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Engineering Lipid-Based Pop-up Conductive Interfaces with
PEDOT:PSS and Light-Responsive Azopolymer Films

Luca Terenzi, Ziyu Gao, Mehdi Ravandeh, Chiara Fedele, Lasse Hyldgaard Klausen,
Claudia Latte Bovio, Arri Priimagi, and Francesca Santoro*

Significant challenges have emerged in the development of biomimetic
electronic interfaces capable of dynamic interaction with living organisms and
biological systems, including neurons, muscles, and sensory organs. Yet,
there remains a need for interfaces that can function on demand, facilitating
communication and biorecognition with living cells in bioelectronic systems.
In this study, the design and engineering of a responsive and conductive
material with cell-instructive properties, allowing for the modification of its
topography through light irradiation, resulting in the formation of “pop-up
structures”, is presented. A deformable substrate, composed of a bilayer
comprising a light-responsive, azobenzene-containing polymer, pDR1m, and a
conductive polymer, PEDOT:PSS, is fabricated and characterized. Moreover,
the successful formation of supported lipid bilayers (SLBs) and the
maintenance of integrity while deforming the pDR1m/PEDOT:PSS films
represent promising advancements for future applications in responsive
bioelectronics and neuroelectronic interfaces.

1. Introduction

In the rapidly evolving field of bioelectronics, the development
of advanced electronic materials for cell-instructive interfacing
has emerged as a pivotal area of research. In particular, in or-
ganic bioelectronics, conducting polymers or organic semicon-
ductors, stands out due to its unique properties such as flexibility,
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biocompatibility, and ease of process-
ing.[1–3] These properties also contribute
to the design of biomimetic electronic
interfaces capable of interacting with living
organisms and biological systems, such as
neurons, muscles, and sensory organs.[3,4]

Furthermore, efforts have been made
to enhance the interaction between cells
and electronics by developing substrates
with 3D structural features at the nano
and microscale, transitioning from pas-
sive to active interfacing,[5,6] aiming for
long-term integration and limited im-
mune response to foreign devices.[5,7]

Moreover, the design of these surface
materials also favors the formation of an
abiotic/biotic electronic interface to cre-
ate a more biomimetic native tissue-like
assembly,[8] where active adaptation re-
mains a major feature yet to be achieved.[9]

In this scenario, materials capable of responding on de-
mand to the surrounding environment and various stimuli
are required. For example, light-driven materials containing
photoresponsive compounds, such as azobenzene-containing
polymers, can be employed for surface morphing, achieving
biomimetic nano- and microstructures and engineering inter-
faces from 2D to 3D architectures by exploiting diverse light
stimulation conditions.[10–12] In the presence of cells, it has been
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shown that precise control of the cell response can be achieved,
including tuning the membrane curvature and cytoskeleton
structure at the morphing material-cell interface.[13] Moreover,
surface patterning can also be used within a cellular network to
regulate cell growth and migration.[14]

These light-driven adaptive platforms have already found ma-
jor applications in tissue engineering, electroactive biomaterials,
and devices, primarily exploiting light for optoelectronic stimu-
lation of cells, also through the use of organic semiconductors[15]

and biohybrid interfaces.[16]

However, achieving adaptive bioelectronics with simultane-
ous maintained electric modulation and physical deformation at
the microscale is still to be accomplished. Furthermore, adaptive
electromechanical devices also require surface functionalization,
and “fluid coatings” (e.g., the use of lipid bilayers) could better
resemble the dynamicity of the native cell environment, as well
as reconstitute protein assemblies and structures of the plasma
membrane in vitro.

In fact, promising results have been achieved by exploiting
supported lipid bilayers (SLBs) assembled onto conductive poly-
mers to emulate plasma membrane fluidity and composition
while simultaneously exploiting the mixed ionic-to-electronic
conduction mechanism of the polymers for sensing.[17,18] By
modulating the lipid composition, charge, and stiffness,[19] SLBs
could resemble actual membrane and transmembrane assem-
blies for better integration with bioelectronic devices.[20,21] Recent
research on SLB assembly on organic electronic platforms, such
as PEDOT:PSS films and organic electrochemical transistors
(OECTs), has demonstrated advantages in creating biomimetic
electronics for sensing, monitoring protein activity, and poten-
tially interfacing with cells.[22,23]

Particularly, recent progress in azopolymer-integrated lipids
has achieved light-driven control over lipid bilayer structures
and light-responsive membrane protein interactions,[24–27] to-
ward recognizable cell-cell interactions and programable biohy-
brid systems.[28]

Here, we present an organic light-deformable conductive bi-
layer material integrating the poly(Disperse Red 1) methacrylate
(pDR1m) azopolymer and PEDOT:PSS to obtain a responsive and
light-controllable electromechanical bioelectronic platform. Vari-
ous responsive patterning conditions have been investigated, in-
cluding the formation of pop-up pillar-like structures emerging
on demand from the 2D film. Moreover, the achieved platform
can monitor the formation of SLBs and their active reshaping
onto 3D pop-up structures upon light exposure.

The proposed platform provides a proof of concept for bioin-
structive electronics, offering potential applications in brain-
machine interfaces, tissue engineering, drug delivery, and
biosensors.

2. Manufacturing and Morphological
Characterization

Monolayers of pDR1m, PEDOT:PSS, and pDR1m/PEDOT:PSS
bilayer films were achieved via spin coating on glass and ITO
substrates (Experimental Section). Here, PEDOT:PSS was sup-
plemented with either 0.02% or 1% dodecylbenzenesulfonic acid
(DBSA) to investigate its influence on the material’s mechanical

properties (i.e., deformability) and conductivity. Furthermore, an-
nealing and evaporation of remaining solvents of the conductive
polymer were carried out either at room temperature (RT) or at
140 °C (Figure 1a).

The thickness of the resulting films was evaluated via pro-
filometer and focused ion beam −1scanning electron microscopy
as 260 ± 10 nm for pDR1m, 95 ± 7 nm, and 87 ± 6 nm
for PEDOT:PSS with 0.02% and 1% DBSA, respectively. The
Young’s modulus of pDR1m/PEDOT:PSS films was also evalu-
ated through quantitative nanomechanical analysis with atomic
force microscopy (AFM), leading to values in the order of GPa,
which suggest possibly a predominant effect of the rigid support
underneath the spin-coated films (Table S1, Supporting Informa-
tion).

For the formation of the SLBs at the PEDOT:PSS film surface,
roughness and wettability have been considered because of their
key role in favoring micelle rupture to form a homogeneous and
fluid lipid bilayer. Here, the surface roughness of the films was
characterized via AFM: Figure 1b–d shows a higher average sur-
face roughness with both the increase of the DBSA concentra-
tion in the PEDOT:PSS solution and the annealing temperature
of the films (Ra = 1.3 ± 0.05 nm at RT, Ra = 3.5 ± 0.15 nm at
140 °C, 1% DBSA, where Ra refers to the average of the indi-
vidual heights and depths from the arithmetic mean elevation of
the surface),[27] whereas for mono- and bilayers at both anneal-
ing temperatures, 0.02% DBSA samples presented comparable
surface roughness.

Then, contact angle measurements (Figure 1e) indicated a
more hydrophilic surface when reducing the annealing temper-
ature from 140 °C to RT, possibly due to low annealing tempera-
tures retaining higher water absorption and hydrophilicity of the
PEDOT:PSS polymer chain.[29,30] Moreover, increasing the DBSA
concentration in both mono and bilayers from 0.02% to 1%, the
contact angles of the bilayer structures decreased from 38.6 ° to
31.6 ° (RT-annealed sample) and from 72.1 ° to 63.5 ° (140 °C
annealing temperature), respectively.

3. Electrochemical Characterization of Bilayer
Films

To study the electrochemical properties of the
pDR1m/PEDOT:PSS films on ITO-coated glasses, cyclic voltam-
metry (CV), and electrochemical impedance spectroscopy (EIS)
measurements were carried out.

Here, oxidation peak currents ranging from −0.25 to 0.61 V
and reduction peaks ranging from −0.31 to −0.48 V were ob-
served in the I-V curves for the pDR1m/PEDOT:PSS bilayers,
both with 0.02% and 1% DBSA (Figure 1f,g), while these peaks
were not detected in the case of monolayer PEDOT:PSS films.

Redox peaks with higher current amplitudes were observed
in the case of pDR1m/PEDOT:PSS films containing 1% DBSA
(compared to the 0.02% case). Moreover, redox current ampli-
tudes increased noticeably after annealing at 140 °C, for both
0.02% and 1% DBSA concentrations. These results suggest
DBSA-content and annealing temperature-dependent electro-
chemical responses of the pDR1m/PEDOT:PSS film structures,
considering that the annealing temperature of 140 °C is higher
than the glass transition temperature of pDR1m. This could pos-
sibly induce surface chemical interactions between PEDOT:PSS
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Figure 1. Manufacturing and characterization of the mono and multilayered samples: a) Manufacturing schematics of the starting glass substrate (i)
on top of which the pDR1m (ii) and successively the PEDOT:PSS (iii) are spin-coated. The SLB is then formed on top of the pDR1m/PEDOT:PSS sample
(iv – v), and FRAP experiments can be conducted (vi). b) AFM images for each sample used for roughness characterization. The roughness results
(mean ± SD) are reported in c,d) for 0.02% DBSA and 1% DBSA cases, respectively. e) Contact angle measurements results (mean ± SD) for the various
samples. f,g) report the CV curves for 0.02% DBSA and 1% DBSA samples, respectively. h) Values (mean ± SD) of charge transfer resistance (R_ct)
and capacitance (C_PEDOT) for the pDR1m/PEDOT:PSS samples. The fitting circuit used and the corresponding elements are also shown. i,j) show a
zoom-in at high frequencies for EIS curves for 0.02% and 1% DBSA samples, respectively. k) Absorption spectra for pDR1m and pDR1m/PEDOT:PSS
samples.
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and pDR1m polymer chains, leading to higher redox peak cur-
rents.

In addition, EIS measurements of monolayers indicated a typ-
ical dielectric behavior of pDR1m films (predominant capaci-
tive component, Figures S1,S2 and Table S2, Supporting Infor-
mation), where resulting Nyquist plots were fitted with an R-
(R, CPE) circuit. Impedance spectra of PEDOT:PSS monolayers
with different DBSA concentrations and annealing temperatures
were fitted with a Randall circuit including a Warburg element,
to model the kinetic diffusion of charges only for a finite length
in proximity to the PEDOT:PSS surface.[31]

The results shown in Figure 1h present lower charge trans-
fer resistances (Rct) for the PEDOT:PSS layers in the cases of
higher DBSA concentration (1%) and higher annealing tem-
perature (140 °C; Table S2, Supporting Information). This is
also in agreement with previous reports showing that increasing
DBSA concentration and annealing temperature in PEDOT:PSS
films would decrease the resistivity of the conductive polymer
film.[32–35]

Subsequently, impedance spectra of pDR1m/PEDOT:PSS bi-
layer films were instead fitted considering an electrical equiv. cir-
cuit resulting from the series of the two circuits discussed earlier
for monolayer films (Figure 1f). Here, pDR1m/PEDOT:PSS films
presented a slightly higher Rct than PEDOT:PSS monolayers, as
shown in Figure 1i,j, where the Nyquist plots (0.02% and 1%
DBSA respectively) depict the Rct increase with the increasing
diameter of the half circumference of the impedance spectrum
curves. The lowest Rct was exhibited in the pDR1m/PEDOT:PSS
samples with 1% DBSA and 140 °C annealing temperature.

Finally, the electrochemical stability of both PEDOT:PSS and
pDR1m/PEDOT:PSS films with 1% DBSA was investigated
through EIS in aqueous Dulbecco’s phosphate buffer solution
(DPBS; Figure S3, Supporting Information), showing no delami-
nation or visible degradation after 24 h. The major difference ob-
served was an increase in the charge transfer resistance in all con-
ductive films, mainly due to swelling effects of PEDOT:PSS.[36]

4. Light-Driven Deformation of the
pDR1m/PEDOT:PSS Bilayers

To understand the light-response of pDR1m/PEDOT:PSS films
and the maximum stimulation wavelength, UV-Vis absorp-
tion spectra were measured. Due to the wavelength-dependent
photo-switching capability of pDR1m, it was of interest to
characterize the absorption spectra of both bare pDR1m and
pDR1m/PEDOT:PSS samples to ensure that the PEDOT:PSS
layer would not alter the optical properties of the material. As
shown in Figure 1k, pDR1m/PEDOT:PSS films presented an ab-
solute maximum peak ≈480 nm, similar to the bare pDR1m sam-
ple. The results confirmed that the PEDOT:PSS layer has no in-
fluence on the light absorption property of the pDR1m polymer,
regardless of DBSA concentration and annealing temperature.

In light of this, for further experiments, only
pDR1m/PEDOT:PSS samples annealed at 140 °C were con-
sidered, given their higher conductivity as well as surface
roughness and wettability, which are relevant features for the
formation and monitoring of the SLBs. These samples exhibited
better conductivity than those kept at RT. Hence, light-driven
patterning was conducted for the samples annealed at 140 °C.

For surface patterning, two different laser setups were em-
ployed: the Lloyd’s mirror interferometer (Figure S4, Supporting
Information) and laser scanning confocal microscope (Figure 2,
with monodirectional or bidirectional scanning modes). The
488 nm laser was chosen to maximize the light-driven response
of pDR1m/PEDOT:PSS bilayers based on the UV-Vis absorption
spectra.

For the Lloyd’s mirror patterning, the microtopography pe-
riod Λ was set to 1.5 and 2.5 μm, determined by Λ = 𝜆/2sin𝜃,
where 𝜆 is the wavelength of the laser (488 nm) and 𝜃 is the an-
gle between the mirror and the laser beam. As shown in Figure
S4a–c (Supporting Information) for the pDR1m monolayer, the
pattern modulation depth appears higher for the 2.5 μm period,
but the crests of the patterns appear more irregular. Here, the
resulting patterning area is large (0.25 cm2) with surface mod-
ulations in the order of 100–200 nm. On the other hand, the
modulation in the pDR1m/PEDOT:PSS patterned samples ap-
peared significantly lower than in the pDR1m ones (Figures
S5 and S6, Supporting Information). This is also evidenced by
the diffraction efficiency (DE) analysis in Figure S4b,c (Sup-
porting Information). The DE for pDR1m/PEDOT:PSS sam-
ples was much smaller compared to that for pDR1m, indi-
cating negligible SRGs were formed, as also shown in AFM
measurements.

In addition, a laser scanning confocal microscope was used
to create the patterns by exposing 488 nm laser light through a
horizontal ROI (0.48 × 24 μm2), either bidirectionally (i.e., the
laser spot scans the ROI left to right, then right to left, and then
repeats) or monodirectionally (i.e., the laser spot scans the ROI
left to right, turns off, goes back to the left, and then repeats), as
illustrated in Figure S4d (Supporting Information).

In bidirectional scanning mode, different conditions were
investigated for pDR1m films, including focal plane position
(±7 μm vertical displacement to the surface plane of the poly-
mer film, as shown in Figure S7, Supporting Information), laser
power (ranging from 2.5% to 40%), and exposure time (15–90 s).

Light-patterning experiments with different exposure times
were carried out on pDR1m samples with the fixed laser
power set to a nominal 5% and bidirectional scanning mode
(Figure 2bi). However, the effective laser intensity at the sam-
ple plane could not be estimated. It was observed that after 30–
45 s, the height of the pattern would reach a saturation point
(541 ± 29 nm), similar to its width (2.51 ± 0.08 μm), as shown
in Figure 2bii-iii. Therefore, the exposure time for pDR1m and
pDR1m/PEDOT:PSS films was set to 30 s for further light-driven
quantification.

Different laser powers were tested to optimize the stimulating
intensity for pDR1m/PEDOT:PSS films: a series of laser powers,
starting from 5% with a 5% increase at each step, were carried
out. A minimum of 15% laser power was required to achieve
visible light-driven patterns, as shown in Figure 2c,d. Further-
more, the 30% intensity was confirmed as the maximum inten-
sity to limit any possible mechanically induced damage to the
PEDOT:PSS layer (Figure S8, Supporting Information).

Moreover, for laser powers higher than 15%, light-inscribed
patterns appeared more irregular in pDR1m/PEDOT:PSS
(Figure 2ci,di). A consistent lateral accumulation on the left
side of the ROI was observed in pDR1m/PEDOT:PSS patterns,
possibly due to the photofluidization of the pDR1m polymer.[37]
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Figure 2. Laser confocal microscope bidirectional patterning. a) Illustration of the two confocal microscope scanning modalities. b) AFM image (i)
of pDR1m sample patterned with confocal microscope in bidirectional scanning mode at different exposure times. The heights (ii) and widths (iii) of
the two analyzed replicates are also reported. c) AFM image (i) of pDR1m/PEDOT:PSS samples annealed at 140 °C with 0.02% DBSA patterned with
confocal microscope in bidirectional scanning mode at different laser powers. The heights (ii) and widths (iii) of the two analyzed replicates are also
reported. d) Same imaging and patterning conditions as in c) but for 1% DBSA containing pDR1m/PEDOT:PSS samples annealed at 140 °C.

The hypothesis for this behavior is that the laser scanning
motion and high laser power lead to an unbalanced force exerted
on the azopolymer, pushing it to accumulate on one side of the
ROI. An increase in the laser power determines higher patterns
but also accentuates the lateral accumulation and irregularities.

When patterning with the confocal microscope under monodi-
rectional scanning mode, the lateral accumulation was further
enhanced by the asymmetric motion of the laser spot.

In the light-patterning experiments of pDR1m films at differ-
ent laser powers and in monodirectional scanning mode, the re-

sulting pillar-like structures achieved heights of up to 3 μm after
30 s stimulation with 20% laser power, as shown in Figure 3a.
However, both lower (15%) and higher (25% and 30%) laser pow-
ers resulted in smaller light-driven pillar height values. Here,
possibly unconstrained pDR1m surface topography could un-
dergo inverse mass displacement, reducing the final height of
the pattern.[38]

In Figure 3aiii, a marked bimodal data distribution for the pat-
tern’s aspect ratio is noticeable, which decreases with the increase
in laser power. This is primarily due to the differences between
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Figure 3. Confocal microscope monodirectional scanning patterning and lateral accumulation. a) AFM image (i) of pDR1m samples patterned with
confocal microscope in monodirectional scanning mode at different laser powers. The heights (ii) and aspect ratio (iii) of the two analyzed replicates
are also reported. b,c) Same imaging and patterning conditions as in a) but for pDR1m/PEDOT:PSS samples annealed at 140 °C with 0.02% and 1%
DBSA respectively.

longitudinal and transversal widths (compared to the ROI orien-
tation).wer the laser power, the less polymer accumulation occurs
on the left side of the ROI, leading to a longitudinal width larger
than the transversal one.

In the case of pDR1m/PEDOT:PSS, monodirectional scanning
accentuates the lateral accumulation for both the 0.02% and 1%
DBSA samples, as presented in Figure 3b,c. Here, the patterns’
height increased to over 1 μm following the laser power increase
from 15 to 30%. A similar trend was also observed in the as-
pect ratio with decreased variation, suggesting that the resulting
pillar-like structure has increased circular symmetry. It is hypoth-
esized that the top layer of the PEDOT:PSS polymer could gener-
ate a rotationally symmetric force on the photofluidized pDR1m
during lateral accumulation, leading to more symmetric pillar-
like structures.

Furthermore, the interface coupling and deformation be-
tween the pDR1m and PEDOT:PSS polymers were investigated
with focused ion beam – scanning electron microscopy (FIB-
SEM). As indicated in Figure S9 (Supporting Information), the
interface between the pDR1m and PEDOT:PSS layers in the
pDR1m/PEDOT:PSS 1% DBSA 140 °C sample appeared well-
defined with smooth adhesion in the static case, and no visible
damage to the PEDOT:PSS layer was observed after light-driven
deformation.

Overall, the pDR1m/PEDOT:PSS samples appeared stable
under light-patterning with 488 nm laser, giving controllable
deformation from planar film structure to pillar-like structure
with up to 1.2 μm height. This allowed to create active mor-
phing electrodes from 2D to 3D with PEDOT:PSS polymer
substrates.

Adv. Healthcare Mater. 2024, 13, 2303812 2303812 (6 of 11) © 2024 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH
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5. SLB Assembly

Two annealed pDR1m/PEDOT:PSS substrates at RT and
140 °C containing 1% DBSA were used for the assembly
of SLBs through the vesicle fusion method. Unlike the PE-
DOT:PSS film, the presence of hydrophobic pDR1m makes this
pDR1m/PEDOT:PSS substrate a challenging platform for vesicle
fusion, since SLB formation occurs preferentially on very smooth
and hydrophilic surfaces through this method.[39] Various meth-
ods can induce vesicle fusion under non-ideal conditions, includ-
ing temperature, pH, osmotic pressure, and shear stress.[22,40–42]

In this work, osmotic pressure was used to induce vesicle fusion
on pDR1m/PEDOT:PSS substrates by slowly adding deionized
(DI) water to a liposome solution incubated with the substrate.
The successful formation of SLBs was studied using CV, EIS, and
fluorescence recovery after photobleaching (FRAP) techniques.

CV measurements confirmed the formation of lipid bilayers
on both substrates, as evidenced by the disappearance of char-
acteristic peaks in the pDR1m/PEDOT:PSS voltammogram (ox-
idation between 0 and 0.17 V and reduction between −0.18 and
0.1 V). This disappearance indicated that the lipid bilayer hin-
dered electron transfer between the electrolyte and the polymer
film (see Figure 4a).[43,44]

To gain further insights into the lipid bilayer structure, the
electrical sealing properties of the bilayer formed on both sub-
strates were monitored by EIS. Figure 4b (Bode plot) illus-
trates significant impedance changes before and after SLB for-
mation, particularly in the mid-frequency range of 10–10 000
Hz, typically attributed to lipid bilayers.[22,41,42,45] Notably, the
pDR1m/PEDOT:PSS substrate treated at room temperature ex-
hibited higher impedance compared to the substrate annealed
at 140 °C. Upon bilayer formation, the pDR1m/PEDOT:PSS
Bode plot exhibited an increase in impedance magnitude at
the mid-frequency range, indicating the formation of an ad-
ditional resistive layer on top of the PEDOT:PSS. In contrast,
the annealed substrate at 140 °C showed a smaller change in
impedance. These results are consistent with AFM roughness
measurements (Figure 1b) and wettability (Figure 1e) results
for the two substrates; the room temperature substrate showed
lower surface roughness and higher wettability compared to
the substrate annealed at 140 °C. The lower impedance of the
140 °C substrate may be attributed to the partial formation of
a lipid bilayer on this substrate due to its greater hydrophobic
nature.

Additionally, impedance phase values (Figure S10, Supporting
Information) revealed a transition shoulder region with a lower
phase angle, indicative of a new resistive component arising from
the presence of the bilayer. A lipid bilayer should be imperme-
able to ion flow, leading to increased resistance. However, the
presence of pores in the lipid bilayer or partial bilayer forma-
tion on substrates can decrease impedance, allowing ions to pass
through the pores and reach the electrode’s surface.[22] Further-
more, Figure S11 and Table S4 (Supporting Information) present
EIS results based on Nyquist plots for different electrodes. To fit
the data, a similar equiv. circuit for pDR1m/PEDOT:PSS (Figure
S2c, Supporting Information) was used to characterize the elec-
trical properties of the SLB. Based on fitted results from the
Nyquist plot, the SLB formation can be confirmed with an in-
crease in Rct.

In addition to EIS, to confirm vesicle fusion on
pDR1m/PEDOT:PSS films, we utilized the FRAP technique,
a commonly employed optical method for determining sur-
face fluidity (lateral diffusion within the 2D plane of SLBs).[22]

After irreversibly photobleaching fluorophore-labeled lipids
in a defined region, the recovery of fluorescence intensity was
monitored for 7 min. The diffusion coefficient (D) was calculated
based on the equation, D = 𝜔

2/4𝜏1/2, where 𝜔 is the radius of
the photobleached spot and 𝜏1/2 is the time needed to reach half
of the maximum recovery intensity. FRAP experiments were
conducted on both substrates (Figure 4c,f) and were used to
confirm SLB formation and monitor real-time morphological
changes in the pDR1m/PEDOT:PSS substrate during FRAP
experiments with a 561 nm laser, as the 488 nm laser could alter
the morphology of pDR1m/PEDOT:PSS.

While some recovery of the photobleached spot was observed
in all samples (Figure 4d–h), there was a clear difference in dif-
fusion coefficients for SLBs on substrates. The diffusion coef-
ficient for pDR1m/PEDOT:PSS annealed at room temperature
and 140 °C was 1.64 μm2s−1± 0.38 μm2s−1 and 0.1 μm2s−1 ± 0.01
μm2s−1, respectively. Figure 4c,f illustrates the changes in the flu-
orescence recovery of SLB and the morphological changes of both
substrates after bleaching with a 561 nm laser. Notably, the re-
covery occurred over half of the region of interest (ROI) in room
temperature substrates (Figure 4c), while there was almost no re-
covery after photobleaching in the SLB on annealed substrates at
140 °C (Figure 4f). The smaller diffusion coefficient for substrates
at 140 °C may be attributed to the substrate’s hydrophobic nature,
which enhances the interaction of the electrode with alkyl chains
in the lipid bilayer, thus restricting the lateral mobility and diffu-
sion of lipid molecules within the bilayer.

6. Conclusion

In this work, a light-driven conductive deformable substrate
was achieved by coupling the light-sensitive pDR1m azopoly-
mer with the organic conductive polymer PEDOT:PSS. Here, re-
sulting roughness, wettability, electrochemistry, light response,
morphology, and its potential to engineer lipid bilayers were dis-
cussed. The critical role of DBSA concentration and annealing
temperature was shown to regulate the surface roughness and
hydrophilicity of the PEDOT:PSS layer. From the electrochemi-
cal characterization, CV voltammograms showed higher oxida-
tion and reduction currents in the 1% DBSA samples and 140 °C
annealed samples, while EIS measurements highlighted a low
charge transfer resistance in films containing 1% DBSA. In the
light-driven study, periodic surface patterns were achieved both
with Lloyd mirror and confocal patterning. However, high as-
pect ratio and pop-up pillar-like structures were only achieved
in the case of monodirectional confocal laser exposure. Finally,
SLBs were successfully formed and maintained in their integrity
and diffusivity while creating an emerging pillar structure in the
pDR1m/PEDOT:PSS film. In turn, the presented platforms pro-
vided concepts for further integration into micro-nano electronic
devices and cell interfacing with lipid surface functionalization,
allowing addressable active control of emerging pop-up organic
and conductive electrode interfaces. Scaling down the electronic
evaluation resulting from the light-driven deformation is sug-
gested for future applications as electrodes.

Adv. Healthcare Mater. 2024, 13, 2303812 2303812 (7 of 11) © 2024 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 4. Characterization of POPC lipid bilayer formation on different substrates: a) Cyclic voltammograms of pDR1m/PEDOT:PSS (annealed at
RT and 140 °C) before and after formation of lipid bilayer in DPBS buffer (scan rate 50 mV/s) b) Electrochemical impedance analysis (Bode plot)
PDR1m/PEDOT:PSS (annealed at RT and 140 °C) before and after formation of lipid bilayer in DPBS buffer c,f) FRAP micrographs showing the recovery
of Texas Red SLBs on pDR1m/PEDOT:PSS RT and pDR1m/PEDOT:PSS 140 °C, respectively at pre-bleaching, bleaching, post-bleaching and recovery
(from left to right) ROI 1 (bleached) and ROI 2 (control) areas d) The fluorescence intensity for ROI 1 (bleached) and ROI 2 (control) of Texas Red SLB on
pDR1m/PEDOT:PSS RT e) The recovery fluorescence intensity values were normalized to the intensity of control of Texas Red SLB on pDR1m/PEDOT:PSS
RT g) The fluorescence intensity for ROI 1 (bleached) and ROI 2 (control) of Texas Red SLB on pDR1m/PEDOT:PSS 140 °C h) The recovery fluorescence
intensity values were normalized to the intensity of control of Texas Red SLB on pDR1m/PEDOT:PSS 140 °C.
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7. Experimental Section
Sample Preparation: A bilayer of Poly(Disperse Red

1 methacrylate) (pDR1m, Sigma-Aldrich) and Poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS), together
with pDR1m and PEDOT:PSS monolayers, were manufactured on either
bare 15 mm diameter circular glass coverslips (Glaswarenfabrik Karl
Hecht), or 30 mm diameter ITO coated ones (sputtered in ZMNT with
Berlin Nordiko, NS2550 sputtering machine) by spin coating (Laurell
Technologies Corporation). The cover slips were cleaned by ultrasound
bath in subsequent sonication steps: 10 min in milliQ water, 10 min
in acetone (99.5%, Chemsolute), and 10 min in isopropanol (99.8%,
Chemsolute). The substrates were then dried under a nitrogen stream.

Solution of pDR1m with concentration of 5% (w/v) in chloroform
(Sigma Aldrich) was prepared, sonicated for 30 min in ultrasound bath,
and filtered with a 0.45 μm pores size PTFE filter (Macherey-Nagel). The
filtered solution (15 μL for the small substrate and 40 μL for the big one)
was dispensed on the glass cover slips spinning at 1500 rpm for 60 s.

PEDOT:PSS was prepared by mixing PH1000 (Heraeus), ethylene gly-
col 5% v/v (Sigma Aldrich), (3-Glycidyloxypropyl)Trimethoxysilane (GOPS,
Sigma Aldrich) 1% v/v, and either dodecylbenzenesulfonic acid (DBSA,
Sigma Aldrich) 0.02% or 1% v/v. The solution was then sonicated for
20 min and filtered with a 0.4 μm pores size filter (EMD Millipore). The
solution (80 μL for the small substrate and 200 μL for the big one) was
then statically spin coated at 2000 rpm for 120 s with an acceleration of
400 rpm.

Morphological Characterization: The thickness of the pDR1m and PE-
DOT:PSS layers was measured with a DekTak XT profilometer (Bruker) and
a Focused Ion Beam – Scanning Electron Microscopy (FIB-SEM Helios
NanoLab 600i and 650, Thermo Fischer). For the profilometer analysis,
the drag speed used for the tip was 100 μm/s, with a contact force of
3 mN/cm. For the FIB-SEM imaging, the sample was coated with a 5 nm
gold layer and milled with gallium ion beam (current: 0.79 nA; tension:
30 kV for milling and current: 0.23 nA; tension: 30 kV for polishing). Scan-
ning electron micrographs were acquired in backscattered mode with the
electron beam to 3 kV and 0.17 nA current.

The roughness analysis was carried out with AFM (Dimension Edge,
Bruker) imaging using PeakForce tapping.

Samples Young’s modulus was measured using PeakForce Quanti-
tative Nanomechanical Mapping with RTESPA-525 probes (Bruker AFM
Probes; nominal tip radius 8 nm, nominal spring constant 200 N/m, nom-
inal resonance frequency 525 kHz). The absolute method was used to
quantify tip radius with a rough Ti surface. The same probe was employed
for the analysis of all samples and the tip radius measured before and after
all experiments showing no change. Images were recorded at 128 × 128
pixels with a scan rate of 1 Hz and peak force of 500 nN.

For wettability characterization, a contact angle measurement system
(OCA 20, Dataphysics) was used to dispense consistently the same vol-
ume of Milli-Q water (10 μL) on top of the surface of interest.

To measure the absorption spectra of the polymer’s mono and bilay-
ers, a UV-VIS spectrophotometer was used (Lambda 900 UV/VIS/NIR,
PerkinElmer).

Electrochemical Characterization: For CV measurements, a three-
electrode set up consisting of a working electrode (WE), a reference elec-
trode (RE), and a counter electrode (CE) was used, together with a poten-
tiostat (VSP 300, Biologic). The WE was contacted to the ITO coated sub-
strate, while the RE (Ag/AgCl) and the CE (platinum wire) were immersed
in the Dulbecco’s phosphate buffer solution (DPBS, Thermo Fischer) in-
side a well glued on top of the spin coated polymer (bi)layer to investigate.
The sinusoidal input signal was set to 50 mV amplitude and it swept a
range of frequencies from 1 Hz to 100 kHz, averaging two measures per
frequency.

Impedance spectra obtained from the samples were fitted with specific
equiv. circuits mimicking the characteristics of the sample. The fitting was
executed in python with a self-made script (Supporting Information) mak-
ing use of impedence.py.

CV measurements were carried out following the same three electrodes
set up as for the EIS ones. The potential range applied was between

−1.0–1.0 V with a 100 mV/s scan speed, and the recorded current was
obtained averaging over 10 voltage steps. For each CV acquisition a total
of 3 cycles were measured, referring always to the second one to show the
results.

Patterns Inscription and Imaging: To inscribe the SRGs both a confocal
laser scanning microscope (LSM 880, Zeiss) and a Lloyd’s mirror interfer-
ometer have been used, both in dry conditions.

In Lloyd’s mirror interferometer, a 488 nm continuous-wave laser (Co-
herent Genesis CX488-2000) with circular polarization and an intensity of
≈500 mW/cm2 over an area of 0.25 cm2 for 20 min. The microtopography
period Λ was set to 1.5 and 2.5 μm, and it was determined by Λ= 𝜆/2sin𝜃,
where 𝜆 is the wavelength of the laser and 𝜃 is the angle between the mir-
ror and the laser beam. The inscription of the SRGs was monitored with
a low-power (1 mW) 633 nm He–Ne laser and the diffraction efficiency of
the first order diffracted beam was monitored.

For the confocal microscope the software zoom was kept fixed at seven,
with a pixel size of 0.12 μm, 512 × 512 pixels per frame and pixel dwell
time of 1.54 μs. The ROI size was of 4 × 200 pixels, oriented horizontally.
A 488 nm wavelength laser was used to pattern, and a 633 nm laser was
used to image the resulting morphology in widefield mode. The 20x air
objective was used, leading to a maximum (100%) power density in the
focal plane of 9.18 mW/cm2 for the 488 nm laser.[46]

To image the SRGs, AFM was used to scan a 60 μm x 30 μm area with
128 horizontal lines, 512 points per line and scan speed of 0.12 Hz. When
displaying 3D AFM images, the Z axis aspect ratio (defined as height di-
vided by width) was set to 0.3, to better visualize the light inscribed pat-
terns.

To obtain the pDR1m/PEDOT:PSS cross section FIB-SEM (Helios
NanoLab 600i, Thermo Fischer, and LEO 1550, Zeiss) imaging was em-
ployed. The sample was sputtered with iridium for 60 s at 15 mA current
and milled with gallium ion beam (tension: 30 kV for milling and 30 kV
for polishing). Scanning electron micrographs were acquired in secondary
electron mode with the electron beam to 3 kV.

Small Unilamellar Vesicles (SUVs) Preparation: The desired amount
of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) lipid (Avanti
Polar Lipids) with 0.1% (mol/mol) Texas Red 1,2-dihexadecanoyl-sn-
glycero-3-phosphoethanolamine triethylammonium salt (TR) (Thermo
Fisher, USA) as fluorescent probe was dissolved in chloroform. The sol-
vent was evaporated under a constant flow of nitrogen, forming a homoge-
neous lipid film. The remaining solvent residues were removed by placing
the samples in a desiccator under vacuum for 1 h. The resulting lipid film
was rehydrated with DPBS buffer (1x) (pH 7.4) to obtain a final concen-
tration of 5 mg/mL. The solution was gently vortexed and then sonicated
on ice for 30 min. Finally, the suspension was extruded 15 times through a
polycarbonate membrane with 50 nm pores using a mini-extruder (Sigma-
Aldrich, USA) to obtain a SUV solution, which was stored at 4 °C for further
experiments.[39]

SLB Formation: Lipid bilayers on different substrates were formed by
the vesicle fusion method.[40] Briefly, the 0.5 mg mL−1 SUV solution was
added to the electrochemical cell and incubated for 20 min, then the buffer
was exchanged with DI water and incubated for 40 min. After the forma-
tion of the lipid bilayer on the pDR1m/PEDOT:PSS surface, the rest of the
liposomes were replaced by DPBS buffer (1x) (pH 7.4) for electrochemical
and FRAP experiments.[22]

Supported Lipid Bilayer (SLB) Electrochemical Characterization: Cyclic
voltammetry (CV) and electrochemical impedance spectroscopy (EIS)
were measured on a BioLogic potentiostat (SP-300, BioLogic Systems,
Grenoble, France). The pDR1m/PEDOT:PSS /SLB was used as the work-
ing electrode, and a Pt wire and saturated Ag/AgCl electrode were used as
the auxiliary and reference electrodes, respectively. Cyclic voltammograms
were recorded in the potential range from− 1 to+ 1 V versus Ag/AgCl and
50 mV/s as a scan rate. The EIS was recorded in the range 10−1 to 106

Hz, using a sinusoidal input voltage with amplitude of 50 mV, with 0 V
offset.

FRAP: The fluidity of the POPC lipid bilayer with 0.1 mol% TR was
assessed with the FRAP technique using a LSM 880 confocal laser scan-
ning microscope with Airyscan (Carl Zeiss Germany) with a 20× objective.
A defined area was photobleached with a 15 mW 561 nm laser beam to
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assess membrane fluidity, and the recovery of fluorescence intensity was
measured.

Statistical Analysis: Unless stated otherwise, the data were not prepro-
cessed and are represented as mean ± standard deviation. A Github link
to the python code used for the analysis can be found in Supporting In-
formation. For AFM investigations, in each sample a 5 × 5 μm2 area was
imaged, and from it 5 smaller 1 × 1 μm2 areas were analyzed using the
AFM software to measure Rq, Ra, Rmax, which are indicators of surface
roughness. For thickness and Young’s modulus characterization of the lay-
ers, three measurements for each of the three replicates were used, for a
total sample size of nine for each case. The thickness was then calculated
with the software of the instrument used, and Young’s modulus was cal-
culated using the DMT model.

To determine the thickness of PEDOT:PSS on top of the pDR1m layer
through FIB-SEM, six measurements were taken through ImageJ from a
cross section of the pDR1m/PEDOT:PSS bilayer.

The analysis of the contact angle was made through the software of
the instrument, fitting the droplet shape with a circumference, and mea-
suring the tangent angle intersection with the plane of the surface. In total
three different contact angle measurements were carried out, one for each
replicate with the same conditions.

The absorption spectra were acquired with a 1 nm wavelength step, fil-
tered with a Savitzky–Golay filter (25 data points window, first order poly-
nomial) in a Python code, to reduce the noise influence when measuring
the spectra of thin polymer layers. One spectrum for each case was ana-
lyzed.

Three replicates were analyzed with CV and three replicates for EIS
characterizations, however here only one exemplary data set was shown
in Figure 1f,g–i,j. For EIS investigations, the data sets were fitted using
custom Python code to determine the various parameters. For the bidi-
rectional scanning patterns, the prominence and width of the reliefs were
analyzed using a custom Python code. The code draws 11 cross sections
perpendicularly to the ROIs orientation, and for each calculates the width
and prominence.

For the monodirectional scanning ones, the prominence of the pat-
terns was calculated with the AFM software, taking three measurements
along parallel cross sections compared to the ROI orientation and three
along perpendicular ones. In the same way, three measurements for par-
allel width and three for perpendicular width were calculated.

For each set of parameters, two replicates of SRGs were analyzed, giving
a total sample size of 22 for each of the bidirectional scanning patterns,
and 12 for the monodirectional ones.

The fluorescence intensity of the spots in Figure 4 was measured and
normalized to a reference spot in each image. The normalized fluores-
cence intensity was adjusted using a Bessel function.[41] Images were an-
alyzed using the ImageJ Radial profile tool, which allowed quantification
of fluorescence intensity along the radius of a selected area. The diffusion
coefficient was determined using the following equation: D = 𝜔

2/4𝜏1/2,
where 𝜔 is the radius of the photobleached spot and 𝜏1/2 is the time
needed to reach half of the maximum recovery intensity.[39] The EIS curves
were also here fitted with the custom Python code for the previous EIS.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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