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Abstract

Silicon semiconductors with a thin surface layer of silica were first modified with
polyelectrolytes (polyethyleneimine, polystyrene sulfonate and poly(allylamine)) via a facile
layer-by-layer deposition approach. Subsequently, lipid vesicles were added to the preformed
polymeric cushion, resulting in the adsorption of intact vesicles or fusion and lipid bilayer
formation. To study involved interactions we employed optical reflectometry, electrochemical
impedance spectroscopy and fluorescent recovery after photo bleaching. Three phospholipids
with different charge of polar head groups, i.e. 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC), 1,2-dioleoyl- sn-glycero-3-phospho-L-serine  (DOPS) and 1,2-dioleoyl-3-
trimethylammonium-propane (DOTAP) were used to prepare vesicles with varying surface
charge. We observed that only lipid vesicles composed from 1:1 (mole:mole) mixture of
DOPC/DOPS have the ability to fuse onto an oppositely charged terminal layer of
polyelectrolyte giving a lipid bilayer with a resistance of > 100 kQ. With optical
reflectometry we found that the vesicle surface charge is directly related to the amount of
mass adsorbed onto the surface. An interesting observation was that zwitterionic polar head
groups of DOPC allow the adsorption on both positively and negatively charged surfaces. As

found with fluorescent recovery after photobleaching, positively charged surface governed by
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the presence of poly(allylamine) as the terminal layer resulted in intact DOPC lipid vesicles
adsorption whereas in the case of a negatively charged silica surface formation of lipid
bilayers was observed, as expected from literature.

1. Introduction

The development of a bio-interface that mimics biological membranes is important from both
the application and fundamental point of view.[1][2][3] Model lipid bilayers that include
lipid vesicles (LVs), support-free black lipid membranes (BLM) and supported lipid bilayers
(SLB) seem to be a good option to date. Over the last decade, each given example of a lipid-
based bio-interface became an individual subdivision of research. Methods used most
commonly for the formation of SLB include the fusion of LVs over an oppositely charged
surface[4][5] or by support decoration with the help of the Langmuir-Schaefer technique.[6]
Under proper conditions, electrostatic interaction between lipid bilayer and the underlying
charged support like silica,[7] TiO2[8] or glass[9][10] are sufficient to induce SLB formation.
Direct deposition on the underlying support has a serious drawback, which is the limited
space available between the membrane and the support, which may affect the fluidity of a
support contacting bilayer leaflet and restricts the accommodation of functionalities like
transmembrane proteins. A number of different options were proposed to overcome this
problem.[11] Some examples include: (i) tethered lipid bilayers that are connected to the
support via a spacer that can be covalentely bond to the support or/and
lipids;[12],[13],[14],[15] (ii) formation of the lipid bilayer over self-assembled monolayers
terminated with ionizable functional groups;[16] (iii) patterned surfaces that allow the

formation of semi-supported lipid membranes[17] or (iv) polymeric cushions.[18]

Very elegant, fast and reproducible methods that allow the formation of polymeric cushions
are based on the alternating deposition of oppositely charged polyelectrolytes.[19] [20] Layer-
by-layer (LbL) formation of polyelectrolyte multilayers as a support for LB has been studied
by a few groups. Although apparently an easy approach, it has resulted in a set of complex
problems. Cassier et al. studied the formation of LB composed from phosphatidic acid or
phosphatidylcholine on polyelectrolyte multilayers built up from polly(allylamine) (PAH) and
polystyrene sulfonate (PSS).[21] Although LB formation was confirmed, the electric
properties were indistinguishable from those measured for polyelectrolyte multilayers alone.
Fishlechner et al. proved that the fusion of LV and the consequent LB formation is highly
depending on the LV’s surface charge as governed by their composition.[22] Unbeaten results



were obtained by the fusion of 1:1 (mole/mole) DOPS/DOPC LVs onto PAH terminated
polyelectrolyte multilayers. Diamanti et al. studied the deposition of 3:7 (mole/mole) PC/PS
LV onto polyelectrolyte multilayers formed from PAH and PSS.[23] An impedimetric study
revealed that the lipid bilayer showed very high resistivities in order of MQ2cm? and
surprisingly high capacitance values equal to 10 — 14 uFcm™2. In another report it was found
that the origin of the chemical functionality of the outer polyelectrolyte layer and as a
consequence the nature of interactions between support and lipids higly affects the depostion
process. Moderately charged surfaces governed by the presence of an outer PAH layer
together with the ability to form hydrogen bonds triggered the fusion of DOPC/DOPS LVs
1:1 (mole/mole) ratio. When the outer layer was replaced by poly(diallyldimethylammonium
chloride), carrying permanently charged quaternary ammonium groups, adsorption of intact

vesicles was observed.[24]

Situating the biointerface into electronic devices can mainly find applications in sensing.
Potential candidates are semiconducting materials in electrolyte/insulator/semiconductor
configuration. Silicon semiconductors covered with thin layer of silicon dioxide were
modified with lipid bilayers using different approaches. Atansov et al. synthesized ether
tail-containing lipids that were grafted to the surface of p-doped silica (pSi) via silane
chemistry.[25] The resulting tether allowed fusion of DOPC LVs and the formation of SLB
with good electrical sealing properties (in the range of MQ-:cm?). Lin et al. used
polyethylene glycol modified lipids as a polymeric cushion for the lipid bilayer (with Ry g in
the kQ-cm?range) on single-crystal, n-doped silicon (nSi).[26] Direct fusion of
dihexadecyldimethylammonium bromide LVs on pSi-surface silica layer resulted in the
formation of R, in the range of k2 - cm? that progressively increased to 1 M2 - cm? after a
few days of incubation.[27] LVs were also shown to fuse over silicon nitride/silicon dioxide
covering p-doped silicon which consequently affected the electric properties of the space
charge region.[28] Silicon nanowires as field-effect transistors[29] and silicon cavities[30]

were also successfully modified with lipid bilayers.

The novelity of this work comes from the complexity of the system studied, i.e. an interface
formed between a silicon semiconductor and a polyelectrolyte thin film, on top of which
phosholipid vesicles and/or bilayer are adhered. We have employed the easiness of surface
modification via a layer-by-layer depostion of polyelectrolytes on top of semiconductor
devices to form charged polymeric cushion. A number of experimental variables were

invesitaged in this regard:(i) the effect of silicon semicondutor doping (n or p), (ii) charge of
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LVs governed by phospholipids with desired functionalites located within polar head group
and (iii) the effect of polymeric cushion formed with polyelectrolytes by layer-by-layer
depostion apporach. To control the surface charge of LVs we used lipids (or their mixtures)
terminated with differently charged polar head groups. The electric properties of the silicon
semiconductor under different bias potentials, and in the presence of polyelectrolyte layers
and lipid bilayer were investigated by impedance spectroscopy. Optical reflectometry was
used to study the charge dependency of the interactions between the LVs and the exposed
oppositely charged polyelectrolyte layer. Using fluorescent recovery after bleaching (FRAP),
we measured the lateral diffusion coefficients of lipids within the lipid bilayer formed on the
bare SiO, and PAH. In addition to that, we were able to distinguish between lipid bilayers

formed as a consequence of LVs fusion and intact adsorption of LVs.

2. Materials and Methods

2.1.Chemicals and materials

Phospholipids: 1,2-dioleoyl-3-trimethylammonium-propane chloride salt (>99%; DOTAP),
1,2-dioleoyl-sn-glycero-3-phospho-L-serine sodium salt (>99%; DOPS), 1,2-dioleoyl-sn-
glycero-3-phosphocholine (>99%; DOPC), were supplied by Avanti Polar Lipids and stored
in a chloroform stock solution. For FRAP experiments the Texas Red® 1,2-dihexadecanoyl-
sn-glycero-3-phosphoethanolamine, triethylammonium salt (TR-DHPE) supplied by
ThermoFisher was used. Polyelectrolytes: branched poly(ethyleneimine) (PEI, M,, = 25000
g/mol, M,, = 10000 g/mol), poly(allylamine hydrochloride) (PAH, M,, = 17500 g/mol) and
poly(sodium-4-styrene sulphonate) sodium salt (PSS, M,, = 70000 g/mol) were all purchased
from Sigma-Aldrich. The background electrolyte solutions were prepared using KCI (99%),
NaCl (99%) and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, >99.5%) were
all purchased from Sigma—Aldrich. When necessary, the pH was adjusted with standard 1M
solutions of HCI and NaOH from Fluka. The pH was measured using a Methrom 827 pH lab
meter or with pH indicator papers. Large unilamellar vesicles LVs were prepared using the
extrusion technique. Polycarbonate nucleopore track-etched membranes with 100 nm pore
size were obtained from Whatman. @ = 100 mm polyester filter supports were obtained from
Avanti. Silicon wafers including n-type and p-type and covered with a 3.1 nm thick thermally
grown silica layer were supplied from NXP Semiconductors (Eindhoven, The Netherlands).

Gallium-indium eutectic was purchased from Alfa Aesar.

2.2.Lipid vesicles preparation



All liposomes used in this study were prepared via extrusion. First, the desired amount of
lipids in chloroform were transferred into a round-bottom flask. Chloroform was evaporated
under a stream of nitrogen and then the flask was kept under vacuum for at least two hours.
Next, 10 mM HEPES solution was added (pH = 7.3) and the lipids were resuspended by
vigorous stirring. In order to obtain large unilamellar vesicles with a narrow size distribution,
the solution was extruded at least 15 times through polycarbonate membrane sandwiched
between two polyester filter supports. The resulting LV solution was kept in the fridge at 4°C
and used within three weeks after preparation. Size distribution and zeta potential were

measured with a Zetasizer Nano ZS from Malvern for each set of vesicles.
2.3. Polyelectrolyte multilayer formation and lipid bilayer deposition

Prior to the lipid bilayer deposition, the silicon supports were pre-treated. The protecting
polymeric film was removed by rinsing using a set of solvents in the following order: 1,2-
dichloromethane, isopropanol, acetone and miliQ water. The wet supports were successively
dried under the stream of a nitrogen. Next, the wafers were air plasma activated for 2 min
with an plasma cleaner from Harrick Plasma at pressure of 1000 mTorr and RF coil power of
29.6W. Activated samples were kept in 150 mM KCI, 10 mM HEPES (pH = 7.3) for one day
before use. Polyelectrolyte multilayers were formed by alternating dipping silicon wafers in 1
mg/mL solution of PEI, PSS, PAH (and one more PSS layer in the case of DOTAP) for 30
min each, over the activated silica surface. Between each layer, the surface was thoroughly
washed with 10 mM HEPES in 150 mM KCI. Lipid bilayer fabrication was performed by
pipetting of 0.1 mg/mL lipid vesicle dispersion in 10 mM HEPES and 150 mM KCI on bare
or polyelectrolyte-modified silica surface so that the solution covered the surface completely.
After 30 min, the remaining solution was washed away making sure the lipid bilayer was

hydrated all the time.
2.4.Electrochemical Impedance Spectroscopy

All impedimetric measurements were performed using an Autolab potentiostat
PGSTAT302N. The three-electrode cell configuration was used as reported elsewhere.[31]
An Ag/AgCI served as the reference electrode, whereas a Pt wire was used as a counter
electrode. The working electrode was the silicon semiconductor connected from the backside
to a copper contact plate via Indium-Gallium eutectic. Prior to the assembly, the silicon

sample was scratched on the bottom side with a diamond knife to improve the ohmic contact



with the eutectic. Impedance spectra were recorded in the frequency range from 100 kHz
down to 100 mHz, with an amplitude E,. equal to 10 mV with an integration time of 0.125
s. During the measurements, the superposed bias voltage was varied between +0.6 V and —0.6
V allowing the control of charge distribution in the space charge region. All measurements
were performed in 10 mM HEPES with 150 mM KCI. Prior to each experiment, the silicon
wafers were air plasma treated for 2 min. and incubated overnight in the background

electrolyte solution.

2.5.Zeta potential and size distribution measurements

Zeta () potential and size distribution measurements of the lipid vesicles were performed at
20°C with a ZetaSizer NanoZS instrument from Malvern. The instrument calculated the (-
potential based on the electrophoretic mobility of liposomes according to Smoluchowski
approximation.[32] The reported (-potentiala are an average of 15 consecutively repeated
scans. Size distribution of the lipid vesicles was determined based on dynamic light scattering
(DLS) phenomena and the (-potential was calculated by the Malvern software. The average
sizes of lipid vesicles together with corresponding (-potentials are given in Table 1. All

measurements were performed in 10 mM HEPES in 150 mM NacCl.

Table 1. Z-average sizes and (-potentials of lipid vesicles composed from different lipids.

— .
Lipid DOPC* DOPS* DOPC/DOPS DOTAP*
composition (1:1 mole:mole)

o/ nm 128.7 (+/-5.0) | 110.3 (+/- 1.5) | 115.0 (+/-5.0) | 97.5 (+/-2.3)

(-potential / mV | 5.0 (+/-0.2) | —41.8 (+/- 1.0) | —22.0 (+/-2.0) | 43.8 (+/-0.9)

* Errors are calculated based on three independent measurements. Polydispersity index was
found in the range from 0.050 to 0.090 indicating monomodal and highly monodispersed

samples.

2.6. Fixed angle stagnation point optical reflectometry

The polyelectrolyte multilayer and lipid bilayer deposition on silica surfaces were studied
with the fixed angle, stagnation point optical reflectometry (OR).[33] The idea behind this
technique is to relate a reflected light signal to the amount of adsorbed material, by measuring

changes in the parallel (Ip) and perpendicular (lIs) polarized light intensities upon adsorption:



s=2 (1.1)
The change in the signal S indicates the adsorption at the solid — liquid interface as the
refractivity of the surface alters. Surface excess (/") of the adsorbate can be defined and
related to S by:

_ 5-Sp
=

r

Qs 1.2)

where So is the signal reflected from the bare silica surface, S is the signal recorded after
adsorption and Qs is the inverse of a sensitivity factor. Determination of the latter requires the
knowledge of reflectivities of silicon, silica and adsorbed layers. We used dedicated software
(prof. Huygens, version 1.2C Dullware) with the following parameters: thickness of silica
layer dgio,= 70 nm; refractive index of silica ng;o,= 1.46; refractive index of silicon ng; =
3.85; refractive index of the solution ng,rion= 1.33, laser wavelength 4 =632.8 nm and
dn/dcpg; = 0.176 mL/g[34] to calculate the mass of the first polyelectrolyte layer — PEI.
Unfortunately the dn/dc increment for subsequent polyelectrolytes and LVs are unavailable.
For lipid bilayers we used a value of dn/dc; g = 0.146 mL/g reported for DOPC/DOPG
system.[35] Consequently instead of giving mass uptake we used relative signal increase to
interpret surface adsorption process, as it is common practise in OR measurements. Before
each experiment, the silica surface was treated with an air plasma to remove ubiquitous
organic contaminations and to activate the surface by the formation of extra silanol species
resulting in a high surface density of these groups.

The optical reflectometer used in this study is a custom-built instrument from Fijn-
Mechanische Werkplaats, Wageningen, The Netherlands. For the support, we used nSi wafers
with a 70 nm thick thermally grown silica layer. Before each experiment started, the wafers
were cleaned using acetone and miliQ water, followed by N2 drying. Activation of a surface

was completed by an air plasma treatment for 120 sec.
2.7.Fluorescent Recovery after Photobleaching

The mobile fraction, lateral diffusion coefficients of lipids as well as mechanistic information
originating from the interaction between lipids and underlying support were studied using
FRAP. For these measurements, LV with desired ratios of the main lipids were doped with

0.5 mol% of the lipid conjugated fluorescence dye TR-DHPE were prepared. These LV were
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incubated at a concentration of 0.1 mg/mL on glass substrates that were pre-activated with 1M
NaOH for 1h and rinsed copiously with Milli-Q water. After 30 minutes incubation and
subsequent carful rinsing, the FRAP measurement was performed using a confocal
microscope (Nikon Al CSLM), using a 561 laser and 570-620 emission filter. The protocol
consisted of 11 imaging loops (1 second interval) before bleaching in order to establish a
baseline, then 5 loops of bleaching with 100 % laser intensity and with no delay in between
loops (giving a total time of 1.19 seconds) and either 300 or 600 loops of recovery (1 second
interval). The intensity is normalized and corrected for acquisition bleaching by using the
fluorescence intensity in a location not too close to the bleach spot. The bleach spot was 10
pm in diameter. FRAP curves were fitted with the modified Bessel functions as described by
Soumpasis et al.[36] FRAPAnalyser (University of Luxembourg) was used for the fitting to

determine the diffusion constant and the degree of recovery.

3. Results and discussion
3.1.Optical reflectometry

First, we investigated the polyelectrolyte adsorption followed by LV addition with an optical
reflectometry. The pK, of asilica[37] equals to 4 — 4.3; for PEI[38] pK, values can be found
in the range from 8 to 11, for PAH[39] pK, =~ 8.5 whereas PSS[40] is a strong polyelectrolyte
(pK,= 1) that holds a negative charge in an almost full pH range. Consequently, to ensure
charge reversal between support and each added layer we worked at fixed pH = 5.5. The
representative experiment showing signal evolution in time for a polyelectrolyte multilayer
composed from PEI followed by 17 layers formed via alternating addition of PSS and PAH is
shown in Figure S1. PEI is commonly used as the first layer since it holds a positive charge in
a wider pH range as compared to PAH. For the given background electrolyte concentration of
[NaCl] = 150 mM we found a linear build-up of the signal that is indicative of the
corresponding ionic strength.[41][42] At higher background electrolyte concentrations, i.e.
higher ionic strengths, the signal originating from multilayer build-up grows
exponentially.[41] [42] After each polyelectrolyte addition, the modified support was flushed
for at least 100 sec. with 150 mM NaCl (pH = 5.5) and as it is shown in Figure S1 and Figure
1A no significant changes in signals are observed. This means that no delamination of
terminal layers occurred. The signal increase upon the adsorption of the first three layers
composed of PEI, PSS and PAH was equal to 0.020 (+/- 0.005), 0.023 (+/- 0.006) and 0.024

(+/—0.008), respectively, and was determined from four independent experiments. Using Eq.



1.2 with Qr = 26 we calculated the adsorbed mass to be equal to 0.56 mg/m? for PEI which
correlates well with 0.69 mg/m? reported for PEI at pH = 5.5 and [NaCl] = 150 mM[42] or
0.40 mg/m? for PEI measured at pH = 5.8 and [NaCl] = 100 mM.[43] As the dn/dc for other
polyelectrolytes is not available we could not calculate the surface mass uptake.
Consequently, for comparative purposes, we focused on the relative signal increase. The
optical reflectometry signal recorded after the addition of the LVs having different
composition and consequently different surface charges to the polyelectrolyte cushion is
shown in Figure 1A. For the DOPC, DOPS and DOPC/DOPS the outermost (top)
polyelectrolyte layer was PAH, whereas for DOTAP it was PSS. In all cases, the addition of
the LVs resulted in a signal increase which was one order of magnitude larger as compared
with the polyelectrolyte adsorption. The relative signal increments equals to 0.504 for DOPC,
0.178 for DOPS, 0.290 for DOPC/DOPS and 0.191 for DOTAP. As shown in Figure 1C these
values correlate well with the measured absolute values of the zeta potential of LVs in the
bulk phase. This indicates that the interaction between support and LVs are very much
governed by electrostatics. At this point, we speculate that the LVs composition and
consequent surface charge governs the morphological surface properties of the adsorbed
bilayers resulting in three scenarios as shown in Figure 1D. (i) The highest signal increase
found after addition of DOPC LVs, that reached steady state after around 350 sec., can be
attributed to adsorption followed by the organization of intact LVs. The low value of the
surface potential ({ = -5 mV) and the possibility to induce orientation of zwitterionic polar
head groups of DOPC[44][45] allows the formation of a compact layer of intact LVs. (ii) As
reported by others,[22] [24] and proved in the following sections of this paper the LVs
composed from 1:1 (mole:mole) mixture of DOPC/DOPS fuse over oppositely charged PAH
layer and form a lipid bilayer. With the value of dn/dc = 0.146 mL/g reported for
DOPC/DOPG[35] we calculated that the relative signal increase (S —S3)/So = 0.290
corresponds to ca. 10 mg/m? of a lipids at the surface. Assuming a surface area (a) per lipid
(apopc = 0.73 nm? and apops = 0.65 nm?),[46] lipids molar mass (Mpopc = 786.11 g/mol and
Mpops = 810.25 g/mol) and homogeneous 1:1 distribution of the lipids within the bilayer, we
calculated theoretical surface excess equal to 3.85 mg/m?. In addition to the dn/dc increment
that can deviate for our lipid composition we can speculate that the discrepancy between
theoretical and measured values (3.85 vs. ~10 mg/m?) indicates that a higher specific surface
area, induced by the roughness of the polyelectrolyte cushion, is available for lipids, which
can be translated into higher signal increase. (iii) For the LVs with highest surface charge, i.e.
DOPS ({ = —41.8 mV) and DOTAP ({ = 43.8 mV), in addition to the strong surface
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adsorption that constrains their fusion, we anticipate some spacing to occur between intact
LVs due to electrostatic repulsion. The resulting layer is expected to be mass depleted as
compared with DOPC, which result in a lower signal.

The findings derived from OR measurements are in agreement with the EIS and FRAP data as
will be discussed in following sections.

CH3 )
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Figure 1. A — Optical reflectometry signal for the polyelectrolyte multilayer build-up

Si0,« -

terminated by the addition of LVs. Black-solid arrows indicate the addition of three first
layers of polyelectrolytes (in the case of DOTAP, a fourth layer of PSS was deposited). Red-
dashed arrows correspond to 150 mM NaCl flushing step. Concentration of polyelectrolytes
was 1 mg/mL at pH ~ 5.5. Concentration of lipid vesicles was 0.1 mg/mL at pH = 7.3; B —
zoom in into the optical reflectometry signal originating from polyelectrolyte adsorption prior
to DOPC/DOPS LVs addition; C — Absolute value of zeta potential measured for lipid

vesicles at pH = 7.3 as a function of relative reflectometry signal increase measured after last
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polyelectrolyte layer deposition; D — Schematic representation (not to scale) of the LVs at
different lipid compositions deposited on polyelectrolyte cushion: (i) densely packed intact
lipid vesicles; (i) lipid bilayer originating from fused lipid vesicles and (iii) loosely packed
lipid vesicles (*DOTAP LVs are expected to adsorb in the same manner as DOPS onto PSS
as the terminal layer). Chemical structures of the lipids can be found on top of the figure (R

stands for 9Z-octadecanoyl substituent).

3.2.Electrochemical Impedance Spectroscopy

3.2.1. The impedance of the electrolyte — unmodified SiO2 — silicon semiconductor

Impedance spectroscopy is routinely used to study electrolyte — insulator — semiconductor
interfaces.[47],[48],[49] The electric properties of the semiconductor can be affected by
application of an external bias polarization or by the changes in the surface charge density.
Both will affect the valence and conductance band bending in the space charge region. For n-
doped Si the majority charge carriers are electrons. By definition, the external potential at
which the net transfer of charge is equal to zero is called flat-band potential (Ef,). At
potentials more negative than Ep, the electrons are accumulated in the space charge region
and the impedance of a system is governed by a purely capacitive behaviour of the thin silica
layer in series with the resistance of the electrolyte (Figure 2A). At potentials more positive
than Ep, the electrons are depleted from the space charge which adds additional RC time

constant to the equivalent circuit (Figure 2B).

A B
Re  Csio, Re Csio,

-Sio,

- nSi

Accumulation Depletion
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Figure 2. Schemes of n-doped Si under accumulation (A) and under depletion (B) and

corresponding equivalent circuits used for impedance spectra fitting.

Bode phase plots (Bode modulus plots can be found in Figure S2) for nSi semiconductor in 10
mM HEPES and 150 mM KCI (pH = 7.3) at different applied bias potentials vs. the Ag/AgCl
reference electrode are shown in Figure 3A. Under negative potential (E <-0.4 V) the silicon
semiconductor is under full accumulation and the phase shift in the low and medium
frequency reaches almost —90°, which is governed by the purely capacitive behavior of the
silicon oxide surface layer (Csio,). The phase shift at high frequency approaches 0° and
represents the resistance of the electrolyte. As the bias potential is gradually increased
towards more positive values the space charge region is progressively depleted from the
negative charge carriers. This depletion can be translated into time constant (RC) as
represented by the parallel space charge resistance (Rgc) and capacitance (Cgc). Impedance
spectra recorded at intervals of 0.1 V in the range from —0.7 to —0.5 V were fitted with the
equivalent circuit from Figure 2A. Plots recorded from —0.4 to +0.7 V were fitted using
equivalent circuit from Figure 2B. Results of the fittings are given as 1/C%: (Figure 3B) and
R, (Figure 3C) as a function of applied potential. At a bias potential lower than —0.4 V nSi
was under full accumulation and only Cg;o, = 250 (+/- 24) nF - cm~2 was obtained from our
fitting based on the average of more than ten independent experiments. At +0.4 >E > +0.7 V
the depletion layer was relatively unaffected by the applied potential, reaching its maximum
R equal to few M2 and Cg¢ equal to a few nF. When the potential approach the Eg, of nSi
the steep variation ranging over a few orders of magnitude for both components were

observed.
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Figure 3. A — Bode plots for the nSi recorded at different bias potential in 10 mM HEPES in
150 mM KCIl at pH = 7.3. Black circles E = —-0.5V; green squares E = —0.3V; blue triangles E
= +0.2V and violet stars E = +0.4V. The best fit is given with solid lines. All bias potentials
were recorded vs. an Ag/AgCI reference electrode. B — Mott-Schottky plot giving space
charge region capacitance as a function of applied bias potential and C — resistance of the
space charge region in function of applied bias potential. Capacitance and resistance values

were obtained from impedance data fitting using equivalents circuits from Figure 2.

The flat-band potential for nSi as obtained from the Mott-Schottky dependency was about
—0.13V. By analogy, the p doped Si semiconductor gives inverse behavior as the majority
charge carriers are here the positively charged holes. Impedance spectra together with the
fitting parameters for pSi are given in Figure S3. The flat-band potential for pSi in 10 mM
HEPES and 150mM KCI (pH = 7.3) was around +0.03V. Similar observations and findings
are documented and can be found in the literature.[31][47][48]

3.2.2. Impedance of lipid bilayers on bare silicon semiconductor

No changes in the impedance were observed after the addition and incubation of lipid vesicles
composed of DOPS, DOPS/DOPC and DOTAP to bare SiO — silicon semiconductor. For the
first two systems this is not surprising, as the solution pH equals 7.3, assuring the silica
surface to be negatively charged, which in consequence electrostatically repels DOPS and
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DOPS/DOPC lipids vesicles with the measured zeta potential equal to —41.8 mV and —22 mV
respectively. However, the quaternary ammonium cation being exposed to the exterior of
DOTAP lipid vesicles provided a net positive charge of +43.8 mV. Also, in that case, we did
not observe any change in the impedance spectra within studied frequency range. As already
concluded when discussing the OR results, the DOTAP LVs adsorption over negatively
charged PSS layer or as it is in the case of bare silica surface, can show voids between intactly
adsorbed vesicles. Since the electrical current will certainly pass through such a configuration
we cannot anticipate the formation of a resistive layer. It is very interesting to note that
changes in the impedance and phase shift were observed after the addition of lipid vesicles
composed of DOPC to the bare SiO> — silicon semiconductor surface. At given pH = 7.3, the
measured zeta potential of the lipid vesicles from DOPC was always slightly negative and
equal to around — 5 mV. Consequently, one would expect that the net negative surface
charges should repel each other which is not the case here. It was found that the orientation of
the choline head group within the lipid bilayer (or monolayer) framework is highly affected
by the composition of the contacting solution, including the pH.[50][51] At neutral pH both
the positively charged quaternary ammonium cation being part of a choline moiety and the
phosphate functionality situated within the polar head group are expected to be oriented
parallel to the plane of a bilayer. What might happen when these vesicles approach the silica
surface, is that the lipid polar head groups orientation might change. The exposed quaternary
ammonium cation might orient to the deprotonated silanol groups which in turn now enables
adsorption followed by fusion. Figure 4 shows the phase shift as a function of applied
frequency for nSi (Figure 4A) and pSi (Figure 4B) under accumulation conditions. The
applied bias potential was Ep¢c = —0.4 V for nSi and Epc = +0.4 V for pSi. As predicted from
our simulations (see supporting information) the emergence of an RC time constant attributed

to a lipid bilayer with moderate resistance can be observed in the region from 10 to 10° Hz.

14



A 100 - B 100 -
o)) o
9] @
o he)
Q o}
0 [7)]
] ©
L £
o o
10" 10° 10" 10°  10°  10*  10° 10" 10° 10 102 10° 10" 10°
Frequency (Hz) Frequency (Hz)
C 107 4 D 1073
10° 4 10° 4
10° 4 10° 3
ﬁw‘- ﬁm‘-
10° 4 10°
102 T T T T T 1 102- T T T T T 1
107 10° 10’ 10° 10° 10* 10° 107 10° 10’ 10 10° 10* 10°
Frequency / Hz Frequency / Hz
E F Rip
Re  Csio, Re Csio,

® THF ] o [ F

Figure 4. Phase shift (A,B) and total impedance (C,D) as function of the frequency for A, C —
nSi with a bias potential of Epc = +0.4 V and B, D — pSi with a bias potential of Epc = -0.4
V. Black circles correspond to the unmodified surface, red squares were recorded after DOPC
vesicle fusion. Solid lines correspond to fitting performed with the equivalent circuits

depicted in E (before modification) and F (after modification).

Bode plots recorded prior to the lipid bilayer deposition were fitted using a simple circuit
given in Figure 4E where the resistance of the electrolyte and connections are in series with
the capacitance of the thin silica layer. The presence of the LB adds an RC time constant to
the circuit as it is shown in Figure 4F. For the latter fitting was performed with C g and
constant phase element (CPE). The latter was used to indicate inhomogeneity of lipid bilayers.
The results of the fitting are summarized in Table 2 and were found to be indicative for an
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SLB that is not free from electrical defects as (i) the measured range of the resistivities
remains at relatively low level, i.e. from 0.38 to 1.06 k£ - cm? and (ii) better fitting results

were obtained in the presence of CPE with an n exponent value of about 0.80.

Table 2. Fitting parameters of a lipid bilayer formed over nSi and pSi.

Doping type Rip ! k2 - cm? Q/puS n
uF - cm™?
« 1.06 (+/- 0.05) - 229 (+/-0.01) | 0.79
nSi
0.38 (+/— 0.02) 1.80 (+/-0.01) - -
. 0.80 (+/-0.06) - 1.35 (+/-0.09) 0.84
pSi
0.47 (+/- 0.01) 0.85 (+/- 0.10) - -

Similar experiments were repeated a few times and showed that the resistance values of a
SLB remain within the k£ - cm? range for both n- and p-doped silicon supports. R, 5 was
found to increase slightly after few days of incubation, although it still stayed within the same
order of magnitude. What is very interesting is the observation that for pSi semiconductors we
were constantly recording significantly lower capacitance values as compared to nSi
semiconductors. Expected values of a normalized capacitance of a black lipid membrane are
usually found in the range from 0.3 — 1 uF - cm~2 depending from lipid bilayer composition
and physicochemical properties of the contacting solution.[52] [53] [54] Fitting revealed that
the C,5 values of the SLB formed on pSi fall into this range as it equals to 0.85 uF - cm™2
whereas it was twice a high — 1.80 uF - cm~2 — when nSi was used a support. As the change
in a surface charge of a thin silica layer can affect the thickness of the space charge region, so
can the external polarization change apparent dissociation constant of a surface silanol groups.
We speculate here that at +0.4 V applied as a bias potential to ensure accumulation of an nSi
the net negative charge of a silica surface was much higher as compare to pSi that was kept at
—0.4 V. Following the same reasoning we can expect stronger interactions between both the
outer and the inner leaflets of an SLB and the surface of nSi. This can be proved by simple
scrutiny. We can consider the lipid bilayer as a planar parallel plate capacitor of which the

capacitance is defined by:

Cip = Eg;A (1.3)
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where Cyg is the capacitance of a lipid bilayer, A is the electroactive surface area, € stands for
the dielectric constant of the interior of lipid bilayer, which is usually taken to be 2 —
2.2,[55]'[56] £, is the relative permittivity of vacuum (8.854 - 102 F-m™1) and d is the
thickness of lipid bilayer. As the dielectric constant remains intact, with the normalized
capacitance values obtained from the fitting we can easily calculate the thickness of an SLB
that falls in the range from 2.1 nm to 2.3 nm for 0.85 uF - cm~2 and from 1.0 nm to 1.1 nm
for 1.80 uF - cm™2. These values hold the same order of magnitude as the expected 4 to 5 nm
frequently found in literature.[57] This difference of a factor of 2 — 4 can be related to a
stronger interactions between the charged head group located within upper lipid bilayer leaflet
that may (i) induce orientational changes of polar head groups, (ii) increase the mutual
penetration of alkyl chains or (iii) cause the tilt of phospholipids towards the plane of a
support surface. The pseudo capacitance calculated from fitting when CPE was used instead
of Cyg and can be derived using following formula:

1

1
Cpseudors = @n - RG™Y (1.4)

Where Q and n are the admittance and the exponent of a CPE and R is the resistance
connected in parallel. Although calculated values of pseudo-capacitance were found to be
relatively high, i.e. ~3.6 uF - cm™2 for LB at nSi and ~2.6 uF - cm™~2 for LB deposited at

pSi, we can still observe the same tendency.
3.2.3. Impedance study after deposition of polyelectrolytes and lipid bilayers

The resistivity and capacitance of the polyelectrolyte multilayers reported by others were
found to be dependent on the resulting film thickness and type of the polymers
used.[58][59][60] For PSS/PAH, reported values of resistivity of the multilayers increased
from a few 2 - cm? at the initial stage of multilayer formation up to few k2 - cm? for thick
films, whereas the capacitance values were found in the range of 7.7 to 9.6 uF - cm™2.[58]
These values were obtained using a model that assumes (i) an incomplete surface coverage
with the formation of pinholes at the initial stage of multilayer formation and (ii) complete
coverage of the electroactive surface area for thick multilayers. Irrespectively from the
number of layers deposited, we never observed any change in impedance spectra after
polyelectrolyte deposition under both accumulation (see Figure S7) and depletion conditions.

This is due to the fact that the smallest capacitance value governs the overall capacitance, and
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since Cpgy With relatively small Rpgy is expected to be two order of magnitude higher than

Csio, the impedance at medium and lower frequency range will be governed by the latter.
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Figure 5. Bode plots for A —nSi at Ep¢ = +0.1 V and B — pSi at Ep¢c = —0.1 V recorded after
sequential deposition of polyelectrolytes terminated with adsorption of DOPC lipid vesicles.
The insert of both graphs corresponds to the total impedance recorded at 153 Hz as a function
of the deposited layer. All graphs were recorded in 10 mM HEPES, 150 mM KCI. Bias

potential was applied vs. Ag/AgCl reference electrode.

The adsorption of charged species to the silica surface could only be followed at bias
potentials assuring a weak depletion. Under such conditions, the thickness of the space charge
region can be very much influenced by the variation of the surface potential. Adsorption of
polyelectrolytes followed with field effect-devices, where the surface potential[61][62][63]
or space charge region capacitance[31] is plotted against the charge of the adsorbate, gives
characteristic zig—zag patterns. For our system, the effect of polyelectrolytes and LVs added
to the SiO2 — silicon semiconductor interface is shown in Figure 5 in a form of total
impedance (|Z]) as function of the applied frequency. For the frequency region of 10* to 10*
Hz we observed very reproducible patterns. The |Z| measured at 153 Hz for nSi (Figure 5A,
insert) increased from 21.6 k2 for the first two layers, namely PEI to 37.4 kQ and PSS to
42.5 k0. Third layer, caused |Z| to decreased down to 31.6 k2 and was further increased to
47.3 k2 after DOPC LVs addition. As we have not observed any changes in the impedance
spectra for nSi hold under accumulation (Epc = —0.4 V) upon addition of DOPC LVs we
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concluded that intact LVs are adsorbing to the terminal polyelectrolyte layer rather than a

lipid bilayer is formed.
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Figure 6. The capacitance of a space charge region of nSi was measured at Epc = +0.1 V after
subsequent addition of polyelectrolytes and DOPC lipid vesicles. All values were obtained
with the equivalent circuit from Figure 4 assuming R,z and C;g = 0. Error bars are calculated

based on three independent experiments. The arrows are a guide for ther eye.

Mirror-like patterns were obtained for the pSi as depicted in Figure 5B. In order to have a
deeper understanding of what is happening within the space charge region upon adsorption of
charged species, we extracted Rgc and Cgc by fitting the data from Figure. 5A to the
equivalent circuit from Figure S4. We assumed that DOPC LVs form a monolayer of intact
LVs with a high density of electrical defects; this way we ignore any contribution of Ry g and
C.g- Csc as function of adsorbents with alternating charge deposited over the SiO2 — nSi
interface is shown in Figure 6. Since for nSi the majority charge carriers are electrons, it is not
surprising that in the presence of the first layer — PEI — the Csc increases from 3.1 nF to 3.8
nF. This effect can be explained by negative surface charge screening that consequently

enlarges the attraction of the electrons towards the surface and diminishes the thickness of the

19



space charge region. The addition of PSS resulted in a Cg. drop to 3.7 nF (increased charged
repulsion) whereas for PAH it increased to 4.1 nF (charge screening). Finally, under given
experimental conditions we could electrochemically detect the adsorption of DOPC LVs as
the Csc decreased to 3.9 nF. The exact mechanism related to surface charge turnover is not
known, but it probably consists of a few effects: (i) as the observed Csc was highest after first
layer deposition we anticipate that the change of a surface charge is escalated due to
protonation of a negatively charged (i.e., deprotonated) silanol groups and introduction of
amine functionalities with a net positive charge. In addition to (ii) purely electrostatic
interactions between alternatively charged polyelectrolytes we cannot exclude the (iii)
variation in local pH affected by uptake or release of a proton (that can diffuse across the
multilayer)[64] by ionisable functionalities and (iv) release of counterions from the
polyelectrolyte film affecting local ionic strengths. The impedance of silicon semiconductors
held at bias potential assuring weak depletion of a space charge region revealed the adsorption
of other the LVs (i.e., DOPS and DOTAP), that did not fuse over the oppositely charged

terminal layer of polyelectrolyte.
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Figure 7. Bode phase recorded for bare SiO2 (black) and after deposition of PEI, PSS, PAH
and DOPC/DOPS (red). Both spectra were recorded for nSi hold at bias potential Epc =
—0.4V in 150 mM KCI and 10 mM HEPES. Experimental data were fitted using equivalent
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circuit from Figure 4 (Rgc and Cgc = 0). Insert shows zoom into experimental data where the
inflection point indicating the presence of lipid bilayer occurred. Due to small change in total

impendace, Bode modulus plots are not show.

Bode phase plots recorded before and after deposition of three polyelectrolyte layers (PEI,
PSS and PAH) followed by the addition of DOPC/DOPS LVs are shown in Figure 7. As the
shape of the impedance spectra barely changed after deposition of polyelectrolytes we show
only the one that was recorded after addition of DOPC/DOPS LVs. We observed the
evolution of a very shallow inflection point (Figure 7, insert) between 1 Hz and 10 Hz that,
based on our simulation (see supporitng information), can be attributed to the formation of a
lipid bilayer with high capacitance and moderate resistivity. Indeed, using the equivalent
circuit from Figure S4 (with Cgc and Rgc = 0 and Cpgy and Cyg replaced with constant phase
elements) with predefined electrical properties of polyelectrolyte multilayer (Rpgm = 10
kQcm? and Cpgy = 5.1 uFem™2) we obtained the electric properties of a lipid bilayer that

are listed in Table 3.

Table 3. Electrical parameters of a DOPC/DOPS lipid bilayer and polyelectrolytes (PEI, PSS

and PAH) obtained from fitting the impedance spectra shown in Figure 9

R, *Rpgm / *Cpgm/ , | Yis Csio,
RLB/ kQcm nyg

/2 2cm? puFcm™2 / nFem™2s™1 J/uFcm™2

216 10 51 36.1 4.07 0.78 1.11

*Predefined values according to ref.[58]

Diamanti et al. found that the specific capacitance of a DOPC/DOPS lipid bilayer formed at
PAH/PSS multilayer is in the range from 10 to 14 uFem~=2 and can be furthermore increased
up to 36.5 uFem™=2 via sandwiching with subsequent polyelectrolyte layers.[23] Using eq.
1.4 we calculated the pseudocapacitance for a lipid bilayer as obtained from the best fit of an
impedance spectrum from Figure 7. Although surprisingly high, 19.1 uFem™=2 is very similar
to values reported by Diamanti. Corresponding thickness of a bilayer calculted using eq. 1.3
should be around 0.1 nm (assuming & = 2) which make no physical sense. Such a low value

can be rationalized as follows:
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Q) As polyelectrolyte multilayers can induce a certain surface roughness[65]:[66][67]
we can anticipate an increased surface area, which when increased by factor of 5
gives the value of specific capacitance equal to 3.8 uFcm™?;

(i) Polyelectrolyte incorporation into the lipid bilayer framework[23],[68] can result
in a higher dielectic constant[61] and consequently a higher electric capacitance.

(iii)  Intact lipids vesicles can also reside within the lipid bilayer, which in consequence
can also contribute to a number of defects;[69]

(iv)  Lastly, the polyelectrolytes might affect the packing of lipids. The bilayer can be
squeezed as the negatively charged polar head groups located at the outer leaflet
can be electrostatically attracted by positive charge of underlining polyelectrolyte

and/or we can imagine that lipids within the bilayer are simply tilted.

Considering an increased surface area and elevated dielectric constants (both a factor of 2 to 5
times) we would get a thickness of a lipid bilayer in a range of 0.4 to 2.3 nm, which is within
the same order of magnitde as expected 4 — 5 nm thick bilayers. The low specific resistnace —
36.1 k2cm? — is a few orders of magnitude lower as compared with gigaseal properties of
black lipid membranes. Fraction of defects can be estimated using:

%defects = Adefects/ASi (1.5)

where Asi is the geometrical area of the silicon support (7.9-10° m?) and Agefects iS given by:

l
Adefects =12 (1.6)

RLBKKCI

where Ig is the thickness (5 nm) and Ris the resistance of lipid bilayer (see above for the
value) and kg, is the conductivity of the background electrolyte within the membrane defect
(around 0.1 Sm™). With all this information we get A,fecrs = 1-10™2 m? giving a fraction of

defects equal to 2-10°8. This proves that very small portion of defects within the lipid bilayer

framework can lead to significant resistance drop.
3.5. Mobility of lipids at modified and unmodified SiO2 surface

Fluorescent recovery after photobleaching was used to further confirm our findings based on
EIS and OR. LVs composed from DOPC and the mixture of DOPC/DOPS (1:1 mole:mole)
were doped with 05 wt% of a Texas Red labeled 1,2-dioleoyl-sn-glycero-3-
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phosphoethanolamine. As a support, we used glass wells that were activated with 1 M NaOH
to ensure negative surface charge. We investigated the interaction between LVs (DOPC and
DOPC/DOPS) and bare glass surface or glass surface modified with three polyelectrolyte
layers in the following order: PEI, PSS and PAH.
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Figure 8. (A) Fluorescence emission from the supported lipid bilayer before, directly after,
10 s after and 300 s after bleaching. The surface composition is indicated in the left column.
(B) Corresponding fluorescence recovery after bleaching plots (black squared — DOPC SLB
at SiOg; red circles — DOPC/DOPS SLB at polyelectrolyte layer and blue triangles — DOPC
LVs at polyelectrolyte layer) together with the best fit (solid lines).

As expected, no fluorescence emission from the surface was detected after addition and
subsequent incubation of DOPC/DOPS LVs over negatively charged glass surface layer (data
not shown). Fluorescent emission from the surface was observed for three other systems
indicating the adsorption of LVs as shown in Figure 8. Once again, DOPC LVs with slightly
negatively surface charge (around -5 mV) were found to bind to both negatively charged
surface of glass and a positively charged terminal layer of PAH. As shown in Figure 8A and B
we observed fast recovery — approaching to 100% after about 100 s as shown in Figure S8 —
of fluorescence for the DOPC LVs adsorbed to negatively charged surface of a glass indicating
fusion of LVs followed by lipid bilayer formation. The lateral diffusion coefficient obtained
from the fitting is 0.29 um?2s, which is in line with values reported elsewhere.[70] DOPC LVs
also adsorbed to positively charged (PAH-terminated) layers. In this case, we did not observe
any recovery of the fluorescent emission for the bleach spot up to 300 s. We concluded that

DOPC LVs strongly adsorb to the surface in the form of intact vesicles. Fusion of DOPC/DOPS
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LVs and formation of lipid bilayer over PAH layer was also confirmed as almost 100%
recovery was obtained The lateral diffusion coefficient of 0.079 um?s* that was extracted
from fitting is significantly lower[71] than the expected value for fluid lipid bilayer.[70] It is
however within the range of 0.02 — 0.1 um?s* obtained for dioleoylphosphatidic acid
(DOPA), dimyristoylphosphatidicholine (DMPC) and DMPC/DOPA deposited over PAH
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terminated multilayer at ambient conditions.[21] Values in the range of 10™2° cm
reported for the lipids in the gel phase[72] which can be excluded here as the transition
temperature of used lipids is significantly below ambient temperature at which all
experiments were performed. Lower lateral diffusion coefficient values obtained in this work
can originate from: (i) strong adsorption of lipids to the functionalities of polyelectrolyte
layer[73] hence the mobility of lipids can consequentially be lower within the bottom leaflet
as compared with the upper leaflet of the bilayer; (ii) affected morphology — lipids tilt,
increased mutual penetration — that can affect local bilayer viscosity and in consequence

diffusivity and (iii) surface roughness induced by polyelectrolyte cushion. Concluding

remarks

In this work, we used straightforward layer-by-layer deposition of polyelectrolytes over silica-
covered silicon semiconductors with the ultimate goal to form a lipid terminated biointerface.
The properties of such system were investigated with optical reflectometry, electrochemical
impedance spectroscopy and fluorescent recovery after photobleaching. The polyelectrolyte
consisted of three or four layers: PEI, PSS and PAH or PEI, PSS, PAH and PSS, depending
on the charge of the LVs used. Formation of the lipid bilayer onto the polyelectrolyte cushion
is challenging. We have observed the adsorption of LVs followed by their rupture and
formation of a lipid bilayer for DOPC LVs over bare negatively charged SiO» surface and
DOPS/DOPC LVs over a surface terminated with positively charged PAH layer. DOPC LVs
were found to adsorb and remain intact at a positively charged PAH layer, as well as the LVs
holding highest absolute surface charge, i.e., negatively charged DOPS and positively charged
DOTAD added to platform terminated with oppositely charged layer of polyelectrolyte. The
mutual effect of the deposited surface charge on the charge carriers within silicon
semiconductor could be followed with impedance spectroscopy as (i) the bias potential
applied to the p- and n-doped Si affected the thickness of a DOPC lipid bilayer formed onto
SiO; as indicated by the observed capacitance values and (ii) the adsorption of the
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polyelectrolytes and LVs/LB could be track by following the impedance of the space charge

region hold under weak depletion.

To conclude, polyelectrolytes exhibit complex interactions with lipid bilayers, which are not
fully understood. The fusion of LVs is very much dependent on the electrostatic interactions
between the chemical functionalities located on lipids polar head groups and within the
polyelectrolytes chain. Undoubtedly, the great advantage of the studied system is the easiness
of the polymeric cushion formation. The organic synthesis toolbox to prepare and functionalize
polyelectrolytes is quite large, allowing tuning of the density of ionisable/charged functional groups,
which may further improve SLB formation. This is of great interest, since such an approach
would open new avenues in versatile support functionalisation with no or very little effort

required.
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