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ABSTRACT: Fast, energy-efficient, and continuous manufactur-
ing of nanoparticles (NPs) with controlled size and distribution in
polymer matrices is challenging. Herein, a microwave-powered
dual-injection continuous flow reactor is presented to prepare
silver NP (AgNP)/polycaprolactone (PCL) nanocomposites
(AgNP/PCL NCs). Ultrasmall spherical AgNPs (US-AgNPs,
1.86 ± 0.77 nm) can be manufactured in the PCL matrix in less
than 3 min at ∼35 °C by applying 60 W microwave power and a
combined flow rate of 1.25:1.25 mL/min (Pump1:Pump2). The
effect of NP size and amount on the thermal, optical, and antimicrobial properties and the crystallinity of NCs are discussed. The
NC crystallinity is independent of the NP’s size and amount, while the NC film roughness is highly dependent on NP size. The
antibacterial activity of the US-AgNPs-containing NC toward Escherichia coli (∼98.2%), Pseudomonas aeruginosa (∼98.2%), and
Staphylococcus aureus (∼99.1%) is higher than big AgNP-containing NCs (82.3%, 85.7%, and 92.3%, respectively), signifying a strong
NP size dependency instead of Ag concentration.

■ INTRODUCTION
In the early 20th century, infectious diseases were the main
reason for worldwide deaths, and antibiotics were used as an
antimicrobial weapon to fight against contagious diseases.1 The
overuse and misuse of antibiotics have led to the emergence of
antibiotic-resistant bacteria, a primary global health concern;
thus, addressing antibiotic resistance is a key challenge, and
developing alternative combatting approaches for the bacteria
is highly envisaged. Inorganic nanoparticles (NPs) like silver
(Ag), gold (Au), copper (Cu), copper oxide (CuO), and zinc
oxide (ZnO) NPs have been considered viable antimicrobial
alternatives in various fields, including the food industry,
medicine, water filtration, and textiles.2−6 They can be
instrumental in combating antimicrobial and antibiotic
resistance if fine control over their usage, including minimum
inhibitory concentration, size, and distribution, is achieved.
Among the NPs, particularly AgNPs, promising nondrug
antimicrobial agents have attracted particular attention because
of their lethal effect on many Gram-positive/negative bacteria
and pathogens.7 The antibacterial effect of AgNPs depends on
their size, morphology, dispersion, and coating quality, in
which aggregation of AgNPs reduces the antibacterial
effect.7−11 AgNP/Polymer nanocomposites (NCs), providing
an effective alternative to metallic AgNPs alone, are frequently
used as antibacterial agents in various polymer-based
applications. By manipulating the size and morphology of
NPs within a polymer matrix, NCs can be formed and utilized

as films and fibers. However, the main challenges in their
applications are continuously preparing NCs without NP
agglomeration, maintaining homogeneous NP distribution and
size control in a polymer matrix, and the ability for coating,
which affects the NC antibacterial efficiency, mechanical
properties, polymer chain conformation, and mobility.12,13

Additionally, incorporating hydrophobic polymers can create
anchoring sites for bacteria, resulting in greater antibacterial
efficiency.2,8,9,14 Polycaprolactone (PCL) is one of the
common hydrophobic polymers with a wide range of
applications in drug delivery, sutures, long-term implants,
wound dressing materials, scaffolds for tissue engineering,
packaging, textiles, and membranes for water treatment due to
its biocompatibility, slow biodegradation time arising from its
high hydrophobicity, and thermal stability.15−20

Hydrophobic polymers like PCL enhance antibacterial
efficiency by creating a barrier that significantly limits bacterial
colonization. This is due to their inherent water-repellent
nature, which makes it difficult for bacteria to adhere to
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hydrophobic surfaces. Unlike hydrophilic polymers, which can
form a hydration layer that facilitates bacterial attachment,
hydrophobic polymers exhibit low surface energies and repel
water. This characteristic prevents water-based microbial
solutions, such as bacterial biofilms, from establishing a
foothold on the surface. Embedding AgNPs within the PCL
matrix stabilizes them, preventing aggregation and ensuring a
more uniform distribution. It also allows for controlled and
sustained release of AgNPs, enhancing their antibacterial
efficacy.21−23 Meanwhile, AgNP/PCL NCs’ surface modifica-
tions can enhance their interaction with biological tissues,
improving cell adhesion and proliferation.24,25

There are few works on synthesizing AgNPs/PCL NCs and
their antibacterial properties.2,19,26,27 For example, AgNP/
PCL/PEG NC were fabricated using an in situ reduction
method of Ag salt in different concentrations inside the PCL/
PEG matrix, and a decrease in S. aureus bacteria was reported
on the site of NCs.2 Results underscored that the amount of
AgNPs with a broad size distribution of ∼2−20 nm did not
affect the antibacterial effectiveness of NCs against S. aureus
bacteria. However, AgNP concentration dependency was
reported for P. aeruginosa bacteria. 3D printed AgNP/PCL
NC scaffolds, prepared by in situ reduction of Ag salts to 20−
150 nm AgNPs in the PCL matrix as antibacterial tissue,
effectively decreased E. coli concentration.27 A AgNPs/PCL/
poly(ethylene oxide) nanofiber scaffold was also prepared via
the ex situ blending of AgNP (15.4 ± 3.66 nm) and used as an
antibacterial mat for wound healing applications.19 Although
the above-described studies have advantages, continuous
manufacturing of US-AgNPs (<5 nm) with a narrow size
distribution in the PCL matrix is a long-lasting challenge. Thus,
developing novel manufacturing strategies is still required. In
addition, potentially scalable polymer NC manufacturing
processes are globally critical in the fast-growing polymer
NC industry.

Synthesizing NPs using microwave heating in a batch reactor
is a well-practiced, eco-friendly method offering a scale-up
potential because of its short reaction time, high purity, high
yield, and low energy cost.28 However, there are several
difficulties, such as the limited penetration depth of the
microwave radiation and the reactor size while scaling up batch
synthesis.29 Nevertheless, when microwave heating is coupled
with the flow reactors, it offers a scalable synthesis
opportunity.30−34 Furthermore, it mitigates the safety concerns
regarding overheating large reactors under continuous micro-
wave heating conditions.

In our group, a recent proof-of-concept study reported that a
microwave-fluidic system (MWFS) was highly suitable for
manufacturing nylon-6 NCs bearing evenly distributed AgNPs
with a mean size of ∼2.59 ± 0.64 nm in ∼2 min at ∼50−55 °C
using the green solvent formic acid (FA) and reducing agent
NaBH4.

35 We also showed the potential of continuous
microwave-fluidic reactors to manufacture homogeneously
distributed AgNPs (∼5 nm) in a thermoplastic polyurethane
matrix without any reducing agent at ∼40 °C in approximately
4 min.36

Herein, continuous manufacturing of US-AgNPs (1.86 ±
0.77 nm by transmission electron microscopy (TEM)) in a
biodegradable polymer matrix, PCL, in less than 3 min at ∼35
°C under microwave-fluidic conditions without a reducing
agent is presented. The NP size control in the PCL matrix is
achieved by fine-tuning the microwave power (MWP), flow
rate, and AgNO3 and PCL concentrations. The effect of the
AgNP size on PCL’s thermal, optical, and crystal properties is
discussed. Furthermore, the size-dependent antibacterial
activity of the prepared NC films on S. aureus, P. aeruginosa,
and E. coli bacteria is assessed as potential biodegradable,
antibacterial hybrid materials that are potentially convenient
for biomedicine, packaging, and textile applications. This study
introduces a continuous energy-efficient and green process,
bringing a novel viewpoint to traditional polymer-based
nanocomposite manufacturing and offering control over the
filler’s size and distribution. It further fills a crucial knowledge
gap by demonstrating that the antibacterial efficacy of these
NCs is predominantly influenced by AgNP size rather than
concentration, highlighting the importance of precise NP
control for advanced antimicrobial applications. Our findings
pave the way for more efficient and scalable production
techniques in NC fabrication.

■ MATERIAL AND METHODS
Materials. Silver nitrate (AgNO3, ISOLAB, ≥99.8%),

polycaprolactone (PCL, (C6H10O2)n, Mw: 8000, Sigma-
Aldrich), N,N-dimethylformamide (DMF, ≥99%, ISOLAB),
dimethyl sulfoxide (DMSO, ≥99.9%, ISOLAB), and sulfuric
acid (95−98%, ISOLAB) were used without further
purification.
AgNP/PCL NC Manufacturing. The designed MWFS

used in synthesizing NCs is illustrated in Figure 1. It is
composed of several key components for efficient and
controlled reactions. Central to the system is a custom-
designed fluidic reactor constructed from microwave-trans-

Figure 1. Illustration of a double-pump continuous MWFS to prepare NCs.
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parent Teflon tubing (o.d. 3.175 mm and i.d. 2 mm) coiled
around a PTFE cylinder with a diameter of 5.5 cm and a
volume of 6.6 mL. A single-mode commercial TE10 microwave
system ((Discover, CEM Corp., USA)), operating at 2.45
GHz, is the primary power source with a real-time computer
system using the in-built Synergy software. Temperature
regulation is achieved through a dedicated Omega HH801B
digital thermometer equipped with a compact transition joint
probe (Omega, WNW0187979) (Omega Engineering, Inc.,
Stamford, CT, USA), strategically positioned 11 cm from the
microwave heating zone. A 20 psi pressure regulator (IDEX
Health and Science) is utilized to maintain the internal system
pressure. The system’s fluid delivery mechanism is facilitated
by a Gemini 88 Plus dual rate syringe pump (KD Scientific
Inc., Holliston, MA, USA), using two 60 mL syringes (Luer-
Lock) for fluid injection. The setup includes product and waste
collection provisions, with separate glass bottles designated for
each. In a typical synthesis, AgNO3 and PCL dissolved in
DMSO and DMF at different concentrations are pumped
through the flow reactor under applied MWPs (Table 1).
Sixteen different AgNP/PCL NCs (NC1−16) were prepared
to study the MWP, flow rate, and AgNO3 and PCL
concentration effects on the NP size, morphology, and
antibacterial effects (Table 1).

The AgNP/PCL NC solutions were mixed with ethanol (v/
v 1:1), and precipitation occurred in 5 min. The precipitated
AgNP/PCL NC was filtered using PTFE membranes (0.22 μm
pore size). The solid AgNP/PCL NC was redispersed in
ethanol, filtered, and rinsed by ethanol. This process was
repeated three times to ensure the complete removal of DMF
and DMSO. The filtered AgNP/PCL NCs were placed in a
desiccator for 2 days for drying and used for other
characterizations. The photographs of the dry NC powders
are in SI Figure S1.

The NC films were fabricated using fresh samples after
synthesis via a dip coating method utilizing the HOLMARC
HO-TH-01T, India Dip Coating Equipment. Glass substrates
were submerged into the NC solution at a controlled speed of
200 μL/min, ensuring uniform coating, and subsequently
retrieved at the same speed. A waiting period of 1 min was
applied at the dipping and retrieval positions to allow for
proper film formation.
Antibacterial Test Method. The antibacterial properties

of Ag NPs/PCL NCs were evaluated using the Japanese
Industrial Standard (JIS) method (JIS Z2801:2010) (JSA,
2000), a procedure that is highly sensitive to antimicrobial
activity and also applicable in various real-world fields such as
hospitals and clinics, which focused on preventing the growth
of bacteria on the products. A graphical demonstration of this
method is given in SI Figure S2. Two Gram-negative bacteria,
P. aeruginosa and E. coli, and one Gram-positive bacteria, S.
aureus, were chosen for this evaluation. The bacteria selection
was made considering PCL application areas. As a first step,
bacteria from a single colony of 5 mL of Lysogeny broth (LB)
were inoculated and incubated overnight at 37 °C. Second, a
dilution process was performed to obtain the target bacteria
number of 1.5 × 108 colony-forming units (CFU)/mL to
ensure a standard bacterial load for reliable and constant
efficiency of antimicrobial evaluation in our assay. Then, the
diluted sample was utilized for further assessment. Two Gram-
negative bacteria, P. aeruginosa and E. coli, and one Gram-
positive bacteria, S. aureus, were chosen for this evaluation.
The bacteria selection was made considering PCL application
areas. Regarding each of these three bacteria, glasses of 12 × 12
mm were provided and divided into two groups, uncovered
(control) and AgNP/PCL NC covered. Then, for sterilization
of the glasses, all were located in a hood with laminar flow to
ensure a clean environment that is free from contaminants,
followed by exposure to ultraviolet radiation to eliminate any

Table 1. Critical Experimental Parameters (e.g., Precursor Concentrations, MWPs, Flow Rates) and Some Essential
Experimental Data (e.g., Temperature, Absorption Maxima, Particle Size, and Its Distribution) for NC1-16

AgNP/
PCL
NC

AgNO3 conc. in
DMSO(mg/mL)

PCL conc. in
DMF(mg/mL)

Flow rates
(AgNO3: PCL)

(mL/min)

MW
power
(W)

Temperature outside the
reactor exit (°C) ± 2

UV−vis
λmax (nm) fwhm

DLS HD size
(nm) PDI

1 0.10 10 (0.50:0.50) 70 36.3 ∼448,
∼737fwhm

∼467 27.46 ± 1.39 ∼0.28

2 0.10 10 (0.75:0.75) 70 26.2 ∼450,
∼687
fwhm

∼457 5.34 ± 0.17 ∼0.14

3 0.10 10 (0.75:0.75) 60 42.8 ∼434 ∼263 5.37 ± 0.29 ∼0.10
4 0.10 10 (0.75:0.75) 50 54.6 ∼429 ∼211 4.45 ± 0.44 ∼0.55
5 0.10 10 (0.75:0.75) 40 40.0 ∼433 ∼206 6.65 ± 0.28 ∼0.17
6 0.10 10 (0.75:0.75) 30 37.3 ∼434 ∼216 4.83 ± 0.64 ∼0.26
7 0.10 10 (1.50:1.50) 60 36.0 ∼429 ∼208 2.26 ± 0.15 ∼0.31
8 0.10 10 (1.25:1.25) 60 35.3 ∼428 ∼218 2.43 ± 0.62 ∼0.10
9 0.10 10 (1.00:1.00) 60 35.5 ∼440 ∼261 3.24 ± 0.03 ∼0.22
10 0.10 10 (0.50:0.50) 60 37.5 ∼454, ∼

734 fwhm

∼474 53.84 ± 0.98 ∼0.41

11 0.10 10 (0.25:0.25) 60 38.0 ∼436,
∼767
fwhm

∼484 55.99 ± 4.79 ∼0.49

12 0.20 10 (1.00:1.00) 60 41.2 ∼436 ∼223 3.17 ± 0.65 ∼0.66
13 0.05 10 (1.00:1.00) 60 37.6 ∼436 ∼194 2.253 ± 0.043 ∼0.40
14 0.02 10 (1.00:1.00) 60 36.6 ∼429 ∼239 1.933 ± 0.242 ∼0.20
15 0.10 5 (1.00:1.00) 60 52.0 ∼426,

∼673
fwhm

∼426 8.819 ± 0.029 ∼0.44

16 0.10 20 (1.00:1.00) 60 53.3 ∼411 ∼271 3.002 ± 0.221 ∼0.57
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possible remaining microorganisms, resulting in efficient
sterilization.

Furthermore, 25 μL of culture medium containing target
bacteria was transferred on covered and uncovered glasses. The
separate Petri dishes with the lid closed were used on which to
put the glasses. The overnight incubation step at 37 °C was
followed by putting samples in tubes and washing them with
10 mL of phosphate-buffered saline (PBS) to guarantee the
effective transfer of bacteria from glass to the PBS solution.
Following this, the dilution process was performed, in which 1
mL of the solution was poured into the next tube containing 9
mL of PBS. This step was repeated to achieve 6-fold serial
dilutions and obtain a lower concentration, which provides the
countable resulting bacterial colonies and enables precise
assessments. All steps were performed on both uncovered and
covered glasses, which is noteworthy. To give sufficient time
for bacteria growth, 1 mL from the final solution diluted in the
previous step was spread all over the Petri dish containing
nutrient broth and placed in an incubator at 37 °C for 24 h.
For the calculation of antibacterial rate, eq 1 based on the JIS
Z2801:2010 regulation was used.37

= Nu Nc
Nu

Antibacterial rate (%)
(1)

In this formula, Nu and Nc represent the number of viable
bacteria on uncoated glass and those on covered glass after
incubation for 24 h.
Characterization. Ultraviolet−visible (UV−vis) absorp-

tion spectroscopy was conducted on AgNP/PCL NCs
immediately after synthesis using a double-beam UV/vis-NIR
spectrophotometer (Varian Cary 5000 UV/vis-NIR spectrom-
eter, Varian Australia Pty Ltd., Australia) in the spectral range
of 200 to 800 nm. The UV−vis absorbance spectra’s full width
at half-maximum (fwhm) value was calculated using Origin
Lab software. Dynamic light scattering (DLS) was performed
to measure the dynamic size of the AgNPs using a Malvern
ZetaSizer Nano (Malvern Panalytical Ltd., Worcestershire,

UK). For DLS measurements, AgNP/PCL NCs were diluted
by DMF in the ratio of 1:10 with a final concentration of 1
mg/mL of the samples and were filtered through a PTFE
membrane of 0.22 μm pore size (ISOLAB). High-resolution
transmission electron microscopy (HRTEM) images were
acquired using a JEOL JEM ARM200CF (Tokyo, Japan),
operated at 200 kV, and immediately after synthesis, 20 μL of
the sample was loaded onto carbon-coated TEM grids and
dried overnight. FTIR analysis (attenuated total reflection
(ATR)) of the dried samples was carried out by a Thermo
Scientific Nicolet iS10 (USA) between 525 and 4000 cm−1. X-
ray diffraction (XRD) analysis was conducted by a D2 and D8
(only for NC15 and NC16) Phaser diffractometer (Bruker,
Billerica, MA, USA) using Cu Kα radiation. This measure-
ment’s 2θ range and step size were chosen as 5−90° and 0.01,
respectively. Thermal properties of pure PCL and selected
AgNP/PCL NCs were studied using thermal gravimetric
analysis (TGA) and differential thermal analysis (DTA). TGA-
DTA measurements were performed using a Shimadzu DTG
60H. All samples were heated from 10 to 1000 °C with a
heating rate of 10 °C/min under an airflow rate of 100 mL/
min. Optical properties of AgNP/PCL NC films were
determined by an M2000 ellipsometer (J.A. Woollam Co.
Inc., Lincoln, NE, USA) at 60°, 65°, 70°, and 75° angles of the
incident for a wavelength of 400−900 nm. The thickness of the
nanocomposite and pure PCL thin films and the refractive
index and extinction coefficient dispersion curves of the thin
films were obtained by optical modeling of the obtained curves
using the Cauchy equation, as shown in eq 2.38

= + +n A B C
( ) 2 4 (2)

where n denotes the refractive index, λ is the wavelength of
light, and A, B, and C are material-dependent constants
referred to as Cauchy constants.

Analysis was conducted using inductively coupled plasma-
optical emission spectrometry (ICP-OES, Varian, Australia) to

Figure 2. Effect of MW power. a) Photographs of as-prepared NC1−6 solutions, b) UV−vis spectra, and c) particle size analysis (by DLS) of
NC1−6.
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determine the quantity of AgNPs present in NC8 and NC11,
which were utilized for antibacterial assessments. Briefly, 10
mg of dried NC was combined with 5 mL of sulfuric acid, then
subjected to a 5 min heating process at 200 °C using a single-
mode microwave system (Discover, CEM Microwave Tech-
nology Ltd.) operating at 200 W. Following this, the dissolved
samples were diluted in DI water to reach a total volume of 20
mL and filtered through a PTFE membrane with a pore size of
0.22 μm (ISOLAB) before analysis.

■ RESULTS AND DISCUSSIONS
AgNP-containing PCL NCs (NC1 to NC16) were prepared
continuously in a solvent mixture (DMSO/DMF) using the
dual-pump MWFS shown in Figure 1. DMF can reduce Ag+
even at room temperature,39,40 while DMSO has no such
reducing effect.36 The reduction can be further accelerated by
the MW. A possible reaction between DMF and Ag+ can be41

+ +

+ +

+

+

HCONMe 2Ag H O

2Ag Me NCOOH 2H
2 2

0
2

The experimental parameters affecting the AgNP size,
morphology, and distribution in the PCL matrix (e.g.,
precursor concentration, MWP, and flow rate) were studied
systematically. AgNP formation in the PCL matrix was
monitored using UV−vis spectroscopy, and the fwhm’s were
calculated using corresponding UV−vis spectra. DLS was
employed to assess the hydrodynamic size (HD) and
polydispersity index (PDI) of AgNPs in the PCL matrix.
The results are tabulated in Table 1.

Transparent AgNP/PCL NC solutions were obtained for all
manufactured NCs (NC1−6) under the applied MWPs of 30,
40, 50, 60, and 70 W, and the solution color changed from pale
yellow to gray when the MWP increased (Figure 2a) (from 30
to 70 W). The absorption spectra of NC1 and NC2 prepared
under 70 W displayed two absorption maxima (λmax) at ca. 450
and 700 nm (Figure 2b). Such absorption profiles can be

attributed to high-aspect-ratio rod-like AgNPs with the
transverse (high energy) and longitudinal (low energy)
plasmon resonance due to the shape anisotropy.42

Under 70 W, when the combined flow rate changed from
0.50:0.50 mL/min (NC1) to 0.75:0.75 mL/min (NC2), in
other words, when the MW exposure time decreased, there was
almost no change in the position of the transverse plasmon
resonance (TPR) (∼448NC1 nm vs 450NC2 nm); however, the
longitudinal plasmon resonance (LPR) for NC2 blue-shifted
by ∼50 nm to ∼697 nm compared to ∼737 nm for NC1
(Figure 2b). In the literature, the blue-shift in the LPR peak is
attributed to a decrease in the aspect ratio of Ag nanorods.42

Considering that the DLS mean particle sizes of NC1 and NC2
are 27.46 ± 1.39 nm and 5.34 ± 0.17 nm, respectively (Figure
2c), one can suggest that the low-aspect-ratio and small rod-
like AgNPs are produced in the MWFS when the flow rate
increased at constant MWP and precursor concentrations.
Furthermore, the fwhm values of NC1LPR and NC2LPR were
comparable (∼467NC1 nm vs 457NC2 nm); however, the
polydispersity in NC1 (PDI ∼ 0.28) was higher than that in
NC2 (PDI ∼ 0.14), suggesting a variation in particle sizes
under a flow regime of 0.50:0.50 mL/min (Table 1). Such an
observed change in the size and aspect ratio of AgNPs can be
ascribed to the MW exposure time, which drives the particle
growth at increased reaction times. However, under the same
flow rates (0.50:0.50 mL/min) using MWP intensities lower
than 70 W (e.g., 50 W (NC4), 40 W (NC5), 30 W (NC6)),
UV−vis analysis suggests the formation of spherical NPs
(Figure 2b). Furthermore, no LPR peak is observed, revealing
a strong correlation between the rod-like AgNP formation in
an MWFS and the applied MWP intensity. The weak
absorption band above ∼600 nm in the UV−vis spectrum of
NC3 hints at a few nonspherical NPs at 60 W under the flow
rate of 0.50:0.50 mL/min. The DLS-based mean particle sizes
and the λmax values of AgNPs in NC3−6 were comparable
(Figure 2c and Table 1); however, their absorbance intensities

Figure 3. Effect of flow rate. a) Photographs of as-prepared NC7−11 solutions, b) UV−vis spectra, and c) particle size analysis (by DLS) of NC7−
11.
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follow a systematic decrease when the applied MWP decreases,
attributed to less concentrated AgNP formation.

Although it is theoretically well-established that applying
high MWP accelerates the heating rate and thus facilitates fast
nanoparticle nucleation, the superheating can cause NP
aggregation/fusion at extended reaction times.29,33,35,36,43

Microwave energy can be transferred to the reaction medium
via dipolar polarization, ionic conduction, and interfacial
polarization,44 and in a given solvent under flow conditions,
superheating of the reaction mixture can be mitigated by
decreasing the exposure time (increasing the flow rate) or the
dissolved solute amounts (e.g., AgNO3 and polymer) or both.

Considering that the highest absorbance intensity and the
lowest PDI (∼0.10) were obtained for AgNPs prepared at the
MWP of 60 W (Figure 2c and Table 1), the effect of flow rate
on the AgNP size and its distribution was evaluated at a
constant MWP of 60 W. The flow rate effect was studied using
6 different combined flow rates. The flow rates of both pumps
((0.25:0.25)NC11 , (0.50:0.50)NC10 , (0.75:0.75)NC3,
(1.00:1.00)NC9, (1.25:1.25)NC8, (1.50:1.50)NC7 mL/min)
were simultaneously adjusted while the remaining experimental
parameters (e.g., AgNO3 concentration in DMSO, PCL
concentration in DMF, and MWP) were kept constant
(Table 1). At 60 W, the AgNP size decreased regularly when

Figure 4. Effect of AgNO3 and PCL concentrations. a) Photographs of as-prepared NC12−16 solutions, b) UV−vis spectra, and c) particle size
analysis (by DLS) of NC12−16.

Figure 5. TEM images of NC8 (a, b) and NC11 (d, e) at different magnifications and the mean particle size distribution of AgNPs in NC8 (c) and
NC11 (f).
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the flow rate increased. The color of produced NCs at
0.75:0.75, 1.00:1.00, 1.25:1.25, and 1.50:1.50 mL/min was
transparent; however, it was gray at 0.50:0.50 and 0.25:0.25
mL/min (Figure 3a and Figure 2a for NC3). The UV−vis
spectra of NC10 and NC11 displayed a broad absorption band
at ca. 454 and 436 nm, and there was an additional absorption
band at ca. 734 and 767 nm (Figure 3b) with fwhm’s at ca. 480
nm, suggesting the presence of nonspherical NPs.43,45,46 In
contrast, the characteristic single UV−vis absorption band at
∼430 nm suggested spherical AgNPs forming at the flow rates
of 1.50:1.50, 1.25:1.25, 1.00:1.00, and 0.75:0.75 mL/min
(Figure 3b and Figure 2b for NC3). The UV−vis absorption
maximum for the spherical AgNPs is generally reported at ca.
405−413 nm;47 however, there are also studies reporting the
absorption band for the small AgNPs at ca. 428 nm.48,49

Although the HRTEM image of NC8 (see Figure 5) displays
ultrasmall spherical AgNPs, the slight broadening in the
absorption band may be attributed to the presence of some
fused AgNPs (>50 nm) observed by HRTEM (SI Figure S3).
Such NP fusing was also observed in previous studies under
microwave-flow heating conditions.33 The size of high-aspect-
ratio AgNPs at a combined flow rate of 0.25:0.25 mL/min was
55.99 ± 4.79 nm (NC11), while the size of spherical ones at
1.50:1.50 mL/min (NC7) was 2.26 ± 0.15 nm (Table 1 and
Figure 3c). A similar declining trend was observed in the PDI
values when the flow rates increased from 0.25:0.25 mL/min
(PDI ∼ 0.49) up to 1.25:1.25 mL/min (PDI ∼ 0.10) (Table
1). The PDI of ∼0.1 for NC8 suggested almost homogeneous
nucleation and growth of AgNPs at 1.25:1.25 mL/min under
60 W of applied MWP. After 1.25:1.25 mL/min, the PDI at
1.50:1.50 mL/min for NC7 slightly increased to ∼0.31,
suggesting a broadening in AgNP size distribution. Such PDI
increase at 1.50:1.50 mL/min can be ascribed to the reduced
microwave exposure time, which may cause ineffective
nucleation and growth processes under high flow rates.50−52

The transition from spherical to high-aspect-ratio AgNPs
occurs almost after the flow rate of 0.75:0.75 mL/min. After
the morphology change, a significant increase in the size of
AgNPs is observed between spherical (3.24 ± 0.03 nm at
1.00:1.00 mL/min) and high-aspect-ratio (53.84 ± 0.98 nm at
0.50:0.50 mL/min) AgNPs. However, the size variation in the
spherical AgNPs is minimal when the flow rate further
increases to 1.25:1.25 mL/min (2.43 ± 0.62 nm) and
1.50:1.50 mL/min (2.26 ± 0.15 nm). Such a fast size change
(∼17-fold) can be related to the microwave exposure time
since the measured temperatures outside of the microwave
zone are comparable at 0.50:0.50 mL/min (37.5 ± 2 °C) and
1.00:1.00 mL/min (35.5 ± 2 °C), suggesting that the size and
morphology of AgNPs can be manipulated by only changing
the flow rate in the MWFS.

The effect of flow rate under microwave-assisted continuous
flow synthesis of AgNPs was previously studied for the
particles produced at 4 mL/min (58.5 nm) and 8 mL/min
(61.4 nm) flows.53 In that study, a particle size increase
(∼10%) was reported at a high flow rate. Similarly, we
compared NC9 (1.00:1.00 mL/min) and NC10 (0.50:0.50
mL/min) as model systems. The DLS analysis of NC9 (∼3
nm) and NC10 (∼50 nm) displayed a particle size increase
when the flow rate was nearly halved (Table 1). The gradual
size increase was typical for all studied slow flows. In addition,
it is worth noting that all studied experimental conditions
yielded AgNPs with hydrodynamic sizes smaller than 3 nm at
flow rates higher than 0.5:0.5 mL/min. Such an observed trend

in particle size and its distribution can be attributed to the type
of microwave source, in which a single-mode micro-
wave29,33−36 was used to prepare the NCs in the current
study compared to a multimode domestic microwave (800 W)
used in the former study.53

Overall, UV−vis spectroscopy and DLS results of NC7−11
showed that the optimum flow rate was 1.25:1.25 mL/min to
prepare ultrasmall (2.43 ± 0.62) and almost monodisperse
(PDI ∼ 0.1) AgNPs in the MWFS system.

Silver salt precursor concentration is another critical
parameter when tuning the size, morphology, and distribution
of AgNPs manufactured in the MWFS.35,36,53 Therefore, a set
of AgNO3 concentrations in DMSO (0.02NC14, 0.05NC13,
0.10NC9, and 0.20NC12 mg/mL) was studied at a combined
flow rate of 1.00:1.00 mL/min under a constant MWP of 60 W
and PCL concentration of 10 mg/mL. Transparent pale yellow
solutions were obtained in all cases, and the yellow color
intensity decreased gradually upon decreasing AgNO3
concentrations (Figure 4a). Irrespective of AgNO3 concen-
trations, a single UV−vis absorption band was observed at
around 430−440 nm, attributable to spherical AgNPs (Figure
4b and Figure 3b for NC9). DLS analysis displayed a particle
size increase when the AgNO3 concentration was increased;
however, the AgNP size was around 2 to 3 nm (Figure 4c,
Table 1, and Figure 3c for NC9). The absorption band was
intense at higher AgNO3 concentrations, signifying increased
AgNP concentration. The highest PDI was recorded for a 0.2
mg/mL concentration of AgNO3, which could be related to a
fast nucleation corroborated by the particle−particle inter-
connections at 60 W.33

In addition, polymer concentration affects the size and
morphology of AgNPs in NCs, stabilizing NPs and preventing
their further growth and aggregation.35,36,54 Herein, the effect
of PCL concentration was studied using 5.0NC15, 10.0NC9, and
20.0NC16 mg/mL PCL in DMF. The NC9 and NC16 were pale
yellow transparent solutions; however, the color of NC15 was
gray (Figure 4a and Figure 3a for NC9). At 5.0 mg/mL of
PCL, two absorption bands positioned at ca. 426 and 673 nm
are observed, suggesting rod-like AgNP formation.43,45,46 A
single UV−vis absorption band is obtained at 10.0 and 20.0
mg/mL concentrations of PCL (Figure 4b and Figure 3b for
NC9). When the concentration of PCL increased to 20 mg/
mL (NC16), the position of λmax blue-shifted to ca. 411 nm
compared to ca. 440 nm for NC9, indicating the presence of
smaller AgNPs in the PCL.35,54 DLS results of AgNPs (3.00 ±
0.22 nm) (Figure 4c) and the light yellow color of the NC16
(Figure 4a) agree well with the UV−vis absorption spectrum of
NC16. In contrast, AgNP size becomes 8.82 ± 0.03 nm, three
times bigger than NC9 (3.24 ± 0.03) and NC16, when 5 mg/
mL of PCL was used (Figure 4c and Table 1).

TEM analysis of the selected NCs was performed to evaluate
the size distribution, morphology, and crystallinity of the
produced AgNPs. TEM samples were prepared using freshly
prepared NC solutions. TEM images of NC8 (Figure 5a) and
NC11 (Figure 5d,e) displayed spherical AgNPs with a mean
size distribution of 1.86 ± 0.77 nm (Figure 5c) and 7.70 ±
7.91 nm (Figure 5f), respectively, and the results were in
accord with DLS data (Table 1).

Further inspection of the TEM image of NC11 also showed
large spherical NPs (∼20−40 nm) (Figure 5d,e), which
increased the calculated mean particle size of AgNPs in NC11
(Figure 3f). The measured d-spacing of AgNPs in the HRTEM
image of NC8 was approximately 0.23 and 0.20 nm (Figure
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5b), indicating AgNPs with (111) and (200) planes,
respectively.55 Furthermore, no silver oxide-based d-spacing
was obtained in the analyzed TEM images, suggesting the
effective stabilization of AgNPs by the PCL matrix.

ATR-FTIR spectroscopy was employed to assess the effect
of AgNP incorporation on the characteristic vibrational modes
of PCL. The FTIR spectra of PCL, NC8, and NC11 are given
in Figure 6a, and the FTIR spectra of other NCs are presented
in SI Figure S4a−d. The PCL displayed the characteristic
carbonyl stretching (C�O) at ca. 1720 cm−1 and C−H
stretchings at ca. 2950 and 2865 cm−1,56 and the position of
the bands was unchanged after composite formation.
Unchanged peak positions can be associated with the absence
of a chemical interaction between PCL and AgNP.2

The IR peaks at ca. 1170 and 1240 cm−1 were assigned to
the symmetric and asymmetric C−O−C stretching bands,
respectively.57 The relative peak intensity (I) ratio of C�O
and C−O−C bands (IC−O−C/IC�O) decreased upon AgNP
incorporation. The IC−O−C/IC�O of NC8 decreased by ∼18%
compared to PCL, while the IC−O−C/IC�O of NC11 is only
∼1%, suggesting a size-dependent physical interaction between
PCL and AgNPs.

The thermal properties of NC8, NC11, and PCL were
studied using TGA-DTA (Figure 6b). Additional TGA-DTA
graphs for NC1−7, NC9−10, and NC12−14 are presented in
SI Figure S5. As-received PCL started degradation at ca. 230

°C under air and displayed a three-step weight loss profile at
ca. 310, 370, and 505 °C, agreeing with the PCL degradation
under oxygen.58 Embedding AgNPs in the PCL matrix shifted
the degradation onset to ca. 240 and 250 °C for NC11 and
NC8, respectively. Previous studies reported decreased
degradation temperature when 10−20 nm AgNPs were loaded
in a PCL/PEO19 due to high thermal conductivity. In contrast,
in our studies, the degradation onset decreased, ascribed to the
homogeneous distribution of small-sized AgNPs (NC11:6.80
± 6.01 nm, NC8:1.86 ± 0.77 nm) in the PCL matrix by the
microwave-fluidic in situ manufacturing method. In addition,
the three-step weight loss profile was conserved for NC8 and
NC11, and the weight losses of NC8 were observed at ca. 350,
400, and 490 °C, while NC11 is at ca. 340, 390, and 440 °C.
The DTA curve displayed a sharp endothermic peak,
attributed to the melting point of PCL,58 at ca. 65.5 °C; this
peak shifted to 60.5 and 59.5 °C for NC8 and NC11,
respectively, due to AgNPs embedding. The enhanced thermal
stability of NC8, which contains smaller AgNPs (1.86 ± 0.77
nm) in the PCL matrix, can be due to the higher surface area
to volume ratio of the smaller NPs. This leads to stronger
interactions and better dispersion within the PCL matrix,
effectively restricting polymer chain mobility and enhancing
thermal stability. Additionally, smaller AgNPs promote more
effective char formation during thermal degradation, which acts
as a protective barrier. These factors, combined with better

Figure 6. a) FTIR, b) TGA-DTA, and c) XRD results of PCL, NC8, and NC11. Inset in b shows the DTA vs temperature plot. Insets in c display
the enlarged regions of corresponding PCL (black), NC8 (red), and NC11 (NC11). The labels correspond to the observed peak positions and
diffraction planes.
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interaction with polymer chains and reduced agglomeration,
contribute to the superior thermal stability observed in
NC8.59−62

Changes in the crystallinity of PCL and the formation of
AgNPs were monitored by XRD analysis. XRD patterns of
PCL, NC8, NC11, and the simulated metallic AgNPs (JCPDs
Card no. 004-0783) as comparison are shown in Figure 6c, and
the XRD of NC1−7, NC9−10, and NC12−14 are presented in
SI Figure S6. PCL displayed two intense diffraction peaks at ca.
21.5° and 23.8°, assigned to (110) and (200) planes in the
crystal structure of the orthorhombic unit cell in PCL,
respectively.63−65 There were also weak signals at ca. 15.7°,
22.1°, 29.9°, 36.3°, 38.4°, 40.4°, 41.2° 43.5°, 48.1°, and 52.1°
associated with the (102), (111), (210), (020), (120), (310),
(017), (220), (217), and (410) planes, respectively.65 The
position of all observed diffraction peaks was unchanged;
however, there were noticeable intensity changes in specific
PCL-related peaks after AgNP incorporation. For instance, the
intensity of the peaks at ca. 15.7° and 79.9° slightly increased
while the peak intensity at ca. 29.9° decreased. Almost
unchanged XRD peak positions and the slight peak intensity
variations suggested that PCL crystallinity was not heavily
dependent on AgNP incorporation.

Five characteristic diffraction peaks located at ca. 38.1°,
44.3°, 64.4°, 77.5°, and 81.5° and assigned to (111), (200),
(220), (311), and (222) planes are expected for metallic
AgNPs (JCPDs Card no. 00-004-0783) (Figure 6c).35,66

However, less intense but sharp peaks localized mainly
between 35° and 45° in the XRD pattern of the PCL67

overlap with the expected intense AgNP diffractions (e.g.,
38.1° and 44.3°) in this region (Figure 6c). Therefore, AgNPs
in the NC8 and NC11 could not be monitored by XRD,
although AgNP presence was affirmed by UV−vis and HR-
TEM analyses. Furthermore, there were additional Bragg
reflections at ca. 32.1° and 46.2° in the XRD pattern of NC11,
attributed to silver oxide planes.68 In contrast, no oxide
formation was observed in the XRD of NC8, suggesting that
the size of AgNPs in the PCL matrix is critical to preventing
oxidation.
Antibacterial Activity of NCs. PCL, NC8, and NC11

films, prepared using the dip coating method, were assessed
regarding their antibacterial activity against two Gram-positive
bacteria (S. aureus and P. aeruginosa) and a Gram-negative
bacterium (E. coli). Typically, the same size glass slides were
dipped into the NC (or PCL) solution with 200 μL/min speed
and retrieval with the same speed. The resultant dried films
were characterized by ellipsometry (SI Figure S7). Information
about film thickness, roughness, refractive index, and mean-
squared error (MSE) of analyzed samples are summarized in
Table 2.

The thickness, roughness, and refractive index of NC films
increased after AgNP loading, and the increase was correlated
with the size of AgNPs. Further, low MSE values suggested
that the selected model (Cauchy film model) effectively

calculated the films’ thickness, roughness, and refractive index.
The films were subjected to antibacterial activity tests, and the
results are presented in Table 3.

A substantial reduction in the number of viable bacteria was
observed, and this fact was more outstanding in NC8-coated
glasses, which showed the activity of 98.2% and 98.17% for E.
coli (Gram-negative) and P. aeruginosa (Gram-negative),
respectively (Figure 7). The activity toward S. aureus (Gram-

positive) was higher than Gram-negative (∼99.1%), agreeing
with the literature.69 The reason behind this is the thickness of
the peptidoglycan layer, which primarily absorbs Ag ions into
the bacterium, destroying bacteria. Since the thickness of this
layer is higher in S. aureus, the bacterium sensitivity against Ag
ion release is higher than the two others.70 Furthermore, PCL-
coated glasses did not exhibit a selective antibacterial effect on
bacteria (Figure 7). Exposure of each bacterium to NC films
decreased bacteria CFU. This decrease was more significant in
NC8 with small AgNPs, which agrees with the previous
findings.71−73

The observed variation in antibacterial activity between NC8
and NC11 can be attributed to differences in the size and
dispersity of the AgNPs. Although NC11 had a slower Ag/PCL
flux, resulting in a higher concentration of AgNPs within the
PCL matrix with higher film thickness, NC8 exhibited superior
antibacterial properties. This is likely due to the smaller size
and monodispersity of the AgNPs in NC8, which had an
average size of approximately 1.86 ± 0.77 nm, as confirmed by
UV−vis, DLS, and HR-TEM analyses. In contrast, NC11
contained larger AgNPs with an average size of 7.70 ± 7.91
nm. It is well-established in the literature that smaller NPs have
a greater surface area-to-volume ratio, enhancing their

Table 2. Ellipsometry Measurement Results of Samples for
Antibacterial Tests

Sample
Thickness

(nm)
Roughness

(nm)
Refractive index

(n) MSE

PCL 85.73 3.95 1.416 1.29
NC8 106.27 5.28 1.505 2.459
NC11 133.51 9.21 1.501 0.875

Table 3. Antibacterial Activity of PCL, NC8, and NC11
Films against E. coli, P. aeruginosa, and S. aureus

Sample
E. coli (Gram-
negative) (%)

S. aureus (Gram-
positive) (%)

P. aeruginosa (Gram-
negative) (%)

PCL 48.6 67.1 55.3
NC8 98.2 99.1 98.2
NC11 82.3 92.3 85.7

Figure 7. Colony-forming units (CFU) of E. coli, S. aureus, and P.
aeruginosa after exposure to uncoated glass and PCL, NC8, and NC11
films.
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interaction with bacterial cells and, thus, their antibacterial
efficacy. Therefore, despite the higher concentration of AgNPs
in NC11, the smaller, more uniformly distributed AgNPs in
NC8 were more effective in inhibiting bacterial growth. These
findings underscore the importance of AgNP size and
dispersity in determining the antibacterial effectiveness of
AgNP/PCL NCs.72,74−77 The difference in antibacterial
activity can be affected by the number of particles and their
size.35,36 Given the low concentration of AgNPs in NC8
(0.21%) compared to NC11 (0.55%) by ICP-OES, it can be
deduced that small AgNPs have more unusual antibacterial
activities when compared to larger counterparts.

■ CONCLUSION
A dual-injection microwave-fluidic reactor system can con-
tinuously manufacture US-AgNPs (1.86 ± 0.77 nm) in a
biodegradable polymer matrix, PCL, under microwave-fluidic
conditions without a reducing agent. Fine-tuning the MWP,
flow rate, and precursor concentration controls the AgNP size
and its distribution in the PCL matrix effectively at reaction
temperatures below 50 °C and in less than 3 min of residence
time. Embedding US-AgNPs in the PCL matrix increases the
PCL degradation temperature onset by 20 °C. The PCL
crystallinity is almost independent of the AgNP size and
amount; however, NP incorporation increases NC films’
roughness and refractive index. Antibacterial activity studies
reveal that AgNP size is a dominating factor in antibacterial
efficiency toward Gram-negative and Gram-positive bacteria
compared to its amount. Overall, the presented continuous
process brings a novel viewpoint to traditional polymer-based
NC manufacturing, offering control over the fillers’ size and
distribution using an energy-efficient and almost green
approach. It can be exploited to prepare other hybrid systems.
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