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ed supported lipid bilayers
regulate neuronal adhesion and outgrowth†

Chiara Ausilio,a Claudia Lubrano,abcd Anna Marianoa and Francesca Santoro *acd

One of themain challenges in neuroelectronics is the implementation of electronic platforms able to secure

a tight couplingwith neuronal cells and achieve an optimal signal to noise ratio during stimulation/recording

of electrophysiological activity. In this context, supported lipid bilayers (SLBs), recapitulating the structure

and the dynamicity of the biological plasma membrane, offer a promising biomimetic approach to trick

cells to recognize a device as part of their native environment, tightening the cell-chip coupling. Among

possible functionalization strategies used to improve cell adhesion on SLBs, the modification of the

bilayer surface charge has been exploited to enhance the electrostatic interaction between the artificial

membrane and its biological counterpart. In this work, several SLBs with different lipidic composition

were synthesized and interfaced with primary neurons. Starting from a neuron-inspired biomembrane,

the negative charges were increased through the addition of 1,2-dipalmitoyl-sn-glycero-3-

phosphoethanolamine-N-(succinyl) (succinyl-PE), a lipid exposing phosphate (PO4
−) groups;

furthermore, the reactivity of the succinyl carboxylate group enabled the subsequent addition of

negatively charged sulfonate (SO3
−) groups. The synthesized SLBs were then tested as platforms for

neuronal adhesion and network formation. Despite the expected repulsive electrostatic interactions, our

work suggests that negatively charged SLBs may influence neurite elongation and branching, highlighting

the potential of surface charge to tune neuronal processes at the neuron–SLB interface.
Introduction

The development of effective neuroelectronic interfaces able to
stimulate and record neuronal activity has always represented
a challenge in the bioelectronic eld.1 In this context, in order to
promote the seamless integration of electronic devices within
biological tissues and therefore achieve an efficient coupling
between neurons and their articial counterpart, several surface
engineering approaches have been implemented.2 For instance,
taking inspiration from the biological world, biomimetic chem-
ical functionalization with components of the extracellular matrix
(ECM) (e.g., bronectin, laminin and collagen), providing anchor
points to interfacing cells, may be used to promote receptor-
mediated cell adhesion to the substrate.3–7 In addition, charged
synthetic polymers can facilitate the attachment of neuronal cells
to a substrate.6 For instance, poly-lysine, a positively charged
polymer, modulates cell adhesion via a non-receptor-mediated
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mechanism, interacting electrostatically with the negatively
charged cellular membrane.8,9 Additionally, a few studies have
also investigated the ability of negatively charged surfaces to guide
neuronal behaviour: for example the presence of carboxylate and
sulfonate groups has been identied as highly benecial for the
development of hippocampal neuronal network.10–12 However, the
aforementioned approaches still hardly resemble the extreme
complexity and dynamicity of the ECM and cell native environ-
ment, in which a plethora of ECM and cell ligands is not statically
presented to surrounding cells but is instead integrated within
much more uid neighbouring cell membranes. In this scenario,
supported lipid bilayers (SLBs), articial biomembranes able to
mimic the structure and the dynamicity of the biological plasma
membrane, have found wide application in bioelectronics.13 Cells
in fact would recognize such synthetic lipid leaets as part of their
native environment, thus securing tighter cell–substrate interac-
tions.14,15 Previous works reported on the role of positive surface
charges in syntheticmembranes as a successful strategy to tighten
the electrostatic interaction between biological and articial
membranes. In this context, it is now widely known that cationic
lipids can successfully support neuronal adhesion.16 However, in
order to understand the inuence of surface charge on neuronal
growth, we explored the effects of negative charges incorporated
within articial membranes on neuronal adhesion and network
formation, combining SLBs dynamicity with the ability of negative
charges to guide neuronal behavior.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Remarkably, as the presence of negatively-charged carbox-
ylate and sulfonate groups on glass are highly benecial for the
development of neuronal networks, it is not as unexpected that
the negatively charged SLBs may also encourage neuronal cell
adhesion.

Several lipid compositions were investigated: rstly,
a neuron-inspired biomembrane was synthesized combining 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), sphin-
gomyelin (SM) and cholesterol (chol), the major components of
the neuronal membrane.17,18 Such membrane was then further
functionalized by incorporating the anionic 1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine-N-(succinyl) (succinyl-PE) lipid
in order to evaluate the role of its negatively charged groups on
neuronal behavior. Our ndings may provide useful insights on
how SLB-based neurointerfaces may be used to secure a tight
coupling between neuronal cells and articial devices,
promoting their seamless integration.
Materials and methods
Supported lipid bilayers (SLBs) synthesis

Liposomes were prepared by dissolving lipids in chloroform
(Merck, Germany) at the desired concentration (10 mg ml−1).
Then, the chloroform was evaporated under a nitrogen stream
and by placing the mixture in a desiccator under vacuum for 2
hours to remove any trace of the solvent. The lipid lm was
rehydrated with phosphate buffered saline (PBS, Sigma Aldrich,
USA) at pH 7.4 to achieve the nal concentration of 5 mg ml−1.
The solution was gently vortexed and then sonicated on ice for
25 minutes. The small unilamellar vesicles (SUVs) were obtained
by the extrusion through a polycarbonate membrane with a pore
size of 0.1 mm (Merck, Germany) by using a mini extruder
(Sigma-Aldrich, USA). The obtained lipid vesicle solution was
stored at 4 °C. Prior the SLB formation, the glass cover-slips
(Thermo Fisher scientic, USA) were treated with oxygen
plasma (Diener Electronic, Germany) for 5 minutes with 50 W at
0.8 mbar pressure. Then, the vesicle solution was diluted to
a nal concentration of 0.3 mg ml−1 with PBS. Lipid bilayers
were formed on glass using the vesicle fusion (VF) method,
incubating SUVs for 1 h at room temperature. Residual
unbounded vesicles were removed with PBS washes. Twelve lipid
bilayer compositions were formed with all the possible combi-
nations using 2-oleoyl-1-palmitoyl-sn-glycero-3-phosphocholine
(POPC), cholesterol (chol), brain sphingomyelin (SM), 1,2-dio-
leoyl-sn-glycero-3-phosphoethanolamine-N-(succinyl) (succinyl-
PE). All lipids were obtained from Sigma-Aldrich, USA. The
lipids mixture consists of xed 20% (w/w) of succinyl-PE and
0.5% (w/w) of Texas Red™ 1,2-dihexadecanoyl-sn-glycero-3-
phosphoethanolamine, triethylammonium salt (Texas Red™
DHPE, Thermo Fisher scientic, USA), with POPC, cholesterol
and sphingomyelin at a molar ratio of (1 : 1 : 1).
EDC/NHS reaction

The activation of the carboxylic groups of succinyl-PE was per-
formed aer the lipid vesicles were vortexed. Immediately before
the experiment, 50 ml of EDC (Sigma-Aldrich, USA) (60 mg ml−1
© 2022 The Author(s). Published by the Royal Society of Chemistry
solution in pH 5.7 PBS buffer) and 50 ml of NHS (Abcam, UK) (50
mg ml−1 solution in pH 5.7 PBS buffer) were added to 200 ml of
lipid vesicles solution to convert the carboxyl groups of succinyl-
PE lipid to chemically active NHS-ester group. The resulting lipid
mixture was extruded through a polycarbonate membrane with
a pore size of 0.1 mm by using a mini extruder. Aer the plasma
treatment, the glass coverslips were incubated with the vesicle
solution at a concentration of 0.3 mg ml−1 for 1 hour. The
unbounded vesicles were removed with PBS washes.

Quantication of surface charge

The surface charge of PLL-coated glasses and SLBs was
compared by using uorescently labelled amine-modied latex
beads (Sigma Aldrich, USA) (excitation/emission of 481/644 nm).
The beads solution was diluted to a nal concentration of 0.5mg
ml−1 in PBS. The substrates were incubated for 10 minutes at
room temperature and then washed with PBS. Images were
acquired at Axio Vario microscope (Zeiss, Germany) with 63×
water immersion objective. The ImageJ soware was used to
count the bounded beads on the surface of the substrates.

Fluorescence recovery aer photobleaching (FRAP)
characterization

A Leica TCS SP5 gated with stimulated emission depletion
(STED) (Germany) was used for FRAP measurements. The Texas
Red DHPE lipid was included in the lipid precursor solution to
uorescently label the lipid bilayers. The images were acquired
by using a 25× water immersion objective with scanning speed
of 1000 Hz. A circular region with a diameter of 20 mm was
bleached using a 114 mW 592 nm laser beam for 1.3 seconds.
The recovery of the uorescence of the bleached spot was
monitored for 5 minutes. The uorescence intensity was
normalized to a reference spot in each measurement and t
with a Bessel function. The images were processed with ImageJ
soware (NIH, USA) through radial prole tool to quantify the
recovery of the uorescence along the radius of the selected
area. Three independently bilayers were prepared and imaged
for each composition. The diffusion coefficient was calculated
through the following formula:

D = u2/(4s(1/2))

with u radius of the bleached area and s1/2 the time required to
achieve half of the maximum recovery intensity.

Atomic force microscopy (AFM) characterization

Bruker Dimension Icon microscope (Bruker Corporation, USA)
was used for AFM measurements. AFM images were collected in
ScanAsyst mode in hydrated condition by using the ScanAsyst-
Fluid probe (Bruker Corporation, USA), with a spring constant
of 0.7 N m−1, a tip radius of 5–20 nm, and resonance frequency of
150 kHz. The imaging force was approximately 700 pN and the
scan rate was typically 1.5 Hz for 256 × 256 pixels images. The
gain was optimized to reduce the noise. Three independently
bilayers were prepared and imaged for each composition and
several areas were scanned for each sample. The soware analysis
RSC Adv., 2022, 12, 30270–30277 | 30271
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Nanoscope analysis 2.0 was used to process the images and to
calculate the roughness average (Ra) over a 2 mm × 2 mm areas.

Primary neurons culture

Fertilized eggs were purchased from Charles Rivers (USA) and
incubated for 9 days at 37 °C. The cortices were obtained from
excised chicken embryo brains and maintained in Hibernate-A
Medium (Thermo Fisher Scientic, USA) in ice. The tissues were
processed with 0.25% trypsin–EDTA (Life Technologies, USA) at
37 °C for 20 minutes. Trypsin was then replaced with Neuro-
basal medium (Life Technologies, USA) supplemented with 1%
B-27 supplement, 1% L-glutamine (CF = 2 mM) (Life Technol-
ogies, USA) and 0.2% penicillin–streptomycin (Sigma Aldrich,
USA). The number of viable cells was obtained by using the
Countess II Automated Cell Counter (Thermo Fisher Scientic,
USA). Prior cell plating, the PBS of the SLBs was exchanged with
pre-warmed Neurobasal medium without exposing the lipids to
air. Glass coverslips, coated with 0.01% poly-L-lysine (PLL,
Sigma Aldrich, USA), were used as control samples.

Biocompatibility assay of cortical neurons

The investigation of the primary cortical neurons' viability was
performed by using calcein-AM (1 : 1000 in PBS) (Sigma Aldrich,
USA) and the Live/Dead Fixable Violet Dead Cell Stain Kit (1 :
1000 in PBS) (Life Technologies, USA). At 1 day in vitro (DIV), the
primary cortical neurons were incubated with both staining
solutions for 20 minutes at room temperature and then washed
with PBS three times. Images of live (green uorescent signal)
and dead (blue uorescent signal) cells were obtained with an
Axio Vario microscope (Zeiss, Germany) using a 20× water
immersion objective. ImageJ soware was used to perform cell
counting of live and dead cells populations.

The % viability was calculated using the following formula:

% viability = (viable cells/(viable + dead cells)) ×100

Three lipid bilayer samples were formed for each composi-
tion per experiment. Viability was determined by acquiring 5
frames per experiment from 3 independent cell preparations (N
= 3).

Immunocytochemistry

At 4 DIV primary cortical neurons were xed with 4% para-
formaldehyde (Società Italiana Chimici, Italy) in PBS solution
(pH 7.2) at room temperature for 20 minutes and washed with
PBS three times. Then, the xed cells were incubated with 0.1%
Triton X-100 (Merck, Germany) for 5 minutes, to permeabilize
the cellular membrane, and washed with PBS three times. The
samples were incubated with 2% bovine serum albumin
(Sigma-Aldrich, USA) for at least 45 minutes at room tempera-
ture to prevent the un-specic binding of the antibodies. Next,
the cells were incubated with the prepared primary antibody
solution for 1 hour at room temperature, followed by the 2%
BSA washing steps. Anti-bIII-tubulin primary antibody (mouse,
nal concentration 1 mg ml−1 in 2% BSA) (Abcam, UK) was used
30272 | RSC Adv., 2022, 12, 30270–30277
to label microtubules. Alexa Fluor 647 (anti-mouse, lEX/EM =

650/671 nm) (Life Technologies, USA) secondary antibody for
anti-bIII-tubulin was diluted (1 : 500 dilution, CF = 2 mg ml−1 in
2% BSA) and incubated for 30 minutes at room temperature.
Aer washing with 2% BSA three times, cell nuclei were labelled
with Hoechst 33342 (1 : 5000 dilution, lEX/EM = 361/497 nm)
(Thermo Fisher Scientic, USA) for 10 minutes at room
temperature. Finally, the samples were washed three times with
PBS and protect from light until imaging. Images were acquired
at Axio Vario microscope (Zeiss, Germany) with 40× water
immersion objective. The NeuronJ plugin in the ImageJ so-
ware was used to measure in semi-automated way the number
and the length of the neurites. NeuronJ was also used to classify
neurites in primary (when linked the cell body), secondary
(when starting from a primary neurite) and tertiary (when
starting from a secondary neurite).

A neuronal node is dened as the site of branching of
secondary and tertiary neurites. The normalized length and
number of neurites and the normalized number of nodes were
obtained using the following formulas:

Normalized neurites length = (total neurites length)/(total cell

number)

Normalized neurites number = (total neurites number)/(total cell

number)

Normalized number of nodes= (total number of nodes)/(total cell

number)

The percentage of length and numbers of primary, secondary
and tertiary neurites were obtained using the following formula:

% primary neurites length = (primary neurites length)/(total

neurites length) × 100

% primary neurites number = (primary neurites number)/(total

neurites number) × 100
Statistical analysis

For the cell viability and the neurite number and length, all the
data is plotted as mean� standard deviation (SD). The statistical
analysis was performed using GraphPad Prism 8. A one-way
Anova with a Tukey-post hoc test was performed to evaluate any
effect of the SLBs used on the percentage of live cells compared to
glass. The same statistical analysis was performed to evaluate any
SLBs-induced effect on neurites branching and elongation
compared to glass. Signicance was established at p-value < 0.05.
Results and discussion
SLBs uidity and surface morphology characterization

In this work articial lipid bilayers were synthetized starting
from a ternary mixture of POPC, cholesterol and
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra05147h


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
O

ct
ob

er
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

/2
2/

20
26

 1
2:

40
:2

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
sphingomyelin, the major components of neuronal
membranes: such composition including zwitterionic lipids
(Fig. S1†) displays a neutral surface charge.17–19 The negatively
charged succinyl-PE (succ-PE) lipid, presenting an unbalanced
PO4

− group (Fig. S1†), was also incorporated in the SLBs.
Moreover, the carboxylic group present on the succinyl-PE lipid
head was converted into an into an NHS-ester group (Fig. S1†),
through an EDC/NHS (1-ethyl-3-(3-dimethylaminopropyl)-car-
bodiimide/N-hydroxy-sulfo-succinimide sodium salt) mediated
reaction.20 Therefore, three different compositions were ob-
tained as shown in Fig. 1A: a neutral biomembrane (Fig. 1A(i)),
a succinyl-PE-containing SLB with its PO4

− groups (Fig. 1A(ii)),
and a sulfo-NHS–succinyl-PE-containing bilayer with PO4

− and
SO3

− groups (Fig. 1A(ii)). Additionally, several mixtures ob-
tained from either two or three lipids (POPC, cholesterol and
sphingomyelin) were also investigated. SLBs were formed on
glass by vesicle fusion (VF);21 briey, the substrates were acti-
vated by oxygen plasma treatment and incubated with lipid
vesicles at a critical concentration to induce rupture. In the case
of the bilayer containing sulfo-NHS–succinyl-PE, the function-
alization was performed prior vesicles deposition.
Fig. 1 SLBs fluidity and surfacemorphology characterization of SLBs with
the neuron-inspired SLB, (ii) the succinyl-PE containing SLB and (iii) the
intensity profiles of (i) POPC/chol/SM, (ii) POPC/chol/SM/succ-PE and
image; the recovery of the fluorescence intensity in the photobleached ar
(ii) POPC/chol/SM/succ-PE and (iii) POPC/chol/SM/sulfo-NHS–succ-PE

© 2022 The Author(s). Published by the Royal Society of Chemistry
Aer the bilayer formation, the surface charge was investi-
gated by using uorescent positively-charged amine-modied
latex beads, exploring the interaction between the positive
charges of the beads and the charges of the SLBs.

As expected, positively charged PLL-coated glasses did not
show any uorescence, owing to the repulsive action of the
amino group of the polymer against the bead's amine (Fig.
S2(i)†). Similarly, neutral SLBs did not display the presence of
uorescent signal conrming the absence of charged groups
(Fig. S2(ii)†). Remarkably, negatively charged SLBs showed the
presence of bright spots due to the binding of the negatively
phosphate and sulfonate groups of the SLBs with the positively
charged amine groups of the beads (Fig. S2(iii and iv)†), sug-
gesting that in the presence of succinyl-PE, SLBs are indeed
negatively charged.

Then, the correct formation and uidity of the various lipid
bilayers were evaluated by means of uorescent recovery aer
photobleaching (FRAP).22 All investigated compositions showed
the complete recovery of uorescence in a photobleached spot
aer 5 minutes (Fig. 1B and S3†), suggesting that the SLB-
embedded lipids display a high lateral mobility. Indeed, these
results were further conrmed by the estimation of the
increasing negative surface charges. (A) Schematic representation of (i)
sulfo-NHS/succinyl-PE-containing SLB. (B) Normalized fluorescence
(iii) POPC/chol/SM/sulfo-NHS–succ-PE and the corresponding FRAP
ea is shown at t= 0 and 5minutes. (C) AFM images of (i) POPC/chol/SM,
.

RSC Adv., 2022, 12, 30270–30277 | 30273
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Fig. 2 The effect of SLBs surface charge on neurons viability. (A) Fluorescence images of cortical neurons cultured on (i) PLL-coated glass, (ii)
POPC/chol/SM, (iii) POPC/chol/SM/succ-PE and (iv) POPC/chol/SM/sulfo-NHS–succ-PE at 1 DIV. Live cells are showed in green, dead cells in
blue and SLBs in red. (B) Percentage of live cells are reported as mean� SD (n= 3), *= p < 0.05, **= p < 0.01, ***= p < 0.001, ****= p < 0.0001.
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diffusion coefficients, which rely on SLBs uidity (Table S1†).
Interestingly, only when cholesterol is incorporated in sulfo-
NHS–succinyl-PE-containing membranes, the diffusion coeffi-
cient was reduced. This may be due to the intercalation of the
sterol between the unsaturated lipids' chains which has
a signicant ordering effect inuencing membrane uidity.23

Additionally, the presence of sulfo-NHS-ester bound to the head
of succinyl-PE lipidmight cause the reduction of lipid's mobility
inside the membrane, as hinted by the decreased diffusion
coefficient. Aerwards, an extensive characterization of the
formation and homogeneity of lipid bilayers has been carried
out by means of atomic force microscopy (AFM) measurements
in aqueous condition.24 Such technique allows the character-
ization of phase separated domains within complex mixtures of
lipids.25 In agreement with previous works,26 SLBs showed
smooth and homogeneous surface morphologies (Fig. 1C and
S4†), demonstrating relatively defect-free surfaces. In particular,
when SM is present in the SLBs (Fig. 1C(i) and S4†), but not
succinyl-PE, SLBs mainly displayed a granular surface.27 Indeed,
the incorporation of succinyl-PE lipid resulted in a attening of
the surface (Fig. 1C(ii, iii) and S4†). Notably, the incorporation
of the cholesterol did not cause a phase separation (Fig. 1C and
S4†), suggesting that the membranes are in a single-phase
mode at the temperature of the experiments.25 Furthermore,
the average roughness (Ra) of the various SLBs was estimated
(Table S1†). Ra values ranged between 120 and 170 pm, sug-
gesting that the homogeneity and the smoothing of SLBs
surfaces was not dependent on the lipid mixtures.
Evaluation of primary neurons viability on SLBs

In order to evaluate the biocompatibility of SLBs with primary
cortical neurons aer 1 DIV, live and dead cells were
30274 | RSC Adv., 2022, 12, 30270–30277
uorescently labelled with calcein-AM (in green) and Live/Dead
Fixable Violet Dead Cell Stain Kit (in blue), respectively
(Fig. 2A(i–iv)). Fluorescence micrographs showed nicely
spreading and elongating neurons on PLL-coated glasses
(Fig. 2A(i)) and on the negatively charged succinyl-PE-
containing SLBs (Fig. 2A(iii, iv) and S5†), while neuronal clus-
ters were observed on the neutral SLBs (Fig. 2A(ii) and S5†),
suggesting that the lack of surface charge might indeed hinder
neuronal adhesion.28 Interestingly, primary neurons displayed
good viability on the sulfo-NHS–succinyl-PE-SLBs, with a high
percentage of live cells (∼95%), comparable to the percentage
measured for PLL-coated glasses, whereas succinyl-PE-
containing SLBs exhibited signicantly lower cells' viability
(Fig. 2B). In agreement with previous works,10 these results
conrmed the importance of negatively charged surfaces to
support neuronal adhesion, in particular highlighting the
benecial impact of PO4

− and SO3
− groups of succinyl-PE lipid.
Neurite elongation and branching on SLBs

In order to investigate the effect of negatively charged SLBs on
neurite elongation and branching, succinyl-PE and sulfo-NHS–
succinyl-PE-containing membranes were interfaced with
primary neurons. Aer 4 DIV, cells were uorescently labelled
for nuclei (in blue) and b-III tubulin (in red) (Fig. 3A(i–iii) and
S6†). Here, neurons with elongated neurites were found either
on positively PLL-coated control glasses (Fig. 3(i)) and on
negatively SLBs containing succinyl-PE and sulfo-NHS–succinyl-
PE lipids (Fig. 3(ii, iii) and S6†). This is in agreement with
previous works showing stable neuronal adhesion on charged
substrates.10–12,29 Conversely, the neutral SLB composition did
not support neuronal growth and thus was not further investi-
gated.30 Interestingly, sulfo-NHS–succinyl-PE-SLBs encouraged
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SLBs-mediated neurite elongation and branching. (A) Fluorescence micrographs of cortical neurons on (i) PLL-coated glass, (ii) POPC/
chol/SM/succ-PE and (iii) POPC/chol/SM/sulfo-NHS–succ-PE at 4 DIV. In particular, red fluorescence signal to bIII-tubulin associated elements
and blue signal to Hoechst identifying the nuclei. (B) Quantification of normalized neurites length. (C) Quantification of normalized number of
neurites. (D) Quantification of normalized number of neuronal nodes. Normalized values reported as mean � SD (n = 3), * = p < 0.05, *** = p <
0.001, **** = p < 0.0001.
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neurites elongation resulting in signicantly higher neurites
length (191.2 � 77.2 mm, n = 3) compared to succinyl-PE con-
taining membranes (145 � 40.7 mm, n = 3) (Fig. 3B and S6B†),
suggesting that the incorporation of SO3

− groups may indeed
Fig. 4 The effect of SLBs on neurite arborization. (A) Normalized number
SD (n = 3), ns = not significant * = p < 0.05, ** = p < 0.01, *** = p < 0.00
neurite across each substrate. (B) Normalized length of (i) primary, (ii) sec
significant * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001
substrate.

© 2022 The Author(s). Published by the Royal Society of Chemistry
promote neurite elongation.11 The neuronal network was then
examined by counting the total number of neurites and the
number of nodes, the branching sites along elongating neu-
rites. Notably, the normalized number of neurites was
of (i) primary, (ii) secondary and (iii) tertiary neurites reported as mean�
1, **** = p < 0.0001. (iv) Percentage of primary, secondary and tertiary
ondary and (iii) tertiary neurites reported as mean� SD (n= 3), ns= not
. (iv) Percentage of primary, secondary and tertiary neurite across each

RSC Adv., 2022, 12, 30270–30277 | 30275
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signicantly lower on PLL-coated-glass and succinyl-PE-
containing SLBs (Fig. 3C and S6C†). Moreover, the number of
nodes was signicantly higher on sulfo-NHS–succinyl-PE-SLBs
(Fig. 3D, S6D and E†). Taken together, these results suggested
that the presence of SO3

− moieties may enhance neurite
sprouting, favoring neuronal network arborization.11

Then, the effect of the different SLBs composition on neurite
elongation and branching, the normalized number of primary,
secondary and tertiary neurites as well as their normalized
length was studied. Interestingly, the normalized number of
primary neurites was not signicantly different between PLL-
coated control glass and SLBs (Fig. 4A(i)). However, sulfo-
NHS–succinyl-PE-containing SLBs promoted the sprouting of
secondary and tertiary neurites resulting in signicatively
increased neurites number compared to succinyl-PE-containing
membranes and PLL-coated glass (Fig. 4B(ii, iii) and S7†). Such
increased arborization along primary neurites may be due to the
presence of SO3

−moieties promoting neurite initiation.10,11 This
result was also conrmed by the increased percentage of
secondary and tertiary neurites numbers when neurons were
cultured on SLBs (Fig. 4B(iv) and S7†). These ndings were
supported by recent studies in which negatively charged groups,
such as carboxylate and sulfonate groups, can indeed mediate
neuronal adhesion and guide neurites extension and neuronal
networks formation.12 Then, the length of primary, secondary
and tertiary neurites was compared across different SLBs. The
length of primary neurites was signicantly higher on PLL-
coated glass (147.8 � 21.9 mm, n = 3) compared to neuronal
SLBs containing succinyl-PE (113.5 � 28.7 mm, n = 3) and sulfo-
NHS–succinyl-PE (104.6 � 23.2 mm, n = 3) (Fig. 4B(i)).
Remarkably, the length of both secondary and tertiary neurites
displayed a signicative increase aer the incorporation of the
sulfo-NHS–succinyl-PE (Fig. 4B(ii, iii) and S7†). This was yet
conrmed by the percentage of tertiary neurite lengthmeasured
for sulfo-NHS–succinyl-PE-containing SLBs which was higher
than that found both on PLL-coated glass and succinyl-PE-SLBs
(Fig. 4B(iv) and S7†). Consistent with previous reports,10–12 these
results suggests that the effect of SO3

− groups observed in sulfo-
NHS–succinyl-PE-containing membranes enhance both the
formation and elongation of secondary and tertiary neurites,
inevitably inuencing neurites sprouting.

Conclusions

To promote the seamless integration of bioelectronic devices
within biological tissues, several engineering approaches have
been implemented. Among these, charged surfaces have been
widely used to mediate the interaction with the cellular
membranes. For instance, positively charged polymers as well
as glass substrates functionalized with negatively charged
carboxylate and sulfonate groups may have benecial effect on
neuronal growth. Recently, a more biomimetic approach based
on SLBs has found wide application in bioelectronics recapit-
ulating the structure and the dynamicity of the cellular
membrane on rigid substrates in order to secure the cell–
material interaction. In this context, it is now known that
positively charged SLBs can successfully support neuronal
30276 | RSC Adv., 2022, 12, 30270–30277
adhesion. However, only fewer studies have investigated the
effect of negatively charged membranes on neuronal behavior
at the SLB–neuron interface. In this work, we have demon-
strated the potential effect of negatively charged SLBs on
neuronal adhesion and network formation.

Briey, starting from a ternary mixture of POPC, cholesterol
and sphingomyelin, SLBs were synthesized. Such biomimetic
membranes were then functionalized with succinyl-PE, a nega-
tively charged lipid, in order to evaluate the role of its PO4

−

groups on neurite branching and elongation. Furthermore, the
presence of negative charges was further increased by convert-
ing the carboxylic group of the succinyl-PE lipid into an NHS-
ester group, exposing SO3

− groups on the surface of the
membranes. As a results, SLBs containing succinyl-PE and
sulfo-NHS–succinyl-PE lipids displayed good biocompatibility
with cortical neurons, supporting neuronal adhesion. Remark-
ably, the incorporation of the sulfo-NHS–succinyl-PE lipid
promoted neurites sprouting, inducing a signicative increase
of the number and the length of both secondary and tertiary
neurites. The gathered results highlight the potential of nega-
tively charged SLBs to promote neurites arborization, paving the
way towards the development of in vitro neuronal biointerfaces
able to tune a desired neuronal behaviour at the cell–material
interface.
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