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3D Printing of Liquid Crystalline Hydroxypropyl
Cellulose—toward Tunable and Sustainable

Volumetric Photonic Structures

Chun Lam Clement Chan, lek Man Lei, Gea T. van de Kerkhof, Richard M. Parker,
Kieran D. Richards, Rachel C. Evans, Yan Yan Shery Huang, and Silvia Vignolini*

Additive manufacturing is becoming increasingly important as a flexible
technique for a wide range of products, with applications in the transpor-
tation, health, and food sectors. However, to develop additional function-
ality it is important to simultaneously control structuring across multiple
length scales. In 3D printing, this can be achieved by employing inks with
intrinsic hierarchical order. Liquid crystalline systems represent such a class
of self-organizing materials; however, to date they are only used to create
filaments with nematic alignment along the extrusion direction. In this

study, cholesteric hydroxypropyl cellulose (HPC) is combined with in situ
photo-crosslinking to produce filaments with an internal helicoidal nano-
architecture, enabling the direct ink writing of solid, volumetric objects with
structural color. The iridescent color can be tuned across the visible spectrum
by exploiting either the lyotropic or thermotropic behavior of HPC during the
crosslinking step, allowing objects with different colors to be printed from the
same feedstock. Furthermore, by examining the microstructure after extru-
sion, the role of shear within the nozzle is revealed and a mechanism pro-
posed based on rheological measurements simulating the nozzle extrusion.
Finally, by using only a sustainable biopolymer and water, a pathway toward

1. Introduction

For the design of complex hierarchical
materials, the ability to simultaneously
control structuring across multiple length
scales is key to unlocking novel function-
alities. This is achieved in additive manu-
facturing systems by combining different
materials, either through multimaterial
printing™® or by directly incorporating
different materials within a single fila-
ment."8l Recently, additional function-
alities have been imparted by using inks
which themselves possess a hierarchical
structure. Examples include foams or
phase-separated resins for porous mate-
rials,®™M  tunable viscoelastic polymers
for mechanically graded materials,1
self-assembled block copolymers to pro-
duce structurally colored materials,!
and even extend to embedding bacteria
or cells to create “living materials.”(!>1¢]

environmentally friendly 3D printing is revealed.
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A promising class of materials that is yet

to be fully explored for introducing func-

tionality through complex nanostructuring
are liquid crystalline systems. To date these materials have only
been used to create filaments with nematic alignment along the
extrusion direction,”°l while more complex microstructures,
such as the cholesteric phase, are not yet demonstrated. As
an example, inks based on cellulose nanocrystals, which usu-
ally organize into a cholesteric phase within the bulk suspen-
sion, were reported to align upon extrusion to form a nematic
phase.['%]

Cellulosic polymers are ideal candidates to introduce liquid
crystalline ordering into 3D printing techniques. Not only are
they a renewable resource, but they have also been demon-
strated to organize into tunable cholesteric phases when dis-
solved in solution.?22 One such derivative, hydroxypropyl
cellulose (HPC), is widely available and biocompatible. It self-
assembles into a cholesteric phase in water, which can display
vibrant, metallic structural colors that can be retained in the
solid state via a variety of chemical and physical methods.[?>%"]
However, the geometry of photonic HPC based materials has
been so far limited to uniform or symmetrical geometries,
such as thin films!??2% or cylindrical structures.”’] Further-
more, as the resultant colors are often intrinsically linked to
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the processing conditions of the sample, current fabrication
methods cannot be readily extended to other geometries. There-
fore, in this study we applied a direct ink writing approach
to the HPC mesophase to introduce a larger degree of geo-
metric flexibility. Notably, while this approach has been previ-
ously used for HPC-based composite inks,?®2% there have not
been any studies that reported cholesteric ordering in the final
object. Combined with the lyotropic properties of HPC, this
allows for photonic structures to be designed with independent
tunability over shape and color. In addition, with a feedstock
consisting primarily of cellulosic polymers in water, using HPC
as a photonic ink offers an environmentally friendly alternative
to current 3D printable colored materials.

In this study, methacrylate-functionalized hydroxypropyl cel-
lulose (HPC-MA) was combined with in situ UV crosslinking
to produce filaments with an internal helicoidal nanoarchi-
tecture, enabling the 3D printing of solid, volumetric objects
with structural color. By investigating the shear-induced pro-
cesses that determine the microstructure of the extruded mate-
rial we show that the cholesteric mesophase is distorted and
then aligned during extrusion. This understanding allows for
a greater degree of control over the final structure both at the
microscopic and macroscopic levels, while also unlocking the
development of sustainable photonic filaments for 3D printing.

2. Results and Discussion

To combine the lyotropic liquid crystalline behavior of a cellu-
losic polymer with a photo-crosslinkable system, HPC was func-
tionalized with methacrylic anhydride to yield “HPC-MA” in a
single step (see Methods). As the liquid crystalline behavior of
cellulosic polymers critically depends on the side chain chem-
istry, the effect of methacrylation upon the photonic architec-
ture prior to printing was first verified.?*3% When dissolved in
aqueous solution, HPC-MA was found to form a cholesteric
phase, but with an increased pitch relative to an equivalent HPC
solution of the same concentration (e.g., at 64 wt% shown in
Figure S1, Supporting Information). This pitch increase is likely
an effect of introducing hydrophobic moieties, which was previ-
ously observed by Marsano et al. to amplify the effect of “water
structuring” on the lyotropic behavior resulting in the cho-
lesteric phase forming at lower concentrations.! Furthermore,
upon increasing the degree of methacrylation (DMA, the ratio
of methacrylated groups to anhydroglucose units), a redshift in
the reflected color was also observed for HPC-MA (Figure S1,
Supporting Information). The DMA can be determined from
!H-NMR spectroscopy (Section S1 and Figures S2-S4, Sup-
porting Information), with a range of 0.10-0.12 selected for all
printing inks used in this work (equivalent to approximately
3-5% of hydroxyl groups being functionalized along the HPC
chain). This relatively high degree of substitution allows for a
high crosslinking density as well as fast crosslinking kinetics,
which should prevent distortion or disruption of the photonic
nanoarchitecture upon subsequent solvent loss or manipulation.

An aqueous HPC-MA mesophase (64 wt%) was selected
as an ink to 3D print photonic structures. At this concentra-
tion, the loss modulus G” of the HPC-MA mesophase always
exceeds the storage modulus G” within the range of oscillatory
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frequencies and amplitudes measured (Figure S5, Supporting
Information). This suggests that in the printing process, during
which the shear rates experienced at the nozzle walls are equiv-
alent to a frequency range of 1-4900 rad s~ (Section S2 and
Figure S6, Supporting Information), the HPC-MA ink behaves
like a viscous fluid with rate dependent viscosity. With a dis-
placement-driven extrusion printing mechanism used in our
3D printing platform, the mesophase is able to flow during and
after nozzle extrusion, upon which the shape of the extruded
ink can be fixed using photo-crosslinking. To print complex
structures spanning several layers in height, the gelation of
the mesophase was induced by photo-crosslinking the pendant
methacrylate groups in situ. By coupling an ultraviolet (UV)
light source (Apa = 365 nm, Epy . = 46 mW cm™ as calcu-
lated in Figure S7, Supporting Information) to the printing
setup (Figure 1a), HPC-MA could be continuously crosslinked
during deposition. With this UV irradiance, the gelation time,
which is defined here as the time required for the storage
modulus G’ to exceed the loss modulus G” for a defined shear
frequency and amplitude, was estimated to be below 30 s by
irradiating HPC-MA in situ during a rheometer measurement
(Figure S8, Supporting Information). Such a gelation time
allowed for the cumulative build-up of printed layers with good
control of the structure and inter-filament integration, as exem-
plified in Figure 1b,c, although it did not allow for overhanging
structures. While the rheological properties could be tuned to
allow overhanging structures by including modifiers, 82932
significant changes to the ink’s rheological properties could
affect the ability to retain the structural color after printing. In
addition, a more focused UV source might allow even faster
crosslinking and consequently, reduced flow prior to gela-
tion; however, this could compromise the integration between
subsequently printed filaments. It should be noted that the
3D-printed objects are shown encased in polydimethylsiloxane
(PDMS) to allow the structural coloration to be assessed in the
absence of surface scattering (Section S3 and Figures S9-S11,
Supporting Information).

The color of most 3D-printed objects depends primarily on
the chemical structure of the pigment or dye included within
the filaments. In contrast, the color of the lyotropic HPC-MA
mesophase is determined by the periodicity (or pitch) of the cho-
lesteric ordering, which varies according to its concentration.?!
As such, mesophases with different colors can be prepared by
changing the ratio of HPC-MA and water. By crosslinking and
subsequently drying, solid films capable of reflecting across the
entire visible spectrum could be prepared (Figure 2a,b).

The color change arising from UV-crosslinking and the
subsequent loss of water is a complex process. A redshift is
observed as an HPC-MA solution is exposed to UV irradiation
(as shown in Figure 2c). This redshift is attributed to small
increases in temperature as the cholesteric HPC-MA solution
is thermochromic and redshifts with increasing temperature.3!
While UV absorption and heating due to irradiation could con-
tribute in part to this redshift (as observed for unfunctionalized
HPC in Figure S12, Supporting Information), the majority of
the temperature change is likely from the enthalpy of reaction
as the polymerization of methacrylate groups is typically exo-
thermic.3¥ This was confirmed by the fact that the shift in color
is dependent on the reaction rate: increasing the reaction rate
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Figure 1. a) Schematic of the direct-write 3D printing setup with in situ UV crosslinking, the inset represents the structure of a cholesteric liquid crystal
formed by HPC-MA. A 3D-printed “gecko” with structural color produced from an initial concentration of 64 wt% HPC-MA, as viewed from b) the top
(using a digital microscope) and c) side (using a camera). The object is encapsulated in polydimethylsiloxane to remove interfacial scattering.

by changing the power of the UV irradiation or the degree of
methacrylation led to a larger redshift (Figure S13, Supporting
Information).

After crosslinking, water evaporation from the meso-
phase results in volumetric contraction and a corresponding
blueshift in the reflected color. The extent of the blueshift
depends on the starting concentration of the HPC-MA solution
(Figure S14, Supporting Information), with the degree of
shrinkage proportional to the volume fraction of water that
is lost. The consequence is that visible color can be observed
in dried samples from a wide range of initial concentrations
(Figure 2d), allowing for the color of a printed structure to be
readily tuned by changing the concentration of the HPC-MA
feedstock (Figure S15, Supporting Information).

The visual appearance of a cholesteric mesophase is not
solely dependent on the length of the cholesteric pitch, but also
on the arrangement and alignment of individual domains.?4
Here, the printed object, which is formed from an assemblage
of printed HPC-MA filaments, possesses a different appearance
compared to a bulk film cast from the same solution. As such,
to understand how the extrusion and drying processes affect
the final microstructure, the nanoscale ordering of printed fila-
ments was examined by scanning electron microscopy (SEM).
The filaments within a model structure that consisted of a
three layer “staircase” were imaged in cross section, as shown
in Figure 3a—f and Figure S16 (Supporting Information). The
approximate contours of a single filament are highlighted by
the black dotted outline in Figure 3b, which show a deforma-
tion from the circular cross-section at the exit of the nozzle due
to flow prior to gelation. The periodic fracture planes charac-
teristic of a cholesteric structure can be observed under higher
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magnification, which crucially indicates that the liquid crys-
talline ordering is retained in the printed structure. Notably,
these fracture planes follow the contours of the filament,
although a disordered central region is observed in some cases
(Figure 3c,e). As the initial HPC-MA mesophase is polydomain,
this was attributed to the ordering that arises during the shear
applied during extrusion. This complex architecture is respon-
sible for the highly angular dependent character of the printed
structure, with a strong blueshift observed for higher angles of
incident light (Figure S17, Supporting Information).

To understand the behavior of HPC-MA solution under
extrusion, the shear rate experienced within the nozzle
was examined. As the rheological behavior of HPC is time-
dependent, the duration under shear was also considered (i.e.,
the “residence time” in the nozzle).>” This is important as
previous studies of cholesteric, albeit colloidal, systems have
indicated that shear alignment is localized to the nozzle wall
if insufficient time is provided.'”! Here, both the shear profile
at the nozzle wall and the residence time can be estimated by
assuming a plane Poiseuille flow,’®] thus approximating the
shear experienced by the mesophase near the interfaces of the
channel (Section S2 and Figure S6, Supporting Information).

The estimated wall shear rate and how this affects the cho-
lesteric microstructure was considered within the context of the
rheological response of HPC-MA. In a cone/plate rheometer,
HPC-MA retains the characteristic behavior of an HPC meso-
phase under shear, which typically exhibits three shear thinning
regimes (Figure S5, Supporting Information).>-8 For the high
shear regime, estimated here to be above a critical shear rate
at approximately 1 s7! for a 64 wt% HPC-MA solution, the cho-
lesteric liquid crystal is reported to form a shear aligned state,
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Figure 2. Photographs of aqueous HPC-MA mesophases with increasing concentration recorded a) after UV crosslinking and b) after subsequent
loss of water to form a freestanding film. c) Plot showing the change in the peak reflected wavelength A, of a 64 wt% HPC-MA solution during the
photo-crosslinking process. The time points at which the UV source was turned on and off are indicated by the black lines. d) Average peak reflected
wavelength 4., of HPC-MA films with different initial concentrations after UV irradiation (red points) and complete water loss (blue points). Each
point represents an average of 15 spectra with the standard deviation represented by the error bars. The peak reflected wavelengths prior to drying for
58 and 60 wt% extend into the infrared region, and as such are outside the detection range of the spectrometer.

resulting in a nematic-like aligned arrangement of polymer
chains that is associated with a large rise in birefringence. A
similar increase in birefringence is observed when an HPC
mesophase was subject to a mixture of shear and extensional
strains (slit contraction),?% suggesting that under sufficient shear
the polymer chains within the cholesteric phase would align in
the shear direction. As the modeled shear rate toward the tip of
the nozzle far exceeds the critical shear rate required for align-
ment, one might conclude that the complete shear alignment
to give nematic ordering occurs within the nozzle and the cho-
lesteric only reforms post extrusion. However, the restoration of
a cholesteric structure from a shear aligned state is reportedly on
the order of minutes,! which is far too long relative to the gela-
tion time employed here and as such this conclusion is unlikely.
To account for the time-dependence of HPC-MA'’s rheolog-
ical behavior, the estimated shear profile was directly replicated
on a rheometer, either using a cone/plate or a parallel plate
geometry (Figure S18, Supporting Information). In the latter
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configuration the visual appearance of the sample was moni-
tored between crossed polarizers (Video S1and Figures S19 and
S20, Supporting Information). Although the color is difficult to
interpret due to the convolution of color from the cholesteric
structure (reflection and transmission) and the polymeric align-
ment (birefringence), the change remains indicative of the
structural transformation during the shear process (see sche-
matic in Figure S19, Supporting Information). At increasing
shear rates, the color becomes increasingly cloudy and the
colored stripes along the shear direction suggest an increase in
birefringence, and accordingly, polymer alignment (Figure S20,
Supporting Information). The color ultimately disappears at
high shear (3:20 in Video S1, Supporting Information), which
can be attributed to a large retardance and therefore a high
order interference.!! This indicates that there is a high degree
of alignment after the application of the estimated shear profile.

To visualize the microstructure in this aligned state, the esti-
mated shear profile was applied with a UV-coupled rheometer.
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Figure 3. a) Photograph of a printed model three layer “staircase” structure produced from an initial concentration of 64 wt% HPC-MA with the inset
showing a simplified schematic of the side view of the three layers. b) Cross-sectional SEM images of a constituent filament in (a), highlighting an
ordered region near the edge (green box) and a more disordered region toward the core (red box). The inset represents the approximate position within
(a) at which the SEM was recorded, and the approximate interface of the constituent filament is indicated as the black dotted line. c,d) Cross-sectional
SEM images of the regions indicated by the green and red boxes in (b). e,f) Cross-sectional SEM images at a higher magnification of (c,d), demon-
strating the characteristic fracture planes of the ordered and disordered regions.

In this case, the sheared plate was crosslinked in situ immedi-
ately after the application of shear, resulting in no color being
observed, except for a small region at the center of the plate
(Figure S21, Supporting Information). This is consistent with
the radially increasing shear rate expected for a parallel plate
geometry. Examination of the microstructure via SEM within
the noncolored region revealed a highly disordered structure
with some regions resembling that of cholesteric ordering
(Figure S22, Supporting Information), although this is compli-
cated by the buckling observed throughout the sample and a
large apparent pitch (>1 pm). This larger pitch could be a result
of the “unwinding” effect of shear, as predicted for certain com-
binations of cholesteric orientation and shear directions.*24l
Therefore, these observations suggest that while the applied
shear rate does exceed that of the critical shear rate typically
required to align HPC-MA, the short shear duration means that
the cholesteric structure is disrupted rather than completely
destroyed. Notably, when the sample was cross-sectioned along
the shear direction, the fractured region displayed a fibrillar tex-
ture (Figure S22, Supporting Information). Such texture, which
has been observed previously in sheared HPC mesophases,*#]
can also be observed to a lesser extent in the printed structures
(Figure S23, Supporting Information).

Following these observations, we therefore propose a mech-
anism to account for both the retention of the cholesteric
structure and the alignment of the domains. Under shear,
the cholesteric ordering is distorted and the procession of the
director along the helicoidal axis more closely resembles a
square wave rather than the typical sinusoidal depiction,*340]
in which the majority of polymer chains become aligned
toward the shear direction. In addition, the helical axis rotates,
lying within a plane oblique to the shear direction. This plane
is defined by a characteristic tilt angle 6, that, in turn, is
dependent on the shear applied (Figure 4a).” Such imposition
of an overall average tilt increases the effective angle of incident
light, which in addition to any distortions to the cholesteric
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pitch, results in a visible blueshift (Video S2 and Figure S24,
Supporting Information).!

The distortion-induced alignment mechanism, coupled with
surface anchoring effects,*’] can, therefore, explain the observed
microstructure in the printed filaments. As shown schemati-
cally in Figure 4c, the mesophase is initially polydomain at the
top of the nozzle, but as the material is extruded, shear-induced
helical axis rotation within the nozzle causes the helical axes of
each domain to become increasingly aligned and tend toward
a fixed angle relative to the nozzle wall. The resultant blueshift
increases in magnitude toward the tip of the nozzle as the
shear rate increases (Figure 4b and Video S3, Supporting Infor-
mation). Once the filament is extruded, the helical axes of the
cholesteric domains remain radially oriented, as there is little
time for reorganization of the microstructure within the time-
scale of the UV-crosslinking process.

The fixed domain alignment upon exit from the nozzle
was verified by printing a filament that was crosslinked only
after it had been fully extruded (Figure S25, Supporting Infor-
mation). While the region closest to the nozzle experienced
only a minimal relaxation time, the microstructure is compa-
rable to that of a region that had been allowed to relax over a
longer period (Figure S26, Supporting Information). In terms
of visual appearance, an increased relaxation time results
in a small redshift, which indicates a relaxation of the meso-
phase. Macroscopically, these filaments can also be observed
to become wider and more deformed due to lateral flow under
gravity when compared to those that have been continuously
crosslinked. Similar effects are observed when filaments
printed with different gauge nozzles, leading to different fila-
ment widths (Table S1, Supporting Information), are compared.
At small gauge sizes (i.e., a larger nozzle diameter), a region
of disordered domains can be observed at the core, as exempli-
fied for filaments printed using a nozzle with an outlet inner
diameter (ID) of 0.25 mm in Figure S27 (Supporting Informa-
tion). In comparison, such a region was not observed for those

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure4. a) Schematic showing the rotation of the cholesteric axis (marked
as a black arrow) when under shear (orientation shown by the two half
arrows). The characteristic domain tilt (measured relative to the normal
of the shear orientation) for the given shear process is shown by 6.
b) Photograph of a transparent nozzle containing 64 wt% HPC-MA, which
has been crosslinked during the printing process. c) Schematic showing
how the domain alignment and distribution evolves within the nozzle such
that the extruded HPC-MA filaments have radially aligned domains.

printed using narrower nozzles (ID = 0.20 and 0.15 mm). This
observation suggests that the orientating effects of wall shear
arising from extrusion through the nozzle are limited in range
and weaken toward the core of the filament.

The thermochromicity of HPC mesophases?*?>33 offers
an additional flexibility toward in situ tuning of the structural
color of the 3D-printed object. The HPC-MA mesophase dem-
onstrates a strong redshift upon heating, with a 70 wt% solu-
tion shifting from blue to red upon mild heating from 22 to
30 °C. While this thermochromic effect is typically revers-
ible, crosslinking traps the liquid crystalline organization,
preventing any recovery as the temperature is lowered. This
property was exploited to yield films with different colors
using the same initial feedstock, as shown in Figure 5a—d. In
addition, this thermochromic behavior allowed for the multi-
color printing of simple designs from a single HPC-MA feed-
stock (Figure 5e) in two steps, i.e., a 3D printing followed by
crosslinking at elevated temperature. Printing at room tem-
perature avoids challenges associated with changes in viscosity
at higher temperatures (Figure S28, Supporting Information),
which would have necessitated a different set of printing and
crosslinking parameters. Furthermore, by maintaining a high
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humidity environment while the material was heated and sub-
sequently crosslinked, drying during this process was success-
fully inhibited, which allowed for precise control over the final
color and shape.

3. Conclusions

In summary, an aqueous solution of methacrylate-functional-
ized hydroxypropyl cellulose was used as a sustainable, green
and nontoxic feedstock for additive manufacturing. By com-
bining this material with an in situ UV crosslinking approach,
3D-printed cellulosic objects with predefined structural colors
were produced. While there is a trade-off between print resolu-
tion and the intensity of the reflected color, the printed system
offers independent control over the visual appearance and
structure. Furthermore, owing to the thermochromic behavior
of liquid crystalline HPC, objects with different colors could be
produced by simply changing the crosslinking temperature post
printing, opening up the opportunity to print different colors
using the same feedstock. Finally, by examining the microstruc-
ture of the printed filaments as well as the rheological behavior
of the mesophase, a mechanism has been proposed to account
for the well-aligned microstructure after the print process,
which opens a pathway toward the 3D printing of a wide variety
of cholesteric liquid crystal systems.

4. Experimental Section

Synthesis of HPC-MA: Dry hydroxypropyl cellulose powder (HPC SSL
SFP, food grade, M,, = 40000 g mol™ as reported by manufacturer)
was purchased from Nisso Chemical Europe, and dried under vacuum
overnight prior to use.

Methacrylic  anhydride  and  2-hydroxy-4’-(2-hydroxyethoxy)-2-
methylpropiophenone were purchased from Sigma Aldrich and used as
supplied without further purification.

The HPC-MA synthesis was adapted from a protocol for methacrylated
hyaluronic acid.*l A solution of dried HPC powder (10.0 g) in water
(500 mL) was prepared, to which methacrylic anhydride (40 mL) was
added. Sodium hydroxide (5N, 59 mL) was then added dropwise over
30 min, prior to the reaction mixture being left to stir overnight at room
temperature. The opaque white mixture was then dialyzed against water
for at least 3 d before being lyophilized to yield HPC-MA as loose white
flakes. Typically, prior to lyophilization, 3—4 batches were combined for
ease of processing to produce a larger quantity of polymer. The average
yield by polymer mass is 75 wt%.

Formulation of HPC-MA: HPC-MA polymer was dried under vacuum
overnight prior to sample preparation. In order to produce 10 g of
66 wt% HPC-MA solution, 3.4 g of water was added to 6.6 g of polymer,
and the mixture was immediately mixed using a planetary mixer (Thinky
ARE-250, with THI250AD-201 adaptor and THI150ML container).
Subsequently,  2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone
(66 mg, 1 wt% relative to HPC-MA) was added and the formulation was
mixed a second time. The formulation was then degassed by centrifuging
at 5000 g (Thermofisher Heraeus Multifuge XIR, with a Thermofisher
Fiberlite F15 rotor). The duration of the centrifugation step depended on
the application of the solution, from 30 min for optical characterization
to 2 h for rheological and printing applications. Samples of different
starting concentration and total mass were prepared using an analogous
method.

To prepare samples for optical characterization, HPC-MA solution was
encapsulated between two parallel glass microscope slides separated by
a rubber O-ring with a thickness of 2 mm. To reduce the effect of sample
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Figure 5. Photographs of a 70 wt% HPC-MA solution a) at rest at room temperature, b) after crosslinking at different temperatures, and c) after drying,
showing the strong redshift with increasing crosslinking temperature. The temperature recorded is taken as an average over the crosslinking duration
and measured on the top surface of the sample. d) Average peak reflected wavelength A, of HPC-MA films crosslinked at different temperatures,
as measured after UV irradiation (red points) and after subsequent water loss (blue points). Each point represents an average of five spectra with the
standard deviation represented by the error bars. e) Photographs of 3D-printed letters: “H”, “P”, “C” produced from a single 68 wt% HPC-MA solution,

but crosslinked at temperatures of 27, 33, and 35 °C, respectively.

preparation and self-assembly kinetics on the optical measurements,
each sample was prepared at least 10 min prior to analysis, to allow for
equilibration and relaxation. To measure the temperature dependence of
the reflected color, the sample was additionally heat treated in a container
inside an oil bath for at least 10 min prior to UV-crosslinking for a further
10 mins (schematic drawn in Figure S29, Supporting Information).
The temperature was recorded using a thermocouple (Thorlabs
TSPO1) placed on the top surface of the sample and averaged over the
duration of the crosslinking. The sample temperatures of 22, 25, 29, and
33 °C correspond, respectively, to oil bath temperatures of 22 (room
temperature), 30, 40, and 50 °C (Figure S30, Supporting Information).
Printing of HPC-MA: All 3D-printed samples of HPC-MA were
fabricated with a laboratory-built robotic bioprinter, as schematically
shown in Figure Tc. The 3D STL files of the printed structures were
downloaded from Thingiverse (www.thingiverse.com) (“All Alphabet
Letters” by 6brueder; “Gecko” by |becerra). Prior to the printing
process, the 3D CAD files of the printed structures were converted to
G-code using a slicing software (Slic3r, https://slic3r.org/). The printing
parameters of the samples fabricated in this study can be found in Table
S2 (Supporting Information). HPC-MA solutions (64 or 68 wt% HPC)
were used as the printing ink, which was drawn into a 1 mL syringe
and was loaded into the syringe holder of the printer. The 3D structure
was printed onto the surface of the petri dish by executing the G-code
instructions. The “gecko” and “staircase” samples were crosslinked in
situ during printing with an UV LED placed approximately 11 cm away
from the stage (irradiance profile of the UV source during the printing
process can be found in Figure S7 (Supporting Information), and the
average peak irradiance E,,,, is calculated to be 4.6 mW cm™). They
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were then further crosslinked using the same UV light source for
10 min after printing to ensure complete crosslinking. To maintain a
humid environment during heating and crosslinking of the “letters”
samples, they were warmed in an incubator (Thermo Scientific Midi
CO, incubator) for 10 min after printing, followed by UV crosslinking
for 10 min.

Characterization: Reflection spectra were obtained using a double-
ended probe (Ocean Insight R200-7-SR) positioned below the sample,
using a broadband light source (Thorlabs SLS201L/M) coupled to a
spectrometer (Avantes AvaSpec-HS2048). The spectra were measured
relative to a glass slide placed in front of a white diffuser (Labsphere
SRS-99-010). For samples prior to UV crosslinking, a longpass filter with
a cut-on wavelength of 400 nm (Thorlabs FELHO0400) was additionally
placed in the light path. In order to measure the effect of UV crosslinking,
a UV LED (LED ENGIN LZ1-00UVO0O; A,,., = 365 nm) was directed from
the top of the sample. A schematic of this setup is depicted in Figure S29
(Supporting Information) and the time-dependent irradiance of the UV
source at difference substrate distances is represented in Figures S31
and S32 (Supporting Information).

Scanning electron microscopy was performed on a TESCAN
MIRA3 FEG-SEM system at 5.0 kV. Cross-sectional samples
were fractured under liquid nitrogen and sputter coated with Pt
(10nm; Quorum Technologies Q150T ES) prior to measurement.

Rheometry was performed on an Anton Paar MCR302 Rheo-
Microscope for the optical rheometry measurements and a TA
Instruments Discovery HR-2 rheometer for all other measurements. Flow
and temperature sweeps were conducted using a cone-plane geometry
(20 mm, 1.0°) with a truncation gap of 28 um. Prior to each flow sweep,
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the sample was sheared at a rate of 0.01 s for 30 min to allow the
system to approach equilibrium. The flow sweeps were conducted at
20 °C. UV-coupled rheometer measurements, amplitude, and frequency
sweeps were conducted using a parallel plate geometry (20 mm) with
a gap of 1000 um. The UV light source for rheometry measurements
was supplied by a Omnicure S2000 Spot UV curing system. The optical
rheometry measurements were taken using a parallel plate geometry
(25 mm) with a gap of 1000 um at 25 °C and observed in reflection using
a 5x objective (Mitutoyo M Plan Appo 5x) between crossed polarizers
(schematic shown in Figure S19, Supporting Information).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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