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Hierarchically porous composite microparticles
from microﬂuidics for controllable drug delivery†
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Abdominal wall defect repair remains a major clinical need, and a particle-based controllable drug delivery
system oﬀers a solution to this problem. Here, we present a new type of hierarchically porous microparticles (HPMs) composed of poly(lactic-co-glycolic acid) (PLGA) and hollow mesoporous silica nanoparticles
(HMSNs) for the delivery. The HPMs are generated by drying microﬂuidic emulsion templates of HMSNsdispersed PLGA solution. The resultant HPMs have tailorable porous structures, that provide a three-hierarchy architecture for the controlled release of actives. The ﬁrst hierarchy is formed for controlling the
drug release via physical absorption as a result of the presence of the HMSNs in the HPMs. The second
hierarchy channels with small pores scattered throughout the surface of the HPMs are formed during
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evaporation of the solvent. The third hierarchy with openings on the surface of the HPMs is formed as a
result of the inner droplets leaking out of the double emulsion templates during the PLGA solidiﬁcation.
Thus, by manipulating the ﬂow of solutions during the microﬂuidic emulsiﬁcation, the porous structures
of HPMs can be easily and precisely adjusted, and the loaded drugs are delivered at the required rate.
These features of the HPMs make them ideal for repairing abdominal wall defects.

Introduction
Abdominal wall defects caused by traumatic accident, tumor
ablation, or incisional hernia after abdominal surgery have
limited treatment options and high morbidity.1–3 Exogenous
growth factors or small molecular drugs that could induce significant neovascularization have been demonstrated to facilitate wound repair and tissue regeneration.4 These actives are
usually encapsulated into hydrogel scaﬀolds or fibers, which
are then implanted to repair the injured tissues locally.5–7
Although with some advantages, the encapsulated actives are
often uncontrollably released from the carrier matrix and
cannot exert a great eﬀect.8 A controllable drug delivery system
based on particles has become a prime research focus in the
field of biomaterials.9 Once administered, it is capable of
achieving a prolonged therapeutic eﬀect by releasing medications at the required rate over a predetermined duration.10
In addition, by attaching these functional particles on existing
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repair scaﬀolds, novel materials can be achieved easily, which
can enhance tissue repair because of the endowed ability to
release the drug in a controlled manner.11
Among diﬀerent particle-based systems, hollow mesoporous silica nanoparticles (HMSNs), as an update product of
mesoporous silica nanoparticles (MSNs), have received much
attention in recent years as drug carriers because of their
wide loading range of medications, strong drug-loading capability, dramatically reduced density, and favorable biocompatibility.12 To solve the specific problems with using HMSNs for
drug delivery, including the undesired “burst-release”
phenomenon and insuﬃcient duration of action, several
methods have been reported for encapsulating HMSNs into
polymer materials, such as emulsifying solvent evaporation,
spray-drying, electrospraying, etc.13,14 These resultant composite particles have extended the drug release period and
played important roles in the pharmaceutical arena. However,
particles derived by these traditional techniques have a great
diversity of structures and developing particles under extreme
conditions causes devitalization and diﬀusion of the loaded
drugs, both of which lead to a reduction in drug delivery
eﬃciency. Furthermore, these traditional techniques fail to
tailor the structures of the composite particles accurately,
and the controlled release of drugs on the basis of clinical
need is limited.10,15 Thus, new approaches to generating
HMSNs-based particles are still anticipated for realizing controllable drug delivery.
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In this paper, we present a simple microfluidic approach to
generating hierarchically porous microparticles (HPMs) that
are composed of poly(lactic-co-glycolic acid) (PLGA) and
HMSNs for the delivery. Because of its capability for precise
control over the emulsification process and for generating
monodispersed compound droplets inside the microchannels,
microfluidic technology has become a powerful tool for fabrication of microparticles with controlled morphologies and
desired properties.16 Particularly, the degree of control
aﬀorded by microfluidics is highlighted by the ability to generate double emulsions encapsulating one, two, three, or a
higher number of droplets with high accuracy.17 These emulsions have been applied as templates to fabricate porous particles for diﬀerent applications.18 In addition, in contrast to
traditional methods, large shear and strong oscillation are prevented, and the advantage of 100% encapsulation eﬃciency is
achieved.19,20 However, the potential value of these microfluidic approaches to encapsulation with HMSNs and generation
of porous drug carrier remains unexplored.
Thus, we herein employed a capillary microfluidic method
to generate HPMs by emulsifying and drying the HMSNs-dispersed PLGA solution, as schemed in Fig. 1. The resultant
HPMs had tailorable porous structures, which provided a
three-hierarchy architecture for controlling the release of
actives. The encapsulated HMSNs could not only increase the
drug-carrying capacity of the HPMs, but also formed the first
hierarchy for controlling drug release via physical absorption.
The small pores scattered throughout the surface of the HPMs,
formed during the solvent evaporation, were the second hierarchy microchannels for controlling the drug release process.
The third hierarchy structure, with openings on the surface of
the HPMs, was formed as a result of the inner droplets leaking
out of the double emulsion templates during the PLGA solidification. Because of the composite components, hierarchical
organizations, and tailorable porous structures, the fabricated

Fig. 1 Schematic diagram of a capillary microﬂuidic system for generating the W/O/W double emulsion droplets, the fabrication process of the
hierarchically porous composite microparticles for controllable drug
delivery, the generation of microparticles-coated scaﬀold and its application in abdominal wall repair.
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microparticles showed promising properties for controllable
drug delivery. The HMSNs within the microcomposites
allowed for the encapsulation of either hydrophilic or hydrophobic drugs, while the PLGA shell significantly enhanced the
biocompatibility of the microcomposites. The hierarchical
architecture could reduce the undesired burst-release eﬀect
due to the double barrier existing in the particles. The openings created on the HPMs could alter the surface area of the
particles, thus providing a novel method to control the drug
release rate, which is critical for their future clinical application. As a typical example of its practical clinical application,
these HPMs were loaded with deferoxamine (DFO), a small
molecular drug stimulating neovascularization, and were
sprayed onto the porcine acellular dermal matrix (PADM) for
constructing a new composite scaﬀold. It was found that after
implantation of such a scaﬀold into a rat model of a partial
abdominal wall defect, the procedures of neovascularization,
collagen deposition, and tissue regeneration were accelerated.
These features of the HPMs indicated their potential value in
biomedical engineering.

Results and discussion
Drug-loading in HMSNs
As drug carriers, MSNs have been extensively studied because
of their specific properties of tunable pore sizes and mesoporous structures, high surface areas and pore volumes, favorable biocompatibility, and easy surface functionalization.
Benefiting from these advantages, a wide variety of therapeutic
agents have been successfully loaded into MSNs by an immersion method. Recently, HMSNs have been developed to
improve the drug-loading capability of MSNs, with increasing
attention. Compared with their solid counterparts, the specific
hollow structures can store more cargo while dramatically
reducing the density of drug carriers.12 From scanning electron microscopy (SEM) images (Fig. S1a†), it is clear that the
HMSNs exhibit excellent spherical morphologies, narrow size
distribution, and an average diameter of approximately
200 nm. The structure of HMSNs was further investigated by
transmission electron microscopy (TEM) (Fig. S1b†). The slitlike mesostructures are distributed homogeneously on the
surface of HMSNs, and the apparent hollow structure was
demonstrated by the high contrast between the dark shells
and the light cavities. The shell thickness is approximately
15 nm, and the size of the hollow cavity is about 170 nm.
These morphological characteristics confirm that the HMSNs
can act as an ideal drug carrier by loading active species in the
hollow core and releasing them through the radial pores. After
immersion in the DFO solution, the hollow core showed
decreased transparency (Fig. S1c†), indicating that the drug
successfully infiltrated the HMSNs cavities. Previous studies
have reported that the loading eﬃciency of HMSNs can be controlled by changing the weight ratio of drugs to HMSNs,14 and
in our study, when 1% (w/v) HMSNs was immersed into
5 mg mL−1 DFO, 34.57% DFO was successfully absorbed.
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Fabrication and characteristics of HPMs
In the specific experiment, water-in-oil-in-water (W/O/W)
double emulsions with various amounts of encapsulated inner
droplets were used as templates for fabricating the HPMs.
These monodispersed double emulsions were generated by a
capillary microfluidic device, which was assembled by coaxially
aligning three (inner, middle, and outer) cylindrical capillaries
inside a square capillary. In this system, poly(ethylene glycol)block-poly( propylene
glycol)-block-poly(ethylene
glycol)
(Pluronic F108) solution, HMSNs dispersed in PLGA (HMSNs/
PLGA) solution, and poly(vinyl alcohol) (PVA) solution were
used as the inner, middle, and outer phases, respectively.
When these fluids flowed through the corresponding capillaries, aqueous core droplets were generated at the end of the
inner capillary and were then encapsulated by a shell drop of
the HMSNs/PLGA at the end of the middle capillary (Fig. 2a).
The overall size of the emulsions and the number of encapsulated core droplets could be adjusted by using diﬀerent orifice
sizes and tuning the velocities of the three phases (Fig. S2 and
Movie S1–5, ESI†). With our method, the aqueous cores were
well locked in the HMSNs/PLGA shells, and the generated
double emulsions with high stability are shown in Fig. 2b–d
and S3a–e.† Both the inner aqueous cores and HMSNs/PLGA
shells were highly uniform, as indicated by the statistics in
Fig. S3f–j.† We also found that, as more number of core droplets were encapsulated into the double emulsions, the
volume ratio of a single core to the shell decreased. In our
study, the ratio for double emulsions with one, two, three, and
four cores was about 15%, 13%, 12%, and 10% respectively.
Based on the emulsion templates without inner droplets,
intact microparticles were first obtained by evaporating the dichloromethane (DCM) solvent of the shell under reduced
pressure using a rotary evaporator with the addition of extra
surfactant solution. The microstructures of the composite particles were characterized using optical microscopy and SEM.
The microparticles had a uniform external morphology and a
size of about 200 μm (Fig. S3k†). The enlarged views of the
surface and cross-section of the microparticles revealed that
the HMSNs were eﬃciently encapsulated and distributed
evenly within the formed microparticles (Fig. 3a–d). Many

Fig. 2 (a) Real-time microscopic images of the microﬂuidic generation
process of the W/O/W double emulsion templates encapsulated with
tunable number of cores. The scale bar is 600 μm. (b–d) Optical
microscopy images of the double emulsions with one, three and four
cores, respectively. The scale bar is 300 μm. (e–g) Optical microscopy
images of the solidiﬁed microparticles with one, three and four openings, respectively. The scale bar is 100 μm.
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Fig. 3 Scanning electron microscopy (SEM) images of HPMs. (a, c) The
external view and cross section of the microparticles without openings.
(b) HMSNs and small pores on the surface of the microparticles. (d)
HMSNs inside the microparticles. (e–h) The external view of the microparticles having one, two, three and four openings, respectively. The
scale bars are 50 μm in (a), (c) and (e–h), and 2 μm in (b) and (d).

small pores scattered throughout the surface of the microparticles, that resulted from the evaporation of dichloromethane
(DCM) (Fig. 3b). These pores allowed the initial diﬀusion of
the drug into the environment. Then, we generated the HPMs
using the double emulsion templates with one, two, or more
inner droplets. It could be observed from the optical
microscopy and SEM images that the number of openings on
the particle’s surface corresponded to the number of the inner
droplets in emulsions (Fig. 2e–g, S3k–o† and Fig. 3e–h). The
coeﬃcient of variation (CV) of the generated microparticles
with no openings was as low as 1.7%. However, as the number
of openings created on microparticles increased, the monodispersity of the microparticles decreased accordingly (CV of the
microparticles with one, two, three, and four openings was
3.3%, 3.5%, 3.6%, and 3.9% respectively). This could be
ascribed to the deformation of the microparticles when the
inner droplets breaking out of the shells.
The two key factors existing in creation of openings on the
surface of the particle were the applications of Pluronic F108
solution and high PLGA concentration. By using Pluronic
F108, an appropriate surfactant, in the inner aqueous phase,
the separate inner droplets could avoid coalescing with each
other and remained stable for a long time. Additionally, the
aforementioned solvent-evaporation process inevitably led to
emulsion shrinkage, and had significant impacts on the interfaces of the inner droplets. During prolonged incubations, the
interplay between gravity and interfacial tension force caused
the inner droplets to drift into one side of an emulsion template respectively. This process eventually resulted in the
leaking out of the inner droplets from the outer shell, leaving
large openings on the surface of the generated particle.
However, when the PLGA concentration was low, the inner droplets’ leakage could occur before the polymer formed a solid
shell, which led to collapse of the particle. Thus in this study,
we used high concentration of PLGA (100 mg mL−1) to fabricate the HPMs, thereby providing adequate support to maintain the particle’s structure during the generation process.
To observe the drug distribution inside the HPMs, a model
drug with blue fluorescence was immersed into the HMSNs
and was encapsulated into the particles by microfluidics.
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Fig. 4 Confocal laser scanning microscopy images of the HPMs
loading a model drug. (a–c) Microparticle without openings. (d–f )
Microparticle with one opening. (g–i) Microparticle with two openings.
( j–l) Microparticle with three openings. (m–o) Microparticle with four
openings. The blue ﬂuorescence indicates the loaded model drug. The
scale bar is 100 μm.

Using a confocal laser scanning microscope (CLSM) (Fig. 4),
we confirmed that every core of the microparticles had an
apparent opening toward the particle’s surface, irrespective of
the number of encapsulated cores. In addition, the model
drugs were distributed evenly throughout the HMSNs/PLGA
shell, and kept away from the locations of the cores. Thus, by
manipulating the flow of solutions during the microfluidic
emulsification, the porous structures of HPMs could be easily
and precisely adjusted, and the model drugs could be encapsulated into the microparticles at the desired locations. Because
of the presence of HMSNs, a wide range of drugs with diﬀerent
physicochemical properties could be encapsulated into our
microparticles simultaneously. To demonstrate this ability, a
model drug with blue fluorescence and a model drug with red
fluorescence was co-loaded into the microparticles, and layer
by layer confocal laser scanning photographs were shown in
Fig. S4.† It was observed that both of the intrinsic fluorescents
were existed in the microparticles in a relatively even manner.
In vitro DFO release from the HPMs
The resultant HPMs had tailorable porous structures, which
provided a three-hierarchy architecture for controlling the
release of actives. The first hierarchy for controlling the drug
release process was formed via physical absorption because of
the presence of the HMSNs in the HPMs. The second hierarchy, channels with small pores scattered throughout the
surface of the HPMs, was formed for releasing the drug during
solvent evaporation. The third hierarchy with openings on the
surface of the HPMs, was formed as a result of leaking of the
inner droplets from the double emulsion templates during the
PLGA solidification. A previous study has demonstrated that
the release rate can be controlled by varying MSNs concentrations in the composite particles.14 In this study, we mainly
investigated the eﬀect of the number of openings on the
release rate. The release kinetics of DFO from intact microparticles (Group 1), microparticles with one opening (Group 2),
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Fig. 5 In vitro accumulative DFO release from composite microparticles
with no openings, one opening, two openings, three openings and four
openings. Error bars represent standard deviations.

microparticles with two openings (Group 3), microparticles
with three openings (Group 4), and microparticles with four
openings (Group 5) were recorded (Fig. 5). All groups of composite microparticles showed a prolonged release pattern of
over 60 days, which could be divided into three stages with
diﬀerent release rates: the first phase of initial release, the
second phase of slowdown release, and the third phase of
tardy release. It was found that as the number of openings on
the particle’s surface increased, the surface area of the microparticles enlarged accordingly, leading to more loaded drugs
contacting the surrounding environment and accelerating
their release from the microparticles. In detail, after 60 days,
83%, 91%, 93%, 95%, and 97% of the drug was released
respectively from the microparticles with zero, one, two, three,
and four openings. Thus, the loaded drugs could be delivered
and released at the required rate by manipulating the porous
structures of the HPMs.
The release curves of DFO also demonstrated that all
groups exhibited relatively sustainable release processes with
no initial burst release. For the microparticles with no openings, around 24% of the drug was initially released on the first
day, and the time for the release of 50% DFO was about 10
days. Afterward, the release rate was reduced and sustained for
more than 60 days. Such a result was mainly attributed to the
exponential decrease in PLGA’s molecular weight with degradation time, so the degrading PLGA shell served as a diﬀusion
barrier against drug release from the inner region of the particles.19 Moreover, the addition of HMSNs also prolonged
release, because the drug was firstly transported from HMSNs
to PLGA and secondly diﬀused from PLGA into the liquid
environment.14 As Korsmeyer–Peppas model is commonly
applied for polymeric delivery systems,21 the drug release data
were also fitted to this model in order to analyze the mechanism of drug release. The fitting parameters (k, release con-
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stant; n, diﬀusion exponent; R2, correlation coeﬃcient) were
summarized in Table S1.† The drug release profiles from all
groups showed a good fit for Korsmeyer–Peppas model, with
correlation coeﬃcient ranging from 0.911 to 0.992. The
diﬀusion exponent values were all lower than 0.45, which indicated that the release mechanism of the drugs was Fickian
diﬀusion (case I transport). To summarize, the above results
indicate that the HPMs generated in our study are excellent
candidates for controlling drug release with a reduced initial
burst-release eﬀect.
HPMs in vitro testing with human bone marrow-derived
mesenchymal stem cells (hBMSCs)
The hBMSCs are one of the most widely investigated cell types
in regenerative medicine and have achieved promising therapeutic results in a variety of experimental models of tissue
injuries, because of their ability to diﬀerentiate along multiple
mesenchymal lineages and alter tissue microenvironment via
secretion of soluble factors.22 Therefore, we cultured hBMSCs
in a blank culture dish (control group), a culture dish with
HPMs (experimental group I), and one with DFO-loaded HPMs
(experimental group II), to investigate the biological eﬀects of
microparticles in vitro. To observe the growth condition of
hBMSCs in each group, the samples were observed by optical
and confocal microscopy after culturing for three days
(Fig. 6a–f ). The cells were found to have homogenously distributed at a relatively high confluency in each group, and
hBMSCs in experimental groups I and II displayed no obvious

Fig. 6 (a–c) Optical images of hBMSCs cultured in a blank culture dish
(control group), a culture dish with HPMs (experimental group I), and
one with DFO-loaded HPMs (experimental group II) after three days. The
scale bar is 100 μm. (d–f ) Images of hBMSCs in the control group,
experimental group I and experimental group II after three days using a
confocal microscopy. The scale bar is 50 μm. (g) The results of the
CCK-8 assay of hBMSCs in each group. (h) The analysis of VEGF secreted
by hBMSCs in each group. Error bars represent standard deviations.
**p < 0.01, ***p < 0.001, NS not signiﬁcant.
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morphological abnormalities compared with the control
group. The metabolic activity of hBMSCs in each group was
evaluated by a cell-counting kit-8 (CCK-8) assay up to seven
days, suggesting no significant diﬀerence ( p > 0.05, Fig. 6g).
Therefore, the addition of HPMs did not apparently aﬀect the
viability and morphology of hBMSCs adhered on the culture
dish. This finding is consistent with previous studies demonstrating good cytocompatibility of microparticles containing
HMSNs or PLGA, despite the diﬀerences in fabrication
methodologies.14,19
The angiogenic diﬀerentiation of hBMSCs was assessed
according to the vascular endothelial growth factor (VEGF)
expression detected by an enzyme-linked immunosorbent
assay (ELISA) (Fig. 6h). The concentration of VEGF secreted
from hBMSCs in experimental group II was clearly higher than
that in other groups after culturing for 24 h ( p < 0.01), whereas
there was no distinct diﬀerence in the VEGF secretion of
hBMSCs between experimental group I and control group ( p >
0.05). These results demonstrated that DFO-loaded HPMs
could promote angiogenesis in vitro by upregulating the VEGF
expression in hBMSCs. This discovery coincides with previous
reports investigating the biological eﬀects of DFO on other cell
types. Saito et al. cultured human umbilical vein endothelial
cells (HUVECs) in mediums containing diﬀerent concentrations of DFO, and found that DFO addition enhanced the
VEGF expression level of HUVECs in a dose-dependent
manner.6
Abdominal wall defect repair in rats
When used in repairing soft tissue defects, PADM serves as a
scaﬀold, providing mechanical support and promoting host
tissue incorporation to compensate for the loss. However,
insuﬃcient early vascularization in PADM following implantation leads to limited host tissue incorporation and may
cause repair failure in clinical studies.2,3 To improve the
repairing ability of PADM and investigate the biological eﬀects
of generated microparticles, we sprayed DFO-loaded HPMs on
the surface of PADM and constructed a new composite
scaﬀold (DFO-HPMs-PADM). The PADM scaﬀold and the successfully fabricated composite scaﬀold were examined by a
digital camera and an optical microscopy (Fig. 7a–c). We
found that the microparticles successfully coated on PADM
and tended to locate in the grooved channels on the scaﬀold’s
surface.
To investigate the repairing ability of the composite scaﬀold
in vivo, DFO-HPMs-PADM, HPMs-PADM (referred to as composite scaﬀold without loading DFO), and PADM were implanted
into a rat model of a partial abdominal wall defect (Fig. S5†).
All animals survived surgery to their predetermined sacrifice
date, and none of the rats in each group developed any evidence of hematoma, infection, or herniation at the implantation site. At the 4-week time point, all three types of scaﬀold
remained intact, and their peripheries were apparent at the
surgical site (Fig. 7d–f ). At the 8-week time point, these
scaﬀolds underwent varying degrees of resorption, and were
well integrated with the host tissue (Fig. 7g–i). Adhesion
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Fig. 7 (a) Photographs of PADM. The scale bar is 1 cm. (b, c) Optical
microscopy images of PADM and composite scaﬀold, respectively. The
scale bars are 400 μm. (d–f ) Gross observations of the scaﬀolds
retrieved at four weeks after implantation. The scale bar is 1 cm. (g–i)
Gross observations of the scaﬀolds retrieved at eight weeks after
implantation. The scale bar is 1 cm.

between the scaﬀolds and the subcutaneous tissue was mild
and there was no obvious diﬀerence between each pair up to
eight weeks after implantation. Histological assessment
(Fig. 8a and b) showed that the DFO-HPMs-PADM and HPMsPADM displayed more extensive inflammatory responses

Fig. 8 (a) Haematoxylin and eosin (H&E), Masson and immunostaining
for α-SMA of PADM, HPMs-PADM and DFO-HPMs-PADM at the 4- and
8-week time points. Vessels in the samples are indicated with black
arrowheads and collagen depositions are indicated with yellow arrowheads. The scale bar is 100 μm. (b–d) Statistical analysis of the inﬂammation score, amount of collagen, collagen organization and vessel
density within the scaﬀolds, respectively. Error bars represent standard
deviations. *p < 0.05, **p < 0.01, NS not signiﬁcant.
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(based on the presence of foreign body giant cells, polymorphonuclear cells, and mononuclear cells) than the PADM at
four weeks after implantation, and the diﬀerence had statistical significance ( p < 0.05). At eight weeks after implantation,
the inflammatory responses of DFO-HPMs-PADM and HPMsPADM became slightly weaker, but remained more serious
than PADM ( p < 0.05). The inflammatory responses were not
significantly diﬀerent between DFO-HPMs-PADM and HPMsPADM throughout the period of evaluation ( p > 0.05). These
macroscopic and microscopic observations showed evidence
that although HPMs aggravated foreign body reactions, they
did not cause obvious abnormalities after implantation in rats.
The level of incorporation of implanted material into the
host tissue is defined by the ingrowth of new blood vessels
and the amount of new collagen deposited within the implant.
Early and stable neovascularization is the key factor for host
tissue incorporation, which is critical for delivery of oxygen
and nutrients to actively regenerating tissues.23 To evaluate the
role of DFO released from the composite scaﬀold in neovascularization, we determined the number of blood vessels within
repaired samples by immunostaining for α-smooth muscle
actin (α-SMA) antibody (Fig. 8a and e). We observed the
enhancement of α-SMA positive blood vessels within the
repaired samples at four weeks after DFO-HPMs-PADM
implantation, but few blood vessels were noted in HPMsPADM and PADM ( p < 0.01). At eight weeks after implantation,
lower levels of blood vessel ingrowth were still observed in
HPMs-PADM and PADM, and the density of capillary ingrowth
was significantly higher in DFO-HPMs-PADM ( p < 0.01). To
explore the mechanism by which neovascularization was
enhanced following DFO treatment, the expression level of
hypoxia-inducible factor-1α (Hif-1α) was examined by immunostaining of sample sections (Fig. S6†). The results showed that
the expression of Hif-1α was more extensive in DFO-HPMsPADM than in the other two scaﬀolds. It has been reported
that increased Hif-1α regulates a number of target genes such
as VEGF, erythropoietin (EPO), and stromal cell-derived factor1α (SDF-1α), and thus plays a pivotal role in neovascularization
and tissue regeneration. DFO can change the intracellular condition to hypoxia by removing Fe ions and stabilizing the Hif1α.5,24 Therefore, if DFO is applied eﬃciently, angiogenesis
can be expected. However, DFO is a water-soluble, low-molecular-weight drug and the duration of vascular retention is
very short.6,25 Hence, it is necessary to develop a controllable
drug delivery system for local DFO release. Our study demonstrated that DFO released from a composite scaﬀold could significantly accelerate neovascularization through the accumulation of Hif-1α in repaired samples up to eight weeks after
implantation.
Early neovascularization can stimulate more collagen production, and thus reinforce the tensile strength of newly regenerated tissue.2,3 Masson’s staining showed that DFO-HPMsPADM could induce more intense collagen deposition than
the other two scaﬀolds at either four or eight weeks after
implantation ( p < 0.05), while there was no significant diﬀerence between HPMs-PADM and PADM (p > 0.05) (Fig. 8a and c).
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However, we did not find any significant diﬀerence between
each pair of collagen arrangement up to eight weeks after
implantation ( p > 0.05) (Fig. 8a and d). These results demonstrated that incorporation of DFO-loaded HPMs and PADM led
to better repair of the abdominal wall defect than PADM
alone, in terms of collagen deposition and vessel formation,
and was a meaningful attempt to improve the performance of
natural biological material.

Experimental
Materials
Pluronic F108, PVA, and DFO were purchased from SigmaAldrich (St Louis, USA). PLGA (Mw = 7000–17 000, lactic acid :
glycolic acid = 50 : 50) was purchased from Jinan Daigang Biotechnology Co. (China). DCM and ferric trichloride (FeCl3) was
gained from Sinopharm Chemical Reagent Co. (Shanghai,
China). Deionized water with a resistivity of 18.2 M cm−1 was
obtained from a Millipore Milli-Q system. Phosphate buﬀered
saline (PBS) was prepared in laboratory. CCK-8 was purchased
from Keygen Biotech Co. (Nanjing, China). 4′,6-Diamidino-2phenylindole (DAPI) and Rhodamine-Phalloidin were obtained
from the Thermo Fisher Scientific (USA). Suppliers of other
chemicals, biological reagents, and equipment were specified
below.
Fabrication of DFO-loaded HMSNs
HMSNs were purchased from Nanjing Nanorainbow
Biotechnology Co. (China). The morphology, size, and structure of HMSNs were examined using SEM (Hitachi, S-300N)
and TEM (JEOL, JEM-2100). To load drug molecules into
HMSNs, 10 mg of powdered HMSNs was soaked into 1 mL of
PBS containing 5 mg of DFO. After 24 h, the products (labeled
as DFO-HMSNs) were centrifuged and the supernatant was
removed. The drug-loaded HMSNs were washed twice with PBS
to remove DFO that was adsorbed on the surface and then left
to dry for 24 h at 45 °C. After integrated with a certain amount
of FeCl3, the amount of DFO in PBS supernatant was determined using UV-VIS spectrophotometer at absorbance of
485 nm, according to the calibration curve.
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inner aqueous phase was deionized water with 2% (w/v) F108.
The middle oil phase was composed of 10% (w/v) PLGA, in
which the DFO-HMSNs (10 mg mL−1) were dispersed. The
outer aqueous phase was deionized water with 2% (w/v) PVA.
The inner and middle phase 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 stereomicroscopy
(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). 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). The obtained microparticles were washed with excess amount of deionized water and
then dried. The optical images of the double emulsion templates were observed by a stereomicroscopy (E600; Nikon
Corporation, Tokyo, Japan) and the diameters measured by
using an AOS Imaging Studio V3.4.2 software.
The morphology and structure of fabricated HPMs were
characterized using optical microscopy, SEM, and confocal
laser scanning microscopy (CLSM, FV10i, OLYMPUS, Japan).
In order to obtain the cross-section, the microparticles were
cut from the middle by using a sharp blade after drying. The
diameters of the microparticles on optical images were also
measured by using the aforementioned software. To verify the
ability of the composite microparticles to encapsulate multiple
drugs simultaneously, HMSNs loading a model drug with blue
fluorescence and HMSNs loading a model drug with red fluorescence were co-dispersed in PLGA solution at a concentration
of 5 mg mL−1. After the microparticles loading two model
drugs were generated following the same procedures above,
the fluorescent images were captured through the CLSM.

Fabrication of HPMs

Examination of controlled release behavior of DFO from HPMs

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 capillary was tapered
using a laboratory portable Bunsen burner (Honest
MicroTorch) to reach an orifice diameter of about 50 μm. The
middle capillary was tapered by a micropipette puller (Sutter
Instrument Co., Novato, USA) and was sanded under optical
microscope to reach the desired orifice diameter of about
200 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. The

A certain amount of HPMs with zero, one, two, three, or four
openings (equivalent to 100 mg PLGA) were immersed in a
centrifuge tube containing 10 mL PBS at 37 °C for 60 days on a
shaker with the shaking frequency of 120 rpm. At defined time
intervals, 1 mL PBS was collected and refreshed with 1 mL
PBS. After integrated with a certain amount of FeCl3, the
amount of released DFO in the collected PBS was determined
using UV-VIS spectrophotometer at absorbance of 485 nm,
according to the calibration curve. This study was performed
in triplicate. The drug release data were also fitted to
Korsmeyer–Peppas model represented by the following
equation: Ft = ktn, where Ft is the fraction of the drug released
at time t, k is the release constant, n is the diﬀusion exponent.
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Eﬀects of HPMs on hBMSCs’ behavior
The hBMSCs used in this study were purchased from Cyagen
biosciences Inc., and then seeded into the culture flasks containing low glucose Dulbecco’s Modified Eagle’s Medium
(DMEM; Life Technologies Pty Ltd, Australia) supplemented
with 10% fetal bovine serum (FBS; In Vitro Technologies,
Australia) and 1% penicillin/streptomycin at 37 °C, 5% CO2.
The medium was changed twice weekly to wash out all nonadherent cells. Upon reaching 70–80% confluence, the
attached hBMSCs were further expanded. Only early-passage
cells (2–3 passage) were used.
To realize the specific experiments, the hBMSCs were
divided into three groups in the 96-well plate, the control
group, the experimental group I and the experimental group II.
In the control group, 1 × 103 hBMSCs were seeded on the
blank well containing 200 μL culture medium. In the experimental group I and experimental group II, 1 mg HPMs and
DFO-loaded HPMs were added into the wells respectively. After
3 days of incubation, the samples were observed using the
optical microscopy to exam the cells’ growth condition in each
group. A confocal laser scanning microscopy was also used to
detect the morphology of hBMSCs, after the fixed samples
were stained with Rhodamine Phalloidin and DAPI. The metabolic activity of hBMSCs was determined using the CCK-8
assays for 7 days, according to the manufacturer’s instructions.
The supernatant was collected from hBMSCs cultured in
diﬀerent groups at defined timepoints. The released VEGF was
quantified using ELISA kit according to the manufacturer’s
instruction (Abcam, Cambridge, USA) and determined by correlation with a standard curve. All experiments were performed
in triplicate.
Fabrication of composite scaﬀold
The PADM was purchased from Jiangsu Unitrump Bio-medical
Technology Co. (China), and the morphology was examined
using digital camera and optical microscopy. Afterward, 2 mL
deionized water containing 60 mg DFO-loaded HPMs
(DFO-HPMs) were filled into an airbrush. By spraying the
microparticles onto the PADM of 1.5 × 1.5 cm, the scaﬀold was
coated with DFO-HPMs (labeled as DFO-HPMs-PADM). Then,
the composite scaﬀold was also observed using digital camera
and optical microscopy, and stored at −80 °C.
Eﬀects of composite scaﬀold on abdominal wall repairing
Male Sprague-Dawley rats (aged 8 weeks, about 250 g, 36 rats)
were obtained from the Model Animals Research Center of
Nanjing University. Animal experiments were performed in
accordance with the Guideline for the Care and Use of
Laboratory Animals from the National Institutes of Health,
USA. The protocol was approved by the Animal Investigation
Ethics Committee of Jinling Hospital, and the animal ethics
number was 2017DWLS-09-0021. A bilateral 1.5 × 1.5 cm
partial thickness defect in the ventrolateral abdominal wall of
rat was created as previously reported (72 defects).2 Surgical
creation of abdominal wall defect comprised the excision of
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the external and internal oblique muscles while leaving the
transversalis muscle and peritoneum intact. These defects
were repaired pairwise (n = 12 for each group), with either
PADM vs. HPMs-PADM, PADM vs. DFO-HPMs-PADM, or
HPMs-PADM vs. DFO-HPMs-PADM. The scaﬀold was
implanted in an inlay fashion and fixed with 3-0 prolene
sutures at each of the four corners. The skin was then closed
using 2-0 vicryl interrupted sutures. Following recovery, each
rat was returned to its cage with fixed paper collar to avoid
chewing at the incision and sutures. Animals were sacrificed at
four or eight weeks after implantation (n = 6 for each group at
each timepoint). Any evidence of seroma, hematoma, infection, or herniation at the implantation site was noted upon
gross examination before sampling. The entire repaired
abdominal wall and adjacent connective tissue were then harvested for histological evaluation.
H&E staining was performed to determine the inflammatory responses on a numerical score from 0 to 4 according to
the following criteria: 0, absent; 1, minimal; 2, mild; 3, moderate; and 4, severe. The assessment of collagen deposition was
performed by using Masson’s staining, and the scale used was
a semi-quantitative histological analysis from 0 to 3 according
to the following criteria: collagen amount, 0, none; 1, mild; 2,
moderate; 3, abundant, and collagen organization, 0, disorganized; 1, mildly organized; 2, moderately organized; 3, well
organized.3 Five fields per slice were counted under 100× magnification. For immunohistochemical assessment, samples
were incubated with the primary antibodies for α-SMA (1 : 200)
and Hif-1α (1 : 100) (Abcam, Cambridge, USA). The blood
vessel density was calculated for twelve randomly selected
fields (×100), using Image-Pro Plus software 6.0 (Media
Cybernetics, Inc., Silver Spring, USA), according to the following equation: blood vessel density (%) = blood vessel area/total
tissue area. One trained pathologist blinded to treatment performed all evaluations.
Statistical analyses
Statistical evaluation of the data was performed with the software GraphPad Prism, using Student’s t-test for three groups.
All results are expressed as the mean ± standard error.
Diﬀerences were considered to be statistically significant at
p < 0.05.

Conclusions
In conclusion, we have developed a new type of HPMs for controllable drug delivery by using a simple capillary microfluidic
device. The microfluidic technology not only avoided the imposition of large shear and strong oscillation on encapsulated
drugs, but also tailored the porous structures of microparticles
to alter their surface areas. These characteristics, together with
HMSNs, imparted the HPMs with the properties of high drugloading eﬃciency and controlled drug release at a desired rate.
The in vitro drug release experiment demonstrated that HPMs
exhibited reduced burst release and could regulate release pro-
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cesses by changing the number of openings on the surface of
particles. It was demonstrated that by coculturing with
hBMSCs, the DFO-loaded HPMs could induce angiogenic
diﬀerentiation of hBMSCs without inhibiting cell viability and
proliferation. In addition, by incorporating the DFO-loaded
HPMs onto PADM, and implanting into a rat model of a
partial abdominal wall defect, the composite scaﬀold could
promote neovascularization, collagen deposition, and tissue
repair in vivo. These features of the HPMs indicate their distinct advantages in controllable drug release and potential
value in biomedical engineering.
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