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1. Introduction

One of the emerging areas in bioelectronic
medical implants is the development of ret-
inal prostheses, using self-powered photo-
voltaic devices to convert optical signals
into electric stimuli.[1,2] While the rigidity
of silicon-based devices is a challenge for
their implantation into the eyeball, organic
semiconductors could be coated on flexible
and drapable substrates which would allow
for fitting them exactly to the shape and the
mechanical properties of the human
retina.[3,4] For this, diverse approaches have
been tested by different research groups,
including carbon nanotubes, graphene
and graphene–polymer hybrids,[5–7]

polymers,[8–10] and organic small
molecules.[11–14]

Among the latter squaraines are promis-
ing compounds that, due to their strong exci-

tonic interaction with visible light combined with semiconducting
properties,[15–17] have been widely implemented into photovoltaic
light harvesting[18–20] and sensing[21–24] devices and subjected to
fundamental molecular excitonic studies.[25–29] Especially appeal-
ing are the environmental robustness and the polymorphic struc-
tural variety[30,31] that merge into a functional self-patterning of
microcrystalline thin films.[32] To eventually allow for in vivo oper-
ation of such optoelectronic device, fabrication on a biocompatible
substrate is necessary.

Such a substrate must be flexible and ideally also drapable to
be fitted to the retina, both parameters that can typically be
found in many textile fabrics. While macroscopic textiles are
naturally not suitable for this application, electrospun nanofiber
mats and nanomembranes are possible candidates as low-cost
alternative to spider silk.[33,34] Electrospinning is a primary
spinning technique which can be used to prepare continuous
nanofibers or nanofiber mats with typical fiber diameters in
the range of some ten to several hundred nanometers.[35–37]

Their large specific surface makes them well-suited for diverse
applications such as filters, catalysts, bioengineering, tissue
engineering, and wearables.[38–41] For in vivo applications, it
is reasonable to use nontoxic or low-toxic solvents for process-
ing, such as dimethyl sulfoxide (DMSO), and polymers which
can be dissolved in it.[42] An ideal candidate is polyacrylonitrile
(PAN), being unambiguously spinnable from DMSO and not
showing cell toxicity.[43,44] As intended, PAN nanofiber mats
can be stretched and draped in a wet state.[45] As additional
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Recent advances in optoelectronics are often based on thin-film organic semi-
conductors. Interesting organic semiconductors are given by squaraines, small
molecules that show excitonic coupling with visible light and are thus suitable for
applications in solar cells and light sensors. While such squaraine thin films
have already been proven to be suitable for stimulation of neuronal model cells,
the integration into, e.g., the human eye to support blind people necessitates
forming thin layers on seamless substrates. Herein, squaraine films are spin-
coated on electrospun nanofiber mats and nanomembranes, prepared from
polyacrylonitrile, and made conductive by spin coating with poly(3,4-ethylene-
dioxythiophene) polystyrene sulfonate (PEDOT:PSS). The fibrous non-woven
texture of the nanofiber mats and membranes alters the thin film formation of the
squaraine compound considerably compared with preparation on planar, non-
soaking substrates such as glass and polyethylene terephthalate (PET) foil
demanding further engineering regarding material’s choice and processing
conditions.
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benefit, the PAN nanofiber mats, which appear white due to
light scattering in the dry state, become transparent when
soaked with liquid[46] due to refractive index matching.[47] For
conductivity purposes, the nanofiber mats are further coated
with poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS), a polymer-based electrode material commonly
used in the field of bioelectronics.[48–50]

Here, we report on a first study investigating PAN nanofiber
mats and nanomembranes as seamless, biocompatible
substrate alternative to the previously used glass substrates for
squaraine-based neurostimulating photocapacitpors[12,14] assess-
ing morphology, structure, and optical properties of the
photoactive layer.

2. Results and Discussion

Three types of PAN substrates have been fabricated differing in
their texture. While the mats are rather loosely spun retaining the
electrospun nanofibers as a mesh, the nanofibers join up with
increasing degree of coalescence for the mat-membranes and
membranes. However, all three types are substantially rougher
and even soaking compared with indium tin oxide (ITO)-covered
glass or polyethylene terephthalate (PET) substrates. The latter
typically have surface roughnesses of a few nanometers, while
the surface roughness for PAN substrates is in the range of the
nanofiber diameter, i.e., of few hundred nanometers. In a first
step, the PAN substrates were coated with PEDOT:PSS to install
conductivity, which is essential for the photocapacitive sensor
performance.[12,14] The PEDOT:PSS is basically soaked up by all
PAN samples resulting in a sheet resistance of (500� 100) Ω.
This is still a factor of three lower than what is required to perform
as stand-alone electrode in a polymer photovoltaic cell.[53] For
comparison, the sheet resistances of the ITO-covered glass and

PET foil have been determined to be (8� 2) Ω and (55� 5) Ω
(60Ω nominal value by company), respectively.

The coarse texture of the PEDOT:PSS-coated PAN substrates
clearly affects the thin film formation of spincasted and thermally
annealed 2,4-bis[4-(N,N-diisobutylamino)-2,6-dihydroxyphenyl]
squaraine (SQIB) layers compared with nonpermeable substrates
(see Figure 1). A weakly bireflectant, fine-grained and discontin-
uous layer can be seen in an optical microscope between crossed
polarizers on the PAN substrates (Figure 1a–c). The crystallite
size appears to increase from mat over mat-membrane to mem-
brane spotted by areas of increased golden or bright green bire-
flectance. On the contrary, a few hundreds of micrometer wide,
strongly bireflectant golden SQIB platelets can be seen on ITO
glass and ITO–PET (Figure 1d,e), respectively. They cover the
surface almost completely. From previous studies we know that
these platelets are made up of the orthorhombic SQIB poly-
morph[12,14,30] in the present case with a bottom layer of
PCBM, which phase separates during the thermal annealing
step.[14,32] Thereby, the presence of PCBM essentially does not
disturb the crystallization and texture of SQIB, so that this
blended coatings can be used for comparison purposes regarding
the thin film formation. X-ray diffraction (XRD) indicates the
presence of both known SQIB polymorphs with a slightly varying
share of the orthorhombic polymorph (Figure 1f ). Note the XRD
scattering cross section of the monoclinic polymorph is
smaller;[30] therefore, the diffraction peak ratio does not allow
a conclusion on the proportion of monoclinic and orthorhombic
polymorph. Interesting to note that only a single out-of-plane
orientation, i.e., (110) for the orthorhombic and (011) for the
monoclinic polymorph, is realized, just as it is the case for
rigid substrates.[10,14,30,32] As the XRD signals overall are weak,
we assume the major fraction of SQIB to be in an amorphous
state. This is in accordance with the faint mossy-green

Figure 1. Optical microscopy images between crossed polarizers of a) nanofiber mats, b) mat-membranes, and c) membranes after coating with PEDOT:
PSS and SQIB and thermal annealing at 180 �C. Scale bars are 200 μm. d,e) A spin-coated SQIB:PCBM (3:1) blend on ITO-covered glass and ITO-covered
PET, respectively, after thermal annealing at 180 �C is shown. f ) XRD patterns of the samples imaged in the upper row are plotted.
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background color of the microscopy images, as shown in
Figure 1a–c.

The morphology of the samples is further investigated by con-
focal laser scanning microscope (CLSM) (Figure 2a–c) and atomic
force microscope (AFM) (Figure 2d–f ). For the PAN mat sub-
strates (Figure 2a,d), the nonwoven texture of the electrospun
PAN nanofibers dominates the morphology impression of the
samples. On the mat-membranes (Figure 2b) and membranes
(Figure 2c), CLSM resolves brown-golden nanorods on the sur-
face, which most likely consist of the SQIB orthorhombic
polymorph.[30] Clearly, the SQIB coating is highly discontinuous,
contrasting the cohesive layer formation on rigid, nonsoaking
substrates. However, this must not necessarily be a hindrance
for the functionality as a photocapacitor for neurostimulation
targeting a spatial resolution on single-cell scale. Indeed, this
discontinuity reinforces the spatial self-patterning capability into
functional sub-microscaled units.[32]

Next, transmission and reflection properties were investigated
for all three coated PAN substrates. We have already shown that
electrospun membranes are translucent, while nanofiber mats
appear white in the dry state due to scattering. Upon soaking with
water such nanofiber mats become almost transparent.[46] Here,
the PAN substrates have been coated with a water-soluble
PEDOT:PSS formulation, which unfortunately does not tolerate
immersion experiments in water. For future experiments, we will
install water stability by adding cross-linking agents to the PEDOT:
PSS formulation.[9,34] The total transmission and total reflection
spectra (where total refers to scattering included) of PAN
substrates already covered with PEDOT:PSS are shown in
Figure 3a, dark gray curves. The nanofiber mat shows the lowest
transmission and the highest reflection, which can be attributed
to more PEDOT:PSS soaked into the substrate, and scattering
from the nanofibrous texture. Transmission increases while

reflection decreases for the progressively more close-meshed
mat-membranes (red curves) and membranes (blue curves).

After SQIB coating on either substrate or thermal annealing,
the typical SQIB absorption causes a broad transmission dip
from 550 to 750 nm (Figure 3b). This dip clearly is largest for
the mat (dark gray curve), indicating that this rather loosely non-
woven nanofiber mat has the largest capacity to soak up SQIB
material. From this broad absorbance alone on a rough substrate,
it cannot be judged if SQIB is in an amorphous phase or crys-
talized or a mixture of both. For comparison, the total transmis-
sion spectra of a SQIB:PCBM (3:1 wt%) blend spin-coated on
ITO-covered glass or PET foil are shown in Figure 3c.
Thermal annealing at 180 �C results in basically the same
absorption features (green and golden curves) dipping at 655
and 735 nm for SQIB on either substrate, indicating the
well-characterized Davydov splitting of the orthorhombic
polymorph.[30,32] This is in line with polarized optical microscopy
inspection, as shown in Figure 2d,e. In addition, the absorption
of the PCBM can be noted at wavelengths below 400 nm.
However, the substrates become opaque at wavelength below
350 nm, which should not be confused with photoactive layer
absorption. Annealing at 60 �C does not induce crystallization,
yet results in a similarly broad transmission dip but with only
one pronounced minimum at 690 nm including a vibronic
shoulder at shorter wavelength.[30]

Interestingly, the reflection is strongly reduced over the
whole wavelength range under examination for all coated PAN
substrates (Figure 3b, dotted curves). This suggests that SQIB
effectively acts as interspace-filler suppressing the scattering
potential of the samples, effectively reducing possible
scattering losses of the anticipated photocapacitor device.[54]

Likely, the interspace-wetting is enforced by the thermal
annealing step.[55]

Figure 2. Upper row: CLSM images, lower row: intermittant contact mode AFM images of a,d) nanofiber-mats, b,e) mat-membranes, and
c,f ) membranes subsequently spin-coated with PEDOT:PSS and SQIB followed by thermal annealing at 180 �C.
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3. Conclusion

We have approached photocapacitive sensor targeted for in vivo
stimulation of neuronal cells on drapable substrates consisting
of more or less densely arranged electrospun PAN nanofiber
mats. These nonwoven substrates could successfully be made
conductive with a PEDOT:PSS coating. Due to the permeable
nature of the PAN substrates, the thin film formation of a
spin-coated and thermally annealed squaraine is significantly
altered compared with nonsoaking substrates such as ITO-
covered glass or PET foil. However, the absorption capability
is reasonable, and the very low surface reflection clearly is
promising to decrease reflection losses for device operation.
As soon as the water solubility of the PEDOT:PSS layer is
overcome, the PAN mats will reveal their invincible benefit, in
addition to mechanical flexibility, of becoming seamless due
to transparency in wet environment.

4. Experimental Section
Substrates were prepared using the wire-based electrospinning

machine “Nanospider Lab” (Elmarco Ltd., Liberec, Czech Republic),
applying the following spinning parameters: voltage 70 kV, nozzle diame-
ter 0.8–1.5 mm, carriage speed 100mm s�1, bottom electrode/substrate
distance 240mm/120mm, ground electrode/substrate distance 50mm,
temperature in the chamber 22–23 �C, and relative humidity in the cham-
ber 31%–32%. The bottom electrode/substrate distance enables defining
the membrane structure: while the largest distance results in pure nano-
fibers, the smallest distance enables electrospinning closed membranes
without fibrous structure.[51] Substrates were prepared by electrospinning
for 20min at the maximum distance (“nanofiber mat” or “mats”), for
20min at the minimum distance (“membrane”), or for 10min each at
the maximum and the minimum distance to combine the closed area
of the nanomembrane with the good mechanical properties of the
nanofiber mat (“mat-membrane”). The substrates were mounted on
15� 15mm2 cover slips for the following spin-coating procedure.

Spinning solutions contained 14% PAN (X-PAN, Dralon, Dormagen,
Germany) dissolved in DMSO (minimum 99.9%, purchased from S3
Chemicals, Bad Oeynhausen, Germany) by 2 h stirring on a magnetic stir-
rer, followed by resting for 1 day.

The substrates were subsequently coated with PEDOT:PSS (Orgacon
S305) and SQIB.[12,30] Spincoating of PEDOT:PSS was conducted in ambi-
ent conditions (Laurell WS 400). The substrates were transferred into a
nitrogen-filled glove box and dried at 100 �C for 20min on a hotplate
(IKA yellowline). A 6mgmL�1 SQIB solution in amylene-stabilized
chloroform (Sigma-Aldrich) was then spin-coated (SÜSS MicroTec
LabSpin) at 3000 rpm followed by thermal annealing at 180 �C for
60min. For comparison purposes, ITO-covered glass (Temicon) and
PET foil (Sigma-Aldrich) were spin-coated with a mixture of SQIB and
phenyl-C61-butyric acid methyl ester (PCBM, Solenne) (3:1 wt%,
8mgmL�1 total concentration in chloroform) followed by thermal anneal-
ing at 180 �C for 60min.

Morphological investigations of the coated surfaces were performed by
a CLSM VK-8710 (Keyence, Neu-Isenburg, Germany) and by an AFM
FlexAFM Axiom (Nanosurf, Liestal, Switzerland) in tapping mode, using
a Tap190Al-G-10 tip. Polarized optical microscopy images have been
recorded using an Olympus BX41 optical microscope equipped with
crossed polarizers.

Sheet resistance has been determined via van der Pauw method using
standard procedure and correction function.[52] For this, the samples were
contacted with probe pads in four corners, and I–V curves have been
recorded with a Keithley 2400 source measure unit.

Total transmission and reflection were recorded with a Bentham
PVE300 system equipped with a Czerny-Turner TMc300 monochromator
and an integrating sphere using a Xenon lamp as light source (8� angle of
incidence). The monochromator slit was set to 1.85mm, and the light
beam was formed with a quadratic mask to 1.85� 1.85mm2.

XRD was performed in Bragg–Brentano geometry in a PANalytical
X’PertPro MPD diffractometer using Cu Kα radiation (λ¼ 1.542 Å) at
40 kV and 40mA, using a 10mm beam mask. Samples were rotated in
a sample spinner during scanning to average over in-plane orientations.
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Figure 3. a) Total transmission (straight lines) and total reflection (dots) of PEDOT:PSS covered nanofiber mats (dark grey), mat-membranes (red), and
membranes (blue). b) Total transmission (straight lines) and total reflection (dots) of the same PAN substrates as in (a) but additionally spin-coated with
SQIB followed by thermal annealing at 180 �C. c) Total transmission of ITO-covered glass (dark-gray dots) and PET foil (golden dots) and these substrates
spin-coated with a SQIB:PCBM blend subsequently annealed at 60 �C (green line, on ITO glass), at 180 �C on ITO glass (dark grey line) and ITO–PET
(golden line). PCBM contributes to the photoactive layer absorption at wavelength below 400 nm.
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