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Photonic crystal protein hydrogel sensor materials
enabled by conformationally induced volume
phase transitionf

Zhongyu Cai, Linda A. Luck,? David Punihaole,? Jeffry D. Madura®
and Sanford A. Asher*®

Hydrogels that change volume in response to specific molecular stimuli can serve as platforms for sensors,
actuators and drug delivery devices. There is great interest in designing intelligent hydrogels for tissue
engineering, drug delivery, and microfluidics that utilize protein binding specificities and conformational
changes. Protein conformational change induced by ligand binding can cause volume phase transitions
(VPTs). Here, we develop a highly selective glucose sensing protein photonic crystal (PC) hydrogel that is
fabricated from genetically engineered E. coli glucose/galactose binding protein (GGBP). The resulting 2-
D PC-GGBP hydrogel undergoes a VPT in response to glucose. The volume change causes the 2-D PC
array particle spacing to decrease, leading to a blue-shifted diffraction which enables our sensors to
report on glucose concentrations. This 2-D PC-GGBP responsive hydrogel functions as a selective and

sensitive sensor that easily monitors glucose concentrations from ~0.2 pM to ~10 mM. This work
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Accepted 23rd March 2016 demonstrates a proof-of-concept for developing responsive, “smart” protein hydrogel materials with

VPTs that utilize ligand binding induced protein conformational changes. This innovation may enable the
DOI: 10.1039/c65c00682e development of other novel chemical sensors and high-throughput screening devices that can monitor

www.rsc.org/chemicalscience protein—drug binding interactions.
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Introduction

Hydrogel volume phase transitions (VPTs) can be harnessed in
a variety of applications, particularly in sensing and in drug
delivery.'”® Flory-Huggins theory proposes that hydrogel VPTs
result from responses of hydrogels to osmotic pressures
generated within the polymer-water network.* The VPT of
hydrogels can be employed for applications such as sensors,
actuators, and drug delivery devices if the target analyte
creates an osmotic pressure that forces hydrogel volume
changes.>”

Recently, a number of studies utilized specific target recog-
nition and protein conformational changes to design “smart”
hydrogels for tissue engineering, drug delivery, and micro-
fluidics.**> More interestingly, conformational changes
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induced by protein-ligand recognition were reported to trigger
VPTs in polymer hydrogels containing calmodulin and glucose/
galactose binding protein (GGBP).'*''*'* The use of these
protein conformation-induced VPTs, however, have not been
utilized for quantitative sensing applications.

Here, we report on a protein hydrogel VPT induced by
GGBP's conformational change, which enables selective glucose
sensing. GGBP is a member of the periplasmic binding super-
family of proteins; it selectively binds p-glucose and p-galac-
tose.'*™ Fig. 1a schematically illustrates the GGBP
conformational changes that occur upon glucose binding. The
glucose-binding site is located in the cleft between two
domains. The crystal structures of E. coli GGBP in the p-glucose
bound and unbound states'®'” show that upon glucose binding,
the two domains rotate 31° toward each other and engulf the
glucose inside the binding pocket (Fig. 1a).

We fabricated a GGBP hydrogel by cross-linking a GGBP
solution with glutaraldehyde. This GGBP hydrogel contains
a surface attached 2-D non-close packed photonic crystal (PC)
whose diffraction serves as an optical readout of the hydrogel
area. The glucose-induced conformational change induces
a VPT that shrinks the protein hydrogel (Fig. 1b). This
shrinkage decreases the attached 2-D PC particle spacing,
which blue-shifts its diffraction. The glucose concentration can
be quantitatively determined by measuring the diffraction
shift.
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Glucose

Glucose/Galactose binding protein

Fig. 1 (a) Venus flytrap conformational change of GGBP induced by
glucose. The figures were prepared by using the UCSF Chimera soft-
ware package. (b) Schematic illustration showing that the glucose
binding induced 2-D PC-GGBP hydrogel VPT causes diffraction
blueshifts.

Results and discussion

We fabricated the GGBP hydrogel by cross-linking a 50 mg mL ™"
GGBP monomer solution (<5 vol%) with glutaraldehyde, similar
to that previously demonstrated for serum albumin proteins
and concanavalin A.>**** The GGBP Lys groups react with
glutaraldehyde to form Schiff base cross-links (the details of the
reaction mechanism were shown in Fig. S1, S2, and ESI¥).
Fig. 2a shows the visually evident 2-D PC-GGBP hydrogel
diffraction from the attached 2-D array. The Fig. 2a inset SEM
image shows that the 2-D array is non-close packed and can
respond to both hydrogel swelling and shrinking.

The GGBP hydrogels consist of essentially native conforma-
tion GGBP proteins, as indicated by the UV Resonance Raman
(UVRR) difference spectrum in Fig. 2b, between the hydrogel
and the native monomer solution. The Amide III; region
(~1200-1300 ecm ") of the difference spectrum shows a small
positive feature at ~1225 cm ™" and a small negative feature at
~1255 cm™'. The positive ~1225 cm™' feature indicates
a slightly greater B-sheet content in the GGBP monomer than in
the hydrogel. The negative ~1255 cm™ ' feature is likely indic-
ative of somewhat more “disordered” PPII-like secondary
structures in the hydrogel form. These two features suggest that
B-strands in GGBP slightly disorder upon cross-linking into
a hydrogel. The difference spectral features at ~1180 cm ™,
~1210 cm™ " and ~1620 cm ™" from Tyr and Phe indicate that
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Fig. 2 (a) Photograph of 2-D PC-GGBP sensing hydrogel diffracting
white light; (b) UVRR spectra (excited at 204 nm) of GGBP monomer
solution (shown in black) and hydrogel (shown in red). The UVRR
monomer—hydrogel difference spectrum is shown in blue. (c)
Photograph of Debye ring diffraction of 2-D PC-GGBP hydrogel
sensor illuminated by a 532 nm green laser pointer along the normal;
(d) Debye ring measurement. h is the distance between the 2-D array
and the screen. D is the diameter of the Debye diffraction ring on the
screen. The diffraction angle, « is calculated from tan a = D/2h.
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the Tyr and Phe residues experience a more hydrophilic envi-
ronment in the GGBP hydrogels compared to the monomers in
solution. We monitored the diffraction by irradiating the 2-D
PC-GGBP hydrogel with a green laser pointer along the normal.
The light is forward diffracted into a Debye ring (Fig. 2c) whose
diameter reports on the 2-D array nearest neighbour spacing
(Fig. 2d).>* The details on the Debye ring measurement are
discussed in the Experimental section and are demonstrated
well in refs. 20-22.

Fig. 3 compares the p-glucose, p-galactose and p-fructose
concentration dependence of the particle spacing changes in
a 2-D PC-GGBP hydrogel, and in a bovine serum albumin (BSA)
protein hydrogel (2-D PC-BSA). The 2-D PC-GGBP sensor shows
a 6 nm particle spacing decrease for a 0.2 uM free glucose
concentration, whereas a ~30 nm particle spacing decrease
occurs upon exposure to 10 mM p-glucose. This particle spacing
decrease is consistent with the diffraction wavelength
maximum shift measured by using a fiber optic reflection probe
in the Littrow configuration at an angle of 21.8° between the
probe and the 2D array normal. We observe a blue shift from
662 to 642 nm as the glucose concentration increases from 0 to
10 mM (Fig. S47).

GGBP selectively binds bp-glucose and p-galactose over
p-fructose. As shown in Fig. 3, a 10 uM p-fructose solution only
gives rise to a ~3 nm particle spacing decease, while a 10 uM
p-glucose concentration shows a ~20 nm particle spacing
decrease and a 10 pM bp-galactose solution leads to a ~9 nm
particle spacing change at 4 °C. These results occur because
GGBP does not bind p-fructose, and the binding affinity of
GGBP to p-galactose is about half of that to p-glucose at 4 °C.**
Our negative control, a 2-D PC-BSA protein hydrogel that was
fabricated in a manner similar to that of the 2-D PC-GGBP
hydrogel, shows no significant response to p-glucose. This 2-D
PC-GGBP hydrogel quantitatively and selectively detects
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Fig. 3 D-Glucose, p-galactose and p-fructose concentration depen-
dencies of particle spacing changes for 2-D PC-GGBP and 2-D PC-
BSA hydrogel PC. The original hydrogel PC has an initial particle
spacing of 1028 nm.
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p-glucose over a ~0.2 pM to 10 mM concentration range. This is
the concentration range that would enable the physiological
monitoring of glucose in tear fluid.** The glucose concentration
of tear fluid is much lower than that of blood.*

The calculated glucose detection limit of our 2-D PC-GGBP
hydrogel is 1.5 x 10”7 M. Half of the maximum particle spacing
decrease occurs for a free glucose concentration of 2.0 x 10~°
M, which suggests an effective association constant (K,) of 5.0 x
10° M~ * (see calculation details in ESIt). This K, value is 10-fold
smaller than the native monomer GGBP reported value of 5 x
10° M~1.2%?° This decrease is probably caused by the slight
change in protein structure in the hydrogel, as indicated by the
UVRR spectra.*®

We investigated the reversibility of the sensing response to
glucose by repeatedly exposing the 2-D PC-GGBP hydrogel to
100 uM p-glucose in 10 mM phosphate buffer at pH 8 followed
by washing with a large amount of phosphate buffer (see
Experimental section for details). As shown in Fig. 4a, the 2-D
PC-GGBP sensor is highly reversible, even after 10 cycles of
glucose exposure and washing.

The kinetics of the 2-D PC-GGBP hydrogel responses to 0.01,
0.1 and 1.0 mM glucose concentrations are shown in Fig. 4b.
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Fig. 4 (a) Reversibility of 2-D PC-GGBP hydrogel response to 100 pM
glucose solutions that contain 10 mM phosphate buffer at pH 8, fol-
lowed by washing. (b) Kinetics of 2-D PC-GGBP hydrogel sensor
responses to 0.01, 0.1 and 1.0 mM glucose solutions, respectively.
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The 2-D PC-GGBP sensor saturates within ~20 min after
immersion into 20 mL of these glucose solutions. The 2-D PC-
GGBP sensor shows a response time constant of k ~ (9 min) ™"
for 1.0 mM glucose solution. These kinetics are ~100-fold
slower than would be expected from the glucose diffusion time
through the ~60 nm thick sensing hydrogel, given the expected
glucose in water diffusion constant of 6.8 x 10~ ® cm?® s~ *.>” The
slow response probably results from the slower limiting
collective response of the GGBP hydrogel protein.

GGBP-glucose binding induces a conformation change,
which causes a VPT that decreases the hydrogel volume. We
calculate from the X-ray structures that the GGBP undergoes
a 0.07% volume decrease upon glucose binding by using the
MSP program (http://www.biohedron.com, ESIt)."*®* In
contrast, the GGBP hydrogel volume shrinkage calculated from
the 2-D array particle spacing change is much larger, at ~8.7%.

The small volume change of GGBP is consistent with our
UVRR measurements (see ESI, Fig. S3f), which show no
significant secondary structural changes in GGBP upon binding
glucose. The X-ray crystal structures indicate that the only
significant structural changes in GGBP upon glucose binding
are rigid body movements of the two domains relative to each
other (Fig. S51).

We conclude that the larger hydrogel volume decrease of the
2-D PC-GGBP hydrogel upon glucose binding does not derive
from structural changes within the individual cross-linked
proteins. Instead, the hydrogel volume decrease results from
a macroscopic hydrogel VPT which decreases the GGBP protein
hydrogel volume by decreasing the hydrogel water content. This
could be caused, for example, by a decreased exposure of
hydrophilic groups and/or an increased exposure of hydro-
phobic groups upon glucose binding.

We calculate from the X-ray structures that upon glucose
binding the GGBP protein shows a 4.7% decreased water
accessible surface area (calculated from the MSP program, see
ESIt). The protein hydrogel volume is dominated by the water
content that is stabilized in the hydrogel by interactions with
the protein surface. We roughly expect that a decreased water
accessible surface area would cause a proportional water
content decrease.

In contrast, we find that glucose binding causes a ~2-fold
greater water content decrease. This larger decrease may result
from additional alterations in the protein surface hydrophi-
licity. We looked for evidence for a less hydrophilic protein
surface but were unable to clearly document this surface alter-
ation. The other possibility is that the hydrogel GGBP, which is
less constrained than that in the crystal, shows larger confor-
mational changes. These changes could be more similar to that
of the native protein monomer in solution.

Thus, the magnitude of the protein hydrogel VPT volume
shrinkage is more than that expected from the p-glucose bound
and unbound GGBP X-ray structures.”” The amplified volume
change may enable us to examine subtle aspects of protein
structural changes that result from protein-ligand binding.
Protein-ligand binding hydrogel VPT studies similar to those
carried out for GGBP here, may enable physiologically relevant
investigations of subtle drug-induced protein binding

4560 | Chem. Sci., 2016, 7, 4557-4562

View Article Online

Edge Article

conformational transitions, which may be helpful for guiding
drug discovery.*

Conclusions

In summary, we fabricated a glucose-responsive protein
hydrogel by gently cross-linking a GGBP monomer solution with
glutaraldehyde. Glucose binding to the GGBP initiates a VPT
that decreases the hydrogel volume. We sensitively monitored
the hydrogel volume by monitoring the diffraction of a surface
attached 2-D colloidal crystalline array. This 2-D PC-GGBP
hydrogel glucose sensing response demonstrates a proof-of-
concept for fabricating protein hydrogel sensors that utilize
a protein conformational induced hydrogel VPT to specifically
detect analytes. The protein-ligand binding hydrogel studies
described here may also enable physiologically relevant inves-
tigations of drug-induced protein binding conformational
transitions.

Experimental
Materials

Styrene, p-glucose, p-galactose, p-fructose, p-(+)-fucose, phenyl-
methylsulfonyl fluoride (PMSF), sodium dodecyl sulfate (SDS),
Tris, KCl, ethylenediaminetetraacetic acid disodium salt dehy-
drate (EDTA) and bovine serum albumin (BSA, essentially fatty
acid free) were purchased from Sigma-Aldrich. 1-Propanol,
sodium phosphate monobasic dihydrate and sodium dihy-
drogen phosphate monohydrate were purchased from J. T.
Baker Inc. These chemicals were used as received. Glutaralde-
hyde (50 wt% in water) was purchased from Sigma-Aldrich and
diluted to a 2.5 wt% aqueous stock solution prior to use.
Ultrapure water with a resistivity > 18.2 MQ cm ™" was obtained
from an ultrapure water system (Barnstead). Glass slides (25 mm
x 75 mm x 1 mm) were purchased from Fisher Scientific.

Expression and purification of GGBP

The GGBP was obtained by expression of plasmid pSF5 in the
strain E. coli NM303 cells as described previously.* In this
study, the Luria-Bertani (LB) media for the growth of the
protein contained 0.5 mM bp-(+)-fucose, an inducer of the
protein promoter and 100 ug mL ™" ampicillin. Cultures were
grown with vigorous aeration at 37 °C for 24 h. After harvesting
the cells, standard osmotic shock procedures were used to lyse
the E. coli outer membrane to release the contents of the peri-
plasm, including the proteins. PMSF was added to the osmotic
shock fluid to reach a concentration of 0.5 mM and the resulting
supernatant was concentrated to 15 mL by ultrafiltration
(Amicon apparatus and YM10 membranes). The protein was
then dialyzed against two types of buffers, each for 6-12 h at
4 °C in a volume at least 50-fold larger than that of the sample.
The unfolding buffer was first used to denature the protein and
release bound substrate. This unfolding buffer contained 3.0 M
guanidine hydrochloride, 100 mM KCl, 20 mM EDTA, 10 mM
Tris, pH 7.1, 0.5 mM PMSF. This was performed twice. The
second buffer was the refolding buffer which contained 10 mM

This journal is © The Royal Society of Chemistry 2016
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phosphate pH 7.0. The protein was dialyzed against this four
times. Dialyzed samples were further concentrated to yield
protein at the specific concentrations required. Protein purity
was 99% according to SDS page electrophoresis. The GGBP has
been well characterized and one may refer to the references for
more information.’*™® The information on GGBP molecular
weight and protein sequence can be seen in the ESL.}

Preparation of 2-D PC-GGBP hydrogels

The 2-D PC-GGBP hydrogels were prepared as follows. We
synthesized monodisperse 650 nm polystyrene (PS) colloidal
spheres via an emulsifier free emulsion polymerization
method.** The PS colloidal spheres self-assembled on a water
surface via a tip spreading technique to form 2-D array PCs.**
The 2-D PCs were transferred onto a glass slide and dried in air.
Then a solution of GGBP (50 mg mL™ ') in 0.1 M phosphate
buffer (PB) mixed with a aqueous glutaraldehyde solution (2.5
wt%) was layered on the surface of the 2-D PCs.*® The cross-
linking reaction was conducted at 4 °C in a refrigerator. After 24
h, the 2-D PC-GGBP hydrogel was carefully peeled off the glass
slide. Samples were equilibrated in 0.01 M PB at pH 8 for 24 h
prior to use, during which the PB was frequently changed. The
hydrogel sensors should be stored in a refrigerator at 4 °C. The
2-D PC-BSA hydrogel was fabricated by using a similar method
as that for 2-D PC-GGBP hydrogel. The hydrogel sensors were
cut into 6 mm x 6 mm squares for analyte detection.

UV resonance Raman (UVRR) spectroscopy

Fresh GGBP monomer solutions were dissolved in 10 mM PB at
pH 8. GGBP hydrogels without 2-D arrays were fabricated using
an identical method to that for 2-D PC-GGBP hydrogels. The
UVRR measurements were performed using ~204 nm excitation
using a tunable Ti:sapphire laser (Photonics Industries) that
operated at a 1 kHz repetition rate. The ~204 nm light was
generated by mixing the third harmonic with the ~816 nm
fundamental. The laser light was focused onto a spinning
Suprasil quartz NMR tube containing the sample. An ~165°
backscattering geometry was used, and the scattered light was
imaged using a double monochromator, modified for use in the
UV region,* and detected with a liquid N, cooled back-thinned
CCD camera (Spec-10:400B, Princeton Instruments) with
a Lumogen E coating. After the UVRR measurements, the
monomer and hydrogel samples were incubated in glucose
solutions for 2 h. We then collected UVRR spectra of the glucose
bound GGBP monomer solutions and hydrogels under the same
conditions as for the unbound samples.

The UVRR spectra were processed using the GRAMS/AI (ver.
8.0) software suite (Thermo Fisher Scientific) and home-written
MATLAB scripts. The contributions of Suprasil quartz, phos-
phate buffer, and glucose were subtracted from the UVRR
spectra. We compared the UVRR spectra of the GGBP hydrogels
with and without glucose (Fig. S3at) and the monomer solution-
state spectra (with and without glucose, Fig. S3bt). To compare
these spectra, we normalized the glucose bound monomer
(hydrogel) spectrum to the unbound monomer (hydrogel)
spectrum. The spectra were normalized by finding a factor, «,

This journal is © The Royal Society of Chemistry 2016
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which scales the glucose-bound spectra to the unbound spectra.
Le.,

Sunbound(?) = kSbound(?)

where Sunpound(?) and Spouna(v) are vectors that represent the
glucose unbound and bound spectra, respectively. We assume
that the factor x minimizes the variance between the two
spectra. We determined that « is 0.88 for the glucose-bound
monomer UVRR spectrum and 1.16 for the glucose-bound
hydrogel UVRR spectrum. We also compared the unbound
monomer and hydrogel UVRR spectra. We utilized the same
procedure to scale the hydrogel spectrum to the monomer
spectrum. We found that the scaling factor for the hydrogel
spectrum was 0.99.

Debye ring measurement

Debye diffraction ring measurements were used to directly
monitor the 2-D PC array particle spacing changes.*>**** The 2-
D PC-GGBP hydrogel was excited with a 532 nm laser pointer
along its normal. The photograph and scheme for the
measurement of the Debye diffraction ring diameter are shown
in Fig. 2c and d, respectively. The 2-D PC array diffracts light at
an angle that depends on both the particle spacing and the laser
wavelength. The rotationally disordered small 2-D array
domains (20 pm x 20 pum) diffract a Debye ring pattern. The
first-order diffraction angle, «, depends upon the particle
spacing: sin & = 2A,eer/(3%d), where « is the interior angle of
the Debye diffraction ring. Ajasr is the laser wavelength, and d is
the particle spacing. The diffraction angle «, is determined from
the Debye ring diameter: « = tan™ '(D/2%), where D is the Debye
ring diameter and 7 is the distance between the 2-D array and
screen. We monitor the 2-D array particle spacing by measuring
Ataserr/ (D/2)? + h2
V3D
as 82 mm. For each concentration, 3 identical samples were
used and each sample was measured at 3 different positions.
The average and standard deviation of d were obtained from the
9 values. The standard deviation of the particle spacing is
calculated using the following equation:

Dand h:d = 2% In this study, & value was set

1
N-—-1¢

1

(x =%

N
s =

We also measured the diffraction of our 2-D PC-GGBP
hydrogel sensors by using an Ocean Optics USB 2000-UV-Vis
spectrometer, a LS-1 tungsten halogen light source, and an R-
series fiber optic reflection probe. The diffraction measure-
ments were carried out in a Littrow configuration with the fiber
at a ~21.8° angle from the array normal. The Debye diffraction
ring diameter measurement involves the same diffraction as
that measured by the UV-Vis reflection probe fiber optic spec-
trometer in a Littrow configuration. In a Littrow configuration,
the 2-D Bragg diffraction relationship is mA = 3'/2d sin 6, where
m is the diffraction order, A is the diffracted wavelength
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(in vacuum), d is the 2-D particle spacing, and 6 is the angle of
the light relative to the normal to the 2-D PC arrays.***® The
Debye diffraction ring diameter measurement is more
convenient.

For the reversibility study, the 2-D PC-GGBP samples were
immersed into a 20 mL 100 pM p-glucose solution containing 10
mM phosphate buffer at pH 8 for 4 h before measurement. After
Debye diffraction ring diameter measurement, the samples
were washed with a large amount of 10 mM phosphate buffer at
pH 8 for the next round of measurement.

Microscopy characterization

The PS 2-D PCs and the 2-D PC-GGBP hydrogel sensors were
sputter coated with a thin layer of Au and then studied by using
a scanning electron microscope (SEM, Joel JSM6390LV).
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