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This work developed a photonic hydrogel that is responsive to, and can distinguish between two stimuli of
stress and pH. Patterning is used to locally change the chemistry of a one-dimensional (1D) photonic gel,

such that the native region is responsive to mechanical stress while the chemically modified region is
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responsive to both mechanical stress and pH. By combining the optical signals in the native region and the
modified region, one can distinguish the stimuli between pH and stress. Specifically, the native 1D photonic
gel is composed of periodically aligned polymeric bilayers in a soft polyacrylamide (PAAm) network. The

chemical modification is done by partially hydrolyzing PAAmM into sodium polyacrylic acid in some
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Introduction

Photonic crystals are materials designed with a periodicity in the
dielectric constant, which can affect the propagation of light.
The periodic structure of photonic crystals intensifies the reflec-
tion at a particular wavelength satisfying the Bragg diffraction
and results in brilliant structural colors. Photonic crystals based
on soft materials, that is, polymers and gels, have attracted
great attention due to their tunable photonic stop-bands under
mechanical deformation.” Photonic gels have additional advan-
tages as active chromatic materials through swelling/deswelling
in response to environmental stimuli, such as pH,” solvent,® and
temperature.” This kind of chromatic stimuli-response behavior
in aqueous solution resembles the structural coloration widely
found in aquatic animals for camouflage, signaling, and mimicry.”

So far, many responsive photonic gels have been developed.
For example, 3D photonic gels have been designed by the incor-
poration of periodically packed colloidal crystal arrays (CCA) into
the polymer matrix, or the formation of a porous polymer matrix
by etching away the precursor colloidal particles.® Polymerizable
amphiphilic molecules that self-assemble into ordered lamellar
structures have also been used as a platform for creating respon-
sive photonic gels.” We have developed a 1D photonic hydrogel
consisting of lamellar bilayers (polydodecyl glyceryl itaconate:
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patterned regions, which imparts pH sensitivity, in addition to the stress sensitivity, to these regions.

PDGI) in the polymer matrix of polyacrylamide (PAAm).® The PDGI
bilayers (thickness ~ 5 nm) are rigid and non-swellable while the
PAAm layers which are several hundred nanometers thick are soft
and swellable in water. This photonic hydrogel, referred to as the
PDGI/PAAm gel, shows excellent mechanochromic properties.®

The photonic hydrogels are promising materials used as
intelligent sensors to show a color change in response to one or
even multiple environmental stimuli.” However, conventional
photonic hydrogels lack the ability to distinguish between
multiple stimuli. For example, a porous gel made by copolymer-
ization of N-isopropylacrylamide and methacrylic acid shows a
color change due to the change in both temperature and pH."°
But it is still difficult from the optical signal to distinguish
whether the color change comes from the change in temperature
or pH. Besides the lack of selectivity, other properties of photonic
crystal based sensors, such as stability, sensitivity, and color
quality, are also need to be improved.

In this work, we developed an intelligent photonic gel sensor
that is capable of distinguishing between the mechanical stress
response and the pH response. Our strategy is to locally pattern a
1D photonic hydrogel into different chemical regions (Scheme 1).
We start from a PDGI/PAAm gel that is stress-sensitive and shows
a full color range and a reversible blue shift under compression.®
Since this gel shows no response to pH, we partially hydrolyze
the PAAm polymer into polyacrylicacid (PAAc) in a certain pat-
terned region. The hydrolyzed region (denoted as PDGI/h-PAAm)
becomes pH-sensitive in addition to increased stress sensitivity
in comparison to the native region. We can pre-set the same
structural color in the virgin region and the hydrolyzed region
at free stress and the reference pH, so the patterned gel in this
state does not show any pattern. When stress (several kPa) is
applied or the pH is changed from the reference value (pH = 6.9),
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Scheme 1 The native 1D photonic gel, consisting of several thousands of
periodically aligned polymeric bilayers (PDGI) in soft gel networks of
PAAm, is stress-responsive. The pH responsibility can be additionally
induced by partially hydrolyzing the PAAm polymer into sodium polyacrylic
acid, denoted as h-PAAm. By selectively hydrolyzing the gel (bottom), the
gel becomes stress responsive in native region (top) and dually responsive
to stress and pH in the hydrolyzed region (bottom). Compared with
traditional photonic gel, the proposed intelligent photonic gel can
response to, and distinguish pH and stress.

the pattern appears. By combining the color changes in the native
region and the hydrolyzed region, we can distinguish the stimuli
between the stress and pH. Since the rigid bilayers embedded in
the soft polymer network not only serve as platelets to reflect
light, but also as reversible sacrificial bonds to toughen the gel,
this dual stimuli-responsive photonic hydrogel can be used
repeatedly by displaying and hiding patterns in a fast way.'"
Such robust photonic films with dual detectability, large signal
change, and stability will promote their potential application as
multi-functional biosensors mimicking the skin of chameleon
that can intelligently sense environmental changes.

Results and discussion

Preparation of photonic gels and structural characterization

The PDGI/PAAm gel was synthesized using the method described
in the literature.® We hydrolyzed the PDGI/PAAm gel by a
controlled hydrolysis reaction in alkali solution.'” The detailed
procedures of homogenous hydrolysis and the selective patterning
process are described in the Experimental section and Fig. S1,
ESI.f The cross-section and surface morphologies of the native
and hydrolyzed regions were characterized using a scanning elec-
tron microscope (SEM) and a 3D violet laser scanning microscope
(Fig. 1 and Fig. S2, ESIt). We found a remarkable difference in
polymer structures and surface morphologies between the gel in
the native and hydrolyzed regions. In the cross-section of the
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Fig.1 Cross-sectional SEM images of the photonic gels in the native (a)
and hydrolyzed region (b). (N: direction normal to bilayers, P: parallel to the
bilayers).

native part, PDGI/PAAm showed a long-range layered structure.
In the hydrolyzed region, the bilayer structure was destroyed and
many cavities were observed. We will show later that the porous
structure favours rapid transport of the fluids into/out of the gel,
and improves the response time to the external stimuli.

pH-sensitivity

First, we studied the pH-response of the chemically modified
gel using a homogeneously hydrolyzed sample. Fig. 2a shows
the photos and their respective reflection spectra after attaining
equilibrium states at various pH values with a constant ionic
strength (~0.1 M). At low pH, the gel (PDGI/h-PAAm) showed
color in the ultraviolet region (~390 nm) and gradually shifted
to red (~600 nm) with increasing pH. The reflection peak
wavelength (Amax) of PDGI/h-PAAm against the pH of the medium
is demonstrated in Fig. 2b. At low pH (<3.5), Amax was found
in the blue-violet wavelength region and increased gradually
with pH. At an intermediate pH (~ 3.5-5.0), Aay increased sharply,
and in the high pH region (>5.0) Amax Saturated to a constant
value. While the PDGI/PAAm gel does not respond to pH, there are
no acid functional groups in the gel (Fig. 2b).

The red shift of the PDGI/h-PAAm gel, i.e., the increase in Apyax
with pH, corresponds well to the swelling behaviour of the gel.
With the increase in pH, the gel swelled in the thickness direction
along with the lateral directions (length and width), as shown
in Fig. S3 (ESI{). The relative swelling in the lateral direction
suggests that the bilayer hydrophobic packing is partially
destroyed in the lateral direction."* The swelling ratios along the
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Fig. 2 (a) pH dependence of the structural colors (inset images) and
reflection spectra (Bragg's incident angle = 60°) of the PDGI/h-PAAmM gel
in the stress-free state (o = 0). (b) The pH dependences of Ama, of PDGI/h-
PAAmM and the PDGI/PAAmM gel. The former increases gradually with
increasing pH, while the latter shows no change with pH. The inset images
show color changes of a patterned gel containing native PDGI/PAAmM (top
region) and PDGI/h-PAAm (bottom region). It can hide and display patterns
in different pH ranges.

bilayers are almost identical to and slightly larger than that
perpendicular to the bilayers, which indicates the in-plane
isotropic structure and the out-plane anisotropic structure.
The dramatic wavelength shift with pH was due to the swelling
of the h-PAAm layer, which increases the periodic layer distance (d).
The d can be estimated from A,.x by using the Bragg diffraction
law, 2d sin 6 = A. The pH response of the PDGI/h-PAAm gel well
agrees with the apparent acid dissociation constant (pK; = 3.5) of
PAAc.™ Approximately at pH = 3, the hydrolyzed gel starts to swell
by proton dissociation with buffer solution going inside the gel.
It is interesting to find that the hydrolyzed PDGI/h-PAAm gel
showed a much shorter ,,, than the native PDGI/PAAm gel in a
low pH range. This indicates that the partially hydrolyzed PAAc
groups form hydrogen bonding with PAAm at low pH, which
leads to a deswelling of the h-PAAm layer, and therefore a large
blue-shift of the PDGI/h-PAAm gel in comparison with the native
PDGI/PAAm gel."* This effect dramatically increases the color
change sensitivity against the pH change. So the dramatic swel-
ling with the change in pH observed in the PDGI/h-PAAm gel
results from the combined effect, that is, the destruction of the
hydrogen bonding between PAAc and PAAm (enthalpy effect),
and the ionic osmotic pressure generated by the dissociation of
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the carboxyl groups (entropy effect). Although the latter effect is
general for charged gels, the former effect is specific for this
system.

As the Ay of the PDGI/h-PAAm gel saturated to a value close
to that of the native PDGI/PAAm gel at high pH, the selectively
hydrolyzed gel displays a pattern at pH < 5.0 and hides the
pattern at pH > 5.0. The fabrication of the patterned gel (PDGI/
PAAm and PDGI/h-PAAm) is demonstrated in Fig. S1 (ESIt). The
inset images of Fig. 2b show the color changes with the variation
of pH for a star-like patterned gel selectively hydrolyzed in the
bottom region. The native PDGI/PAAm (top region) shows almost
the same red color regardless of the change of pH, while the
hydrolyzed PDGI/h-PAAm (bottom region) shows a red shift in color
from blue, green, to red at pH = 2.20, 4.02, and 6.96, respectively.
At pH > 5.0, the whole gel shows red color and thus the hydrolyzed
pattern is hidden. Based on the same method, we can selectively
hydrolyze the gel ribbon width “w” or heart-shapes, and these gels
also exhibited a selective color variation in pHs (Fig. S4, ESIT).

Response time

We detected the response time of the PDGI/h-PAAm gel by
immersing the water-swollen gels in aqueous solution at different
pH values (pH = 4.10 and 3.85). The reflection spectra of the gel
were measured with the progress of time (Fig. 3). It can be
observed that initially (<1 min), 4. decreased rapidly and then
slowly reached equilibrium states (~5 min). The color response
time depends on deswelling kinetics. As the swelling/shrinking
process of gels is determined by the collective diffusion of the
polymer networks in a fluid, the characteristic time is governed
by the square of the characteristic size of the gel."” For example,
a PAAm-based photonic gel sheet of pm-thick has a response
time of ~10™"' s, whereas the response time of a 1 mm-thick gel
sheet becomes ~10> s.'® Thus, the observed response time
(~5 min) of the PDGI/h-PAAm gel (size: 10 x 10 x 1.7 mm?®)
is much shorter than the value estimated from its thickness
(~10° s). The improved response time should be related to the
porous structure of the PDGI/h-PAAm gel as shown in Fig. 1b,
which favours the rapid transport of the fluids into/out of the gel.
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Fig. 3 Response time. Change of the diffraction peak wavelength (Amax)
with progress of time for a water swollen PDGI/h-PAAmM gel (14.5 x 12.3 x
1.13 mm?®) immersed in solutions of pH = 4.10 and 3.85.
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Stress sensitivity

Fig. 4a shows the photos of the PDGI/h-PAAm gel under different
compressive stresses (¢) in a solution of pH = 6.94. The gel was
red in the free-standing state (¢ = 0), and changed to blue with a
gradual increase in stress. The reflection spectra revealed a blue-
shift in color upon a gradual increase in stress (Fig. 4b). The
PDGI/h-PAAm gel with a porous structure showed a compressive
modulus of ~3 kPa, much lower than that of the native PDGI/
PAAm gel of ~14 kPa (Fig. S5, ESIt). So for stress sensors, the
PDGI/h-PAAm gel has a higher sensitivity than that of the PDGI/
PAAm gel. As shown in Fig. 4c, for PDGI/h-PAAm at pH = 6.9,
a compressive stress of ~6 kPa can cause a blue-shift of Ay =
300 nm, which gives stress sensitivity (Admax/c) as high as
~0.05 nm Pa~". For the PDGI/PAAm gel, however, a compressive
stress of ~14 kPa causes a blue-shift of Al,. = 185 nm, which
gives a stress sensitivity of ~0.013 nm Pa'. These photonic gels
have better stress-sensitivities than reported photonic gels, such
as electrostatically stabilized colloidal arrays, inverse opal struc-
ture and metastable colloidal crystalline arrays.'®*"”
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Fig. 4 (a) Photos of the PDGI/h-PAAmM gel (swollen in pH = 6.94) taken at
different compressive stresses, a. (b) The reflection spectra of gel loaded at
different compressive stresses at a constant pH show shift of 4y, from high
wavelength (red) to low wavelength region (violet). (c) The /. decreases
with the increasing of compressive stress for PDGI/PAAmM gel and PDGI/
h-PAAmM gel at pH = 6.9. (d) A PDGI/h-PAAm gel exhibits combined response
to stress and pHs. The gel swelled in different pH solutions (i, ii, iii: swollen in
pH = 6.94, 4.02, 3.51, respectively) shows different colors. By compressing the
gel from top using a piece of glass and a silicone spacer graved with butterfly
patterns, the gel shows butterfly patterns of different colors for different pHs.
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As the color tunability of the PDGI/h-PAAm gel is also depen-
dent on pH, we can show the combined effect of both pH and
stress on the gel. This is demonstrated by compressing the gel
swelled in aqueous solution at different pH values with a piece of
glass and a silicone spacer graved with a butterfly pattern. The
compressive stress exerted only in the “butterfly” region and
the blue-shift of color in this region occurred. For gels swollen in
aqueous solution at different pH values, different colors were
observed (Fig. 4d-i-iii). At pH = 6.94, the gel was red in back-
ground with an orange butterfly pattern (Fig. 4di). At pH = 4.02,
the background was green and the butterfly was blue (Fig. 4d-ii).
At pH = 3.51, both the background and the butterfly became blue
(Fig. 4d-iii). This result demonstrates that this photonic gel can
display different patterns by combining stress and pH.

Dual sensing using the patterned gel

The above results showed that the native PDGI/PAAm gel only
responds to stress while the PDGI/h-PAAm gel can respond to both
stress and pH with a full visible range color change. Therefore, one
patterned gel can act as both a pH sensor and two stress sensors
with different measuring ranges and sensitivities. Next we demon-
strate the dual sensibility using the patterned gel. Fig. 5a illustrates
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Fig. 5 (a) The upper region of the combined gel is solely response to stress,
while the bottom region is response to both pH and stress. The different
states can be reversibily changed and the color information on the top and

bottom regions indicates the source of the external stimuli. (b) The reflection
spectra of the gel corresponding to the states of A, B, C, D.
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the color tuning of the patterned photonic gel at two pH values
(pH = 4.02, 6.96) combined with two compressive stresses (¢ = 0,
4.0 kPa), which gives four different states. The corresponding
reflection spectra of the sample are shown in Fig. 5b. Here we
denote 4, and 1, as the spectral peaks of the native and the
hydrolyzed regions, respectively. In the A state (pH = 6.96, ¢ = 0),
the pattern was hidden due to the similar reflection spectra of the
native region and the hydrolyzed region (1; = 4,). At B (pH = 4.02,
o = 0), only the hydrolyzed region changes color. By using the
result in Fig. 2, one can determine the pH from /4,. At C (pH =
6.96, 0 = 4.0), both of the two regions change color. By using the
result in Fig. 4, one can determine the change of stress from 4.
AtD (pH = 4.02, ¢ = 4.0), both pH and stress change. By using the
result in Fig. 4, one can determine the stress from 4,. In principle,
the pH in D can be determined from 1, if one knows the pH
dependence of A, at different stresses. So by combining the
different color patterns, we can qualitatively identify whether
the stimuli come from pH or stress or from both. All of the four
different states are reversible and could be repeated for many
times without color degeneration. In addition, the photonic
hydrogel stored in water for more than two years did not show
any irreversible change in the structure or color, which indicates
the excellent stability of the photonic hydrogels.

Conclusions

In summary, patterned photonic hydrogels with dual-stimuli
responses to stress and pH have been successfully developed.
The chemically modified and native regions of the gel can act
both as stress sensors with different detection sensitivities,
implying that a single gel sensor can detect different scales of
stress in a complicated solution environment. The local pH
sensitivity can be used to encode a pH-sensitive pattern in the
gel. They can distinguish response to mechanical stresses from
the response to pH with the ease of a visible readout. Such a
powerful photonic detector with a combined multi-function is
firstly proposed in the photonic crystal based sensors. Another
more useful aspect of these hydrogels is that they are biocom-
patible and robust enough to be cut into very small pieces and
could be used as biosensors which could be placed within vessels,
for example, to quickly study pH values of blood in physiological
environments or check the blood pressure. We expect that these
multi-functional hybrid photonic gels will find many interesting
sensor applications.

Materials and methods
Preparation of the photonic gel

The parent PDGI/PAAm gel with a lamellar bilayer structure was
prepared by simultaneous free radical polymerization from
aqueous solution of 0.10 M 0.027 mol% sodium dodecyl sulfate
(SDS) relative to DGI, 2 M acrylamide (AAm), 2.5 mM N,N’-
methylenebis(acrylamide) (MBAA) as a cross-linker of AAm, and
2 mM Irgacure as an initiator.® Briefly, prior to polymerization,
by applying shear flow to the precursor solution, thousands of
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lamellar bilayers of self-assembled DGI were aligned in the
direction parallel to the substrate. To stabilize these oriented
lamellar bilayers, polymerization was performed by irradiating
UV light for 8 h at 50 °C under an argon gas atmosphere. The
polymerization temperature is 50 °C because the Krafft tempera-
ture of DGI is ~43 °C. Below this temperature, it has very low
solubility in water. The gel as-prepared is a long strip of 1 cm
width and 0.5 mm thickness. The prepared gel was immersed
in a large amount of water for 1 week to reach an equilibrium
swelling state and further cut into different shapes.

Homogeneous hydrolysis of the photonic gel

Following the previous work,"> the PDGI/PAAm gel was hydro-
lyzed by immersing the gel in 1 M sodium hydroxide aqueous
solution for 6 min at 50 °C. By hydrolysis, the amide groups in
PAAm layers were partially converted into carboxylate groups. The
obtained sample, denoted as the PDGI/h-PAAm gel, was then
extensively washed with deionised water. The PDGI/h-PAAm gel
swells largely and changes color from red to far-red due to an
increase in the layer distance.

Patterning of the photonic gel

Selective hydrolysis of the PDGI/PAAm gel was performed by
dipping the pre-determined part of the sample in the hydrolysis
solution as shown in Fig. S1 (ESIT).
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