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ABSTRACT lonic interactions between proteins and polyelectrolytes are demonstrated as a method to

trigger responsive transitions in block copolymer (BCP) photonic gels containing one neutral hydrophobic
block and one cationic hydrophilic block. Poly(2-vinylpyridine) (P2VP) blocks in lamellar poly(styrene-b-2-
vinylpyridine) block copolymer thin films are quaternized with primary bromides to yield swollen gels that
show strong reflectivity peaks in the visible range; exposure to aqueous solutions of various proteins alters

the swelling ratios of the quaternized P2VP (QP2VP) gel layers in the PS-QP2VP materials due to the ionic
interactions between proteins and the polyelectrolyte. Parameters such as charge density, hydrophobicity,

and cross-link density of the QP2VP gel layers as well as the charge and size of the proteins play significant

: j{;-mm.
nhgih
Nt~
() e

roles on the photonic responses of the BCP gels. Differences in the size and pH-dependent charge of proteins provide a basis for fingerprinting proteins

based on their temporal and equilibrium photonic response. The results demonstrate that the BCP gels and their photonic effect provide a robust and

visually interpretable method to differentiate different proteins.
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tructural color is one of the primary
mechanisms used in nature to produce
the brilliant colors found across the
animal kingdom.>? Bird feathers,** butterfly
Wings,6'7 beetles,® and squid9 all use struc-
tural color originating from photonic crys-
tals to produce elegant iridescent hues and
color-changing effects. The physics of such
systems is well understood: periodic varia-
tions in the refractive index on a length
scale on the order of the wavelength of
light create constructive interference that
leads to a partial photonic band gap in the
material, creating sharp peaks in reflectivity
that lead to a perceived color in the absence
of optical absorption.'®
Many previous studies'' "¢ have demon-
strated the ability of block copolymers (BCPs)
to exhibit structural color (reflectivity) when
the repeat domain size in the materials
approaches the wavelength of visible light.
While such structural color can be achieved
in the neat state using extremely high molar
mass materials,'”'® swelling of lower molar
mass polymers provides an alternate route
to achieve domain spacings in the 100s of
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nanometer range.'"'? In these materials,
typically one block is insoluble and glassy
to prevent dissolution of the copolymer,
while a second block is highly swollen to
yield a large domain spacing. The swelling of
these block copolymer gels is responsive to a
variety of stimuli, including temperature,'®?
salinity,”> and pH,?' enabling responsive
changes in structural color triggered via the
swelling/deswelling of the gel block. These
changes in swelling have been quantitatively
correlated to the solvent quality for the gel
block.'®

In addition to modulating the swelling of
polymers due to changes in solvent quality,
it is possible to cause deswelling or precipi-
tation of a polymer due to the formation
of strong associations with other macro-
molecules, such as by counterion coacerva-
tion. Macrophase separation of complexes
formed between two oppositely charged
polyelectrolytes in solution is driven largely
by an increase in entropy that results from
the displacement of small counterions by
the formation of the macromolecular ionic
complex.?2728 This process can be applied
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to nanomaterial construction, including the formation
of hydrogels,®” self-assembly of micelles or nano-
particles,®® and templated self-assembly.?® Proteins
form coacervates with polyelectrolytes in solutions,*®
where the density of the protein—polymer complex
far exceeds the average polymer concentration in the
system. The coacervation effect has been used for
enzyme immobilization and protein delivery, separa-
tion, and purification.3°

Herein, it is shown that in lamellar BCPs composed
of a polyelectrolyte block, the gel layers swell/deswell
when the BCP gels are exposed to protein solutions
that form coacervates with the polyelectrolyte block.
The structural color of a BCP gel is related to the
swelling ratio of the gel layers and can therefore be
used to measure the effect of the ionic interactions
between the protein and the polyelectrolyte block.
The fast and sensitive responses of the BCP gels
provide a quick and visually interpretable method
to differentiate proteins by their interactions with
polyelectrolytes. In addition to the steady-state photo-
nic responses, the real-time spectra collected using
a high-speed spectrometer can help determine the
transport of the proteins in the lamellar BCP gels. The
charge density, hydrophobicity, and cross-link density
of the quaternized poly(2-vinylpyridine) (QP2VP) gel
block all have a significant impact on the resulting
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photonic effect, as do the shape and charge of the
protein.

RESULTS AND DISCUSSION

The block copolymer photonic gels show a charac-
teristic response based upon the pH-dependent charge
of an analyte protein, providing a potential mechanism
for fingerprinting unknown proteins. When block
copolymer gels with a QP2VP block are brought into
contact with protein solutions, the protein may yield
a red or blue shift in the reflectivity of the structure
due to changes in gel swelling (Figure 1). The sign of
the protein's charge is the largest factor controlling the
protein—polymer interaction; therefore, this interaction
depends upon the relationship between the protein's
isoelectric point (pl) and the solution pH. When a
protein is above its isoelectric point, it has a net
negative charge, and it can form a coacervate with
the polycationic domains of the block copolymer. For
example, bovine serum albumin (BSA) has a pl of 5.3,
so across the buffered pH range of 7—9 in Tris buffer,
it always has a negative charge. When photonic gels
are swollen in buffer then immersed in a 1 wt % BSA
solution, they demonstrate strong blue shifts in the peak
reflectivity (Figure 2A,B). Simply mixing BSA and QP2VP
in solution shows that they interact strongly to form
a coacervate phase (Supporting Information Figure S1).

Figure 1. (A) Quaternization reactions on the pyridine groups in annealed lamellar poly(styrene-b-2-vinylpyridine) (PS-P2VP)
films with bromoethane (EtBr) or dibromohexane (DBH). EtBr converts the P2VP into a polycation block that swells in water
where the quaternized monomers are randomly distributed throughout the block. DBH randomly quaternizes and cross-links
the P2VP into a network. (B) Schematic of the lamellar PS-QP2VP photonic gel and its two possible behaviors (swelling/
contraction) in protein solutions. (C) Structure and electrostatic potential map (+10 kgT7/e.) of BSA (PDB file 4F5S) and trypsin
(PDB file 1581) at pH 7 and 10 mM ionic strength. Results are generated from solving the linearized Poisson—Boltzmann equation
using the Adaptive Poisson—Boltzmann Solver.' Negative charges are shown in red, and positive charges are shown in blue.
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Figure 2. Real-time dynamic swelling spectra showing the blue shift in reflectivity of a PS-QP2VP photonic gel in 1 wt % BSA
solution in 10 mM Tris buffer at pH 9 or the red shift in a 1% trypsin solution in 10 mM Tris buffer at pH 7 after soaking in the
same buffer solution for 10 min. (A,C) Reflection spectra from t = 0 (equilibrium swelling in the buffer solution)to t =1 h in
the BSA or trypsin solution. (B,D) Peak reflectivity wavelengths as a function of the soaking time in the BSA or trypsin solution.
The reflective peaks located at 1/2 are Bragg's peaks at (002) in the lamellar block copolymer photonic gels.

This clearly indicates that blue shifts are caused by the
formation of coacervates, which causes the hydration of
the QP2VP region to decrease, decreasing the hydrogel
domain spacing and consequently the peak reflectivity
wavelength. Increased pH results in an increasingly
negative charge on BSA, yielding larger changes in
wavelength (Figure S2). As the protein becomes more
negatively charged, the protein—polymer coacervate
will contain a lower protein content to maintain charge
neutrality, and the QP2VP gel layer will be more
dehydrated,®® consistent with a larger blue shift.
Although the dynamic changes in peak reflectivity
wavelength are expected to be faster at higher pH
because less protein is required to diffuse into the gel
to reach a steady state, the time constants from fits to
single-exponential functions do not show an obvious
trend (Figure S2). The dynamic photonic response is
governed by many coupled factors, such as interactions
between different species, diffusion of proteins and
counterions, protein size, gel thickness and concentra-
tion, as well as the formation of coacervates. In addition,
the diffusion can take place from the film edge or
through screw dislocation defects'®*' of the photonic
gels, and the rate of transport will be modulated by
coacervation as the gel swells/deswells. For the block
copolymers used in this study, the bulk domain spacing
is 56 nm,'® so the thickness of the QP2VP domain is
significantly larger than a typical protein size of 5—8 nm
even in the unswollen state. Therefore, protein diffusion
is unlikely to be significantly restricted due to the size of
the block copolymer domain. However, swelling of the
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QP2VP domains increases the mesh size of the gel layer,
resulting in more rapid transport of the protein. The
interplay of these effects makes the dynamic response
of the gels very complex.

In contrast, when a protein is below its isoelectric
point, it has a net positive charge and may not be
expected to interact strongly with the photonic gel.
However, proteins are zwitterionic even when the total
charge is net positive. In these molecules, induced
charging, charge patches, and dipolar effects have
been demonstrated to result in interactions between
like charged proteins and polymers.3°32 The model
protein, trypsin, has a negative zeta-potential at all
three pH values but a positive calculated charge at pH 7
and a reported pl of 10. In contrast to gels exposed
to BSA, gels exposed to trypsin red shift in the pH 7
solution and blue shift in the pH 8 and 9 solutions
(Figure 2C,D and Figures S3 and S4). The results clearly
indicate a strong interaction between trypsin and
QP2VP; however, the effect of the interaction changes
based upon the charge of the protein. When the protein
is positively charged, it associates with the polymer
chain; however, it is unable to collapse the polymer
chain and, in fact, increases the total charge density
within the gel. This increase in total charge density
requires counterions to maintain charge neutrality,
creating an increase in osmotic pressure in the gel
and consequently an increase in swelling that is de-
tected as a red shift in the peak reflectivity wavelength.
However, as the charge is decreased with increasing pH,
the protein becomes nearly neutral in charge and can
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Figure 3. (A) Photos of PS-QP2VP photonic gels after soak-
ing in 1% protein solutions in 10 mM Tris buffer overnight.
Scale bar: 1 mm. (B) Experimentally measured zeta-potentials
of the proteins in 10 mM Tris buffer. Error bars represent
standard deviations from triplicated measurements. (C) Cal-
culated formal charge based on amino acid sequence.

interact with the polymer by a more traditional counter-
ion coacervation mechanism, resulting in a blue shift
in the photonic gel. Although the photonic effect is
observed to change direction around pH 8.0, loosely
correlating with the calculated charge of trypsin, the
charge distribution of a given protein is complex in
nature and can be significantly altered by the surround-
ing environment, such as pH, various solvated ions, and
ionic strength. Therefore, while the trend with changing
charge is clear, the calculated charge is not believed to
be quantitatively predictive in general.

Differences in pH-dependent responses between
proteins can be used as a method to provide a finger-
print response for different biomolecules, as illustrated
in Figure 3. A set of five widely available proteins with
varying size, isoelectric point, and total charge was
tested, although these parameters cannot be easily
varied independently in natural proteins. While the
magnitude of the photonic response correlates roughly
with the pl of the proteins and the sign of the charge
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strongly correlates with the direction of the photonic
response, neither the total charge on the protein nor
the protein size provides a strong correlation with
the magnitude of the shift in peak wavelength. While
coacervate phases typically form with charge-neutral
mixtures of polyanions and polycations3* the
presence of dipolar interactions in proteins, induced
charging effects, and the effects of nonionic interac-
tions on equilibrium water content make theoretical
prediction of the specific response to a given protein
difficult. However, the response to a given protein can
be measured and calibrated, enabling the change from
areference buffer spectrum to be used as a quantitative
method of detection. Trypsin shows the largest change
in peak reflectivity across the investigated pH range,
while RNase has the second largest change. The theo-
retical charges of both of these proteins switch from
positive to negative from pH 7 to 9, and zeta-potential
measurements show that both transition from a small
positive potential to a strong negative potential with
increasing pH. This demonstration allows photonic
response to be used as a tool to measure the “effective
charges” of proteins. Proteins that undergo a larger
change in absolute charge but are negatively charged
at all pH values (BSA, amylase) show less pH depen-
dence of the peak reflectivity, suggesting that the
sensitivity of the photonic devices to changes in charge
is greatest in the near neutral charge region.

Photonic responses induced by protein coacerva-
tion are significantly slower than solvent swelling of
photonic gels due to the larger size of the protein
molecules and due to interactions between protein
and polymer that can further slow diffusion. While
dry PS-QP2VP films swell quickly in aqueous buffers
of monovalent salts to reach a steady-state reflectivity
after only 10 s (Figure S5), the kinetics of swelling in
response to protein is much slower and varies signifi-
cantly depending upon the identity of the protein, as
illustrated in Figure 2. Similar time scale contrasts are
observed in other protein solutions (Figure S6). The
origin of this slower response may result from two
effects. First, diffusion of larger proteins into the block
copolymer may be hindered by increasing the size
of the molecule. Although protein size increases only
roughly as the 1/3 power of the protein molar mass for
a dense globular configuration, RNase, which is the
smallest protein, does display the smallest time con-
stant for film equilibration. Lysozyme, the second
smallest protein, is also relatively fast. Amylase, the
second largest protein, has the largest time constant.
This trend, while clearly not capturing all the physics, is
consistent with an important contribution due to a
protein size effect. In addition, interactions between
protein and the polymer gel may slow diffusion.
In particular, coacervation of nanodomains near the
surface of the photonic stack can lead to densification
of these domains, resulting in hindered diffusion as
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Figure 4. (A,B) Reflectivity peak wavelengths and peak shifts of PS-QP2VP photonic gels of various EtBr quaternization times
swelling in 1 wt % BSA solution in 10 mM pH 9 Tris buffer. (C,D) Reflectivity peak wavelengths and peak shifts of PS-QP2VP
photonic gels quaternized with EtBr/DBH mixtures swelling in the 1 wt % BSA solution in 10 mM pH 8 Tris buffer.

proteins must now pass through this dense layer
in order to deswell subsequent layers. In this way,
swelling is autoaccelerating as the addition of protein
increases diffusivity through the gel, and deswelling
is autoinhibitory as the addition of protein decreases
diffusivity. This is consistent with shorter time con-
stants in proteins where the gel expands rather than
contracts. However, this effect is confounded by the
fact that decreasing charge on the protein potentially
enables a larger protein loading, increasing equilibra-
tion time. In both cases, thinner gels are anticipated
to respond more quickly due to shorter diffusional
distances; however, decreasing the number of photo-
nic layers creates an engineering trade-off between
reflectivity and response time.

Changes in the properties of the block copolymer
photonic gel can also have a large impact on the
swelling response when exposed to protein. The charge
density of the QP2VP polycation affects the binding
interaction and is one of the primary parameters for
potential control of the responsive photonic effect. The
charge density of the QP2VP polycation is determined
by the conversion of the pyridines in the P2VP block,
which can be controlled by altering the reaction time
with the EtBr quaternization reagent. Figure 4 shows
the dynamic swelling spectra of the photonic gels for
PS-QP2VP films quaternized under different reaction
times, where longer than 24 h quaternization is re-
quired in order to obtain a reflectivity peak in aqueous
buffers at a wavelength >300 nm. Increasing the poly-
mer charge density results in enhanced swelling in
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aqueous buffer, but the shift in peak reflectivity wave-
length is approximately identical when the films are
exposed to protein.

Diffusion of proteins into the PS-QP2VP gel can
be tuned by changing the mesh size within the gel
layers via cross-linking of the QP2VP block. By using
a difunctional bromide DBH as an additive to the
quaternization reagent EtBr, the P2VP block can be
quaternized and cross-linked in one step. Increasing
the ratio of DBH to EtBr increases the cross-link density.
Cross-linking results in a decrease in the swelling of
the hydrogels in aqueous buffer; therefore, only a small
amount of DBH can be added before the photonic gel's
reflectivity peak drops below 300 nm and becomes
undetectable. Regardless of cross-link density, all
samples show blue shifts in reflectivity after being
transferred to BSA solutions, indicating that cross-
linking or the change in gel layer mesh size does not
alter the sign of the interaction between the protein
and the QP2VP gel block. However, increasing cross-
linking density decreases the size of the shift in peak
position. The dynamic changes in the reflectivity at
different cross-linking conditions are fitted to single-
exponential functions. For low concentrations of the
cross-linker, it is found that the time constants increase
with increasing cross-linking density, changing from
11.9 + 0.8 s in the case of no cross-linkerto 36.3 + 6.9 s
with 2% added cross-linker (Supporting Information).
The results demonstrate an effective means for con-
trolling the swelling/deswelling kinetics by changing
the mesh size in the photonic gels. The response rate of
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the photonic gels could be further acceleraged by
increasing the hydrophilicity of the P2VP layer to
increase swelling and gel mesh size (for example, using
methyl iodine in the quaternization reaction), driving
protein transport with an external field, or increasing
the temperature.

CONCLUSIONS

Coacervation is demonstrated as an effective method
to modulate the peak reflectivity of block copolymer
photonic gels, where complexation between a charged
domain in the block copolymer and a charged protein
provides a novel mechanism for responsive actuation of

EXPERIMENTAL SECTION

Materials. A PS-P2VP diblock copolymer with a number-
average molecular weight of 102 kg mol™" for the PS block,
97 kg mol~" for the P2VP block, and polydispersity of 1.12 was
purchased from Polymer Source, Inc. Propylene glycol mono-
methyl ether acetate (PGMEA, Alfa Aesar) and chloroform
(Mallinckrodt) were used for the copolymer film preparation.
Bromoethane and 1,6-dibromohexane were purchased from
Aldrich. Five proteins (bovine serum albumin, a-amylase, ribo-
nuclease A, trypsin, and lysozyme) were purchased from various
suppliers as listed in Table 1. All chemicals and proteins were
used as received unless otherwise noted.

PS-QP2VP Photonic Gels. PS-P2VP solutions (5 wt %) in PGMEA
were used for film-casting onto glass microscope slides. The BCP
solution was spread onto the slide with a glass Pasteur pipet and
spin-cast at 500 rpm with a 5 s ramp for 90 s. The film was then
annealed overnight in chloroform vapor at 50 °C. The annealed
samples were quaternized in heptane solutions containing
10 vol % EtBr or mixtures of bromoethane with DBH (Figure 1).
The reactivity of the bromides is assumed to be constant in
the different EtBr/DBH mixtures because of the low amounts of
DBH (0.5 to 2 mol % of EtBr). The reactions took place at 50 °C
for 3 days unless otherwise noted. After the reactions ended,
the samples were washed with ethanol to remove the reagents.
This procedure has been previously established to yield a high
degree of quaternization in PS-P2VP copolymer films."’

Characterization of Real-Time Response of Photonic Gels in Various
Protein Solutions. Protein solutions were freshly prepared in
10 mM Tris buffer at pH 7, 8, and 9 to reach a final concentration
of 1 wt %. Tris buffer is selected to control pH because of its low
ionic valency. The 10 mM concentration is low enough that the
ionic strength of the buffer does not overshadow the ionic
interactions between the protein and the QP2VP gel block.

Time-dependent reflection spectra were measured with an
Ocean Optics HR4000CG-UV-NIR high-resolution spectrometer.
The successive spectra (over the range of 300—800 nm) were
collected at the beginning of the swelling process of the

TABLE 1. Proteins and Their Molar Weights and Isoelectric
Points (pl)

protein acronym MW (kDa)  pI” supplier
albumin from bovine serum BSA 66 53 Sigma-Aldrich
a-amylase from Aspergillus oryzae ~ Amy 51 448" Sigma-Aldrich
ribonuclease A (bovine pancrease) ~ RNase 13.7 9.63 Amresco
trypsin from porcine pancreas Try 238 10  Sigma-Aldrich

lysozyme from chicken egg white Lys 143 1135 Sigma-Aldrich

“The pl value of a-amylase is estimated using the online software from
http://web.expasy.org/compute_pi/. The amino acid sequence of o-amylase is
from PDB file 6TAA. All other pl values are provided by the protein suppliers.

the optical properties of the material. While proteins
with a strong negative charge result in strong counter-
ion interactions with the polycationic QP2VP blocks of
block copolymers and a consequent decrease in swel-
ling, proteins with a positive charge also show some
effect. The dynamics of the process can be quantified,
showing that the mesh size (cross-link density) of the
polymer gel and the size of the protein play important
roles in governing the dynamics of the process. This
method therefore provides a simple optical readout
to detect differences between proteins on the basis of
parameters such as size and charge, providing a visual
“fingerprint” for the protein properties.

PS-P2VP gels to capture the short time responses, and the
single spectra were collected in the later stage with intervals
longer than 3 min between the time points. For successive
spectra, the high-speed acquisition mode was selected with 5ms
integration time and 10 scans to average, thus an interval of
50 ms between the successive spectra. The single spectra were
saved with 5 ms integration time and 100 scans to average.

A quartz cuvette was filled with the buffer or protein solution,
and the annealed and quaternized sample was inserted along
the optical wall with the film side facing the solution. A blank
glass slide immersed in the solution was used as the baseline.
The dry sample was first soaked in the buffer solution for 10 min.
The spectrum over the first minute was recorded as a reference
for the solvent transport and film defect density,'®*" and a single
spectrum was saved at the end of the 10 min equilibration period
as the t = 0 point. The swollen sample was immediately
transferred into a separate cuvette containing the protein solu-
tion. Successive spectra over the first 5 min were recorded,
followed by single spectra taken at t = 7, 10, 15, 30 min, and
the end of each hour. For each sample, the buffer solution and
the protein solution had the same pH and buffer composition so
that the data could be used to analyze the role of proteins on the
photonic responses. All spectra were collected in transmission
mode. The reflectance was calculated from the transmittance by
R =1 — T, assuming no absorption and no diffuse scattering.

Measurement of Protein Zeta-Potentials. Zeta-potential measure-
ments were performed on Mébiug with an Atlas pressurization
system (Wyatt Technology). The protein solutions were freshly
prepared at a concentration of 1 mg/mL in 10 mM Tris buffer
and were centrifuged at 14 200g for 5 min. Since the protein
sizes in this study were close to the Debye length in the buffer
solution, the zeta-potential values were calculated using the
built-in Henry's function instead of Smoluchowski's equation.
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