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Introduction

Biological systems are

contained and

UV-DIB: label-free permeability determination
using droplet interface bilayersy

Robert Strutt, @ +2° Felix Sheffield, @ $2° Nathan E. Barlow,?® Anthony J. Flemming,©
John D. Harling, Robert V. Law,?® Nicholas J. Brooks,®®
Laura M. C. Barter®™® and Oscar Ces @ *@°

Simple diffusion of molecular entities through a phospholipid bilayer, is a phenomenon of great importance
to the pharmaceutical and agricultural industries. Current model lipid systems to probe this typically only
employ fluorescence as a readout, thus limiting the range of assessable chemical matter that can be
studied. We report a new technology platform, the UV-DIB, which facilitates label free measurement of
small molecule translocation rates. This is based upon the coupling of droplet interface bilayer technology
with implemented fiber optics to facilitate analysis via ultraviolet spectroscopy, in custom designed PMMA
wells. To improve on current DIB technology, the platform was designed to be reusable, with a high
sampling rate and a limit of UV detection in the low uM regime. We demonstrate the use of our system to
quantify passive diffusion in a reproducible and rapid manner where the system was validated by
investigating multiple permeants of varying physicochemical properties across a range of lipid interfaces,
each demonstrating differing kinetics. Our system permits the interrogation of structural dependence on
the permeation rate of a given compound. We present this ability from two structural perspectives, that of
the membrane, and the permeant. We observed a reduction in permeability between pure DOPC and
DPhPC interfaces, concurring with literature and demonstrating our ability to study the effects of lipid
composition on permeability. In relation to the effects of permeant structure, our device facilitated the rank
ordering of various compounds from the xanthine class of compounds, where the structure of each
permeant differed by a single group alteration. We found that DIBs were stable up to 5% DMSO, a molecule
often used to aid solubilisation of pharmaceutical and agrochemical compounds. The ability of our device
to rank-order compounds with such minor structural differences provides a level of precision that is rarely
seen in current, industrially applied technologies.

within species and can be affected by environmental factors
such as nutrition, disease and age."® Additionally there are

subdivided by  tissues which, while being cellularised, comprise a near

phospholipid membranes. All cells are surrounded by a
plasma membrane, eukaryotic cells further include
membrane-enclosed organelles such as mitochondria and
chloroplasts. The lipid composition of these membranes
(which compartmentalise drug targets) will vary among and

“ Department of Chemistry, Molecular Sciences Research Hub, Imperial College
London, Shepherd's Bush, London, W12 0BZ, UK. E-mail: o.ces@imperial.ac.uk

b Institute of Chemical Biology, Molecular Sciences Research Hub, Imperial College
London, Shepherd’s Bush, London, W12 0BZ, UK

“ Syngenta, Jealott's Hill International Research Centre, Bracknell, Berkshire, RG42
6EY, UK

4 Medicinal Chemistry, GlaxoSmithKline, Stevenage, SG1 2NY, UK

t Electronic supplementary information (ESI) available. See DOI: 10.1039/
dilc01155¢

1 These authors contributed equally.

972 | Lab Chip, 2022, 22, 972-985

contiguous macroscopic membrane such as the blood-brain
barrier of mammals or the Casparian strip in plant roots.”°
Understanding the engineering rules that control how a
molecule can translocate across a cellular membrane remains
critical in the development of novel molecular entities.

Drug translocation across a cell membrane can occur via
multiple transport routes, including (i) passive diffusion
through the lipids of the membrane, (ii) transporter protein-
drug interactions, and (iii) liposomal delivery through lipid
fusion.* Passive diffusion across lipid bilayers (where ~50%
of the eukaryotic phospholipid material is estimated to be
phosphatidylcholine (PC) based)'? is facilitated by a
concentration gradient of the permeant across the
membrane. This particular pathway is understood to be a
major indicator of oral bioavailability, as well as foliar
uptake,”*™™ with many current assays placing focus on this

This journal is © The Royal Society of Chemistry 2022
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particular transport route.'®'® Therefore, biologically active
chemistry, will interact with membranes whose varying
properties will likely affect their efficacy, selectivity, and
safety in patients and/or the environment. These affects are
critical to the development of sustainable chemistry in
agriculture as well as to personalised medicine in
pharmaceuticals. For all this, up to now heavy reliance has
been placed on simple correlations with the physical
properties of active ingredients, e.g. the Lipinski ‘rule of five’
and equivalents, or on crude measures of membrane
permeation such as PAMPA."7%?°

Pure lipid based systems are rapidly emerging as viable
methods to screen diffusion of molecular entities.>* Lipid-
drug interactions are viewed as important indicators of
biocompatibility for liposomal drug delivery®> as well as
implicated in the mechanism of non-specific efflux by
proteins such as p-glycoprotein, thus having large effects on
an entities activity.>> Modelling this entire process from a
kinetic perspective is therefore amenable to understanding
each component of the permeability process either in vitro or
in vivo. A droplet interface bilayer (DIB) presents a lipid
membrane (of tuneable composition and symmetry)
separated by two aqueous compartments in which the
contents of each can be controlled (Fig. 1b and c). As shown
previously by our lab, DIBs provide a useful platform to
interrogate simple diffusion (Fig. 1c),>* where the potential of
this technique in an agrochemical context was
demonstrated.>® In the literature, some of these platforms
have provided valuable information, such as the permeability
of a fluorescent antibiotic,>® and a chemotherapy drug.*’
However, continued reliance on fluorescence based readouts
has meant that the range of screenable candidates,*®**° and
therefore the scope of these as widespread assays is limited.*°
Fluorescent chemical structures often have a low rotational
bond number and if tagged to a compound can have a high
molecular weight. This limits the sampleable chemical space
which in turn affects the range of measured permeabilities
derived from these interfaces. A reliance on image analysis
approaches often requires a high degree of technical
expertise, coupled with a rigorous experimental and
characterisation process. Furthering this argument, recent
advancements have seen the development of molecular
entities outside Lipinski rules.*® A novel, widely applicable
approach to delineate the impact of simple diffusion in vitro
is therefore required as an initial screen in the development
of novel entities. Whilst similarly developed platforms have
satisfied in part the following improvements,**® a system is
yet to emerge which miniaturizes the label free permeability
problem with two equal volume, controllable compartments,
where non-invasive detection in the uM range with a low
recording time interval can be performed.

Herein we present a highly facile, cheap and reusable
platform, which can screen the lipid bilayer permeability of
any UV absorbent compound with an appreciable water
solubility (Fig. 1a). The UV-DIB features UV cannulas
(responsive from ~225-1000 nm (Fig. 1d)), embedded into
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Fig. 1 Embedded fiber optics in the UV-DIB allow label free detection
in 0.9 uL droplets. a Cartoon schematic and actual UV-DIB chip. Scale
bar = 15 mm. SMA ports connect to a light source and a spectrometer.
Incubation area used to house droplets prior to introduction in the DIB
well. b An image of a formed DIB, with the interfacial diameter
indicated in red and with the embedded cannula aligned across the
acceptor droplet. ¢ A cartoon image of a DIB established as a
permeating system, two lipid monolayer coated aqueous droplets are
separated by a lipid bilayer. Each droplet contains the permeant, with
either acceptor or donor concentrations. Direction of permeant flux is
thus toward embedded cannula, to mitigate the permeant
concentration gradient. d UV-DIB chips can delineate between
concentration in the uM regime, here depicted with droplets containing
a donor (275 uM) and acceptor (50 uM) concentration of theophylline.
Both spectra are standardized to the visible region (denoted V) and
used to convert the spectra into a single point measurement by taking
the sum of the absorption region (denoted U) and the visible region.
Equations for spectra processing to calculate the ‘standardized
intensity’ are shown. Wavelengths w-x and y-z represent the upper and
lower bounds of standardization regions U and V.
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acrylic layers, aligned across a compartment to facilitate a
DIB permeation system. Our method is highly flexible in the
design iteration process and implementable in rapid
prototyping, where fabrication is estimated to take ~2 h from
conception to generation. Our method is ‘label-free’ in that
detection relies upon the central molecular structure of the
permeant. The readiness of our experimental procedure to
characterise permeability is demonstrated and it is shown
that the design principles of our fabrication method can be
applied in a chip format, which can monitor label-free
concentrations. Passive permeability assessment
performed with a total of 9 permeants with varying relevance
to either therapeutic or agrochemical use to demonstrate the
applicability of the device in industrially relevant research
fields. Seven of these nine permeants exist in a narrow
chemical space with systematic functional group changes in
the subset. This demonstrates our ability to probe the
nuances of the permeant structure-permeability relationship.
We further present the capacity of the method by uncovering
novel, relevant trends relating to the biophysics of DIBs as
well as exploring the limits of model membrane permeability.

was

Results
Generation of UV-detecting permeability chips

To improve upon the current standard for DIB permeability
assessment the UV-DIB is: reusable, capable of recording
with a small time interval, able to determine concentration
from UV spectra in the low uM regime and reasonably facile
to use. In consideration of these factors and scalability, the
platform was constructed from poly(methyl methacrylate)
(PMMA), frequently employed in microfluidic devices.>”**
PMMA is cheap, has high transparency and can be easily cut
with a laser cutter at the desired um resolution (smallest
feature size of chip: ~200 pum). Previous work has utilised
PMMA as a suitable substrate to facilitate droplet
arrangement.’>*® DIBs using nanoliter volumes are typically
formed within well-like assemblies where the DIB itself is
free standing in oil. By cutting features in layers of varying
thicknesses and stacking these on top of one another
(Fig. 2ai), wells that can directly house a DIB architecture can
be assembled. This approach reduced the conformational
error between DIB formations, hence yielding a high
reproducibility in terms of DIB morphology. Moreover, the
method allows for precise etching of the PMMA surface,
facilitating cannula alignment across the DIB chamber.
Layers of cut material can be bonded together by applying
heat and pressure beyond the PMMA glass transition
temperature (7y).”>*"** For our fabrication we found the
optimal conditions to be 170 degrees °C heating applied with
0.5 N m pressure for 45 minutes. It is worth noting that this
process should be optimised to the height of the chip, at
which reduced chip height may result in deformation/
fracturing of the upper and lower layers.

We demonstrate the construction of 3D chip architectures
with distinct spaces for droplet incubation and measurement
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(Fig. 2biii). When compared to soft lithography and 3D
printing, this chip fabrication scheme reduces cost, skill
requirement and fabrication time. We estimate the
fabrication time per chip to be approximately 1 hour, where
the only specialist equipment required is a laser cutter. It is
also worth noting that this approach is clean room free.
Acrylic bonding is an established method for chip formation
and fiber optics have been previously implemented within
PMMA chips.®” However up until now, these approaches have
not been coupled to DIB technologies to enable non-invasive
label-free detection.”>** In the UV-DIB, a UV-transmitting
cannula, featuring an attachment point for an SMA cable is
aligned across a tailored chamber space as illustrated in
Fig. 1b and 2 - here shown to support a DIB between two 0.9
pL droplets. In the presented device, the path length between
cannula ends was engineered to be 1 mm, across the
measured droplet. As is shown in Fig. 2biv, the cannula is
flush against the side of the DIB well with the droplet in
contact with this same face. The heat press stage sealed the
cannulas within the chip and showed no leakage of oil
between chip layers. As the chip was sealed, it was completely
reusable where both aqueous and oil phases could easily be
removed via pipette. As far as we are aware, PMMA presents
an inert surface and our experiments did not indicate that
any of the compounds studied interacted directly with the
PMMA.

Method for conducting permeability assays

To measure the passive diffusion of 9 different test
compounds (paracetamol, thiamethoxam and range of
xanthine derivatives), an experimental procedure was
developed (Fig. 3). All compounds showed significant
absorption in the UV region from 250-290 nm whilst
exhibiting minimal variation in the visible regions of the
spectra (denoted U and V regions in Fig. 1d). This was
exploited to standardize the intensity of each spectrum into a
single measurement. All compounds studied showed a strong
linear calibration region (mean R* = 0.99 + 0.01) in the uM
concentration regime (ESIf Table S2). Per permeant, the
linear region was then used to determine a starting acceptor
and donor concentration to establish a concentration
gradient (for each permeant this is listed in ESI} Table S2).
An initial concentration in the acceptor (at ¢ = 0 conc >0)
compartment was employed for two reasons; significant
noise was observed at concentrations below the chosen initial
acceptor concentration (toward 0), attributed to the limit of
detection of our spectrometer (LOD ~ 25 uM - ESIt Fig. S4).
Secondly, it was assumed that a fraction of the compound
may solubilise in the lipid monolayer/bilayer, potentially
altering the intrinsic behaviour of the membrane.***> The
same standardized intensity was present for large droplets
representative of the fused DIB volume, single droplets
representative of one side of the DIB and equal concentration
droplet DIBs (ESIf Fig. S3 for theophylline controls). Leakage
of permeant concentration from the aqueous into the oil

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 a Assembly of UV-DIB chips. i Stacks of cut acrylic layers of varying thicknesses (see Methods) arranged with fiber optics on a metal
alignment heating block using alignment holes. ii The first three layers of the chip are stacked before aligning the cannulas across the well.
Cannula supports enable alignment and annealing to the bulk PMMA of the chip. iii The chip is subsequently thermally bonded under pressure,
sealing the cannulas inside. iv The heat-sealed chip is connected to the light source and spectrometer using fiber optic SMA cabling via the
ceramic connection points on the cannulas. b Droplet interface bilayer formation. i Simplified diagram of a lipid molecule to show its amphiphilic
nature. Chemical structures of DOPC and DPhPC, central lipids to this work are also shown. ii Depiction of lipid in and out formation method,
where lipid in and out refers to the location of lipid - inside the droplet in the form of vesicles, and outside the droplet dissolved in the oil. iii
Schematic demonstrating the formation of a DIB within our device. Droplets are first pipetted into the incubation area above the DIB well. Droplets
are incubated for a period of time to facilitate phospholipid monolayer formation, dependent on the formation method, before being pushed into
the DIB well where their subsequent contact will result in bilayer formation. iv Insert shows alignment of cannulas within the UV-DIB chip such
that fiber optics are flush against the droplet surface. Within a DIB permeability system, spectra are collected across the acceptor droplet to
measure the permeability of the DIB.

phase would mitigate our permeation model as the oil would
act as a sink for the initial donor concentration. To confirm

of mass into the oil phase, as noted by a continuous UV
transmission over time (Fig. 3b and ESIT Fig. S3, S4, S6 and

that this was not occurring, 1.8 pl droplets containing a high
concentration of the permeant were recorded. Each permeant
had an appreciable water solubility, where significant leakage
of each permeant into the oil phase was initially assumed to
be minimal."® A leakage assay was performed for each
permeant, with all experiments demonstrating negligible loss

This journal is © The Royal Society of Chemistry 2022

S7). It is worth noting the ease of this method in determining
oil leakage for more hydrophobic compounds. These
experiments were also used for comparative analysis to
permeation plots (ESIT Fig. S3 and S6).

Typical concentration changes in the acceptor DIB droplet
are shown in Fig. 3c, here shown with 1,2-dioleoyl-sn-glycero-3-
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Fig. 3 The UV DIB platform allows characterisation of label free simple diffusion across a lipid membrane. Shown here are example
characterisations of lipid in and out systems using caffeine, paracetamol and thiamethoxam. a i U (250-290 nm) and V, non-absorbent (800-840
nm) regions (see Fig. 1d for U and V regions) for paracetamol 0.9 uL droplets, illustrate the variance in the U region at 100 to 500 uM with minor
fluctuation in the V region - hence enabling the spectra to be converted into a single point measurement. ii Monitoring each paracetamol
concentration shows a linear distribution across 120 s (n = 3), iii the mean value of plots in ii are used for a calibration curve displaying linearity
between 100 and 750 uM (standard deviation (SD) reported for each point). b Leakage assessment of 500 uM paracetamol from a 1.8 uL droplet
into hexadecane oil on the t = 600 s (n = 3) (i) and t = 2000 s (n = 3) timescales (ii) data converted into concentration using the calibration curve
shown in 3a. Low deviation from the initial concentration in the leakage assays across both timescales indicates that paracetamol remains in the
aqueous phase. c DIBs formed from 0.9 uL droplets show compound permeation is controlled toward acceptor droplets denoted by exponential
character concentration time curves, t = 600 s (n = 8) (i), all permeants interpreted with method outlined in a and b. Longer distributions (ii) show
each compound reaching equilibrium (n = 3). This experimental procedure was conducted for all of the presented compounds in Table 1, for more
information on experimental details see ESI{ Table S2.

phosphocholine (DOPC) using the lipid in and out formation  possible, this was further confirmed by rupturing the DIB at
method. In Fig. 4c, the concentration of each compound  equilibrium and observing the same standardized intensity.
increases to the expected equilibrium concentration. Where  Reaching equilibrium strongly reflects the observed leakage
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profiles in which retention of the compound in the oil or lipid
was minimal. In each case an exponential increase is observed
in line with Fick's first law of diffusion (eqn (1)). Our chip
guides the droplets into arrangement, controlling the DIB area.
Within the well, the DIB area was measured by microscopy (ESI
Fig. S1t). Occasionally, a delay was observed between droplet
contact at ¢ = 0 and the exponential character of the
concentration change (Fickian behaviour). Within DIB literature
it is known that ‘zip up’ time refers to drainage of any residual
oil between monolayer leaflets.*”*® The clear exponential
character of the curves supports assumption of continuous DIB
area following zip up. When determining permeability from
concentration-time curves, care was taken to extract this
coefficient from data after zip up of the DIB had occurred.
Interestingly, within our DIB formation method, the zip up time
for DOPC with caffeine (~50 s) appears to be much reduced as
compared to estimations of 250 s for a comparative system in
Lee et al®® It is important to note that there is a difference in
bulk oil phase between our system and that reported by Lee
et al. We also observed this phenomenon in the case of
thiamethoxam, where the zip-up time appeared to be ~100 s. In
the case of hydrophilic compounds it seems unlikely that they
will affect the bilayer formation mechanism, particularly given
permeant concentrations in the uM regime.

For the UV-DIB, an applicable model is proposed for
interpreting a permeability coefficient from the monitored
droplet. Following our observation of mass balance for the
chosen permeants within our system (Fig. 3b, ESI{ Fig. S3,
S4, S6 and S7), a derivation of Fick's first law of diffusion,
(which is included in the ESI{ and is similar to one utilised
by Lee et al)*® provided determination of a permeability
constant for each experiment, given by:

_ dCA(t) VA
dt ZA(CEQ - CA(t))

@

where P = the permeability of the lipid bilayer interface (cm
s''), Ca = concentration in acceptor droplet (uM), V, =
volume of acceptor droplet (cm?), A = DIB area (cm?), Cgq =
equilibrium concentration of each experimental system (uM).
For concentration-time curves reaching equilibrium, eqn (1)
can be adjusted yielding the following equations, where
Ca(=0» Crq and k were fitted. The constant k was then used
to derive P:

Cav = (Cae0) ~ Co)e ™ + Cig (2)
2A

k=P— 3

A ®3)

The permeability constant was obtained by fitting the
permeation curve to eqn (2) and calculated through eqn (3).
If the system did not reach equilibrium, a linear fit through
an initial region of the permeation curve was used. When
interpreting the permeability using a linear fit (R* > 0.95),
permeability was calculated at each acceptor concentration
point within this fit and the mean permeability reported

This journal is © The Royal Society of Chemistry 2022

View Article Online

Paper

(ESIT Fig. S2). As our method relied on the accuracy of
determined parameters, the total accuracy of our method
with respect to permeability determination was also explored
with an error propagation calculated for experiments
outlined in Fig. 3. In these experiments, the propagated error
was found to be lower than the standard deviation of
permeability measurements (ESI{ Table S1).

Permeability studies within the UV-DIB

Having determined a suitable method for calculating
permeability constants, we next showcased the capacity of the
system with a series of novel experiments. Table 1 presents the
lipid out DOPC permeability of each studied permeant,
spanning 3 orders of magnitude. One of the permeants,
1,7-dimethhyluric acid, was deemed impermeable.

For our studied permeants, we sought to understand a
chemical structure-permeability relationship within a
reduced physicochemical space. To achieve this, the xanthine
series was selected for its commercial availability, diversity in
structures and therapeutic relevance. It can be seen that most
of the compounds are readily permeable (<x107™* cm s™)
across a DOPC bilayer. Xanthine to caffeine in Table 1
represents systematic changes to the xanthine chemical
structure, in which the influence of functional groups can be
explored. It is worth noting that theophylline, theobromine,
caffeine and pentoxifylline are recognised therapeutic agents.
Fig. 4a, shows that as the xanthine ring system is methylated,
permeation increases. This increase in permeability occurs
within a narrow MW window (152-278 Da) and interestingly
the two lowest MW compounds (which are not recognised
therapeutics) were the least permeable within this set.
Between xanthine and 3-methylxanthine, the p value is
0.0104 and between 3-methylxanthine and theobromine, the
p value is <0.0001 (two-tailed ¢-tests) indicating successful
rank ordering of compounds across a large permeability
range. The permeability decreases from caffeine
(trimethylated) to pentoxifylline as one of the methyl groups
is replaced with a 2-hexanone group. The HBA/HBD count
changes systematically within this series(Table 1 and Fig. 4a).
From xanthine to caffeine, the HBD count is inversely
proportional to the permeability. 1-7-Dimethyluric acid is
likely too hydrophilic to bypass the DIB and no significant
difference was found between the leakage and permeation
profiles (ESIT Fig. S6). Interestingly, thiamethoxam retains a
high permeability with a HBA total of 7.

It is known that DMSO% can affect permeability, we
explored the possibility of our assay for use with compounds
otherwise insoluble in PBS requiring co-solvation with
DMSO0.*>* This was important to assess if the UV-DIB is to
have access to similar chemical scope as PAMPA. Theophylline
is a water soluble therapeutic which acted as our control
permeant. Solutions containing theophylline and varying v/v%
DMSO were prepared. From 0-5% DMSO, we observe an
apparent linear reduction in the permeability of a DOPC DIB to
theophylline (Fig. 4c). We also noted a slight reduction in DIB

Lab Chip, 2022, 22,972-985 | 977
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success rate, although could form stable DIBs up to 5%. Most
industrially relevant assays are performed at 1% v/v DMSO in
cell culture, as to otherwise not induce cytotoxicity. Of
importance, is that no statistical significance was observed in
the permeability values for 0 and 1% DMSO.

We also studied the effect of lipid formation mechanism.
Within DIB literature two, aqueous - oil monolayer formation
mechanisms exist — that of lipid in, where lipid coating
occurs from ruptured vesicles® and that of Zipid out — where
oil-dissolved lipid arranges from the oil phase.”®> We sought
to investigate the effect of lipid location (and therefore
monolayer formation mechanism) on permeability. For lipid
in, a vesicle ‘sink’ exists for the permeant to interact with.
This may introduce a secondary permeation process between
the vesicle and the bulk aqueous phase, thus requiring
equilibration between these two compartments prior to
measuring permeation across the DIB. Furthermore, the
location of lipid can affect monolayer formation.® We
assessed lipid in, lipid out and lipid in and out using
theophylline and caffeine as permeants (Fig. 4b). With lipid
in droplets, we noticed an increase in light scattering, noted
by decreased signal intensities relative to the same
concentration of permeant in a lipid out only droplet (ESIT
Fig. S5). The lipid out permeability was higher than the
comparative lipid in system. This trend was consistent for
both theophylline and caffeine (two tailed t-test, p = 0.05 -
Fig. 4b), however a slight increase in permeability was
observed for paracetamol comparing lipid out vs. lipid in and
out (ESIT Table S2). Combining both /ipid in and lipid out (for
theophylline and caffeine) does not demonstrate a significant
difference in permeability from employing Ilipid in
individually.

Lipid type is known to influence permeability, where
DPhPC - a lipid derived from archaea slows permeation
when compared to DOPC. This is due to branched acyl chain
groups increasing the lipophilicity of the inner membrane
and membrane packing through interdigitation. The lipid
fluidity contributes to membrane permeability, recently
explored in a fluorescent system,>® however like prior DIB
permeation experiments a single permeant was used to
explore this. Here we asked whether the chemical structure
of the permeant, drastically affected the permeability
reduction from DOPC to DPhPC. We observed a reduction in
permeability from DOPC to DPhPC independent of chemical
structure (Fig. 4d). Interestingly, permeability reduction
appears independent of lipid formation mechanism
(evidenced by experiments detailed in ESI{ Table S2). The %
reduction in permeability was not uniform, suggesting that
permeant-lipid interactions are potential contributors to the
overall reduction in permeability typically attributed to
membrane fluidity and lateral pressure. This non uniformity
resulted in a different rank ordering of the permeants
comparing DOPC vs. DPhPC within the lipid out dataset.
Theophylline and theobromine are structural isomers of one
another (di-methylation of xanthine ring structure) however
demonstrate differences in their % reduction. The
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methylation in theobromine is more splayed apart on the
ring structure, which may accelerate the permeation process
in DPhPC relative to theophylline.

We also built membranes of a higher complexity with
regards to lipid composition. The use of custom lipid
mixtures or plant tissue extracts to form DIBs in our system
paves the way for enhanced understanding of the target
lipidome in determining agrochemical uptake. A soy polar
lipid mixture (40% PC, 16% PE, 11% PI and 33% other) was
employed to form DIBs that more closely represent the
lipidome of a typical model plant.”>>° These plant-like
membranes were then used to perform permeability assays
on caffeine and thiamethoxam. In our experiments, we noted
a reduction in permeability across the soy membranes,
compared to DOPC, independent of the DIB formation
method (ESIT Table S2).

Discussion

Fundamental limitations have been apparent when studying
simple diffusion through mimetic lipid membranes using
techniques such as PAMPA or planar bilayers including; low
sampling rate, reliance on fluorescence detection and
inaccuracy in bio membrane representation,!’'%2%3%:36:60 5
central advantage of the PAMPA method, has been its ability
to employ UV-spectroscopy. With this technique now readily
accessible in DIBs, the chemical space which can be sampled
across lipid bilayer interfaces is significantly increased. The
capacity of the UV-DIB is highlighted by the study of the
xanthine series. This study outlined a chemical structure-
permeability relationship within a reduced chemical space,
which mimics a typical drug design process. The compounds
demonstrating the highest permeabilities are the known
therapeutics within the series. As far as we are aware, this is
the first time that a DIB platform has been used to
systematically study structural motifs and permeation, a
technique not possible through approaches utilising
fluorescence, a property delicately connected to the permeant
structure. The reduced permeability values for theophylline
compared to caffeine (Table 1) agree with similar
experiments in a simulation of membrane penetraton.®’ The
nuance of the permeant structure-permeability relationship
is further evidenced by the variation in DOPC vs. DPhPC
permeation seen for structural isomers (Fig. 4d).
Furthermore, data in Fig. 4c shows that DIBs formed with
1% DMSO showed negligible reduction in the permeability,
despite this effect being more pronounced at higher DMSO
concentrations. As a proof of concept, we observed this trend
with thiamethoxam in both lipid out and lipid in and out
systems (ESIT Fig. S8). As DIBs were found to be stable under
5% DMSO, it stands to reason that chemical structure-
permeability relationships could also be uncovered in drug/
agrochemical discovery programmes in which water solubility
in the uM regime may not be accessible for each candidate
across a development pipeline.

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 The UV-DIB can be used to perform a variety of experiments exploring transport phenomena across DIB membranes with diversely
structured permeants. a Permeability assessed within systematically altered chemical space. Increasing drug favourable properties results in an
increase in DOPC permeability. A clear cut off in the permeability is observed for xanthine (XNE) and 3 methyl xanthine (3MX). Note, that this data
is plotted from Table 1, with a log scale applied to the y-axis. b DOPC permeability assessed for theophylline (TPH) and caffeine (CFN) show impact
of DIB formation mechanism. Percentages indicate permeability change relative to lipid out. ¢ The effect of DMSO v% on DOPC lipid out
permeability to theophylline. d Exploration of the dependence of chemical structure on permeability change from DOPC to DPhPC. All
experiments report mean from 3-8 repeats, error bars indicate 1 standard deviation from the mean, shorthand labels for permeants from Table 1.

We chose the neonicotinoid insecticide thiamethoxam as
a model permeant relevant to the agrochemical sector. A
study using PAMPA with an egg PC lipid mixture, with two
300 pL compartments previously reported a membrane
permeability of 0.66 x 10° cm s™' for thiamethoxam,'®
however in our 0.9 puL DIB we report a DOPC permeability of

This journal is © The Royal Society of Chemistry 2022

17.0 x 10 cm s '. A variance of this magnitude for
thiamethoxam clearly illustrates the discrepancies observed
between lipid bilayer and PAMPA systems. This discrepancy
is explored thoroughly by Lee et al. using a planar bilayer
system, with which our caffeine and paracetamol
permeability values strongly agree despite a difference in
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bulk oil phase.*® Outside of expected inter lab variability,
PAMPA values may be negatively skewed due to an excess of
oil in the plate interface.

A further consideration lies in the effects of an unstirred
water layer (UWL); a stagnant layer of water adjacent to the
membrane surface with a concentration that differs from the
bulk solution.®*®® For this reason, the thickness of this
boundary layer can largely influence permeation kinetics. It
is well documented that by stirring the bulk solution, the
thickness of the UWL can be reduced - increasing the
effective membrane permeability."”” A stagnant UWL
thickness in a PAMPA well plate of up to 3800 um has been
reported.®>®® We have previously calculated a (0.8 puL) DIB
UWL thickness of approximately 137 um under stagnant
conditions, providing a thickness much closer to those
expected in vivo (estimated to be 40-100 pm in humans and
up to 500 um in some plants).>**>%® It is worth noting this
UWL thickness applies to a membrane separated by equal
volume droplets. The use of DIBs thus provides a platform
with a tuneable lipid composition as well as a fundamental
membrane and unstirred water layer thickness more
representative of those found in vitro.

An unclear relationship between Lipinski rule of 5
parameters, oral  bioavailability @ and  efficacy is
emerging.>*”*® A typical lipophilicity metric used to predict
passive uptake is the octanol-water partition coefficient (4
logP). A trend between sufficient aqueous solubility and
lipophilicity metrics have been observed for molecules
outside of Lipinski rules, particularly with respect to
increased molecular weight (MW).*® Coupled to this, there is
growing need for further interrogating the relationship
between human oral absorption and simple diffusion across
bio-representative lipid membranes. Within our data set, we
found one impermeable compound indicating compounds
below an AlogP threshold (ESIt Table S2) may be deemed
lipid bilayer impermeable. Permeation was readily observed
amongst the di-methylated xanthine species in the series
studied. Interestingly, it was the addition of a single carbonyl
group to the di-methylated xanthine ring structure (1,7-
dimethyluric acid) that attenuated bilayer permeation. This
finding indicates the subtle relationship, previously
uncovered in PAMPA, between chemical structure and
interface permeation. Delineating the role of simple diffusion
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as a transport mechanism in the entire drug/agrochemical
uptake process is thus critical,"> where current investigation
in this area is derived from PAMPA. Despite rigorous assay
development and employment in research and industry,
PAMPA permeability values have indicated loose correlation
with human intestinal absorption.”®”*

The experiments outlined in Fig. 4b were performed using
different lipid locations, impacting the monolayer formation
method (lipid in/lipid out). In either of our lipid solutions, we
used a buffer and oil lipid concentration (6.36 mM for DOPC)
substantially greater than the critical micelle concentration
(CMC) for DOPC (~0.1-10 uM).”> It is worth noting our
system satisfies a theoretical estimation of stability."” For
caffeine and theophylline, lipid out presented the fastest
permeability, where there were no permeant-vesicle
interactions in the aqueous phase. Lipid in and out appears to
be slightly higher than lipid in alone, suggesting that the
interplay of monolayer formation mechanisms may affect
permeability.>®> We also report a lower permeability value of
paracetamol in a lipid out system when compared to a lipid in
and out system (ESIt Table S2). Indeed, a permeating DIB
system formed with lipid in may present a more complicated
process if permeant structure dependent vesicle interaction is
considered. Lipid asymmetry is a central motif of biological
membranes,”* where lipid in formation can be used to impart
asymmetry in DIBs.”* Recent work has also achieved DIB
bilayer asymmetry through a lipid out technique indicating
that permeation directionality with respect to bilayer leaflet
composition is an important factor in model asymmetric
membranes.>® Furthermore, many membrane proteins have
been reliably studied in lipid in DIBs, through reconstitution
of proteoliposomes.”® These features are central to modelling
membrane transport phenomena and are otherwise not
achievable in PAMPA.

It is important to impart biomimicry in permeability
assays through biologically relevant lipid compositions.”
Bilayer lateral pressure has been highlighted as a key
parameter correlating with DIB permeability.>® In light of the
results presented in Fig. 4d, lipid-permeant interactions may
also be important. In this work, we observed a permeability
reduction in DPhPC (relative to DOPC) for the studied
permeants, reporting a % reduction between 15 and 63%
with a mean reduction of 40.8 + 18.6%. Our lab has

Table 1 Summary of lipid out DOPC permeability experiments. Permeability coefficient (P) reported as mean of at least 3 measurements, standard
deviation (SD) calculated from the sample size. Molecular weight (MW). Hydrogen bond acceptor/donor (HBA/D) count and ChromlogD ph 7.4

calculated with MarvinSketch

Permeant P(x107° ems ") P-SD (x10° cms™) MW (Da) HBA/HBD log D (pH 7.4)
Xanthine (XNE) 0.276 0.224 152 3/3 —-0.372
3-Methylxanthine (3MX) 1.97 0.842 166 3/2 -1.15
Theobromine (TBR) 16.0 0.560 180 3/1 -0.781
Theophylline (TPH) 19.4 2.35 180 31 -0.952
Caffeine (CFN) 28.1 0.920 194 3/0 -0.557
Pentoxifylline (PTX) 18.2 0.184 278 4/0 0.234
1,7-Dimethyluric acid Impermeable n/a 196 5/4 -1.21
Paracetamol (PCM) 8.13 0.310 151 2/2 0.910
Thiamethoxam (THM) 17.0 1.94 292 7/0 1.07
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previously shown a comparative 60% reduction in the
permeability value for resorufin (fluorescent dye).>* These %
reductions do not correlate with MW, however, an apparent
trend was observed with AlogP. Perhaps most importantly
within the assayed dataset, the permeability rank ordering of
compounds changed between DOPC and DPhPC (Fig. 4d).

Our group has also shown that higher orders of
compositional complexity within the membrane can be
achieved in DIBs. This was demonstrated through

measurement of resorufin permeability across custom lipid
formulations modelling plasma membranes in tobacco, oats
and Arabidopsis thaliana.*® In light of the results in Fig. 4,
caffeine permeation was assessed across a soy polar lipid
extract interface, noting a 44% decrease in permeability when
compared to a pure DOPC interface (ESIf Table S2). The
difference in permeability is likely due to the presence of PE
& PI headgroups (16 & 11 wt% respectively) increasing the
lateral pressure and thus, resistance to permeation.>””"”?

The ability to monitor permeant concentration in two or
more droplets simultaneously has previously been conducted
reliably using fluorescence-based detection.*****>%° The
generation of high throughput data sets with relevant drug
compounds will be required to thoroughly probe whether
PAMPA permeability rank ordering agrees with pure lipid
systems such as DIBs. Droplet networks are formed between
multiple aqueous volumes, where network translocation has
been studied with fluorescence.®"** Previous developments
in literature have seen the use of a microfluidic UV micro
spectroscopy based approach for simultaneous acceptor and
donor recording in a two droplet DIB, in the mM range.*”
Use of a UV detection system to monitor permeation in more
than two droplets has yet to be explored and therefore we
believe that a variation of the UV-DIB chip could be employed
to address some of the limitations currently in the literature
and improve experimental throughput.

Conclusion

In this work, we present a significant advancement in in vitro
modelling of permeant interactions with synthetic bilayers.
Through a modular, adjustable and facile method we have
fabricated chips on which passive membrane permeability
assays using industrially relevant permeant concentrations
can be conducted. We developed a chip fabrication method
in which fiber optic cannulas are embedded into the chip,
providing a low cost, low skill and novel approach in label-
free assessment of passive permeation across a lipid
membrane. By extracting the components of a UV-
spectrometer our device is highly modular and tuneable to
multiple conditions. The DIB method is shown to be
fundamentally equipped for the investigation of transport
phenomena through uncovering novel trends relevant to a
variety of fields. We hypothesise that our method of simple
diffusion characterisation can be exploited in a wide range of
applications, including in varied chemical space, opening up
the literature to further support DIB permeability studies and

This journal is © The Royal Society of Chemistry 2022
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probe discrepancies between PAMPA and emerging model
lipid membrane systems.>*>%?

Methods
UV-DIB chip fabrication

The chip was first designed as a series of layers using
CorelDraw Graphics Suite that could be arranged above one
another and subsequently bonded together. The layers of
varying thickness (0.5 mm or 1 mm) were cut from sheets of
PMMA (Clarex 001, Weatherall Equipment and Instruments
Ltd, UK) using a laser cutter (VLS 2.30, Universal Laser
Systems, Austria). Once cut, chip components were rinsed
using 70% v/v ethanol in water before drying each element
thoroughly under a stream of nitrogen to remove any debris
from the cutting process. A custom brushed aluminium
heating block (two plates, 9 x 5 x 1.5 ¢cm, L x W x H) equipped
with supports (d = 0.4 cm) was used to stack the layers of
PMMA. One of the plates was threaded such that four M6
screws were used to hold the two plates together and allow
pressure to be applied evenly (measured using a torque
wrench). The supports aided vertical alignment of the design
elements prior to UV cannula insertion and thermal bonding.

This fabrication method utilized two pre-cut UV cannulas
equipped with ceramic SMA connection points (L = 10 mm, @
=200 pm, 0.22 NA), purchased from Thorlabs UK embedded
into the chip. Layers 1 and 2 (1 mm each) were first aligned
on the heating block. Etches on the surfaces of layers 3 and 4
(0.5 mm each) of the chip were introduced to guide the
cannulas into alignment. Each of the ceramic connections
were also fitted with PMMA supports designed to fit tightly
into spaces cut into the chip, further aiding alignment
(Fig. 2). Once alignment was complete, layers 4-6 (2.5 mm)
were added above and bolts on the heating block were
tightened to 0.5 N m™" to apply uniform to the layers inside
with a torque wrench. The press was heated to 170 °C for 45
minutes before removing it from the heating mantle and
allowing the press to cool to room temperature. The total
thickness of the chip was 5 mm.

Sample preparation

Stock solutions of each permeant were initially formed based
on their water solubility, where subsequent serial dilution
would provide a range of concentrations to conduct
calibration and the permeability assay. Paracetamol, caffeine,
theophylline and 1,7-dimethyluric acid were all purchased
from Sigma-Aldrich, UK. Xanthine, theobromine and
3-methylxanthine were purchased from Tokyo Chemicals,
UK. Pentoxifylline was purchased from Tocris Bioscience, UK.
The thiamethoxam used was provided by Syngenta, UK.
Phosphate buffered saline 1X from Corning was used to
prepare the permeant solutions to a pH of 7.4.

Liposomes were prepared by evaporating the solvent from a
lipid-in-chloroform stock (DOPC, DPhPC and SPLE purchased
from Avanti Polar Lipids, USA) under a stream of nitrogen to
form a thin lipid film. The produced lipid films were
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subsequently desiccated overnight at room temperature to
remove residual solvent. Each film was then rehydrated to a
lipid concentration of 5 mg mL ™", using the various permeant
concentrations formed previously and was vortexed for two
minutes to ensure full suspension of the lipid film. The
resulting vesicular mixture was then extruded 15 times through
a 0.1 pm polycarbonate filter to form the final vesicle-
containing aqueous permeant solution.

Due to the conjunction of both [lipid in and lipid out
methods in our system, lipid oil was also prepared. The lipid
oil was prepared by forming a dried lipid film and was
subsequently solubilised using hexadecane (purchased from
Sigma Aldrich) to a lipid concentration of 5 mg ml™. The
resultant solution was vortexed until the entire film had
dissolved.

Calibration and leakage

Spectra were captured using Oceanview software from Ocean
Insight with a HR2000+ spectrometer and DH - mini light
source (deuterium bulb power = 19 pW). Before collecting a
spectrum, an appropriate integration time was selected. All
spectra were taken as the average of 3 scans and a boxcar
signal filter was applied. Calibration was conducted by first
flooding the well with 70 uL of lipid oil (5 mg ml™), a single
1.8 pL droplet of a given concentration was then injected into
the DIB chamber between the two cannulas. A spectrum was
captured every 5 s for a total of two minutes (n = 3). The
mean intensity for each concentration within the monitoring
period was used to form a calibration curve. A leakage assay
was performed with a high concentration of the permeant
and monitored for a longer time period to assess any changes
in intensity with time.

Permeability assays and data interpretation

To form the droplet interface bilayer used for permeability
assessment, the well of the chip was first flooded with 70 pL
of lipid in hexadecane (5 mg ml™"). A 0.9 uL droplet of each
of the chosen donor and acceptor concentrations were
pipetted into the incubation areas. The membrane area was
confirmed via microscopy with subsequent analysis of the
diameter via Image]. A circular area was calculated from
three repeats, SE on this measurement was fed into
propagated error equations (see ESI{ derivation). Droplets
were incubated at room temperature for 5 minutes for lipid
monolayer formation in lipid in and out method and 10 min
for lipid out and lipid in, before manually manipulating each
droplet into the DIB chamber, forcing them into contact.
Spectral collection would begin once both droplets were in
the chamber and in contact and would occur thereon. Data
was processed and analysed with a python script employing
the standard libraries. Upon completion of a permeability
assay, the chip was washed with 70% v/v ethanol in water to
remove any oil and permeant residues ready for reuse. Data
was fitted as detailed in the results section for further details
see the ESL}
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