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Abstract

the effective g-value, mixing time, and temperature.

Bicelle is one of the most stable phospholipid assemblies, which has tremendous applications in the research areas
for drug delivery or structural studies of membrane proteins owing to its bio-membrane mimicking characteristics
and high thermal stability. However, the conventional preparation method for bicelle demands complicated manu-
facturing processes and a long time so that the continuous synthesis method of bicelle using microfluidic chip has
been playing an important role to expand its feasibility. We verified the general availability of hydrodynamic focusing
method with microfluidic chip for bicelle synthesis using various kinds of lipids which have a phase transition tem-
perature ranged from — 2 to 41 °C. Bicelle can be formed only when the inside temperature of microfluidic chip was
over the phase transition temperature. Moreover, the concentration condition for bicelle formation varied depend-
ing on the lipids. Furthermore, the transition process characteristics from bicelle to vesicle were analyzed by effective
g-value, mixing time and dilution condition. We verified that the size of transition vesicles was controlled according to
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Introduction

Lipid vesicles have critical roles in biochemical fields and
nature science due to its cell membrane mimicking [1, 2].
In aqueous solution, phospholipids are self-assembled to
prevent the exposure of its hydrophobic tail to aqueous
buffer so that they form various types of structures, such
as bilayered micelle or vesicle.

Bilayered micelle or so-called bicelle has a discoidal
shape and its structure is segregated by two sections:
bilayer domain section and single layer rim section which
are composed of long-chain lipids and short-chain lipids,
respectively. Bicelle is the most stable structure among
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the phospholipid assemblies because hydrophobic area of
bilayer domain is covered by short-chain lipids and sta-
bilized [3]. Its self-stabilizing characteristics enable the
retention period to be extended up to several weeks at
room temperature, implying that bicelle is a suitable car-
rier in drug delivery systems with the incorporation of
functional materials [4—6]. Furthermore, bicelle can be
utilized as a pre-vesicle substance noting that it is simply
transitioned to vesicle structure through dilution method
[7].

Although bicelle has tremendous feasibilities in a bio-
medical field, its conventional preparation process, that is
thin film hydration method, has a long and complicated
manufacturing processes [8]. Those manufacturing pro-
cesses also require harsh conditions such as freezing and
thawing, repeatedly, which cause to denature the physi-
ochemical characteristics of biological substances [9].
For these reasons, continuous manufacturing method of
bicelle under mild condition has been demanded. Our
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group previously suggested the microfluidic method for
bicelle synthesis without any energy exertion, as shown in
Fig. 1a [10]. In this study, to verify the general availability
of a hydrodynamic focusing method using microfluidic
chip, the concentration and temperature condition for
bicelle formation was investigated using various kinds of
phospholipids, the phase transition temperature of which
ranged from —2 to 41 °C. Furthermore, as shown in
Fig. 1b, the prepared bicelles were transitioned to vesicles
using simple dilution method with stirrer and the transi-
tion characteristics were investigated.

Experimental section

Materials

SU-8 2100 negative photoresist (PR) was purchased from
MicroChem, and an SI wafer (525 pum in thickness) was
used to fabricate a silicon master mold. Polydimethyl-
siloxane (PDMS, Sylgard184, mixed with a 10:1 ratio of
curing agent) for soft molding was bought from Dow
Corning;  1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC, T, =23 °C), 1l-palmitoyl-2-oleoyl-glycero-3-
phosphocholine (POPC, T, =—-2 °C), 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine (DPPC, T =41 °C) and
1,2-dihexanoyl-sn-glycero-3-phosphocholine (DHPC)
were procured from Avanti Polar Lipids, Inc. (Alabaster,
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AL, USA) and used in preparing a DMPC/DHPC bicelle
solution. Phosphate buffer saline (PBS), 1,6-diphe-
nyl-1,3,5-hexatriene (DPH) and 6-dodecanoyl-N,N-
dimethyl-2-naphthylamine (Laurdan) were obtained
from Sigma-Aldrich (St. Louis, MO, USA) and used in
analyzing membrane properties (fluidity and polarity).
Methyl alcohol was purchased from Daejung Chemicals
& Metals Co., Ltd, (Korea).

Fabrication of a microfluidic chip

A master mold was fabricated according to the manuals
of negative PR and procedures of general photolithogra-
phy using SI wafer. PR was uniformly coated with a thick-
ness of 80 um and sequentially baked at 60 °C and 90 °C.
The hardened PR was treated by UV light at an intensity
of 10 mJ/s with a photomask. To remove the residual PR
solution, the UV-exposed SI wafer was baked and devel-
oped for 5 min [11]. Finally, the fabrication of the SI mas-
ter mold for the microfluidic channel was completed.

For the fabrication of a microfluidic chip, PDMS base
polymer and a curing reagent were mixed at a weight
ratio of 10:1, which casted on the SI mater mold and
degassed in a vacuum chamber. Degassed PDMS solu-
tion was cured at 70 °C in a convection oven for 2 h and
the hardened replicate was carefully detached from the
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Fig. 1 lllustration of a the microfluidic method for bicelle synthesis and b bicelle to vesicle transition using simple dilution method. The flow
rate ratio was fixed at 19 (the flow rate of solvent and buffer phase were 300 uL/h and 5700 ulL/h, respectively). The microfluidic chip for bicelle
preparation was composed of square channel (width and height of it was 80 um)
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SI master mold. PDMS microfluidic chip was sealed by
binding the replicate to the planar PDMS plate using
plasma treatment. The bonded chip was cured at 80 °C in
a convection oven for 8 h to enhance the bonding [12].
The dimension of microfluidic chip was 11 mm X
35 mm x 8 mm. The channel was composed of cross
junction with two inlets and one outlet, and the width
and height of the channel was 80 pm (Aspect ratio=1).

Preparation of lipid assemblies

PDMS microfluidic chip was used to prepare the lipid
assemblies. Long-chain lipids such as DMPC, POPC,
or DPPC and DHPC which are dissolved in solvent and
PBS buffer (10 mM, pH 7.4) respectively, were mounted
on the syringe, and injected at two different inlets. The
flow rate ratio (FRR) was adjusted to 19 (Flow rate of sol-
vent and buffer phase were 300 uL/h and 5700 uL/h).
The solvent phase and the buffer phase were employed as
an inner phase and outer phase, respectively, which con-
tacted at the intersection and mixed by their mutual dif-
fusion as shown in Fig. 1a.

The vesicles transitioned from the bicelles were pre-
pared using the simple dilution method. Dilution was
performed using 10 mM PBS buffer, equivalent to the
buffer employed in preparing bicelle solutioin.

Size characterization by dynamic light scattering

The sizes of the lipid assemblies were measured via
dynamic light scattering (DLS) measurement (Zeta-
sizer Nano ZS90). Approximately 0.5 mL of the sam-
ple solution was loaded into a quartz cell, and scattered
light intensity was measured at 20 °C (All samples were
equilibrated at 20 °C for 1 min before measurement). The
hydraulic radius was determined by the Stokes—Einstein
equation [13, 14]:

kgT
r, =
"= 6xnD

where kg is the Boltzmann constant, T is absolute tem-
perature, 1 is the viscosity of the sample, and D is the dif-
fusion coefficient. The refractive index and absorption
values for phospholipid assemblies were 1.45 and 0.001,
respectively. The viscosity and refractive index of the dis-
persant were 1.0143 cP and 1.3304, respectively.

Characterization of membrane properties

The membrane fluidity of lipid assemblies was evaluated
with DPH [15, 16]. DPH was dissolved in a lipid solution
at a molar ratio of 1:250. DPH molecules were inserted
into the lipid membrane and accumulated at the mid-
dle of the bilayer. The fluorescence anisotropy of DPH
was measured using a fluorescence spectrophotometer
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(SCINCO, FS-2). The excitation wavelength was 360 nm,
and the emission intensity was measured at 430 nm. The
membrane fluidity (1/pppy) is defined as follows:

1 _ I+ Gl
Pppy Iy — GI,.

(G =i1/iy),

where I and I| represent emission intensities paral-
lel and perpendicular to horizontally polarized light,
respectively; and ijandi; represent emission intensities
parallel and perpendicular to vertically polarized light,
respectively.

The membrane polarity of lipid assemblies was evalu-
ated with Laurdan [17, 18]. Laurdan was dissolved in
a lipid solution at a molar ratio of 1:200. Laurdan mol-
ecules were inserted into the edge of the lipid membrane
surface and accumulated on the membrane surface. The
general polarization of Laurdan was measured using a
fluorescence spectrophotometer (SCINCO, FS-2). The
excitation wavelength was 440 nm, and the emission
intensity was measured at 490 nm. The membrane polar-
ity (GP340) equation is defined as follows:

440 — Ia90

GP3yo = ,
30 I440 + Ia9o

where 140 and I90 represent emission intensities of 440
and 490 nm excited with 340 nm light, respectively.

Results and discussions

Bicelle synthesis in a microfluidic system

The verification of bicelle formation was evaluated by
three factors: size of assemblies, membrane properties,
and morphological analysis. The small sized assemblies
(<50 nm) are expected to be bicelle or mixed micelle,
which can be distinguished from the membrane prop-
erties. For mixed micelle, the membrane of it comprises
randomly organized two lipids so that its membrane
rigidity is very low. On the other hands, bicelle is dis-
tinctly segregated by two lipids section implying that
the homogeneosly organized bilayer membrane of it
is rigid and ordered phase. Meanwhile, relatively large
sized assemblies (>50 nm) are presumably vesicles which
can be classified into homogeneous and heterogeneous
vesicle depending on the membrane properties. Hetero-
geneous membrane tends to be disordered so that the
membrane rigidity is relatively low than homogeneous
membrane.

The size of synthesized assemblies was investigated,
first, depending on the long-chain lipid concentra-
tion, while concentration of DHPC (C6) was fixed at
20 mM. As shown in Fig. 2a, the size of the assemblies
decreased sharply when DMPC (C14) concentration is
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Fig. 2 a Size, b membrane polarity, c membrane fluidity of synthesized assemblies depending on DMPC concentration with 20 mM DHPC.
Synthesis of lipid assemblies was performed at 20 °C using the microfluidic chip. The values and error bar indicate the mean values and
standard deviation of measured data, respectively. The borderline of the membrane rigidity was adjusted based on the membrane properties of
homogeneous DMPC vesicles

over 100 mM. The membrane polarity indicates the pack-
ing density of lipid bilayer, while the membrane fluidity
refers the local viscosity of bilayer membrane. Thus, it
can be noted that each property have positive and nega-
tive correlation to the membrane rigidity, respectively.
For small-sized assemblies, as shown in Fig. 2b and c,
DMPC membrane showed an ordered phase, implying
that the bilayer membrane is homogeneous [7]. On the
other hands, the relatively large assemblies have a liquid
crystalline phase membrane. The membrane polarity
is especially low comparison to the membrane fluidity,
indicating that the orderliness of the membrane is disar-
ranged due to the insertion of DHPC molecules, that is,

the lipid membrane of large sized assemblies is heteroge-
neously composed [9].

The synthesized assemblies were also analyzed via
transmission electron microscope (TEM) as shown in
Fig. 3. The large sized assemblies were confirmed as het-
erogeneous vesicles with morphological verification and
membrane properties. In Fig. 3b, the assemblies were
sporadically accumulated and the discoidal shape was
verified, which were stacked as shown in the inset. Con-
sequently, the bicelles were successfully prepared at high
DMPC concentration condition.

Self-assembly of lipids can be described as Eq. (1)
from the coalescence behavior of them. As the distance

(a)

[DMPC] =100 mM, [DHPC] =20 mM

Fig. 3 TEM image of synthesized assemblies. a vesicles were synthesized at [DMPC] =50 mM,

(b)

[DHPC] =20 mM and b bicelles were synthesized at
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between aggregating species decreases, the coalescence
rate is accelerated. In other words, self-assembly is pro-
moted at high lipids concentration. In this hydrodynamic
focus method, it is important that DHPC molecules are
supplied at an appropriate time. DHPC molecules should
be supplied after an adequate bilayer domain is formed.
Otherwise, the small DMPC fragments are mixed with
DHPC molecules due to too slow coalescence, so that it
cannot be stabilized. In such cases, the heterogeneous
membrane grows longer, and it is finally vesiculated.

. . Ej
K = (Dl;;D]>S,'I‘Eek% (1)
where D; and D; are diffusion coefficients of aggregating
species, & is the distance within which coalescence can
occur, S;€ is the corresponding reaction volume, Ej; is the
fusion potential, and k is Boltzmann’s constant.

Meanwhile, the size of synthesized assembly depending
on POPC (C18) concentration is shown in Fig. 4a. Unlike
DMPC, small-sized assemblies (~8 nm) were synthe-
sized at low concentraiton. That is, POPC domains were
formed with proper size before DHPC were provided,
which is presumably attributed to the strong hydropho-
bic interaction between POPC moleculers [19]. With
the membrane properties in Fig. 4b and ¢, it is verified
that the bilayer is homogeneous when POPC concentra-
tion is lower than 100 mM. Strong interaction enables
the bicelle to be synthesized at low concentration, but it
also induces extremely large vesicles (300450 nm) to be
formed at high concentration (> 150 mM).

Synthesis of the large vesicles due to the strong interac-
tion is also confirmed by the experiments using DPPC
(C16), as shown in Fig. 5a. The phase transition tempera-
ture of DPPC exceeds 20 °C, so that the interaction between
lipids is highly enhanced. In case of DPPC, the size of the
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vesicles synthesized at 20 °C were larger than POPC. On
the other hands, as shown in Fig. 5b, small-sized assemblies
were prepared at 45 °C, which is higer than the phase tran-
sition temperature of DPPC. For all assemblies synthesized
at 45 °C, the membrane of them shows ordered gel phase,
indicating that they are verified as bicelles. Consequently, it
is confirmed that the concentration of the long-chain lipids
plays a critical role in the microfluidic bicelle synthesis. The
proper condition for bicelle formation depends on the type
of the lipid, which can be controlled by considering the
phase transition temperature of it.

Transition of bicelles to vesicles

DHPC molecules constitute the rim area of the bilayer
domains, but also reside in buffer, monomerically. Unless
the hydration extent of DHPC molecules is changed,
the concentraiton of the monomeric DHPCs is main-
tained. For these reasons, dilution of the bicelle solution
causes the bicellar DHPCs to be detached from rim area
of bilyaer domains and they become unstable owing to
the exposure of hydrophobic area to buffer. The transi-
tion of bicelles to vesicles occurs when these destabilized
domains coalesce and vesiculate. Here, we expected that
the transition characteristics can be controlled by various
factors such as physicochemical properties of bicelle or
dilution condition.

The effective q-value indicates the actual composi-
tion of bicelle as a molar ratio of the long-chain lipids
and short chain lipids. As the effective q-value of bicelle
increases, the bilayer domain is widened so that the
shape of bicelle is changed from isotropic form to pla-
nar disc. According to the shape and size of bicelle,
varisized vesicles can be obtained after the dilution.
As shown in Fig. 6, according to the effective q-value,
the size of transitioned vesicles was entirely different.

(a) (b) (©),
o T T T T A ‘\g L T L ‘\-l.;
i 06 L HE )
o 2
400 4 A r
—_— 04 d 100 4 |2
g 300 } g 3 3
S 8 . o s
N 20ob o = ® 1Ms~ -
(73] c s & 'y d
100 4 ook i 4 % °
£ §
k@ ® . . P . . i £ N n . L e
50 100 150 200 50 100 150 200 50 100 150 200
POPC Concentration (mM) POPC concentration (mM) POPC concentration (mM)
Fig. 4 a Size, b membrane polarity, ¢ membrane fluidity of synthesized assemblies depending on POPC concentration with 20 mM DHPC.
Synthesis of lipid assemblies was performed at 20 °C using the microfluidic chip. The values and error bar indicate the mean values and
standard deviation of measured data, respectively. The borderline of the membrane rigidity was adjusted, based on the membrane properties of
homogeneous POPC vesicles
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Fig. 6 The size of the vesicles transitioned from bicelles having
different effective g-value depending on the stirring time. The
dilution was performed by adding threefold volume of buffer to
bicelle solution and temperature was consistently maintained at
20 °C for all samples during stirring

The effective q-values were obtained from Eq. (2), and
the concentration of monomeric DHPC was referred
from the previous results [10]. To exclude the effect of
DMPC concentration, all samples were prepared at a
fixed DMPC concentration. For high effective g-value
bicelle, it tends to be large-sized vesicle, which is
attributed to the widened bilayer domain of it and fast
detachment of DHPC molcules from its rim.

«_bDMPC] [DMPC]
[DHPClpiceliar [DHPClsgta1 — [DHPClynonomeric
()
where g* indicates the effective g-value and [DMPC],
[DHPClpicettar» [DHPCltotar, and [DHPClyonomeric are the
concentration of DMPC, bicellar DHPC, total DHPC,
and monomeric DHPC, respectively.

In addition, mixing time using a magnetic stirrer also
affects the size of the transitioned vesicles. With longer
mixing time, more fragments could be coalesced, so
that large vesicles were obtained. As a result, a wide
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range of vesicles can be prepared using bicelles accord-
ing to the effective q-value and mixing time.

Meanwhile, as confirmed in the synthesis of DPPC
bicelle (Fig. 5), temperature plays a prominent part in
determining the structure of lipids assembly. The forma-
tion of vesicles can be described as the balance between
the line tension and rigidity of the bilayer domain (Eq. 3)
[20]. The vesiculation index indicates that the vesicula-
tion occurs when the line tension is large or the bending
modulus is small enough to bend over and close into a
sphere. The line tension of the bilayer domain not only
increases, but also the bending modulus of it decreases
with increasing temperature, indicating that the vesicula-
tion is accelerated at high temperature condition [21, 22].
Thus, antedated vesiculation cause the size of the transi-
tioned vesicles to be small, which is experimentally con-
firmed in Fig. 7.

rA  rhp kT /

Vf—a—? 1+07b”l(1—¢r) (3)
where r and A indicate the length and line tension of the
bilayer domain, respectively. Ag is the line tension with-
out stabilization by DHPC, « is the bending modulus, o,
is the energy gain from stabilization by one molecule, and
¢, is the fraction of the rim of the bilayer domain.

Conclusions

Bicelle is expected to play a critical role in a drug deliv-
ery system due to its high stability. The hydrodynamic
forcusing method for bicelle preparation is predomi-
nent in terms of a productivity and maintaining the
activity of the functional materials. In this study, the
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Fig. 7 The size of transitioned vesicles depending on temperature.
The effective g-value of bicelle sample was 1.5 and the stirring time
was 5 min
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general availability of the microfluidic chip for bicelle
synthesis was investigated from a point of view the crit-
ical conditions for bicelle formation was experimentally
identified in the perspective of the lipids concentration
and temperature. Bicelle formation was determined
by investigating the physicochemical properties of the
synthesized assemblies such as the size, morphological
structures and membrane properties.

Indeed, the transition of bicelle to vesicle was ana-
lyzed according to the effective gq-value and dilution
conditions. Vesicle size is a principal factor in a drug
delivery system, due to its influences on a cellular
uptake, transportation, and accumulation behavior.
With three types of bicelle, the size of the transitioned
vesicles was investigated by controlling the mixing
time. In addition, it is confirmed that the temperature
dependency of the line tension and bending modulus
of intermediete domains also affects the size of vesi-
cles. Consequently, a wide range of the vesicles were
obtained from the bicelles and it presumably contrib-
utes to broadening the feasibility of the lipid assem-
blies. In this study, the stirring speed of the magnetic
stirrer was fixed and the transition characteristics
were investigated in terms of temperature and stirring
time. However, the stirring speed is considered as an
important parameter because the shear-induced vesi-
cle fusion could be accelerated with the increased stir-
ring speed. To verify the effect of the stirring speed, the
experiments should be reorganized and we hope that it
can be addressed in further studies.
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