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ABSTRACT: Sensors that can quickly measure the lipase activity

from biological samples are useful in enzyme production and @

medical diagnostics. However, current lipase sensors have lpage lipase
limitations such as requiring fluorescent labels, pH control of

buffer vehicles, or lengthy assay preparation. We introduce a

sparsely tethered triglyceride substrate anchored off of a gold § % % %

[l Metrics & More | @ Supporting Information

electrode for the impedance sensing of real-time lipase activity.

The tethered substrate is self-assembled using a rapid solvent

exchange technique and can form an anchored bilayer 1 nm off the

gold electrode. This allows for an aqueous reservoir region,

providing access to ions transported through membrane defects ‘ e

caused by triglyceride enzymatic hydrolysis. Electrical impedance

spectroscopy techniques can readily detect the decrease in

resistance caused by enzymatically induced defects. This rapid and reliable lipase detection method can have potential applications
in disease studies, monitoring of lipase production, and as point-of-care diagnostic devices.

KEYWORDS: ftethered lipid membranes, triolein, electrical impedance spectroscopy (EIS), lipase sensor, neutron reflectometry

B INTRODUCTION

Lipases are versatile enzymes due to their ability to hydrolyze
carboxylic ester bonds, catalyze esterification, nonaqueous
transesterification reactions, and interesterification.’ Lipases
derived from animal, plant, and microbial sources are of great
interest to many medical, pharmaceutical, and detergent
companies.” As an example of a medical application, the
diagnosis and management of patients with acute pancreatitis
could be achieved by measuring the activity of circulating
lipases in blood serum.” As 10% of marketed enzymes around

frequency generation vibrational spectroscopy, and atomic
force microscopy.'> "¢

Here, we present a sensor for the detection of lipase activity
using a tethered triglyceride substrate that is self-assembled
using a rapid solvent exchange technique. This involves a wash
step that converts the lipids from being dissolved in an
ethanolic mobile phase to an aqueous solution where the
presence of the hydrophobic moieties of the lipids dictates they
must form into anisotropic layer(s) around the tethering
molecules. The sensor uses the same tethering molecules used
to form sparsely tethered bilayer lipid membranes (tBLMs)."”

the world are lipases, a rapid in-line assay to monitor reaction
kinetics during production would also be of benefit as a quality
control procedure.’

To date, many current lipase activity assays rely on
measuring surrogate markers such as changes in ionic
concentration, pH, particle aggregation, fluorescence, or
other optical properties in the surrounding medium of a
lipase—lipid mixture. Inevitably, they involve the use of
additional chemical components to provide a signal which
can increase costs and limit sensitivity.””” Measuring the direct
effect of lipases on lipid substrates using amperometric
methods has also been described,'”"" but the techniques
typically require a time-consuming lipid substrate deposition
methodology that might also include the deposition of
nanocomposites and other conductive materials and/or
include the use of toxic solvents such as chloroform.'” Other
techniques that rely on lengthy lipid substrate deposition
processes include the use of quartz crystal microbalance, sum-

© 2023 The Authors. Published by
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When used with electrical impedance spectroscopy (EIS), this
sparsely tethered lipid membrane enables a direct and real-time
measurement of lipase enzymatic activity.

Triglyceride molecules typically do not spontaneously form
into bilayer lipid membranes. This is most likely due to their
molecular shape not being appropriate to form planar
structures. However, we hypothesized that the use of
hydrophobic anchoring molecules, or tethers, might be able
to form a support around which triglycerides can associate to
create a stable membrane layer. Factors such as the lipid chain
length and degree of saturation are critical in determining the
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suitability of a triglyceride for this purpose. The triglyceride
triolein, which possesses three C18 fatty acid chains with
double bonds at the 9—11 position, was chosen (Figure 1) as
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Figure 1. (A) Cartoon depicting the triolein-tethered membrane as a
bilayer. (B) Chemical structures of the substrates used in this study,
namely, triolein, DOPC, diether-PC, 18:1Lyso-PC, and oleic acid.

triolein is similar in length and composition to phospholipids
such as dioleoylphosphatidylcholine (DOPC) widely repre-
sented in mammalian membranes. The product of enzymatic
hydrolysis of triolein is oleic acid, which, as will be
demonstrated, seems to persist in the membrane and does
not cause membrane disintegration.

We confirm the effectiveness of the sensor by comparing
lipase activities in the presence and absence of inhibitors and
by using varying lipid substrate mixtures. We then further
demonstrate that it is unresponsive to phospholipase A,
activity that could also be present in biological solutions.
Finally, we analyzed the structure of the tethered membrane
using neutron reflectometry.

B EXPERIMENTAL SECTION

Buffers and Enzymes. Unless stated otherwise, experiments were
performed in the presence of 10 mM Tris-buffered 100 mM NaCl
solutions at pH 7 (referred to as tris buffer). Where appropriate, this
buffer was supplemented with 1 mM CaCl, to increase the activity of
the phospholipases. Porcine pancreatic lipase (PPL), the pancreatic
lipase inhibitor orlistat (tetrahydrolipstatin), porcine pancreatic
phospholipase A, (PLA,), recombinant PLA, from Aspergillus oryzae,
and lipase from Candida rugosa were all purchased from Sigma-
Aldrich Australia.

Tethered Membrane Substrate Formation. Tethered mem-
branes were prepared using precoated 25 mm X 75 mm gold on
polycarbonate slides containing no metal intermediate layers from
SDx Tethered Membranes Pty Ltd., Roseville, NSW, Australia. These
slides consist of six 2.1 mm? patterned, gold-sputtered electrodes each
with a surface roughness ~1 nm. These were coated with 10 mol %
tether molecules comprising 4-methyl phytanyl hydrophobic chains

conjugated to 11-oxygen ethylene glycol linkers interspersed with 90
mol % hydroxy-terminated 8-oxygen ethylene glycol spacer molecules
(Figure 1A). The tether and spacer molecules create a reservoir region
for ions between the bilayer membrane and the gold electrode. To the
anchoring chemistries, a second layer of 3 mM mobile phase lipids in
ethanol is added for exactly 2 min. Following this, each membrane is
rapidly solvent exchanged by washing out the mobile phase lipids with
3 X 400 uL tris buffer to enable the lilpids to self-assemble into a
membrane around the tether moieties.''® Three different mobile
phase lipids were used to create the tethered lipid substrates (Figure
1B), namely: the triglyceride triolein ((1,2,3-tri-(9Z-octadecenoyl)-
glycerol), the ester phospholipid DOPC (1,2-dioleoyl-sn-glycero-3-
phosphocholine), and a diether phospholipid with a structure, akin to
DOPC, designated diether-PC (1,2-di-O-(9Z-octadecenyl)-sn-glyc-
ero-3-phosphocholine). In these experiments, because it lacks any
hydrolizable ester groups, diether-PC is used to create negative
control tethered membrane substrates.'” Experiments looking into
mixtures of triolein with single-chained lipids included the use of 18:1
Lyso-PC (1-oleoyl-2-hydroxy-sn-glycero-3-phosphocholine; Avanti
Polar Lipids, USA) and Oleic acid ((9Z)-Octadec-9-enoic acid;
Sigma-Aldrich, Australia).

Electrical Impedance Spectroscopy (EIS). Impedance measure-
ments were done using a TethaPod swept-frequency electrical
impedance spectrometer (SDx Tethered Membranes, Pty Ltd.). AC
potentials at 25 mV amplitude were applied at frequencies ranging
from 0.1 to 2000 Hz. Data were fitted to an equivalent circuit
consisting of a resistor/capacitor circuit, representing the tethered
membrane, in series with a constant phase element representing the
imperfect capacitance of the tethering gold electrode, and a resistor to
represent the impedance of the surrounding electrolyte solution, as
described previously.”® Impedance magnitude and phase data were
fitted using a proprietary adaptation of a Levenberg—Marquardt
fitting routine incorporated into the TethaQuick software (SDx
Tethered Membranes Pty Ltd.).

For ease of comprehension, membrane resistance (R,,) values are
reported as membrane conductance, G, where G, = 1/R,.
Conductance changes over time were then normalized by dividing
the G, values by an appropriately designated baseline control value.
Control buffer washes were performed prior to the addition of lipases
to ensure there was no nonspecific drift in G,,.

Neutron Reflectometry (NR) and Data Fitting. Located at the
20 MW OPAL research reactor (Australian Nuclear Science and
Technology Organisation (ANSTO), Sydney, Australia), NR data
were collected using the SPATZ time-of-flight instrument.' This
instrument is located on a cold neutron guide and as such is supplied
with a neutron bandwidth ranging from 2.5 to 18.0 A with the cutoff
being determined by the instrument disc choppers. The Q resolution
of the experiment was set at AQ/Q of 3.3% where Q, the scattering
vector, is defined as

Q = (4rsind) /A

where 0 is the scattering angle and 4 is the wavelength of the incident
radiation. Incident angles of 0.5°, 0.85°, and 3.8° were used with the
data spliced together after normalization to the direct beam and
background subtraction to produce a single absolutely scaled
reflectivity data set over a Q range of 0.006 to 0.25 A™" using refnx
reflectometry analysis package.””

Tethered membranes were formed on 50 mm diameter, 7 mm
thick silicon disks that had been coated with chromium and then gold
at the Australian National Fabrication Facility, ANU node. These
disks were left to incubate in an ethanolic solution containing the T10
tethering chemistries (see tethered membrane section above) for at
least 1 h. Following this, a mobile lipid second layer of either DOPC
or triolein (3 mM in ethanol) was allowed to incubate on the disks for
20 min. This was followed by a rapid solvent exchange with Tris
buffer to enable the self-assembly of the tethered membrane.** Coated
disks were clamped to a bespoke perfusion chamber for tethered
membrane assembly and measurement at the SPATZ sample position.

Neutron contrast within the samples was achieved via the use of

hydrogenous phospholipids and deuterated triolein (produced by the
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National Deuteration Facility, ANSTO) with further contrast
provided by bathing solutions of tris buffer in either D,0, H,0, or
HDO mixtures that nominally match the neutron scattering length
density (SLD) of the gold layer.

The absolutely scaled data sets were modeled using refnx,”* a
python package for generalized curving fitting analysis for X-ray and
neutron reflectometry data. NR data were fitted using “slabs” with
four main parameters for all the layers: SLD, thickness, roughness, and
water volume fraction.

B RESULTS AND DISCUSSION

The Bode plots comparing triolein-tethered membranes with
traditional phospholipid tBLMs show a frequency-at-mini-
mum-phase at higher frequencies and a phase-at-minimum-
phase at a lower angle (Figure 2). The former suggests that

Bode plots for triolein,
DOPC, and diether-PC tethered memebranes
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Figure 2. Typical Bode plots of a triolein-tethered membrane in
comparison to phospholipid tBLMs composed of DOPC or diether-
PC lipids. Dashed lines represent frequency versus impedance
magnitude, while solid lines are frequency versus phase angle plots.

triolein-tethered membranes show less ionic transport
resistance than do phospholipid tBLMs. That the phase-at-
minimum-phase for triolein is lower than the PC membranes
indicates that either the capacitance of the tethering electrode
is lower and/or the cagpacitance of the membrane is higher than
the PC membranes.™

When fitted to an equivalent circuit (see Table 1), the
triolein membranes show a reduced imperfect capacitance (Q;)
at the tethering electrode-reservoir region than the phospho-
lipid membranes, yet the constant phase element dimensional
constant (cx,) is similar for all membranes. c, indicates the
contribution of the restricted diffusion in the reservoir

region.”>*® That they are similar suggests that triolein
molecules are not interfering with ionic transport in the
reservoir following self-assembly any more or less than
phospholipids do. The relatively low membrane capacitance
(C,) of 0.64 uF cm™ for the triolein-tethered membrane
compared to the phospholipid tBLMs suggests a thicker
membrane and/or a membrane with less water content.

The ability of the triolein-tethered membrane sensor to
detect lipase activity is demonstrated in Figure 3A. The
pancreatic lipase inhibitor, orlistat, forms a covalent bond with
a serine residue in the enzyme’s active site.””>* The absence of
any change in membrane conduction in the presence of orlistat
confirms that membrane conduction changes are due to the
catalytic actions of the enzyme and not to the protein inserting
itself into the membrane. This is further demonstrated in
Figure 3B, where the lipase shows no activity on phospholipid
tBLM substrates, even without the inhibitor. Figure 3C shows
the triolein-tethered membrane response to the enzymes PLA,
and phospholipase PLA,. While there is no response to the
inflammatory enzyme PLA,, the substrate responds to PLA,.
This is in agreement with previous studies that demonstrated
PLA, has activity against 1,3 triglycerides as well as
phospholipids.*’

From the Bode plots (see Supporting Information Figure
S1), it can be seen that a well-sealed membrane exists and
persists following enzymatic hydrolysis of 100% triolein-
tethered membranes, albeit with higher membrane conduction.
This is to be contrasted with previous studies using
phospholipid tBLMs exposed to phospholipases.'” When the
membrane seal is eliminated, the Bode diagrams would show
no minimum in the phase plot, and the apparent conduction
(G,,) values dramatically increase beyond the relevance of the
model from which these measures are derived. These data
suggest that the oleic acids formed from the triglyceride
hydrolysis are not sequestering themselves out of the
membrane and any alterations in membrane conduction are
solely due to a rearrangement of the packing of the lipid
molecules. To explore this further, we created tethered bilayers
of triolein with differing ratios of phospholipid (DOPC),
lysolipids, and fatty acids. The hypothesis is that we could alter
the overall critical packing parameter (CPP)’° of the
membrane in such a way that membrane disintegration is
made possible as a result of triglyceride hydrolysis. When
differing proportions of double-chained phospholipid were
used (DOPC), there was no difference in the response to the
enzyme if the ratio of triglyceride:phospholipid was greater

Table 1. Typical Fitted Parameters for Triolein, DOPC, and Diether-PC Tethered Membranes According to the Equivalent

Circuit Depicted Below”

C

'm

|_
1

membranes R, Q Q, uF cm™
triolein 462 + 52.4 7.4 £ 032
DOPC 245 + 72 8.6 + 0.6
diether-PC 372 + 45 99 + 14

CPE
Gn
[ G,y 1S Cpy UF cm™
0.9 + 0.02 2.2 + 0.55 0.64 + 0.07
0.9 + 0.03 0.45 + 0.03 1.22 + 0.16
0.89 + 0.02 0.49 + 0.17 1.46 + 0.19

“R, = electrolyte resistance, Q, = imperfect capacitance of reservoir region, , = dimensional constant of CPE of reservoir region, G,, = membrane
conductance, and C,, = membrane capacitance. Each value is the mean plus the standard deviation of six separate tethered membranes formed by

the solvent exchange method.
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Figure 3. Membrane conduction changes due to the addition of
lipases on the triolein-tethered membrane and phospholipid tBLM
substrates. (A) Addition of 10 U/mL porcine pancreatic lipase (PPL)
to triolein-tethered membranes in the presence (n = 3) and absence
(n = 3) of 3.3 ug/mL lipase inhibitor, orlistat. Lipase activity is visible
in the form of membrane conductance changes in the absence of the
inhibitor. (B) In contrast to the triolein-tethered membranes, PPL
exhibits no activity of phospholipid tBLMs comprising DOPC (n = 3)
or diether-PC (n = 3), as expected. (C) Phospholipase A, shows no
sign of inducing hydrolysis of triolein-tethered membrane substrates
(n = 3). Interestingly, however, phospholipase A, enzymes show
significant catalytic activity on these substrates (n = 3).

than one; and no response at all if the ratio was 0.5 or less
(Figure 4A). This confirms that triglycerides and phospholi-
pids cannot be mixed in such high proportions to create lipid
bilayers.>"** It also shows that self-assembly around the
tethering molecules will favor one of these lipid types over the
other depending on their relative proportions in the ethanolic
seed solution prior to solvent exchange.

We also wanted to trial an industrially produced lipase on
triolein-tethered bilayers with and without single-chain fatty
acids. For this, we used lipase produced by the yeast Candida
rugosa. Interestingly, the incorporation of single-chained lipids
(18:1 Lyso-PC and oleic acid) only resulted in a reduction in
the peak response to the Candida rugosa lipase (CRL) that is
roughly proportional to the amount of the single-chained lipids
in the tethered bilayer (Figure 4B,C). These data are further
confirmation that the electrical impedance response to the
lipases is dependent on the amount of substrate available and
not as a result of the lipase proteins themselves partitioning
into the membrane. Over time, as the triglyceride molecules
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Figure 4. Membrane conduction changes due to the addition of
lipases on tethered membranes formed with triolein and phospholipid
or fatty acid mixtures. (A) Responses (or lack of responses) to the
addition of porcine pancreatic lipase (PPL) to varying mixtures of
triolein and DOPC suggest that self-assembly of the triglycerides with
double-chained phospholipids will favor one lipid type over the other,
depending on their relative quantities. In contrast, the incorporation
of single-chained lipids reduces the response to Candida rugosa lipase
(CRL) roughly proportional to (B) proportion of oleic acid present or
(C) proportion of 18:1 Lyso-PC present. All figures are the mean of n
= 3 tethered membranes; for clarity purposes, the error bars are not
shown. Proportions are calculated as mol:mol.

are hydrolyzed, the ratio of single-chained fatty acids to the
residual triglycerides will result in new packing geometries
being formed. Some of these geometries may reduce the
probability of membrane-spanning defects and, consequently, a
reduced membrane conduction, as seen in Figure 4A—C.
Other mechanisms that can cause a decrease in membrane
conduction include the effect of lowering the pH. This will be
associated with an increase in the fatty acid content. A pH-
dependent drop in bilayer conduction has previously been
reported and is proposed to be a result of increased membrane
packing due to increased hydrogen bonding at the lipid—water
interface in phospholipid®**** and fatty acid membranes.*
Key to the sensitivity of the sensor is the presence of an
aqueous reservoir region between the tethering electrode and
the triglyceride membrane. The reservoir enables sufficient
space between the tethering gold electrode and the membrane
for ions to traverse into and out of when an alternating current
(AC) voltage is applied. Without a reservoir, the migration of
ions across the membrane will be inadequate, and this will

https://doi.org/10.1021/acsami.3c11767
ACS Appl. Mater. Interfaces 2023, 15, 52237—-52243


https://pubs.acs.org/doi/10.1021/acsami.3c11767?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c11767?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c11767?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c11767?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c11767?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c11767?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c11767?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c11767?fig=fig4&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c11767?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

appear as an additional resistance in series with the membrane
resistance, resulting in a lower conduction change in response
to the enzyme. Another factor that could influence the sensor’s
sensitivity is the membrane thickness. Should the triglycerides
coalesce around the tethers in multilamellar structures, the
increased overall thickness will also impede the flow of ions
and decrease membrane conduction. So, to verify the tethered
triglyceride architecture, neutron reflectometry was employed.
Figure S shows the relative thicknesses of a deuterated triolein-
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Figure 5. Neutron reflectometry of a deuterated triolein-tethered
membrane. (A) Neutron reflectivity of the membrane using three
different contrasts, namely, D,0, a gold-matched mixture of D,O and
H,0 (HDO) and H,0. (B) Scattering length density (SLD) versus
distance calculated from the data in A. “R” is the reservoir region
(~30 A) between the gold substrate and the membrane, “M” (~50
A). (C) Neutron reflectivity of the membrane following the addition
of 10 U/mL porcine pancreatic lipase. (D) SLD plot derived from the
same data. As in B, “R” is the reservoir region (~30 A) between the
gold substrate and the membrane, “M” (~50 A).

tethered membrane before and after the addition of PPL. The
SLD versus distance plots reveal a reservoir region of ~30 A
and a membrane that is ~50 A thick. This is in agreement with
the low membrane capacitance values (0.64 4F cm™, Table 1)
which suggests triolein forms thicker tethered membranes than
DOPC tBLMs. Using neutron reflectometry, we also measured
DOPC tBLMs, and their calculated membrane thickness was
~40 A (see Supporting Information Figure S2). However,
these data need to be treated with caution as the overall
membrane coverage on the substrates used for neutron
reflectometry, using the d-triolein, was calculated to be 50%.
We repeated the experiment with hydrogenated triolein, which
yielded a better overall coverage (90%), but the triglyceride
seemed to be spread very thin, with a thickness of ~13 A (see
Supporting Information Figure S3). These disparities might be
explained by the relative size of the substrates used in neutron
reflectometry experiments (~2000 mm?> compared to 2.1 mm?
for EIS measures). The self-assembly of triglyceride molecules
around sparsely distributed tethering molecules over large
areas will inevitably be inconsistent. Figure 5C,D indicates that
the membrane remains unaltered after the addition of
hydrogenated lipase protein, suggesting that the lipase is not
incorporating itself into or adsorbing onto the membrane. It
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also confirms that the tethered membrane structure remains
intact despite enzymatic hydrolysis. However, in the h-triolein
samples (see Supporting Information Figure S2C,D), there is
evidence of membrane swelling after addition of lipase,
probably due to incorporation of the bathing solution as a
result of lipase hydrolysis. The impact of this effect might not
have been evident in the d-triolein samples due to the relatively
low surface coverage. To support this view, we demonstrated
that d-triolein-tethered membranes can be produced using the
solvent exchange technique in tris buffer made with D,0 and
respond to PPL when measured using EIS (see Supporting
Information Figure S4).

B CONCLUSIONS

These tethered membrane lipase sensors can be assembled in
under 15 min. Further, following preparation, they can be
stored for days at a time and remain intact and functional. That
triolein-tethered membranes remain a bilayer following
exposure to lipases is an example of the critical balance of
free energies. These include the steric packing of lipids, the
entropy of the interfacial water, maximized by excluding the
methylene chains from water, and direct hydrogen bonding of
the polar groups to the water in the bathing solution. This
balance governs whether an amphiphile will form a bilayer, a
micelle, or a more complex hexagonal or cubic phase.
Homogeneous dispersions of lysophospholipids and fatty
acid compounds do not typically form bilayers. However,
when m1xed the free energy balance can result in a bilayer
forming’® which enables the creation of a stable sensor
substrate for measuring lipase activity in real time.
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