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ABSTRACT: Mucoadhesives have been perceived as an effective approach for
targeting the mucosa-associated diseases, which relied on the adhesive molecules to
enhance the specificity. Here, topographical binding is proposed based on the
fabrication of surface pore size tunable pollen-mimetic microspheres with phase
separation and electrospray technology. We proved that microspheres with large-pores
(pore size of 1005 + 448 nm) were the excellent potential candidate for the
mucoadhesives, as they not only possessed better adhesion ability, but also could
topographically bind cervical cancer cells. Our methods of topographical binding
offered a new way of designing the mucoadhesives for treating the mucosa-associated

diseases.
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B INTRODUCTION

Mucoadhesives have been focused recently on the field of
mucosa-associated diseases as a complementary approach
instead of intravenous injection for building a novel system of
drug delivery or vaccine carrier,"” because of their advantages
of prolonging the residence time at the site of drug absorption,
small dosage, better specificity, and reduced side effects
compared to the traditional drugs.z_4 For cancer treatments,
especially in the respiratory system, oral cavity, gastrointestinal
tract, and vagina, tumors exist together with normal epithelial
tissues, always exposing in the mucosal membrane.® Hence it is
particularly crucial to target tumor cells and transport drugs
into the cells via mucosa administration. Presently different
approaches of making mucoadhesives have been extensively
studied for enhancing the adhesion efficiency. Chemical
approaches were applied to produce kinds of polymeric
bioadhesive platforms such as hydrophilic polymers, hydrogels,
co-polymers/interpolymer complex, and thiomers.*® On the
other hand, microfabrication techniques were introduced to
design precisely shaped structures, such as microneedles and
microposts, which could increase the adhesive elements per
surface area.”® Additionally, for strengthening the bind with
the targeted organ or tissue, more specific systems were
designed based on lectin, thiol, and various other adhesive
functional groups.lo_12 However, all the methods mentioned
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above have to employ adhesive molecules to enhance the
specificity, which increased the cost of the product and
complicated the fabrication process as a result.

Here, we explored a new method for fabricating the potential
mucoadhesives to topographically bind the cancer cells without
the modification of special molecules. In this paper, inspired by
pollen microstructures, phase separation was introduced into
the process of electrospray and tunable pore sizes from
nanoscales to microscales on surface of microspheres were
prepared by modifying the volume ratio of the non-solvent in
electrospray solution. Adhesion ability of the microspheres was
measured with CasKi cells (cervical cancer cell line) and Ectl/
E6E7 cells (cervical epithelial cell line). Atomic force
microscope (AFM) was employed to analyze the adhesion
between cells and pollen-mimetic microspheres, which were
attached on the tipless AFM cantilevers.

B MATERIALS AND METHODS

1. Fabrication of Pollen-Mimetic Microspheres. Poly-
caprolactone (PCL) (M, 65000, Sigma) was dissolved at a
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Figure 1. Fabrication of pollen-mimetic microspheres. (a) Canola flower and low-vacuum scanning electron microscope (SEM) imaging of the
pollens. (b) Illustration of microspheres generation with different pore sizes on surface by changing nonsolvent ratios. In step one, solvent (DCM)
quickly evaporated before microspheres arriving at the collector. In step two, nonsolvent (ethanol) evaporated slowly and porous microstructures
formed at surface of the particles in a water bath. Insert figure shows a representative SEM picture of the pollen-mimetic microspheres.

concentration of 3% (wt %) in ethanol and dichloromethane
(DCM) mixture at following ratios (v/v): 0, 1/60, 1/30, and 1/
1S. During the electrospray process, the polymer solution was
fed at 3 mL h™" using a syringe needle (inner diameter of 0.17
mm) under a voltage of 15 kV, while keeping the temperature
and humidity at 25 °C and 30%. The distance between the tip
of the needle and the collector was fixed at 20 cm.
Microspheres were collected in a water bath.

2. Cell Culture and Adhesion Measurement. Cervical
cancer cell line CasKi (ATCC, CRM-CRL-1550) was
maintained in RPMI1640 medium supplemented with 10%
fetal bovine serum (FBS), 100 U ml™' penicillin and 100 mg
mL™! streptomycin (all from Hyclone). Cervical epithelial cell
line Ectl/E6E7 (ATCC, CRL-2614) was cultured in
Keratinocyte medium containing 0.1 ng mL™ human
recombinant EGF and 0.05 mg mL™' bovine pituitary extract
(all from Gibco).

For adhesion measurements, tipless AFM cantilever
(NTMDT, CSGI11/tipless) was attached with microspheres
by UV-sensitive glue. CasKi and Ectl/E6E7 cells were
transferred in a petri dish and allowed to proliferate for 48 h.
Afterwards, dishes were placed on sample stage of AFM system
(Agilent, 5500) which combines an inverted microscope
(Nikon, TE2000U). Each cell was probed with above
cantilevers to record force—distance curves at the central
position of the cytoplasm with a frequency of 10 Hz.

3. Low-Vacuum Scanning Electron Microscope (SEM)
Characterizations. After fixation in 2.5% (w/w %) gluta-
raldehyde for 3 h, cell samples were dehydrated through graded
ethanol solutions of 30, 50, 70, 85, 95, and 100%, for 10 min
each. The samples were then dried by a critical point dryer
(Balzers CPD 030) and imaged by scanning electron
microscope (Quanta 200) under low-vacuum mode. Pollens
were imagined followed an ultrasonic cleaning in ethanol and
acetone, respectively. The microspheres could be directly
observed without any pretreatment by the low-vacuum SEM.

B RESULTS AND DISCUSSION

In nature, the mucous membrane in the respiratory tract can be
easily adhered by pollen grains assisted by the reticulate
ultrastructures,"*'* as shown on pollens of the canola flower
(Figure 1a), which could be modeled as the microspheres with
the porous topography on surface. Hence, the specific
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topography of the pollens can be imitated to design drug
carriers that bind the mucosa. Variant methods fabricating
microspheres or pore structures have been extensively
investigated, such as membrane emulsification technique,ls’lé
phase separation,'” self-assembly,'® breath figure technique,'”*°
and spray pyrolysis.”' > Among these methods, electro-
spinning has been chosen as a versatile platform to produce
the fibers and microspheres with some specific secondary
structures, e.g, core/sheath, hollow, and ];>orous.24_28 As a
special case of electrospinning, electrospraying shares similar
physical principles and can be applied to fabricate the particles
at mico/nanoscales.””*® Although microspheres with porous
structures have been reported employing the electrospray or
spray-drying technique,® ~>* the size-controllable porous
structures on surface have not been achieved yet. For
generating the microspheres with tunable pore sizes on surface,
we added ethanol in small proportions into the polycapro-
lactone (PCL) solution as the nonsolvent.

Biodegradable PCL was used in this study as having similar
surface energy with carotenoid, which is a critical constituent in
the outer pollen.*> PCL was dissolved in dichloromethane
(DCM) at a concentration of 3% (wt %), with different low
proportions of ethanol as the nonsolvent. During the
electrospray process, the polymer solutions were loaded in a
syringe that was connected to the high-voltage power,
developing a conical shape called Taylor cone at tip of the
nozzle. When the electrostatic forces overcame the limit of
surface tension, polymer solution was ejected from the Taylor
cone and microspheres of different sizes formed following the
evaporation and stretching processes in electric field.* In our
experiment, solvent (DCM) and nonsolvent (ethanol) had
different vapor pressures (DCM: 46.59 kPa/20°C, ethanol:
5.67 kPa/20°C), which resulted in the evaporation in different
steps during phase separation. As shown in Figure 1b, the
formation of the porous microspheres can be divided into two
steps. In the first step, solvent (DCM) quickly evaporated
before microspheres arrived at the collector, leaving nonsolvent
ethanol distributed on the surface of PCL particles, whereas in
the second step, nonsolvent (ethanol) evaporated slowly and
porous microstructures formed at surface of the particles in a
water bath. The generation of the porous structures was
accomplished by phase separation, which was induced by
increasing temperature and evaporation.36 After phase separa-
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Figure 2. Low-vacuum SEM imaging of microspheres with different pore sizes after changing ethanol ratios (v/v) from (a, b) 0 to (c, d) 1/60, (e, f)
1/30, and (g, h) 1/1S. Average pore sizes on microspheres were generated as (b) 108 + 48 nm, (d) 206 + 37 nm, (f) 1005 + 448 nm, and (h) 191

+ 54 nm, respectively.

tion, the concentrated polymer phase solidified shortly and
formed the particle matrix, whereas the polymer poor phase
formed the pores.®*

As shown in Figure 2, different pore sizes on microspheres
were prepared by adjusting the ethanol ratios in electrospray
solution. Here, 50—60 microspheres from different batches
were randomly selected for the size measurements. When
ethanol ratios (v/v) changed from 0 to 1/60, 1/30, and 1/15,
average pore sizes on microspheres were generated as 108 + 48
nm (Figure 2a, b), 206 + 37 nm (Figure 2c, d), 1005 + 448 nm
(Figure 2e, f), and 191 + 54 nm (Figure 2g, h) respectively.
Diameters of microspheres (6.14 + 0.59 um) in the above
groups did not change significantly as the same PCL
concentration was shared. Consequently, with the increase in
proportion, ethanol gathered on the surface of the particles in
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larger clusters and densities, forming pores with increasing
diameter. However, pore size decreased when ethanol volume
ratio exceeded 1/30 (v/v), which may be caused by the overall
covering of ethanol on surface of the particles and offering no
contribution for pore generation (Figure 1b). The porous
structures with some degree of tortuosity mainly distributed on
surface of the particles, indicating that the process of phase
separation occurred on the surface of the microspheres (see the
Supporting Information, Figure S1). According to above
principles, similar pollen-mimetic particles were also prepared
by changing ethanol as acetic acid (see the Supporting
Information, Figure S2), further demonstrating the wide
feasibility of our method.

The pollen-mimetic microspheres can find their applications
in fields of controlled release systems, tissue engineering and
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Figure 3. Adhesion energy measurements with the atomic force microscope (AFM) cantilever on CasKi cells and Ect1/E6E7 cells. (a) Retracting
part of a typical force curve. The shallow area represents adhesion energy. (b) Tipless AFM cantilever attached with small-pore microsphere (pore
size of 108 + 48 nm). (c) Tipless AFM cantilever attached with large-pore microsphere (pore size of 1005 + 448 nm). (d) Adhesion energy of large-
pore microsphere on CasKi cells (13.58 + 6.12 f]) was significantly larger than the value of small-pore microsphere (6.18 + 3.39 f]) (p < 0.001),
indicating that microspheres with a large pore size (1005 + 448 nm) are more suitable as the drug carriers. (e) Adhesion energy of large-pore
microsphere on CasKi cells (13.58 + 6.12 f]) was five times larger than the value on Ect1/E6E7 cells (2.95 + 2.4 f]), indicating a good specificity of

the topographical binding.

cosmetics, et al.,>”** in which adhesion capability plays a critical
role in evaluating the practicability. Several theories have been
adapted for the investigation of adhesion, among which the
fracture theory relates the adhesive strength to the forces
required for detachment of the two involved surfaces after
adhesion.* According to the theory, atomic force microscope
(AFM) was applied to detect the adhesion energy (7) at single
microsphere level, which was calculated by the integral of the
force—distance attractive force™

y= /F(z)dz (1)

where y represents the shallow area in Figure 3a, F is the
adhesive force when the AFM probe is retracted away from the
substrate, and z is the relative distance of the cantilever holder
to the surface.

We next measured the adhesion energy between pollen-
mimetic microspheres and mucosa-exposed cancer cells. The
cervix is classified as a fully exposed organ of the human body.
Cervical cancer originated in cervical mucosa and tumor cells
mainly spread over the suprabasal differentiating cell layers of
the cervical epithelial dys4plasia, thus offering a target for the
adhesive drug carriers.*"** Hence cervical cancer cells were
used as the model to test the function of the pollen-mimetic
microspheres as a universally applicable mucoadhesives. To
investigate the influence of pore size on adhesion, we attached
tipless AFM cantilevers with the small-pore (108 + 48 nm)
microsphere (Figure 3b), and large-pore (1005 + 448 nm)
microsphere (Figure 3c), respectively. The former cantilever
was detected with a spring constant (K) of 0.647 N m™" and a
sensitivity (S) of 8.806 nm V' and the other was detected with
aKof 0.502 N m™ and an S of 10.669 nm V™. Cervical cancer
cell line CasKi, established from human cervical carcinomas,*
was used for adhesion analysis of the microspheres. Both of the
cantilevers were applied to collect AFM force curves of CasKi
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cells with a frequency of 10 Hz. To compare the adhesion of
microspheres, we detected more than 40 CasKi cells. Results
showed that the average adhesion energy of small-pore
microsphere and large-pore microsphere were 6.18 + 3.39 {]
and 13.58 + 6.12 fJ respectively (Figure 3d). The difference
was significant by performing Student’s t-Test (p < 0.0001).
Besides, we also find that adhesion force of large-pore
microsphere on Caski cells was significantly larger than the
value of small-pore microsphere (see the Supporting
Information, Figure S3). The interesting result that different
pore sizes lead to varied adhesive condition between pollen-
mimetic microspheres and cancer cells suggested that mucosa-
exposed cancer cells could be topographically bound through
the size tunable surface ultrastructure.

According to above results, the microspheres with size-
tunable porous structures could be used as potential adhesives
that carrying antitumor drugs in order to kill cervical cancer
cells. Because the side effects of chemotherapy on normal cells
have been widely focused,* we further analyzed the adhesion
energy between large-pore microsphere and normal cervical
epithelial cells, for example, the ectocervical Ectl/E6E7 cell
line, which was established from normal epithelial tissue taken
from a premenopausal woman undergoing hysterectomy for
endometriosis.*> AFM cantilever attached with large-pore
(1005 + 448 nm) microsphere was used to collect force
curves on more than 40 Ectl/EGE7 cells. The calculated
average adhesion energy was 2.95 + 2.4 {], which was only one-
fifth of the adhesion energy on CasKi cells (13.58 + 6.12 f]).
Difference was significant by performing Wilcoxon Two-
Sample Test (p < 0.0001) (Figure 3e). We also find that
adhesion force of large-pore microsphere on Caski cells was
significantly larger than the value on Ectl/E6E7 cells (see the
Supporting Information, Figure S4). The data indicated that the
microspheres with pore size of 1005 + 448 nm have a stronger
adhesion on cervical cancer cells than that on normal cells,
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Figure 4. SEM imaging of (a) CasKi cells and (c) Ect1/E6E7 cells. (b, d) Enlargement of the corresponding squares in a and c. The membrane of
CasKi cells was characterized by long microvilli and considerable protuberance like blebs with a diameter of 510.57 + 93.96 nm. The adjacent
microvilli interlaced around a protuberance, shaping an island-like structure (yellow arrow). No blebs were found on the surface of Ectl/E6E7 cells

and only little short microvilli randomly appeared.

further confirming the good specificity of the topographical
binding.

To explore what factor decided the adhesion events between
different types of cells and the microspheres, we applied
scanning electron microscopy for demonstrating the topo-
graphical differences in CasKi and Ectl/E6E7 cells. After
fixation, dehydration and critical point drying, CasKi and Ect1/
E6E7 cells were imagined in a low vacuum scanning electron
microscope, which making sure that the high-resolution images
of original conditions of cells could be achieved without
prespinning Au. Results showed that the membrane of CasKi
cells was characterized by long microvilli and considerable
protuberances like blebs with a diameter of 511 + 94 nm
(Figure 4a, b). Furthermore, the adjacent microvilli interlaced
around a nanoscaled bleb, shaping an islandlike structure (see
arrows in Figure 4b). However, no blebs were found on the
surface of Ectl/E6E7 cells and only little short microvilli
randomly appeared (Figure 4c, d). The phenomenon was
consistent with in situ observations. The ultrastructure of
normal epithelial cells’ luminal surface display more different
profiles in comparison with that of cervical cancer cells.*® There
is a clearly evident that the microspheres with rational-sized
pores may better match the irregularly distributed islandlike
structures on cancer cells rather than normal cells. In our case,
the porous microspheres with pore size of 1005 + 448 nm lead
to a topographical interaction with CasKi cells resulting in the
specific adhesion. Furthermore, topographic changes of cell
surface ultrastructure also extensively presented in other
mucosa-associated tumors, such as colon cancer and gastric
cancer,"”*® indicating that the principle of topographical
adhesion can also be applied to design drug carrying systems
binding other mucosa.
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B CONCLUSIONS

In summary, we realized the topographical binding to the
cervical cancer cells via the fabrication of surface pore size
tunable pollen-mimetic microspheres with phase separation and
electrospray technology. By changing the nonsolvent ratios in
electrospray solution, different pore sizes from nanoscales to
microscales could be generated on surface of the microspheres.
We further confirmed that large-pore microspheres were the
excellent potential candidate for the mucoadhesives of cervical
cancer mucosa, as they not only possessed better adhesion
ability than small-pore microspheres, but also could topo-
graphically bind the cervical cancer cells. The correlation
between the structure and the function has been a fundamental
principal in biological system from molecular level to the cell
and tissue level.” Here, the specific ultrastructure induced
topographical adhesion was called “topography coupled
mechanical biofunction”. Consequently, when designing
adhesion-controlled materials, both the topographical charac-
teristic of biological samples and the materials should be
considered equally for enhancing the adhesion and related
specificity. Also, the phase separation and electrospray
combined method has a wide feasibility for producing surface
pore tunable microspheres by altering the volume ratios of
solvent and nonsolvent. Further, the pollen-inspired micro-
spheres can be applied not only in the treatment of cervical
cancer but also in other mucosa-associated diseases in the
respiratory system, oral cavity, gastrointestinal tract, etc.
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