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A B S T R A C T

In this study, we present the development and characterization of biomimetic lipopolyplexes using the pH- 
responsive cationic copolymer, P(DMAEMA-co-SMA), DNA, and membrane-mimicking lipids. The copolymer 
was synthesized via RAFT polymerization and characterized by size exclusion chromatography, 1H NMR spec
troscopy, ATR-FTIR spectroscopy, and acid-base titration for proton buffering capacity. A custom-designed 3D- 
printed microfluidic chip with embedded microstructures was utilized to form polyplexes under controlled flow 
conditions, followed by a post lipid-coating step via lipid film hydration. The statistical copolymer P(DMAEMA- 
co-SMA) was utilized to condense DNA 50 bp at various nitrogen-to-phosphate (N/P) ratios, yielding polyplexes 
with distinct physicochemical characteristics. Lipid coating of preformed polyplexes enhanced colloidal stability 
under storage and biorelevant conditions, highlighting its critical role in maintaining nanoparticle integrity. 
Cryo-TEM analysis revealed the coexistence of multiple nanostructures with small-angle X-ray scattering (SAXS) 
supporting these findings and demonstrating pH-dependent organization that provides insights into their 
structural behavior under biologically relevant conditions. In vitro cytotoxicity and hemocompatibility assays 
indicated that the developed P(DMAEMA-co-SMA)/DNA lipopolyplexes are well tolerated compared to poly
ethylenimine (PEI), the gold standard in non-viral gene delivery. Confocal microscopy showed enhanced cellular 
uptake, endosomal escape, and cytoplasmic distribution in HeLa cells, supporting the potential of the prepared 
nanocomplexes for efficient intracellular gene delivery. Overall, this study presents P(DMAEMA-co-SMA)/DNA 
lipopolyplexes as a stable, biocompatible, and effective gene delivery platform and demonstrates how bio
mimetic lipid coating can modulate the stability and biological interactions of DNA nanocomplexes.

1. Introduction

In recent years, the delivery of genetic material, such as pDNA, 
mRNA, siRNA, and miRNA to cells has emerged as a promising approach 
for the treatment of severe disorders, including cancer, neurodegener
ative diseases, and other genetic disorders (e.g., cystic fibrosis) [1]. Non- 

viral vectors, such as lipoplexes and polyplexes, offer several advantages 
in nucleic acid delivery, including low immunogenicity, high cargo ca
pacity, and scale-up production. Despite their potential, lipoplexes often 
exhibit low transfection efficiency and cytotoxicity at high concentra
tions, while polyplexes face challenges such as limited stability [2]. To 
overcome these limitations, lipopolyplexes, hybrid complexes of 
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liposomes, polymers, and nucleic acids, have been developed as gene 
delivery vehicles that combine favorable properties of the above nano
platforms, such as high stability, low cytotoxicity, efficient endosomal 
escape, and enhanced transfection efficiency [3,4].

Several studies demonstrate that lipopolyplexes, mainly composed of 
polyethylenimine (PEI) and cationic liposomes, enhance in vitro trans
fection efficiency, improve colloidal stability, and retain physicochem
ical integrity during prolonged storage compared to polyplexes [5,6]. 
However, PEI is associated with significant cytotoxicity even at low 
concentrations and lacks biodegradability, resulting in potential accu
mulation following in vivo administration [7]. In this context, limited 
research has been conducted on lipopolyplexes consisting of poly(2- 
(dimethylamino)ethyl methacrylate) (PDMAEMA), despite its potential 
as a promising alternative to PEI, with lower cytotoxicity, and trans
fection efficiency approximately 90% of branched PEI (25 kDa) [8].

Lipid coating of polyplexes has emerged as a promising strategy to 
combine the advantages of cationic polymers and lipids within a single 
core-shell nanostructure. Lipopolyplexes, in which a nucleic acid- 
polycation core is surrounded by a lipid layer, have been shown to 
improve colloidal stability, reduce cytotoxicity, and enhance trans
fection efficiency compared to lipoplexes and polyplexes [9–13]. 
Notably, cationic lipid-coated PEI/DNA polyplexes and other PEI-based 
lipopolyplexes have displayed higher serum stability and more efficient 
gene delivery, while mitigating PEI-associated cytotoxicity. Therefore, 
lipid-polymer hybrid nanoparticles provide a versatile platform in which 
the lipid composition and polymer structure can be modified to control 
nanoparticle properties, encapsulation efficiency, and biological in
teractions. These studies highlight the potential of lipid-coated polymer- 
nucleic acid complexes as next-generation non-viral gene delivery sys
tems and highlight the critical influence of lipid composition and 
macromolecular organization on their structure, stability, and biological 
behavior.

PDMAEMA is a cationic polyelectrolyte with tertiary amino groups 
that exhibits pH- and thermo-responsive properties, making it suitable 
for nucleic acid condensation. With a pKa of approximately 7.4, 
PDMAEMA remains partially protonated under physiological condi
tions, and, thus, positively charged, facilitating electrostatic interactions 
with negatively charged biomolecules such as nucleic acids [14,15]. At 
pH 4, PDMAEMA is fully protonated, water-soluble, and its thermo- 
responsive behavior is eliminated. In contrast, at pH 7.4, PDMAEMA 
exhibits a thermal transition with a Lower Critical Solution Temperature 
(LCST) of approximately 45 ◦C, which depends mainly on its molar mass 
[16]. The molar mass of PDMAEMA plays a crucial role in gene delivery, 
as polymers with high molar mass form smaller polyplexes and enhance 
transfection efficiency, although with increased cytotoxicity [8].

Hydrophobic modification of cationic polymers has been reported as 
an effective strategy to enhance nucleic acid condensation through 
cooperative hydrophobic interactions in addition to electrostatic 
complexation. These interactions can promote the formation of more 
compact polyplexes, improving colloidal stability and cellular uptake. 
Amphiphilic copolymers containing long alkyl methacrylate side chains 
have been shown to self-assemble with nucleic acids into more compact 
and colloidally stable nanocomplexes compared to purely hydrophilic 
polycations, while also exhibiting reduced cytotoxicity [17,18]. In this 
context, the incorporation of hydrophobic methacrylate units into 
PDMAEMA-based copolymers imparts amphiphilic character to the 
copolymer, which can promote polyplex assembly and biological in
teractions [19–21]. Accordingly, the stearyl methacrylate (SMA) seg
ments in the synthesized P(DMAEMA-co-SMA) statistical copolymer are 
expected to support polyplex formation through hydrophobic associa
tion and facilitate subsequent lipid coating, leading to the formation of 
stable lipid-polymer hybrid nucleic acid assemblies for efficient gene 
delivery.

Conventional methods for polyplex formation, such as standard 
pipetting, often result in physicochemical heterogeneous dispersions, 
batch-to-batch variability, and limited control over nanoparticle size. 

Moreover, the sequence of polyelectrolyte addition affects the physico
chemical properties of the resulting polyplexes, including size, size 
distribution, and stability [22,23]. In contrast, microfluidic develop
ment enables precise control of the self-assembly process, resulting in 
reproducible and more uniform gene delivery nanoplatforms. This 
approach is favorable for nanoparticle formation and allows fine-tuning 
of nanoparticle properties (i.e., size, polydispersity index) by adjusting 
critical parameters, including flow rates and chip geometry [24,25].

The aim of the present study was to develop and characterize P 
(DMAEMA-co-SMA)/DNA polyplexes using DNA 50 bp as a model bio
logical macromolecule, and to investigate how biomimetic lipid coating 
influences their structure, colloidal stability, and biological interactions. 
Polyplexes were prepared by both conventional mixing and a custom 
3D-printed microfluidic chip, with lipid coating applied to the 
microfluidic-assembled polyplexes to form lipopolyplexes. The resulting 
nanocomplexes were characterized physicochemically, analyzed 
morphologically and structurally using cryo-TEM and SAXS, and 
assessed in vitro for cytotoxicity, hemocompatibility and cellular up
take. This study highlights the potential of P(DMAEMA-co-SMA) for 
nucleic acid condensation and demonstrates the critical role of micro
fluidic assembly followed by biomimetic lipid coating in enhancing 
colloidal stability and maintaining overall integrity for effective intra
cellular gene delivery.

2. Materials and methods

2.1. Materials

The lipids 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2- 
dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), 1,2-dioleoyl-3-tri
methylammonium-propane (chloride salt) (DOTAP), cholesterol, and 
sphingomyelin (Egg, Chicken) (SM) were generously provided by Lipoid 
(GmbH, Ludwigshafen, Germany) and used without further purification. 
The amphiphilic copolymer P(DMAEMA-co-SMA) was synthesized as 
described with an average molecular mass of 53,900 g/mol. PEI 50 kDa 
and DNA 50 bp from herring sperm (hsDNA) were obtained from Sigma- 
Aldrich Chemical Co (St. Louis, MO, USA). Chloroform and ethanol were 
of analytical grade and acquired from Sigma-Aldrich Chemical Co (St. 
Louis, MO, USA). Phosphate Buffered Saline (PBS) tablets, sodium cit
rate, and citric acid salts were obtained from Sigma-Aldrich Chemical Co 
(St. Louis, MO, USA) and dissolved in HPLC grade water (Thermo 
Fischer Scientific Inc., Germany) at appropriate concentrations.

2.2. 3D printing of microfluidic chip

The microfluidic device was designed using CAD software (Solid
Works, Dassault Systèmes) with two threaded inlet ports (8 mm length, 
28 threads per inch) connected to independent rectangular channels 
(500 μm width, 300 μm height). These channels merge into a serpentine 
mixing channel (765 μm width, 300 μm height, 3.5 cm length) con
nected to a single outlet. Fin-like structures (153 μm length, 68 μm 
width, and 85.1 μm spacing between fins) with repeated patterns were 
integrated within the mixing channel over 32 cycles.

The microfluidic chip was fabricated using a digital light processing 
(DLP) 3D printer (Asiga MAX X27, Asiga, Germany), equipped with a 
385 nm ultraviolet (UV) DLP projector and a 27 μm pixel size. A low- 
viscosity microfluidic resin was used as the printing material. The de
signs, initially saved in .prt format, were converted into .stl files 
compatible with the printer's slicing software (Composer 2.1, Asiga). 
The chip structure was oriented flat on the build plate for slicing, with no 
additional support required. The slicing parameters included a layer 
thickness of 25 μm, UV intensity of 3 mW/cm2, and an exposure time of 
3.3 s per layer. For the initial layer, the exposure time was extended to 
112 s to ensure proper adhesion to the build plate.

After fabrication, the microfluidic chip was detached from the build 
plate and immersed in isopropanol for 10 min to remove residual 
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uncured resin from the surface. Internal channels were flushed with 
isopropanol over five cycles to eliminate residual resin. The chip was 
then air-dried for a minimum of 4 h. To complete polymerization and 
optimize the mechanical and chemical properties of the structure, the 
chip was cured in a UV-A heated chamber (MeccatroniCore BB Cure 
Dentalstation, GoPrint3D, Ripon, North Yorkshire, UK) at 40 ◦C for 60 
min [26].

2.3. Scanning electron microscopy (SEM) analysis of the microfluidic 
chip

Scanning Electron Microscopy (SEM) was used to evaluate the 
printing accuracy of Digital Light Processing (DLP) technology in 
fabricating microfluidic devices for nanoparticle preparation. Open 
microfluidic designs with identical structural details to their closed- 
array counterparts were 3D-printed using the same DLP technique. 
SEM imaging was performed using a Hitachi SU8030 system (Tokyo, 
Japan), operated at an electron beam accelerating voltage of 1.0 kV and 
a magnification of 30×, to capture detailed surface morphology and 
structural integrity.

2.4. Synthesis of P(DMAEMA-co-SMA) copolymer

P(DMAEMA-co-SMA) statistical copolymer was synthesized via one- 
step reversible addition-fragmentation chain transfer (RAFT) polymer
ization. First, a column containing monomethyl ether hydroquinone 
(MEHQ) and butylated hydroxytoluene (BHT) inhibitor removers was 
used to purify DMAEMA and SMA monomers. In a round bottom flask 
(25 mL), purified DMAEMA (0.8 g, 5.09 mmol) and SMA (0.2 g, 5.91 
mmol) were mixed with CDP (0.081 g, 0.2 mmol), AIBN (0.0033 g, 0.02 
mmol) (at CDP: AIBN = 10:1 ratio) and 0.575 mL 1,4-dioxane (20 wt% 
monomer solution) while being stirred magnetically. The flask was 
sealed with a rubber septum, and the solution was degassed using a 
nitrogen gas flow for 20 min. The flask was then submerged in a pre
heated oil bath at 70 ◦C for 24 h under magnetic stirring. The reaction 
was quenched by freezing at − 20 ◦C for 30 min followed by exposure to 
air. The reaction product was purified by dialysis against deionized 
water using 3.5 kDa MWCO dialysis membranes to remove unreacted 
monomers and impurities. The outer water reservoir was periodically 
changed over the three days of purification. The pure copolymer was 
isolated using a rotary evaporator and dried in a vacuum oven at 25 ◦C 
for 24 h [15].

2.5. Size-exclusion chromatography

The weight average molecular mass (Mw) and molecular mass dis
tribution (Mw/Mn) of P(DMAEMA-co-SMA) statistical copolymer were 
determined by size exclusion chromatography (SEC) using a Waters 
system (Waters Corporation, Milford, MA, USA). The setup included a 
Waters 1515 isocratic pump, three μ-Styragel mixed pore separation 
columns (pore size 102–106 Å), and a Waters 2414 refractive index 
detector equilibrated at 40 ◦C. THF with 5% v/v triethylamine was used 
as the eluent at a flow rate of 1 mL/min at 30 ◦C. Data analysis was 
performed using Breeze software (version 3.2). The chromatographic 
instrument was calibrated using standard polystyrene samples with 
narrow molecular weight distributions and average molecular weights 
ranging from 1200 to 929,000 g/mol [15].

2.6. Proton nuclear resonance (1H NMR) spectroscopy

1H NMR spectroscopy was utilized to determine the chemical 
structure and mass composition (%wt) of P(DMAEMA-co-SMA) copol
ymer. Spectrum was collected using a Varian 300,600 MHz spectrometer 
(California) with tetramethylsilane (TMS) as the internal standard in 
deuterated chloroform. For sample preparation, 10 mg of dry copolymer 
were dissolved in 700 μL of deuterated chloroform.

2.7. Attenuated total reflectance-Fourier transform infrared spectroscopy 
(ATR-FTIR)

ATR-FTIR spectroscopy was performed to qualitatively confirm the 
molecular characteristics of the copolymer. Bruker Optik Fourier 
transform instrument (Germany), equipped with a press and an atten
uated total reflectance diamond accessory (Dura-Samp1IR II by SensIR 
Technologies, Chapel Hill, NC, USA), was used to collect the FTIR 
spectrum. The copolymer was measured in dry state at room 
temperature.

2.8. Determination of proton buffering capacity

The proton buffering capacity of P(DMAEMA-co-SMA) was deter
mined using the acid-base titration method [27]. Briefly, 6 mg of P 
(DMAEMA-co-SMA) was dissolved in 30 mL of NaCl solution (150 
mM), and the pH of the solution was adjusted to 10 using NaOH (0.1 M). 
PEI and NaCl were used as positive and negative controls, respectively. 
Aliquots of HCl (0.1 M, 50 μL) were added to the solutions, which were 
titrated until pH 3.5 using a pH meter (Mettler Toledo, Greifensee, 
Switzerland) [28]. The proton buffering capacity was calculated for the 
pH range of 7.4–5.1 according to Eq. (1) and is expressed as mmol H+

per unit pH change: 

Buffer capacity (β) =
ΔHClmol

ΔpH
(1) 

2.9. Development of polyplexes by standard pipetting method

For the formation of P(DMAEAMA-co-SMA)/DNA polyplexes, a 
standard stock solution of the copolymer (1 mg/mL) in citrate buffer (20 
mM, pH 4) was used. DNA solutions in citrate buffer were also prepared, 
according to the intended copolymer nitrogen to DNA phosphate (N/P) 
ratio. Complexation was achieved at N/P ratios ranging from 4 to 14, by 
adding the appropriate DNA solution dropwise into a constant volume of 
the copolymer solution, under gentle stirring at room temperature [21]. 
The formed polyplexes were incubated at room temperature for physi
cochemical analysis.

2.10. Microfluidic development of polyplexes

P(DMAEAMA-co-SMA)/DNA polyplexes were formed at the same N/ 
P ratios using the 3D-printed microfluidic chip connected to a dual- 
channel syringe pump (IPS independent 14R, Inovenso Ltd. Co., 
Turkey). One syringe was loaded with a copolymer solution, and the 
other one with a DNA solution. The concentrations of the solutions were 
determined based on the positive charges of the DMAEMA amino groups 
(N) and the negative charges of the DNA phosphate groups (P) [29]. The 
copolymer and DNA solutions were pumped into the chip at a 4:1 (v/v) 
flow rate ratio, with a total flow rate of 1 mL/min. The resulting poly
plexes were incubated at room temperature for physicochemical 
characterization.

2.11. Development of lipopolyplexes

P(DMAEMA-co-SMA)/DNA lipopolyplexes were prepared by a two- 
step process, in which the first step included the condensation of the 
DNA with the copolymer in citrate buffer (20 mM, pH 4) to form poly
plexes, and followed by lipid coating using the thin film hydration 
method/extrusion, as described in the literature, with a final lipid con
centration of 10 mg/mL [30]. Specifically, lipids (DSPC, DOPE, DOTAP, 
cholesterol, sphingomyelin) were dissolved in chloroform (10 mg/mL) 
and aliquots of the stock solutions were mixed into a round-bottom flask 
to achieve the desired molar ratio (DSPC:DOPE:DOTAP:Chol:SM 
45:35:3:10:7). The solvent was evaporated under vacuum at 40 ◦C for 
30 min using a rotary evaporator, and a thin lipid film was developed. 
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Pre-formed P(DMAEMA-co-SMA)/DNA polyplexes prepared via micro
fluidics at N/P 4, were used to hydrate the lipid film by gentle stirring in 
a water bath for 1 h, resulting in a final lipid concentration of 10 mg/mL. 
The dispersion was extruded 10 times through polycarbonate mem
branes of 400 nm pore size using a liposome extruder to reduce particle 
size and achieve homogenization. The resulting lipopolyplexes were 
dialyzed overnight against phosphate buffered saline (PBS, pH 7.4) 
using a Spectra-Por® Float-A-Lyzer® (MWCO 20 kDa, Spectrum Labs, 
Rancho Dominguez, CA) to neutralize the external pH while retaining 
the unbound DNA for the encapsulation efficiency determination. For all 
further experiments, the unencapsulated DNA was removed by dialysis 
using a Spectra-Por® Float-A-Lyzer® with a 50 kDa MWCO [31].

2.12. Stability of lipopolyplexes upon storage

The storage stability of P(DMAEMA-co-SMA)/DNA lipopolyplexes 
was studied at 4 ◦C by measuring physicochemical characteristics at 
predetermined time points for up to 84 days. Specifically, the hydro
dynamic diameter (Dh) and size distribution (polydispersity index, PDI), 
were assessed using dynamic light scattering (DLS). The ζ-potential of 
the nanoparticles was determined by electrophoretic light scattering 
(ELS). Measurements were conducted at 25 ◦C (detection angle 90◦) 
with a photon correlation spectrometer (Zetasizer ZSU3105, Malvern, 
UK) and analysis was performed by the ZS XPLORER software (Malvern 
software). For the measurements, 50 μL of each sample was diluted 20- 
fold in HPLC grade water [32,33].

2.13. Colloidal stability of lipopolyplexes in biorelevant conditions

The colloidal stability of P(DMAEMA-co-SMA)/DNA lipopolyplexes 
was assessed under simulated intracellular pH conditions by diluting 
samples 20-fold in citrate buffer solutions at pH 6.5, 5.5, and 4.5, cor
responding to the environment of early endosomes, late endosomes, and 
lysosomes, respectively. The diluted samples were incubated at 37 ◦C for 
30 min and analyzed using DLS under the same conditions described 
above [34]. The physicochemical properties of lipopolyplexes were also 
monitored after incubation in complete cell culture medium (DMEM 
supplemented with 10% fetal bovine serum 2 mM glutamine, penicillin 
and streptomycin) at 37 ◦C using DLS. For the measurements, 50 μL of 
the sample was diluted 20-fold in complete medium. Measurements 
were performed at predetermined time points (0, 1 h, 2 h, 3 h, 4 h, 5 h, 6 
h, 24 h) to evaluate the colloidal stability of the nanoparticles under cell 
culture conditions [35,36].

2.14. Encapsulation efficiency (EE%) determination

The encapsulation efficiency (EE%) of DNA was determined using 
Qubit™ 1× dsDNA High Sensitivity Kit (Thermo Fisher Scientific, 
Waltham, Massachusetts, USA). For the quantification of the non- 
encapsulated DNA, lipopolyplexes were diluted in TE buffer along 
with the dsDNA reagent. For the quantification of the total amount of 
DNA, lipopolyplexes were treated with 1% Triton X-100 and incubated 
for 5min, followed by dilution in TE buffer and dsDNA reagent [31,37]. 
DNA concentrations were measured using a Qubit™ 4 Fluorometer de
vice (Thermo Fisher Scientific, Waltham, Massachusetts, USA) following 
the manufacturer's instructions. A standard curve was generated using 
the supplied DNA standards, and the encapsulation efficiency (EE)% was 
calculated using the following equation: 

(EE)% =

(

1 −
Cfree DNA

Ctotal DNA

)

× 100 (2) 

2.15. Cryogenic transmission electron microscopy (Cryo-TEM)

Cryogenic transmission electron microscopy (Cryo-TEM) images 
were obtained using a Tecnai F20 X TWIN microscope (FEI Company, 

USA) equipped with a field emission gun, operating at an accelerating 
voltage of 200 kV. The images were recorded on a Gatan Rio 16 CMOS 
4k camera (Gatan Inc., USA) and processed with Gatan Microscopy Suite 
(GMS) software (version 3.31.2360.0). Specimen preparation involved 
vitrification of the aqueous dispersion on grids with holey carbon film 
(Quantifoil R 2/2; Quantifoil Micro Tools GmbH, Germany). The grids 
were pre-activated for 15 s in oxygen plasma using a Femto plasma 
cleaner (Diener Electronic, Germany). Cryo-samples were prepared by 
applying a droplet (3 μL) of the dispersion (1 mg/mL) to the grid, 
blotting with filter paper, and immediately freezing in liquid ethane 
using a fully automated blotting device, Vitrobot Mark IV (FEI Company, 
USA). After preparation, the vitrified specimens were kept under liquid 
nitrogen until they were inserted into a cryo-TEM holder Gatan 626 
(Gatan Inc., USA) and analyzed in the TEM at − 178 ◦C [38].

2.16. Small-angle X-ray scattering (SAXS)

The SAXS measurements of the developed P(DMAEMA-co-SMA)/ 
DNA lipopolyplexes at a concentration of 1 mg/mL were performed at 
pH 7.4, 5.5 and 4.5 to evaluate the structural organization under 
formulation and under biorelevant conditions mimicking endosomal 
and lysosomal environments, respectively. Measurements were carried 
out using a Xeuss 3.0 laboratory system (Xenocs, France), equipped with 
a Xenocs low-noise flow cell operating under dynamic vacuum. The X- 
ray beam had an energy of 8 keV (λ = 1.54 Å). The wavevector (q)-scale 
was calibrated using scattering profiles from silver behenate (AgBeh) 
and lanthanum hexaboride (LaB6). Measurements were collected with a 
high-resolution collimation setup, employing a 2D photon-counting 
hybrid detector (Eiger2 R 1 M) at a sample-to-detector distance set to 
500 mm and an acquisition time of 40 min.

2.17. Cell culture and cell proliferation assay

Human cervical cancer cells (HeLa; ATCC® CCL-2, RRID: 
CVCL_0030) were cultured (1ˣ104 cells/well) into a 96-well plate in 
DMEM supplemented with 10% (v/v) Fetal Bovine Serum (FBS) and 2 
mM glutamine, as well as penicillin and streptomycin (Gibco-Life 
Technologies, Grand Island, NY, USA). The cells were cultured in a CO2 
incubator at 37 ◦C with 90% humidity and 5% (v/v) CO2. The MTT assay 
was used to determine cell viability. Cells were incubated with empty 
lipid-polymer hybrid nanoparticles and lipopolyplexes for 24 h, at a 
wide range of total formulation concentrations (1–400 μg/mL). PEI and 
dextran were used as positive and negative controls, respectively. An 
additional MTT assay was conducted after 72 h incubation with lip
opolyplexes over the same concentration range. Following treatment, 
the mitochondrial redox function expressed as cell viability was assessed 
by the MTT assay (Sigma-Aldrich, St. Louis, MO, USA). The cell medium 
in each well was replaced with MTT solution (1 mg/mL in complete 
media), and cells were incubated at 37 ◦C for 4 h. Subsequently, the MTT 
was removed from all cells, and the produced formazan crystals were 
solubilized with DMSO. The plates were shaken briefly, and the absor
bance was measured at 560 nm. Cell viability was calculated in com
parison to untreated cells, which served as controls.

2.18. Hemolysis assay

The hemolytic activity of the prepared P(DMAEMA-co-SMA)/DNA 
lipopolyplexes was evaluated. Specifically, blood was collected from 
mice into heparinized tubes and centrifuged at 2000 ×g for 10 min. The 
resulting red blood cell (RBC) pellet was washed three times with 
phosphate-buffered saline (PBS, pH 7.4), each time centrifuging at 2000 
×g for 10 min. The final RBC suspension was prepared in PBS (2%, w/v) 
and used within 24 h of collection. Samples were prepared at various 
concentrations in PBS and incubated with an equal volume of the RBC 
suspension for 30 min at 37 ◦C. PEI was used as a positive control. After 
incubation, samples were centrifuged at 2000 ×g for 10 min, and the 
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absorbance of the supernatant (100 μL) was measured at 540 nm using a 
UV–Vis spectrophotometer to quantify hemoglobin release. The results 
were expressed as the percentage of hemoglobin released compared to 
the release induced by 1% Triton X-100 (100% control) [39].

2.19. Confocal laser scanning microscopy (CLSM)

Imaging was performed using an LSM880 with Airyscan unit from 
Carl Zeiss. For cellular uptake study, HeLa cell images were acquired 
after seeding HeLa cells (ECCAC 93021013) at a density of 1 × 105 cells/ 

well in 35 mm dishes containing a sterile coverslip each. Prior to fixation 
(24 h) the lipopolyplex was added to serum-free media bathing the cells, 
which were incubated under standard conditions. Cells were fixed in 2% 
(w/v) formalin in PBS and mounted in 1% (w/v) N-propyl gallate con
tained in PBS and sealed using nail varnish after staining with DAPI 
(100 nm) and Alexafluor-488-labelled phalloidin, following the manu
facturer's instructions. Cells were imaged using the Alexafluor-488 
channel and separately the Texas Red channel and were exported as 
TIFF files. For the intracellular distribution of lipopolyplexes, Hela cells 
were seeded at a density of 1 × 105 cells/well in 35 mm dishes 

Fig. 1. SEM images of the 3D-printed serpentine microfluidic chip.
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containing a sterile coverslip each. The following day, they were incu
bated with the rhodamine-labelled lipopolyplexes at 50 μg/mL and left 
for 24 h under standard incubation conditions. After 20 h of incubation 
with the lipopolyplexes, 5 μg/mL wheatgerm agglutinin labelled with 
Alexafluor-488 was added to the cells. After this time, the cells were 
fixed as before, mounted and imaged. Cells were imaged using the 
Alexafluor-488 channel and separately the Texas Red channel.

2.20. Statistical analysis

The statistical analysis was performed using GraphPad Prism 8.0 
software package (San Diego, USA). All experiments were performed in 
triplicate. Results are reported as the mean ± standard deviation. Sta
tistical significance was evaluated using one-way ANOVA followed by 
Tukey's post hoc test. Physicochemical properties of polyplexes prepared 
by standard pipetting and microfluidics, as well as in vitro cytotoxicity 

Fig. 2. (a) Synthesis of the statistical copolymer P(DMAEMA-co-SMA) via RAFT polymerization. Characterization of the copolymer by (b) 1H NMR spectroscopy in 
deuterated chloroform (signal denoted by an asterisk in the spectrum), (c) ATR-FTIR spectroscopy, (d) size-exclusion chromatography (SEC), and (e) acid-base 
titration for buffering capacity.
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data were analyzed using two-way ANOVA followed by Bonferroni post- 
hoc test. A p-value < 0.05 was considered statistically significant.

3. Results and discussion

3.1. Design of the 3D-printed microfluidic chip

Microfluidic development of nanoparticles has gained significant 
attention in recent years, particularly for polyplexes formed through 
electrostatic interactions, where precise control over nanoparticle size 
and size distribution remains challenging. Microfluidic mixing occurs at 
the micrometer scale under low Reynolds numbers (Re < 2000), where 
laminar flow provides a more predictable and controllable mixing 
compared to turbulent flow, although with limited mixing efficiency 
[40]. Enhanced mixing efficiency can result in smaller and more uniform 
nanoparticles [41]. Therefore, microfluidic devices with embedded 
microstructures have been developed to disrupt laminar flow and induce 
chaotic advection, thus enhancing mixing efficiency [42]. In this study, 
we present a novel serpentine microfluidic chip with embedded fin-like 
microstructures, fabricated using Digital Light Processing (DLP) 3D 
printing technology (Fig. 1). Serpentine microchannels enhance mixing 
through Dean vortices, which are secondary flows induced by curved 
regions. In our design, this effect is extended to the straight segments by 
incorporating microstructures specifically engineered to disrupt laminar 
flow and promote chaotic advection. As a result, mixing efficiency is 
enhanced throughout the entire channel. This hybrid design enables 
continuous, efficient, and spatially uniform mixing between two fluids 
compared to conventional serpentine microfluidic devices, offering an 
advanced platform for the controlled synthesis of nanoparticles.

DLP 3D printing was selected for its capability to produce complex 
geometries with high resolution (Fig. S1). This technology enables 
precise adjustments to the geometry and dimensions of the microstruc
tures, including height, width, and length, while maintaining high 
fabrication quality. SEM images highlight the precise fabrication and 
structural integrity of the microfluidic chip, confirming that DLP is an 
effective technology for designing microfluidic devices with embedded, 
customizable microstructures. The serpentine channel and fin-like mi
crostructures are well-defined, with fin dimensions of 153 μm in length, 
68 μm in width, and 85.1 μm spacing between fins. Each fin has a 
thickness of 35.5 μm, demonstrating precise fabrication process. The 
consistent reproduction of the microstructures highlights the accuracy 
and high resolution achieved through DLP 3D printing. The channel 
width of 765 μm provides sufficient space for fluid flow while main
taining a design optimized for efficient mixing.

3.2. Synthesis and characterization of P(DMAEMA-co-SMA) copolymer

The statistical copolymer poly(2-(dimethyl amino ethyl methacry
late)-co-(stearyl methacrylate)), P(DMAEMA-co-SMA) was synthesized 
via RAFT polymerization using a one-step synthesis procedure. Its 
structural and molecular characteristics were studied using 1H NMR 
spectroscopy, ATR-FTIR spectroscopy, size-exclusion chromatography, 
and buffering capacity (Fig. 2).

RAFT polymerization was performed instead of ATRP (atom transfer 
radical polymerization) to avoid toxic organometallic catalysts and 
obtain a low dispersity (Đ) indicative of narrow molecular mass distri
bution. The copolymer was designed with a specific molar mass and 
composition, incorporating the SMA segments, as hydrophobic mono
mers have been widely used to enhance transfection efficiency and 
reduce the cytotoxicity of PDMAEMA [43]. 4-Cyano-4-(dodecylsulfa
nylthiocarbonyl)pentanoic acid (CDP) was utilized as the chain trans
fer agent for the synthesis of the copolymer, as it is suitable for 
methacrylate-based monomers. The molecular characterization of the 
copolymer by size-exclusion chromatography (SEC) revealed a molar 
mass close to the theoretical stoichiometry, and a dispersity (Mw/Mn) 
within the typical range reported for statistical copolymers synthesized 

via RAFT polymerization (Table 1).
The chemical structure and composition of the synthesized copol

ymer were determined using 1H NMR spectroscopy in deuterated chlo
roform (CDCl3). The residual proton signal of chloroform (CHCl3) 
present in the deuterated solvent is indicated by an asterisk (*) at 7.2 
ppm. The sharp singlet observed at approximately 2.2 ppm is attributed 
to trace residual acetone rather than to the copolymer structure. This 
signal is well separated from the polymer resonances, and the chemical 
compositions can be effectively evaluated. Specifically, characteristic 
peaks corresponding to DMAEMA (2.3 ppm) and SMA (1.25 ppm) 
monomers were identified in the 1H NMR spectrum (Fig. 2b) [15,44]. 
The chemical composition of each monomer in the statistical P 
(DMAEMA-co-SMA) copolymer was estimated by analyzing the in
tegrals of the characteristic peaks. ATR-FTIR spectroscopy (Fig. 2c) 
confirms the chemical composition of the copolymer, obtained by 1H 
NMR. Moreover, the chromatogram of P(DMAEMA-co-SMA) demon
strated efficient purification from unreacted SMA monomers via dialysis 
against deionized H2O. The copolymer exhibited a monomodal and 
relatively narrow peak with minimal tailing, which indicates a well- 
controlled polymerization process (Fig. 2d). The proton buffering ca
pacity of P(DMAEMA-co-SMA) was determined using the acid-base 
titration method within the pH range of 7.4–5.1, as it directly affects 
endosomal escape prior to lysosomal degradation by nucleases [45]. In 
general, a high amount of protons required to shift the solution pH in
dicates that the polymer has a strong tendency to be protonated, and, 
consequently, a strong buffering capacity [46]. The results indicate that 
the copolymer exhibits a lower buffering capacity (0.024 mmol H+ per 
unit pH change) compared to PEI (0.033 mmol H+ per unit pH change) 
within the pH range of 7.4–5.1, as shown in Fig. 2e. This finding can be 
attributed to the reduced number of amine groups of PDMAEMA 
compared to PEI, although the sterically unhindered tertiary amines of 
PDMAEMA exhibit a higher intrinsic capacity to absorb protons [28,47]. 
Despite the lower buffering capacity, the copolymer appears to retain 
sufficient potential for endosomal escape. Previous studies indicate that 
the proton sponge effect in PDMAEMA and its derivatives is less pro
nounced compared to PEI, however, alternative mechanisms, such as 
membrane destabilization, maintain the polymer's capacity for endo
somal escape [48–50].

3.3. P(DMAEMA-co-SMA)/DNA polyplexes prepared via conventional 
pipetting versus microfluidics

The development of polyplexes for gene delivery presents a signifi
cant challenge in the precise control of physicochemical properties, 
which is essential for enhancing cellular uptake and minimizing cyto
toxicity. P(DMAEMA-co-SMA), a cationic amphiphilic statistical copol
ymer with a tertiary amine group, was used to enhance electrostatic 
interactions with the negatively charged DNA at pH 4, where the 
copolymer is fully protonated. P(DMAEMA-co-SMA)/DNA polyplexes at 
various copolymer nitrogen to DNA phosphate (N/P) ratios were pre
pared using both conventional pipetting and microfluidics. For micro
fluidic preparation, DNA and copolymer solutions were pumped into the 
fabricated 3D-printed microfluidic chip under controlled flow condi
tions, with a total flow rate (TFR) of 1 mL/min and a flow rate ratio 
(FRR) of 4:1. The hydrodynamic diameter (Dh), polydispersity index 
(PDI), and aggregation behavior were studied.

Regarding the hydrodynamic diameter (Fig. 3), microfluidic 

Table 1 
Molecular characteristics of P(DMAEMA-co-SMA) copolymer.

Statistical copolymer Mw 
(g*mol− 1) 
(×104) 
(SEC)

Mw/Mn 
(SEC)

%wt. DMAEMA 
(1H NMR)

%wt. 
SMA 
(1H NMR)

P(DMAEMA-co-SMA) 5.39 1.16 79 21
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development resulted in smaller polyplexes compared to conventional 
pipetting at N/P ratios ranging from 4 to 10. However, microfluidic 
polyplexes formed at N/P 14 exhibited larger size compared to con
ventional pipetting. Specifically, at N/P 4, microfluidic polyplexes 
exhibited a hydrodynamic diameter nearly 50% smaller than those 
prepared by the conventional method, a statistically significant result 
that persisted at N/P 5 (p < 0.0001). This result can be attributed to the 
precise and rapid mixing dynamics of the microfluidic chip, which fa
cilitates efficient DNA complexation and condensation. In contrast, 
standard pipetting depends on manual mixing, thus leading to larger and 
more heterogeneous polyplexes [22]. According to Liu et al., variations 
in size are crucial, as smaller polyplexes are associated with higher 
transfection efficiency and lower cytotoxicity [51]. Nevertheless, a 
specific trend was observed in the hydrodynamic diameter of polyplexes 
as a function of N/P ratio for both preparation methods. Specifically, 
increasing the N/P ratio, and consequently the number of available 
positive charges from the amino group, resulted in higher Dh values. 
This indicates the formation of larger polyplexes with higher molar mass 
and a tendency to form aggregates [21].

As shown in Fig. 3, the PDI of microfluidic polyplexes was consis
tently lower compared to polyplexes prepared by standard pipetting, 

indicating a more uniform size distribution. Both methods resulted in 
comparable PDI values at N/P 4, however, significant differences were 
observed at higher N/P ratios. The greatest variation was observed be
tween N/P 5 and 14, where microfluidic polyplexes had a significantly 
lower PDI value compared to polyplexes prepared by standard pipetting 
(p < 0.0001). These findings highlight the capability of microfluidics to 
produce monodisperse nanoparticles. Furthermore, the consistent 
physicochemical characteristics of microfluidic polyplexes at the 
examined N/P ratios confirm the reproducibility of this method 
compared to conventional pipetting, with the latter mainly depending 
on the operator. Both microfluidic preparation and the standard pipet
ting method produced uniform polyplexes at all examined N/P ratios, 
highlighting the ability of P(DMAEMA-co-SMA) copolymer to effectively 
condense DNA (Fig. S2).

Overall, these findings demonstrate the advantages of microfluidics 
over the conventional pipetting method for the preparation of P 
(DMAEMA-co-SMA)/DNA polyplexes. Microfluidic development ex
hibits precise control of size and size distribution with reproducible 
results. However, the prepared polyplexes exhibited a tendency to 
aggregate over time, indicating the need for an additional stabilization 
strategy to improve long-term stability and cellular uptake.

Fig. 3. (a) The hydrodynamic diameter and (b) polydispersity index of P(DMAEMA-co-SMA)/DNA polyplexes prepared by conventional pipetting and microfluidics 
at different N/P ratios. Statistical analysis was performed using two-way ANOVA followed by Bonferroni post hoc test. Significant differences between preparation 
methods are denoted (****p < 0.0001; ***p < 0.001; ns, no significance).

Fig. 4. Preparation of P(DMAEMA-co-SMA)/DNA lipopolyplexes via a two-step process: (a) polyplex formation, and (b) lipid coating of preformed P(DMAEMA-co- 
SMA)/DNA polyplexes using the thin film hydration/extrusion method. Created with BioRender (https://www.biorender.com/).

I. Tsichlis et al.                                                                                                                                                                                                                                  International Journal of Biological Macromolecules 346 (2026) 150678 

8 

https://www.biorender.com/


3.4. Development, physicochemical, and morphological characterization 
of P(DMAEMA-co-SMA)/DNA lipopolyplexes

P(DMAEMA-co-SMA)/DNA lipopolyplexes were developed via a 
two-step process, in which microfluidic polyplexes at N/P 4 exhibiting 
the lowest hydrodynamic diameter were used to hydrate a lipid film 
composed of DSPC:DOPE:Cholesterol:Sphingomyelin:DOTAP 
(45:35:10:7:3 molar ratio) (Fig. 4). This strategy was utilized to enhance 
physical stability and retain the advantages of microfluidic preparation. 
Several studies have demonstrated that lipid coating of polyplexes im
proves nanoparticle stability, biocompatibility, and transfection effi
ciency [10,52,53]. Notably, a recent study by Fan et al., reported a 
similar two-step microfluidics-based approach for lipopolyplex mRNA 
vaccines, which induced robust immune responses and tumor suppres
sion in both preclinical models and cancer patients [54]. These findings 
highlight the translational potential of the two-step strategy and 
demonstrate its relevance for nucleic acid delivery.

In the present study, a biomimetic, membrane-mimicking lipid 
mixture was used based on mammalian plasma-membrane lipidomics, 
incorporating the major lipid classes that govern membrane stability, 
fluidity, and biological interactions [55–57]. Specifically, 45 mol% of 
the saturated DSPC was incorporated as a helper lipid to enhance the 
stability of the lipid coating and reduce DNA leakage during prolonged 
storage, due to its high transition temperature (Tm = 55 ◦C). Notably, 
studies have shown that lipid nanoparticles containing 40 mol% DSPC 
exhibit higher transfection efficiency in vitro compared to nanosystems 
with lower DSPC content [58]. DOPE was incorporated at 35 mol% due 
to its established role in promoting endosomal escape through the 
inverted hexagonal (HII) phase, thus enhancing intracellular gene de
livery. DOPE and cholesterol are known to induce the inverted hexag
onal (HII) phase in lipid mixtures containing cationic lipids such as 
DOTAP [59]. Accordingly, cholesterol (10 mol%) and sphingomyelin (7 
mol%) were included to reinforce membrane rigidity and promote lipid 
raft formation, while DOTAP (3 mol%) was added to enhance electro
static interactions with the preformed polyplexes and facilitate cellular 
uptake. Polyplexes developed at N/P 4 were selected due to the efficient 
DNA condensation, favorable physicochemical properties, and minimal 
copolymer excess, which can contribute to reduced cytotoxicity.

Following lipid coating of the preformed polyplexes, the reduction of 
positive charge of the lipopolyplexes was achieved by adjusting the pH 
to 7.4, where P(DMAEMA-co-SMA) is partially protonated. In this way, 
the external pH was neutralized, and the unbound DNA was removed 
[60]. As shown in Table 2, lipopolyplexes exhibited a higher mean hy
drodynamic diameter after dialysis, and a positive ζ-potential, which is a 
favorable characteristic for efficient gene delivery. The relatively high 
encapsulation efficiency demonstrates the effectiveness of this two-step 
process. Ko et al. reported that a similar procedure with oligonucleotide 
precondensation using PEI resulted in high encapsulation efficiency, 
while the same procedure without precondensation resulted in lower 
encapsulation efficiency [30].

To the best of our knowledge, this is the first report on the devel
opment of lipopolyplexes using the amphiphilic pH-responsive cationic 
copolymer P(DMAEMA-co-SMA) through a two-step process, in which 
polyplexes were first formed via a 3D-printed microfluidic chip and 
subsequently coated with lipids in a post-processing step.

The physical stability of lipopolyplexes was evaluated over 84 days, 

as shown in Fig. 5a. The hydrodynamic diameter remained stable at 
approximately 250 nm for 70 days, after which a significant increase 
was observed (p < 0.0001). During this period, the PDI remained rela
tively stable and approximately equal to 0.200, indicating that the 
nanoparticles were considerably uniform with minimal aggregation. 
The physicochemical properties of the ternary nanocomplexes were also 
determined in cell culture medium to monitor their behavior under 
conditions similar to cell assays and to correlate with biological results, 
such as cytotoxicity [61]. Specifically, interactions with cell culture 
medium components can affect nanoparticle size, charge, and stability, 

Table 2 
Physicochemical characteristics of lipopolyplexes.

Dh (nm) PDI ζ-potential 
(mV)

Encapsulation 
efficiency (%)

Before 
Dialysis

182.3 ± 1.0 0.101 ± 0.03 – –

After 
Dialysis

250.7 ± 5.2 0.141 ± 0.02 27.5 ± 4.8 67 ± 4

Fig. 5. The hydrodynamic diameter and polydispersity index of lipopolyplexes 
(a) during prolonged storage, (b) after incubation in complete cell culture 
medium, and (c) under simulated intracellular pH conditions. Statistical anal
ysis was performed using one-way ANOVA followed by Tukey's post hoc test. 
Significant differences are denoted relative to the initial formulation at pH 7.4 
on the day of preparation (****p < 0.0001; ***p < 0.001).
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and further influence their in vitro behavior [62]. As shown in Fig. 5b, 
lipopolyplexes exhibited a slight decrease in size and size distribution, 
indicating that interactions with cell culture components did not induce 
aggregation or broadening of the particle population. These findings 
suggest that the nanocomplexes undergo minor lipid or interfacial 
rearrangements under biologically relevant conditions, allowing a more 
direct correlation between physicochemical properties and biological 
results. Furthermore, incubation of lipopolyplexes at different pH 
values, mimicking intracellular conditions (early and late endosomes, 
lysosomes), revealed a significant decrease (p < 0.001) in the hydro
dynamic diameter at pH 4.5, as measured by dynamic light scattering at 
37 ◦C. This size reduction can be attributed to the increased protonation 
of the pH-responsive cationic copolymer at lower pH, which enhances 
electrostatic interactions with DNA and results in a more compact pol
yplex core (Fig. 5c). These results, combined with the determined 
buffering capacity of the copolymer, suggest that the lipopolyplexes can 
maintain their stability in various cellular environments, indicating 
their potential for effective intracellular gene delivery.

The morphology of the developed lipopolyplexes was determined 
using cryogenic transmission electron microscopy (cryo-TEM). As 
shown in Fig. 6a, lipopolyplexes exhibited nanoscale structural hetero
geneity, with multiple coexisting nanostructures observed, including 
vesicles (red arrows), multilamellar vesicles (blue arrows), amorphous 
particles (black arrows), and classic onion-like lipoplexes (white ar
rows). These findings suggest that, beyond lipopolyplexes (blue arrows), 
several competing nanostructures can be formed, including cationic 
lipid− DNA complexes, and positively charged polyplexes. The multi
lamellar vesicles, with their concentric layers, indicate the condensation 
of lipid bilayers with the amorphous P(DMAEMA-co-SMA)/DNA layer 
attached. The onion-like structures, resembling the classic “sandwich” 
structure commonly observed in cationic lipid-DNA nanosystems, sug
gest the proposed mechanism, in which oppositely charged bio
molecules act as bridges, stabilizing the nanoparticles [63,64]. In some 
cases, amorphous particles (black arrows) are also observed, which can 
be attributed to the prior complexation of the cationic copolymer with 
DNA [65]. These particles appear optically dense, with thicker lamellar 
regions compared to the typical onion-like complexes, which are asso
ciated with lipoplexes [5,60,66]. The cryo-TEM images reveal 

morphological diversity with variations in internal nanoscale organi
zation, including interlamellar spacing and internal density, high
lighting the structural heterogeneity of the lipopolyplexes. This 
structural heterogeneity has been widely reported for lipid-polymer 
hybrid nanosystems and reflects their dynamic self-assembly behavior. 
Notably, the cryo-TEM images are in accordance with results obtained 
by Gabelman, indicating that P(DMAEMA-co-SMA)-based lip
opolyplexes exhibit structural complexity potentially with both surface- 
and core-loading [11]. In addition, size distribution analysis obtained 
from cryo-TEM reveals the presence of a predominant population of 
lipopolyplexes with diameters of approximately 200 nm (Fig. S3). These 
findings, along with the stability and encapsulation efficiency results, 
further indicate the potential of P(DMAEMA-co-SMA)-based lip
opolyplexes for efficient nucleic acid delivery.

Small-angle X-ray scattering (SAXS) measurements were also per
formed to investigate the structural organization of lipopolyplexes 
under various pH conditions (Fig. 6b). The SAXS patterns at pH 7.4, 5.5, 
and 4.5 exhibit broad scattering peaks at q values of approximately 0.04, 
0.08, and 0.15 Å− 1, respectively, indicating short-range order. Similar 
broad reflections at comparable q-values have been reported for lipid- 
polymer hybrid nanosystems encapsulating siRNA, where combined 
SAXS and cryo-TEM analyses were interpreted as evidence of a core–
shell structure composed of a polymeric core surrounded by concentric 
lipid bilayers [67]. In this study, the low-q peak of 0.08 Å− 1 observed at 
pH 7.4 is consistent with the presence of weakly ordered multilamellar 
and onion-like nanostructures as revealed by cryo-TEM. Although 
onion-like vesicles are morphologically well-ordered, the variable inter- 
lamellar spacing and structural polydispersity result in broadened SAXS 
peaks, reflecting limited long-range order. The spacing distance (d- 
spacing) between the repeating lipid bilayers, calculated from the 
reflection at a q-value of 0.08 Å− 1 using the equation d = 2π/q, is esti
mated to be 7.85 nm. As pH decreases to 5.5 and 4.5, the scattering 
peaks at 0.08, and 0.15 Å− 1 become less pronounced, as shown by the 
reduced intensity and increased width, suggesting a loss of lamellar 
organization and/or increased structural disorder under acidic condi
tions. Despite the lack of a direct correlation between packing density 
and biological activity, structural information obtained from SAXS can 
provide valuable insights into the behavior of lipopolyplexes under 

Fig. 6. (a) Cryo-TEM images of the developed lipopolyplexes where multiple coexisting nanostructures can be observed, like vesicles (red arrows), multilamellar 
vesicles (blue arrows), amorphous particles (black arrows), and classic onion-like lipoplexes (white arrows), and (b) SAXS patterns of lipopolyplexes obtained at pH 
4.5, 5.5, and 7.4.
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biorelevant conditions and their potential structural transitions. This 
knowledge can contribute to the rational design of such nanosystems 
with optimized structural stability and controlled nucleic acid release in 

intracellular environments [68].

3.5. In vitro cytotoxicity of lipopolyplexes

The MTT assay was used to evaluate cytotoxicity of the empty 
nanocarriers (lipid-polymer hybrid nanoparticles) and lipopolyplexes. 
Studies have shown that cationic nanocarriers enhance transfection ef
ficiency, however, they often induce cytotoxicity due to cell membrane 
disruption. As shown in Fig. 7a, after 24 h of treatment, both empty 
nanocarriers and lipopolyplexes composed of P(DMAEMA-co-SMA) 
exhibit lower cytotoxicity compared to PEI, which is the gold standard 
in non-viral gene delivery. Specifically, at 50 μg/mL, PEI exhibited a cell 
viability below 20%, while lipopolyplexes maintained approximately 
80% cell viability at the same total concentration. These findings indi
cate a more biocompatible profile for P(DMAEMA-co-SMA)-based lip
opolyplexes within the tested concentration range. It should be noted 
that this comparison is based on the total formulation concentration and 
reflects the overall cytotoxicity of the lipid-polymer hybrid nanosystem, 
rather than the intrinsic cytotoxicity of the copolymer alone. Previous 
studies have shown that the cytotoxicity of cationic polymers such as 
PDMAEMA is influenced by their molar mass and N/P ratio [69]. In this 
study, the amphiphilic statistical copolymer P(DMAEMA-co-SMA) was 
synthesized with an overall molar mass of 53,900 and an overall 
DMAEMA segment mass of 42,660 calculated based on copolymer 
composition. Truong et al., demonstrated that PDMAEMA polymers 
exhibit minimal cytotoxicity at lower N/P ratios, while higher ratios 
increase cytotoxicity due to greater charge density and membrane 
disruption [70]. These findings are in accordance with the lower cyto
toxicity observed in HeLa cells for lipopolyplexes compared to PEI. 
Overall, the results demonstrate that the developed lipid-polymer 
hybrid nanoparticles and lipopolyplexes are well tolerated within the 
examined concentration range, with cell viability approximately 70% at 
400 μg/mL, which makes them a promising alternative to PEI in non- 
viral gene delivery. When the treatment duration was extended to 72 
h, cell viability remained above 60% within the same concentration 
range of lipopolyplexes, providing a more comprehensive evaluation of 
the cytotoxicity (Fig. S4).

In this study, the prepared lipopolyplexes were also assessed 
regarding their hemolytic activity on fresh RBCs isolated from mice. The 
hemolytic activity of nanoparticles is a critical parameter that can in
fluence their biocompatibility and clinical application. High hemolytic 
activity indicates potential damage to red blood cells (RBCs), leading to 
side effects such as anemia or immune responses. The exact mechanism 

Fig. 7. (a) Cytotoxicity of lipid-polymer hybrid nanoparticles, and lip
opolyplexes in HeLa cells after 24 h treatment, with PEI and dextran used as 
controls, and (b) hemolytic activity induced by P(DMAEMA-co-SMA)-based 
lipopolyplexes and PEI in RBCs isolated from mice. Statistical significance 
was determined using two-way ANOVA followed by Bonferroni post-hoc test. 
Significant differences relative to PEI are denoted (**p < 0.01; ****p < 0.0001).

Fig. 8. Confocal laser scanning microscopy (CLSM) images of HeLa cells stained with DAPI (blue) and phalloidin (green) after 24 h of treatment with rhodamine- 
labelled lipopolyplexes (red) at a concentration of 50 μg/mL. The upper panels show cells at lower magnification (scale bar = 10 μm), while the lower panels 
correspond to higher magnification images of the same field of view (scale bar = 5 μm).
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of hemolysis induced by nanoparticles has not been fully elucidated, 
however it is considered that interactions between RBCs and nano
particles modulate the level of hemolysis [71]. As shown in Fig. 7b, the 
prepared lipopolyplexes exhibited low hemolytic activity (<20%) at 
concentrations up to 0.5 mg/mL, while at 1 mg/mL hemolysis increased 
to approximately 30%. This increase can be attributed to greater in
teractions between the positively charged lipopolyplexes and the RBC 
membrane since it has been reported that hemolytic activity correlates 
with nanoparticle surface charge [72]. Nevertheless, hemolysis 
remained lower for lipopolyplexes compared to PEI, which caused 
consistently higher rates, reaching 90% at concentration 1 mg/mL. 
These findings demonstrate the potential of P(DMAEMA-co-SMA)-based 
lipopolyplexes prepared by a two-step microfluidic assisted approach, as 
a safer and more biocompatible alternative to polycations such as PEI for 
gene delivery.

3.6. In vitro cellular uptake and distribution of lipopolyplexes

Cellular uptake of lipopolyplexes was assessed by confocal laser 
scanning microscopy (CLSM) using DAPI to stain nuclei and phalloidin 
for F-actin visualization. As shown in Fig. 8, rhodamine-labelled lip
opolyplexes exhibited a strong internalization signal. This spatial dis
tribution confirms successful cellular uptake and supports the 
cytoplasmic localization of the lipopolyplexes. Notably, the F-actin ar
chitecture remained intact at the tested concentration (50 μg/mL), 
indicating that cellular uptake of lipopolyplexes occurs without cyto
toxic effects on cytoskeletal organization. This finding is particularly 
significant, as it demonstrates that high nanoparticle internalization can 
be achieved without compromising cell viability or morphology, which 
is an essential requirement for the delivery of therapeutic oligonucleo
tides. Overall, these results, combined with the determined physico
chemical properties of the lipopolyplexes, demonstrate that lipid coating 
can enhance colloidal stability and cellular uptake, while maintaining 
cytoskeletal integrity.

To further investigate the intracellular trafficking of lipopolyplexes, 
HeLa cells were incubated for 4 h with WGA-Alexa 488, a lectin that 
binds plasma membrane glycoproteins and is internalized into endocytic 
compartments (endosomes and lysosomes) (Fig. 9). Specifically, 
rhodamine-labelled lipopolyplexes were observed within WGA-positive 

endocytic vesicles, confirming uptake via endocytosis. Notably, lip
opolyplexes were also observed outside the endocytic compartments, 
indicating successful release into the cytoplasm. This finding demon
strates that the prepared lipopolyplexes are capable of endosomal 
escape, which is a critical step for efficient intracellular gene delivery 
that often limits the performance of other nanosystems. It has been re
ported that cationic lipids, such as DOTAP, which exhibits a perma
nently charged quaternary ammonium head group, facilitate 
electrostatic interactions with negatively charged nucleic acids and 
promote endosomal escape through membrane destabilization. This 
mechanism protects nucleic acids from degradation before reaching the 
intracellular site of action [73]. These results demonstrate that the 
biomimetic lipid coating not only stabilizes the preformed polyplexes 
but also modulates the biological interactions, including their cytotox
icity, hemocompatibility, and subsequent cellular uptake and intracel
lular distribution.

4. Conclusion

In this study, a two-step microfluidic approach was utilized to pre
pare lipid-coated polyplexes using the amphiphilic pH-responsive 
cationic copolymer P(DMAEMA-co-SMA), DNA 50 bp, and a bio
mimetic lipid coating. Microfluidic assembly enabled controlled poly
plex formation with improved physicochemical properties compared to 
conventional preparation. Subsequent biomimetic lipid coating of the 
microfluidic-assembled polyplexes yielded lipopolyplexes with favor
able physicochemical properties for gene delivery and enhanced 
colloidal stability under storage and physiologically relevant conditions. 
Cryo-TEM analysis revealed the coexistence of multiple nanostructures 
supported by SAXS data, while in vitro assays confirmed low hemolytic 
activity, minimal cytotoxicity, and efficient cellular uptake with cyto
plasmic distribution, highlighting the favorable biological interactions 
imparted by the lipid coating. Overall, these findings demonstrate that 
microfluidic assembly of polyplexes followed by biomimetic lipid 
coating presents a promising strategy for the preparation of gene de
livery nanosystems with improved colloidal stability, biocompatibility 
and cellular uptake.

Fig. 9. Confocal laser scanning microscopy (CLSM) images of HeLa cells stained with wheat germ agglutinin (WGA)–Alexa Fluor®488 conjugate (green) after 24 h of 
treatment with rhodamine-labelled lipopolyplexes (red) at a concentration of 50 μg/mL. The upper panels show cells at lower magnification (scale bar = 20 μm), 
while the lower panels correspond to higher magnification images of the same field of view (scale bar = 10 μm).
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P(DMAEMA-co-SMA) poly(2-(dimethyl amino ethyl methacrylate)-co- 
(stearyl methacrylate))

PEI polyethyleneimine
DSPC 1,2-distearoyl-sn-glycero-3-phosphocholine
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SM sphingomyelin
DLP 3D printing technology Digital Light Processing 3D printing 

technology
SEM scanning electron microscopy
CLSM Confocal laser scanning microscopy
DLS dynamic light scattering
ELS electrophoretic lights scattering
Cryo-TEM Cryogenic transmission electron microscopy
SAXS small angle X-ray scattering
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