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Shape Memory Polymers
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Most of the current concepts for a visual prosthesis are based on neuronal
electric stimulation. However, existing visual prostheses confront several
challenges in electrodes that limit the effectiveness of stimulation. First, there
is an inherent conflict between the needs of minimally invasive implantation
for minimizing traumas and the requirements of implanted electrodes with
large areas for obtaining wide field and high-resolution vision. Second, the
mechanical and geometrical mismatches between implanted electrodes and
retina tissues also affect the effectiveness of stimulation. To address these
challenges, flexible microelectrode arrays (fMEAs) with expanded areas, high-
density electrodes, and unique self-unfolding capabilities are here reported,
which will be feasible for minimally invasive implantation and accommodate
large strain and geometrical curvature for potentially improving both the
visual field and visual acuity. To obtain the flexible nature and programmable
self-unfolding property, the fMEAs are formulated based on a shape memory
polymer with appropriate physicochemical properties. At the physiological
temperature (37 °C), programmable shape deformation from a tubular

shape to a unfolded film shape is enabled by the fMEAs with a large area

(10 x 10 mm?) and high-density electrodes (126 channels), implying their
superior potential for minimally invasive implantation, excellent shape

adaption to retinal tissues, and high-efficiency stimulation.

Invasive or implantable electric devices have provided various
potential diagnostic options and therapeutic methods in diverse
medical fields. Typical examples include deep brain stimulation
for alleviating parkinsonian symptoms,!!l cerebellar stimula-
tion in epilepsy,?! cochlear implantation for restoring hearing,!*!
and visual prosthesis for eliciting vision.! As one of the most
famous example, retinal prostheses based on multichannel
flexible microelectrode arrays (fMEAs) have been widely
researched for the visual restoration of patients suffering from
retinal degenerative diseases.*”’] The Argus II Retinal Pros-
thesis System (Second Sight Medical Products, Inc., Sylmar,
CA) is the first commercial product approved by Conformite
Europeene (CE) and U.S. Food and Drug Administration (FDA)
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in 2011 and 2013, respectively. This
system contains fMEAs with a 60-channel
microelectrode epiretinal array embedded
in a thin film of polyimide (PI). Upon
implantation of the fMEAs to directly con-
tact with retinal surface, locally electrical
stimulation to the underlying retinal tis-
sues can be applied for obtaining pixeled
visual sense.B1l Despite exciting results
of such visual prosthesis in treating
clinically incurable retinal degenerative
diseases, the fMEAs of this system still
have many deficiencies such as small
areas (5 X 5 mm? corresponding to a
narrow visual field of only 10 x 18°),12
low electrode density (60-channel), and
unsatisfactory  stimulus effectiveness,
which restrict to obtain broad and high-
definition vision. To address these chal-
lenges, it is of great significance to prepare
advanced fMEAs with enlarged areas for
facile decoration of high-density electrodes
to realize expanded and high-resolution
electrical stimulation, as well as good geo-
metrical compliance to curved surfaces of
biological tissues. However, the implanta-
tion of fMEAs with larger areas usually
require a larger surgical incision, resulting in longer periods
for rehabilitation and higher risks of complications. Therefore,
multifunctional fMEAs that suit for minimally invasive surgery
should also be introduced in the design of new generation of
retinal prosthetic devices for achieving improved therapeutic
outcomes.

The integration of new materials and designs has been pro-
moting the development of flexible electronics with superior
properties. For instance, Kim and Rogers groups employed
ultraflexible silk fibroin to prepare an integumentary membrane
of implantable electrodes, achieving highly conformal contacts
with curved surfaces of brain and epicardium, respectively.[!314
Additionally, Lieber group reported polymer-based flexible
mesh electronics for electrophysiological recording which can
be implanted through the injection via a syringe needle with a
diameter of 100 um, demonstrating the potential of minimally
invasive implantation.> However, the shapes of these flexible
electronics cannot be precisely programmed, which brings the
difficulty to realize reliable and stable electrical stimulation in
some complicated physiological situations, such as in eyeball
containing high-viscosity flowable vitreous. In recent years,
“intelligent” materials enabling programmable deformation
such as stimuli-responsive hydrogels, liquid crystal elastomers,
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and shape memory polymers (SMPs) have benefited the device
design for various applications,'**l which also provide excel-
lent candidates for preparing deformable electronics with
programmable shapes and improved geometrical compliance
to curved surfaces of biological tissues.?”) Among them, SMPs
that can memorize a random temporary shape and recover
to a certain permanent shape at a temperature exceeding the
transition temperature (T.,s) are particularly promising in
the field of implantable electronics owing to their many out-
standing characteristics including desirable flexibility, stable
structural integrity, well-controlled deformability, and suit-
able biocompatibility.?1?2l With the assistance of SMPs, func-
tional flexible electronics with predetermined 3D shapes that
enable excellent geometrical compliance to curved tissues and
achieve high-efficiency electrical signal recording/stimulation
have been developed.?3-%! Very recently, a deformable twining
electrode capable of self-climbing onto peripheral nerves has
also been prepared based on SMPs, showing great promise in
neutral modulation.??! Despite some success of SMP-assisted
functional flexible electronics, the precisely controlled defor-
mation of high-density fMEAs to accommodate high-curvature
surfaces of body tissues (e.g., fMEAs for retinal stimulation)
remains absent. To achieve this goal, many challenges need to
be addressed for realizing multifunctional fMEAs with well-
defined 3D permanent shapes, well-controlled deformation
capabilities, as well as stable structural integrity and mechan-
ical compliance between SMPs and flexible electrodes.

To fulfill the unmet target of the precisely controlled defor-
mation of high-density electrode, we develop functional fMEAs
on a PI substrate with an additional SMP layer (Figure 1a),
where the SMP layer is employed as the actuating layer for
driving the programmable deformation. Owing to the out-
standing shape memory properties of the SMP layer and excel-
lent structural integrity and mechanical compliance between
the SMP layer and the electrode, the functional fMEAs can
obtain a small-diameter tubular temporary shape (=2 mm)
at room temperature and achieve perfect shape recovery to
different permanent shapes at the physiological temperature
for accommodating the surfaces with different curvatures
through a controllable self-unfolding process. Thanks to the
desirable reconfigurable properties of the functional fMEAs,
the device with large areas (10 X 10 mm?) and high-density elec-
trodes (126 channels) facilitating enlarged and high-resolution
retinal stimulation can be available for visual prosthesis owing
to the ease of minimally invasive implantation (Figure 1b). This
novel SMP-based fMEAs with “smart” programmable deforma-
tion properties is promising to improve the performance of
retinal prosthetic devices in terms of stimulus effectiveness, the
field of vision, and the resolution of image (Figure 1c). More-
over, this strategy of the combination of “smart” materials will
open avenues for developing not only next-generation smart
electrodes for better electrical stimulation and signal recording
but also deformable wearable and implantable devices with
improved mechanical and geometrical compliance to dynamic
and curved surfaces of body tissues.

First, we use the software of L-edit (Tanner EDA, Tanner
Research, Inc., Pasadena, CA) to plot the main elements of
the fMEAs. The layout of the designed fMEAs has 126 circled
microelectrodes, where the microelectrodes are 300 um in
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Figure 1. a) Schematic illustration of the 126-channel functionalized
fMEA, (b) the minimally invasive implantation and self-unfolding process
of the fMEA, (c) and the excellent visual field and visual acuity due to the
wide field and high-density design of the fMEA as well as the good match
to the curvature of retina.

diameter, 700 pm in horizontal center-to-center spacing,
500 um in vertical center-to-center spacing, and connected by
cable pitch of 3 um in width (Figure S1a, Supporting Informa-
tion). A multistep microfabrication method was used for manu-
facturing the fMEAs (Figure S1b, Supporting Information),
which resulted in high-density electrodes with fine structures
(Figure S1c, Supporting Information). The bonding area with a
width of 7 mm is also arrayed with 126 pads of 100 um diam-
eter circles, which are used to connect electrodes with external
equipment by soldering to a printed circuit board (PCB). As the
implanted part, the area of the fMEAs is about 10 x 10 mm?.
This large area will facilitate not only the decoration of high-
density electrodes but also the broad stimulation to retinal
tissues.

Additionally, we synthesized shape memory blends of
PDLLA-g-PAA (10 wit%)/polyethylene glycol (PEG) (10 wt%)
(PDLLA blends) according to our previous work.?”] The
thermal polymerization of acrylic acid (AA) from PDLLA
chains followed by PEG blending is illustrated in Figure S2
(Supporting Information). It should be emphasized that,
by blending a SMP with a miscible polymer, the T,
and mechanical properties can be tuned. According to the
findings in our previous work, PDLLA-g-PAA (10 wt%)/
PEG (10 wt%) with a T,,,s near human body temperature,
39.3 °C, was used in the following experiments. Compared to
the smooth morphology of pure PDLLA film (Figure 2a), the
blend film shows relatively rough morphology with uniformly
dispersed spherical PEG domains owing to phase separation
(Figure 2b). Although phase separation exists in the blend
SMPs, macroscopically uniform properties are present for
this polymer.?¥l In addition, such blend SMP possess supe-
rior mechanical properties and biocompatibility compared
to commonly used deformable hydrogels, 20272932 which
will lead to better mechanical compliance to the PI layer and
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Figure 2. SEM images of (a) pure PDLLA, and (b) the PDLLA-g-PAA (10 wt%)/PEG (10 wt%) blend. c) Shape memory process of the PDLLA-g-PAA
(10 wt%) /PEG (10 wt%) blend, where the original shape is flat, then deformed and fixed into a tubular structure at a temperature below Ty,s, and
finally recovered to the original planar structure at a temperature above Ty 4.

potentially long-term biosafety upon implantation. In order to
evaluate the shape memory properties of the SMP film, the
deformation of the SMP film to its temporary shape and
the shape recovery to its permanent shape were evaluated at
a temperature above the T, of the SMP that can rapidly
drive the phase separation (50 °C). As shown in Figure 2c,
starting from the original rectangular shape, the film can
be first reconfigured to a small-diameter tubular temporary
shape through curling that is stable at room temperature
(Movie S1, Supporting Information), and then gradually
recovered to its permanent flat shape through a self-unfolding
process at an oven (50 °C) (Movie S2, Supporting Informa-
tion). Clearly, there is negligible difference between the orig-
inal shape and the permanent shape of the film, indicating its
excellent shape memory properties.

For the functionalization of fMEAs, we deposited a thin
film of the as-prepared PDLLA-g-PAA (10 wt%)/PEG (10 wt%)
polymer solution onto the back of the fMEAs (Figure 3a),
resulting in a functional fMEA with a 140 um thickness PDLLA
layer after the complete removal of residual solvents. The
functional fMEAs can be curled into a tubular shape, which
will be of great significance for minimally invasive implanta-
tion. The overall macroscopic appearance of the as-fabricated
functional fMEAs is shown in Figure 3b. At the microscopic
scale, it can be observed that the PI layer with a thickness of
=15 um and the SMP layer with a thickness of =125 um are
tightly bonded (Figure 3c), implying the possibility to drive the
deformation of the whole fMEAs by the actuating SMP layer.
To evaluate the programmable deformation properties of the
functional fMEAs, the preservation of its temporary shape at
room temperature (25 °C) and its shape recovery performance
at the physiological temperature (37 °C) were evaluated both
in air and in high-viscosity silicon oil. In particular, the silicon
oil with similar physical properties to those of vitreous offers
an appropriate environment for evaluating the performance of
the fMEAs in an human eyeball.l’3] In silicon oil, the temporary
tubular shape of the fMEAs with a small diameter of =2 mm
could be well preserved at room temperature (Figure 3d and
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Movie S3, Supporting Information), which shall be attributed
to excellent shape memory effects of the SMP layer and will
contribute to the facile implantation of the fMEAs through a
small surgical incision.

To evaluate their programmable deformation capabilities,
the shape recovery performances of the functional fMEAs
with different permanent shapes were also assessed both in
air and in silicon oil at the physiological temperature (37 °C),
as illustrated in Figure 4a. The self-unfolding of the fMEAs
from temporary tubular shape to permanent flat shape can be
rapidly completed in air at 37 °C within =20 s, while the struc-
tural integrity of the functional fMEAs is not affected during
the deformation process (Figure 4b and Movie S4, Supporting
Information). Additionally, the permanent shapes of the func-
tional fMEAs can be programmed into various 3D morph-
ologies through the established template-assisted method.!'")
Once placed in an atmosphere at 37 °C, the functional fMEAs
with different predetermined original shapes both show excel-
lent deformable properties from temporary small-diameter
tubular shapes to permanent curved 3D shapes with different
curvatures (Figure 4c,d), which will facilitate the use of such
devices on body tissues with different curvatures. Importantly,
we also used an eyeball-sized spherical template for redeter-
mining the original shapes of the functional fMEAs (Figure S3,
Supporting Information). The resulting device also exhibits
excellent reconfigurable properties, which could also be pro-
grammably deformed from a temporary small-diameter tubular
shape to a permanent 3D shape that enable perfect geometrical
compliance to the spherical surface of the eyeball-like template
(Figure 4e). The excellent geometrical compliance of the func-
tional fMEAs to the spherical surface after self-unfolding will
favor the close contact of the implanted device to retinal tis-
sues for high-efficiency electrical stimulation. In 37 °C silicon
oil, the functional fMEAs can also be rapidly self-unfolded
from temporary tubular shape (Figure 5a) to permanent flat
shape (Figure 5b) within =15 s (Movie S5, Supporting Infor-
mation). The shape recovery process of the device in silicon oil
was slightly faster than that in air since the heat conduction is
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Figure 3. a) Schematic illustration of the fabrication process of functional fMEAs, and shape deformation of a functional fMEA bilayer structure through
shape memory behavior. b) Photographic image of the functional microelectrode with a planer structure. ¢) SEM image shows the cross section of the
bilayer structure. d) Photographic image of the functional microelectrode with a tubular structure. e) Effect of the thicknesses (125, 175, and 225 pm)
of PDLLA-g-PAA (10 wt%)/PEG (10 wt%) actuating layers on the self-spreading time (15, 30, and 60 s, respectively) at 37 °C in silicone oil.

supposed to be the main factor affecting the phase separation
of the SMPs and subsequently the shape recovery rate in the
environment with varying coefficients of heat conduction. It
can also be verified by the finding that the shape recovery rates
decreased with an increase in the thickness of the SMP layer
(Figure 3e), where thicker SMP layers would lead to slower heat
conduction throughout the entire SMP layer.

To evaluate the reliability of the functional fMEAs after mul-
tiple deformation processes. The layouts of the high-density
microelectrodes on the functional fMEAs at the temporary
small-diameter tubular shape (Figure 5d) and the permanent
flat shape after programmable deformation (Figure 5e) were
observed, indicating unaltered layout of the microelectrodes
and even excellent structural integrity of the ultrathin con-
necting wires (Figure 5d,e). Moreover, the electrical reliability
of the functional fMEAs before and after ten times of defor-
mation was assessed on a PCB, as illustrated in Figure 5f. The
conduction rate of the 126-channel fMEAs decreased slightly
from 98 to 85.7% after ten times of deformations (Figure 5g),
demonstrating good reliability in the electrical properties upon
multiple deformations and the feasibility of the minimally inva-
sive implantation of the device for reliable retinal stimulation
applications.

Adv. Mater. Technol. 2019, 4, 1900566

1900566 (4 of 7)

In conclusion, geometrical mismatch between implanted
fMEAs and retina tissues may lead to aggravated foreign body
reactions and eventually the failure of the devices. The develop-
ment of functional fMEAs with precisely controlled deformation
properties can not only favor the geometrical accommodation to
curved surfaces of retinal tissues for high-efficiency stimulation
but also brings the possibility of minimally invasive implanta-
tion of the fMEAs with expanded stimulation areas. To achieve
this goal, we demonstrate a functional fMEAs with a PI sub-
strate and a SMP coating layer. The SMP coating layer is used
for driving the programmable deformation of the fMEAs. The
fMEAs have a large stimulation area of 10 x 10 mm?, which
can be folded into a temporary mini-sized tube with a radius as
small as =1 mm suiting for minimally invasive implantation.
Notably, the visual field is directly related to the size of effec-
tively stimulated area of the retina and thus the diameter of the
electrode array. According to previous work, the projected visual
field for every 1 mm of the retina is about 3.35°.3 The effec-
tive stimulation area of our functional fMEAs is 4.0 X 9.1 mm?,
thus holding the promise to obtain an enlarged visual field of
13.40 x 30.15°. Moreover, the controllable self-unfolding capa-
bilities of the fMEAs both in air and in silicone oil at 37 °C, as
well as acceptable reliability in the electrical properties within
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Figure 4. a) Schematic illustration of the self-unfolding process. b) Photographic images of the permanent shape and the self-unfolding process of the
shape memory fMEAs in 37 °C air. c—e) The functional fMEAs with different predetermined original shapes both show excellent deformable properties
from temporary small-diameter tubular shapes with diameter of 2 mm to permanent curved 3D shapes with different curvatures (3 and 8 mm). The

scale bars are 5 mm.

the deformation processes, demonstrate great potential of the
devices for ocular applications. It can also be envisioned that
the strategy to integrate “smart” materials into electronics
will inspire the design of advanced flexible electronics with
improved shape/mechanical adaptive capabilities for better
electrical stimulation and signal recording.
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Experimental Section

Materials: Polyimide was purchased from DuPont. AZ 5214 and
AZ300 MIF developer were purchased from Az Electronic Materials
(Germany). PDLLA (M,: 220 kDa) was purchased from Jinan Daigang
Biological Technology Co., Ltd. AA and PEG (M,: 200) were obtained
from Sigma-Aldrich. Benzoyl peroxide (BPO) was obtained from
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Figure 5. a,b) Photographic images of the permanent shape and self-unfolding process of the shape memory fMEAs in 37 °C silicone oil. c) Diameter
changes of the implanted part in 37 and 25 °C silicone oil. d,e) The corresponding microscope images of the 3D and planar structures of fMEAs
during the self-unfolding process, demonstrating the intact metal lines. f) The shape memory fMEAs bonded to a PCB. g) Conduction rate after ten

times cyclic morphing.

Sinopharm Chemical Reagent Co., Ltd. Other reagents were purchased
from Sinopharm Chemical Reagent Co., Ltd., and used as received.
Deionized water was used in all experiments.

fMEAs Design and Fabrication: The layout and the manufacturing
procedures of the fMEAs are shown in Figure S1 (Supporting
Information). Briefly, a 10 um thick Pl precursor was first deposited on
a silicon (Si) wafer by spin-coating and cured at 350 °C for 1 h. Then,
a positive photoresist film (AZ 5214) was deposited on the surface of
the PI film, patterned by lithography (EVG 610, Austria) and developed.
Sequentially, a 20 nm thick titanium (Ti) layer and 100 nm thick platinum
(Pt) layer were deposited and patterned in turn via sputtering and lift-off
processes to create the microelectrode layer. Subsequently, a second PI
layer (5 um) was coated and cured as before. Next, a 500-nm-thick etch
mask of sputtered aluminum (Al) was deposited, followed by reactive
ion etching (RIE) to expose the microelectrode windows. Finally, after
the removal of the Al mask, the fMEAs were released from the Si wafer.

Synthesis of SMPs: Shape memory PDLLA-g-PAA (10 wt%)/PEG
(10 wt%) blends (PDLLA blends) were synthesized according to a
previous work through the reaction shown in Figure S2 (Supporting
Information).l?”] First, 3 g of PDLLA was dissolved in 60 ml of CHCl;
under stirring at 55 °C, followed by additions of 0.3 g of AA and 0.3 g of
BPO. The mixture was then heated to reflux in an oil bath (65 °C) for 6 h
under N, atmosphere. A predetermined amount of PEG (0.3 g, 10 wt%)
was added to the mixture, which was kept at 65 °C for additional 1 h.
Subsequently, the PDLLA-g-PAA (10 wt%)/PEG (10 wt%) films with
thicknesses of 0.3 mm were fabricated by a casting method.

Evaluation of the Shape Memory Properties: The shape memory
performance of the PDLLA blends film and the functional fMEAs were
assessed according to the following steps: A specimen with an original
rectangular shape (0.3 X 15 x 20 mm?) was first put in an oven (50 °C)
for 2 min. It was then rolled manually into a tube. The fixation of the
temporary tubular shape was realized by quickly placing the specimen
on an icy surface (0 °C) with maintaining loading for preserving the
deformation, followed by the cooling of the specimen at 0 °C for 15 min.
For driving the shape recovery of the specimen, the specimen with a
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temporary tubular shape was placed either in air or in silicon oil with
different preset temperatures. The shapes of the specimen at different
status and the shape recovery processes were recorded by a digital
camera (EOS 7D, Canon).

Electrode Impedance Measurement: The electrical properties of the
functional fMEAs were evaluated by impedance spectroscopy. After
being connected to a PCB, the electrochemical impedance spectra (EIS)
measurements with a 10 mV amplitude AC signal over a frequency
range from 100 kHz to 1 Hz were conducted for the functional fMEAs
in phosphate buffer saline (PBS, pH = 7.4) at room temperature. Cyclic
voltammograms were obtained for the fMEAs at the potential limits
between —0.60 and 0.80 V (vs Ag/AgCl) at a scan rate of 50 mV s7\.
For neural stimulation applications, the impedance of microelectrodes
at 1 kHz is an important characteristic parameter.?> A high interface
impedance value over 1 MQ at 1 kHz indicates that the electrode is
nonconducting.

Characterizations: The morphologies of the pure PDLLA and the
PDLLA blends were investigated by a field-emission scanning electron
microscope (SEM, Sigma, Carl Zeiss, Germany) at a primary electron
energy of 3 kV. The optical images of the microfabricated electrodes
were recorded using an optical microscope (Nikon Ni-U, Japan).
Electrical performance of the functional fMEAs was evaluated using
an electrochemical workstation (Reference 600, Gamry, USA). The
differential scanning calorimetry (DSC) curves were obtained on a TA
Instruments (Q20, USA) at a heating and cooling rate of 5 °C min~' with
a sample load of =5 mg in an aluminum pan. The scanning temperature
was between —50 and 200 °C. The dynamic mechanical analysis (DMA)
data were determined by a DMA analyser (Q800, USA) in a tensile
resonant mode at a heating rate of 3 °C min~' from —50 to 100 °C and a
frequency of 1 Hz.

Supporting Information

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