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ABSTRACT: A method for fabricating nanostructured biocatalysts using bioconjugate block copolymer self-assembly is
demonstrated, yielding very high protein loadings and activity per unit area, compared to more-established enzyme encapsulation
methods. Self-assembled heterogeneous biocatalysts are fabricated by flow coating myoglobin-b-poly(N-isopropylacrylamide)
(myoglobin-PNIPAM) block copolymers onto solid supports, and films are stabilized by lightly cross-linking with glutaraldehyde.
The conjugates form weakly ordered, nonbirefringent micellar and lamellar assemblies in concentrated solution and disordered
but micro-phase-separated structures in thin solid films. The low diffusion resistance in the bioconjugate film imparted by the
water-swollen PNIPAM nanostructures, the high enzyme density within the film, and high retention of protein activity results in
extremely high catalytic activity: 5−10 times greater than catalysts fabricated using other well-established methods.
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■ INTRODUCTION

Biocatalysts provide selective, efficient, and renewable pathways
to carry out a variety of industrially and medically relevant
reactions for biofuel synthesis,1,2 carbon sequestration,3,4

sensing and remediation of nerve agents,5−7 glucose
detection,8,9 biofuel cells,10 drug delivery,11 and industrial
reactions such as penicillin synthesis12 or glucose-fructose
isomerization.13 Despite the usefulness of enzymes, they can
often be expensive, particularly if the enzyme is difficult to
isolate from natural sources or produce from recombinant
sources. Unfortunately, the enzymes, which exist in homoge-
neous solution, are typically destroyed and discarded during
post-reaction separation processes. As a result, strategies for
extending the useable lifetime of an enzyme have attracted
much attention.14 In particular, incorporating the enzyme into
heterogeneous biocatalysts allows for the reuse or recycling of
the enzyme or the use of the enzyme in continuous
processes,15,16 dramatically expanding the practical applications
of enzymatic catalysis. Therefore, the development of improved
heterogeneous biocatalysts has the potential to have a large
impact on decreasing costs for chemical syntheses and produce
more efficient and sensitive bioelectrocatalysts/biosensors.

Numerous considerations must be taken into account when
designing an effective heterogeneous biocatalyst.17 The catalyst
should enable rapid transport of the product and substrate or
charge carriers to mitigate diffusion limitations. The material
should also be structured in three dimensions to achieve a high
surface density of active sites, and the enzyme should be
oriented in such a way as to avoid hindering access to the active
sites or co-factor binding sites. Finally, the material should
maintain or extend the active lifespan of the enzyme as much as
possible. Motivated by these design criteria, a variety of
methods for enzyme immobilization have been developed.16,18

Reactive residues on the protein such as the amines in lysine
can be utilized to couple the enzyme to reactive moieties on a
support,19,20 histidine tags can ligate enzymes to Co2+ or Ni2+,21

or the enzyme can be glycosylated and immobilized to
hydrophilic carriers such as cellulose.18,22 Many of these
immobilization chemistries are readily combined with nano-
lithography to produce two-dimensional protein patterns on
surfaces.23,24 In addition to immobilizing enzyme via
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interactions with a surface, techniques have also been
developed to encapsulate enzymes. Common methods of
encapsulating enzymes include forming capsules or films
through layer-by-layer (LbL) assembly,25,26 incorporating the
enzyme into a bulk polymeric matrix such as a polyurethane,5,27

or intercalating the enzyme within gels formed by micellar
polymers.16,28 These encapsulation techniques allow for
straightforward control of the areal density of the enzyme by
varying the thickness of the material.
Despite the diverse assortment of immobilization techniques,

few offer control of the three-dimensional structure at the
nanoscale that can simultaneously engineer transport properties
and enzyme packing density. Block copolymer self-assembly
provides an attractive mechanism to produce such biocatalytic
nanostructures via self-assembly of periodic domains on a
length scale of 5−100 nm.29−32 Several groups have
demonstrated the self-assembly of protein−polymer conjugates
such as block copolymers into solid-state nanomaterials and
gels or micellar nanostructures, while still retaining the protein
fold.33−37 However, replacing a Gaussian coil with a folded
globular protein block significantly changes the phase behavior
of the system, as a result of the defined shape of the
protein.38−42 Previous studies from our group have shown that,
in a model conjugate such as mCherry-b-PNIPAM, the phase
diagram is highly asymmetric, with cylinders predominantly
observed at coil volume fractions below 0.5 and lamellae
observed above.42 Changing the polymer block results in large
changes in the observed phase diagram and the presence of new
nanostructures;43 in contrast, mutations to surface residues on
mCherry or the use of the alternative β-barrel enhanced green
fluorescent protein (EGFP) results in only minor alternations
in phase behavior.37 These results suggest that polymer−
protein interactions are very important for self-assembly, while
the detailed surface potential of the protein is less important
than its coarse-grained shape. Although this understanding of
thermodynamics in these systems is still rapidly developing, the
ability to control nanostructure via self-assembly of these
bioconjugate block copolymers offers an attractive solution to
the design of structured biocatalytic materials if enzymes can be
incorporated.
In this work, the self-assembly of protein−polymer diblock

copolymers is demonstrated as a method to achieve both
efficient transport and high enzyme loading in enzymatic
materials, producing biocatalytic coatings with an activity per
area 5−10 times higher than comparable methods. Solid-state
thin-film coatings are constructed from block copolymers
composed of the model peroxidase human heart myoglobin
(hMb) conjugated to a self-assembly directing polymer poly(N-
isopropylacryamide) (PNIPAM). The temperature- and
concentration-dependent phase behavior of this material is
investigated, and the performance as a heterogeneous catalyst is
quantified using reaction-diffusion models. Quantitative eval-
uation of the material against catalysts fabricated with
commonly used enzyme immobilization methods demonstrates
the potential of block copolymer self-assembly to make a large
improvement in biocatalyst performance.

■ RESULTS AND DISCUSSION
Protein−Polymer Diblock Copolymer Design. Re-

combinant human heart myoglobin (hMb) was chosen as a
model peroxidase,44 representing a class of enzymes with broad
substrate specificity and utility in catalyzing oxidation
reactions.45 As a result, developments made with this hMb

can potentially be applied to several similar protein systems
with analogous catalytic mechanisms.46,47 hMb is a good model
for catalyst design, because it has an established, easy to
measure, colorimetric assay for determination of the enzymatic
activity,44 a known crystal structure,48 and the enzyme itself has
a characteristic optical absorption, because of the presence of
the bound heme group that can be used to quantify the
maintenance of a tertiary structure. Finally, the native sequence
for hMb contains only a single cysteine residue at position 110,
which has been determined to be noncritical to the structure
and function of the enzyme.49 This allowed for the cysteine to
be replaced by alanine to form hMbC110A and then for a
cysteine to be introduced at the N-terminus to provide a unique
thiol residue for bioconjugation. The conjugation site was
chosen so as not to significantly affect the activity of the
enzyme. In addition, the conjugation site was chosen in an
accessible location, allowing the hMb to be coupled via site-
specific conjugation to the thermoresponsive polymer poly(N-
isopropylacrylamide) (PNIPAM) which drives self-assembly.
Although site-specific thiol-maleimide coupling is a convenient
method for conjugating myoglobin to a synthetic polymer that
can be broadly applied to many different proteins,50,51 a variety
of bioconjugation techniques have been and continue to be
developed that can provide synthetic routes toward analogous
bioconjugates for an even wider variety of enzymes.39,52−54

The hMb-PNIPAM conjugate was designed to have
approximately equal masses of protein and PNIPAM, which
has been previously shown to promote self-assembly at a
minimum concentration.41,43 Characterization data for the
protein, polymer, and conjugate are summarized in Table 1.

UV-vis absorption spectra (Figure S8 in the Supporting
Information) and circular dichroism (Figure S9 in the
Supporting Information) showed no change in the protein
secondary or tertiary structure between the unconjugated
hMbC110A and the hMb−PNIPAM conjugate. In addition,
solution-phase enzymatic activity assays reveal a significant
increase in the catalytic activity after conjugation (Figure 1).
However, this perceived enhancement in activity upon
conjugation of hMb is likely due to the bioconjugation blocking
the reactive cysteine group present in the hMbC110A variant
from side reactions with the assay product.55 Nevertheless, the
conjugate displays very similar activity to commercially available
equine heart myoglobin (eMb) (Figure 1), indicating that the
addition of the PNIPAM block does not hinder the transport of
substrates, affect the protein fold, or interfere with the catalytic
mechanism of hMb.

Self-Assembly in Bulk Gels and Thin Films. As observed
with previously studied protein−polymer conjugates, hMb−
PNIPAM self-assembles in concentrated solution and solid
materials to form nanostructured phases that can meet the
structural criteria for biocatalyst design. However, unlike
previous studies on structurally similar mCherry and EGFP,
the strongly dissimilar myoglobin shows large changes in its

Table 1. Characterization Data for the Protein, Polymer, and
Conjugate

molecular weight (Da)
polydispersity

index coil fraction

hMbC110A 19710
PNIPAM 18880 1.095
hMb-PNIPAM 38590 0.489
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phase behavior. This clearly indicates that changes in protein
structure can result in large effects on self-assembly. The degree
of order in self-assembled myoglobin conjugates is significantly
worse than well-characterized systems based on mCherry and
EGFP, as demonstrated by small-angle X-ray scattering (SAXS)
patterns for the hMb−PNIPAM conjugate taken over a range
of concentrations and temperatures (see Figure 2, as well as
Figure S10 in the Supporting Information). Consistent with
observations made in previously studied globular protein−
polymer conjugates containing mCherry and EGFP,37,41 a
disordered phase is observed at low temperature and low
concentration. At 20 wt %, the strength of segregation in the
hMb−PNIPAM is so weak that no peak is observed, whereas at
30 and 40 wt %, a broad peak is observed consistent with the
disordered phase. At 50 wt %, microphase separation of the
material can be observed as the concentration is increased
above CODT, indicated by the primary peak narrowing and
increasing intensity. At 50 and 60 wt %, a q* peak and a weak
2q* peak can be observed, evidencing a weakly ordered lamellar
morphology with domain spacings of 25.0 nm at 50 wt % and
26.6 nm at 60 wt %. The increase in domain spacing with
increasing concentration suggests increasing segregation
between the protein and polymer blocks of the copolymer.
Depolarized light scattering measurements of the solution
phase samples showed no birefringence across the entire
concentration range (see Figure S11 in the Supporting
Information), which is consistent with the relatively poor
degree of order in all of the samples observed by SAXS. When
the sample is dried into the solid state, SAXS reveals a similar
morphology to the 50 and 60 wt % samples with the q* peak

and 2q* peak shifted slightly to the right, consistent with having
a smaller domain spacing of 23.9 nm, because of dehydration of
the nanostructures. The smaller domain spacing in the solid-
state sample is a consequence of dehydration of the block
copolymer nanostructures.
Heating the conjugates at a given concentration results in

desolvation of the PNIPAM block and can potentially trigger a
change in the nanostructured morphology. At low concen-
trations, where the material is disordered at low temperature,
heating results in micellization of the block copolymer, as
observed by a change in the SAXS pattern and the formation of
an optically transmissive, nonbirefringent high-temperature
phase (see Figure S11 in the Supporting Information).
Differential scanning calorimetry (DSC) measurements in-
dicate that these transitions occur at 33.3 °C at 20 wt %, 31.8
°C at 30 wt %, and 30.5 °C at 40 wt %. At concentrations of 50
and 60 wt %, there is no change observed with increasing
temperature, indicating that crossing the PNIPAM thermal
transition does not result in a change in the relatively
disordered lamellar nanodomain structure at these lower
water contents. A phase diagram for this conjugate is shown
in Figure 2.
When compared with previously studied mCherry and EGFP

systems, the hMb−PNIPAM conjugates show much weaker
ordering at higher concentrations and no order−order
transition at any of the concentrations tested. This result
suggests that changes in protein structure can yield substantial
changes in protein block copolymer self-assembly. Previously, it
has been observed that the phase behavior of mCherry, EGFP,
and mCherry mutants are very similar despite significant

Figure 1. (a) hMb−PNIPAM bioconjugates are synthesized using thiol-maleimide coupling. (b) The resulting bioconjugate shows little difference in
activity from the unconjugated enzyme by an ABTS/H2O2 assay.

Figure 2. (a) Bulk solution phase SAXS patterns of hMb−PNIPAM at 25 °C show no ordering at low concentrations and weak ordering at
concentrations of 50% and above. Curves are offset for the sake of clarity. (b) Phase diagram for hMb−PNIPAM. At concentrations of 40wt % and
below, the conjugate micellizes at high temperature. At concentrations of 50 wt % and higher, the material assembles into disordered lamellar
structures.
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differences in electrostatic patchiness and amino acid sequence,
indicating that proteins with similar size, shape, and virial
coefficient undergo similar self-assembly.37,41 These proteins
are all structurally homologous, each having a β-barrel
structure, and have similar second virial coefficients. However,
the hMb is less symmetric, having a significantly different
molecular shape, size, charge, and hydrophobicity. The

irregularity in its shape may result in greater difficulty packing
within ordered domains. This result clearly indicates that, for
proteins with significant structural diversity, there can be a large
impact of protein structure on self-assembly, which motivates a
systematic study of these interactions in future systems.
In order to prepare heterogeneous biocatalysts, the

conjugates must self-assemble in thin films. Catalytically active

Figure 3. (a) hMb−PNIPAM bioconjugate is flow coated under a glass blade and cross-linked into a stable film using glutaraldehyde. (b) The
peroxidase enzyme oxidizes ABTS in the presence of hydrogen peroxide. (c) The resulting radical exhibits an intense blue-green color in solution
which can be measured spectrophotometrically at 414 nm. The high activity of the film results in rapid formation of a boundary layer in the absence
of rapid stirring.

Figure 4. (a) GISAXS pattern for the cross-linked film taken at an incidence angle of 0.16°; (b) GISAXS pattern for the un-cross-linked film taken at
an incidence angle of 0.16°; (c) integrated line cuts of the GISAXS patterns; and (d) TEM micrograph of hMb−PNIPAM film shows randomly
connected, disordered domains. Dark regions correspond to hMb domains and light regions correspond to PNIPAM domains due to RuO4 staining.
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films of the hMb−PNIPAM were fabricated using a flow coater
to deposit a thin film of the conjugate on a silicon support,
according to the process illustrated in Figure 3.56 Flow coating
was selected as the film fabrication method, because it yields
smooth, even films with minimal shear forces, which can result
in a loss of protein activity. The dried film had a pale blue color,
because of thin film interference, which is consistent with the
152 ± 5 nm thickness measured by ellipsometry. Little variation
in thickness was measured over film areas of 20 cm2. To
stabilize the films against dissolution in water, the amine groups
on the protein within the film were then cross-linked at 45 °C
in a 1.4 wt % aqueous glutaraldehyde solution for 20 s, rinsed
for 20 s in room-temperature DI water in order to remove any
unbound conjugate, and dried under an air stream. The
temperature of the glutaraldehyde solution was chosen to
prevent the films from dissolving by taking advantage of the
thermoresponsive properties of PNIPAM while minimizing
denaturing of the enzyme that could occur at higher
temperatures. Glutaraldehyde was used as a cross-linking
agent, because it is a quick and effective method of cross-
linking the protein domains. Although it cannot cross-link the
polymer, cross-linking the protein domains imparts enough
stability to prevent the film from disintegrating or delaminating
from the surface. After cross-linking, the films were observed to
be stable in water for longer than 10 days with no measurable
change in film thickness by ellipsometry (see Figure S13 in the
Supporting Information), to be mechanically stable enough to
be rinsed under running deionized water without visible
damage to the film surface or permanent change in the film
thickness, and to reversibly change to a deep magenta color
upon submersion in water, indicating a high degree of swelling
to ∼460 nm.
In solid thin films, grazing-incidence small-angle X-ray

scattering (GISAXS) shows that the conjugates form poorly
ordered microphase separated structures during casting, similar
to those formed in the solid state. The GISAXS patterns reveal
a pronounced primary peak but no higher order peaks,
indicating that the materials are microphase separated but
lacking long-range order within the films. After gluteraldehyde
cross-linking, the morphology of the film remains largely
unchanged. The average domain spacing is 26 nm in the un-
cross-linked film and 24 nm in the cross-linked film, which is
close to the spacing found in the bulk, solid-state sample
(Figure 4). Transmission electron microscopy (TEM) was used
to verify microphase separation in the film. The same flow
coating technique described above was used to coat a film on a
silicon nitride TEM substrate. Contrast in the sample is
improved by negatively staining the protein domains with
ruthenium tetroxide, which selectively reacts with alcohol,
amine, and aromatic moieties in the protein. In the bright-field
micrograph (Figure 4), dark and light regions corresponding to
the hMb and PNIPAM domains, respectively, are visible. Both
scattering and microscopy show that the resulting film
structures form highly disordered yet microphase-separated
structures of protein and polymer. Although well-ordered arrays
are not formed, these structures potentially offer the
appropriate control over transport, because of the percolating
domains of polymer, which can offer paths for rapid diffusion of
the substrate through the catalyst.
Self-Assembled Heterogeneous Catalysts. The self-

assembled myoglobin films remain highly active in the solid
state, as illustrated in Figure 5, and the activity of the films does
not diminish over five washes and reuses (see Figure S14 in the

Supporting Information). The catalytic activity of the films was
quantified using a 2,2′-azino-bis(3-ethylbenzothiazoline-6-sul-
fonic acid) (ABTS) peroxidase assay, which measures the
conversion of ABTS into a stable blue-green ABTS− • radical
upon a peroxidase-catalyzed reaction with hydrogen peroxide.
This catalytic cycle can be represented by the sequence of
reactions outlined in Figure 3.
In these heterogeneous catalysts, the reaction rate observed

in solution is a consequence of reaction at the enzyme, as well
as the diffusivity of the substrates and products within the
catalyst film. Therefore, to characterize the activity of the
catalyst and enable quantitative comparison, a reaction−
diffusion model has been developed. The no-flux boundary
condition (eq 2) at the interface between the solid support and
bioconjugate film is used, and the Diriclet boundary condition
(eq 3) at the interface between film and the reaction solution is
assumed, because of rapid, vigorous stirring of the reaction
solution. The general form of the reaction−diffusion equation
and the boundary conditions are given below:
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where Ds is the diffusion coefficient of the substrate within the
film, s the substrate concentration, s∞ the substrate
concentration in the reaction solution, t the time, and x the
position. R(s) accounts for any reactions involving the
substrate. In the planar film geometry, this equation can be
simplified by assuming transport in one dimension and that the
pseudo-steady-state approximation (PSSA) applies, because of
the thinness of the film. For the catalytic cycle depicted in
Figure 3, a Michaelis−Menten-like reaction equation can be
expressed as follows, under the simplification that k3 ≫ k2.
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In eq 4, k1 and k3 correspond to the reaction constants in
Figure 3, [E] is the enzyme concentration, [H2O2] is the
hydrogen peroxide concentration, and s is the ABTS

Figure 5. Enzymatic activity of the bioconjugate catalyst measured at
various concentrations of ABTS and H2O2. Rates begin to plateau at
∼0.0005 mol/L ABTS, indicating a reaction limitation at higher
concentrations. The dotted lines show that the Michaelis−Menten
equation is a good approximation of the reaction kinetics.
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concentration. In the defined equation, K is analogous to the
Michaelis constant (KM), and k equates to Vmax/K, where Vmax
is the maximum rate of the reaction. Substituting eq 4 into eq 1
and making the aforementioned simplifications yields the
following expression:
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This can be represented in the following dimensionless form:
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where u = (s/s∞), χ = (x/L), Φ2 = (kL2/Ds), and α = (s∞/K).
To our knowledge, no exact, closed-form solution of eq 6 has

been published. However, it has been shown that, for large
values of u, or when there is little substrate depletion, the
following approximation can be made for eq 6:57
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and the flux, j, can be determined as

α
χ

α
α

= = Φ Φ
+χ=

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟j

ud
d

tanh
1

1

2
2

(9)

To understand the regime (reaction or diffusion limited) in
which the catalytic films are operating, Φ2 can be estimated
using the following parameters: k ≈ 100 s−1 (calculated from a
known concentration of enzyme in the reaction solution and
the theoretical limit of kcat ≈ 1010 M/s), L ≈ 10−7 m (from the
measured thickness of the film), and Ds ≈ 10−8 (m2/s)
estimated from the lower end of typical diffusion coefficients
for small molecules through water scaled down by a factor of 1/
3 from the assumption that the film is swollen with twice its
volume in water. This assumption is based on the observation
that the film swells to a deep magenta, corresponding to a film
thickness of ∼460 nm, when submersed in water. This yields an
estimated Thiele modulus of Φ2 ≈ 10−3. Therefore, even for an
enzyme that approaches the theoretical maximum enzymatic
efficiency, the tested film is thin enough for the time scale for
diffusion to be much faster than the time scale for reaction, and,
in this case, we can reduce eq 9 using the approximation
tanh[(Φ2)1/2/(1 + α)] ≈ (Φ2)1/2/(1 + α) to yield the following
equation:
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α
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+
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Equation 10 is simply the dimensionless Michaelis−Menten
equation. The kinetic data from Figure 5 can be fit to this
equation to extract the relevant kinetic parameters, shown in
Table 2. The kinetic model with the fitted values for k1 and k3 is
plotted in Figure 5. Despite immobilization and cross-linking of
the protein, the bioconjugate retains 47% of the ABTS
conversion activity of the free bioconjugate and 29% of the
H2O2 binding activity.

In addition to testing the bioconjugate coating on silicon, the
robustness of this biocatalyst fabrication method was explored
on a diverse selection of additional surfaces, including glass,
polystyrene, and gold (an example conductive substrate). Films
on each of the additional surfaces were cast using the same
conditions as those on the silicon surface. The enzymatic
activities of the bioconjugate catalysts on each of the surfaces,
shown in Figure 6a, indicate that the catalysts all perform
similarly, regardless of the underlying substrate. The wide range
of support types that this material can be coated on while
retaining high activity suggests that bioconjugate block
copolymers have the potential to be useful in a variety of
biocatalytic applications.
To evaluate the comparative effectiveness of this method for

heterogeneous biocatalyst fabrication, the activity of the
conjugate films was compared to three established enzyme
immobilization techniques: LbL assembly,25 covalent tethering
on a reactive surface,58 and encapsulation in polyurethane
foam.5,27 To provide the most relevant comparison between
methods, the area of the catalytic coating was held constant at
0.25 cm2. In the case of the block copolymer, LbL, and
polyurethane films, the total enzyme contained in the catalyst
was held constant at 6 μg/cm2. Because the grafted protein
monolayer is limited in enzyme density by the density of
reactive groups or the required surface area per enzyme, the
total enzyme content could not be similarly controlled for this
immobilization method.
ABTS assays for all four catalyst preparation methods, shown

in Figure 6b, indicate that the self-assembled conjugate films
exhibit a 5−10-fold greater activity per protein than any of the
other catalysts. The performance of the self-assembled
conjugates, relative to the grafted film, is attributed to the
fact that the method used to form the conjugate films allows for
a large number of enzymes per unit area, because f the
nanostructured packing of the protein. This allows for a higher
catalyst density per unit area and improves the catalytic rate in
the same manner, since nanostructuring is traditionally used to
engineer heterogeneous catalysts from transition metals. The
density of enzyme can be controlled both by changing the size
of PNIPAM conjugated to the enzyme and by modulating the
film thickness. The achievable density is primarily limited by
needing to maintain a high enough viscosity to coat a stable
film, as the unconjugated enzyme lacks the viscosity to form a
coating. Coatability of this material is a major advantage for
industrial applications, because it provides a simple, cost-
effective method for fabricating catalysts using high-speed
manufacturing processes on a variety of substrates.
In the case of LbL and polyurethane foams, high enzyme

loadings per unit area can be achieved by varying film thickness,
but the immobilization method introduces significant transport
limitations that reduce the effective catalytic rate by making
most of the enzyme inaccessible to substrate diffusion.
Nanostructuring and a high degree of swelling in the self-

Table 2. Kinetic and Transport Coefficients for Commercial
Equine Heart Myoglobin, Recombinant Human Heart
Myoglobin, Myoglobin Bioconjugate, and Catalyst Film

k1 (M
−1 s−1) k3 (M

−1 s−1)

eMb (solution) 173 ± 6.5 1800 ± 170
hMbC110A (solution) 72 ± 3.7 1100 ± 180
hMb−PNIPAM (solution) 213 ± 5.4 1500 ± 100
hMb−PNIPAM (film) 61 ± 1.8 700 ± 63
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assembled bioconjugate films provide paths for easy transport
of substrates and products, which enables more rapid reaction.
The dense packing of enzyme in the bioconjugate film also
minimizes the distances over which transport is required,
further limiting diffusional barriers to reaction. Therefore, self-
assembled nanostructured catalysts can both improve protein
packing density and reduce transport limitations, leading to
significant improvements in biocatalyst performance.
In addition to catalyzing solution-phase oxidation reactions,

the bioconjugate can also be used as a nitric oxide (NO)
detector. NO sensors are useful in a variety of applications from
measuring industrial pollutants to diagnosing respiratory
inflammation. By coating hMb-PNIPAM onto a glass support,
binding of NO to hMb can be tracked spectrophotometrically
by a shift in the Soret absorbance band of the porphyrin ring
(see Figure 7). Upon exposure to NO dissolved in solution at

30% saturation (∼0.54 mM), 50% saturation (∼0.9 mM), and
100% saturation (∼1.8 mM) for 1 min each, a roughly linear
increase in absorbance of the Soret band at 413 nm is observed
as NO concentration increases from 0% saturation to 30%
saturation, to 50% saturation.59,60 Between 50% and 100%
saturation of NO, little change is observed in absorbance. This
is likely because the NO fully saturates the binding sites in
myoglobin within the 1 min exposure time at these
concentrations.

■ CONCLUSIONS
Myoglobin−-PNIPAM diblock copolymers provide a simple
method for fabricating highly active biocatalytic films.

Myoglobin can be efficiently bioconjugated with PNIPAM
without significant change in the structure or activity of the
protein, and the resulting block copolymers micro-phase-
separate into weakly ordered lamellar domains at concen-
trations of 50 wt % and above. In comparison to previously
studied bioconjugates, myoglobin conjugates are more poorly
ordered, indicating that changes in protein structure can result
in large changes in self-assembly behavior. The bioconjugate
can be flow coated onto a silicon support to create uniform,
catalytically active films with thicknesses of 100sn the order of
hundreds of nanometers. These films do not form periodic
nanostructures but rather show micro-phase separation with a
characteristic feature size of 24 nm. Cross-linking these films
using a glutaraldehyde fixative stabilizes the films and allows for
heterogeneous catalysis of ABTS oxidation reactions, as well as
for NO concentration measurements. The thinness of the film
enables rapid diffusion of the reactive compounds, and a high
degree of specific activity is retained for the protein. On a per-
protein basis, the bioconjugate film performs 5−10 times better
than catalysts made from other commonly used enzyme
immobilization techniques. Therefore, controlling the nano-
structure of enzymes using block copolymer self-assembly can
potentially provide a powerful method for engineering
transport properties and enzyme density in biocatalysts,
yielding large improvements in catalyst performance.

■ METHODS
Bioconjugate Synthesis. Low-polydispersity poly(N-isopropyla-

crylamide) (PNIPAM) was synthesized by reversible addition−
fragmentation chain transfer (RAFT) polymerization utilizing a
maleimide-functionalized chain transfer agent (CTA), as reported
previously.36 The absolute molecular weight and polydispersity was
determined by size-exclusion chromatography (SEC) on an Agilent
Technologies 1260 Infinity system with a miniDAWN TREON MALS
light scattering detector and a Wyatt Optilab T-rEX refractometer
using N,N-dimethylformamide (DMF) with 0.02 M LiBr as the mobile
phase.

The gene encoding human myoglobin variant hMbC110A (DNA
Accession No. NM_203378.1) containing an additional N-terminal
Cys residue and an N-terminal 6xHis tag was prepared for insertion
into the bacterial T7-promoter expression vector pET15b by partial
digestion with NdeI and BamHI, producing a new plasmid: pET15b/
hMb. The DNA and amino acid sequences for the gene are included in
the Supporting Information. The recombinant expression plasmid was
isolated from Escherichia coli (E. coli) NEB5α cells with selection for
ampicillin resistance (100 μg/mL), and the correct constructs were
verified by DNA sequence analysis. The expression plasmid pET15b/
hMb was transformed into E. coli strain BL21star(DE3), and

Figure 6. (a) Activity comparison between the bioconjugate coated on different supports indicates that the catalytic activity is largely independent of
the support surface. (b) Activity comparison between the conjugate film and other immobilization techniques shows that the bioconjugate film
exhibits over 5-fold greater activity than every other method.

Figure 7. Nitric oxide detection assay shows a peak in the film which
increases in absorbance as the film is exposed to higher amounts of
NO.
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authenticity of the clones was confirmed by DNA sequencing. The E.
coli were inoculated in culture tubes containing 5 mL of LB medium
with 100 μg/mL ampicillin at 37 °C overnight. These starter cultures
were then transferred to a 2.8 L Fernbach flask containing 1 L of LB
medium and 100 μg/mL ampicillin. Cell growth was allowed to
proceed at 37 °C for 10 h without induction. The cells were then
harvested by centrifugation at 6000g for 15 min, yielding deep red
pellets, which were stored at −80 °C until protein purification was
commenced.
To purify the protein, frozen cell pellets were thawed and

resuspended in lysis buffer (50 mM NaH2PO4, 300 mM sodium
chloride, 10 mM imidazole, and 10 mM β-mercaptoethanol (BME),
pH 8.0). Lysozyme was added to the suspension at a concentration of
100 mg/L initial culture, and the suspension was incubated at 4 °C for
1 h and sonicated. The lysate was clarified using centrifugation, and the
protein contained in the supernatant fluid was purified using Ni-NTA
metal affinity chromatography under native conditions. 2-Mercaptoe-
thanol was added to each of the wash and elution buffers at a
concentration of 10 mM to reduce disulfide bonds. The bright red
elution fractions were dialyzed into 20 mM Tris-Cl buffer, pH 8.5, and
were further purified using a HiTrap Q HP column (GE Healthcare,
Uppsala, Sweden) in an AKTA FPLC machine using 20 mM Tris-Cl
buffer, pH 8.5 as the mobile phase. The protein was eluted by
introducing sodium chloride into the system at a concentration of 60
mM. Purity was assessed by taking absorbance readings at 280 nm,
where there was a peak corresponding to Trp and Tyr residue
absorbance, and 416 nm, corresponding to the peak for myoglobin
Soret band absorbance in the buffer, on a Varian Cary 50 Bio UV/
visible spectrophotometer. Fractions containing A416/A280 > 3.0 were
collected and combined. The purity of the protein was verified by
denaturing gel electrophoresis (SDS-PAGE) (see Figure S5 in the
Supporting Information). The yield of pure protein was typically ∼30
mg/L culture, measured spectrophotometrically at 280 nm with an
extinction coefficient calculated based on the number of phenylalanine,
tyrosine, tryptophan, and cysteine residues in the protein.
Purified human myoglobin was coupled to maleimide end-

functionalized PNIPAM, using a maleimide−thiol coupling reaction,
as described previously.36 The resulting conjugate was precipitated
three times in 1 M (NH4)2SO4 with the last precipitation yielding a
clear, colorless supernatant, indicative of the removal of all soluble,
unconjugated myoglobin. The conjugate was then bound to Ni-NTA
resin overnight and washed with 10 column volumes of wash buffer
(50 mM NaH2PO4, 300 mM sodium chloride, 30 mM imidazole, pH
8.0) to remove the excess PNIPAM. The conjugate purity was assessed
with denaturing SDS-PAGE with a broad band centered at ∼40 000 g/
mol, corresponding to hMb-PNIPAM, and the final yield of the
conjugate after purification was determined spectrophotometrically to
be ∼30%. This final yield is similar to those obtained in other globular
protein−polymer conjugations.36,61 Enzymatic activity was compared
to unconjugated hMb, revealing no detriment to the activity as a result
of conjugation. The conjugate solution, dialyzed into pure water, was
concentrated to ∼50 mg/mL, using Millipore Ultra-15 centrifugal
filters with a molecular weight cutoff of 3 kDa. A portion of the
concentrated solution was then formed into solid pellets by drop-
casting aliquots onto a Teflon sheet and drying at room temperature
overnight under vacuum.
Self-Assembly and Characterization. Bulk SAXS samples were

formed by filling the center of a 1-mm-thick aluminum washer with the
concentrated conjugate solution and drying the sample under vacuum
at room temperature. This process was repeated until the center of the
washer was almost filled by solid conjugate. Solution-state samples
were formed by rehydrating the pellets to the desired concentration
and transferring them into the washers. Both the bulk and solution-
state samples were sealed with Kapton tape. The scattering patterns
were obtained at Brookhaven National Synchrotron Light Source
(NSLS) Beamline X27C. Samples were equilibrated for 10 min at each
temperature before data acquisition. The collected data were corrected
for empty cell and dark-field scattering.
DSC samples were prepared by loading 2−6 mg of bioconjugate

solution into hermetically sealed aluminum pans. Data was acquired

using a TA Instruments Discovery differential scanning calorimeter.
Samples were equilibrated for 5 min at 5 °C, followed by two cycles of
ramping to 40 °C at a rate of 10 °C/min, holding isothermally for 5
min, cooling to 4 °C at a rate of 10 °C/min, and holding isothermally
for 5 min. The initial heating cycle was used to determine the
transition temperatures.

Films were cast on all four different types of substrates from a 12
wt % solution under ambient conditions at a coating speed of 2.5 cm/
min with a blade angle of 4° and a 127 μm separation between the
blade and the substrate. The film dried quickly as it was cast, with the
evaporation front lagging ∼1 cm behind the blade. The dry films were
cured by immersion into 1.4 wt % glutaraldehyde in water at 45 °C to
cross-link the myoglobin for 20 s. The cross-linked films were rinsed in
deionized water for 20 s and dried under an air stream. Film thickness
was measured for films cast on the Si substrate using a Woollam M-
2000D spectroscopic ellipsometer. GISAXS patterns for these films on
Si were obtained at the Cornell High Energy Synchrotron Source
(CHESS) Beamline D1.

Samples for transmission electron microscopy (TEM) were
prepared by casting a film as described above onto a silicon nitride
TEM substrate with a membrane thickness of 20 nm and a window
size of 100 μm × 100 μm. The samples were stained with ruthenium
tetroxide vapors from a 0.5% aqueous solution for 20 min. Bright-field
images were obtained on a FEI Technai TEM using an accelerating
voltage of 120 kV and a LaB6 filament.

Reaction Measurements. Initial reaction rates were measured in
situ in polystyrene well-plates with a Tecan Infinite 200 PRO plate
reader. All measurements were performed at 25 °C and mixed
vigorously. The reaction solutions contained hydrogen peroxide and
2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) at con-
centrations varying from 5 μM to 1 mM in 50 mM sodium phosphate
buffer, pH 6.0. Comparative tests were taken at an ABTS and
hydrogen peroxide concentration of 100 μM each. Solution-phase
measurements were performed at an enzyme concentration of 0.258
nM. Film activity measurements were performed by adhering 0.25 cm2

films to the side of well plates with double-sided carbon tape to
prevent obstruction of the beam path.

Three different methods were used to prepare films for comparing
the catalytic activity of different films. First, to covalently bond an
enzyme monolayer to the reactive polymer film, glass coverslips were
cleaned by sequential sonication in acetone, methanol, and deionized
water for 10 min each. These films were then amine-functionalized
with 20 mM (3-aminopropyl)triethoxysilane in 90% isopropanol. A
thin film of poly(ethylene-alt-maleic anhydride) (PEMA) was cast on a
silicon substrate using a flow coater and cured at 120 °C for 2 h. After
cooling, the film was rinsed with acetone, immersed in a 5 mg/mL
solution of human myoglobin in 50 mM sodium phosphate buffer, pH
6.0, and incubated overnight at room temperature and then rinsed
with deionized water.58

Layer-by-layer (LBL) films were prepared, following a method
described by Lvov et al.25 A glass microscope slide, cleaned by
sequential sonication in acetone, methanol, 0.1 M NaOH, and
deionized water for 10 min each, was used as the film support. The
films were assembled by repeatedly, alternately immersing the
substrate solutions of myoglobin and of poly(styrenesulfonate)
(PSS) for 20 min per layer. The films were rinsed in deionized
water for 1 min and dried under an air stream between each
immersion. Both the myoglobin and PSS were at a concentration of 2
mg/mL in 50 mM phosphate buffer, pH 6.0, with 0.5 M sodium
chloride. Protein content in the films was determined spectrophoto-
metrically. The protein content was found to be linear with the
number of bilayers, and six bilayers of myoglobin and PSS were
needed to achieve the same protein quantity as in the conjugate film.

Polyurethane foams were prepared by combining polyurethane
prepolymer HYPOL 3000 with a 5 mg/mL solution of myoglobin in
50 mM phosphate buffer, pH 6.0 at a 1:1 ratio.27 The mixture was
stirred vigorously for 30 s until homogeneous in appearance, and the
resulting foams were cured at room temperature for 2 h. Samples for
activity testing were prepared using a razor blade to slice thin pieces
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from the bulk foam. Protein content in the foams was determined by
material balance.
NO detection was measured using hMb−PNIPAM film flow coated

onto a glass microscope slide and cross-linked as previously described.
A saturated NO solution made by dissolving 1.2 mM 1,1-diethyl-2-
hydroxy-2-nitroso-hydrazine sodium in 50 mM phosphate buffer at pH
7.4. Solutions at 30% and 50% dissolved NO saturation where made
by diluting the saturated solution with phosphate buffer. The films
were soaked in the NO solutions for 1 min, dried with a paper towel,
and absorbance spectra were taken immediately on a Varian Cary 50
Bio UV/visible spectrophotometer.
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