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Abstract Combining microfluidic methods for generat-
ing microdroplets and spinning microfibers, a novel type of
alginate hybrid microfiber encapsulating different microdro-
plets is fabricated for various applications such as cell cul-
ture, tissue engineering and drug release. Traditional fabri-
cation methods mainly depend on the microfluidic structure,
so an effective method that uses microfluidic solution flow
rates to control the generation of hybrid microfibers has not
yet been developed. In this paper, we fabricate a microflu-
idic flow-focusing device with a long gelation microchan-
nel to encapsulate magnetic oil microdroplets (MOMSs) into
alginate microfibers. We establish a hybrid microfiber gen-
eration model for this fabrication method based on limited
flow rate to control microfiber width, MOM diameter and
the distance between consecutive MOMs. We also calculate
the magnetic force acting on a single MOM by measuring
the distance and the MOM is deflected by disk magnets
with respect to time in the long gelation microchannel. The
magnetic forces acting on the microfibers can be further
calculated by counting the number of encapsulated MOM:s.
The developed method has great potential for quantitative
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fabrication of diverse hybrid microfibers encapsulating a
variety of magnetic hydrophobic microdroplets with esti-
mated magnetic forces. Such magnetic hybrid microfibers
are attractive for use in higher order alginate microfiber
assemblies and dual drug delivery systems.
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1 Introduction

Microfluidic devices are a novel tool to control fluid at the
microscale, and homogenous microdroplets and hydrogel-
based microfibers can be formed in them (Atencia and
Beebe 2005). On the one hand, a large amount of microdro-
plets with different materials, structures and shapes have
been fabricated in diverse microfluidic devices (Christopher
and Anna 2007; Vladisavljevi¢ et al. 2012). The boundary
of the microdroplet provides a protective layer to prevent
the materials encapsulated in the microdroplet mixing with
the external environment. Thus, microdroplets can be used
as microcarriers for drug delivery (Yang et al. 2009a, b)
and microcapsules for cell culture (Agarwal et al. 2013).
On the other hand, as popular microfluidic-spun microfib-
ers, alginate hydrogel microfibers are a well-established
scaffold for cell culture because of their high biocompat-
ibility, high porosity and low toxicity. Alginate microfibers
with a variety of morphologies, including solid (Shin et al.
2007), flat (Yamada et al. 2012), grooves (Kang et al. 2012)
and hybrid (Kang et al. 2011) have been produced using
a variety of methods. However, these methods are limited
by the use of one type of base material. It remains a chal-
lenge to fabricate alginate hybrid microfibers with multiple
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materials. Such materials may exhibit flexible functionali-
ties for new applications.

Recently, two microfluidic methods have been used to fab-
ricate some novel hybrid alginate microfibers by embedding
microdroplets with different materials. Alginate microfibers
containing gas bubbles have been fabricated by injecting gas
from an air microchannel into an alginate solution micro-
channel (Kang et al. 2011). A pneumatic valve was mounted
on an air microchannel to generate gas bubbles with periodic
or uniform distribution throughout the microfiber. The gas
bubbles could temporarily provide oxygen to encapsulated
cells. Hybrid microfibers encapsulating gas bubbles with
uniform distribution can be also fabricated by another sim-
pler microfluidic method. Specifically, alginate flow contain-
ing gas bubbles can be generated in microfluidic T-junction
or flow-focusing junctions where alginate solution and gas
merge, and then, the gas bubbles can be fixed into the algi-
nate microfiber through cross-linking reaction. Using this
method, bamboo-like alginate hybrid microfibers containing
poly (lactic-co-glycolic acid) (PGLA)-dimethyl carbonate
(DMC) microdroplets have been produced as dual delivery
carrier (Yu et al. 2014). However, the alginate flow was cross-
linked in CaCl, solution, which made the microfiber diameter
mainly depend on the size of the microfluidic spinning orifice.
Therefore, we consider, it is necessary to develop an effective
method that depends on microfluidic solution flow rates to
generate hybrid microfibers with controlled structures.

The poor controllability of hydrogels limits their use in
the fabrication of 3D tissue constructs and accurate targeting
in mass delivery (Li et al. 2013). Recently, diverse micro-
scale hydrogels with Fe;O, magnetic nanoparticles have
been fabricated to increase their controllability for drug
release (Hanus et al. 2013) and 3D hydrogel assembly (Xu
et al. 2011). Fe;O, magnetic nanoparticles have the advan-
tages of superparamagnetism and high saturation field, and
they can be stabilized in polar or nonpolar suspensions using
modified surfactants (Yang et al. 2009a, b). Fe;O, magnetic
nanoparticles have been directly incorporated into alginate
fibers, facilitating the rapid response of the generated fibers
to an external magnetic field. This magnetic controllabil-
ity allows alginate fibers to be used in applications such as
single cell manipulation (Liu et al. 2012), 3D alginate fiber
assembly (Hu et al. 2013) and controlled drug release (Lin
et al. 2012). However, it is difficult to measure the magnetic
forces acting on magnetic fibers. This hinders the precise
manipulation of magnetic microfibers.

In this paper, we use a microfluidic flow-focusing device
with a long gelation microchannel to fabricate alginate
hybrid microfibers encapsulating magnetic oil microdro-
plets (MOMs) with uniform distribution. After detailed
analysis of the synthesis of these hybrid microfibers, we
establish a hybrid microfiber generation model based
on limited flow rate. This model is then used to generate
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hybrid microfibers with the desired microfiber width, MOM
diameter and distance between consecutive MOMs, which
allows the easy and precise adjustment of the concentra-
tion of magnetic nanoparticles in the microfiber fabrica-
tion process. Furthermore, we could calculate the magnetic
force acting on each MOM by measuring the deflection dis-
tance of MOM induced by an external magnet with respect
to time in the gelation microchannel. Using a theoretical
model (Zhang et al. 2009), we could also estimate the mag-
netic force acting on MOMs with different diameters in
various magnetic fields. Each MOM could be represented
as a controlled unit, so the magnetic forces acting on each
microfiber could be calculated by counting the number of
encapsulated MOMs. The developed method allows simple
fabrication of hybrid microfibers with diverse structures
only depending on microfluidic solution flow rate. The esti-
mated magnetic forces of the generated microfibers means
these fibers show promise for use in higher order alginate
microfiber assemblies and dual drug delivery systems.

2 Materials and methods
2.1 Materials

Mineral oil (code 23306-84) was purchased from Nacalai
Tesque in Japan, and Sodium alginate, Calcium chlo-
ride, Dextran 2000.000, Iron (III) chloride (heptahydrate
99.9 %), iron (II) sulfate (heptahydrate 99.5 %), Oleic acid
and 25 % Ammonia solution were purchased from Wako
pure chemical industries in Japan

2.2 Preparation of magnetic mineral oil solution

Magnetic nanoparticles were fabricated as follows: FeCl,
(2.7 g) and of FeSO, (1.39 g) were mixed in pure water
(100 mL) to form a homogeneous solution. The solution
was heated at 80 °C and then 25 % NH;-H,O (12 mL) was
added with stirring, the speed of which determined the size
of the resulting particles. Oleic acid (2 mL) was added to
stabilize the iron oxide nanoparticles. An external magnetic
field was applied to aggregate the nanoparticles, and the
excess oleic acid was removed by washing the aggregate
with ethanol. The magnetic nanoparticles were dried under
vacuum. Magnetic nanoparticles (0.3 g) were dispersed in
mineral oil (10 mL) in an ultrasonic bath at 40 °C for 4 h to
form a uniform suspension.

2.3 Microfluidic synthesis of alginate fibers encapsulating
MOMs

The polydimethylsiloxane (PDMS) microfluidic substrate
was fabricated using a standard soft lithography method.
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A glass cover (width: 40 mm, length: 50 mm, thickness:
0.12-0.17 mm) was bonded to the PDMS substrate by air
plasma treatment at 150 J for 30 s to form a microfluidic
device. The bonded microfluidic device was heated at 80 °C
for 5 h. Before use, the microfluidic device was treated in
air plasma at 70 J for 300 s to transform the hydrophobic
PDMS surface to a hydrophilic surface to form MOMs.
Figure 1 shows a schematic diagram of the microfluidic
device used to fabricate magnetic hybrid microfibers. The
microfluidic device is composed of four consecutive parts:
(1) a flow-focusing junction to form MOMs; (2) an inlet
microchannel consisting of two parts with widths of 100
and 200 wm to form a stable array of MOMs; (3) a mul-
tiphase confluence microchannel; and (4) a gelation micro-
channel to spin the hybrid microfibers. The height of the
microchannel (h) is 150 pm.

Aqueous solutions of sodium alginate (1.8 % w/v), dex-
tran (10 % w/v) with and without 0.5 M CaCl, were used as
sample, sheath and buffer solutions, respectively. All solu-
tions were introduced into the microfluidic device at dif-
ferent inlets using syringe pumps, as shown in Fig. 1. The
buffer solution was used in the microfiber fabrication pro-
cess. On the one hand, the buffer solution can add a thick-
ener to the buffer/gelation solutions to balance the viscosi-
ties of the solutions; on the other hand, the buffer solution
can moderate the rapid gelling speed of Ca-alginate and
shield the microfiber to prevent the gelation microchannel

Petri dish

clogging (Yamada et al. 2012). The outlet of the microflu-
idic device was immersed in 0.1 M CaCl, solution loaded
in a Petri dish, which enabled the alginate microfiber to
extrude stably and smoothly without blocking for a long
time (>10 min).

2.4 Measurement of magnetic force exerted on MOMs

The on-chip magnetic force manipulation method (Zhang
et al. 2009) was used to estimate the magnetic forces acting
on the MOMs. As shown in Fig. 2a, the microfluidic device
was cut along the edge of the gelation microchannel, and
an array of five disk magnets (diameter: 4 mm, thickness:
2 mm, magnetic flux density: B = 300 mT) was placed
perpendicularly at the edge of the gelation microchannel.
The MOMs were generated continuously at the first junc-
tion to form an array of MOMs. When the array of MOMs
moved along the central axis of the gelation microchannel
to pass by the disk magnets, the magnetic forces acting on
the MOMs made them deflect toward the side of disk mag-
nets, as shown in Fig. 2b. In this process, there was a drag
force (F' drag) against the direction of magnetic force (Finag)
because of the relative movement between MOMs and algi-
nate flow in the y direction. Fy,, can be calculated from
Stokes’ law (Zhang et al. 2009):

Farag = 3 1DV (D
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Fig. 1 Schematic illustration showing the microfluidic device used to fabricate alginate hybrid microfibers encapsulating magnetic oil microdro-

plets (MOMs) with uniform distribution
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Fig. 2 a Design of microfluidic chip to measure the magnetic force
exerted on a magnetic oil microdroplet in a specific magnetic field.
b Inverted microscope image of deflection of magnetic oil microdrop-
lets in the gelation microchannel

where 1, is the kinematic viscosity of 1.8 % w/v alginate
solution, which is 134 mPas; D is the diameter of the mag-
netic microdroplet; V, is the velocity vector of the MOMs
along the y direction. Assuming that inertia is negligible
at the microscale (Suh et al. 2012), the magnetic and drag
forces reach a balance, Fy,,, = Fiy,,,- Using Eq. (1), we can
calculate the magnetic forces acting on MOMs.

3 Results and discussion
3.1 Synthesis of hybrid microfibers

Controlling microfluidic interfaces in the microfluidic
device, an alginate microfiber encapsulating MOMs is pre-
pared by forming an alginate flow containing MOMs and
then cross-linking the flow to form an alginate microfiber
by the diffusion of Ca*" ions, which simultaneously fixes
the MOMs in the microfiber.

As shown in Fig. 3a, an emulsion of oil and alginate
solution was formed at the first flow-focusing junction. The
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hydrophilic nature of the treated microfluidic device pro-
motes the oil solution to form microdroplets because the
aqueous alginate solution preferentially interacted with the
microchannel surface rather than the oil solution. An array
of MOMs with uniform distribution spontaneously formed
as the MOMs moved continuously along the transmission
microchannel. The width of the transmission microchan-
nel increased downstream to obtain an appropriate width
of alginate flow to encapsulate the MOMs. At the second
junction, the alginate flow was sandwiched by an outer
buffer flow. Then, at the third junction, the outer buffer flow
was encased by CaCl, solution to form multiple laminar
flows. The interface between different solution flows was
clearly observed, as demonstrated in Fig. 3a2.

The alginate flow then solidified to form a microfiber in
the gelation microchannel. The interface between buffer
and CaCl, solutions disappeared ~3 mm from the third
junction. The gelled layers gradually widened to contact
the array of MOMs from two sides of the alginate flow. The
contact process must be sufficiently rapid to keep the array
of MOMs uniform. Thus, 0.5 M CaCl, solution was chosen
to achieve rapid cross-linking speed (Thomas et al. 1995).
The alginate flow was transformed into a hydrogel micro-
fiber ~1.5 cm from the third junction. Figure 3a3 shows the
boundary of a microfiber appears in the buffer laminar flow,
which is caused by the flat shape of the microfiber (Yam-
ada et al. 2012). The flat shape of the hybrid microfiber is
also evidenced by the bent parts of microfibers observed
in Fig. 3b. The length of the gelation microchannel deter-
mines the time that the alginate solution cross-linked with
CaCl, solution. If the gelation microchannel is too short,
the MOMs might fall out of the alginate microfiber because
of insufficient cross-linking. Conversely, if it is too long,
the microchannel might be blocked by the generated
microfibers. We found that a gelation microchannel with
a length of 2.2 cm allowed the MOMs to be fixed tightly
in the alginate microfibers without blocking the channel.
Because the microfluidic outlet was immersed in the solu-
tion, each microfiber could be smoothly extruded from the
microchannel, as shown in Fig. 3a4. Overall, long hybrid
microfibers encapsulating uniformly distributed MOMs
were fabricated by the microfluidic device. The generated
microfibers resemble peapods, as shown in Fig. 3c, d.

3.2 The effect of flow rates of all solutions

In the hybrid microfibers, the MOM diameter (D), micro-
fiber width (W) and distance between consecutive MOMs
(L) are influenced by the flow rates of all of the solutions
in the microchannel. In this study, three different flow rates
of CaCl, solution (Q. = 1,300, 1,500 and 1,700 nL h™h
were used, and for each CaCl, solution flow rate, a range
of flow rates of alginate solution (Q, = 400, 500, 600, 700,
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Fig.3 a Formation of a hybrid microfiber in the microchannel.
Micrographs (al), (a2), (a3) and (a4) show microdroplet genera-
tion, confluence of all solutions, cross-linking to form a microfiber
and microfiber ejection into the bath solution, respectively. b Opti-

800 and 900 pL h™") was used. Furthermore, for each flow
pattern of alginate and CaCl, solution, a range of flow rates
of magnetic mineral oil solution (Q, = 40, 50, 60, 70 and
80 wL h™') was investigated, this allowed us to study the
effect of CaCl,, alginate and oil solution flow rates on W,
D and L of the hybrid microfibers. The subscripts “c”,
“a” and “0” denote the CaCl,, alginate and oil solution,
respectively. The flow rate of buffer solution was kept at
500 wL h™! to fabricate uniform microfibers (Yamada et al.
2012). The observation location was ~0.5 mm from the out-
let of the microfluidic device, where two boundary lines of
each microfiber could be observed in the gelation micro-
channel. The dimensions of the MOMs generated depended
on the dripping regime. Each monodisperse MOM was
usually followed by a smaller satellite microdroplet, the
volume of which was enough small that its influence was
neglected.

Figure 4 shows a series of representative images of the
hybrid alginate microfibers fabricated in the gelation micro-
channel, where the variation of W, D and L corresponding
to different flow patterns can be observed. W decreased
with a decrease of Q, at constant Q. or increase of O, at

cal image of bent hybrid microfiber. ¢ Optical image of magnetic oil
microdroplets uniformly distributed in an alginate microfiber. d Opti-
cal image of long hybrid microfibers. The scale bars in (al), (a2),
(a3), (a4), and b are all 200 pm

constant Q,. However, Q, hardly influenced W. Figure 5a
shows the average W for different oil solution flow rates as
a function of Q, at three different Q.. Increasing Q, leads to
a much smaller distance between consecutive MOMSs, but
D remains nearly constant. D decreased with increasing Q,.
Keeping Q, constant, increasing Q, lengthens the distance
between consecutive MOMs, while D remains almost con-
stant. Figure 5b shows the average D for different Q. and
Q, with constant Q,. Flow rates Q,, Q. and Q, all influence
L, but the influence of Q, is larger than those of O, and Q,
(Fig. 5¢).

For a fixed Q,, D stays nearly constant as Q, changes.
This is because the flow resistance of induced by increasing
Q, to the alginate flow is too small to measure the change
of diameter of MOMs. Conversely, the higher viscous force
and stronger elongation effect induced by increasing O, can
effectively reduce the diameter of MOMSs. Increasing Q,
accelerates the generation frequency of MOMs to decrease
L. L can be controlled over several orders of magnitude by
modifying Q,, which enables the density of MOMs in the
alginate microfibers to be controlled. For fixed Q, and Q,,
increasing Q, reduces the width of the alginate flow, which
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Fig. 4 Representative hybrid microfibers fabricated using different flow rate patterns. The yellow arrows indicate the location of microfiber

boundary lines. All scale bars are 200 pum (color figure online)

can decrease the flow resistance to MOMs transmitting in
the alginate flow. As a result, L increases because the first
MOM accelerates in the gelation microchannel, while the
second MOM has a constant velocity in the transmission
microchannel. Conversely, the increased width of alginate
flow induced by decreasing Q. can increase flow resist-
ance to decrease L. Similar behavior has been experimen-
tally observed in previous work (Jose and Cubaud 2012).
The decreased width of alginate flow increases its velocity.
The increased velocity of the alginate flow largely compen-
sates for the effect of its decreased width on the total flow
rate of alginate and oil solution through the flow-focusing
junction, so the total flow resistance of alginate and oil flow
in the gelation microchannel remains stable to generate
MOMs with nearly constant diameters for different Q.

3.3 Hybrid microfiber generation model

The alginate hybrid microfibers can keep boundary and
MOMs distribution uniform in limited Q,, Q. and Q..
When Q, < 400 pL h~!, we found the boundary of the
hybrid microfiber formed a necklace-like morphology
because the width of the microfiber was so narrow that
the supporting influence of encapsulated MOMs appeared
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(Yu et al. 2014). The microfiber width was difficult to
clearly define because of the necklace-like morphology.
Conversely, the width of the microfiber might be too wide
to be smoothly ejected out when Q, > 900 pwL h~!. For
400 pL h™' < Q, <900 L h™', the function of CaCl, flow
as a lubricant to assist microfiber extrusion might be lost
when Q. < 1,300 pL h~!. In contrast, the relatively large
flow rate of CaCl, solution reduced the time that alginate
solution resided in the microfluidic channel, which might
make MOMs unstably encapsulated because of insufficient
cross-linking (Shin et al. 2007). When Q, > 80 nL h~!, the
array of MOMs with uniform distribution was difficult to
be kept because of the close distance between consecutive
MOMs (Jose and Cubaud 2012). The distance between
consecutive MOMs might surpass the observed range of
the inverted microscope when Q_ < 40 wL h~!. We thus
chose O, = 400-900 uL h~!, Q. = 1,300-1,700 pL h~!
and Q, = 40-80 uL h™' as flow rate ranges to fabricate
hybrid microfibers with uniform boundaries and MOM
distributions.

As shown in Fig. 5a, W is approximately proportional to
Q, for each fixed Q_ in the abovementioned ranges of flow
rates, which has been experimentally observed in other
alginate microfiber fabrication processes (Shin et al. 2007,
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Yamada et al. 2012). Furthermore, there is also an approxi-
mately proportional relationship between W, and Q. for
a fixed Q,, so we can use two variable linear regression
equations:

O 020a _ Ywhe Oc
2uqh 2uch

— = awRey — ywRec + cw =

+c
Wt v

@)

«Fig.5 a Width of hybrid microfiber versus alginate flow rate
for CaCl, flow rate: Q. Red lines represent the scaling law

W _ -0 N . . .
W = ‘55‘:\% - % + ¢y determined by fitting the experimental

data. Data are expressed as mean—s:d: (n > 150). b Diameter of magnetic
oil microdroplets versus alginate flow rate. The red line represents the
scaling law W%) = f{?":;‘gz + ¢p determined by fitting the experimental
data. Data are expressed as mean—s:d: (n > 150). ¢ Distance between con-

secutive microdroplets L versus oil flow rate O, for different alginate and
>(1+VL)

CaCl, flow patterns. Lines represent the scaling law % =oL (%

Data are expressed as mean—s:d: (n > 60) (color figure online)

to predict W. In Eq. (2), Re, and Re_ are the Reynolds num-
ber used to effectively describe microfluidics; Wy =200 pm
is the width of the downstream transmission microchan-
nel; p, = 1.018 x 10 kg/m® and p, = 1.111 x 10* kg/
m° are the densities of the solutions; #, = 134 mPas and
. = 24 mPas are the viscosities of the solutions; and
a,, =99.43, r, = 11.67 and ¢, = 1.45 are fitting parameters
that are mainly dependent on the microchannel geometry
(Lee et al. 2006). D is approximately proportional to Q,, as

shown in Fig. 5b. We can use the linear equation:

BpaQa

D
_— = C =
PoCaatop =7 "

Wo +¢p 3)

to predict D in the above-mentioned flow-rate ranges, where
Ca, is the capillary number used to describe microdroplet
formation; Wy, = 50 pm and W, = 100 pm are the width
of the magnetic oil and alginate solution inlet microchannel,
respectively; 6,, = 5.7 mN m~! is the interfacial tension;
Sp = 6.13 and ¢, = 3.2 are the fitting parameters related to
the microchannel geometry (Liu and Zhang 2011). The algi-
nate solution was used as a continuous solution in the MOM
fabrication process. The approximately proportional rela-
tionship between the limited flow rate of continuous solu-
tion and diameter of generated microdroplets has also been
experimentally observed previously (Miller et al. 2010). The
five different flow patterns of Q, and O, were matched to
test scaling law Eqs. (1) and (2). The predicted and experi-
ment results are compared in Table 1.

L is determined by the MOM generation frequency and
flow resistance to MOM transmission (Thorsen et al. 2001;
Jose and Cubaud 2012), both of which can be influenced by
0, Q. and Q,. However, it is difficult to find a scaling law
to predict the relationships among Q,, O, O, and L because
they are not linearly related. In this study, we first con-
firmed Q, and Q. to fix the conditions for MOM transmis-
sion and then obtained the desired L by modifying Q,. The-
oretically, any L can be obtained by varying Q, for fixed
alginate and CaCl, flow rates. Figure 5c shows the distance
between consecutive MOMs as a function of Q, for the five
above-mentioned flow patterns. We found that the equation:

L L\ ()
;-a(2)
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Table 1 Comparison of predicted and experiment results for D, W and L

Flow rate Predicted D Experimental D (jum) Predicted W Experimental W (um)  Predicted Q, Experimental L
(mLh™h (wm) (wm) (uLh™h (wm)
Average size RSD Average size  RSD Average size RSD
0,=630 117.45 117.32 0.13  222.54 225.65 2.34 67 308.23 8.34
Q.= 1,550 56 382.23 13.56
44 450.56 11.23
Q, =650 112.13 112.45 0.09  235.54 232.65 1.21 64 301.34 9.12
Q. =1450 54 391.21 9.32
40 473.75 14.21
0,=740 108.13 107.45 0.04  251.543 253.23 3.23 73 312.79 13.54
Q. = 1,600 63 376.35 10.54
54 471.23 12.74
0,=760 108.62 108.60 026  256.749 254.34 2.15 59 309.29 8.45
Q. =1400 49 367.13 10.45
42 459.54 12.76
0,=1820 104.57 103.94 031  239.854 240.231 3.45 76 304.23 9.35
Q. = 1,650 64 375.87 10.74
56 465.23 12.31

Data are expressed as mean—s:d: (n > 100)

fits the data well. In Eq. (4), ¢, and r;_are the fitting param-
eters that are mainly dependent on Ca, and the width of
alginate flow, and these parameters are different for each
flow pattern. For fixed Q,, MOMs with nearly same diam-
eter are generated in the limited Q,, so we can approxi-
mately take D as constant. Yu et al. (2014) observed a simi-
lar relationship between Q. and L. For the array of MOMs
generated at the first flow-focusing junction, if there is not
much mass transfer and marked compressibility effects, the
relationship between L and D is simply (Jose and Cubaud
2012; Sun and Cubaud 2011):

L_, &

p- 04 5)
where ¢; is constant. In our experiment, the width of alginate
flow in the gelation microchannel was always wider than the
width in the first flow-focusing junction. The wider width of
the alginate flow than that of the first junction increases the
flow resistance to MOM transmission, so L decreases when
the MOMs flow into the gelation microchannel. For a fixed
flow pattern, increasing O, enlarges the velocity difference
between the MOMs and alginate flow, which can also increase
the flow resistance to MOM transmission. The increasing
flow resistance accelerates the decrease of L. A similar phe-
nomenon was found experimentally previously (Jose and
Cubaud 2012). Thus, the right item of Eq. (5) could be further
multiplied by ¢1(Qa/ Qo)"t, (c10" < Q0,1 > 0,¢1 > 0)
to obtain the Eq. (4). The value of ¢ Q%" should be less than
that of Q)" due to the increase of flow resistance in gelation
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microchannel. The acceleration on the decrease of L induced
by the increasing Q_ makes the value of fitting parameter: ry.
be more than zero. The fitting parameter: ¢, is constant for
the fixed flow pattern. For each flow pattern, we used the cor-
responding scaling law equation to calculate the predicted
oil flow rates for three desired distances of L = 300, 380 and
460 pm. These predicted oil flows were further used to check
whether the experimental L agreed with the desired values.
The predicted oil flow rate and experimental L are presented
in Table 1.

3.4 Magnetic force acting on MOMs

A series of deflection images of a single MOM (diameter:
D = 135 pm) was obtained with the arrangement shown in
Fig. 6a. The distance from the central axis of the gelation
microchannel to the center of each MOM was taken as the
defection position: y. Given the initial y = ~30 pwm at initial
time ¢ = 0, the dependence of y on t was plotted (Fig. 6b).
The most suitable fit for these deflection position data is
provided by the function:

y(1) = aye™ + ¢y (6)

where a, = 24.025, 6), = —0.663 and ¢y = 3.261 are the fit-
ting parameters. By taking the time derivative of this equa-
tion, the MOMs deflection velocity in the y direction:

dy ,
W@=5=%ww (7
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Fig. 6 a Photograph showing MOM deflection. b Typical MOM tra-
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Average magnetic force exerted on a single MOM versus deflection

is obtained, allowing us to calculate the magnetic force on
MOMs by combining Eq. (7) into Eq. (1):

Fimag = Farag = 37 nDoyoye”’ 8)

Using this method, the trajectories of 20 MOMs y(r)
were obtained, and then the average magnetic force acting
on MOMs depending on deflection distance was plotted
(Fig. 6¢).

The theoretical magnetic force exerted on a MOM can
be calculated by:

3
B(VB) — 2AxCnD’B(VB) ©)
3pko
where N is the number of magnetic nanoparticles in each
oil droplet, 1, is the permeability of empty space, A is the
difference in magnetic susceptibility between the magnetic

NAxVp

Fmag=

100 120 140 160 180 200 220 240

distance. Data are expressed as mean—s:d: (n = 20). d Photograph of
multiple microfibers being induced to form a layer-by-layer assembly
by a magnet (color figure online)

nanoparticles and mineral oil, V), is the volume of a magnetic
nanoparticle (m*), B and VB are the magnetic flux density
(T) and gradient (T/m), respectively, and C and p are the con-
centration and density of the magnetic nanoparticles, respec-
tively. The parameters Ay, C, p and p, are fixed for the same
magnetic mineral oil and alginate solution. Furthermore,
because the conditions used to fabricate magnetic nanopar-
ticles in our experiment were the same as in previous work
(Zhang et al. 2009), we consider that the magnetic nanopar-
ticles are saturated in the magnetic field used here. Thus, the
magnetic forces are proportional to VB for MOMs with the
same diameter. Regarding MOMs with different diameters,
the magnetic forces are proportional to D? at the same VB.
The magnetic forces acting on the whole microfiber can be
calculated by either directly counting the number of MOMs
(Ny) throughout the microfiber or estimating N;:

@ Springer
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Ng (10)

where V.. is microfiber velocity, which could be meas-
ured using the same method as for measuring MOM
deflection velocity, and ¢, is microfiber spinning time.
However, precise control of spinning time should be stud-
ied further.

For previous polymer microfiber assemblies depos-
ited under solution conditions, buoyancy prevented the
microfibers from attaching to the surface of the substrate,
which limited fabrication of complicated 3D assemblies
in solution environments (Ghorbanian et al. 2014). This
problem can be effectively solved by putting a magnet
under the substrate to induce the magnetic microfibers
to deposit. Simultaneously, loose microfiber assemblies
can be compacted using magnetic forces, as shown in
Fig. 6d. The hybrid microfibers produced here show
advantages for magnetic microfiber assembly. First, the
magnetic nanoparticles are encapsulated into MOMs
rather than directly into the alginate microfiber, which
may prevent the potentially negative effect of MOMs on
the cells encapsulated in the alginate microfibers. Sec-
ond, the estimated magnetic force acting on the micro-
fibers allows us to calculate the microfiber deposition
speed in solution. The microfiber deposition speed can
be changed by modifying the concentration of encapsu-
lated MOMs to synchronize with the microfiber spinning
speed, which may allow us to fabricate 3D assemblies
with uniform alginate microfiber distribution.

The controlled structure and estimated magnetic force
of the microfibers may allow selective collection of
microfibers at a target location. This selective collection
may enable microfibers encapsulating different agents to
be released in turn at the same target location. A simi-
lar selective collection process has been studied previ-
ously (Suh et al. 2012). The magnetic oil solution could
be extended to PLGA-DMC solution to produce micro-
fibers that are expected to act as a dual delivery carrier
(Yu et al. 2014). The developed method could be used to
fabricate hybrid microfibers with desired width, diam-
eter of PLGA-DMC microdroplets and distance between
consecutive PLGA-DMC microdroplets. By cutting the
microfiber or controlling the spinning time to meet the
desired number of encapsulated microdroplets, a size-
controlled dual drug microcarrier could be obtained. Con-
trolled size is crucial for drug delivery vehicles to regulate
drug release kinetics. Furthermore, the generated size-
controlled microcarriers could be improved as a smart
drug targeted delivery system with controlled drug release
properties by encapsulating magnetic nanoparticles in
PLGA solution.

@ Springer

4 Conclusion

In this study, MOMs were successfully encapsulated into
alginate microfibers by a microfluidic flow-focusing device
with a long gelation microchannel. Use of a long gelation
microchannel enabled control of CaCl, solution flow rate
during microfiber fabrication and provided an observation
microchannel where we could analyze the effects of the
flow rates of oil, alginate and CaCl, solutions on the fabri-
cation of hybrid microfibers. We developed a hybrid micro-
fiber generation model based on flow rate, which allowed
us to produce hybrid microfibers with desired microfiber
width, microdroplet diameter and distance between the
consecutive microdroplets. A long gelation microchan-
nel also allowed us to measure the magnetic force acting
on a single MOM using a magnetic deflection method. We
further estimated the magnetic forces acting on a hybrid
microfiber by counting the number of encapsulated MOMs.
Benefiting from controlled structure and estimated mag-
netic forces in a specific magnetic field, the generated mag-
netic hybrid microfibers hold great promise for application
in materials science, tissue engineering and regenerative
medicine.
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