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ABSTRACT: The quantitation of the available antibody binding-site
concentration of polyclonal antibodies in serum is critical in defining the
efficacy of vaccines against substances of abuse. We have conceptualized an
equilibrium dialysis (ED)-based approach coupled with fluorimetry (ED-
fluorimetry) to measure the antibody binding-site concentration to the ligand
in an aqueous environment. The measured binding-site concentrations in
monoclonal antibody (mAb) and sera samples from TT-6-AmHap-
immunized rats by ED-fluorimetry are in agreement with those determined
by a more established equilibrium dialysis coupled with ultraperformance
liquid chromatography tandem mass spectrometry (ED-UPLC-MS/MS).
Importantly, we have shown that the measured antibody binding-site
concentrations to the ligand by ED-fluorimetry were not influenced by the
sample serum matrix; thus, this method is valid for determining the binding-
site concentration of polyclonal antibodies in sera samples. Further, we have demonstrated that under appropriate analytical
conditions, this method resolved the total binding-site concentrations on a nanomolar scale with good accuracy and repeatability
within the microliter sample volumes. This simple, rapid, and sample preparation-free approach has the potential to reliably perform
quantitative antibody binding-site screening in serum and other more complex biological fluids.

■ INTRODUCTION
Therapeutic vaccines that induce drug-sequestering antibodies
have been recognized as potential treatment modalities for
opioid use disorder (OUD).1−6 These antibodies negate the
antinociceptive effects of the drugs by capturing and
preventing them from permeating through the blood−brain
barrier.7,8 In order for this vaccine to effectively elicit an
immune response, a hapten that structurally resembles the
target drug is conjugated to an immunogenic carrier protein to
allow the presentation of the hapten to the immune cells.9,10

Hapten-based vaccines against opioids and other related drugs
have been described in the literature.3,5,6,11−14

The efficacy of these vaccines relies not only on the binding
affinity of the induced antibodies to the target drugs15−18 but
also on the available antibody binding sites, otherwise known
as the total antibody binding-site concentration.19 In most
cases, the needed optimal concentration of induced antibodies
in circulation is not defined and is expected to vary depending
on the amount of drugs present in the patients.20 Thus, the
monitoring of drug-sequestering antibody binding-site concen-
trations in serum and other biological fluids is not only a
crucial requirement in defining vaccine efficacy but may also be
beneficial in personalized treatment and precision medicine, as
this can provide information on the appropriate boosting

interval of the vaccine. Further, in the field of monoclonal
antibody (mAb) immunotherapy, the quantitation of antibody
concentration is also critical, particularly in establishing the
pharmacokinetics of new immunotherapeutic drugs.21−23

While quantitative antibody analysis in mAb is relatively
straightforward, the challenges and complications arise when
conducted with polyclonal antibodies in complex matrices such
as serum or cell lysates, which contain unidentified endogenous
species. Thus, to address this limitation, it is imperative to
develop simple and appropriate biophysical methods that can
accurately and reliably quantify the available antibody binding
sites in biological fluids. Traditionally, antibody binding-site
concentrations were estimated from surface-based ligand-
binding assays such as an enzyme-linked immunosorbent
assay (ELISA)24−28 and surface plasmon resonance
(SPR).24,29,30 These involve the surface immobilization of
antigens that can potentially induce conformational changes,
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which have unpredictable influences on the results. This
problem was minimized in solution-based ligand-binding
assays such as radioimmunoassays (RIAs)31 and fluores-
cence-based approaches.32−34 However, most of these
approaches pose significant disadvantages over the former
solid-based ligand-binding assays due to the required sample
preparation and purification steps or the need for radioactive
labels. Over a couple of decades, there have been several
reports on the utilization of liquid chromatography tandem
mass spectrometry (LC-MS/MS) to directly quantify antibody
binding-site concentrations in biological fluids.18,21,35

While LC-MS/MS-based methods can reliably quantify
antibody binding sites, most of them suffer major experimental
drawbacks such as the involvement of multiple sample
preparation and purification steps, their dependence on the
sensitivity of the developed method for quantification, and the
integrity of the standards and/or the calibration curve. A
previous report from our group described the use of ED-
UPLC-MS/MS to indirectly determine the polyclonal antibody
binding-site concentration in postimmune sera from their
binding affinities (i.e., Kd values) to drugs such as 6-
acetylmorphine (6-AM) and morphine.18 Although sample
purification steps are not required in this approach, the
determination of antibody binding-site concentration is a two-
step process. The first step involves an equilibrium dialysis
(ED) experiment that establishes the fraction of bound ligand
in the absence of the competitor (b-value), followed by
another set of an ED experiment that utilizes the optimized b-
value from the first step to determine the Kd values. Hence, this
approach involves long hours of dialysis and quantitation of
drugs in the sample and buffer solutions by UPLC-MS/MS.

In the present work, we devised a simple ED-based approach
coupled with nanodifferential scanning fluorimetry (ED-
fluorimetry) to measure the antibody binding-site concen-
tration to the ligand in sera from TT-6-AmHap-immunized
rats14 using an easy-to-operate Monolith NT.115 system
(NanoTemper). Unlike other analytical methods, this
approach does not require sample preparation and immobiliza-
tion; thus, measurements were done in the aqueous solution
environment of the polyclonal antibodies. In this strategy, the

antibody binding-site concentration was directly determined
from the binding curve, thus requiring a shorter dialysis time
(i.e., one-step dialysis). We have shown that the antibody
binding-site concentration to the ligand can be fitted in the
binding curve of fraction bound (FB) as a function of
log[antibody] or serum dilution at the region where [tracer]
= [antibody binding-site] (Figure 1). The proof-of-concept of
this approach was first demonstrated in mAbs and further
applied to sera samples. This method is promising in reliably
measuring the antibody binding-site concentration on a
nanomolar scale and has the potential to perform the
quantitative antibody binding-site screening in biological fluids.

■ RESULTS AND DISCUSSION
Synthesis of 6-AmHap-Cy5 and 6-AmHap-acetamide

Tracers. The hapten-fluorophore tracer, 6-AmHap-Cy5 (2;
Scheme 1), was accessed using the previously prepared N-(7-
acetamido-3-methyl-2,3,4,4a,5,6,7,7a-octahydro-1H-4,12-
methanobenzofuro[3,2-e]isoquinolin-9-yl)-3-mercaptopropa-
namide (1; Scheme 1a).14 The deprotection of the thiol group
in 1 provided an activated sulfhydryl, which was subsequently
coupled with the commercially available sulfo-cyanine5 in 30%
DMSO in HEPES buffer to afford the desired product. The
final purification by reversed-phase chromatography gave
spectroscopically pure 6-AmHap-Cy5 in a 22% isolated yield
and >98% purity based on HPLC. The formation of pure
product 2 was confirmed by high-resolution mass spectrometry
(HRMS-ESI) characterized by an m/z of 1180.4564 for [M +
H]+ of C60H74N7O12S3 (calcd: 1180.4558).

The hapten-acetamide tracer, 6-AmHap-acetamide (5), was
also prepared following the common coupling procedure.
Briefly, 2,5-dioxopyrrolidin-1-yl 3-((2-amino-2-oxoethyl)thio)-
propanoate (3; Scheme 1b) was synthesized from the reaction
of commercially available 3-[(carbamoylmethyl)sulfanyl]-
propanoic acid with N-hydroxysuccinimide (NHS) in DMF.
The desired product 5 was accessed through the coupling of
amine 4, an intermediate from our previously reported
synthesis of DiAmHap,36 with the NHS ester 3. Column
chromatography purification (2×) of the crude product
generated spectroscopically pure product 5 in a 23% isolated

Figure 1. Binding curve of the fraction bound ligand (FB) as a function of antibody dilutions/concentrations from ED experiments, highlighting the
different regions of the curve. The antibody binding-site concentration was directly fitted at the equivalence point of the binding curve, where
[tracer] = [antibody binding-site]. Fsample and Fbuffer are the fluorescence signals from the sample and buffer chambers, respectively.
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yield. The identity and purity of 5 were established by 1H and
13C NMR spectroscopy (Figures S2 and S3), supported by
HRMS-ESI and characterized by an m/z of 473.2229 for [M +
H]+ of C60H74N7O12S3 (calcd: 473.2223).

Determination of Antibody Binding-Site Concentra-
tion: ED-UPLC-MS/MS vs ED-Fluorimetry. A simple
strategy to measure the antibody binding-site concentration
was proposed based on ED coupled with fluorimetry using an
easy-to-operate Monolith NT.115 system (NanoTemper),
which is equipped with an IR laser and a red fluorescence
channel. In this approach, a red fluorescent dye, sulfo-cyanine5
maleimide, was conjugated to a sulfhydryl-containing ligand, 6-
AmHap, to generate an appropriate fluorescent 6-AmHap-Cy5
tracer. This method is applicable to a wide range of fluorescent
dyes; however, the readily available sulfo-cyanine5 was
employed based on its ease of conjugation to the ligand and
suitability of the analytical detection. The straightforward
utilization of this NanoTemper technology was previously
shown in the analysis of antibody binding affinities to drugs17

and in quantitative analysis of different biomolecular
interactions37 by the microscale thermophoresis (MST)

assay. This proposed method was compared with the
previously reported ED-UPLC-MS/MS.18

The main concept in the present work involves fitting the
antibody binding-site concentration to the ligand in the
binding curve of FB as a function of log[antibody] or serum
dilution from ED experiments. We proposed that the point
where FB started to deviate from 1 estimates the antibody
binding-site concentration to the ligand, i.e., [tracer] =
[antibody binding-site] (the equivalence point). The [antibody
binding-site] was extrapolated from the binding curve using
two different methods (Figure S4): (i) best-fit by linear
function at 0 < FB < 1 and (ii) second derivative plot of the 4-
parameter logistic (4 PL) model of the binding curve. Both
strategies of fitting the antibody binding-site concentrations
from the binding curve provided comparable measured values.
Extrapolation was done with caution due to each inherent
limitation. In the case of the linear regression along the slope of
the sigmoidal curve, we observed that reasonable values were
obtained at R2 greater than 0.95. On the other hand, the
second derivative method requires more data points (n > 5) at
the top and bottom plateaus to have a defined minimum where

Scheme 1. Preparation of (a) Sulfo-Cyanine5 Maleimide Conjugate of N-(7-Acetamido-3-methyl-2,3,4,4a,5,6,7,7a-octahydro-
1H-4,12-methanobenzofuro[3,2-e]isoquinoliean-9-yl)-3-mercaptopropanamide (2), (b) N-(7-Acetamido-3-methyl-
2,3,4,4a,5,6,7,7a-octahydro-1H-4,12-methanobenzofuro[3,2-e]isoquinolin-9-yl)-3-((2-amino-2-oxoethyl)thio)propanamide
(5), and (c) Chemical Structure of MorHap-Cy5
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the equivalence point is located. Unlike the previously reported
ED-based approach coupled with UPLC-MS/MS,18 this
method does not need the Kd values of antibodies to drugs
to estimate the binding-site concentration; instead, it was
directly fitted from the binding curve. The proof-of-concept of
this approach was illustrated in ED experiments of 6-AmHap-
mAb against 6-AmHap-acetamide, employing UPLC-MS/MS
as a method of quantification.

Determination of Antibody Binding-Site Concentra-
tion to Hapten-Acetamide by ED-UPLC-MS/MS. A
modified UPLC-MS/MS-based method was optimized to
quantify the concentrations of 6-AmHap-acetamide tracer in
the sample and buffer solutions from ED experiments. A
traditional approach of an ED experiment that involves
different mAb concentrations against a constant ligand
concentration to establish a binding curve was employed.18

From the binding curve of FB as a function of log[6-AmHap-
mAb] (Figure 2; red trace), the fitted antibody binding-site

concentrations in mAb were 7.19 ± 0.02 nM (best-fit by linear
function) and 7.91 ± 0.15 nM (second derivative method)
(Table S1) with their corresponding errors of 44 and 58%
(Figure 3A and Table S1) relative to the theoretical
concentration (5 nM). To determine the effect of hapten-
acetamide tracer concentration on the accuracy of measured
antibody binding-site concentrations, we explored ED experi-
ments against higher 6-AmHap-acetamide concentrations. In
the case of the ED of 6-AmHap-mAb against 50 nM 6-
AmHap-acetamide, measured binding-site concentrations were
53.46 ± 0.36 nM and 47.50 ± 0.33 nM from best-fit by linear

function and second derivative method, respectively, relative to
the theoretical concentration (50 nM).

A large improvement in the measurement accuracy was
attained at 50 nM 6-AmHap-acetamide with errors in the range
of 5−7% (Table S1). Since the antibody binding-site
concentrations were fitted in the binding curve and
extrapolated at the point where the [6-AmHap-acetamide
tracer] = [antibody binding-site], in this case the measurement
reliability is dependent on the sensitivity of the method for
quantifying 6-AmHap-acetamide. The developed UPLC-MS/
MS-based method has a linear range of 1.25−160 nM with R2

> 0.99. It might be expected that with the ED at 5 nM 6-
AmHap-acetamide, some of the buffer and sample solution
points would have 6-AmHap-acetamide concentrations below
the method detection limit, which impaired the behavior of the
binding curve and thus influenced the measured antibody
binding-site concentrations. The dependency on the developed

Figure 2. Binding curves of 6-AmHap-mAb against 6-AmHap-
acetamide tracer by ED-UPLC-MS/MS. (a) Binding curves at low
hapten-acetamide and mAb concentrations (5 nM). ED experiments
of different mAb concentrations against 5 nM 6-AmHap-acetamide
(red), and ED experiments of a series of 6-AmHap-acetamide
concentrations against 5 nM mAb (blue). (b) Binding curves at high
hapten-acetamide and mAb concentrations (50 nM). ED experiments
of different mAb concentrations against 50 nM 6-AmHap-acetamide
(red), and ED experiments of a series of 6-AmHap-acetamide
concentrations against 50 nM mAb (blue).

Figure 3. Statistical comparisons of % relative errors associated with
determining the antibody binding-site concentration using ED-UPLC-
MS/MS vs ED-fluorimetry. (A) Comparison of % relative errors in
calculating the antibody binding-site concentration in 5 nM 6-
AmHap-acetamide (blue, low hapten-acetamide tracer concentration)
and 50 nM 6-AmHap-acetamide (red, high hapten-acetamide tracer
concentration) using UPLC-MS/MS. (B) Comparison of % relative
errors in the measured antibody binding-site concentrations using
traditional vs alternative ED experiments at low and high hapten-
acetamide tracers and mAb concentrations. (C) Comparison of %
relative errors in 5 nM (blue, low hapten-fluorophore tracer
concentration) vs 50 nM (red, high hapten-fluorophore tracer
concentration) 6-AmHap-Cy5 by ED-fluorimetry (solid red: fluo-
rescence data collected at low laser power; hollow red: fluorescence
data collected at high laser power in a 1:10 dilution of ED samples/
buffers). (D) Comparison of % relative errors associated with
measuring the antibody binding-site concentration at 50 nM 6-
AmHap-acetamide using UPLC-MS/MS (black) vs at 5 nM 6-
AmHap-Cy5 using ED-fluorimetry (gray).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c03237
ACS Omega 2022, 7, 26812−26823

26815

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c03237/suppl_file/ao2c03237_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c03237/suppl_file/ao2c03237_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c03237/suppl_file/ao2c03237_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03237?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03237?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03237?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03237?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03237?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03237?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03237?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c03237?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c03237?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


quantification method for hapten-acetamide tracer shows that
inflexibility is one of the drawbacks in utilizing the previously
known ED-UPLC-MS/MS for the antibody binding-site
quantitative analysis.

To further investigate the applicability of utilizing the
binding curve from ED to directly measure the antibody
binding-site concentrations in mAb and serum, we explored an
alternative approach of an ED experiment. In this approach,
ED was carried out at a constant mAb concentration against
different ligand concentrations. This was demonstrated in the
ED of 5 and 50 nM mAb against different 6-AmHap-acetamide
tracer concentrations. In the case of ED at 5.0 nM 6-AmHap-
mAb, antibody binding-site concentrations fitted to the
binding curve (Figure 2A; blue traces) were 3.95 ± 0.07 nM
(best-fit by linear function) and 3.85 ± 0.2 nM (second
derivative method), with relative errors of 21 and 23%,
respectively (Table S2). On the other hand, the ED
experiment at 50 nM 6-AmHap-mAb resulted in the measured
antibody binding-site concentrations of 53.46 ± 0.36 nM
(best-fit by linear function) and 47.50 ± 0.33 nM (second
derivative method) associated with their corresponding errors
of 12 and 8% (Table S2). All measurements at different
concentrations of mAb exhibit good repeatability with the %
coefficient of variation (CV) in the range of 2−8%.

At high hapten-acetamide tracer and mAb concentrations
(50 nM), there is no significant difference (p = not significant;
paired T-test; Figure 3B) in the % relative errors associated
with antibody binding-site concentrations measured by
traditional (at constant hapten-acetamide concentration) vs
alternative (at constant mAb concentration) ED approaches.
However, it is apparent that at low hapten-acetamide and mAb
concentrations (5 nM), there is a significant lowering (Figure
3B) of the % errors (Δ = 23 and 35%) observed in the
alternative ED approach at 5 nM mAb, compared to that of
traditional ED at 5 nM 6-AmHap-acetamide. Although the
alternative ED experiment at a constant mAb concentration
showed a better accuracy (lower % errors) in determining
antibody binding-site concentrations compared to the tradi-
tional approach where constant [6-AmHap-acetamide] is
dialyzed against different mAb concentrations, the alternative
is less applicable in fluorimetry. ED experiments at constant
mAb concentration against different hapten-fluorophore tracer
concentrations will have a large concentration range of the
fluorophore; this will pose problems during fluorescence
measurements where high concentrations tend to cause
detector saturation, while the lower end will be beyond the
sensitivity of the detector. Thus, the traditional setting of the
ED experiment, where a constant concentration of hapten-
fluorophore is dialyzed against different mAb concentrations or
serum dilution, was utilized to investigate the viability of the
proposed ED-fluorimetry in determining the antibody binding-
site concentration. Overall, the direct measurement of the
antibody binding-site concentration from the binding curve has
good accuracy and repeatability. This further demonstrated the
reliability of directly extracting the concentration of the
antibody binding site from the binding curve.

Determination of the Antibody Binding-Site Concen-
tration to Hapten-Fluorophore by ED-Fluorimetry. ED-
Fluorimetry of Monoclonal Antibodies: Accuracy, Precision,
and Matrix Effect. The viability of using ED-fluorimetry in
determining the antibody binding-site concentration was
demonstrated using the in-house-generated 6-AmHap-mAb
with hapten-fluorophore tracers, 6-AmHap-Cy5 and morHap-

Cy5 (Scheme 1A,C). The binding affinities of 6-AmHap-mAb
against 6-AmHap-Cy5 and morHap-Cy5 established by a
conventional MST assay17 were found to be 0.65 ± 0.28 and
0.15 ± 0.03 pM, respectively. There is no significant difference
(p = not significant; paired T-test) in the binding affinities of 6-
AmHap-mAb to both hapten-fluorophore tracers. The
observed cross-reactivities of 6-AmHap-mAb to both 6-
AmHap-Cy5 and morHap-Cy5 are not unexpected as these
hapten-fluorophore tracers share similar structural faces, which
is consistent with the “facial recognition” hypothesis.38,39

In a similar manner as ED-UPLC-MS/MS, the antibody
binding-site concentrations were fitted in the binding curve of
FB vs log[mAb] or serum dilution from the ED experiment of
mAb/serum against a known concentration of a hapten-
fluorophore. The plot of FB as a function of log[mAb] from the
ED of 6-AmHap-mAb against 5.0 nM 6-AmHap-Cy5 (Figure
4A) fitted the antibody binding-site concentrations in mAb to

tracer at 4.8 ± 0.2 nM (best-fit by linear function) and 4.2 ±
0.2 nM (second derivative method) (Table S3). In comparison
to the theoretical concentration (5 nM) of 6-AmHap-Cy5,
these measured concentrations have % relative errors of 4 and
16%, respectively. Deterioration of the accuracy was observed
at a higher concentration of 6-AmHap-fluorophore tracer. The
measured antibody binding-site concentrations from the ED
experiment of 6-AmHap-mAb against 50 nM 6-AmHap-Cy5
were 34.3 ± 0.8 and 37.7 ± 1.7 nM with errors of 25 and 34%,
respectively, relative to the theoretical concentration (50 nM).
All measurements at different tracer concentrations exhibit
good repeatability with % CV in the range of 2−5% (Table
S3). The observed increase in the measurement errors relative
to the theoretical values at higher tracer concentrations can be
ascribed, in part, to detector saturation due to higher

Figure 4. Binding curves of 6-AmHap-mAb against 6-AmHap-Cy5 by
ED-fluorimetry. (A) Low hapten-fluorophore tracer concentration:
ED of different mAb concentrations against 5 nM 6-AmHap-Cy5. (B)
High hapten-fluorophore tracer concentration: ED of different mAb
concentrations against 50 nM 6-AmHap-Cy5 (solid red: fluorescence
measurement of ED sample/buffer solutions with 50 nM tracer at low
laser power; hollow red: fluorescence measurements after a 1:10
dilution of 50 nM ED sample/buffer solutions at high laser power).
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concentrations of the fluorophore. In an attempt to circumvent
this problem, we resorted to the dilution of samples prior to
the measurement of fluorescence signals. However, at 50 nM
6-AmHap-Cy5, the dilution of each buffer and sample
solutions by 1:10 prior to fluorescence measurement resulted
only in a minor enhancement of the measurement accuracy
(decrease in % error by 3%). In addition, it is apparent in
Figure 4B that dilution has an effect on the behavior of the
binding curve, particularly in the region where FB approaches
zero.

While % relative errors of the measured antibody binding-
site concentrations by ED-UPLC-MS/MS decrease with an
increasing concentration of 6-AmHap-acetamide (Figure 3A),
the opposite was observed in ED-fluorimetry (Table S3 and
Figure 3C). This is partly due to the different intrinsic
limitations of each method of quantification. UPLC-MS/MS as
an analytical tool for quantification is dependent on the overall
sensitivity of the developed method, while fluorimetry has an
inherent problem with detector saturation at a higher
concentration of the fluorophore. Despite the differences and
limitations of these two methods, they are strongly correlated
based on the Pearson correlation analysis (r = 0.9654; p =
0.011) of the measured antibody binding-site concentrations in
mAb (Figure 5A). The measurement errors (%) from the most

accurate quantification condition in ED-UPLC-MS/MS (at 50
nM 6-AmHap-acetamide) are not significantly different (p =
not significant; paired T-test) compared to that of ED-
fluorimetry (at 5 nM 6-AmHap-Cy5) (Figure 3D).

Since the main goal of this method development was to
measure the antibody binding-site concentrations in rat sera
samples, we investigated the matrix effect in the presence of
preimmune sera. As shown in Figure 6, the profile of the
binding curve generated from the ED experiment of 6-AmHap-
mAb with serum against 6-AmHap-Cy5 (red trace) is similar
to that of the ED experiment in the absence of serum (blue
trace). The fitted antibody binding-site concentration in mAb
diluted with preimmune serum is 4.45 ± 0.85 nM with an error

of 11% relative to the expected 5.0 nM. This measured
binding-site concentration is not statistically different (p = not
significant; paired T-test) from that determined from the ED
experiment of mAb in the absence of serum (4.8 ± 0.2 nM).
These observations confirmed that there was no appreciable
matrix effect, and thus, ED-fluorimetry is a suitable method for
determining the antibody binding-site concentration in rat sera
samples.

ED-Fluorimetry of Sera Samples. The use of ED-
fluorimetry for measuring antibody binding-site concentrations
was applied to sera samples from Sprague Dawley rats
immunized with TT-6-AmHap.14 Since the accurate measure-
ment of the antibody binding-site concentration in mAb was
achieved at 5 nM hapten-fluorophore tracer, ED experiments
in sera samples were performed with 5 nM 6-AmHap-Cy5.
Under this experimental condition, the fitted antibody binding-
site concentrations in sera samples by ED-fluorimetry range
from 0.14 to 0.69 mg/mL (1899.6−9215.9 nM; Figure 7 and
Table S5). These results were compared with the measured
antibody binding-site concentrations in the range of 0.24−0.49
mg/mL (3186.1−6522.5 nM; Figure 7 and Table S5) by a
more established ED-UPLC-MS/MS method based on the Kd
values of antibodies against their native ligand 6-AM. The
measured antibody binding-site concentrations in sera samples
from different rats immunized with TT-6-AmHap were
relatively sporadic with variances of 45 and 27% for ED-
UPLC-MS/MS and ED-fluorimetry, respectively; the new
technique was more precise than the ED-UPLC-MS/MS
(Table S5). Further, we observed that under our analytical and
experimental conditions, the measured antibody binding-site
concentrations by both methods were not correlated with the
corresponding measured binding affinities (Kd values in the
nM range) of polyclonal antibodies in sera samples to 6-
AmHap (Figure S5).

Consistent with the measured antibody binding-site
concentrations in mAb at different tracer concentrations
(vide supra; Figure 5A), the Pearson correlation analysis of
measured binding-site concentrations in sera samples by ED-
fluorimetry vs ED-UPLC-MS/MS revealed a correlation
coefficient (r) of 0.8266 with p < 0.001 (vide supra; Figure
5B), suggesting a good statistical correlation between these two
methods. Thus, ED-fluorimetry can be used as an alternative to
ED-UPLC-MS/MS for measuring antibody binding-site
concentrations in serum.

Figure 5. Correlation plots of antibody binding-site concentrations
determined by ED-UPLC-MS/MS vs ED-fluorimetry, showing
Pearson correlation coefficients (r) and p-values. (A) mAb samples
with known concentrations and (B) sera samples.

Figure 6. Matrix effect in the measured antibody binding-site
concentration. Overlay of the binding curves from ED experiments;
(blue) 6-AmHap-mAb against 6-AmHap-Cy5 and (red) 6-AmHap-
mAb with preimmune serum (week 0) against 6-AmHap-Cy5.
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■ SUMMARY
ED-fluorimetry is an improved method for measuring binding-
site concentrations of polyclonal antibodies in serum. Unlike
the current biophysical methods for determining the antibody
binding-site concentration, ED-fluorimetry is simple and time-
economical. It is immobilization-free, does not require
radioactive labels, and does not involve tedious sample
preparation and purification steps. In comparison with the
previously reported ED-UPLC/MS/MS method,18 this
approach does not require predetermined Kd values for
estimating the binding-site concentration; thus, ED-fluorimetry
involves a shorter dialysis and data collection time, and it is not
dependent on the integrity of the standards and/or calibration
curve.

Despite the ability of ED-fluorimetry to determine binding-
site concentrations, this assay does have some limitations. The
proposed approach based on the binding curve is not capable
of establishing the specific antibody−ligand binding ratio.
Further, the method requires the synthesis of fluorophores that
can be attached to the haptens, which have tight binding
affinities to the polyclonal antibodies.

Overall, ED-fluorimetry adapted in the experimental setting
of the NanoTemper technology is a simple method that can be
used to obtain the quantitative binding-site analysis of
polyclonal antibodies in complex biological fluids. Our current
efforts are aimed at improving and translating the method to
enhance the throughput rate.

■ MATERIALS AND METHODS
Commercially available reagents and solvents were used
without further purification. Trifluoroacetic acid (TFA),
iodoacetamide, triethylsilane (Et3SiH), dichloromethane
(CH2Cl2), dimethylformamide (DMF), dimethylsulfoxide

(DMSO), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), and Tween 20 were purchased from Sigma-Aldrich
(Saint Louis, MO). 3-[(Carbamoylmethyl)sulfanyl]propanoic
acid was purchased from Enamine Ltd. (Monmouth Jct., NJ).
The UPLC-MS/MS standard, 6-acetylmorphine-D3 (6-AM-
D3), was purchased from Lipomed Inc. (Cambridge, MA), and
sulfo-cyanine5 maleimide (≥95%; Cy5) was purchased from
Lumiprobe Corporation (Hallandale Beach, FL). The newly
synthesized compounds were characterized by 1H and 13C
NMR spectroscopy (400 MHz Bruker spectrometer), HPLC,
and high-resolution mass spectrometry (HRMS-ESI).

6-AmHap-mAb was produced from mice immunized with
TT-6-AmHap.14 Spleens were removed and fused with
P3X63/Ag8.653 cells. Monoclonal antibodies were produced
using standard methods.40 The mAb were purified by protein
G affinity chromatograph from hybridoma cell culture
supernatants of cells grown in sera-free media. Sera samples
used in this study were from Sprague Dawley rats immunized
with 6-AmHap conjugated to tetanus toxoid with a poly-
ethylene glycol linker and adjuvanted with army liposome
formulation (ALF43) similar to those previously described.14

IgG concentrations of mAb were determined using nanodrop
one (ThermoFisher) and bicinchoninic (BCA) assay. The
molecular weight (MW) of mAb was established using the
Axima MegaTOF (Shimadzu Scientific, MD).

All ED experiments were done in rapid equilibrium dialysis
(RED) plates with 24 h incubation time, as described
previously.18 Dulbecco’s phosphate buffer saline (DPBS, 10
mM Na2HPO4, 1.8 mM KH2PO4, 2.7 mM KCl, 137 mM
NaCl, pH = 7.4) was purchased from Quality Biological Inc.
(Gaithersburg, MD).

Quantification of 6-AmHap-acetamide tracer in the sample
and buffer chambers of RED plates was done using a Thermo

Figure 7. Binding curves (A−H) from ED experiments of sera from TT-6-AmHap-immunized rats (I.D. #s 1−8) against 6-AmHap-Cy5 and their
corresponding fitted antibody binding-site concentrations measured by ED-fluorimetry.
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Scientific UPLC system coupled with a Q-Exactive quadru-
pole-orbitrap mass spectrometer. 6-AM-D3 from the equili-
brium dialysis experiment of 6-AmHap-mAb against 6-AM/6-
AM-D3 was quantified using the water’s LC-MS/MS instru-
ments, as described.41 Optima LC/MS grade ammonium
formate (NH4COOH), methanol (MeOH), and water (H2O)
were purchased from Fisher Scientific (Suwanee, GA).

Fluorescence measurements of hapten-fluorophore tracers
(e.g., 6-AmHap-Cy5, morHap-Cy5) were performed on
standard treated glass capillary tubes using a Monolith
NT.115 system (NanoTemper Technologies GmbH, Munich,
Germany).

Hapten-Fluorophore Synthesis. Sulfo-Cyanine5 Mal-
eimide Conjugate of N-(7-Acetamido-3-methyl-
2,3,4,4a,5,6,7,7a-octahydro-1H-4,12-methanobenzofuro-
[3,2-e]isoquinolin-9-yl)-3-mercaptopropanamide (2; 6-
AmHap-Cy5). To a solution of trityl-protected thiol 1 (21
mg, 32 μmol) and triethylsilane (7.7 μL, 48 μmol) in
dichloromethane (640 μL) was added trifluoroacetic acid
(24.5 μL, 320 μmol) at 0 °C under an atmosphere of argon.
The reaction mixture was allowed to warm to room
temperature and stirred continually for an additional 0.5 h.
The solution was then concentrated under reduced pressure.
The resulting residue was dissolved in a degassed 30% DMSO
in 1 M HEPES buffer (pH 7.0−7.6; 500 μL) under an
atmosphere of argon. This solution was protected from light by
wrapping the reaction flask with aluminum foil. A solution of
sulfo-cyanine5 maleimide (25 mg, 31 μmol) in a degassed 30%
DMSO in 1 M HEPES buffer (500 μL) was then added to the
above solution of the deprotected thiol 1. A 400 μL portion of
30% DMSO in 1 M HEPES buffer was used to wash the
transfer vial containing Cy5 maleimide solution. The mixture
was then stirred for 2.5 h at room temperature at which point
no free thiol 1 was detectable using analytical HPLC, described
below.

Analytical HPLC was carried out on an Agilent 1260 Infinity
instrument equipped with a waters XBridge BEH C18 column
(3.0 mm × 50 mm, 2.5 μm) and UV−vis detection at 220, 280,
and 630 nm. The column flow rate and temperature were 0.8
mL/min and 30 °C, respectively. Mobile phase A: 0.1% TFA in
H2O; mobile phase B: 0.1% TFA in acetonitrile; solvent
gradient: isocratic 18% B in 9 min.

The hapten-fluorophore 2 was purified on an Agilent 1200
preparative HPLC equipped with an Agilent Prep-C18 column
(21.2 mm × 100 mm, 5 mm) and UV−vis detection at 220
nm. The column flow rate was 20 mL/min. Mobile phase A
was 0.1% TFA in H2O, and mobile phase B was 0.1% TFA in
acetonitrile, with a gradient from 10 to 40% B in 14 min. The
leading and trailing edges of the product peaks were discarded
to collect a high purity material. Fractions containing product
2 were collected and subsequently lyophilized to yield a dark
blue powder (8 mg, 22% isolated yield, >98% purity by
HPLC). HRMS-ESI (m/z): [M + H]+ calcd for
C60H74N7O12S3: 1180.4558; found: 1180.4564.

N-(7-Acetamido-3-methyl-2,3,4,4a,5,6,7,7a-octahydro-
1H-4,12-methanobenzofuro[3,2-e]isoquinolin-9-yl)-3-((2-
amino-2-oxoethyl)thio)propanamide (5; 6-AmHap-acet-
amide). To a solution of 3-(2-amino-2-oxoethyl)-
sulfanylpropanoic acid (3; 200.7 mg, 1.23 mmol) in DMF (3
mL) was added N-hydroxysuccinimide (226.5 mg, 1.97
mmol), followed by the addition of N-ethyl-N′-(3-
dimethylaminopropyl)carbodiimide hydrochloride (282.9 mg,
1.47 mmol) under an atmosphere of N2 and the mixture was

stirred overnight. The reaction was diluted with H2O (5 mL)
and extracted with EtOAc (3 mL × 5 mL). The organic layers
were combined, washed with brine, and dried over anhydrous
MgSO4. The solution was filtered, and the solvent was
evaporated. The resulting residue was further dried under
high vacuum overnight. To a solution of the above NHS ester
3 in DMF (2 mL) was added amine 4 (18 mg, 55 μmol) and
the mixture was heated at 50 °C for 3 h under a N2
atmosphere. The reaction mixture was allowed to cool to
room temperature. The mixture was then diluted with H2O (5
mL), and the organic product was extracted with CHCl3 (3 mL
× 5 mL). The combined organic layers were washed with brine
and dried over anhydrous MgSO4. The solution was then
filtered and concentrated under reduced pressure. The residue
was purified two times by column chromatography with 5%
MeOH/28% NH4OH in CHCl3 yielding 6 mg of 5 (23%
isolated yield).1H NMR (400 MHz, methanol-d4, δ = ppm) δ
7.35 (d, J = 8.1 Hz, 1H), 6.69 (d, J = 8.2 Hz, 1H), 4.67 (d, J =
4.6 Hz, 1H), 4.13 (dt, J = 12.1, 4.4 Hz, 1H), 3.25 (s, 2H), 3.18
(dd, J = 6.3, 2.9 Hz, 1H), 3.05 (d, J = 19.2 Hz, 1H), 2.96 (t, J =
7.1 Hz, 2H), 2.72 (t, J = 7.1 Hz, 2H), 2.60−2.49 (m, 2H), 2.41
(s, 3H), 2.39−2.24 (m, 2H), 1.99 (m, 1H), 1.95 (s, 3H),
1.77−1.64 (m, 2H), 1.40 (td, J = 10.4, 3.3 Hz, 1H), 1.11−0.83
(m, 3H).13C NMR (100 MHz, methanol-d4, δ = ppm) δ
173.92, 171.14, 170.70, 150.63, 132.40, 129.19, 123.44, 118.60,
117.64, 89.69, 59.63, 46.70, 45.71, 42.20, 41.61, 36.19, 35.75,
35.43, 34.50, 27.95, 21.66, 21.36, 20.06, 19.97. HRMS-ESI (m/
z): [M + H]+ calcd for C24H33N4O4S: 473.2223; found:
473.2229.

MST Measurements and Calculation of Dissociation
Constants (Kd). The binding affinities of 6-AmHap-mAb to 6-
AmHap-Cy5 and morHap-Cy5 were determined at a 0.5 nM
hapten-fluorophore tracer concentration using the conven-
tional MST assay. The working solutions of mAbs and tracers
were prepared in 1× DPBS with 0.05% BSA and 0.05% Tween
20.

The starting/highest concentration of 6-AmHap-mAb was
50 nM, which was serially diluted (1:1) in 200 μL PCR vials
with a 1× DPBS/Tween/BSA solution to yield 16 different
mAb concentrations. Each concentration/dilution was mixed
with hapten-fluorophore tracer (e.g., 6-AmHap-Cy5, morHap-
Cy5) in a 1:1 ratio and incubated in the dark for 20 min. The
6-AmHap-mAb:hapten-fluorophore mixtures were then loaded
in capillary tubes for MST measurements. Kd values were
determined by plotting the normalized fluorescence against
[mAb] in MO. Affinity Analysis software,42 which provided a
curve fitting that estimates the Kd values.

Experimental Methods for Determining the Antibody
Binding-Site Concentration in Serum. The antibody
binding-site concentration in serum was fitted from the ED
of mAb or sera against the known concentration of a tracer. In
the plot of fraction bound (FB) as a function of log[antibody]
or serum dilution, the point at which the FB value started to
deviate from 1.0 can be used to estimate the antibody binding-
site concentration in serum, that is, [tracer] = [antibody
binding-site]. The fraction bound (FB) was calculated using eq
1

= [ ] [ ]
[ ]

F
sample buffer

sampleB
(1)

where [sample] and [buffer] are the concentrations of the
tracer in the sample and buffer chambers, respectively. The
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proof-of-concept was established from the equilibrium dialysis
of mAb against the known concentration of ligand, using
UPLC-MS/MS as a method of quantification.

ED-UPLC-MS/MS. Traditional Approach: Equilibrium
Dialysis of mAb against Constant Tracer Concentrations.
ED experiments of 6-AmHap-mAb against 5 and 50 nM 6-
AmHap-acetamide tracers in equilibrium dialysis buffer (EDB)
were performed according to previous reports.18,43

EDB was prepared by adding 125 μL of the BSA standard
ampule to 500 mL of 1× DPBS. The solution was shaken
thoroughly and stored at 4 °C when not in use. In the case of
equilibrium dialysis of 6-AmHap-mAb against 5 nM 6-AmHap-
acetamide, the highest/starting concentration of mAb was 40
nM, which was serially diluted with 5 nM 6-AmHap-acetamide
in EDB in a 1:1 ratio to generate 24 different mAb
concentrations. The equilibrium dialysis was performed in
the RED plate, which has 48 pairs of buffer/sample chambers
separated by a 12 kDa MWCO dialysis membrane. Each buffer
chamber (left) was loaded with 300 μL EDB, while their
corresponding sample chambers (right) contain 100 μL of
each mAb concentration or dilution. There are two trials in
every equilibrium dialysis set up. The RED plate was covered
with an adhesive film and incubated at 4 °C and 300 rpm for
24 h in a thermomixer. After 24 h, 90 μL of solution from
buffer and sample chambers was drawn to a 1 mL recovery vial
for the UPLC-MS/MS quantification of 6-AmHap-acetamide
tracer. The instrument settings and parameters are described in
the next section.

The plot of FB 6-AmHap-acetamide vs log[mAb] was
generated. The [antibody binding-site] was extrapolated from
the binding curve using (i) linear regression at 0 < FB < 1 and
(ii) second derivative of the 4 PL model (describe below). The
calculated [antibody binding-site] was compared to a known
[6-AmHap-acetamide]. The same procedure was followed in
the case of the ED at 50 nM 6-AmHap-acetamide.

Alternative Approach: Equilibrium Dialysis of Constant
mAb Concentration against Different Tracer Concentra-
tions. The ED experiments of 5 and 50 nM 6-AmHap-mAb
against 6-AmHap-acetamide tracer in EDB were accomplished
according to the previous report with slight modifications.18 In
the case of ED of 5 nM 6-AmHap-mAb against 6-AmHap-
acetamide, the highest/starting concentration of 6-AmHap-
acetamide was 40 nM, which was serially diluted with 5 nM 6-
AmHap-mAb in EDB in a 1:1 ratio to generate 24 different 6-
AmHap-acetamide concentrations. As described above, equi-
librium dialysis was performed in the RED plate. Each buffer
chamber (left) was seeded with 300 μL EDB while their
corresponding sample chambers (right) were loaded with 100
μL of each 6-AmHap-acetamide concentration. The RED plate
was covered with an adhesive film and incubated at 4 °C and
300 rpm for 24 h in a thermomixer. After 24 h, 90 μL of
solution from the buffer and sample chambers was drawn to a
1 mL recovery vial for the UPLC-MS/MS quantification of 6-
AmHap-acetamide. The instrument settings and parameters
are described in the next section.

The plot of FB 6-AmHap-acetamide vs log[6-AmHap-
acetamide] was generated. The [antibody binding-site] was
extrapolated from the binding curve using (i) linear regression
at 0 < FB < 1 and (ii) the second derivative of the 4 PL model
(described below). The same procedure was followed for the
equilibrium dialysis at 50 nM 6-AmHap-mAb.

UPLC-MS/MS Quantification. Quantification of 6-AmHap-
acetamide was performed in a Thermo Scientific Vanquish

UPLC coupled with a Q-Exactive Quadrupole-Orbitrap
detector. The water’s HSS T3 column (2.1 mm × 100 mm,
1.8 μm particle size; Waters, Milford, MA) and the following
mobile phases were used: A (water with 10 mM NH4COOH
and 0.1% HCOOH) and B (MeOH with 0.1% HCOOH). The
UPLC gradient used is described in Table S6. The column was
maintained at 45 °C at a flow rate of 350 μL/min. The
injection volume was 10 μL. All data were acquired using
positive electrospray ionization (ESI) in a parallel reaction
monitoring (PRM) mode. The electrospray and source settings
were as follows: 3.5 kV (capillary voltage), 320 °C (capillary
temperature), 25 AU (sheath gas flow rate), 10 AU (Aux gas
flow rate), and 300 °C (Aux gas temperature). The analyte (6-
AmHap-acetamide) was detected as [M + H]+ with the PRM
transition of 473.2215 > 129.0004 at 5.73 min (chromato-
graphic retention time). Quantification was performed using
the external calibration method with a 1/X2 weighting scheme
in TraceFinder 5.1 (Thermo Scientific, Waltham, MA).

ED-Fluorimetry. Equilibrium Dialysis of mAb against 6-
AmHap-Cy5. The binding curve of FB vs log[antibody] or
serum dilution from the equilibrium dialysis of mAb or serum
against the known concentration of hapten-fluorophore tracer
was constructed to fit the antibody binding-site concentration
in mAb or serum. The applicability of this concept in ED-
fluorimetry was established using ED experiments of 6-
AmHap-mAb against 5 and 50 nM 6-AmHap-Cy5 in EDB.

EDB for ED-fluorimetry was prepared by adding 125 μL of
the BSA standard ampule and 250 μL of Tween 20 to 500 mL
of 1× DPBS. The solution was shaken carefully and stored at 4
°C when not in use. In the case of 6-AmHap-mAb against 5
nM 6-AmHap-Cy5, the highest/starting concentration of mAb
was 40 nM, which was serially diluted with 5 nM 6-AmHap-
Cy5 in EDB in a 1:1 ratio to generate 24 different mAb
concentrations. The ED was done in a similar manner as
described for ED-UPLC-MS/MS using the RED plate. Briefly,
each buffer chamber (left) was loaded with 300 μL EDB while
their corresponding sample chambers (right) contain 100 μL
of each mAb concentration or dilution. The RED plate was
covered with an adhesive film and incubated at 4 °C and 300
rpm for 24 h in a thermomixer. After 24 h, the 6-AmHap-
mAb:6-AmHap-Cy5 mixtures were then loaded in capillary
tubes for fluorescence measurements. The instrument settings
and parameters are described in the next section.

The fraction bound tracer (FB) was calculated from
fluorescence data using the following equation

=F
F F

FB
sample buffer

sample (2)

where Fsample and Fbuffer are the fluorescence signals from the
sample and buffer chambers, respectively.

The binding curve of FB 6-AmHap-Cy5 vs log[antibody]
was generated. The binding-site concentration in mAb was
estimated from this plot using (i) linear regression at 0 < FB <
1 and (ii) the second derivative of the 4 PL model (described
below). The same procedure was followed for the equilibrium
dialysis at 50 nM 6-AmHap-Cy5.

Effect of mAb Dilution with Preimmune Rat Sera. The
possible matrix effect was investigated by diluting 6-AmHap-
mAb with preimmune sera. Equilibrium dialysis of 6-AmHap-
mAb/serum mixture against 6-AmHap-Cy5 was performed in a
similar manner as described for mAb with slight modification.
Briefly, 4 μM 6-AmHap-mAb in week 0 rat sera was prepared
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and served as a stock solution. The highest concentration, 40
nM 6-AmHap-mAb, was prepared and was serially diluted with
5 nM 6-AmHap-Cy5 in EDB in a 1:1 ratio to generate 16
different mAb concentrations. ED was performed in the RED
plate, where each buffer chamber (left) was loaded with 300
μL EDB while their corresponding sample chambers (right)
contain 100 μL of each mAb concentration or dilution. The
RED plate was covered with an adhesive film and incubated at
4 °C and 300 rpm for 24 h in a thermomixer. After 24 h, 6-
AmHap-mAb:6-AmHap-Cy5 samples were then loaded in
capillary tubes for fluorescence measurements.

Equilibrium Dialysis of Rat Sera against 6-AmHap-Cy5.
Equilibrium dialysis of sera against 6-AmHap-Cy5 tracer was
done in a similar manner as described above for mAb. Briefly, a
5 nM 6-AmHap-Cy5 working solution was prepared in EDB.
This was used to prepare different dilutions of a serum sample.
The serum from TT-6-AmHap-immunized rats was diluted
with 5 nM 6-AmHap-Cy5 in a 1:100 ratio. This diluted serum
was then further serially diluted to generate 16 different serum
dilutions. In the RED plate, each buffer chamber (left) was
loaded with 300 μL of EDB while their corresponding sample
chambers (right) contain 100 μL of each serum dilution. The
RED plate was covered with an adhesive film and incubated at
4 °C and 300 rpm for 24 h in a thermomixer. After 24 h, the 6-
AmHap-mAb:6-AmHap-Cy5 samples were then loaded in
capillary tubes for fluorescence measurements. The antibody
binding-site concentration was determined from the plot of FB
as a function of serum dilutions, in a similar manner as
described in the case of mAb.

Fluorescence Measurement. The fluorescence measure-
ments were performed on a Monolith NT.115 instrument from
NanoTemper Technology, GmbH. This instrument was
equipped with an IR laser (wavelength, 1475 ± 15 nm;
power 120 mW maximum) and a red fluorescence channel
suitable for detecting red dyes such as Cy5 and Alexa Fluor
647.

Since we were dealing with different concentrations of
tracers used in the dialysis experiment, variable % LED and %
MST powers were utilized to avoid the saturation of the
detector. In the case of equilibrium dialysis at 5 nM 6-AmHap-
Cy5, fluorescence measurements were done at 20% LED/25%
MST powers (high laser power). On the other hand, ED at 50
nM 6-AmHap-Cy5 utilized 2% LED/25% MST powers (low
laser power).

Data Analysis. Statistical analyses and graphing of binding
curves were performed in a GraphPad Prism 9.0. Correlation
between ED-UPLC-MS/MS and ED-fluorimetry was estab-
lished using the Pearson correlation analysis. Comparisons of
% relative errors among methods and between concentrations
were done using T-test. Differences among values are
statistically significant if p ≤ 0.05.
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