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a b s t r a c t

Understanding the mechanisms of protein interactions with solid surfaces is critical to predict how pro-
teins affect the performance of materials in biological environments. Low-fouling and ultra-low fouling
surfaces are often evaluated in short-term protein adsorption experiments, where ‘short-term’ is defined
as the time required to reach an initial apparent or pseudo-equilibrium, which is usually less than 600 s.
However, it has long been recognized that these short-term observations fail to predict protein adsorp-
tion behavior in the long-term, characterized by irreversible accumulation of protein on the surface. This
important long-term behavior is frequently ignored or attributed to slow changes in surface chemistry
over time—such as oxidation—often with little or no experimental evidence. Here, we report experiments
measuring protein adsorption on ‘‘low-fouling” and ‘‘ultralow-fouling” surfaces using single-molecule
localization microscopy to directly probe protein adsorption and desorption. The experiments detect pro-
tein adsorption for thousands of seconds, enabling direct observation of both short-term (reversible
adsorption) and long-term (irreversible adsorption leading to accumulation) protein-surface interactions.
By bridging the gap between these two time scales in a single experiment, this work enables us to
develop a single mathematical model that predicts behavior in both temporal regimes. The experimental
data in combination with the resulting model provide several important insights: (1) short-term mea-
surements of protein adsorption using ensemble-averaging methods may not be sufficient for designing
antifouling materials; (2) all investigated surfaces eventually foul when in long-term contact with protein
solutions; (3) fouling can occur through surface-induced oligomerization of proteins which may be a dis-
tinct step from irreversible adsorption; and (4) surfaces can be designed to reduce oligomerization or the
adsorption of oligomers, to prevent or delay fouling.
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1. Introduction

Understanding nonspecific protein adsorption mechanisms at
solid-liquid interfaces is critical for rational design of surfaces for
biomedical and industrial applications such as medical devices,
drug delivery carriers, marine coatings, and biosensors [1–4]. For
blood-contacting medical devices for example, non-specific plasma
protein adsorption occurs when surfaces come into contact with
blood [4]. This is the first step of subsequent adverse biological
responses such as coagulation, thrombosis, and infection that leads
to reduced device efficacy and functionality, and sometimes to
device failure. Therefore, experimental and theoretical descriptions
of protein adsorption kinetics can enable improved design of sur-
faces that resist nonspecific protein adsorption.

Protein interactions with biomaterial surfaces occur through
electrostatic phenomena, van der Waals forces, hydrogen bonds,
and hydrophobic dehydration [5]. These protein-surface interac-
tions can result in reversible or irreversible binding, and some pro-
teins may also undergo conformational changes and aggregation
after adsorption. Approaches to design protein-resistant biomate-
rials are primarily based on surface modifications that reduce non-
specific protein adsorption by controlling these protein-surface
interactions [7,8]. Surface physical chemistry modification could
be an efficient method for preventing or reducing protein adsorp-
tion, as long as the driving forces for protein adsorption can be
minimized for long periods of time [1]. However, despite decades
of efforts to improve protein resistance of biomaterials, there is
no known synthetic material with absolute protein resistance in
complex biological environments.

Theresistancetoproteinadsorptionofanewmaterialor surfaceis
frequently evaluated by experimental ensemble averagingmethods
such as quartz crystalmicrobalance (QCM) and surface plasmon res-
onance (SPR), to measure the amount of adsorbed protein, and by
spectroscopic methods such as infrared spectroscopy and circular
dichroism, to provide details of protein chemistry and structure.
These methods can reveal important details about average physical
and chemical changes that occur during or after protein adsorption
[9]. Several low-fouling and ultralow-fouling materials such as
polysaccharide-based polyelectrolyte multilayer (PEM) surfaces,
glycosaminoglycan (GAG) coated surfaces, zwitterionic surfaces,
and polyethylene glycol (PEG) brush surfaces have been reported,
and their resistance to protein adsorption has been evaluated with
these techniques in short-term experiments [10–15]. However,
because interfacial dynamics and conformation of proteins cannot
be observed with single-molecule resolution using ensemble-
averaging methods, conclusions about the antifouling properties of
surfacesmay be overly simplified or even incorrect [16].

Protein adsorption experiments used to design and compare
low-fouling and ultralow-fouling surfaces often focus on the kinet-
ics of protein adsorption over relatively short time-scales
(<30 min) [17]. These experiments, however, often fail to predict
protein fouling that occurs when surfaces are exposed to protein
solutions for longer periods of time. PEG brushes and other poly-
mer brush chemistries, for example, may exhibit long-term fouling
due to changes in the surface chemistry upon exposure to biolog-
ical environments, or environments that present thermal or oxida-
tive challenges, which could be found in many applications [18–
21].

Single-molecule microscopy has significant advantages with
respect to characterizing protein-surface interactions that involve
interfacial dynamics to elucidate complex mechanistic details
[22–24]. In particular, by using total internal reflection fluores-
cence (TIRF) microscopy, a large number of protein molecules
can be tracked in real time to measure phenomena such as adsorp-
tion, desorption, binding, and surface diffusion. Studies using
single-molecule localization microscopy have revealed how inter-
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actions of protein with nanostructured surfaces are affected by sur-
face structure and chemistry as well as protein properties [25–31].
The adsorption and relaxation kinetics of bovine serum albumin
(BSA) and fibrinogen on uncharged surfaces with different
hydrophobicity were investigated under flow conditions [32].
Kinetics analysis revealed a constant spreading rate, which
increased with substrate hydrophobicity. Recently, we character-
ized the kinetics of BSA on low-fouling surfaces using single-
molecule localization microscopy [24]. We found that the desorp-
tion rate of proteins from the surface was not constant, a result
that was explained in terms of proteins forming oligomers in solu-
tion, where each oligomer has unique kinetic parameters. These
studies highlight the utility of single-molecule microscopy to
uncover the complex mechanistic details underlying protein-
surface interactions.

Several mathematical models have been proposed to explain
experimental observations of protein interactions with different
surfaces [6,33–35]. The Langmuir adsorption model is one of the
most basic models proposed for proteins that are assumed to
behave like rigid particles on surfaces [36]. These particles reversi-
bly adsorb to distinct surface sites and form one uniform layer
without lateral interactions between the molecules that are
already adsorbed under equilibrium conditions. The Langmuir
adsorption model is frequently used to interpret short term
(pseudo-)equilibrium experiments using techniques that measure
the amount of adsorbed protein in real-time, such as SPR and
QCM. The Langmuir model was improved by the random sequen-
tial adsorption (RSA) model which accounts for irreversible adsorp-
tion of proteins from the bulk solution to random available surface
sites [37]. According to this model, pre-adsorbed proteins block
further protein adsorption at designated sites. Further models were
also proposed to account for spreading of proteins upon adsorption
on solid surfaces [6]. The advantage of these models is that they
can predict the irreversible conformational changes of some of
the adsorbed proteins. Recent evidence shows that models that
consider molecules that are further allowed to reversibly oligomer-
ize in solution reveal anomalous kinetics. Such anomalous kinetics
are characterized by individual molecules exhibiting surface dwell
times with heavy tail distributions, i.e., marked deviations from an
exponential distribution [24,38]. In these models, particles adsorb
to the surface, such that oligomers with different size have differ-
ent desorption rates. Each of these studies has provided important
insights into protein interactions on solid interfaces. However, all
of these models have been developed either to explain observa-
tions from ensemble averaging techniques or short-term studies,
thus they do not make predictions about long-term behavior.

In this work, we use single-molecule TIRF microscopy to inves-
tigate the dynamics of protein interactions with various biomate-
rial surfaces that were previously characterized and considered
as low-fouling or ultralow-fouling materials, based on short-term
equilibrium protein binding experiments [16,39]. Some of these
ultralow-fouling surfaces have been proposed for reducing protein
adsorption in blood-contacting applications [39]. We study the
mechanism of surface interactions with two important blood pro-
teins—albumin and fibrinogen. In particular, we investigate long-
term protein interactions to elucidate the mechanism of protein
adsorption using single-molecule microscopy experiments. Here,
long-term is defined as the time required to observe accumulation
and aggregation of proteins. These long-term experiments range
from less than 1 h to over 3 h, depending upon the surface and pro-
tein pair. On all of the surfaces studied, two limiting regimes of
protein interactions are observed. In the short term, surface-
protein interactions are governed by reversible adsorption and
desorption, and they are characterized by low surface concentra-
tions. However, long-term experiments reveal a regime character-
ized by a delayed increase in protein adsorption rate. To better
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understand this phenomenon, we propose a mathematical model
for protein interactions with low-fouling or ultralow-fouling inter-
faces that accurately describes the long-term behavior. In particu-
lar, the model includes the possibility of reversible oligomerizaton
in solution and surface-induced irreversible aggregation effects.
Because this new model is competent to describe the long-term
fouling of otherwise low- or ultralow-fouling surfaces, it can be
adopted to optimize ultralow-fouling surfaces for long-term
blood-contacting applications. To the best of our knowledge, this
behavior has not been reported by any proposed models in the lit-
erature. This new model may also be expanded for other surfaces
used in food production, medical materials, and marine
applications.
2. Materials and methods

2.1. Materials

Chitosan (CHI) was purchased from Heppe Medical Chitosan
(Mw = 80–200 kDa, degree of deacetylation >92%). Chondroitin sul-
fate sodium (CS) salt (from shark cartilage, 6% sulfur, 6-sulfate/4-
sulfate = 1.24, Mw = 84.3 kDa), hyaluronic acid (HA) sodium salt
(Mw = 743 kDa), sodium acetate, b-mercaptoethanol, catalase from
bovine liver, and glucose oxidase were purchased from Sigma
Aldrich. Heparin sodium (HEP) (from porcine intestinal mucosa,
12.5% sulfur) was purchased from Celsus Laboratories. 2-
[Methoxy(polyethyleneoxy)6-9 propyl]trimethoxysilane was pur-
chased from Gelest. Anhydrous toluene was purchased from Milli-
poreSigma. Glacial acetic acid and ethanol (200 proof 99.5 + %)
were purchased from Acros Organics. BSA conjugated to Alexa
Fluor 647 and fibrinogen (FIB) from human plasma conjugated to
Alexa Fluor 647 were purchased from Thermo Fisher Scientific.
All the reagents were used as received. A Millipore water purifica-
tion unit was used to obtain 18.2 MX cmwater, used for making all
aqueous solutions.

2.2. Preparation of PEG brush surfaces

PEG brush surfaces were constructed with a grafting-to
approach, as previously described [24]. Prior to functionalization,
the fused silica wafers were thoroughly washed with acetone,
ethanol, and deionized water and dried with ultrapure N2. Wafers
were then exposed to oxygen plasma under vacuum for 10 min to
form hydroxyl (AOH) groups on the surface. The substrates were
subsequently incubated in 1% v/v PEG silane (2-[methoxy
(polyethyleneoxy)6-9 propyl]trimethoxysilane) dissolved in anhy-
drous toluene [40,41]. The reaction was performed at room tem-
perature with incubation times of 20 min and 60 min, to
construct PEG surfaces with low (PEGlg) and high (PEGhg) grafting
density, respectively. Finally, surfaces were rinsed multiple times
with toluene and deionized water and dried with ultrapure N2.

2.3. Grafting density determination for PEG brush surfaces

The thickness of the dry PEG brush was measured by ellipsom-
etry using a J.A. Woollam VASE variable angle spectroscopic ellip-
someter and data analysis was done using the J. A. Woollam
WVASE32 software package. Each surface was spectrally scanned
with an incident angle between 60� and 80�, in increments of 5�,
over a wavelength range from 500 nm to 900 nm. The collected
spectra were fit to a three-layer planar model of the solid surface,
which accounts for the refractive index of air (n = 1.003), PEG
(n = 1.43), silicon oxide layer (n = 1.457), and silicon (n = 3.881).
Dry thicknesses were measured on triplicate samples for each con-
dition. The dry PEG brush thickness (hdry) was related to grafting
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density r via the relation r ¼ qdryhdryNA=Mw where qdry is the dry
density of the PEG monomer repeat unit, NA is Avogadro’s number,
and Mw is the average molecular weight of the PEG polymer [1].
The resulting grafting density for PEGlg and PEGhg is 0.15 ± 0.06
and 0.32 ± 0.03 chains/nm2, respectively.
2.4. Preparation of PEM surface

Polysaccharide solutions were prepared in 0.2 M sodium acet-
ate and acetic acid at pH 5.0. Chitosan (1.33 mgmL�1) and hyaluro-
nan (0.5 mg mL�1) solutions were prepared by stirring for 2 h at
room temperature. Solutions were clarified by filtration through
0.22 lm syringe filters. PEM samples were prepared on glass-
bottom Petri dishes (50 mm Pelco Petri dishes, Willco Wells, Ams-
terdam) as previously described [39,42,43]. Briefly, Petri dishes
were first treated with oxygen plasma for 10 min, to ensure a clean,
oxidized surface. PEMs were constructed with CHI as the polyca-
tion and HA as the polyanion. First, the oxidized surface was
exposed to an acidified water rinse (pH 4.0, acidified with acetic
acid), for 6 min. The layer-by-layer process was conducted by
exposing solutions to the surface in the following sequence: poly-
cation (CHI), rinse, polyanion (HA), rinse; each one for 6 min. The
sequence was repeated until a 19-layer PEM (terminating with
CHI) had been adsorbed.
2.5. Preparation of glycocalyx-mimetic surfaces (PEM+PCNs)

Polyelectrolyte complex nanoparticles (PCNs) containing CHI
and GAGs (CS or HEP) were formed, as previously described [43–
45]. After the layer-by-layer assembly of 19-layer CHI-HA PEMs,
either CS-CHI PCNs or HEP-CHI PCNs were adsorbed [39,44]. The
resulting samples are referred to as PEM+PCNs (CS-CHI) and PEM
+PCNs (HEP-CHI). The time of the adsorption steps was doubled
to 12 min for the PCNs adsorption, followed by a final rinse with
acidified water, as previously described [44].
2.6. Total internal reflection fluorescence (TIRF) microscopy

Total internal reflection fluorescence (TIRF) microscopy was
carried out for single-molecule tracking experiments. The micro-
scope was home built around an Olympus IX71 body with a 640-
nm laser line as excitation source (DL640-150-O, CrystaLaser).
The laser was directed into a 100� objective lens (Olympus Pla-
nApo, NA = 1.45) and fluorescence images were acquired with a
back-illuminated EMCCD camera (Andor iXon DU-888) operated
at �70 �C and electronic gain of 60 [46,47]. To maintain constant
focus during the whole imaging time, we employed an autofocus
system (CRISP, Applied Scientific Instrumentation) in combination
with a piezoelectric stage (Z-100, Mad City Labs). For excitation, an
optical density filter with ND = 1.5 was used in the laser path and
an incident angle above the critical angle was employed to achieve
total internal reflection. Emission was collected through a Semrock
bandpass filter.

To reduce photobleaching, an enzymatic oxygen scavenger sys-
tem was used in the imaging buffer. The imaging buffer for screen-
ing protein adsorption and desorption consisted of 50 mM
Tris�HCl (pH 8.0), 10 mM NaCl, 0.8% glucose, 0.15 mg mL�1 glu-
cose oxidase, 34 lg mL�1 catalase, and 1% b-mercaptoethanol
[48]. A perfusion chamber of 9 mm in diameter and 0.8 mm in
depth containing the synthetic surface was filled with the protein
solution and time-lapse imaging was started right away. Imaging
was performed whereby an image was obtained every 2 s over a
total period of the experiment. Exposure time in each frame was
limited to 90 ms using a Uniblitz high-speed optical shutter syn-
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chronized with the camera acquisition. During imaging, there was
always protein present in the bulk solution.

Albumin and fibrinogen interactions with PEG brush surfaces,
PEM, and PEM+PCNs were directly measured via tracking of at least
104 individual protein molecules in single-molecule experiments.
Dilute concentrations of protein were used for each protein-
surface pair (see Table S.1). Protein concentrations were all opti-
mized, so that during the first 10 min of imaging, the surface pro-
tein concentration is less than 0.2 mm�2, thereby enabling single-
particle tracking. Time-lapse imaging continued until the field of
view was covered with the protein. This condition still indicates
very low surface coverage, as the size of an adsorbed protein is
much smaller than the size of a pixel in the image. During the
experiments, the perfusion chamber was sealed to prevent evapo-
ration and keep a constant solution volume.

2.7. Image processing and single-molecule tracking

Images were acquired using Andor IQ 2.3 software and saved as
16-bit tiff files. Images were filtered using a Gaussian kernel with a
standard deviation of 1.0 pixel in ImageJ. Single-particle tracking of
BSA and FIB was performed in MATLAB using the U-track algorithm
under thorough manual inspection of detection and tracking [49].
Particles detected in consecutive frames within 2 pixels (260 nm)
were linked in order to determine the persistence of a protein on
the surface. When the surface protein density is low, individual
protein molecules can be resolved. This enables us to directly
observe several tens of thousands of individual adsorption and des-
orption events in the field of view in a single experiment. As the
protein density increases, individual protein molecules can no
longer be resolved. Instead, the total protein adsorbed per area is
determined from the intensity integrated over the surface area of
the image, where the intensity per protein molecule is obtained
from the intensity extrapolated to the low-protein number limit.

3. Results and discussion

To accurately quantify protein interactions on low fouling sur-
faces, we selected PEG brush surfaces (Fig. 1(a)) and imaged indi-
vidual fluorescently labeled albumin by TIRF microscopy. A low
concentration (5 nM) of protein molecules in imaging buffer was
used to enable single-molecule detection as proteins adsorb to
and desorb from the solid–liquid interface. Fig. 1(c) shows the
Fig. 1. (a) Chemical structure of the PEG-silane used to prepare PEG brush surfaces along
during BSA adsorption experiments on PEGlg at different time scales, scale bar = 5 lm. (c)
correspond to the TIRF micrographs in (b), and the red solid line represents the propose
figure legend, the reader is referred to the web version of this article.)
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surface density of fluorescently labeled albumin as a function of
time on three different replicates of PEG with low grafting density
(PEGlg) along with representative individual microscopy frames of
labeled proteins on the surface at three time points. The kinetics of
protein adsorption to the PEGlg surfaces exhibits two different
asymptotic behaviors. At short times, individual molecules reversi-
bly adsorb to and desorb from the surface. Kinetics governed by
reversible adsorption and desorption persists for an extended per-
iod of time that depends on surface density and bulk protein con-
centration. A thorough characterization of this regime for BSA
kinetics was recently reported by us [24] showing non-trivial
behavior due to reversible dimerization of proteins in solution.
Typically, short-term experiments reveal this type of reversible
adsorption/desorption behavior. However, Fig. 1(c) reveals a sharp
increase in surface density at longer times.

To characterize the adsorption, desorption, and aggregation
behavior of albumin on the low-fouling surfaces over the full
time-scale of the experiment, we develop a mathematical model
that quantifies the kinetics of surface-protein interactions. We
have recently shown that short-time desorption of albumin from
low-fouling surfaces involves multiple species related to oligomers
of different sizes [24]. As a consequence, each multimer has a des-
orption rate that depends on the number of monomers, and
anomalous desorption kinetics are observed. In addition, over the
timescale of our experiments, the solution is in equilibrium and
irreversible aggregation is not observed in the liquid solution, as
the hydrodynamic radius of the BSA does not change [24]. This
result suggests the irreversible oligomerization is surface-
induced. The short-time behavior in our single-molecule experi-
ments shown in Fig. 1(c) can be described by a linear model of
adsorption of non-interacting species (e.g., a Langmuir model
[33,36]). In our model, we assume first-order, reversible adsorption
without limitation on the number of surface sites or the amount of
protein in solution. However, this reversible adsorption does not
dominate the behavior indefinitely. The long-time behavior resem-
bles nucleated self-assembly mechanisms, such as those associated
with amyloid fibril formation [50–53]. Here we propose a surface-
mediated nucleation model (Scheme 1).

In our model, we denote the state of a protein in an oligomer as
pi;j, where i indicates the number of protein monomers in the oli-
gomer, and 0 � j � i is the number of monomers in the oligomer
that are adsorbed on the surface. For example, p3;2 is the (surface)
concentration of trimers with two monomers bound to the surface
with a sketch of low grafting PEG brush surface. (b) Representative TIRF micrographs
BSA surface density as a function of time for three replicates. The black thick circles
d model fit to the black curve. (For interpretation of the references to colour in this



Scheme 1. Conceptual representation of our model for reversible adsorption and desorption of protein oligomers and irreversible aggregation.
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and pi;0 is the (solution) concentration particles in state i;0ð Þ, that is
oligomers of i monomers that are not bound to the surface (free in
solution). For each sized oligomer, there are multiple adsorbed
states, as shown in Scheme 1. We assume that oligomer desorption
from the surface occurs as a series of elementary reactions, e.g., a
trimer completely bound to the surface desorbs first one of its
monomers, then the second, and at last the third one, to become
a free trimer in solution. Therefore, the desorption of smaller oligo-
mers is much faster than the desorption of larger oligomers, and
the distribution of oligomer sizes for adsorbed particles evolves
over time. However, this fully reversible model does not include
the long-term aggregation observed in Fig. 1.

To describe the long-time behavior, we include in the kinetic
model a rate of irreversible, surface-mediated aggregation,
whereby any protein monomer in a surface-adsorbed oligomer
can aggregate with a particle in a dissolved oligomer to form a
higher adsorbed oligomer, also shown in Scheme 1. Namely, our
model includes reversible reactions of the form

pi;0

kads
�
koff

pi;1

kon
�
koff

pi;2 ð1Þ

and irreversible reactions of the form

pi;j þ pl;0 !
kagg

piþl;j; ð2Þ

where kads is the adsorption rate coefficient from the bulk solution,
kon and koff are adsorption and desorption rate coefficients of mono-
mers within a particle that is bound to the surface, respectively, and
kagg is the (irreversible) aggregation rate. The specific interactions
described by these rate coefficients depend upon the protein-
surface pair. For example, on polar or charged surfaces, protein
adsorption occurs when a surface-bound water molecule or ion is
exchanged for a polar or charged group on the protein surface. This
step is often reversible with a small enthalpy change. These interac-
tions are favored by the increase in entropy associated with the
release of water and/or ions from the surface in exchange for a pro-
tein. The density and strength of these interactions depends upon
the chemical details of both the protein and the surface. In contrast,
the surface confinement of bound protein catalyzes irreversible
oligomerization with proteins from solution, described by kagg . This
reaction could involve the sum of multiple elementary steps (e.g.,
collision, rearrangement, accumulation of protein-protein interac-
tions, and protein denaturation) that are lumped here into a single
kagg .

Next, we cast these reactions into a set of ordinary differential
equations. When a particle of i monomers adsorbs from the solu-
tion to the surface it turns into state i;1ð Þ and the Eqs. (1) and
(2) lead to the differential equation for pi;1,
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dpi;1

dt
¼ koff 2pi;2 � pi;1

� �þ kadspi;0 � i� 1ð Þkonpi;1

þ kagg
Xi�1

l¼1

i� lð Þ pi�l;1

� �
pl;0

� �� ipi;1

X1
l¼1

pl;0

" #
; ð3Þ

where the first three right-side terms represent reversible reactions
and the last term is irreversible aggregation. In general, the differ-
ential equation for the probability of being in state i; jð Þ is

dpi;j

dt
¼ koff jþ 1ð Þpi;jþ1 � jpi;j

� �þ kon i� jþ 1ð Þpi;j�1 � ði� jÞpi;j

� �

þ kagg
Xi�j

l¼1

i� lð Þ pi�l;j

� �
pl;0

� �� ipi;j

X1
l¼1

pl;0

" #
; ð4Þ

for 1 � j � i.
A key assumption to solve our model is that the concentration

of different sized oligomers in solution does not change during
the time of the experiments, i.e., there is no depletion of proteins
in the solution due to surface binding. As a consequence, all pi;0

are treated as constants that are in thermodynamic equilibrium,
as previously done [24].

For simplicity of implementation and in order to obtain a tract-
able solution, we make the approximation that oligomers of aggre-
gation number i � 4 do not desorb. This assumption is based on the
fact that large oligomers take a very long time to desorb. The
robustness of this assumption can be directly tested. Thus, Eq. (4)
is valid for 1 � i � 3 and we introduce the notation pagg for the den-
sity of monomers on the surface within an oligomer with i � 4.
Within the approximation that no depletion from the solution
occurs, the set of equations has finite dimensions and is linear.
Thus, it can be solved analytically for the population of each com-
ponent as a function of time. The rate equation for pagg is

dpagg

dt
¼ iþ lð Þkagg

X1
i¼1

i
Xi

j¼1

pi;j

X1
i¼1

lpl;0

 !" #
þ kaggpagg

X1
l¼1

lpl;0: ð5Þ

In the single-molecule detection by TIRF microscopy, we can
observe the total intensity on the surface, which is proportional
to the total amount of protein adsorbed. The proportionality con-
stant can be determined for each experiment, which enables the
surface average intensity to be converted to surface protein con-
centration. Adsorption rate coefficients (kads) were determined
during the short-time behavior, from single-molecule experiments
and expressed as the total number of adsorption events relative to
the elapsed time, the protein concentration in the solution, and the
area of the field of view. Similarly, the rate coefficient for desorp-
tion (koff) can be estimated from the rate at which single monomers
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vanish from the surface from one frame to the next. The koff was
determined from survival probabilities of an individual monomer.
Specifically,

s1 sð Þ ¼
Z 1

s
u tð Þdt ¼ e�koff s; ð6Þ

where we denote s1 as the survival probability for a monomer on
the surface, and s is the time since a particle initially adsorbed. Note
that the survival probability for a surface oligomer of size n is

sn sð Þ ¼ e�kns with kn ¼ nknoff =k
n�1
on [24]. In practice, during single

molecule experiments, the distribution of dwell times is usually
obtained for particles of any size. However, the particles that are
single monomers are statistically the fastest to desorb. Thus, it is
possible to obtain koff directly from the survival probability in the
short-time limit s! 0.

For BSA interacting with the PEGlg surface, the measured kads
and koff parameters are 0.62 ± 0.14 s�1 lm�2 mM�1 and 0.1 ± 0.00
6 s�1. Further, kagg and Keq parameters were adjusted so that the
model matched the experimental data, where Keq = kon/koff. The last
adjustable parameter is the fraction that describes the distribution
of monomers, dimers, and trimers in solution, which was deter-
mined based on our previously published results for albumin
[24]. All of these adjustable parameters are reported in Table S.2.
The proposed model captures the key features of the experimental
data, as shown in Fig. 1.

The above-mentioned parameters affect the relative transition
between the short- and long-term behavior, and the overall rate
of protein aggregation on the surface. To illustrate this concept,
model solutions were obtained for three different parameters (kads,
Keq, and kagg) over orders of magnitude at constant protein concen-
tration and fraction of monomer, dimer and trimer in the solution.
Fig. 2 indicates that all three parameters can influence the transi-
tion time at which the irreversible aggregation begins to dominate
the process. When the adsorption rate coefficient (kads) is
decreased (Fig. 2(a)), the irreversible aggregation is delayed. We
also studied the impact of equilibrium constant (Keq = kon / koff)
on the behavior of the proposed model (Fig. 2(b)). The model pro-
poses that Keq has a weaker effect on the shape of the model, but by
increasing Keq over orders of magnitude, the time at which irre-
versible adsorption begins to dominate can be altered, without
changing the rate of aggregation. By increasing the rate of desorp-
tion (koff) (decreasing Keq), protein molecules have reduced dwell
time on the surface, leading to less interactions between the pro-
tein and surface and less chance of denaturation or aggregation
on the surface. The rate of aggregation (kagg) has a stronger effect
on the induction of irreversible aggregation (Fig. 2(c)). In particu-
lar, by slightly increasing kagg, the aggregation phenomenon occurs
Fig. 2. Effect of individual parameters (rate coefficients or equilibrium constant) on mac
surface aggregation takes place more rapidly with increasing kads (s�1 mm�2 mM�1). Note
enhanced reversible adsorption. (b) Increasing Keq (mm�2 mM�1) leads to faster aggregat
panels, the concentration of protein is 0.005 mM and when changing either kads, Keq, o
Keq = 1 mm�2 mM�1, and kagg = 0.15 s�1 mM�1.
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dramatically faster, leading to higher protein density on the
surface.

In order to demonstrate that the model is generally applicable,
we prepared four different surfaces and performed single-molecule
localization microscopy to study albumin interactions with these
surfaces. Specifically, we prepared a new PEG brush surface with
a higher grafting density (PEGhg, Fig. 3(a)) polyelectrolyte multilay-
ers (PEM) made from polysaccharides (Fig. 3(b)), and two different
glycocalyx mimetic surfaces consisting of PEM coated with GAG-
rich polyelectrolyte complex nanoparticles (PCNs) with one of
two different chemistries: chondroitin sulfate-chitosan (CS-CHI,
Fig. 3(c)) or heparin-chitosan (HEP-CHI, Fig. 3(d)). All of these sur-
faces have been categorized as low-fouling or ultralow-fouling sur-
faces [16,39]. For all of these surfaces, the general trend of the
surface protein density is similar; however, the irreversible aggre-
gation occurs at very different times with different rates (see
Fig. 3). The PEM surface, for example, shows a rapid transition from
reversible adsorption of albumin to irreversible aggregation (after
about 400 s), indicating that albumin (with 50 pM concentration
in the solution) has a high affinity with the PEM such that protein
aggregation occurs much faster in comparison to other surfaces.
The aggregation occurs at a much later time for albumin adsorp-
tion on the glycocalyx mimetic and PEGhg brush surfaces. Com-
pared to the PEM, the glycocalyx mimetic surfaces extend the
reversible adsorption and desorption by more than 20 times for
both glycocalyx mimetic surfaces, and more than 10 times for
PEGhg. This indicates that although the glycocalyx mimetic surfaces
and PEGhg resist albumin accumulation on the surface, if we
increase the time scale of the experiment, aggregation of the pro-
teins on the surface is ultimately observed. Interestingly, this
long-term aggregation behavior may not be observed on a PEGhg

if the experimental time were less than an hour, or on a PEM
+PCN surface, if the experimental time is less than 3 h.

Both kads and koff obtained from the short-time asymptotic
behavior are summarized for each surface in Fig. 4. Most of the lit-
erature describing low-fouling and ultralow-fouling surfaces use
this short-term behavior to qualify protein resistant materials. As
Fig. 4(a) indicates, the albumin adsorption rate coefficient on the
PEM surface is much higher than on the rest of the surfaces. The
adsorption rate coefficient for albumin is reduced by more than
two orders of magnitude for the glycocalyx mimetic and PEG brush
surfaces compared to the PEM. This emphasizes the role of ‘‘bush-
like” nanostructure of the PCNs in reducing the number of
adsorbed albumin molecules, as we already reported in a short-
term experiment [39].

For the PEM surface, although the adsorption rate coefficient is
much higher than the other surfaces, the desorption rate coeffi-
cient of albumin is comparable to the other surfaces; confirming
roscopic aggregation curves according to our mathematical model. (a) The onset of
that for large kads, the protein density increases substantially at short times due to
ion. (c) Increasing kagg (s�1 mM�1) leads to faster onset of aggregation. In all three
r kagg, the rest of the parameters remained constant at kads = 0.1 s�1 mm�2 mM�1,



Fig. 3. (a) Chemical structure of the PEG-silane used to prepare PEG brush surfaces along with the sketch of the high grafting density PEG brush surface. BSA surface density
on PEGhg as a function of time is shown for three replicates together with representative TIRF images at three different times, scale bar = 5 lm. Fluorescent images are for the
replicate curve shown in black. (b) Chemical structure of each polysaccharide used to prepare 19-layer PEM along with the sketch of the PEM surface. BSA surface density as a
function of time is shown for three replicates. Representative TIRF images at three times for the replicate curve shown in black, scale bar = 5 lm (c) Chemical structure of the
chondroitin sulfate and schematic of GAG-rich polyelectrolyte complex nanoparticles (PCNs), formed from CS and CHI that are adsorbed on the surface of the PEM as a mimic
of the endothelial glycocalyx along with the sketch of the prepared surface. BSA surface density as a function of time is shown for two replicates. Representative TIRF images
at three different times for the replicate curve shown in black, scale bar = 5 lm. (d) Chemical structure of the heparin and schematic of GAG-rich polyelectrolyte complex
nanoparticles (PCNs), formed from HEP and CHI that are adsorbed on the surface of the PEM as another mimic of the endothelial glycocalyx along with the sketch of surface.
BSA surface density as a function of time is shown for two replicates. Representative TIRF images at three different times for the replicate curve shown in black, scale
bar = 5 lm.
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that the adsorption of albumin molecules to the PEM is highly
dynamic. In fact, the results confirm that the rate of desorption
from the surface is very similar for all of the surfaces.

Further, we studied fibrinogen interactions with these surfaces
in similar experiments with single-molecule microscopy. Fibrino-
gen exhibits a similar transition from reversible to irreversible
adsorption, although the onset of accumulation and rates of irre-
versible adsorption are different than albumin for the same sur-
faces (see Fig. S1). The PEM surface, for example, is more
resistant to fibrinogen than albumin, such that irreversible accu-
mulation occurs after 2000 s of reversible adsorption and desorp-
tion. For the glycocalyx-mimetic surfaces made from HEP-CHI,
the irreversible adsorption of fibrinogen occurs sooner than for
the CS-CHI surface. This phenomenon is due to the specific binding
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between heparin and fibrinogen, which we have previously
reported [39]. For PEG brush surfaces unlike the albumin, the onset
of irreversible adsorption of fibrinogen occurs approximately at the
same time for both PEGlg and PEGhg.

Note that this trend of protein interaction behavior is not lim-
ited to the concentration of the protein in the solution. For exam-
ple, we performed similar experiments for the PEM and glycocalyx
mimetic surface with HEP-CHI with lower and higher concentra-
tion of the protein, respectively (see Fig. S2). When the concentra-
tion of the albumin in the solution is reduced in half, we still
observe similar behavior but with a longer period of time for the
short-time, reversible adsorption phase, and obviously different
rate of aggregation for the PEM. Similarly, for the glycocalyx
mimetic surface, doubling the concentration of the fibrinogen in



Fig. 4. (a) Adsorption rate coefficients and (b) desorption rate coefficients for BSA during the reversible adsorption for different surfaces studied in this work. Error bars
represent the standard deviation (n = 3 independent experiments for each condition).
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the solution results in faster onset of aggregation due to the con-
centration dependence of protein aggregation (see Fig. S2).

The results from dynamics of the protein interactions with low
fouling and ultralow-fouling surfaces indicate that the type of both
protein and surface affect the rate of protein adsorption and the
time for the transition from the reversible to irreversible adsorp-
tion. In our experiments, the PEM has a high affinity for albumin,
which is obvious from the adsorption rate coefficient and the short
transition time. However, its affinity is lower for fibrinogen. For the
PEM+PCNs (HEP-CHI) surface, we observe lower albumin adsorp-
tion rate coefficient and longer transition time than fibrinogen.
Although, the rate of adsorption for both proteins is very similar
for the PEM+PCNs (CS-CHI) surface, and is the lowest among all
the surfaces. For PEG brush surfaces, the albumin adsorption rate
coefficient is lower than fibrinogen. Furthermore, as the grafting
density is increased, the adsorption rate coefficient of both pro-
teins decreases. Our observed decrease in the adsorption rate coef-
ficient with increasing grafting density is similar to what was
observed in a previous study with fibronectin [27].

We further evaluated our proposed model with the experimen-
tal data obtained from albumin interaction with the other four sur-
faces presented above. Fig. 5 indicates that the proposed model can
describe albumin interactions on different surfaces when we use
the experimentally obtained kads and koff parameters (from Fig. 4)
measured directly from the single-molecule assay, and adjust the
kagg and Keq parameters to match the experimental data. The other
adjustable parameters are reported in Table S.2. The proposed
model can also be used to describe the experimental data from fib-
rinogen interactions on different surfaces (see Fig. S4). Recall that
the model predictions in Fig. 5 represent approximate solutions,
in which desorption of higher oligomers is neglected, because this
is not expected to occur at shorter times. However, for the PEM
+PCN surfaces shown in Fig. 5(c) and (d), it is plausible that the
model may match the data better if the desorption of higher oligo-
mers (i < 3) were accounted for, as the time scale of these experi-
ments is much longer.

The combined single-molecule experiments and kinetic analysis
used here enable us to propose that protein interactions with
nanostructured solid interfaces involve multiple steps. Under-
standing how proteins interact with interfaces, including kinetics
of adsorption and desorption, and including possible conforma-
tional changes and aggregation are critical to design antifouling
surfaces and investigating the behavior of protein interactions with
solid interfaces. Our results suggest that designing antifouling sur-
faces based on short-term experiments with ensemble averaging
methods may fail to inform about the long-term performance of
non-fouling surfaces, because a reversible protein adsorption
may persist for hours before accumulation is observed. Our
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long-term observations from two structurally different proteins
with single-molecule microscopy reveal two regimes of behavior
for protein interactions at interfaces. Reversible protein adsorption
dominates the kinetics at early experimental times. This state is
probed in short-term experiments that are frequently used to qual-
ify protein adsorption on surfaces. However, by extending the
experiments for a longer time, we observed irreversible protein
adsorption that leads to protein aggregation on all of the surfaces
studied in this work. The onset of accumulation occurs for all
protein-surface pairs studied here, suggesting it is a general phe-
nomenon, at least for the two important blood proteins, albumin
and fibrinogen. Although the onset of accumulation occurred at
different times and rates even for the same surface types. This
implies the importance of long-term experiments when we study
the behavior of protein interactions at interfaces. Our proposed
model describes the adsorption and desorption of a distribution
of oligomers formed in solution with low fouling surfaces. Based
on our proposed model, new low-fouling or ultralow-fouling sur-
face strategies should increase koff and/or reduce kon, kagg, and
Keq. By targeting the phenomena governing these rates, new sur-
faces could be designed that extend the regime dominated by
reversible adsorption, and that delay or even eliminate the transi-
tion to the aggregation-dominated regime.

4. Conclusions

This work demonstrates that surfaces conventionally defined as
low- or ultralow protein fouling (e.g., binding < 5 ng cm�2 of pro-
tein in a short-term adsorption experiment) accumulate adsorbed
protein in long-term experiments. Single-molecule fluorescence
microscopy was used to study the dynamics of protein molecules
on various low- or ultralow-fouling surfaces to investigate long-
term protein interactions.

Previous theoretical models of protein adsorption have been
developed based on ensemble-averaging methods [54,55], and
short-term experiments [56,29]. There are several differences
between our model and other previous models. Our model intro-
duces an irreversible surface-mediated protein aggregation step
that correctly captures observed behavior, and can predict protein
accumulation on surfaces, even when this adsorption is only seen
at very long experimental times. This model is validated through
single-molecule localization microscopy. Contrary to the models
developed based on surface plasmon resonance (SPR), quartz crys-
tal microbalance (QCM), or circular dichroism (CD), our experi-
ments enable observation of single protein molecules and
measure different rates of adsorption and desorption. Furthermore,
while prior experimental observations have confirmed short-term
reversibility and long-term protein accumulation, the studies



Fig. 5. Comparison of proposed model (surface-induced aggregation of protein oligomers) with experimental data from each of four different surfaces. Circles represent data
from single-molecule TIRF microscopy for BSA on (a) PEGhg, (b) PEM, (c) PEM+PCNs (CS-CHI) and (d) PEM+PCNs (HEP-CHI). Solid red lines represent the model. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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conducted here bridge the gap between these two experimental
time scales. Including the long-term behavior of the protein mole-
cules in our model makes the model more generally applicable to
real-world applications.

Our model enables prediction of two asymptotic behaviors: at
short time, reversible adsorption and desorption dominate the
kinetics, whereas at longer times, protein adsorption kinetics are
governed by irreversible aggregation leading to rapid accumula-
tion of protein on the surfaces. This model correctly predicts
protein aggregation on low-fouling materials with different surface
physical chemistry, through introduction of a surface-induced
aggregation mechanism. The model also shows that achieving very
low protein adsorption in short-term experiments is insufficient to
prevent protein accumulation for long-term exposure. Instead,
protein stability (i.e., reduced aggregation), preferential adsorption
of specific beneficial protein layers to regulate biological responses,
and the use of other dynamic processes (e.g., fluid shear) may ulti-
mately be required to develop non-fouling surfaces that prevent
blood coagulation, biofilm formation, inflammation, and other
protein-mediated biological responses to materials. We envision
that the experimental results shown here and the model we have
proposed will lead others to reconsider the criteria for design
and qualification of low-fouling and ultralow-fouling surfaces.
Future strategies for improving low-fouling surfaces, should
include evaluation of long-term (>1000 s) protein-surface interac-
tions, reducing irreversible surface-induced aggregation, and
stabilizing the native conformation of reversibly-bound or
weakly-interacting proteins, so that they can desorb, rather than
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denature. Further extensions of this model should also include
multi-protein-surface interaction mechanisms that could expand
the scope and applicability of this work.

5. Data availability
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available to download from data.mendeley.com.
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