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Abstract

Anisotropic stimuli-responsive microgels based upon the cholesteric phase of chitin nanocrystals
and N-isopropylacrylamide were designed and synthesized. The cholesteric structure was
interrogated and the texture was shown to directly influence microgel shape and anisotropy.
Changes in microgel volume led to changes in texture, where microgels comprising up to 6 bands
exhibited a twisted bipolar texture while those with greater volumes displayed a concentric-
packing structure. As designed, the imprinted cholesteric phase induced an asymmetric response
to temperature, leading to a change in shape and optical properties. Furthermore, the cholesteric
structure is able to deform, facilitating transport into a small channel. Access to synthetic structures
having self-assembled twisted texture derived from cholesterics embedded within a polymer

matrix will provide guidelines for designing biopolymer composites with programmable motion.



Introduction

Many biological materials, including fruit shells, leaves and the exoskeleton of arthropods (e.g.,
beetles), possess embedded hierarchical structures that lead to their structural integrity as well as
their appearance.'® Such structures consist of a multilayered and twisted microstructure, often
termed as a “Bouligand Structure”. The Bouligand structure comprises nanometric fibers, aligned
uniaxially into planar sheets, which stack to form a helicoid. These structures are believed to offer
a combination of high impact tolerance, high mechanical strength and stimuli responsive behavior
such as that seen in fibrillar assemblies embedded within hydrogel matrices.” Thus, the exceptional
properties of the Bouligand structure are often a source of inspiration for producing biomimetic
high-impact resistant hydrogels that adapt to their surroundings.’”!° Developing hydrogels with
anisotropic swelling/deswelling, similar to that found in biological organisms is an important step
towards realizing the full potential of synthetic systems. While anisotropic hydrogels have been
demonstrated,!!"* their fabrication protocols generally require multiple fabrication steps and/or
3D bioprinting systems.

The twisted structure associated with the “cholesteric” liquid crystal phase of cellulose and chitin
nanocrystals (CNCs and ChNCs, respectively) is analogous to the “Bouligand Structure”. Further,
when embedded within a hydrogel matrix, synthetic hydrogels having properties similar to those
found in nature could be envisioned.?*** They could serve as a template offering a simple, efficient
method to generate an hierarchical, anisotropic internal structure obviating the need for complex
and/or expensive fabrication methods.*®3® For instance, when incorporated into isotropic
hydrogels, rod-like viruses imparted an ordered structure whereby the composite exhibited

anisotropic swelling.*> Further, hydrogels using the cholesteric architecture of an aqueous



suspension of CNCs as a template have been achieved.*®*! Nevertheless, reports of cholesteric

templated hydrogels that exhibit anisotropic response to stimuli remain elusive.

Here, we design and interrogate anisotropic stimuli-responsive microgels based upon the ChNCs
cholesteric phase and N-isopropylacrylamide (NIPAM). Size-controlled microgels were created
upon emulsification of a mixture of NIPAM, self-assembled chitin suspension, a crosslinking
agent and initiator in a microfluidic device. UV irradiation effected polymerization of NIPAM into
a cross-linked poly(N-isopropylacrylamide) (pNIPAM) matrix. The ChNC cholesteric structure
embedded within the hydrogel matrix was then characterized. The director configuration of the
cholesteric phase changed with droplet dimension, and the microgels underwent anisotropic
swelling when immersed in water, largely along the twist direction. The cholesteric structure

dictated final microgel shape and response to external stimuli.

Result and Discussion

Figure 1. POM images of chitin microgels in (a) IPA, and (b) water. POM images of (c and d) of an individual
microgel with 6 cholesteric bands with the OO’ and HH' axes perpendicular to the y axis obtained at different angles;
with axial views (e and f, where the OO’ axis is parallel to the z axis. The white arrows indicate the imaging planes.

(g) Schematic of a microgel having twisted bipolar texture without considering the viewing direction.



An aqueous suspension of ChNCs was prepared by acid hydrolysis of chitin.**** The suspension
formed a cholesteric phase at pH 2 and above 2 wt % (see supplementary and Fig. S1-S4 for
details). The ChNC cholesteric phase was mixed with NIPAM, cross-linker and photoinitiator.
Subsequently, the solution was emulsified in a microfluidic device (Fig. S5) to generate ChNC-
monomer droplets with an average diameter of 40 um. Once formed, the droplets were stored for
48 hrs to generate well-aligned cholesterics (Fig. S6). Subsequent UV irradiation afforded
microgel particles, comprising cholesteric structures embedded within crosslinked pNIPAM
microgels. Polarized optical microscopy (POM) imaging verified that the cholesteric structure was
preserved, and most gels contained 6 cholesteric bands (characteristic stripes, where double the
distance between two adjacent band is the helical pitch) (Fig. 1a). Upon immersion into water for
storage, the hydrophilic pNIPAM microgels expanded. The swelling was anisotropic: the major
and minor axes changed by 210 % and 141 %, respectively, where the helical axis acts as the long

axis. (Fig. 1b).

In the cholesteric droplet, a relative chirality parameter N = 2d / p (d = the droplet diameter, p =
the cholesteric pitch) defines the number of & turns of the director in a droplet, which can be used
to evaluate the texture.*>4® For ChNC-pNIPAM, because of the anisotropic swelling, we used the
number of cholesteric bands along the twist direction to explain observed morphologies. Individual
microgels possessing 6 cholesteric bands were examined by rotating the structures under crossed
polarizers. POM images of two common orientations of the microgel are provided in Fig. 1c-f. Fig.
1g shows the corresponding schematic of the ChNC microgel with pseudo-layers depicted as grey
surfaces separated by half-pitch. By adopting a cartesian coordinate system, the z-axis was set
parallel with the helical axis. The helical axis is marked as axis OO'. Axis HH' intersects the twist

axis perpendicular to the cholesteric planes in the droplet center. The microgel (Fig. 1c, d) shows



typical cholesteric structure in an elliptical shape having an aspect ratio of 1.33 when the OO’ and
HH' axes were perpendicular to the y-axis. A dark line crossing the center was observed when the
microgel OO’-axis was aligned parallel to either the polarizer or analyzer (Fig. 1c). This texture is

analogous to the twisted bipolar structure.

Fig. le, f are axial views of the microgels (OO’ | z) and can either represent the top or bottom of
the cholesteric. In the twisted bipolar configuration, two surface point (boojum) defects should be
located at the poles. However, from the poles of the microgels, bipolar nematic orientation-like
texture was revealed. This observation is similar to simulations reported by de Pablo et al.,* who
employed Landau—de Gennes (LdG) energy function and a tensorial order parameter to model
cholesteric droplets. The director orientation in horizontal cross section of planar bipolar structure
(one cholesteric plane) was predominantly uniform except for those near the surface. From the
side and axial views, the current microgels have a prolate spheroid shape (a = b < ¢) (Fig. 1g).
Bright field imaging confirmed that the cholesteric microgels were elongated along the helical axis
(Fig. S7b). In contrast, microgels produced with the isotropic phase of the ChNC suspensions were

spherical, with no cholesteric structure or birefringence (Fig. S7¢).
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Figure 2. (a-1) POM images of chitin microgels with different number of cholesteric bands. (j) Aspect ratio of chitin
microgel with corresponding number of cholesteric bands. (k) Pitch variation plotted as a function of number of
cholesteric bands. For each data point, 20 microgels were analyzed. Grey color region in j and k indicates microgels
having twisted bipolar structure.

To understand the effect of microgel size on the morphology and anisotropic nature of the
cholesteric phase, we examined microgels with controlled numbers of stripes. Microgels having
fewer than 2 bands were excluded since their helical twisting was not fully resolved. The structural
transition observed in the droplets is primarily governed by the interplay between droplet elastic
energy and surface anchoring energy.*’~° The elastic energy can be scaled with droplet radius
(~Kr). The one elastic constant approximation was used for simplicity, though the K> (twist) is
51,52

often an order magnitude smaller than Ki (splay) and K3 (bend) for cholesteric biocolloids.

The anchoring energy was scaled as Wr? where W is surface anchoring energy per unit area. When



r << K/W, the cholesteric droplet disturbs the boundary conditions and exhibits a twisted bipolar
texture due to the large elastic energy. In the case of r >> K/W, the droplet is expected to adopt a
concentric-packing structure, which satisfies the surface anchoring since the energy penalty
associated with strain is low.*”*** Examination of Fig. 2a-i suggests that the ordering of the
cholesteric phase in ChNC microgels is driven by the surface anchoring and elastic energies. The
aspect ratio of the microgels, plotted as a function of the number of cholesteric bands is presented
in Fig. 2j. Microgels with less than 6 bands (major axis < 100 um) exhibited a twisted bipolar
structure, which does not satisfy the planar anchoring condition (Fig. 2a-c). Due to asymmetric
swelling in water, the structures were elongated with aspect ratios > 1.2. Microgels having 4 bands

displayed the highest aspect ratio, namely 1.64 (Fig. 2j).

Increased microgel volume led to an anchoring energy induced change in cholesteric alignment
from homeotropic to planar. When the volume was sufficiently high to accommodate > 7
cholesteric bands, bands with planar anchoring added perpendicularly to the twisted bipolar
structure, resulting in reduction in microgel aspect ratio. (Fig. 2 d-f). Microgels larger than 120
um (= 9 bands) appeared spherical, as more bands preferentially developed perpendicularly onto
the twisted bipolar structure (Fig. 2g-i). Under these circumstances, the twisted ChNC structure
behaved as a phase grating (see Supplementary Information and Fig. S8). Sufficiently large (> 14
bands) microgels had an aspect ratio near 1 and exhibited onion-like texture with concentric
packing, satisfying the planar anchoring condition (Fig. 2i). The aspect ratio of the polar to
equatorial length gradually decreased from 1.64 to 1.06 as the internal texture transformed from
twisted bipolar to concentric-packing (Fig. 2j). Bright-field images (Fig. S9) confirm the
dependence of microgel shape on inner structure. Microgels larger than 300 um exhibited poor

alignment (Fig. S10).



In a theoretical investigation that relied on tensorial description of the local order and LdG theory,
Sleczkowski et al. revealed that the twist, close to the center of the cholesteric droplet elongates
due to significant bend elastic deformation.> They observed an increase in pitch near the droplet
center compared to the intrinsic cholesteric pitch in experimental and simulated data for
thermotropic cholesteric droplets with radial spherical structure. Similarly, the cholesteric pitch in
the microgels depend on internal structure coupled with dimension. The phenomenon is
exemplified in Fig. 2d-f where the cholesterics are in an intermediate structural state, namely
between twisted bipolar and concentric-packing: the pitch near the droplet center is expanded,
affecting the mean pitch. For those microgels, the relative change of pitch in the center (p) to the
mean pitch (p:), defined as (p — pi)/pi, was 0.23, 0.32, and 0.34 for microgels having 7, 8 and 9
bands, respectively. As depicted in Fig. 2k, when the number of cholesteric bands increased from
3 to 8, microgel texture transformed from twisted bipolar to the intermediate structure, while mean
pitch increased from 26 um to 39 um. For spherical microgels having concentric-packing (> 9
bands), the mean pitch decreased, gradually diminishing the elongation effect near the center. The

mean pitch of the microgels with > 14 bands was invariant at 34 um.
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Figure 3. POM images of microgels with 5 bands at different temperatures during (a) heating and (b) cooling after 3
min equilibration time at each temperature. Effect of temperature on the (c) major, minor axis and (d) pitch during
heating (red) and cooling (blue).

The lower critical solution temperature (LCST) of pNIPAM is 32 °C where polymer chain
conformational changes lead to a temperature induced volume phase transition.’* > These
transitions are also expected to impact the ChNC microgels, and thus their thermo-response was
evaluated. Microgels comprising 5 periodic bands were immersed in water, heated from 20 °C to
40 °C, and subsequently cooled to 20 °C. Fig. 3a, b demonstrates that microgel size changed
inversely with temperature, with a sharp transition in the range of 28 to 32 °C. Fig. 3¢ presents the
change in dimension of the major and minor axes upon heating/cooling. The thermo-responsive
behavior was anisotropic; along the twist direction, increasing temperature led to decreased
microgel length by about 52 %, whereas the change in minor axis length was limited to 8%. Fig.

3d shows the corresponding pitch as a function of temperature. In the fully ‘swollen’ state, the
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cholesteric pitch was 26.9 pm. When the temperature increased above the LCST, the pitch
decreased to 13.5 um. As quantified using imageJ°°, at 40 °C microgel brightness was 50% higher
than that at ambient temperature. On the axial view, microgel shrinkage was 10%, verifying the
asymmetrical swelling (Fig. Slla, b). Thermo-responsive behavior of a concentric-packing
microgel is shown in Fig. S1lc, d. Spherical microgels also shrank parallel to the helical axis,
changing shape from sphere to spindle. The response of the texture within the microgels in the

presence of osmotic stress (Fig. S12) shows analogous response to thermal stimulus.

The asymmetric stimulus-response of the microgels shares similarities with modeling of the
Bouligand structure of lobster cuticle.’” The ratio of the structure’s Young’s modulus from the
axial to transverse directions of the helix was calculated as 1.4. This anisotropy optimizes
mechanical properties. In this regard, the anisotropic swelling of the ChNC microgels confirmed
that the ChNC cholesteric phase is a promising route to impart Bouligand structural characteristics

to a host matrix.

Figure 4. POM images of microgel with twisted bipolar configuration (a) before entering the constriction and (b)
deformed microgel in the constriction. Schematic models of (c) initial, and (d) deformed particles and (e, f)

corresponding POM images.
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The ChNC microgel stimuli-responsive behavior further suggests that the structures may possess
the ability to deform in a constricted space. Inspired by studies of Doyle and coworkers who
showed that the internal structure of a microgel governs its ability to deform in small channel,>®
the impact of the twisted structure on the elastic deformation of ChNC microgels was evaluated.
Fig. 4a presents an image of a twisted bipolar microgel (average pitch: 38 um) in a microfluidic
device prior to entering a narrow channel (50 pm). Water flow was generated to guide the microgel
into the channel while the process was monitored using POM and high-speed imaging. The long
axis of the microgel entered parallel to the passageway (Fig. 4b and Supplementary Video 1).
When the long axis of the ChNC microgel was perpendicular to the confined channel, the microgel
rotated to possess a favorable configuration (long-axis | passageway) for entering the channel. The
outer twisted bands appeared to squeeze by folding on themselves, similar to buckling of a column
subjected to axial compression,*® while the central band forms an angle ‘a.’ with respect to the

flow direction. Similar results were found by Doyle, et al.>* for the deformation of particles with

internal structure in flow.

Fig. 4c and 4d present schematic models that depict the twisted bipolar microgels without (Fig. 4¢)
and with constriction (Fig. 4f), respectively. Before entering the passageway, the major and minor
axis length was 100 pm and 82 um, respectively. The angle of twist from the horizontal axis for
the band in the center was nearly 90 °; the bend in the center deformed to a 45 ° angle under
constriction. The major axis elongated to 114 um, while the minor axis filled the constriction.
After exiting, microgel shape was restored to the original in 3 s (Supplementary Video 2).
Deformation of a microgel having a concentric-packing configuration is provided in the in Fig.

S13 and Supplementary Video 3. The observed ChNC microgel deformation may provide a
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platform for further investigations into how the elastic behavior of Bouligand structures in living

organisms contributes to their stress response.

In summary, we demonstrated ChNC microgels that exhibit anisotropic response to external
stimuli. The cholesteric texture directly influenced microgel shape and anisotropy in water, and
changes in microgel volume led to changes in texture. Specifically, a twisted bipolar texture was
discerned in microgels comprising up to 6 bands, while those with greater volumes exhibited
concentric-packing. The transition was explained by interplay of anchoring and elastic energy,
suggested from thermotropic LC models. As designed, the imprinted cholesteric phase induced an
asymmetric response to temperature, leading to a change in shape and optical properties.
Furthermore, the cholesteric structure can deform, facilitating transport into a small channel, which
is expected to contribute to future studies aimed at evaluating the elastic modulus of Bouligand
structures and response to mechanical stress. Access to synthetic structures having self-assembled
twisted texture derived from cholesterics embedded within a polymer matrix will provide

guidelines for designing biopolymer composites with programmable motion.
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