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Abstract

An inkjet mixing system was investigated to synthesize lipid nanoparticles (LNPs) by mixing lipid ethanol and
aqueous saline solutions. The system was employed to help minimize drug loss. The quick mixing of the droplets
enabled the synthesis of small LNPs with reducing the excess amount of saline solution which would contain
drugs. The system also features minimal usage of reagent. Small LNPs were successfully synthesized with less
saline solution than previous studies using micromixers. A high relative velocity and moderate values of the
impact parameter were necessary for successful mixing. A faster droplet should have collided with the upper or
horizontal level of a slower droplet to promote mixing. A horizontal spin of the coalesced droplets was favored
rather than a vertical spin.
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Text of the contribution
1 Introduction

Drug delivery systems (DDSs) have been designed to improve the effectiveness and safety of drug
administration by controlling pharmacokinetics and biodistribution of drugs [1, 2]. Many kinds of drug carriers
for DDS have been developed: lipid nanoparticles (or liposomes [3, 4]), lipid microspheres [5], polymeric
micelles [6, 7], and gold nanoparticles [8]. Nanometer-sized drug carriers have received much attention because
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of their great potential. Lipid nanoparticles (LNPs) are considered one of the most useful and suitable
nanometer-sized carriers [9]. LNPs are composed of lipid bilayers, which are the same components as cell walls.
Therefore, LNPs have desirable features as DDS carriers. They have a long circulation time in the blood and
are non-damaging to cells. Drugs using LNPs as carriers have already been clinically approved in many
countries. When utilizing LNPs as a DDS carrier for an anticancer drug, the diameter of the LNPs is the most
important factor in biodistribution [10, 11], because 20 — 100 nm LNP can accumulate tumor tissue due to the
enhanced permeability and retention effect. In addition, as LNPs become smaller, the circulation time in the
blood will be prolonged, and more LNPs will reach the tumor site and maximize their effect. The
reticuloendothelial system hardly removes small LNPs. Chen et al. investigated circulation lifetime of small
interfering RNA encapsulated in LNPs coated with (R)-2,3-bis(stearyloxy)propyl-1-(methoxy poly(ethylene
glycol)2000 carbamate. The smallest LNP with a diameter of 30 nm showed the longest circulation time [12].

For synthesizing 20 — 100 nm LNPs, the rapid mixing method using micromixers has attracted attention
recently in addition to the most commonly employed sonication method [13-15]. Micromixers enable rapid
mixing down to the submillisecond scale by reducing the diffusion length [16, 17]. Rapid mixing provides ideal
homogeneous conditions for synthesizing small and monodispersed particles in a bottom-up manner. The rapid
mixing method achieves the synthesis of LNPs by feeding an aqueous saline solution and a lipid ethanol solution
into a micromixer. Maeki et al. assumed the mechanism was as follows [18]. When the ethanol concentration
decreases, lipid molecules self-assemble and form bilayered phospholipid fragments (BPFs). BPFs transform
into LNPs to decrease the surface energy. Quick dilution of ethanol prevents the growth of BPFs. The fast
mixing and large volume ratio of the aqueous solution to the ethanol solution (VR) result in small LNPs. Maeki
et al. synthesized quite small empty LNPs under high VR conditions by using micromixers [18-20] e.g., the
LNP size was approximately 40 nm at VR = 3 and approximately 20 nm at VR = 9. Note that synthesizing
empty LNPs without drugs in usual for basic study on the evolution of LNPs [21, 22].

Despite the advantage of a higher VR for making smaller LNPs, operations with lower VR conditions are
desirable when a remote loading method is not applicable. The remote loading method encloses drugs in carriers
through pH or concentration gradients [23, 24]. However, a few drugs are accessible. Other drugs must be
dissolved in an aqueous saline solution before mixing [25, 26]. In this case, most of the drug remains in the
solution and is not encapsulated by the LNPs. Intensifying the mixing would help to reduce the VR and loss of
drugs. An increase in the flow rate is a practical solution for improving the mixing performance. However, the
amount of solution required for each experiment also increases with the flow rate. Screening of a drug using
LNPs as a DDS carrier requires sets of drugs encapsulated LNPs in small amounts [27, 28]. Further
improvement in the mixing system to synthesize only the required amount of LNPs with a small VR would
enhance the applicability of the rapid mixing method.

This study focused on an inkjet mixing system as an alternative to the conventional micromixer. The inkjet
nozzle can eject droplets of controlled sizes with high reproducibility. In recent years, inkjet technology is
spreading various fields beyond conventional image printing. For example, Gupta et al. developed
programmable release capsules with 3D-printing technology using inkjet nozzles [29]. Manipulation of droplets
by inkjet nozzles enabled precise spatiotemporal control over chemical and biomolecular gradients. Petukhov



et al., conducted reactive inkjet printing of conducting patterns made by nickel and copper [30]. They first
printed metal salt ink to the substrate and then printed reducing ink to form a seed layer. Precise manipulation
of small droplets by inkjet technology would also be beneficial for LNPs synthesis. However, small LNP
synthesis requires fast mixing, which would be difficult on the substrate. The inkjet mixing system, which uses
two nozzles to mix droplets in the air, would be suitable for LNP synthesis. The system used in this study is
shown in Fig. 1. Two nozzles facing each other eject droplets with diameters of 40-100 um, or with a volume
of approximately 30-500 pL. Two ejected droplets collide and coalesce in air, as shown in Fig. 1b. The rapid
mixing concept by colliding droplets was confirmed in the previous study. Takano et al. examined the collision
between ethanol droplets and water droplets with identical sizes and reported mixing times faster than a
millisecond [31]. Mixing behavior can be adjusted by changing the droplet velocity and the nozzle position,
rather than changing the flow rate as with a conventional micromixer. Furthermore, minimal reagent
consumption can easily be achieved by designating the number of droplets. Davis et al. reported that an inkjet
mixing system actually consumed smaller amounts of reagents than micromixers [32]. The inkjet mixing system
is suitable for synthesizing small LNPs only the required amount for minimizing loss of drugs. In the synthesis
of LNPs, the collision between droplets with different physical properties and diameters, i.e., large droplets of
aqueous saline solution and small droplets of lipid ethanol solution has to be controlled. In this paper, the ideal
operating conditions for the inkjet mixing system based on a detailed analysis of droplet behaviors, such as
coalescence, separation, deformation, and spin are discussed.

2 Methods

2.1 Equipment and Materials.  The inkjet mixing system was an inkjet kit, IJK-200W (Microjet
Corp., Nagano, Japan). The nozzles used for droplet collision were 1-nozzle inkjet heads, IJHB-100 (Microjet
Corp.). Photographs of droplet collision were taken by a high-sensitivity black/white camera, WAT-902H
ULTIMATE (Watec Co., Ltd., Yamagata, Japan). Dynamic light scattering (DLS) was performed using a
nanoparticle analyzer SZ-100 (HORIBA Ltd., Kyoto, Japan). The cell used for DLS analysis was either a quartz
black microcell, NR-4511-01 (AS ONE Corp., Osaka, Japan), or a quartz cell, S10-UV-10 (GL Sciences Inc.,
Tokyo, Japan).

2.2 Binary droplets collision by an inkjet mixing system.  Two solutions were prepared. 1-
Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) (NOF Corp., Tokyo, Japan) was dissolved in ethanol
(WAKO Pure Chemical Industries Ltd., Osaka, Japan), and a 10 mg mL™ lipid ethanol solution was obtained.
Sodium chloride (WAKO Pure Chemical Industries) was dissolved in water, and a 0.9 wt% saline solution was
obtained. Inkjet nozzles ejected lipid ethanol solution droplets and saline solution droplets, and they collided.
The ejection velocities of the lipid ethanol solution droplets and saline solution droplets are shown in Tab. 1,
and the velocities were measured from photographs. The diameter of the lipid ethanol solution droplet, diipid,
and saline solution droplet, dsaine Were also measured from the photographs, and the volume ratio (VR, aqueous
saline solution/lipid ethanol solution) was calculated. The measured diipia = 42 um, and dsaiine = 56 um, and the



calculated VR was 2.4 in all experiments. Similarly, the major axis diameter was measured from photographs
taken every 3.5 us. The native software for controlling inkjet mixing system (HCS+, CAP) has an auto
calibration function, which indicated the scale bar for images. Weber number (We) was calculated by Eqg. (1),
where p, u, d, and o are the density, relative velocity of the two droplets, coalesced droplet diameter, and
interface tension, respectively. The following parameters were utilized : p = 962 kg m* and o= 0.0357 N m*,
which were the density and interfacial force of aqueous ethanol solution (VR = 2.4, 20 °C); the relative velocity,
u, was calculated using the velocities of droplets in Tab. 1; the diameter of the coalesced droplets, d, was
calculated from the sum of the volumes of the droplets before the coalescence, calculated from diipia and dsaiine.
The head-on collision and the off-center collision in the up and down direction or depth direction were achieved
by changing the position of the nozzle up and down or backward by several tens of micrometers. The impact
parameter, B, was calculated by Eq. (2), where b and diipia are the distance between two droplets and the lipid
ethanol solution droplet diameter, respectively. In the inkjet mixing system, the impact parameter, B, had two
dimensions because the nozzles could be moved either horizontally or vertically. These dimensions were
expressed by the indices y and z. By denoted the up and down direction and B, denoted the depth direction
perpendicular to this page. The ranges of By and B, were -1 <By < 1, and 0 < B, < 1. The distance between the
two nozzles was fixed at 2.5 mm. The strobe camera cycle was 3.5 ps. Photographs showing the change of the
droplet after collision were made by capturing a series of droplet collision photographs and superimposing them.
In other words, photographs did not follow the movement of one droplet, but each was different droplet. Droplets
were ejected at a rate of 500 count s™*. The droplets were collected in a vial under the two nozzles. The falling
distance was fixed at 5 cm in all experiments. The residence time of the droplets in the air was tens of
milliseconds, which was much longer than the expected mixing time of the collided droplets. The droplet
collision experiment was conducted at room temperature and was windless for each experiment. After collection
of the coalesced droplets, the resulting LNP solution in the vial was analyzed with DLS. The viscosity of the
product solution was calculated to be 2.435 mPa-s based on the previous report [33]. The refractive index of the
synthesized LNPs was calculated by using equations reported by Matsuzaki et al. [34].

we =22 (1)

B=z— (2

3 Results and Discussion

3.1 Effects of relative velocity of two droplets.  The relationship between the relative velocity

of two droplets and the LNP diameter was investigated with fixing By and B; to be 0. Two droplets were collided
only in a head-on collision. Fig. 2a shows the LNP diameter in number-weighted mean particle size vs. the We
number. In a head-on collision, two colliding droplets coalesced in the region of We < 50. And the droplets
separated in the region of We > 50. Qian et al. reported that colliding droplets were also separated by a high
inertial force as the We number increased [35]. In the coalescence region of We < 50, a larger We number, which



meant larger inertial force, made the synthesized LNP diameters smaller. Fig. 2b shows the particle size
distribution of the synthesized LNPs at each We number. The average particle size of LNPs gradually became
smaller as the We number increased, but the size distributions of LNPs were not significantly changed. Fig. 2¢
shows the deformation behavior of droplets that collided at each We number. The left side droplet was composed
of the lipid ethanol solution, and the right side was composed of the saline solution. Under all conditions, the
coalesced droplets showed expansion and contraction behaviors. When the We number was small, the major
axis diameter of the coalesced droplets was short. For instance, that diameter was 115 um at We = 20. The
deformation of the coalesced droplets was not intense. When the We number increased, the major axis diameter
became longer. The diameter was 127 um at We = 42. The deformation of the coalesced droplet was more
intense. From these results, a large deformation by a high inertial force improved mixing, resulting in the
synthesis of smaller LNPs. Relative velocities as high as possible would be important for synthesizing small
LNPs.

3.2 Effects of impact parameter. The effects of impact parameter B were investigated with fixing
relative velocity of two droplets to be 6.36 m s. Fig. 3a shows the experimental conditions and whether
colliding droplets coalesced or separated. Observations had been conducted for more than 1 hour for each point.
The behavior of coalescence/separation was stable for each point. Red circles imply successful coalescence, and
black crosses imply separation of the droplets. The We number was fixed at 69 with a lipid ethanol solution
droplet velocity of 4.0 m s and a saline solution droplet velocity of 5.0 m s, Just as with the results in the
previous section, the droplets separated after a head-on collision, at such a high We number. The droplets
coalesced at off-center collisions, as shown in i, iii, iv, v, and vi in Fig. 3. According to a previous study, off-
center conditions were effective at reducing the shock of collisions, by converting the shock into rotational
energy [36]. On the other hand, a further increase in B caused droplet separation. The deformation behaviors of
the droplets after collision is shown in Fig. 3b with the major axis diameters of the coalesced droplets and the
synthesized LNP diameters for each condition. The deformation behaviors of the droplets and the LNP diameters
changed with different impact parameters. When the impact parameter was changed in the up and down
direction, the coalesced droplets showed vertical spins. In condition i, coalesced droplets showed
counterclockwise vertical spin and condition iii, they showed clockwise vertical spin. When impact parameter
was changed in depth direction, they showed horizontal spins. In condition v, coalesced droplets showed
horizontal spin. In condition iv and vi, they showed spins combining vertical and horizontal surfaces. In
conditions iii and v, the major axis diameters were equal. However, the LNP diameters were different. The same
applies to condition i and iv. Factors other than the major axis diameters of droplets would change the LNP
diameters.

The difference between condition iii, vi and i, iv, v can be attributed to the velocity difference of the two
droplets. The mixing behavior differed based on whether the higher velocity saline solution droplets collided
with the lipid ethanol solution droplets at negative (By < 0, condition iii and vi) or positive (By > 0, condition i,
iv, and v) impact parameters. Fig. 4 shows a model image describing the phenomena. The model image was
considered based on the shape evolution of the droplets shown in Fig. 3b. When By < 0, the faster saline solution



droplet escaped from the lipid ethanol solution droplet, hereafter, this collision is called an “escaping collision”.
When the saline solution escaped from the lipid ethanol solution after colliding, mixing does not occur quickly.
The saline solution area and lipid ethanol solution area were divided. Then, the two solutions were pulled each
other because of the surface tension. Two solutions were mixed after these movements. The LNPs synthesized
in conditions iii and vi were large. On the other hand, when By > 0, the saline solution droplet coated the lipid
ethanol solution droplet. The better contact of solutions promoted rapid mixing. As a result, small LNPs would
be synthesized. From these discussions, escaping collisions should be avoided.

An additional factor lied in the size differences in conditions i, iv and v would be the direction of spin.
Vertical spin of the coalesced droplet was observed in the condition i. Horizontal spins were observed in the
conditions iv and v. It could be considered that horizontal spin promoted mixing rather than the vertical spin
did.

The desirable operating conditions of the inkjet mixing system were summarized as follows: relative
velocity is high, the droplet collision is not an escaping collision condition and the direction of the spin is
horizontal. On conditions iv and v, the small LNPs (the diameter was under 30 nm at number-weighted mean
particle size) were synthesized at a low volume ratio, VR = 2.4, in other words low consumption of saline
solution. The synthesis of small LNPs with low consumption of saline solution was achieved.

4 Conclusions

LNPs were synthesized by using an inkjet mixing system. By changing the relative velocity of two droplets, the
LNP diameters decreased when the relative velocity increased. The mixing of the two solutions was facilitated
by the high inertial force. Not only the value of the impact parameters but also the velocity difference between
the lipid ethanol and saline solutions was crucial. Off-center collisions were effective at preventing separation
of the merged droplets. Avoiding escaping collisions was desirable for synthesizing smaller LNPs because
mixing started promptly. The horizontal spin of the coalesced droplets seemed to promote the mixing of the two
droplets. The inkjet mixing system could synthesize small LNPs with enabling low VR conditions and minimal
consumption of samples, which would help to minimize loss of drugs in the DDS applications.

Acknowledgements

This work was supported by JSPS KAKENHI Grant numbers JP25220913 and JP26289295.

The authors declare that they have no competing interests.

Symbols used

B [-] the impact parameter
b [m] the distance between two droplets



d [m] coalesced droplet diameter

iipid [m] the lipid ethanol solution droplet diameter
saline [m] the aqueous saline solution droplet diameter
u [ms? the relative velocity of the two droplets

We [-] Weber number

Greek letter

U [mPa s] the viscosity of the coalesced droplets
P [kg m¥] the density of the coalesced droplet
o [N m] interface tension of the coalesced droplet

Abbreviations

BPF bilayered phospholipid fragment
DDS drug delivery system

DLS dynamic light scattering

LNP lipid nanoparticle

VR volume ratio
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Tables with Headings

Table 1. The velocities of the ejected droplets. The velocities were changed by adjusting the inkjet mixing

system, the voltage applied to the piezo of the nozzle, and the 1st, pause, and 2nd pulse parameters. We number

was calculated by using Eq. (1).

Conditions Lipid ethanol Aqgueous saline We number [-]
solution [m s!] solution [m s]

1 2.3 2.6 20

2 2.9 2.9 29

3 4.0 3.0 42

4 4.0 4.0 54

5 4.0 5.0 69

10



Figure legends

Figure 1. Images of an inkjet mixing system. (a) The illustration of an inkjet mixing system. The nozzle diameter
is 100 um and ejects 40-100 um droplets at a rate of 30-2000 droplets per second. (b) A photograph of droplet
collision taken by a high-sensitivity black/white camera. Nozzle 1 ejects ethanol, and nozzle 2 ejects water. The
interval of the strobe was 14 ps.

Figure 2. Results for changing relative velocities. (a) The relationship between the LNP diameter and the We
number. The LNP diameter is the mean diameter analyzed by DLS. The relative velocity u corresponds with the
We number. In the region of We < 50, the two droplets coalesced. In the region of We > 50, they separated. (b)
The particle size distribution of synthesized LNPs for each We number. (c) The photographs show the
deformation behavior of droplet collisions. These photos of droplets were taken every 14 ps.

Figure 3. Changing the impact parameter. (a) Whether colliding droplet coalesced or separated on each impact
parameter. (b) The deformation behavior of coalesced droplets under each condition. Major axis diameter and
LNP diameter are attached. For all conditions, We = 69 (the relative velocity was approximately 6.36 m s*) and
the volume ratio VR was 2.4. In addition, each experiment was conducted at room temperature in a windless
setting.

Figure 4. The model image of the mixing of lipid ethanol and saline solutions. The yellow area refers to the
lipid ethanol solution, the blue area refers to the saline solution, and the orange area refers to the mixing area.
The left image shows a saline solution droplet colliding a lipid ethanol solution droplet at negative B. The right
one shows collision at not positive B.

11
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a) Relationship LNP size vs. We
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Short text for the table of contents section

An inkjet mixing system was investigated to synthesize lipid nanoparticles (LNPs). The system was employed
to help minimize drug loss because the quick mixing of reagents enabled the synthesis of small LNPs with
reducing excess amount of saline solutions which would contain drugs. And the system used minimal amount

of reagent. Small LNPs were successfully synthesized. with less saline solutions.
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