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ABSTRACT: Monodisperse carboxymethyl cellulose containing phenolic groups (CMC-Ph) microdroplets with a radius of 100-400 um
and a coefficient of variation below 3% were produced in a coflowing microfluidic device. The CMC-Ph solution containing horse-
radish peroxidase was used as the disperse phase and liquid paraffin containing H,O, and lecithin as the continuous phase. The size
of microdroplets decreased with the decreasing diameter of the inner channel and concentration of the disperse phase. When using a
0.04% CMC-Ph solution and the device with the inner diameter of 160 um, the size of the microdroplets can be further controlled
by the flow rates of both the continuous phase and disperse phase following exponential models. The volume of the microdroplet
was not inversely proportional to the flow-rate ratio of the continuous phase to the disperse phase. There was a weak dependence of
the volume on the flow of the continuous phase. The monodisperse microparticles possessed potential application for sensor, drug

delivery system, cell encapsulation, catalysis, and imaging. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40663.
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INTRODUCTION

Polymer-based microparticles have attracted considerable atten-
tion for applications including sensor, energy conversion and
storage, drug delivery system, cell encapsulation, and imaging.'™
Various methods, such as mechanical stirring,” precipitation,®
and layer-by-layer deposition,” are endeavored to prepare
narrow-size-distributed microparticles. However, monodisperse
microparticles with control over size, internal structure, and
properties are in great demand for precisely quantifying the
encapsulated substances. Recent advances in microfluid designs
have brought the field of microfluidics to the forefront of the
preparation of microparticles.'®"? Over the conventional meth-
ods, microfluidics allows the production of microparticles in a
consistent and controllable manner due to the characteristic lam-
inar flow dynamics."’

The microdroplets prepared via microfluidic route can be gelled
physically or chemically. Physical-crosslinking gels via ionic
interactions are simple to be produced, but usually questioned
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by their reversibility.'"* The chemical crosslinking of gels has
usually been achieved by crosslinker'® or UV initiation,'® how-
ever, the chemical initiator/crosslinker or UV light has potential
harmful effect on the bioactivity of biomacromolecules encapsu-
lated. Enzymatic reaction has recently attracted much attention
due to its low toxicity, mild reaction, stereochemistry, high reac-
tion velocity, high enantio-, regio-, and chemo-selectivity.'”
Horseradish peroxidise/hydrogen peroxide (HRP/H,O,) is a
common enzymatic system, where peroxidases functioned as
oxidoreductases to catalyze the oxidation of donors using H,O,.

Polysaccharides with phenolic groups (Ph) for HRP-catalyzed
gelation of microdroplets via microfluidic route, such as hyal-

20 . 21
or chitosan,” have been syn-

uronic acid,'® alginate,19 dextran
thesized by conjugating with tyramine that is usually found in
ripe cheese, wine and fermented or aged foods. Compared with
these polysaccharides, the easily available carboxymethyl cellu-
lose (CMC) with high purity and low cost is very attractive.*”
CMC has much application for food, cosmetic and pharmaceu-

tical or biomedical products owing to its water-solubility,
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biodegradability, and biocompatibility.”> Sakai et al. have
attempted to modify CMC with tyramine,®* and then prepared
cell-laden CMC microspheres on a microfluidic device via HRP/
H,0,,”> demonstrating a good model for the encapsulation of
live cells.

The 4-Hydroxybenzylamine, having primary
hydroxyl groups on both ends, respectively, is an intermediate
used for synthesizing medicine or functional material. In this
study, we synthesized a 4-hydroxybenzylamine modified CMC
(CMC-Ph) and prepared monodispersed CMC-Ph microdrop-
lets of tunable radius ranging from 100 to 400 pm via a micro-
fluidic device. As far as we know, CMC modified with
4-hydroxybenzylamine has not been reported by other labs. In
the microfluidic device, the aqueous CMC-Ph solution (the dis-
persed phase) was infused through the inner microchannel into
coflowing liquid paraffin containing H,O, and lecithin (the
continuous phase) to form CMC-Ph emulsion that was then
solidified through enzymatic reaction. The mean radius of the
CMC-Ph microparticles and the coefficients of variation (CV)
were calculated. We detailed the dependencies of droplet size on
changes in channel dimension, polymer concentration, and flow
rates, and discussed a model of the size of CMC-Ph
microdroplets.

amine and

MATERIALS AND METHODS

Materials

1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDC), N-hydroxysulfosuccinimide (NHS), HRP (250 units/
mg), lecithin, 4-hydroxybenzylamine, 1-hydroxybenzotriazole
hydrate (HOBT), and 2-(4-morpholino)ethanesulfonic acid
(MES) were obtained from Qiyun Biotech (China). Aqueous
H,0, (30%, w/w) and liquid paraffin were purchased from
Dalu Chemical Reagent (China). All reagents were analytical
grade and used as received.

CMC with weight-average molecular weight (M,,) of 1.0 X 10°
was purchased from Jingchun Chemical Reagent (China).
CMC-Ph was synthesized as following: CMC was dissolved in
300 mL of MES buffer (50 mM, pH 6.0) at 1.0 % (w/v) and
stirred for 30 minutes at 25°C to prepare a clear CMC solution.
4-Hydroxybenzylamine was added to the solution at a weight
ratio of 1 : 0.56 (CMC:4-hydroxybenzylamine) and stirred for
20 minutes. NHS, HOBt, and EDC were then added in order at
a weight ratio of 1 : 0.26 : 0.68 : 0.70 (CMC : NHS : HOBt :
EDC). The mixture was magnetic stirred for 24 hours and then
dialyzed against deionized water using an ultrafiltration mem-
brane (molecular weight cutoff = 3500 Da) at 25°C. In the pro-
cess of dialysis, the existing water was replenished every 2—4
hours. Four days later, the resultant polymer solution was
enriched by a rotary evaporator (100 rpm) at 50°C, frozen at
—20°C overnight, and subsequently lyophilized (—65°C, 6 pa)
for 12 hours.

Preparation of CMC-Ph Microparticles

Microfluidic devices with diameters of 160, 260, and 340 um
for the inner channel were used for preparing CMC-Ph micro-
particles, respectively. Two immiscible fluids, the dispersed
phase and the continuous phase, were injected into the devices
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using microsyringe pumps (Baoding Longer TS-1B/W0109-1B,
China). CMC-Ph was dissolved in ultrapure water containing
HRP (10 units/mL) as the dispersed phase. The continuous liq-
uid paraffin phase containing H,0, and lecithin was prepared
as follows: 1.25 mL of aqueous H,O, was added into 250 mL of
liquid paraffin. The mixture was magnetically stirred for 12
hours at 25°C and centrifuged at 2000 rpm for 10 minutes. The
lower aqueous H,O, solution was discarded. Then, lecithin
(droplet stabilizer) was dissolved at 3.0% (w/v) into the col-
lected upper liquid paraffin containing H,O,. In the microflui-
dic devices, the dispersed phase was slowly injected into the
inner channel, while the continuous phase was injected into an
inlet in a perpendicular direction and flowed along the space
between the inner and outer channel. The pressure-driven flow
of the dispersed liquid subsequently broke into equal-sized
droplets at the end of the inner channel.

Characterization

Rheological behavior of CMC-Ph solutions with different con-
centrations was measured by using a TA ARES/RFS rotational
viscometer at 30°C. The employed shear rate varied from 0.01
to 250 s~ ', and viscosity or stress was identified. The solutions
were prepared by mass using a XS105DU balance (Mettler
Toledo, Switzerland) with a precision of 107> g.

Density of CMC-Ph solution was determined using 25 cm’ of
Gay-Lussac pycnometer. The pycnometer containing the solu-
tion was thermostated to maintain at 30°C. The density was cal-
culated according to the following formula:

Pz:—mzimopl (1)

m, —m

where myj is the mass of the empty pycnometer, m; is the mass
of the pycnometer full of the reference solution, m, is the mass
of the pycnometer full of CMC-Ph solution, p; is the density of
the reference solution, p, is the density of CMC-Ph solution.
Each density value was the average of five measurements.

A SMZ-DM200 stereomicroscope (Optec, China) equipped with
a color CCD camera was used to record the formation of the
microdroplets. Images were downloaded digitally, and the
number-average diameters and coefficients of variation (CV,
defined as the ratio of standard deviation to the mean) were
characterized by analyzing optical microscopy images of 100
particles.

; 1/2
. =2 =
cv= (Z [ (ai—a) /n]> /d 2)
i=1
Where di was the diameter of the ith microdroplet, n was the
total number of the microdroplets counted (100), and d was
the average diameter.

RESULTS AND DISCUSSION

Schematic Microfluidic Process

CMC-Ph was synthesized through EDC/NHS coupling agents.
Figure 1(a) presents the chemical structure of CMC-Ph with the
grafted phenolic groups that had a characteristic UV absorbance
peak at 275 nm.”® CMC-Ph microdroplets were prepared via a
microfluidic process. When CMC-Ph solution was injected into
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Figure 1. Schematic drawing of the formation of CMC-Ph microgels: (a)
Chemical structure of CMC-Ph; (b) Microfluidic process of the formation
of CMC-Ph microdroplets; (c¢) Chemical structure of CMC-Ph microgels.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

a flow of liquid paraffin, it was axisymmetrically pinched by the
continuous flow, resulting in the elongation of the CMC-Ph
streams [Figure 1(b), left], which spontaneously separated and
broke up into microdroplets [Figure 1(b), right]. Series of con-
trolled break-up of the coaxial fluids led to the production of
highly monodisperse microdroplets.

Once the CMC-Ph droplets were in contact with the continuous
phase (H,0,/liquid paraffin emulsion), the micelle around the
droplets would aggregate and form an interphase between water
(microdroplets and H,0,) and oil (the continuous fluid). Then,
H,0, would diffuse into the aqueous phase and the CMC-Ph
microdroplets solidified into a gel afterward via the enzymatic
reaction [Figure 1(c)], resulting in polyphenols linked at the
aromatic ring by C—C and C—O coupling of phenols.”” The
sustaining diffusion of H,O, from the continuous phase to the
droplets caused the gelation of the microgels in the followed
downstream channels.

It is usually believed that the Rayleigh-Plateau hydrodynamic
instability arising in the channel between the dispersed and con-
tinuous phases is effectively combined for the formation of
monodisperse droplets. The mechanism of drop formation is a
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balance of interfacial tension and the shear of the continuous
phase acting on the dispersed phase.®** Two dimensionless
numbers that significantly contribute to the final droplet diame-
ter are identified, Capillary number (C,= uv/y) and Reynolds
number (R, = pvd/u), where p is the viscosity, v is the flow
rate, y is the interfacial tension, p is the density, and d is the
equivalent diameter. Viscosity and density of CMC-Ph solution
with different concentration has been illustrated in Table I.
CMC-Ph solution with the concentration in 0.02-1.00% range
showed a Newtonian characteristic, although the CMC solution
is believed to be a typical non-Newtonian fluid.’>*'

Controlled Preparation of CMC-Ph Microparticles on Three
Microfluidic Devices

Figure 2 illustrates the light microscope images of the micro-
droplets being formed in the microfluidic devices with the dif-
ferent diameters of inner channels along with the size
distribution. CMC-Ph solution (0.04%) was injected at a flow
rate of 10 uL/min (Q,), and the rate of continuous phase (Q.)
was fixed at 10 mL/min. In these microfluidic devices, liquid
paraffin was selected as the continuous phase because it was
inert and immiscible with the CMC-Ph solution. The resulted
microdroplets were in round shape with smooth surface, and
coalescence was absent in a well-controlled flow field [Figure
2(a—c)].

The mean size and size distribution of the microdroplets were
calculated based on the images. As the diameter of inner chan-
nel increased, the radius of microdroplets increased significantly
from 116.87 = 1.47 um to 186.15 = 2.75 um. The size distribu-
tion of the microdroplets was unimodal with CVs less than 3%,
illustrating good monodispersity in size.”> The Capillary num-
ber and Reynolds number of the disperse fluids (C,q and R.q)
and of the continuous fluids (C,. and R..) were presented in
Table II. Ry and R.. were quite low, in order to ensure stable
laminar flows. The C,4 and C,. increased as the diameter of the
channel decreased. Usually, a reduction in the characteristic
dimension of the microfluidic system generates smaller particles,
which is one of the most efficient routes to a reduction in
microdroplets diameter.>> The microfluidic device with the

Table I. Viscosity and Density of the Disperse and the Continuous

Liquids
CMC-concentration Viscosity Density
Sample (Wt %) (pa-s) (g/cm?3)
Disperse 0.02 0.0011 0.9992
fluid
0.04 0.0015 0.9990
0.20 0.0028 0.9991
0.40 0.0031 1.0016
0.60 0.0041 1.0023
0.80 0.0047 1.0032
1.00 0.0054 1.0034
Continuous - 0.0330 0.8650
fluid
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Figure 2. Micrographs of the CMC-Ph microparticles being formed in the microfluidic devices with different inner-channel diameters and the size distri-
bution: (a,d) 160 um; (b,e) 260 um; (c,f) 340 um. CMC-Ph concentration = 0.04%, Q;= 10 uL/min, Q.= 10 mL/min. Scale bar = 500 um. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

inner-channel diameter of 160 um (Device 1) was used for fol-
lowing studies.

Tunability of CMC-Ph Microparticles Size on the
Concentration of the Dispersed Fluid

Figure 3(a) presents the size of the CMC-Ph microdroplets,
being obtained at Q;=10 pL/min, Q.= 10 mL/min. As the
concentration of the CMC-Ph solution increased from 0.04% to
5.0%, the radius of the CMC-Ph microdroplets increased, in
concordance with the argument that highly viscous liquids were
emulsified into larger droplets.®® The result clearly showed that
the concentration of CMC-Ph solution had great effect on the
size of CMC-Ph microdroplets.

The microparticles (5% CMC-Ph) containing black ink as an
indicator were prepared and centrifuged at 2000 rpm for 10
minutes. The isolated microparticles were then removed from
the continuous phase into water, as shown in Figure 3(b). The
microparticles swelled and their diameter was 1.7 times of those
in the continuous phase. Although carbon black was not well
distributed, it could be clearly seen that the swollen CMC-Ph
microgels maintained round shape due to the HRP-H,0, cross-
linking reaction.

Flow Rates-Dependence of the Size of CMC-Ph

Microparticles

For a given solution, the dynamics of the breakup in a confined
geometry of a microfluidic device can be easily controlled by Q,
and Q, at the point where the breakup occurs. We snapped the
droplets just before the breakup (Figure 4). When Q, and Q.
were 10 uL/min and 2 mL/min, respectively, two droplets coex-
isted along the flow direction with a distinct interface (a). As
Qg increased over 60 uL/min (b,c), no coexisting of droplets
presented. One large droplet was pushed forward with a small
column in the end. When Q, increased at a fixed Q; (10 uL/min),
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a slim column presented (d) and diminished gradually when Q.
was over 6 mL/min (e, f). The morphology of droplets just before
the breakup was quite different. Round-shape droplets hung on
the outlet at the increased Q; whereas the stretching droplets
appeared at the increased Q. Once flowed away from the outlet,
the stretching droplets recovered into round-shape.

The gap between the droplets is a crucial parameter because it
determines the yield of the CMC-Ph microdroplets. Also,
proper gap is imperative to prevent coalescence among the fresh
droplets. The flow rates of the disperse fluid and the continuous
fluid were controlled properly by two independent syringe
pumps to obtain independent droplets with a stable periodic
generation. The resulting uniform microdroplets with identical
gaps flowed along the channel (Figure 5). The gap increased as
the flow rate of the continuous phase increased (a;—c;, Q;= 120
uL/min), with the frequency of generation was 95, 106, and 137
droplets per minute, respectively. As the flow rate of the dis-
persed phase decreased from 120 uL/min to 60 pL/min, the gap
increased (a,—c;, Q.= 2 mL/min), while the amount of droplets
per minute decreased to 80 (Q;=90 uL/min) and 61 (Q;= 60
uL/min).

Table II. C, and R, of the Disperse and Continuous Fluids in Three
Microfluidic Devices

Diameter of
Microfluidic  inner-channel  C.q
device (um) (X10%)  Reg Cac  Rec
Device 1 160 2.57 0.87 2.03 24.40
Device 2 260 0.97 0.54 0.74 1470
Device 3 340 0.57 0.41 0.49 1208

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40663
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Figure 3. (a) Size of CMC-Ph microparticles being prepared with different CMC-Ph concentration (Q;= 10 uL/min, Q.= 10 mL/min); (b) Micrograph

of CMC-Ph microgels in water, Scale bar =200 um. (CMC-Ph concentration = 5%, Q;= 10 uL/min, Q.= 10 mL/min).

The variation in size was quantified by the changes in Q, while = R.g=0.174) showed maximum radium of 377.80 £4.17 um at
fixing Q  at 2 uL/min. As shown in Figure 6(a), the microdrop- Q.= 0.5 mL/min, which dropped to 93.17 = 1.95 um when Q,
lets being prepared by 0.04% CMC-Ph (C,g=0.515 X 107 increased to 15 mL/min. As Q. increased, C,. and R.. increased

Q=10 pL/min
Q-=2 mL/min

Q= 60 pL/min
Q. =2 mL/min

Q.= 90 pL/min

@) Q- =2 mL/min

(b) (©)

Q.= 10 pL/min Qa= 10 plL/min Qd =10 uL/min

Q- =4 mL/min Q.= 6 mL/min =10 mL/min

(d) (e) (f)

Figure 4. Snapshots of the breakup of the droplets under different hydrodynamic conditions: (a) Q;= 10 uL/min, Q.= 2 mL/min; (b) Q;= 60 uL/min,
Q,=2 mL/min; (¢) Q;=90 uL/min, Q.=2 mL/min; (d) Q;= 10 uL/min, Q.= 4 mL/min; (¢) Q;= 10 uL/min, Q.= 6 mL/min; (f) Q;= 10 uL/min,
Q.= 10 mL/min. Scale bar =200 um. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 5. Snap photographs of the separated microdroplets produced along the channels. (1) Effect of Q. on the gap of the microdroplets (Q;= 120 uL/
min): (a;) Q.= 1.5 mL/min; (b;) Q.=2.0 mL/min; (¢;) Q.= 2.5 mL/min; (2) Effect of Q; on the gap of the microdroplets (Q.=2 mL/min): (a,)
Q=120 uL/min; (by) Q;=90 uL/min; (c;) Q= 60 uL/min. Scale bar =500 um. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

and fell in the range of 1.01-30.42 and 12.20-365.98, respec-
tively. Similarly, the radium of microdroplets being prepared by
1.00% CMC-Ph decreased from 472.73*+553 um to
165.00 = 3.08 um. As expected, an increase in flow rate of con-
tinuous fluids resulted in smaller microdroplets at a fixed
CMC-Ph flow rate.® The flow rate of the continuous phase
affected the size of the microdroplets according to exponential
models as egs. (3) and (4), respectively, for 0.04% and 1.00%
CMC-Ph samples.

Y=321.4 exp (—X/3.3)+92.7(R*=0.9968) (3)
Y =345.7 exp (—X/3.8)+159.2(R*=0.9973) (4)

X: flow rate of the continuous phase, Y: radius of CMC-Ph
microdroplets.

Microdroplets size as a function of the flow rate of the dis-
perse phase was shown in Figure 6(b). The microdroplets
were prepared by using 0.04% or 1.00% CMC-Ph solution as
the dispersed fluids and fixing Q. at 10 mL/min. By changing
Q, from 0.75 pL/min to 60 uL/min for 0.04% CMC-Ph sam-
ple (C,.=2.028, R.q=124.398), we obtained microdroplets
with radius from 106.71 £2.42 um to 151.42 =255 um.
When Q, went up, C,q increased from 0.19 X 107* to
46.31 X 107%, and R.q from 0.07 to 15.70, respectively. For
1.00% CMC-Ph sample, the radius of microdroplets

increased from 157.44 £3.15 um to 237.22 = 3.85 um, as Qy
increased from 2 pL/min to 50 uL/min. The exponential eqs.
(5) and (6) are respectively for 0.04% and 1.00% CMC-Ph
samples.

Y=-54.2 exp (—X/31.6) + 159.3(R*=0.9824) (5)
Y =—86.2 exp (—X/16.3) +240.7(R*=0.9728) (6)

X: flow rate of the dispersed phase, Y: radius of CMC-Ph
microdroplets

Model of the Size of CMC-Ph Microparticles

According to the rate-of-flow-controlled break-up mechanism,
the volume of the microdroplet (V) is inversely proportional
to the ratio of the flow rates: V o (Q/Q) ".*° In this for-
mula, the volume of a microdroplet was calculated as V= (4/
3)n(R)?, where R is the radius of the microdroplet. The
dependence of the droplet-volume on the flow-rate ratios was
monitored as the flow rate of the continuous fluid (open
square, [1) or the disperse fluid (closed square, H) was kept
constant [Figure 7(a)]. The increase in the flow-rate ratio of
the continuous fluid to the disperse fluid resulted in a decrease
in droplet size, perhaps due to the increasing shear stress
imposed on the disperse fluid. Obviously, the rate-of-flow-
controlled break-up model did not predict the volume of the
microdroplet well.

w 0.04%, Y =321.4 exp (-X/3.3) + 92.7 (R* = 0.9968)

500
e 1.00%, Y=3457 exp (-X/3.8) + 159.2 (R* = 0.9973)
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Figure 6. Relationship between flow rates and microdroplets size obtained by using the CMC-Ph concentration of 0.04% and 1.00%: (a) Effect of Q. on
the radius of microdroplets at a constant Q, (2 uL/min); (b) Effect of Q, on the radius of microdroplets at a fixed Q. (10 mL/min).
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Figure 7. Dependence of the flow rate ratios on the volume of the microdroplets (a) and on the volume of the microdroplets devided by the correction
index k (b). CMC-Ph microdroplets were obtained at CMC-Ph concentration (0.04%) and inner-channel diameter (160 pm): (H) Q.= 10 mL/min,
Q;=10.75 ~ 180 uL/min; ((J) Q;=2 uL/min, Q.= 0.5 ~ 15 mL/min. [Color figure can be viewed in the online issue, which is available at wileyonlineli-

brary.com.]

The shearing mechanism relates to the diameter of the droplet to
the reciprocal of the capillary number, which yields a much
stronger dependence on the ratio of the rates of flow V o (Q/
Q,) . Stone and coworkers have suggested that low viscosity flu-
ids break up according to the rate-of-flow-controlled mechanism,
whereas the fluids of higher viscosity gradually depart from this
model, showing gradually weaker dependence of the volume of
droplets on the rates of the continuous fluid.>* Therefore, we
introduced a correction index, a relative ratio of two flow rates
of the continuous fluids k= (Q.m/Qo)% to examine the role of
the flow rate of the continuous fluid in the break-up process.
The dependence of V/k on QJ/Q, ratio (250-7500) was evaluated
[Figure 7(b)]. The curve being obtained at Qg of 10 mL/min
was chosen as a base line (M), and Q. was altered from 0.5 to
15 mL/min. When « altered from 1.1 to 1.4, the corrected data
got close to the base line, showing a weak dependence of the
droplet-volume on the flow rate of the continuous fluid.

CONCLUSIONS

Monodisperse CMC-Ph microdroplets were obtained in the
coflowing microfluidic devices. The radius was tuned in the range
of 100 to 400 um by changing the dimension of the microchan-
nels, CMC-Ph properties, and the flow rates of the disperse phase
and the continuous phase. As the diameter of the inner channel
or the concentration of CMC-Ph decreased, the size of micropar-
ticles decreased. The flow rates of the continuous phase and the
dispersed phase affected the size of the microdroplets according
to the exponential models. The break-up process did not fully fit
the rate-of-flow-controlled mechanism, and showed a weak
dependence of the droplet-volume on the flow rate of the contin-
uous fluid. CMC-Ph could be used to produce monodisperse
microparticles with precise control over their sizes, size distribu-
tions, and morphologies, which might encapsulate drug, cell, cat-
alyst or tracer for biomedical application.
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