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Abstract: A polydimethylsiloxane (PDMS) microfluidic device containing a porous membrane as a middle layer was
fabricated to continuously produce lipid nanoparticles (LNPs). Ethanol with lipids and water were used as discontinuous
and continuous phases. Doxorubicin and lauric acid were added in the ethanol phase for tumor therapy and LNP stability.
The smaller LNPs were prepared at the higher flow rate of the continuous phase by using the membrane with smaller
pore size. The LNPs with a size of 87.6+3.84 nm were obtained at 0.3 mL/min of the flow rate of the continuous phase
by using the membrane with a pore size of 0.02 um. The addition of lauric acid enhanced the colloidal stability of LNPs.
In addition, the LNPs with doxorubicin and lauric acid exhibited lower viability for HeLa cells and enhanced colloidal
stability of LNPs. The microfluidic device with a porous membrane can be used as a general platform for the continuous
production of LNPs containing mRNA, siRNA, and other therapeutic agents.
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Introduction

Recently, lipid nanoparticles (LNPs) have attracted much
attention as delivery nanovesicles for therapeutic agents and
RNAs
advantages such as excellent biocompatibility, low toxicity,

.4 The delivery system based on LNPs includes many

and high delivery efficiency.>® In addition, LNP can encap-
sulate both hydrophobic and hydrophilic therapeutic agents at

"To whom correspondence should be addressed.
choisw@catholic.ac.kr, ORCID™0000-0002-5075-8798
©2022 The Polymer Society of Korea. All rights reserved.

722

the core and lipid layer.” These features of LNP allow for wide

and tissue engineering.®'°

applications in cosmetics, bioimaging,

There are a variety of techniques for the production of LNPs,
including film hydration, extrusion, microfluidic device, and so
on.""® Among them, microfluidic-based techniques were often
applied for the continuous and large-scale production of LNPs.
This approach has many advantages of miniaturization, low
reagent consumption, high reproducibility, and low required
energy.'* However, most methods for the fabrication of micro-
fluidic devices were mainly limited to soft lithography.''®
Although soft lithography is a well-developed and versatile

technique, multiple and complex procedures with expensive
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equipment are pointed out as a major huddle for device fab-
rication. There is a need for an easy and simple method for
device fabrication applicable to nanovesicle production.

In this work, we developed a simple method of the fab-
rication of a polydimethylsiloxane (PDMS) microfluidic
device and demonstrated the continuous production of LNPs
with doxorubicin. The feature of our approach is the employ-
ment of a porous membrane in the microfluidic device. The
flow channels for inlets and outlet were prepared by using a
3D printing and temporary method. The size of LNPs with less
than 100 nm could be continuously obtained using the micro-
fluidic device with a porous membrane. We believe that our
microfluidic device has great potential as a general platform
for the high throughput and continuous production of LNPs.

Experimental

Materials. All chemicals were obtained from Sigma-Aldrich
and used as received unless otherwise specified. Poly(e-capro-
lactone) (PCL, M,=14000) was used to fabricate the 3D-
printed pattern. Dichloromethane (DCM) was used as an
organic solvent to remove the PCL channel selectively.
Polydimethylsiloxane (PDMS) elastomer and curing agent
(Sylgard 184) were purchased from Sewang Hitech (Gimpo,
Korea). Dulbecco’s phosphate-buffered saline (DPBS) and
Dulbecco’s modified Eagle’s medium (DMEM) were pur-
chased from WELGENE Inc. (Gyeongsan, Korea). The culture
medium consisted of Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS)
and 1% antibiotics (containing penicillin and streptomycin).
Cell Counting Kit-8 (CCK-8, Dojindo Co., Ltd., Tokyo, Japan)
was used to quantitatively measure cell numbers. 1,2-Dipal-
mitoyl-sn-glycero-3-phosphocholine (DPPC, Avanti Polar Lip-
ids, INC.), cholesterol (Avanti Polar Lipids, INC.), dodecanoic
acid (Lauric acid, LA, 98%), doxorubicin hydrochloride salt
was purchased from LC Laboratories (Woburn, USA). Cel-
lulose acetate membrane filter (0.80 um pore size, ADVAN-
TEC, Japan), polytetrafluoroethylene membrane (0.45 pm pore
size, GVS Filter Technology, USA). Anodisc filter (0.02 pm
pore size, cytiva, Germany), cellulose dialysis membranes
(MWCO 12-14 kDa) were purchased from Cellu-Sep (Sequin,
TX, USA).

Fabrication of Microfluidic Chips. The PCL pattern as a
template of the top and bottom PDMS layers was printed on a
Petri dish from a nozzle heated to 70 °C using a 3D printer
(EZ-Robo GX, Iwashita Engineering Inc., Japan). The Petri

dish of the PCL pattern was placed and the PDMS mixture
(PDMS elastomer and curing agent, a weight ratio of 10:1)
was poured into the dish. After degassing for 60 min, the Petri
dish was placed in an oven at 40 °C for 12 h. The cured PDMS
was removed from the Petri dish and immersed in DCM to dis-
solve the 3D printed PCL pattern. The PDMS layer was then
dried at room temperature for DCM evaporation. Two PDMS
layers and a membrane were assembled and fixed between two
acrylic plates using screws. After drilling, the inlet/outlet chan-
nels were connected to a syringe pump (NE-1000, New Era
Pump Systems Inc., NY, USA) using L connectors (1/16 in.
IDx3/32 in. OD) and Tygon® tubing (1/32 in. IDx3/32 in. OD).
The morphology of the inlet/outlet channels and microfiber
channels was observed using a scanning electron microscope
(SEM, S-4800, Hitachi, Tokyo, Japan).

Production of Lipid Nanoparticles. The ethanol phase
containing DOX, DPPC, cholesterol, and LA was used as the
discontinuous phase and D.W. was used as the continuous
phase. The basic recipe for LNPs was 20 mg of DPPC and 10
mg of cholesterol in ethanol (10 mL). LA (7.5 mg) or DOX
(2.6 mg) were added into the ethanol phase (Table 1). The flow
rate of the continuous phase was varied as 0.1, 0.2, and 0.3
mL/min, where the flow rate of the discontinuous phase was
maintained at 0.01 mL/min. The product was placed in a vial
and gently stirred for 1 day to evaporate the remaining ethanol.
Drugs not loaded into the LNP were then removed by dialysis.
Droplet and sphere sizes were analyzed using dynamic light
scattering (DLS, Zetasizer Nano ZS, Malvern Instruments,
Malvern, UK).

Stability Study. Stability studies were performed on drug-
free LNP formulations with and without LA. LNPs were
stored for 10 weeks under static conditions at room tem-
perature.

Antitumoral Effect. NIH/3T3 and HeLa cell lines (Korea
Cell Line Bank, Seoul, Korea) were used as model cells to
evaluate cell viability. Each cell line was seeded in 96-well
plates at a density of 1x10* cells per well, and the use of

Table 1. Recipe of CON, LA, DOX, and DOX-LA
Ethanol DOX DPPC  Cholesterol LA

Name

(mL) (mg) (mg) (mg) (mg)
CON 10.0 - 20.0 10.0 -
LA 10.0 - 20.0 10.0 7.5
DOX 10.0 2.60 20.0 10.0 -
DOX-LA  10.0 2.60 20.0 10.0 7.5
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Scheme 1. Schematic illustration of the procedure for the microfluidic device fabrication.

DMEM containing 10% FBS and 1% antibiotics (penicillin
and streptomycin) at 37 °C, 5% CO, atmosphere 24 h. After 24
h, each well was washed three times with DPBS to remove the
medium, and then four types of LNPs were added to the wells
containing each cell line. After 24 h, each well was washed
three times with DPBS to remove the LNPs, and then CCK
solution that was 50-fold diluted with free media was added to
the wells. After 2 h, the number of cells was measured at a
wavelength of 450 nm using a microplate reader (Infinite F50,
Tecan).

Results and Discussion

Fabrication and Characterization of Chip. Scheme 1
shows schematics of the chip fabrication and photograph/SEM
images of the PDMS layer, respectively. The chip consists of
two PDMS layers and one membrane. The upper layer has an
ethanol inlet channel, the middle layer has a membrane, and
the bottom layer has a water inlet and production outlet. The

top and bottom PDMS layers were prepared using a 3D printed
PCL pattern as a template. The inlet channel was split into
eleven branched channels. All the channels had a semicircular
shape. We developed the branched channels to introduce the
ethanol phase throughout the membrane at the same time."”
The ethanol channel was 740 um in width and 100 pm in-
depth, and the water channel was 427 um in width and 230 pm
in depth. The middle layer was prepared using a membrane
having a pore size of 0.80, 0.45, and 0.02 um (Figure 1). The
development of the channels was observed through optical
microscopy. The obtained three layers were screwed between
two acyl plates and put into a membrane. The inlet/outlet chan-
nels were connected to the syringe pump using L connectors
and Tygon® tubing. The ethanol phase is introduced into the
chip through the inlet channels of the top layer and passes
through the membrane of the middle layer, finally flowing out
through the outlet channel of the bottom layer.

LNP Production. The membrane pore size and continuous
phase flow rate are major factors affecting LNP size.'” An eth-

Figure 1. SEM images of the membranes with (a) 0.80 um; (b) 0. 45 pum; (c) 0.02 pm pore size.
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Figure 2. Size distribution and the average size of LNPs prepared
by the membranes with different pore sizes of (a) 0.80 um; (b) 0.45
pm; (c) 0.02 pm.

anol solution containing DPPC, cholesterol, and drugs was
used for the discontinuous phase, while the water phase was
used for the continuous phase. The flow rate of the continuous
phase was changed to 0.1, 0.2, and 0.3 mL/min, and the flow
rate of the discontinuous phase was maintained at 0.01 mL/
min. Figure 2 shows the average sizes of LNPs at membrane
pore diameters of 0.80, 0.45, and 0.02 pm, respectively. LNP
droplets from the outlet channel were collected in a vial and
gently stirred to evaporate the remaining ethanol. LNP was
ultimately obtained after dialysis. When the flow rate of the
continuous phase was more than 0.3 mL/min, the flow rate dif-
ference of the discontinuous phase became very large, result-
ing in backpressure and a low concentration of LNPs. In
contrast, when the flow rate of the continuous phase was less

than 0.1 mL/min, the size of the LNP becomes too large, so
measurements were performed only at flow rates of 0.1, 0.2,
and 0.3 mL/min. In a 0.80 um pore size membrane, the sizes
of the LNPs were measured as 144.6+6.31, 133.1+2.70, and
129.2+3.98 nm, in a 0.45 pm pore size membrane, the size of
the LNPs were measured as 142.9+6.58, 136.5+4.10, and
126.0+4.13 nm, and in a 0.02 pm pore size membrane, the size
of the LNPs was measured as 127.5+5.31, 100.9+5.54, and
87.6£3.84 nm at flow rates of the continuous phase of 0.1, 0.2,
and 0.3 mL/min. The reason for the significant decrease in the
LNP size with the use of 0.02 pm pore size should be the much
smaller pore size than the others. Their results revealed that the
average size of LNPs was affected by both the membrane pore
size and the flow rate of the continuous phase.'” In a 0.02 pm
pore size membrane, LNPs exhibited sizes less than 100 nm,
irrespective of the 0.2 mL/min and 0.3 mL/min flow rate of the
continuous phase.

Drug Encapsulation. Figure 3 shows variations in the size
of LNP with drugs, respectively. To evaluate the effect of drug
loading, LA and DOX were used. The average LNP size
increased as the drug-loaded. In the system, LA loading
increased LNP size from 108.1422.56 to 140.7+4.13 nm. Sim-
ilarly, DOX loaded led to an increase in LNP size to
141.3+7.46 nm. When both were loaded, the size of LNP
increased to 156.5+10.44 nm. The saturated concentration of
DOX was measured as 0.26 mg/mL. In addition, the encap-
sulation efficiency of DOX in LNP was measured as
13.18+0.12%. This produces results comparable to encapsu-
lation efficiency for other hydrophilic drugs.'®" As the LNPs
were loaded with drugs, the size of the LNPs increased. These
results suggest that LNPs increased in size with drug loading.
In conclusion, four types of LNPs CON, LA, DOX, and DOX-
LA were prepared.
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Figure 3. The size distribution and average sizes of the control, LA,
DOX, and DOX-LA LNPs were prepared using 0.02 um membrane
pore size, where the flow rates of the discontinuous and continuous
phases were 0.01 and 0.2 mL/min, respectively.
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Figure 4. Variations in size of LNPs (a) without LA; (b) with LA
concerning time.

Lipid Nanoparticles Stability with or Without LA. A sta-
bility study was carried out on free-drug LNPs over 10 weeks.
With or without LA were selected to follow LNPs size during
storage (Figure 4). LNPs without LA were unstable. The sizes
of the LNPs decreased from 170.5+4.86 to 73.6+25.41 nm. In
contrast, LNPs with LA, small differences of about a few
nanometers (15-20 nm) were observed over the storage time.
Figure 5 shows the morphological changes of LNP with or
without LA. According to transmission electron microscope
images (TEM, JEOM 1010, JEOL, Japan), LNP with LA mor-
phology remained nearly unchanged. However, it is a distorted
sphere of LNP without LA. These results suggest that LA con-
tributes to the stability of LNP. LA has a hydrophilic portion
and a hydrophobic portion and is thought to acts similarly to
phospholipid to increase the stability of LNP.

In vitro Viability of LNPs with Doxorubicin and LA. The
effects of LNPs on cell viability were determined using CCK
assay, as shown in Figure 6. NIH-3T3 and HeLa cell lines
were chosen for in vitro experiments as model cells. Con-
sidering the encapsulation efficiency of the LNP-DOX, the
same amount of DOX (free drug) was added to both the cell
lines. In addition, the cells were treated with three types of
LNP-LA, LNP-DOX, and LNP-DOX-LA where the number
of the nanoparticles was adjusted to the same (8.76x10" par-

Figure 5. TEM images of LNPs (a) without LA; (b) with LA.
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Figure 6. Viability of NIH3T3 and HeLa cell lines after the addition
of LNP dispersions with the concentration of 8.76x10'" particles/
mL.

ticles/mL). In the case of LNP-LA, there was no significant
difference in the viability of the cells, suggesting a little effect
of LA on cell viability. The presence of LA enhanced the LNP
stability, as presented in Figure 4. As for NIH-3T3, there was
a little difference in the cell viability after treatments of free
drug, LNP-DOX, and LNP-DOX-LA. However, the LNP-
DOX exhibited lower viability of HeLa than the free drug
group. These results confirmed the enhanced toxicity of the
LNP-DOX for HeLa cells.?**

Conclusions

In conclusion, the microfluidic device with a porous mem-
brane was prepared for the continuous production of LNPs.
The procedure for the device fabrication was simple and
required no expensive equipment. The smaller LNPs were pre-
pared at the higher flow rate of the continuous phase by using
a membrane with smaller pore size. In the continuous phase,
the flow rate and shear stress of the pores influence the size of
the LNP. The smaller the pore size and the faster the con-
tinuous phase flow rate, the smaller the LNP. The LNP with
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LA exhibited enhanced colloidal stability. In vitro test revealed
that the LNPs with doxorubicin and lauric acid exhibited lower
viability for HeLa cells than NIH3T3 cells. Our approach can
be utilized as a platform technology for the generation of var-
ious LNPs with active agents such as drugs, DNA, and RNA.
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