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ABSTRACT: The presence of so-called reversible and irreversible
protein adsorption on solid surfaces is well documented in the
literature and represents the basis for the development of
nanoparticles and implant materials to control interactions in
physiological environments. Here, using a series of complementary
single-molecule tracking approaches appropriate for different
timescales, we show that protein desorption kinetics is much
more complex than the traditional reversible−irreversible binary
picture. Instead, we find that the surface residence time
distribution of adsorbed proteins transitions from power law to
exponential behavior when measured over a large range of
timescales (10−2−106 s). A comparison with macroscopic results
obtained using a quartz crystal microbalance suggested that macroscopic measurements have generally failed to observe such
nonequilibrium phenomena because they are obscured by ensemble-averaging effects. These findings provide new insights into the
complex phenomena associated with protein adsorption and desorption.

■ INTRODUCTION
Protein adsorption occurs rapidly when a solid surface comes
into contact with protein-containing biological fluids.1−3 It is
generally accepted that cellular responses to materials in a
biological medium reflect the composition of adsorbed protein
layer rather than the material itself.4−9 In particular, the
adsorbed protein layer modulates biological/cellular responses
to implanted healthcare materials and the pathophysiology/
toxicity of nanoparticles for drug/gene delivery systems.10−14

Therefore, it is important to understand and characterize how
proteins adsorb to and desorb from surfaces, which is often
characterized by exposing a surface to protein solution and
measuring the net accumulation over time until an apparent
adsorption−desorption equilibrium is reached.15 Such exper-
imental observations can be fitted to theoretical models, such
as a Langmuir adsorption isotherm or derivative models, to
yield kinetic parameters associated with adsorption and
desorption.2 This fitting approach is widely practiced but
may lead to incorrect mechanistic conclusions.16,17 For
example, it is frequently observed in adsorption experiments
that when a surface is first incubated with a protein solution,
and then subsequently exposed to a solution that does not
contain protein, a population of “irreversibly” adsorbed protein
molecules remains on the surface for timescales much longer
than the accessible measurement time.18−20 Interestingly, the
presence of “irreversibly” adsorbed species can paradoxically
appear to be consistent with an apparent Langmuir isotherm.21

This scenario highlights the fact that an apparent agreement
between a model and experimental data does not necessarily
justify the underlying hypothesis of the model. In such a case,
fitting the theoretical model to an experimental protein
adsorption isotherm serves only to produce erroneous values
of the equilibrium constant or kinetic parameters such as the
adsorption and desorption rate constants ka and kd.

22

To address this concern, a bottom-up approach using single-
molecule tracking methods was proposed because it enables
the direct, model-free quantification of distinct microscopic
processes such as adsorption, surface diffusion, and desorption
of fluorescently labeled molecules at liquid−liquid and solid−
liquid interfaces under steady-state conditions.23−28 However,
kinetic parameters acquired in such experiments, such as the
adsorption and desorption rate constants ka and kd, are
sensitive to the characteristic timescales of the experiments.
For example, the kd of bovine serum albumin (BSA) on a fused
silica surface is measured to be approximately 0.3 s−1 when
using single-molecule tracking with an image acquisition time
tac = 0.1 s. Comparatively, an early single-molecule study with
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relatively low temporal resolution analyzed total BSA coverage
as a function of time with a Langmuir model and found kd =
0.02 s−1.29,30 An important question arising from this apparent
inconsistency is whether the timescale on which desorption is
observed influences the apparent characteristic residence time
that will be obtained. Moreover, it is important to understand
how these microscopic observations can be reconciled with
macroscopic ensemble-averaging measurements.

Here, we designed single-molecule tracking experiments to
study the desorption kinetics of two representative plasma
proteins, bovine serum albumin (BSA) and transferrin, at
solid−liquid interfaces on characteristic timescales ranging
from 10−2 to 106 s using a series of complementary
measurements involving single-molecule tracking with system-
atically varied temporal resolution. We found that the
measured characteristic residence time τ of the adsorbed
proteins was observation-time-dependent and that this was
consistent with surface-mediated aging effects where a small
but important population of adsorbed protein molecules
converted from weakly to strongly adsorbed states. Interest-
ingly, protein residence time distributions exhibited a power-
law decay for times shorter than 400 s and exponential decay
for longer timescales. A comparison with results from a
common analytical technique suggested that the complex aging
and nonequilibrium effects associated with protein surface
residence are often masked by ensemble averaging in
traditional macroscopic measurements.

■ EXPERIMENTAL METHODS
Protein Solutions. Phosphate-buffered saline (PBS) with pH =

7.2−7.4 was used to prepare all protein solutions. The proteins used
in this study, BSA and transferrin were purchased from Aladdin
Chemistry Co., Ltd., China, and OKA, China, respectively, and
labeled with fluorescent dyes. The structural and property parameters
of two plasma proteins are shown in Table 131,32 Labeling was
performed using ATTO 647 (ATTO−TEC, Germany) and CF640
(Biotium), which are amine-reactive reagents with N-hydroxysucci-
nimidyl-terminated groups. The fluorescent labeling was performed
using protocols described by the manufacturers. The fluorescently
labeled proteins were purified from residual free fluorescent dyes
using multiple passes through desalting columns (GE Healthcare). All
protein sample solutions were purified at least two times to remove
free fluorophore molecules. Using a UV−vis spectrometer, we
determined that one dye was attached per protein molecule on
average. Fluorescence correlation spectroscopy measurements in-
dicated that free dye molecules were not detected in the dye-labeled
BSA and transferrin solutions (Figure S1).
Surface Preparation. Borosilicate glass wafers (Deckgla ̈ser,

Germany) were immersed in 80 °C piranha solution for 3 h, followed
by thorough rinsing with Milli-Q water (18.2 MΩ·cm) and dried
using a nitrogen stream. For amine-functionalized surfaces, wafers
were placed in a vacuum desiccator with a solution containing 1 mL
of toluene, 500 μL of (3-aminopropyl)triethoxysilane (Aladdin,
China), and 100 μL of N,N-diisopropylethylamine (Aladdin, China)
for 48 h at room temperature. Trimethylsilane (TMS) surfaces were
prepared by exposing wafers to hexamethyldisilazane (Alfa Aesar,
China) vapor for 48 h. Following silanization, wafers were rinsed with
ethanol and Milli-Q water and dried under nitrogen gas before use.
The static water contact angles of the amine-functionalized surfaces

and TMS surfaces were 42 and 90°, respectively, consistent with
previous observations.33

To accurately quantify the desorption of individual protein
molecules from a solid−liquid interface, dye-labeled proteins were
diluted to a concentration of 10−12 M in PBS. Protein solutions were
filtered to remove possible aggregates. The protein solution was
added into an Attofluor chamber that was then sealed to eliminate the
water evaporation; the protein concentration is expected to remain
constant throughout the experiment.
Single-Molecule Tracking. Single-molecule localization meas-

urements were performed using a Ti2-E total internal reflection
fluorescence microscope (TIRFM) in conjunction with a high
numerical aperture 100× oil immersion objective. The measurements
were performed at 22 °C. An EMCCD camera (iXon DU897)
operating at −70 °C was employed to capture sequences of images.
ATTO 647 labeled BSA and CF640 labeled transferrin were excited
using a continuous-wave 640 nm OBIS-LX diode laser. TIRFM
exploits the evanescent field upon total reflection of an incident laser
at a solid−liquid interface to selectively excite fluorescent molecules
within a layer of ∼100 nm of the solid−liquid interface on the
aqueous side. Because of the fast diffusion coefficient of labeled
proteins in the solution (Figure S1), proteins in the solution were not
resolved. Each TIRFM measurement requires calibration for the stage
drift. This was resolved using a feedback control system with fiducial
markers, permitting hour- or even day-long observation.

We applied three distinct approaches to acquire surface residence
time distributions in different timescale regimes. First, in a direct
acquisition scheme, we varied the image acquisition time tac over
which the EMCCD camera counted photons to produce a single
fluorescence image (Figure 1C). The image acquisition times used
were tac = 0.03, 0.05, 0.1, 0.5, 1, and 2 s; more than 50 movies with
800 frames each were taken at each value tac. The positions of labeled
protein molecules were identified in each image and molecular
trajectories were extracted from the image sequences using a custom-
developed tracking algorithm as described previously. For each tac, at
least 104 objects with a duration of longer than 2 frames were
extracted and analyzed. Second, in a time-lapse acquisition scheme,
the time interval tti between consecutive image acquisitions was the
relevant timescale, as shown in Figure 1D. In these measurements, we
chose tac = 0.1 s and tti = 0.5, 1, 10, 30, 60, 120, and 180 s,
respectively. A high-speed optical shutter was synchronized with the
camera acquisition. More than 50 movies with 50 frames each were
taken at each value of tti. Third, in a long timescale direct desorption
scheme, a solid surface was initially exposed to protein solution at a
concentration of 10−12 M (10−7 mg/mL) for 1 h. The protein solution
was then replaced with pure PBS (not containing protein), allowing
the direct measurement of desorption from the surface by counting
the mean number of adsorbed protein molecules per unit area every
24 h until the adsorbed protein molecules were removed. The total
exposure time over 15 days was 1.5 s. Control experiments indicated
that the disappearance of protein molecules from the surface was not
caused by photobleaching.
Quartz Crystal Microbalance (QCM). A QCM measurement

system (Q-Sense E4, Sweden) was equipped with a flow cell
(QFM401, Sweden) to create a flow chamber in which the
temperature was controlled. A multichannel peristaltic pump (IPC
Ismatec SA, Switzerland) was used to flow the aqueous solution
through the flow cell over a 14 mm diameter 5 MHz crystal. QCM
crystals with Cr/Au electrodes (RQ5MTAP, China) were cleaned
before use using piranha solution and rinsing with deionized water.
Amine-functionalized surfaces were prepared by depositing self-
assembled monolayers (SAMs) of 3-amino-1-propanethiol (Alfa,

Table 1. Structural and Property Parameters of Two Model Proteins

protein MW
a isoelectric point sizeb PDB IDc

BSA 66.7 kD 4.9 215.7 × 45.1 × 142.4 Å3 3V03
transferrin 79 kD 5.5 45.0 × 57.9 × 135.9 Å3 1D4N

aMW = Molecule weight. bSize = The unit cell parameters of protein crystal structures. cPDB ID = Protein Data Bank identification.
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China). The QCM crystals were incubated in 1 mM ethanolic
solution of the thiol for at least 12 h, rinsed with ethanol, and dried
under nitrogen before use. Protein solutions with given concen-
trations were injected at a constant flow rate of 50 μL min−1, and the
resonance frequency of the crystal oscillator was monitored
continuously. The oscillation of the crystal was modified by protein
adsorption to the crystal surface, shifting the resonant frequency
because of a change in total coupled mass. The Sauerbrey equation
was used to relate the measured frequency shift (Δf) and the
adsorbed mass per unit area (M) as follows

=M C
f

n (1)

where n is the frequency overtone number (1, 3, ···) and C is the mass
sensitivity constant with a value of 17.7 ng cm−2 Hz−1 at 5 MHz.

■ RESULTS AND DISCUSSION
Single-Molecule Tracking at Different Timescales. We

employed TIRFM to identify the adsorption and desorption of
individual fluorescently labeled BSA and transferrin at the
interface between aqueous solution and amine-functionalized
solid surfaces (Figure 1A). For a given TIRFM measurement,
one must choose a specific temporal setting with which to
observe the system. For TIRFM with continuous illumination,
the relevant timescale is the image acquisition time (tac) over
which the EMCCD camera counts photons for an individual
fluorescence image (Figure 1C). To maximize temporal
resolution, the shortest tac with a sufficient signal-to-noise
ratio to ensure proper object identification is frequently
chosen. However, noise, blinking, photobleaching, and
inevitable “broken trajectories” upon tracking with an
automated algorithm can cause artificial loss of objects.34,35

Increasing tac decreases the temporal resolution but also

decreases object loss from tracking artifacts. Thus, while the
decreased temporal resolution associated with longer tac values
permits the observation of strong, long-lived adsorbents, it
cannot identify the residence of adsorbents much shorter than
tac. Therefore, combining complementary information from
various tac values can widen the observable time range of the
residence time, as described in previous work.34

Figure 1B shows representative images for adsorbed BSA at
solid−liquid interfaces with two different values of tac.
Fluorophores can be localized with an adequate signal-to-
background ratio at the shortest tac = 0.03 s. Adsorbed BSA
molecules were immobile; diffusion was not observed on
amine-functionalized surfaces (Figure S2), consistent with
previous work studying similar systems.33,36 Immobilization
was important in this study because it permitted the long-time
tracking of individual molecules. Figures 1E and S4 show the
complementary cumulative residence time distributions
(CCRTDs) of BSA at various tac. The CCRTD was calculated
to represent the fraction of molecules that remain on the
surface for time t or longer after adsorption. Data from an
exponential distribution for a single mean characteristic
residence time would appear as a straight line on the
semilogarithmic axes of Figure 1E. This is clearly not the
case for any tac studied; however, the CCRTDs can be fit by an
exponential mixture model with three populations to yield the
weighted average of residence time τ (Supporting Informa-
tion). We used the CCRTD obtained at tac = 0.03 s as a
reference; each subsequent CCRTD was multiplied by a factor
to shift downward to match its value at the smallest (leftmost)
t-axis value with the relevant value of the CCRTD obtained
using a shorter tac. In this way, the CCRTDs obtained at
various tac can superimpose complementarily over extended

Figure 1. Dependence of desorption kinetics on timescales of observation. (A) Schematic representation of TIRFM. (B) Representative
fluorescence images acquired at tac = 0.03 and 0.1 s, respectively. Schematic diagrams of (C) direct and (D) time-lapse acquisition schemes. (E)
CCRTDs and (F) their normalization obtained by direct acquisition with various tac for BSA at solid−liquid interfaces. (G) CCRTDs and (H) their
normalization obtained by time-lapse acquisition with various tti.
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timescales.34 As shown in Figure 1F, a clear (approximately
power law) decay was observed as a downward deviation for
residence times longer than ∼100tac. The acquired CCRTDs
are robust and do not depend on the excitation intensity when
it is higher than a threshold value (Figure S3), indicating that
the downward deviation was not caused by photobleaching
(An enhanced downward deviation would be present for high
excitation intensity where more serious photobleaching might
occur). Previous work pointed out a nonzero probability of
losing objects could be responsible for the downward
deviation.34 Interestingly, the emergence of an apparent
power-law form of CCRTDs at short timescales is consistent
with previous work studying the desorption kinetics of plasma
proteins at interfaces between aqueous solution and hydro-
phobic, hydrophilic, and nonfouling surfaces.33,37−39

Because the fluorescent dyes would eventually photobleach
under continuous laser illumination, a time-lapse scheme was
employed to provide information about longer residence times.
In particular, images were obtained at time intervals separated
by tti, ignoring events that occurred during the intervening
intervals (laser-off time) (Figure 1D). In a representative
measurement, a 50-frame time-lapse movie was obtained, in
which the objects that appeared in the first and last frames
were ignored (because their true residence times could not be
determined). The upper limit for laser illumination was
therefore 50tac = 5 s. The characteristic timescale of
fluorophore photobleaching was quantified by covalently
attaching protein molecules on the solid surface and measuring
the rate of object loss.40 The obtained mean photobleaching
time of 170 ± 10 s was much longer than laser exposure time,
suggesting that photobleaching did not play a substantial role.
The CCRTDs obtained using the time-lapse scheme with
various tti are presented in Figure 1G. For tti ≤ 30 s, the
CCRTDs decay as a power-law function and can only be
approximated by an exponential mixture model (SI).
Interestingly, we found that the time-lapse CCRTDs decayed
exponentially with residence time (linearly on a log-linear
scale) when tti > 30 s (Figures 1G and S6), with an apparent
time constant that depended on the time-lapse interval. This
apparent exponential decay was confirmed by implementing a
nonparametric Kolmogorov−Smirnov (KS) test to directly
evaluate the raw data points and circumvent model-dependent
interpretation.41 Therefore, we found that the time-lapse
CCRTD decay exhibited an apparent power law to exponential
crossover as tti increased from 0.5 to 180 s. Interestingly, data
acquired at different tti values can be superimposed into a
master distribution with a downward deviation emerging only
in the long residence time range (Figure 1H). This indicated
that the use of data obtained at various tac or tti can extend the
timescale of individual measurements when using different
acquisition schemes with a series of tac or tti values.

We note that each acquisition scheme has its advantages.
The direct acquisition scheme offers direct observation over
time but suffers from the finite length of observation time due
to photobleaching. Moreover, the signal-to-background ratio
decreases with decreasing tac, increasing the probability of
losing objects. On the other hand, the time-lapse acquisition
enables longer observation but suffers from the loss of
information between image acquisition events. It is important
to ask whether the use of these two schemes with tac = tti yields
consistent results and whether bias was introduced into the
acquired data by varying tac or tti. We analyzed the results and
determined that consistent results were obtained using the two

different schemes with tac = tti; representative results are shown
in Figure 2A. The comparison indicated that results were

consistent, albeit with different total laser exposure times.
Further, we compared the CCRTD data acquired at two
representative tti values of 10 and 30 s (Figure 2B); the data
overlapped perfectly in the range of small-to-moderate
residence times but inevitably deviated at longer residence
times. To account for these artifacts, in each measurement, we
counted only measured residence times that were less than 10
tac or 10 tti, and used the same normalization method as shown
in Figure 1F to combine all data obtained using different
acquisition schemes into a single master curve, as shown in
Figure 2C. Considering this master curve, for residence times t
< 400 s, C′(t) ∝ t−0.9 for more than four orders of magnitude
in time. For t > 400 s, C′(t) can be well approximated by an
exponential function as verified by a KS test with a
characteristic residence time of 435 s.

The data described above were obtained at an ultra-low
fractional surface coverage by area (10−6). To further test the
robustness and universality of the aforementioned finding, we
studied desorption kinetics at a higher bulk BSA concentration
(10−7 M) where the equilibrium fractional surface coverage
was approximately 10−1. We found that the power law to
exponential crossover was preserved at the higher coverage
(Figure S7), with a modest but systematic decrease in the
characteristic residence times (τ) acquired at different
timescales (Figure 2D), presumably due to the preferential
blocking of anomalously strong adsorption sites.33 Further, we
studied other factors such as surface chemistry and the use of
different plasma proteins to verify that the heterogeneous
protein desorption observed here (i.e., the crossover from
power law to the exponential decay of CCRTD) was a general
phenomenon, and not specific to a given type of protein on a
given surface. The desorption of BSA from a TMS surface and

Figure 2. Residence time distribution exhibiting a power law to
exponential transition. (A) CCRTDs obtained using direct and time-
lapse acquisition schemes with tac = tti = 0.5 s. (B) CCRTDs obtained
using the time-lapse acquisition scheme with tti = 10 and 30 s. (C)
Normalization of truncated CCRTDs obtained using both schemes
with all tac and tti values studied; the red solid line represents a fit
using a state-balance model. (D) Mean characteristic surface
residence times of BSA on amine-functionalized surfaces obtained
using different schemes with varying tac and tti at bulk concentrations
of 10−7 and 10−12 M.
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transferrin from amine-functionalized surfaces were measured
at tac = 0.1 s and tti = 180 s, respectively. In these two sets of
experiments, the CCRTDs obtained at tac = 0.1 s followed a
power-law decay, while CCRTDs obtained at tti = 180 s were
well described by a single exponential decay (Figure S8).
These results illustrate that the power law to exponential
crossover is a universal phenomenon spanning diverse
concentrations, surfaces, and proteins.
Long-Term Measurements to Quantify “Irreversibly”

Adsorbed Objects.When we performed measurements using
the time-lapse scheme with the longest tti = 180 s, we found
that a small fraction of BSA molecules remained adsorbed to
the surface over the entire time course of the experiment,
signifying that the observations were truncated at longer
timescales. Even aggressive rinsing failed to remove these
molecules from the surface. An obvious question emerged as to
whether the adsorption of these objects was truly irreversible
or whether this fraction simply has a characteristic timescale
for desorption that is much longer than the experimental
observations. We attempted to address this question by first
exposing a surface to proteins in solution, subsequently
replacing the protein solution with protein-free PBS, and
monitoring the net number of adsorbed proteins over time.
One limitation of this approach is that following desorption
from the surface, protein molecules can experience multiple
unproductive surface encounters and finally readsorb on the
surface.42 Indeed, over long observation times, the net number
of adsorbed proteins may remain erroneously constant over
time because of this effect (Figure S9). To address this, we
designed a microfluidic chamber that enabled single-molecule
measurement under laminar flow (Figure 3A), which would

tend to remove a desorbed molecule from the field of view. In
these experiments, BSA solution at a concentration of 10−12 M
flowed for 1 h. The solution was then exchanged to protein-
free PBS at a flow rate of 1 μL min−1 for 5 h to remove
adsorbed BSA molecules with residence times shorter than 5 h.
The number of adsorbed proteins decreased rapidly with time
because the desorbed proteins were removed with the buffer
flow (Figure S10). A small population of proteins remained
adsorbed at the solid−liquid interface after 5 h rinsing. To
provide results with statistical significance, more than 103

molecules were subsequently acquired from more than 50
images at multiple locations. Then, a fluorescence image was
manually obtained at 24 h intervals over a total period of 15
days until the surface coverage is close to zero.

Figure 3B shows the surface coverage of proteins evolved
with time when the flow rate was 1 μL min−1. Varying the flow
rate in the range of 1−100 μL min−1 did not change the
results. The surface coverage decreased monotonically with
time and finally approached zero, suggesting that the
apparently irreversible adsorption resulted from adsorbed
protein molecules with characteristic desorption times far
beyond the typical time course of an experiment. Over a
sufficiently long timescale, the desorption kinetics can be
adequately described by a single exponential decay with
timescales Tlong = 3.98 × 105 and 2.96 × 105 s for surface
coverages of 10−6 and 10−1, respectively. Thus, consistent with
the observations at shorter timescales, increasing the surface
coverage caused shorter residence of proteins at solid−liquid
interfaces (Figure 3B).

Combined with the results in previous sections, these
observations indicated that desorption occurs at timescales
from 10−2 to 106 s. The extrapolation of the CCRTDs to short
times indicated an increased number of desorption or collision
events for times shorter than 10−2 s.43 However, due to the
limited temporal resolution, protein molecules colliding with
the surface and diffusing back into the solution at such short
timescales were treated only as background noise. The fact that
CCRTDs exhibited a shape that was much broader than a
single exponential at short times suggested the existence of a
spectrum of binding energies. This can originate from either a
nonstationary process44,45 where the binding energy varied
with time or a heterogeneous process46 involving multiple
binding energies that can be approximated by a superposition
of exponential functions. Previous studies found that apparent
power-law CCRTDs can often be adequately described as the
sum of contributions from multiple, independent, and
simultaneously occurring exponential processes because of
the formation of a range of protein aggregates.39,47 Moreover,
protein molecules can potentially interact with a given interface
in different ways (e.g., different conformations or orienta-
tions17), leading to a broad distribution of adsorption states
corresponding to different binding energies.22,48−50 The
complex desorption process can be modeled as an initially
adsorbed object that performs random walk over a rugged
energy landscape.37

Protein Desorption Exhibits Aging. To understand the
most likely underlying mechanism leading to the broad range
of timescales, we designed a specific set of analyses and
measurements. First, we carefully checked and ruled out the
effect of protein aggregation on desorption kinetics. Specifi-
cally, the protein solutions were filtered to remove any
aggregates before use. Moreover, fluorescence correlation
spectroscopy measurements indicated no aggregation in the
solution even when the solution was left standing for 30 days
(SI). We also considered the possibility that surface-induced
aggregation may occur, especially in long-term experiments.
However, we calculated that the collision probability of two
proteins meeting at the interface was only 0.01% under the
conditions of the experiments, suggesting a negligible chance
of surface-induced aggregation. Because even trace amounts of
protein aggregates are hypothesized to enrich at the solid−
liquid interface because of their higher interfacial affinity than
the protein monomer, we explicitly checked for the presence of
such aggregates by looking for signatures involving brighter
fluorescence emission and longer surface residence times than
a monomer.39 However, when we measured the fluorescence
intensity distributions using a time-lapse scheme with various

Figure 3. Long-term desorption kinetics. (A) Schematic representa-
tion of a microfluidic chamber integrated with the TIRF microscope.
(B) Normalized surface coverage as a function of the measurement
time for different initial concentrations. θ0 is the initial fractional
surface coverage by area.
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tti (Figure 4A), the distributions of fluorescence intensities
were analogous for all values of tti; only one distinct peak was

observed at the same intensity value for all temporal settings.
Also, when the acquisition time was fixed at tac = 0.1 s, we
found that the fluorescence intensity was not correlated with
the residence time (Figure S11). Taken together, all of these
facts and observations strongly suggested that protein
aggregation was not responsible for the observation-time-
dependent desorption kinetics.

We further considered the possibility that protein desorption
was a nonstationary process that evolved with time. To this
end, we used the direct acquisition scheme with tac = 0.1 s to
comparatively study desorption kinetics under two conditions:
immediately after sample preparation vs after allowing the
sample to relax for 3 h prior to measurements (Figure 4B).
Interestingly, we found that the CCRTDs tail at longer
timescales decayed systematically more slowly after 3 h
relaxation. This suggested that after 3 h relaxation, the
majority of BSA molecules contacting the surface exhibited
short-lived residence times, and desorbed without any
conformational or orientational change. However, a minority
of BSA molecules became kinetically trapped, denoting an
aging effect. To selectively study the population with long-time
relaxation, we imaged multiple areas of the surface and
specifically focused on the trajectories that appeared in the first
frame of movies. We found that the CCRTDs associated with
these trajectories after 3 h relaxation decayed more slowly than
the freshly prepared ones (Figure S12).

We speculate that the observed aging can be attributed to
surface-mediated relaxation, indeed this is consistent with
previous findings suggesting that the structure of adsorbed
proteins often becomes increasingly denatured over time.51,52

Therefore, we hypothesized that surface protein aging was
caused by the reversible conversion of multiple binding states

corresponding to different values of τ. To test this hypothesis
quantitatively, we modeled CCRTDs using kinetic Monte
Carlo simulations involving a state-balance model.37 The
simulation details are described in the SI. In short, the
desorption energy exploration can be modeled as a biased
random walk on a rugged one-dimensional energy landscape
possessing a number (N) of wells of various depths, each of
which corresponds to specific binding energy (Figure 4C). A
BSA molecule initially adsorbs at a solid−liquid interface in the
state with the shallowest well. The BSA molecules can either
desorb rapidly from the surface with probability p or into a
state with a deeper well with probability 1 − p. At sufficiently
long times, a fraction of protein molecules can fall into the
deepest well. These simulations employed experimentally
measured characteristic times at six observation timescales as
inputs; the only adjustable parameter was p. Note that p = 0.5
indicates an equal chance of conversion to weaker and stronger
states and p > 0.5 denotes a bias toward weaker binding states.
By setting p = 0.83, the simulations successfully represented
the experimental CCRTDs obtained by accumulating data
from multiple observation timescales (Figure 2C). Taken
together, the consistent systematic trends seen in both
simulations and experimental results suggest that the
interconversion between distinct states with a bias toward
weaker binding states leads to CCRTDs that exhibit a power
law to exponential crossover.
Comparison to Results Obtained by QCM. It is

interesting to compare the above direct observations of protein
desorption kinetics over eight orders of magnitude with results
obtained using a traditional ensemble technique.53 To this end,
we compared single-molecule data with the results obtained
using QCM under nominally identical experimental con-
ditions. QCM is one of the most prevalent ensemble-averaging
techniques for the characterization of surface adsorption by
measuring changes in the resonant frequency of a crystal
oscillator.54 QCM exhibits distinct advantages over many other
traditional methods because it allows an in situ, time-
dependent measure of the adsorbed mass on the oscillator
surface. Figure 5A exhibits representative time courses of the

frequency shift of the crystal oscillator upon the addition of
fluorescently labeled BSA at various concentrations. The
frequency shift (Δf) is defined as the difference between the
actual resonance frequency f(t) and the initial frequency f(t =
0). The apparent surface coverage of BSA can be calculated
from Δf using eq 1. In QCM measurements, the adsorption
and desorption rate constants were determined using a
Langmuir model; we obtained ka = 2.77 × 103 (mol L−1)−1

Figure 4. Protein desorption exhibiting aging. (A) Fluorescence
intensity distributions of adsorbed BSA measured at different tti. (B)
Complementary cumulative residence time distributions of BSA on
amine-functionalized surfaces measured immediately after sample
preparation or after 3 h. (C) Schematic illustration for surface protein
aging originated from the reversible conversion of various binding
states with distinct binding energies.

Figure 5. Comparison between results obtained by single-molecule
tracking and QCM. (A) Frequency shifts vs exposure time for BSA
adsorption on amine-functionalized surfaces. (B) Normalized surface
coverage vs time of BSA on amine-functionalized surfaces measured
by QCM and SM-TIRF, respectively.
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s−1 and kd = 2.24 × 10−3 s−1, which were similar to results
obtained by QCM under similar conditions30,55 (the details are
described in the SI). Interestingly, we found that the measured
kd agreed quantitatively with the results of single-molecule
measurements using the time-lapse acquisition scheme with tti
= 120 and 180 s (Figure 2D).

Furthermore, to make a quantitative comparison, we
measured the total surface coverage of adsorbed BSA, θ(t),
at a solid−liquid interface as a function of time t under
nominally identical conditions using both types of technique.
Remarkable consistency in θ(t) was observed (Figure 5B).
Interestingly, the analysis of TIRFM movies indicated that
short-lived objects were in rapid exchange with the bulk
solution and represented a large fraction of the full ensemble
and that long-lived objects represented only a small
contribution toward the surface coverage.

From an experimental point of view, each type of
measurement was biased to recognize one or several adsorbed
states in a given range of timescales. One might argue that the
only populations of importance are those that dominate the
surface coverage. However, the observation in Figure 4B
indicates that the conversion from a short-lived to a long-lived
population is a critical feature of protein adsorption which
cannot be properly understood without the acknowledgment
of the short-lived state. Moreover, it is well known that a
protein layer can form rapidly (less than a few seconds) on a
nanoparticle surface when in contact with a biological
medium.3 A temporal evolution from a loosely attached to
an irreversible attached protein on nanoparticles was also
observed.56−58 Considering only an ensemble-average obser-
vation, it would be tempting to conclude that direct protein�
surface attraction increased with time on such a surface when,
in fact, the underlying mechanism, involving an aging effect, is
completely different. While proteins are in rapid exchange
between solution and surface, a small fraction of adsorbed
proteins converts to a more stable adsorbed state. As time
involves, more and more short-lived proteins convert into their
long-lived counterparts, resulting in the time evolution of a
protein layer.

■ CONCLUSIONS
Here we performed a mixed scheme of single-molecule
tracking experiments to follow the desorption kinetics of
representative plasma proteins, BSA, and transferrin at solid−
liquid interfaces over a wide range of timescales, 10−2−106 s,
by combining information obtained at different temporal
settings. We found that the characteristic residence time of
adsorbed proteins was observation-time-dependent where
longer observation times led to an increase in the apparent
characteristic residence time, arising from the exploration of a
desorption energy landscape over time, i.e., exhibiting aging.
On timescales from 10−2 to 104 s, the residence time
distribution exhibited a power law to exponential transition.
Tracking desorption from the solid−liquid interface on
timescales of 104−106 s yielded an exponentially distributed
residence time. The residence time distribution can be
quantitatively described by a state-balance model involving
sequential and reversible jumps to explore a rugged energy
landscape possessing wells with a broad distribution of binding
energy depths. Comparison with results obtained using QCM
shows excellent consistency, indicating that the focus on a
time-dependent average surface coverage neglected complex-
ities that were masked by ensemble averaging. While protein

adsorption and desorption are often characterized by exposing
a surface to protein solution and measuring the net
accumulation over time to yield ka and kd, this approach is
potentially insensitive to short-lived proteins because they do
not contribute to the calculation of ka and kd. However, such
proteins may be relevant and important for technological and
biomedical applications. As we demonstrate here, it is
important to reevaluate protein adsorption and the biological
identity of material surfaces by measuring the surface residence
over multiple orders of magnitude in time. These results reveal
limitations of traditional methods that are generally biased
toward desorption events in a narrow range of timescales.
More nuanced measurements should account for the
observable time window attempting to understand complex
protein adsorption and desorption phenomena. We hope that
the complementary single-molecule tracking approaches can
serve as a benchmark for the characterization of protein
desorption kinetics and that subsequent studies will use this
approach to characterize the desorption kinetics of additional
proteins.
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