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ABSTRACT: Understanding ion transport dynamics in reactive e ° ° @

vesicles is pivotal for exploring biological and chemical processes Membrane dynamics
and essential for designing synthetic cells. In this work, we
investigate how proton transport and membrane potential regulate
pH dynamics in an autocatalytic enzyme reaction within lipid
vesicles. Combining experimental and numerical methods, we
demonstrate that compartmentalization within lipid membranes
accelerates internal reactions, attributed to protection from the
external acidic environment. In experiments, we explored how
proton movement significantly impacts internal reactions by
changing bilayer thickness, adding ion transporters, and varying
buffers. Numerical investigations incorporated electrical membrane
potential and capacitance into a kinetic model of the process,
elucidating the mechanisms that dictate the control of reaction time observed in the experiment, driven by both electrical and
chemical potential gradients. These findings establish a framework for controlling pH clock reactions via membrane changes
and targeted manipulation of proton movement, which could aid in the design of synthetic cells with precise, controlled
functionalities.
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INTRODUCTION in bioenergetic systems, as seen in mitochondria for ATP
synthesis via chemiosmosis, where respiration-driven proton
pumps create an electrochemical proton gradient, negative and
alkaline inside.”” Controlled proton leaks across membranes
are also significant. For instance, proton leaks contribute to
thermogenesis by generating heat in brown adipose tissue or
modulate the production of reactive oxygen species (ROS) by
preventing excessive proton gradient buildup and protecting
cells from oxidative stress.” Additionally, to regulate intra-
cellular pH through electroneutral exchange, cells can employ
cation/proton antiporters, such as Na*/H" exchangers.”
Consequently, the interplay between proton transport,
membrane permeability, and enzyme activity is fundamental

In nature, most enzymes are membrane-bound or compart-
mentalized, where their local environment influences their
catalytic activity. This phenomenon explains why enzyme
behavior often changes once purified and isolated." Mem-
branes serve as highly functionalized, selective barriers.
Therefore, within each membrane-bound compartment of a
cell, a specialized intracellular space is cultivated through the
regulated transfer of chemical and physical information.” As a
result, in situ enzyme reaction rates depend on the permeability
of substrates, which is controlled both spatially and temporally
through membranes.” Additionally, more complex underlying
mechanisms can regulate enzyme reaction dynamics within
membrane-bound confinement. For example, intracellular pH

can alter the charge and structure of macromolecules such as Received: ~ September 17, 2024
enzymes, thereby regulating their activity." Furthermore, the Revised:  February 21, 2025
movement of charged species across a membrane can induce a Accepted:  February 21, 2025

membrane potential that drives the movement of protons Published: March 3, 2025

across the membrane, influencing pH and further impacting
enzyme activity.” Proton gradients are a key biological feature

© 2025 The Authors. Published b
Ameericl;m %ﬁemlilcaissgcietz https://doi.org/10.1021/acsnano.4c13048

v ACS Publications 9814 ACS Nano 2025, 19, 9814-9825


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Darcey+Ridgway-Brown"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anna+S.+Leathard"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Oliver+France"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stephen+P.+Muench"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+E.+Webb"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lars+J.+C.+Jeuken"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lars+J.+C.+Jeuken"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peter+J.+F.+Henderson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Annette+F.+Taylor"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paul+A.+Beales"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.4c13048&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c13048?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c13048?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c13048?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c13048?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c13048?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ancac3/19/10?ref=pdf
https://pubs.acs.org/toc/ancac3/19/10?ref=pdf
https://pubs.acs.org/toc/ancac3/19/10?ref=pdf
https://pubs.acs.org/toc/ancac3/19/10?ref=pdf
www.acsnano.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsnano.4c13048?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsnano.org?ref=pdf
https://www.acsnano.org?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

ACS Nano Wwww.acshano.org

A urease B cH,c00H =2 cH,co0
(A) urea + H,0 — 2NH, + CO, (B) N g
R,clurea] . y
Rate(1) = max R
K [H*] &~
K, (1 es2 )
z (Kpy + [urea]) (1 + H+] + Kom .
=
©
©
[}
€
R
& pH
pH 3
2
1 u}
Time —
9 9
(C) —— After purification - encapsulated urease vesicles - pyranine (D) Internal pH — — - -
- — - After purification - encapsulated urease vesicles - pH probe External pH - - - — - -7
After purification - unencapsulated urease and vesicles
84 EXPERIMENT
A*
Enzyme )
reaction
A
5F T T '
0 100 200 300 200 300
Time (min)

Time (min)

Figure 1. Preparation and characterization of urease encapsulated in synthetic vesicles and validation of our theoretical model. (A) Sketch of
the bell-shaped enzyme activity described by a pH-dependent Michaelis—Menten rate eq 1, with acid binding constants K, K., and
maximum rate R, (top panel), leading to a pH—time curve of the urea—urease reaction (bottom panel). (B) Schematic diagram of the
purification of vesicles where external urease and pyranine are removed using size exclusion chromatography and reaction with urease
(yellow) and pyranine (green) confined to a vesicle (pH;), urea in the outer solution (pH,) and the relevant equilibria (created with
BioRender.com). (C) Verifying the purification of vesicles (purple, solid) using the apparent pH change calculated from the fluorescent
intensity ratio (450/405 nm) of pyranine after addition of urea to urease vesicles (in acetate buffer with NaCl) with external pH measured
using a pH probe (purple, dashed), and control with urease-free vesicles (yellow), where external 20 M urease was removed by size
exclusion chromatography. (D) Simulation of a pH clock in vesicles, showing internal (solid) pH; and external (dashed) pH, and inset to
illustrate vesicle with transport of neutral species A with permeabilities P,, transport of ions A" with permeabilities P, enzyme reaction and
equilibria. The R,,,, = 0.066 M/min and internal vesicle concentrations were: [acetate buffer] = 50 mM, [H*] = 1 X 107> M, [Na*] = 120
mM, [CI"] = 70 mM and external concentrations were: [urea] = 25 mM, [acetate buffer] = 25 mM, [H*] = 1 X 10~° M, [Na*] = 50 mM,
[CI"] = 35 mM. For all other parameters, see methods section.

to the maintenance of cellular homeostasis and function. To studies and numerical simulations, we demonstrate the role of
gain a deeper insight into membrane compartmentalization confinement and proton transport on the internalized
and electrochemical gradients, more accurately mimic cellular reactions.
processes, and ensure programmable behavior for biomedical Urease, like most enzymes, has a pH-dependent activity with
applications, it is essential to elucidate how confinement, a maximum rate around pH 7. It catalyzes the hydrolysis of
membrane transport and pH can influence enzyme behavior. urea into ammonia and carbon dioxide (Figure 1A).>~>* If the
Lipid vesicles, formed from self-assembling phospholipid reaction is initiated at a low pH (Figure 1A1), the pH will
bilayers, are indispensable tools in synthetic biology for increase as the reaction progresses. This increase in pH
studying and replicating cell-like behavior in confined volumes. enhances urease activity, causing the reaction to accelerate
Biocompatible and mimicking natural cell membranes, they are through its optimal pH (Figure 1A2), after which the reaction
ideal for creating minimal interfaces in artificial cells.”” Lipid rate will decelerate (Figure 1A3). This product-catalyzed
vesicles are extensively used in biomedical applications where feedback mechanism through the production of ammonia
they encapsulate bioactive molecules for applications in drug results in a sigmoidal profile known as a pH clock reaction
delivery, biosensors, and nanoreactors.'’™"” In these settings, (Figure 1A).%° Owing to its pH-dependence and the significant
understanding how pH changes can control, and influence differences between membrane permeability of reactive species
functionality is crucial. The design of nonlinear dynamics in and products, such as positively charged H* ions and neutral
pH-feedback enzyme systems has shown promising applica- molecules like urea and ammonia, urease-encapsulated lipid
tions in drug release, biosensors, nanomotors and hydrogel vesicles are an ideal minimal system to explore the role of
formation.'*~*" The selective permeability of lipid vesicles can membranes, confinement, pH change and permeability.”®
regulate their functionality, making it an important property to The urea—urease system has been spatially confined to
understand and control. In this work, we investigate a minimal investigate the role of diffusion and induced spatiotemporal
cell system by encapsulating an autocatalytic enzyme reaction control on pH-dependent feedback.'**’ ™" Selective perme-
in lipid vesicles. Through a combination of experimental ability and confinement were explored both computationally
9815 https://doi.org/10.1021/acsnano.4c13048
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and experimentally using urease-encapsulated nanoscale and
microscale vesicles by Miele et al., who demonstrated collective
synchronized behavior between vesicles due to fast ammonia
transport.”’ Urease has also been partitioned in liquid
condensate droplets at similar metabolic densities to cells,
where it appears to produce steady pH gradients leading to
self-generated flow, drawing similarities with cellular processes
such as cytoplasmic streaming.’® Additionally, spatially
distributed urease was able to support propagating fronts
through diffusion of ammonia, its autocatalytic species,
converting pH from low to high.”” Itatani et al. demonstrated
that the urease-esterase reaction network can generate
temporal pH waveforms in giant unilamellar vesicles,
combining experimental and modeling approaches.”” Numeri-
cally, differential transport of H" and urea has also been shown
to produce autonomous pH oscillations in the urea—urease
system; however, this is yet to be seen experimentally.”"** Van
Hest et al. encapsulated urease in pH sensitive polymersomes,
where membrane permeability could switch between an ON/
OFF state dependent on pH.”” Permeability has also been
controlled using light by incorporating photosensitive mole-
cules into urease polymersomes.”® These findings collectively
demonstrate the potential for developing synthetic cells with
tunable behavior through membrane transport.

While simulation studies have examined how the membrane
capacitance influences the flux of charged species,”**** these
processes have not been incorporated into models of reactive
vesicles. Consequently, there is a gap in understanding how
these interactions control reaction dynamics within cell-like
compartments.

Here we provide significant insights into the urease reaction
encapsulated inside nanoscale lipid vesicles by elucidating the
roles of confinement, membrane potential and transport in
regulating the reaction dynamics.”’ Utilizing numerical
simulations to deepen our understanding of experimental
observations, we further develop an ordinary differential
equation (ODE) kinetic model of the urease reaction inside
lipid vesicles to incorporate membrane potential and the effects
of facilitated ion transport by specific solutes into a reactive
vesicle for the first time. The membrane-specific regulatory
mechanisms we uncover provide knowledge that is not only
essential for fundamental insights into cellular function but also
paves the way for designing adaptable, controllable, and
application-driven bioengineered systems with a broad range of
uses.

RESULTS AND DISCUSSION

Construction of Urease Vesicles. Initially we re-establish
our experimental and theoretical models for urease reactions
confined within lipid vesicles based on previous work from our
groups.”’ We encapsulated 20 M urease (11 mg/mL of type
I11, Sigma-Aldrich, Supporting Information (SI) 1.1) in 50 mM
sodium acetate buffer at pH S (100 mM ionic strength with
NaCl) within 164 + 3 nm diameter DOPC lipid vesicles (from
DLS (SI 1.2.4)). To monitor the reaction, we also
encapsulated the fluorescent pH indicator pyranine (50 M)
and measured the fluorescent intensity ratio (450/405 nm).*
This can be converted into apparent pH to monitor the change
in pH over time inside the vesicles, due to ammonia
production (SI 1.2.1). Afterward, size exclusion chromatog-
raphy (SEC) was used to separate vesicles from external urease
and pyranine based on size, and a solution of urease vesicles in
acetate buffer was mixed with a solution of urea to initiate
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reaction (Figure 1B). To confirm the removal of external
urease, 50 M pyranine vesicles were made with 20 #M urease
added externally before being purified using SEC. A reaction
with any remaining urease was initiated with 25 mM urea. No
pH change was found between the purified 50 yM pyranine
vesicles and urea, confirming the sufficient removal of external
urease (Figure 1C, yellow). Consequently, we can be confident
that any pH change observed in our experiments is due to
urease encapsulated in lipid vesicles. An encapsulation
efficiency of urease in lipid vesicles was calculated as 54 +
9% using the activity of urease (SI 1.3), i.e., the average urease
concentration in the aqueous lumen of the lipid vesicles was
estimated to be a maximum of 10.8 + 1.8 uM.

In Figure 1C, we see the characteristic sigmoidal pH clock
reaction profile of urease (purple, solid) in vesicles,”” indicative
of the nonlinear reaction dynamics due to the production of
ammonia influencing the pH-dependent activity of urease over
time.”" This suggests the pH-dependent feedback of urease is
still retained when encapsulated in lipid vesicles. The pH of the
external solution (purple, dashed) increased more slowly than
the internal pH, resulting in a proton gradient between the
vesicles and the surrounding solution. To compare how each
clock reaction progresses, we can determine the time to reach
the average midpoint of pH switching behavior (pH 6.4. SI
1.2.2), known as the clock time (min). For example, the
measured average clock time of our urease vesicles is 73.3 & 7
min. This was performed on a fluorimeter, but in order to
measure multiple conditions simultaneously, a plate reader was
used for the remaining experiments.

Modeling the Urease Vesicles. Insights were gained from
an ordinary differential equation (ODE) model of vesicles and
the external solution (SI 3), which describes the rate of change
of species inside and outside the compartment. In Figure 1D,
we see the simulated characteristic sigmoidal pH clock profile
of the urease reaction in vesicles, demonstrating that the
internal pH (solid) is initially higher (pH = 5.3) than the
external (dashed) pH = S, in agreement with experiments. This
small difference in pH corresponds to a 50% reduction of the
hydrogen ion concentration and can lead to a significant
decrease in clock time, as seen in the next section. Due to
uncertainty in model parameters, such as permeability
coefficients and certain enzyme parameters, our simulations
provide a semiquantitative approach to understanding the
experiments. We aim to reproduce key experimental features
and trends with a minimal model that demonstrates how
membrane transport influences enzyme clock reaction behavior
in lipid vesicles.

The model is based on previous work from our group on the
urea—urease system.”’ In this iteration of the model, we have
incorporated membrane capacitance and membrane potential
to account for their influence on the transmembrane flux of
ionic species, following methodologies in the literature.”***>**
Stochastic effects were not considered as previous work has
demonstrated that population-level behavior is retained within
ODE models of these systems.”

Inside the vesicles, the rate of change of the concentration of
a species A, is determined by the reaction rate terms, f(4;), and
mass transport term g(A; A,) where A, is the concentration of
the species in the external solution. Transport of neutral
species (NH;, CO,, urea, acetic acid) across the vesicle
membrane is driven by a concentration gradient

https://doi.org/10.1021/acsnano.4c13048
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Figure 2. Proton influx slows the urea—urease clock reaction in simulations of lipid vesicles. Simulations were performed with enzyme rate
R,,., = 0.0029 M/min, internal vesicle concentrations: [H*] = 1 X 10™* M, no buffer, and external solution: [urea] = 25 mM, [H*] =1 x 10™*
M. For all other parameters see methods section. (A) Schematic representation of the vesicle and four membrane scenarios: (1) Proton
impermeable membrane (purple); (2—4) Proton-permeable membranes, with increasing permeability or capacitance values. (B) pH traces
over time inside vesicles (solid curve, pH;) and in the outer solution (dashed curve, pH,) with clock time times indicated for membrane
potential fixed at zero and the reaction with a (i) proton impermeable membrane and (ii) proton permeable membrane. (C) Map of clock
times (time to pH 6.4) as a function of proton permeability and membrane capacitance, with the arrows indicating: (i) constant capacitance
cm/min. (D) Count of excess protons in the vesicle lumen caused by
transport through the membrane for capacitance values indicated and constant permeability.

of ~1 pF/cm? and (ii) constant proton permeability of 2 X 107°

4) (1)

where f(A,) contains all the relevant reaction rate and equilibria
terms from (1) to (7) indicated in Figure 1B, S is the surface
area, V is the vesicle volume, P, is the permeability coefficient
of the neutral species. Transport of ions across the membrane
is driven by diffusion and migration as result of the electrical
field associated with the membrane potential, ¥. The rate of
change of the ionic species is determined through reaction and
mass transport using the Goldman-Hodgkin-Katz (GHK) flux
equation

dA, PSzU| A
Pl S A) — i i
RS

\% 1—¢°

—zU
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where P, is the permeability coefficient of the ionic species, z is
the charge (valency) on ion i, U is the reduced membrane
potential, defined as U = AY/(kzT/e). This dimensionless
quantity normalizes the membrane potential by the thermal
voltage, kyT/e where ky is the Boltzmann constant, T is
temperature and e is elementary charge. At room temperature
(298 K), the thermal voltage is 25.69 mV. The membrane
potential between inside and outside the vesicle, A, is related
to the net charge accumulated in the vesicle using a capacitor

model for the membrane®” and is defined as follows
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where F is Faraday’s Constant, C, is the membrane capacitance
and A" is the internal concentration of ions that have
entered the lumen. We included transport of Na*, CI~, K" and
H* as the most important ionic species contributing to the
membrane potential.

The transport of species across lipid membranes depends on
multiple factors including the nature of the lipid headgroup,
number of carbons in the hydrocarbon chain and the degree of
saturation, and experimental conditions which may affect
bilayer thickness and rigidity."” Here, in the absence of
literature data for the specific phospholipids used, we took
values of the permeability coeflicients within ranges given in
the literature for neutral species with P, = 107 — 10 cm/min,
small anions with P, = 10~ — 107 cm/min, and small cations
with P, = 107" — 10~"* cm/min, and in the order of P, Py,
> Papy Puea > Poo 3> Py, Pr.."' Reported values of the
permeability of protons vary greatly from 10™® — 10 cm/min,
reflecting possible changes in the nature of species crossing
(such as Hy0,") and mechanism of transport under different
conditions.”” The permeability coefficient of H* is often used
as a fitting parameter in experiments with phospholipid
membranes; we take Py, = 107 cm/min for DOPC.
Capacitance increases with decreasing bilayer thickness and
increasing salt concentration”’ and is of the order of 1 uF/cm?

https://doi.org/10.1021/acsnano.4c13048
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for phospholipid vesicles.***> We explore the effect of
variations of proton permeability and capacitance on the
urease clock reaction in the next section.

The rate of change of the concentration of species A, in the
external solution is given by

dA

dta = f(Ao) + ¢ g(Ai) Ao) (4)
where f(A,) includes the relevant equilibria terms, g(4;, A,)
contains mass transport terms of neutral or ionic species and
the vesicle volume fraction (or concentration) is given by ¢ =
NV/V,, assuming N identical vesicles of volume V and V, is the
external volume of solution. The volume fraction accounts for
the dilution of species when transferred from the nanovesicles
to the outer solution. For a population of N identical vesicles,
the total volume of vesicles (NV) in a 1 mL sample was
calculated to be ~5 X 1072, giving, after dilution during
purification and addition of urea, a vesicle volume fraction ¢ of
the order of 1073; here we took ¢ = 2 X 1073, More details of
the model parameters and assumptions are included in the
Methods section and in SI 3.1, 3.4—3.5.

Introducing Membrane Potential and Proton Influx.
For an enzyme with a pH-dependent feedback mechanism,
such as urease, the transport of protons across the vesicle
membrane can significantly affect the reaction dynamics.
Unlike the electroneutral transport of uncharged molecules
like ammonia, the movement of charged ions, such as protons,
along their concentration gradients induces an electrical
potential and an electrical gradient. This prevents the system
from reaching chemical equilibrium and fosters a new
electrochemical equilibrium. Over time, this results in a
nonconstant flux of charged species across a membrane,
which can affect the reaction dynamics within the vesicle.

To understand the influence of membrane potential on
proton influx and its impact on the urea—urease clock reaction,
we modeled the effects of proton transport under a range of
conditions, with no buffer and protons as the only charged
species allowed to cross the membrane (illustrated in Figure
2A). In Figure 2B, the clock reaction is shown for two limiting
cases with the membrane potential fixed at zero. When the
vesicles are impermeable to proton transport, the simulated
reaction follows a typical course, initially reaching an internal
pH around 4.3 before both internal and external pH levels
equalize, resulting in a clock time of 64 min (Figure 2Bi). The
initial pH difference between the inside and outside of the
vesicle creates a driving force for proton influx, which would
occur if the membrane allowed proton movement. In Figure
2Bii, permeability of protons is enabled, with membrane
potential maintained at zero. In this case, the internal vesicle
pH and outer solution pH are the same during the reaction and
because of the lower internal pH, the clock time nearly doubles
to 114 min.

Introducing membrane potential into the model allows for
regulation of proton transport based on the electrochemical
gradient. Proton flow is modulated by both the permeability
coeflicient P, which dictates the rate of chemical gradient-
driven proton movement, and membrane capacitance C,
which can limit proton influx when the electrical potential
increases across the membrane. Figure 2C shows the clock
time as a function of Py, and C, with initial concentrations of
[H*] =1 x 107 M and [urea] = 25 mM. For these conditions,
there is an increase in clock time when (i) the capacitance is
held constant at 1 uF/cm® while proton permeability is
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increased, and (ii) proton permeability is constant at 2 X 107¢
cm/min while capacitance is increased.

In scenarios with constant capacitance (Figure 2Ci), low
proton permeability (e.g, 1 X 107® cm/min) restricts proton
flux, with a 3 min increase in clock time (to 67 min) compared
to no permeability. Higher proton permeability allows protons
to enter the vesicle more rapidly, maintaining a lower internal
pH and thus slowing down the reaction, which extends the
clock times. However, when proton permeability is sufficiently
high (1 X 10™° cm/min), the buildup of charge across the
membrane opposes further proton transport, causing the clock
times to plateau despite high permeability.

In scenarios with constant permeability (Figure 2Cii), high
permeability (2 X 107° cm/min) means that capacitance
becomes the controlling factor in clock time. Membrane
capacitance determines the amount of charge the membrane
can store. Capacitance values typical of biological and artificial
lipid membranes (<1 uF/cm?),***° result in highly restricted
proton flux when the membrane potential increases. Con-
sequently, for the initial concentrations used here, clock times
show minimal changes when capacitance is increased in the
model from 0 to 0.25 uF/cm?. This reflects the limited number
of protons crossing the membrane, with a maximum excess of
just 17 protons at 0.25 uF/cm® (Figure 2D). At higher
capacitances, the number of protons entering the vesicle
increases, extending the clock time to 90 min with a maximum
excess of 40 protons. As the reaction proceeds and the
chemical gradient in acid is reduced, the opposing electrical
gradient then drives excess protons out from the lumen.

Thus, our model demonstrates that both the permeability
coefficient Py, and capacitance C, significantly influence
proton transport, and by extension, the rate of the enzyme-
catalyzed reactions within vesicles. Neglecting these electro-
chemical aspects may result in oversimplified models that fail
to capture the nuanced dynamics of encapsulated reactions.

Changing Membrane Thickness. To investigate the role
of confinement and nonspecific membrane permeability on the
encapsulated urease reaction, we changed bilayer thickness by
making vesicles of different lipid compositions. Our vesicles
were constructed from phosphatidylcholines (PC) with two
fatty acid chains of 18-carbon chain length and a double bond
on the ninth carbon of each chain (18:1 (A9-Cis)). We
investigated the effect of decreasing the chain length by 2 and 4
carbons (16:1 (A9-Cis) PC and 14:1 (A9-Cis) PC,
respectively). The encapsulation efficiency of urease (in
acetate buffer with NaCl) for all lipid vesicles was calculated
(SI 1.3.2) and found not to be significantly different between
18:1 (A9-Cis) PC and 14:1 (A9-Cis) PC (54 + 9 and 66 +
24%, respectively), allowing confidence that changes to
reaction dynamics are due to membrane transport. Encapsu-
lation efficiency of 16:1 (A9-Cis) PC was found to be
significantly higher (94 + 18%) than 18:1 (A9-Cis) PC but
this did not correlate to the trend found, implying membrane
thickness rather than urease encapsulation efficiency has the
dominant effect on the observed behavior. Dynamic light
scattering was also performed, where hydrodynamic diameters
of vesicles were not significantly different between these
different lipid compositions (SI 1.2.4).

Intuitively, we expected the reaction to run faster with a
thinner membrane due to faster substrate transport into the
vesicles where the enzyme is encapsulated. Surprisingly, the
opposite trend was observed. As bilayer thickness decreased
(18:1, 16:1, 14:1) the clock time in fact increased (65 + 6, 77
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Figure 3. Enhanced confinement through increasing bilayer thickness speeds up the rate of the urease pH clock reaction inside vesicles. (A)
The experimental change in pH over time in urease vesicles in acetate buffer with NaCl with different carbon chain lengths (18:1, 16:1, 14:1
PC) upon the addition of urea (n = 3, error = + SE). (i) pH in time inside the vesicles. Inset: illustrations of increased permeability through
thinner (blue) membrane compared to thicker (yellow) membrane. (ii) Experimental clock times of reactions shown in part (Ai) (n = 3,
error = + SE). (B) Simulations showing the effect of increasing permeability coefficients P on the pH clock in vesicles with increasing carbon
chain length (C = 14 (blue), 16 (green) and 18 (yellow)). (i) pH in time inside the vesicles. (ii) Clock time as a function of chain length. (iii)
Change in membrane potential in time. The R,,,, = 0.066 M/min and internal vesicle concentrations were: [H*] = 1 X 1075 M, [acetate
buffer] = 50 mM, [Na*] = 120 mM, [CI"] = 70 mM and in the external solution: [urea] = 25 mM, [H*] = 1 X 1075 M, [acetate buffer] = 25
mM; [Na*] = S0 mM, [CI"] = 35 mM. The permeability coefficients were (cm/min): (C = 18) P, = 20, Pyy, = 2, Py, = 8.5 X 1075, Py, =
0.6, Pg_=6X 1077, Pr, =2 X 107, P, =2 x 107", Py, = 1 X 1073%; (C = 16) P increased by a factor of 1.5 for neutral/anion and a factor
of 100 for cations; (C = 14) P increased by a factor of 2 for neutral/anion and a factor of 800 for cations. For all other parameters see

methods section.

+ 11, 140 + 20 min, respectively in Figure 3Ai), (ii), indicating
a slower reaction in a more permeable system.

This counterintuitive finding is clarified through the
simulations of the system incorporating the dependence of
permeability on membrane thickness for neutral species and
ions Na¥, CI” and H". Transport of neutral species and small
anions such as CI™ typically follows a solubility diffusion
mechanism, with permeability coefficients given by P = KD/I
where K = solubility of the species in the hydrocarbon bilayer,
D = diffusion coefficient and [ = thickness of bilayer.** Thus,
permeabilities increased by a factor of 2 as bilayer thickness
was decreased in monounsaturated PCs by decreasing the
carbon chain length from C = 18 to 14.404730
cations H* and K" there was a dramatic increase in
permeability as the phospholipid chain length was decreased
below C = 18, suggesting that a different mechanism may
become important, such as defect mediated transport.>’
Anomalous high permeabilities of 1 X 1077 cm/min were
also obtained from experimental data with K* and Na in
POPC vesicles (16:0, 18:1 PC).***

However, with
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Permeability values are not available for the membranes used
in this work, however we increased them by a factor of 1.5 and
2 for neutral species/Cl™ and by a factor of 100 and 800 for
cations with decreasing carbon chain length to C = 16 and 14
respectively, in line with the experimental trends.’””' We
observed that a thinner membrane allowed more sodium ion
and proton flux out of and into the vesicle, respectively,
maintaining a lower pH and increasing clock time, Figure 3Bi,
(ii). For C = 18, the initial influx of protons as a result of the
concentration gradient resulted in a high membrane potential,
limiting further influx of protons under these conditions
(Figure 3Biii). The fast counterflux of sodium ions was
required to reduce the membrane potential, allowing more
protons to enter thinner membranes. This reveals an
unexpected but important effect of confinement on our
reaction kinetics, highlighting how confinement and membrane
dynamics are influential parameters in regulating feedback.

Introducing lon Transport. To further validate the
predicted effects of membrane potential and proton transport
in our experimental model, we imposed a K* concentration
gradient to counter the proton gradient and incorporated
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Figure 4. Modulating ion transport tunes the reaction kinetics of the encapsulated urea—urease clock reaction within lipid vesicles (A)
Illustrations of different ion transport scenarios. (B) Experimental results for urease vesicles in acetate buffer loaded with KCI while external
solution contained isomolar NaCl with 1% ethanol (black), 0.1 uM CCCP (blue), 0.1 M valinomycin (yellow, Val) or 0.1 uM CCCP and
0.1 uM valinomycin (red, Val), upon the addition of urea solution. (i) Percentage change in clock time and (ii) final pH from 1% ethanol
control (black) and (iii) the change in pH over time for all transporter conditions. (C) Simulated results for four conditions: standard case
with negligible K* permeability and small proton leak (black); increased proton permeability through CCCP addition (blue); valinomycin-
only transport, allowing potassium permeability (yellow); and increased proton permeability and potassium permeability with the addition
of both CCCP and valinomycin (red). (i) Percentage change in clock time and (ii) final pH from the standard case for all transporter
scenarios, and (iii) pH time traces in vesicles. Inset: The cationic fluxes across the membrane in the model. This is controlled by a small
proton membrane leak (Py,), CCCP facilitated proton flux (Pcccp), valinomycin-induced potassium permeability (Py, ), and electrical
potential across the membrane (). The R,,.. = 0.066 M/min and internal vesicle concentrations were: [H*] = 1 X 107° M, [acetate buffer] =
50 mM, [K+] = 70 mM, [Na*] = 50 mM, [CI~] = 70 mM and in the external solution: [urea] = 25 mM, [H*] = 1 X 10~° M, [acetate buffer] =
25 mM; [K'] = 0 mM, [Na*] = 50 mM, [CI"] = 35 mM. The permeability coefficients were (cm/min): Pco, = 20, Py, = 2, Py, = 8.5 X 1075,
Py =0.6,Pq_=6X 1077, Pg, =2 X 107'%, Py, =2 X 107!, Py, = 1 X 107> To simulate changes in permeability with CCCP and Val, a

factor of 300 was used for Py, and Py,. For all other parameters see Methods section.

ionophores in the DOPC lipid membrane. This setup allows
for additional proton movement into the vesicle lumen,
countered by K" moving in the opposite direction, in a near-
electroneutral exchange. Ionophores are lipid-soluble com-
pounds that can facilitate the transport of ions across lipid
membranes,” allowing us to explore the impact of ion
movement and membrane potential on our pH-feedback
system in vesicles with fixed membrane thickness.

To investigate the impact of proton transport, the
protonophore carbonyl cyanide m-chlorophenyl hydrazone
(CCCP) was introduced to catalyze the movement of protons
down their concentration gradient. A potassium concentration
gradient was generated across the membrane by encapsulating
urease in acetate buffer with KCl inside the vesicles and NaCl
in the buffer in the external medium, with equivalent 100 mM
ionic strength. The ionophore valinomycin (Val) facilitates the
transport of K* ions down their concentration gradient with a
specificity up to 100,000X greater than for Na*.”> The addition
of 0.1 uM valinomycin to this system facilitates an outward
movement of potassium ions, generating an inside negative
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electrochemical potential. The positive outside membrane
potential will drive a slow leak of protons into the vesicle,
which can be catalyzed further by the addition of CCCP.

In Figure 4, the clock reaction is presented for four distinct
conditions: the 1% ethanol control with no facilitated ion
transport (black); increased proton permeability through
CCCP addition (blue); valinomycin-facilitated transport,
allowing potassium permeability (yellow), and simultaneous
increase in proton and potassium permeability with the
addition of both CCCP and valinomycin (red). These
conditions are illustrated in Figure 4A, with the experimental
pH clock in Figure 4B and simulated pH clock depicted in
Figure 4C.

Despite the initial internal pH being higher than the external
pH, indicating a concentration gradient favoring proton influx
into the vesicle core (Figure 4Ciii), addition of CCCP (0.1
uM) alone does not significantly affect clock time (black vs
blue). This might appear surprising as we would expect
increasing proton transport to influence a pH-dependent
system. However, there are cases where increasing proton
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Figure S. Choice of buffer enhances the effects of proton transport driven by an imposed membrane potential. (A) Schematic of acetic acid

(permeating, pK, 4.76) and MES (nonpermeating, pK, 6.15) buffers. (B)

Percentage change in clock time (time to reach pH = 6.4) from 1%

ethanol control for all transporter conditions of urease vesicles in MES buffer or sodium acetate buffer loaded with KCI while external

solution contained NaCl (n = 3, error = + SE) and mixed with urea

solution. (C) Percentage change in simulated clock time for all

transporter conditions performed in sodium acetate buffer (blue, pK, 4.76, permeable) and MES buffer (orange, pK, 6.15, nonpermeable),
compared with nonpermeable acetate buffer (yellow, P,, = 0). Simulations were performed with R,,,, = 0.066 M/min and internal vesicle

concentrations were: [H*] = 1 X 105 M, [acetate or MES buffer] = 50
external solution: [urea] = 25 mM, [H*] = 1 X 10~ M, [acetate or MES

mM, [K*] = 70 mM, [Na*] = 50 mM, [Cl"] = 70 mM and in the
buffer] = 25 mM; [K*] = 0 mM, [Na*] = 50 mM, [CI"] = 35 mM.

The permeability coefficients were (cm/min): Pco, = 20, Pyy, =2, Py, = 8.5 X 1075, Py, = 0.6, P =6 X 1077, Py, =2 X 107'%, Py, =2 X
107'°, Py, = 1 X 107>, To simulate changes in permeability with CCCP and Val, an increase in permeability by a factor of 300 was used for

Py, and Py,. For all other parameters see methods section.

permeability, as explored with the model, has a limited effect
on clock time due to the buildup of electrical potential limiting
transport when there is a small capacitance. Consequently,
only a few additional protons influx into the vesicle core, or
protons may even leave the vesicle, depending on the
magnitude of the opposing electrical gradient (see Figure 2D).

When the potential build-up due to proton influx is
counterbalanced by K" transport out of the vesicle via
valinomycin (yellow), the final pH of the clock reaction is
significantly reduced experimentally by 5.5% (1% for
simulation) from the control (yellow vs black) and the clock
time increases by 16.5% (21% in simulation). This is attributed
to a slow leak of protons down the chemical gradient into the
vesicles, acidifying the vesicle lumen and slowing the reaction
rate.

The combined presence of CCCP and valinomycin (red)
further enhances the movement of protons down the
electrochemical gradient, increasing the acidification of the
vesicle lumen and significantly increasing clock time by 35%
(30% in simulation) from the control (red vs black) and
lowering final pH by 5.7% (2% in simulation).

This has exposed how ion transport and membrane potential
can govern the reaction dynamics of our pH-feedback enzyme
system, with convincing correspondence between the trends in
the experimental and numerical data. Additionally, we find that
under the current conditions, the effect of enhancing proton
permeability (blue) on our enzyme reaction is largely restricted
by the electrical gradient, only becoming an influential
parameter once thermodynamic conditions are met, demon-
strating why membrane potential needs careful consideration.

Choice of Buffer. Both acetic acid (from the acetate
buffer) and ammonia can contribute to the dissipation of the
proton gradient.”” Acetic acid is a weak acid and, in its un-
ionized form, serves as a neutral proton carrier, facilitating
transmembrane H* translocation without inducing a trans-
membrane electrostatic potential (Figure S), and therefore
diminishes the effects of Eroton carriers as seen in the previous
experiment (Figure 4).”” To further elucidate this point, we
conducted parallel experiments using an isomolar pH 5 MES
buffer, which has a much lower ability to permeate the
membrane. In comparison to experiments using the sodium
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acetate buffer, reactions performed in MES buffer exhibited
greater variability, and the extrusion of vesicle samples was
notably more challenging, suggesting these buffer molecules
were less favorable for the urease enzyme. However, across all
conditions (CCCP, Val, CCCP and Val), the increase in clock
time compared to the standard condition is more pronounced
with MES buffer than with sodium acetate (Figure SB).

This trend is consistent with our theoretical model upon
replacing acetic acid buffer with MES, which shows that the
clock time depends on both the high pK, of MES and the
absence of proton movement through acetic acid (Figure SC).
The clock time increased significantly as a result of the influx of
H* with Val, or CCCP and Val, if the permeability of acetic
acid was set to zero (yellow), and further increased when the
pK, was raised to that of MES, 6.15 (orange). These
experiments demonstrate that the absence of proton
permeation through the buffer significantly enhances the
reliance on CCCP-mediated proton transport and the role of
valinomycin in proton decoupling. It underscores the
importance of selecting the appropriate buffer in lipid vesicle
systems, not only with considerations of its pK, but also its
ability to permeate the membrane and equilibrate pH.

OVERVIEW AND CONCLUSIONS

Implications of Confinement and Electrochemical
Gradients on Enzyme Activity. The influence of lipid
vesicles on enzyme activity is well-established, particularly
regarding the creation of microenvironments that affect
substrate availability and enzyme kinetics.”* However, few
studies have demonstrated enhanced catalytic activity due to
increased confinement. Luisi et al. encapsulated a cell-free
expression system, comprised of 83 components, in 100 nm
lipid vesicles and demonstrated it was capable of fluorescent
protein synthesis. Despite the low probability of all 83
components being encapsulated together, which statistically
should have resulted in only a negligible fraction of viable
vesicles, the expression of fluorescent protein in the lipid
vesicles was six times higher than in bulk water. This was
hypothesized to result from a concentration enrichment effect
due to an expulsion of water from the lipid vesicles.”
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Other enzyme studies (chymotrypsin, HRP, lipase),
predominantly performed in reverse micelles, have reported a
“superactivity” effect. This enhancement is proposed to be due
to structural changes, proximity effects of enzyme and
substrate, or due to the physicochemical dynamics of
water.”***” Similarly, catalytic enhancement has also been
observed using DNA scaffolds for enzyme assembly and
immobilization, inspired by scaffolds in cells to colocalize
enzyme and substrate. The negatively charged surface of DNA
is interpreted to lead to catalytic enhancements by increasing
the substrate’s affinity via electrostatic forces, lowering local
pH, and providing an organized hydration layer.”* " Our
study contributes to the understanding of confinement-
enhanced enzyme catalysis by introducing another potential
mechanism: where the lower permeability of a thicker
membrane could enhance catalysis through increased
protection from protons in the external solution.

The broader implications of electrochemical gradients on
intracellular pH, especially in artificial cells, have been largely
overlooked. Subtle changes in intracellular pH can significantly
impact cellular activity and physiology. For example, the minor
0.2 unit differences in lysosomal pH due to a mutation in a
CI"/H" exchanger have been associated with developmental
delay and hyperpigmentation.62 In our study, we uncover how
membrane potential can modulate enzyme activity through pH
feedback within our reactive lipid vesicles with a significantly
large increase of 35% in clock time from the control in the
presence of valinomycin and CCCP. Additionally, in our
minimal system we find proton permeability and electrical
gradient are implicitly interlinked, finding certain scenarios
where proton transport is not significantly limited by a kinetic
barrier, but rather by whether the thermodynamic require-
ments are met. In bioenergetic systems, proton permeability is
the dominating mechanism as proton pumping establishes the
electrical gradient.7 However, in artificial cells systems, if the
electrical gradient is formed by mechanisms other than proton
pumping, permeability may not dominate and the membrane
potential should be carefully considered.

These significant findings in a minimal cell system offer
insights into how membrane potential and counterion
regulatory mechanisms could govern cellular homeostasis and
bioreactions, underscoring the need to consider these
interactions for a comprehensive understanding of cellular
physiology. Furthermore, our findings have shown it is
imperative to consider electrochemical gradients and intra-
cellular pH to understand and control the functionality of
artificial cells, especially in a context where final pH and
enzyme reaction rates are important.

CONCLUSIONS

In this work, we have developed a simplified model, both
experimentally and numerically, to explore how membrane
transport and confinement affect pH feedback mechanisms of
enzyme reactions within lipid vesicles, revealing complex and
significant interactions. Despite conventional expectations that
thinner bilayers would enhance substrate permeability and
enzyme reaction rates,” we observed that a thinner membrane
actually prolonged reaction times. This counterintuitive
phenomenon is explained by the reduced membrane
permeability of protons with thicker membranes, augmenting
the localized base-catalyzed feedback mechanism inside the
vesicles. Additionally, we have elucidated how membrane
potential and ion transport can modulate pH-dependent
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enzymatic activity with implications in artificial cell and
bioinspired vesicle design. This is demonstrated through an
ion transport induced membrane potential that drives the
influx of protons into vesicles, maintaining a low pH
environment for longer and slowing the rate of the internal
pH clock reaction. This effect is further amplified by
suppressing parallel pathways for proton leakage across the
membrane, in this case by changing the buffer. These findings
offer valuable insights into cell chemical organization and offer
knowledge crucial for designing synthetic cells with specific
controlled functionalities. Future research could further
explore the interplay between membrane dynamics of
individual vesicles, delving further into their collective
behavior. Overall, our findings will be crucial for designing
artificial cells or organelles for biomedical applications or other
technologies where maintaining or controlling the specific
internal pH is important.

METHODS

Construction of Urease Vesicles. The thin film hydration and
extrusion method was used to make 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) vesicles (17 mM lipid) encapsulating
pyranine (50 yM) and urease (20 uM; 11 mg/mL of type III,
Sigma-Aldrich) in S0 mM sodium acetate buffer (100 mM ionic
strength adjust with NaCl) at pH S, extruded through 0.2 um filter
(see SI 1—4 for more details). Unencapsulated urease and pyranine
were removed using Superose 6 Increase 10/300 GL (Cytiva)
connected to an AKTA chromatography system (Cytivia). Urease
vesicles (2.8 + 0.4 mM DOPC from phosphorus assay (SI 1.3.3.) with
hydrodynamic diameter of 164 + 3 nm from DLS (SI 1.2.4)) in 50
mM sodium acetate buffer (100 mM ionic strength adjusted with
NaCl) was collected and reactions were initiated with S0 mM urea at
a 1:1 volume ratio. Change in fluorescence intensity ratio (excitation
450/405 nm) of pyranine was measured using a FluoroMax-3
fluorometer, with emission at 511 nm every 10 min and converted to
apparent pH using a calibration curve (SI 1.2.1). Purification of urease
vesicles was confirmed using pyranine vesicles, where 20 yM urease
was added externally followed by size exclusion chromatography. A
reaction with collected pyranine vesicles and any remaining external
urease was initiated using S0 mM urea at a 1:1 volume ratio, where
pH change was monitored using the fluorescence intensity ratio (450/
405 nm) of pyranine. As no pH change was found, vesicles had been
sufficiently purified from external urease.

Changing Bilayer Thickness. 20 yM urease (11 g/mL of type
111, Sigma-Aldrich) and SO M pyranine were encapsulated in lipid
vesicles (164 + 3 nm diameter from DLS (SI 1.2.4)) using thin film
hydration and extrusion with either DOPC (18:1 (A9-Cis) PC), 1,2-
dipalmitoleoyl-sn-glycero-3-phosphocholine (16:1 (A9-Cis) PC) or
1,2-dimyristoleoyl-sn-glycero-3-phosphocholine (14:1 (A9-Cis) PC)
lipids (17 mM) in SO mM sodium acetate buffer (pH S, 100 mM ionic
strength adjust with NaCl). After undergoing size exclusion
chromatography, 100 uL of vesicles were placed into plate wells
before 100 uL of urea (50 mM) was added to initiate the reaction.
Change in fluorescent intensity ratio (450/405 nm) of pyranine was
measured using the EnVision 2105 multimode plate reader and
converted to apparent pH (SI 1.2.1).

Introducing lon Transport. 20 yM urease (11 g/mL, type III
Sigma-Aldrich) and 50 M pyranine vesicles were made up in sodium
acetate buffer (S0 mM, pH S, 100 mM ionic strength KCl). Size
exclusion chromatography was used to remove unencapsulated
species and exchange buffer to sodium acetate buffer (50 mM, pH
S, 100 mM ionic strength NaCl). 99 uL of vesicles was added to 4
wells before 1 uL of CCCP, valinomycin or CCCP and valinomycin
solubilized in ethanol were added to 3 wells to a concentration of 0.2
H#M. 1.0 uL of ethanol was added to the control so all 4 samples are
1% ethanol. A reaction was initiated through the addition of 100 L of
urea (S0 mM, pH $) to give a final concentration of 25 mM. Change
in fluorescent intensity ratio (450/405 nm) of pyranine was measured
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using the EnVision 2105 multimode plate reader and converted to
apparent pH (S1 1.2.1.)

Removing Intrinsic Proton Transport by Acetic Acid. The
same procedure as above (Introducing ion transport) was used except
50 mM MES buffer (pH S, 100 mM ionic strength KCI) was used for
the assembly of lipid vesicles (containing urease and pyranine at the
previously noted concentrations). During size exclusion chromatog-
raphy, the running buffer was S0 mM MES buffer (pH S, 100 mM
ionic strength NaCl).

Simulations. The system was simulated using reactions (1) — (7)
shown in Figure 1B resulting in a 35-variable ODE model describing
the rates of change of species in vesicles and external solution. The
rate constants for the urease reaction were taken from previous
work.”" The model incorporates urease-catalyzed urea hydrolysis from
a modified Michaelis—Menten equation with Michaelis constant Ky; =
0.003 M; inhibition constants Kg = 3 and K, = 0.2; acid binding
constants K, = 5 X 107 and K, = 2 X 10~ and maximum rate R,,,,
= k,[E], where k, = turnover number (~10° - 10* s!) and [E], =
total enzyme concentration. The pH equilibria follow mass action
kinetics with k, = 1440 min~’; k,, = 2.58 X 10"> M~ min™}; k; = 2.22
min~Y; k;, = 474 X 10° M™" min™}; k, = 168 min~}; k,, = 3 X 10"
M min~; kg = 6 X 1072 M min~’; kg, = 6 X 10> M~ min™"; ks = 60
min~; kg, = 1.5 X 10° M~ min™'; k, = 2.7 X 10> M min™'; k, =
4.68 x 10" min~! (acetic acid); k; = 1.9 X 10° min~! (MES), k,, = 2 X
10”2 M~ min™".

For the standard conditions of the DOPC (C = 18) vesicle
experiment (Figure 3A), R, = 0.066 M/min. The permeability
coefficients of species were taken as (cm/min): Pco, = 20, Pyys = 2,
Puea=85X 1075, Pyy = 0.6,Pc_=6X 1077, P, =2 X 1071, P, =
2 % 1071% Py, = 1 X 1073 in line with literature,*>*"*’~>" and the
membrane capacitance as C, 0.8 pF/cm?** All other ion
permeability coeflicients were set to zero. The vesicle volume V and
surface area S were calculated from the vesicle diameter, taken as 160
nm, assuming a spherical shape. The vesicle volume fraction was fixed
throughout as ¢ = 2 X 1073,

The initial concentrations, unless otherwise stated, were taken from
the experimental conditions: in the vesicles, [pyranine] = 50 ym, [H*]
=1x 10 M, [OH] =1 x 10~° M, [acetate buffer] = 50 mM
([acetate] = 32 mM, [acetic acid] = 18 mM), [Na*] = 120 mM (from
NaCl, sodium acetate and NaH,PO, in type III enzyme powder),
[CI"] = 70 mM (from NaCl) and in the external solution: [urea] = 25
mM, [H'] = 1 x 10™° M, [acetate buffer] = 25 mM ([acetate] = 16
mM, [acetic acid] = 9 mM); [Na*] = 50 mM (from NaCl and sodium
acetate), [Cl™] = 35 mM (from NaCl). All other initial concentrations
were set to zero. The equations were solved using MATLAB and stiff
solver odes1S. Full details of the model, including all assumptions, can
be found in SI 3.

ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsnano.4c13048.

Materials and extended methods; preparation of lipid
vesicles with encapsulated urease; calibration of pyranine
for apparent pH; lipid vesicle synthesis and character-
ization; urease lipid vesicle encapsulation efficiency; lipid
vesicle concentration; and effect of valinomycin and
CCCP on urease bulk clock time. Also, there is the
modeling of the urea—urease reaction in lipid vesicles:
urease-catalyzed reaction; pH equilibria; transfer rates
and permeability; model equations and parameters; and
model assumptions (PDF)

AUTHOR INFORMATION

Corresponding Authors
Annette F. Taylor — Chemical and Biological Engineering,
University of Sheffield, Sheffield S1 3]D, UK.; School of

9823

Chemistry and Chemical Engineering, University of
Southampton, Southampton SO17 1BJ, UK,; ® orcid.org/
0000-0003-0071-8306; Email: a.f.taylor@soton.ac.uk

Paul A. Beales — School of Chemistry, University of Leeds,
Leeds LS2 9]T, UK.; Astbury Centre for Structural
Molecular Biology, University of Leeds, Leeds LS2 9]T, U.K;

orcid.org/0000-0001-9076-9793; Email: p.a.beales@

leeds.ac.uk

Authors
Darcey Ridgway-Brown — School of Chemistry, University of
Leeds, Leeds LS2 9JT, U.K; Astbury Centre for Structural
Molecular Biology, University of Leeds, Leeds LS2 9]T, U.K,;
orcid.org/0009-0009-0508-805X
Anna S. Leathard — Chemical and Biological Engineering,
University of Sheffield, Sheffield S1 3]D, UK,; © orcid.org/
0000-0003-2387-1178
Oliver France — School of Chemistry, University of Leeds,
Leeds LS2 9JT, UK.; Astbury Centre for Structural
Molecular Biology, University of Leeds, Leeds LS2 9JT, UK;
orcid.org/0009-0005-6195-8479
Stephen P. Muench — Astbury Centre for Structural
Molecular Biology and School of Biomedical Sciences, Faculty
of Biological Sciences, University of Leeds, Leeds LS2 9]T,
UK, © orcid.org/0000-0001-6869-4414
Michael E. Webb — School of Chemistry, University of Leeds,
Leeds LS2 9JT, UK,; Astbury Centre for Structural
Molecular Biology, University of Leeds, Leeds LS2 9]T, UK ;
orcid.org/0000-0003-3574-4686
Lars J. C. Jeuken — Leiden Institute of Chemistry, University
Leiden, 2300 RA Leiden, The Netherlands; © orcid.org/
0000-0001-7810-3964
Peter J. F. Henderson — Astbury Centre for Structural
Molecular Biology and School of Biomedical Sciences, Faculty
of Biological Sciences, University of Leeds, Leeds LS2 9]T,
UK,; © orcid.org/0000-0002-9187-0938

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsnano.4c13048

Author Contributions

VD.R-B. and A.S.L. contributed equally to this work. The
manuscript was written through contributions of all authors.
P.AB. and AF.T. were responsible for the idea and funding
acquisition. D.R.-B. and O.F. designed and carried out the
experimental studies. A.S.L. and A.F.T. wrote the model script
and performed simulations. P.J.EH, LJ.CJ, M.EW., and
S.P.M. made contributions to design and execution of specific
experiments. A.S.L and D.R.-B. wrote the original draft. All
authors have given approval to the final version of the
manuscript.

Funding

The authors acknowledge funding to support this work from
the Leverhulme Trust (RPG-2020-143) and the Engineering
and Physical Sciences Research Council (EP/T517860/1).

Notes
The authors declare no competing financial interest.

REFERENCES

(1) Bar-Peled, L.; Kory, N. Principles and Functions of Metabolic
Compartmentalization. Nat. Metab. 2022, 4 (10), 1232—1244.

(2) Alberts, B.; Johnson, A.; Lewis, J. The Compartmentalization of
Cells. 4th edition. In Molecular Biology of the Cell, 2002.

https://doi.org/10.1021/acsnano.4c13048
ACS Nano 2025, 19, 9814-9825


https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c13048/suppl_file/nn4c13048_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c13048?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsnano.4c13048/suppl_file/nn4c13048_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Annette+F.+Taylor"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0071-8306
https://orcid.org/0000-0003-0071-8306
mailto:a.f.taylor@soton.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paul+A.+Beales"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9076-9793
https://orcid.org/0000-0001-9076-9793
mailto:p.a.beales@leeds.ac.uk
mailto:p.a.beales@leeds.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Darcey+Ridgway-Brown"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0009-0508-805X
https://orcid.org/0009-0009-0508-805X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anna+S.+Leathard"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2387-1178
https://orcid.org/0000-0003-2387-1178
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Oliver+France"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0005-6195-8479
https://orcid.org/0009-0005-6195-8479
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stephen+P.+Muench"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6869-4414
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+E.+Webb"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3574-4686
https://orcid.org/0000-0003-3574-4686
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lars+J.+C.+Jeuken"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7810-3964
https://orcid.org/0000-0001-7810-3964
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peter+J.+F.+Henderson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9187-0938
https://pubs.acs.org/doi/10.1021/acsnano.4c13048?ref=pdf
https://doi.org/10.1038/s42255-022-00645-2
https://doi.org/10.1038/s42255-022-00645-2
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c13048?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

(3) Kiichler, A.; Yoshimoto, M.; Luginbiihl, S.; Mavelli, F.; Walde, P.
Enzymatic Reactions in Confined Environments. Nat. Nanotechnol.
2016, 11 (5), 409—420.

(4) Casey, J. R;; Grinstein, S.; Orlowski, J. Sensors and Regulators of
Intracellular PH. Nat. Rev. Mol. Cell Biol. 2010, 11 (1), 50—61.

(5) Singh, A; Marcoline, F. V.; Veshaguri, S.; Kao, A. W.; Bruchez,
M.; Mindell, J. A.; Stamou, D.; Grabe, M. Protons in Small Spaces:
Discrete Simulations of Vesicle Acidification. PLoS Comput. Biol.
2019, 15 (12), No. e1007539.

(6) Mitchell, P. Coupling of Phosphorylation to Electron and
Hydrogen Transfer by a Chemi-Osmotic Type of Mechanism. Nature
1961, 191, 144—148.

(7) Nicholls, D. G.; Ferguson, S. J. Introduction to Part 1. In
Bioenergetics, 4th ed.; Nicholls, D. G.; Ferguson, S. J., Eds.; Academic
Press, 2013; pp 1—2 DOI: 10.1016/C2010-0-64902-9.

(8) Lu, Y.; Allegri, G.; Huskens, J. Vesicle-Based Artificial Cells:
Materials, Construction Methods and Applications. Mater. Horiz.
2022, 9 (3), 892—907.

(9) Jiang, W.; Wy, Z.; Gao, Z.; Wan, M.; Zhou, M.; Mao, C.; Shen, J.
Artificial Cells: Past, Present and Future. ACS Nano 2022, 16 (10),
15705—15733.

(10) Liu, Q;; Boyd, B.J. Liposomes in Biosensors. Analyst 2013, 138
(2), 391—409.

(11) Pardi, N,; Hogan, M. J.; Porter, F. W.; Weissman, D. MRNA
Vaccines-a New Era in Vaccinology. Nat. Rev. Drug Discovery 2018, 17
(4), 261-279.

(12) Wang, R; Yu, Y.; Gai, M.; Mateos-Maroto, A.; Morsbach, S.;
Xia, X.;; He, M.; Fan, J.; Peng, X,; Landfester, K; Jiang, S.; Sun, W.
Liposomal Enzyme Nanoreactors Based on Nanoconfinement for
Efficient Antitumor Therapy. Angew. Chem., Int. Ed. 2023, 62 (44),
No. €202308761.

(13) Chong, S. Overview of Cell-Free Protein Synthesis: Historic
Landmarks, Commercial Systems, and Expanding Applications. Curr.
Protoc. Mol. Biol. 2014, 108 (1), 16.30.1—16.30.11.

(14) Maity, I; Sharma, C.; Lossada, F.; Walther, A. Feedback and
Communication in Active Hydrogel Spheres with PH Fronts: Facile
Approaches to Grow Soft Hydrogel Structures. Angew. Chem., Int. Ed.
2021, 60 (41), 22537—22546. .

(15) Hortelio, A. C.; Patifio, T.; Perez-Jiménez, A.; Blanco, A.;
Sanchez, S. Enzyme-Powered Nanobots Enhance Anticancer Drug
Delivery. Adv. Funct. Mater. 2018, 28 (25), No. 1705086.

(16) Singh, S.; Sharma, M.; Singh, G. Recent Advancementsin Urea
Biosensors for Biomedical Applications. IET Nanobiotechnol. 2021, 15
(4), 358—379.

(17) Mahato, R. R; Priyanka, N.; Shandilya, E.; Maiti, S.
Perpetuating Enzymatically Induced Spatiotemporal PH and Catalytic
Heterogeneity of a Hydrogel by Nanoparticles. Chem. Sci. 2022, 13
(29), 8557—8566.

(18) Choi, H,; Jeong, S. H; Kim, T. Y,; Yi, J; Hahn, S. K.
Bioinspired Urease-Powered Micromotor as an Active Oral Drug
Delivery Carrier in Stomach. Bioact. Mater. 2022, 9, 54—62.

(19) Mai, A. Q; Bénségi, T.; Taylor, A. F.; Pojman, J. A. Reaction-
Diffusion Hydrogels from Urease Enzyme Particles for Patterned
Coatings. Commun. Chem. 2021, 4 (1), No. 101.

(20) Heuser, T.; Weyandt, E.; Walther, A. Biocatalytic Feedback-
Driven Temporal Programming of Self-Regulating Peptide Hydrogels.
Angew. Chem., Int. Ed. 2018, 54 (45), 13258—13262.

(21) Ghosh, S; Baltussen, M. G.; Ivanov, N. M.; Haije, R.; Jakstaité,
M, Zhou, T.; Huck, W. T. S. Exploring Emergent Properties in
Enzymatic Reaction Networks: Design and Control of Dynamic
Functional Systems. Chem. Rev. 2024, 124 (5), 2553—2582.

(22) Krajewska, B.; Ureases, L. Functional, Catalytic and Kinetic
Properties: A Review. J. Mol. Catal. B:Enzym. 2009, 59 (1-3), 9-21.

(23) Fishbein, W. N.; Nagarajan, K.; Scurzi, W. Urease Catalysis and
Structure. J. Biol. Chem. 1973, 248 (22), 7870—7877.

(24) El-Hefnawy, M. E.; Sakran, M.; Ismail, A. L; Aboelfetoh, E. F.
Extraction, Purification, Kinetic and Thermodynamic Properties of
Urease from Germinating Pisum Sativam L. Seeds. BMC Biochem.
2014, 15 (1), No. 15.

(25) Hu, G; Pojman, J. A.; Scott, S. K.; Wrobel, M. M.; Taylor, A. F.
Base-Catalyzed Feedback in the Urea - Urease Reaction. J. Phys.
Chem. B 2010, 114 (44), 14059—14063.

(26) Bansagi, T.; Taylor, A. F. Role of Differential Transport in an
Oscillatory Enzyme Reaction. J. Phys. Chem. B 2014, 118 (23), 6092—
6097.

(27) Che, H; Cao, S; Van Hest, J. C. M. Feedback-Induced
Temporal Control of “Breathing” Polymersomes to Create Self-
Adaptive Nanoreactors. J. Am. Chem. Soc. 2018, 140 (16), 5356—
5359.

(28) Rifaie-Graham, O.; Yeow, J.; Najer, A;; Wang, R; Sun, R;
Zhou, K; Dell, T. N,; Adrianus, C.; Thanapongpibul, C.; Chami, M.;
Mann, S.; de Alaniz, J. R;; Stevens, M. M. Photoswitchable Gating of
Non-Equilibrium Enzymatic Feedback in Chemically Communicating
Polymersome Nanoreactors. Nat. Chem. 2023, 15 (1), 110—118.

(29) Wrobel, M. M.; Bénségi, T.; Scott, S. K.; Taylor, A. F.; Bounds,
C. O,; Carranzo, A.; Pojman, J. A. PH Wave-Front Propagation in the
Urea-Urease Reaction. Biophys. ]. 2012, 103 (3), 610—615.

(30) Testa, A; Dindo, M.; Rebane, A. A.; Nasouri, B.; Style, R. W.;
Golestanian, R.; Dufresne, E. R.; Laurino, P. Sustained Enzymatic
Activity and Flow in Crowded Protein Droplets. Nat. Commun. 2021,
12 (1), No. 6293.

(31) Miele, Y.; Jones, S. J.; Rossi, F.; Beales, P. A,; Taylor, A. F.
Collective Behavior of Urease PH Clocks in Nano- and Microvesicles
Controlled by Fast Ammonia Transport. J. Phys. Chem. Lett. 2022, 13
(8), 1979—-1984.

(32) Itatani, M.; Holl6, G.; Albanese, P.; Valletti, N.; Kurunczi, S.;
Horvath, R; Rossi, F.; Lagzi, I. Temporal PH Waveforms Generated
in an Enzymatic Reaction Network in Batch and Cell-Sized
Microcompartments. Cell Rep. Phys. Sci. 2025, 6 (1), 102367.

(33) Straube, A. V.; Winkelmann, S.; Schiitte, C.; Hofling, F.
Stochastic PH Oscillations in a Model of the Urea—Urease Reaction
Confined to Lipid Vesicles. J. Phys. Chem. Lett. 2021, 12 (40), 9888—
9893.

(34) Ishida, Y.; Nayak, S.; Mindell, J. A.; Grabe, M. A Model of
Lysosomal PH Regulation. J. Gen. Physiol. 2013, 141 (6), 705—720.

(35) Veshaguri, S.; Christensen, S. M.; Kemmer, G. C.; Ghale, G;
Moller, M. P.; Lohr, C.; Christensen, A. L.; Bo, H.; Justesen, B. H.;
Jorgensen, I. L.; Schiller, J.; Hatzakis, N. S.; Grabe, M.; Pomorski, T.
G.; Stamou, D. Direct Observation of Proton Pumping by a
Eukaryotic P-Type ATPase. Science 2016, 351 (6280), 1469—1473.

(36) Clement, N. R; Gould, J. M. Pyranine (8-Hydroxy-1,3,6-
Pyrenetrisulfonate) as a Probe of Internal Aqueous Hydrogen Ion
Concentration in Phospholipid Vesicles. Biochemistry 1981, 20 (6),
1534—1538.

(37) Lente, G.; Bazsa, G.; Fabidn, I. What Is and What Isn’t a Clock
Reaction? New J. Chem. 2007, 31 (10), 1707.

(38) Weiss, T. F. Cellular Biophysics. Vol. 1 Transport; MIT Press,
1996.

(39) Rybak, S. L.; Lanni, F.; Murphy, R. F. Theoretical
Considerations on the Role of Membrane Potential in the Regulation
of Endosomal PH. Biophys. J. 1997, 73 (2), 674—687.

(40) Frallicciardi, J.; Meler, J.; Siginou, P.; Marrink, S. J.; Poolman,
B. Membrane Thickness, Lipid Phase and Sterol Type Are
Determining Factors in the Permeability of Membranes to Small
Solutes. Nat. Commun. 2022, 13 (1), No. 1605.

(41) Hannesschlaeger, C.; Horner, A.; Pohl, P. Intrinsic Membrane
Permeability to Small Molecules. Chem. Rev. 2019, 119 (9), 5922—
59S83.

(42) Decoursey, T. E. Voltage-Gated Proton Channels and Other
Proton Transfer Pathways. Physiol. Rev. 2003, 83 (2), 475—579.

(43) Salipante, P. F.; Knorr, R. L; Dimova, R.; Vlahovska, P. M.
Electrodeformation Method for Measuring the Capacitance of Bilayer
Membranes. Soft Matter. 2012, 8 (14), 3810—3816.

(44) Chan, K. L; Gascoyne, P. R. C.; Becker, F. F.; Pethig, R.
Electrorotation of Liposomes: Verification of Dielectric Multi-Shell
Model for Cells. Biochim. Biophys. Acta, Lipids Lipid Metab. 1997,
1349 (2), 182—196.

https://doi.org/10.1021/acsnano.4c13048
ACS Nano 2025, 19, 9814-9825


https://doi.org/10.1038/nnano.2016.54
https://doi.org/10.1038/nrm2820
https://doi.org/10.1038/nrm2820
https://doi.org/10.1371/journal.pcbi.1007539
https://doi.org/10.1371/journal.pcbi.1007539
https://doi.org/10.1038/191144a0
https://doi.org/10.1038/191144a0
https://doi.org/10.1016/C2010-0-64902-9
https://doi.org/10.1016/C2010-0-64902-9?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1MH01431E
https://doi.org/10.1039/D1MH01431E
https://doi.org/10.1021/acsnano.2c06104?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C2AN36140J
https://doi.org/10.1038/nrd.2017.243
https://doi.org/10.1038/nrd.2017.243
https://doi.org/10.1002/anie.202308761
https://doi.org/10.1002/anie.202308761
https://doi.org/10.1002/0471142727.mb1630s108
https://doi.org/10.1002/0471142727.mb1630s108
https://doi.org/10.1002/anie.202109735
https://doi.org/10.1002/anie.202109735
https://doi.org/10.1002/anie.202109735
https://doi.org/10.1002/adfm.201705086
https://doi.org/10.1002/adfm.201705086
https://doi.org/10.1049/nbt2.12050
https://doi.org/10.1049/nbt2.12050
https://doi.org/10.1039/D2SC02317B
https://doi.org/10.1039/D2SC02317B
https://doi.org/10.1016/j.bioactmat.2021.08.004
https://doi.org/10.1016/j.bioactmat.2021.08.004
https://doi.org/10.1038/s42004-021-00538-7
https://doi.org/10.1038/s42004-021-00538-7
https://doi.org/10.1038/s42004-021-00538-7
https://doi.org/10.1002/anie.201505013
https://doi.org/10.1002/anie.201505013
https://doi.org/10.1021/acs.chemrev.3c00681?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.3c00681?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.3c00681?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.molcatb.2009.01.003
https://doi.org/10.1016/j.molcatb.2009.01.003
https://doi.org/10.1016/S0021-9258(19)43270-5
https://doi.org/10.1016/S0021-9258(19)43270-5
https://doi.org/10.1186/1471-2091-15-15
https://doi.org/10.1186/1471-2091-15-15
https://doi.org/10.1021/jp106532d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp5019795?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp5019795?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b02387?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b02387?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b02387?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41557-022-01062-4
https://doi.org/10.1038/s41557-022-01062-4
https://doi.org/10.1038/s41557-022-01062-4
https://doi.org/10.1016/j.bpj.2012.06.020
https://doi.org/10.1016/j.bpj.2012.06.020
https://doi.org/10.1038/s41467-021-26532-0
https://doi.org/10.1038/s41467-021-26532-0
https://doi.org/10.1021/acs.jpclett.2c00069?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.2c00069?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.xcrp.2024.102367
https://doi.org/10.1016/j.xcrp.2024.102367
https://doi.org/10.1016/j.xcrp.2024.102367
https://doi.org/10.1021/acs.jpclett.1c03016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.1c03016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1085/jgp.201210930
https://doi.org/10.1085/jgp.201210930
https://doi.org/10.1126/science.aad6429
https://doi.org/10.1126/science.aad6429
https://doi.org/10.1021/bi00509a019?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00509a019?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi00509a019?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b708846a
https://doi.org/10.1039/b708846a
https://doi.org/10.1016/S0006-3495(97)78102-5
https://doi.org/10.1016/S0006-3495(97)78102-5
https://doi.org/10.1016/S0006-3495(97)78102-5
https://doi.org/10.1038/s41467-022-29272-x
https://doi.org/10.1038/s41467-022-29272-x
https://doi.org/10.1038/s41467-022-29272-x
https://doi.org/10.1021/acs.chemrev.8b00560?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.8b00560?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1152/physrev.00028.2002
https://doi.org/10.1152/physrev.00028.2002
https://doi.org/10.1039/c2sm07105c
https://doi.org/10.1039/c2sm07105c
https://doi.org/10.1016/S0005-2760(97)00092-1
https://doi.org/10.1016/S0005-2760(97)00092-1
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c13048?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano Wwww.acshano.org

(45) Garten, M.; Mosgaard, L. D.; Bornschlégl, T.; Stéphane, D.;
Bassereau, P.; Gilman. Whole-GUV Patch-Clamping. Proc. Natl. Acad.
Sci. US.A. 2017, 114 (2), 328—333.

(46) Sperelakis, N. Cell Physiology Sourcebook: Essentials of Membrane
Biophysics, 4th ed.; Elsevier, 2012.

(47) Paula, S.; Volkov, A. G.; Deamer, D. W. Permeation of Halide
Anions through Phospholipid Bilayers Occurs by the Solubility-
Diffusion Mechanism. Biophys. J. 1998, 74 (1), 319—327.

(48) Megens, M.; Korman, C. E.; Ajo-Franklin, C. M.; Horsley, D. A.
Faster-Than-Anticipated Na+/Cl— Diffusion across Lipid Bilayers in
Vesicles. Biochim. Biophys. Acta, Biomembr. 2014, 1838 (10), 2420—
2424.

(49) Kuyper, C. L; Kuo, J. S.;; Mutch, S. A.; Chiu, D. T. Proton
Permeation into Single Vesicles Occurs via a Sequential Two-Step
Mechanism and Is Heterogeneous. J. Am. Chem. Soc. 2006, 128 (10),
3233-3240.

(50) Paula, S; Volkov, A. G.; Van Hoek, A. N,; Haines, T. H,;
Deamer, D. W. Permeation of Protons, Potassium Ions, and Small
Polar Molecules through Phospholipid Bilayers as a Function of
Membrane Thickness. Biophys. J. 1996, 70 (1), 339—348.

(51) Lewis, B. A.; Engelman, D. M. Lipid Bilayer Thickness Varies
Linearly with Acyl Chain Length in Fluid Phosphatidylcholine
Vesicles. ]. Mol. Biol. 1983, 166 (2), 211-217.

(52) Henderson, P. J. F. Ion Transport by Energy-Conserving
Biological Membranes. Annu. Rev. Microbiol. 1971, 25, 393—428.

(53) Stillwell, W. Membrane Transport; Elsevier, 2013
DOI: 10.1016/b978-0-444-52153-8.00014-3.

(54) Abdallah, W.; Hong, X; Banta, S.; Wheeldon, 1. Micro-
environmental Effects Can Masquerade as Substrate Channelling in
Cascade Biocatalysis. Curr. Opin. Biotechnol. 2022, 73, 233—239.

(55) Pereira de Souza, T.; Stano, P.; Luisi, P. L. The Minimal Size of
Liposome-Based Model Cells Brings about a Remarkably Enhanced
Entrapment and Protein Synthesis. ChemBioChem 2009, 10 (6),
1056—1063.

(56) Sintra, T. E.; Ventura, S. P. M.; Coutinho, J. A. P. Superactivity
Induced by Micellar Systems as the Key for Boosting the Yield of
Enzymatic Reactions. J. Mol. Catal. B: Enzym. 2014, 107 (2014),
140—1S51.

(57) Biswas, R.; Das, A. R;; Pradhan, T.; Touraud, D.; Kunz, W.;
Mahiuddin, S. Spectroscopic Studies of Catanionic Reverse Micro-
emulsion: Correlation with the Superactivity of Horseradish
Peroxidase Enzyme in a Restricted Environment. J. Phys. Chem. B
2008, 112 (21), 6620—6628.

(58) Lin, P.; Yang, H.; Nakata, E.; Morii, T. Mechanistic Aspects for
the Modulation of Enzyme Reactions on the DNA Scaffold. Molecules
2022, 27 (19), 6309.

(59) Xiong, Y.; Huang, J.; Wang, S. T.; Zafar, S.; Gang, O. Local
Environment Affects the Activity of Enzymes on a 3D Molecular
Scaffold. ACS Nano 2020, 14 (11), 14646—14654.

(60) Wilner, O. I; Weizmann, Y.; Gill, R.; Lioubashevski, O.;
Freeman, R.; Willner, I. Enzyme Cascades Activated on Topologically
Programmed DNA Scaffolds. Nat. Nanotechnol. 2009, 4 (4), 249—
254.

(61) Shen, Y.; Wang, X.; Lei, J.; Wang, S.; Hou, Y.; Hou, X. Catalytic
Confinement Effects in Nanochannels: From Biological Synthesis to
Chemical Engineering. Nanoscale Adv. 2022, 4 (6), 1517—1526.

(62) Nicoli, E. R.; Weston, M. R,; Hackbarth, M.; Becerril, A.;
Larson, A.; Zein, W. M.; Baker, P. R;; Burke, J. D.; Dorward, H.;
Davids, M.; Huang, Y.; Adams, D. R; Zerfas, P. M.; Chen, D,;
Markello, T. C.; Toro, C.; Wood, T; Elliott, G.; Vu, M.; Zheng, W;
Garrett, L. J; Tifft, C. J.; Gahl, W. A.; Day-Salvatore, D. L.; Mindell, J.
A.; Malicdan, M. C. V,; et al. Lysosomal Storage and Albinism Due to
Effects of a De Novo CLCN7 Variant on Lysosomal Acidification.
Am. J. Hum. Genet. 2019, 104 (6), 1127—1138.

9825

https://doi.org/10.1021/acsnano.4c13048
ACS Nano 2025, 19, 9814-9825


https://doi.org/10.1073/pnas.1609142114
https://doi.org/10.1016/S0006-3495(98)77789-6
https://doi.org/10.1016/S0006-3495(98)77789-6
https://doi.org/10.1016/S0006-3495(98)77789-6
https://doi.org/10.1016/j.bbamem.2014.05.010
https://doi.org/10.1016/j.bbamem.2014.05.010
https://doi.org/10.1021/ja057349c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja057349c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja057349c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0006-3495(96)79575-9
https://doi.org/10.1016/S0006-3495(96)79575-9
https://doi.org/10.1016/S0006-3495(96)79575-9
https://doi.org/10.1016/S0022-2836(83)80007-2
https://doi.org/10.1016/S0022-2836(83)80007-2
https://doi.org/10.1016/S0022-2836(83)80007-2
https://doi.org/10.1146/annurev.mi.25.100171.002141
https://doi.org/10.1146/annurev.mi.25.100171.002141
https://doi.org/10.1016/b978-0-444-52153-8.00014-3?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.copbio.2021.08.014
https://doi.org/10.1016/j.copbio.2021.08.014
https://doi.org/10.1016/j.copbio.2021.08.014
https://doi.org/10.1002/cbic.200800810
https://doi.org/10.1002/cbic.200800810
https://doi.org/10.1002/cbic.200800810
https://doi.org/10.1016/j.molcatb.2014.06.001
https://doi.org/10.1016/j.molcatb.2014.06.001
https://doi.org/10.1016/j.molcatb.2014.06.001
https://doi.org/10.1021/jp711368p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp711368p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp711368p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/molecules27196309
https://doi.org/10.3390/molecules27196309
https://doi.org/10.1021/acsnano.0c03962?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c03962?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c03962?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nnano.2009.50
https://doi.org/10.1038/nnano.2009.50
https://doi.org/10.1039/D2NA00021K
https://doi.org/10.1039/D2NA00021K
https://doi.org/10.1039/D2NA00021K
https://doi.org/10.1016/j.ajhg.2019.04.008
https://doi.org/10.1016/j.ajhg.2019.04.008
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c13048?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

