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ABSTRACT: In nearly all biosensors, sensitivity is greatly reduced for measure-
ments conducted in biological matrices due to nonspecific binding from off-target
molecules. One method to overcome this issue is to design a sensor that enables
selective size-based uptake of proteins. Herein, a protein−polymer conjugate thin-
film biosensor is fabricated that self-assembles into lamellae containing alternating
domains of protein and polymer. Analyte is captured in protein regions while
polymer domains restrict diffusion of large molecules. Device sensitivity and size-
based exclusion properties are probed using two analytes: streptavidin (SA, 52.8 kDa) and monomeric streptavidin (mSA2, 15.6
kDa). Tuning domain spacing by adjusting polymer molecular weight allows the design of films that relatively freely uptake
mSA2 and largely restrict SA diffusion. Furthermore, when detecting the smaller mSA2, no reduction in the limit of detection
(LOD) is observed when transitioning from detection in the buffer to detection in biological fluids. As a result, LOD measured
in fluid samples is reduced by 2 orders of magnitude compared to a traditional surface-immobilized protein monolayer.
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Proteins such as antibodies1 and other high-affinity
binders2,3 have seen widespread use as molecular

recognition elements in biosensors due to their ability to
bind a specific analyte with high sensitivity and selectivity.
After the analyte is captured in a biosensor, this binding event
is converted into a detectable signal using one of a variety of
mechanisms including colorimetric signal,4 electrical signal,5 or
optical measurements.6−8 For each of these detection
techniques, however, nonspecific binding from off-target
molecules increases the background signal, which can increase
the limit of detection (LOD) by orders of magnitude.9,10 This
noise issue is particularly problematic in blood, urine, and
other biological matrices commonly used for analysis, which
can contain molecules present at concentrations billions of
times greater than the target analyte.9 While methods have
been developed to at least partially overcome nonspecific
binding problems, such as by developing biosensor surface
morphologies that significantly enhance specificity for an
analyte,11,12 coating the biosensor surface with a hydrogel layer
or Nafion membrane,13 or using magnetic beads for
detection,14,15 these methods either have long-term stability
issues or increase biosensor complexity, thereby decreasing
robustness.
One potentially simple method to reduce nonspecific

binding in biosensors is through size-based exclusion. Though
preventing molecules significantly larger than the target analyte
from contacting the binding sites in a biosensor has been
demonstrated to improve device sensitivity, current technol-
ogies have primarily focused on separating small molecules
from proteins16,17 or proteins from red blood cells.18,19

Comparatively few methods have been investigated to
selectively detect small proteins in biological matrices despite

the presence of many relevant protein biomarkers that are
smaller than 15 kDa including markers for sepsis,20 heart
failure,21 and Alzheimer’s disease.22 These molecules are all
significantly smaller than the majority of proteins in blood23

and urine,24 providing a potential route for selective matrix
detection of these small proteins via size-exclusion methods.
Entropic repulsion of large proteins has been demonstrated

using a variety of polymeric materials. One of the most
commonly used techniques to prevent nonspecific adsorption
of large proteins onto a biosensor surface is through grafting
polymer brushes onto the device.25−27 Similar protein
exclusion properties have been observed in vesicles coated
with a polymer brush exterior.28,29 As polymer brush density
increases, the maximum size of a protein that can diffuse into
the brush decreases,30 which is consistent with theoretical
predictions.31 Size-exclusion behavior has also been observed
in hydrogels, in which smaller mesh sizes have been found to
increase the frictional force experienced by molecules diffusing
through the gel32,33 and cause exclusion of particles sufficiently
larger than this mesh size.34 Although the various aforemen-
tioned methods of entropic protein repulsion are effective at
excluding these molecules, the techniques have not been
incorporated into a biosensor for the purpose of differentiating
between differently sized proteins.
One material that could simultaneously provide size-based

exclusion of proteins and act as an effective biosensor is a
protein−polymer conjugate thin film. The self-assembly of
protein−polymer conjugates has been extensively studied,35−40
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revealing that these materials assemble analogously to
traditional diblock copolymers with an enhanced range of
conditions over which lamellae are formed.36 Within these
lamellar nanostructures, domains of densely packed protein
and polymer serve as regions that can allow analyte binding
and control diffusion into the material using size-based
exclusion, respectively. When cast into thin films, protein−
polymer conjugates contain binding sites throughout the entire
three-dimensional structure of the film, allowing enhanced
sensitivity compared to traditional biosensors utilizing surface-
immobilized proteins due to the larger effective areal density of
binding sites.35,41 Additionally, antibody−polymer conjugate
thin films were observed to permit diffusion of protein G (22
kDa) into the film, but excluded a horseradish peroxidase-
protein G fusion protein (66 kDa),41 providing evidence for a
size-based exclusion mechanism for diffusion.
In this work, the size-exclusion properties of protein−

polymer conjugate thin films are studied by varying the
molecular weight of the polymer block and the analyte. Shorter
polymer blocks and larger analyte size are found to restrict
diffusion into the films more. Furthermore, no decrease in the
limit of detection is observed when using a small analyte (15.6
kDa) or when transitioning from detection in the buffer to that
in biological fluids (blood and urine). The excellent sensitivity
in these fluids is attributed to the exclusion of larger molecules
in the fluids as well as the relatively enhanced diffusion rate of
the small analyte into the film. A model sandwich assay is also
designed for the protein−polymer conjugate thin film,
indicating the feasibility of performing an enzyme-linked
immunosorbent assay (ELISA) using this biosensor architec-
ture.

■ MATERIALS AND METHODS
Materials. All solvents were purchased from VWR, and all other

chemicals were purchased from MilliporeSigma and used without
further purification. Streptavidin labeled with Alex Fluor 647,
biotinylated horseradish peroxidase (biotin-HRP), and Alex Fluor
647 and 488 NHS esters were purchased from Thermo Fisher
Scientific. Whole blood was purchased from Research Blood
Components, LLC. Bovine serum albumin (BSA) was purchased
from MilliporeSigma. Unlabeled streptavidin was purchased from
New England Biolabs. Silicon wafers were purchased from Wafer
World, and quartz slides were purchased from Ted Pella, Inc.
Polymer Synthesis, Protein Expression, and Bioconjuga-

tion. Details of polymer synthesis, protein expression, and
bioconjugation reactions between polymer and protein are described
in the Supporting Information.
Thin Film Preparation. Silicon wafers (P-type silicon with boron

as a dopant, (100) orientation, single-side polished) cut into
rectangular sections or quartz slides (only used in experiments for
which binding intensity was measured as a function of film thickness)
were sequentially rinsed with acetone, methanol, and water. Substrates
were then dried under a filtered airflow and treated with oxygen
plasma for 3 min. Immediately following plasma cleaning, conjugate
samples rehydrated to 10 wt % in Milli-Q water were flow coated onto

the substrates in a chamber maintained at 60% relative humidity, as
described previously.42 To stabilize thin films against dissolution in
water, the cast films were preheated to 40 °C and immersed in a 1.4
wt % aqueous solution of glutaraldehyde at 40 °C for 20 s to lightly
cross-link the protein nanodomains. Immediately following immer-
sion, thin films were thoroughly rinsed with water until the surfaces
became hydrophilic, indicating complete removal of unlinked
glutaraldehyde. Films were dried under filtered air and stored at
ambient conditions until use. Film thickness was determined using a
Woolam M-2000D spectroscopic ellipsometer using a single-
incidence angle of 70°. Curves were fit using a three-layer model
consisting of a 0.4 mm bottom silicon substrate, a native silicon oxide
layer of 1.8 nm, and a top conjugate layer fit using a Cauchy model.
Thin films were characterized using grazing-incidence small-angle X-
ray scattering (GISAXS) as described in the Supporting Information.
rcSso7d.SA (Sso) monolayers were prepared by coupling protein
activated by 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide/N-hy-
droxysuccinimide (EDC/NHS) with amine-functionalized silicon
wafers using literature methods.43

Fluorescent Assays. The binding capabilities of Sso monolayers
and conjugate thin films were measured using fluorescently labeled
streptavidin (SA) and monomeric streptavidin (mSA2). Details of the
expression, purification, and fluorescent labeling of mSA2 are
provided in Supporting Information. Samples were prepared by serial
dilution of SA or mSA2 in PBS (pH 7.4), human urine (diluted to
50% v/v in PBS, pH 7.4), or blood serum (obtained as the
supernatant by centrifuging whole blood at 1500g for 10 min, and
then diluted to 50% v/v in PBS, pH 7.4). These solutions were gently
applied to the surface of a bioconjugate thin film or an Sso monolayer
as 0.5 μL drops. Films were incubated for a specified period of time in
a sealed chamber saturated with water vapor at room temperature to
prevent drying of the applied fluorescent samples. The films were then
rinsed with water for 10 seconds (a time determined to be sufficient
to remove unbound molecules from the film) (Figure S4), dried
under filtered air, and immediately analyzed for a fluorescent signal.
Fluorescence microscopy images were acquired at 4× magnification
using a Cy5 filter set and exposure time of 5000 ms on an Olympus
IX-81 inverted fluorescence microscope with an AxioCam HRC CCD
camera. Fluorescent intensity was calculated using ImageJ software44

by determining the average fluorescent signal in a rectangular area of
the fluorescent image free of defects and occupying no less than half
of the full sample application area. The corrected intensity was
determined by subtracting the fluorescent intensity of a sample from
that of an area on the substrate far away from regions exposed to
fluorescent samples.

Sandwich Assays. Bioconjugate thin films and Sso monolayers
were cut into 0.25 cm × 0.25 cm pieces and securely fastened to the
bottom of Falcon polystyrene 12-well plates using double-sided
carbon tape. Each well was submerged in 1 mL of 1% BSA in Milli-Q
water, and the 12-well plate was incubated at 37 °C for 30 min. The
wells were rinsed twice by adding 2 mL of Milli-Q water and by gently
shaking the well plate at 70 rpm for 5 min. Streptavidin (1 mL)
diluted in PBS, urine, or blood serum (prepared as described in the
Fluorescent Assays section) containing 0.1% BSA was then added to
each well, and the well plate was shaken at 70 rpm for 4 h at room
temperature. Wells were rinsed twice with 2 mL of Milli-Q water and
then twice with 2 mL of 0.1% BSA in Milli-Q water by shaking at 70
rpm for 5 min. After rinsing, wells were submerged in 1 mL of 200
ng/mL biotin-HRP in Milli-Q water containing 0.1% BSA, and the

Scheme 1. Bioconjugation of 3xSso Containing an N-Terminal Cysteine Residue to Maleimide-Functionalized PNIPAMa

aOrange regions in 3xSso are cartoon representations of the Sso7d crystal structure generated using Protein Data Bank ID 1SSO.47
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well plate was shaken at 70 rpm for 1 h at room temperature. Wells
were then rinsed with water and 0.1% BSA as described previously.
One milliliter of the solution from a Pierce TMB substrate kit
(Thermo Fisher Scientific) was added to each well, and the well plate
was shaken vigorously at 125 rpm for 15 min at room temperature.
One milliliter of 2 M H2SO4 was added to each well, and the
absorbance at 450 nm was read using a Tecan Infinite M200 PRO
plate reader.

■ RESULTS AND DISCUSSION
Characterizing Diffusion into Biosensor Thin Films.

Protein−polymer conjugate thin films were fabricated with a
wide range of domain spacings to control diffusion into the
films. Each conjugate was synthesized from a previously
reported trimer of rcSso7d.SA (3xSso),35 a modified DNA-
binding protein with high binding affinities for streptavidin
(SA)45 and a monomeric variant of streptavidin (mSA2),35,46

conjugated to poly(N-isopropylacrylamide) (PNIPAM;
Scheme 1). Thin films created using these conjugates all
adopted a weak lamellar morphology (Figure 1) with domain
spacings ranging from approximately 20 to 55 nm (Table 1)

when swollen with water. Lamellar spacing was only observed
in horizontal linecuts to GISAXS data (Figure 1), not in
vertical linecuts (Figure S5), suggesting that the lamellae
adopted a predominantly perpendicular orientation. The film
domain spacings were consistently larger than those measured
in dry bulk conjugate samples (Figure S6, Table S1),
presumably due to the swelling of PNIPAM causing an
expansion of domains in the films.

Fluorescent assays performed on the thin films revealed
gradual uptake of the analyte. To assess the effects of analyte
size on diffusion into the films, the two aforementioned
analytes that could be detected by the biosensor, SA (52.8
kDa) and mSA2 (15.6 kDa), were fluorescently labeled and
exposed to the films for a prescribed time. The thin films were
then rinsed, and measured for fluorescent intensity indicative
of protein bound to the film. These experiments were also run
using a monolayer of rcSso7d.SA (Sso) immobilized onto a
surface, allowing a direct comparison between the thin films
and traditional surfaced-immobilized protein biosensors. Both
SA and mSA2 displayed a continuous uptake into the ∼160
nm films over at least 8 h, whereas the monolayers were
observed to equilibrate with the protein solution after 30 min
(Figure 2). Film structure and domain spacing were not found
to change as a result of film swelling over an 8 h time period
(Figure S7), suggesting that films remained stable throughout
the experiment. It is worth noting that the film exposed to SA
reached the same intensity observed in a monolayer after ∼4.5
h, while the thin film exposed to mSA2 reached this intensity
after only ∼2.5 h. These results are consistent with the idea
that analyte size controls diffusion into these conjugate thin
films. For a given domain spacing, a smaller molecule, such as
mSA2, should experience less restricted diffusion into the films
than a larger molecule, such as SA, due to the easier uptake of
the smaller molecule into the polymer nanodomains (Figure
3a). Similarly, all molecules would be expected to diffuse into
the films more quickly as domain spacing increases (Figure
3b). Because SA displayed slower uptake than mSA2 (relative
to a monolayer) into films with the same domain spacing, it
appears that the analyte size does indeed affect the uptake rate.
Thus, even this initial experiment provided evidence that the
larger SA molecule experienced greater resistance to diffusion
into the bioconjugate films than mSA2.
Larger domain spacings allowed faster diffusion into the thin

films. Fluorescent assays were again run with both SA and
mSA2, but films were exposed to protein solution for only 30
min to study diffusion into the thin films at early time points
prior to saturation at equilibrium binding conditions. The
fluorescent intensity remained constant with increasing film

Figure 1. (a) Fit GISAXS horizontal linecuts used to calculate domain spacing in swollen thin films and (b) corresponding GISAXS patterns. In
both (a) and (b), images represent data for 3xSP9.6k, 3xSP23.3k, 3xSP30.3k, 3xSP56.1k, and 3xSP77.6k from left to right. GISAXS patterns were
collected at an incident angle of 0.140°.

Table 1. Composition of 3xSso−PNIPAM Conjugates

conjugate
PNIPAM Mn

(kDa) PNIPAM Đ
protein weight

fraction
domain

spacinga (nm)

3xSP9.6k 9.6 1.05 0.72 21.9
3xSP23.3k 23.3 1.06 0.52 30.6
3xSP30.3k 30.3 1.08 0.45 32.0
3xSP56.1k 56.1 1.11 0.31 43.5
3xSP77.6k 77.6 1.13 0.24 53.9

aCalculated from GISAXS horizontal linecuts (Figure 1a).
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thickness for films with the smallest domain spacings when
using SA as the analyte (Figure 4a). This behavior suggests
that SA is only able to diffuse a small distance (less than the
thickness of the shortest thin film) into the films within 30
min, resulting in SA only binding in a region at the surface of
each film. Only in thin films constructed from 3xSP77.6k,

which had the largest domain spacing, was an increase in signal
with film thickness observed when using SA as the analyte
(Figure 4b). In these films, SA is seemingly capable of diffusing
through the entire thin film, causing this analyte to come into
contact with and bind to more binding sites in thicker films.
Because this less restricted diffusion was only observed in the
films with the largest domain spacing, these findings further
support the idea that domain spacing controls diffusion into
the films.
Film thickness measurements conducted using mSA2 as the

analyte indicated that this smaller protein experienced less
restricted diffusion into thin films. In contrast to the constant
intensity observed when using SA, films with the four smallest
domain spacings all showed an increase in fluorescent intensity
with film thickness (Figure 4c). As such, the analyte could fully
access the binding sites within thin films with a significantly
smaller domain spacing when mSA2 was used as the analyte
(21.9 nm) than when SA was used (53.9 nm). Furthermore,
when using mSA2, no change in the signal with film thickness
was found for 3xSP77.6k thin films (Figure 4d). It is possible
that, due to the significantly lower density of binding sites
within the 3xSP77.6k films resulting from the low mass fraction
of protein in this conjugate (Table 1), the greater intensity
from increased mSA2 binding is difficult to detect. Indeed,
only a very small increase in signal was observed with
increasing film thickness when SA was added to these same
thin films (Figure 4b). On the whole, however, the different
binding patterns when using mSA2 and SA strongly suggest
that the smaller size of mSA2 permitted easier diffusion into
the films.

Biosensing Capabilities. Sensing in Buffer. To evaluate
how the apparent size-based diffusion properties translated to
biosensing capabilities, binding curves were measured using SA
and mSA2 solutions in the buffer. Binding curves were fit with
a quadratic model described in the Supporting Information
that is a function of three parameters: the average MFI per
binding event α, the total concentration of binding sites [P]T,
and the apparent dissociation constant Kd,app describing the
binding equilibrium between analyte and binding sites within
the thin film. Best-fit values for these parameters are provided
in Table S2. Nearly all independent fits gave 95% confidence
intervals for α that contained the value 100 MFI/nM,
demonstrating good self-consistency of the model. Limit of
detection (LOD) was calculated as the concentration along the
binding curve at which the measured intensity was three times
the standard deviation of a blank sample measured on the same
film.
An Sso monolayer, in general, outperformed the 3xSso-

PNIPAM biosensor thin films when exposed to SA solutions
(Figure 5a). The sensitivity of films fabricated from conjugates
with the smallest domain spacing (3xSP9.6k) was over an
order of magnitude lower after 30 min of exposure and
approximately 2-fold higher after 4 h of exposure compared to
a monolayer (Figure 5b). These results are consistent with
findings that 3xSP9.6k films significantly restricted SA diffusion
(Figure 4a). In contrast, 3xSP77.6k films that allowed much
less restricted transport of SA (Figure 4b) were found to
approach the sensitivity of a monolayer after 4 h and displayed
slightly enhanced sensitivity after 8 h, demonstrating the
positive effect of enhanced SA diffusivity on device perform-
ance. This improved diffusivity in 3xSP77.6k films is best
demonstrated by comparing the 30 min data for the two
conjugate films. Because the 3xSP77.6k film has a significantly

Figure 2. Fluorescent assays indicating the diffusion of (a) SA and (b)
mSA2 into bioconjugate thin films over time. The film in (a) was 152
nm thick and exposed to an 800 nM solution of SA, and the film in
(b) was 166 nm thick and exposed to an 800 nM solution of mSA2.
Results are compared to those obtained using an Sso monolayer.
Error bars represent the standard deviation of three replicates.

Figure 3. Diagram of SA (red) and mSA2 (blue) diffusion into 3xSP
conjugate thin films with (a) a small domain spacing and (b) a larger
domain spacing. Green arrows represent relatively quick diffusion into
the film, while yellow arrows represent greatly restricted diffusion.
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lower density of binding sites than the 3xSP9.6k film, it would
be expected that at equilibrium, the 3xSP9.6k film would
display a significantly stronger fluorescent signal. Since,
instead, the 3xSP77.6k thin film shows a greater fluorescent

intensity after 30 min (prior to reaching equilibrium), it is
likely that SA has a greater diffusivity in this film, enabling the
protein to penetrate further into the film within this short time
frame. In fact, the binding curve fits reveal that nearly four

Figure 4. Results of 30-min fluorescent binding assays performed in bioconjugate thin films using (a, b) SA or (c, d) mSA2 as the analyte. Films
were cast on quartz slides to reduce background signal. Graphs are divided to differentiate between films with (a, c) low Mn PNIPAM and similar
behavior and (b, d) high Mn PNIPAM and similar behavior. Lines in the figure are drawn to guide the eye. The films were exposed to a 4 μM
solution of (a, b) SA or (c, d) mSA2. Error bars represent the standard deviation of three replicates.

Figure 5. Binding curves for conjugate thin films exposed to (a) SA or (c) mSA2 in PBS for different periods of time. Results are compared to those
obtained using an Sso monolayer with 4-h exposure time. The limit of detection determined for each binding curve is reported for films exposed to
(b) SA or (d) mSA2. Film thicknesses are listed in Table S2. Error bars represent the standard deviation of three replicates.
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times as many binding sites are accessed in the 3xSP77.6k film
after 30 min, despite the lower total concentration of binding
sites in this film (Table S2). Both films, though, demonstrate
an increased number of accessible binding sites and Kd,app value
(which approaches but does not reach the monolayer value)
over time. These observations are reasonable, as SA would be
expected to further diffuse into the film over time, gradually
accessing more binding sites and approaching the equilibrium
value for the bound analyte concentration. This slow approach
to equilibrium binding conditions is also consistent with the
finding that thin films require significantly more time to
saturate than a simple protein monolayer (Figure 2a). Overall,
these results indicate that compared to a monolayer, SA is
largely excluded from the thin films due to reduced diffusivity,
and the diffusion properties can be tuned by changing domain
spacing.
When using mSA2 as the analyte, the studied protein−

polymer conjugate thin films displayed enhanced sensitivity
compared to a protein monolayer. 3xSP9.6k films and
3xSP56.1k films were used to compare the biosensing

capabilities of films that allowed complete mSA2 diffusion
(Figure 4c) but have a large difference in the density of binding
sites. While both films achieved a lower LOD than the Sso
monolayer after 4 h (Figure 5c,d), using the film with a smaller
domain spacing (3xSP9.6k, a 10-fold reduction in LOD)
reduced the LOD more than using the film with the larger
domain spacing (3xSP56.1k, a ∼4-fold reduction in LOD). As
the opposite trend was found when using SA, mSA2 is likely
small enough relative to the domain spacing in 3xSP9.6k films
such that the reduction in diffusivity compared to that in
3xSP56.1k films is not large enough to overcome the
sensitivity-enhancing effect of the greater density of binding
sites. This effect, however, is not a result of mSA2 accessing
more binding sites in the 3xSP9.6k film, as over four times the
number of binding sites are accessible in the 3xSP56.1k films
(Table S2). Instead, it appears that the enhanced sensitivity
results from a lower Kd,app value within the 3xSP9.6k film
(Table S2), indicating that a greater fraction of mSA2 remains
bound to these films. Thus, unlike when detecting SA, the thin-

Figure 6. Binding curves for conjugate thin films exposed to (a, b) SA or (c, d) mSA2 in (a, c) 50% urine or (b, d) 50% blood serum solutions for 4
h. Results are compared to those obtained using an Sso monolayer with 4-hour exposure time. The limit of detection determined for each binding
curve is reported for (e) urine samples and (f) blood samples. Film thicknesses are listed in Table S3. Error bars represent the standard deviation of
three replicates.
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film biosensors were able to effectively uptake and bind the
smaller protein mSA2.
Sensing in Biological Fluids. Binding curve measurements

in blood serum and urine (both 50% diluted) demonstrated
that the size-based exclusion properties of the conjugate thin
films could enable enhanced selectivity in biological fluids.
3xSP9.6k, 3xSP30.3k, and 3xSP77.6k films were used for these
experiments, allowing comparison of device sensitivity using a
range of domain spacings. When detecting SA, the thin films in
general performed comparably to a monolayer (Figure 6a,b).
In both blood serum and urine, the monolayers and most thin-
film samples experienced an approximate 4- to 5-fold increase
in LOD compared to measurements in the buffer as a result of
nonspecific binding from other molecules in the fluid (Figures
5b, 6e,f). Correspondingly, the binding events in each film
could be described by a Kd,app value ∼4−5 times that of the
monolayer value in the buffer (Table S3). In fact, nearly all
films were found to have the same concentration of accessible
binding sites as a monolayer (Table S3), suggesting
inaccessibility of most binding sites likely resulting from
restriction of diffusion into the film. Additionally, the
relationship between sensitivity and domain spacing mirrors
that found in buffer, as 3xSP9.6k and 3xSP30.3k films greatly
restrict SA diffusion and perform worse than the monolayer,
while the 3xSP77.6k urine sample performance is indistin-
guishable from that of the monolayer. The one outlier to this
trend is the 3xSP77.6k blood sample, which displays a nearly 2-
fold reduction in LOD compared to the Sso monolayer (Figure
6f). This enhanced performance may be attributable to the
larger size of proteins in blood than in urine,23,24 enabling SA
to diffuse into the thin films faster than a greater fraction of
proteins in the blood.
In the tested biological fluids, the small protein mSA2 could

be detected with LOD values 2 orders of magnitude lower than
those obtained when using a simple monolayer as the
biosensor (Figure 6c−f). Whereas the sensitivity of the
monolayer in the fluids was up to an order of magnitude
worse than in buffer, the thin films showed no change or slight
improvement in sensitivity. Though the linear ranges for these
sensors cannot be fully calculated from the data set, estimates

of these ranges also suggest that the conjugate thin films have
significantly wider linear ranges than the monolayer (Table
S4). The apparent improvement in thin-film performance is
likely a consequence of using slightly thicker films for the
experiments performed in biological fluids (Table S3). Indeed,
more binding sites were accessible in these samples than in
those used for buffer experiments (Tables S2-3). Kd,app values
were also consistently lower in the thin films than in the
monolayers, implying that less nonspecific binding occurred in
the thin films due to the greater exclusion of proteins larger
than mSA2 (Table S3). As expected, the Kd,app values increased
with increasing domain spacing, corresponding to more
proteins being able to penetrate films with larger domain
spacings. These findings further demonstrate that domain
spacing can be tuned to allow selective uptake of small
proteins.
The sensing capabilities of the designed protein−polymer

conjugate thin-film biosensors provide substantial improve-
ments to sensing in biological fluids compared to existing
technologies. While previous studies have demonstrated that
precisely designing the surface morphology of biosensors can
allow sensitive analyte detection in the presence of other
proteins,11,12 these works either do not test their devices in
mixtures of more than a few proteins12 or show signal
reduction when measurements are conducted in biological
fluids.11 In contrast, protein−polymer conjugate thin films
exhibit no substantial reduction in signal or sensitivity when
detecting a small protein in either serum or urine. As a more
direct comparison to the biosensors developed in this study,
porous silicon biosensors have been reported that act as both a
filter and a substrate for biomolecule detection in whole
blood.48 Although the size of the silicon pores can be tuned to
only permit molecules below a certain size to enter the pores
(analogous to the domain spacing of polymer domains in
protein−polymer conjugate thin films), nonspecific binding is
still a potential issue. Blocking agents and wash buffers are
required to prevent off-target molecules that are small enough
to diffuse into the pores from blocking surface binding sites.
Because protein−polymer conjugate thin films contain binding
sites not only on the surface of the device but also throughout

Figure 7. Schematic of model sandwich assay performed in conjugate thin-film biosensors.
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the entire volume of the films, however, no blocking agents or
rinsing steps are required to prevent nonspecific binding.
Sensor Stability. The developed biosensors displayed

excellent stability for a protein-based sensor. When exposed
to ambient conditions, films showed no significant decrease in
binding capabilities over 4 weeks (Figure S8a). Furthermore,
when stored at 60 °C and 60% relative humidity, the films were
still able to bind analyte to 50% of their original capacity after 2
weeks, only becoming completely inactive after 4 weeks. The
exceptional temperature stability is unsurprising, given that the
Sso protein used as the molecular recognition element in these
biosensors was engineered from a protein native to a
hyperthermophilic microbe and was previously demonstrated
to be resistant to extreme temperatures.45 GISAXS linecuts
indicated that no structural change had occurred in the films
after 2 weeks (Figure S8b), suggesting that the decrease in
binding capability was the result of 3xSso denaturing without
causing microstructural rearrangement.
Sandwich Assay Demonstration. To demonstrate that

the thin-film biosensors could be used in detection formats
beyond simple imaging of fluorescently labeled analytes, model
sandwich assays were performed in the films. Specifically, these
tests were designed to demonstrate the feasibility of using the
films for multistep detection assays such as a sandwich ELISA.
The general procedure for this proof-of-concept experiment is
illustrated in Figure 7. Films were first exposed to SA solutions
and rinsed to remove unbound analyte. Taking advantage of
the strong interaction between SA and biotin, thin films were
then submerged in a solution of biotinylated horseradish
peroxidase (biotin-HRP). Bound SA was detected colorimetri-
cally through the HRP-mediated oxidation of 3,3′,5,5′-
tetramethylbenzidine (TMB). Attempts to perform this assay
using mSA2 as the analyte were unsuccessful, even when run
on an Sso monolayer. Binding experiments with fluorescently
labeled biotin-HRP revealed extremely weak binding between
biotin and mSA2 (Figure S9), which is consistent with
previous reports of the biotin−mSA2 dissociation constant
being multiple orders of magnitude greater than that for biotin
and streptavidin.46,49

When SA was applied to the bioconjugate films in the buffer,
the films generally performed as well as a monolayer (Figure
8). In contrast to the findings using fluorescent assays,
3xSP9.6k films achieved essentially the same LOD as an Sso
monolayer, while the LOD attained with 3xSP77.6k films was
nearly twice as large. LOD was also found to be effectively
independent of film thickness, giving a sensitivity that only
varied based on the conjugate used to fabricate the film.

Together, these results suggest that detection only occurred
within a thin layer at the film surface. If diffusion limitations
were significant enough to restrict analyte access to the
majority of the film volume, the absorbance in 3xSP77.6k films
would be predicted to consistently be less than that in
3xSP9.6k films due to the lower fraction of binding sites in the
former films (Table 1). This expectation is consistent with
experimental observations and is reasonable when considering
that in these experiments, HRP was also required to diffuse
into the films to observe a signal. The relatively large size of
HRP (44 kDa) combined with likely steric hindrance from SA
molecules bound to the film may have resulted in restrictions
to diffusion greater than that in one-step fluorescent binding
assays.
Sandwich assays exposed to SA in urine and blood serum

gave similar results to those found using fluorescent assays. As
was observed in the fluorescent assays (Figure 6a), LODs for
all tested thin films were similar to that of a monolayer when
SA was dissolved in 50% urine (Figure S10a). For SA samples
in 50% blood serum, the LOD values for 3xSP9.6k and
3xSP30.3k films were 2-fold greater than that for an Sso
monolayer (Figure S10b), again mirroring results for the
fluorescent assays (Figure 6b). Unlike the fluorescent assays,
however, for which 3xSP77.6k films were found to give a slight
improvement in LOD, these same films resulted in a 2-fold
greater LOD than a monolayer in the sandwich assays, possibly
due to additional diffusion limitations for HRP. Though
sandwich assay experiments could not be performed using
mSA2 as the analyte, the general similarities between findings
for fluorescent and sandwich assays suggest that sandwich
assays with a smaller analyte would yield improved LOD values
relative to a monolayer. Regardless, model sandwich assays
using SA still demonstrate that these assays are feasible in the
fabricated conjugate thin films.

■ CONCLUSIONS

3xSso-PNIPAM thin films display an apparent size-based
diffusional resistance for proteins entering the film. Experi-
ments performed with both mSA2 and the larger protein SA
reveal that SA experiences greater resistance to diffusion into
the films. In all cases, SA either demonstrates a longer
timescale for diffusion into the thin films or requires films with
larger domain spacings to allow appreciable uptake. By varying
the molecular weight of the polymer block in the protein−
polymer conjugates used to create the thin films, domain
spacing can be adjusted to tune the size of proteins that the
films could uptake. This simple tuning method should allow
the facile design of biosensors optimized for the uptake of a
target analyte.
The size-based uptake properties of the bioconjugate thin

films are also found to enable greatly enhanced biosensor
performance in biological fluids. Not only do these films
achieve an LOD an order of magnitude lower than that of a
traditional surface-immobilized protein biosensor in the buffer,
but also the LOD is found to be up to 2 orders of magnitude
lower for detection in biological fluids due to minimization of
nonspecific binding events. Model sandwich assays performed
in the thin films generally match results in fluorescent binding
assays, demonstrating the potential for application in a variety
of detection formats. With their easily tunable structure and
highly sensitive detection capabilities, the designed protein−
polymer conjugate thin films represent an extremely promising

Figure 8. Binding curves for sandwich assays performed with SA in
PBS. Error bars represent the standard deviation of three replicates.
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technology for the detection of small proteins and peptides
(molecular weight < ca. 15 kDa) in biological matrices.
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