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Background: Gene therapy is a promising therapeutic approach for treating various disorders by introducing modified nucleic acids 
to correct cellular dysfunctions or introduce new functions. Despite significant advancements in the field, the effective delivery of 
nucleic acids remains a challenge, due to biological barriers and the immune system’s ability to target and destroy these molecules. 
Due to their branched structure and ability to condense negatively charged nucleic acids, cationic dendrimers have shown potential in 
overcoming these challenges. Despite this, standardized scalable production methods are still lacking. This study investigates the use 
of microfluidics to formulate generation 3-diaminobutyric polypropylenimine (DAB) dendriplexes and compares their characteristics 
and in vitro gene delivery efficacy to those prepared using conventional manual mixing.
Methods: DAB dendriplexes were produced by both microfluidic and manual approaches and characterized. Their cellular uptake and 
gene expression were evaluated on C6 glioma cancer cells in vitro.
Results: Dendriplexes formed using microfluidics at the optimal flow rate and ratio demonstrated enhanced DNA condensation over 
time, achieving up to 97% condensation at 24 hours. Both preparation methods produced positively charged dendriplexes, indicating 
stable formulations. However, dendriplexes prepared through hand mixing resulted in smaller particle sizes, significantly higher 
cellular uptake and gene expression efficacy compared to those prepared by microfluidics. Nonetheless, microfluidic preparation offers 
the advantage of standardized and scalable production, which is essential for future applications.
Conclusion: This study highlights the potential of microfluidic technology to improve precision and scalability in gene delivery, 
paving the way for future advancements in gene therapy. Our findings suggest that, with further optimization, microfluidic systems 
could provide superior control over dendriplex formation, expanding their potential use in gene therapy applications.
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Introduction
Gene therapy is an innovative therapeutic approach aimed at treating various disorders through the introduction of modified 
exogenous nucleic acids to correct cellular dysfunctions or introduce new cellular functions.1 Over recent years, significant 
advancements have been made in the field of gene therapy for the treatment and prevention of a wide range of diseases, 
including cancer, beta-thalassemia, spinal muscular atrophy, and inherited retinal disorders.2 A recent example of gene therapy 
for infection prevention is the COVID-19 vaccine, which uses mRNA payloads encoding the SARS-Cov-2 spike protein to 
stimulate antibody production.3,4 However, the delivery of nucleic acids to cells remains a challenge due to biological barriers, 
the size and charge of nucleic acids, and their susceptibility to destruction by the immune system.5,6 To overcome these 
challenges, a delivery system is required to protect and facilitate the transfer of therapeutic genes to their target site.7

Both viral and non-viral delivery vectors have been developed for nucleic acid delivery. While viral vectors exhibit 
high levels of gene expression, non-viral vectors, such as liposomes, nanoparticles, and dendrimers, offer lower toxicity 
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and immunogenicity and allow for significant modifications to their structures.8 Among these non-viral delivery systems, 
cationic dendrimers such as polypropylenimine dendrimer have emerged as promising delivery systems for gene therapy 
due to their highly branched structure, which enables them to effectively condense negatively charged nucleic acids.9–13 

Typically, therapeutic nucleic acids are complexed to dendrimers to form dendriplexes, a process traditionally carried out 
by adding one solution to another followed by vortexing, or through manually hand-mixing of dendrimer and nucleic 
acid solutions while pipetting.

Although dendriplexes prepared through manual methods have shown success in various applications, scaling up their 
preparation remains a significant challenge.14 The manual preparation process is not only labor-intensive but also prone 
to batch-to-batch variability, leading to inconsistencies in dendriplex behavior and, consequently, affecting their transfec-
tion efficiency and therapeutic outcomes.15 Moreover, the intricate balance between complex stability and the effective 
release of DNA within target cells requires meticulous control, which can be challenging to achieve with manual 
methods. These limitations underscore the need for a preparation tool that enables standardization and scalability in 
the production of dendriplexes.16

By contrast, microfluidics, defined as the manipulation of nanoliter volumes of fluids through micro-channels, has 
gained considerable attention in the field of nanomedicine for the precise formulation of nanoparticles.17–22 Microfluidic 
systems offer a continuous, standardized, and controllable environment for the formulation of particles at the nanoscale, 
allowing for the fine-tuning of experimental parameters such as flow rate and flow ratio of fluids in microfluidic channels, 
and leading to more uniform and stable complexes.23,24 Furthermore, microfluidics systems are highly scalable, allowing 
for the rapid production of large quantities of gene delivery complexes, which is a significant advantage for both research 
and clinical applications. The scalability, combined with the high level of control microfluidics provides over particle 
size, composition, and condensation efficiency, makes it particularly advantageous for gene therapy to overcome many of 
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the limitations associated with traditional methods of nucleic acid complex preparation, including batch variability and 
scalability issues. This technology has been extensively researched for the formation of lipid nanoparticles and liposomes 
for drug and gene therapy, demonstrating significant advantages over traditional methods in terms of reproducibility and 
scalability. Despite the growing body of research on microfluidic technologies, there is a limited number of studies 
focusing on the synthesis and the efficacy of dendriplexes formed using microfluidics for gene delivery.25–27

The aim of this study is therefore to formulate generation 3-diaminobutyric polypropylenimine (DAB) dendriplex 
using microfluidics and to evaluate their physicochemical characteristics and in vitro gene delivery efficacy in glioma 
cancer cells, in comparison with dendriplexes formed through conventional manual mixing.

Materials and Methods
Cell Lines and Reagents
Generation-3 diaminobutyric polypropylenimine (DAB) dendrimer was purchased from SyMO-Chem (Eindhoven, 
Netherlands). Alexa Fluor® 647 probe and the expression plasmid encoding β-galactosidase (pCMVsport β-galactosidase) 
were obtained from Invitrogen (Paisley, UK), with the plasmid DNA purified using an Endotoxin-free Giga Prep® Plasmid Kit 
(Qiagen, Hilden, Germany). Passive lysis buffer was sourced from Promega (Southampton, UK). Quant-IT® PicoGreen® 

dsDNA reagent was procured from Invitrogen (Paisley, UK). The Label IT® Fluorescein Nucleic Acid Labelling kit was 
obtained from Cambridge Biosciences (Cambridge, UK). Vectashield® mounting medium containing 4′,6-diamidino-2- 
phenylindole (DAPI) was purchased from Vector Laboratories (Newark, US). The C6 rat glioma cell line was acquired 
from the European Collection of Cell Cultures (Salisbury, UK), while Dulbecco’s Modified Eagle’s Medium (DMEM) was 
obtained from ThermoFisher Scientific (Massachusetts, US). All other chemicals not specifically mentioned were purchased 
from Sigma Aldrich (Poole, UK).

Preparation of Dendriplexes
Dendriplexes were prepared using both microfluidics and hand mixing. Briefly, stock solutions of DAB dendrimer at 
a concentration equivalent to a 5:1 dendrimer: DNA weight ratio and expression plasmid encoding β-galactosidase at 
concentrations of 2.5, 10, 12.5, or 50 µg/mL were prepared in either glucose 5% solution or Tris-EDTA (TE) buffer, 
depending on the specific assay protocol. This 5:1 dendrimer: DNA weight ratio was chosen based on previous 
optimization studies, which showed that this ratio achieved the highest cellular uptake and transfection efficacy in C6 
cells and other cell lines when the dendriplexes were prepared by manual mixing.28,29

For the microfluidics preparation, dendriplexes were prepared using a NanoAssemblr® Benchtop system (Precision 
NanoSystems, Vancouver, Canada). Both the dendrimer solution (organic phase) and the plasmid DNA solution (aqueous 
phase) were loaded into separate 3-mL syringes. The dendrimer solution was introduced into the right inlet channel, 
while the DNA solution was introduced into the left inlet channel. The samples were processed at various total flow rates 
(TFR) of 10, 15 or 20 mL/min, and various flow rate ratios (FRR) of 1:1, 2:1, and 3:1 (aqueous phase to organic phase). 
The TFR and FRR parameters used in this study were chosen based on previous publications utilizing similar micro-
fluidic techniques for other types of delivery systems.17–22 The resulting dendriplex dispersions were then collected from 
the NanoAssemblr® system outlet channel.

For the hand-mixing method, 500 µL of the DNA solution at the specified concentrations was added to 500 µL of the 
dendrimer stock solution by pipetting and gently mixing. The concentration of the dendrimer stock solution was adjusted 
as needed to achieve a final dendrimer: DNA weight ratio of 5:1 for all experiments.

DNA Condensation
A gel retardation assay was conducted to evaluate the DNA condensation efficacy of dendrimers prepared using both 
methods. Dendriplex solutions were prepared in 5% glucose solution using either the microfluidic system or manual 
mixing, with a DNA concentration of 10 µg/mL. The samples were mixed with 2 µL of gel loading buffer, and 15 µL of 
each sample was then loaded onto a 0.8% (w/v) agarose gel buffered with 1× Tris-Borate-EDTA (TBE) (containing 
89 mm Tris base, 89 mm boric acid, and 2 mm Na2-EDTA, pH 8.3) and stained with ethidium bromide (0.4 µg/mL). 
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HyperLadder® 1kb was used as the DNA size marker. The gel was run at 50 V for 1 hour and subsequently photographed 
under UV light.

The ability of DAB dendrimer to condense DNA was evaluated using a PicoGreen® assay, a highly sensitive fluorescence- 
based method. PicoGreen® selectively binds to free DNA, forming a highly luminescent complex compared to the free dye in 
solution. The assay measures the fluorescence intensity of PicoGreen®, which is directly proportional to the amount of free 
DNA in the solution. One mL of dendriplex solution was prepared in Tris-EDTA buffer (10 mm Tris, 1 mm EDTA, pH 7.5) 
using either the microfluidic system or manual mixing, with a DNA concentration of 10 µg/mL. Following preparation, 1 mL 
of PicoGreen® reagent, diluted 200-fold in the same buffer, was added to each dendriplex solution. The fluorescence intensity 
of the PicoGreen® reagent in the presence of the dendriplexes was then measured at various time points (0, 1, 2, 4, 6, and 
24 hours), using a Varian Cary Eclipse® spectrofluorimeter (Palo Alto, CA, USA), with excitation at 480 nm and emission at 
520 nm. The results were presented as a percentage of DNA condensation.

Determination of Size and Zeta Potential of Dendriplexes
The size, polydispersity index (PDI), and zeta potential of dendriplexes prepared as described above were measured in 
quadruplet using photon correlation spectroscopy and laser Doppler electrophoresis. These measurements were con-
ducted with a Malvern Zetasizer Nano-ZS® (Malvern Instruments Ltd, Malvern, UK) at 37°C, immediately after 
complexation and again after 24 hours. For all samples, the DNA concentration was kept constant at 50 µg/mL.

Morphology of Dendriplexes
The morphology of DAB dendriplexes was observed using transmission electron microscopy (TEM). Dendriplexes 
(dendrimer: DNA weight ratio of 5:1) were prepared using both hand mixing and microfluidics, with the latter conducted 
at a flow rate of 20 mL/min and a flow ratio of 1:1 aqueous: organic phase, as the parameters yielding the best 
condensation. Samples were prepared at a dendrimer concentration of 400 μg/mL in glucose 5% solution and diluted 
100-fold in distilled water. Five microliters of the final solutions were drop-cast onto a carbon copper grid (grid size of 
400 mesh) and air-dried overnight. The samples were imaged using a Jeol JEM-1400 Flash® transmission electron 
microscope (Jeol, Peabody, MA, USA), operating at an accelerating voltage of 80 kV. The images were captured using 
TEM Center® software version 1.7.26.3016 and a Jeol Flash® CCD camera (Jeol, Peabody, MA, USA).

Cellular Uptake
The cellular uptake of fluorescein-labelled DNA complexed with DAB dendrimer, prepared by hand mixing and 
microfluidics, was assessed qualitatively using confocal microscopy and quantitatively using flow cytometry. C6 rat 
glioma cells were grown as monolayers in DMEM supplemented with 10% (v/v) fetal bovine serum, 1% (v/v) 
L-glutamine, and 0.5% (v/v) penicillin–streptomycin. The cell culture flasks were kept at 37 °C in a 5% carbon dioxide 
humid atmosphere.

Firstly, plasmid DNA was labelled with the fluorescent probe fluorescein using Label IT® Nucleic Acid Labelling kit, 
as described by the manufacturer. For confocal microscopy, cells were seeded at a density of 100,000 cells/well on 
coverslips in 6-well plates and incubated for 24 hours before treatment. Dendriplexes were prepared either 24 hours or 
immediately before treatment using microfluidics and hand mixing, with parameters yielding best size, zeta potential, 
PDI, and condensation efficiency (total flow rate of 20 mL/min and flow rate ratio of 1:1 aqueous phase to organic 
phase). Hand-mixed samples were prepared in DMEM, while microfluidics samples were prepared in glucose 5% 
solution, and then diluted in DMEM to the same final DNA concentration of 2.5 µg/well. Slides were prepared for 
imaging 24 hours post-treatment. The cells were washed three times with 3 mL of phosphate buffer saline (PBS) and then 
fixed with 3 mL of 3.7% w/v formaldehyde solution for 15 min at 25°C. Following fixation, the cells were washed three 
more times with 3 mL PBS and incubated with 3 mL of 0.1% Triton-X solution for 15 min. To reduce non-specific 
binding, they were incubated with 3 mL of 1% w/v bovine serum albumin in PBS for 30 min at 25°C. Alexa Fluor® 647 
dye (diluted in 200 μL of PBS) was then added, and the cells were incubated for 45 min at 25°C. They were then 
mounted on a glass slide with Vectashield® mounting medium containing DAPI and incubated, while protected from 
light, at 25°C for 2 hours before imaging with a Leica TCS SP5® confocal microscope (Wetzlar, Germany). DAPI, used 
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to stain the nucleus, was excited with a 405 nm laser line (emission bandwidth: 415–491 nm). Fluorescein, which 
labelled the DNA, was excited with a 514 nm laser line (emission bandwidth: 550–620 nm), while Alexa Fluor® 647, 
used to stain the cell membranes, was excited by a 633 nm laser line (emission bandwidth: 650–685 nm).

For quantitative assessment of cellular uptake, cells were seeded at a density of 100,000 cells/well in 6-well plates, 
incubated for 24 hours before treatment, and treated under the same conditions used for confocal microscopy. Twenty- 
four hours post-treatment, wells were washed three times using 3 mL of PBS, and single-cell suspensions were prepared 
by adding 250 µL of trypsin per well and incubating for 5 min at 37°C, followed by 500 µL of flow cytometry buffer 
(PBS with 0.5% bovine serum albumin (BSA) and 2 mm EDTA). Fluorescence intensity was measured using an Attune 
NxT® flow cytometer (Thermo Fisher Scientific, Waltham, MA), counting 10,000 cells (gated events) for each sample.

Gene Expression
The gene expression efficacy of DNA complexed with DAB dendrimer, prepared either 24 hours or immediately before 
treatment using microfluidics and hand mixing, was evaluated on C6 rat glioma cells plasmid DNA encoding β-galactosidase. 
The preparation parameters, optimized for size, zeta potential, PDI, and condensation efficiency (TFR of 20 mL/min and FFR 
of 1:1 aqueous phase to organic phase), were maintained throughout the study.

Cells were seeded at a density of 2,000 cells/well in 96-well plates, with experiments conducted in triplicate. After 
72 hours of incubation at 37 °C in a 5% CO2 atmosphere, the cells were treated with the various dendriplex formulations, 
with the DNA concentration kept constant at 1 ng/well. They were then incubated for an additional 72 hours before 
analysis. To assess β-galactosidase expression, cells were lysed with 50 μL of 1X passive lysis buffer (PLB) for 30 min. 
Following this, ortho-nitrophenyl-β-D-galactosidase (ONPG) solution (1.33 mg/mL) in an assay buffer (containing 2 mm 
magnesium chloride, 100 mm mercaptoethanol, and 200 mm sodium phosphate buffer, pH 7.3) was added to the lysates. 
Fifty microliters of ONPG solution were added to each well, and the plates were incubated under the same conditions for 
2 hours. The absorbance of the resulting solutions was then measured at 405 nm, using a Multiskan Ascent® plate reader 
(MTX Lab Systems, Bradenton, FL, USA).

Statistical Analysis
The results were expressed as means ± standard error of the mean (SEM). Statistical analysis was assessed by one-way analysis 
of variance (ANOVA) followed by Tukey multiple comparison post-test. Unpaired t-test was performed for paired comparisons 
(Minitab® software, State College, PE). Differences were considered statistically significant for P values lower than 0.05.

Results
DNA Condensation
The ability of dendrimers to condense DNA using microfluidics and manual mixing at various flow rates and flow ratios was 
assessed using a gel retardation assay (Figure 1). The results demonstrated a high condensation efficacy for dendriplexes 
formed using both techniques. No migration of free DNA was observed in the gel for dendriplexes formed using various 
microfluidics parameters, including NanoAssemblr® flow rates of 10, 15, and 20 mL/min, and flow ratios of 1:1, 2:1, and 
3:1 aqueous phase to organic phase, or by hand mixing. In contrast, significant migration is observed for naked DNA, which 
serves as a control. The consistent lack of DNA migration across different conditions suggests that the dendrimers 
effectively condense DNA regardless of the specific parameters used in the dendriplex formation, effectively minimizing 
the amount of free DNA available to migrate through the gel (Figure 1). This outcome indicates the robustness and efficacy 
of the dendrimer-based system for DNA condensation, making it a potentially reliable method for gene delivery.

The results were further confirmed and quantified using PicoGreen® assay. At least 75% of the negatively charged 
DNA was complexed with DAB dendrimer at the three tested flow rates of 10, 15, and 20 mL/min. Over a period of 
24 hours, the condensation increased, with the highest condensation of 97 ± 3% observed for dendriplexes formed using 
microfluidics at a flow rate of 20 mL/min after 24 hours. By contrast, DNA condensation following the preparation of 
dendriplexes by hand mixing was slightly lower within the first 7 h after preparation but reached similar levels thereafter 
(Figure 2A).
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The condensation of dendriplexes formed using microfluidics at the optimal flow rate of 20 mL/min was evaluated at 
various flow ratios of 1:1, 2:1, and 3:1 (DNA to dendrimer) to determine the optimal ratio. At Time zero, the highest 
condensation was achieved at a flow ratio of 1:1 DNA to dendrimer, with a condensation rate of 76 ± 0.7%, followed by 
a condensation efficacy of 56 ± 4% and 48 ± 2% at flow ratios of 2:1 and 3:1, respectively (Figure 2B). The DNA 
condensation achieved by hand mixing was initially lower than that observed at a 1:1 ratio for the first 7 h following 
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Figure 1 Gel retardation assay of DAB dendriplexes formed using microfluidics at various flow rates (10, 15, or 20 mL/min) (A) and various flow ratios (1:1, 2:1, or 3:1 
aqueous phase to organic phase) (B).
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Figure 2 Evaluation of DNA condensation for dendriplexes formed using microfluidics at various flow rates (flow rate 10 mL/min (black), flow rate 15 mL/min (red), flow 
rate 20 mL/min (green), hand mixing (blue)) (A), and using various aqueous: organic various flow ratios (1:1 (black), 2:1 (red), 3:1 (green), hand mixing (blue))(B) (n=4).
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preparation of the dendriplex. It gradually increased over time to reach a maximum of at least 95% after 24 hours for all 
prepared dendriplexes.

Determination of Size and Zeta Potential of Dendriplexes
The smallest dendriplex sizes were observed for those formed using hand mixing, an average size of 101 ± 6 nm, 
followed by dendriplexes formed using a NanoAssemblr® at a flow rate of 20 mL/min, with an average size of 212 ± 13 
nm (Figure 3A). The largest size (429 ± 22 nm) was observed for dendriplexes formed at a NanoAssemblr® flow rate of 
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Figure 3 Size and zeta potential of dendriplexes formed using microfluidics at various flow rates (10, 15, or 20 mL/min) and various flow ratios (1:1, 2:1, or 3:1 aqueous 
phase to organic phase) at T=0 (A and C) and at T=24 h (B and D).
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10 mL/min, which was significantly higher than those formed at flow rates of 15 and 20 mL/min (which had sizes of 222 
± 6 nm and 212 ± 13 nm, respectively).

To determine the optimal flow ratio, dendriplexes were formed using a NanoAssemblr® at a flow rate of 20 mL/min, 
the rate that yielded the best size and zeta potential. Various DNA to dendrimer flow ratios of 1:1, 2:1, and 3:1 were 
tested while maintaining a final dendrimer to DNA weight ratio of 5:1 (Figure 3C). Dendriplexes formed at DNA to 
dendrimer flow ratios of 2:1 and 3:1 had the smallest sizes, with average diameters of 93 ± 4 nm and 83 ± 6 nm, 
respectively. In contrast, dendriplexes produced at a flow ratio of 1:1 had a larger average size of 212 ± 14 nm. A PDI of 
less than 0.3 was recorded for dendriplexes formed using hand mixing and microfluidics, indicating low heterogeneity in 
size. All dendriplexes exhibited a positive zeta potential. Those formed using microfluidics showed zeta potential values 
ranging from 23 ± 2 mV to 26 ± 1 mV, while those formed by hand mixing were slightly more positive, with a zeta 
potential of 32 ± 2 mV.

Over a 24-hour period, minimal changes in size and zeta potential were observed for all dendriplexes, indicating 
stability (Figure 3B and D).

Morphology of Dendriplexes
Transmission electron microscopy imaging revealed spherical nanoparticles with sizes smaller than 200 nm for den-
driplexes prepared using hand mixing and microfluidics (Figure 4). The images show that the nanoparticles maintain 
a consistent spherical shape, with no significant size variation between the two preparation methods.

Cellular Uptake
The cellular uptake of DAB dendriplexes complexed to fluorescein-labelled DNA was evaluated using confocal 
microscopy in the C6 glioma cell line. The intensity of the green fluorescence, indicating the presence of DNA, was 
higher in cells treated with dendriplexes prepared using hand mixing both immediately and 24 hours prior to treatment, 
compared to those prepared using microfluidics (Figure 5). This suggests that dendriplexes formed by hand mixing may 
have higher cellular uptake efficacy or stability over time.

Cellular uptake was further confirmed and quantified using flow cytometry (Figure 6). Dendriplexes prepared using 
hand mixing exhibited significantly higher cellular uptake compared to those prepared using microfluidics. Specifically, 
a fluorescence intensity of 486 ± 55 a.u. was recorded for dendriplexes prepared using hand mixing immediately before 
treatment, compared to only 7 ± 4 a.u. for those prepared using microfluidics. A decrease in cellular uptake was observed 
for dendriplexes prepared using hand mixing 24 hours prior to treatment, with a recorded intensity of 297 ± 41 a.u. 
Dendriplexes prepared using microfluidics 24 hours before treatment showed a 3.2-fold increase in cellular uptake (22 ± 
4 a.u.) compared to those prepared immediately after preparation (Figure 6).

Gene Expression
The gene expression efficacy of DAB dendriplex encoding β-galactosidase was evaluated in the C6 glioma cell line 
(Figure 7). Cells treated with dendriplexes prepared immediately and 24 hours before treatment using microfluidics 
exhibited gene expression levels of 2.1 ± 0.2 mU/mL and 2.3 ± 0.6 mU/mL, respectively. These levels were not 
significantly different from the gene expression observed with naked DNA (2.1 ± 0.3 mU/mL). In contrast, treatment 
with dendriplexes prepared using hand mixing immediately before and 24 hours before treatment resulted in significantly 
higher gene expression, with levels of 5.4 ± 0.6 mU/mL and 4.9 ± 0.6 mU/mL, respectively. This represents an 
approximate 2.3-fold and 2.6-fold increase in gene expression compared to dendriplexes prepared using microfluidics 
and naked DNA.

Discussion
Microfluidics has emerged as a cutting-edge technique for nanoparticle preparation, offering precise control over particle 
size, shape, and composition, and thereby surpassing the variability often encountered with manual production 
methods.22 This precision and reproducibility are particularly critical for the scalable synthesis of nanoparticles for 
drug and gene delivery applications.
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A

B

Figure 4 TEM images of dendriplexes formed using microfluidics at a flow rate of 20 mL/min and a DNA: dendrimer flow ratio of 1:1 (A), and dendriplexes formed using 
hand mixing (B).
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NanoAssemblr (T = 24 h)

NanoAssemblr (T = 0 h)

Hand mixing (T = 24 h)

Hand mixing (T = 0 h)

UntreatedNaked DNA

Figure 5 Confocal microscopy imaging of the cellular uptake of fluorescein-labelled DNA (2.5 μg/well) complexed to DAB dendrimer using hand mixing and microfluidics 
immediately or 24 hours before treatment, on C6 glioma cells. Blue: nuclei stained with DAPI (excitation: 405 nm laser line, bandwidth: 415–491 nm), green: fluorescein- 
labelled DNA (excitation: 514 nm laser line, bandwidth: 550–620 nm), red: cell wall (excitation: 633 nm laser line (bandwidth: 650–685 nm) (Bar: 30 μm).
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Figure 6 Fluorescence emission intensity as a quantitative measurement of the cellular uptake of fluorescein-labelled DNA dendriplexes complexed using hand mixing and 
microfluidics, either immediately or 24 hours before treatment in C6 glioma cells. Results are expressed as the mean ± SEM of n=3, *: P≤ 0.05 versus naked DNA.
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Figure 7 Gene expression efficacy of dendriplexes complexed using hand mixing and microfluidics, either immediately or 24 hours before treatment in C6 glioma cells. 
Results are expressed as the mean ± SEM (n=15), *: P≤ 0.05 versus naked DNA.
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The application of microfluidics in the preparation of liposomes and lipid nanoparticles for drug delivery has been 
extensively studied, showing improved efficacy and reproducibility.30 This study explored the use of microfluidics for the 
complexation of plasmid DNA with cationic DAB dendrimer, aiming to optimize parameters for gene delivery.

Critical parameters in microfluidic nanoparticle synthesis include flow rate and flow ratio, both of which significantly 
influence nanoparticle characteristics.31 Condensation efficacy, particle size, and zeta potential of dendriplexes produced using 
microfluidics at various flow rates and flow ratios were investigated to identify optimal conditions for gene delivery. When 
using a DNA-to-dendrimer flow ratio of 1:1, dendrimers effectively condensed at least 75% of the DNA across flow rates of 
10, 15, and 20 mL/min. However, dendriplexes formed at 10 mL/min were significantly larger than those formed at 15 and 
20 mL/min, likely due to differences in shear forces at the aqueous-organic (DNA-dendrimer) interface. Higher flow rates 
increase the shear forces, leading to the formation of smaller particles.15 Additionally, the residence time, defined as the time 
a particle spends within a microchannel, is another critical concept in microfluidics affecting the size of particles. Higher flow 
rates result in shorter residence time limiting the growth phase of a particle and leading to smaller sizes.32 Given these findings, 
a flow rate of 20 mL/min was selected to further explore the optimal aqueous-to-organic flow ratio.

Dendriplexes formed at flow ratios of 3:1 and 2:1 showed significantly lower DNA condensation (48 ± 2% and 56 ± 4%, 
respectively) compared to a 1:1 ratio (76 ± 0.2%). Dilution of the DNA solution reduces the availability of the negative charge in 
the microchannel while mixing, essential for the electrostatic interaction between cationic dendrimers and negatively charged 
DNA, and therefore decreasing DNA condensation. In contrast, the equal volumes of both phases when using a flow ratio of 1:1 
enhances mixing and interaction between the negative charge of the DNA and the positive charge of cationic dendrimers, 
resulting in higher condensation.33

Using the optimal conditions identified (20 mL/min flow rate and a 1:1 aqueous phase to organic phase flow ratio), we 
compared the in vitro efficacy of dendriplexes formed using microfluidics with those prepared by hand mixing, by 
assessing their cellular uptake and gene expression efficacy. The cellular uptake of fluorescein-labelled DNA complexed 
with dendrimers was assessed in C6 rat glioma cells. Dendriplexes formed using microfluidics immediately before 
treatment exhibited minimal cellular uptake, which was 60-fold lower than those prepared by hand mixing. The 
predominant pathways for the internalization of non-targeted dendrimer-based nanocarriers include clathrin-mediated 
endocytosis, which favors nanoparticles sized between 100 and 200 nm, and caveolae-mediated endocytosis, which 
favors particles in the 50 to 80 nm range.34,35 The relatively larger size of dendriplexes prepared using microfluidics 
immediately before treatment (212 ± 13 nm) likely limited their internalization efficiency through these pathways. 
Conversely, the smaller size of dendriplexes formed by hand mixing (average size 101 ± 6.5 nm) and those prepared by 
microfluidics 24 hours before treatment (average size 155 ± 2 nm) resulted in higher cellular uptake.

The reduced cellular uptake observed for dendriplexes prepared by microfluidics is likely the main factor limiting 
gene expression for plasmid DNA encoding β-galactosidase. Additionally, the strong condensation of DNA over 24 hours 
for dendriplexes formed by microfluidics may restrict DNA dissociation from the carrier within the cell, further 
contributing to the lower gene expression observed with these dendriplexes.36

Future studies should focus on optimizing key microfluidic parameters to enhance the efficacy of dendriplex formation. 
Adjustments to flow rates, dendrimer to DNA weight ratios, and residence time within the microfluidic channels could yield 
more favorable particle sizes and improved DNA condensation, enhancing cellular uptake and gene expression. Investigating 
additional factors, such as the conjugation of targeting moieties, may also influence the ionic strength of the dendriplex, further 
enhancing the transfection efficacy of microfluidic-based dendriplexes. As microfluidic systems offer great potential for 
scalability and reproducibility, these refinements will be essential for future applications in gene delivery.

Conclusion
This study demonstrates that microfluidics facilitates efficient DNA condensation and uniformity in nanoparticle 
formulation when optimal flow rates and ratios are applied. However, in vitro studies revealed that dendriplexes formed 
using hand mixing yielded superior cellular uptake and gene expression in C6 rat glioma cells. These findings highlight 
the need for further optimization of microfluidic parameters to enhance the therapeutic efficacy of dendrimer-based 
nanocarriers in gene delivery systems. Despite current limitations, microfluidic systems hold significant potential for 
clinical applications due to their scalability, precision, and reproducibility in nanoparticle formulation. To fully harness 
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this potential, future research should focus on refining microfluidic parameters, such as improving transfection efficacy 
and enhancing particle stability. With these advancements, microfluidic platforms could emerge as a viable platform for 
large-scale, dendrimer-based gene delivery in clinical settings.
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