nanomaterials WW\D\Py

Article
3D-Printed Concentration-Controlled Microfluidic

Chip with Diffusion Mixing Pattern for the Synthesis
of Alginate Drug Delivery Microgels

Shixuan Cai '*, Hongyan Shi ">, Guogian Li !, Qilu Xue !, Lei Zhao 1-*(, Fu Wang "*© and
Bo Hu 1*

1 School of Life Science and Technology, Xidian University, Xi’an 710126, Shaanxi, China;

sxcai@stu.xidian.edu.cn (S.C.); hyshi@xidian.edu.cn (H.S.); guogianli@stu.xidian.edu.cn (G.L.);
xueql@stu.xidian.edu.cn (Q.X.)

Kunpad Communication Pty. Ltd., Kunshan 215300, Jiangsu, China

Correspondence: zhaolei@xidian.edu.cn (L.Z.); fwang@xidian.edu.cn (EW.); bohu@xidian.edu.cn (B.H.)
t These authors contributed equally to this work.

check for
Received: 16 August 2019; Accepted: 11 October 2019; Published: 12 October 2019 updates

Abstract: Alginate as a good drug delivery vehicle has excellent biocompatibility and biodegradability.
In the ionic gelation process between alginate and Ca?", the violent reaction is the absence of
a well-controlled strategy in the synthesizing calcium alginate (CaA) microgels. In this study,
a concentration-controlled microfluidic chip with central buffer flow was designed and 3D-printed to
well-control the synthesis process of CaA microgels by the diffusion mixing pattern. The diffusion
mixing pattern in the microfluidic chip can slow down the ionic gelation process in the central
stream. The particle size can be influenced by channel length and flow rate ratio, which can be
regulated to 448 nm in length and 235 nm in diameter. The delivery ratio of Doxorubicin (Dox)
in CaA microgels are up to 90% based on the central stream strategy. CaA@Dox microgels with
pH-dependent release property significantly enhances the cell killing rate against human breast cancer
cells (MCF-7). The diffusion mixing pattern gives rise to well-controlled synthesis of CaA microgels,
serving as a continuous and controllable production process for advanced drug delivery systems.

Keywords: 3D-printing; microfluidic chips; concentration controlled; diffusion mixing pattern;
calcium alginate microgels

1. Introduction

Alginate microgels have a wide variety of pharmaceutical and biomedical applications, such
as delivery vehicles of natural medicine [1,2], liquid metal droplets [3], protein [4,5], hydrophilic
and hydrophobic drugs [6], MR imaging [7], cell encapsulation [8,9] and biocatalyst [10], due to its
advantageous features of biocompatibility, low toxicity [11], low cost, magnetic property, controlled
release [12] and stimuli-response [13,14]. Alginate hydrogels have three synthesis methods, including
ionic cross-linking gelation, covalent cross-linking gelation and thermal gelation, in which ionic
cross-linking gelation is the most frequently-used method [15]. However, high solubility of calcium
ions in aqueous solution will lead to a poorly controlled preparation of alginate hydrogels. When the
reactivity of ionic cross-linkers (Ca?") is reduced, the cross-linking process becomes slower, and the
properties of hydrogels are much better [16]. Thus, gelation rates have a critical effect on the gelation
process. The buffer containing phosphate (e.g., sodium hexametaphosphate), insoluble divalent salts
(e.g., CaCOj3, CaSO4) and reaction temperature, have been used to control the gelation process [17].
These methods will introduce new impurities, leading to additional purification processes. Further,
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the environmental pH and temperature might change, leading to lower system stability. Therefore,
there is growing need for the development of a controlled synthesis method of alginate microgels.

Microfluidic platforms can precisely control over fluid flow in the microchannels [18]. Microfluidic
chips have synthesized nano/micro-hydrogels, which have a wide range of biological and medical
applications, such as enzyme-catalyzed reactions [19], cell manipulation [20], tumor screening [21]
and microparticle synthesis [22-25]. Hydrodynamic flow focusing in straight or modular microfluidic
platforms was mostly utilized for producing microparticles. Some studies have demonstrated that flow
focusing in microfluidic chip can produce nanoparticles in a narrow distribution [26,27]. Amanda C. S.
N. Pessoa et al. have used a central aqueous stream configuration to successfully synthesize chitosan
nanoparticles based on an ionic crosslinking manner [28,29]. Adam Bohr et al. have demonstrated
that polyelectrolyte complexation can prepare alginate microgels with small sizes by microfluidic
technology [30]. 3D-printed micromixers have employed the convective mixing process for the
synthesis of alginate microgels with particle sizes of around 200 nm [31,32]. However, the convective
mixing process is too intense and rapid. It may lead to a bulky gelation of alginate hydrogels and
microchannel blocking. Currently, the synthesis of alginate microgels in a diffusion mixing pattern is
still out of reach.

Here, a 3D-printed, concentration-controlled, microfluidic chip for manufacturing alginate
microgels with diffusion mixing pattern was designed to solve the problems of the rapid ionic gelation
rate between alginate and free cations. The diffusion mixing pattern can slow down the gelation
rate in the central stream. Microfluidic chip length and flow rate ratio have been studied. Calcium
alginate (CaA) microgels can efficiently load doxorubicin (Dox), which has been used for breast cancer
chemotherapy in vitro.

2. Materials and Methods

2.1. Materials

Sodium alginate was purchased from Sigma-Aldrich (Saint Louis, MI, USA). Calcium chloride
anhydrous was purchased from Aladdin. Doxorubicin (Dox) was purchased from Sigma. Deionized
water was used for all experiments.

For cell experiments, Trypsin was purchased from Corning cellgro. Fetal bovine serum,
penicillin/streptomycin were purchased from Aladdin. High-glucose Dulbecco’s modified Eagle’s
medium (DMEM) was purchased from Nalgene (Milwaukee, WI, USA). CCK-8 kit was purchased
from DoJinDo (Shanghai, China). Fluorescein diacetate (FDA) was purchased from MP Biomedicals
(Santa Ana, CA, USA). Propidium iodide (PI) was purchased from Sangon (Shanghai, China).

2.2. Microfluidic Devices Design and 3D-Printed Fabrication

The microfluidic chip for preparing CaA@Dox or CaA microgels has three inlets and three outlets
(I mm width x 0.2 mm depth X 5 mm length), one straight mixing channel (1 mm width x 0.2 mm
depth). Four microfluidic chips with length of 30 mm, 40 mm, 50 mm, and 100 mm were used in this
work (Figure S1).

All microfluidic chips were designed and drawn by SolidWorks (SolidWorks 2016) in STL format
and printed via a Projet 3500 HD MAX printer of 3D systems (Rock Hill, CA, USA) with Visjet® M3
Crystal build materials and Visjet® R S300 sacrificial materials.

2.3. Inner and Outer Sacrificial Materials Removal

The outer sacrificial materials of microfluidic chips were removed by heating in 70 °C for 10 min.
The inner sacrificial materials was removed successively by vegetable oil of 70 °C for 30-60 min, and
deionized water for 1 h. A constant flow pump (Shanghai QiTi analytic instrument Inc., Shanghai,
China) was used to pump removers (vegetable oil) into the inner chip channels with the rate of
0.1-0.3 mL/min [33,34].
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2.4. Numerical Simulations

Numerical simulation was used to investigate the diffusion and mixing process in the complex
microchannels. The fluid dynamic and concentration fields were calculated by a commercial analysis
software, COMSOL Multiphysics 5.3a (COMSOL Inc., Stockholm, Sweden). The Laminar Flow
module (spf) and Transport of Diluted Species module (tds) were employed, and the study was set as
“Stationary”. The mesh quality was set as “Finer” controlled by the physical field.

During the simulation, the fluid flow in the channels was solved with the incompressible
Navier-Stokes equations as shown.

u
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where p is fluid density, u = (1, v, w) is the flow-velocity field, p is fluidic pressure, [ is the unit diagonal
matrix, 1 is the dynamic viscosity, and F = (fy, f, f.) is a volume force affecting the fluid. The fluid is
water with p = 1,000 kg/m?, = 0.001 Pa-s, and F = 0 because there are no volume forces.

In addition, the concentration of the dissolved substances in the fluid was described by the
following convection-diffusion equation.

dc

ﬁ—l-V-(—DVc):R—ch 3)
where ¢ is the concentration, D is the diffusion coefficient, and R is the reaction rate. In this model,
D = 1x1072 m?/s, and R = 0 because the concentration is not affected by any reactions.

2.5. Definitions to Evaluate the Mixing Process

Firstly, the Flow Rate Ratio (Ry) was defined as the flow rate of two side streams (Fs) over the flow

rate of middle stream (F.), as shown in the following equation.
LFs
Rf == 4
f=E 4)

Different Ry values during synthesis of CaA microgels were aimed to investigate the effects of the
flow fields on concentration variation rate and particle size.

Secondly, for each microfluidic device, concentration profile was obtained at the microchannel
cross-section by COMSOL software. Mixing efficiency (ME) was calculated by minimum and maximum
variance (o) of the concentration in microfluidic cross-section.

ME =1- [ Zmin )
Omax

where 0., Omax are the concentration variance of minimum and maximum. ME = 0 and ME =1
indicate complete unmixing and mixing.

Thirdly, the Mixing Time (t,,;,) indicates the time that solution distributes uniformly across the
cross-section of the channel. It was calculated by the following equation.

WZ

— (6)
9D (1+R;)’

bmix =

where W and D was channel width and the diffusion coefficient. Ry was flow rate ratio.
Finally, the Resident Time (t,) was defined as the time that solution goes through channel by the
following equation.
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where L, F, S indicate length, total flow rate of channel and cross section area.
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2.6. Fluorescence Assay

Fluorescence assays for the diffusion and mixing efficiency verification were performed in a
microfluidic chip of 100 mm length at flow rate ratio (Rf) of 0.5, 1, 2 and 4. For the side inlet channels,
two syringes were loaded with 10 uM fluorescein solution, and one syringe with deionized water was
used for the central inlet channel. Syringe pumps (ERA-Syringe Pump, USA) were used to adjust the
flow rates of the central water streams (F;) and side dye streams (Fs). The total flow rate (F) was a
constant of 600 uL/min. The fluorescence images were taken with an inverted microscope (Inverted
Research Microscope Eclipse Ti-U, Nikon, Tokyo, Japan). Data was analyzed by MATLAB to extract
the grayscale value of fluorescence pictures.

2.7. Synthesis of CaA and CaA@Dox Microgels

CaA and CaA@Dox microgels were produced on these parameters: total flow rate (F) of 600 pL/min,
sodium alginate and CaCl, concentration of 0.1% (w/v, g/mL), equal side stream flow rate (F;).

Before the microfluidic fabrication of nanoparticles, sodium alginate, CaCl, and Dox were
dissolved in deionized water in the desired concentrations. While sodium alginate was kept overnight
under magnetic stirring, and CaCl, was freshly prepared.

To prepare CaA or CaA@Dox microgels, syringe pumps were employed to introduce the sodium
alginate and CaCl, through two side inlets, while water went through the middle inlet simultaneously
(Figure 1). Productions were collected from middle outlet finally.
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Figure 1. 3D-printed concentration-controlled microfluidic chip for the synthesis of CaA microgels and
the diffusion mixing pattern. (a) Photograph of the 3D-printed concentration-controlled microfluidic
chip. (b) Photograph of the 3D-printed concentration-controlled microfluidic chip of 30 mm. The F,
represents the middle stream flow rate. F; represents the side stream flow rate. F represents the total
flow rate in channels. The scale bar is 3 mm. (c) Schematic representation of the diffusion mixing
pattern where the large differential concentration drives the diffusion of alginate molecules and Ca*
ions into the central stream, and later gradually generating microparticles when traveling along the
microchannels. The formation of products is divided into the following steps: entrance, diffusion,
mixing, gelation, collection.
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2.8. Nanoparticle Morphology

Size distribution, particle size and the zeta potential of CaA and CaA@Dox microgels were
measured by Zetasizer Nano ZS (Marvern, USA). TEM was performed on a JEOLFETEM-2100
transmission electron microscope (JEOL, Japan) under 200 kV accelerating voltage. UV-vis absorption
spectroscopy was obtained on TU-1900 spectrophotometer (Pgeneral, China). The concentration of the
CaA microgels was measured by weighing the dried suspensions after freeze drying for 24 h.

2.9. In vitro Release of Dox

In vitro release of Dox from the CaA microgels was performed in phosphate buffer saline (PBS) of
pH 7.4 and pH 6.5 at 37 °C. Briefly, 700 uL CaA@Dox microgels (20 ng/mL) were placed in a dialysis
bag (MW14000) which was put into 120 mL PBS and shaken (100 rpm) at 37 °C. Fresh medium was
replaced at predetermined times and we collected the medium for a UV measurement (absorbance at
480 nm). The release rate at each time was calculated as the sum of free Dox in the solution over total
Dox before dialysis.

2.10. Cell Culture

MCF-7 and MC7-10A were grown in an incubator at 37 °C with 95% air and 5% CO, in DMEM
supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin solution.

2.11. In vitro Cytotoxicity

The in vitro cytotoxicity of empty CaA microgels and Dox loaded CaA microgels were evaluated
by standard CCK-8 kit assays. MCF-7 and MCF-10A were used. Cells were seeded in a 96-well plate at
a density of 5 x 10* cells (100 pL) per well and incubated for 24 h.

Each well was washed three times with PBS mildly. The serial concentrations of empty CaA
microgels, Dox-loaded CaA microgels, free Dox and deionized water at same volume were added,
respectively. Two rows of 96-well plate were used as a control with 100 uL culture medium only, and
cells in medium, respectively. After incubation for 24 h, 48 h and 72 h, 10 uL. CCK-8 solution was added
to each well and there was incubation for another 1 h. The absorbance was monitored with a GloMax®
Discover microplate reader (Promega, USA) at a wavelength of 450 nm. Cell relative viability was
determined by the following equation.

Abs — Abs j
Relative Cell Viability (%) = — ot “%) (medivam oY) o 1009% ®)

Abs(cell) — Abs (- medium only)

2.12. Live/dead Assay

After incubating cells with CaA microgels, Dox loaded CaA microgels, free Dox and deionized
water for 24 h, 1 pL PI (5 ug/mL) and FDA (5 ug/mL) in medium for each well were added. Then
incubated for another five minutes under the conditions of protection from light. The fluorescence
images were taken with an inverted microscope.

3. Results and Discussion

3.1. Design of 3D-Printed Concentration-Controlled Microfluidic Chip

The concentration-controlled microfluidic chip was investigated to synthesize CaA microgels in a
continuous way. The microfluidic chip consists of three inlets, three outlets, and one straight channel
(Figure 1a,b). It adopts a central flow structure with three tributaries to realize diffusion control and
gelation of ions. CaA microgels are prepared through controlled diffusion and mixing between one
water stream in the middle inlet channel and two reagent streams in the side inlet channels. When the
total flow rate keeps constant, the flow rate ratio can be well-controlled, which was defined as the flow
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rate of two side streams over the flow rate of middle stream. The process of ionic gelation was mainly
carried out in the central stream. CaA microgels were collected from central outlet. Model graph
designed by Solidworks and photographs of chips investigated in this study are shown in Figure S2.

The schematic image of the concentration-controlled microfluidic chip is shown in Figure lc.
A central stream structure has been used to slow down gelation process. Microfluidic chip as an
integrated region consists of three continuous sections, including entrance section, gelation section and
export section. The entrance section is to inject reagent and control reaction conditions. The gelation
section is to prepare CaA microgels (or CaA@drug microgels). The export section has one middle
outlet to collect product and two side outlets to take out unreacted reagents.

The gelation section consists of two consecutive steps. Firstly, the large differential concentration
drives the diffusion of alginate molecules and Ca?* ions into the central stream. Secondly, the gelation
process was carried out with the crosslinking reaction between alginate molecules and Ca?* ions to
form CaA microgels. There are no strict limits between these two consecutive steps. Initially, the
diffusion process is dominant. Later, the mixing process and gelation process can act simultaneously.
The central stream structure generates a transition region for crosslinking and slowing down the
gelation rate. The concentration-controlled diffusion of alginate molecules and Ca** ions have a
significant effect on the gelation rate, reaction rate and properties of microgels.

3.2. Concentration-Controlled Process

To investigate how to manipulate the concentration-controlled process, a multi-physics simulation
software COMSOL was used to calculate concentration of sodium alginate and Ca?* ions in channels
under steady state (details in Materials and methods). The average concentration at the central line of
the cross-section perpendicular to stream direction was calculated to represent the diffusion process
of ions. The error bar represents standard deviation of concentration throughout the central lines.
Four different channel lengths were used to investigate the concentration distribution and diffusion
(Figure 2a—c). The obvious diffusion and incomplete mixing could be seen in the microfluidic chip
with different channel length (Figure S3a—d). Cross sections at sites of 0, 10, 20, 30 mm away from
the inlets had shown that the diffusion from side to central were significant (Figure 2b). While chips
lengthened from 30 mm to 100 mm, the diffusion from side to central increased slowly (Figure 2c).

Chip width and depth were investigated to explore their impacts on the diffusion process
(Figure S4). For the chip width from 0.6 mm to 1.0 mm, the average concentration of alginate at the
central line of the cross-section displayed an increased relationship regarding the length in the range of
0-100 mm. The chip width of 1.0 mm had the highest average concentration. For the chip depth from
0.2 mm to 0.3 mm, the average concentration had the similar increasing trend regarding the length in
the range of 0-100 mm. The chip depth of 0.3 mm had the highest average concentration. The gentlest
mixing process was observed when the depth and width are 0.2 mm and 1 mm, respectively.

The effects of the flow rate ratio (Ry) on the concentration distribution and diffusion were studied
(Figure 2d—f). When Ry increased from 0.5 to 4, the diffusion of sodium alginate in side stream was
significant (Figure S3a-d). Ry of 4 had the highest concentration and increased slowly after the length of
10 mm. Further, Rf was defined as the flow rate of two side streams over the middle stream. Increasing
Ry may lead to more of those reactants adding into the channel and narrower middle reaction area,
which makes the diffusion process not obvious. Therefore, lower Ry are expected to be used for the
dominant diffusion process.

The total flow rate can further affect the concentration distribution. As the total flow rate increased
from 150 to 600 puL/min, the diversity of concentration at different distances were similar (Figure S5).
Therefore, total flow rate has no obvious impact on concentration distribution.
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Figure 2. COMSOL simulation to show the impact of channel length and flow rate ratio (Ry) on
the concentration-controlled process. To explore the impact of channel length: (a) Concentration
distribution of inlets, middle site and outlets of microfluidic chips with lengths of 30, 40, 50, 100
mm. (b) Concentration distribution of cross sections at the distances of 0, 10, 20, 30 mm away from
inlets. (c) Calculate the concentration distribution of cross sections at the distances of 0, 10, 20,
30 mm away from inlets in microfluidic chips of 30, 40, 50, 100 mm. To explore the impact of Ry
(d) Concentration distribution of channel inlets, middle site and outlets under the flow rate ratio of 0.5,
1,2, 4. (e) Concentration distribution of the cross section at the distances of 0, 10, 20, 30 mm away from
inlets. (f) Calculate the concentration distribution of cross section at the distances of 0, 10, 20, 30 mm
away from inlets under flow rate ratio of 0.5, 1, 2, 4. Data are shown as mean+ SEM, n > 50, * p < 0.05,
**p <0.01, ** p < 0.001.

3.3. Fluorescence Assay

To investigate the diffusion and mixing process of the ions in the channels, fluorescence assays
using fluorescein were performed to mimic the alginate and CaCl, streams (Figure 3). The fluorescence
microscopy images were taken along the microchannel at the distances of 0, 10, 50, 70 and 100 mm
away from inlets, respectively.

A customized image processing algorithm based on commercial MATLAB software was used to
calculate the relative fluorescence intensity along channels at different distances. In the 3D-printed
concentration-controlled microfluidic chip with diffusion mixing pattern, the channel presented stable
and continuous laminar flow structure. The lower fluorescence intensity at the middle of the channel
represents that fluorescein diffused from the side of the channel to the central water stream and the
steam’s complete mixing was not achieved. The fluorescence intensity increased along the channel
length (Figure S6). When Ry increased from 1 to 4, the fluorescence intensity increased accordingly. Rrof
4 had the highest fluorescence intensity. It is interestingly noted that the central stream become narrower
as the Ry increased, and the relative fluorescence intensity at middle site was bigger (Figure S6).
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Figure 3. Fluorescence assays performed to investigate the diffusion process of two side streams
composed of 10 uM fluorescein through a 3D-printed concentration-controlled microfluidic device.
Chips with four flow rate ratios (Rf) of 0.5, 1, 2, 4 were explored. Fluorescent microscopy images were
taken at distances of 0, 10, 50, 70, 100 mm away from the inlets of channels. The yellow lines indicate
fluorescence intensity profiles at the corresponding locations. X and Y represent the relative channel
width and fluorescence intensity, respectively. Scale bar was 2 mm.

To reveal the mixing process, the mixing efficiency was investigated by COMSOL (Tables S1 and
S2). The theoretical mixing time for channels with Rf of 05,1, 2,4 were 49.38,27.78,12.35 and 4.44 s,
respectively (Table S2). Resident time that streams flow through channels was 0.6, 0.8, 1.0, and 2.0 s,
respectively. Mixing time was much longer than resident time. Thus, the mixings of reagents along
the channel length were not complete. The incomplete mixing may be attributed to a wide channel.
Meanwhile, the relationship between channel length and mixing efficiency represented a good linear
relationship (Figure S7).

3.4. Synthesis of CaA Microgels

For continuous CaA microgels production, the channel length and flow rate ratio play an important
role on the particle size. CaA microgels were synthesized by different channel lengths and flow rate
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ratios (Figure 4). Combining the channel length and flow rate ratio, particle size can be well-controlled
which have been confirmed in our experiments (Figure 4a—e).
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Figure 4. 3D-printed concentration-controlled microfluidic chip-based fabrication of CaA microgels.
(a) Hydrodynamic sizes intensity distribution of CaA microgels with different channel lengths measured
by DLS. (b) Hydrodynamic particle sizes of CaA microgels with channel lengths measured by DLS. Data
are shown as mean + SEM, n =3, * p < 0.05, ** p < 0.01, ** p < 0.001. (c) Hydrodynamic sizes intensity
distribution of CaA microgels with different flow rate ratio measured by DLS. (d) Hydrodynamic
particle sizes of CaA microgels with different flow rate ratio measured by DLS. Data are shown as mean
+SEM, n =3, *p < 0.05, ** p < 0.01, *** p < 0.001. (e) Hydrodynamic particle sizes of CaA microgels
different channel lengths and flow rate ratios. (f) TEM image of CaA microgels. (g) The hydrodynamic
particle sizes of CaA microgels measured over 77 h using DLS.

The effect of channel length on the particle size was investigated under a given flow rate ratio
of 0.5. The particle size of CaA microgels measured by dynamic light scattering (DLS) (Figure 4a).
The particle size of CaA microgels were gradually increased from 300 nm to 436.5 nm (Figure 4a,b) as
the channel lengthened from 30 mm to 100 mm. CaA microgels synthesized by a channel length of
30 mm had the smallest particle size of 300 nm. It can be attributed to the shorter channel length of
30 mm, which underwent less resident time (0.6 s) and mixing efficiency of alginate (31.8%). In the
following experiments, a microfluidic chip with a channel length of 30 mm was used for synthesizing
CaA microgels.

To investigate the effect of flow rate ratio on particle size, flow rate ratio was studied. When the
flow rate ratio increased from 0.5 to 4, the particle sizes of CaA microgels were increased from 327 to
514 nm (Figure 4c,d). Flow rate ratio of 0.5 has the smallest particle size of 327 nm. For a larger flow
rate ratio, a narrower central diffusion region can generate bigger mixing efficiency and shorter mixing
time. In the following experiments, a flow rate ratio of 0.5 was used for synthesizing CaA microgels.

Transmission electron microscopes (TEM) were used to further study the particle size for
comparison. TEM image of CaA microgels synthesized at the channel length of 30 mm and flow rate
ratio of 0.5 has shown a uniform particles size of around 448 nm in length and 235 nm in diameter
(Figure 4f). In addition, investigation on store time at 4 °C indicates that the particle size of the



Nanomaterials 2019, 9, 1451 10 of 14

as-synthesized CaA microgels can keep constant for 77 h (Figure 4g and Figure S8), confirming their
good stability.

3.5. CaA Microgels for Dox

CaA@Dox microgels were synthesized from 3D-printed concentration-controlled microfluidic
chips via a central stream strategy. When the total flow rate was 600 pL/min, Dox aqueous solutions
were injected into central inlets at the flow rate of 400 puL/min, and two side streams of 100 pL/min.
CaA@Dox microgels were synthesized under different initial Dox concentrations of 25, 50, 100, 200 and
400 pg/mL, which were known as CaA@Dox microgels 1, 2, 3, 4 and 5, respectively.

Comparing CaA microgels with CaA@Dox microgels by DLS, the as-synthesized CaA@Dox
microgels 1 showed more uniform size distribution and larger particle size (Figure 5a). Figure 5b have
shown the particle size of CaA@Dox microgels 1-5. CaA@Dox microgels 3 had the smallest particle
size of 388 nm, and CaA@Dox microgels 5 had the largest particle size of 1,665 nm. These experiments
demonstrate that the introduction of the drug of Dox can increase the particle size of microgels.
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Figure 5. 3D-printed concentration-controlled microfluidic chip for Dox delivered CaA microgels
(CaA@Dox). (a) Particle sizes distribution of CaA microgels and CaA@Dox microgels 3 by DLS. (b) Left
was particle sizes of CaA@Dox microgels 1-5. Right was drug delivery rate of CaA microgels 1-5.
(c) Evaluation of the release rate of Dox in CaA microgels 3 under different pH conditions. (d) Toxicity
assay of CaA microgels 3 under different concentration by CCK-8 kit. The drug administration time
was 48h. (e) Cytotoxicity of CaA@Dox microgels 1-5 and free Dox with different Dox concentrations
against MCEF-7 cells for 48 h. Data are shown as mean + SEM, n = 3, * p < 0.05, ** p < 0.01, *** p < 0.001.
(f) Fluorescence paragraph for live and dead cell assay of CaA@Dox microgels 3, Dox, CaA microgels
and PBS under Dox concentration of 20 pg/L for 24 h. The live cells were dyed by FDA (Ey/Em =
494/520nm), the dead cells were dyed by PI (488/630 nm). Scale bar was 50 pm. (g) Live cell rate
calculated by fluorescence paragraph. Data are shown as mean+ SEM, n = 3, * p < 0.05, ** p < 0.01,
*** 1 < 0.001. (h) Cell survival test of CaA@Dox microgels 3 for 24 h, 48 h, and 72 h on MCF-7. Data are
shown as mean+ SEM, n = 3, * p < 0.05, ** p < 0.01, *** p < 0.001.
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Zeta potential of CaA@Dox microgels were used to study the stability of the samples, which were
shown in Table S3. All microgels had the negative value of zeta potential that is smaller than —37.7 mV.
The more the initial Dox concentration, the less value. It is interesting to note that CaA@Dox microgels
1 of zeta potential of —60.8 mV would come to a condition of excellent stability. Although CaA@Dox
microgels 5 had the zeta potential of —37.7 mV, it was still in a good stability.

The Dox delivery efficiency of CaA@Dox microgels were investigated (Figure 5b). CaA@Dox
microgels 1 had the highest Dox delivery efficiency of 90.7%, and all microgels had the good Dox delivery
efficiency over 80%. Compared CaA microgels with CaA@Dox microgels 3 by UV-vis absorption spectra,
the as-synthesized CaA@Dox microgels had the significant Dox absorption properties (Figure S9).
The aqueous solution color of CaA@Dox microgels exhibited more darker with the increasing initial
Dox concentration. It further confirmed that Dox was loaded successfully into the CaA microgels. In
consideration of the acidic microenvironment in the solid tumor, the drug release behavior of CaA@Dox
microgels was determined at different pH (6.5 or 7.4) [35]. UV-vis absorption spectra of Dox was used
to calculate delivery and release efficiency in this study (Figure S10). The results have shown that
CaA@Dox microgels 3 at lower pH had the accelerated drug release efficiency (Figure 5c).

The biocompatibility of CaA microgels 3 was studied (Figure 5d). The examination of potential
cytotoxicity of pure CaA microgels was cell counting kit (CCK-8) assay, which is widely used for
measuring cell viability (Figure 5d). Human breast epithelial cells, MCF-10A, were incubated with CaA
microgels at different concentrations for 48 h. The results in Figure 5d revealed that CaA microgels had
no obvious toxicity to MCF-10A cells even at high concentration.

As shown in Figure S11a, obvious toxicity was not seen when incubated time increased from
24 to 72 h, and the relative cell viability in all conditions were higher than 75%. The similar
biocompatibility results of CaA microgels for MCF-7 cells were provided in Figure S11b. These results
demonstrated that CaA microgels synthesized in the concentration-controlled microfluidic chip have
good biocompatibility.

More studies were carried out on the chemotherapy effect of CaA@Dox microgels 3 or free Dox
against MCE-7 cells by a cell counting kit (CCK-8) assay. MCF-7 cells that were treated with CaA@Dox
microgels (final Dox concentration of 400 pg/L) only sustained a cell viability of 10.5% after 48 h.
In contrast, MCE-7 cells treated with free Dox of the same concentration sustained a cell viability of
60.2% after 48 h (Figure 5e). This difference can be attributed to the excellent drug delivery efficiency
of CaA microgels.

For a better understanding of the chemotherapy effect, the live and dead cells imaging kit was
carried out. The MCE-7 cells were incubated with PI and FDA after incubating with samples for 24 h,
and then imaged by a fluorescence microscope (Figure 5f). For CaA@Dox microgels, the significant red
fluorescence signal of PI obtained in the fluorescence images, which indicated that CaA@Dox microgels
have the obvious chemotherapy effect on the MCF-7 cells. For Dox, it had a less red fluorescence signal
of PI and a more green fluorescence signal of FDA than CaA@Dox microgels. CaA microgels and
PBS control experiments have only the green fluorescence signal of FDA. The live cell rate further
confirmed the above results (Figure 5g). All these evidences strongly point to the fact that CaA@Dox
microgels can significantly kill the MCF-7 breast tumor cell in vitro.

The chemotherapy effect of CaA@Dox microgels on MCF-7 also have time-dependent and
concentration-dependent properties (Figure 5h). As time expanded from 24 to 72 h, the cell viability
decreased from 48.3% to 5.8% at a final Dox concentration of 400 ug/L. As concentration of Dox increased
from 25 to 400 pg/L after 48 h, the cell viability changed from 99.7% to 12.3%. CaA@Dox microgels had
the similar concentration-dependent properties for 12 h and 72 h. These results suggest that the current
studies have highlighted the good potential of the CaA@Dox microgels in cancer chemotherapy.

4. Conclusions

In summary, a novel concentration-controlled microfluidic chip is successfully designed
and 3D-printed for the synthesis of CaA microgels based on the diffusion mixing pattern.
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The 3D-printed concentration-controlled microfluidic chip exhibits strong channel length- and
flow-rate-ratio-dependent particle sizes of CaA microgels in the central stream, which is well aligned
with the diffusion mixing pattern from the side stream to the central stream. The excellent drug
delivery efficiency also makes the central stream as an idea for a controllable synthesis strategy for
drug delivery. Owing to the remarkable biocompatibility, drug delivery and pH-dependent release
efficiency of CaA@Dox microgels, satisfying cancer treatment, can be achieved. Most importantly,
the proposed diffusion mixing pattern in the 3D-printed concentration-controlled microfluidic chip
would provide a simple but controllable synthesis strategy to synthesize CaA microgels, which can
helpfully load hydrophilic chemical agents with tunable size. This proof-of-concept about 3D-printed
concentration-controlled microfluidic chip with diffusion mixing pattern may be developed as an
important synthesis technique to fabricate other kinds of functional nano- and microparticles for
drug delivery.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/10/1451/s1.
Table S1: The Rf, F¢, Fs, tyix, and ME by diffusion in microfluidic channels, Table S2: The channel length, tres, and
ME by diffusion in microfluidic channels, Table S3: Zeta potential of CaA@Dox at different Dox concentration,
Figure S1: Solidwoks draw of the microfluidic chip for generating CaA or CaA@Dox microgel. The microfluidic
chip with different length of (a) 30 mm, (b) 40 mm, (c) 50 mm, (d) 100 mm. Scale bar: 10 mm, Figure S2: Fabrication
and assembly process of 3D-printed concentration-controlled microfluidic. (a) Model map of chip. (a) 3D-printed
chip of different channel length, Figure S3: Channels simulated by COMSOL with channel length of 30 mm (a),
40 mm (b), 60 mm (c), 100 mm (d) and flow rate ratio of 0.5 (e), 1 (f), 2 (g), 4 (h), Figure S4: Simulation experiments
to explore effect of chip depth and width. (a) Effect of width and simulation on alginate. (b) Data analysis of
simulation on alginate at different depth (0.6, 0.7, 0.8, 1.0 mm). (c) Effect of depth and simulation on alginate.
(d) Data analysis of simulation on alginate at different width (0.2, 0.3 mm), Figure S5: Simulation experiments
to explore influences by total flow rate (F), Figure S6: Fluorescence intensity analyzed at different Ry, Figure S7:
Fluorescence intensity analyzed at different R, Figure S8: Size distribution of CaA microgel at different store time
at 4 °C, Figure S9: UV spectra (a) and Paragraph (b) of CaA@Dox microgel, Figure S10: (a) Ultraviolet absorption
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