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embly of soft neural interfaces
from injectable photovoltaic microdevices†

Haiyan Jia,* Zhangjun Huang, Murat Kaynak and Mahmut Selman Sakar *

Biomimetic retinas with a wide field of view and high resolution are in demand for neuroprosthetics and

robot vision. Conventional neural prostheses are manufactured outside the application area and

implanted as a complete device using invasive surgery. Here, a minimally invasive strategy based on in

situ self-assembly of photovoltaic microdevices (PVMs) is presented. The photoelectricity transduced by

PVMs upon visible light illumination reaches the intensity levels that could effectively activate the retinal

ganglion cell layers. The geometry and multilayered architecture of the PVMs along with the tunability of

their physical properties such as size and stiffness allow several routes for initiating a self-assembly

process. The spatial distribution and packing density of the PVMs within the assembled device are

modulated through concentration, liquid discharge speed, and coordinated self-assembly steps.

Subsequent injection of a photocurable and transparent polymer facilitates tissue integration and

reinforces the cohesion of the device. Taken together, the presented methodology introduces three

unique features: minimally invasive implantation, personalized visual field and acuity, and a device

geometry adaptable to retina topography.
1. Introduction

The number of people with vision impairment is currently
around 237 million and continues to grow with the increasing
human lifespan,1 therefore there exists a pressing need to
address these impairments. Retinal prostheses2–7 consisting of
microfabricated electrode arrays have emerged as an effective
strategy to cure blindness caused by retinitis pigmentosa8 and
macular degeneration.9 Notably, the coarse recognition of
simple objects has been achieved in clinical trials with electrode
arrays powered by inductive coils.10,11 Achieving high resolution
and sensitivity with low aberration in imaging is the holy grail
in the eld. Among different material formulations, organic
photovoltaic thin lms hold great potential because they offer
facile processing, biocompatibility, andmechanical conformity.
A foldable organic photovoltaic device that consists of 2000
pixels and 46.3 degrees of visual angle has been recently
developed as an epi-retinal prosthesis.6,12,13 To reduce the pixel
size further, a biomimetic hemispherical perovskite nanowire
array has been developed.14

There are a number of outstanding challenges. Considering
the importance of visual acuity and eld of view, the density and
coverage of photovoltaic elements must be maximized.
Increasing the density of those elements naturally decreases the
e Polytechnique Fédérale de Lausanne,
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897
exibility of the prosthetic device. On the other hand, the
prosthesis must perfectly conform to the non-planar geometry
of the retinal surface, which varies from patient to patient.6

Aside from this fundamental tradeoff, surgery is unavoidable
during the implantation of a retina-sized device, making the
procedure invasive. In all the aforementioned examples, the
devices were fabricated using standard cleanroom processes,
assembled outside the eye, and implanted through surgical
operations.

Assembling retinal prostheses from a suspension of colloidal
devices, following a ship-in-a-bottle construction strategy, may
address all these challenges. This strategy may also reduce the
costs through mass production and provide a more personal-
ized therapeutic solution. Recent work has demonstrated that
subretinal injection of photovoltaic nanoparticles could
mediate light-invoked stimulation of neurons and rescue visual
functions.15–17 Therefore, it is conceivable that a device assem-
bled from photovoltaic microparticles may serve as a functional
prosthesis. Using photovoltaic microparticles, instead of
nanoparticles, we could combine the superior performance,
controllable deployment and hierarchical architecture of
microfabricated devices with the reach, conformity and mini-
mally invasiveness of nanotechnology. A number of interfacial
self-assembly techniques have been introduced such as Lang-
muir–Blodgett deposition,18 spin-coating,19 air–liquid,20 and
water/oil interfacial assembly21,22 to fabricate functional thin
lms with close-packed arrangements. Alternatively, assembly
techniques based on convective and capillary ows have been
developed to form colloidal assemblies with preprogrammed
© 2023 The Author(s). Published by the Royal Society of Chemistry
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patterns that are practical in printing,23 point-of-care medical
diagnostics,24,25 electronics26 and robotics.27

The next milestone is the fabrication of biocompatible
photovoltaic microdevices and the development of in situ self-
assembly techniques within the eye as a route for retinal neu-
roprosthetics—the focus of our study. Here, we combined state-
of-the-art techniques in microuidics, inorganic and organic
chemistry, and colloidal science to synthesize photovoltaic
microdevices with high-throughput and reproducibility. The
colloidal device consists of a biocompatible transparent poly-
mer core covered by a thin layer of conducting polymer serving
as anode, a photoactive organic shell that creates excitons when
exposed to light, and a titanium lm serving as cathode. We
extensively characterized the photoelectric response of the
devices to physiologically relevant illumination to optimize
their design. We investigated directed colloidal self-assembly
methods with which the devices could be assembled into
various monolayer patterns on conned and complex surfaces.
The geometry andmultilayered architecture of the devices along
with the tunability of their physical properties such as size and
stiffness allow several routes for the development of a new class
of so neural interfaces that can be self-assembled directly on
the target tissue in a minimally invasive fashion.

2. Results and discussion

The overall concept is illustrated in Fig. 1a. We introduce func-
tional spherical photovoltaicmicrodevices (PVMs), which serve as
both transducers and building blocks for constructing a pros-
thetic device directly on curved substrates such as the retina.

2.1 Design and fabrication of PVMs

To streamline the process of self-assembly, we designed the
organic photovoltaic pixels as multilayered core–shell
Fig. 1 Design, working principle, and guided self-assembly of injectable P
situ construction of a retinal prosthesis. (b) PVMs consist of multilaye
mechanism based on photovoltaic properties of PVMs.

© 2023 The Author(s). Published by the Royal Society of Chemistry
microspheres, denoted as PVMs (Fig. 1b). A PVM consists of
a biocompatible, photo-curable, and transparent core made of
poly(trimethylolpropane ethoxylate triacrylate) (PTPETA). The
core sphere is surrounded by an inner anode made of poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS),
a middle photovoltaic semiconductor layer made of poly(3-
hexylthiophene-2,5-diyl):[6,6]-phenyl-C61-butyric acid methyl
ester (P3HT:PCBM), and an outermost metallic electrode made
of titanium (Ti). This version of PVMs is referred to as
PTPETA@PEDOT:PSS@P3HT:PCBM@Ti.

We assumed that the transduction mechanism of PVMs is
the same as the at 2D photovoltaic devices, which have been
well-studied in the literature for the development of retinal
prosthesis.28–31 Upon illumination, the photovoltaic
P3HT:PCBM layer produces electrons and holes. The
PEDOT:PSS anode works as a virtual ground to accumulate
holes during the illumination cycle, meanwhile, the electrons
accumulate at the cathode and polarize the electrolyte. Once the
light is off, holes recombine with electrons to quench charges.
Ti is a widely used implantable material with good mechanical
and electrochemical stability. The thin titanium oxide layer on
the surface of Ti acts as a capacitive charge-injection mate-
rial,6,31 exposing the electrolyte and injecting photocurrent
without transferring electrons into the solution. Therefore, the
whole process might be considered as the charging and dis-
charging of a thin-lm capacitor.

We present a facile route to mass produce PVMs in Fig. 2a.
The core–shell PTPETA@PEDOT:PSS microspheres were fabri-
cated with a one-step formation of TPETA@PEDOT:PSS core–
shell double emulsion using a ow-focusing microuidic device
with two junctions.32,33 This process was followed by the photo-
polymerization of the TPETA core, and thermally crosslinking
and drying of the PEDOT:PSS shell, consecutively. The phase
was designed to be in oil/water/oil conguration: TPETA with
VMs. (a) Schematic illustration of the proposedmethodology for the in
rs of functional electronic materials. (c) Photoelectric transduction

RSC Adv., 2023, 13, 19888–19897 | 19889
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Fig. 2 Microfabrication of PVMs. (a) The polymer core of the PVM is fabricated using microfluidic photolithography. The polymer core is coated
with a thin film of PEDOT:PSS through a thermal coating process. Additional layers of photovoltaic material and metal are deposited using dip-
coating and sputtering, respectively. (b) Optical image of a collection of core–shell PTPETA@PEDOT:PSS microspheres. The fabrication process
is high-throughput as thousands of PVMs can be fabricated within minutes. (c) Close-up optical image of PVMs showing a monodisperse size
distribution. (d) Scanning electron microscopy image of three PVMs. The PVMs appear to have a smooth surface, indicating a conformal coating
of PEDOT:PSS, P3HT:PCBM, and Ti around the spherical PTPETA substrate. (e) Scanning electronmicroscopy image showing the cross-sectional
view of a PVM obtained by focused ion beam cutting. Different layers can be identified from visual contrast. They appear to be stacked on top of
each other without showing signs of delamination.
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photoinitiator as the inner phase, PEDOT:PSS aqueous solution
with surfactant Tween 20 and crosslinker (3-glycidyloxypropyl)
trimethoxysilane (GOPS) as the middle phase, and Novec 7500
with surfactant Pico-Surf as the continuous phase.

To generate the desired TPETA@PEDOT:PSS double emul-
sions, PEDOT:PSS drops must spontaneously engulf TPETA
drops. We tuned interfacial tensions between the three phases
using the following equations.34

SA = gBC − (agAC + gAB) (1)

a ¼
"
1þ

�
RA

RB

�3
#2
3

�
�
RA

RB

�2

; a˛ð0; 1Þ (2)

where SA is the spreading coefficient; A, B, and C denote
PEDOT:PSS, TPETA, and Novec 7500 phases, respectively. The
interfacial tensions among the three phases are given by gAB,
gAC, and gBC, respectively. RA and RB denote the radii of
PEDOT:PSS and TPETA drop before engulfment, respectively.
When SA > 0, A engulfs B spontaneously.34 In our formulation,
the surfactant concentrations are as follows: 0.1% (w/w) Tween
20 in the PEDOT:PSS and 0.1% (w/w) Pico-Surf™ in the Novec
7500, respectively to obtain gAB = 0.3 mN m−1, gAC = 0.24 mN
m−1, and gBC = 4.45 mN m−1. For these values of interfacial
tensions, SA is positive, thus, TPETA is expected to be engulfed
by PEDOT:PSS within the microuidic channels.

Another important consideration is to tune the parameters
so that every PEDOT:PSS drop is engulfed within a TPETA drop.
19890 | RSC Adv., 2023, 13, 19888–19897
To this end, we tuned the ow rates of the three phases until the
inner TPETA phase starts to form a microuidic jet (Fig. S1a†).
By further tuning the ow rate of each phase, different size
ratios of PTPETA core with respect to PEDOT:PSS coating were
obtained (Fig. S1b†). In this work, we designed PVMs to have
a diameter of 85 mm. The chosen ow rates are 0.8, 1, and 10
ml min−1 for TPETA, PEDOT:PSS, and Novec 7500, respectively.
A monodisperse suspension of droplets was synthesized en
masse (Fig. S1c†).

The rst stage of microfabrication was completed with the
photopolymerization of the TPETA core. To do so, the tubing
where we collected the multi-layered droplets was irradiated
under UV light (365 nm, 5 mW cm−2) for four seconds. Next, the
resulting PTPETA@PEDOT:PSS double emulsion was collected
in Novec 7500 with 1% (w/w) Pico-Surf, and incubated at 93 °C.
The water in the PEDOT:PSS phase evaporates due to the rela-
tively high temperature, forcing PEDOT:PSS to form a thin layer
covering the PTPETA core. Meanwhile, three covalent interac-
tions involving (3-glycidyloxypropyl)trimethoxysilane (GOPS),
PSS, and PTPETA sustained a homogeneous coverage and
stability of PTPETA@PEDOT:PSS. These chemical interactions
have been well-studied in the literature.35,36 Briey, reactions
between epoxy rings of GOPS organosilane and –SO3H groups of
PSS, and reactions between methoxysilane groups of GOPS and
ethoxy groups at the PTPETA surface improve the adhesion
between PEDOT:PSS layer and PTPETA core. Notably, tripol-
ymer of GOPS resulting from oligomerization viamethoxysilane
© 2023 The Author(s). Published by the Royal Society of Chemistry
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groups also serves as a crosslinker for the PSS. In presence of an
insufficient amount of GOPS in the PEDOT:PSS phase,
PEDOT:PSS aggregated into semi-spheres and formed Janus
particles with a PTPETA core (Fig. S2†). In this scenario, the
PEDOT:PSS phase delaminated instantaneously upon
submerging in an aqueous environment because of interfacial
phenomena and the water solubility of PSS. To get uniform and
stable PTPETA@PEDOT:PSS and to maintain satisfactory
photovoltaic performance, 0.1% (v/v) GOPS was introduced into
the PEDOT:PSS phase, following the results of another work.12

The second shell, P3HT:PCBM, was formed on the PTPE-
TA@PEDOT:PSS by dip-coating (Fig. S3a†). The Ti electrode was
sputtered on the outermost layer to obtain the nal PVM
(Fig. S3b†). To get full coverage of P3HT:PCBM and the anode,
the dip-coating and sputtering processes were repeated at least
3 times. The role of the thicknesses of PEDOT:PSS and
P3HT:PCBM layers on the photovoltaic performance of pros-
thetic devices has been studied extensively. When the
PEDOT:PSS layer is thinner than 50 nm, the photoelectricity
performance increases with the thickness of PEDOT:PSS. On the
other hand, when this layer is thicker than 50 nm, the effect of
thickness on performance is insignicant.37,38 The optimal
thickness of P3HT:PCBM is reported to be around 100 nm.39,40

We based our design methodology on these reported data. The
average thickness of PEDOT:PSS and P3HT:PCBM are 324 nm
and 130 nm, respectively (Fig. 2c–e).
2.2 Characterization of PVMs

Increasing the thickness of the Ti layer would make a better
cathode but the transparency decreases with thickness. To
balance transparency and conductivity, we studied the role of Ti
thickness on photosensitivity using at 2D photovoltaic sheets.
These sheets were fabricated on glass slides coated with indium
tin oxide (ITO) that serve as the anode (Fig. 3a). We deposited
PEDOT:PSS as the injection layer, P3HT:PCBM as the semi-
conductor layer, and Ti as the cathode. The photovoltage (PV)
and photocurrent (PC) were measured upon illumination (0.67
mW mm−2), with 1 s pulse duration and 3 s resting duration to
allow total discharge. The thickness of Ti varied between 0 and
40 nm. In this range, PV and PC increase dramatically at rst
but start to decrease aer exceeding 10 nm (Fig. 3b). In the
absence of Ti cathodes, PV and PC were hardly detected, while
devices with 10 nm of Ti in thickness exhibit the highest voltage
of 0.12 V (n = 15). This drastic increase can be attributed to the
high charge injection ability of Ti.6,41 This data suggests that
10 nm thick Ti presented the optimal balance between trans-
parency and conductivity. Accordingly, we fabricated PVMs with
a 10 nm thick Ti layer for the remainder of the study.

Sensitivity to the light intensity is essential for a device to be
used as a retinal prosthesis. In the remaining of the charac-
terization, we made direct photoelectric measurements on
PVMs that were residing on a gold (Au) coated glass substrate
(Fig. 3c). We measured the PV and PC of PVMs upon illumina-
tion at increasing light intensities, starting from 0.005 to 1 mW
mm−2 for 1 s pulse duration. Both PV (Fig. 3d) and PC (Fig. 3e)
increased with light intensity for the chosen interval. The PVMs
© 2023 The Author(s). Published by the Royal Society of Chemistry
exhibited a mean peak value of 181.5 mA cm−2 at 0.035 mW
mm−2, a current density that is high enough to activate the
retinal ganglion cells.6,42–44 Both PC and PV reached the peak
level within 100 ms of illumination and remained at this value
over seconds, a response that is consistent with the capacitive
nature of the device. At lower power densities, PVMs discharged
as soon as the light source was turned off. At power densities
higher than 0.175 mW mm−2, a small amount of charge
remained on the device that was discharged over time. 0.175
mW mm−2 is close to the recommended upper light level in
workspaces, which would accommodate performing special
visual tasks on objects with small features at exceptionally low
contrast. Thus, the data suggest that PVMs injected into the
retina may fully discharge in our daily life. Responsivity
measures the input–output gain of a detector system. In the
specic case of a photodetector, it measures the electrical
output, photocurrent, per optical input power intensity. While
PC monotonically increased with power intensity, responsivity
showed the opposite trend (Fig. 3f).

Next, we evaluated the effect of pulse duration on the elec-
trical performance of PVMs (Fig. 3g). Even at 10 ms pulse
duration, we could detect the electrical signal where PV levels
were comparable to the values reported for photo-activated
retinal ganglion cells.6,44 With the decreasing pulse duration,
the peak values of PV decrease. For pulses shorter than 200 ms,
a plateau on the PV signal is not detectable anymore (Fig. 3g),
and the signal-to-noise ratio (SNR) gets progressively lower
(Fig. S4†). PVMs could repeatedly fully discharge when stimu-
lated with short pulses, even at 0.67 mW mm−2 illumination
(Fig. S5†).

Sensitivity to periodic illumination is another critical
performance metric. Fig. S6† shows PV recorded from PVMs
illuminated at 10 Hz and 20 Hz with 10 ms light pulses of 0.175
mWmm−2. PVMs are fully discharged between all pulses where
the average PV of 10 pulses at 10 Hz and 20 Hz are identical. The
data showed that PVMs could transduce ashing light with
a frequency of 20 Hz, similar to human eyes. Moreover, PVMs
could distinguish between illumination at 10 Hz and 20 Hz, and
the photosensitivity did not show dependence on the illumi-
nation frequency. We repeatedly recorded PV of PVMs over 1500
pulses with 10 ms duration and 10 Hz frequency at 0.175 mW
mm−2 (Fig. S7†). The mean PV value of the last 10 responses is
the same as the rst 10 responses, indicating that PVMs did not
show any sign of fatigue over repetitive stimulation.
2.3 Colloidal self-assembly of PVMs

Aer showing that PVMs exhibit photoelectric properties that
are promising for clinical applications, we aimed to validate the
concept of in situ colloidal assemblies of PVMs into a coherent
array within a conning curved cavity. We fabricated a biomi-
metic phantom from PDMS by modifying the concave surface of
the cavity with gelatin. The gelatin layer recapitulates the
compliance and chemical properties of the retinal surface.45,46

The self-assembly method has three steps as illustrated in
Fig. 1a. We injected a suspension of PVMs in an organic solvent,
Novec 7100, into the retinal phantom. PVMs spontaneously
RSC Adv., 2023, 13, 19888–19897 | 19891
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Fig. 3 Characterization of the PVMs. (a) Schematic illustration showing thin film devices in the form of glass@PEDOT:PSS@P3HT:PCBM@Ti. (b)
PV and PC of thin film devices with different thicknesses of Ti upon 0.67 mW mm−2 illumination. Each bar represents measurements from 6
devices. (c) Schematic illustration of the experimental setup for PVMmeasurements. (d) PV and (e) PC of a PVMmeasured upon illumination with
repeated 1 s pulses at increasing light power intensity. (f) Dependence of PC and responsivity on light power intensity. (g) Representative
measurements from a PVM illuminated at a power intensity of 0.175 mW mm−2 and for different pulse duration.
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formed a monolayer at the liquid–air interface. We then
removed the solvent by evaporation or draining with an external
aspiration pump. This process leaves a monolayer of PVMs on
the curved substrate with a pattern that depends on the particle
concentration, the composition of the suspension, and the rate
at which the solvent is removed from the phantom.

First, we varied the concentration of PVMs. The concentra-
tion at which PVMs can fully cover the curved surface of the
phantom is taken as 100%. Decreasing the PVM concentration
from 100% to 25% results in rings of decreasing width that
contain a close-packed assembly of PVM (Fig. 4a). Next, we
utilized a biocompatible surfactant, Pico-Surf, to obtain further
control over the PVM assembly. We suspended PVMs (25%) in
the solvent at varying surfactant concentrations up to 1% (w/w).
19892 | RSC Adv., 2023, 13, 19888–19897
The suspensions were transferred to the phantom and exposed
to air for the solvent to evaporate, leaving the self-assembled
colloidal lm behind. Due to the high volatility of the solvent,
this process takes less than 3 min. In the absence of the
surfactant, PVMs formed the so-called coffee-rings where
particles accumulate near the contact line due to the outward
evaporation-driven capillary ow. We did not observe a signi-
cant change in the nal shape of the assembly, even when the
concentration of surfactant was 1% (w/w) (Fig. 4b). The size of
the surfactant molecule is signicantly smaller than the diam-
eter of PVMs, therefore it does not seem to play an important
role in the agglomeration of the PVMs.

We postulated that the assembly pattern could be modied
by tuning the rate at which the solvent is removed from the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Self-assembly of PVMs at the liquid–air interface. (a) PVM concentration and surface coverage inside the retina phantom. (b) The effect of
surfactant concentration on PVM distribution and patterning. (c) Patterning PVMs using controlled liquid aspiration. Pattern formation through
iterative injection of PVMs with two (d) and three (e) evaporation steps. The diameter of the hemispherical phantom is 14 mm.
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phantom. To this end, we drained the phantom through aspi-
ration using a syringe pump and polymer tubing. The tube was
gently inserted from the center of the suspension. We explored
the self-assembly of PVMs (60%) at various ow rates up to 200
ml s−1 (Fig. 4c). At 5 ml s−1, the nal pattern is very similar to the
one obtained via evaporation at room temperature. With
increasing ow rate, the particles covered a larger area with
a distribution that got sparser from the edge to the center.
When the ow rate reached 200 ml s−1, a discontinuity appeared
where a portion of PVMs was brought to the tubing and
Fig. 5 Self-assembly of PVMs at the liquid–liquid interface and polymer
The physiological solution is dyed pink. (b) Self-assembled PVM film is tran
(c) Self-assembled PVM film after the complete removal of the physiolog
embedded within a flexible polymer. Scale bars, 5 mm. (f) SEM image of

© 2023 The Author(s). Published by the Royal Society of Chemistry
deposited in the center of the surface. More complex patterns
could be instantiated by manipulating conditions in a combi-
natorial way. As an example, we prescribed concentric regions
with an empty annulus in between by rst depositing PVMs
(25%), followed by the deposition of another batch of PVMs
(50%), both through the evaporation of the solvent (Fig. 4d). The
number of circles could be increased by increasing the number
of deposition steps (Fig. 4e).

The retina is a thin layer of tissue that lines the back of the
eye on the inside. The eyeball is lled with a viscoelastic uid
integration. (a) A monolayer of PVMs forms at the water–oil interface.
sferred to the surface of the retinal phantomby aspirating the oil phase.
ical fluid. (d) Self-assembly of PVMs on the chicken fascia. (e) PVM array
a PV pixel on the polymer device. Scale bar, 40 mm.
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called the vitreous humor. We asked whether PVMs could be
assembled at a liquid–liquid interface that would be formed
inside the eyeball and whether this assembly could be deposited
on the retina with the removal of the injected uid. We lled the
chamber of the phantom with a phosphate buffered solution
(PBS) mixed with rhodamine B dye to be able to distinguish the
injected uid. A suspension of PVMs (100%) in the organic
solvent was injected into the PBS solution. The solution
remained at the bottom of the chamber due to its density, and
the PVMs instantaneously oated to the liquid–liquid interface
where they will remain indenitely due to surface energy
minimization (Fig. 5a). Draining the solvent using a syringe
pump moved the PVM monolayer to the substrate, conforming
to the surface curvature (Fig. 5b). The dyed PBS solution was
removed to clearly observe the assembled device (Fig. 5c).

As a further demonstration of biomedical relevance, we
utilized chicken fascia, which primarily consists of collagen, to
better mimic the texture and chemistry of the retina surface. We
followed the same injection, self-assembly, and transfer oper-
ation as we did with the elastomer phantom. Once again, the
PVMs self-assembled into a monolayer which conformed and
adhered to the surface of the fascia at the end of the draining
process (Fig. 5d). The PVMmonolayer remained attached to the
tissue as we gently washed the surface with water. The strong
adhesion might be due to the reported adhesive properties of Ti
surfaces to proteins.47,48 The presented process is a facile
strategy for self-assembling colloidal electronics into large-area
prosthetics underwater.

As illustrated in Fig. 1, once PVMs are distributed onto the
target surface, a polymer precursor can be injected and photo-
polymerized in situ to protect the integrity of the device.
Ideally, the polymer precursor must be biocompatible, trans-
parent, photocurable, and injectable, and the polymer must be
exible to avoid delamination issues. As a preliminary attempt,
we used a polymer precursor composed of poly(ethylene glycol)
phenyl ether acrylate (EGPEA) as a monomer, poly(ethylene
glycol) diacrylate (PEGDA) as a crosslinker, and Irgacure-819 as
visible light initiator. We injected the precursor and performed
the photopolymerization process inside the phantom. The
PVM–polymer composite substrate is stretchable and exible
(Fig. 5e). Fig. 5f shows a close-up view around a single PVM
where part of the cathode is exposed, which serves as an elec-
tronic interface with the underlying tissue.

3. Conclusion

We presented a design and fabrication methodology for
photovoltaic microdevices (PVMs) as injectable colloids. Using
photovoltaic microparticles, we aim to combine the superior
performance and controllable architecture of centimeter-scale
microfabricated devices2–7 with the accessibility and mini-
mally invasiveness of photovoltaic nanoparticles.15–17 We
showed that the voltage transduced by PVMs could reach the
levels that would effectively activate retinal neural layers.6,42–44

The methodology is tunable in terms of layer thicknesses, and
compatible with smaller pixels (down to a few micrometers).
Based on the literature,6,31 we postulate that Ti layer serves as
19894 | RSC Adv., 2023, 13, 19888–19897
a capacitive charge injection material. However, further
research is required to gain a detailed understanding of the
potential faradaic or capacitive processes that occur at the
interface, which is instrumental to develop and optimize future
devices. This problem has been recently studied with organic
photoelectrodes based on a planar p–n junction containing
phthalocyanine (H2Pc) and N,N′-dimethyl perylenetetracarbox-
ylic diimide (PTCDI).49 The results show that in the oating
conguration, which is analogous to our settings, the photo-
electrode automatically charges positively and operates in the
purely capacitive mode, supporting our initial hypothesis.

As a rst step towards developing an in situ assembly process
that is compatible with the anatomy and physiology of the eye,
we studied self-assembly at the liquid–air and liquid–liquid
interfaces. PVMs that are suspended in physiological uids
such as PBS oat to the interface where the relative interfacial
tension drives them to form specic monolayer patterns. We
systematically varied key parameters including PVM concen-
tration, liquid drain speed, and self-assembly times to control
the nal conguration of the assembly. We can envision
personalized treatments where only the defective part of the
retina is interfaced with PVMs while vision in the remaining
regions is performed by the native biological sensors. To this
end, we have to engineer additional control mechanisms to
instantiate pattern formation at the liquid–liquid interface
inside the eye, and seamlessly transfer this assembly onto the
retina through aspiration.

Once assembled on the retina, the PVMs are expected to
remain in place. To this end, we explored the potential of using
an adhesive that is transparent, injectable, and photocurable.
These results show that the overall methodology is promising
for the facile in situ assembly and interfacing of both epi-retinal
and sub-retinal prostheses. In order for this technology to be
considered for clinical applications, the organic photovoltaic
interface must be optimized for higher stability, better opto-
electronic performance, and adjusted sensitivity. The
PEDOT:PSS layer has poor stability inside physiological media
due to the hydrophilicity of the PSS. As the material swells, the
thin lm delaminates from the hydrogel core. One possible
solution is to tune the crosslinking density of the PEDOT:PSS
layer. The chemistry of the interfaces between this layer and the
surrounding layers could also be optimized for attachment. The
size, mechanical and structural properties of the PVMs must be
studied considering the operation of injection into the eye ball
and the subsequent assembly steps.
4. Experimental methods

All reagents were purchased from Sigma-Aldrich and used as
received unless otherwise stated.
4.1 Fabrication of photovoltaic particles

The PTPETA@PEDOT:PSS particles were synthesized via droplet
microuidics using amicrochannel that is 100 mmwide and 100
mm tall. Microchannels were fabricated using replica molding.
Solutions and suspensions were injected into the microuidic
© 2023 The Author(s). Published by the Royal Society of Chemistry
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device using a computer controlled syringe pump (neMESYS
290N, Cetoni). The inner, middle, and continuous phases
consist of TPETA with 0.1% (w/w) Daracure 1173, PEDOT:PSS
aqueous solution with 0.1% (w/w) Tween 20, and Novec 7100
with 0.1% (w/w) Pico-Surf, respectively. Double emulsion of
TPETA@PEDOT:PSS was formed and the collection tube was
irradiated at 365 nm (5 mW cm−2) for 10 s to polymerize the
TPETA. The suspension was incubated in Novec 7500 with 1%
(w/w) Pico-Surf at 93 °C for 1 h. The PTPETA@PEDOT:PSS
particles were washed 3 times with Novec 7100 to remove Novec
7500. The nal PTPETA@PEDOT:PSS particles were suspended
in Novec 7100 for storage and further experimentation. 3 mg
P3HT and 3 mg PCBM were dissolved in 1 ml chloroform (CF)
and heated at 60 °C for 24 h. Meanwhile, PTPETA@PEDOT:PSS
suspension in Novec 7100 was deposited on a net lter with 40
mm mesh size and heated at 120 °C for 30 min. The lter with
particles was immersed into P3HT:PCBM solution and extrac-
ted. Thanks to the volatile nature of CF, P3HT:PCBM forms
a thin lm covering the PTPETA@PEDOT:PSS particles. This
process was repeated 3 times to ensure conformal coating.
PTPETA@PEDOT:PSS@P3HT:PCBM particles were heated at
120 °C for 30 min to nish the coating. Ti was sputtered on
PTPETA@PEDOT:PSS@P3HT:PCBM particles in 3 consecutive
sessions in the cleanroom (EVA 760). PTPETA@PE-
DOT:PSS@P3HT:PCBM@Ti particles were stored under vacuum
and complete darkness.

4.2 Fabrication of 2D photovoltaic sheets

Photovoltaic lms were fabricated on a glass slide (15 mm × 10
mm) that was cleaned by sonication in deionized water, acetone
and isopropanol for 15 min successively, and dried with
compressed air. A 100 mm thick ITO layer was deposited on the
glass slide through sputtering (EVA 760). PEDOT:PSS (AL 4083,
Ossila) was spin-coated at 3000 rpm for 60 s on the chip, then
annealed at 120 °C for 30 min. In the following step,
P3HT:PCBM solution (3 mg P3HT, 3 mg PCBM, 1 ml chloro-
benzene) was spin-coated at 1000 rpm for 60 s, and annealed at
120 °C for 30 min. Ti cathodes were deposited through sput-
tering (EVA 760). The lms were stored under a vacuum and in
complete darkness.

4.3 Electrical measurements

PVMs were placed on a conductive glass slide coated with
a 100 nm thick gold layer. A capillary reservoir was attached to
the glass slide and a platinum wire was immersed in the
physiological saline solution, phosphate-buffered saline (PBS),
as the reference electrode. The measurements were performed
on single PVMs. The measurement probe, a platinum wire, was
connected to a single PVM using a robotic micromanipulator
(SmarAct GmbH) mounted on a stereo microscope (Leica M165
C). The micromanipulator has 3 degrees of freedom (XYZ,
SLC1740me-14,-15,-16) with 4 nm resolution. The particles were
illuminated at 565 nm using a computer-controlled light source
(SOLA SE II) with a 550 nm bandpass lter located at the tip of
the light guide. The duration, frequency, and intensity of light
were modulated via the electronic shutter that is controlled by
© 2023 The Author(s). Published by the Royal Society of Chemistry
the open-source mManager soware. PV and PC measurements
were done using a source meter (B2902A, Keysight).

4.4 Fabrication of the biomimetic phantom

The eye phantom was fabricated using a silicon-based organic
polymer. Degassed polydimethylsiloxane (PDMS) precursor
(10 : 1, SYLGARD, Dow Corning, USA) was cast in a cylinder
container. A glass sphere that is 25 mm in diameter was half
pressed into the PDMS precursor. Next, the PDMS precursor was
cured in an oven at 65 °C for 12 h. The curved surface of the
phantom was coated with gelatin by immersing the substrate
rst in 0.01% (w/v) dopamine solution in 1 M Tris–HCl buffer
(pH= 8.5) at 4 °C for 1 h, and then in 0.1% (w/v) gelatin solution
in deionized (DI) water at 37 °C for 12 h. The surfaces were
thoroughly washed with DI water 3 times.

4.5 Self-assembly process

PVMs were suspended in an organic solvent, Novec 7100 (3M).
The suspension was gently mixed before transferring 500 ml of
this suspension to the phantom. The drainage of the solvent
was done using a 1 ml syringe that was mounted on a syringe
pump (Harvard Apparatus). Assemblies were visualized using
a digital camera (Sony DSC-RX100 VI) that is mounted on
a stereo microscope (Nikon SMZ1270).

4.6 Statistical analysis

Results are presented as mean ± standard deviation. Statistical
analysis was performed using Origin 2021 (OriginLab). Each
measurement was repeated at least 3 times for each device and
at least 6 different devices were tested for each condition.
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