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Self-Reporting Hydrogel Sensors Based

Instability-Induced Optical Scattering

Imri Frenkel, Mutian Hua, Yousif Alsaid, and Ximin He*

Interest regarding the development of hydrogel sensors continues to grow due to
the associated high sensitivity, fast response, low fabrication cost, and versatile
application when responding to an analyte. The strategies for transducing these
responses range from electrochemical to optical, often utilizing characterization
equipment to measure the minute changes in the material. However, the costly
nature of such equipment counteracts the original advantages of utilizing a
hydrogel-based sensor, rendering the overall system slow and inaccessible for
many. Therefore, hydrogel sensors capable of self-reporting values to the naked
eye are needed. Here, a new light-scattering-based transduction method is
explored—indiscriminately visible to the naked eye. By engineering the surface
instability behavior of a hydrogel film, an exemplary design is developed using an
anionic, pH-responsive poly(acrylamide-co-acrylic acid) hydrogel to self-report
the pH via subsequent buckling (i.e., its scattering of light). By modeling the
behavior based on three system parameters (critical concentration, critical
swelling ratio, and modulus), a general design model is produced to guide
practical implementations of this instability-induced scattering (I1S) sensor
system. The viability of the IIS design model is exemplified through a proof-
of-concept application to sensing urea, illustrating the modular and adaptable
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methods!* "> capable of sensing signif-
icant analytes like those aforementioned
and more, be it chromatography, mass
spectrometry, electrochemistry, absorption
spectroscopy, or IR and Raman spectros-
copies, for example.

Many contemporary works have looked
to hydrogels or hydrogel actuated systems
as leading candidates to increase sensitivity
due to the large volume change of hydro-
gels upon stimulation.">"* These polymer
networks have shown great promise, as
they are in general highly tunable and
relatively cheap to produce, while
offering various avenues of transduction.
The fundamental mechanism of stimuli—
responsive hydrogels is well understood,
as a multitude of published literature
documents these flexible polymer matrices’
abilities to contract or expand in response
to analytes in the environment. The hydro-
gel may be chemically functionalized and

design of the presented transduction method.

1. Introduction

Water pollution,”  environmental toxins,>* hazardous

substances,”® the rise of synthetic recreational drug alternatives
like fentanyl,”™ chemical warfare agents,">'"! tumor-specific
molecular indicators, insulin levels in diabetics, glucose levels
in hypoglycemics, there is certainly no shortage of unique mol-
ecules and chemicals that necessitate a quick, sensitive, and
in situ method of sensing their presence, especially in aqueous
and bodily environments. To date, there exists a multiplicity of
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adapted to respond to an analyte of one’s

choice and thus set the gel's response

to the desired outcome (based on

Flory—Huggins’ theory of hydrogel volume
phase transitions [VPT]).">'""??l Consequently, there exists a
multitude of methods to communicate the presence of this swell-
ing phenomena and the degree to which it occurs (i.e., trans-
duce). These methods of transduction can be organized under
three main groups: electrochemical (e.g., measuring changes
in current, voltage, or resistance through the gel),*?*! mass
based (e.g., measuring changes in weight or normal forces of
the gel), and optical (e.g., measuring changes in absorbance, fluo-
rescence, diffraction, or transmission of the gel),m‘z""zsl in that
the routes of transduction of each said group measure changes in
properties corresponding to each said group.

Though the hydrogel sensor itself serves as a low-cost and
broadly applicable substitute for a similarly responsive sensor,
the transduction of information is not immediately apparent,
depending on the avenue chosen for transduction. Most of
the aforementioned techniques rely heavily on instruments for
reading the output; thus many, if not all, of these methods suffer
from some combination of expensive or difficult-to-use equip-
ment and restrictive and time-consuming sample preparation.
The reliance on finicky, specific, and sensitive digital equipment
to accurately relay the hydrogel’s volumetric changes to readable
information in many ways counteracts the initial cost advantage
and has prevented the application of hydrogel sensors to instan-
ces requiring on-site detection. This can be particularly the case
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for mass-based and electrochemical transduction methods,
which rely on carefully monitoring minute changes in magnetoe-
lastic or potentiometric properties, respectively. Hence, a self-
reporting hydrogel sensor that integrates both sensing and signal
transduction into a readable output would be advantageous for
developing a low-cost and user-friendly sensor system.

Optical transduction pathways have shown great promise for
producing naked-eye sensors that do not involve, or otherwise
minimally involve, the use of instruments for obtaining readable
results, be it changes in color via absorbance or light intensity via
emission as drastic changes in thickness of the hydrogel are
instantly perceived.”®>" However, reference charts/tables are
still required for these methods and external equipment may
be necessary to communicate very minute changes in color,
as the output signals from the hydrogel sensors are linearly dis-
tributed in the form of continuous color changes.

Recently, studies on hydrogel surface instability have shown a
viable pathway for enabling hydrogel sensors with digitized, self-
reporting capabilities.”"**! The stimuli-driven expansion of the
polymer network of a hydrogel can drive the generation of sur-
face instabilities on the gels when the gels’ expansion is inhibited
by physical confinement. As a result, the spontaneous generation
of these instabilities at distinct critical values of swelling
responses visibly disrupts the transparency of the hydrogel by
scattering light. Specifically, the onset of these surface instabil-
ities is thresholded as the transformation is abrupt rather than
linear, rendering this method an all-or-nothing, discrete
manifestation.

Here, this surface instability phenomenon is taken advantage
of in the creation of a new hydrogel-based sensor that relays ana-
Iyte concentration into true naked-eye readable signals through
optical scattering, referred to as an instability-induced scattering
sensor (IIS sensor). Through tuning of the hydrogel mechanics
and its sensitivity to a chosen analyte, in conjunction with the
thresholding characteristic of said surface instabilities, the IIS
sensors were engineered to indicate the absolute concentration
of the analyte without the aid of external references or equip-
ment, thus exhibiting consistent, self-reporting capabilities. To
demonstrate the underlying mechanism and versatility of this
system, an anionic, urea-sensing system was synthesized and
its behavior modeled for extrapolation beyond this work. The
instability-based hydrogel sensor provided herein illustrates a
proof of concept that may be universally applied to any past
or future hydrogel functionalization which utilizes VPT and pro-
vides an avenue for others’ hydrogel systems to be applied prac-
tically, whereby untrained users may easily rely on such sensors
to quickly and accurately communicate the presence of specific
vital or toxic molecules in a given aqueous environment, be it
insulin levels in blood or heavy metals in water supplies.

2. Results and Discussion

2.1. Material and System Design

Despite current optically transducing hydrogel sensors, which
rely on changes in color, demonstrating promising performance
in their own right, certain persisting limitations associated with
such devices served as the primary motivation for the
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development of the IIS system fabricated herein, especially as
it pertains to indiscriminate, inherent, naked-eye readability.
To reliably identify a gel's color shift of 70 nm, or sometimes
even much more, necessitates assistance from an external digital
readout, once again negating the very advantages these hydrogel
sensors seek to address. Physically, the sensing performance of
cone cells in a human eye is variable, fluctuating in sensitivity up
to 10nm or more depending on the incident light's wave-
length,P—yet even this precision can be elusive to achieve as
it is psychologically difficult to realize. Works investigating the
evolution of naming schemes across languages illustrated the
subjective nature of recognizing color contrasts of smaller step
size despite being no more or less physically capable of differen-
tiating colors.”*] This is further evident when comparing the var-
iance of individuals’ ability to perceive color changes across
different inherent genetic make-ups and a plethora of yet to
be fully defined nongenetic influences.**** Furthermore, the
perceived shade, tint, tone, and even overall hue, may be manip-
ulated by the contextual lighting.®”! These variances are all
observed in young, healthy individuals. Those with color vision
impairments are of course greatly more deviant, which raises
questions regarding the accessibility of such color-based trans-
duction methods. All this is to say that despite the rightfully
endowed advantages of current optical transduction methods,
to date, these methods remain imperfect—especially in their
ability to be used indiscriminately, in situ, and by any layman
user without the aid of external equipment or reference.

Figure 1a shows the synthesis and working principle of the
aforementioned IIS sensor. Briefly, hydrogel films with thick-
ness of 72140 pm were fabricated on double-bond-grafted rectan-
gular glass slides via molding and subsequent UV-initiated free-
radical polymerization. Compositions of the gels were confirmed
by Fourier-transform infrared spectroscopy (FTIR) (Figure S1,
Supporting Information). The hydrogel film was transparent
in the deswelled state. In the presence of stimuli that induce
swelling of the hydrogel, the hydrogel film formed surface insta-
bilities that strongly scattered light, resulting in a blurred trans-
lucency when viewing through the hydrogel (Figure 1b and
Figure S2, Supporting Information).

The transduction of analyte concentration to optical signal is
shown in Figure 1c and operates through the following underly-
ing mechanism. As chemically attractive analytes diffuse through
the deswelled gel, freely coiled portions of the network chain are
driven to uncoil to maximize surface interaction with the sur-
rounding charged environment. This outward osmotic pressure
(vellow arrows) in turn results in the observed volume expansion
under typical circumstances; however, this is prohibited by the
physical confinement of the gel as it shares covalent bonds with
the functionalized glass substrate along their interface. Given
only a thin layer of gel, there is limited driving force and geomet-
ric capability to expand in height away from the substrate, so the
confinement can be represented horizontally along the glass—gel
interface and in part vertically along the gel—air interface and
orthogonal to the substrate—as illustrated by the gray corner
marks. This bilateral confinement produces normal forces that
compress the gel inward and tangent the substrate (red arrows)
through the gel’s surface. Consequently, stress concentrations
form along the gel’s surface. Ultimately, it is the steady growth
of these stress concentrations that drives the rapid proliferation
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Figure 1. Fabrication and working principle. a) Fabrication of the glass-bonded hydrogel film. (i) Dissolving of monomers, crosslinkers, and initiators and
then filling PDMS mold (depth 140 pm) with 160 mL of solution. (ii) Covering with functionalized glass slide. (iii) UV-initiated polymerization for 60 s
while on cooling stage; the transparent and smooth gel adhered to the substrate is removed from the mold. (iv) Upon sufficient stimulation, gel attempts
to swell, but due to its confinement, surface instabilities form to relieve the building internal stress. b) Photograph of an unwrinkled gel (left) and wrinkled
gel, resulting from exposure to stimulation (analyte concentration) beyond its associated critical threshold value for the onset of surface instability (right).
Scale bar located at the bottom right of the image equates to 0.5 cm. c) lllustration of the mechanism driving the spontaneous surface instability

(i-e., wrinkle) phenomena within the hydrogel network (blue).

of instability formations once the energy associated with reliev-
ing this strain is greater than the energy thresholds associated
with internal mechanical performance (i.e., modulus) and sur-
face energy interactions.

2.2. Exemplary pH Sensor Performance

In producing the practical experimental setup of this work’s
focus, first, the critical stimuli values were obtained for various
recipes ranging in their ratio of monomer-to-monomer content.
Here, the basic stimulus from which the proposed design is gen-
eralized is pH. Knowing the pH value required to insight buck-
ling indicates the threshold required of any acidification/
alkalization of the environment via analyte oxidation, like the
enzymatic reactions of urea or glucose, for example.

The exemplifying anionic sensor provided in this work con-
sisted of poly(acrylamide-co-acrylic acid) hydrogel and was used
to fabricate the IIS sensors, as previously shown in Figure 1a. By
tuning the monomer concentration of the precursor used to fab-
ricate the hydrogel, IIS sensors with various instability-forming
thresholds were obtained, meaning that these IIS sensors form
such surface instabilities and appear wrinkled at or above differ-
ent critical pH values depending on the corresponding hydrogel
constitutions. Each recipe is designated by its associated percent
monomer content of acrylamide (X%) and acrylic acid (Y%)
by weight relative to the total mass of precursor solution
(ie., X%—Y%, respectively).

In Figure 2a, the on—off buckling response of IIS sensors with
different critical buckling thresholds was demonstrated, where
each sensor portrayed an increasingly higher critical pH value
(pPH,) and thus possessed an increased threshold to instability
formation across recipes from top to bottom row of Figure 2a.
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The numbers behind each sensor voxel indicated the pH value
of the solution applied to the sensors at that given position and
the clear-to-blurry-wrinkled transformation observed by the
naked eye indicated the characteristic instability formation.
Images taken of the gels in environments of increasingly alkaline
pH portrayed the critical response value for each gel. IIS sensors
with increased monomer content possessed an increased critical
threshold, and this tunability of the gels’ pH,. at which buckling is
induced is further illustrated and quantified through consequen-
tial changes in transmittance, as shown in Figure 2b, as well.
Though more apparent through naked-eye observation, the nota-
ble change in transmittance, and the pH value at which it occurs,
displayed the directly proportional relationship between the gel’s
monomer content and pH,. Thus, one IIS sensor with a known
threshold value determined by the hydrogel constitution could
indicate the magnitude of the pH of an unknown solution rela-
tive to the built-in threshold value. That is to say, if an IIS sensor
has not yet buckled, it is known that the associated critical analyte
concentration has not yet been reached, but when IIS appears to the
observer, it is known that the concentration is equal to or greater
than its threshold. Thus, using an array of IIS sensors with different
critical thresholds can yield an accurate reading of the analyte value,
in this case pH, of an unknown solution, just as observed, looking
down each column in Figure 2a, where the pH values are equivalent
but sensor recipes differ.

Given that the wrinkled state arises as a consequence of the
hydrogel’s swelling response to analyte concentration, the ITS
performance of each gel can be described by its swelling behav-
ior, as well. By measuring the ratio of each unhindered
hydrogel’s additional top—down area after exposure to a given
environment free of any substrate relative to its initial top—down
area in its deswelled state, a swelling ratio value can be correlated
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Figure 2. Mechanistic behavior. a) pH 310, showing critical pH at pH =35, 6, 7, 8, and 9, respectively, for anionic gels containing increasing acryl-
amide—acrylic acid contents by weight from 5%—5% (top) to 10%—10% (bottom). b) Transmittance curves of recipes imaged in (a), illustrating the
critical pH threshold at which each gel transforms from transparent to buckled, discretely and increasing with increasing elastic modulus. c) Swelling
behavior of anionic gel (7% —7% acrylamide—acrylic acid, elastic modulus [E] = 69 kPa) relative to the gel's resting volume dictated by acrylic acid’s pK, of
4.3. Error bars correspond to an average normalized standard deviation of ~7%. d) Response time and transmittance of 7%—7% anionic gel at pH of 6
(blue) and pH of 12 (orange) following increasing duration of exposure to the analyte concentration via submersion in solution. These are compared with
the transmittance of the yet-to-be buckled gel exposed to a pH of 5 (gray), below its critical threshold pH of 6. Yellow—orange regions delineate the 10 s
transition periods of the gels as they transform from the smooth, transparent state to wrinkled, blurry state. Transmission data displayed for select pH
levels with concern for visual clarity and clear comprehension of the window of time corresponding to the IIS sensor’s time to transform at the lowest
bound of its sensitivity, pH. (pH = 6), and upper bound of typical usage (pH = 12). A pH of 5 corresponds to analyte concentration just below pH, and

serves as a baseline reference to control for change due to arbitrary submersion in a solution. Full transmission data provided in Figure S4, Supporting
Information.

with each IIS sensor’s pH, and can ultimately prove an indirect  ratio and pH, using a 7%—7% recipe (acrylamide acrylic acid,

measure for the internal stress within the confined hydrogel.  respectively), indicating the corresponding IIS sensor that pos-
Figure 2c shows an example of the relationship between swelling  sessed a pH, of 6 (Figure 2a,b) and possessed a critical swelling
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ratio of ~1.11. This is consistent with the general swelling behav-
ior observed of such anionic gels (Figure S3, Supporting
Information) as 1IS sensors comprising a higher polymer con-
tent possessed greater critical swelling ratios directly propor-
tional to their higher pH..

Though the visual response is apparent, the hydrogels” wrinkle
transduction was quantified by way of measuring changes in the
visible light transmitted through the gel over time while continu-
ously exposed to a given pH environment. In addition to demon-
strating the consistency of the light-scattering effect of the critically
buckled hydrogel, the response time and its discrete on—oft switch
nature was portrayed, as all hydrogels examined began buckling
after no more than 40 s and transitioned to the instability forma-
tion in less than a 10s window (Figure 2d and Figure S4,
Supporting Information). This behavior is consistent with gels
of different recipes with different moduli (Figure S5,
Supporting [nformation). Figure 2d shows this window of the
I1S sensor’s time to transform at both the lowest bound of its sen-
sitivity (i.e., its critical pH¢ of pH = 6) and what can be considered
as a practical upper bound for commonly incurred alkalinity
(pH = 12). The specific comparison between the extremities of
the IIS’s sensing range exemplifies the unchanging nature of
the 10 s window that is the time to transform across its operational
range. This is observed readily when comparing the sensor’s trans-
mittance following exposure with analyte concentrations below its
pH. (pH = 5 for the 7%—7% gel in Figure 2d and likewise a pH of
8 in Figure S4, Supporting Information, for a 10%—10% gel),
given that the transmittance, and so observed transparency,
remains by and large unchanged. In addition, this further con-
firms the apparent distinction between the gel’s deswelled and
wrinkled state and that the IIS formations do not occur at any arbi-
trary pH value given enough exposure time. It is clear, the transi-
tion is essentially discontinuous and, for all intents and purposes,
instant—in terms of the practical, on-site, one-time testing appli-
cations this type of system might find use in.

In addition, it was noted that the time of exposure necessary to
initiate IIS formations was inversely related to the distance the
pH of the environment was from the pH, associated with a given
recipe (Figure S4e and S4d, Supporting Information). This indi-
cated that the driving force for IIS formation is not simply the
concentration of analyte in the environment; rather, it is depen-
dent on the difference between environmental analyte concentra-
tion and the theoretical pH., which falls in line with the
operational theory of this type of IIS transduction mechanism
discussed thus far. Quantifying the progression of this relation-
ship as a discrete mathematical relationship is not within the
scope here in this work; however, it proves to be a promising
topic of exploration in future studies looking to produce an
I1S-based actuator with adaptable response(s) dependent on
the time to initiate transformation.

2.3. Universal Design Model and Threshold Values

To expand the applicability of the exemplary setup and refine the
sensitivity of the IIS sensor, we aimed to establish quantitative
correlations between the onset of surface instabilities and mea-
surable material properties in the entire variable space. Zhao and
coworkers®? demonstrated the predictability of this wrinkling
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phenomena by characterizing the rise of these instabilities on
a hydrogel film adhered and confined to another hydrogel bulk
based on three parameters: modulus ratio, adhesion energy, and
mismatch strain (as an effect of each gel swelling independently)
between the film and the bulk. Thus, a universal model inspired
by the three axes of Zhao's model was created, serving as a
design map for implementing the 1IS sensor system universally
to VPT-based hydrogel sensors and actuator.

It is important, however, to note the distinctions between past
approaches through simulation and the practical approach seen
in this work. Namely, the modulus of the glass substrate is orders
of magnitude higher than that of the hydrogel and remains con-
stant in all cases; therefore, the model may reliably communicate
the behavior solely based on changes in the hydrogel’s elastic
modulus rather than the ratio between the two. In addition,
the swelling responses are relatively weak compared with the
adhesion achieved here, so the limitations of the swelling
response with regard to delamination were not explored.
Furthermore, past publications were preoccupied with the strain
mismatch of the system; however, as the glass in this system is
orders of magnitude more rigid than the gels to which they
adhere to and are otherwise unaffected by changes in the envi-
ronment, the strain mismatch can be simplified to solely the
strain experienced by the hydrogel film itself. Moreover, the
swelling incurred by the gel is a direct product of the internal
strain in the gel generated by the attractive ionic and Van der
Waals forces corresponding to the presence of a given analyte
of interest. Thus, in the design model proposed here, a nonethe-
less insightful correlation, if not only more practical and intui-
tive, is ultimately provided via the relationship between
swelling ratio, stimulant concentration, and modulus.

With the elastic moduli of each gel recipe acquired, a final
“master model” was achieved (Figure 3). The correlation of each
11S sensor’s elastic modulus to its threshold values elucidated the
directly proportional interrelation between all three system
parameters, especially as it pertains to the codependence of
the critical threshold values (swelling ratio and pH,) with the sys-
tem’s elastic modulus. That is, through the precise tuning of
modulus by elementary alterations to polymer content within
a hydrogel, an IIS sensor can be fabricated for any specific sen-
sitivity within a vast range. This fundamental mechanism and
design principle may be adapted universally to any VPT hydrogel
system, beyond pH-sensitive gels, by consociating the system’s
modulus and the swelling response needed to observe IIS.
Moreover, if the system utilizes an underlying oxidation reaction
which creates pH-altering products, one may directly see the
response value required—with respect to the environment and
hydrogel itself—on the guiding model provided here.

2.4. Specific Analyte Detection

To demonstrate how this optical scattering transduction mode,
IIS, may be used as a template for future and past works alike,
a simple adaptation to sensing the presence of urea was explored.
By introducing urease into the monomer solution, the signifi-
cantly larger protein becomes partially entangled in the polymer
network during polymerization—physically confined to the pores
of the structure (Figure S6, Supporting Information). This
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Figure 3. Guiding model’'s summative model a) of template pH-sensitive gel's swelling performance based on the interdependence of the gel's
elastic modulus on its critical threshold operating parameters. b) Critical pH accurate to 0.5 pH. c) Critical swelling ratio at which point 1IS

occurs—i.e., wrinkles form.

enzymatic integration into the gel adds sensitivity to the specific
enzyme’s reaction products to the hydrogel sensor (in this case
urea). This is useful here, whereby the reaction products possess
different dissociation constants relative to the analyte in the envi-
ronment solution, consequently altering the pH of the local envi-
ronment within the gel. As specificity of sensing can be a priority
in some applications, any specific enzyme may be easily incor-
porated as demonstrated (Figure 4a) to produce a gel specifically
sensitive to the enzyme’s complementary analyte. It is also pos-
sible to incorporate nonspecific enzymes if broader sensing capa-
bilities are desired, as well. For nonenzymatically oxidized
analytes, different recipe inclusions would be necessary depen-
dent on the specific system’s application (i.e., what it will sense),
but similar specificity within the gel would be achieved.
Regardless of inclusion, the same methodology and design prin-
ciples demonstrated in this work may be followed—hence the
universal applicability of this mechanistic template. Here, it is
shown how the performance of the anionic gel can be modeled
for the inclusion of urease, cross-referenced to the fundamental
pH performance of the backbone network, and produce a final
gel of desired sensitivity and responsiveness based on the gel’s
modulus.

After consulting the literature! and confirming experi-
mentally, it was found that the maximum pH achievable through
the urease reaction was approximately of pH 8.5. This guided the
design window to matching a gel’s swelling ratio in response to
urea to that of a gel’s swelling ratio in response to pH, as previ-
ously modeled. Thus, the same anionic gel recipes ranging from

40,41]
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10% to 4% acrylamide and acrylic acid content each were repro-
duced with inclusions of urease in amounts ranging from 0.1%
by weight to 1% by weight, and their performances in response to
urea were modeled and compared. To isolate recipes whose mod-
uli dictated that their critical buckling stimuli were too large to be
considered for the urea-sensitive gel (pH.>8.5), the gels’
responses were modeled against a saturated solution of urea
in water (>95% 1,079 gureaml™" at 20°C),/*”! to provide the
maximum stimulation possible, and so, include the lowest sen-
sitive gel possible at the expected ambient operating conditions.
Figure 4b shows the urea response of a 7%—7% acrylamide—
acrylic acid gel with the inclusion of urease over the said range.
An initial peak in swelling response is observed at around
0.2-0.25% urease content by weight but subsequently begins
to dip in performance. This occurred due to the urease’s effect
on the host network’s modulus, as its entanglement effectively
acts as a crosslinker that limits the hydrogel’s ability to expand.
Across recipes, decreases were observed in the range of 0.3-0.6%
as the increases in modulus resulting from increased urease con-
tent outpaced the increases in swelling force produced by the
increasing urease content. Beyond 0.6%, increases are again
observed as the relationship inverts, until peaking at ~0.9%
where another fall-off in performance is observed. This second,
lasting decrease results from the solubility issues observed for
urease concentrations above 1% in the hydrogels and is detri-
mental to the hydrogel’s ability to expand and swell. This relation-
ship was observed in the swelling behavior of other recipes as
well (Figure S7, Supporting Information), though this did not
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Figure 4. Urea detection performance. a) Enzymatically catalyzed oxidation of urea (pK, = 0.1) by urease to produce ammonium (pK, = 37) alkalizing the
local water-rich environment within the gel. b) Measured swelling of gels containing varying amounts of urease incorporated into pH-responsive gels of
7%—7% acrylamide—acrylic acid content and submerged in a saturated solution (>95% solubility) of urea and water (1.01 gureag ' water or 95% of
1074 gL ). c) Three anionic gel recipes containing 0.2% urease by weight, whereby the 5% 5% acrylamide—acrylic acid gel (yellow), 6% 6% acryl-
amide—acrylic acid gel (orange), and the 7% —7% gel (red) have buckled after immersion in urea solutions corresponding to their, respective, minimum
concentration sensitivities (859 gL ' [80% saturation], 912.9 gL ' [85% saturation], and ~1074 gL ' [>95% saturation], respectively), illustrating the
tunable control of the optical-scattering transduction method via alterations to modulus. d) Demonstration of practical application as a sensor array,
where a single set of gels was exposed to environments of varying concentrations of urea, from 0% to >95% saturation. The right-most IIS sensor, or
least-sensitive 11S sensor, which has buckled, indicates the minimum concentration of urea possible within the solution it was exposed tp.

affect the discrete and rapid nature of the IIS transformation
(Figure S8, Supporting Information). Thus, recipes containing
urease in amounts greater than 1% by weight were not further
examined. Ultimately, urea-responsive gels’ swelling responses
were measured at quantities of 0.2% urease by weight.

Given this behavior, a handful of gels were selected on the
basis of their swelling ratio data at 0.2% urease exceeding their
corresponding swelling ratio data for pH of 8.5. Three such
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recipes are shown in Figure 4c,d, displaying a buckled state fol-
lowing exposure to urea at their respective minimum critical con-
centration sensitivities, below which no buckling was observed.
While the 7%—7% gel only responded to concentrations of urea
greater than 95% saturation, 6%—6% gels could sense as low as
85% saturation and 5%-5% gels as low as 80% saturation,
paralleling the variable performance observed in the purely
pH-responsive gels studied prior. The tunable buckling response
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of these gels based on the extrapolation of their responses to con-
centrations of urea demonstrated the potential effectiveness of
such a system in an array (Figure 4d) and succeeded in illustrat-
ing the proof of applicability of this design process and for the
instability-induced optical scattering-based method of transduc-
tion as a whole.

3. Conclusion

This work explored the behavior of instability formations on the
surface of confined hydrogel as a means to transduce the pres-
ence of analytes in the surrounding environment due to the
optical-scattering, and so visually apparent, nature of the
resultant features. By modeling the buckling criteria via three
main properties (stimulant concentration, swelling ratio, and
modulus), a general model was produced from which the system
may be applied to practical sensing applications. Adapting the
model for use in a urea sensor exemplified the novel transduc-
tion system’s versatility and proof of concept, and in doing so, the
entirety of the novel design process was demonstrated as well.
Hence, the model may be tailored to past and future hydrogel
sensors alike, whereas the design process utilizing this type of
optical-scattering transduction may be repurposed for more com-
plex reaction response mechanisms in the future—hence the
universal applicability of this mechanistic template.

Despite the success of this demonstration in explicating the
versatility and proof of concept of this system and its methodol-
ogy, some improvements may still be made in subsequent work.
Namely, more complex systems will be the focus of future work,
especially with regard to applying this transduction system to
novel fentanyl sensors and chemical warfare agent sensors, as
next steps in bringing this system to the real-world situations that
demand it. Several potentially insightful avenues fell out of the
scope of this work, in particular, the quantification of the expo-
sure time to initiate transformation and exploring creative actu-
ation designs by grouping sensor voxels in a stacked array or 2D
matrix, for example. In addition, a more specific exploration of
applications which demand low-adhesive substrates, but high-
responsive gels, may be the subject of work more focused on
the practical limitations of this transduction system relative to
adhesion and delamination. In future works, these avenues
may prove rather useful for more complex applications beyond
simple one-way sensor transduction—though this is itself still a
highly demanded application. In addition, the guiding model
provided by this work may be expanded and its resolution tuned
below 0.5 pH, especially so with the support of surface instability
simulations. Given the novelty of this phenomena’s application,
the technology is in its infancy; thus, with such promising poten-
tial ahead—and an ever-present need for such sensors and actua-
tors in the hands of the every man, anywhere—there are many
avenues to work along moving forward.

4. Experimental Section

Materials: Acrylamide (98.5%), acrylic acid, and Irgacure 2959
(2-Hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone) ~ were  all
purchased from Fisher Scientific. N,N’-methylenebis(acrylamide)
(Bis, 99%), 3-(trimethoxysilyl) propyl methacrylate, and urease from
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Canavalia Ensiformis Type Il (20KU) were purchased from Sigma-
Aldrich. Urea was purchased from Acros Organics. To induce environ-
ments of different pH, 0.5m buffer solutions comprising anhydrous
sodium phosphates (mono-, di-, and tri-basic) (Fisher Scientific) were
utilized for alkaline environments (pH: 6.5-13), whereas a citric acid
(anhydrous, Sigma-Aldrich)—sodium phosphate system was used for
acidic environments (pH: 2-6).

Functionalization of Glass Slides for Gel Adherence: After cutting the glass
slides to the appropriate size (roughly 1in?), the substrates were sonicated
in three batches within ethanol, acetone, and water, respectively, for
15 min each. After thoroughly drying with N, gas, the rack of substrates
was then placed in an ionization chamber and exposed to O, plasma on
high power for 3 min, utilizing a Harrick Plasma PDC-001 plasma cleaner
(115 V). Upon removal from the chamber, the rack of substrates was then
quickly submerged in a solution of ethanol (600 mL), 10% acetic acid
(18 mL), and 3-(trimethoxysilyl) propyl methacrylate (6 mL) for 48 h.
The now functionalized substrates were stored in a sealed desiccator until
their use.

Characterization: Swelling ratios were measured utilizing Canon photo
camera in combination with a video analysis and modeling tool (Tracker).
Elastic moduli were measured using the Dynamic Mechanical Analyzer
(DMA) 850 from TA Instruments. Transmission curves were acquired with
a Shimadzu UV-3101-PC UV—vis—NIR scanning spectrophotometer. The
composition of samples was characterized by Thermo Nicolet NEXUS
670 FTIR.

Synthesis of Anionic Gel: Acrylamide, corresponding crosslinker Bis, and
photoinitiator Irgacure were weighed out and added to a vial containing DI
water, before mixing in acrylic acid into the solution via a syringe. In addi-
tion, though the ratio between the two polymers (acrylamide and acrylic
acid) varied as the gel was tuned, the sum of the two never exceeded 20%
of the solution by weight, though it dipped to as low as 8% (4% acrylamide
and 4% acrylic acid). Meanwhile, Bis and Irgacure always remained in solu-
tion at 1% by weight. To make the pH-sensitive gel responsive to urea,
varying amounts of urease were dissolved in the solution on a range from
0.1% to 1% by weight, with respect to the total solution. The proportion of
deionized water in the system was adjusted accordingly across each rec-
ipe. Having fully homogenized the solution via stir rod for 15 min, ~=160
microliters of solution (160 pL) were then dropped into a square PDMS
mold having a depth of 140 micrometers and a functionalized glass slide
was slid overtop the solution, careful not to introduce air pockets. Once
secure, the sample was placed on a cooling stage before placing the whole
system in a UV oven and exposing the sample to 400 W of UV light for 60 s
in a Dymax 2000-EC Series UV-curing flood lamp. Though not necessary to
produce a functional pH-sensitive gel, the introduction of temperature
sensitive enzymes like urease dictated that the sample temperature be
kept low (in this case below 45 °C) to avoid denaturing of the enzyme
within the hot environment produced by the UV lamp. Thus, the cooling
stage was utilized in the synthesis of all gel recipes, both those containing
urease and those that did not. Now polymerized and adhered to the glass
slide, the sample was removed from the mold and ready for use, as shown
in Figure 1a.
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