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ABSTRACT: Understanding nanoscale protein conformational changes at solid−liquid
interfaces is critical for predicting how proteins will impact the performance of biomaterials in
vivo. Crowding is an important contributor to conformational stability. Here we apply single-
molecule high resolution imaging with photobleaching to directly measure dye-conjugated
fibronectin’s unfolding in varying conditions of crowding with human serum albumin on
aminosilanized glass. Using this approach, we identify serum albumin’s crowding mechanism.
We find that fibronectin achieves larger degrees of unfolding when not crowded by
coadsorbed serum albumin. Serum albumin does not as effectively constrict fibronectin’s
conformation if it is sequentially, rather than simultaneously, introduced, suggesting that
serum albumin’s crowding mechanism is dependent on its ability to sterically block
fibronectin’s unfolding during the process of adsorption. Because fibronectin’s conformation is
dependent on interfacial macromolecular crowding under in vitro conditions, it is important
to consider the role of in vivo crowding on protein activity.

Controlling interfacial protein conformation is important
for the rational design of safe and effective medical

biomaterials.1,2 Proteins adsorbed to medical nanoparticles
(NPs) can interfere with cellular processes3,4 or induce NP
aggregation5−7 because adsorption and conformation are
sensitive to local chemical and physical properties8−13 as well
as concentration and composition.14 Mobile biomaterials may
experience changes in local environment that can affect
previously adsorbed proteins.15 Crowding in particular can
affect protein conformation,16−21 yet many surface-adsorbed
protein studies do not consider crowding conditions.13,22 Even
in single-component protein experiments, crowding influences
protein conformation as a function of concentration.12,23,24 For
example, at physiologically relevant BSA concentrations, BSA
forms a stable monolayer on NPs with no detectable
conformational changes,25−27 but at low BSA concentrations,
BSA was reported to unfold and induce NP aggregation.5

Because BSA is the most abundant protein in blood and is the
dominant adsorbed species when surfaces are exposed to
serum,28−30 BSA might serve as a crowding agent at interfaces.
Numerous studies explored serum protein conformation on

albumin-crowded surfaces, but questions about mechanistic
details between different proteins remain. Fibronectin (Fn) is
an abundant and large serum protein that exhibits compact
quaternary structure in solution31,32 and can unfold to contour
lengths >100 nm at interfaces.33 Fn participates in cellular
adhesion and wound healing34,35 when its conformational
changes expose arginine-glycine-aspartate (RGD) epitopes that
interact with cells’ integrin receptors.36 Fn’s conformational
stability is influenced by self-crowding,37 but its interactions
with the more abundant human serum albumin (HSA) are

likely crucial.30 Several prior studies of interfacial Fn
conformation did not consider HSA crowding or, if they did,
used higher Fn/HSA ratios than are physiologically rele-
vant.38,39 Fn/HSA layers were compared to self-crowded Fn-
only layers30,38−43 but without considering HSA’s direct
influence on dispersed Fn. Conventional ensemble-averaged
methods (e.g., quartz crystal microbalance,38,40,44 circular
dichroism,16,42 Fourier-transform infrared spectroscopy37,45,46)
can lack the sensitivity to study Fn conformation in HSA-
dominated conditions.40 How different proteins compete for
surface space to adsorb and unfold is therefore not entirely
understood. For instance, several groups reported that HSA
displaced substrate-bound Fn at the ensemble level.44,47

Because proteins generally experience conformational changes
when they initially interact with a substrate,2 displacement
would suggest that HSA can modify Fn’s conformation.
However, other work proposed that preadsorbed Fn,38 and
other proteins,48 resisted displacement. New experimental
methods are necessary to answer mechanistic questions about
how HSA crowds Fn in competitive scenarios.
In contrast to these ensemble studies, single-molecule

fluorescence imaging strategies can sensitively probe a single
surface-adsorbed protein’s conformation under physiologically
relevant conditions and can provide new insights on
mechanistic details. Fo rster resonance energy transfer
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(FRET) spectroscopy can measure the distance between donor
and acceptor fluorophores attached to specific protein residues
as a function of the fluorophores’ relative intensity with ∼1 nm
resolution.49−52 However, FRET is limited to distances less
than 10 nm.13,49,53,54 Single-molecule high resolution imaging
with photobleaching (SHRImP)55 is one of several techniques
that can “superlocalize”56 single emitters below the diffraction
limit of light57−60 and measure the distance between two
emitters on the same biomolecule with <20 nm resolution.61,62

Superlocalization techniques are applicable for studying larger
ranges of protein conformation, such as those explored by
cadherin63 and Fn,22 and can track single proteins in complex
environments like the actin cytoskeleton64 and extracellular
matrix.65,66

In the current work, we applied SHRImP to determine the
mechanism by which HSA crowds surface-adsorbed Fn on
aminosilanized glass. After generating interdye distance
distributions for Fn in varying crowding conditions, we
assessed the influence crowding has on Fn conformation.
First, we tested whether the concentration of HSA influences
its crowding effect on Fn when both proteins are exposed to
the substrate simultaneously. HSA-containing conditions are
physiologically relevant while the Fn-only condition represents
a common experimental simplification. Next, we varied protein
exposure order to test whether HSA’s crowding mechanism
relies on HSA sterically blocking space prior to Fn unfolding or
HSA’s interference with Fn-substrate attraction. These protein
environment changes are physiologically relevant for mobile
biomaterials, like NPs, that experience dynamic environments.
Single-Molecule Measurements. Single Alexa 546-labeled Fn

(Fn-546) unfolding was imaged with sub-diffraction-limited
precision using SHRImP (Figure 1). We labeled dimeric Fn’s
four free cysteine residues of known location (Figure S1A)
with Alexa 546 maleimide.67 We then exposed Fn-546 with
and without HSA to an aminosilanized glass surface (Figure
1A) and imaged the surface-adsorbed Fn-546’s emission with a
widefield total internal reflection fluorescence (TIRF)
configuration (Figure 1B). We chose an amine-terminated
substrate because it is an appealing biomaterial surface
chemistry due to its hydrophilicity and tendency to decrease
nonspecific protein adsorption.68 SHRImP was performed as
follows: After identifying single Fn-546 in an image (Figure
1C), we monitored the intensity of each single Fn-546 over
time to identify photobleaching steps using a step transition
and state identification (STaSI) algorithm (Figure 1D).69 As
shown in Figure 1D, individual Alexa 546 emitters were
isolated via image subtraction: two-emitter image minus one-
emitter image. Resulting emission profiles were superlocalized
via 2D Gaussian fitting, allowing interdye distances to be
calculated. To determine the localization precision of our
SHRImP method, we measured Alexa 546-dual-labeled duplex
DNA rulers of known length (Figure S2). We calculated that
our SHRImP method has an 8 nm experimental localization
precision. Supporting Information section 2a contains addi-
tional details about the DNA controls and localization
calculations.
Inf luence of HSA Concentration on Fn Unfolding. Fn-546

unfolds less in the presence of HSA. We exposed Fn-546 to
aminosilanized glass with varying concentrations of HSA (0−
45 mg/mL) and performed SHRImP analysis on photo-
bleaching movies. Each experiment was performed in triplicate,
and individual trials are depicted as complementary cumulative
distribution functions (CCDFs) in Figure S3. Figure 2 shows

the combined data. We represent the distance distribution of
each experimental condition as an averaged histogram from
multiple trials. The histograms reveal that surface-adsorbed Fn-
546 unfolding produced skewed distributions. The range of
interdye distances is consistent with Fn-546’s size and the dye
locations. In solution, Fn-546’s labels are <16 nm apart due to
its native globular quaternary conformation.67 On surfaces, Fn
rearranges and produces an elongated rod-like structure with
possible distances of 86 nm or larger.22,33,67,70 The observed
range of distances is similar to the Vogel group’s earlier
measurements of uncrowded Fn adsorbed to hydrophilic
surfaces using a similar method.22

We observed that the uncrowded Fn-only interdye distance
distribution exhibits a greater prevalence of large distances
compared to HSA-crowded conditions. Figure 2B compares
CCDFs on a logarithmic y-axis to accentuate the distributions’
tails. Shaded regions indicate the standard deviation of
triplicate trials that were averaged. Here, the Fn-only
distribution diverges from the HSA-crowded distributions.
The inset in Figure 2B shows how the fraction of interdye
distances larger than 50 nm varies as a function of HSA
concentration. On the basis of error bars in both the CCDFs
(Figure 2B) and the fraction of larger than 50 nm distances
(inset of Figure 2B), we can distinguish Fn-only from all HSA-
crowded conditions, but not the HSA-crowded conditions

Figure 1. Super-resolved Fn-546 unfolding quantified with SHRImP.
(A) Sample preparation: Fn-546 adsorbs to an aminosilanized glass
surface with or without unlabeled HSA. (B) Excitation scheme:
Widefield objective-based TIRF microscopy collects Fn-546’s
emission. (C) Example widefield image of surface-adsorbed Fn-546.
(D) SHRImP55 applied to single Fn-546 in the green box in panel C
showing photobleaching steps identified with the STaSI algorithm.69

The inset shows the image subtraction used to isolate single emitters
that bleach during each step. Superlocalization is performed on the
single-emitter images (pink and subtracted).
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from each other. As further proof of the quantitatively distinct
unfolding distributions observed for Fn-only versus HSA-
crowded conditions, the Kolmogorov−Smirnov (K−S) stat-
istical test for non-normal data reveals that the Fn-only
statistically differs from all HSA-crowded conditions with 95%
confidence (p < 0.05, Table S1).
Our results suggest that HSA crowding prevents Fn-546

from accessing open conformations that are possible in
uncrowded conditions. Previous single-molecule measure-
ments showed that surface-adsorbed Fn exhibits many possible
conformations.22,33,70 Uncrowded Fn-546 exhibits a higher
occurrence of >50 nm interdye distances than HSA-crowded
Fn-546 (Figure 2), indicating that Fn-546 explores additional
unfolded conformations in the absence of HSA. Earlier in-
solution studies of various proteins found that macromolecular
crowding limits the number of states a protein can access via
the excluded volume effect, in which short-range repulsive
interactions between crowding agents favor compact config-
urations.18,19 At interfaces, steric repulsion between neighbor-
ing adsorbed proteins also influences conformation. Ensemble
Fourier-transform infrared spectroscopy measurements of Fn
adsorbing to surfaces over time revealed that collective surface-
adsorbed Fn exhibited decreasing levels of denaturation as
more Fn bound to the surface,37 suggesting that Fn sterically
crowds itself. Our results indicate that HSA crowding sterically
limits Fn-546’s unfolding. We hypothesize two possible
mechanisms for HSA crowding: (1) HSA occupies surface
sites before adsorbed Fn can unfold, or (2) HSA displaces Fn
or forces its refolding even after Fn has adsorbed and unfolded.
In our first set of experiments, HSA reaches the surface faster
than Fn-546 due to its higher abundance,71 and as a result,
HSA outcompetes Fn at physiologically relevant ratios.30

However, prior work also illustrated that HSA displaces Fn on
a variety of surface types, suggesting that HSA modifies the Fn-
substrate interaction even after Fn has adsorbed and
unfolded.44,47

Our assessment of Fn-546’s conformation provides mech-
anistic support for earlier studies, but functional outcomes of
Fn’s crowding depend on many factors. Fn’s functionality relies
on availability of its RGD epitopes, located in each monomer’s
FnIII-10 module, that interact with cells’ integrin receptors.36

Fn-546’s cysteine labels are located on either side of the RGD

region (FnIII-7 and FnIII-12).67 Therefore, differences in
SHRImP distances describe conformational changes that could
affect integrin’s accessibility. Zelzer and co-workers found that
Fn coadsorbed with HSA on hydrophilic amino plasma
polymers at physiological concentration ratios exhibited
stronger cellular adhesion than Fn adsorbed alone.43 On the
basis of quartz crystal microbalance dissipation experiments,
they proposed that HSA crowding inhibits Fn unfolding.43 Our
quantification of Fn-546’s conformation with and without HSA
crowding confirms that HSA restricts Fn unfolding. However,
increased crowding does not always improve Fn’s activity. It
has been reported that lower, rather than higher, densities of
surface-bound Fn improves cellular attachment24,72,73 due to
greater RGD region exposure.72,73 Similarly, Fn adsorbed to
hydrophilic gold surfaces exhibited decreased RGD exposure
when coadsorbed with HSA,39 possibly suggesting that HSA
crowds Fn too much on that surface. In contrast, HSA’s
presence improved Fn’s RGD exposure on hydrophobic
surfaces.38 Because Fn exhibits decreased cellular adhesion
capabilities73 and increased unfolding22 on hydrophobic
surfaces, crowding is expected to help Fn resist denaturation.
Although Fn’s functionality depends on surface chemistry and
other factors, our findings provide support for the mechanism
that crowding stabilizes Fn conformation.
Inf luence of Protein Exposure Order on Fn Unfolding. Fn-546

unfolding is sensitive to the order of exposure to crowding by
HSA. In order to assess the impact of exposure order on Fn
conformation, we allowed Fn-546 to interact with amino-
silanized glass for 30 min prior to introducing 45 mg/mL HSA.
The resulting SHRImP-determined distance distribution is
similar to the Fn-only condition in that there is an extended
distribution of large interdye distances (Figure 3A, Figure S4).
Figure 3A shows the pre-exposed Fn-546 condition (Fn-then-
HSA) as a CCDF alongside the previously discussed
conditions: Fn-only and Fn-546 plus 45 mg/mL HSA (Fn +
HSA). Using the K−S comparison, we find that Fn-then-HSA
is statistically similar to Fn-only but distinguishable from Fn +
HSA (Table S1).
Our results show that HSA’s ability to restrict Fn-546’s

unfolding depends on exposure order. Not only does changing
exposure order allow us to explore HSA’s crowding
mechanism, but it also has physiological relevance for mobile

Figure 2. Fn-546’s interfacial unfolding is restricted by HSA crowding. (A) Distributions of SHRImP-determined interdye distances on single
surface-adsorbed Fn-546 with varying concentration of HSA shown as averaged 5 nm binned histograms from triplicate experiments. (B) CCDFs of
the same distributions. The dashed line indicates 50 nm, corresponding with the inset that depicts the fraction of the distribution that exhibits
interdye distances larger than 50 nm. Shaded regions and error bars represent the standard deviation among triplicate experiments for each
condition.
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biomaterials that experience changing protein environments in
the body.15 We propose two mechanisms: (1) HSA prevents
Fn unfolding by occupying substrate space before Fn unfolds,
and (2) HSA displaces Fn or forces its refolding after Fn
already adsorbed. If mechanism 1 is true then the Fn-then-
HSA SHRImP distribution would be similar to the Fn-only
distribution, and if mechanism 2 is true then the Fn-then-HSA
distribution would be similar to the Fn + HSA distribution.
Because K−S statistics distinguish the Fn-then-HSA and Fn +
HSA distributions, but not Fn-then-HSA and Fn-only (Table
S1), we conclude that mechanism 1 plays the most significant
role in HSA crowding. We propose the adsorption model
depicted in Figure 3B: When Fn-546 adsorbs to a surface
without crowding, it achieves its most unfolded configuration
possible on that surface type. When Fn-546 coadsorbs with
HSA, HSA restricts Fn-546’s unfolding. In contrast, if Fn-546
interacts with the surface before HSA’s sequential introduction,
Fn-546 maintains a fraction of its unfolded configuration.
However, the Fn-then-HSA distance distribution in Figure 3A
exhibits decreased unfolding compared to Fn-only, which
could suggest that HSA also partially alters Fn-546’s
conformation via mechanism 2. Other studies have reported
varying results, including unchanged Fn conformation when
denaturant was introduced,22 and dependence on order of

adsorption.12,37,43,74 Although HSA displaces Fn in certain
conditions, HSA does not as effectively displace Fn that is
preadsorbed at low surface densities.47 Overall, the data
supports the importance of both the surface chemistry and the
available surface area for additional protein adsorption, and our
described mechanism is consistent with these earlier results.
In summary, we identified the mechanism by which HSA

restricts Fn-546’s surface-induced unfolding. By using SHRImP
to measure interdye distances on single Fn-546, we quantified
Fn-546’s unfolding in an HSA-dominant environment. First,
we found that uncrowded Fn-546 exhibits a higher fraction of
large interdye distances than Fn-546 crowded with varying
amounts of HSA. Our finding that HSA crowding modifies
Fn’s conformation emphasizes the importance of considering
physiologically relevant crowding conditions when simulating
realistic protein-biomaterial interactions. Second, we varied
order of protein exposure to determine the mechanism by
which HSA restricts Fn-546 conformation. We observed that
Fn-546’s conformation was not as significantly restricted when
the HSA was introduced sequentially rather than simulta-
neously. Our results suggest that HSA’s crowding mechanism
is dominated by HSA blocking surface space before Fn-546
adsorbs and unfolds. Our results provide useful insight into the
conformation behavior that preadsorbed proteins on mobile
biomaterials may experience in the body’s dynamic protein
environments. Such restricted conformations could influence
the protein’s physiological activity, and relevant future work
includes studying how the crowding effect influences Fn’s
cellular adhesion activity. We further stress that techniques
such as single-molecule fluorescence imaging are well-suited
for studying protein conformation in appropriate conditions.

■ EXPERIMENTAL METHODS
Chemicals and Materials. Phosphate buffered saline (PBS, 20
mM phosphate, 150 mM NaCl) was prepared from 0.1 M
phosphate solution and 5 M NaCl solution acquired from
Sigma-Aldrich. Human Fn (Chemicon, FC010) and HSA
(fraction V, 12668) were obtained from Sigma-Aldrich. Alexa
546 C5 maleimide (Invitrogen, A10258) was obtained from
ThermoFischer. Molecular Biology grade Water and PD-10
desalting columns were obtained from GE Healthcare. Custom
Alexa 546-labeled duplex DNA rulers were ordered from
Integrated DNA Technologies. Glass coverslips (22 × 22
mm2) were obtained from VWR. Vectabond reagent ((3-
aminopropyl)triethylsilane) was obtained from Vector Labo-
ratories (Burlingame, CA). Custom silicone templates
(43018M) were obtained from GraceBioLabs. Other solvents,
such as acetone and methanol, were obtained from Sigma-
Aldrich.
Fn Conjugation and Characterization. We conjugated Fn with

Alexa 546 C5 maleimide to produce Fn-546 using an adapted
protocol (details in Supporting Information section 1a).67 Fn
is composed of three types of repeated domains (I, II, and III)
that altogether produce a ∼140 nm contour length.34,36,54,75,76

Alexa 546 maleimide targets four possible free cysteine
residues on FnIII-7 and FnIII-15 modules (Figure S1A).67

Absorbance measurements confirmed a 3−4 dyes/Fn labeling
density (Figure S1B). Circular dichroism spectroscopy (J-815
JASCO CD spectrometer) validated Fn’s retained tertiary and
secondary structure before and after conjugation (Figure S1C).
Sample Preparation. Glass coverslips were cleaned and

aminosilanized (Supporting Information section 1b). Sample
wells were produced using custom silicone templates. The

Figure 3. Sequentially introduced HSA is less effective at restricting
Fn-546’s unfolding than simultaneously exposed HSA. (A) CCDFs of
SHRImP-determined interdye distances on single surface-adsorbed
Fn-546 under conditions with no HSA (Fn-only, red), coadsorption
with HSA (Fn + HSA, purple), and sequential exposure to HSA (Fn-
then-HSA, yellow). The dashed line indicates 50 nm, corresponding
with the inset that depicts the fraction of the distribution that exhibits
interdye distances larger than 50 nm. Shaded regions and error bars
represent the standard deviation among triplicate experiments for
each condition. (B) Illustrations of Fn-546 conformation in the
conditions described in panel A with color-coded boxes.
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concentration of Fn-546 solutions used varied for each
experimental condition tested and was optimized to achieve
an imaging density of ∼10 Fn-546/100 μm2 (Supporting
Information section 1b). A 40 μL protein solution, containing
Fn-546 (2.5−100 pM) with or without HSA (7.5−45 mg/mL)
in PBS, was placed in the sample chamber and left to incubate
in a dark and humid environment for 30 min. Unbound
protein was removed with five washes of 40 μL of PBS; first the
40 μL of PBS was gently dropped onto the protein sample, and
then 40 μL was removed slowly via pipet so as to not
dehydrate or disturb the adsorbed proteins. For experiments
with Fn-then-HSA sequential exposure, a 45 mg/mL HSA
solution was introduced by the same method of PBS washing.
A PBS wash followed the second incubation. A plasma-cleaned
glass coverslip was placed over the silicone template to protect
the sample. DNA samples were prepared similarly and
adsorbed to aminosilanized glass from a 15 pM solution.
Single-Molecule Measurements. Measurements were per-

formed on a home-built TIRF widefield microscope. Excitation
light from a 532 nm diode-pumped solid-state laser (Coherent,
Compass 315M-100SL, 10 mW before reaching the objective)
was focused on the back edge of a high numerical aperture oil-
immersion objective (100×, NA = 1.46, Alpha Plan-APO, Carl
Zeiss) to achieve total internal reflection. Fluorescence was
collected through the same objective and passed through a
2.5× lens, a dichroic mirror (Chroma z532/rpc633), and 532
nm notch filter (Kaiser, HNPF-532.0-1.0). The light then
entered a Cairn Optosplit II and passed through a band-pass
filter (Chroma, 585/65) before entering the EMCCD camera
(Andor, iXon 897). Fn-546 data were collected with 10 ms
integration time and 300× electron multiplying gain. For each
10 × 30 μm region, a 1000-frame video was collected,
monitoring the fluorescence and photobleaching of surface-
adsorbed Fn-546. Photobleaching before data acquisition was
minimized and positional error due to stage drift was
determined to be negligible (Supporting Information section
1c).
Single-Molecule Data Analysis. Video files were processed

with lab written Matlab code. Emitters were identified from a
signal-to-noise-ratio boosted image77 of the first frame and a
trajectory file was created following those identified emitters’
positions over each frame of the video. Intensity time traces
were generated by summing the central 3 × 3 pixel intensities
for each emitter in each frame, and a STaSI algorithm69 was
used to identify photobleaching steps. Traces with 2−4
photobleaching steps were deemed eligible for further analysis.
Two images for SHRImP subtraction were generated by
summing frames in each state (before and after the second-to-
last photobleaching event). When the postbleach image was
subtracted from the prebleach image, an image of the isolated
dyethe first to bleachwas achieved, and superlocalization
via 2D Gaussian fitting was employed to identify emitter
position. Further data processing was performed similarly to
Selvin’s original implementation of quartet method SHRImP,55

including filtering thresholds for emitter ellipticity and photon
counts. More details on DNA ruler control analysis are found
in Supporting Information section 2a. Fn-546 interdye distance
distributions are shown as averaged histograms and CCDFs,
further discussed in Supporting Information section 2b. The
error was quantified as the standard deviation among triplicate
trials for each experimental condition. Statistical differences
were assessed using K−S two-sample comparisons for non-
normal data.
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