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1. Introduction

Rational design of microfluidic templated HA-LPEI
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Hyaluronan-based nanomaterials represent an intriguing class of materials for drug delivery applications.
In this scenario, continuous flow syntheses hold promise for superior control over process parameters,
leading to more homogeneous and reproducible nanomaterials. However, the high sensitivity to
parameter variation necessitates extensive and time-consuming experiments to ascertain the optimal
process conditions. This study explores the implementation of a Response Surface Methodology (RSM)
supporting the rational design of hyaluronic acid (HA) - linear polyethyleneimine (LPEI) nanogels (NGs)
via droplet-based microfluidics for the intracellular delivery of doxorubicin. The RSM approach facilitated
the development of an empirical model predicting NG physico-chemical properties and biological
performance as a function of process parameters (namely, the flow rate ratio (FRR) between the internal
and external phases and the LPEI/HA monomer molar ratio (MR) of the polymeric precursors) with high
accuracy levels. Results indicate that FRR predominantly influences NG size, which ranges between 100
and 400 nm, and polydispersity (0.01-0.1), while MR affects composition, cytocompatibility, cellular
uptake and NP-mediated drug effect. In particular, increased HA content resulted in improved cyto-
compatibility and enhanced cellular uptake. Overall, this work underscores the key role of RSM in
advancing the synthesis of hyaluronan-based nanomaterials for drug delivery applications.

visionary work of Vinogradov et al.,* Nanogels (NGs) have arisen
as one of the most promising nanotechnological tools for drug

In the last decades, the demand for new methods to increase
the efficacy of therapeutics has led to the development of
several drug delivery systems (DDSs)." Starting from the
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delivery purposes, mainly due to their distinctive features.’
Nanogels are defined as nano-sized three-dimensional net-
works of chemically or physically cross-linked polymers with
a marked swelling behavior. Their capacity to retain substantial
amounts of water enhances their biocompatibility; at the same
time, their polymeric mesh can be engineered with hydrophilic
and hydrophobic domains, enabling the delivery of both hydro-
philic and hydrophobic drugs with high loading capacity and
controlled release.®™! Moreover, NGs can be formulated to show
stimuli-responsiveness to physico-chemical triggers (such as pH,
temperature, or light), and they can be further modified for the
recognition of target cells or tissues.”®'*™*> Polysaccharides are
emerging as attractive candidates for NGs synthesis, primarily due
to their biocompatibility, biodegradability, availability in nature,
and simple chemical derivatization.'®'” Most importantly, many
polysaccharides are inherently recognized by specific cell surface
molecules, enabling receptor-mediated endocytosis.'®*?° As an
example, hyaluronic acid (HA) is commonly employed in several
cancer therapies to actively target the CD44 receptor, which is
highly overexpressed by many cancer cells.*’ >

This journal is © The Royal Society of Chemistry 2026
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Recently, the application of microfluidics has impacted the
field of nanomedicine for the in-flow synthesis of DDSs.>*?*
The fine manipulation of nano/picoliter fluid flows within
microscale channels enables fast reaction kinetics, highly
controllable mixing, and thermal homogeneity, giving unri-
valed control over reaction conditions when manufacturing
nanomaterials.>>*® Indeed, these unique properties have
made it possible to address several issues of traditional bulk
syntheses, such as poor batch-to-batch reproducibility, high
polydispersity, and inhomogeneous material properties.>”
Microfluidic approaches have also been optimized for high-
throughput production, enabling scalable synthesis of
nanomaterials.”® Indeed, literature reports the parallelization
of thousands of independent fluidic units working simulta-
neously, eventually reaching throughputs suitable for commer-
cial and clinical applications.>??

To date, single-phase flow systems are the most widely inves-
tigated microfluidic devices for the synthesis of nanocarriers via
in-flow nanoprecipitation or self-assembly processes.?**>% Spe-
cifically, during nanoprecipitation, precursors are first dissolved
in an appropriate solvent and then mixed microfluidically with an
antisolvent phase, leading to nanoparticle formation through
nucleation, growth and precipitation.*

Despite their significant potential, single-phase flow systems
are prone to channel clogging, which can lead to process
instability or even failure in nanoparticle synthesis.>* Conse-
quently, droplet-based microfluidics has emerged as a promising
strategy to overcome these limitations. Here, the confinement of
the reaction within discrete droplets reduces the interaction
between reagents and channel walls, limiting the formation of
clogging aggregates within the device and leading to a more
robust and stable process. However, while this technique has
been widely investigated for the synthesis of inorganic
nanoparticles,’**® its application for carbohydrate-based poly-
meric nanomaterials is still an emerging area of research.

Given the tight control offered by microfluidics over a variety
of compositional and fluid-dynamic parameters influencing
synthesis outcomes, conducting multi-parametric optimization
is essential to identify the most suitable process conditions. In
this context, the design of experiment (DoE) approach coupled
with response surface methodology (RSM) represents a powerful
framework to rationally explore the influence of independent
input variables (predictors) on dependent output variables
(responses).** Furthermore, RSM can capture higher-order effects,
which are usually overlooked in simple linear approximations.*
Literature reports some early optimization approaches applied to
the continuous flow synthesis of nanomaterials based on carbo-
hydrate polymers. For instance, Whiteley et al.*°, investigated the
synthesis and drug loading of chitosan-based NGs produced in a
single-phase flow system through DoE and RSM. However, their
study focused on process optimization, with bioperformance
aspects remaining unexplored.

In this work, we applied DoE/RSM to the droplet-based
microfluidic synthesis of NGs in the hyaluronic acid - linear
polyethyleneimine (HA-LPEI) system for the targeted delivery of
a chemotherapeutic agent (doxorubicin, DOX).

This journal is © The Royal Society of Chemistry 2026
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Hyaluronic acid is a natural polysaccharide composed of
repeating disaccharide units, consisting of p-glucuronic acid
and N-acetylglucosamine linked with alternating p-(1-4) and -
(1-3) glycosidic bonds.*””*® It is a major component of the
extracellular matrix of several biological tissues, known for its
excellent viscoelasticity, high moisture retention capacity, and
hygroscopic properties. Moreover, HA is extensively used in the
biomedical and cosmetic fields due to its excellent biocompat-
ibility and biodegradability.*>' Its use in bioconjugation
strategies for nanogel and microgel synthesis introduces ben-
eficial properties such as cell-targeting capability, reduced
immunogenicity, and enhanced support for prolonged 3D cell
culture.”>™*

Polyethyleneimine (PEI) is a synthetic polycation commonly
used for drug and gene delivery.”> PEI offers several key
advantages, including: (i) the ability to easily condensate nucleic
acid into polyplex nanoparticles;>* (ii) the proton-sponge effect
promoting endosomal escape after cellular internalization;>”*®
and (iii) its amenability for chemical modification, owing to the
abundance of amine groups in the polymeric chain.”®® On the
other hand, PEI is limited by its poor biocompatibility, which
poses a barrier to its clinical application.”**'

DOX is an anthracycline antibiotic widely used in various
cancer types.®” Its mechanism of action involves intercalation
between DNA base pairs and stabilization of DNA-topoisome-
rase II cleavage complexes, thereby inhibiting DNA replication.
Additionally, DOX undergoes redox cycling, generating reactive
oxygen species (ROS) that induce further DNA damage and
trigger apoptosis.®> These combined effects on nucleic acids
and oxidative stress underlie DOX potent cytotoxic activity
against tumor cells.

To support the development of the HA/LPEI-based
nanoDDS, we hypothesized that a DoE/RSM approach could
serve as a systematic framework for optimization. Accordingly,
we set a two-factor three-level design to investigate the influ-
ence of two process parameters, namely FRR and LPEI/HA ratio
(expressed as the molar ratio between PEI monomeric units
and HA disaccharide units) (MR) on several physicochemical
properties (size, PDI, composition, and drug release profile)
and Dbiological characteristics (cytocompatibility, cellular
uptake, and performance as a DDS). Based on the collected
data, we developed a RSM empirical model that enables the
adjustment of the two process parameters to achieve targeted
physicochemical and biological responses within the space of
the investigated input variables. The presented DoE/RSM is
functional to the ad hoc synthesis of nanoDDS tailored to
specific requirements for future nanomedicine strategies, as
presented in Fig. 1.

2. Experimental

2.1. Materials

Hyaluronic acid sodium salt (HA, ultra-low molecular weight,
avg. MW = 13 kDa, Biosynth Carbosynth, Compton, UK) and
linear polyethyleneimine (LPEI, MW = 2.5 kDa, Polysciences,
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Fig. 1 Schematic illustration representing the workflow for the potential application of DoE/RSM approach to the rational design of formulated

nanocarriers.

Warrington, PA) were used as the starting polymers for NG
formulation. SU-8 photoresist (MicroChem, Newton, MA) and
polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning, Mid-
land, MI) were used for chip microfabrication. All other che-
micals were purchased from Merck KGaA (Darmstadt,
Germany) and used as received, without any further purifica-
tion. Solvents were of analytical grade purity.

2.2. Chip design and microfabrication

The microfluidic device was fabricated using standard photo-
and soft-lithography techniques. SU-8 2075 photoresist was
spin-coated with a thickness of 60 pym on a 3” silicon wafer
and patterned by UV exposure through a chrome-on-glass
photomask. The obtained master was silanized overnight in a
chamber saturated with trimethylchlorosilane (TMCS) vapor to
ease demolding.

A PDMS solution (10:1 w/w of prepolymer to curing agent
ratio) was poured onto the silicon master and cured in an oven
at 70 °C for 2 h. The cured PDMS replica was demolded, and
microfluidic inlets and outlets were created using a biopsy
puncher. Subsequently, the PDMS replica was bound to a glass
microscope slide via oxygen plasma treatment (Femto Plasma
Etcher, Diener electronic, Ebhausen, Germany) to complete
chip assembly. Finally, hydrophobic modification of the chan-
nel surface was achieved by flowing a stream of TMCS-saturated
nitrogen for 15 min, followed by thermal treatment at 140 °C
for 10 min.

The chip design featured a standard Hydrodynamic Flow
Focusing (HFF) junction used as a droplet generator, as
reported in Fig. 2. The inlet and outlet channels were 200 and
500 um wide, respectively, while the junction orifice had a
width of 80 pm and a length of 100 pm.

2.3. Polymer functionalization

2.3.1. Fluorescent labelling of LPEI (LPEI-RhB). Functiona-
lization of LPEI with the chromophore rhodamine B (RhB) was
performed using a two-step procedure, as reported in our
previous works.®*® Initially, the polymer was modified by
adding alkyne moieties: LPEI (250 mg, 0.1 mmol) was dissolved
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in 7 mL of methanol and propargyl bromide 80% w/w in
toluene (108 pL, 1 mmol) was added dropwise at 0 °C. The
resulting solution was stirred for 24 h at RT in the dark. The
solvent was evaporated under vacuum, and the product was
re-dissolved in DIW. The final mixture was dialyzed against
DIW for 2 days (membrane MWCO: 100-500 Da) with daily
water replacement. The sample was then freeze-dried and
collected as a solid.

In the second step, the alkyne-modified LPEI was reacted
with RhB azide (RhB-N;) through copper(i)-catalyzed azide-
alkyne cycloaddition (CuAAC). Derivatization of RhB-Nj; is
detailed in SI

Propargyl LPEI (120 mg, 0.048 mmol) and RhB-N; (15.6 mg,
0.029 mmol) were dissolved in 10 mL of DIW. The catalyst
cupric sulfate (0.029 mmol) and the reducing agent sodium
ascorbate (0.029 mmol) were added to the mixture, which was
left under magnetic stirring for 24 h at 50 °C. After 2 days of
dialysis against DIW (membrane MWCO: 100-500 Da), the
product (LPEI-RhB) was lyophilized and stored as a purple
powder at —20 °C.

2.3.2. HA activation. HA carboxyl groups were activated
through EDC/NHS coupling reaction to enable the crosslinking
between the amino groups of LPEI and the polysaccharide
chains. In detail, HA (6.75 mg, 0.016 mmol) was dissolved in
1.5 mL of DIW and coupling agents, EDC (15.3 mg, 0.08 mmol)
and N-hydroxysuccinimide (NHS, 3.76 mg, 0.032 mmol), were
added at a final molar ratio of -COOH : EDC:NHS =1:5:2. The
mixture was stirred for 3 h at RT and used for the microfluidic
synthesis.

2.4. NGs microfluidic synthesis

To generate droplets through the HFF microfluidic setup, two
immiscible phases are required. A solution of mineral oil with 3
wt% Span 80 was injected as the continuous phase, while the
aqueous polymer solution was injected as the dispersed phase
(Fig. 2B).

Three different MR values (5.75, 11.5, and 17.25) were
evaluated in this study. In detail, 1.5 mL of the activated HA
were mixed by vortexing for 1 min with 1.5 mL of a pre-prepared

This journal is © The Royal Society of Chemistry 2026
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image and (C) optical macrograph of the microfluidic device.

solution containing a selected amount (4.4, 8.8, or 13.2 mg) of a
mixture of LPEI-RhB and pristine LPEI (1:1 by weight, adjusted
to pH 4.5 with HCI to enhance the solubility of pristine LPEI).

The final aq. polymer solution and the oil phase were loaded
into 2.5 mL and 10 mL gas-tight glass syringes (Hamilton
Company, Reno, NV), respectively. The syringes were connected
to the HFF device through Teflon tubing and actuated by
programmable syringe pumps (Nemesys, CETONI GmbH, Kor-
bussen, Germany).

Three different FRR levels (0.1, 0.2, and 0.4) were established
by varying the dispersed phase flow rate (QD) between 1 and
4 pL min~', while maintaining the continuous phase flow rate

(QC) constant at 10 uL min .

This journal is © The Royal Society of Chemistry 2026
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(A) Sketch of the fluidic unit of the device with a high-magnification inset of the flow-focusing junction (dimensions are in mm); (B) rendered

Hence, MR and FRR defined a two-factor three-level study
(FRR = 0.1, 0.2, 0.4; MR = 5.75, 11.5, 17.25). The resulting
experimental design, consisting of nine different synthesis
conditions obtained by varying both the MR and FRR para-
meters, is reported in Table 1.

Droplet formation was monitored over time under a Nikon
Eclipse Ti-E fluorescence microscope (4x objective) equipped
with a high-sensitivity camera (Neo 5.5, Andor Technology,
Belfast, UK). To ensure reproducibility and proper device
performance throughout the experiment, a time-lapse acquisi-
tion was carried out, capturing 1 frame every 10 minutes.

The emulsion collected at the outlet of the microfluidic
system was broken after 8 h of mild agitation on a tilting plate

J. Mater. Chem. B, 2026, 14, 4994-5013 | 4997
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Table 1 Nomenclature of NG formulations, detailing the specific synth-
esis conditions defined by the molar ratio (MR) and the flow rate ratio (FRR)

Factor 2: flow rate ratio (FRR)

0.1 0.2 0.4
Coded units
Two-factor three-level design -1 —0.33 +1
= 5.75 2 -1 NG_ 1,1 NG_; ¢33 NG_14
- 2 115 E o NGo1 NGy o33  NGoo
= g 17.25 E +1 NG, 1 NGi41,-0.33 NGiq,41
o g
5 o
2
g

and the aqueous phase was extracted in a separating funnel by
washing with diethyl ether (3 x 10 mL). The NG suspension was
dialyzed against DIW (membrane MWCO: 15 kDa) for two days
with daily water replacement. Finally, the samples were lyophi-
lized and stored at —20 °C.

2.5. Nuclear magnetic resonance (NMR)

Chemical composition of pristine polymers, intermediates, and
final NGs was analyzed by "H NMR. Analyses were carried out
on a Bruker AC spectrometer (400 MHz, Bruker Corp., Billerica,
MA) with deuterium oxide (D,0) as the solvent. Chemical shifts
were reported as 0 values (ppm) relative to the tetramethylsilane
internal peak reference.

2.6. Dynamic light scattering (DLS)

NG suspensions in ultrapure water (1 mg mL ') were analyzed
by DLS (Zetasizer Nano ZS, Malvern Panalytical, Malvern, UK) to
determine particle size and polydispersity index (PDI). Before
each measurement, specimens were sonicated for 10 min to
minimize aggregation of the colloidal system. Readings were
performed in triplicate.

2.7. Drug release

In vitro release experiments were performed using DOX as a
model chemotherapeutic drug.

DOX-loaded nanogels (DOX_NGs) were prepared by dissol-
ving lyophilized NG samples (1 mg) in 10 pL of a 5 mM DOX
solution in DMSO. The system was centrifuged and left at RT
for 30 min to complete drug loading and then diluted with PBS
to the final NG concentration of 100 pg mL™~". 300 pL of the
resulting suspension were loaded inside a microdialysis device
(membrane MWCO: 3.5 kDa) and placed into a 96 deep-well
plate (Thermo Fisher Scientific) allowing DOX_NGs to exchange
against 1.4 mL of PBS at pH 7.4.

The drug release profile was investigated at 37 °C under
gentle agitation (rocking shaker at 100 rpm). At each time
point, the dialysis buffer was replaced with fresh PBS and the
sequential release was quantified (1ex = 488 nm, Ay, = 590 nm)
on an Infinite M200 Pro multiplate reader (TECAN, Ménnedorf,
Switzerland), based on an experimental standard curve for DOX
(SI, Fig. S1).
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View Article Online

Paper

2.8. Cell model

The human epithelial ovarian cancer cell line OVCA433 (Amer-
ican Type Culture Collection, ATCC, Manassas, VA) was
selected as the biological model of interest, based on its
relevance in previous studies.®>® Cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM low glucose, GIBCO,
Thermo Fisher Scientific), supplemented with 10% fetal bovine
serum, 100 U mL™" penicillin/streptomycin and 1 mM r-gluta-
mine. Cultures were maintained at 37 °C in a humidified
atmosphere containing 5% CO,.

2.9. Nanogel cytocompatibility

NG cytocompatibility was first assessed on OVCA433 cells using
the Vybrant Cytotoxicity Assay (Thermo Fisher Scientific).®®
Cells were seeded at a density of 2 x 10? cells per well into a
96-well plate for 24 h and then incubated with NGs at a
concentration of 20 pg mL~'. The release of the cytosolic
enzyme glucose 6-phosphate dehydrogenase (G6PD) from
damaged cells into the surrounding medium was quantified
after 24 h of incubation with NGs. 50 uL of supernatant were
transferred into a 96-well plate and, after 30 min of incubation
with 50 pL of resazurin/reaction mixture at 37 °C in 5% CO,, the
fluorescent metabolite of resazurin (resorufin) was detected
(Zex = 530 nm, ey = 590 nm; TECAN Infinite M200 Pro).
Cytotoxicity was calculated as the fluorescence intensity ratio
between NG-treated cells and fully lysed control cells (positive
control), previously background-corrected by subtracting from
each reading the value of untreated cells (negative control).
Experiments were performed in triplicate.

To further assess NG cytocompatibility, a cell metabolic
activity assay using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT) (Merck KGaA, Darmstadt, Germany)
was performed. Cells were seeded at a density of 2 x 10> cells
per well into a 96-well plate for 24 h and then incubated with
NGs at a concentration of 20 ug mL ™" for 24 h. After incubation,
the culture medium was removed, and 100 uL of MTT solution
(0.5 mg mL™") in complete cell culture medium were added to
each well. Cells were incubated for 3 hours at 37 °C and 5%
CO,. Subsequently, the MTT solution was removed, and the
resulting formazan crystals were solubilized in 100 uL of
dimethyl sulfoxide (DMSO). Absorbance was measured at
570 nm on a TECAN Infinite M200-Pro plate reader. Cell
viability was calculated by dividing the absorbance of NG-
treated cell cultures by that of the corresponding untreated
controls. Experiments were performed in triplicate.

2.10. Flow cytometric analysis of NG internalization

Cells were seeded at a density of 2.4 x 10* cells per well into a
12-well plate and incubated for 24 h before supplementation
with a NG suspension at 20 pg mL ™" for further 24 h. Subse-
quently, cells were analyzed by flow cytometry (CytoFLEX
cytometer, Beckman Coulter, Brea, CA). Live cells were gated
based on their forward and side scatter parameters; NG signal
was recorded in the phycoerythrin (PE-A) channel and

This journal is © The Royal Society of Chemistry 2026
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quantified as the median fluorescence intensity (MFI) value.
Experiments were performed in triplicate.

2.11. Confocal and super-resolution microscopy

NG internalization was also characterized using confocal and
super-resolution microscopy. Cells were seeded at a density
of 1.5 x 10" cells per well into 8-well glass bottom p-Slide
chambers (Ibidi GmbH, Grifelfing, Germany) and grown for
24 h before the experiment. Cells were incubated with NGs at a
concentration of 20 pg mL™"' for 24 h, then fixed with 4%
buffered paraformaldehyde (PFA) for 15 min at RT and washed
with PBS (3 times). For confocal microscopy, cell membranes
were stained with CellMask™ Green Plasma Membrane Stain
(Thermo Fisher Scientific; 1:1000 dilution in PBS for 5 min)
and nuclei were counterstained with DAPI (Thermo Fisher
Scientific; 1:1000 dilution in PBS for 10 min). Specimens were
observed under a Nikon A1R+ laser scanning confocal micro-
scope (Nikon Instruments, Tokyo, Japan) with a 20x NAO0.7 dry
objective. To gain deeper insight into NG internalization at the
subcellular level, super-resolution optical microscopy was
employed. This technique overcomes the limitations of con-
ventional diffraction-limited optical imaging, allowing for more
precise and detailed mapping of NG distribution. Cells were
stained with labelled phalloidin (ActinGreen 488 stain, Gene-
Copoeia, Rockville, MD; 1:50 in PBS for 45 min), and nuclei
were counterstained with DAPI. Imaging was performed using a
ZEISS ELYRA 7 microscope (ZEISS Microscopy, Jena, Germany)
equipped with a 63x NA1.4 oil immersion objective, and raw
datasets were processed using the Lattice SIM> algorithm to
enhance spatial resolution.

2.12. Drug delivery to cancer cells

DOX_NG systems were prepared as described in Section 2.7,
achieving a final DOX concentration of 1 uM while maintaining
the NG concentration at 20 ug mL™". The selected DOX concen-
tration corresponds to a sublethal dose, determined from a
dose-response curve evaluated at 24 hours on the OVCA433 cell
line (SI, Fig. S2). The DOX_NG suspension was administered to
OVCA433 cells seeded at a density of 2 x 10° cells per well into a
96-well plate. NGs without DOX and 1 pM free DOX adminis-
tration were used as internal controls, alongside untreated cells
used as a negative control. The effect of DOX-loaded NGs was
quantified after 24 h using the MTT assay, following the
protocol detailed in Section 2.9.

To distinguish the specific contribution of DOX from the
intrinsic cytotoxicity of nanogels (NGs) in the overall residual
cell viability, a nanoencapsulation enhancement (NE) para-
meter was defined as follows:

Absng — Abspox NG 100

0 —
NE( /0) B Absuntrealed - AbsfreeDOX
where Abspox ng is the measured absorbance for cells
treated with the DOX_NGs, Absyg is the absorbance for the
corresponding pristine (unloaded) NG group. Abs,preatea and
Abstcc pox are the absorbance levels of untreated cells and cells
treated with free DOX, respectively.
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2.13. Empirical model

To build an empirical model, an RSM method was adopted,
previously applied to various experimental contexts.®”””" The
entire statistical analysis was conducted using the program-
ming language R,”* following the statistical strategy described
in previous works.®””>”7*> An initial exploratory analysis was
performed by calculating a correlation matrix, reporting the
values of the Pearson’s coefficients (r) to identify the potential
linear relationships among the variables. Subsequently, a pre-
dictive model was constructed by selecting statistically signifi-
cant factors, as determined by analysis of variance (ANOVA).
The significance level was assigned as follows: p < 0.1 (), p <
0.05 (¥), p < 0.01 (**), p < 0.001 (***). The complete model is
reported in eqn (1), where A and B represent the MR and FRR
parameters, respectively. It should be noticed that not all the
terms are necessarily included in the models; only those with
p < 0.1 were retained, while the model was considered significant
if p < 0.05. The model function (denoted as F in eqn (1)) was
selected to fulfill two objectives: (i) normalization of the model
residuals and (ii) minimization of residual patterning. To assess the
goodness of fit of the model, the coefficient of determination (R*)
was calculated, with R* = 1 indicating a perfect fit. To evaluate the
predictive performance of the model, the predicted residual error
sum of squares (PRESS) statistic was applied. The resulting pre-
dicted R* (Rprea’) Tepresents a good estimator of the out-of-sample
performance of the model.

To further refine the model, we chose to restrict the space of
acceptable solutions to NG formulations exhibiting high cyto-
compatibility. To this end, a binary desirability index value was
defined, assigning values of 0 or 1 based on NG cytocompat-
ibility. A threshold (¢) of 90% cell viability was set as the cutoff
criterion (see eqn (2)), ensuring that only formulations meeting
this standard were considered desirable.

F(Y)=co+c A+ cy B+c3AB+ ¢y A”
+¢5 B? + ¢s A’B + ¢, AB® + ¢4 A’B? (1)

0 if cytocompatibility < ¢

Lif £ < cytocompatibility < 17 /= %0 ()

D(Y):{

2.14. Statistical analysis

Experimental data were analyzed using Prism ver. 10.2.1
(GraphPad Software, San Diego, CA) and reported as mean +
SD, unless otherwise specified. Statistical significance was
assessed by one-way or two-way analysis of variance (ANOVA),
as appropriate, with a significance threshold set at the
0.05 level.

3. Results

3.1. NG synthesis and characterization

In the present work, a microfluidic synthesis of HA-LPEI NGs
based on an HFF droplet-generator device was investigated.
Fig. 3A and B illustrate the operation of the HFF microfluidic
device as a droplet generator under varying FRR levels:
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Fig. 3

(A) micrographs showing the operation of the HFF device at varying FRR levels. Scale bar: 200 um; (B) plot of the averaged droplet diameter

(N = 15) as a function of the used FRR; (C) schematic of the chemical reactions involved in polymer derivatization and NG formation: (i) two-step LPEI
derivatization with RhB, (i) HA activation and NG formation; (D) representative *H-NMR spectra of: sodium hyaluronate (HA); linear polyethyleneimine
(LPEI); and NGs. Reported spectra were chosen as representative of the three different MR levels: MR = 17.25 (NG44, 033), MR = 11.5 (NGg 1), MR =

5.75 (NG_y _o33).
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increasing FRR led to the formation of larger emulsion dro-
plets, with the average droplet diameter increasing from
approximately 30 to 60 pm over the investigated FRR range.

The formation of NGs by chemical crosslinking between HA-
NHS ester derivatives (degree of functionalization ~40.5%, SI
Fig. S3) and amine groups in the LPEI backbone (reaction
scheme in Fig. 3C) was confirmed by "H-NMR conducted on
each NG formulation as well as on the starting polymers.
Representative NMR spectra for each of the three MR levels
are shown in Fig. 3D, while the complete set of spectra of all NG
formulations is reported in SI, Fig. S4. To quantify the compo-
sition of each NG formulation, the weight fraction of LPEI
(xLper) was estimated by integrating the NMR signals corres-
ponding to the starting materials (HA and LPEI). The resulting
yrrer Values are shown in Table 2.

Characterization of NG size distribution was performed by
DLS analysis (Table 2). A two-way ANOVA was performed on
DLS data to assess the influence of the two main variables (MR
and FRR) on the resulting morphological parameters. Fig. 4A
and B show the interaction plots for NG size and PDI,
respectively.

The effect of FRR was much larger (F(2,18) = 97.5, p <
0.0001, 7> = 76.6%) than that of MR (F(2,18) = 9.82, p = 0.0013,
n? = 7.71%). A significant interaction (F(4,18) = 5.52, p = 0.0044,
n” = 8.67%) was also reported. PDI showed a similar trend, with
a significant interaction (F(4,16) = 3.74, p = 0.0248, > = 12.2%),
and a much larger effect size for FRR (F(2,16) = 40.8, p <
0.0001, 7> = 66.5%) than for MR (F(2,16) = 5.16, p = 0.0186, ° =
8.4%). These results are in line with the observed large influ-
ence of FRR (which dictates the size of the emulsion droplets)
on nanogel size and PDI, with higher FRR levels resulting in
smaller and more monodisperse nanogels.

NG composition (in terms of y;pg;) was also investigated by
two-way ANOVA without replications (interaction plot in
Fig. 4C). Results showed a large and significant positive main
effect of MR on NG composition (F(2,4)= 49.0, p = 0.0015, 1> =
93.2%), while the effect of FRR was not significant (p = 0.2427).

Overall, these results demonstrate the versatility of droplet-
based microfluidics in tuning the composition and size of NGs,
enabling reproducible synthesis across diverse molar ratios and
diameters.

3.2. Drug release

The selection of the appropriate method to evaluate the drug
release profile from engineered nanomaterials is a source of
debate in the scientific community.”®”® Despite the reliability
of the data obtained by the dialysis method has been ques-
tioned in the past, it is by far the most used methodology in the
field.”® In conventional dialysis experiments, two stages may
influence the apparent release kinetics from the nanomaterial:
(1) the release of the cargo from the nanomaterials into the
surrounding solution inside the dialysis bag; and (2) the
permeation of the cargo through the dialysis membrane. In
most cases, this second step is considered negligible, allowing
the actual release kinetics to be revealed by measuring the
concentration of the cargo in the receiver compartment.

This journal is © The Royal Society of Chemistry 2026

View Article Online
Journal of Materials Chemistry B
Table 2 Summary of the results obtained from the physical and chemical

characterization of the NGs. All measurements were performed on pristine
NGs

Sample Jreer [—] Diameter [nm)] PDI [—]
NG_; _1 0.76 109.6 &+ 10.5 0.105
NG_1,-0.33 0.74 357.8 £ 12.0 0.030
NG_41 0.71 339.3 +33.3 0.010
NGy, 1 0.82 184.5 + 17.5 0.060
NGo 033 0.84 246.4 + 21.9 0.038
NG, +1 0.81 339.2 £+ 32.7 0.019
NGy, 1 0.84 111.7 £ 8.8 0.054
NGi1, 033 0.86 190.3 + 12.3 0.012
NG;4,11 0.85 292.5 + 3.5 0.010

However, in the present case, the permeation of free DOX
through the membrane cannot be neglected, as shown in SI,
Fig. S7A. This behavior can be attributed to the well-
documented interaction between DOX and the dialysis
membrane,”®®* which can lead to an underestimation of the
release constant from NGs. Accordingly, the amount of drug
released at infinite time (M. ) was selected as the defining
parameter for characterizing the release of drug from NG-DOX
systems (Table 3).

M, levels were also analyzed by two-way ANOVA (interaction
plot in Fig. 4D). Results showed a large interaction (F(4,17) =
12.0, p < 0.0001, 5> = 37.4%), indicating that the impact of each
factor was contingent on the level of the other. This interde-
pendence limited the interpretability of main effects.

3.3. Biocompatibility and cellular internalization

To preliminarily validate the NG formulations as an effective
DDS for the treatment of ovarian carcinoma, their cytocompat-
ibility and cellular internalization were investigated in combi-
nation with OVCA433 cells.

First, the cytocompatibility of the NGs was investigated
through G6PD and MTT assays following 24 h of cell exposure
to NGs at a concentration of 20 ug mL™~*. Notably, none of the
NG formulations induced a statistically significant reduction in
cell viability as measured by the G6PD assay (SI, Fig. S8), which
detects the release of glucose 6-phosphate dehydrogenase from
damaged or dying cells. However, the evaluation of cellular
metabolic activity via the MTT assay revealed a different cyto-
compatibility profile, as reported in Table 4. These results
suggest that, under the tested conditions, NGs did not induce
cell death or membrane damage. Rather, LPEI-rich composi-
tions (corresponding to the highest MR level) led to a reduction
in cell metabolic activity, with cells remaining viable but
metabolically compromised.

Results of two-way ANOVA (interaction plot in Fig. 5A)
showed that MR was the only factor with a strong and extremely
significant negative main effect (F(2,18) = 169, p < 0.0001,
n* =72.3%) on NG cytocompatibility, despite significance of the
interaction term (F(6,18) = 4.37, p = 0.0068, 1> = 5.60%).

Cellular uptake of NGs was characterized using a combi-
nation of flow cytometry and fluorescence microscopy (confocal
and super-resolution), leveraging the intrinsic fluorescence of
labelled LPEI (LPEI-RhB). The raw flow cytometry data were

J. Mater. Chem. B, 2026, 14, 4994-5013 | 5001
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Table 3 Cumulative release amount at plateau (M) for the NG
formulations

Sample M., (%)

NG_;_; 78.9 + 2.3
NG_; .33 49.9 + 3.0
NG ;14 63.1 + 1.0
NGo,_, 49.7 + 2.3
NGy, _0.33 50.8 = 1.2
NG 11 67.7 + 4.0
NG,y 87.8 + 6.7
NG.1 033 67.7 + 3.8
NGy 41 63.3 + 3.1

adjusted with a correction coefficient accounting for the differ-
ent yrpgr values, as measured by NMR. This adjustment com-
pensates for differences in the amount of fluorescent dye
present in each formulation due to variations in the total LPEI
content (complete discussion has been reported in SI).

Table 4 NG cytocompatibility as measured by MTT assay and normalized
vs. untreated cells

Sample NG cytocompatibility (%) (MTT assay)
NG_;_; 109.3 £ 18.9
NG_1 o013 99.6 + 11.1

NG_; 4 102.2 + 10.2

NGo,_; 89.3 + 16.0

NGy, 0.3 105.2 + 10.6

NGy, +1 94.2 + 4.9

NG,y _y 66.8 & 11.4
NG.1 0.3 60.5 + 4.5

NGy 41 61.8 + 4.8
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(A-D) Interaction plots for NG size, PDI, y pg, and release plateau, respectively.

Table 5 reports the raw fluorescence data, the corrective factors,
and the corrected fluorescence data, which more accurately reflect
the amount of cell internalization. Two-way ANOVA showed that
the main effect of MR (F(2,18) = 384, p < 0.0001, 1> = 54.9%)
overcame that of FRR (F(2,18) = 10.4, p = 0.0010, #” = 1.48%) on NG
uptake, with the two factors having an extremely significant
interaction (F(4,18) = 148, p < 0.0001, > = 42.3%). Despite the
large interaction hampering the interpretation of main effects, it
can be observed that the specimens with the highest HA content
(NG_4,,) were characterized by the highest internalization values.

Further confirmation of successful NG uptake was
obtained through confocal and super-resolution microscopy
(Fig. 5C and D). Red fluorescent NGs exhibited intracellular
localization (cell membrane stained in green) (Fig. 5C). Super-
resolution micrographs (Fig. 5D) gave a clearer insight into the NG
distribution within the cells. Noticeably, the reported figures
highlighted the distribution of the NGs around the cell nucleus
without evidence of aggregation. These findings suggest that the
formulated NGs maintain their structural integrity within the
cellular environment up to 24 hours post-administration.

3.4. Drug response

The performance of NGs as drug delivery systems was tested in
combination with doxorubicin (DOX, 1 uM) as a model che-
motherapeutic agent, using the MTT assay.

Fig. 6A shows the residual cellular metabolic activity
after 24 h following administration of DOX_NGs. Data were
normalized to untreated controls and statistically tested against
cells treated with free DOX.

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 (A) Interaction plot of NG cytocompatibility, measured as cell metabolic activity following 24 h of exposure to the NGs via MTT assay; values are
reported as percentage vs. untreated cells (CTRL); (B) interaction plot of NG uptake. Corrected MFI reported as fold change of the median fluorescence
measured by flow cytometry after 24 h of exposure to NGs vs. the median fluorescence of the untreated cells; (C) confocal micrographs: cell membranes
were stained with CellMask Green Stain, nuclei were counterstained with DAPI. NGs are red-fluorescent. Scale bar 20 pm. (D) Super-resolution optical
microscopy. Actin cytoskeleton was stained with FITC-phalloidin, nuclei were counterstained with DAPI. NGs are red fluorescent. Scale bar 20 um.
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Table 5 Cell internalization of NGs as measured by flow cytometry.
Correction factors accounts for the different composition of each NG
class, as derived from NMR data. MFI values are normalized to those of
untreated cells

Raw fluorescence Correction Corrected
Sample (MFT) factor fluorescence (MFI)
NG_;_, 2.29 + 0.12 1.6 3.61 + 0.19
NG_1 033  3.17 +0.07 1.7 5.46 & 0.13
NG_1+1 1.75 4+ 0.02 1.9 3.35 + 0.04
NGy, 1 2.53 + 0.06 1.2 3.05 4+ 0.07
NGo, 033 2.04 + 0.09 1.1 2.30 £ 0.10
NGy, +1 2.38 + 0.05 1.3 3.02 + 0.06
NG, 2.40 4+ 0.04 1.1 2.66 + 0.05
NGi1, 033 2.28 + 0.05 1 2.28 + 0.05
NGiq,41 2.78 + 0.24 1.1 2.99 + 0.26

It is worth noting that most of the NG samples showed
increased toxicity to cells compared to free DOX. However,
these results could be misleading, as they do not account for
the intrinsic cytotoxic effect of the NG carriers themselves-—-par-
ticularly in LPEI-rich compositions—on cell viability. Accord-
ingly, a nanoencapsulation-related enhancement (NE%)
parameter was defined as described in Section 2.12 to isolate
the contribution of drug delivery from carrier-induced effects.
The NE% values, which more accurately reflect the enhance-
ment due to nanoencapsulation, are reported in Fig. 6B.

Two-way ANOVA on NE data (in Fig. 6C) revealed a large and
significant negative main effect of MR (F(2,18) = 209, p <
0.0001, #* = 84.9%), a modest but very significant (F(2,18) =
10.3, p = 0.001, 1> = 4.81%) main effect of FRR, and a modest
but extremely significant interaction (F(4,18) = 8.97, p = 0.0004,
> =7.28%).

3.5. Empirical model

The experimental data collected were used to construct an
empirical model based on RSM. As a first step, an exploratory
analysis was conducted by calculating a correlation matrix
(Pearson’s) to identify first-order relationships among vari-
ables, including both process parameters and NG properties
(Fig. 7). Only variables with |r| > 0.4 and p < 0.05 were
considered significantly correlated.

FRR showed a strong direct correlation with NG size and a
strong inverse correlation with PDI. Expectedly, also NG size
and PDI were inversely correlated.

Not surprisingly, MR exhibited a strong correlation with the
resulting yrpgr. Both MR and yppg; showed a strong inverse
correlation with NG cytocompatibility, which can be explained
by the potential toxicity of the LPEI component.

Moreover, MR and ypg; Were inversely correlated with the
cellular uptake. This can be ascribed to the lower hyaluronan
content of LPEL-rich formulations (yua = 1 — yrper) Which, in
turn, can modulate NG internalization in cells expressing the
hyaluronan receptor (CD44).

The implementation of the RSM led to the development of
an empirical model, represented by the following set of equa-
tions, with the two variables (A = MR; B = FRR) expressed in
coded units:
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Fig. 6 (A) Cell metabolic activity measured after 24 h exposure to
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Nanoencapsulation-mediated enhancement of drug effect (NE) measured
after 24 h exposure to DOX_NGs; (C) Interaction plot of NE. Statistical
significance is vs. free DOX CTRL: * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001.
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PDI (=) =1.50 x 10> — 1.13 x 107’4 — 2.99 x 10 °B
+1.15 x 10 AB + 2.82 x 107 °B* (4)

yiper (—) = 8.27 x 107" +5.66 x 10 %A — 3.06 x 10 *A”
(5)
M, (%)] " =1.81 x 107> — 2.94 x 1074 — 2.78 x 10°B
+4.53 x 10 °A%B + 2.74 x 10 3AB* — 4.06
x 107°A’B* (6)

Cellular uptake (—) = 2.21 — 1.69 A + 1.51 x 10 '4B
+1.76 A% + 8.30 x 10 'B* + 1.364B°
—1.64 4”8 7)

NG cytocompatibility (%) = 1.07 x 10* — 2.03 x 10'A
—2.86 x 10'4> — 1.51 x 10'B*
— 3.034’B + 2.19 x 10'A’B*
(8)
NE (%) = 1.07 x 10*> — 1.15 x 10"4 — 5.12 x 10'B + 1.64
x 10'"4B + 7.574% — 1.93 x 10'4*B (9)

This journal is © The Royal Society of Chemistry 2026

The complete set of variance and coefficients tables for
eqn (3)—(9) are reported in SI (Tables S2-S15), while the surface
contour plots are reported in Fig. 8.

With RSM, the dependence of the NG properties on the two
process variables was described by polynomials of higher
degree, which effectively captured non-linear relationships that
were not apparent in the initial linear correlation analysis. To
avoid overfitting, the degree of the polynomials was kept as low
as possible, while still ensuring a high-quality fit of the experi-
mental data. Moreover, we chose to limit the space of solutions
to those formulations maintaining the cellular metabolic activ-
ity above 90%. This constraint was implemented via a desir-
ability function (Fig. 8A and B) and the corresponding ‘“non-
desirable” region has been hatched in each contour plot
(Fig. 8C-H).

To qualify the developed empirical models, the predicted vs.
actual plots (Fig. 9) were analyzed. The coefficient of determina-
tion (R®) gave an indication of the goodness of fit, resulting in
good fit quality for all the equations (R*> > 0.8). Noteworthy, an
R®> > 0.9 was reached for NG cytocompatibility (R* = 0.953), size
(R* = 0.969), yrper (R> = 0.924), and cellular uptake (R* = 0.987).

Although R” is a robust indicator of the goodness of fit, it
does not quantify the ability of the model to predict responses

J. Mater. Chem. B, 2026, 14, 4994-5013 | 5005
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Fig. 8 Contour plots for: (A) NG cytocompatibility; (B) desirability map defining the region in which cell viability is greater than 90%; (C) size; (D) PDI;

(E) yiper (F) M (G) cellular uptake and (H) NE.
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for new, unseen observations—those not used during model
estimation. To address this limitation, we calculated the
predicted R* (Rpreq’). For all the equations of the empirical
model, the Rpred2 values exceeded 0.7, indicating good predic-
tive quality.

4. Discussion

Recently, the use of microfluidics in the formulation of novel
DDSs has gained increasing attention mainly due to the high
control over a variety of process parameters, which outperforms
traditional batch syntheses. However, the flexibility in modu-
lating the fluid-dynamic and compositional parameters offered
by microfluidic setups necessitates a time-intensive optimiza-
tion to identify the appropriate process conditions. To address
this challenge, a DoE approach incorporating RSM was
employed to systematically investigate the influence of process
parameters over a wide range of physicochemical and biologi-
cal features of HA-LPEI NGs synthesized via droplet-based
microfluidics.

4.1. Effects of process parameters on NG physicochemical
properties

To validate the application of droplet-based microfluidics for
the synthesis of polymeric NGs and to deepen the understand-
ing of the effect that process parameters exert over NGs
features, the chemical and physical properties of these nano-
materials were investigated in a range of process parameter
values.

Comparison of the "H-NMR spectra of the starting polymers
with that of the NG samples (Fig. 3D) revealed signals from
both polymers, along with a chemical shift of LPEI, indicative
of successful conjugation. Specifically, characteristic peaks of
LPEI could be detected at 2.78 ppm () (-CH,-CH,-NH-). Upon
conjugation, this signal shifted slightly downfield, reflecting
changes in the chemical environment and supporting the
successful formation of amide bonds (99, §§, ##).%*

For hyaluronic acid, the "H-NMR spectrum in D,O shows a
distinct singlet at ~1.9 ppm (***), attributed to the methyl
protons of the N-acetyl group (-NHCOCH3). Additionally, multi-
ple signals appeared in the 3.2-4.0 ppm range (**) corres-
ponding to the ring protons of the glucuronic acid and
glucosamine residues. The anomeric proton appeared around
4.4-4.6 ppm (*).

In the NGs, the involvement of the activated carboxyl groups
of HA resulted in the shift of the signal ascribable to the
protons in the sugar ring from 3.8 ppm to 3.38 ppm (9], §, #),
thus corroborating the bonding between polymers for all NG
specimens.

Successful chemical crosslinking between HA and LPEI was
further confirmed by FTIR spectroscopy (SI, Fig. S5).

Integration of NMR signals ascribable to HA and LPEI
enabled estimation of the y;pg; for each NG formulation, as
reported in Table 2. A strong dependence on MR was confirmed
(92.3% of the total variance, p = 0.0015), while no significant
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main effect of FRR was detected. These results are matched by
the strong linear correlation between MR and yypg; (7 = 0.92,
p < 0.001).

Interestingly, as reported in Section 3.1, a major direct
influence of FRR on NGs size can be highlighted by the two-
way ANOVA (FRR accounts for 76.6% of the total variance, p <
0.0001). This might be attributed to the reduction of micro-
droplet size achieved for low FRR levels, which limits the
volume of the reaction chamber where the crosslinking reac-
tion takes place. A reduction in the droplet diameter from ca. 60
to 30 um was observed when the FRR was decreased from 0.4 to
0.1, resulting in a volume change of approximately 87.5%
(Fig. 3A and B). MR, on the other side, demonstrated a minor
influence on NG size (8.67% of the total variance, p = 0.0044).
However, the data revealed a slight inverse proportionality,
highlighting the pivotal role of LPEI as a crosslinker. Indeed,
NGs with a lower LPEI content exhibited an overall larger
diameter, likely due to a less densely crosslinked matrix. NG
size ranged from 100 to 360 nm (Table 2), consistently falling
within the optimal range for drug delivery applications across
all process parameters.

All the experimental conditions resulted in monodisperse
nanoparticles with PDI values ranging from 0.01 to 0.11
(Table 2). A strong negative effect of FRR on PDI was evidenced
by two-way ANOVA (66.5% of the total variance, p < 0.0001)
and by the strong inverse correlation between the two variables
(r=—0.76, p = 0.017). This behavior could be explained in light
of previous literature findings®> evidencing that the mixing
processes occurring within the emulsified dispersed phase
are enhanced by an increased droplet velocity. Hence, the
narrow size distribution obtained at higher FRR could be
ascribed to improved mixing conditions, as reported for other
microfluidics-based processes for nanoparticles synthesis.**™*°
Based on the above-reported considerations, also NG size and
PDI were found to be inversely correlated (r = —0.78, p = 0.013).

Transmission electron microscopy (TEM) served as an ancil-
lary characterization technique, used to analyze dry-state dia-
meters of the nanogels, which appeared reduced compared to
their solvated counterparts. Representative micrographs are
presented in SI (Fig. S6). To further explore NGs stability, (-
potential measurements were performed (SI, Table S1). Inter-
estingly, the data suggested a trend in {-potential values relative
to the MR used during NG synthesis, which itself is closely
linked to LPEI content. Specifically, NGs synthesized with a low
MR tended to exhibit negative or near-neutral (-potentials,
whereas those prepared with higher MRs (11.5 or 17.25) showed
more positive values.

4.2. Physicochemical properties affect NG bioperformance

In this study, the bioperformance of NGs was assessed by
evaluating drug release profiles, cytotoxicity, cellular uptake,
and their functionality as DDSs in ovarian cancer cells. Building
on the previously established relationship between synthesis
parameters and the physicochemical properties of NGs, this
section explores how these properties influence the in vitro
bioperformance of the nanomaterials.

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tb02518d

Open Access Article. Published on 08 April 2026. Downloaded on 6/9/2026 9:21:14 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

A strong and significant inverse correlation (r = —0.71, p =
0.033) between yppgr and NG cytocompatibility was evidenced.
Indeed, LPEI-rich formulations (NG, ,) resulted in reduced cell
viability (71.2%, 60.5% and 61.8%, respectively) compared to
the control group. Linear and branched PEI are known for
toxicity and non-degradability, which restrict their clinical
applicability.”"*> However, the intrinsic toxicity of LPEI can
be mitigated through conjugation with other biopolymers such
as HA,”® as inferred from Table 4, where the NGs with higher
HA content demonstrated no significant variation in metabolic
activity (MTT assay) compared to untreated cells.

yrper Was also reported to dictate the cellular uptake of NGs.
Data suggested that NGs with a higher LPEI content were less
efficiently internalized after 24 hours. This observation is also
supported by the strong negative correlation between y;pg; and
cellular uptake (r = —0.71, p = 0.032), meaning that NGs with a
higher HA fraction facilitated cell internalization. This behavior
can be attributed to the interaction between HA and its
receptor, CD44, which is highly expressed in ovarian cancer
cells and plays a role in mediating NG endocytosis, as already
demonstrated for NGs with similar composition.®® Indeed, cell
uptake quantification by flow cytometry revealed the highest
fluorescence levels for HA-rich formulations (NG_,,), with
NG_,,_o.3; exhibiting approximately a six fold increase com-
pared to untreated cells.

The NE parameter has been defined as a metric of
nanoencapsulation-driven enhancement of drug effect, sub-
tracting the account for the effect of pristine NG material on
cell viability. It is worth noting that, in determining the NE, a
superposition principle has been applied—under the strong
assumption that the net response elicited by the two stimuli
(pristine NG and released DOX) is equivalent to the sum of the
individual responses that each stimulus would produce inde-
pendently. Nonetheless, this parameter allowed us to compare
different NG formulations, which are characterized by distinct
cytocompatibility levels. y;pg; Was inversely correlated with NE
(r=-0.73, p=0.027), suggesting that HA-rich formulations (low
yupe1), which are both highly biocompatible and readily inter-
nalized by cells, exhibit a more pronounced effect from drug
nanoencapsulation strategy, surpassing that of free DOX.
Expectedly, given the strong dependence of yypgr on MR,
similar trends were observed for NG cytocompatibility, cellular
uptake, and NE, all of which showed a direct correlation with
MR. It is also worth mentioning that, although the use of linear
correlations was helpful in identifying the key dependences
among different variables, the nature of the studied phenom-
ena goes far beyond linearity. Thus, an interpretation limited to
such a type of relationship may be misleading and may conceal
high-order phenomena, which are instead evidenced by the
polynomial equations of the response surface model.

4.3. RSM to dictate process parameters selection in
microfluidic synthesis of nanomaterials

The RSM-based empirical model developed from the experi-
mental data demonstrated good fit quality, with R* > 0.81 for
all the equations. However, although R* is an adequate metric

This journal is © The Royal Society of Chemistry 2026
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for the goodness of fit, it does not extend to evaluating the
model’s predictive strength for data points outside the training
set. Indeed, a regression model could fit the existing data well,
but it could not be as good at making predictions. Ryreq” is a
statistical tool which helps elucidate the ability of a regression
model to make predictions by removing one data point at a
time and each time recalculating the regression to test how well
the model predicts the missing observation. Rp,ed2 values were
generally satisfactory for all the equations and did not differ
markedly from the corresponding R*> (less than 13.1%
decrease), suggesting that the empirical model was not over-
fitting the experimental data. This finding supports the use of
RSM as a predictive tool for the microfluidic droplet-based
synthesis of HA-LPEI NGs and, more broadly, for the contin-
uous flow synthesis of nano-DDSs, allowing operators to
achieve target responses by tuning process parameters.

4.4. Future outlook

Despite the promises of NGs in advancing nanomedicine
therapeutics, several challenges concerning stability, biodistri-
bution, and pharmacokinetics under in vivo conditions are still
open.’*°® After systemic administration, NG interaction with
biological fluids may reduce the colloidal stability of the
system, and enzymatic degradation may occur. Moreover, the
eventual formation of the protein corona may induce opsoniza-
tion followed by rapid clearance by the mononuclear phagocyte
system.”’

It is well-documented that physicochemical parameters,
such as size, shape, surface charge, and surface functionaliza-
tion, play a crucial role in determining the pharmacokinetic
profile and biodistribution of nanosystems. At the same time,
pathological conditions produce damage to tissues, inducing
the enhanced permeability and retention (EPR) effect,
which enables the peripheral accumulation of designed
nanocarriers.”>®

Microfluidic platforms and the DoE/RSM approach repre-
sent the ideal framework to systematically investigate how the
variation of well-defined process parameters may affect in vivo
behavior of NGs, ultimately contributing to a deeper under-
standing and improved design of nanodrugs.

5. Conclusion

A statistical approach was applied to the continuous flow
synthesis of HA-LPEI NGs, produced by droplet microfluidics
under a broad range of experimental conditions. The resulting
panel of NG formulations were characterized in terms of size,
polydispersity, composition, cytocompatibility, drug release,
cellular uptake, and performance as a DDS on ovarian cancer
cells. The fluid dynamic regime, represented by the flow rate
ratio (FRR) parameter, was found to govern the resulting size
and polydispersity index of the NGs, while compositional
parameters (molar ratio between LPEI and HA repeating units,
MR) dictated the resulting NG composition and influenced key
biological properties, such as NG cytocompatibility, cellular
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uptake and enhancement of drug efficacy via nanoencapsula-
tion. Using the Response Surface Methodology, we developed
an empirical model describing the effects of process para-
meters on NG physicochemical and biological properties. The
model demonstrated strong fit quality and robustness to out-of-
sample predictions. In conclusion, this work highlights the
potential of RSM to guide and support the continuous flow
synthesis of tailored hyaluronan-based nanomaterials respond-
ing to specific design requirements for future nanomedicine
applications.
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