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SPECIAL ISSUE: Biomaterial Foundations of Therapeutic Delivery
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ABSTRACT  Microparticles have a demonstrated value for
drug delivery systems. The attempts to develop this tech-
nology focus on the generation of featured microparticles for
improving the function of the systems. Here, we present a
new type ofmicroparticles with gelatin methacrylate (GelMa)
cores and poly(L-lactide-co-glycolide) (PLGA) shells for syn-
ergistic and sustained drug delivery applications. The mi-
croparticles were fabricated by using GelMa aqueous solu-
tion and PLGA oil solution as the raw materials of the mi-
crofluidic double emulsion templates, in which hydrophilic
and hydrophobic actives, such as doxorubicin hydrochloride
(DOX, hydrophilic) and camptothecine (CPT, hydrophobic),
could be loaded respectively. As the inner cores were poly-
merized in the microfluidics when the double emulsions were
formed, the hydrophilic actives could be trapped in the cores
with high efficiency, and the rupture or fusion of the cores
could be avoided during the solidification of the micropar-
ticle shells with other actives. The size and component of
the microparticles can be easily and precisely adjusted by ma-
nipulating the flow solutions during the microfluidic emulsi-
fication. Because of the solid structure of the resultant mi-
croparticles, the encapsulated actives were released from the
delivery systems only with the degradation of the biopolymer
layers, and thus the burst release of the actives was avoided.
These features of the microparticles make them ideal for drug
delivery applications.
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INTRODUCTION
Microparticles have been extensively studied as delivery ve-
hicles of proteins, peptides, and some small molecule drugs
[1–6]. Compared with conventional forms of drug delivery
via long-term frequent oral intake or injections to maintain

a constant drug concentration, microparticle-based deliv-
ery systems can control both the level of the drugs and their
lifetime in the body, and improve pharmacokinetics by sus-
tained release of the drugs. Thus, the disadvantages of po-
tential overdose upon administration and patient inconve-
nience during the drug delivery can be effectively avoided
[7–10]. In addition, microparticle-based systems are able
to deliver drugs at the site of interest to avoid biological
and/or metabolic barriers, and this can lead to higher ef-
ficiency of drug delivery, lower doses, and reduced side ef-
fects [11,12]. These microparticle-based drug delivery sys-
tems are composed of a biodegradable polymer matrix en-
capsulating therapeutic agents [13–15], that can be fabri-
cated by a variety of physical and chemical methods, in-
cluding phase separation, spray drying, emulsifying sol-
vent evaporation [16], etc. However, these microparticles
usually have a broad size distribution, a great diversity in
structure and a high initial burst release, all of which can
reduce the drug delivery efficiency [17]. Furthermore, be-
cause of the simple structure and content of the micropar-
ticles, synergistic delivery of two or more drugs, in par-
ticular the hydrophobic and hydrophilic agents, is difficult
[18–20]. The multidrug delivery systems are a promising
strategy to overcome drug resistance, minimize potential
toxicities by countering biological compensation, and al-
low reduced dosage of each agent [21,22]. Therefore, mi-
croparticles with controlled size, structure and content are
needed for the development of efficient drug delivery sys-
tems [23–25].

Because of their capability of generating monodis-
perse emulsions and executing precise control over the
suspended droplets inside the microchannels and their
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operation, microfluidic emulsification technologies have
become a powerful tool for controllable fabrication of
microparticles with desired properties [26–28]. The de-
gree of control afforded by microfluidics is highlighted
by the ability to generate controlled multiple emulsions
of double, triple, and an even higher-order, where the
size and number of encapsulated droplets can be manip-
ulated with high accuracy [29]. Based on the microfluidic
technologies, varieties of hydrophobic and hydrophilic
active ingredients can be simultaneously encapsulated
into the double emulsions, which are further solidified to
form stable polymers or microcapsules for the synergistic
drug delivery systems [30–35]. However, because of the
thermodynamic instability, these double emulsions tend
to rupture during their solidification, and this reduces the
encapsulation efficiency of the actives to the inner cores.
In addition, most of the resultant delivery systems have a
structure of liquid cores surrounded by a solid shell, which
can burst release once the shell breaks or degrades. These
disadvantages have limited the practical applications of the
microfluidic emulsified microparticles for drug delivery.
Thus, new microparticles with high encapsulation effi-
ciency and controllable release rates are still anticipated.

In this paper, we present a new type of solid core-shell
microparticle with the desired features for delivery sys-
tems, as schemed in Fig. 1. The microparticles were
fabricated using two distinct biopolymer solutions as
the raw materials of the microfluidic double emulsion
templates, in which hydrophilic and hydrophobic actives

could be loaded, respectively. As the inner cores were
polymerized in the microfluidics during the formation of
the double emulsion, the solute actives could be trapped in
the cores with high efficiency, and the rupture or fusion of
the cores could be avoided during the solidification of the
microparticle shells with other actives. Because of the solid
structure of the microparticles, the encapsulated actives
were released from the delivery systems only with the
degradation of the biopolymer layers, and thus the burst
release of the actives was avoided. These features make
the solid core-shell microparticles ideal for synergistic and
sustained drug delivery applications.

EXPERIMENTAL SECTION

Materials
The surfactant poly(vinyl alcohol) (PVA, 87%–89% hy-
drolyzed, Mw=13,000–23,000 Da), gelatin porcine, pho-
tointiator 2-hydroxy-2-methylphenyl propanone (HMPP),
doxorubicin (DOX) hydrochloride, and camptothecine
(CPT) were purchased from Sigma-Aldrich. Photocur-
able gelatin methacrylate (GelMa, a hydrogel with high
biocompatibility and biodegradability for drug or cell
encapsulation) and phosphate buffered saline (PBS) were
prepared in our lab. In order to achieve a better mixing,
HMPP was firstly premixed with equal volume of ethanol.
Then the mixture was added to a GelMa solution, with
volume fraction of  1%  (VHMPP/VGelMa).  Poly(L-lactide-co-

Figure 1    (a) Schematic diagram of a capillary microfluidic system for generating the W/O/W double emulsion templates with polymerized cores; (b)
schematic diagram of the fabrication process of the drug loaded GelMa-PLGA core-shell microparticles.
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glycolide) (PLGA, Mw=7000–17,000, lactic acid:glycolic
acid=50:50) was purchased from Jinan Daigang Bio-tech-
nology Co. (China). Dichloromethane (DCM) was
purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Deionized water was used in all exper-
iments. All other chemical reagents were of the best grade
available and used as received.

Preparation of drug loaded GelMa-PLGA core-shell
microparticles
One capillary microfluidic device is composed of three
cylindrical glass capillary tubes (one inner, one middle
and one outer) nested within a square glass tube. All the
round and square glass capillary tubes were purchased
from World Precision Instruments, Inc. The inner cap-
illary was tapered by using a laboratory portable Bunsen
burner (Honest MicroTorch) to reach an orifice diameter
of 30–50 μm. The middle capillary was tapered by a mi-
cropipette puller (Sutter Instrument Co., Novato, USA)
and was sanded under optical microscope to reach the
desired orifice diameter of about 100 μm. All of the tubes
were set in good alignment to form a coaxial geometry
because the outer diameter of the round tube is the same
as the inner diameter of the square tube. As illustrated
in Fig. 1a, the inner phase consisted of deionized water
with 15% (w/v) photo-crosslinkable GelMa, in which the
drug of DOX hydrochloride (500 μg mL–1) was dissolved.
The middle oil phase was composed of 10% (w/v) PLGA
and CPT (500 μg mL–1) dissolved in DCM. The outermost
aqueous phase was deionized water with 2% (w/v) PVA.
The inner and middle phases flowed in the same direction
via the injection capillaries and the outer phase flowed via
the interstices between the square tube and the collection
tube. Each fluid was connected with a glass syringe (SGE
Analytical Science) through a polyethylene tube (Scientific
Commodities Inc.), and was pumped into the entrance of
each tube by a syringe pump (Harvard PHD 2000 Series).
The double emulsion generation process in the collection
tube of the device could be observed in real time with
a stereomicroscope (NOVEL NTB-3A, Ningbo Yongxin
Optics Co., Ltd, China) and was recorded by a charged
coupled device (CCD, Media Cybernetics Evolution MP
5.0 RTV). The polymerization of the GelMa cores of the
double emulsion was induced by UV-light (EXFO Om-
niCure SERIES 1000, 365 nm, 100 W) in the collection
channel. The UV light intensity is very weak, and the irra-
diation time is less than 20 sec. Then the emulsion droplets
were collected with 2% (w/v) aqueous PVA solution in a
glass flask, and the DCM was evaporated under reduced

pressure at room temperature for ~24 h by using a rotary
evaporator (RV10, IKA-WERKE, German) so that the
shells were hardened. The obtained microparticles were
washed with excess amount of deionized water and then
dried.

Characteristics of drug loaded GelMa-PLGA core-shell
microparticles
The outer radius (Router), inner radius (Rinner), and shell
thickness of the core-shell microparticles were all mea-
sured by using an AOS Imaging Studio V3.4.2 software.
The shell thickness was calculated by Router–Rinner. The col-
ored optical images of the microparticles were observed by
a stereomicroscope (Nikon SMZ 745T) and were captured
by the same CCD as mentioned above. The morphology
and the drug distribution of the fabricated core-shell
microparticles were characterized using a confocal laser
scanning microscope (CLSM, FV10i, OLYMPUS, Japan).
In order to obtain the cross-section, the microparticle was
cut from themiddle by using a sharp blade after freeze-dry-
ing. Scanning electron microscope (SEM, Hitachi S3000N)
images were obtained after coating a thin layer of gold on
the microparticles.

Determination of drug content and encapsulation efficiency
The content of CPT was determined by lysing a certain
amount of microparticles in 1 mL of dimethyl sulfoxide
(DMSO). The concentration of CPT in the supernatant was
assayed by the UV method at 365 and 570 nm (reference)
with a microplate reader (SYNERGY|HTX). For the con-
tent of DOX, the unloaded DOX content in the solution
was detected by the UV method at 499 nm with the same
microplate reader, and then subtracted by the total amount
used. The drug content of themicroparticles was defined as
the weight percentage of CPT and DOX loaded in GelMa-
PLGA microparticles. The drug loading content could be
further increased by adding more drugs in the pre-gel solu-
tion. The encapsulation efficiency was defined as the ratio
of the actual amount of encapsulated CPT and DOX over
the total amount of CPT and DOX used, respectively.

Measurement of in vitro drug release
Acertain amount ofDOX-CPT-loadedGelMa-PLGAcore-
shell microparticles were dispersed in 1 mL of PBS (PH 7.4)
in centrifuge tubes and oscillating incubated at 37°C. At
every predetermined time interval, the samples were cen-
trifuged and 200 μL of the supernatants were removed to
another centrifuge tube and then filtered and assayed by us-
ing a microplate reader. An equivalent volume (200 μL) of
fresh PBS was added to each tube at each time point after
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assaying. During the first 24 h, the supernatants were taken
every 1 h, and after that were measured every 2 d. The un-
loaded GelMa-PLGA core-shell microspheres were used as
control.

Synergistic drugs to tumor cells
The advantages of oncotherapy of the synergistic
drug delivery system were assessed by analyzing cell
viability treated with the fabricated microparticles
via the live calcein-green fluorescence and the MTT
(3-(4,5-dimethylfthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide) assay. Human hepatoma (HepG2) cell lines and
human colon carcinoma (HCT116) cell lines were investi-
gated as model tumor cell lines. HCT116 cells were seeded
in 24-well with 2 mL Dulbecco’s modified eagle medium
(DMEM) per well. After incubating for 24 h, the wells were
separated into eight groups with three wells for each group.
The different groups of wells were added PBS as control,
only free DOX (5 μg mL–1), only free CPT (5 μg mL–1),
free DOX (5 μg mL–1) and CPT (5 μg mL–1), unloaded
microparticles (500 μg mL–1), DOX-loaded microparticles
(500 μg mL–1), CPT-loaded microparticles (500 μg mL–1),
and DOX-CPT co-loaded microparticles (500 μg mL–1),
respectively.

HepG2 cells were seeded in 12-well plates with 3 mL
DMEM per well for 24 h. Four groups of wells (three
wells in each group) were added unloaded microparticles
(500 μg mL–1), DOX-loaded microparticles (500 μg mL–1),
CPT-loaded microparticles (500 μg mL–1), and DOX-CPT
co-loaded microparticles (500 μg mL–1), respectively. In
brief, GeLMa-PLGA core-shell microparticles were put in
each well as described above, and then incubated with the
tumor cells at 37°C for 24 h. They were used for synergistic
drug delivery in cxcellular region of DMEM. After 24 h
of incubation, the cell configurations were observed using
the optical microscope and fluorescence microscope and
the cell viability was evaluated by MTT assay.

Phase contrast photomicrographs of HCT116 cells
treated with different groups of microparticles were ob-
tained at 0, 3, 7, 12, 24 and 36 h. For the MTT assay, MTT
was dissolved in PBS at 1 mg ml–1 and filtered through
a 0.2 μm membrane. The MTT (0.1 mg mL–1) stock
was added into each well, and the plates were wrapped
in tin foil and incubated at 37°C for another 4 h. Then
the medium in each well was carefully removed, and the
purple formazan products were dissolved with 1 mL of
DMSO. A 100 μL solution was extracted from each well
and transferred to a 96-well plate and assayed at wave-
lengths of 570 and 690 nm (reference). The relative cell

viability (%) related to the control wells was calculated
by [Absorbance]test/[Absorbance]control ×100. Cell viability
was also assessed by calcein-AM staining. The cultured
HCT116 cells were incubated with calcein AM (2 μg mL–1)
for 15 min at 37°C. After that, the cells were rinsed by PBS,
and the fluorescent images were obtained using a Nikon
inverted microscope (Nikon Eclipse TE200).

RESULTS AND DISCUSSION
In this study, we used a microfluidic device that gener-
ated monodisperse water-in-oil-in-water (W/O/W) dou-
ble emulsion templates in a single step. It allowed precise
control of both the outer and inner drop sizes, as well as
the number of droplets encapsulated in each larger drop.
Our device was composed of three cylindrical glass capil-
lary tubes nested within a square glass tube. We achieved
good alignment to form a total coaxial geometry by en-
suring that the outer diameter of the round tubes was the
same as the inner lattice of the square tube. The generation
processes of the solid core-shell microparticles by the mi-
crofluidic device are schematically depicted in Fig. 1. The
inner phase consisted of deionized water with 15% (w/v)
photo-crosslinkable GelMa, in which the drug of DOX hy-
drochloride was dissolved. The middle oil phase was com-
posed of 10% (w/v) PLGA and CPT dissolved in DCM.
The outermost aqueous phase was deionized water with
2% (w/v) PVA). When these fluids flowed through the cor-
responding capillaries, aqueous GelMa core droplets were
generated at the end of the inner capillary and then encap-
sulated by a shell drop of the PLGA at the end of the mid-
dle capillary (Fig. 2a–c). As the GelMa used in this study is
a kind of photopolymer, the generated emulsion templates
could be photopolymerized under UV illumination down-
stream from the fluidic channel, producing stable double
emulsions with hydrogel cores and DCM shells with dis-
solved PLGA. The complete solid core-shell microparticles
were achieved by evaporating the DCM solvent of the shell
under reduced pressure using a rotary evaporator with an
addition of extra surfactant solution (Fig. 1b).

The overall size of the solid microparticles and the num-
ber of the encapsulated GelMa core droplets could be ad-
justed by using different orifice sizes or tuning the veloc-
ities of the three phases (see Supplementary information,
Fig. S1). To achieve microparticles with stable core-shell
structures for encapsulation of the actives, we should fabri-
cate the double emulsion templates with full encapsulation
of the aqueous core droplets. Thus, the ratio of the middle
PLGA flowrate to the inner aqueous GelMa flowrate could
be maintained much higher than the ratio  of  the  shell  to

 546  June 2017 | Vol.60 No.6
© Science China Press and Springer-Verlag Berlin Heidelberg 2017

ARTICLES SCIENCE CHINA Materials



Figure 2    (a–c) Real-time microscopic images of the microfluidic generation process of the W/O/W double emulsion templates encapsulated with tun-
able number of cores. The scale bar is 100 μm; (d–f) optical microscope image of the monodisperse core-shell double emulsions with one, two and three
cores, respectively. The scale bar is 200 μm; (g–i) the size distributions of the inner radiuses and outer radiuses of the double emulsions with one, two
and three cores, respectively.

core volume in the critical packing state. It is worth men-
tioning that the thickness of the PLGA shells could also be
tailored by using a different concentration of PLGA solu-
tion for the double emulsion generation (Fig. S2).

With our method, the aqueous drugs were locked in
the GelMa hydrogel with high efficiency and encapsulated
into the cores of the microparticles instantaneously when
their double emulsion templates were formed. These tem-
plates with the GelMa hydrogel cores have high stability, as
shown in Fig. 2d–f. Both their inner GelMa hydrogel cores
and DCM shells with dissolved PLGA are highly uniform,
as indicated by the statistics in Fig. 2g–i. The synergis-
tic drug-loaded GelMa-PLGA core-shell microparticles
(GelMa-PLGA-DOX-CPT) were obtained by further
solidifying the shell DCM solvent of the GelMa-PLGA
double emulsion droplets. The microparticles could be
filtered from the continue phase and dried for preserving
after they solidified. This ensures long-term stability of the
microparticles and good encapsulation of the synergistic
drugs.

As the double emulsion templates have solid hydrogel
cores, the rupture or fusion of the cores can be avoided dur-

ing the solidification of the microparticle shells with CPT.
Thus, PLGA microparticles with multiple GelMa hydrogel
cores can be achieved. This structure indicates that a more
complex synergistic drug combination with several kinds
of actives can be loaded in our microparticles for functional
delivery systems. Here, as a typical example, only two dis-
tinct drugs, hydrophilic DOX and hydrophobic CPT, were
used for the following study. DOX and CPT are both in-
trinsically fluorescent, with red and blue fluorescence, re-
spectively, which allows us to monitor the behavior of each
drug in the microparticles by fluorescent microscopy. The
localizations of the synergistic hydrophilic DOX and hy-
drophobic CPT drugs in the GelMa-PLGA core-shell mi-
croparticles were further investigated by using CLSM, as
shown in Fig. 3. It is found that the GelMa hydrogel cores
arewell encapsulated by the PLGA shells, irrespective of the
core numbers of themicroparticles. In addition, both of the
DOX and CPT are distributed quite uniformly throughout
the GelMa hydrogel cores and PLGA shells (Fig. S3), re-
spectively, indicating that the synergistic drugs are loaded
into the microparticles as desired.

The concentration of the loaded drugs in the microparti-
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Figure 3   Optical microscopy images (a, e and i) and CLSM images (others) of the DOX and CPT drugs loaded core-shell microparticles. (a–d) Mi-
croparticle with single core; (e–h) microparticle with two cores; (i–l) microparticle with three cores. The red and blue fluorescence indicates DOX and
CPT, respectively. The scale bar is 100 μm.

cles could be individually adjusted by dissolving them with
the corresponding concentrations in the GelMa and PLGA
solutions during the microfluidic emulsification. The rela-
tive ratios of the synergistic drugs could also be adjusted by
controlling the structure of the double emulsion templates
and the resultant microparticles. Attractively, synergistic
drugs could be simultaneously encapsulated in the same in-
dividual microparticle at the desired concentrations, thus
ensuring delivery of both actives at the same location for
optimum synergistic activity. Moreover, the use of capillary
microfluidics to generate these microparticles in a one-step
process avoided the need for filling the microparticles with
the drugs post-production and ensured very high encapsu-
lation efficiency, as no excess material was generated.

The microstructures of the drug-loaded core-shell mi-
croparticles were characterized using an SEM (Fig. 4 and
Fig. S4). The microparticles from a typical experiment
have a size of about 210 μm. Close-up examination of
the cross-sectioned microparticle reveals the core and
shell structure of the microparticle (Fig. 4b, c). For these
microparticles, the shell thickness and core diameter are
about 25 and 160 μm, respectively. Many small pores
scatter throughout the surface of the PLGA shell, which
resulted from the evaporation of DCM (Fig. 4d, e). These
pores allow the initial diffusion of the drug into the envi-

ronment. The porous structures are also observed in the
GelMa cores with freeze-dry treatment (Fig. 4f).

The encapsulation efficiencies of the synergistic drugs
in the different GelMa-PLGA core-shell microparticles
were investigated with increasing the shell thickness of
the core-shell microparticles from 22 to 60 μm. The drug
contents and encapsulation efficiencies with different
thicknesses are listed in Table 1. During the fabrication
process, the GelMa cores were solidified by UV light after
they were generated instantly, so almost all the DOX was
encapsulated in the cores. The encapsulation efficiency of
the CPT in the shells was lower than that of DOX in the
cores because of the diffusion of a fraction of CPT during
the solvent evaporation. The formation efficiency of this
core-shell structure was estimated to be at ~100%. These
figures sustain the uniform thickness of the shell which
contributes to the improvement in the drug encapsulation
effectiveness and uniformity. In addition, filtering and
drying caused the microparticles to exist free (Fig. S5).
Thus, therapeutic application of the microparticles can be
performed either via a suspension that is directly injected
into the tissue or preferentially via the oral route as dried
particles packed within a gelatin capsule for individual
drug dosing.

As the PLGA shells and GelMA cores are  biocompatible
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Figure 4   SEM images of the core-shell structure microparticles. (a) External view of a whole microparticle; (b) external view of a shell opened mi-
croparticle encapsulated with one core; (c) cross section image of the GelMa-PLGA core-shell microparticle; (d and e) magnified images of shell surfaces
of the microparticles in (a, b); (f) magnified image of a partial structure of GelMa core. The scale bars are 100 μm in (a–c) and 10 μm in (d–f).

Table 1 Effects of the shell thickness on loading content of drugs and encapsulation efficiency

Shell thickness (μm) Encapsulation efficiency of CPT (%) Encapsulation efficiency of DOX (%) Loading content (%)

22 45.80±2.02 85.13±0.99 4.06±0.02

40 57.27±0.89 89.22±1.12 6.17±0.15

60 60.50±1.24 92.73±2.57 6.88±0.24

and biodegradable both in vitro and in vivo, the micropar-
ticles can be degraded and their encapsulated actives can
be released at different positions. Thus, for the applica-
tion of these drug delivery core-shell microparticles, the
loaded DOX was first released from the GelMa core and
then diffused through the PLGA shell into the outer en-
vironment. PLGA is known to exhibit an exponential de-
crease in molecular weight with degradation time, so the
degrading PLGA shell served as a diffusion barrier against
its release from the inner region of the shell. Meanwhile,
the loaded CPT was first diffused via pores throughout the
PLGA shell, and with the degradation of PLGA, the drugs
were released gradually (Fig. 5).

To further investigate the performance of the micropar-
ticles as delivery systems, the release kinetics of the two
drugs from GelMa-PLGA-DOX-CPT microparticles was
recorded (Fig. 6). Two different drugs were loaded in the
core-shell microparticles of the same size (210 μm) and dif-
ferent shell thicknesses (about 22 and 60 μm, respectively)
were chosen for this study. The release curves of DOX and
CPT from the two different microparticles are plotted in
Fig. 6a–d. Due to the existence of the nanopore in the shell
of the microparticles (as indicated in Fig. 4d, e), the inner
encapsulated DOX can initially release out as the shell en-
capsulated CPT. As the recorded time is long, the plotted

curves seem like a burst release at the beginning in Fig. 6a,
b. However, their release is actually slow at the first 12 h, as
shown in Fig. 6c, d. The release of bothCPT andDOX from
the GelMa-PLGA microparticles is found to be sustained.
For the microparticles with a shell thickness of 60 μm, the
release of CPT and DOX is slower, about 51% of CPT and
22% of DOX released within 72 h. Thus, the drugs’ release
profiles are more sustained and with a lower burst release
for microparticles with thicker shells. It is worth mention-
ing that the drug release was related with the numbers of
cores only when we fixed the volumes of encapsulated con-
tent. The relation between the DOX release percentage and
the number of GelMa cores is recorded in Fig. S6.

To confirm the advantages of the synergistic drug deliv-
ery system for oncotherapy, the effects of the core-shell mi-
croparticles were investigated onHCT116 andHepG2 cells.
DOX and CPT were paired to demonstrate the co-delivery
synergistic effect of two chemotherapeutical drugs in the
same vehicle. DOX can bind to DNA by intercalation and
motivates a series of biochemical events including apop-
tosis in tumor cells, and CPT can stabilize the normally
transient cleavable DNA-topoI complex and forms an en-
zyme-drug-DNA ternary cleavable complex [36–38]. The
collision of the replication fork with a cleaved strand of
DNA  causes an irreversible arrest  of  the replication  fork,
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Figure 5    (a) Schematic diagram of the microparticle degradation and its drug release; (b–d) SEM images of the GelMa-PLGA core-shell microparticles
during the degradation and release periods of 72, 168, 360 h, respectively. The scale bar is 50 μm.

Figure 6    In vitro accumulative CPT and DOX release from GelMa-PLGA core-shell microparticles. (a, c) Drugs release from thin shell (22 μm) mi-
croparticles; (b, d) drugs release from thick shell (60 μm) microparticles. (c, d) The first 12 h processes of (a, b), respectively. Error bars represent
standard deviations.

double-strand DNA breakage and cell death, including
most of tumor cells and some normal cells. Here, the tumor
cells were treated for 24 h with the unloaded, single DOX
loaded, single CPT loaded, and both DOX and CPT loaded
microparticles (shell thickness of 60 μm), respectively.
The cells cultured with free DOX, CPT, and DOX/CPT

solutions were also set as control groups. Representative
optical and fluorescence microscopy cell culture results are
presented in Fig. 7 and Figs S7, S8 (for HCT116 cells) and
S9 (for HepG2 cells). It can be observed that the HCT116
cells and HepG2 cells grow well in the culture plate with
the presence of microparticles  unloaded  with  the  drugs.
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Figure 7   Optical and fluorescence microscopy images of HCT116 cells treated with unloaded microparticles (a, d), only CPT-loaded microparticles
(b, e), and DOX-CPT-co-loaded microparticles (c, f) for 24 h, respectively. The scale bar is 50 μm.

Figure 8   Result of the MTT assay of the HCT116 cells treated
with unloaded microparticles (MPs), only DOX-loaded microparti-
cles (DOX-MPs), only CPT-loaded microparticles (CPT-MPs), and
DOX-CPT-co-loaded microparticles (DOX-CPT-MPs) for 24 h. Error
bars represent standard deviations.

However, when the microparticles are loaded with either
DOX or CPT, more than 50% HCT116 cells and 60%
HepG2 cells are killed (Figs S8 and S9). More attractively,
with the synergistic drug delivery microparticles, less than
20% HCT116 cells (Fig. 8 and Fig. S10) and 10% HepG2
cells (Fig. S11) survive, respectively. These effects can also
be observed clearly from the morphology and population
changes of the HCT116 cells during different culture time
of synergistic drug deliverymicroparticles, as shown in Fig.
S12. Thus, co-delivery of DOX and CPT in the core-shell
microparticles can significantly reduce cell viability, and
enhance therapeutic efficacy in treating cancer cells.

CONCLUSIONS
In conclusion, the monodisperse GelMa-PLGA core-shell
microparticles with controlled core size and shell thickness

were generated by using a simple capillary microfluidic
method. These microparticles were loaded with hy-
drophilic and hydrophobic actives, such as hydrophilic
DOX and hydrophobic CPT, and were employed for the
application of synergistic and sustained drug delivery. As
the inner GelMa cores were polymerized in the microflu-
idics when the double emulsion templates were formed,
the hydrophilic actives could be trapped in the cores with
high efficiency, and the rupture or fusion of the cores
during the solidification of the microparticle shells can be
avoided with hydrophobic actives. Because of the solid
structure of the microparticles, the encapsulated actives
were sustainably released from the delivery systems with
the degradation of the biopolymer layers. It was demon-
strated that the core-shell microparticles with DOX and
CPT co-delivery could significantly reduce cell viability,
and enhance therapeutic efficacy in treating liver cancer
cells. These features of the microparticles indicate their
potential value as functional delivery systems.
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基于乳液微流控技术的核壳结构复合微胶囊药物载体开发研究
李艳娜1†, 燕丹2†, 付繁繁1, 刘羽霄1, 张彬2, 王洁1, 商珞然1, 顾忠泽1, 赵远锦1*

摘要   微胶囊在药物递送系统中具有重要的应用价值. 目前关于该领域的研究主要集中于开发新型微胶囊来提高药物递送系统的效率. 本
文提出了一种可协同运输和缓慢释放药物的微胶囊,其由明胶甲基丙烯酸接枝共聚物 (GelMa)内核和聚乳酸羟基乙酸共聚物(PLGA)外壳
组成. 在微胶囊的制备过程中,使用液滴微流控技术,将溶有盐酸阿霉素(DOX)的GelMa水溶液和溶有喜树碱(CPT)的PLGA油溶液乳化成
均匀的双乳液模板,通过紫外固化模板内核,通过溶剂挥发固化模板壳层. 该过程避免了乳液的破损及包裹液的流出,因此可显著提高药
物的包裹效率. 通过调节微流控的流速,还可精确地调节微粒的尺寸和结构. 由于所制备的微胶囊内核和外壳都为固化状态,其包裹的活
性药物只能随着载体材料的降解而缓慢释放出来,这就避免了其他种类药物载体所面临的药物突释现象. 本研究所开发的微胶囊的这些
优良特性使其成为药物递送系统中的理想选择.
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