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ABSTRACT: Bovine and human serum albumin (BSA and
HSA) are globular proteins that function as bloodstream
carriers of hydrophobes such as fatty acids and drugs. We
fabricated novel photonic crystal protein hydrogels by
attaching 2D colloidal arrays onto pure BSA and HSA
hydrogels. The wavelengths of the diffracted light sensitively
report on the protein hydrogel surface area. The binding of
charged species to the protein hydrogel gives rise to Donnan
potentials that change the hydrogel volume causing shifts in
the diffraction. These photonic crystal protein hydrogels act as
sensitive Coulometers that monitor the hydrogel charge state. We find multiple high-affinity BSA and HSA binding sites for
salicylate, ibuprofen and picosulfate by using these sensors to monitor binding of charged drugs. We demonstrate proof-of-
concept for utilizing protein hydrogel sensors to monitor protein−ionic species binding.

There is intense interest in developing sensing technologies
capable of visually identifying and quantifying chemical or

biological agents.1−5 The ideal sensing technology would be
highly selective and appropriately sensitive to the analyte
concentrations of interest. The existing chemical and biological
sensing technologies often combine recognition chemistry,
amplification chemistry and spectroscopic or electrochemical
readouts.5−10

We previously pioneered 3D crystalline colloidal array
(CCA) photonic crystal sensing materials that utilized
responsive hydrogel materials.11−13 We fabricated responsive
hydrogels by attaching molecular recognition agents to
hydrogels containing 3D photonic crystals. The fragility of
the 3D CCA formation process was quite limiting for this 3D
CCA photonic crystal sensing technology. We recently
discovered a new sensing motif that utilizes highly efficient
diffraction from a 2D array monolayer of submicrometer
dielectric particles placed on top of chemically responsive
hydrogels.14,15 This diffraction sensitively monitors the 2D
array particle spacing as the hydrogel volume varies in response
to changes in its chemical environment.15−17 In stark contrast
to the 3D array self-assembly process that requires nonionic,
chemically and physically gentle fabrication conditions, the 2D
array photonic crystal hydrogel fabrication decouples the 2D
CCA fabrication from the responsive hydrogel synthesis.16 This
decoupling of the responsive hydrogel synthesis from the 2D
array fabrication allows us, for the first time, to directly use
proteins to fabricate responsive hydrogels by directly cross-
linking proteins and placing 2D arrays on their surfaces.
Among various responsive hydrogels, protein-linked hydro-

gels have received a great deal of attention because of their
molecular recognition abilities and intelligent response to
external stimuli. “Smart” hydrogels containing proteins have

been fabricated to take advantage of the protein selective
chemistry or ligand binding for bioanalytical sensing. There are
a few reports of using the protein conformational response for
sensing applications.18−22 Most of these studies attached
proteins to hydrogels or cross-linked proteins within hydrogels.
Bovine serum albumin (BSA) and human serum albumin
(HSA) are globular proteins that are used in numerous
biochemical applications due to their stability, low cost and
ligand binding properties.23 In the present work, we describe
the fabrication of novel 2D photonic crystal BSA and HSA
protein hydrogels for sensing applications. The sensor readout
utilizes light diffraction from 2D CCA. We believe that our
work is the first to demonstrate functional hydrogel formation
directly from proteins for sensing applications. We also
recognize that numerous protein hydrogels have been
developed in recent years for areas such as tissue engineer-
ing.24−26 Our protein hydrogels act as Coulometers to detect
the binding of charged species. Our protein hydrogels also
change volume in response to chelating agents that form
protein cross-links.

■ EXPERIMENTAL SECTION

Materials. Styrene, bovine and human serum albumin (BSA
and HSA, essentially fatty acid free), sodium dodecyl sulfate
(SDS), dodecyltrimethylammonium bromide (DTAB), dodecyl
octaethylene glycol ether (C12E8), dodecanol, 1-propanol,
sodium chloride, calcium chloride dehydrate, sodium salicylate,
ibuprofen, and sodium dodecanoate (SD) were purchased from
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Sigma-Aldrich and were used as received. Sodium picosulfate
was purchased from BOC Sciences. Glutaraldehyde (50 wt % in
water) was purchased from Sigma-Aldrich and diluted into a 25
wt % aqueous stock solution prior to use. Ultrapure water with
resistivity >18.2 MΩ·cm−1 was obtained from an ultrapure
water system (Barnstead). Glass slides (25 mm × 75 mm × 1
mm) were purchased from Fisher Scientific.
Preparation of 2D CCA-BSA and HSA Hydrogels.

Figure 1 illustrates the fabrication of 2D CCA-BSA and -HSA

protein hydrogel films for sensing applications, including the
preparation of the 2D CCA, and cross-linking the BSA and
HSA hydrogels with glutaraldehyde. This BSA and HSA protein
hydrogel films can be cross-linked from solutions layered onto
2D close-packed CCA.
Polystyrene (PS) colloidal spheres of ∼580 nm diameter

were synthesized by using an emulsifier free emulsion
polymerization method.27 The 2D CCAs were fabricated by
using our needle tip flow technique.16 Typically, the PS
colloidal dispersion (15 wt %) and 1-propanol were mixed at a
volume ratio of 2:1 and the mixture vortexed for 1 min. Twenty
microliters of this suspension was slowly and evenly layered on
top of an ultrapure water surface in a 125 mm (in diameter)
glass dish where it assembled into a hexagonal close-packed 2D
CCA monolayer. This 2D CCA monolayer was transferred
onto a wet glass slide.
BSA or HSA hydrogels were polymerized onto the 2D CCA

on glass slides. Typically, 0.2 g BSA or HSA was dissolved in 1
mL phosphate buffer (PB, pH = 7.4, 0.1 M), giving a very light
yellow solution. Typically, 8−20 μL of glutaraldehyde (25 wt
%) cross-linker, was added to 0.5 mL BSA or HSA solution (2−
5 wt % BSA/HSA). The solution was vortexed for 2 s and then

layered onto the 2D CCA on the glass slide. Another glass slide
was quickly placed onto the 2D CCA-BSA or -HSA solution.
The reaction was carried out for 3 h at room temperature. The
resulting yellow 2D CCA-BSA or -HSA hydrogel films were
peeled off the glass slides, and washed with large amounts of PB
(pH = 7.4, 10 mM) for at least 24 h, during which the buffer
solution was frequently replaced (≥3 times).

Characterization. The ordering and morphology of the 2D
CCA arrays were measured using an SEM (Joel JSM6390LV)
after gold layer sputtering. The 2D CCA-BSA/HSA protein
hydrogel was dried in the air, and then coated with a 30 nm
thick gold layer for SEM measurements. Debye ring diffraction
was utilized to determine the particle spacing. A 532 nm green
laser pointer illuminated the surface of the 2D CCA-BSA/HSA
protein hydrogel at normal incidence. The pH values were
measured at room temperature (25 °C) using an Orion 3 Star
pH meter (Thermo Electron Corporation).
The response of the 2D CCA-BSA protein hydrogel was

detected by either measuring the diffraction wavelength with a
reflection probe17 or by measuring the Debye diffraction ring
diameter as shown in Supporting Information Figure S1. For a
close packed hexagonal 2D lattice, the distance between
adjacent particles is equal to the PS sphere diameter, d. The
maximum 2D interplanar distance is equal to d sin 60°. A
single-domain 2D lattice will show six diffraction spots on a
screen parallel to the 2D array. In contrast, small randomly
oriented multidomain 2D lattice monolayers show Debye
diffraction ring patterns.28,29 The 2D CCA PS particle spacing
can be calculated from the measured diameter of the ring, D, on
a screen spaced a distance h from the 2D array. The ring
diameter, D, depends upon the particle spacing, d, through the
modified Bragg diffraction equation:

α λ=
d

sin
2
3

where α is the angle subtended by the Debye diffraction from
the 2D CCA normal, λ is the laser wavelength, and d is the
particle spacing. The diffraction angle α, can be determined
from α = arctan D/2h, where h is the distance of the screen to
the 2D CCA.28 Thus, one can easily determine the 2D CCA
particle spacing from
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The 2D CCA-BSA and -HSA protein hydrogels were cut into 8
mm × 8 mm pieces for the sensing measurements
(glutaraldehyde content in these hydrogels is 3.5 wt % of
BSA/HSA). For pH response measurements, the 2D CCA-BSA
hydrogels were equilibrated in 30 mL PB (10 mM) at the pH 2
to 10.5 pH values at room temperature. For the SDS, DTAB,
C12E8, and SD response studies, the BSA protein hydrogels
were equilibrated in 30 mL SDS, DTAB, C12E8 or SD solutions
at concentrations between 0 to 15 mM in PB (50 mM at pH =
8.0). For Ca2+ studies, the BSA protein hydrogels were
equilibrated in 30 mL ultrapure water at CaCl2 concentrations
between 0 to 5 mM. For the drug measurements, the BSA/
HSA protein hydrogels were equilibrated in 20 mL PB (50 mM
at pH = 8.0) at drug concentrations between 0 and 9 mM. After
equilibration the BSA protein hydrogels were placed on a glass
slide and illuminated with a laser pointer (λ = 532 nm) to
determine the Debye ring diameters. The Debye ring diameters

Figure 1. Fabrication of 2D CCA-BSA or -HSA protein hydrogel
Coulometer sensors. (a) PS colloidal particle dispersion is layered onto
a water surface. (b) The dispersion spreads to form a 2D close-packed
CCA monolayer on the water surface. (c) 2D CCA is transferred to a
glass slide. (d) BSA or HSA solution is layered on the 2D CCA and
cross-linked to form a protein hydrogel. (e) The 2D CCA-BSA or
-HSA hydrogel sensor is peeled off the glass slide and placed on a
mirror that induces bright 2D array light diffraction.
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were measured at 9 different positions of each sample. The
average and standard deviations are plotted in the figures.
UV Resonance Raman (UVRR) and Fluorescence

Spectroscopy. The BSA monomer solution and hydrogel
were characterized with UVRR and fluorescence to compare
the protein conformation between the protein hydrogel and the
native protein in solution. The UVRR measurements utilized a
tunable Ti: sapphire laser (Photonics Industries) operating at 1
kHz to generate ∼204 nm excitation 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. A ∼165° backscattering geometry was used; the
scattered light was imaged into a home-built subtractive double
monochromator30 and detected with a liquid N2 cooled, back-
thinned Spec-10:400B CCD camera (Princeton Instruments)
with a Lumogen E coating.
The tryptophan (Trp) fluorescence spectra were acquired

using a HORIBA Jobin Yvon Fluorolog-3 spectrofluorometer
equipped with a Hamamatsu R928 detector. The emission
spectra in the range of 305−450 nm were collected using 295
nm excitation with a 2.5 nm band-pass (for both excitation and
emission).The sample was contained in a 1.0 cm × 1.0 cm
quartz cuvette. The spectra were recorded at 0.5 nm data
intervals and smoothed over 30 data points (15 nm) by using
the Savitzky−Golay method.

■ RESULTS AND DISCUSSION

Our protein hydrogel sensors were prepared by glutaraldehyde
cross-linking of BSA and HSA solutions layered onto a 2D
close-packed CCA of 580 nm PS particles (Supporting

Information Figure S2a) as shown in Figure 1. The resultant
protein sensors show iridescence under white light illumination
(Supporting Information Figure S3) because of the 2D CCA
arrays on their surfaces (Supporting Information Figure S2b).
The 2D CCA remains ordered as the spacing between particles
changes. Debye ring diameters were used to measure the
change in the surface area of the 2D photonic crystal protein
hydrogel (Experimental Section and Supporting Information
Figure S1). The response of the hydrogel is inversely correlated
with the cross-linker concentration used (Supporting Informa-
tion Figure S4).

2D CCA-BSA Protein Hydrogel pH Dependence. Figure
2a shows the pH dependence of the 2D CCA-BSA hydrogel
particle spacing in 10 mM PB solution as determined by the
Debye ring diameter (Supporting Information Figure S1). At
pH 2, the BSA protein hydrogel is maximally swollen with a 2D
CCA particle spacing of ∼1120 nm. The spacing decreases to
∼740 nm at pH 5, and slightly increases until ∼pH 7,
whereupon the particle spacing rapidly increases as the pH
further increases. At pH 10.5, the 2D CCA particle spacing
increases to ∼970 nm (Figure 2a). The minimum particle
spacing of ∼740 nm, occurs close to the BSA isoelectric point
(pI), while above and below the pI value, the protein hydrogel
swells because of its increased side chain ionization.
The inset in Figure 2a shows that the forward diffracted color

of the 2D CCA-BSA hydrogel shifts from violet toward red as
the pH increasingly differs from its pI value. The color observed
can be used to visually determine the particle spacing. The pH
dependence is fully reversible between pH 2.0 to 10.5; we pH
cycled the BSA protein hydrogel sensor 3 times over a period of

Figure 2. 2D CCA-BSA protein hydrogel pH dependence. (a) pH dependence of the particle spacing of the 2D CCA-BSA protein hydrogel in PB
(10 mM). The inset shows photographs of the forward diffraction taken with a camera along the normal and the source below at an angle of 70° to
the 2D array normal. (b) Calculated pH dependence of the total number of charges and the net charge. (c) Calculated BSA absolute value of net
charge |Q|. (d) pH dependence of the 2D CCA-BSA hydrogel particle spacing at 1, 5, and 50 mM PB concentrations.
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156 h and observed essentially identical responses (Supporting
Information Figure S5).
Our protein hydrogels have a lifetime of over 12 months

when stored in a 4 °C refrigerator in cases where we used a
modest attempt to avoid bacterial contamination.
BSA (HSA) is a 66 411 D (66 438 D) globular protein of 583

(585) amino acids,31 many of which titrate between pH 2 and
pH 12; there are 99 carboxylic acid groups (59 (60) Glu with
pKa ≈ 4.15 and 40 (39) Asp with pKa ≈ 3.71). There are 99
(97) basic residues (59 (58) Lys with pKa ≈ 10.67, 23 (23) Arg
with pKa ≈ 12.5 and 17 (16) His with pKa ≈ 6.04). We
calculated the pH dependence of the BSA molecule total charge
and net charge as shown in Figure 2b and c. Figure 2b shows
the pH dependence of the actual net charge as well as the total
number of charges, while Figure 2c shows the calculated pH
dependence of the BSA protein absolute value of net charge, |
Q| (absolute value of summed positive and negative charges).
The pH dependence of the BSA hydrogel 2D array spacing

(Figure 2a) roughly tracks the pH dependence of the absolute
value of the total net charge (Figure 2c). Increasing the pH
from 2 to 5 decreases the number of positive charges and
increases the number of negative charges. The hydrogel volume
seems to little depend on the sign of the net charge or the
number of total charges (Figure 2b).
The photonic crystal BSA protein hydrogel, thus, acts as a

Coulometer where the particle spacing indicates the protein’s
charged state. From the slope of the dependence of the particle
spacing on the protein charge, we calculate for the pH 2 to pH
4 region a BSA charge sensitivity of ∼8.2 nm/charge in 10 mM
PB. Between pH 6 and pH 10.5, we roughly calculate a
somewhat smaller sensitivity of ∼7.8 nm/charge in 10 mM PB
(see Supporting Information for details of the calculation of
charge sensitivities). The decreased sensitivity at higher pH
presumably results from the increased high PB ionic strength
(Supporting Information Table S1).
The 2D CCA-BSA protein hydrogel acts as a solution

Coulometer by sensitively detecting changes in the net protein
charge. The mechanism of the volume dependence on charge
partially derives from the Donnan potential associated with
excess hydrogel counterion concentrations over that existing in
the solution reservoir.32 The fact that the particle spacing scales
better with the absolute value of the net charge than the total
charge suggests that side chain ion pairing is important in
determining the pH dependence of the BSA hydrogel volume.
We investigated the impact of the solution ionic strength on

the charge dependence of the 2D CCA-BSA protein hydrogel
particle spacing, using 1, 5, and 50 mM PB concentrations. As
shown in Figure 2d, the pH dependence of the particle spacing
appears very similar between pH 2 and 4, but the pH
dependence decreases for the higher PB buffer concentrations
between pH 6 through pH 10.5. The particle spacings at the
higher PB concentrations are in general somewhat smaller than
those at lower PB concentrations at the same pH. At pH 2, the
2D CCA-BSA protein hydrogel particle spacing in 50 mM PB
(∼1050 nm) is somewhat smaller than at lower PB
concentrations (∼1150 nm) because of the increased PB
ionic strengths, that decrease the Donnan potential of the BSA
protein hydrogel, leading to a decreased swelling.32 However,
these results indicate only a modest decrease in response
sensitivity to charge, indicating that <50 mM PB ionic strengths
have only modest impacts on the BSA hydrogel volume
changes that result from protein net charge changes. The ionic

strength values at different PB concentrations are shown in
Supporting Information Table S1.

2D CCA-BSA Hydrogel SDS and DTAB Binding. Figure
3a shows the dependence of the 2D CCA-BSA hydrogel

particle spacing on the binding of the anionic surfactant SDS.
SDS, which binds to BSA with a high affinity (K = 1.2 × 106), is
an amphiphilic molecule with a sulfate headgroup.33 SDS forms
micelles in solution with a CMC of ∼8 mM; SDS aggregation
may impact BSA binding.34

In pure water, the 2D CCA-BSA protein hydrogel in the
absence of SDS shows a particle spacing of 820 nm at pH 5.83.
The particle spacing increases to 950 nm at 0.96 mM free SDS

Figure 3. 2D CCA-BSA hydrogel surfactant binding. (a) Free SDS
concentration dependence of particle spacing of 2D CCA-BSA
hydrogel in pure water at pH 5.83, and in 50 mM PB at pH 8.0.
(b) Lower concentration range free SDS concentration dependence
and (c) free DTAB concentration dependence of particle spacing of
2D CCA-BSA hydrogel in 50 mM PB (pH 8.0). The insets show
photographs of the forward diffraction taken with the camera along the
normal and the source below at an angle of 70° to the 2D array
normal.
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in solution, while at 14.79 mM SDS, the BSA hydrogel swells,
increasing the particle spacing to 1350 nm while the measured
unbuffered SDS solution pH is 5.97. The binding of the SDS
anions results in a Donnan potential that causes BSA hydrogel
swelling.17,32 Figure 3a also shows the SDS concentration
dependence of the particle spacing in 50 mM PB (pH 8.0). The
response in 50 mM PB is qualitatively similar to that in pure
water indicating only the expected modest response attenuation
because of the increased PB ionic strength.
The 2D CCA-BSA hydrogel acts a Coulometer. Thus, we can

calculate the number of SDS molecules bound to BSA from the
dependence of the BSA hydrogel 2D diffraction on the pH
induced change in the net charge. The response sensitivity at
pH 8 in 50 mM PB is ∼5.5 nm/charge as calculated between
pH 6 and 8.5 (Figure 2d and see Supporting Information for
the calculation of charge sensitivity). Thus, the 354 nm increase
in particle spacing between 0 and 4.83 mM SDS, is estimated to
result from binding of ∼64 SDS molecules to each BSA at 4.83
mM free SDS. Similarly we calculate that ∼14 SDS molecules
bind to each BSA at 0.96 mM free SDS. There may exist some
saturation in the BSA binding as the SDS concentration exceeds
the CMC. We calculate that the detection limit of our BSA
hydrogel for SDS binding is 60 μM. It is important to note that
our fluorescence measurements of the BSA Trp indicate similar
SDS binding for BSA in the hydrogels as for BSA monomer in
solution (Supporting Information Figures S6 and S7).35

We compared the BSA hydrogel binding of the postively
charged surfactant DTAB, whose hydrocarbon chain length is
identical to that of SDS, but whose headgroup is positively
charged. Figure 3c shows that, in contrast to the monotonic
swelling because of anionic SDS binding to the 2D CCA-BSA,
binding of positively charged DTAB first shrinks the hydrogel
reaching a minimum at 4.97 mM, and then swells with further
increases in the DTAB concentration. This is exactly that
expected, since at low concentrations at pH = 8 PB, the BSA is
negatively charged; the addition of positively charged DTAB
decreases the absolute value of net charge toward zero, which
shrinks the hydrogel, decreasing the particle spacing (Figure 2).
Additional binding of DTAB will then increase the positive net
charges, causing the BSA hydrogel to swell.
In addition, the BSA hydrogel binding of a nonionic

surfactant that has an identical tail group as SDS and DTAB,
was also investigated (C12E8). As expected, it is found that our
2D CCA-BSA photonic crystal protein hydrogel does not

change volume upon binding this nonionic surfactant
(Supporting Information Figure S8).

2D CCA-BSA Protein Hydrogel SD Fatty Acid Binding.
BSA transports hydrophobic molecules in the bloodstream.36

For example, BSA utilizes greater than six high-affinity fatty
binding sites to transport fatty acids to the liver.33,37 We were
initially surprised to find little response of our 2D CCA-BSA
hydrogels to SD binding as shown in Figure 4a that compares
the responses to SD, dodecanol and SDS under the same
experimental conditions. The BSA binding affinity for SD is
reported to be 2.3 × 105 for 0.1 wt % BSA at 2 °C.33 We expect
similar binding affinities for SDS, SD and dodecanol since the
tail group dominates the affinity; these molecules have identical
tail groups. We are confident that both SD and dodecanol bind
strongly to BSA since we observe similar quenching of BSA
hydrogel Trp fluorescence upon binding of these species to the
hydrogel at very low concentrations.
Since SD binding to BSA has a large association constant, we

conclude that SD must be binding as a predominantly neutral
species similar to dodecanol. It was previously shown that SD at
concentrations below the CMC occurs as solution aggregates
with dramatically increased carboxyl group pKa values.

38

SD binding, however, does increase the particle spacing from
749 to 753 nm between 0 and 1 mM concentrations (Figure
4b) indicating some binding of charged species. Figure 4b also
shows that response of our BSA hydrogels is not limited by
diffusion equilibration since thinner hydrogels do not respond
faster.

2D CCA-BSA/HSA Protein Hydrogel Drug Binding.
Serum albumins bind and transport a broad range of drugs in
the bloodstream.36 Our 2D CCA-BSA Coulometer sensor can
easily detect the binding of charged drug molecules in solution.
For example, Figure 5a shows the detection of the drug
picosulfate which is used as a colorectal cleansing agent prior to
diagnostic procedures and surgery.39 Figure 5a shows the
picosulfate concentration dependence of the 2D CCA-BSA
particle spacing in 50 mM PB (pH 8). At the lowest 8 μM
concentrations measured, we estimate that ∼0.5 picosulfate
molecules are bound per BSA molecule (see Supporting
Information for the calculation of number of molecules
binding). We estimate that there are ∼2 very high affinity
binding sites for picosulfate. In addition, the increasing particle
spacings at higher picosulfate concentrations indicate additional
lower affinity binding sites.

Figure 4. 2D CCA-BSA protein hydrogel fatty acid binding. (a) Free SDS, SD, and dodecanol concentration dependence of the 2D CCA-BSA
hydrogel particle spacing in 50 mM PB at pH 8. (b) Free SD concentration dependence of the 2D CCA-BSA hydrogel particle spacing in 50 mM PB
at pH 8 (hydrogel thicknesses are 120 and 240 μm).
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The 2D CCA-HSA binds the analgesic and antipyretic drug
salicylate, as well as the nonsteroidal anti-inflammatory drug,
ibuprofen that is used to treat rheumatoid arthritis and
osteoarthroses. Salicylate and ibuprofen are reported to have
HSA association constants of 2.2 × 105 and 2.73 × 106 with
single HSA high affinity binding sites and several lower affinity
binding sites at pH 7.4 at 37 °C.40,41 These drugs are anionic
with salicylic acid pKa values of 2.97 and ibuprofen pKa values
of 4.91.
These 2D CCA-HSA hydrogels show similar increases in

their particle spacings for salicylate and Ibuprofen, with ∼3 nm
particle spacing increases occurring at the lowest concentrations
measured (at ∼10 μM free drug). The 3 nm particle spacing

increase suggests that ∼half of the HSA molecules bind a
salicylate or Ibuprofen (Figure 5b, c and see Supporting
Information for the calculation of number of molecules
binding). We also estimate that HSA has ∼3 high affinity
binding sites for salicylate and ibuprofen. We roughly calculate
binding affinities of K = 1.2 × 105 in 50 mM PB at room
temperature for both salicylate and ibuprofen. These values
differ from those reported for the monomeric HSA protein as
measured by Brown and Whitlam.40,41 However, the previous
solution conditions and the temperatures differ from those of
our measurements.

2D CCA-BSA Protein Hydrogel Ca2+ Binding. Calcium
ion (Ca2+) binding to serum albumins has been extensively
investigated because of its physiological importance.42−44 There
are at least 30 different BSA Ca2+ binding sites with different
association constants between 90 and 100 at 37 °C in
unbuffered solutions at pH 7.4 and ionic strength ∼0.15 M.44

Figure 6 shows the CaCl2 and NaCl concentration dependence

of the 2D CCA-BSA hydrogel particle spacing in pure water. In
pure water, the particle spacing decreases from 850 to 685 nm
as the Ca2+ concentration increases to 5 mM. The Ca2+

detection limit is 10 μM. Figure 6 also shows that the particle
spacing decreases much less, to 810 nm in the presence of 5
mM NaCl concentrations. This indicates that the increasing
ionic strengths have only a minor impact on the particle
spacings.
At neutral pH, BSA possesses 11 negative charges. If

electrostatics dominated the Ca2+ binding response the BSA
hydrogel would initially shrink as the net charge goes through
zero; further Ca2+ binding would increase the net positive
charge causing the hydrogel to swell. The sharp Ca2+

monotonic shrinkage indicates that the Donnan potential is
much less important than polydentate Ca2+ binding induced
BSA cross-linking within and between the BSA proteins that
shrink the hydrogel.

Impact of Hydrogel Cross-Linking on BSA Protein
Structure. We expect that the ligand binding affinities of the
hydrogel BSA is essentially identical to those in the monomeric
proteins because of our gentle cross-linking chemistry. We also
directly compared the hydrogel to the monomer solution
protein secondary structure and the Trp environment by
measuring the 204 nm excited UVRR spectra (Figure 7a) and
the 295 nm excited Trp fluorescence emission spectra (Figure

Figure 5. 2D CCA-BSA/HSA protein hydrogel drug binding. (a) Free
picosulfate dependence, (b) free salicylate, and (c) free ibuprofen
concentration dependence of 2D CCA-HSA hydrogel particle spacings
in 50 mM PB (pH 8.0).

Figure 6. Ca2+ and NaCl concentration dependence of the particle
spacing of the 2D CCA-BSA protein hydrogel in pure water.
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7b). The UVRR spectra are dominated by amide vibrations
associated with the peptide backbone, since excitation at 204
nm is resonant with the amide π → π* transition.45 The 204
nm excitation is also in resonance with the aromatic side chains
(Trp, Tyr, Phe, and His) Ba,b transitions and the Arg low-lying
π → π* transition.
The UVRR spectra of the BSA hydrogel and BSA in solution

are very similar indicating that their conformations are
essentially the same. The ∼1388 and ∼1268 cm−1 features
derive from the conformationally sensitive the Cα-H and Amide
III (AmIII) bands, respectively.
The sharp bands at 1618, 1606, 1588, 1211, and 1179 cm−1

are assigned to the Y8a, Y8b/F8a, F8b, Y7a/F7a, and Y9a/F9a
vibrations, respectively.46,47 These aromatic amino acids UVRR
bands are sensitive to local environment, and their Raman cross
sections have been previously correlated with changes in
solvent accessibility.48,49 The negative features in the difference
spectrum show that the Y8a, Y7a/F7a, and Y9a/F9a bands
decrease their intensities between the monomer solution and
the hydrogel. This indicates that these residues are in a more
hydrophilic environment in hydrogel relative to BSA’s
monomer state in solution. The 1557 cm−1 band, has a
contribution from O2 stretching. The broad band at ∼1449
cm−1 derives from the overtone of the Arg side chain
guanidinium CN3 out-of-plane bending.50

The Trp fluorescence spectrum (Figure 7b) also indicates
that the Trp residues in BSA are more exposed to the aqueous
environment in the hydrogel compared to the solution
monomer state, as evidenced by the bathochromic shift in
the Trp emission maximum for the hydrogel.51 Thus, the
UVRR and fluorescence emission spectra indicate that there is a
small tertiary structure perturbation of the BSA in the hydrogel.
However, the overall structure is preserved; Trp fluorescence
changes on surfactant binding are essentially identical for the
hydrogel compared to the BSA native monomer.

■ CONCLUSIONS

We developed a novel photonic crystal protein hydrogel
Coulometer whose volume depends sensitively on changes in
the protein absolute net charge due to charged analyte binding.
The resulting volume changes shift the diffraction of a 2D array
attached to the protein hydrogel surface. We demonstrate a
diffraction shift of ∼5.5 nm/charge for a 2D photonic crystal
BSA protein hydrogel sensor. These protein hydrogels can be
fabricated in the future to be even more responsive by

decreasing their cross-linking. These protein hydrogels also
detect multidentate binding of metals such as Ca2+ that form
protein hydrogel cross-links.
The work here now enables the use of the broad library of

proteins that selectively bind numerous species for sensing.
Further, this system can be utilized to screen protein drug
targets by measuring the response of the targeted protein
hydrogels to different drug molecules to determine the number
of binding sites and their affinities.
The 2D diffraction from this photonic crystal hydrogel

sensor allows the visual detection of analyte binding and can be
used to monitor specific hazardous species present in the
environment. The photonic crystal protein hydrogel sensor
developed here represents a technology platform for developing
future highly selective biosensors. It should be easy to modify
the hydrogel cross-linking to increase the responsivity of these
hydrogel sensors to specific analytes.
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