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ABSTRACT: Particle stiffness is a design parameter that affects bio-nano interactions, such as biodistribution kinetics and
cell processing. Herein, we develop soft polysaccharide (hyaluronic acid, HA) replica particles and capsules with tunable
stiffness and sizes similar to human red blood cells (RBCs) via atom transfer radical polymerization-mediated continuous
assembly of polymers (CAP 5rrp), and investigate their stiffness and deformability using colloidal-probe atomic force mi-
croscopy (CP-AFM) and a microfluidic blood capillary model. We demonstrate that HA replica particles and capsules
with comparable nanoscale stiffness exhibit significantly different behaviors in a microfluidic blood capillary model. HA
capsules behaved as RBCs while HA replica particles had difficulty passing through the capillaries. These results (i)
demonstrate how flow-based deformability measurements can be used to complement nanoscale stiffness measurements
and (ii) provide important insight into the role of particle structure on the flow-based deformability of soft replica parti-
cles and capsules in a physiologically relevant microfluidic model.

Engineered nanostructured particles are of interest due
to their potential application in various fields, such as
drug delivery, nanoreactors, sensors, and artificial orga-
nelles.” The performance of engineered particles in bio-
logical environments is governed by their ability to nego-
tiate biological barriers,”® which is determined by both
the biological target environment and the physicochemi-
cal properties of the particles, including size, shape, sur-
face chemistry, and stiffness.”™

Stiffness and deformability are particle characteristics
that have recently gained increasing interest, as they have
been shown to strongly influence the cellular interaction
and processing of engineered particles.”"” An example of
reversible deformability found in nature is that of human
red blood cells (RBCs), which routinely and repeatedly
deform to pass through blood capillaries smaller than
themselves.®" Inspired by this, several types of particles
with varying stiffnesses and shapes have been engineered
and subjected to constricted channels to investigate their
deformability.**™*” Soft particles with high deformability
were found to deform to pass through constricted envi-
ronments, a behavior that correlated with extended circu-
lation times in vivo.***° Although these studies provide
important insights into how particles of various materials
can be engineered to have different mechanical properties
and biological behavior, the effect of the internal struc-
ture of soft polymer particles on deformability behavior
remains to be explored.

Herein, we use a recently developed templating tech-
nique, called continuous assembly of polymers (CAP),"**"
» to engineer polymer capsules (i.e., with a hollow interi-
or) and porous replica particles (i.e., with a structured
interior) with tunable stiffness and similar size to RBCs,
and investigate their deformability through liquid colloi-
dal-probe atomic force microscopy (CP-AFM)*** and a
microfluidic blood capillary model (Scheme 1).*” The rep-
lica particles and capsules were both made of hyaluronic
acid (HA) and could be engineered with tunable stiffness,
as assessed by CP-AFM. The flow-based deformability of
the replica particles and capsules were then investigated
using a microfluidic blood capillary model and, interest-
ingly, a clear difference was observed between capsules
and replica particles, even though both particle types had
similar nanoscale stiffness. These results provide key in-
sight into the importance of internal particle structure on
the overall physical and mechanical properties and high-
light how high-resolution CP-AFM results can be com-
plemented by larger scale flow-based deformability meas-
urements to facilitate the rational design of soft particles
with enhanced performance in physiological environ-
ments.

To prepare HA capsules and replica particles, atom
transfer radical polymerization-mediated CAP (CAP argp)
was used. HA, a natural polysaccharide, was chosen to
construct the capsules and replica particles due to its high
biocompatibility, non-immunogenicity and targeting abil-



ity, which are important for any future biomedical appli-
cations.>*” HA capsules with similar size to RBCs were
prepared via CAP,rrp of methacrylate-functionalized HA
(HA-AEMA, see Scheme Sia in Supporting Information)
on sacrificial SiO, particles (7.0 pm in diameter) and sub-
sequent template removal. The CAP 4rgp step number was
altered from 1 to 4 to afford HA capsules (HA(,, HAc,,
HAc;, and HAc,, respectively) with different wall thick-
ness and stiffness, as reported previously.” HA capsules
were further labeled with an Alexa Fluor 488 N-
hydroxysuccinimide ester to enable fluorescence imaging.
The capsules were imaged using fluorescence, differential
interference contrast (DIC), and deconvolution microsco-
py, as well as transmission electron microscopy (TEM)
and AFM (Figure 1 and Figure S1). The HA capsules were
well dispersed in aqueous solution with a hollow struc-
ture and a diameter of ~7 pm. All HA capsules (HA,-
HA.,) showed the collapsed structure with folds and
creases in the air-dried state, as commonly observed for
hollow capsules.® In addition, AFM analysis of HA cap-
sules showed a linear increase in capsule wall thickness
from ~4.5 nm (HAc,) to ~15.9 nm (HAc,, Figure S2) with
the number of CAP zrgp steps, which is consistent with our
previous study of HA film growth on 2.4 pm SiO, parti-
cles.™

Scheme 1. Schematic illustration of CAPrp-
mediated formation of (a) HA hollow capsules using
SiO, templates and (b) HA replica particles using
mesoporous silica (MS) templates, and (c) their de-
formability in a microfluidic blood capillary model.
HA-coated SiO, particles (SiO,@HA) and RBCs were
used as controls. Full experimental details are avail-
able in Supporting Information.
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For construction of HA replica particles, one CAP srgp
step of HA-AEMA was performed on mesoporous silica
(MS) templates (average diameter ~7.2 pm). MS particles
were functionalized with ATRP macroinitiator (Scheme

Sib), and subsequently incubated with HA-AEMA and
ethylene glycol dimethacrylate (EGDMA) solution for 2 h
prior to CAP,rpp by mixing with PMDETA, NaAsc and
CuBr, (Scheme 1b). Various amounts of HA-AEMA (HA
to MS weight ratio of 10%, 20%, 40%, and 80%) were used
to construct replica particles with different HA densities
upon removal of MS templates, yielding HAp, HAp,,
HAp;, and HA,,, respectively. The obtained replica parti-
cles were characterized, as shown in Figure 1az2-e2 and
Figure S3. The HA replica particles were well dispersed in
aqueous solution and had a size of ~6-8 pum. However,
these particles had a different morphology after air-
drying, compared with the HA capsules (Figure 1c1): un-
like HA capsules, which showed a fully collapsed struc-
ture, HA replica particles maintained more of their spher-
ical shape. This has been observed for other polymer rep-
lica particles constructed by surface-initiated ATRP*® or
through a polymer infiltration-crosslinking method.*
AFM analysis also showed that the height (thickness) of
air-dried HA replica particles increased, from ~69o nm
(HAp,) to ~1200 nm (HAp,), as the initial HA to MS
weight ratio increased (Figure S2b), indicating a higher
polymer density in HA replica particles prepared using a
larger amount of HA-AEMA. Deconvolution microscopy
images confirmed the hollow interior of the capsules and
a filled interior of the replica particles, demonstrating the
difference in internal structure (Figure 1d,e and Figure
S4).

For particles with the same material composition, the
material density and/or amount can be used to tune stiff-
ness.”**# In the current study, the amount of HA-AEMA
used during CAPrzp was varied and high-resolution na-
nometer-scale deformation measurements (100 nm de-
formation) were made using CP-AFM on individual cap-
sules and replica particles in phosphate-buffered saline
(PBS) solution.*** It was found that capsule stiffness in-
creased almost linearly with increasing HA layer number,
with the measured stiffness of capsules ranging from ~4.6
(HA(,) to 13.6 mN m™ (HA(,, Figure 2a). The stiffness of
HA replica particles could also be finely tuned by chang-
ing the concentration of HA-AEMA in the CAPgp step,
with values ranging from ~2.4 (HAp,) to 21.3 mN m"
(HAp,, Figure 2b). The observed trend is consistent with a
previous report where an increase in crosslinker amount
led to an increase in particle stiffness.” Moreover, the
stiffness range measured for the replica particles was
similar to that for the HA capsules.

The flow-based deformability of the particles was inves-
tigated in a microfluidic blood capillary model (Figure 3).
HA(; and HAp, had similar nanoscale stiffness (1.1 and
11.4
mN m”, respectively) and were therefore compared using
a recently introduced microfluidic blood capillary mod-
el.”” This model was designed using physiologically rele-
vant dimensions and pressure drops across capillaries.
The capsules and replica particles were injected from a
high pressure inlet and only buffer was injected from a
low pressure inlet. The four-point device design facilitates
the establishment of well-controlled physiologically rele-
vant differential pressures and pressure drops across the



capillaries, as each inlet can be tuned independently (Fig-
ure 3a). The HAc, capsules could deform and passed
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Figure 1. Structural characterization of HA¢; capsules (ai-e1) and HAyp, replica particles (a2—e2). (a) DIC microscopy, (b) TEM,
(c) AFM, and (d) fluorescence deconvolution microscopy (single z-plane) of HA¢; capsules and HAjp, replica particles, respec-
tively. (e) The fluorescence intensity profiles of the red line marked in di and d2, respectively. a1, a2, d1 and dz are cap-
sules/particles in solution. b1, b2, c1 and c2 are capsules/particles in the air-dried state. Scale bars are 10 pm in a, ¢, and d, and 5

pm in b.
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Figure 2. Stiffness of (a) HA capsules with different number
of HA layers, and (b) HA replica particles prepared using
different HA to MS weight ratios, as determined by CP-AFM
analysis.

through the capillaries (Figure 3b) with no visibly dam-
aged capsules seen in either of the outlets, thus indicating
that the capsules could pass through the capillaries via
reversible elastic deformation (Figure 3c). However, a
different behavior was observed for the HAp; replica par-
ticles, as they had difficulty passing through the capillar-
ies, especially at lower pressure differentials.

To quantify the differences found in the flow-based de-
formability behavior of the different particles, particle
trajectories in the device were analyzed, and a ratio of the
number of particles that passed through the capillaries to
the number of particles that stayed on the sample side
was calculated (Figure 4). Particles that can easily pass
through will have a high ratio while particles that do not
pass through will have a ratio of zero. Each measurement
was performed in triplicate with more than 100 trajecto-
ries analyzed for each replicate. In total, over 10 0oo parti-
cle trajectories were analyzed. The controls behaved as
expected, with RBCs easily passing through the capillaries
and the ratio increasing with increasing pressure drop
while none of the SiO,@HA particles (i.e., with core re-
maining) could pass through, resulting in a ratio of zero,
even at higher pressure drops. The capsules (HA¢,-HAc,)
could all pass through the capillaries with relative ease
and exhibited deformation-based trajectories in the mi-
crofluidic blood capillary similar to the RBCs. However,
the replica particles (HAp-HAp,) had difficulty passing
through the capillaries, even at higher pressure drops.
Even when comparing the capsule with the highest na-
noscale stiffness (HAc,, 13.6 mN m”) to the replica parti-
cle with the lowest nanoscale stiffness (HAp,, 2.4 mN m™),
it was observed that the capsules had a significantly high-
er ratio, despite the fact that the capsules were almost 6-
fold higher in nanoscale stiffness. As the main difference



between the two particle types is their internal structure,
where both particle types were made of the same materi-
als and engineered to have the same stiffness at the na-
noscale, this demonstrates the importance of particle
structure on flow-based deformability in the microfluidic

Pass-through

Sample-side

RepiiLa particles
or capsules

0ms Pass-through

Sample-side

53 ms

107 ms

1500ms C_______)

160 ms

Figure 3. (a) Illustration of available flow paths for HA cap-
sules and replica particles in the microfluidic blood capillary
model, overlaid on a SEM image of the PDMS microfluidic
device. (b) Time-lapse fluorescence microscopy images of a
HAc; capsule passing through a capillary. (c) Fluorescence
microscopy image of capsules at the outlets of the device
after passing through capillaries (pass-through) or staying on
the same side (sample-side). Note that the capsules were not
visibly damaged. (d) Time-lapse fluorescence microscopy
images of HAp, replica particles at the entrance of capillaries
at lower capillary pressure drops. The pressure drop across

the capillaries is ~6 mbar in b and d. The non-spherical
(“drawn out”) shape of the capsules observed in some of the
time-lapse frames is due to the acquisition rate of the cam-
era. Spherical capsules are again observed when the capsules
are no longer in motion (as seen in (c)). Scale bars are 100 pm
in a, and 10 pm in b-d.

blood capillary model. These results also show the im-
portance of investigating stiffness at different length
scales, both at the nanoscale (e.g., using CP-AFM) and at
the microscale (e.g., using microfluidic models), to obtain
a more complete understanding of the deformability of
soft microparticles.

In summary, HA replica particles and HA capsules were
nanoengineered through CAP,rpp. Both particle types
were well dispersed in aqueous solution and were of simi-
lar size to each other and to human RBCs. The nanoscale
stiffness of both particle types was investigated using CP-
AFM and it was demonstrated that both replica particles
and capsules could be engineered to have similar na-
noscale stiffness, with capsule stiffness ranging from 4.6
to 13.6 mN m™ and replica particle stiffness from 2.4 to
21.3 mN m™. A microfluidic blood capillary model was
then used to investigate the behavior of both particle
types in a physiologically relevant flow environment. It
was found that the flow-based deformability behavior and
the ability to pass through the capillaries for capsules
were similar to those of RBCs, while replica particles
could not easily pass through the capillaries, even at
higher capillary pressure drops. These results highlight
how flow-based deformability measurements can com-
plement nanoscale stiffness measurements and demon-
strate the impact of particle structure on the overall de-
formability behavior of particles, thus underlining particle
structure as an important parameter that, together with
particle stiffness, has the potential for fine-tuning particle
behavior in flow-based environments, both in vitro and in
vivo. These results can therefore facilitate the rational
design of particle systems with improved ability to nego-
tiate biological barriers at multiple length scales, which is
important for advancing the use of engineered particles in
biomedical applications such as imaging, diagnostics, and
drug delivery.
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