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Protein stability depends on storage temperature, solution composition, and concentration. This study tested how a 25 mg/mL
solution prepared with commercial β -galactosidase (lactase) powder preserved its activity after a short room-temperature
exposure and whether glycerol, a common protein stabilizer, helped retain activity under the same temperature treatment. Each
of the three independently prepared blocks included three groups of lactase solutions prepared in pH 7 phosphate buffer and
stored respectively at 2 °C, at 23.5 °C for 48 hours followed by 2 °C, and at 23.5 °C for 48 hours with 20% glycerol followed by
2 °C. Over 9 days, lactase activity was measured using a colorimetric assay with o-nitrophenyl-β -D-galactopyranoside (ONPG)
as the substrate. Absorbance at 430 nm was recorded every 3 seconds, and activity was calculated from the change in absorbance
between 18 and 36 seconds. Across three blocks, apparent activity decreased significantly from Day 0 in all groups by Days 2
and 9. By Day 9, the estimated decreases were 1.440 U/mL in the refrigerated group, 1.737 U/mL in the temperature-excursion
group, and 1.236 U/mL in the temperature-excursion group containing glycerol. However, the activity changes did not differ
significantly among the three storage conditions. These results provide no statistically significant evidence that the temperature
excursion caused additional activity loss or that glycerol improved activity retention. Moreover, this study also demonstrates the
viability of using colorimetric assays to measure enzyme activity over time. This assay method is highly accessible and may be
adapted to similar stability studies.
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Introduction

Proteins play a central role in biotechnology products, in-
cluding therapeutic drugs and enzymes, but they are unsta-
ble molecules whose structure and function can change over
time1. Stability becomes a crucial topic because it determines
the ability for a protein to perform its intended purposes. A
protein solution may look unchanged even if the protein has
partly unfolded, aggregated, or chemically degraded. In some
enzymes, thermal inactivation can precede detectable unfold-
ing, possibly because the active site unfolds locally before the
rest of the protein2. The presence of an enzyme, in other
words, does not necessarily mean that it can still catalyze its
reaction. Activity-based assays are therefore relevant because
they measure enzymatic function directly rather than relying
on physical appearance alone2.

Temperature has a substantial influence on protein stabil-
ity. As temperature rises, the molecular motion becomes more
chaotic. This can disrupt the noncovalent interactions that
help maintain a protein’s folded structure2. Proteins are of-
ten placed outside their recommended storage conditions due
to transportation, preparation, or handling, but the effects on
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stability may vary with the specific protein, formulation, ex-
posure duration, and temperature3. Recent β -galactosidase
studies illustrate this variability. Mulualem et al. found
that refrigerated storage preserved the activity of purified Bi-
fidobacterium adolescentis β -galactosidase more effectively
than room temperature storage4, whereas Liu et al. reported
substantial differences in the half-life of a β -galactosidase
from Kluyvera intermedia stored at different temperatures5.
Király et al. further showed that thermal stress can affect lac-
tase activity and physicochemical properties even when struc-
tural changes are not detected6. As these studies examined
different enzymes and preparations, none can predict the be-
havior of other proteins, or the commercial Aspergillus oryzae
lactase tested here.

The current study focuses on lactase in solutions because
enzyme solutions are commonly prepared and handled in labo-
ratory and biotechnology spaces. Liquid preparations are use-
ful because they can be mixed, aliquoted, pipetted, and added
directly to reactions. A dissolved enzyme is also continuously
exposed to its buffer environment. For this reason, testing ac-
tivity behavior in solutions is more relevant to many realistic
situations than testing dry enzyme powder.

Different protein concentrations in solutions can greatly af-
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fect experimental results. A dilute enzyme solution may be-
have differently than a more concentrated one, since concen-
tration can affect protein-protein interactions and the mea-
sured apparent activity. Besides this, buffer composition, pH
level, additives, and enzyme source can also shape how activ-
ity changes in storage3. In one study, Bifidobacterium bifidum
lactase in buffer was completely inactivated within two hours
at 50 °C, while the same enzyme in a 40% trehalose solu-
tion retained 91% activity after 25 hours7. Different formula-
tions can also create distinct effects among β -galactosidases.
Ambrogi et al. reported that glycerol affected the stabil-
ity of seven bifidobacterial β -galactosidases to different ex-
tents8, and Nolan et al. showed that molecular effects from
polyethylene glycol altered both the activity and stability of
Kluyveromyces lactis β -galactosidase over time9.

Lactase is a suitable enzyme for this study because its ac-
tivity can be measured in a colorimetric assay using ONPG
hydrolysis10,11. Leksmono et al. used this same approach to
measure lactase from commercial supplement tablets. Specif-
ically, they measured the increase in absorbance of the col-
orimetric assay at 420 nm12. Lactase produces o-nitrophenol
when hydrolyzing ONPG, and the increasing fraction of it
forms the yellow o-nitrophenolate anion, which absorbs vis-
ible light11. The absorbance of light increases as the reac-
tion proceeds, and the rate of absorbance increase over time
can then be used as a relative measure of lactase activity.
The commercial lactase used in this study was derived from
Aspergillus oryzae, but published A. oryzae β -galactosidase
preparations have shown different pH behavior: one A. oryzae
study reported an ONPG activity optimum near pH 4.5 and
stability across pH 4–910, whereas another reported an opti-
mum near pH 7.5 and activity approaching zero at pH 4.011.
Since published studies have shown different pH behavior, pH
7 was used as a fixed assay condition and was not assumed to
be this reaction’s optimum.

Additionally, this study tested to what extent glycerol could
stabilize this defined preparation, if it could at all. Glycerol
is often included in protein formulations because it can help
favor the folded structure and reduce aggregation. This abil-
ity comes from the concept of preferential hydration of the
protein surface13,14. However, this influence is not univer-
sal. Glycerol may stabilize protein structure without preserv-
ing activity, and in some cases it may inhibit or enhance the
measured reaction rate15. Therefore, the effects of glycerol as
a stabilizer must be tested directly here.

The objective of this study was to determine how the func-
tionality of 25 mg/mL commercial lactase solutions in pH 7
phosphate buffer changed over 9 days, comparing effects of
constant 2 °C storage to 48-hour exposure to 23.5 °C, with
and without glycerol, followed by 2 °C storage. The question
is not purely academic: lactase can be administered as an en-
zyme supplement to aid lactose digestion in individuals with

lactose intolerance16, while commercial β -galactosidases are
also used in dairy processing to hydrolyze lactose in milk17.
ONPG colorimetry was used to track functional activity over
time across independently prepared batches, and raw activity
was analyzed rather than a normalized percentage within each
group.

Methods

Research design

This study was designed as a comparative enzyme-stability
experiment testing how storage and solution condition affect
the activity of a commercial lactase (β -galactosidase) prepara-
tion over time. The independent variable was the storage and
solution conditions (Table 1), and the dependent variable was
lactase activity. It was quantified first as the ordinary-least-
squares (OLS) slopes of absorbance at 430 nm over the fixed
18–36 s initial-rate window and then converted to U/mL using
the o-nitrophenol calibration described below.

To separate the effect of storage condition from ordinary
batch-to-batch variation, the experiment was run as three in-
dependent blocks. Each block was a complete, independently
prepared repeat of all three treatment groups. Within a block,
a single master commercial lactase solution was prepared and
divided among the three treatments so that preparation was
not confounded with storage condition. Day 0 measurements
were performed after the master solution had been divided
among the three treatments and after buffer or glycerol was
added, but before the temperature excursion began. A separate
vial was used for each measurement day so that no vial was
opened more than once. The independently prepared block
was treated as the unit of replication for analysis.

The experiment included five measurement days: Day 0,
Day 1, Day 2, Day 5, and Day 9, corresponding to July 31,
August 1, August 2, August 5, and August 9, 2026. The tem-
perature excursion groups (Groups 2 and 3) were kept at 23.5
°C for 48 hours after Day 0 and were then transferred to 2 °C
storage after the Day 2 measurement.

Materials

Commercial lactase powder (BulkSupplements Lactase En-
zyme [3000 ALU Powder], lot 2507409; manufacture date
September 11, 2025; expiration date September 30, 2027) was
used. BulkSupplements confirmed by email that the lactase
was derived from Aspergillus oryzae. The lot-specific certifi-
cate of analysis reported lactase activity of 4,344.43 ALU/g
by UV-Vis and loss on drying of 6.44%. The certificate did
not report total protein concentration, β -galactosidase purity,
or carrier composition; therefore, all mass concentrations refer
to the commercial lactase powder preparation rather than pu-
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rified enzyme. ONPG was purchased from Thermo Scientific
as o-nitrophenyl-β -D-galactopyranoside, catalog no. 34055.
Phosphate buffer (pH 7) was obtained from Thermo Scientific,
catalog no. AC258595000. 2-Nitrophenol (o-nitrophenol;
Thermo Scientific Chemicals, catalog no. AC128741000; la-
beled purity 99%) was used to prepare the calibration stan-
dards. Laboratory-grade glycerin was obtained from Flinn
Scientific (product no. AP7103D). Flinn did not provide a nu-
merical assay purity, so glycerin concentrations are reported as
nominal volume fractions of the supplied product. Other mate-
rials included a MiniOne Systems 1000 µL micropipette, 1000
µL pipette tips, an Ohaus Scout SPX223 balance, CyroKING 2
mL cryovials with caps, a two-point-calibrated pH meter, plas-
tic cuvettes, a 100 mL beaker, a stirring rod, Kimwipes, deion-
ized water, a thermometer, a Vernier colorimeter, a Vernier
LabQuest Mini, a Microsoft laptop, and Logger Pro software.
The same MiniOne Systems micropipette was used through-
out the experiment and its calibration was verified gravimetri-
cally on every preparation and measurement day.

Preparation of lactase solutions

Within each block, one master lactase solution was prepared
and then divided among the three treatment groups. For
each block, 0.62 g of commercial lactase powder was dis-
solved in 20 mL phosphate buffer to prepare an approximately
31 mg/mL commercial lactase solution. Then, for treatment
Groups 1 and 2, 4 mL of the master solution was transferred
to a beaker, where another 1 mL phosphate buffer was added
and mixed; for treatment Group 3, 4 mL of the master solution
was transferred to a beaker, where 1 mL (1.26 g) of glycerol
was added and mixed with the solution for 20% (v/v) glycerol
concentration. Because 4 mL of the 31 mg/mL master con-
tains approximately 124 mg of commercial lactase, each 5 mL
treatment solution reached approximately 24.8 mg/mL (≈ 25
mg/mL). Adding 1 mL of buffer to groups 1 and 2 matched
the glycerol added to Group 3, so that lactase concentration
was held constant across all groups and glycerol addition was
the only intended difference in solution composition. All solu-
tions were prepared at 24 °C and mixed by stirring until fully
dissolved. Finally, 0.80 mL was pipetted into each of the five
vials per group per block.

Storage conditions

Group 1 was the control group, which was continuously re-
frigerated at 2 °C for the full experiment. Groups 2 and 3
were stored at 23.5 °C on a laboratory bench for 48 hours af-
ter Day 0. After the Day 2 measurement, Groups 2 and 3 were
moved to the 2 °C refrigerator for the rest of the experiment.
Excursion temperature was monitored by thermometer each
day.

Preparation of ONPG solution

To reduce condensation inside the ONPG container, frozen
ONPG was allowed to reach room temperature before the con-
tainer was opened. A fresh ONPG solution was prepared on
each measurement day by dissolving 0.15 g solid ONPG in 30
mL deionized water, resulting in a concentration of 5 mg/mL
(16.6 mM). The substrate stock was made in deionized wa-
ter rather than buffer because only a small aliquot (0.6 mL)
was added to the 1.7 mL of phosphate buffer in each reac-
tion. The phosphate component maintained the buffer envi-
ronment. Buffer pH was 7.01 at approximately 23.5 °C at both
the beginning and end of the nine-day experiment; the reaction
mixture was also measured at pH 7.01 at approximately 23.8
°C. Delivered this way, the assay contained approximately 4.0
mM ONPG in the 2.5 mL reaction volume. For comparison,
Tanaka et al. reported an ONPG Km of 0.72 mM for purified
Aspergillus oryzae β -galactosidase10. The concentration used
here was therefore several times that published value, support-
ing its selection as a relatively high substrate concentration.
However, because Km depends on the enzyme preparation and
assay conditions, substrate saturation was not assumed for the
commercial lactase tested here. The ONPG solution was pro-
tected from harsh lighting during preparation and use and was
stirred until it dissolved completely. All solutions remained
fully dissolved and stable across reads with no settling. The
same daily ONPG solution was used for all groups measured
that day, while the procedure was repeated for every measure-
ment day. Substrate blank readings of ONPG and phosphate
buffer were recorded during each measurement day to observe
the background absorbance. Blanking did not constitute a
daily reference enzyme control measurement.

The manufacturer did not provide an optimum pH or activ-

Table 1 Experimental groups and storage conditions.

Group Additive Storage condition Measurement days
1 None Constant 2 ◦C Days 0, 1, 2, 5, 9
2 None 23.5 ◦C for 48 hours after Day 0, then 2 ◦C Days 0, 1, 2, 5, 9
3 20% glycerol 23.5 ◦C for 48 hours after Day 0, then 2 ◦C Days 0, 1, 2, 5, 9

Note: All three groups contained approximately 25 mg/mL commercial lactase powder preparation in pH 7 phosphate buffer.

© The National High School Journal of Science 2026 | 3



ity pH profile for this commercial lactase preparation. There-
fore, pH 7 was not treated as the enzyme’s activity opti-
mum. It was selected as a fixed condition because phosphate
buffer maintained a consistent neutral matrix and because o-
nitrophenol absorbance near 430 nm depends on its pH level.
Tanaka et al. reported an acidic activity optimum for purified
Aspergillus oryzae β -galactosidase10, while Shi et al. found
that modified forms of the enzyme could remain more active
closer to neutral pH18. Therefore, all activity values stated
here are specific to the defined pH 7 assay.

Colorimetric assay procedure

A Vernier colorimeter, set to 430 nm, was connected to Log-
ger Pro through a Vernier LabQuest Mini. Increasing ab-
sorbance at 430 nm reflected the accumulation of the yellow
o-nitrophenol product.

The colorimeter is a fixed wavelength instrument offering
only 430, 470, 565, and 635 nm, and 430 nm was used because
it is the closest available wavelength at which o-nitrophenol is
conventionally measured. The yellow product o-nitrophenol
absorbs maximally near 420 nm, and standard β -galactosidase
assays read near 405–420 nm: the ONPG supplier’s 405 nm
protocol19 and the classic Miller assay near 420 nm20. 430 nm
still yields a signal proportional to product concentration. Re-
sponse at 430 nm was calibrated directly with o-nitrophenol
standards in pH 7 phosphate buffer. An additional series in
1.6% (v/v) glycerol buffer reproduced the final glycerol con-
centration present in Group 3 assay cuvettes.

Product formation was followed continuously rather than by
a fixed-endpoint stopped assay since no sodium carbonate stop
solution was added, and activity was taken from the initial-rate
slope of the absorbance trace.

A plastic cuvette was used for all trials and rinsed with
phosphate buffer between runs. 1.7 mL of phosphate buffer
and 0.6 mL of the ONPG solution were sequentially pipetted
into each blanking cuvette. The 2.3 mL blank volume was suf-
ficient to cover the colorimeter light path. The colorimeter was
blanked with this mixture before each trial. The reaction was
then initiated by adding 0.2 mL of commercial lactase solu-
tion from each vial and mixed after pipetting down once. The
reaction began when the enzyme aliquot was added. Record-
ing time zero was defined as the moment the cuvette lid closed
and data collection began. The short transfer interval between
enzyme addition and recording was not independently timed.
To exclude early mixing and transfer effects, readings through
15 s were omitted and all rates were calculated from the com-
mon 18–36 s window. Absorbance was then recorded approx-
imately every three seconds for about 63 seconds. The outside
of the cuvette was always wiped before insertion. All assays
were performed at room temperature (∼23.5 °C).

To avoid confounding group identity with elapsed time or

instrument drift, the measurement order of the three groups
and blocks was randomized on each measurement day. The
vials for each day were labeled, then randomly selected.

A substrate blank (phosphate buffer plus ONPG) was pre-
pared and read for each trial on each measurement day, and
the colorimeter was blanked against it so that background ab-
sorbance was removed before each reaction. No daily ref-
erence or pooled quality-control enzyme was run. Because
the measurement order of the groups and blocks was random-
ized within each day, this could reduce within-day drift, but it
could not completely eliminate between-day variation caused
by handling.

At least two technical trials were run per group per mea-
surement day. A trial was excluded only when a pipetting
or distribution error occurred, and additional trials were run
when necessary. Two valid technical trials were retained for
44 of the 45 block-condition-day combinations. For Day 9,
Block 2, Group 2 four trials were attempted, but three were
excluded because of assay errors, leaving one valid trial. Valid
technical-trial slopes from 18–36 s were averaged to give one
activity value for each combination.

According to the manufacturer’s specifications, the col-
orimeter’s useful (linear) absorbance range is 0.05–1.0 ab-
sorbance at 430 nm, with Beer’s-law linearity degrading above
1.0 absorbance21. Only kinetic points within this range were
used for analysis.

Assay validation

To convert absorbance at 430 nm into o-nitrophenol concen-
tration, calibration curves were prepared using standards with
known o-nitrophenol concentrations. A concentrated stock
was made by dissolving 0.140 g of 99% pure o-nitrophenol
in pH 7 phosphate buffer to a final volume of 100 mL. After
correction for purity and molecular masses, the stock concen-
tration was 9.963 mM. A working standard was then prepared
by mixing 1.0 mL of the concentrated stock with 9.0 mL of
buffer. The five calibration concentrations were 1.000, 0.500,
0.250, 0.150, and 0.075 mM; their purity-corrected concentra-
tions were 0.9963, 0.4982, 0.2491, 0.1495, and 0.0747 mM,
respectively. Unless otherwise stated, the ONPG solutions,
calibration standards, enzyme-dilution solutions, and storage
samples were prepared and measured at room temperature, ap-
proximately 23.5–23.8 °C.

Two calibration series were measured: the first used plain
phosphate buffer and the second used 1.6% (v/v) glycerol
phosphate buffer to approximate the final glycerol concentra-
tion in Group 3 cuvettes. Since the concentrated o-nitrophenol
stock contained no glycerol, the standards in this series had ap-
proximately 1.44–1.59% glycerol rather than exactly 1.60%.

Before each calibration series, the colorimeter was blanked
with the corresponding buffer matrix. It was not reblanked
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between concentrations within the same series. Eight ab-
sorbance readings were collected from each standard and av-
eraged. These readings represented repeated measurements
of one prepared standard at each concentration, not indepen-
dently prepared replicates.

Linear regression was used to analyze the corrected o-
nitrophenol concentrations. The calibration relationship ob-
tained in plain phosphate buffer was:

A430 = 0.664562[ONP]+0.024931

The coefficient of determination for this calibration was R2

= 0.998856. The glycerol calibration that closely represented
the Group 3 assay matrix was:

A430 = 0.664126[ONP]+0.017359

The coefficient of determination for the glycerol calibration
was R2 = 0.998840. In these equations, A430 represents ab-
sorbance at 430 nm and [ONP] represents the o-nitrophenol
concentration in mM. These two slopes differed from each
other by only 0.066%, indicating that the low glycerol con-
centration had a negligible effect on the absorbance response
per millimolar o-nitrophenol. The plain buffer slope was used
to convert the absorbance rates of Groups 1 and 2 to U/mL,
whereas the low glycerol slope was used for Group 3. Only
the calibration slopes were used in this calculation because
the constant intercept does not affect the absorbance rate.

Enzyme dilution series

The relationship between enzyme amount and measured re-
action rate was tested using a separately prepared 25 mg/mL
commercial lactase solution. The solution was assayed at
100%, 75%, 50%, and 25% of its original concentration after
dilution with pH 7 phosphate buffer. Every dilution was tested
using the same assay composition as the storage experiment:
1.7 mL phosphate buffer, 0.6 mL ONPG solution, and 0.2 mL
commercial lactase solution. One kinetic trace was recorded
at each dilution.

Using the fixed 18–36 s analysis window, the measured
rates were 0.4693, 0.3382, 0.2189, and 0.1141 A/min for the
100%, 75%, 50%, and 25% solutions, respectively. The four
enzyme concentrations were then treated as four points in a
separate regression, with relative enzyme concentration as the
independent variable and the corresponding 18–36 s reaction
rate as the dependent variable. The fitted relationship was:

Rate (A/min) = 0.473931(relative enzyme concentration)

−0.011105,R2 = 0.997547

The individual 18–36 s kinetic fits had R2 values from
0.998327 to 0.999922. The high R2 values and small in-

tercept supported approximate proportionality between mea-
sured rate and enzyme amount. Since only one kinetic trace
was recorded at each dilution, this series was used as a descrip-
tive validation of assay proportionality rather than a statistical
experiment.

Data analysis

Readings through 15 s were designated as a common re-
action starting interval and were not used for rate analysis.
The seven-point windows beginning after this interval were
screened without using storage condition labels or activity out-
comes. To prevent selecting a favorable interval for any par-
ticular condition, the same earliest eligible window, 18–36 s,
was applied to every valid trace. An OLS line was fitted to the
seven absorbance readings at 18, 21, 24, 27, 30, 33, and 36 s.
Olp et al. similarly estimated initial reaction rates by fitting
a linear section of a continuous kinetic trace22, although their
ICEKAT software was not used in the present study. Accep-
tance required every fitted point to fall within the colorimeter’s
stated 0.05–1.0 absorbance range21 and every trace fit to have
R2 ≥ 0.995. Across the 89 valid traces, the absorbance val-
ues used in the fits ranged from 0.0878 to 0.3871, the median
R2 was 0.9994, and the largest absolute residual was 0.00431
absorbance unit. These results supported the use of 18–36 s
as a common linear approximation, although the traces are not
perfectly linear. Fit coefficients, R2 values, and residuals were
calculated for every valid trace, and runs with documented as-
say errors were excluded from analysis.

The activity slope was calculated in A/min. One unit (U)
was defined as formation of 1 micromole of o-nitrophenol per
minute under the assay conditions.

For Groups 1 and 2, apparent activity per milliliter of stored
lactase preparation was calculated as:

Apparent activity (U/mL) =
slope (A/min)

0.664562 A/mM
× 2.50 mL

0.200 mL

For Group 3, the calibration slope that matched the glycerol
matrix was used:

Apparent activity (U/mL) =
slope (A/min)

0.664126 A/mM
× 2.50 mL

0.200 mL

Dividing the absorbance slope by the corresponding cali-
bration slope converted A/min to mM/min. Because mM mul-
tiplied by mL equals micromoles, these equations convert the
absorbance rate to micromoles per minute and divide by the
0.200 mL enzyme solution aliquot.

All statistical analyses used the raw apparent lactase ac-
tivity values in U/mL rather than relative percentages to Day
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0. There were 45 observations from three independently pre-
pared blocks, three storage conditions, and five measurement
days.

The block-level activity values were analyzed by ordinary
least squares using a fixed-effects linear model containing
preparation block, storage condition, measurement day, and
the interaction between storage condition and day: activity =
block + condition + day + condition × day. Day was treated as
a categorical variable because measurements were collected
on Days 0, 1, 2, 5, and 9, and a constant daily rate of change
was not assumed. The condition-by-day interaction was the
primary test of whether activity changed differently over time
among the storage conditions.

After the omnibus F tests, two-sided t-tests of linear con-
trasts from the fitted model were used to examine specific
differences. Paired differences among the three storage con-
ditions were calculated separately at each measurement day,
producing 15 condition contrasts. A second family of 24 con-
trasts evaluated changes from Day 0 within each condition
and differences in those changes between conditions. Stan-
dard errors, t statistics, and the 95% confidence intervals were
calculated using the pooled residual variance and 28 residual
degrees of freedom from the fixed-effects model. Holm ad-
justment was applied separately to the 15 condition contrasts
and the 24 change contrasts to control the error rate within
each part. Statistical significance for these comparisons was
determined using the Holm-adjusted p values, with adjusted p
< 0.05 considered significant.

Day 2 and Day 9 contrasts were emphasized in the main
manuscript because the Day 2 measurement signifies the
end of the 48-hour temperature excursion, immediately be-
fore Groups 2 and 3 were transferred to refrigerated storage,
whereas Day 9 represented the end of the experiment. Con-
trasts for Days 1 and 5 were retained in the supplementary
analysis.

Activity values are reported as the mean and standard devia-
tion among the three independent blocks (n = 3). Model-based
differences are reported with 95% confidence intervals where
relevant. Variation among technical trials was summarized

separately using the within-cell standard deviation and coef-
ficient of variation and was not treated as independent repli-
cation. Statistical analyses were performed in Python 3.12.13
using NumPy 2.3.5 and SciPy 1.17.0.

Ethical considerations

This study did not involve human subjects, animals, or liv-
ing microorganisms. Chemical and biological waste were dis-
posed of according to school laboratory protocols. Standard
laboratory safety practices were followed while handling all
materials.

Results

Assay validation

Both calibration series were highly linear (Figure 1A). The
plain buffer and 1.6% glycerol curves had slopes of 0.664562
and 0.664126 A/mM, respectively, with corresponding R2 val-
ues of 0.998856 and 0.998840. Their slopes differed by only
0.066%. Reaction rate increased from 0.1141 A/min at 25%
relative enzyme concentration to 0.4693 A/min at 100% and
remained approximately proportional to enzyme concentra-
tion (Figure 1B; R2 = 0.997547). Across the 89 retained
storage traces, every fit in the fixed 18–36 s window met
the prespecified R2 threshold of 0.995, with a median R2 of
0.9994. Figure 1C illustrates this fitting window in a repre-
sentative trace. Across all fitted regions, absorbance ranged
from 0.0878 to 0.3871, and the largest absolute residual was
0.00431 absorbance unit.

Effects of storage condition and time on lactase activity

Across the three blocks, mean apparent activity decreased be-
tween Day 0 and Day 9 from 8.69 ± 0.19 to 7.25 ± 0.04 U/mL
in Group 1, from 8.66 ± 0.29 to 6.92 ± 0.33 U/mL in Group
2, and from 11.29 ± 0.11 to 10.06 ± 0.14 U/mL in Group 3
(Figure 2A). Values are means ± standard deviations among

Table 2 Fixed-effects analysis of block-level apparent lactase activity. The model included preparation block, storage condition, measure-
ment day, and the condition-by-day interaction; measurement day was categorical.

Model effect Effect df Error df F p
Preparation block 2 28 14.22 5.46×10−5

Storage condition 2 28 1553.22 2.06×10−29

Measurement day 4 28 115.19 5.82×10−17

Storage condition × measurement day 8 28 1.55 0.185

Note: The analysis included 45 block-level observations. Technical trials were averaged within each block–condition–day combination and
were not treated as independent replicates.
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Figure. 1 Calibration and initial-rate validation of the colorimetric lactase assay. (A) o-Nitrophenol calibration curves in plain pH 7
phosphate buffer and 1.6% (v/v) glycerol phosphate buffer. Points show the mean ± SD of eight repeated readings per prepared standard,
and lines show linear fits. (B) Relationship between relative enzyme concentration and the absorbance rate measured from 18–36 s; 100%
represents the 25 mg/mL lactase solution. One kinetic trace was measured at each dilution. (C) Representative kinetic trace, with the 18–36 s
fitting window indicated by the shaded region and blue points. A430 denotes absorbance at 430 nm.

blocks. These changes are equivalent to decreases of 16.6%,
20.1%, and 10.9%, respectively. Group 3 began at a higher
activity and remained above the other groups for all measure-
ments. The block-specific trajectories (Figure 2B–D) showed
the same overall downward direction, although the separation
between Groups 1 and 2 was greater in Blocks 2 and 3 than in
Block 1.

The fixed-effects model detected differences related to
preparation block (F(2,28) = 14.22, p = 5.46 × 10−5), stor-
age condition (F(2, 28) = 1553.22, p = 2.06 × 10−29), and
measurement day (F(4,28) = 115.19, p = 5.82×10−17). The
condition-by-day interaction was not significant (F(8,28) =
1.55, p= 0.185), providing no evidence that the trend in activ-

ity loss differed among conditions. The large condition effect
reflects persistent differences in overall activity.

Across the three independently prepared blocks, model-
based contrasts showed that apparent activity declined signif-
icantly from Day 0 in all three groups by Days 2 and 9 (Ta-
ble 3). The estimated Day 9 — Day 0 changes were −1.440
U/mL in Group 1 (95% CI, −1.713 to −1.167 U/mL; Holm-
adjusted p = 3.75× 10−10), −1.737 U/mL in Group 2 (95%
CI, −2.009 to −1.464 U/mL; adjusted p = 4.77 × 10−12),
and −1.236 U/mL in Group 3 (95% CI, −1.509 to −0.964
U/mL; adjusted p = 9.93× 10−9). Despite these significant
decreases, none of the differences in change between groups
remained significant after Holm adjustment. Group 3 declined
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Figure. 2 Lactase activity during nine days of storage. (A) Mean activity across three independently prepared blocks; error bars indicate
standard deviation (n = 3). (B–D) Activity trajectories for Blocks 1–3. Group 1 was refrigerated, Group 2 underwent a temperature excursion,
and Group 3 underwent the same excursion with 20% glycerol. Each block value represents the mean of its valid technical trials.

by 0.545 U/mL less than Group 2 by Day 2 and by 0.501 U/mL
less by Day 9, but the corresponding adjusted p values were
0.101 and 0.166. These results agree with the nonsignificant
condition-by-day interaction and provide no statistically sig-
nificant evidence that activity declined differently among the
three storage conditions.

The groups also differed at the beginning of the experiment.
At Day 0, Groups 1 and 2 did not differ significantly (esti-
mated G2 − G1 difference, −0.032 U/mL; 95% CI, −0.305
to 0.240 U/mL; Holm-adjusted p = 0.810). In contrast, Group
3 exceeded Group 1 by 2.606 U/mL (95% CI, 2.333–2.878
U/mL; adjusted p < 0.001) and Group 2 by 2.638 U/mL
(95% CI, 2.366–2.911 U/mL; adjusted p < 0.001). Therefore,
Group 3’s higher absolute activity was already present before
storage and should not be directly interpreted as evidence of

better activity retention.

Assay precision and retained trials

The storage analysis included 89 valid kinetic traces across
45 block–condition–day combinations. Forty-four combina-
tions had two valid technical trials; Day 9, Block 2, Group
2 had one. Among combinations with two trials, the median
coefficient of variation was 1.42%. The middle half of the val-
ues ranged from 0.88% to 1.97%, and the highest was 9.40%.
These values describe agreement between repeated trials of
the same sample on the same measurement day. Because no
unchanged reference enzyme or daily o-nitrophenol standard
was measured, variation in the assay from one day to another
could not be separated from changes in the stored samples.
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Table 3 Selected model-based contrasts of changes in apparent lactase activity.

Comparison Estimate
(U/mL)

95% CI (U/mL) t Raw p Holm-adjusted p

G1: Day 2 − Day 0 −0.724 −0.997 to −0.452 −5.445 8.23×10−6 1.40×10−4

G1: Day 9 − Day 0 −1.440 −1.713 to −1.167 −10.824 1.63×10−11 3.75×10−10

G2: Day 2 − Day 0 −1.051 −1.323 to −0.778 −7.897 1.33×10−8 2.53×10−7

G2: Day 9 − Day 0 −1.737 −2.009 to −1.464 −13.056 1.99×10−13 4.77×10−12

G3: Day 2 − Day 0 −0.506 −0.778 to −0.233 −3.800 7.16×10−4 0.011
G3: Day 9 − Day 0 −1.236 −1.509 to −0.964 −9.293 4.73×10−10 9.93×10−9

G2 change − G1 change, Day 2 −0.326 −0.712 to 0.059 −1.734 0.094 0.918
G2 change − G1 change, Day 9 −0.297 −0.682 to 0.088 −1.578 0.126 1.000
G3 change − G1 change, Day 2 0.219 −0.167 to 0.604 1.163 0.255 1.000
G3 change − G1 change, Day 9 0.204 −0.182 to 0.589 1.082 0.288 1.000
G3 change − G2 change, Day 2 0.545 0.160 to 0.930 2.897 0.007 0.101
G3 change − G2 change, Day 9 0.501 0.115 to 0.886 2.661 0.013 0.166

Note: Estimates are model-adjusted contrasts across three independent blocks; valid technical trials were averaged within each
block–condition–day combination and were not treated as independent replicates. All tests used 28 residual degrees of freedom. Negative
within-group estimates indicate activity loss, whereas positive between-group estimates indicate less decline in the first group. Confidence
intervals and raw p values are unadjusted; Holm-adjusted p values control family-wise error across 24 contrasts. Day 2 marks the end of the
temperature excursion, and Day 9 is the final measurement; Day 1 and Day 5 contrasts are provided in the supplementary information.

Discussion

In all three independent blocks, apparent lactase activity de-
clined in every storage condition throughout nine days. By
Day 9, the refrigerated group decreased by 1.440 U/mL,
the temperature-excursion group decreased by 1.737 U/mL,
and the temperature-excursion group containing glycerol de-
creased by 1.236 U/mL. These within-group decreases were
significant by Days 2 and 9 compared with Day 0, but the
condition-by-day interaction was not significant, and no dif-
ferences in change between groups were deemed significant
after Holm adjustment. The quantitative observations of
greater activity loss in Group 2 and less loss in Group 3 do not
prove either additional harm from the 48-hour excursion or
stabilization from glycerol. Since Group 3 already began the
experiment with substantially higher activity, its higher overall
activity cannot be attributed to storage conditions. Within-run
technical repeat variability was modest, with a median coeffi-
cient of variation of 1.42%. However, no reference lactase or
daily o-nitrophenol standard was measured, so variations be-
tween days cannot be separated from true changes in the stored
samples. The results show a decline in measured activity over
time but do not provide statistically significant evidence that
the different conditions induced different preservation effects.

The 48-hour excursion to 23.5 °C did not cause a statisti-
cally detectable additional loss of activity compared with con-
tinuous refrigeration. Similar activity retention during short

periods of warmer storage has been observed in other β -
galactosidases. Warmerdam et al. reported that Bacillus cir-
culans β -galactosidase had a half-life of approximately 220
hours in buffer at 25 °C, compared with 13 hours at 40 °C and
complete inactivation within two hours at 60 °C23. Gutier-
rez et al. also found that a fungal β -galactosidase retained
67% relative activity after 24 hours at 35 °C and pH 6.024.
These findings show that some β -galactosidases can remain
active during relatively short exposure to warm temperatures,
although the differences in enzyme source and formulation
prevent a direct comparison with the commercial lactase tested
here.

Evidence from other protein preparations further shows
why temperature-excursion results must be interpreted within
their specific conditions. Le Guyader et al. detected no physic-
ochemical destabilization of a 21 mg/mL trastuzumab biosim-
ilar after a 72-hour excursion to 25 °C, although that study
assessed an antibody rather than enzyme activity25. More di-
rectly, Bosso et al. found that commercial β -galactosidases
from Kluyveromyces lactis and Aspergillus oryzae responded
differently to temperature, pH, and solution composition17.
The activity retention observed in the present experiment is
therefore reasonable in the context of previous findings, but it
applies only to this commercial A. oryzae lactase preparation
and the specific 48-hour excursion tested.

Since Group 3’s higher absolute activity was already estab-
lished on Day 0 before the temperature excursion, this cannot
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be assumed to be the result of glycerol’s stabilizing effects. It
also cannot merely be explained by an optical matrix effect
in the colorimeter, since the o-nitrophenol calibration slopes
in plain buffer and the 1.6% glycerol-containing buffer only
differed by 0.066%. This would be far too little of a differ-
ence to account for the roughly 30% increase in baseline ac-
tivity. However, an immediate effect of glycerol on the reac-
tion rate is plausible. Li et al. found that adding 2% glyc-
erol to an ONPG assay, using a recombinant β -galactosidase
from Marinomonas sp., elevated the activity to 134.85% of
the control26. The similar concentration of glycerol, magni-
tude of activity increase, and the use of ONPG make the find-
ing relevant to the current study, although the different enzyme
source prevents it from establishing the cause of the present re-
sult. The context of the reaction is also important according to
other studies. Hoppe et al. saw increased Kluyveromyces lac-
tis β -galactosidase activity in a choline acetate-glycerol deep
eutectic solvent27, whereas Koššuthová et al. found that glyc-
erol stabilized Aspergillus oryzae β -galactosidase structurally
but inhibited its overall activity in a transglycosylation sys-
tem28. Glycerol can alter the measured activity independently
of long-term preservation. The enzyme, substrate, concen-
tration, and solution matrix can all affect the magnitude and
direction of the measured enzymatic response. Ultimately,
Group 3’s elevated baseline value is best treated as a possi-
ble glycerol effect on the reaction rather than stabilization.

Although Group 3 showed the smallest decrease in mea-
sured activity of the three groups, the statistical analysis did
not prove that glycerol meaningfully preserved activity. Ear-
lier β -galactosidase studies have shown this possibility. One
proposed mechanism of protein stabilization by glycerol is
preferential hydration. In a water-glycerol solution, glycerol
is preferentially excluded from much of the protein surface,
which leaves the surrounding region enriched in water. Be-
cause an unfolded protein exposes more surface area to the
solution than a folded one, this exclusion makes the unfolded
state less thermodynamically favorable. The balance then
shifts toward favoring the folded structure. By limiting un-
folding and exposure of hydrophobic regions, glycerol may
also reduce the formation of intermediates prone to aggrega-
tion13,14. However, these effects depend on the protein and
surrounding formulation, and this experiment did not directly
measure lactase folding, unfolding, or aggregation.

Previous experiments exemplify glycerol’s varying effects
among proteins and formulations. Pinho and Passos reported
that a Kluyveromyces lactis solution containing 20% glycerol
retained 89% of its activity after two months at 4 °C29. Am-
brogi et al. similarly reported that 20% glycerol prolonged
the stability of several bifidobacterial β -galactosidases at −20
°C, while the benefit varied among the seven tested enzymes8.
The same kind of variability was also found in the study by Ait
Braham et al., where glycerol’s effect across 13 immobilized

enzymes changed with the preparation methods and defined
testing variables. In some cases, glycerol even reduced stabil-
ity rather than improving it30. More recent works support the
idea of effects from the surrounding formulation. Sanchez-
Fernandez et al. preserved lysozyme for 40 days at room tem-
perature in a choline chloride-glycerol mixture, with original
activity recovered after rehydration31, while Guo et al. found
that the storage stability of cellulase and pectinase varied with
enzyme origin and solution composition32. Therefore, stud-
ies have shown that glycerol can stabilize some enzymes, but
those studies do not establish that glycerol stabilized the lac-
tase in this experiment, since the preparations and storage con-
ditions differed. However, the difference between Group 3’s
decrease and the decreases in Groups 1 and 2 was not statisti-
cally significant.

In both o-nitrophenol calibration series, the absorbance
increased linearly with known o-nitrophenol concentration,
which supports the consistency of the measurement approach.
Additionally, the measured reaction rate in the commercial
lactase dilution series also increased approximately in propor-
tion to relative lactase concentration. These tests support the
assay’s linear response within the tested ranges. The regres-
sions fitted over the fixed window were also strong. Abels
et al. similarly showed that a handheld colorimeter can pro-
vide valid quantitative results when its readings are interpreted
through an appropriate calibration model33. Repeated trials
of the same samples were generally consistent, with a median
coefficient of variation of 1.42%, although the maximum of
9.40% indicates that some measurements were less precise.
In a collaborative study of colorimetric assay validation for
commercial enzyme preparations, Engelen and Randsdorp re-
ported variation of 3.20–8.62% between repeated measure-
ments within laboratories and 8.77–16.35% across laborato-
ries34. Fabris et al. examined the repeatability of same-day
measurements and precision between days as separate vari-
ables when validating a spectrophotometric α-galactosidase
assay35. These findings illustrate why the technical-trial vari-
ation measured here accounts for agreement within a measure-
ment day, not the precision between different measurement
days. In all three blocks, the Day 0–Day 9 decreases were
larger than the typical variation between repeated trials, sup-
porting the overall downward trend. Nevertheless, without a
daily control measurement, the entire decrease cannot be at-
tributed confidently to changes in the samples. Smaller dif-
ferences between days or storage groups should be interpreted
through confidence intervals along with statistical tests.

The experimental design limits how strongly the nonsignif-
icant differences among groups can be interpreted. Only
three independent blocks were analyzed, which may not have
provided enough statistical power to detect small differences
among the activity trends. Therefore, the nonsignificant
condition-by-day interaction does not establish that the three

10 | © The National High School Journal of Science 2026



storage conditions had equivalent effects. The lack of an un-
changed daily reference enzyme or daily o-nitrophenol stan-
dard also prevented variation in the assay between days from
being separated from actual changes in the stored samples. In
addition, the experiment tested only one lactase concentration,
one glycerol concentration, one 48-hour excursion to 23.5 °C,
and one nine-day measurement period under the fixed pH 7
assay condition. The conclusions are therefore limited to the
specific conditions tested.

The findings may also not apply to other enzyme prepara-
tions, substrates, or sample types. This study used one com-
mercial Aspergillus oryzae lactase powder preparation whose
certificate of analysis did not report total protein concentra-
tion, β -galactosidase purity, or the composition of inactive
material in the powder. Bechtel et al. measured ONPG-
specific activities ranging from 2,524 to 8,031 µkat/g pro-
tein among five commercial β -galactosidase preparations un-
der the same assay conditions, illustrating the variation that
can exist among commercial products36. Enzyme behavior
can also depend on its physical form. Ansari and Daman-
hory found that A. oryzae β -galactosidase immobilized on
modified zinc oxide nanoparticles retained more activity un-
der extreme pH and temperature conditions than the soluble
enzyme37. Results from the preparation tested here conse-
quently cannot be assumed to represent other commercial or
immobilized preparations. The use of ONPG creates another
limitation because activity toward this artificial substrate may
not equal activity toward lactose. Eberhardt et al. found
that the measured activities of five β -galactosidases depended
on whether ONPG or lactose was used38. The colorimet-
ric method may also require modification for opaque samples
such as milk; Jarrard et al. used isothermal titration calorime-
try because conventional ONPG spectrophotometry could not
be applied directly to opaque and colored dairy fluids39.

Future studies should include more independent blocks,
daily quality-control samples, and multiple glycerol and lac-
tase concentrations. Testing additional excursion tempera-
tures and durations would show whether the present result ex-
tends beyond the single 48-hour condition. A separate treat-
ment in which glycerol is added immediately before mea-
surement would also help distinguish an immediate effect on
the ONPG reaction from protection produced during storage.
These changes would provide a stronger test of glycerol’s ef-
fect on lactase stability and allow smaller differences among
storage conditions to be evaluated with greater confidence.
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