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Formation behavior of lipid nanoparticles (LNPs) in
microfluidic devices with a staggered herringbone
micromixer (SHM) structure was investigated. The
fundamental role for SHMs in LNP formation was
demonstrated by determining such factors as the limiting
SHM cycle numbers and the effect of flow rate. The SHM
cycle numbers and the position of the first SHM were as
significant as factors as the flow rate condition for producing
the small-size LNPs.

Development of nanometer-sized drug carriers is an attractive
research topic in the fields of biomedicine, pharmaceuticals, and
material synthesis. Nanometer-sized drug carriers have been
demonstrated to provide excellent performance as drug delivery
systems (DDSs).' Several types of drug carriers for DDSs have been
developed, including lipid nanoparticles (LNPs) or liposomes,
polymeric micelles,® dendrimers,* and nanogels.’ In particular, LNPs
have desirable features for DDS applications such as a prolonged
circulation time in the blood, low cytotoxicity, good
biocompatibility, and high transfection efficiency. LNPs have
already been approved as drug products in many countries. These
characteristics also open up possible applications for chemotherapy
treatments. Recently, Harashima et al® have reported a
multifunctional envelope-type nano device called MEND, which is
composed of the lipid envelope, PEGylated lipid, targeting ligand,
and condensed DNA. They found that MEND showed the same high
gene expression efficiency as adenovirus, but without the
cytotoxicity of the latter.

For chemotherapy or gene-based therapy using LNPs, controlling
and tuning the particle size of the drug carrier is a critical technique
to ensure the realization of the medicinal properties. According to
the literature, particles in the size range of 10-100 nm are suitable for
cancer therapy drug carriers;’ and the suitably sized LNPs
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accumulate in tumor cells according to the enhanced permeability
and retention effect. Kataoka e al*® also reported the size
dependency of polymeric micelles on the penetration efficiency into
tumors; 30 nm micelles poorly penetrated permeable tumors
compared to larger micelles. Generally, extrusion and sonication
methods are widely employed for laboratory scale preparation of
LNPs.® In the extrusion method, the LNP size can be controlled by
the pore size of the polycarbonate filter. The sonication method is
also able to produce single unilamellar liposomes. However, these
conventional methods require complicated procedures, and precise
control of the LNP size is difficult.

To overcome these drawbacks and produce suitably sized LNPs
for DDSs, a microfluidic-based approach has been demonstrated as
convenient for forming monodispersed LNPs.® This microfluidic
approach is based on the ethanol injection method in which lipid
molecules are dissolved in the alcohol. Then, the lipid solution is
mixed with an aqueous solution in the microfluidic device, equipped
with or without a staggered herringbone micromixer (SHM)
structure. LNPs are continuously formed in the microfluidic device
due to the decrease of the ethanol concentration. The rapid mixing of
solutions is required in order to form the small-size LNPs.'® Several
research groups reported that the high flow rate condition enables the
formation of small-sized LNP.”*® On the other hand, Jahn et al.’f
indicated that the high flow rate condition produced larger size LNPs
compared to the LNPs formed at the low flow rate condition using
the microfluidic device without SHMs. The LNP formation behavior
mentioned above indicates interesting results from the viewpoint of
fluid dynamics. The high flow rate condition, in other words, the
high Reynolds number (Re) condition makes it difficult to mix both
solutions. To establish the preparation method using the microfluidic
device for LNP-based nanomedicine, precise controlling and tuning
of LNP size is an indispensable factor. Therefore, the fundamental
role for microfluidics in LNP formation such as the limiting SHM
cycle numbers and the effect of flow rate should be clarified.
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Elucidating the mechanism and formation behavior of LNPs in detail
would offer significant information for production of LNP-based
nanomedicines. Herein, we investigated the LNP formation behavior
by using microfluidic devices with different cycle numbers of SHMs
with the aim of controlling the LNP size.

The  microfluidic devices  were fabricated ~ with
polydimethylsiloxane by using the standard soft lithographic
procedure.!” We employed SHMs to enhance mixing efficiency of
the lipid and aqueous solutions. Fig. 1 shows a schematic illustration
of the microfluidic device equipped with 69 SHM cycle numbers.
The microfluidic devices were designed with varying the SHM cycle
numbers to confirm the effect of mixing the solutions on the LNP
formation. 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) was dissolved in ethanol to obtain a concentration of 10
mg/mL lipid solution. 154 mM NaCl was used for the aqueous
solution. The size of the LNPs was analyzed by dynamic light
scattering.

At first, we investigated the SHM effect on the LNP size. In the
literature, several research groups reported that high flow rate
promotes the small-size LNP formation due to the rapid mixing
when using the microfluidic device with micromixers. Micromixers
have a suitable flow rate condition (a range of Re numbers) to
provide high mixing efficiency; too high a flow rate reduces the
mixing performance. In the case of the SHMs, the suitable range of
Re was reported to be from 1 to 100. Thus, we also investigated the
dependence of the LNP size on the flow rate ratio (FRR). Fig. 2 (a)
shows the relationship between the FRR and the LNPs size. The
flow rate of the lipid solution was fixed at 0.1 mL min™' and that of
the aqueous solution was varied from 0.3 to 0.9 mL min™". The LNP
size decreased with increasing FRR regardless of the presence of the
SHMs. Notably, the LNPs with a limiting diameter of 30 nm formed
at the FRR of 9. LNPs in the size range of 20-30 nm, which are
composed of one type of lipid, are considered to have the smallest
size.”® In the case of the microfluidic device without the SHMs
(blue), the LNP size was larger than that obtained for the
microfluidic device with 69 SHM cycle numbers (red) for all FRR
conditions. A large size difference of the LNPs was observed at the
low FRR condition (Fig. 2 (a)). For the production of LNP-based
nanomedicine, the customized siRNA or chemotherapy drugs will be
encapsulated into the LNPs and these materials will be contained in
an aqueous solution®°. The consumption of these valuable and
expensive chemicals must be reduced from a production cost
perspective. Thus, the formation of small-size LNPs at the low FRR
condition is desirable for LNP-based nanomedicine production. In
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Fig. 1 Schematic illustration of microfluidic device with 69
cycle numbers of staggered herringbone micromixers (SHM).
The distance between the merging point of solutions and the
first SHM were 1lmm, 6 mm, and 15 mm. We also made
devices with 0, 2, 6, 10, and 20 SHM cycle numbers.
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Fig. 2 (a) Relationship between the flow rate ratio (FRR) and the
produced LNP size. The error bars represent the standard
deviation calculated from results obtained by repeating each
LNP formation experiment three times. (b) and (c) Size
distributions of LNPs formed in the microfluidic devices with
and without SHMs at the FRRs of 3 and 9, respectively. The
distance between the merging point of solutions and the first
SHM was 1 mm.

addition, the high flow rate condition increases the pressure drop and
requires high-pressure devices or equipment. Our result indicated
that the microfluidic device with SHMs easily realized the formation
of small-size LNPs and the FRR was also considered as essential to
formation of small-size LNPs. We considered that the single
unilamellar LNPs were formed in the microfluidic device. Typically,
the LNPs sized smaller than 100 nm are considered as single
unilamellar LNPs.'? The size of the LNPs was smaller than 100 nm
and a reasonable size for single unilamellar LNPs. Figs. 2 (b) and (c)
show the distributions of LNP size formed in the microfluidic device
with and without SHMs at the FRRs of 3 and 9, respectively. The
mixer structure and the FRR affected the LNP size distribution.
When we employed the microfluidic device with 69 SHM cycle
numbers, the LNP size distribution was narrower compared to the
distribution for the microfluidic device without the SHMs. However,
the high FRR condition enabled the formation of LNPs with a
narrow small-particle-size distribution without the SHMs, as shown
in Fig. 2 (¢). A liposome formation mechanism has been proposed in
several papers.”® The lipid molecules dissolved in ethanol solution
are aggregated by self-assembly due to the increasing solution
polarity. Then, intermediate structures called bilayered phospholipid
fragments (BPFs) form and grow until the BPFs transform to closed
vesicles. When the ethanol concentration is decreased rapidly to a
critical ethanol concentration, BPFs cannot grow enough to form
large-size LNPs. In contrast, the slow dilution rate of the ethanol
concentration induces the formation of large-size LNPs.

Hence, the SHM cycle numbers in the microchannel was
changed to confirm the effect of mixing state on LNP size. We
designed the microfluidic devices equipped with 0, 2, 6, 10, and 20
SHM cycle numbers and compared the LNP sizes formed by devices
for each of these numbers. Fig. 3 (a) shows the dependence of LNP
size on FRR and the SHM cycle numbers. The LNP size decreased
with increasing FRR regardless of the SHM cycle numbers. Size
distributions of LNPs formed in the microfluidic devices with 2, 6,
and 10 SHM cycle numbers at the FRRs of 3 and 9 are shown in
Figs. 3 (b) and (c), respectively. For the experimental data plotted in
Fig. 2, we used the microfluidic device with 69 SHM cycle numbers

This journal is © The Royal Society of Chemistry 2012

Page 2 of 6



Page 3 of 6

710 3Hivi

©9SHM |
= ERRM-.
-40 QUM

Fig. 3 (a) Dependence of LNP size on FRR and the SHM cycle
number. The error bars represent the standard deviation
calculated from repeating each LNP formation experiment three
times. (b) and (c) Size distributions of LNPs formed in the
microfluidic devices with 2, 6, and 10 SHM cycle numbers at the
FRRs of 3 and 9, respectively. The distance between the merging
point of solutions and the first SHM was 1 mm.

from which we predicted that the decrease of the SHM cycle
numbers caused the LNP size increase and the wide LNP size
distribution. We considered that the mixing of aqueous and lipid
solutions was essential to produce the narrow distribution of small-
size LNPs by the microfluidic-based approach. The SHM cycle
numbers partially affected the average size of the LNPs as shown in
Fig. 3 (a). Additionally, the size of the LNPs gradually shifted to
larger LNP size by decreasing the SHM cycle numbers at the FRR of
3. On the other hand, the size distribution of the LNPs was almost
the same at the FRR of 9, regardless of the SHM cycle numbers.
Moreover, Figs. 2 and 3 suggested that the limiting SHM cycle
numbers was 10 cycles to produce the small-size LNPs for all FRR
conditions.

We carried out a preliminary experiment using a confocal laser
scanning microscope to evaluate mixing of solutions. The
microfluidic device with 10 SHM cycle numbers and the
fluorescence-labeled lipid were used. The aqueous and lipid
solutions could not be completely mixed for the mixer structure of
10 cycles under the high FRR condition (data not shown). From
these results, we presumed that the formation of small-size LNPs
with a narrow distribution required rapid dilution of the ethanol to a
critical concentration rather than complete mixing of the solutions.
For the microfluidic device without SHMs, we could not produce the
small-size LNPs at the FRR of 3, because decreasing the ethanol
concentration depends on the molecular diffusion. For 2 SHM cycle
numbers, the ethanol concentration did not decrease quickly enough
to form small-size LNPs at the end of the mixer structure in the
microchannel. However, when we used the microfluidic devices with
10, 20, and 69 SHM cycle numbers, the ethanol concentration
decreased immediately and small-size LNPs were formed unlike for
0 or 2 SHM cycle numbers. The LNP size formed by 6 cycles was
slightly larger than the result of 10 cycles at FRR of 3. This
suggested that the concentration of ethanol could not reach the
critical concentration at the end of the mixer structure. The values of
Re were calculated to be almost 50 and 130 for FRRs of 3 and 9,
respectively. Generally, SHMs can work well in the Re range from 1
to 100." Thus, we considered that the difference between the
aqueous and lipid solution volumes in the microchannel affected the
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Fig. 4 Distributions of LNP size formed in the microfluidic
devices with different positions of the first SHM at the FRR of
(a) 3 and (b) 9. The cycle number of the SHMs was 10.

formation behavior of LNPs at the FRR of 9. The flow rate at FRR
of 9 was 1.0 mL min™, and that included 0.9 mL of aqueous solution
and 0.1 mL of lipid solution. Although the effect of the SHMs on the
mixing efficiency was reduced compared to the low FRR condition,
the concentration of ethanol could be decreased rapidly due to the
dilution effect. The high volume fraction of aqueous phase that
flowed into the microchannel made rapid dilution of the ethanol
concentration possible.

Finally, we focused on the position of the SHMs in the
microchannel. We examined whether the dilution rate of ethanol was
the most significant factor for producing the small-size LNPs. Thus,
microfluidic devices with three positions of the first SHM, at 1 mm,
6 mm, and 15 mm from the merging point of aqueous and ethanol
solutions were used in order to confirm the effect of dilution rate on
the LNP size. The cycle number of the SHMs was 10 for each
device. We saw that the position of the first SHM affected the size
distribution of LNPs. Figs. 4 (a) and (b) show the size distributions
of LNPs formed in the microfluidic device at the FRRs of 3 and 9,
respectively. The LNP size increased with increasing the distance
where the first SHM was located and the size distribution of LNPs
showed a wide distribution at both FRR conditions. These results
and molecular dynamics simulations supported the proposed
mechanism that BPFs formed by aggregation of lipid molecules
grew in the microchannel before the lipid solution reached the SHM.
Molecular dynamics simulations have also been used for evaluating
the transformation behavior of BPFs to closed LNPs.'” The
transformation of BPFs depends on the free energy cost and line
tension of the membrane. At the FRR of 3, the times necessary to
reach the first SHM from the merging point of the solutions were
calculated to be 2, 14, and 36 ms for 1, 6, and 15 mm positions,
respectively. In addition, at the FRR of 9, the times necessary to
reach SHM from the merging point of solutions was calculated to be
0.9, 6, and 14 ms for 1, 6, and 15 mm positions, respectively. At
first, BPFs formed immediately at the interface of the aqueous and
ethanol solutions. The concentration profile of ethanol at the
interface of the solutions was narrowed due to the high flow velocity
(40 mm s to 105 mm s)°*'%. The concentration of ethanol was
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sufficient to allow growth of BPFs before reaching the SHM
structure, because the ethanol concentration decrease depends on the
molecular diffusion. However, the solutions containing BPFs and
lipid molecules were mixed rapidly while passing through the SHM
structure. Then, the concentration of ethanol was reduced to its
critical concentration. When the concentration of ethanol reached its
critical concentration, BPFs were transformed into closed LNPs,
which are the thermodynamically favorable form. For these reasons,
the size of the LNPs increased with the increasing distance where the
first SHM was positioned and the wide distribution was seen.
Moreover, the microfluidic device with 10 SHM cycle numbers (Fig.
4 (a), 15 mm position) could produce smaller size LNPs than the
microfluidic devices with 0 and 2 SHM cycle numbers (Figs. 2 (b)
and 3 (b), 1 mm position) under the low FRR condition. When we
used the microfluidic device with 10 SHM cycle numbers (15 mm),
the rapid dilution of ethanol could be achieved while passing through
the SHMs. In contrast, the microfluidic devices with 0 and 2 SHM
cycle numbers were not effective for rapid dilution of ethanol,
because the ethanol concentration decrease depends on the molecular
diffusion. For this reason, the microfluidic devices with 0 and 2
SHM cycle numbers had only a limited effect on the dilution rate of
ethanol concentration. Therefore, a long time was required to lower
the ethanol concentration to the critical concentration compared with
the microfluidic device having 10 SHM cycle numbers (15 mm
position).

In conclusion, we have investigated the formation behavior of
LNPs by using microfluidic devices equipped with different cycle
numbers of SHMs. Precise controlling and tuning of LNP size was
possible using the FRR and the SHM cycle numbers. In particular,
the effect of SHMs on LNP size was observed for low to
intermediate FRR conditions. We assumed that the rapid decrease of
ethanol concentration to its critical concentration was essential to
form small-size LNPs. The SHM cycle numbers and the position of
the first SHM were also significant factors for producing the small-
size LNPs. In our experimental system, 10 SHM cycle numbers led
to the formation of the limited size LNPs with a narrow distribution.
Consequently, we demonstrated that the microfluidic device with
SHMs could easily produce monodispersed small-size LNPs without
any complicated procedures. We expect the described strategy can
become a fundamental process for production of LNP-based
nanomedicines.
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Formation behavior was discussed for lipid nanoparticles (LNPs) in the

microfluidic devices equipped with different cycle numbers of the
micromixers.
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