgNPs were resuspended
in ultrapure water and measured at the temperature of
25 °C with the Malvern Zetasizer (Malvern Instruments Ltd.,
Malvern, UK). The found dimensions were also confirmed
by Nanoparticles Tracking Analysis “NTA” (NanoSight NS
300, Malvern Instruments, Amesbury, United Kingdom,
UK). The reported values represent the average of three
measurements taken from the same sample.

2.5 Dynamic light scattering (dls).
Dynamic light scattering is a technique that analyzes the
velocity distribution of particle motion caused by Brownian
motion through the measurement of the scattered light. “Ze-
tasizer Ultra” by Malvern (Malvern Panalytical, Amesbury,
UK) was used for the instrumental acquisiion while the hy-
drodynamic radius of the particle was calculated with the
Stokes–Einstein equation. Sample was prepared diluiting
ten microliters of AgNPs in 990 µL of ultrapure water.

2.6 Nanoparticles tracking analysis (nta).
Nanoparticle Tracking Analysis (NTA) is a sophisticated
technique used to analyze and characterize nanoparticles
suspended in liquid. It measures the hydrodynamic diameter
of nanoparticles by analyzing their Brownian motion under
a laser beam (448 nm) providing a quantitative count of the
particles within the analyzed volume. For analysis, AgNPs
were resuspended in ultrapure water to obtain a concentra-
tion ranging from ∼ 128–140 particles/mL. Instrumental
acquisition was made with NTA (Malvern Panalytical Ltd.,
Malvern, Worcestershire, UK) elaborating five videos of
about 60 seconds with NanoSight NTA software version
3.2. The temperature was fixed at 25 °C and ultrapure water
was used as blank.

2.7 FTIR-ATR
FTIR-ATR spectra were recorded on a Perkin Elmer Spec-
trum 100 spectrophotometer, equipped with a Universal
ATR diamond crystal sampling accessory. The spectra were
acquired as an average of 64 scans in the range 4000−480
cm−1, with a resolution of 4 cm−1. Prior to measurements,
the samples were kept at 60 °C under vacuum for 24 h.

2.8 Antibacterial activity of agnps extract against
pathogenic bacteria

The antimicrobial activity of the silver nanoparticles was as-
sessed monitoring the bacterial growth rate of Staphylococ-
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cus aureus (ATCC 25923; Gram-positive), Escherichia coli
(ATCC 25922; Gram-negative) and Pseudomonas aerug-
inosa (ATCC 15442; Gram-negative). For the assay, a
bacterial suspension of approximately 1 × 105 CFU/mL
was inoculated in 200 µL liquid broth in a 96-well plate as
demonstrated by Di Salle et al. [10]. Then, the plate was
incubated at 37 °C and 200 rpm and, at scheduled times (24
h, 48 h, 72 h), the optical density (OD 600 nm) of bacterial
suspensions was recorded in a microplate reader (Cytation
3). The experiments were performed in triplicates.

2.9 Biocompatibility
Human keratinocytes (HaCaT cell line) were cultured in
Dulbecco’s Modified Eagle Medium supplemented with
10% fetal bovine serum. The cells were maintained at 37 °C
in a humidified incubator with 5% CO2. For the experiment,
cells were plated at a density of 0.6 × 105 cells/cm2 and
allowed to adhere overnight. Subsequently, the cells were
maintained for 24 hours with 1 mg/mL of silver nanoparti-
cles in cell culture media and UV sterilized (3 hours). Cells
without treatment served as the negative control. Results
from the treated samples were compared to the negative
control to assess biocompatibility.

2.10 Mtt assay
Cellular viability was evaluated using the MTT assay, in-
volving the compound 3-(4, 5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide (MTT). After removing the
culture medium, the cells were treated with a 1 mg/mL MTT
solution and incubated at 37 °C for 2 hours. Viable cells
converted MTT into purple formazan crystals, which were
then dissolved using 2-propanol. The absorbance of the
resulting solution was measured at 595 nm with a Benchtop
Multi-Mode Microplate Reader (Cytation 3, Biotek).

2.11 Statistical analysis
Statistical analysis was conducted using the software Graph-
Pad Prism 7.0 (La Jolla, CA, USA). The data were expressed
as the mean ± standard error of mean. Statistical variances
were determined using one-way ANOVA followed by a
Tukey’s post-hoc correction for multiple comparisons.

3. Results and discussion
Metal-based nanomaterials have attracted considerable inter-
est owing to their distinctive physicochemical and biological
properties. Their remarkable antibacterial, antifungal, and
antiviral potentials make them highly appealing for medical
applications [11–13]. Among these, silver nanoparticles
have emerged as pivotal agents in advanced biomedical ap-
plications, particularly in combating bacterial infections.
Their potent antibacterial properties derive from their small
size and elevated area to volume ratio, which enhance

their reactivity against a wide range of pathogens, includ-
ing antibiotic-resistant strains like MRSA [14]. AgNPs are
utilized in various medical contexts such as wound care,
where they effectively reduce bacterial colonization and
promote faster wound healing by mitigating inflammation
and supporting tissue regeneration. Additionally, AgNPs
are integrated into coatings for medical devices, implants,

and surgical tools to prevent biofilm formation and reduce
the risk of device-related infections [15]. In dermatology,
AgNPs are incorporated into topical formulations for treat-
ing skin infections, burns, and inflammatory conditions due
to their broad-spectrum antimicrobial activity [16]. The
synthesis of AgNPs using advanced techniques like mi-
crofluidic technology ensures precise control over their size,
morphology, and stability, crucial for optimizing their an-
tibacterial effectiveness.

3.1 Synthesis

Silver nanoparticles were synthesized in a controlled envi-
ronment using a Dolomite microfluidic system, equipped
with a T-shaped microfluidic chip. The device glass Mi-
cromixer Chip was connected by 0.25 mm FEP tubing
to Mitos Duo XS-Pumps (10−50 µL/min and 100−500
µL/min). Three inlets, each 0.4 meters in length, were
employed to deliver the reactants: one supplied silver
nitrate and the others two provided the mixture of D-
glucose and sodium hydroxide. The manufacturing param-
eters—including middle flow speed, side flow speed, flow
rate ratio (FRR), silver nitrate concentration (on a fixed
concentration of the solution sodium hydroxide-Dglucose)
were systematically improved to achieve monodispersity of
nanoparticles. Initially, flow rate ratio was optimized using
a fixed concentrations of silver nitrate (0.05 M) and of the
mixture NaOH containing 1 g/L of D-glucose (0.25 M), as
shown in Table 1
Subsequently, silver nitrate concentration and flow rates
were further optimized (Table 2).
The ideal settings were identified as the reaction between
0.03 M AgNO3 aqueous solution and a 0.25 M NaOH
aqueous solution, containing 1 L g of D-glucose. The ob-
tained nanoparticles were collected by cooling centrifuga-
tion (Frontiers 5718R, OHAUS, Milan, Italy) at 37000 rcf
for 45 min at 4 °C, washed with deionized water, and stored
at 4 °C until further assays.
The synthesis of AgNPs follows a three-step process: the re-

Table 1. Optimization of the flow rate ratio.

Middle stream Side stream Flow rate Nanoparticle size
(µL/min) (µL/min) ratio (nm)

10 100 0.1 159 ± 13
20 100 0.2 226 ± 11
30 100 0.3 325 ± 18
40 100 0.4 377 ± 19
50 100 0.5 451 ± 24
10 200 0.05 297 ± 17
20 200 0.1 161 ± 39
30 200 0.15 146 ± 22
40 200 0.2 237 ± 18
50 200 0.25 244 ± 19
10 350 0.028 324 ± 22
20 350 0.057 271 ± 16
30 350 0.086 182 ± 13
40 350 0.114 139 ± 12
50 350 0.143 129 ± 11
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Table 2. Optmization of AgNO3 concentration and of flow rates.

AgNO3 concentration NaOH aqueous solution containing Middle stream Side stream Nanoparticle size Polidispersivity
(M) 1 g/L of D-glucose (M) (µL/min) (µL/min) (nm) (PDI)

0.01 0.25 25 175 146 ± 20 0.298
0.02 0.25 25 175 158 ± 19 0.307
0.03 0.25 25 175 143 ± 12 0.188
0.04 0.25 25 175 154 ± 22 0.209
0.05 0.25 25 175 163 ± 27 0.234
0.01 0.25 50 350 140 ± 15 0.121
0.02 0.25 50 350 135 ± 13 0.098
0.03 0.25 50 350 129 ± 11 0.046
0.04 0.25 50 350 131 ± 16 0.087
0.05 0.25 50 350 149 ± 21 0.103
0.01 0.25 30 210 139 ± 17 0.138
0.02 0.25 30 210 148 ± 19 0.116
0.03 0.25 30 210 132 ± 13 0.088
0.04 0.25 30 210 144 ± 21 0.109
0.05 0.25 30 210 143 ± 23 0.116
0.01 0.25 15 105 154 ± 19 0.456
0.02 0.25 15 105 132 ± 25 0.357
0.03 0.25 15 105 135 ± 20 0.241
0.04 0.25 15 105 139 ± 15 0.451
0.05 0.25 15 105 140 ± 27 0.484

duction of silver ions (Ag+) to silver atoms (Ag◦), their nu-
cleation with the formation of initial nuclei and the growth
into larger nanoparticles. In the presence of D-glucose (a
weak reducing agent) and sodium hydroxide (which acts as
both a reducing and stabilizing agent), the reactions proceed
as described by equations in Figure 1 [17].
Here, “A” represents the silver precursor, and “B” repre-
sents the nuclei or growing particles. The autocatalytic
nature of the growth process ensures that the newly formed
nuclei contribute to further particle formation, leading to the
generation of AgNPs. The precise control over the reaction
parameters within the T-shaped microfluidic chip facilitates
the efficient and reproducible synthesis of AgNPs [18].

3.2 Characterization

Dynamic light scattering (DLS) was employed to determine
the hydrodynamic diameter distribution and zeta potential
of silver nanoparticles in suspension. Data were confirmed

by nanoparticles tracking analysis (NTA). DLS analysis
revealed that AgNPs have the hydrodynamic diameter of ap-
proximately 129 nm (Figure 2 a). The zeta potential of the
AgNPs was −46 mV (Figure 2 b). The optimized formula-
tion exhibits narrow size distribution and a significantly high
negative surface charge. This combination enhances stabil-
ity by preventing aggregation, as the strong repulsive forces
from the negative surface charge keep the particles apart
[19]. Additionally, the size of the obtained nanoparticles is
similar to the dimensions of other metal-based nano-devices
[20, 21].

Such findings were confirmed by nanoparticles tracking
analysis (Figure 3). In particular, the NTA measurement
(Figure 3 a) shows a mean nanoparticle size of 83,8 ± 2,4
nm with the large population at 52,5 ± 1,7 nm (Figure. 3 b).
The screenshot of the video (Figure 3 c) along with the
intensity report of the NTA analysis (Figure 3 d) confirmed
the narrow size distribution of the nanoparticles.

Figure 1. Formation of silver nanoparticles.
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Figure 2. Size (a) and Z potential (b) of silver nanoparticles obtained through DLS measurement.

Figure 3. Representative images of: size (3a), population types (3b), screenshot of nanoparticles tracking analysis video
(NTA, 3c), and distribution intensity (3d) of silver nanoparticles.
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This observation not only validated the effectiveness of
glucose in producing smaller silver nanoparticles but also
underscored the importance of the choice of reducing agent
in nanoparticle synthesis. The transformation of silver ions
(Ag+) to silver atoms (Ag◦) was further confirmed using
FTIR-ATR analysis (Figure 4). This is evidenced by a re-
duction in the intensity of the band at 1260 cm-1, as well
as a decrease in the sharp peak around 827 cm-1, which
correspond to the asymmetric and symmetric stretches of
−NO3 in silver nitrate, respectively.
Overall, the characterization provided valuable insights into
the size, morphology, and structural properties of the syn-
thesized silver nanoparticles. These findings are essential
for understanding the underlying mechanisms governing
nanoparticle synthesis.

3.3 Antibacterial activity of agnps against pathogenic
bacteria

A significant challenge in treating infected sites is the bacte-
rial colonization. Bacteria, once established, become more
resistant to antibiotics and common biocides. To determine
the effectiveness of AgNPs in addressing bacterial infection,
it is essential to assess their impact on bacterial growth over
different time intervals (24, 48, and 72 hours). For this
purpose, in vitro experiments were conducted to evaluate
the antibacterial properties of AgNPs. The evaluation fo-
cused on the growth dynamics of both Gram-positive and
Gram-negative bacteria, namely Staphylococcus aureus (S.
aureus), Escherichia coli (E. coli) and Pseudomonas aerug-
inosa (PAO1). These bacteria are well-known for their rapid

proliferation and their potential to cause serious infections
[22]. In particular, the antimicrobial activity of AgNPs
was assessed in growth medium supplemented with 20%
sucrose by monitoring the growth rate of PAO1, S. aureus
and E.coli bacteria in the presence of the AgNPs (Bacterial
growth without nanoparticles was used as control). The pH
of the culture medium was monitored at various intervals,
revealing that medium acidification begins as early as the
first 9 hours of growth. This is attributed to the lactic acid
produced by the bacteria, which causes a decrease in the
environmental pH [23]. As shown in Figure 5 (a), AgNPs
were able to inhibit the bacterial growth of PAO1 (60%),
S. aureus (59%) and E.coli (67%) after 1 hour. Inhibition
plateaus at 48 hours and remains constant for up to 72 hours
(Figure 5 b).

3.4 Biocompatibility

To assess the therapeutic potential of silver nanoparticles,
it’s crucial to establish their biocompatibility with human
cells [24]. Specifically, this involves evaluating how these
nanoparticles interact with human keratinocytes (HK). Ker-
atinocytes are the primary cells of the skin, and testing on
them helps determine if the nanoparticles can be used safely
without causing harm, inflammation, or toxicity. Ensur-
ing that silver nanoparticles are biocompatible with ker-
atinocytes is essential for their safe application in medical
treatments, particularly those involving direct contact with
the skin. Figure 6 evaluates the impact of AgNPs on the
viability of HK cells. According to the MTT assay results;
there is no statistically significant difference in cell viability

Figure 4. FTIR of silver nanoparticles.

Figure 5. Antibacterial activity evaluated at 600 nm against E.coli, S. aureus, and PAO1. Bacterial growth without
nanoparticles was used as controls. (a) 1 hours (b) until 72 hours. Each sample was measured in exaplicate and the results
were reported as mean ± SD.
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Figure 6. Effect of AgNPs on HK proliferation after 24, 48, 72 h, and 96 h for blank (red) and AgNPs (orange).

between cultures without nanoparticles (orange) and those
cultured with silver nanoparticles (red).

4. Conclusion

In conclusion, this study highlights the synthesis and
characterization of silver nanoparticles using a microflu-
idic platform. The synthesis process was meticulously
optimized, involving the reduction of silver ions with
D-glucose and sodium hydroxide. This method generated
nanoparticles that are uniform in size, with a hydrodynamic
diameter measuring approximately 129 nm. Furthermore,
these nanoparticles exhibited a high negative zeta poten-
tial, indicating robust stability against aggregation.The
antibacterial efficacy of these AgNps was demonstrated
against pathogenic strains including Staphylococcus aureus,
Escherichia coli, and Pseudomonas aeruginosa, showing
significant inhibition of bacterial growth over 72 hours. The
biocompatibility of the synthesized AgNPs was evaluated
using human keratinocytes, revealing no adverse effects on
cell viability. This finding is crucial as it suggests that the
nanoparticles are safe for use in biomedical applications,
highlighting their promising role in advanced medical
therapies and biomedical devices.
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