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The release of cargo from soft vesicles, an essential process for chemical delivery, is mediated by multiple factors. Among
them, interactions between the chemical cargo species and the vesicular membrane, widely existing in all vesicles, has not
been investigated to date. Yet, these interactions hold the potential to complicate the release process. We used liposomes
loaded with different monoamines, dopamine (DA) and serotonin (5-HT), to simulate vesicular release and to monitor the
dynamics of chemical release from isolated vesicles during vesicle impact electrochemical cytometry (VIEC). The release of
DA from liposomes presents a longer release time compared to 5-HT. Modelling the release time showed that DA filled
vesicles had a higher percentage of events where the time for the peak fall was better fit to a double exponential (DblExp)
decay function, suggesting multiple kinetic steps in the release. By fitting to a desorption-release model, where the
transmitters adsorbed to the vesicle membrane, the dissociation rates of DA and 5-HT from liposome membrane were
estimated. DA has a lower desorption rate constant, which leads to slower DA release than that observed for 5-HT, whereas
there is little difference in pore size. The alteration of vesicular release dynamics due to the interaction between chemical
cargo and vesicle membrane lipids provides an important mechanism to regulate vesicular release in chemical and
physiological processes. It is highly possible that this introduces a fundamental chemical regulation difference between

transmitters during exocytosis.

Introduction

The release of cargo from soft vesicles is an essential step for
chemical delivery related to various processes, including
liposome drug delivery, exosome-mediated cell signaling,

vesicular transport, intracellular vesicular trafficking, exocytosis,
etc. Among these, exocytosis, with a key role in cell
communication and possibly a therapeutic target for disease of
the nervous or endocrine system, has attracted increasing
attention even though its mechanism and dynamics has been
investigated for decades.® Electrochemical techniques,
especially amperometry in combination with
ultramicroelectrodes, have been developed as an approach to
monitor the release of chemical cargo during the exocytotic
event with high sensitivity and spatial-temporal resolution.”-*2
The experimental signals of monitoring exocytosis, in the form
of amperometric “spikes,” usually contain complex information
about vesicle geometry, cargo quantity, and release dynamics
through the exocytotic pore driven and controlled by the SNARE
protein complex, actin, and dynamin.'3%* For those vesicles

o Department of Chemistry and Molecular Biology, University of Gothenburg, 41296
Gothenburg, Sweden. *E-mail:andrew.ewing@chem.gu.se

b-Department of Chemistry, Faculty of Science, Yazd University, Yazd, 89195-741, Iran.

*E-mail: mazloum®@yazd.ac.ir
¢ Department of Materials Science and Engineering, School of Engineering, Shiraz
University, Shiraz, Iran.
tElectronic Supplementary Information (ESI) available: Detailed experimental
procedures and materials; Fig. S1 and Table S1. See DOI: 10.1039/x0xx00000x
*These authors contributed equally

isolated from cells, we can also trigger their cargo release
(simulate exocytosis) and record the release signal again as
“spikes” with our previously reported approach, called vesicle
impact electrochemical cytometry (VIEC).1516 However, some
difficulties still exist in the dynamic analysis of these spike
signals, especially for those involving complex release processes
which are difficult to quantitatively describe.

Usually, the exocytotic spike is observed as an asymmetrical
peak, different in the rising and falling time. The spike decay
lasts a longer time and for some spikes this current decay can
be fit to a single exponential (I=Ae"*), whereas for other spikes
to a double exponential (/=A,e*+A,e?) function.'”18 The
single exponential (SigExp) decay can be easily explained with a
diffusion model where the release pore is static.1®22 In contrast,
the widely observed double exponential (DblExp) decay events
during exocytotic release appear to indicate that additional
processes besides simple diffusion are involved. Trouillon et
al.1%20 and Yue et al.2? suggested that the DblExp mode of
vesicular release might result from the exocytotic pore closing
mediated by membrane proteins. Oleinick et al. showed that



the interaction of catecholamines with the protein dense core
matrix in vesicles can lead to spikes with DblExp in the latter
part of the spike.'® Interaction between chemical cargo and
vesicle dense core is certainly important,?* however,
interactions have been shown between the chemical cargo and
membranes?>-27 and these might play a broader role in vesicle
release dynamics. These interactions could be broadly
applicable as they will be observed in all vesicles, not only in the
vesicles with a dense core. To the best of our knowledge this
has not been investigated to date.

Interaction between the chemical cargo and the membrane, i.e.
an adsorption-desorption process, adds an element of
complication to the release process model and provide a
mechanism of biological regulation. Numerical approaches,
represented by the finite element simulation, provide a
powerful tool for solving the problems related to complex
processes which are difficult with direct analytical approaches.
Based on the numerical analysis of the spike signals recorded
through the VIEC technique, we can reconstruct the physical
model of the entire vesicle release process?® and include an
inverse estimation of the relative specific physical
parameters,?®30 such as the vesicular pore size, diffusion
coefficient of cargo chemicals, desorption rate constant, etc.
These parameters can clearly describe the dissociation of cargo
from the membrane and how it alters general vesicle release
dynamics.

In this paper, we used similarly sized liposomes but containing
different monoamines, dopamine (DA) and serotonin (5-HT) to
simulate vesicular release. The use of liposomes avoids the
influence of the vesicular dense core.33* We observed
statistically different dynamics of release for the different
monoamines. A finite element method, combined with Monte
Carlo optimization, was adopted to estimate the dynamic
parameters for release of monoamines from the liposomes
during VIEC. We provide evidence that these amines
differentially adsorb to the membrane lipids in the liposomes or
vesicles changing the dynamics by which they exit the vesicle.
By fitting to a desorption model, we calculated the desorption
rate constants of these two monoamines from the vesicular
membrane lipids. DA has a lower desorption rate constant from
the liposome membrane, which leads to slower DA release than
that observed for 5-HT, while there is little difference in pore
size. Although this work describes the desorption-release
process for transmitters exiting vesicles during VIEC, the
fundamental aspects can be applied to many aspects of
chemical or Dbiological vesicle transport. The results
experimentally indicate that the process of vesicular release is
complicated by interaction between the chemical cargo and the
vesicular membrane, thereby altering exocytotic release
dynamics.25'25'35'36

Results and Discussion
Preparation and release dynamics for amine-loaded liposomes

In order to study the interaction between different

neurotransmitters and the vesicle membrane, we chose to

study dopamine-loaded vesicles (DLL) and serotonin-loaded
vesicles (SLL). These are both transmitters that are widely
distributed in the nervous systems of mammals. These
transmitters were loaded into liposomes of similar size as a
model of biological vesicles without proteins and cargo with
different membrane adsorption properties. The preparation
process followed our previous work.33 Briefly, a mixed solution
of phospholipids in chloroform was dried and formed a lipid film
in a round-bottom flask. The lipid film was then hydrated in a
hydration solution containing 150 mM DA or 5-HT,
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Fig.1 Schematic showing the VIEC principle: attachment of the liposomes onto an
electrode, electrooxidation of the released monoamines, and convection to a
typical amperometric spike for peak analysis. The inset shows the electrooxidation
of DA and 5-HT.

To prepare a population of DLL or SLL with various sizes. The
sizes of vesicles were narrowed by use of reciprocating
extrusion through double polycarbonate filter membranes in
the same hydration solution and were measured to be 188 nm
(polydispersity index=0.13) as the average radius via dynamic
light scattering (see more details in Supporting Information).
The DLL or SLL are stable in isotonic solution. To trigger and
record the release of contents, VIEC was used according as
described previously3?® (see Figure 1, and more details in
Supporting Information). When a vesicle settles on the
electrode, the high electric field near the surface induces
electroporation of the liposome membrane allowing the
contents to diffuse out through the pore in membrane at the
electrode surface. Released DA and 5-HT are rapidly
electrooxidized at the electrode generating a spike shaped
current. Using Faraday’s law, the charge passed for each current
spike (Q, the charge) is proportional to the number of molecules
oxidised. In addition, the dynamic parameters of each spike,
including the rise time (), fall time (¢zy), and width at half
spike height (#,a1r) can be used to evaluate release dynamics.'”
Comparison of the release dynamics of DLL and SLL

By applying the VIEC approach to each group of DLL and SLL, the
dynamics of release from the vesicles in each group were
statistically analysed (2182 spikes for DLL and 2301 spikes for
SLL, 10 traces for each, see details in Supporting Information).
Typical amperometry traces for DLL and SLL and the spike
analysis parameters are shown in Figure 2 and Figure 3,
respectively. The results reveal that the average quantities of
both monoamine molecules within each individual liposome
and the height of the spike (/,.x) of both groups are similar,



while a significant increase in f,,rand also a relative decrease in
fall time (¢z.y) is observed in the SLL compared to the DLL. Typical
spikes (in the form of logarithmic dimensionless current) for
each of DLL and SLL are shown to the right of Figure 2. The decay
of the DLL spike has been fit to a rapid decay (~1 ms) and
subsequent slow long decay (~¥10 ms), and it is better fit to a
DblExp decay function than a SigExp function, whereas the spike
of SLL fits better to only a a SigExp function. We further
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Fig.2 Traces for VIEC of DLL (blue line) and SLL (orange line) with a typical spike for
each blown up to the right (with log,,Y axis, blue dots for DLL, orange dots for SLL),
showing the difference in spikes shape. The best-fit simulation results (see the
simulation method below) for the decay of each spike was drawn as the solid line.
The simulated result for DLL follows a DblExp while that for the SLL is a SigExp.
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Fig.3 Comparison of DLL vs. SLL VIEC data showing means for dynamic data: #,,
tran» Imax, and number of molecules observed in each. The fall time is defined as 90-
10% of the backside of each current transient. Data sets have been compared with
a two-tailed Mann-Whitney rank-sum test; **, p < 0.01.

compared the number of spikes having DblExp vs. SigExp decay
for all spikes from DLL and SLL. Indeed, when the ratio of
x2(single)/x%(double)>1 set as a cutoff, the percentage of spikes
that have a better fit to DblExp decay in the DLL group (~70%) is
higher than for the SLL group (~60%). This result shows that
dopamine release from the liposomes is more complex and
generally slower than 5-HT, which might result from the slower
desorption of DA from membrane lipids (liposomes have no
dense core).

The desorption-release processes of DA and 5-HT from liposomes

Theoretically, as discussed previously,'”:2237 the dynamics of
release from liposomes (or vesicles) is thought to be mainly
controlled by the product of diffusional flux and the pore area.
In contrast to exocytosis where pore opening and closing is
driven by the cell, the liposome pore cannot close under a
constant strong electric field.3® Thus, the outflow flux should fit
to a SigExp decay following the diffusion model of Cottrell.?2 But
if a rate-limiting desorption process is added before release
through the pore, the entire release rate becomes a
combination of desorption rate and diffusion (via pore) rate,
and both can be fit to SigExp decay with different scaling factors.

If the desorption rate is faster, the release rate will be controlled
only by the slower diffusion rate and fit to a single exponential
decay (similar to the apparent rate of a multi-step reaction
controlled by the rate-determining step). This is shown
conceptually in Figure 4. However, when the rates of the two
processes are similar, the apparent rate of the combined
process will be expressed as a DblExp mode.
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Fig.4 A schematic of the desorption-release process. The adsorbed species
dissociates from the lipid membrane creating a freely diffusing species. These
species are free to exit via the pore as released species. This mechanism is
analogous to a 1t order chemical reaction or one that is further combined as two
consecutive reactions and the rate limiting step determines the apparent rate and
whether the fall tie is a single of double exponential. The r. is the desorption rate
of absorbed species. The 74 is the diffusion rate (i.e. fTux) of freely diffusing
species.

to simulate this
desorption-release process. The finite element model depicts a
spherical liposome (radius 188 nm, experimental average) with
a round pore in its membrane. On the other side, the total
quantity of chemical cargo was set as 151000 molecules
(according to the average experimental current spikes of charge
0=48 fC), but divided into absorbed species (Qs, where s
indicates the membrane inner surface) and freely diffusing
species (Qy, findicates the freely moving species). Species need
to reach an adsorption-desorption equilibrium before release.
If we pre-set parameters describing the adsorption-desorption
process, such as the adsorption rate constant (k,qs), of adsorbed
molecules in the saturated state (/), then the Qs and Qrcan be
calculated by use of Langmuir’s adsorption equation and
converted into an initial concentration on the membrane (C;)
and in the liposome cavity (Cro). After pore generation, the
freely diffusing species exit the pore, while the absorbed species
require time to dissociate from the membrane and transfer into
the solution phase. The flux of molecules flowing out the pore
is converted into current that is then used to fit to the
experimental spike and estimate the key parameters in the
desorption-release process, including the desorption rate
constant (kqes) and radius of the pore (R,). The Monte Carlo
optimization method was used to facilitate these estimates
owing to its advantages such as high efficiency to solve complex
problems and exemption of any a priori hypothetical
relationship between current spikes and initial parameters (see
calculation protocol and details in Supporting Information).

Four groups of typical DA and 5-HT spikes were analyzed by the
finite element simulation. A pair of the experimental spikes and
their best fit results are shown in Figure 2. The DLL spikes show
a better fit with a DblExp decay, whereas the SLL spikes fit better
to a SigExp decay. By comparing the estimated desorption rate
constant (kys) and pore radius (R;) corresponding to DA or 5-HT
spikes, the pore sizes of both groups (see Table 1) cover a similar
range (40~90 nm for DLL vs. 40~80 nm for SLL), while the k4cs of

We constructed a finite element model



DA is obviously smaller than 5-HT (1023730 51 for DA vs. 103->™>1
s1for 5-HT). This smaller k4. leads to the slower desorption rate
(r4es) and longer time to end of the release, which is consistent
with a longer decay for DLL spikes. The smaller k4. of DA may
result from the greater number of H-bonds (~3 bonds) formed

Table 1. The estimated results of 4 pairs of spikes from DLL and SLL

DLL SLL
e logiokaes Ry log;okges R,
(1/s) (nm) (1/s) (nm)
1 2.31 43 3.93 43
2 3.05 64 3.48 56
3 2.77 93 4.43 47
4 2.90 74 5.12 80

between dopamine and the polar neutral lipid compared to
serotonin which can form only 2. The higher free energy of DA
to lipid binding (~21 kJ/mol) compared to 5-HT (~14 kJ/mol)?’
make it harder for DA to dissociate.

These results support our assumption that different desorption
the release dynamics between these two
monoamines (Figure 5). It also provides a new perspective for
the DblExp decay in the study of bio-vesicular release by the
VIEC experiment or exocytosis measured by single cell

rates alter

amperometry. However, it is worth noting that, in the VIEC
analysis of native biological vesicles, the proportion of DblExp
fitting (empirically 40%~60%)3° is much higher than that of
liposomes (empirically <10%, when the ratio of
x2(single)/x*(double)>2 set as the cutoff). This phenomenon
likely indicates that the dense core in the bio-vesicles still also
plays an important role in
vesicle.1840-43

regulating release from the

Conclusions

In summary, we employed the VIEC technique to monitor the
differential dynamics of chemical cargo release from liposomes
loaded with two different electroactive neurotransmitters (DA
and 5-HT). Liposomes were used to simulate bio-vesicles
without a dense core or proteins. A finite element simulation
with Monte Carlo optimization was adopted to estimate the
kinetic parameters of chemical desorption and suggests that the
rate constant of DA desorbing from the lipids inside the vesicle
Is smaller than that for 5-HT. The slower desorption alters the
release rate as recognized by a mode of best fit (SigExp or
DblExp) for spike signal decay. Our models suggest this might be
induced by a stronger interaction between cargo and vesicle
membrane lipids, as more hydrogen bonding between DA and
membrane lipid molecules can occur than for 5-HT. Hence, the
existence of adsorption-desorption behaviour for transmitter
molecules and the lipid membrane could be a basic component
of the vesicular release process. Although the dense core might
also play a crucial role in regulating chemical release from the
cells having vesicles containing protein dense cores, regulation

via adsorption-desorption from the vesicle wall can occur in all

biological vesicles with or without a dense core. A better
understanding of the interaction between transmitters and the
vesicle membrane might provide strategies to regulate
neurotransmitter, hormone, protein or drug release related to
cellular communication, intracellular vesicular transport, and
controlled delivery of liposomal drugs.
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Fig.5 Proposed mechanism showing the different dissociation rates for DA and 5-
HT from the vesicular membrane and change in the dynamics of the VIEC event
leading to DblExp and SigExp decay for the decay of spike.
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EXPERIMENTAL DETAILS
Chemicals

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC, >99%), 1,2-dioleoyl-sn-glycero-3-
phosphethanolamine (DOPE, >99%) and cholesterol (ovine wool, >98%) were
purchased from Avanti Polar Lipids, USA. Serotonin hydrochloride (>98.0%),
dopamine hydrochloride (98.0%), chloroform (>99.9%), methanol (>99.9%) were
obtained from Sigma-Aldrich. All aqueous solutions were prepared using 18 MQ-cm™!
water from Purelab Classic purification system (ELGA, Sweden).

Solutions
Lipid film hydration buffer for preparing liposomes:

The lipid film hydration was performed in a solution of 150 mM dopamine
(DA)/serotonin (5-HT) hydrochloride in 10 mM HEPES at pH 7.4.

Pre-equilibration buffers for the Sephadex G-25 column:

The Sephadex G-25 column for removing free DA/5-HT outside liposomes was pre-
equilibrated with a buffer containing 142 mM NaCl in 10 mM HEPES with pH 7.4.

Liposome isotonic buffer:

The storage, amperometric measurements and nanoparticle tracking analysis (NTA) of
liposome samples were performed in buffer with 10 mM HEPES, 142 mM NaCl, pH
7.

All buffers were purged with argon for 30 min before adding oxygen sensitive DA/5-
HT hydrochloride.

Liposome preparation

Neurotransmitter-loaded liposomes were prepared passively by thin lipid film
hydration. A solution of 1,2-dioleoyl-sn-glycero-3- phosphocholine (DOPC), 1,2-
dioleoyl-sn-glycero-3-phosphethanolamine (DOPE) and cholesterol (60:20:20 mole
ratio) in chloroform was dried in a round-bottom flask by rotary evaporation until a
lipid film was obtained (~3 h). The dried lipid cake was re-hydrated to obtain a
liposome suspension by gently mixing with 1.5 mL of the hydration buffer and then left
to stand for 30 min under argon gas at room temperature. The liposome suspension was
freeze-thawed in liquid nitrogen 3 to 5 times to form multilamellar vesicles, and then
extruded 11 times through double polycarbonate membranes of 0.4 1 m pore size with
an Avanti Mini-Extruder (Avanti Polar Lipids, Inc., USA). This procedure yielded
liposomes with a mean diameter of 376 nm, as measured by dynamic light scattering
(DLS) on a Malvern Zetasizer Nano ZS (Malvern Inc., Malvern, UK). Removal of free
DA or 5-HT outside liposomes was achieved by gel filtration on a Sephadex G-25
column which was pre-equilibrated in advance.



VIEC experiments

Monitoring the cargo released was accomplished by vesicle impact electrochemical
cytometry to detect DA or 5-HT stored in liposomes. A 33-pum carbon fiber electrode
was placed in a liposome suspension as shown in Figure 1 of the main text. Liposomes
adsorbed on the microelectrode and ruptured via electroporation, the proposed
mechanism for vesicle opening in the VIEC. The electrochemical recording of release
of individual liposome content was performed by applying a constant positive potential
(700 mV vs. Ag/AgCl) to the carbon fiber microelectrode in the form of spikes (a plot
of current versus time). By analysis of each spike, important kinetic information about
the release event can be obtained. Several parameters used for spike analysis in this
work are depicted in the schematic in Figure 1 of the main text including the width of
spike at half maximum (#mair) as an indicator of duration of release events; the rise-time
(tiise), the time from 10% to 90% of amplitude on the rising part of each spike, which
reflects fusion pore opening; the fall-time (#an), the time from 90% to 10% of amplitude
on the falling part of each spike that represents the time needed for chemical contents
to exit the liposome, and the amplitude of spike (/max) representing the maximum flux
of molecules through the open pore. Additionally, the amount of monoamines (N)
released from a single liposome was evaluated with Faraday’s law: N=0Q/z.F, where O
is the charge calculated by integrating current of each amperometric spike, z. is the
number of electrons transferred during the redox reaction (2 for DA or 5-HT) and F is
Faraday’s constant (96 485 C-mol ™).

Carbon fiber microelectrode (CFE) fabrication

Vesicle impact electrochemical cytometry (VIEC) measurements were performed using
amperometry at a carbon fiber microelectrode placed in a liposome suspension. The
microelectrodes were prepared by aspirating a 33-um carbon fiber into a glass capillary
(0.d. 1.2 mm; i.d. 0.69 mm; no filament; Sutter Instrument Co., USA). A commercial
micropipette puller (PE-21, Narishige, Japan) was used to heat and pull the capillary
producing two carbon fiber-containing pipettes. A scalpel was used to cut the
protruding carbon fiber close to the glass tip and it was then dipped into freshly made
epoxy (EpoTek 301, Epoxy Technology, USA) for 3 min. The glued electrodes were
cured at 100 °C overnight and subsequently cut at the glass junction. The electrodes
were consequently polished at a 45° angle on a commercial micro grinder (EG-400,
Narishige, Japan) and backfilled with 3 M KCI. Each electrode was then tested in a 0.1
mM solution of dopamine in phosphate-buffered saline (PBS; pH 7.4) by performing
cyclic voltammetry. Only electrodes with proper /-E curves were used for experiments.

Amperometric measurements

The electrode was kept at 700 mV vs. a Ag/AgCl reference/counter electrode (World
Precision Instruments, Inc., USA) using an amplifier instrument (Axopatch 200B, Axon
Instruments, USA). The signal was digitized at 10 kHz and filtered with an internal low
pass Bessel filter at 2 kHz. The signal was displayed in real time (AxoScope 8.1, Axon
Instruments, USA) and stored digitally.

Data Acquisition and Statistical analysis



The amperometric traces were processed by a macro of Igor Pro 6 (Version 6.3.7.2;
Page 16 of 24 WaveMetrics, Lake Oswego, OR) designed for analysis of quantal release
by the group of David Sulzer at Columbia University. Peaks were detected if they
exceeded a threshold of 3 times the RMS noise. Statistical analysis for amperometric
measurements data were performed in GraphPad Prism 7 (GraphPad Software, Inc.,
San Diego, CA). The average of all parameters are calculated as the mean of medians
of all recorded traces.



NUMERICAL SIMULATION ANALYSIS
The building of the finite elemental model

The finite elemental model for liposomal release was based on the model of a disk
electrode detecting exocytosis in our previous work!, with a new module for calculating
the adsorption-desorption dynamics was added (scheme in Figure S1).

t=0s t>0s
Electrode
Absorbed rdes’o Freely diffusini Fd
e = reely diffusini :
species Q <r— o s):aecies g Qo >0 _>R | J ) I( t)
elease
Qs! Cs,o ads.0 Qf! Cf,o Cs Cf species

Figure S1. Schematic of the model configuration at initial time (t=0 s) and after
instantaneous electroporation (t>0 s).

Schematically, a circle (the radius, Rip=188 nm) and a pore on the membrane with
variable size (Rp) was used to simulate the electroporated liposome membrane where a
total quantity of cargo (O=48.4 {C, the average experimental charge for spikes from
DA/5-HT groups) was initially set inside the vesicles, but separated into adsorbed
spcies (s, s indicates the membrane inner surface) and free species (Qr, f indicates
freely moving species). The values for Qs and Or were calculated a priori based on the
Langmuir adsorption model.

At time=0 s, the initial surface concentration (Csp) and initial concentration of intra-
liposomal freely moving molecules (Cro) was assumed to be at equilibrium, so the
initial adsorption rate (7ads,0) Was equal to the desorption rate (7ges0).

Fdes0 = kdesCs0 = 1ads0 = kaasCro( s - Csp)

Where kags is the adsorption rate constant, kqes 1s the desorption rate constant, /5 is the
surface concentration of adsorbed molecules in saturated state on the membrane. Hence,
the initial surface concentration (Csp) can be calculated by

_ kads Cf, OR
CS,O =
kdes+kadsCf,0

Meanwhile, the total spike charge O=Qs+0Qr, and
0. = 2F(4nRip’)Cso ; O; = 2F(4nRip’ /3)Cho

where F is the Faraday constant. Then Cro was solved by equation 1,
%Rupcf,oz +(I% +%RlipK1 —Q/8FnRi»*)Cro— OKi/8FnRi> =0  (Eq.1)

where K is the Langmuir constant, which equals kdes/kads.



After the initial state was set, a flux inward, from the circle, simulating the desorption,
was determined by Fg,

Fd = kadsCf(R - Cs) - kdesCs

Notably, the value of kadsC(Is-Cs) is usually much less than kgesCs, s0 Fa~-kaesCs, which
results in the influence of k.s and 7 is small and, nence, their estimation is quite
unreliable.

When t > 0 s, the real time concentrations of surface absorption molecules (Cs) and
freely moving molecules (Cr) were solved by use of Fick’s diffusion equation with a
flux inward.

6(;5 +V-(=DVCs) =-Fa

% +V - (=DiVCr) = Fu

Here, t is the time, Ds and Dr is the diffusion coefficient of surface molecules and
freely moving molecules. The input parameters are listed in Table S1.

Finally, a current reflecting the release dynamics was solved by use of Faraday’s law
and surface integration of the flux density of molecules across the pore,

I(t)= ﬁ zFJ(t)dS

Spore

where J(f) is the flux density of molecules across the liposome pore, z is the charge
transfer number of the electrochemical reaction which is 2, and F is the Faraday
constant.

Table S1. Model input parameters

Parameters Description Value Unit
D¢ diffusion coefficient of chemicals 6.0x1071° (Ref. 2) m?s’!
surface diffusion coefficient of 2
Dy . 0 m-s
chemicals
Cro initial .conqenFrathn of free solution of Eq.1 mol/m?
chemical inside liposome
number of electrons transferred in )
Ze the electrochemical reaction
Riip the radius of liposome 188 nm
0 the total charge according to 484X 10 C

chemical in a liposome

Inverse estimation of desorption parameters based on the Monte Carlo method

The inverse estimation was based on a Monte Carlo least-squares optimization method.
The model parameters include kqes, kads, 15, Rp. The experimental spike signal was set
as the target, and the least sum of the squared difference between the target and the
corresponding value calculated by the above finite elemental model was used to search



the best-fitting combination of desired parameters. As discussed above, the estimation
of kass and 7 is unreliable, so only the estimated kdes and R, of the typical spikes are
listed in Table 1.
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