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e conformation and catalytic
efficiency in crowded and active environments

Arnab Maiti, Nividha and Krishna Kanti Dey *

Proteins operate in dynamic environments where interactions and fluctuations influence their structure and

function. Understanding how these factors contribute to enzyme stability is essential for both fundamental

biology and practical applications. Here, we investigate the role of protein–protein interactions and non-

thermal active fluctuations in enzyme conformational dynamics and catalytic activity. Our findings reveal

that in a dense suspension, enzyme catalytic activity and structural integrity are preserved for extended

periods. Additionally, we observed that mechanical fluctuations generated by enzyme catalytic reactions

help sustain enzymatic activity over longer timescales.
Introduction

Enzymes have long been of research interest due to their
exceptional catalytic efficiency, substrate specicity, biode-
gradability, and sustainability. Their ability to operate under
mild conditions, produce high-purity products, and minimize
environmental impact makes them essential elements in
various industrial and biomedical applications. However,
despite these advantages, working with enzymes oen involves
several challenges, including high production and purication
costs, limited stability in harsh or non-native environments,
and susceptibility to inhibition at elevated substrate or product
concentrations. From an industrial perspective, optimizing
enzyme stability, processing efficiency, and cost-effectiveness
while ensuring non-toxicity and environmental sustainability
is crucial. Current enzyme development primarily focuses on
protein engineering,1–3 while chemical additives and physico-
chemical modications offer cost-effective strategies to enhance
stability and catalytic efficiency.4,5

Beyond industrial applications, fundamental studies on
protein mobility and conformational dynamics are crucial for
understanding enzyme function in both in vitro and in vivo
environments. While most in vitro biochemical studies are
conducted in dilute solutions, the cellular environment is
highly crowded, with up to 30–40% of the cytosol occupied by
macromolecules such as proteins, polysaccharides, and nucleic
acids.6 Studies indicate that macromolecular crowding signi-
cantly inuences protein folding, mobility, and enzymatic
activity,7 oen enhancing stability by restricting the entropy of
unfolded states and protein crowder interactions.8,9 However,
the effects of crowding on enzyme catalysis remain complex,
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with reports of enhanced reaction rates, loss of activity, or
negligible changes depending on specic conditions.5,10–13

Notably, enzymes naturally accumulate at high concentrations
within cells in response to environmental stress, enabling
organisms to endure harsh conditions without disrupting key
physiological processes such as metabolism.14 At such concen-
trations, enzyme structures may undergo compaction, leading
to suppressed conformational uctuations. This structural
compaction, combined with the crowded cellular environment,
can inuence enzyme stability and activity, potentially modu-
lating their catalytic efficiency under varying conditions.

Here, we investigate the inuence of protein–protein inter-
actions and non-thermal active uctuations on enzyme
conformational dynamics and catalytic activity. Understanding
how enzymes maintain their stability and efficiency under
complex crowded environment is essential for both funda-
mental research and industrial applications. Our ndings
reveal that in dense suspensions, enzymes retain their struc-
tural integrity and catalytic function over extended periods.
Furthermore, we demonstrate that uctuations arising from
enzyme catalytic reactions play a key role in sustaining enzy-
matic activity (Fig. 1). Building on existing theories of entropy-
mediated enzyme stabilization and the effects of self-
propulsion of catalytic motors on their environment at low
Reynolds number conditions, we propose possible mechanisms
to explain and validate our experimental observations.
Results and discussion

It has already been reported that the denaturation and therefore
the catalytic efficiency of enzymes diminishes over time in
aqueous solutions due to their enhanced conformational
entropy in the unfolded state.15 In this study, we focus on
catalase and urease, two extensively studied enzymes known for
their robustness, high turnover rates, and ability to generate
Nanoscale Adv., 2025, 7, 6265–6272 | 6265
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Fig. 1 Catalytic activity of catalase was assessed after 24 h of preservation in three different stock solutions: dilute catalase suspension, dense
catalase suspension, and active catalase suspension. In the dense suspension, reduced intermolecular distance promotes greater protein–
protein interaction and enhanced stability. In the active suspension, enzyme molecules generate mechanical fluctuations during substrate
turnover, which also help sustain their stability and catalytic activity over longer periods.
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signicant active mechanical uctuations during catalysis.16–19

These enzymes have been reported to inuence the behaviour of
nearby molecules during catalysis, which may have important
implications in maintaining enzyme stability under dense
conditions. To assess the functional stability of catalase under
different crowding conditions, three stock solutions with
concentrations of 1 nM, 1 mM, and 10 mM were prepared and
stored at 23 °C. At 24 h intervals, the decomposition rate of
10 mM H2O2 was measured using 1 nM enzyme prepared from
each stock solution. Enzyme activity was quantied by moni-
toring the change in absorbance over an initial 120 s period,
normalized to the reaction rate of a freshly prepared sample (0
h). Fig. 2(a) shows the decomposition kinetics for the three
stock solutions aer 48 h. The highest reaction rate was
observed for enzymes from the 10 mM stock solution, while the
lowest was from the 1 nM stock solution. Fig. 2(b) presents the
time-dependent activity of enzymes from different stock solu-
tions, revealing a clear trend: enzyme activity declines over time,
with the rate of decline dependent on stock solution concen-
tration. Notably, enzymes in higher-concentration suspensions
Fig. 2 (a) Decomposition kinetics of 10mMH2O2 in the presence of 1 nM
48 h of storage. (b) Time-dependent decrease in catalase catalytic activity
with respect to the catalytic activity measured at time t = 0 h.

6266 | Nanoscale Adv., 2025, 7, 6265–6272
retained catalytic activity for a signicantly longer duration
compared to those in dilute solutions.

Since protein functionality is closely linked to its confor-
mation,20 we further examined structural stability using uo-
rescence spectroscopy. In solution, thermal energy causes
solvent molecules to bombard the protein surface randomly,
leading to structural unfolding.21,22 Both catalase and urease
contain aromatic amino acids such as tryptophan and tyrosine,
whose uorescence properties serve as indicators of structural
integrity. The intrinsic uorescence of catalase, with an excita-
tion at 280 nm and emission at 336 nm, diminishes upon
structural perturbation. Fig. 3(a) and (b) depict the uorescence
intensity decay over time for catalase stock solutions of 300 nM
and 10 mM respectively, while Fig. 3(c) compares the time-
dependent uorescence intensity for both concentrations. The
results clearly show that in dilute solutions, uorescence
intensity declines more rapidly, indicating faster conforma-
tional changes. In contrast, dense suspensions provide greater
structural stability, minimizing conformational uctuations
and preserving enzymatic integrity over time.
catalase, taken from three stock solutions (1 nM, 1 mM, and 10 mM) after
for the same stock solutions for a period of 96 h. Data were normalized

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Fluorescence emission spectra of 300 nM catalase from two different stock solutions ((a) 300 nM (b) 10 mM) measured at varying storage
times. (c) Time-dependent fluorescence intensity decay of 300 nM catalase, taken from stock solutions of 300 nM and 10 mM. Data were
normalized with respect to the fluorescence intensity measured at time t = 0 h.
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The uorescence measurements clearly indicate time-
dependent changes in enzyme conformation, leading to
a gradual decline in their catalytic efficiency. Importantly,
protein conformation is typically represented by its secondary
structure, which exhibits characteristic spectral features in the
range of 190 to 250 nm, usually characterized by the circular
dichroism (CD) spectroscopy. In the CD spectra, a minimum at
208 nm corresponds to a-helix absorption, while a minimum at
215 nm represents b-sheet absorption. To assess conforma-
tional stability, CD spectra of 300 nM catalase were obtained
from two different stock solutions (300 nM and 10 mM) and are
shown in Fig. 4(a) and (b). The a-helix content, calculated from
the CD spectra,20,23 is presented in Fig. 4(c). The results indicate
that a-helical content is higher in dense suspensions compared
to the dilute ones, conrming enhanced structural stability in
concentrated enzyme solutions.

This raises an important question: Why does enzyme activity
decline at different rates despite identical physical and chem-
ical conditions across stock solutions? The key difference
between dilute and dense suspensions lies in protein number
density. In denser solutions, the intermolecular distance is
reduced, leading to stronger intermolecular interactions. One
possible explanation is excluded volume repulsion, where
proteins experience physical hindrance due to close packing,
favouring the folded state of the proteins. If excluded volume
effects were the dominant stabilizing factor, the presence of
other macromolecules would also enhance the stability. To test
Fig. 4 CD spectra of 300 nM catalase taken from two different stock s
times. (c) Time-dependent decay of the a-helix content in 300 nM catala
with respect to the a-helix contain measured at time t = 0 h.

© 2025 The Author(s). Published by the Royal Society of Chemistry
this hypothesis, we measured the catalytic activity of 1 nM
catalase in the presence of 10 mM H2O2, under different
crowding conditions using both articial crowders (Glycerol,
Ficoll 70, Ficoll 400, Dextran 70) and biological crowders
(Urease enzyme and BSA). Catalase (250 kDa) has an estimated
hydrodynamic radius of 5.2 nm,24 which is comparable to that
of Ficoll 70 (70 kDa, Rh z 4.06 nm 25), Ficoll 400 (400 kDa, Rh z
7.26 nm 25), Dextran 70 (70 kDa, Rh z 6.49 nm 26), Urease (544
kDa, Rh z 7 nm 27), and BSA (66.43 kDa, Rh z 3.5 nm 28).
Glycerol, in contrast, is a small molecule (92 Da) with a negli-
gible hydrodynamic radius (∼0.7 nm 29). Fig. 5 compares cata-
lase activity in these crowded environments with that in
deionized (DI) water. While activity decreases over time in all
conditions, a mild enhancement in stability was observed in the
presence of Ficoll 70 and Ficoll 400, likely due to steric inter-
actions between these crowders and catalase.30,31

Despite the comparable size of catalase and the larger
crowders, no signicant stabilization of enzyme activity was
observed, indicating that excluded volume effects alone cannot
account for the concentration-dependent enhancement of
catalase stability. These results suggest that macromolecular
crowding – driven solely by steric exclusion – is not sufficient to
preserve enzyme function in dense suspensions. Rather, our
ndings highlight the role of catalase self-interactions in
maintaining structural integrity. In concentrated solutions,
reduced intermolecular spacing increases the probability of
transient molecular encounters, implying that stabilization
olutions: (a) 300 nM and (b) 10 mM, recorded at different preservation
se taken from the two different stock solutions. Data were normalized

Nanoscale Adv., 2025, 7, 6265–6272 | 6267
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Fig. 5 Time-dependent decay of catalase activity in various crowded environments along with that in the DI water: (a) 10% Glycerol, (b) 3% Ficoll
70, (c) 3% Ficoll 400, (d) 2% Dextran 70, (e) 10 mM Urease suspension, and (f) 10 mM BSA suspension. Data were normalized with respect to the
catalytic activity measured at time t = 0 h.
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arises frommore than just volume exclusion. At 10 mM catalase,
the average intermolecular distance (∼68 nm) is only a few
times larger than the molecular diameter (∼10 nm), allowing
dynamic proximity even in the absence of stable binding. Under
such conditions, weak, long-range interactions32–34 are likely to
modulate enzyme behaviour. Additionally, transient clustering
or self-association may reduce conformational entropy and
shield enzymes from denaturation, contributing to structural
stability.35,36 We propose that catalase molecules engage in
cooperative effect driven by specic self-interactions, which
contribute to conformational stability by restricting excessive
uctuations and preventing loss of structural integration.
Fig. 6(a) illustrates an isolated enzyme, while Fig. 6(b) depicts
Fig. 6 Schematic illustration of enzyme stability in different suspen-
sions: (a) denaturation and structural destabilization in a dilute
suspension, and (b) enhanced stability and preserved conformation in
a dense suspension due to self-interactions.

6268 | Nanoscale Adv., 2025, 7, 6265–6272
an enzyme in a dense suspension. Although both systems share
identical physical and chemical conditions, the presence of self-
interactions in dense suspensions introduces an additional
stabilization mechanism, preserving enzyme structure and
function over extended periods.

We propose a possible explanation for the experimental
results based on the unfolding behaviour of proteins. In
Fig. 6(a), we illustrate the conformational changes of a single
protein molecule in a dilute suspension, where intermolecular
distances are large, and proteins behave independently. The
loss of structural integrity can oen be described as a two-step
transition from the native to the denatured state. A key factor in
determining protein stability is the difference in free energy
between these two conformations. Since free energy consists of
both enthalpic and entropic contributions, stabilization is
inuenced by changes in both. However, the relative contribu-
tions of these factors can vary depending on the specic protein
and environmental conditions.

The enthalpy component of protein conformational changes
arises from the disruption of intramolecular interactions such
as hydrogen bonds, disulde (S–S) bridges, and salt bridges, all
of which contribute to the structural stability of the folded state.
Breaking these stabilizing interactions requires energy and thus
results in a positive enthalpic contribution (endothermic). At
the same time, conformational changes may expose previously
buried amino acid residues to the solvent, allowing new
hydrogen bonds to form between the protein and surrounding
water molecules, which introduces a negative enthalpic
component (exothermic). While both effects are present, calo-
rimetric studies on catalase37 and similar proteins38 suggest that
the net enthalpy change associated with the loss of native
protein structure is positive, indicating that the energetic cost of
disrupting intramolecular bonds outweighs the favourable
enthalpy of solvation. Therefore, the enthalpy is primarily
© 2025 The Author(s). Published by the Royal Society of Chemistry
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governed by the energy required to disrupt the folded structure.
In the folded state, catalase is conformationally constrained.
Upon being perturbed, it gains access to a vastly larger number
of conformations, which increases the system's entropy. Addi-
tionally, while exposure of hydrophobic residues during the loss
of native structure may cause water molecules to become more
ordered (decreasing solvent entropy), this effect is usually out-
weighed by the large increase in protein conformational
entropy. This is further supported by the calorimetric data
available in the literature on catalase39 and similar enzymes40

that generally show positive DS upon denaturation.
Let the enthalpy and entropy of the native and conforma-

tionally perturbed states be denoted as H1, H2, and S1, S2
respectively. During conformational changes in catalase, these
stabilizing interactions are disrupted, increasing the confor-
mational entropy of the protein and also increasing the
enthalpy.37,39 The process is governed by the Gibbs free energy
change: DGu= DHu− TDSu, where DHu=H2−H1 > 0 andDSu=
S2 − S1 > 0, making DGu typically positive under native condi-
tions. However, under elevated temperature or other denaturing
conditions, the entropy gain can dominate, making the loss of
catalase's native structure thermodynamically favourable.

Fig. 6(b) illustrates conformational perturbations in proteins
in a dense suspension. Here, the intermolecular distance is
reduced, leading to signicant many–body interactions that
alter the free energy landscape of protein unfolding. The total
Gibbs free energy change for conformational changes can be
written as, DGt = DGu + DGc, where DGc accounts for the addi-
tional effects arising from intermolecular interactions in
a dense suspension. In dense suspensions, native proteins can
form stabilizing contacts with each other via hydrogen bonds,
salt bridges, hydrophobic patches or other long-range interac-
tions. If conformational changes disrupt these interprotein
interactions, and the newly exposed surfaces do not form
equally strong compensatory contacts, the enthalpic cost of
losing structural integrity increases (DHc > 0). The conforma-
tional entropy may also decrease (DSc < 0) due to spatial
constraints and excluded volume effects.8,41,42 Thus, the
correction term due to many–body interactions DGc = DHc −
TDSc can become positive. This additional stabilization term
increases the total Gibbs free energy for unfolding (DGt > DGu),
Fig. 7 (a) Time-dependent reduction in urease catalytic activity measure
from stock solutions of 10 nM and 10 mM. Data were normalized with res
intensity decay of 300 nM urease over time, comparing samples taken
normalized with respect to the fluorescence intensity measured at time

© 2025 The Author(s). Published by the Royal Society of Chemistry
making the conformational changes less thermodynamically
favourable in dense suspensions. The observed enhancement in
enzyme stability can thus be attributed to cooperative interac-
tions in dense suspensions, where proteins inuence each
other's conformational dynamics. This collective behaviour
leads to a suppression of unfolding transitions, preserving both
structural integrity and catalytic function over time.

A similar reduction in catalytic activity and conformational
stability was observed in urease. To assess its activity, the
decomposition of 10 mM urea was measured in the presence of
10 nM urease, taken from two different stock solutions: 10 nM
and 10 mM. As shown in Fig. 7(a), urease activity decreased over
time, but the decline is signicantly slower in the dense
suspension compared to that in the dilute one, indicating
enhanced stability. Fig. 7(b) further supports this observation,
showing a time-dependent reduction in uorescence intensity,
which is more pronounced in the dilute suspension – suggest-
ing that the conformational stability of urease is better
preserved in dense suspensions.

We nally investigated whether active mechanical uctua-
tions generated by localized enzyme catalysis in uidic envi-
ronments inuence enzyme stability. Recent studies suggest
that such uctuations, even in dense and crowded conditions,
can signicantly alter the dynamics of their surroundings.43–46

While the precise mechanism underlying the dynamic coupling
between active enzymes and their immediate environment
remains unclear, enzymes have been proposed to interact
mechanically with their surroundings via both long-range
hydrodynamic interactions47–49 and high-frequency pressure
waves.50,51 The hydrodynamic interactions are known to play
a crucial role in macromolecular association and mobility.52

Recent ndings indicate that enzymatic activity can be modu-
lated through hydrodynamic interactions driven uctuations,34

although the extent to which these interactions affect protein
folding remains a subject of debate.53,54 Several studies support
the idea that solvent ow-induced hydrodynamic interactions
dynamically couple amino acid residues, thereby inuencing
folding pathways.55–59 Notably, computational studies employ-
ing the uid particle dynamics method suggest that hydrody-
namic interactions promote fast-folding pathways. This
accelerates the attainment of the native state, minimizes kinetic
d for 10 nM urease in the presence of 10 mM urea, with enzymes taken
pect to the catalytic activity measured at time t = 0 h. (b) Fluorescence
from two different stock solutions: 300 nM and 10 mM. Data were

t = 0 h.

Nanoscale Adv., 2025, 7, 6265–6272 | 6269
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Fig. 8 (a) Time-dependent decay of catalytic activity of 1 nM catalase preserved in normal aqueous environment (passive catalase) and in an
actively fluctuating environment (active catalase), generated by catalase itself. (b) Time-dependent decay of catalytic activity of 1 nM catalase
preserved in a normal aqueous environment (passive catalase) and an actively fluctuating environment (passive catalase in active urease),
generated by the urea–urease reaction. Data were normalized with respect to the catalytic activity measured at time t = 0 h.
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trapping, and signicantly enhances folding kinetics compared
to scenarios without such interactions.60

The generation of acoustic pulses during catalytic reactions
may also contribute to conformational stability in dense
enzyme suspensions by limiting domain uctuations.61 It could
further be inferred from the concept of swim pressure, which is
believed to arise from the autonomous propulsion of catalytic
micromotors in uidic media.62 These interactions could
potentially exert mechanical effects on neighbouringmolecules,
thereby inuencing their conformation in active environments.

To explore this experimentally, we studied the stability of
1 nM catalase in the presence and absence of its substrate (a
continuous ow of 10 mM H2O2). Fig. 8(a) presents the time-
dependent decay of catalytic activity with and without active
uctuations. Notably, catalase retains its activity for a longer
duration in the presence of activity, suggesting that enzyme-
driven uctuations help stabilize protein conformation. To
test the non-specicity of active uctuations, the experiments
were repeated with molecules of urease as a source of active
forces (10 nM urease, with continuous supply of 100 mM urea).
In the presence of urease activity, we studied the catalytic
stability of 1 nM catalase by measuring the reaction rate at
different preservation times and compared it with that of the
passive suspension case as shown in Fig. 8(b). Here we observed
that the catalytic activity of catalase decayed slowly compared to
the passive suspension. In both cases, catalytic stability of 1 nM
catalase was studied by measuring the decomposition rate of
10 mM H2O2 in the presence of 1 nM catalase at different
preservation times (0 h, 4 h, 8 h, 12 h, 24 h). Before measuring
substrate decomposition, we conrmed that the supplied
substrate did not contribute to catalytic activity by measuring
the absorbance at 240 nm of 1 nM catalase taken from the active
stock suspension, which showed a value close to zero.

Thus, for both active catalase and active urease suspensions,
uctuations generated during substrate catalysis appear to help
preserve the catalytic activity of catalase enzyme over extended
periods. As a result, the catalytic activity decays more slowly over
time in the active samples than in the passive ones. This pres-
ervation of catalytic activity is likely due to the preserved native
conformation of catalase in the active suspensions. The uc-
tuations generated by the active enzyme may exert mechanical
6270 | Nanoscale Adv., 2025, 7, 6265–6272
pressure on the surfaces of the neighbour enzymes.50 Addi-
tionally, the motion of active enzymes may generate swim
pressure on nearby molecules,62 potentially stabilizing their
conformations. These results are particularly interesting
because they contrast with typical active matter systems, where
active uctuations generally enhance mobility and raise the
effective temperature of the system. In our study, however,
active uctuations appear to help preserve the conformation of
catalase, thereby producing a cooling-like effect.

Conclusion

Our study demonstrates that the stability and catalytic activity
of enzymes in aqueous environments are strongly inuenced by
intermolecular interactions and active mechanical uctuations.
In dilute suspensions, proteins undergo conformational desta-
bilization due to enhanced entropy in the unfolded state,
leading to a time-dependent loss of catalytic function. However,
at higher concentrations, many–body interactions and collec-
tive effects contribute to stabilizing protein conformation by
increasing enthalpic contributions and reducing conforma-
tional entropy in the unfolded state. Furthermore, our results
suggest that catalytic activity may help preserve enzymatic
function over extended periods, potentially through the gener-
ation of active mechanical stress that originates near the cata-
lytic sites and inuences the surrounding environment. While
our ndings are consistent with this hypothesis, direct
measurements of such uctuations, as well as insights into
their mode of propagation around enzymes, will be important
in future studies to conrm their role in structural stabilization.

Experimental
Materials

Catalase from bovine liver (catalogue no: C9322), urease from
Canavalia ensiformis (Jack bean, catalogue no: U1500), urea
(catalogue no: U5128), phenol red (catalogue no: P3532), glyc-
erol (catalogue no: G5516), Ficoll PM 400 (catalogue no: F4375),
Ficoll PM 70 (catalogue no: F2878), and dextran 70 from Leu-
conostoc spp. (catalogue no: 31390) were purchased from Sigma-
Aldrich. A 30% (w/v) hydrogen peroxide (H2O2) solution
© 2025 The Author(s). Published by the Royal Society of Chemistry
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(catalogue no: 107209) was obtained fromMerck. Bovine Serum
Albumin (BSA) (CAS: 9048-46-8) was purchased from SRL, India.

UV-vis spectroscopy study

The kinetics of H2O2 decomposition in the presence of catalase
was monitored by measuring its absorbance at 240 nm over
time. The reaction was conducted for 2 min, aer which
absorbance versus time data were plotted and tted with a linear
regression model to determine the catalytic activity of catalase.
Similarly, the kinetics of urea decomposition in the presence of
urease was studied by measuring the absorbance of phenol red
at 560 nm over time. Aer 5 min of reaction, absorbance versus
time data were plotted, and the urease activity was quantied by
calculating the area under the curves.

Fluorescence spectroscopy study

The aromatic residues such as tryptophan and tyrosine within
the enzyme structure contribute to its intrinsic uorescence.
Changes in the local environment of these residues lead to
uorescence quenching, making uorescence intensity a useful
indicator of protein conformational stability. Fluorescence
measurements were carried out with an excitation wavelength
of 280 nm, emission spectra were recorded from 320 nm to
355 nm wavelength range, and the emission intensity were
measured at 336 nm.

Circular dichroism (CD) spectroscopy study

CD spectra were recorded in the wavelength range of 190–
250 nm to analyze secondary structural changes. A minimum at
208 nm corresponded to a-helix absorption, while a minimum
at 215 nm indicated b-sheet absorption. The a-helix content was
calculated from the CD spectra using the ellipticity value at
208 nm.20,23

Generation of active uctuations

Active catalase. In 1 nM catalase suspension, 10 mM H2O2

was supplied continuously through a syringe pump. The initial
volume of the suspension was 40 mL and the rate of substrate
ow was maintained at 100 mL h−1. The kinetics study was
carried out at 0 h, 4 h, 8 h, 12 h, and 24 h of preservation. Aer
8 h, the stock volume was reduced to 20 mL and the substrate
ow rate was maintained at 50 mL h−1.

Passive catalase in active urease suspension. Aqueous
suspensions of catalase and urease were mixed to obtain a nal
stock containing 1 nM catalase and 10 nM urease. 100 mM urea
was supplied continuously through a syringe pump. The initial
volume of the suspension was 40 mL and the rate of substrate
ow was maintained at 100 mL h−1. The kinetics study was
carried out at 0 h, 4 h, 8 h, 12 h, and 24 h of preservation. Aer
8 h, the stock volume was reduced to 20 mL and the substrate
ow rate was maintained at 50 mL h−1.

Error estimation and statistical signicance

Each experiment was performed three times, and the mean
values of the measured parameters are reported. Error bars
© 2025 The Author(s). Published by the Royal Society of Chemistry
represent the standard deviation of the measurements. Statis-
tical signicance was assessed using Student's t-test, with p <
0.05 considered signicant. The symbols *, **, ***, and ****

represent p < 0.05, p < 0.01, p < 0.001, and p < 0.0001, respec-
tively. The notation ‘ns’ indicates not signicant.
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