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ABSTRACT: ABTS, 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonate), is a
common chromogenic substrate for peroxidase enzymes, which are widely used
in biochemical research and diagnostic tests. We discovered that impurities in
the commercially available ABTS significantly affect the results of peroxidase
activity assays. We show that the impurities inhibit the activity of the
peroxidases and the influence varies for different batches of ABTS from the
same source. The inhibition of horseradish peroxidase (HRP) is uncompetitive
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for the substrate H,O, while it is competitive for the substrate ABTS. By using

high-resolution mass spectrometry, potential inhibitors were identified to be precursors or analogs of ABTS. The inhibitors are
also capable of inhibiting the GOx-catalyzed reduction of the ABTS radical cation by glucose in anaerobic conditions. As the
inhibition is found to be pH-dependent, diagnostic applications, such as ELISA tests based on the peroxidase-H,0,-ABTS
system, should be carried out at pH 4.4 to minimize the inhibitory effect of potentially present impurities.

E nzymatic assays are the basis of a wide variety of clinical
and point-of-care diagnostics for disease-related bio-
markers ranging from small molecular metabolites (e.g.,
glucose and lactate) to biomacromolecules (e.g, specific
enzymes and antibodies).'~* The assays are usually performed
with ultralow concentrations of enzymes in a picomolar to
nanomolar range in the presence of necessary substrates or
coenzymes, which are usually commercially available. Given
that the typical purity of common reagents is in the range of
95—99.9% and that the concentrations of substrates or
coenzymes are usually 3—6 orders of magnitude higher than
the enzymes of interest in assays, the number of impurity
molecules in the reagents is comparable to the number of
enzyme molecules and consequently large enough to
significantly affect the assay results. Therefore, enzymatic
assays could be more sensitive to the species and amounts of
impurities in reagents than nonenzymatic ones, leading to
variations in the results of diagnostic tests using different
batches of reagents.

Horseradish peroxidase (HRP) is a monomeric metal-
loenzyme with a ferriporphyrin at the active center. Once
activated by H,0,, it can react with various aromatic
compounds such as phenols, anilines, and benzidines.”® It is
widely used as a reporter enzyme in diagnostic tests,
immunochemical assays (ELISA, Western Blot, immunohis-
tochemistry, etc.), and as a model enzyme in scientific research
because of its ability to sense the level of hydrogen peroxide
colorimetrically or fluorescently in the presence of chromo-
genic or fluorogenic substrates, respectively.”'* ABTS, 2,2/
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid), is a common
substrate for HRP, which is able to react with hydrogen
peroxide to yield the blue/green colored radical cation,
ABTS®". It has been widely used as a chromogenic substrate
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for enzymatic assays'® and enzyme-linked immunosorbent
assays (ELISA),'® an electron mediator for bioelectrocatal-
ysis,'” and as a reducing agent for antioxidant capacity assays in
functional food analysis."®

In this study, we demonstrate that the activity of HRP is
significantly affected by the quality of the chromogenic
substrate, ABTS, and we describe the effect of the impurities
on the activity of this widely used enzyme. The impurities in
commercially available ABTS from Sigma-Aldrich, Inc., exhibit
uncompetitive inhibition with respect to the first substrate
H,0, and exhibit competitive inhibition with respect to ABTS.
Different batches of ABTS can cause the activity of HRP to
vary severalfold. We suspected that the cause of the variable
activity is the varying degree of contamination with ABTS
analogs such as precursors and unsulfonated and partially
sulfonated products formed during the chemical synthesis.
These inhibitors can not only suppress the activity of HRP but
also the activity of glucose oxidase as it catalyzes the reduction
of the ABTS radical cation, ABTS®", by glucose.19 As ABTS is
a common chromogenic substrate for enzyme-linked immu-
nosorbent assays (ELISA), we evaluated the influence of the
impurities on ELISA applications. Since the inhibition of HRP
is undetectable at pH 4.4 and becomes stronger as pH
increases, we suggest that the diagnostic assays need to be
performed at pH 4.4 to achieve the highest sensitivity and
reproducibility.
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B EXPERIMENTAL SECTION

Materials. Two batches of ABTS, 2,2'-azino-bis(3-ethyl-
benzothiazoline-6-sulfonic acid) diammonium salt (product
number A1888, lot number SLBVS5859 and SLBZS8095),
hydrogen peroxide (30%, product number 216763, lot number
MKBV3835V), peroxidase from horseradish (essentially salt-
free, P2088, lot number SLBN0615V), and HRP-conjugated
goat antirabbit IgG (12-348, lot number 3277135) were
purchased from Sigma-Aldrich Merck.

Enzymatic Assays. All of the enzymatic assays were
carried out with an ultraviolet—visible spectrophotometer
(Evolution 201, Thermo Scientific, USA). The concentration
of HRP in aqueous solution was determined by its absorbance
at 403 nm (&4030,m = 1.02 X 10° M™! ecm™).*° The activity of
HRP was measured at various concentrations of H,O, (1—500
uM) and ABTS (0.1-4 mM) in 1XPBS buffer (pH 7.4)
containing 1.0 nM HRP by following spectrophotometrically
the changes in absorbance at 415 nm for 1 min using the
spectrophotometer (&,15 ym = 3.6 X 10* M™' cm™).*!

The GOx-HRP cascade reaction was carried out in a quartz
cuvette with a light-path of 2 mm, and the reaction was
monitored at 635 nm with the spectrophotometer. The cuvette
was sealed immediately with a piece of plastic paraffin film after
it was filled to the top with 1.15 mL of assay solution (e.g., 100
nM GOx, 200 nM HRP, 100 mM glucose, and 2 mM ABTS).

Mass Spectroscopy. High-resolution mass spectrometry
was performed on a Waters Xevo G2-XS QToF mass
spectrometer equipped with a H-Class Plus UPLC inlet, a Z-
Spray ion source with LockSpray, and an ESI probe. The
samples were dissolved in ddH,O at a concentration of 1.0
mM.

Colorimetric Assay of IgG-HRP Conjugate. The
colorimetric assays of IgG-HRP conjugate were carried out
in 100 mM citric-phosphate buffers at pHs of 4.0, 4.2, 4.4, 4.8,
5.2, 5.8, 62, and 7.0. In a typical run, 100 uL of HRP-
conjugated goat antirabbit IgG solution with concentrations
ranging from 0 to 100 ng/mL was added in each well of a 96-
well ELISA plate. Then, the reaction was initiated by adding
100 uL of substrate solution containing 2 mM ABTS and 1
mM H,0,. After incubation at room temperature for 30 min,
the reaction was stopped by adding 10 uL of stop solution
(10% SDS in 50% dimethylformamide—water solution). The
absorbance was measured at 415 nm on a Tecan Infinite 200
PRO microplate reader.

B RESULTS AND DISCUSSION

Different Batches of ABTS Exhibit Varied Inhibition
toward HRP. The mechanism of HRP-catalyzed oxidation of
ABTS by H,0, has been well-documented decades ago.'”*
Initially, HRP rapidly reacts with equimolar H,O, to form an
HRP-H,0, complex (k; > 10" M™' s7!)** followed by
heterolytic cleavage of the oxygen—oxygen bond to give an
oxyferryl porphyrin z-cation radical intermediate, Compound
I, transferring two electrons from the ferric enzyme to H,0,.
The reducing agent ABTS can then reduce compound I to
compound II containing an oxyferryl heme and afterward
return it to its resting state via two successive single electron
transfer steps. Each step involves the formation of the
corresponding enzyme—ABTS complex and the release of
one molecule of ABTS*" (Scheme 1). The release of ABTS**
from the compound II-ABTS complex is considered to be the
rate-limiting step in the catalytic cycle. Although the
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Scheme 1. Catalytic Cycle of the HRP-Catalyzed Reaction
of H,0, with ABTS
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mechanism would be more complicated if the reducing agent
is limited,”*” in most cases and particularly in diagnostic
applications, the concentration of ABTS is much greater than
the concentration of H,O,. Therefore, the reaction mechanism
as well as the reaction stoichiometry comply with Scheme 1 in
this study.

The rate equation derived from Scheme 1 obeys the well-

known Ping-Pong Bi—Bi kinetics>®*’
d[ABTS**
= % = 2kg[compound II—ABTS]
2kcatET
K 11,0, K. aBTS
1,0, T qasrs) T 1 (1)
where
_ kcat(k—l + kl)
mH,0, —
22 k1k2
© _ k_y+ky  k_g+ kg
m,ABTS = "cat|
kik, kg
1
ke = 5 1 1
Bte Tty

and Er is the total concentration of the enzyme HRP. When
the activity assay of HRP is carried out at a fixed concentration
of ABTS, the Ping-Pong Bi—Bi rate equation can be written in
the form of the Michaelis—Menten rectangular hyperbola

_ 2‘Echat,app[I_IZOZ]

Ky app + [(H,0,]

(2)
where

k _ kcat
QOWP T K aprs/[ABTS] + 1

and

K,
Ky = H,0,
Ky, aprs/[ABTS] + 1

We obtained two batches of ABTS from Sigma-Aldrich
under the same product number, A1888, but with two different
lot numbers, SLBV5859 (abbreviated as ABTS-V) and
SLBZ809S (abbreviated as ABTS-Z). As stated in the product
specifications, the purity by HPLC of these products is higher
than 98%. We determined the ABTS®" production rates of the
same HRP by using these two batches of ABTS. Surprisingly,
the measured activity using ABTS-Z appears 3-fold higher than
using ABTS-V, indicating that at least the activity of HRP was
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Figure 1. Activity assays of 1.0 nM HRP with two batches (V,Z) of
ABTS: (a) ABTS-V and (b) ABTS-Z.

inhibited when using ABTS-V as the substrate (Figure 1). The
apparent kinetic parameters were determined by nonlinear
fitting with the Michaelis—Menten function and are listed in
Table 1. The apparent turnover number, ke, (with respect
to the conversion of H,0,) increases in a higher concentration
of ABTS-V or ABTS-Z, and the apparent K, ,,, for H,0,
increases proportionally. At a given concentration of ABTS, the
keatapp/ Kimapp With respect to H,O, remains similar for both
ABTS batches.

We also measured the activity of HRP-catalyzed ABTS
oxidation using a mixture of ABTS-V and ABTS-Z and found
that the apparent activities of HRP are always in between the
activities with ABTS-V and with ABTS-Z. The parallel lines in
the Lineweaver—Burk plots prove that the inhibition was
uncompetitive with respect to H,O, (Figure 2a). By increasing
the content of ABTS-Z in the mixture, the production rate of
ABTS®" approaches the activity measured with ABTS-Z only
(Figure 2b). This indicates that the inhibition effect is
competitive with respect to ABTS, therefore the inhibitors
are probably analogs of ABTS.

Probable Inhibitors Are Precursors from the Chem-
ical Synthesis of ABTS. We determined the ultraviolet—
visible spectra of 10.0 uM ABTS-V and 10.0 uM ABTS-Z
dissolved in PBS buffer and found that the spectra are identical
to those in previous reports (Figure Sl).lg’zg The absence of
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Figure 2. (a) Lineweaver—Burk plots of HRP activity with respect to
H,0, in the presence of 1 mM ABTS-V, 0.5 mM ABTS-V + 0.5 mM
ABTS-Z or 1 mM ABTS-Z. (b) The production rates of ABTS®" as a
function of concentration of mixed ABTS in 10 uM H,O,. All assays
were carried out in triplicate with 1 nM HRP in PBS buffer at pH 7.4.

new absorption peaks indicates that the impurities in ABTS-V
may have similar chromophores compared to pure ABTS. The
absorption peaks of ABTS-Z at 224 and 340 nm are 4% higher
than those of ABTS-V, suggesting that the ABTS-V may
contain a bit more contaminations, such as water or salts,
which make a negligible contribution to the absorbance in the
range of 200—800 nm. Obviously, such small differences in
ABTS concentration cannot cause the large variation in the
activity assays.

We employed high-resolution mass spectrometry to identify
the suspected inhibitors in ABTS-V and ABTS-Z. As shown in
Figure 3, ABTS-V contains much more impurities than ABTS-
Z. The impurities most likely get into the product during
chemical synthesis. The key step in preparing ABTS is the
synthesis of 2,2"-azino-bis(3-ethylbenzothiazoline) (1), which
is subsequently sulfonated by H,SO, and neutralized with
ammonia to afford ABTS diammonium salt (3) (Scheme 2a).
Three feasible synthetic routes are illustrated in Scheme 2b—d.
Chen et al.”” proposed that 1 can be synthesized from the
coupling of 3-ethyl-2-iminobenzothiazoline bromide (4) with
3-ethyl-2-benzothiazolinone hydrazone (5) (Scheme 2b).

Table 1. Kinetic Parameters of HRP Reacting with Different Batches of ABTS

1 mM ABTS 2 mM ABTS 4 mM ABTS

ABTS-V ABTS-Z ABTS-V ABTS-Z ABTS-V ABTS-Z
Keatapp (1) 25+ 1 70 £ 1 34+1 108 + 2 S0+1 168 + 2
Ko app (uM) 3.5+ 04 10.0 + 0.4 5.1 +£05 16.5 + 1.1 8.0 + 0.8 28.7 = 1.1
Keatapp/ Kimapp (#M™" 571 7.1+ 11 7.0 + 04 6.7 £ 09 6.5+ 06 63 +08 59+03
Keat-z,app/ Keat-vapp 2.8 +0.2 31+0.1 3.5+ 0.1
Kioz,0pp/ Knovyapp 29 + 04 3205 3.6 +£0.5
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Figure 3. Mass spectra of (a) ABTS-V and (b) ABTS-Z.

Scheme 2. Possible Synthetic Routes to ABTS Diammonium Salt
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Akiba et al.*’
the reduction of 3-ethyl-2-nitrosoimino-2,3-dihydrobenzothia-
zole (6) by lithium aluminum hydride (LiAlH,) and followed
by the reaction of 6 with the produced 2-diazo-3-ethyl-2,3-
dihydrobenzothiazole (7). Byproducts, such as the 3-ethyl-
2(3H)-benzothiazolone (8) and the azine N-monoxide (9),
will form during the synthesis (Scheme 2c). Fei et al.*'
reported that the reaction of 2-methylthio-3-ethyl-benzothia-

showed another feasible approach starting from

1505

zolium salt with § will yield the precursor of ABTS (Scheme
2d).

We identified a few impurities in ABTS-V according to the
high-resolution mass spectra (Table 2). The compounds, such
as reactant 4, the ABTS precursor 1, and its monosulfonated
form, azine N-monoxide 9, can be found. The existence of
these compounds implies that the commercial ABTS was
synthesized via the routes shown in Scheme 2b or 2c rather

DOI: 10.1021/acs.analchem.9b04751
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Table 2. Compounds Detected in Mass Spectra of ABTS-V and ABTS-Z
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Detected m/z . . Compound No.
(monoisotopic)
1510342 151.0324 Compound 4 without ethyl
group

179.0644 179.0637 Compound 4
257.0048 257.0049 Compound 2
354.0962 354.0967 Compound 1
371.1000 371.0995 Compound 9
434.0528 434.0536 Monosulfonated 1
449.0396 449.0406 Monosulfonated 9
514.011S8 514.0104 Compound 2
515.0182 515.0182 Compound 2
535.9937 535.9923 Compound 2
557.9749 557.9743 Compound 2

than the route shown in Scheme 2d. The most abundant
impurity with molecular weight of 382.1549 remains unknown.
However, it is obviously a monosulfonated form of another
unknown compound with molecular weight of 302.1638 (AM,,
= 79.9911), indicating both of them are aromatic compounds
which can potentially act as competitive inhibitors for HRP.*”
The monosulfonated 1 and azine N-monoxide 9 are also found
in ABTS-Z (Figure 3b, VI and VII).

It has been well-documented that the activity of HRP itself is
pH dependent with a pH optimum around pH 4—6.""**
Interestingly, the inhibition by the impurities in ABTS is also
highly pH dependent. The activity of HRP reacting with
ABTS-Z was approximately 3-fold higher than that with ABTS-
V if the solution pH is higher than 7. Decreasing the solution
pH can gradually reduce and finally completely eliminate the
inhibitory effect. This suggests that the protonated inhibitors
do not inhibit the activity of HRP. Given that the active site
residues His42 and Arg38 of HRP are positively charged at
acidic pH,” we presume that the protonated inhibitors (such
as compound 1 and its monosulfonated form, as well as
compound 4 and 9) are also positively charged so that they are
blocked from the active site.

1506

We have to point out that ABTS-Z cannot be considered an
ABTS standard without inhibition toward HRP. We used to
have a third batch of ABTS (the same product number,
A1888) with a lot number of SLBP8174V (abbreviated as
ABTS-P) in our previous research, which exhibited an ABTS**
production rate of 540 nM/s by the same batch of HRP (1.0
nM) at pH 7.4 (Figure 4, green triangle),'” approximately 2.7-
fold higher than the activity with ABTS-Z. Thus, we conclude
that both ABTS-Z and ABTS-V contain competitive inhibitors
for the intermediate states of HRP. However, the activity of
HRP is identical at pH 4.4 for all batches of ABTS, indicating
that the inhibition is strongly pH dependent (Figure 4). Pure
ABTS could have at least 8-fold higher reactivity with HRP
compared with the bad batch of ABTS when the assays are
carried out at neutral pH conditions, which are used in a
number of investigations.**™*’

The pH-dependent inhibition toward HRP by the impurities
in ABTS has implications for the measured activity enhance-
ments of the GOx-HRP cascade immobilized on DNA
11364142 e have studied this system in detail
and have concluded that a permanent enhancement in cascade
activity has to originate from the increased activity of the rate-
limiting enzyme rather than the hypothesized substrate

nanostructures.
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Figure 4. pH-dependent inhibitory effect of the impurities in ABTS.
The reaction rates were measured in triplicate with 1 nM HRP, 2 mM
ABTS-V or ABTS-Z, and 500 M H,0, in varying buffers: 100 mM
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We suggested that a possible reason for the
activity enhancement of enzymes (e.g, HRP) on DNA
nanostructures is the relatively acidic microenvironment
provided by the highly negatively charged DNA surface.”
Here, we showed that the inhibition effect of a contaminated
substrate toward HRP can be reduced significantly by lowering
the solution pH. Therefore, a shift of the pH in the
environment of the HRP molecule affects its activity by two
distinct mechanisms: it increases its intrinsic activity and it
reduces the inhibitory effect of the substrate impurities. Thus,
the magnitude of the observed effect may appear to be highly
variable if the experiments do not control for the batch of
ABTS used. The interactions between the ABTS impurities
and the DNA nanostructure further complicate the picture and
deserve further examination,' ! #3¢374748

The inhibitory mechanism is shown in Scheme 3. Under the
steady-state approximation and assuming that the inhibitors
can bind compounds I and II with different affinities, one can
derive the rate equation describing the ping-pong kinetics with

competitive inhibition

k_, +k, ky +k_y ket k_g
v=2E;/
k,k,[H,0,] kik, kkg
(k4 + k_3)k1i[1nh] (k6 + k_s)kZi[Inh] 1
k3k4k_h. k5k6k_2i [ABTS]
( 1 11 ]
+|—+—+ —
k, k, ke (3)
Km/HzOz (k4 + k—3)klikcat[1nh]
=2k Er/{— + |K, +
v Er {[Hzoz] ,ABTS kgkak_y;
(kg + k_g)kyk [Inh] 1 )
kekek_,; [ABTS] (4)

We can define an inhibition constant K, which is an indication
of the overall inhibitory effect of the inhibitors in a certain
batch of ABTS

L — (k4 + k—3)klikcat (k6 + k—S)kZikcat

K; kakyk_y; kskek_s; ()
and obtain
v = 2kcatET
Ko 10, Ko, aBTS [Inh] 1
[H,0,] [ABTS] K[ABTS] (6)

It is a very approximate description for the HRP-H,0,-ABTS
reaction because the different batches of ABTS likely contain
variable amounts of the different inhibitors and because the
reaction pathways can be more complicated when the
concentration of H,O, is greater than that of ABTS. >0
Nevertheless, it clearly shows that for this mechanism the ratio
of ke, to K 150, is unaffected by the inhibitor concentration

and that the inhibition is only competitive with ABTS.
Impurities Inhibit the GOx-Catalyzed ABTS** Reduc-
tion by Glucose. The HRP-ABTS system is commonly used
for colorimetric enzymatic assays of flavin-dependent oxidases
that utilize oxygen as an electron acceptor to produce H,0,.
The glucose oxidase (GOx)-HRP cascade is the most widely
studied enzyme pair owing to its potential clinical ap lications
and its scientific value as a classic model system.”">"** We
discovered very recently that—in addition to serving as
substrate for the well-known oxidase-peroxidase cascade
reactions—ABTS®*" can act as a competitive substrate to
oxygen for the oxidation of glucose, so that GOx can reduce
ABTS"®* back to ABTS once oxygen levels are depleted.'” With
this reaction, we demonstrated the generation of multiple pulse

Scheme 3. Inhibitory Mechanism by Impurities
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responses in a sealed cuvette and visualized the interfacial
enzymatic reaction-driven Rayleigh—Bénard convection in real
time."”

We tested if the impurities in ABTS also affect the activity of
GOx utilizing ABTS®" using the same experimental procedure
described in ref 19. Interestingly, the impurities in ABTS not
only inhibit the activity of HRP, but also significantly suppress
the GOx-catalyzed reduction of ABTS®*. Figure Sa shows that
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Figure S. (a) GOx is inhibited by the impurities in different batches
of ABTS as it catalyzes the conversion of ABTS®* back to ABTS. The
initial solutions contain 100 nM GOx, 200 nM HRP, 100 mM
glucose, and 2 mM ABTS. (b) The activity of GOx, here modulated
by changing the GOx concentration from 10 nM to 500 nM, affects
the pattern formation in a solution in Petri dish with GOx and 200
nM HRP, 100 mM glucose, 1 mM ABTS-V in 30 mL of PBS buffer.
Scale bar: 2 cm.

the reduction rates of ABTS®" in the GOx-HRP system are
ABTS batch-dependent. ABTS-Z, which shows higher
peroxidase activity, gives also a higher reduction rate of
ABTS** compared with ABTS-V (with a first order decay
constant k.4, of 1.6 X 107 s™" for ABTS-Z versus ke of 1.0
x 107 for ABTS-V). ABTS P, the batch with the least
inhibition of HRP, shows an even higher reduction rate (k..
=3.3 X 107 s7!). This could be attributed to the competitive
blocking of ABTS®** by ABTS analogs from the active site of
GOx. It is worth noting that the existence of the impurities
does not affect the activity assay of glucose oxidase if an excess
of HRP is applied (Figure S2). However, the different
reduction rate of ABTS®' influences the development of
visible patterns in Rayleigh—Bénard convection. The visibility
of convective patterns requires a proper contrast relying on a
dynamic balance between the formation of colored ABTS®* at
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the air—water interface and its reduction in the bulk solution. If
the reduction of ABTS*" is slower, the produced ABTS®*
cannot be rapidly reduced to the colorless ABTS as it is
transported from the surface to the bulk solution, thus yielding
a solution which is too dark green and has blurry patterns. To
observe clear patterns, the production and reduction rates of
ABTS"®" need to be balanced by adjusting the ratio of GOx and
HRP. For example, increasing the concentration of GOx can
facilitate the reduction of ABTS®*" and, therefore, optimize the
appearance of the patterns (Figure Sb).

Performing ELISA Tests at Acidic pH Can Circumvent
the Inhibition. ELISA tests typically use HRP as enzyme and
o-phenylenediamine (OPD), 3,3',5,5'-tetramethylbenzidine
(TMB), and ABTS as substrates.”> Because of the
carcinogenicity of OPD, it is not recommended in most
applications. Although ABTS had been found to be weakly
mutagenic in an early study,”* a later investigation suggested
that the mutagenic activity orlgmated from impurities in ABTS
and varied in different batches.> Hence, to our knowledge,
neither pure TMB nor pure ABTS are considered as
carcinogenic or mutagenic substrates. 56,57 However, TMB is
basically insoluble in water. Cosolvents, such as DMSO, DMF,
or ethanol are necessary for dissolving TMB in assay buffers.
For example, in PBS buffer mixed with 0.3% DMSO only 30
ug/mL TMB can be dissolved (https://www.caymanchem.
com/pdfs/70450.pdf). This significantly narrows the dynamic
range of ELISA tests (upper and lower concentrations of the
analytes that can be accurately assayed) when using TMB as a
substrate. In comparison, ABTS has a wider dynamic range>®
thanks to its roughly thousand-fold higher solubility (up to SO
mg/mL) in aqueous solutions (see the Product Information
provided by Sigma-Aldrich, Inc.).

The pH conditions for the color development of ABTS-
based ELISA tests vary from pH 4.0 to 7.0 in different
reports.””~’" Reagent companies also provide different
suggestions for the assay pHs (e.g, Southern Biotech, pH
4.0; Sigma-Aldrich, pH 5.0; Kirkegaard & Perry Laboratories of
SeraCare, pH 5—7). Considering the pH-activity profile of
HRP and the potential inhibition, the assay pH has to be
optimized to obtain the highest sensitivity and the lowest
detection limit. Figure 6 shows the detection of HRP-labeled
goat antirabbit IgG with ABTS-V and ABTS-Z at various pH
conditions. The highest responses are found at pH 4.4 and pH
4.8, and dramatically decrease if the assay pH is lower than 4.2
and higher than 5.2. In agreement with Figure 4, the inhibition
is eliminated at pH 4.4 and becomes more significant as the
pH increases. The dramatic decrease in response and low
sensitivity at pH 4.0 may be attributed to the thermal
instability of HRP at acidic pH ranges.”"”’” Therefore, the
optimization of ELISA performance is a compromise between
the pH-activity profile, pH-dependent stability, and potentially
present pH-dependent inhibition. As indicated in Figure 6, we
suggest that the optimum pH for HRP/ABTS based ELISA
tests is 4.4, where the detection limit is found to be 0.2 ng/mL
IgG-HRP conjugate, ten times lower than the reference value
given by Thermo Fisher Scientific (TR0033.4, Guide to
enzyme substrates for ELISA).

B CONCLUSION

Here, we investigate in detail the inhibitory effects of
impurities in commercially available ABTS on the peroxidase
activity of HRP and the reductive activity of GOx for ABTS®".
Surprisingly, different batches of ABTS products with the same

DOI: 10.1021/acs.analchem.9b04751
Anal. Chem. 2020, 92, 1502—-1510


http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.9b04751/suppl_file/ac9b04751_si_001.pdf
https://www.caymanchem.com/pdfs/70450.pdf
https://www.caymanchem.com/pdfs/70450.pdf
http://dx.doi.org/10.1021/acs.analchem.9b04751

Analytical Chemistry

(@) 25 . .
—e— ABTS-Z, pH 4.8
ABTS-V, pH 4.8
e 2.04 s g
Lg —— ABTS-Z, pH 4.4
ABTS-V, pH 4.4
T 1.5 ]
© —v— ABTS-Z, pH 4.2 1/
® ABTS-V, pH 4.2
2 1.0 1
8 —e— ABTS-Z, pH 4.0
= ABTS-V, pH 4.0
5 ,
2 0.5 B
<<
0.0 T T
1 10 100
Concentration of IgG-HRP (ng/mL)
(b) 25 , ,
—e— ABTS-Z, pH 5.2
ABTS-V, pH 5.2
e 2.0 B
= —v— ABTS-Z, pH 5.6
© ABTS-V, pH 5.6
< 1.54 ]
© —— ABTS-Z, pH 6.2
@ ABTS-V, pH 6.2
2 1.0 1
S —e— ABTS-Z, pH 7.0
5 ABTS-V, pH 7.0
2 0.5 B
<
0.0 T

1 10
Concentration of IgG-HRP (ng/mL)

100

Figure 6. Chromogenic detection of IgG-HRP conjugate in citrate-
phosphate buffer at various pH conditions. All assays were carried out
in triplicate.

catalog numbers from Sigma-Aldrich can cause several-fold
variations in the HRP activity assay due to the varied
inhibition. We identify some impurities in the commercial
ABTS by using high-resolution mass spectroscopy and suggest
that the inhibitors are most likely precursors of ABTS
introduced during the chemical synthesis of ABTS. Such
inhibition is competitive for ABTS but uncompetitive for H,0,
and is highly pH-dependent. The batch-dependent inhibition
affects the visualization of convective patterns in solutions of
GOx-HRP system because the impurities also inhibit the
conversion of ABTS®** to ABTS by GOx, requiring a tuning of
the concentrations of enzymes. For ELISA tests using ABTS as
a chromogen, a substrate solution with pH 4.4 is
recommended to avoid the potential inhibition by impurities
in ABTS.

The quality control of chemical reagents is crucial for the
reproducibility and replicability of scientific research. Although
the quality of chemical reagents is often specified by their
purity, standard levels of purity may not be sufficient for
biochemical applications, especially assays based on specific
interactions with biomacromolecules. The existence of
impurities that formed during the synthesis of target chemicals,
even in small amounts, can significantly affect biochemical
assays due to the chemical similarity between precursors and
target chemicals. Therefore, we suggest that a specification
describing the biological activity of these reagents toward
targeted proteins or enzymes is urgently needed.
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