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Abstract

The production of polymeric nanoparticles using microfluidic systems holds great potential
for controlled drug delivery applications. In this study, the effects of flow parameters
and surfactant properties on the characteristics of PLGA (Poly (lactic-co-glycolic acid))
nanoparticles were systematically investigated. First, the total flow rate (TFR) and flow rate
ratio (FRR) were optimized to ensure stable droplet formation. Subsequently, the effects of
different surfactant types (anionic, cationic, and nonionic) and their varying concentrations
were evaluated. Using the selected parameters, capsaicin-loaded PLGA nanoparticles
were successfully produced. The particles were prepared using a microfluidic platform,
and the organic phase was subsequently removed via solvent evaporation. The resulting
formulations were comprehensively characterized in terms of particle size, polydispersity
index (PDI), zeta potential, and encapsulation efficiency (%EE). Additionally, the in vitro
release profiles and cytotoxicity of capsaicin-loaded nanoparticles were evaluated. This
study aimed to elucidate the decisive role of surfactant parameters in the microfluidic
production of PLGA nanoparticles and to contribute to the development of optimized and
reproducible formulations.
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technology provides a compact and controllable alternative [1]. This technology enables
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PLGA is a clinically approved, highly biocompatible polymer widely used in targeted
drug delivery [4]. However, the therapeutic efficacy of PLGA-based systems depends
directly on the colloidal stability achieved during synthesis. Surfactants are incorporated
into the formulation components to reduce the system’s free energy during nanoparticle for-
mation and prevent the particles from aggregating by adhering to one another. Surfactants
play a central role in controlling the critical physicochemical parameters of the synthesized
nanoparticles, such as particle size, zeta potential, and polydispersity, by reducing the
interfacial tension between the polymeric matrix and the aqueous phase. Therefore, the
selection and concentration of surfactants constitute some of the most critical steps in the
formulation development process for achieving the desired stability and drug-loading
capacity of PLGA NPs [5-8]. To evaluate these optimized nanocarriers, capsaicin (CPS)
was chosen as an ideal model drug, as its clinical application is severely hindered by poor
water solubility and low bioavailability despite its significant therapeutic benefits [9-11].

This study aims to systematically elucidate the decisive role of surfactant proper-
ties, such as chemical structure, ionic charge, and concentration, in the production of
microfluidic-based PLGA NPs. Although microfluidic platforms provide superior con-
trol over nanoparticle synthesis, the complex interaction between fluid dynamics and
surfactant-mediated interfacial stabilization remains a critical factor in achieving repro-
ducible formulations. In the first phase of the study, basic flow parameters, TFR and FRR,
were optimized using polyvinyl alcohol (PVA), which is identified in the literature as the
most commonly used stabilizer for PLGA-based systems. Subsequently, comprehensive
screening was conducted to evaluate the effect of various surfactants on particle size, PDI,
and zeta potential. The study examined nonionic surfactants (PVA, Pluronic F-127, Pluronic
F-68, Tween 80, Tween 20, Kolliphor EL, Brij 35, and PVP K90), cationic surfactants (cetyl
trimethylammonium chloride [CTAC], cetyl trimethylammonium bromide [CTAB], ben-
zalkonium chloride, polyethylenimine [PEI], and cetylpyridinium chloride), and anionic
surfactants (sodium dodecyl sulfate [SDS], sodium cholate, and sodium oleate). Rather than
confining the study to a few model stabilizers, this comprehensive array of surfactants was
strategically utilized to systematically unravel how the interaction between a surfactant’s
molecular architecture and its diverse physicochemical attributes, such as ionic charge,
molecular size, HLB, CMC, and pH responsiveness, influences the rapid nucleation and
growth kinetics during microfluidic assembly. As a key point, surfactant-free aqueous
phases, PBS (pH 7.4) and ultrapure water were included to critically investigate whether
the addition of external stabilizers is fundamentally necessary to ensure stable nanoparticle
formation in a microfluidic environment or whether the process itself provides sufficient
intrinsic stabilization. Following the screening process, representative surfactants from each
ionic class were selected to evaluate concentration-dependent effects. Finally, capsaicin
was used as a model active ingredient to validate the performance of optimized surfactant
systems in a practical drug delivery context. To provide a robust and optimized framework
for the development of highly controlled and reproducible polymeric nanocarriers, the
encapsulation efficiency, and in vitro release profiles of these CPS-loaded nanoparticles
were evaluated, along with their biological validation through cytotoxicity tests.

2. Materials and Methods
2.1. Materials

The BM5-Z500 Bifurcating Mixing Microfluidic Chip (Nehir Biotechnology, Ankara,
Turkiye) was used for nanoparticle synthesis. = PLGA (50:50 lactide:glycolide,
Mw 40,000-75,000 g/mol), PVA (Mw 13,000-23,000), Pluronic F-68, Pluronic F-127, Kol-
liphor EL, CTAC, CTAB, PE], cetylpyridinium chloride, SDS, sodium cholate, and acetone
were purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). Tween 80
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and Tween 20 were obtained from Merck KGaA (Darmstadt, Germany). PVP K90 and
sodium oleate were purchased from Fluka (Buchs, Switzerland). Brij 35 was purchased
from Acros Organics (Geel, Belgium) and benzalkonium chloride was purchased from
Central Drug House Ltd. (New Delhi, India). For cell culture studies, Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with L-glutamine, fetal bovine serum, penicillin,
and streptomycin (all purchased from Gibco, Grand Island, NY, USA) was used. Human
prostate cancer (PC3) and breast cancer (MCF-7) cell lines were obtained from the American
Type Culture Collection (ATCC, Manassas, VA, USA).

2.2. Methods
2.2.1. Microfluidic Device and Setup

The nanoparticles were produced using a polydimethylsiloxane (PDMS)-based mi-
crofluidic platform (Figure 1). During the preparation process, the organic phase (acetone)
containing the polymer was pumped through the microfluidic chip’s “inner” input via a
syringe pump, while the aqueous phase (ultra pure water) consisting of various surfactants
was pumped through the chip’s “outer” input. The nanoparticles were collected at the
system’s output. Following the collection step, a solvent evaporation method was applied
to the formulations to remove the organic solvent [12]. For drug-loaded formulations,

capsaicin was dissolved in acetone together with PLGA to form the organic phase.
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Figure 1. (A) General Schematic Flow Diagram for the Microfluidic-Based Synthesis and Processing of
PLGA Nanoparticles. (B) Detailed microchannel design of the BM5-Z500 microfluidic chip. (C) Real-
time optical photograph captured using a digital microscope (Celestron Labs Digital, 5SMP; Celestron,
Torrance, CA, USA) showcasing the stable fluid flow profile and dynamic phase interactions (aqueous
and organic phases) within the mixing channels during device operation.

2.2.2. Optimization of Flow Parameters

Prior to investigating the effect of surfactants on NP production via a microfluidic
system, a comprehensive preliminary study was conducted to determine the optimal op-
erating parameters. Since PVA is the most widely utilized surfactant for PLGA NPs in
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the literature [13,14], it was selected as the model surfactant for the flow rate optimiza-
tion phase. At this stage, while maintaining constant compositions for the inner phase
(PLGA 1 mg/mL) and outer phase (0.5% PVA), the effects of FRR (Inner:Outer) and TFR on
particle size, PDI, and zeta potential were systematically evaluated. The flow rate was set at
base levels of 1.0, 0.5, and 0.1 mL/min; the FRR values of 1:5, 1:2, 1:1, and 2:1 (Inner:Outer)
for each base value. This approach allowed for the systematic observation of the effects
of both different FRR values and variations in TFR within each FRR cohort on particle
characteristics. Based on the obtained data, representative FRR and TFR parameters were
selected for use in subsequent surfactant studies.

2.2.3. Influence of Surfactant Type and Concentration

Following the optimization of the microfluidic system parameters, the effect of various
types of surfactants on nanoparticle properties was systematically investigated. At this
stage, based on the preliminary study described in Section 2.2.2, a FRR of 1:5 and a TFR
of 6 mL/min were fixed for all formulations. While the composition of the internal phase
(PLGA 1 mg/mL) and the surfactant concentration in the external phase (0.5% w/v) were
kept constant, a total of 18 different formulations (B1-B18) were prepared based on the
chemical structure and charge of the surfactants.

The nonionic surfactants and stabilizers used in the study consisted of PVA, Pluronic
F-127, Pluronic F-68, Tween 80, Tween 20, Kolliphor EL, Brij 35, and PVP K90. CTAC,
CTAB, benzalkonium chloride, PEI, and cetylpyridinium chloride were selected as cationic
surfactants, while SDS, sodium cholate, and sodium oleate were used in the anionic
group. Fundamental information regarding the selected surfactants is provided in Table 1.
Additionally, surfactant-free control groups containing PBS (pH 7.4) and ultrapure water
were prepared to observe the system’s intrinsic nanoparticle formation capacity and internal
stability in the absence of any surfactant. All prepared NPs were characterized in terms of
particle size, PDI, and zeta potential.

Table 1. Physicochemical properties of the surfactants and stabilizers used in the study.

Surfactant/ Ionic Nature Molecular Weight CMC HLB Ref
Stabilizer Name Charge (Mw—g/mol) (298 K) :
PVA Nonionic 13,000-23,000 N/A 18 [15,16]
Plunoric F127 Nonionic 9840-14,600 0.039 mg/mL 22 [17,18]
Plunoric F68 Nonionic 7680-9510 4.204 mg/mL 29 [17,18]
Tween 80 Nonionic 1310 0.015mM 15 [19-23]
Tween 20 Nonionic 1227.7 0.0499 mM 16.7 [19,20,22-24]
Kolliphor EL Nonionic N/A 0.2mg/mL 12-14 [23,25]
Brij 35 Nonionic 1198 0.035 mM 16.9 [23,26-28]
Pvp K90 Nonionic 360,000 N/A N/A [29]
- 1.3 mM
CTAC Cationic 320 98.9mg/L 214 [30-32]
- 0.94 mM
CTAB Cationic 364.45 81.4mg/L 214 [27,30,33-35]
Benzalkonium Cationic 360 0.05-1.3 mM 205 [23,32,36,37]
chloride
Cationic
PEIL (polycationic) 750,000 N/A N/A [38]
Cetylpyridinium . 0.9 mM )
chioride Cationic 339.9 034g/L 15-16 [23,39,40]
SDS Anionic 288.4 8.2mM 40 [19,22,23,27,41,42]
Sodium cholate Anionic 430.55 9mM 18 [43-45]
Sodium oleate Anionic 304.44 1mM 18 [35,46]
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Following the evaluation of surfactant types, one representative from each main
category (nonionic, cationic, and anionic) that yielded the smallest particle size was selected.
This selection was intended to specifically investigate the impact of surfactant concentration
on nanoparticle properties. Accordingly, Kolliphor EL, CTAC, and SDS were chosen for
the subsequent experimental phase. At this stage, five different concentration levels (0.1%,
0.25%, 0.5%, 1%, and 2% w/v) were determined for each surfactant, resulting in a total of
15 formulations (C1-C15). All other parameters, including a FRR of 1:5, a TFR of 6 mL/min,
and a PLGA concentration of 1 mg/mL, were held constant to ensure consistency with the
previous experiments.

2.2.4. Preparation of Capsaicin-Loaded PLGA NPs

Following the optimization of surfactant concentrations, the 2% (w/v) level, which
yielded the minimum particle size across all three surfactant categories, was selected for the
preparation of drug-loaded nanoparticles. In this phase, CPS-loaded formulations (D1-D3)
were developed. The internal phase consisted of 1 mg/mL PLGA, and 0.25 mg/mL CPS
dissolved in acetone. Microfluidic process parameters, including an FRR of 1:5 and a TFR of
6 mL/min, were maintained to ensure consistency with the previous experimental stages.
In addition to particle size, PDI, and zeta potential, the prepared nanoparticles (NPs) were
characterized in terms of encapsulation efficiency (%EE) and in vitro drug release profiles.

2.2.5. Particle Size, PDI, Zeta Potential

The mean particle size, PDI, and zeta potential of the nanoparticles were measured
using a Zetasizer Nano ZS (Malvern Instruments, Worcestershire, UK). Prior to analysis,
the nanoparticle dispersions were diluted 1:100 with ultrapure water, and measurements
were conducted at 25 °C [47]. To ensure the accuracy and reproducibility of the results,
each sample was analyzed in triplicate (n = 3).

2.2.6. Encapsulation Efficiency and Drug Loading

The drug encapsulation efficiency was determined indirectly by quantifying the
amount of unloaded drug in the supernatant. The formulations were subjected to ul-
tracentrifugation at 30,000 rpm for 1 h at 5 °C. Following centrifugation, the unencapsu-
lated amount of CPS in the supernatant was measured spectrophotometrically at 280 nm
(ThermoScientific, Waltham, MA, USA), and the %EE was calculated using the following
equation [48]:

Drug encapsulation efficiency (%) = (Amount of total drug — Amount of unloaded drug)/Amount of total drug x 100.

2.2.7. pH Measurement

The pH values of the surfactant solutions were measured to evaluate their potential
influence on the zeta potential of the formulated nanoparticles. For this purpose, 0.5% (w/v)
aqueous solutions of each surfactant were prepared using ultrapure water. Measurements
were conducted using a digital pH meter (FiveEasy, Mettler Toledo, Greifensee, Switzer-
land), at room temperature (25 + 1 °C). All measurements were performed in triplicate to
ensure accuracy, and the results are presented as mean values.

2.2.8. In Vitro Release

In Vitro, drug release studies were performed on CPS-loaded nanoparticle formula-
tions using the dialysis membrane method. PBS buffer (pH 7.4) containing 30% methanol
was utilized as the dissolution medium to ensure sink conditions. The nanoparticles were
dispersed in 2 mL of the release medium and placed into a dialysis membrane (14 kDa
MWCO, Sigma). The membranes were then immersed in 25 mL of dissolution medium
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and horizontally shaken at 50 rpm in an incubator maintained at 37 °C 4 0.5 °C. At pre-
determined time intervals, 1 mL of sample were withdrawn and replaced with an equal
volume of fresh medium to maintain a constant volume [49]. The concentration of CPS
in the samples was measured spectrophotometrically at 280 nm. All experiments were
conducted in triplicate (n = 3), and the in vitro release profiles were obtained by plotting
the cumulative percentage of drug released against time.

2.2.9. Cell Viability Assay

The (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium (MTS) assay, a colorimetric method used to assess the effects of substances
on cell viability, was employed [50]. PC3 and MCEF-7 cells were utilized in cell culture.
Cells were added to Falcon tubes containing 5 mL of DMEM within a laminar flow cabinet,
followed by centrifugation at 1300 rpm for 5 min. Subsequently, the supernatant was
carefully removed using a sterile serological pipette, leaving the cell pellet intact. D1, C5
and CPS were administered to the cells for 24 h. The compounds were applied at 7.81 uM,
16.63 uM, 31.25 uM, 62.5 pM, 125 pM, and 250 uM concentrations. Cell viability was
evaluated by measuring optical density at a wavelength of 450 nm using an ELISA plate
reader (BioTek Instruments, Inc., Winooski, VT, USA) (n = 4).

3. Results and Discussion
3.1. Effect of Total Flow Rate and Flow Rate Ratio on Particle Formation

The formulation parameters and characterization results of the formulations produced
within the scope of the study conducted to determine the optimal operating parameters are
shared in Table 2.

Table 2. Influence of FRR and TFR on the physicochemical characteristics of PLGA nanoparticles.

Organic

Aqueous

(mg/mL) (%)
Al 1 0.5 1:5 6 823+ 2.5 0.229 + 0.001 —128 +0.3
A2 1 0.5 1:2 3 108.7 + 3.7 0.130 £ 0.056 —-16.7 £ 0.6
A3 1 0.5 1:1 2 143.5 + 4.9 0.139 £+ 0.039 —152+1.2
A4 1 0.5 2:1 3 1552 + 6.9 0.235 + 0.002 —214+0.8
A5 1 0.5 1:5 3 118 + 3.6 0.126 £+ 0.026 —16.6 £ 0.5
A6 1 0.5 1:2 15 162.2 + 5.1 0.081 £+ 0.016 —206+14
A7 1 0.5 1:1 1 1755+ 7.3 0.103 £ 0.026 —21.1+£0.1
A8 1 0.5 2:1 1.5 188.1 +3.2 0.226 + 0.01 —21.7 £ 0.7
A9 1 0.5 1:5 0.6 165 +4.8 0.162 £ 0.049 —-16.5+ 0.6
A10 1 0.5 1:2 0.3 1781 + 2.4 0.097 £+ 0.046 —188 +£ 1.1
All 1 0.5 1:1 0.2 1791+ 1.6 0.118 £ 0.013 —202+04
Al12 1 0.5 2:1 0.3 1872+ 6.7 0.024 £+ 0.030 —21.7+1.1

In all developed formulations, it was observed that increasing the flow rate of the outer
phase (surfactant-containing phase) led to a significant decrease in particle size; conversely,
increasing the flow rate of the inner phase (polymer-containing phase) relative to the outer
phase resulted in the formation of larger particle sizes. This situation proves that the
high shear stress created by the high speed of the outer phase supports the formation of
smaller droplets [51,52]. High external phase flow rates increase the concentration gradient
between the internal and external phases, accelerating the diffusion rate of the organic
solvent into the external phase. This rapid solvent exchange causes the polymer to settle
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much faster, limiting the time required for particle growth. Rapid mixing and high energy
input increases the homogeneous nucleation rate in the system, triggering the formation
of numerous small nuclei [53-55]. Since the amount of polymer in the medium is shared
among these numerous nuclei, the final size of each particle remains limited. The surfactant
(PVA) is in the outer phase and coats the surface of the newly formed droplets, preventing
coalescence [56]. A high outer phase flow rate can accelerate the mass transfer of surfactant
molecules to the newly formed interfaces. This allows the nano-droplets to stabilize rapidly
before they have a chance to coalesce and grow. Consequently, in addition to shear stress,
the increase in outer phase flow focuses the inner phase in a thinner line, shortening the
diffusion distance and increasing the solvent exchange rate, resulting in faster and more
homogeneous precipitation of the polymer, forming smaller particles [57,58].

To examine the TER effect, evaluating formulations with the same FRR values reveals
that a decrease in total flow rate leads to a systematic increase in particle size. This situation
can be explained by the mixing kinetics and solvent exchange rate within the microfluidic
channels. High TFR values accelerate interphase interaction, ensuring homogeneous
mixing in a shorter time and triggering the polymer to rapidly reach “supersaturation,”
promoting the formation of numerous small nuclei (nucleations) [59,60]. Conversely, when
the TFR decreases, the mixing efficiency decreases, and the time required for solvent
diffusion increases. This slows down the nucleation rate, allowing more time for the
growth or aggregation of existing nuclei, ultimately leading to the formation of larger
nanoparticles [61]. At low TFR values, the local polymer concentration remains high
for longer, increasing the probability of collisions between particles. High TFR, on the
other hand, accelerates stabilization by rapidly separating newly formed particles and
bringing them into contact with fresh surfactant molecules more quickly. This minimizes
aggregation, resulting in smaller and more tightly packed particles [62]. In summary, TFR
holds kinetic control of the system; as TFR increases, the mixing time shortens and the
nucleation rate dominates the growth rate, which can be considered the primary driving
force behind size reduction.

The results are strongly supported by existing literature, where increasing the outer
aqueous phase flow rate (or FRR) is consistently shown to reduce PLGA nanoparticle
size by accelerating solvent extraction and polymer precipitation [63-65]. However, an
interesting exception to this trend was reported by Kozalak et al., where increasing the FRR
resulted in larger particles and a loss of monodispersity. This divergence was attributed
to the specific geometric limitations of the staggered herringbone channels used in their
study, which failed to maintain mixing efficiency and shear force control at high flow ratios.
This contrast clearly highlights that optimizing flow parameters alone is insufficient; the
dynamic interaction between fluid kinetics and specific microfluidic channel architecture
ultimately dictates the final particle properties [66].

The PDI indicates how narrow (homogeneous) the particle size distribution is. Ac-
cording to the generally accepted rule, values below 0.3 for polymeric nanoparticles are
considered “narrowly distributed” (monodisperse) and successful [67]. Upon examining
the characterization results, it was observed that all formulations had PDI values below
0.3. The fact that all values in the table range from 0.024 to 0.235 demonstrates that the
microfluidic system produces highly controlled and homogeneous particles.

Zeta potential indicates the surface charge of the particles and, consequently, their
physical stability. The fact that all values are negative (ranging from —12.8 to —21.7 mV) is
attributed to the terminal carboxyl groups in the structure of the polymeric matrix, PLGA.
This serves as chemical evidence that the particles were successfully formed. Generally,
values above +30 mV are considered to indicate high stability [68]. In the A4, A8, and
A12 formulations, where the FRR is 2:1 (indicating a more dominant internal phase), the
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zeta potential remains stable around —21 mV. This suggests that as the internal phase
ratio increases, the PLGA concentration or the arrangement of polymer chains results in
a more stable distribution of charge. In addition, non-ionic surfactants provide stability
through steric hindrance (physical barrier) because they do not carry an electrical charge;
therefore, even at low zeta potential values, the long polar chains of the molecules can
prevent droplets from approaching and merging [69].

This study was conducted to determine a representative flow rate during the formu-
lation production stage and to systematically investigate the effects of flow parameters
on NPs characterization. The findings indicate that different FRR and TFR values can be
selected based on the targeted NP properties, and that precise control over NP charac-
terization can be achieved through the optimization of these parameters. In our study,
the FRR and TFR parameters of the Al formulation, which yielded the smallest particle
size of 82.3 £ 2.5 nm, were selected as representative values for use in subsequent stages
where the effect of surfactants would be investigated, and these values were kept constant
throughout all subsequent experiments.

3.2. Impact of Surfactant Type and Concentration on NP Characteristics

The formulation parameters and characterization results of the formulations produced
as part of the study conducted to determine the effect of various types of surfactants on NP
properties are presented in Table 3.

Table 3. Impact of surfactant types.

e Ao Gl fede o s
B1 PVA 5.66 = 0.01 823425 0.229 4 0.001 ~128403
P B2 Pluronic F-127 6.39 +0.01 86.3+13 0.19 + 0.017 ~39.6 +53
§ B3 Pluronic F-68 6.35 + 0.01 845+ 0.6 0.222 4 0.015 —422406
‘*§ B4 Tween 80 444 +0.01 100.5 + 1.5 0.095 + 0.001 —24.6 +2.05
E B5 Tween 20 495 +£0.01 3434 £ 52 0.291 % 0.05 ~158 403
2 B6 Kolliphor EL 5.45 + 0.01 56.4+0.7 0.211 + 0.007 231414
z B7 Brij 35 3.59 £ 0.00 1321408 0.084 + 0.012 ~161+16
B8 PVP K90 5.07 + 0.00 4409 + 13.09 0.176 + 0.047 —20.1+09

] B9 CTAC 422 40,01 1129 +25 0.109 =+ 0.008 +425+ 14
g B10 CTAB 534 +£0.01 133.1 & 1.07 0.127 4 0.008 +39.2 £ 04
g
“;2; B11 Benzationium 6.32 + 0.00 1327 405 0.107 + 0.024 450.03 + 2.1
§ B12 PEI 10.86 + 0.01 290.3 + 3.04 0.118 + 0.013 +56.6 + 0.4
S B13 Cetyclﬁly;riﬁgi“m 6.39 +0.01 1329 +£2.1 0.156 + 0.022 +487 +34

o B14 SDS 6.61 % 0.01 1172406 0.091 % 0.015 ~391405

§ :;j B15 Sodium cholate 9.69 + 0.01 1334 405 0.088 4 0.012 —422 406

<3 B16 Sodium oleate 6.91 + 0.02 368.3 + 63.05 0.400 + 0.014 —205+1.2

é % B17 PBS (pH 7.4) 7.4 £0.00 562.7 +177.7 0.535 4 0.147 ~39.08 £1.3

A

g 2

E “% B18 Ultra pure water 6.42 +0.02 387.6 + 5.06 0.282 4 0.109 99402

For all formulations, the internal phase PLGA concentration was maintained at 1 mg/mL, and the surfactant
concentration was fixed at 0.5% (w/v). The FRR and TFR were kept constant at 1:5 (inner:outer) and 6 mL/min,
respectively.
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In experiments conducted under constant flow conditions (A1 conditions: FRR 1:5,
TFR 6 mL/min), it was observed that the type of surfactant caused significant differences
in particle size, PDI, and zeta potential. Nonionic surfactants play a critical role in the
development of PLGA NP formulations due to their high bioavailability and low toxicity
profiles [15]. Comparing Tween variants, Tween 80’s 18-carbon unsaturated oleic acid
chain provides stronger, broader hydrophobic interactions with the PLGA matrix than
Tween 20’s 12-carbon saturated chain, more effectively inhibiting droplet growth during
nucleation [70,71]. Furthermore, Tween 80’s lower HLB value grants it a higher interfacial
affinity, which rapidly reduces interfacial tension and stabilizes the Marangoni effect to
yield smaller particles [57,72-75]. Additionally, the approximately three-fold lower critical
micelle concentration of Tween 80 ensures rapid surface coating during the millisecond-
scale microfluidic mixing process. In contrast, Tween 20’s higher CMC results in slower
adsorption kinetics that fail to outpace the rapid nucleation rate, leading to particle in-
stability and aggregation [76,77]. Ultimately, the excellent PDI value of 0.095 obtained
with Tween 80 demonstrates that its rapid stabilization capacity perfectly complements the
precise fluidic control of the system.

Pluronic F-68 (Poloxamer 188) and F-127 (Poloxamer 407), which are FDA-approved
and biocompatible triblock copolymers, play a critical role in the stabilization of PLGA
NPs due to their PEO-PPO-PEO structures [17,78]. Theoretically, Pluronic F-127’s low
critical micelle concentration (CMC) and low HLB value (12-14), which reflect its lipophilic
nature, might suggest that it would bind more effectively to the PLGA surface and form
smaller NP sizes; however, experimental data reveal that formulations prepared with F-127
(B2) and F-68 (B3) exhibit similar characterization results. This situation can be explained
by the balancing mechanisms between the dynamic nature of microfluidic systems and
the physicochemical properties of surfactants; since the rate at which molecules reach the
newly formed interface during the millisecond-long mixing time in microfluidic channels
is decisive [79-81]. Due to its lower molecular weight compared to F-127, F-68 achieves a
higher diffusion coefficient and, through this “kinetic advantage,” can halt particle growth
at an earlier stage during the nucleation phase [82,83]. Moreover, F-68’s higher PEO ratio
forms a denser hydrophilic corona on the surface, establishing a rigid hydration shield that
physically inhibits further growth [84,85]. Since DLS hydrodynamic diameter measure-
ments are influenced by surface chain length, F-127’s longer block structure extending into
the aqueous phase likely artificially increases its measured size [86,87]. Consequently, while
F-127 offers stronger PPO-mediated binding, F-68’s rapid diffusion and dense steric shield-
ing compensate for the final particle size, demonstrating that kinetic molecular dynamics
must be prioritized alongside classical HLB/CMC parameters in microfluidic systems.

Although comparative analysis of the heterogeneous physicochemical structures
of other nonionic surfactants complicates the matter, it is observed that Kolliphor EL,
which has the lowest HLB value within this group, enables the production of the smallest-
sized (56.4 nm) NPs. While the size advantage provided by Kolliphor EL stands out for
applications requiring rapid cellular penetration [88], Pluronic F-68 emerges as the preferred
choice when long-term stability and resistance to opsonization (protein adsorption) in
biological environments are targeted, thanks to its high negative charge (—42.2 mV) and
superior stability profile [89]. On the other hand, the use of PVP K90 (B8), which has
the highest molecular weight (approximately 360,000 g/mol), resulted in the highest
particle size in the group at 440.9 nm. In terms of zeta potential, although all surfactants
used were nonionic in nature, the fact that the prepared NPs exhibited distinct negative
charges ranging from —12 mV (PVA) to —42 mV (P68) demonstrates that the formulation
components modulate surface properties through different mechanisms.
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With the transition to the cationic group, we observe a dramatic change in the table: the
zeta potential has shifted strongly from negative (the natural charge of PLGA) to positive.
This is a critical advantage, particularly for drug delivery systems expected to interact with
the cell membrane (which is negatively charged) [90]. Cationic surfactants coat the PLGA
NP surface, providing electrostatic stabilization [91]. The negative charges observed in the
nonionic group have been replaced by very high positive values ranging from +39.2 mV
to +56.6 mV. The fact that these values are well above the +30 mV threshold indicates
that the particles repel each other very strongly and possess “perfect” physical stability
from a colloidal perspective. PEI, with its polycationic structure and enormous molecular
weight (Mw: 750,000 g/mol), exhibits the highest charge at +56.6 mV. This proves that
the numerous amine groups (polycationic) on the PEI chains completely dominate the
surface. In addition, just like PVP K90 in the non-ionic group, PEI also exhibited the
largest particle size in its group at 290.3 nm. PEI’s polycationic nature may have triggered
aggregation by bridging between nuclei during nucleation. CTAC, benzalkonium chloride,
and cetylpyridinium chloride yielded similar particle sizes (112-132 nm). When the CTAC
(B9), CTAB (B10), and benzalkonium chloride (B11) groups are evaluated together, the
group’s common physicochemical properties are very similar: low molecular weights
(320-365 g/mol), high HLB values (20-21), and low CMC levels (0.94 mM-1.3 mM). We
observe this similarity in the PLGA nanoparticles produced using a microfluidic system,
yielding highly consistent results in terms of both size (112-133 nm) and homogeneity
(PDI < 0.13), as well as high zeta potential values.

With our shift to the anionic surfactant group, anionic surfactants maximize electro-
static repulsion by adding an additional negative layer to PLGA rather than masking its
natural negative charge.

Comparison of surfactant-free control groups (B17 and B18) with surfactant-containing
formulations reveals that in surfactant-free systems, particle size increases to 562.7 nm (B17)
and PDI values reach highly heterogeneous levels such as 0.535. This indicates that the
rapid mixing advantage provided by the microfluidic system alone is insufficient, and a
stabilizer layer is necessary to reduce interfacial tension at the nucleation stage and prevent
droplet growth.

The pH of the dispersion medium significantly influenced the zeta potential, par-
ticularly in nonionic and surfactant-free formulations. Higher pH values (e.g., Pluron-
ics and PBS) promoted the deprotonation of PLGA’s terminal carboxyl groups, yield-
ing significantly more negative zeta potentials compared to more acidic environments
(e.g., Brij 35 and Tween 80). Conversely, in formulations stabilized by ionic surfactants,
the inherent strong electrical charge of the surfactant molecules dominated the surface
properties, effectively overshadowing the pH-dependent variations.

The study continued by evaluating the effect of different surfactant concentrations,
selecting the surfactant that yielded the smallest particle size from each group of nonionic,
cationic, and anionic surfactants. In this context, Kolliphor EL was selected as the nonionic
surfactant, CTAC as the cationic surfactant, and SDS as the anionic surfactant. The formula-
tion parameters and characterization results of the formulations produced as part of the
study conducted to determine the effect of various concentrations of surfactants on NP
properties are presented in Table 4.

As a general trend, it is observed that an increase in concentration leads to a decrease
in particle size in all three surfactant groups (Kolliphor EL, CTAC, and SDS). For the ionic
surfactants CTAC (C6-C10) and SDS (C11-C15), it was found that particle size decreased
as the concentration increased from 0.1% to 2%. This phenomenon can be explained
by the increased number of surfactant molecules more effectively reducing interfacial
tension, thereby promoting the formation of smaller droplets during nucleation and rapidly
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covering the newly formed surface to prevent particle coalescence [92,93]. In the Kolliphor
EL group, a nonionic surfactant, one of the smallest sizes (51.0 nm) was achieved at a 0.25%
concentration; however, a slight tendency for the size to increase was observed at higher
concentrations (C4: 66.6 nm). This situation may be due to the thickening of the coating
layer on the particle surface or changes in the viscosity of the medium in the presence of
excessive surfactant. The electrical charges of surfactants directly dominate the surface
properties of NPs. NPs prepared with the cationic surfactant CTAC exhibited high positive
charges ranging from +39 mV to +48.6 mV, while those prepared with the anionic surfactant
SDS exhibited strong negative charges ranging from —39.1 mV to —54.1 mV. These high
absolute zeta potential values create a strong electrostatic repulsive force between particles,
thereby enhancing the system’s physical stability. In the nonionic Kolliphor EL series, the
zeta potential was observed to range from —14.4 mV to —30.9 mV. Despite its nonionic
character, this observed negative charge may originate from the terminal carboxyl groups of
the polymer (PLGA) or from the electrical double-layer effect formed during the surfactant’s
deposition on the surface. It is noteworthy that ionic surfactants (particularly SDS and
CTAC) yield significantly lower and more stable PDI values (typically <0.13) compared
to Kolliphor EL. This demonstrates that strong electrostatic repulsion, combined with
the rapid mixing dynamics in the microfluidic system, results in a highly homogeneous
(monodisperse) distribution. While CTAC and SDS have a linear structure, Kolliphor EL
has a branched structure and contains fatty acids. In the Kolliphor EL series, however, the
higher and more variable PDI values (0.11-0.31) suggest that this surfactant relies primarily
on steric hindrance for stabilization, and that this mechanism cannot produce a distribution
as narrow as that achieved by electrostatic stabilization under the high shear forces present
in the microfluidic system.

Table 4. Impact of surfactant concentration.

Aqueous Phase

Code Surfactant Typ.e and Sli);;‘t(ircli) PDI Po tenztieatla (mV)
Concentratio
C1 0.1% Kolliphor EL 88.5+0.9 0.22 4+ 0.007 —292+£0.3
C2 0.25% Kolliphor EL 51.0+0.2 0.111 £ 0.013 —144+£03
C3 0.5% Kolliphor EL 56.4+0.7 0.211 £ 0.007 —231+14
C4 1% Kolliphor EL 66.6 1.9 0.312 £ 0.057 —-309+£12
C5 2% Kolliphor EL 50.5+0.2 0.288 4= 0.033 —235+£0.8
Co 0.1% CTAC 128.6 £ 0.8 0.111 £ 0.009 +39.04 £ 0.7
Cc7 0.25% CTAC 113.3 £ 1.3 0.125 4 0.006 +46.4 £ 0.6
C8 0.5% CTAC 1129 £ 25 0.109 £ 0.008 +425+14
9 1% CTAC 110.8 £ 0.7 0.102 £ 0.019 +44.3 £+ 2.09
C10 2% CTAC 105.9 £ 0.6 0.103 £ 0.020 +48.6 = 1.04
C11 0.1% SDS 1243 £ 05 0.064 & 0.028 —52.03 £0.3
C12 0.25% SDS 118.6 £ 0.3 0.13 £ 0.016 —541+£26
C13 0.5% SDS 117.2 £ 0.6 0.091 £+ 0.015 —-39.1+£05
C14 1% SDS 1151 +13 0.123 £ 0.052 —447£13
C15 2% SDS 106.4 £ 0.6 0.134 & 0.038 —41.07 £6.2

For all formulations, the internal phase PLGA concentration was maintained at 1 mg/mL. The FRR and TFR were

kept constant at 1:5 (inner:outer) and 6 mL/min, respectively.
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The results regarding concentration-dependent size reduction and the varied stabi-
lization capacities of different surfactant types align robustly with dynamic interfacial
tension frameworks reported in the literature. In the millisecond-scale mixing environment
of microfluidics, rapid adsorption kinetics are paramount. Achieving effective interfa-
cial stabilization in such highly dynamic systems often requires surfactant concentrations
well above their static CMC. The structural differences among surfactants fundamentally
dictate their transport mechanisms to the newly formed interfaces. For instance, the
rapid convection-based transport of micromolecular surfactants like SDS is often more
kinetically efficient than the micelle-breakup-limited transport of cationic alternatives like
CTAB [94-96]. Similarly, lower molecular weight surfactants inherently exhibit faster ad-
sorption kinetics compared to bulky macromolecular stabilizers (e.g., PVA), thereby halting
nucleation earlier and yielding smaller, more monodisperse particles [97].

3.3. Physicochemical Characterization of Capsaicin-Loaded PLGA NPs

Formulations containing 2% surfactant, which exhibited smaller particle sizes, were
selected for capsaicin loading and further evaluation. The formulation parameters and
physicochemical properties of capsaicin-loaded PLGA nanoparticles are presented in Ta-
ble 5. A slight decrease in particle size was observed after capsaicin was added to the
formulations. A similar result has been seen in other studies with capsaicin [98,99]. The
greatest reduction in particle size is observed in the formulation prepared with Kolliphor
EL. It is known that the hydrophobic structural parts of the capsaicin molecule are generally
found in the lipid region of nanostructures [100]. This phenomenon is attributed to the
use of Kolliphor EL, which has a lower HLB value than CTAC and SDS and is more hy-
drophobic. Under these conditions, capsaicin preferentially partitions into the hydrophobic
core of the nanoparticle, enhancing hydrophobic interactions with the polymer chains and
resulting in a more compact core structure.

Table 5. Physicochemical characterization of capsaicin-loaded nanoparticles.

Aqueous Phase

Code Surfactant TyPe and SIi);;t(irilrfl) PDI Po tenZtiztla (mV) %EE
Concentration
D1 2% Kolliphor EL 279 +£5.1 0.382 4 0.255 —25.6 £5.7 55.44 +2.84
D2 2% CTAC 100.2 £ 3.09 0.2 + 0.065 +36.6 £ 8.7 56.56 + 5.41
D3 2% SDS 96.1 £0.9 0.225 + 0.019 —50.4 +3.8 76.08 £ 4.65

For all formulations, the internal phase PLGA concentration was maintained at 1 mg/mL and CPS at 0.25 mg/mL.
FRR and TER were kept constant at 1:5 (inner:outer) and 6 mL/min, respectively.

3.4. In Vitro Release Profiles

All three formulations exhibit a biphasic release profile (Figure 2). A pronounced
initial burst release occurs very rapidly, with the primary turning point observed within the
first 1 to 2 h, where approximately 45-55% of the drug load is released. This rapid phase
then transitions into a more gradual release, reaching 55-65% by the 8th hour. While this
initial burst is partially attributed to the active substance loosely attached to or trapped
near the nanoparticle surface, such a high percentage is primarily driven by additional
physicochemical factors inherent to the system [101]. Specifically, the exceptionally high
surface-area-to-volume ratio of the nanoparticles drastically shortens the diffusion path for
the encapsulated drug. Furthermore, the rapid solvent exchange and precipitation kinetics
during microfluidic mixing often result in a drug-enriched outer polymeric shell and initial
rapid hydration of the PLGA matrix, accelerating early drug diffusion. Following this burst
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Figure 2. In vitro release profiles of CPS-loaded nanoparticles.

Despite having different physicochemical properties (size and zeta potential), the
in vitro release profiles of all three formulations (D1, D2, and D3) are quite similar. This
indicates that the release kinetics in a buffer medium are primarily governed by the erosion
of the PLGA matrix and drug diffusion, rather than the surfactant type or specific surface
coating. However, this similarity does not render the optimization process redundant. It
is well established in the literature that the ultimate therapeutic efficacy of nanocarriers
extends beyond their in vitro release profiles and is fundamentally dictated by their interac-
tions with biological barriers. Particle size and surface charge are critical physicochemical
parameters that govern targeting capabilities and cellular uptake mechanisms. Smaller
nanoparticles typically demonstrate enhanced cellular internalization via various endocyto-
sis pathways, allowing for more efficient intracellular drug accumulation. Furthermore, the
surface charge plays a decisive role in membrane interactions; positively charged nanopar-
ticles exhibit a strong electrostatic affinity for inherently negative cell membranes, thereby
facilitating rapid binding and subsequent cellular entry [102]. Therefore, the meticulous
optimization of surfactants and microfluidic parameters is an indispensable step. Even if
these parameters do not drastically alter the drug release rate from the PLGA matrix in a
buffer medium, they are essential for tuning the precise size and charge required to ensure
optimal colloidal stability and successful biological performance of the formulation.

3.5. Cell Viability

Cell viability was ultimately observed to be significantly enhanced by the capsaicin-
containing nanoparticle formulation (D1) compared to capsaicin alone in both PC3 and
MCEF-7 cell lines (Figure 3). Drug-free nanoparticles (C5) containing Kollifor EL also showed
increased cytotoxic effects, exceeding 31.25 uM concentration in PC3 cells and 62.5 pyM
concentration in MCF-7 cells (Figure 4). This could be attributed to the fact that a part of
Kolliphor EL was adsorbed onto the nanoparticle surface and not removed by washing,
disrupting cell membrane integrity, affecting mitochondrial function, and causing oxidative
stress [103,104].
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Figure 3. Effects of free capsaicin (CPS), capsaicin-loaded formulation (D1; containing 7.81 uM CPS),
and blank carrier system (C5; containing the same amount of carrier without CPS) on cell viability
in PC3 (A) and MCF-7 (B) cells following 24 h and 48 h treatments. Cell viability was expressed
as percentage relative to the untreated control group. Data is presented as mean =+ SD. Statistical
significance between the indicated groups is represented by brackets. p values are indicated as
follows: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****).

PC3 MCF-7
100 24.h 1004 24.h
> \ = 48.h > = 48.h
3 3
s s
= 50 2 50
[ Q
(8] o
* R '
juf |
0-1 T T = 0 —_—— ———
0 100 200 300 0 100 200 300
CPS-loaded NP (uM) CPS-loaded NP (uM)
PC3 |§| MCF-7
c
1004 24.h 100-) 24.h
z | = 48.h > = 48.h
H H
s s
2 50 2 50
[ [
o o
2 2 ‘
| n
0 . ! - n | . o
o T T T | U T T T T 1
0 100 200 300 0 100 200 300
Blank NP (uM) Blank NP (uM)
PC3 MCF-7
E
1oo- |
24.h 100- 24.h
= 48.h " = 48.h
g 173 ﬁ - T
g ol . £ z
5 & s 50
o (]
= 2
|
|
0 T T 1 cl T T 1
0 100 200 300 0 100 200 300
CPS (uM) CPS (uM)

Figure 4. The cytotoxic effect of compound D1, C5, and CPS was evaluated in MCF-7 and PC3 cell
lines. The percentages of cell viability for MCF-7 (B,D,F) and PC3 (A,C,E) are presented. The data
represents the mean viability percentages obtained from at least three independent experiments
performed in triplicate, across a concentration range of 7.81-250 uM and at multiple time points. Cell
viability was calculated by normalizing the absorbance values to those of untreated control cells,
which were defined as 100% viability for each time point.
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4. Conclusions and Future Perspectives

This study successfully performed the systematic optimization and fabrication of
capsaicin-loaded PLGA nanoparticles using a microfluidic platform. Our findings revealed
that flow parameters are the key determinants of initial droplet formation; high total flow
rates (TFRs) and increasing flow rate ratios (FRRs) favoring the surfactant-containing aque-
ous phase significantly reduce particle size through increased shear stress. Furthermore, the
physicochemical nature of the surfactants (molecular weight, HLB, and ionic charge) was
found to be a decisive factor in modulating the final nanoparticle properties. In particular,
Kolliphor EL provided the smallest particle sizes, while Pluronic F-68 offered superior
surface stabilization with a high negative zeta potential. A critical finding of this research
is that, despite differences in particle size and surface charge, the in vitro release kinetics
of capsaicin remained remarkably similar across different formulations. This indicates
that the drug release rate is primarily controlled by the erosion and diffusion mechanisms
of the PLGA polymeric matrix, rather than by the surface properties provided by the
surfactants. Consequently, the data obtained from this study offer a rational framework for
the reproducible production of polymeric nanoparticles and make a significant contribution
to the development of effective microfluidic-based drug delivery systems.

Although this study focuses on the effects of water-soluble surfactants, future research
could investigate the synergistic effects of using lipid-soluble surfactants (such as Span 80,
lecithin, or sorbitan monostearate) alone or in combination with hydrophilic surfactants on
nanoparticle stability and characterization. Optimizing surfactant type, concentration, and
ratios in binary or multiple surfactant systems can allow for much more precise control
of NP properties. Furthermore, how to minimize precipitation and clogging problems
frequently encountered in microfluidic channels through surfactant selection is an impor-
tant research topic. Methodologically, incorporating experimental design (DoE) methods
into the process and supporting the obtained data with computational chemistry and
physics simulations will transform NP production from a ‘trial-and-error” approach into a
rational design paradigm. Although PLGA was used as the model polymer in our study,
the interaction mechanisms of the physicochemical properties of different polymer types
with surfactants and the applicability of these findings to other drug delivery systems
such as liposomes should be investigated. As a result, through integrated control of chip
architecture, flow parameters, and formulation components, it will be possible to produce
NPs with optimum properties specific to the disease type, stage, and targeted tissue.
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Abbreviations

The following abbreviations are used in this manuscript:

PLGA Poly(lactic-co-glycolic acid)

TFR Total flow rate

FRR Flow rate ratio

PDI Polydispersity index
%EE Encapsulation efficiency
NP Nanoparticle

CPS Capsaicin

PVA polyvinyl alcohol

CTAC cetyl trimethylammonium chloride
CTAB cetyl trimethylammonium bromide

PEI Polyethylenimine

SDS sodium dodecyl sulfate
pPVP Polyvinylpyrrolidone
Mw Molecular Weight

nm Nanometer

PDMS polydimethylsiloxane

PBS Phosphate-Buffered Saline
mM millimolar

rpm revolutions per minute
MWCO  Molecular Weight Cut-Off
kDa kilodalton

mV millivolt
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