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ABSTRACT: Colorimetric assays are a rapid, scalable technique
well suited to enzyme activity screening. However, side reactions or
chromogenic reagent instability can result in false positives or false
negatives that compromise the accuracy of such assays. Here, we
identify three classes of compounds incompatible with the 2,2′-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) colorimetric
assay for galactose oxidase activity. Dark green ABTS·+ cationic
radicals indicating enzyme activity can get quenched to yield
colorless solutions or couple with substrates to form differently
colored adducts, thus preventing accurate colorimetric measure-
ments. These side reactions limit the utility of the ABTS assay and
introduce uncertainty in the substrate scope to which it is applicable.
We have investigated the underlying mechanisms behind these side
reactions to conclude that free radical scavengers, phenols with electron-donating substituents, and β,γ-unsaturated aryl ketones are
incompatible with the ABTS colorimetric assay. In search of a viable alternative, we developed an assay using 2,4-
dinitrophenylhydrazine under neutral conditions with isopropyl alcohol as a solubilizing agent. The use of neutral conditions was
found to be critical to avoid hydrolysis of hydrazone adducts, ensuring reproducible measurements. Our assay is compatible with free
radical scavengers (R2 = 0.98), phenols with electron-donating substituents (R2 = 0.97), and β,γ-unsaturated aryl ketones (R2 =
0.88). This modified assay enables galactose oxidase activity screening across a broader substrate scope, thus facilitating enzyme use
for more practical applications.

■ INTRODUCTION
Enzymatic reactions are favored for their exquisite regio- and
stereoselectivity, operation under mild reaction conditions, and
use of environmentally benign reagents that enable sustainable
chemical transformations.1−3 Their high selectivities minimize
byproduct formation, reduce purification costs, increase
product yields, and enable multistep biocatalytic cascades in
a single pot.4,5 Overall, enzymatic biocatalysis embodies 10 out
of the 12 principles of green chemistry,6 highlighting its
potential to facilitate the transition of chemical manufacturing
towards a more sustainable future.7−10

Galactose oxidase is an enzyme that catalyzes alcohol
oxidation11,12 to produce aldehydes and ketones that are
ubiquitous in high-value specialty chemicals across the
agrochemical, flavor, fragrance, and pharmaceutical indus-
tries.13−15 As a demonstration of its utility in sustainable
chemical manufacturing, modified galactose oxidase has been
employed in the biocatalytic cascade synthesis of an investiga-
tional HIV treatment drug, islatravir, with 51% yield16�more
than double that of state-of-the-art synthetic chemical routes,
partially thanks to novel enzymatic selectivity and reactivity
halving the number of reaction steps.

Driven by the transformative potential of enzymatic
biocatalysis, the development of fast, accurate, and high-
throughput screening methods for biocatalytic activity has
been garnering interest.17−20 Enzymes typically require multi-
ple rounds of iterative directed evolution and screening to
achieve performance fit for industrial applications.21−23 In the
context of galactose oxidase, biocatalytic activity screening
techniques can generally be categorized into two main
mechanisms: (1) quantification of the hydrogen peroxide
byproduct24−27 and (2) quantification of the carbonyl
product28,29 (Table S1, Figure 1).
The two essential traits of high-throughput screening assays

are (1) speed, to quickly evaluate large enzyme mutant libraries
within a reasonable time frame, and (2) accuracy, to correctly
identify the best-performing mutants to bring forward to the
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next evolution step, accumulating beneficial mutations and
improving enzyme activity towards the desired application. In
this respect, colorimetric detection stands out as a fast and
scalable technique, capable of completing multiple measure-
ments in 96-well plates within seconds. However, side
reactions and chromogenic reagent instability can result in
unintended byproducts that compromise the accuracy of
colorimetric screening. In response to this critical issue, we
have embarked on a rigorous exploration of the side reactions
during standard30−32 ABTS colorimetric screening of galactose
oxidase activity. Here, we show that free radical scavengers,
phenols with electron-donating substituents, and β,γ-unsatu-
rated aryl ketones are incompatible with ABTS, yielding
inaccurate results. We then report the development of a viable
alternative using 2,4-dinitrophenylhydrazine (2,4-DNPH)
under neutral conditions that circumvents these unwanted
side reactions and enables reliable colorimetric screening of
galactose oxidase activity for these substrates. In particular, the
use of neutral conditions was found to be essential for stability
and reproducible measurements.
This work provides two key contributions: (1) investigating

side reactions to identify substrate classes incompatible with
the ABTS assay and (2) developing a viable alternative
colorimetric assay that works for these substrate classes. Based
on the underlying principles of our developed assay, we
anticipate a straightforward generalization to other enzymes
operating with similar mechanisms (e.g., cholesterol oxidase,33

amino acid oxidase,34 etc.), facilitating the screening of more
substrate classes for industrial applications, and contributing to
the overarching goal of promoting biocatalysis as a key
enabling technology for sustainable chemical manufacturing.

■ EXPERIMENTAL SECTION
Materials. 4-Phenyl-1-buten-4-ol (S156), 4-(1-hydroxy-

propyl)-2-methoxyphenol (S157), 1-(p-tolyl)but-3-en-1-ol
(S167), 4-hydroxypropiophenone (P177), 4-(1-hydroxyeth-
y l ) - 2 -me t ho x yph eno l ( S180 ) , 1 - ( 4 - h yd r o x y - 3 -
methoxyphenyl)ethan-1-one (P180), 2,2′-azino-bis(3-ethyl-
benzothiazoline-6-sulfonic acid) diammonium salt (ABTS),
and pyrogallol red were purchased from Merck and used as
received. 1-(4-Chlorophenyl)but-3-en-1-ol (S163) was pur-
chased from Combi-Blocks and used as received. Horseradish
peroxidase (HRP) was purchased from Toyobo. Purified
galactose oxidase mutant GOh1052 was prepared according to
the protocol reported in a previous work.25 Absorption spectra
were measured with a Molecular Devices FlexStation 3 Multi-
Mode Microplate Reader.

Synthesis of P156, P163, P167, and S177. P156, P163,
P167, and S177 were synthesized via known literature
procedures.35−37

Preparation of the Purple ABTS-S177 Adduct. ABTS
(91.3 mg) and HRP (5 mg) were dissolved in ultrapure water
(4.534 mL). A H2O2 (0.5 M in water, 416 μL) solution was
added, and the solution was mixed well to generate dark green
ABTS·+ radicals. S177 (29 mg) was dissolved in deuterated
DMSO (50 μL) and added to the mixture. The dark green
solution turned purple upon addition of S177. The mixture
was then transferred to a round-bottom flask. Methanol (5
mL) and silica powder (5 g) were added to the flask, and the
solvent was removed with a rotary evaporator. The sample was
dry loaded for column chromatography and eluted with ethyl
acetate/methanol (3:1). Fractions containing the purple
adduct (Rf = 0.43) were combined, concentrated, and then
redissolved in D2O (0.5 mL) for NMR analysis. 1H NMR (400
MHz, D2O): δ 7.98 (1H, d, J = 1.8 Hz), 7.73 (1H, dd, J = 8.6
Hz, 1.8 Hz), 7.44 (1H, d, J = 8.6 Hz), 7.20 (1H, m), 6.94 (1H,
dd, J = 9.7 Hz, 2.3 Hz), 6.05 (1H, d, J = 9.7 Hz), 4.35 (2H, m),
4.24 (1H, m), 1.60 (2H, m), 1.39 (3H, t, J = 7.2 Hz), and 0.97
ppm (3H, t, J = 7.3 Hz). HR-MS (+ve ESI): m/z (calcd), [M +
H]+ 422.0839; found 422.0845.

ABTS with the P156 Three-Step Color Change. ABTS
(0.1 M in ultrapure water, 60 μL) and HRP (1 mg/mL in
ultrapure water, 20 μL) were added to ultrapure water (915
μL) to form a pale green solution. P156 (1 M in DMSO, 5 μL)
was added, resulting in a dark green solution. The mixture was
left to shake (200 rpm) at room temperature for 24 h.

ABTS with P156 under Ambient and Deoxygenated
Conditions. ABTS (100 mM in ultrapure water, 650 μL) and
HRP (1 mg/mL in 100 mM sodium phosphate pH 7 buffer,
650 μL) were added to sodium phosphate buffer (100 mM, pH
7, 11.7 mL) to yield a (ABTS + HRP) solution. To three
round-bottom flasks were added sodium phosphate buffer (100
mM, pH 7, 150 μL) and (ABTS + HRP) solution (1.5 mL)
each. One round-bottom flask was then sparged with argon for
2 h, while the other two were capped and left to stand under
ambient conditions. Separately, two round-bottom flasks of
P156 solution and one DMSO blank were also prepared, each
containing sodium phosphate buffer (100 mM, pH 7, 4 mL),
as well as P156 (20 mM in DMSO, 500 μL) for P156 solutions
or DMSO (500 μL) for the DMSO blank. One flask of P156
solution was sparged with argon for 2 h, while the other was
left under ambient conditions. After 2 h, 1.35 mL each of
deoxygenated P156 solution and ambient P156 solution were
added to the flasks containing the deoxygenated (ABTS +
HRP) solution and ambient (ABTS + HRP) solution,
respectively. Absorption spectra of the P156 solutions and
the DMSO reference blank were taken.

Neutral 2,4-DNPH Colorimetric Assay Calibration
Curves. Mixtures mimicking actual galactose oxidase reactions
were prepared by combining 2,4-DNPH (5 mM in ethanol, 40
μL), sodium phosphate buffer (100 mM, pH 7, 165 μL),
purified galactose oxidase (400 μg/mL in 100 mM sodium
phosphate buffer, pH 7, 20 μL), HRP (1 mg/mL in 100 mM
sodium phosphate buffer, pH 7, 5 μL), and either DMSO (10
μL) or varying ratios of S180/P180, S177/P177, or S156/
P156 (1 mM total concentration in DMSO, 10 μL). The
mixture was vortexed briefly and then left to stand for 3 h.
Isopropyl alcohol (400 μL for S177/P177 or S156/P156 and 1
mL for S180/P180) was then added, and the solutions were
mixed well to dissolve any precipitate. Aliquots (200 μL) were
transferred to a clear 96-well plate, and 400 nm absorbance was
measured. Calibration curves were constructed with reference
to the DMSO blank.

Figure 1. Alcohol oxidation by galactose oxidase and indicators of
biocatalytic activity: (1) hydrogen peroxide byproduct and (2)
carbonyl product.
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Calculation of Limit of Detection (LOD) and Limit of
Quantification (LOQ). The limit of detection (LOD) was
calculated according to IUPAC recommendations38 (99.86%
confidence level). The limit of quantification (LOQ) was
calculated according to Regulation (EU) 333/2007.39

= ×LOD 3
standard deviation of blanks

slope of calibration curve (1)

= ×LOQ 3.3 LOD (2)

Neutral 2,4-DNPH Colorimetric Assay for Galactose
Oxidase Activity against S177. An S177 sample solution
was prepared in an HPLC vial by mixing sodium phosphate
buffer (100 mM, pH 7, 135 μL), HRP (1 mg/mL in 100 mM
sodium phosphate pH 7 buffer, 5 μL), S177 (20 mM in
DMSO, 10 μL), and purified galactose oxidase (400 μg/mL in
100 mM sodium phosphate buffer pH 7, 50 μL). A reference
blank solution was prepared by mixing sodium phosphate
buffer (100 mM, pH 7, 135 μL), purified galactose oxidase
(400 μg/mL in 100 mM sodium phosphate buffer pH 7, 50
μL), HRP (5 μL), and DMSO (10 μL) in an HPLC vial. After
shaking at 300 rpm and 25 °C for 24 h, 2,4-DNPH (5 mM in
ethanol, 40 μL) was added to each solution before it was left to
stand for 3 h. Subsequently, isopropyl alcohol (400 μL) was
added to each solution. Aliquots (200 μL) of each solution
were transferred to a clear 96-well plate, and their 400 nm
absorbance was measured.

■ RESULTS AND DISCUSSION
ABTS Side Reactions. ABTS colorimetric detection of

galactose oxidase activity relies on the interaction between
HRP, ABTS, and hydrogen peroxide byproduct from galactose
oxidase activity. HRP utilizes hydrogen peroxide to oxidize
colorless neutral ABTS molecules (that appear pale green in
the bulk solution due to impurities or partial oxidation) to
metastable dark green ABTS·+ radical cations27 (Figure 2A).
The intensity of this dark green color can be monitored at 420
nm (λmax) to quantify the amount of hydrogen peroxide
produced and thus indirectly measure the galactose oxidase
activity. Although ABTS has been successfully applied to

screen for galactose oxidase activity,24,25 we have found that it
is incompatible with three classes of compounds (Figure 2B).

Free Radical Scavengers. First, compounds with free
radical scavenging properties such as S157 and S180. Free
radical scavengers reduce dark green ABTS·+ radical cations
back to their colorless neutral ABTS form40 yielding false
negatives (Figure S1). This bleaching interaction is known and
has been leveraged to measure the antioxidant capacity of
compounds via the ABTS/potassium persulfate decolorization
assay.41 However, in the context of colorimetric screening of
galactose oxidase activity, such an interaction results in
undesired interference and false negatives. By extension, it is
expected that compounds with free radical scavenging
properties such as analogues of plant polyphenols42 or highly
conjugated alcohols40 will result in similar undesired
decolorization and would thus be incompatible with the
ABTS assay.

Phenols with Electron-Donating Substituents. Sec-
ond, compounds bearing substituted phenols such as S177
(Figure 2B). We propose that phenoxyl radicals are generated
from substituted phenols either through direct oxidation43 by
HRP/H2O2 or via radical propagation from in situ-formed
ABTS·+ radicals (Figure 3A). Hydrogen bonding with the
aqueous solvent also stabilizes the resulting phenoxyl radical,44

facilitating its formation. These phenoxyl radicals subsequently
couple with ABTS·+ radicals in a termination step to yield
purple S177-ABTS hydrazindiylidene-like adducts. In-depth
characterization via high-resolution electrospray mass spec-
troscopy (HR-ESI-MS) (Figure S2) and nuclear magnetic
resonance (NMR) spectroscopy (Figures S3−S5) corroborates
the formation of this purple adduct, which redshifts the
absorption spectrum λmax from the expected 420 to 556 nm
(Figure 3B). As a result, ABTS·+ was depleted, leading to a
reduced absorbance at the monitored 420 nm wavelength and
a false negative result. This adduct-forming side reaction may
be attributed to the weaker O−H bond dissociation energy in
phenols substituted with alkyl or alkoxyl groups (78 ∼ 88 kcal
mol−1)45 compared to regular O−H bonds (∼105 kcal mol−1,
MeOH),46 thus facilitating homolytic cleavage and subsequent
coupling with ABTS·+ radicals. Generalizing this principle,
substrates bearing phenols with electron-donating substituents
are expected to be susceptible to adduct formation and, thus,
would be incompatible with the ABTS assay.

β,γ-Unsaturated Aryl Ketones. Third and finally, β,γ-
unsaturated aryl ketones such as P156, P163, and P167 result
in yellow solutions (Figures S6 and S7). Addition of β,γ-
unsaturated aryl ketones to a solution of ABTS and HRP
resulted in a three-step color change (Figure 3C) from (1)
dark green to (2) yellow and finally (3) orange, resulting in
false negatives. This three-step color change suggests complex
reaction kinetics, which have been systematically investigated
here with control experiments to deduce the underlying
mechanism.
First, a control of ABTS with P156 shows no color change

(Figure S7), implying a critical role for HRP in these color
changes. Second, when HRP, ABTS, and P156 are combined
under anaerobic conditions, no green ABTS·+ is formed, unlike
the green coloration observed under aerobic conditions
(Figure 3D), indicating that atmospheric oxygen is essential
for the reaction. Third, addition of P156 quenches dark green
ABTS·+ solutions to give colorless solutions (Figure S8),
suggesting that P156 acts as a single electron donor to reduce
ABTS·+ radicals. Altogether, these observations point toward

Figure 2. (A) ABTS colorimetric detection of galactose oxidase
activity. (B) Three classes of compounds with undesired side
reactions with ABTS resulting in decolorization or alternate colors.
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HRP-mediated aerobic oxidation47 of ABTS (Figure 3E) with
P156 serving as a single electron donor and atmospheric
oxygen as the oxidant for the first color change to dark green.
Electron-rich olefins like P156 can act as single electron

donors48 due to their unique traits of (1) keto−enol
tautomerization creating an extended conjugated π-electron
system and (2) stabilization of the generated cationic radical
over their π-electron system (Figure 3F). This allows P156 to
perform proton-coupled electron transfer to ground-state ferric
HRP, converting it to its ferrous form. Ferrous HRP can then
bind atmospheric oxygen to form Compound III with
superoxide-like character.47 Subsequent proton-coupled elec-

tron transfer reactions convert Compound III to Compound I,
which then oxidizes ABTS to dark green ABTS·+ observed in
Step 1 with concurrent production of Compound II. Finally,
Compound II reverts to ground-state ferric HRP via proton-
coupled electron transfer with concomitant release of water,
ready to restart the catalytic cycle.
Based on the ability of P156 to quench dark green ABTS·+,

the second color change should have been from dark green to
colorless. However, a yellow color was instead observed. This
observation may be attributed to two competing reactions, (1)
decolorization via free radical scavenging by P156 and (2)
adduct formation via termination between the free radicals

Figure 3. (A) Proposed mechanism for the formation of the purple hydrazindiylidene-like S177-ABTS adduct. (B) Absorption spectra of dark
green ABTS·+ radical cation, purple S177-ABTS adduct, and orange P156-ABTS adduct versus ABTS blank as a reference. (C) Three-step color
change over 24 h upon addition of P156 to a solution of HRP and ABTS. (D) Absorption spectra of deoxygenated and ambient mixtures of P156,
HRP, and ABTS immediately after mixing versus DMSO blank as a reference. (E) Catalytic cycle for HRP-mediated aerobic oxidation of ABTS
using atmospheric oxygen. (F) Keto−enol tautomerization of P156 and resonance structures of the P156 cationic radical formed after single
electron donation.
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generated in situ from P156 and ABTS. Initially, P156 acts as a
single electron donor for HRP-mediated aerobic oxidation of
neutral ABTS to yield both ABTS·+ and P156 radicals. Dark
green ABTS·+ radicals produced can then be quenched by
P156 back to their colorless neutral forms, regenerating neutral
ABTS for further HRP-mediated oxidation while simulta-
neously creating more P156 radicals. This cycle likely
continues until P156 radicals accumulate to a concentration
such that reaction kinetics starts to instead favor termination
between P156 radicals and ABTS radicals to produce orange
P156-ABTS adducts, hypothesized to proceed via a coupling
mechanism similar to that of the S177-ABTS adduct. The
interplay between (1) HRP-mediated aerobic oxidation of
ABTS, (2) quenching of dark green ABTS·+ by P156, and (3)
P156-ABTS adduct formation in low concentrations would
thus explain the observed transition from dark green to yellow
instead of dark green to colorless as originally anticipated.
Finally, as the amount of the P156-ABTS adduct

accumulates, the color intensifies to yield an orange-colored
solution. As supporting evidence, the combination of only
P156 with pale green ABTS also turned pale yellow over 24 h,
suggesting a reaction between trace amounts of ABTS·+ radical
present and P156 resulting in a similarly colored adduct. This
could be interpreted as radical propagation from ABTS·+ to
form P156 radicals, followed by termination between ABTS·+

and in situ-generated P156 radicals to yield yellow solutions
corresponding to a low concentration of the P156-ABTS
adduct formed.
Altogether, these would explain the observed three-step

color change as (1) HRP-mediated aerobic oxidation of ABTS
to dark green ABTS·+, (2) quenching of dark green ABTS·+

with P156 with simultaneous formation of the P156-ABTS
adduct for a yellow solution, and finally (3) accumulation of
the P156-ABTS adduct for an orange-colored solution. Overall,
β,γ-unsaturated aryl ketones and compounds with extended
conjugated systems that are able to act as single electron

donors are anticipated to result in similar complications and
thus be incompatible with ABTS colorimetric screening.

Modified Neutral 2,4-DNPH Colorimetric Assay. In
search of a suitable alternative for these incompatible
substrates, pyrogallol red, a direct alternative to ABTS that
also measures H2O2, was investigated. However, pyrogallol red
was found unsuitable due to its instability causing false
positives (Figures S9−S11). As the interfering side reactions
with ABTS can be traced back to reactions with its cationic
radical form, chromogenic agents with an in principle different
mechanism from ABTS were also investigated. Among
detection methods targeting the carbonyl product, most
faced solubility challenges, which we attempted to address.
However, issues such as unreactivity and solvatochromism
hindered us from obtaining accurate colorimetric results
(Figures S12−S15). Ultimately, 2,4-DNPH emerged as a
viable alternative, enabling reliable detection through hydra-
zone formation. Condensation of the carbonyl product to form
hydrazones avoids the complicating radical formation step in
the ABTS mechanism, circumventing issues with ABTS·+

radical quenching, ABTS·+ radical coupling, and alternative
ABTS oxidation. However, a common limitation of hydrazones
for colorimetric screening is their poor aqueous solubility
under pH-neutral conditions. Nielsen and co-workers worked
around this limitation by adding sulfuric acid as hydrazones
have improved solubility under acidic conditions.28 However, a
triplicated calibration curve of acidic 2,4-DNPH with acetone
standards shows higher error bars and lower correlations (R2 =
0.85−0.90) than expected.28 These measurement variations
may be attributed to the susceptibility of the produced
hydrazone adducts to acidic hydrolysis,49 resulting in their
degradation and reduced reproducibility. Here, we maintained
a neutral pH by employing isopropyl alcohol as a neutral
solubilizing agent, solving the solubility issue of hydrazones
and enabling robust and reproducible colorimetric quantifica-
tion of carbonyl products from galactose oxidase reactions

Figure 4. (A) Modified pH-neutral 2,4-DNPH colorimetric galactose oxidase activity assay with isopropyl alcohol as a solubilizing agent. (B)
Calibration curves mirroring enzyme reaction conditions for P180, P177, and P156 after subtracting the reference DMSO blank. Error bars of 1
standard deviation shown.
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(Figure 4A). Triplicated neutral 2,4-DNPH assays reliably
quantified ketones from all 3 problematic classes in the
presence of galactose oxidase, HRP, and corresponding alcohol
substrate (Figure 4B, Tables S2 and S3). Calibration curves
were constructed mimicking actual reaction conditions,
meaning that at all points along the curve, the combined
concentration of the alcohol substrate and ketone product
remains constant at 1 mM. Consequently, at 0 mM product
concentration, the substrate concentration is 1 mM. This may
also explain the observed 400 nm absorbance in the P156
calibration curve at 0 mM product. LODs varied from 0.028 to
0.090 mM, while LOQs varied from 0.092 to 0.298 mM across
the 3 classes of compounds.

Application Case Study on S177. To demonstrate the
utility of the neutral 2,4-DNPH colorimetric assay on a
challenging substrate for ABTS, we applied it to activity
screening of mutant galactose oxidase oxidation of S177
(Figure 5, Tables S4 and S5). For comparison, we also tested

the standard ABTS colorimetric assay (Figure S16) under the
same conditions. The results were validated using HPLC as a
secondary method to quantify the P177 yield (Figure S17).
As anticipated, the ABTS assay produced a false negative,

significantly underestimating the P177 yield due to the purple
adduct-forming side reactions. In contrast, the modified 2,4-
DNPH assay provided results consistent with those of HPLC
measurements. Moreover, unlike ABTS that relies on detection
of the hydrogen peroxide byproduct, 2,4-DNPH directly
quantifies carbonyl products, enabling its generalization to
carbonyl-producing enzymes that do not produce hydrogen
peroxide as a byproduct (e.g., alcohol dehydrogenase50) and
even those that use hydrogen peroxide as a reactant (e.g.,
unspecific peroxygenases51).

■ CONCLUSIONS
The use of ABTS for colorimetric detection of galactose
oxidase activity was found to be incompatible with the three
compound classes of (1) free radical scavengers, (2) phenols

with electron-donating substituents, and (3) β,γ-unsaturated
aryl ketones. The interaction of these compounds with either
ABTS·+ radical cations or neutral ABTS molecules resulted in
undesired side reactions and inaccurate measurements. Free
radical scavengers quenched dark green ABTS·+ radical cations
to give colorless solutions. Phenols with electron-donating
substituents formed phenoxyl radicals that coupled with
ABTS·+ radical cations to yield differently colored adducts,
and β,γ-unsaturated aryl ketones facilitated HRP-mediated
aerobic oxidation, resulting in differently colored solutions.
Aside from the three classes investigated here, it should be
noted that there may be more interferents (e.g., thiols, amines,
etc.) that interact with ABTS, hydrogen peroxide byproduct, or
the carbonyl products from galactose oxidase-mediated
biocatalytic oxidation, potentially posing challenges to
colorimetric detection of galactose oxidase activity. This
remains an area for future investigation.
Alternative colorimetric detection methods were inves-

tigated, and 2,4-DNPH leveraging isopropyl alcohol as a
solubilizing agent was found to be a suitable alternative. The
neutral 2,4-DNPH assay demonstrated good reproducibility
and correlations (R2 = 0.881−0.982) for colorimetric
quantification of carbonyl products from the three problematic
compound classes. This was demonstrated in a case study of
mutant galactose oxidase oxidation of S177, where 2,4-DNPH
showed P177 yields consistent with HPLC analysis, while
ABTS severely underestimated the P177 yield.
Overall, our modified neutral 2,4-DNPH assay enables

screening of a broader range of substrates for galactose oxidase
and potentially for other enzymes with similar mechanisms,
facilitating the development and industrial application of such
enzymes. These expanded enzymatic applications are antici-
pated to enable the replacement of more synthetic chemical
processes and to reduce the environmental footprint of
chemical manufacturing for a more sustainable future.
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