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Abstract—Thermal fluctuation approach is widely used to
monitor association kinetics of surface-bound receptor–
ligand interactions. Various protocols such as sliding stan-
dard deviation (SD) analysis (SSA) and Page’s test analysis
(PTA) have been used to estimate two-dimensional (2D)
kinetic rates from the time course of displacement of
molecular carrier. In the current work, we compared the
estimations from both SSA and modified PTA using mea-
sured data from an optical trap assay and simulated data
from a random number generator. Our results indicated that
both SSA and PTA were reliable in estimating 2D kinetic
rates. Parametric analysis also demonstrated that such the
estimations were sensitive to parameters such as sampling
rate, sliding window size, and threshold. These results
furthered the understandings in quantifying the biophysics
of receptor–ligand interactions.

Keywords—Sliding standard deviation analysis, Page’s test

analysis, Kinetic rate, Receptor–ligand binding, Random
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INTRODUCTION

Cell adhesion mediated by surface-bound receptor–
ligand interactions [or so-called two-dimensional (2D)
binding] plays an important role in such biological
processes as inflammatory reaction,25 tumor metasta-
sis,1 arteriosclerosis,11 and wound healing.13 2D asso-
ciation and dissociation kinetics governs the formation
and rupture of molecular bond. While 2D kinetics of
bond rupture has been extensively investi-
gated,2,6–8,10,16,19,22 only a few approaches have been
developed to quantify 2D kinetics of bond formation
using such the assays as biomembrane force probe
(BFP)5 and optical trap.26

To visualize the single molecular binding, two sur-
faces bearing respective receptors and ligands were

manipulated to separate at a pre-set distance in ther-
mal fluctuation measurements.18,29 Ultra-sensitive
probes are used to monitor the movement of molecular
carrier in a weakly-damped energy well, where the
displacement is in the order of several to several hun-
dreds of nanometer (nm). Information of molecular
interactions is then represented by the mean (or most
probable) value and the variance of carrier thermal
fluctuation. For example, 8 nm stepwise movement of
single kinesin molecule27 and 3–4 pN force transition
between myosin and actin filament9 were estimated
using the mean of carrier thermal fluctuation. This
mean value was also used to quantify bond lifetime
and reverse rate of receptor–ligand interactions.18,30

Variance-based analysis, e.g., sliding variance or slid-
ing standard deviation (SD) analysis (SSA), is another
method to identify the binding and unbinding states of
the molecules and to measure the spring stiffness of
single receptor–ligand pair.20 Correlation analysis was
applied to track individual binding events between two
surfaces.21 It has long been noticed that the readouts
from these analyses strongly depend on the pre-set
threshold, which is determined empirically.

The distribution function of two states, rather than
their means or variances, is presumably more reliable
to identify the states, as seen in two distribution-based
analyses of Student’s t-test3 and Page’s test.17 Student’s
t-test analysis is insensitive to the threshold but
requires a large ensemble of data. And the readouts
eventually rely on the identification of start and end
moments of the binding state. It worked well for the
measurement of stepwise movement of a molecular
motor4 but may not be applicable to quantify the bond
lifetime (or waiting time) of receptor–ligand interac-
tions. Page’s test analysis (PTA) employs a pairwise
probability density function (PDF) to identify the
states, which has been used to detect the iron-channel
transition14 and to monitor the transient mechanical
events from noisy data signals.17 It was also found that
the PDF distribution of the unbinding state affected
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the distribution of the sequential binding state due to
diffusion transportation.32 Evidently, several parame-
ters such as the sampling rate, the threshold, and the
critical frequency of state transition affects the reli-
ability of PDF calculation as well as of 2D kinetics
estimation.

In the current work, PTA was modified and SSA5

using measured data of thermal fluctuation measure-
ments from an optical trap assay. Computer-generated
random number series was also used to further com-
pare the two analyses. Our results indicated that both
analyses were reliable but favorable separately at dif-
ferent parameter sets.

MATERIALS AND METHODS

Proteins and Antibodies

Soluble L-selectin (sLs), purified PSGL-1 con-
structs, non-blocking anti-L-selectin monoclonal anti-
body (mAb) CA21, and anti-PSGL-1 mAb PL2, and
blocking anti-L-selectin mAb DREG56 and anti-
PSGL-1 mAb PL1 were described previously.26 FITC-
conjugated goat anti-mouse secondary mAbs and
bovine serum albumin (BSA) were purchase from
Sigma (St. Louis, MO, USA).

Protein Immobilization

The procedure of protein immobilization was
described previously.26 Briefly, 2.32- and 5.66 lm-
diameter silica microbeads (Bangs, Fishers, IN, USA)
were incubated overnight at 4 �C in 5, 10, 15, or
20 lg/ml of capturing mAbs CA21 and PL2, respec-
tively, followed by nonspecific blocking in 2% BSA
for 8 h. CA21- and PL2-coated microbeads were then
incubated in 20 ng/ml of respective sLs and PSGL-1
constructs at 4 �C for over 12 h, and were ready for
thermal fluctuation measurements within 3 days.
Microbeads coated with BSA and CA21 or PL2 alone
(all blocked with BSA) were used as control. Site
density of surface-coupled sLs or PSGL-1, mr or ml,
was determined using flow cytometry and immuno-
radiometric assay.15,28

Optical Trap Assay

Optical trap set-up was also described previously.26

Briefly, each 103 sLs- and PSGL-1-coupled microbeads
were injected into a customer-made glass sample cell.
A sLs-coupled microbead was captured by a mobile
trap (PALM, Zeiss, Germany) and was driven to the
vicinity of a PSGL-1-coupled microbead pre-settled
onto coverslip substrate. Time course of displacement,

Dx, of sLs-coupled microbead was recorded at 25
frames per second (fps) (cf. Fig. 1a). All measurements
were done at room temperature (24–28 �C).

RESULTS AND DISCUSSION

SSA and PTA methods

Binding events mediated by receptor–ligand bond
formation were identified by visualizing the sudden
stop or sharp magnitude reduction of thermal fluctu-
ation. A cross-correlation method described previ-
ously12 was used to determine the position (or
displacement) of sLs-coupled microbead with an
accuracy of ~2 nm at focus plane. Two sets of analyses
were performed to isolate the binding events from the
recorded time course of displacement.

(a)

(b)

(c)

FIGURE 1. Sliding SD analysis to identify binding events
from a typical displacement record monitored using an optical
trap assay (a). Also plotted were the time course of corre-
sponding sliding SD at a sliding window size of ten frames (b)
and the histogram of sliding SD where two peaks represented
the unbinding (r1) and binding (r2) states (c). Dashed lines in
(b, c) were denoted as the threshold r2 ¼ 6:0 nm, defined as
the mean of r2 averaged from an ensemble of >100 records,
and arrows indicated the binding events.
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Sliding SD of displacement was calculated using a
window size of ten sequential frames (Fig. 1b) and the
resulted histogram was used to identify the binding
state (r2) from the unbinding state (r1), as exemplified
in Fig. 1c for a typical record.5 Here the mean r2;
averaged from an ensemble of records (n> 100), was
defined as the threshold (dashed lines in Figs. 1b and
1c) to isolate individual binding events from thermal
fluctuation (Fig. 1c). Time duration underneath the
threshold was the lifetime, tr, for that event, while
the interval between two sequential binding events was
the waiting time, tw. The cumulative frequency of wait-
ing time tw was used to predict 2D effective forward rate
upon first-order irreversible reaction kinetics.26 Two
freely-adjustable parameters of the sliding window size
and the threshold were required in the estimation.

PTA method, widely used to measure the statistics
of PDF change for noisy signals14,24 or to monitor the
acto-myosin interactions,17 was modified to identify
the start and end moments for a binding event. The
displacement for the binding and unbinding states
exhibits two Gaussian histograms. For each distribu-
tion, the probability density, f(x), at an arbitrary slid-
ing SD value, x, gives,

f xð Þ ¼ exp � x� x0ð Þ2= 2xð Þ
h i. ffiffiffiffiffiffiffiffiffi

2px
p

; ð1Þ

where x is the variance and x0 is the mean value of
sliding SD. The log odds ratio g is then calculated,

g xð Þ ¼ log10 fbinding xð Þ
�
funbinding xð Þ

� �
: ð2Þ

Here g is positive if fbinding > funbinding but negative if
fbinding < funbinding. Note that high or low probability
of having a positive g value is achieved when x lies in
the binding or unbinding distribution, even though
both positive and negative g values are found in each
distribution. To determine the start and end moments
of a binding event, the cumulative summation of g
values, G, is calculated by assuming that negative G
value denotes the unbinding state and could be dis-
carded,17

Gð0Þ ¼ 0;

GðtnÞ ¼ max 0;Gðtn�1Þ þ g xnð Þf g;
ð3Þ

where xn is the x value at time tn (n = 1, 2…N where N
is the final data point for that series of sequential
event) and G(tn) is the corresponding summation. In a
forward summation, G(tn) increased with tn since more
positive g values were found in a binding distribution.
Finally it reached a maximum value and then
decreased sharply to zero at the end of that event
(Fig. 2a), where the moment of apex was defined as the
end moment for that event (arrows in Fig. 2a). Simi-
larly, the start moment for that event was determined

when monitoring the time course of G(tn) in a back-
ward summation (Fig. 2b). Noting that the height of
the peak so obtained is related to time duration for
that event (or lifetime), the events with very short
lifetimes are hard to be isolated from noise. In the
current study, a threshold of 5 was applied to exclude
those peaks underneath the threshold (dashed lines in
Figs. 2a and 2b). It should be pointed out that the
estimation of G value requires the distributions of
fbinding(x) and funbinding(x), which depend on either
both the two parameters of sliding window size and
threshold (Eq. 1) or the threshold alone. Such the
dependence is determined by how to define f(x) at
different sampling rates. At low sampling rate (as for
the optical trap data), the binding and unbinding states
are hard to be isolated each other using the displace-
ment distribution, whereas the distribution of sliding
SD of displacement yields two discrete peaks for the
two states. Thus, f(x) is defines as a function of sliding
SD distribution at low sampling rate, which depends
on the two parameters of sliding window size and
threshold. At high sampling rate (as for those simu-
lated data), however, the two states are able to be
isolated directly from the displacement distribution
and f(x) can be defined as a function of displacement
distribution, where only the threshold is required in
PTA method at high sampling rate. Thus, less freely-
adjustable parameters were employed for PTA, as
compared for SSA.17

(a)

(b)

FIGURE 2. Page’s test analysis to identify binding events for
the typical record shown in Fig. 1. Plotted were the time
courses of cumulative forward (a) and backward (b) summa-
tion G. Dashed lines in (a, b) were denoted as the threshold of
5 and arrows indicated the end (a) and start (b) moments for
the events.
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Identification of Start and End Moments
for Binding Events

The start and end moments for a binding event was
identified using the two analyses. Typically, 12 bind-
ing events were found from probability density dis-
tribution of sliding SD at a threshold of r2 ¼ 6:0 nm
(Fig. 1c), which started at the moment of 15.00, 31.44,
34.76, 40.32, 45.60, 47.24, 50.84, 56.06, 62.84, 75.24,
77.16, and 83.68 s, and ended at the moment of 15.16,
31.48, 35.16, 40.72, 45.76, 47.28, 51.12, 56.12, 62.96,
75.44, and 77.68 s (Fig. 1b), respectively, yielding the
corresponding lifetimes of 0.16, 0.04, 0.40, 0.40, 0.16,
0.04, 0.28, 0.06, 0.12, 0.20, and 0.52 s for first 11
binding events (the 12th event was denoted as a firm
adhesion event with infinite lifetime). Using the
modified PTA, however, only ten binding events were
unraveled at the threshold of 5, which started at the
moment of 11.68, 31.04, 34.56, 40.32, 45.60, 50.84,
62.80, 75.24, 77.16, and 83.68 s, and ended at the
moment of 12.16, 32.00, 35.28, 40.72, 45.76, 51.20,
62.96, 75.44, and 77.72 s with the lifetimes of 0.48,
0.96, 0.72, 0.40, 0.16, 0.36, 0.16, 0.20, 0.56 s for first
nine events (Fig. 2), implying that two of those
binding events observed in SSA method was not
visualized in PTA method. It was also found that
several start moments appeared earlier in PTA
method as compared in SSA method, even for the
same events.

One possibility for overestimating the number of
binding events from SSA is that the readouts are much
sensitive to the threshold, since less binding events
would be observed when a relatively low threshold, say
5.0 nm, is set (cf. Fig. 1c). Another possibility is that
such the overestimation is attributed to the statistical
difference in various records from the same microbead
pair and/or in different records from different pairs. To
test the possibilities, an ensemble of records (n> 100)
from >10 pairs of microbeads was pooled together to
compare the readouts from two analyses. At a typical
site density of mr 9 ml = 10.58 9 105 lm�4, more
binding events (especially for those after first event)
were identified (7001 and 994 events) with shorter
lifetimes (0.32 ± 0.01 and 0.87 ± 0.03 s) from SSA
than those from PTA (Table 1), suggesting that using a
SSA method is able to monitor the weaker binding
events but the readout is sensitive to the threshold at
low sampling rate (seen as below).

Comparison of 2D Effective Forward Rate Estimation

Two-dimensional effective forward rate, Ackf, was
estimated from the waiting time series using first-
order irreversible reaction kinetics.5,26 Four indepen-
dent measurements at mr 9 ml = (6.54, 7.83, 9.02,

10.58) 9 105 lm�4 described previously26 were
employed using two analyses. Ackf so obtained were
similar [(9.3 and 9.0) 9 10�8 lm4/s from SSA and
PTA, respectively) (Fig. 3), indicating that both the
estimations were reliable. It was also found that the
correlation coefficient and 2D cellular forward rate
Acmrmlkf were relatively higher from SSA (R2 = 0.96;
0.061, 0.068, 0.085, and 0.101 s�1; squares in Fig. 3)
than those from PTA (R2 = 0.82; 0.057, 0.059, 0.070,
and 0.101 s�1; circles in Fig. 3).

Computer Simulation of Random Number Series

To further compare the readouts from two analyses,
a numerical simulation was done by reproducing state-
transition events where the displacement of a micro-
bead in a weakly-damped energy well was set to follow
a Gaussian distribution in temporal domain and a
power spectrum density (PSD) distribution in fre-
quency domain. Here a random number series was

TABLE 1. Comparison of 2D kinetics obtained from optical
trap measurements.

SSA PTA

Total first binding events� 46 42

Total binding events� 7001 994

Averaged lifetime (s)

(mean ± SE)�
0.32 ± 0.01 0.87 ± 0.03

2D effective forward

rate Ackf (910�8 lm4/s)�
9.3 9.0

�Data set at a site density of 10.58 9 105 lm�4 in Fig. 3.
�Data sets at four different site densities in Fig. 3.

FIGURE 3. 2D cellular forward rate Acmrmlkf for sLs–PSGL-1
interactions at the site densities of mr 3 ml = (6.54, 7.83, 9.02,
and 10.58) 3 105 lm24. Data were estimated from sliding SD
(squares)26 and Page’s test (circles) analyses. Solid26 and
dashed lines were the predictions using first-order irrevers-
ible reaction kinetics. The slope of fitted line was defined as
2D effective forward rate Ackf.
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produced by the random number generator, which
obeys the function of PSD, PSD(f), at a frequency, f,23

PSD fð Þ ¼ kBT= p2 � 6pgr= f 2c þ f 2
� �� �

ð4Þ

Here fc is the critical frequency of thermal fluctuation,
kB is the Boltzmann constant, T is the absolute tem-
perature, g is the medium viscosity, and r is the radius
of microbead. Note that fc = k/(2p 9 6pgr) where k is
trap stiffness of force transducer (optical trap or BFP).
Given a stationary Gaussian random process Z(t) with
zero mean, a finite random number series, Zi(Dt)
(1 £ i £ n), at a pre-set time interval Dt (the reciprocal
of sampling rate) was obtained by generating an
independent random number series y1, y2…yn, which
satisfies a Gaussian distribution N(0,1) and iterates
using the following equations,31

Z1 ¼ r � y1;
Zi ¼ e�a�DtZi�1 þ r � yi �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� e�2a�Dt
p

; 2 � i � n;

ð5Þ

where r = kBT/(6pgra) and a = 2pfc. Parameters
of n = 120,000, Dt = 0.0002 s, fc = 12,500 Hz, and
r = 1.4 nm for a Gaussian noise, fc1 = 3 Hz and
r = 3 nm for a binding state, and fc2 = 200 Hz
and r = 11 nm for an unbinding state were described
previously29 and used in the current work.

The iterating strategy used here was different from
the one described previously, where the Gaussian series
was filtered by a single pole energy-normalized But-
terworth filter.17 Using the above parameters, a
Gaussian noise series (Fig. 4a) and a state-transition
series (Fig. 4b) were obtained, which were in excellent
agreement with those in Veigel et al.29 This consistency
was further validated by comparing the PSD curve for
the two series. As exemplified in Fig. 4c, the PSD
yielded the similar critical frequencies but exhibited a
significant difference at low f between an unbinding
state (grey line) and a state-transition (solid line),
indicating that a binding state is readily identified at
low sampling rate (<10 Hz). Thus, the iterating
strategy guaranteed to generate a reasonable random
number series for kinetic rates estimation.

Numerical Simulation of 2D Kinetics

The displacement magnitude and distribution in
frequency domain were obtained using the above
iteration (Eq. 5). The series of waiting time tw for
unbinding state and lifetime tr for binding state were
generated using pre-set kinetic parameters of forward
rate kf and reverse rate kr, respectively. Given an
arbitrary random variable x distributed uniformly in
(0, 1), the series follows,5

tw ¼ � ln 1� xð Þ= Acmrmlkfð Þ;
tr ¼ � ln x=kr:

ð6Þ

A pair of (tw, tr) determined the durations of two
sequential unbinding and binding events. This process
was repeated, which eventually reproduced a state-
transition series with 120 binding events (Fig. 5a and
Table 2). Here the parameters of sampling rate =
1.5 9 103 fps, r = 1.6, and 5.3 nm for respective
binding and unbinding states, Acmrmlkf = 1.41 s�1,
and kr = 10.16 s�1 were borrowed from Chen et al.5

Given a sliding window size of 20 frames and a
threshold of 2.5 nm for SSA and a threshold of 5 for
PTA, more (127 events) or less (110 events) binding
events were identified from the former or the latter
(Figs. 5b–5d), resulting in 5.8 and 9.9% of false-neg-
ative events and 11.7 and 0% of false-positive events
(Figs. 5e and 5f and Table 2). 2D kinetic rates were
then estimated from two sets of tw and tr series from
SSA and PTA, which yielded Acmrmlkf = 1.44 and
1.30 s�1 and kr = 9.94 and 9.29 s�1 (Table 2). These
results indicated that both the analyses are reliable to
estimate 2D kinetic rates provided that the reasonable
sliding window size and/or threshold are selected.

(a) (b)

(c)

FIGURE 4. Computer-stimulated series for a Gaussian noise
at fc = 12,500 Hz and r = 1.4 nm (a) and for a state-transition
at fc1 = 3 Hz and r = 3 nm (binding state) and at fc2 = 200 Hz
and r = 11 nm (unbinding state) (b). Also plotted were calcu-
lated PSD functions using Eq. (4) for the Gaussian noise
(dashed line), and the state-transition (solid line), and the
unbinding state (grey line) (c). Parameters of n = 120,000 and
Dt = 0.0002 s described previously29 were used.
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(a)

(b)

(c)

(d)

(e)

(f)

FIGURE 5. Binding event identification from a stimulated displacement record. (a) A typical series generated using the param-
eters in Chen et al.5: sampling rate = 1.5 3 103 fps, r = 1.6, and 5.3 nm for respective binding and unbinding states,
Acmrmlkf = 1.41 s21, and kr = 10.16 s21. (b) Binding event identification using sliding SD analysis at a threshold of 2.5 nm (dashed
line) and a sliding window size of 20 frames. (c, d) Binding event identification using Page’s analysis at a threshold of 5 (lines of the
threshold are invisible) in forward (c) and backward (d) summations. (e, f) Binary plot for the segmented unbinding (set to 0) and
binding (set to 1) states using the sliding SD (e) and Page’s test (f) analyses. Also plotted were the false-negative (upward arrows)
and false-positive (downward arrows) events (b–f).
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Error Analysis of Kinetic Rate Estimation

Sampling rate, sliding window size, and threshold
affect the identification of binding events and the esti-
mation of kinetic rates. Low sampling rate underesti-
mates 2D forward and reverse rates since those binding
events with short lifetimes are potentially excluded from
the entire record, which, in turn, prolongs tw and tr
values. This is presumably why approximately tenfold
higher sampling rate than critical frequency, fc, was

usually used in thermal fluctuation measurements.23

Sampling rate also affects the kinetic rate estimation
from two analyses.Here five independent data sets (100–
120 data points each) were generated at five sampling
rates (0.5, 1.0, 1.5, 3.0, and 6.0) 9 103 fps. At a given
threshold of 2.5 nm for SSA and 5 for PTA, the relative
error, defined as the percentage of kinetic rate difference
between the one from SSA or PTA and the pre-set value
(cf. Table 2), increased sharply when sampling rate was
reduced at<1.0 9 103 fps (Fig. 6a).At the lowest value
of 0.5 9 103 fps, the relative errors were lower in SSA
method (25 and 7% for forward and reverse rates) (open
symbols) than those in PTAmethod (36 and 13%) (solid
symbols), indicating that the former might be relatively
reliable at low sampling rate.

Sliding window size in SSA method may also affect
kinetic rate estimation. Here six window sizes of 15, 20,
30, 40, 50, and 60 frames were used for 110 data points
each set at a fixed sampling rate of 1.5 9 103 fps. It
was found that the estimation was significantly
affected at high (>50 frames) and low (<20 frames)
window size with the high relative error of 7–47%

(a) (b)

(d)(c)

FIGURE 6. Error analysis in kinetic rate estimation. (a) Relative errors of kinetic rates difference at the varied sampling rates of
(0.5, 1.0, 1.5, 3.0, and 6.0) 3 103 fps with respective sliding window sizes of 10, 20, 20, 30, and 60 frames and at a threshold of
2.5 nm for SSA and 5 for PTA. The ratio of sampling rate to fc (denoted as sampling rate/fc) served as the second x-axis. (b) Relative
errors of kinetic rates difference at the varied sliding window sizes of 15, 20, 30, 40, 50, and 60 frames for SSA, and at a fixed
sampling rate of 1.5 3 103 fps and a threshold of 2.5 nm. (c) Relative errors at the varied thresholds of 1.8, 2.0, 2.3, 2.5, 2.7, 3.0, 3.2,
and 3.4 nm for SSA, and at a fixed sampling rate of 3 3 103 fps and sliding window sizes of 30 frames. (d) Relative errors at the
varied thresholds of 3, 4, 5, 6, 8, 10, and 20 for PTA at a fixed sampling rate of 3 3 103 fps. Dashed line indicated a pre-set relative
error of 5%.

TABLE 2. Comparison of 2D kinetics obtained from numer-
ical simulation.

Pre-set

value SSA PTA

Total events 120 127 (105.8%) 110 (91.7%)

False-negative events 7 (5.8%) 10 (9.9%)

False-positive events 14 (11.7%) 0

2D cellular forward rate,

Acmrmlkf (s�1)

1.41� 1.44 1.30

Reverse rate kr (s�1) 10.16� 9.94 9.29

�Pre-set kinetic rates from Chen et al.5
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(Fig. 6b), indicating that SSA is sensitive to the win-
dow size used. This is because a binding event is false-
negatively identified when the window size is too low
or is false-positively determined when it is too high
(cf. Fig. 1c), resulting in a significant difference in
kinetic rate estimation. It was also indicated that the
impact of window size varied with sampling rate where
the critical window size (defined as the one corre-
sponding to the lowest relative error in Fig. 6b)
decreased when the sampling rate was reduced (seen
below in Fig. 7a). This should not be surprised since a
low sampling rate generates a small ensemble of data
points and a low window size is advantageous to
exclude the false-positive or false-negative events.

Threshold is another parameter to affect the esti-
mation. Here eight thresholds of 1.8, 2.0, 2.3, 2.5, 2.7,
3.0, 3.2, and 3.4 nm, selected from r = 1.6 nm for
binding state to r = 5.3 nm for unbinding state, were
used in SSA method for 100–120 data points each set.
Note that the thresholds for simulated data were lower
than that for optical trap data (6.0 nm), because the
distribution of sliding SD shifted leftwards at the
higher spring constant for simulated data
(k ~ 10�1 pN/nm) than that for optical trap data
(k ~ 10�3 pN/nm), according to equipartition theorem
kÆræ2/2 = kBT/2. It was found that the estimation was
significantly affected at low (<2.0 nm) and high
(>3.2 nm) threshold with the high relative error of 44–
500% (Fig. 6c), supporting that SSA is sensitive to the
threshold used. Again, this is because a binding event is
false-negatively identified when the threshold is too
low or is false-positively determined when it is too high
(cf. Fig 1b). The impact of threshold in PTA method,
however, is different. Given seven thresholds ranging
from 3 to 20 with 100–120 data points each set, the
relative error increased dramatically when the thresh-
old was reduced at <4 (Fig. 6d), presumably due to a
large portion of false-positive binding events identified
(cf. Fig. 2). By contrast, the relative error was retained
at low level of <10% when the threshold was beyond
5, suggesting that the estimation was less sensitive to
the threshold in PTA method.

Selection of Suitable Method and Parameters

The selection of the most suitable method for a set
of data and the determination of optimized parameters
to be used for the selected method depend mainly on
the aforementioned three parameters in a thermal
fluctuation assay. Another parameter is the critical
frequency of thermal fluctuation, fc = k/(2p 9 6pgr),
where k is the spring constant of force transducer
(optical trap or BFP), g is the medium viscosity, and r
is the radius of molecular carrier. At the given values
of g and r, fc is proportional to k. Note that not all the

parameters are freely-adjustable ones; instead, they are
usually correlated with each other. It is almost
impossible that one method with a single set of
parameters can be applied in different data sets
obtained from different assays and techniques.

Here the parametric correlation was further tested.
As exemplified in Fig. 7a, the dependence of critical
window size on sampling rate/fc was presented as a
straight line in SSA method, implying that the window
size of 20 frames be applicable for other data sets
provided that the sampling rate/fc yielded a constant of
2.0. Similar dependence was also observed in PTA
method (Fig. 7b), suggesting that the threshold of 5
still works at a given ratio of sampling rate/fc ~ 2.0 in
different cases. Thus, the strategy to select the most
suitable method and to determine the optimized
parameters was proposed: (1) To choose the SSA
method at sampling rate/fc £ 2 and the PTA method at
sampling rate/fc > 2. (2) To determine the sliding
window size from Fig. 7a for SSA. (3) To define the
threshold from Fig. 7b for PTA.

Finally, the sliding SD and Page’s test analyses were
compared to monitor 2D kinetics from measured and
simulated displacement records of a carrier bearing
receptors or ligands in thermal fluctuation. Similar 2D
effective forward rates were obtained, imparting the
confidence of two analyses in estimating 2D kinetic
rates. Sliding SD analysis was found to work well at
relatively low sampling rate, while Page’s test analysis

(a)

(b)

FIGURE 7. Parametric correlation for SSA and PTA. (a) Crit-
ical sliding window size increased with the ratio of sampling
rate to fc for SSA. (b) Critical threshold increased with the ratio
of sampling rate to fc for PTA.
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was less sensitive to the threshold used at high sam-
pling rate. These two analyses are also applicable for
other state-transition processes.
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