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ABSTRACT: Topically administered ocular drug delivery systems
typically face severe bioavailability challenges because of the natural
protective mechanisms of eyes. The rational design of drug delivery
systems that are able to persist on corneal surfaces for sustained drug
release is critical to tackle this problem. In this study, we fabricated
monodisperse chitosan-coated PLGA microparticles with tailored
diameters from 5 to 120 μm by capillary microfluidic techniques and
conducted detailed investigations of their mucoadhesion to artificial
mucin-coated substrates. AFM force spectroscopy revealed strong
instant adhesion to mucins, whereas the adhesion force, rupture length,
and adhesion energy were positively correlated to the particle diameter
and contact time. Particle detachment tests under shear flow in a
microfluidic mucin-coated flow cell were in accord with the AFM
measurements and revealed that microparticles smaller than 25 μm exhibited strong persistence in the flow cell, withstanding
high shear rates up to 28,750 s−1 which are equivalent to the harshest in vivo ocular conditions. A simple scaling analysis
connects the AFM and detachment tests, and reveals the existence of a threshold diameter below which mucoadhesion
performance essentially saturatesan important insight in managing the opposing design criteria of enhanced mucoadhesion
and slow, sustained drug delivery. Our findings thus pave the way for the rational design of mucoadhesive microparticulate
ocular drug delivery systems that are capable of enhancing the bioavailability of topically applied drugs to eyes, as well as to
other tissues whose epithelial surfaces contain mucosae.
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1. INTRODUCTION

Visual impairment is currently estimated to affect over 285
million people worldwide.1 Treatment of eye diseases such as
glaucoma has been investigated for many decades, and many
therapeutic methods have been established, which include
noninvasive topical drug administration in formulations such as
gels, ointments and eye drop solutions, and invasive methods
such as surgical inserts and injections.2 At present, topical
formulations are the preferred route for ocular drug delivery
because of the ease of administration and high patient
compliance. Of these, eye drops represent more than 90% of
the available commercial formulations.3 Nevertheless, the
unique anatomy and physiology of the eye presents a major
challenge in topical ocular drug delivery. The natural defense
mechanisms of eyes (e.g., tear dilution, nasolacrimal drainage,

and reflex blinking) keep foreign materials away from entering
the eye, thereby limiting the bioavailability of topically
administered drugs.3 Only 1−3% of topically instilled drugs
typically reach the target intraocular tissue, thus limiting their
therapeutic efficacies.4 Concomitantly, the high frequencies of
dosage necessitated by limited bioavailability present a major
hurdle for patient compliance.5 There has consequently been
much interest in polymeric mucoadhesive particulate drug
delivery systems to overcome some of these challenges.6

Besides the advantage of controlled drug release,7 these
systems leverage the presence of mucosal layers in the tear
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film of eyes and the ability of mucoadhesive materials to
prolong their residence time on the mucosa, thus increasing
the bioavailability of the administered drug.4,8

The typical mucus layer is a highly hydrated non-Newtonian,
viscoelastic system composed of a 3D network of randomly
entangled high molecular weight glycoproteins named mucins
(2−5 wt %),6,8 with an average thickness of 3−5 μm on the
cornea.9,10 Understanding the interactions between polymeric
mucoadhesive materials and the mucosa is critical for the
rational development of mucoadhesive drug delivery systems.8

Mucoadhesive polymers interact with mucins via a variety of
well-studied mechanisms, including electrostatic interactions,
hydrogen bonding, van der Waals forces, and polymer chain
interdiffusion.11,12 These polymers are typically coated/grafted
onto the surfaces of drug-loaded microparticles, and two major
factors (i.e., surface chemistry/charge and microparticle size)
can be modulated to enhance their adhesion to the mucosa. As
far as the first factor is concerned, polysaccharides are
extensively studied natural polymers in drug delivery
applications because of their general stability, low toxicity,
hydrophilicity, biodegradability,13 and the presence of reactive
functional groups (e.g., amine groups) that promote
mucoadhesion.11 Chitosan, a polysaccharide obtained from
chitin, has emerged as an important mucoadhesive biomate-
rial14 that is extensively utilized in ocular drug delivery,15

especially as a coating material for micro and nanoparticles
(MPs and NPs)16−20 in administration routes including oral,
nasal, and pulmonary.8 The mucoadhesive properties of
chitosan are due to the formation of secondary chemical
bonds such as hydrogen bonds, hydrophobic interactions, and
more importantly, electrostatic interactions14,21 between the
oppositely changed chitosan and mucins. The dimension of
MPs and NPs is a second crucial modulator of their
mucoadhesion behavior. The high surface area-to-volume
ratio of NPs makes them very attractive for mucoadhesive
formulations because of the high interfacial areas available for
the establishment of adhesive bonds.8 In general, submicron
nanoparticles are able to diffuse into the mucus layer, where
their translocation depends on multiple factors, particularly
their adhesive properties and size. Diffusion of adhesive NPs is
slower than nonadhesive ones because of the mucoadhesion
interactions, and consequently, they are primarily retained in
the periphery of the mucus layer.18 Studies using human
cervical mucus found that because of the heterogeneity of the
mucus mesh, larger particles (e.g., 200−500 nm) can diffuse
faster than smaller particles (100 nm or less), which can access
tortuous and dead-end channels.22 However, in tighter mucus
mesh, diffusion of larger nanoparticles is substantially reduced
relative to smaller nanoparticles.23 While smaller size is an
overall advantage for mucoadhesion, it poses challenges for

sustained drug delivery. NP formulations are typically
characterized by burst release properties, which may not be
suitable for a sustained release formulation.24,25 On the other
hand, larger particles in the micrometric range (MPs)
potentially enable sustained drug delivery, yet face the opposite
challenge of weaker mucoadhesion since they are incapable of
fully embedding into the mucosa.8 As a result, MPs are
typically exposed to the harsh hydrodynamic environment of
the eye and experience large shear rates approaching 28 500
s−1 due to reflex blinking,26 thereby accelerating their clearance
from the eye surface. There have been some studies using flow
chambers to examine effect of diameter on adhesion of MPs,
but these have been limited to shear rates far lower than their
physiological counterparts in the eye.27

From the perspective of rational design, the question of what
optimal particle size range allows sustained drug delivery while
retaining strong mucoadhesive behavior (and therefore
enabling longer residence times in the eye) remains
unresolved. This is the key issue that we examine in this
paper, which we approach from the standpoint of mucoadhe-
sion behavior. We first present experimental measurements of
the adhesion of monodispersed chitosan-coated poly(lactic-co-
glycolic acid) (PLGA) MPs in a broad size range of 15−120
μm, fabricated using microfluidic methods, to mucin-coated
surfaces using atomic force microscope (AFM) force spec-
troscopy. We then present studies of the adhesion behavior of
these PLGA MPs in mucin-coated microfluidic flow cells under
physiological shear rates. Finally, we present simple scaling
arguments for microparticle detachment based on the lift, drag,
and friction forces experienced by the MPs and the
experimentally measured adhesion forces. One of the key
conclusions from our study is that MPs below a threshold
diameter of ∼20 μm exhibit nearly indefinite persistence in the
flow cells under physiological shear rates. This threshold
dimension represents an upper limit of particle diameter for
MPs that allows enhanced mucoadhesion while retaining the
sustained delivery properties enabled by larger particle
dimensions. Our findings therefore address the open question
articulated above and pave the way for the rational design of
MP-based ocular drug delivery systems to improve the
bioavailability of therapeutic agents.

2. MATERIALS AND METHODS
2.1. Preparation of PLGA MPs. The preparation of PLGA MPs

of various diameters followed a previous procedure with minor
modifications.19 Oil-in-water (O/W) emulsions were achieved using a
coaxial glass capillary microfluidic setup (Figure S1), which was
assembled by inserting a round capillary into a square one. The
surface of the round capillary was treated with an oxygen plasma (100
W) for 120 s. The aqueous continuous phase (W) (poly(vinyl
alcohol) (PVA, molecular weight ∼67 kDa (Mowiol 8−88, Aldrich))

Table 1. Characteristics and Tunability of PLGA Droplets and MPs Produced by Capillary Microfluidics

nozzle size PLGA concentration/flow rate (μL/min) PVA concentration/flow rate (μL/min) droplet size (μm) particle diameter (μm)

a 220 μm 1%, 20 2%, 100 ∼550 122.7 ± 2.1
b 0.1%, 15 2%, 90 ∼550 63.0 ± 1.5
c 1%, 15 4%, 90 ∼150 38.6 ± 0.8
d 1%, 15 6%, 90 ∼100 25.4 ± 0.5
e 0.1%, 15 6%, 90 ∼100 14.3 ± 0.6
f 100 μm 1%, 10 3%, 60 ∼60 14.9 ± 0.2
g 0.33%, 10 3%, 60 ∼60 10.0 ± 0.3
h 50 μm 1%, 4 3%, 20 15−20 6.9 ± 0.3
i 0.33%, 5 2%, 20 10−20 5.6 ± 0.4
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in water) and the dispersed phase (O) (PLGA (75:25, Sigma-Aldrich,
product no. P1941, molecular weight 66−107 kDa) in dichloro-
methane) were infused from the two ends of the square capillary
through the outer coaxial region using syringe pumps (Harvard PHD
22/2000 series). The dispersed phase was hydrodynamically focused
by the continuous phase at the nozzle of the round capillary, resulting
in the formation of emulsion droplets. In order to prepare different
diameters of PLGA MPs, the PVA and PLGA concentrations were
varied from 2% to 6%, and from 0.1% to 1% respectively, while the
nozzle size and flow rate were also modulated accordingly (Table 1).
Glass wells with a predispensed film of continuous phase were used
for sample collection. Approximately, 300 μL of O/W emulsions was
dispensed directly into the glass well with a 6 cm internal diameter to
prevent droplet coalescence. Optical microscopy images of the
droplets were captured using a QImaging MicroPublisher 5.0 RTV
camera mounted on an Olympus SZX7 microscope. Afterward,
solvent evaporation was performed at room temperature to achieve
PLGA MPs of different diameters. PLGA MPs were then washed with
Milli-Q water multiple times to remove PVA, dried in a vacuum drier,
and stored at 4 °C for further use.
2.2. Size Distribution and Morphology of PLGA MPs. Size

distribution and morphology of PLGA MPs were measured using
microscopic image analysis and field emission scanning electron
microscopy (FESEM). The size distribution was analyzed with an
inverted microscope (Nikon Eclipse Ti) operated in bright field
mode, whose in-built software (NIS Elements 3.22.0) was used to
measure the diameters of MPs (circle by a three-point method). Each

sample was comprised of at least 200 particles. The morphology of
MPs was also studied by a field emission scanning electron
microscope (JEOL JSM-6700F) at 5 kV accelerating voltage. All
samples were coated with ∼10 nm of platinum (30 mA for 70s) by
sputter coating before imaging.

2.3. Coating of PLGA MPs. As-prepared PLGA MPs were coated
in 1% (w/v) chitosan (Sigma-Aldrich, molecular weight 50−190 kDa,
degree of deacetylation 75%−85%) by mixing on a rocker for 4 h and
settled down by gravity. Afterward, the coated MPs were washed with
water to remove the excessive chitosan and resuspended in 20 mM
HEPES buffer at pH 7.4. The ζ-potential of MPs in HEPES buffer
before and after coating was analyzed by a Zeta-sizer (Malvern) at ∼1
mg/mL MPs. Details of the method for quantification of chitosan
coating on PLGA MPs, expressed as the mass of chitosan coating the
PLGA MPs per mass of MPs are provided in Supporting Information.

2.4. Preparation of Mucin-Coated Polystyrene Substrates.
Bovine submaxillary mucins (Sigma-Aldrich, product no. M3895)
were purified following previous reports.28,29 Briefly, the proteins were
dissolved in Milli-Q water at 10 mg/mL and dialyzed against Milli-Q
water using a Spectra/Por Float-A-Lyzer G2 dialysis membrane (100
kDa MW cutoff, Spectrum Laboratories) for 4 days with a daily
change of fresh water and then lyophilized for storage. Mucin coatings
were generated by incubating mucin (0.25 or 1 mg/mL) in HEPES
buffer (0.02 M, pH 7.4) on the surface of polystyrene Petri dishes
(Nunc, ThermoFisher Scientific) for different durations. The coated
surfaces were then washed with HEPES buffer three times. For the
contact angle measurement, the surfaces were further washed with

Figure 1. Preparation and coating of PLGA MPs by flow-focusing capillary microfluidic devices. Microscopy images of emulsion droplets and MPs,
particle size distribution, SEM images of PLGA MPs prepared with 100 μm nozzle (a) and 220 μm nozzle with different PVA concentrations (b−
d) before and after coating with chitosan are shown, respectively.
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water for three times to prevent salt crystal formation and then dried
in air overnight. The contact angle of a Milli-Q water drop (1 μL) on
mucin coatings was measured using a goniometer (camera-equipped
VCA 2000, AST Products). The reported values were averages of five
measurements at different positions of each sample. The mucin
coating was also examined by fluorescence microscopy. To produce
fluorescent mucins, mucins were labeled with 5-carboxyfluorescein
succinimidyl ester (5-FAM SE, Bio Basic Asia Pacific) following an
established procedure.29 Refer to Supporting Information for more
details of labeling, coating, and imaging.
2.5. Mucoadhesion Study by AFM Force Spectroscopy. The

mucoadhesion forces of PLGA MPs on mucin coatings were studied
by AFM force spectroscopy. All experiments were performed on a
NanoWizard II AFM (JPK Instruments) installed on an inverted
optical microscope (Olympus IX71) at room temperature. Colloidal
probes with different sizes of PLGA MPs (15−120 μm) were glued
with epoxy resin (Selleys Epoxy Fix Super Fast) onto tipless
cantilevers (refer to Supporting Information for more details). The
attached MPs on the cantilevers were characterized by SEM with the
same method mentioned above. Force measurement on noncoated
MPs were performed with softer cantilevers with a theoretical spring
constant of 0.03 N/m (Arrow TL1−50 Tipless Cantilevers,
NanoWorld), while those for coated MPs were done with stiffer
cantilevers with a theoretical spring constant of 0.32 N/m (PNP-TR-
TL-Au-50, Pyrex-Nitride AFM Probes, NanoWorld). The actual
spring constant of the cantilevers were calculated by the thermal noise
method.30 The noncoated MPs were incubated in HEPES buffer (20
mM, pH 7.4) for 10−15 min, while the coated MPs incubated in 1%
chitosan for 1 h, washed with water 3 times and incubated in HEPES
buffer for 10−15 min as well before the force measurements. The
adhesion force measurements were conducted at a constant loading
force (4 nN) and constant loading rate (1 μm/s) for various particle
sizes. For each particle size, force measurements were performed with
various delay times upon contact ranging from 0 to 20 s on at least 20

different locations on the mucin-coated substrate with distance of
more than 10 μm between locations. The reported adhesion forces are
averages of minima of all force−distance curves at each condition,
while the adhesion energies were obtained by calculating the work of
adhesion from the measured force−distance curves (areas under
curves). The rupture lengths of the curves where the MPs were
completely separated from mucin coatings were also compared at
different contact times.

2.6. In Vitro Mucoadhesion Shear Test in Microfluidic Flow
Cells. We performed in vitro mucoadhesion shear tests on the
noncoated and coated PLGA MPs to determine their mucoadhesive
properties under conditions mimicking the physiological shear rates in
tear films within human eyes.19 A rectangular microchannel mold
produced by 3D printing was used to prepare PDMS-glass
microchannels (refer to Supporting Information for more details).
In order to replicate the conditions of mucin coating in AFM force
spectroscopy, the microchannels were coated with a polystyrene
solution (∼1 mg/mL, obtained by dissolving Petri dish pieces in
acetone), dried overnight, and coated with mucin via the same
procedure as above. The contact angle of the coated glass slide was
measured as above to confirm the presence of polystyrene in the
microchannels. In the following, noncoated and coated PLGA MPs at
different sizes in HEPES buffer were filled into the channels
respectively and allowed to settle down and immobilize in the
channels for 30 min before the progressive shear test. HEPES buffer
was then infused into the microchannels by syringe pumps at flow
rates ranging from 0 to 80 000 μL/min, with a step-increase of flow
rate of 1−5 mg/mL to investigate the particle response to increasing
flow rate. Shear rate (γ̇) at a specific flow rate is calculated as

γ ̇ = [ ] +Q WH H W f H W6 /( ) (1 / ) ( / )2 (1)

where Q is the volumetric flow rate,W and H are the width and height
of rectangular channel, and f(W/H) is an aspect-ratio dependent
correction factor, which is 0.882 at H/W = 0.1 used in this study.31

Figure 2. (a) ζ-potential of PLGA MPs of different sizes in HEPES buffer before and after coating with chitosan. (b) Contact angle of polystyrene
dishes with and without mucin coating at different protein concentrations and with different durations. (c) Representative images of contact angle
measurements for polystyrene dishes with and without mucin coating. i: without coating. ii: coating with 0.25 mg/mL mucin for 1 h. iii: coating
with 1 mg/mL mucin for 1 h. iv: coating with 1 mg/mL mucin for 24 h. (d) Fluorescent image of polystyrene dish coated with 5-FAM SE-labeled
mucin. A scratch was made by a metal needle to display the contrast. The fluorescence intensity along the dashed line is displayed in (e).
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The number of MPs adhered to the mucin coatings at 0 shear rate is
denoted by N0, while the number of MPs remaining at any shear rate
is denoted as N. The mucoadhesion ability of PLGA MPs was
calculated as the percentage N/N0 versus shear rate.

3. RESULTS AND DISCUSSION

3.1. PLGA Microparticle Fabrication, Characteriza-
tion, and Coating. PLGA microparticles were fabricated
using capillary microfluidics-based emulsion generators and
solvent evaporation. A uniform stream of oil-in-water (O/W)
emulsion droplets was formed in the microfluidic emulsion
generator (Figure S2) and collected in a glass well with a
predispensed film of PVA solution. The droplets shrank upon
solvent evaporation at room temperature until the formation of
spherical PLGA MPs (Figure 1). Slow evaporation of solvent
from the droplets allows complete annealing of the polymer, in
turn leading to high stability and slow particle degradation
rates.32 Generally, the final particle sizes were ∼25% of the
original droplet sizes at a PLGA concentration of 1 wt %. In
order to achieve PLGA particles of widely varying sizes, several
parameters in the process of droplet preparation and particle
formation were modulated, including the nozzle size of
microfluidic device, PVA concentration, flow rates of both
phases, as well as the PLGA concentration (Table 1). Briefly,
smaller nozzle, lower PLGA concentration, relatively higher
PVA concentration and high ratio of flow rates of W/O phases
resulted in smaller droplets and hence smaller MPs. Thus, we
were able to tune the particle size over a wide range from ∼5
μm to ∼120 μm (Figure 1 and Figure S3), a much broader
range of diameters than what has been reported previously for
this technique. Equally importantly, taking advantage of the
superior control over droplet size enabled by microfluidics, the
standard deviation (SD) of resultant PLGA particles was
always less than 5% and even less than 2% at relatively larger
particle size (Figure 1 and Figure S3), in agreement with our
previous work.19 In contrast, conventional techniques of
preparing PLGA MPs including sonication, spray drying, and
batch emulsification usually generate polydisperse particles
with a broad size distribution,33 which also suffer from batch-
to-batch variations.34 The morphology and particle sizes of the
resultant PLGA MPs were also analyzed by FESEM, which
confirmed the spherical shape. Compared to the observation
under an optical microscope, the mean diameters of PLGA
MPs were marginally smaller under FESEM, probably due to
swelling of PLGA polymer chains as a result of relatively
hydrophilic 25% glycolic acid units35 in the former condition.
To enable mucoadhesion, the PLGA MPs were coated with

1% (w/v) chitosan in 0.5% acetic acid and washed with water.
A wide range of polymers, including natural ones such as
alginate, chitosan, and hyaluronic acid and synthetic
alternatives like poly(ethylene glycol) (PEG), poly(acrylic
acid), and poly(vinyl amine), have been investigated in
mucoadhesion studies.8 Chitosan was chosen in this study
because of its outstanding mucoadhesion performance. SEM
images revealed that there was no significant change in particle
diameter and morphology after chitosan coating (Figure 1 and
Figure S3), which was consistent with previous studies.36,37 On
the other hand, as expected, we observed a large change of ζ-
potential after the coating (Figure 2a). Uncoated particles had
a ζ-potential of around −20 mV due to the presence of
carboxyl groups at the end of polymer chains. After coating
there was a shift to positive ζ-potential greater than 40 mV,
which confirmed the presence of chitosan on particle surfaces.

Moreover, ζ-potential increased inversely with particle size,
from ∼40 mV at 38 μm to almost 80 mV below 15 μm in
particle diameter. Using the ninhydrin method,38 we quantified
the chitosan coating on PLGA MPs, which is expressed as μg
chitosan per mg of MPs. The coating on 15 μm MPs was 1.84
μg (chitosan)/mg (MPs), while that for 25 and 38 μm MPs
was 1.16 and 0.69 μg/mg respectively (Figure S4); this is an
expected trend given the higher surface-to-volume ratios of
smaller MPs. Furthermore, the measured chitosan coating ratio
between 38, 25, and 15 μm MPs was 1:1.68:2.67, slightly
higher than their relative surface-to-volume ratios
(1:1.52:2.53), suggesting a relatively denser chitosan coating
on smaller MPs. This trend is also in agreement with the
higher ζ-potential of 15 μm MPs compared with their larger
counterparts (Figure 2a).

3.2. Fabrication of Mucin-Coated Substrates. To
achieve an in vitro surface that is able to mimic the natural
mucus surface for the mucoadhesion analysis of PLGA MPs,
we generated mucin coatings by incubating 1 mg/mL mucin
solution on a polystyrene surface for 24 h.28,29 Adsorption of
mucin to polystyrene is presumably driven by hydrophobic
interactions between the surface and the mucin protein
core.39,40 Contact angle measurement was used to verify the
coating of mucin on polystyrene surfaces. Compared with
uncoated hydrophobic surfaces, the coated surfaces exhibit
decreases in contact angle by more than 20 degrees (Figure
2b,c), which was comparable to previous reports.29 According
to the literature, the thickness of coating in hydrated
conditions is around 60−70 nm.29 Coating at lower
concentration (0.25 mg/mL) and shorter duration (1 h)
showed a similar decrease in contact angle, suggesting a robust
mucin coating procedure. Moreover, these results are in line
with a previous study,28 where the coating of mucin on
polystyrene surfaces tended to saturate within 1 h in terms of
coating thickness. That being said, given the marginally lower
contact angle for the surface with 24 h coating, this condition
was selected for all subsequent studies of mucoadhesion to
keep the coating thickness consistent. In addition, we
monitored each batch of mucin coating by the measurement
of contact angle, which indeed displayed good consistency
among batches. The mucin coating was also found to be robust
and reusable because the contact angle did not change after the
dehydration and rehydration of coating surfaces (Figure S5).
Finally, in order to further visualize the coating of mucin on
polystyrene surfaces, the protein was labeled by 5-FAM SE,
coated on the PS surface following the same procedure as
above and analyzed by fluorescence microscopy. Fluorescent
imaging revealed a relatively homogeneous coating of proteins
on the surface except a few highly fluorescent spots, which
might result from protein aggregation (Figure 2d). Further-
more, a scratch in the image showed a significant contrast of
fluorescence intensities (Figure 2e). Similarly, a substantial
difference of fluorescence intensities was also found at the
boundary regions of mucin coatings (Figure S6), agreeing with
the contrast found in the scratch. Taken together, these data
validated the presence of a robust mucin coating that was used
in the following mucoadhesion studies.

3.3. AFM Force Spectroscopy. AFM has been widely
utilized to investigate bio- and mucoadhesion.41,42 Compared
with other methods such as rheological43 and tensile force
measurements,44 particle counting/imaging,45 flow chamber
analysis,46 and optical tweezers,18 AFM provides better insight
into how two surfaces adhere to and separate from each other,
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from the measured force−distance curves.47 It has previously
been used in adhesion force measurements between mucin
surfaces and polymeric or glass particles coated with a variety
of mucoadhesive polymers including polyether modified
poly(acrylic acid),42 PEG,48 and biomimetic nanowire coat-
ings.49 However, mucoadhesion between chitosan-coated
particles and mucin-coated substrates has been seldom studied
before, with the closest study being a report on adhesion
measurements between mucin and a PLGA modified AFM
probe coated with chitosan, which lacked the tunability of
probe size.50 In our study, we modified AFM probes by
attaching the PLGA MPs directly onto tipless probes with
epoxy glue (Figure 3a). In order to avoid the possibility of
contaminating the particle with glue,50 the probe was touched
on clean surfaces a few times before approaching the MP
(Figure 3a inset). A key advantage of this method is it allowed
the attachment of particles of customized diameters. For parity
across experiments, all MPs were brought into contact with the
mucin coating with the same loading force and the buffer
condition was 20 mM HEPES at pH 7.4, given that the
mucoadhesive performance of chitosan is higher at neutral or
slightly alkaline condition as in the human tear film.51

Figure 3b,d present measurements of adhesion forces and
energies as a function of contact time for coated and uncoated
particles of various sizes, and Figure 3c presents adhesion
forces normalized by particle diameter d. Larger MPs clearly

exhibited higher adhesion forces. We observed a significant
spontaneous adhesion force at 0 s contact (Figure 3b), arising
from attractive electrostatic interactions between cationic
chitosan molecules and the anionic mucin coating.6,11 The
adhesion force for all particle sizes rapidly grew with contact
time and saturated beyond 10 s. In addition to particle size, it
has been reported that surface roughness of particles might
also play a role in mucoadhesion.52 In our studies, we expect
the surface roughness of PLGA MPs investigated in AFM
studies and shear testing to be constant across the different
particle sizes due to the consistency of the preparation and
coating procedures. Indeed, all particle surfaces were observed
to be smooth under SEM imaging (Figure 1, SEM images
before coating). The thickness of chitosan coating in water has
been reported to lie in the ∼100 nm range.36 Moreover, the
coating is flexible in solution due to its gel-like structure. Thus,
we anticipate the chitosan coating to be able to mask particle
surface roughness at the sub-100 nm length scales, which are
inaccessible to direct observation under the SEM.
Figure 4 shows representative retraction curves of PLGA

MPs from the mucin coating with different contact durations
in the force−distance mode, normalized by the particle
diameter. Generally, all curves exhibited characteristic
sawtooth profiles during the separation of a particle from the
surface (the collection of experimentally measured curves for
15 μm MP at various contact times is provided in Figure S7),

Figure 3. (a) SEM images of 15 μm PLGA MP attached to the AFM cantilever. The inset shows the side view of the cantilever. (b) Adhesion
forces as a function of contact time by AFM studies between mucin coatings on the polystyrene dishes and PLGA MPs at different sizes with or
without chitosan coating. (c) Adhesion forces between mucin coating and chitosan coated PLGA MPs normalized by particles diameter d. (d)
Adhesion energy as a function of contact time between mucin coatings on the polystyrene dishes and PLGA MPs at different sizes with or without
chitosan coating.
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which was in line with previous adhesion studies between
mucin and chitosan,53 and between other polymers or
particles.47,54 As proposed by previous reports, each sawtooth
in the profile may be attributed to the breakage of interactions
between mucin and chitosan molecules (either hydrogen
bonding or electrostatic interactions).14,21 The sequence of
sawtooths in the measured force−distance curves suggests a
stepwise disruption of mucin−chitosan interactions during the
particle retraction, resulting in a rupture length (defined as the
length from the contact point to the rupture point where the
adhesion force becomes zero)47 that is much longer than the
thickness of either the mucin or chitosan coating on both
surfaces. This is likely due to the stepwise stretching and
detachment of long entangled polymer chains of chitosan and
mucin (∼7000 kDa and up to micrometers in length).8,53

Furthermore, since stretching single molecules usually requires
forces on the order of a few hundred pN,55 the measured
magnitudes of the sawtooth minima in μN range implied that

each sawtooth could be attributed to stretching and detach-
ment of multiple mucin and chitosan molecules involved in the
mucoadhesion. Moreover, we observed a significant increase in
rupture length with incubation time, implying consolidation
and strengthening of mucoadhesion contacts (Figure 4e) via
polymer chain interpenetration and secondary bonding. This
increase in rupture length was also accompanied by an increase
in the number of sawtooths in the curves (Figure 4a−d).

3.4. Particle Detachment Studies in Microfluidic Flow
Cells. Next, we performed in vitro particle detachment tests
under shear stress in a microfluidic flow cell. Coated and
uncoated PLGA microparticles were subjected to progressive
shearing to determine their mucoadhesive strength in a slit-like
PDMS-based channel (Figure 5b and Figure S8). In order to
minimize the influence of channel walls on the flow rate, we
used a high aspect ratio of channel width to height of 10:1.46

To maintain parity with the preceding AFM studies, we coated
the glass substrate with a thin layer of polystyrene prior to the

Figure 4. Normalized force−distance curves of PLGA MPs with different sizes from 15 (a), 25 (b) to 38 (c) and 120 μm (d) on mucin coatings at
different contact times by AFM study. (e) Rupture lengths between PLGA MPs and mucin coatings in HEPES buffer.

Figure 5. (a) Retention capability of PLGA MPs with different sizes in mucin coated PDMS channels against increasing shear rate. (b) Schematic
diagram of shear test of MPs. The inset shows forces experienced by a mucoadhesive PLGA MP attached to a mucin surface.
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mucin coating. After coating, the contact angle increased from
∼30° to >90° (Figure S9), verifying the presence of
polystyrene on the glass. The coated and uncoated PLGA
MPs with different diameters were deposited in the channels
and allowed to settle for 30 min before starting the flow. To
mimic the shear experienced in eye movements including
blinking, saccade, smooth pursuit, microsaccades and trem-
ors,26 the shear rate was progressively increased to ∼28,750
s−1, which is comparable to the maximum shear rate during eye
blinking.26 Agreeing with the AFM force measurements, the
coating of MPs endowed them with significantly higher ability
to withstand shear stress (Figure 5a and Figure S10), and
smaller particles adhered better than larger ones: more than
70% of the 15 μm MPs were retained under the highest
physiologically relevant shear rate, while larger MPs were more
prone to detach. In the section below, we discuss the
connection between these measurements and the AFM
measurements of the previous section in more detail. In
particular, we highlight a phenomenon of importance in
rational particle design−the existence of a threshold particle
diameter below which coated MPs exhibit indefinite adhesion
at a given shear rate.
3.5. Connecting AFM Measurements to Shear

Detachment Studies: Effect of Particle Size. Figure 5b
(inset) schematically depicts a chitosan-coated PLGA MP of
diameter d adhered to the mucin surface with adhesion force
Fad, and experiencing an additional gravitational force Fg. The
MP also experiences drag (FD) and lift (FL) forces in linear
shear flows.56,57 Particle detachment can be initiated via direct
lift-off, when FL exceeds Fad and Fg, or by sliding of a MP from
the surface when FD exceeds the frictional force Ff experienced
during horizontal motion along the mucin-coated surface.
From previous studies on the hydrodynamics of wall-attached
particles in linear shear flows, it is known that FD scales as ∼
d2,56 while FL scales as ∼ d3.12.57 These forces are also linear
and nonlinear functions of the shear rate, respectively. Fg is
negligible under all conditions in our studies. As a first
approximation, if frictional force Ff corresponds to classical
sliding friction, then it is simply proportional to the net vertical
force (Fad − FL). However, the proportionality constant (i.e.,
the coefficient of sliding friction,) involves considerable
uncertainty and is not amenable to a simple analysis. Finally,
the adhesion force (Fad) of MPs can be fitted as a function of
particle diameter; in the smaller size range (<38 μm in
diameter), Fad scales nearly linearly with d (Figure S11).
Now, equating FL to Fad yields a threshold particle diameter

at a given shear rate, at which lift is balanced by adhesion.
Below this threshold size, particles will remain adhered to the
surface at that shear rate. Likewise, equating FD to Ff yields
another threshold diameter for the force balance in the
horizontal direction. The threshold size observed in measure-
ments corresponds to the smaller of these two sizes. This
simple analysis sheds light on the measurements of Figure 5a.
First, our measurements do show this threshold behavior, in
that the 15 μm MPs were indefinitely retained in the
microfluidic flow cell, while larger particle sizes are detached
from the mucin-coated walls at progressively increased shear
rates. Moreover, during the shear detachment experiments, we
observed very few sliding MPs. Instead, most of particles
remained in their original positions until detachment occurred
in quick events by direct lift-off from the substrate (Figure
S10). Interestingly, a simple calculation of threshold particle
diameter at the maximum shear rate (28,750 s−1) due to lift

forces yields an estimate of ∼21 μm (Supporting Information),
which is in reasonable agreement with our particle detachment
experiments.
Finally, it is important to note that the measured threshold

corresponds to a MP diameter in the ∼20 μm range, which has
important ramifications on formulation design. With this
insight at hand, it is now possible to envision and design
particle-based topical drug-delivery systems in the 20 μm range
that satisfy two opposing constraints−enhanced mucoadhesion
under shear, which is favored at smaller particle diameters, and
sustained drug delivery with tailored release constants, which is
favored by larger particle diameters. In other words,
mucoadhesion performance “saturates” below a particle
diameter threshold in the 20 μm range. Our results suggest
that indefinitely decreasing the particle diameter below this
threshold will show the same mucoadhesion performance in
vivo but markedly dif ferent drug release performance, tending
toward rapid burst release profiles, which may or may not be
desirable depending on the intended application. Concerning
tolerability of MP-based topical formulations, it is possible that
eye discomfort increases with MP size. However, there is no
clear upper bound of particle size beyond which MPs are
considered to cause discomfort;58 it has been reported that
particle sizes less than 10 μm can minimize eye irritation.59

Furthermore, particle shape and concentration are also key
factors that make it difficult to define a sharp limiting size that
marks the onset of eye irritation or discomfort. An in vivo study
found no extraordinary tearing in rabbits treated with 0.1%
dexamethasone suspensions with average sizes from 5 to 22
μm, and containing MPs larger than 30 μm.58

As mentioned above, ours is the first study to conduct force
measurements on chitosan-coated microparticles to investigate
the effect of microparticle size on mucoadhesion. The closest
related work reported force measurements between a mucin
film and a PLGA-modified AFM probe coated with chitosan
but did not investigate the effect of probe size. Thus, it is
difficult to make a direct comparison of our study with other
published results of mucin adhesion with chitosan coated
surfaces. That being said, we anticipate that our conclusions
could be extended to a range of mucoadhesive polymers that
exhibit similar mechanisms of adhesion, that is, rapid
electrostatic interactions reinforced by secondary interactions
(e.g., hydrogen bonds and polymer chain interdiffusion),14

such as hyaluronic acid and ploy(vinyl amine),8 and to
chitosan-coated/conjugated particles composed of other
substrates including alginate,60 dextran,61 and liposomes.62 In
addition, given that the mucus layer in eyes is subjected to the
harshest in vivo shear stress conditions compared with mucosa
in other tissues such as the gastrointestinal and respiratory
tracts, our study will also be useful for the design of
mucoadhesive drug-delivery systems for those tissues.

4. CONCLUSIONS
In summary, monodisperse chitosan-coated PLGA MPs with
controllable diameters from 5 to 120 μm have been fabricated
for ocular drug delivery applications. We have presented the
first measurements of adhesion of chitosan-coated MPs to
mucin-coated substrates by AFM force spectroscopy. The MPs
displayed strong instantaneous adhesion to the mucin-coated
surfaces, with characteristic sawtooth-like force−distance
curves and particle-diameter- and contact-time-dependent
rupture lengths, adhesion forces, and energies. Particle
detachment tests under shear stress were conducted in a
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microfluidic flow cell to examine their mucoadhesion under in
vitro conditions that closely mimic the in vivo hydrodynamic
environment. It was found that more than 70% of the 15 μm
MPs were retained under the highest physiologically relevant
shear, while larger MPs were easier to detach. A simple analysis
of forces experienced by the MPs reveals the existence of a
threshold size at a given shear rate, below which particles
remain indefinitely adhered to the surfaces, highlighting the
key fact that mucoadhesion performance saturates below a
threshold in particle diameter. These findings provide valuable
guidance for the rational development of mucoadhesive
microparticulate ocular drug delivery systems that are capable
of withstanding harsh ocular environments and prolonging
their residence on corneal surfaces, thereby enhancing the
bioavailability of drugs topically applied to eyes. They also
shed light on the design of drug delivery systems to other
mucosae-related organs, given the universal presence of mucin
proteins in a variety of tissues including buccal, nasal, lung,
gastric, and intestinal mucosae.8
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