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a  b  s  t  r  a  c  t

Microparticles  with  strong  adhesion  property  was  presented  as efficacious  drug  delivery systems.  Here,
inspired by  natural  pollen,  polymer  microparticles  with  surface  textures  and homogeneous  size  were
fabricated  through  evaporation-induced  interfacial  instability  of microfluidic  droplets  templates.  The
resultant  particles  exhibited  controllable  surface  roughness  and  thus  strong  adhesion  ability  to  the  intesti-
ccepted 27 September 2018

eywords:
icroparticles

urface textures
dhesion

nal mucosa.  Such  particles  were  employed  as novel  drug  carriers,  which  contributed  to  enhanced  loading
efficacy  and controllable  release  kinetics,  and were  proved  to increase  therapeutic  effectiveness  through
in  vivo  and  in  vitro  tests,  thus  playing  a potential  role  in sustained  drug  delivery,  bioimaging,  diagnostics,
etc.

©  2018  Elsevier  Ltd. All  rights  reserved.
rug delivery

. Introduction

Microparticles with different sizes, morphology, and surface
roperties are among the most promising systems for targeted
nd controlled drug delivery and noninvasive drug administration
1–5]. By encapsulating therapeutic agents into microspheres or

icrocapsules, these particles serve as vehicles for the delivery of
roteins, peptides, and small molecule drugs [6–14]. Fabrication
f drug-loaded microparticles could be achieved through emulsion
roplets templates, which are conventionally derived by various
pproaches including mechanically stirring [15], membrane emul-
ification [16], sonication [17], etc.  However, particles obtained
rom these methods typically show high polydispersity, which are
ot conducive to controlling the amounts of drug loading and ver-

fying the kinetics of drug release, therefore imposing limitations

n the wide applications of these drug-loaded particles [18–20].
esides, current drug microcarriers possess relatively simple sur-

ace structure and lack certain physicochemical properties and
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functions, such as adhesion ability [21–23]. This reduces drug deliv-
ery efficiency because insufficient adhesion of the carriers to the
target results in rapid decrease of drug concentration and thus
low sustainability [24]. Therefore, generating microparticles with
homogeneous size distribution and strong adhesion property is
highly in demand for constructing efficient drug delivery systems.

Natural plant pollen has emerged as promising micro-carriers
for drug encapsulation [25]. In this paper, inspired by the strong
adhesion of pollen to the respiratory tract and interactions with
mucosa due to its coarse surface morphology (Fig. 1a) [26,27], we
present a novel biodegradable particles with tunable surface tex-
tures as adhesive drug carriers via microfluidics, as shown in Fig. 1b.
Due to their capability of generating monodisperse droplet tem-
plates and executing precise control over the physical and chemical
processes during particles formation, microfluidic technology has
become a crucial tool for controllable fabrication of microparticles
with complex structures and desired functions [28–36]. However,
microfluidic fabrication of microparticles with strong adhesion
function for drug delivery is seldom reported. Herein, we used
microfluidics to generate uniform droplets containing biocompat-
ible polymers and a volatile solvent. Along with the evaporation of
the solvent, shrinking droplets triggered interfacial instabilities to
shape into microparticles with surface textures, the roughness of

which could be controlled through various parameters. Adhesion
ability tests showed that the stickiness of the particles displays a
substantial positive correlation with surface roughness. These par-
ticles were then employed as carriers by loading drugs into the

https://doi.org/10.1016/j.apmt.2018.09.016
http://www.sciencedirect.com/science/journal/23529407
http://www.elsevier.com/locate/apmt
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ig. 1. Schematic illustration of (a) micromorphology of pollen from sunflower; (b)
/O  droplets generated from a capillary microfluidic system and the fabrication

rocess of microparticles with rough surface textures.

olymer matrix and were further interacted with human colon can-
er cells and intestinal inflammation sites, respectively. The results
rom in vitro studies revealed that the porous rough surface mor-
hography of microparticles could fast and durably release drugs to

nhibit tumor cell growth. Meanwhile, in vivo studies reflected the
trong adhesion of drug-loaded microparticles and hollows on their
urface synergistically acted on attenuating symptoms of Crohn’s
isease. Also, convenience on controlling pharmacokinetics at the

esions makes these microparticles potentially ideal for sustained
rug delivery, bioimaging, biodiagnostics, etc.

. Results and discussion

In a typical experiment, monodisperse oil-in-water (O/W)
roplets were generated by a capillary microfluidic device, which
as assembled by coaxially aligning two (inner and outer) cylindri-

al capillaries inside a square capillary, as schematically depicted

n Fig. 1b. The inner phase was an oil solution containing a blend
f poly(lactic-co-glycolic acid) (PLGA) and diblock copolymers of
oly(lactic-co-glycolic acid) and poly(ethylene glycol) (PLGA-b-
EG) dissolved in dichloromethane (DCM) and was  infused through

ig. 2. (a) Real-time images of droplet emulsification in the microfluidic device with same
iii)  0.3 mL/h, (iv) 0.5 mL/h, and (v) 1.5 mL/h, respectively. (b and c) Microscope photogr
00  �m in (b) and 100 �m in (c), respectively. (d and e) Relationships of the microparticle
ars  represent standard deviations. (f) The statistical size distribution of typical droplets 
 Today 13 (2018) 303–309

the inner capillary. The outer phase was an aqueous polyvinyl
alcohol (PVA) solution and flowed via the interstices between the
square capillary and the outer capillary. PVA here served as a sur-
factant to prevent droplets coalescence. When the two  fluid phases
met  at the tip of the outer capillary, the inner oil phase was  sheared
into droplets by the outer water phase stream to form monodis-
persed O/W emulsions (Fig. 2a and b). These emulsion droplets
were collected into a designed glass dish containing moderate PVA
aqueous solution.

After collection, the organic solvent DCM in the droplets was
evaporated and the droplets gradually shrank. This process trig-
gered interfacial instabilities to form monodispersed pollen-like
surface-textured microparticles, as shown in Fig. 2c. The removal
of organic solvent remarkably improved the concentration of dis-
solved amphiphilic block copolymers. As a result, the oil/water
interface became dramatically corrugated with many wrinkles
extruded out from the droplets (Fig. S1). The influence of flow
rates on the droplets’ dimensional parameters was investigated,
as shown in Fig. 2d and e. The droplets enlarged with increasing
inner flow rate and decreasing outer flow rate. Meanwhile, ratio of
block copolymers in blends impacted the flow rates because more
PLGA would enhance the viscosity of inner phase. Under same set
of flow rates, fluid possessing higher viscosity would be emulsified
into larger droplets due to less shear force pushing the liquid for-
ward and relatively stronger interfacial tension pulling the drops
back [36]. As a result, the size of the microparticles obtained after
complete evaporation of DCM was  larger accordingly. In addition,
the microparticles were highly monodispersed, with size dispersity
of 4.89%, regardless of the inner and outer flow rates (Fig. 2f).

The degree of wrinkles such as protrusion length on the
microparticles can be regulated by tuning the proportion of PLGA
and PLGA-b-PEG in blends. If the total concentration of poly-
mer  mixture in the inner phase was kept constant, increasing

the proportion of PLGA-b-PEG resulted in distinct improvement of
surface wrinkles. The microstructures of various surface-textured
microparticles were characterized using optical microscopy and
scanning electron microscopy (SEM) (Fig. 3). When the PLGA-b-

 outer flow rate at 5 mL/h and different inner flow rates at (i) 0.05 mL/h, (ii) 0.1 mL/h,
aphs of the (b) droplets and (c) solid pollen-like microparticles; the scale bars are
s radius with (d) the outer flow rate and (e) the inner flow rate, respectively. Error

and microparticles obtained after evaporation.
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ig. 3. Scheme, optical microscopy and SEM images of the microparticles contain
f  PLGA-b-PEG in the blends were as follows: (a) 0%; (b) 20%; (c) 40%; (d) 60%; (
icroparticles. The scale bars are 20 �m,  40 �m,  and 8 �m for each row, respective

EG was absent (which means the ratio of PLGA in the blends was
00%) the resultant microparticles had smooth surfaces, on which
parse holes were distributed, whose size ranged from 400 nm
o 1 �m.  When the PLGA-b-PEG content increased, protrusions
merged and gradually evolved into different morphologies. In
articular, twisty strip wrinkles appeared on the particles surface
hen the PLGA-b-PEG content reached 20%. Such wrinkles then

hifted to grain bulges at the value of 40%, followed by a deforma-
ion into a sheet-like texture with controllable protrusion lengths
hen this value approached 60% and above. Ultimately, with all

LGA-b-PEG, the length of the surface protuberances could reach
pproximately 10 �m.  Meanwhile, the porosity of these particles
ramatically improved with the enhancement of surface textures.
his was demonstrated by characterization of the particles sur-
ace areas through Brunauer–Emmett–Teller (BET) measurements,
s shown in Fig. S2. The formation of such porous microparticles
ith rough surface morphologies could be explained by phase sep-

ration and interfacial instability mechanism [37–39]. During the
emoval of the volatile DCM solvent, the droplets shrank and the
olymer viscosity increased. As a result, phase-separation occurred

n the PEG-rich interface, which contributed to the porous structure
nd highly corrugated surface morphology. The phase separation
as originated from the intrinsic incompatibility between PLGA

nd PEG, and the consequent need to reduce the interfacial area
15]. The more PLGA-b-PEG existed in the blends, the fiercer surface
oughening proceeded. Thus, microparticles with controllable sur-
ace textures can be achieved simply by tuning ratio of PLGA-b-PEG
n blends.

The adhesion ability of these surface textured microparticles
as verified through in vivo testing on the colon epithelium in the

prague–Dawley (SD) rats, who received an enema with six kinds
f textured microparticles with different surface morphologies.
y counting remaining microparticles in the intestinal tract, the
dhesion rate was calculated. Enemas containing aforesaid poly-
er  microparticles resulted in prominent adherence, and particles
ith different degrees of surface roughness exhibited distinct adhe-
ion behaviors. As illustrated in Fig. 4b and c, the stickiness of
he microparticles displays a substantial positive correlation with
urface roughness. The total proportion of remaining microparti-
les with neat PLGA (0.538) was markedly lower than that of the
GA-b-PEG/PLGA blends generated from microfluidic droplet templates. The ratios
; and (f) 100%. The bottom row showed the amplified surface structure of these

PLGA-b-PEG group (0.957). In addition, highly-textured micropar-
ticles, like when the proportion of PLGA-b-PEG reached 60% and
above, had a greater probability to adhere to the forepart of the
colon mucosa. On the contrary, particles with relatively less surface
structures tended to creep down to the middle and back seg-
ments. As shown from the adhesion rate chart (Fig. 4b), ratio of
microparticles retentive within 0.5–1.5 cm and 3.5–4.5 cm of the
colon severally escalated and declined, along with the increase of
surface roughness. Compared with smooth microparticles, greater
coarseness derived from wrinkles and projections on the textured
particles surface account for their preferential adhesion to colon
mucosa. It was  worth mentioning that, to extend the function
of these textured microparticles, oil-soluble Fe3O4 nanoparticles
could be incorporated into the inner phase during droplets gen-
eration. Therefore, the resultant microparticles were endowed
with magnetic responsiveness feature, as shown in Fig. S4.
Such biocompatible, highly adhesive, and magneto-responsive
microparticles would thereby provide a potential reservoir for
prolonged local drug availability and improved therapeutic
efficacy.

To demonstrate the potential value of the surface textured
microparticles, their performances as drug delivery systems were
investigated through in vitro experiments, as shown in Fig. 5. In
specific, the hydrophobic broad-spectrum anticancer drug, camp-
tothecin (CPT), was dissolved at a moderate concentration into
inner oil phase of the microfluidic droplet templates. During par-
ticles generation, the oil-soluble drug molecules were locked in
the solidified PLGA and PLGA-b-PEG polymer networks with high
encapsulation efficiency while without hampering the formation
of surface textures. The microparticles were separated from the
collection solution and soon dried after purification. They could
be preserved for a long time while maintaining good encapsu-
lation efficacy. The dispersion of the self-fluorescent CPT was
observed directly under the confocal laser scanning microscopy
(CLSM), which showed uniform distribution throughout the PLGA
and PLGA-b-PEG mixture, indicating efficient drug loading capacity

of the microparticles (Fig. S3).

Quantitative encapsulation efficiency (EE%) and drug loading
(DL%) of CPT in microparticles were measured, and clearly the
extent of surface textures significantly affected the EE% and DL%,
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Fig. 4. (a) Schematic diagram of the process of adhesion test and the adherence distinction between smooth and highly-textured microparticles; (b) statistical ratio of
microparticles retentive at different colon segments calculated by counting method. The total proportion of remaining microparticles in the intestinal tract for different
ratios  of PLGA-b-PEG in the blends were as follows: 0%: 0.538; 20%: 0.632; 40%: 0.873; 60%: 0.866; 80%: 0.891; 100%: 0.957; (c) optical microscopy images of microparticles
with  various degrees of surface textures adhering to different colon segments. The scale bar is 0.5 cm.
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ig. 5. (a) Schematic illustration of the microparticle degradation and drug release
c)  The cumulative percentage release curves of CPT from the microparticles with d

s depicted in Fig. 5b. Eqs. (1) and (2) [38] shows how EE% and DL%
ere calculated.

E% = amount of drug encapsulated
total amount of drug used

× 100 (1)
L% = amount of drug loaded
amount of polymer

× 100 (2)

In the case of neat PLGA, the encapsulation efficiency reached a
ighest value of 95.0 ± 0.64%. The incomplete encapsulation might
E% and DL% of CPT for particles with different relative PLGA-b-PEG/PLGA contents;
t relative PLGA-b-PEG/PLGA contents.

be resulted from trace loss of the CPT, which was  taken out of the
particles via the random-distributed surface pores during the DCM
evaporation process. As the amount of PLGA-b-PEG increased, the
value of EE% declined, which reached a minimum of 66.8 ± 1.0%
in the case of neat PLGA-b-PEG particles. The reasons can be

ascribed to the diminution of hydrophobic component and rein-
forced porous structure of microparticles. The reduction of PLGA
content provided relatively less hydrophobic domain in the poly-
mer network for the loading of the hydrophobic CPT. Meanwhile,
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Fig. 6. (a) Fluorescent images of HCT-116 cells treated by drug-free microparticles, CPT-loaded PLGA microparticles, and CPT-loaded PLGA-b-PEG microparticles. The scale
bar  is 20 �m.  (b) Corresponding viability of HCT-116 cells cultured in the different groups.
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ig. 7. Hematoxylin and eosin (H&E) histology images of the different mice groups
reatment. (c and d) Mice with Crohn’s disease treated with enema of (c) pure BUD-

easured in the second independent experiment. Data were means ± SD (n = 10 mi

ore hollows on the surface accelerated drug leakage, which con-
ributed to the quick fall of EE%.

To investigate the release kinetics of CPT, the drug-loaded poly-
er  particles were emerged in phosphate buffered saline (PBS, pH

.4) solution at 37 ◦C to mimic  the human physiological environ-
ent. As shown in Fig. 5a, CPT could be released gradually with the

egradation of the polymer. Fig. S5 showed that the more PLGA-
-PEG occupied, the more quickly microparticles degraded. The
umulative release profile of CPT from different surface textured
icroparticles is displayed in Fig. 5c. It showed an initial burst in the

rst 24 h, followed by a continuous profile and eventually reached
he maximum. The initial burst release could be attributed to the
scape of the loosely encapsulated drug from the microparticles’
olymer matrix. After that, the long-term steady process indicated

 sustainable release profile, and the CPT release was accelerated
ith the increase of surface roughness. This was a result of higher

urface area of the porous microparticles, which made them more
avorable for water adsorption and hence enhanced wettability
39], thus leading to an increased release. Therefore, by tailoring the
xtent of surface roughness, the drug loading and release kinetics
an be effectively controlled.

The advantage of the porous and rough surface of PLGA-b-PEG
icroparticles was embodied in enhancing therapeutic effect of

he anticancer drug. The CPT-loaded microparticles were inter-
cted with human colon cancer cells, HCT-116. CPT is a cytotoxic

uinolone alkaloid that can inhibit DNA enzyme topoisomerase I,
revent DNA re-ligation, and cause DNA damage, thus resulting

n apoptosis [40]. Here, HCT-116 cells were incubated for 3 days
ontrol mice received no treatment. (b) Mice with DSS-induced Crohn receiving no
 PLGA and (d) PLGA-b-PEG microparticles. (e and f) Colon (e) length and (f) weight

 group). P values were determined by one-way ANOVA with Tukey post hoc test.

with unloaded microparticles, CPT-loaded PLGA microparticles,
and CPT-loaded PLGA-b-PEG microparticles with an equivalent CPT
dosage, respectively. Optical and fluorescence images in Fig. 6a
showed that the HCT-116 cells grew well in the culture plate with
presence of drug-free microparticles (set as the control group),
indicating excellent biocompatibility of the polymer materials.
However, the viability of HCT-116 cells incubated with CPT loaded
microparticles was  lower than that of the control group, and it
decreased with incubation time. Comparing these two  kinds of
drug-loaded microparticles, the cell viability of the PLGA-b-PEG
group was  lower than that of the PLGA group. After incubation for
3 days, the total apoptotic HCT-116 cell populations in the PLGA-
b-PEG group (85.88%) is remarkably higher than the PLGA group
(64.77%), as shown in Fig. 6b. These results indicated that, those
porous drug carrier microparticles with highly textured surfaces
could significantly reduce cell viability, and enhance therapeu-
tic efficacy in treating cancer cells, compared with the relatively
smooth carriers, which corresponded to the results of drug release
curves above.

The synergistic effect of drug-loaded adhesive microparticles’
strong adhesion and multihole structure was examined using
dextran sulfate sodium (DSS) modeling. Budesonide (BUD) is a
medication of the corticosteroid type, which can be delivered in rec-
tal form for inflammatory bowel disease including Crohn’s disease,
ulcerative colitis and microscopic colitis [41]. Here, mice received

an enema of BUD-loaded polymer microparticles with neat PLGA
and neat PLGA-b-PEG, respectively. Untreated mice and mice with
Crohn modeling using dextran sulfate sodium (DSS) were set as
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ontrols. Crohn disease was characterized by infiltration of the
olon lamina propria with neutrophils and mononuclear inflamma-
ory cells, crypt hypertrophy, and superficial erosions [42]. Results
howing in Fig. 7a and d demonstrated that histological inflam-
ation was diminished in the mice treated with two BUD-loaded
icroparticles, and the disease severity was significantly reduced

n mice given BUD-loaded PLGA-b-PEG microparticles compared
o that of the PLGA experimental group. Colon length and weight
ere scored as additional statistically significant parameters for
isease activity. It is noted that Crohn disease will cause length
hortening and weight gaining of the colon. As shown in Fig. 7e and
, there was a more notable statistic difference between DSS group
nd BUD+ PLGA-b-PEG group on the colon length (P = 0.0004) and
eight (P = 0.0077) compared with BUD+ PLGA group. The results

ndicated that administration of BUD-loaded microparticles had
herapeutic impact on recovering normal colon to some extent.
specially, PLGA-b-PEG microparticles performed better by virtue
f their stronger adhesion and more efficient drug delivery. These
eatures of the microparticles indicated their potential value as
unctional delivery systems.

. Conclusion

In summary, we have developed novel drug delivery micropar-
icles with uniform size, controllable surface textures and strong
dhesion through microfluidic droplets templates. Surface textures
ere generated during particles formation due to evaporation-

nduced interfacial instability. The degree of particles roughness
ould be controlled simply by adjusting the component ratio of
olymer blends in the droplets. Strong adhesion ability of the resul-
ant particles was confirmed through in vivo testing on the colon
pithelium. Such adhesive particles were served as drug delivery
ehicles with good biocompatibility, high loading efficiency, con-
rollable release kinetics, and strong adhesion. These advantages
ontributed to improved therapeutic efficacy of the particles for
nflammatory Crohn’s disease, indicating potential role of the parti-
les in fields of sustained drug delivery, bioimaging, biodiagnostics,
tc.
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