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Neurons are essential cells composing our nervous system and orchestrating our body, thoughts, and
emotions. Recently, research efforts have been focused on studying not only their collective structure
and functions but also the single-cell properties as an individual complex system. Nanoscale
technology has the potential to unravel mysteries in neuroscience and provide support to the neuron
by measuring and influencing several aspects of the cell. As wearable devices interact with different
parts of our body, we could envision a thousand times smaller interface to conform on and around
subcellular regions of the neurons for unprecedented contact, probing, and control. However, amajor
challenge is to develop an interface that canmorph to the extreme curvatures of subcellular structures.
Here, we address this challenge with the development of a platform that conforms even to small
neuronal processes. To achieve this, we produced a wireless platform made of an azobenzene
polymer that undergoes on-demand light-induced folding with sub-micrometer radius of curvature.
We show that these platforms can be fabricated with an adjustable form factor, micro-injected onto
neuronal cultures, and can delicately wrap various morphologies of neuronal processes in vitro,
toward obtaining seamless biointerfaces with an increased coupling with the cell membrane. Our
in vitro testings did not show any adverse effects of the platforms in contact with the neurons.
Additionally, for future functionality, nanoparticles or optoelectronic materials could be blended with
the azobenzene polymer, and 2D materials on the platform surface could be safely folded to the high
curvatureswithoutmechanical failure, asper our calculations. Ultimately, this technology could lay the
foundation for future integration of wirelessly actuated materials within or on its platform for
neuromodulation, recording, and neuroprotection at the subcellular level.

For centuries, cells have been considered the biological building blocks of
our organs and tissues. As such, they are often presumed to behave like a
fundamental unit. However, predominantly in neuroscience, cells have
been demonstrated to have a particular polarity1. For instance, certain
activities only happen in specific subcellular compartments, trafficking
moves in precise directions, and membrane proteins are heterogeneously
distributed on the cell surface1–6. Similar to the human body and its task-
specialized components such as legs, hands, eyes, nerves, and bones,
neurons have axons, somas, dendrites, microtubules, or axonal initial
segments where dedicated cellular processes occur. Therefore, probing
and modulating subcellular regions of neurons can lead to discovering

significant breakthroughs and to controlling cellular behaviors at
unprecedented levels7–10.

Combining advanced technology with biology is thus of particular
interest9–12. Not only does technology offer countless versatile ways to
interrogate and control various aspects of the cell’s activities, but it could also
provide enhanced functionalities to the cell that are not achievable from the
biological repertoire13. We could envision a new type of biomedical device
interacting with a single neuron through a wireless biointerface. Supplied
with cutting-edgenanotransducers or blendedwith functionalmaterials, the
electrical and metabolic activity of neurons could be measured and/or
modulated with subcellular resolution or restored, for example by
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developing myelin-like layers to reduce axonal degeneration in demyeli-
nating diseases such as multiple sclerosis14.

One of the major challenges in developing this type of technology for
neurons lies in creating a seamless neural interface to uniquely connect with
the cell. More specifically, the freestanding device should have an adaptable
form factor (2–50 µm by 2–50 µm by 0.01–0.5 µm) and delicately conform
to any cell shape, including wrapping around high-curvature structures like
neuronal processes, which in the brain have a diameter between 150 nmand
5 µm15. This would allow the devices and their functional parts to intimately
contact themembrane, obtaining a superior transduction efficiencywith the
technology and an ideal symbiosis with the cell thanks to the reduced
geometrical and mechanical mismatch with the cellular environment12,16,17.
To date, developing a cell-conformable substrate remains an unmet
challenge.

Here, we tackle this quest by developing a thin freestanding platform
able to actively and conformably enfold neuronal structures and wrap
around neuronal processes like axons and dendrites (Fig. 1). These plat-
forms would be dispersed in physiological solution and microinjected into
the nervous tissue (Fig. 1A and B). Then, once in contact with the cells, they
could be triggered by an external stimulus to fold and develop around the
cellular parts (Fig. 1C andD). Ideally, these structures canmorph according
to the shape of the subcellular region they interface.

Due to their high curvature, axons and dendrites are among the
most difficult neuronal structures to conformally enwrap with a synthetic
platform. Hence, in this paper, we focus on a technology able to achieve
wrapping of neuronal processes, and one of the most versatile materials
for this purpose is azobenzene-containing polymers. Azobenzene poly-
mers possess azobenzene units in their chain or side groups, which
undergo trans-cis isomerization upon illumination, usually resulting in
an overall photoinduced motion of the polymeric layer18–20. Here, we
evaluate an azobenzene polymer, poly(disperse red 1 methacrylate)
(pDR1M, Supplementary Fig. 1A), as a potential thin-film platform for
on-demand folding and wrapping of neuronal processes. To induce
rolling, we use green light at 545–555 nm, and we demonstrate that linear
polarization of the light can be used to control the folding direction of the
films. Additionally, we hypothesize how rolling of the homogeneous
pDR1M film is achieved and the possible molecular mechanisms behind
its driving force. Then, we show that pDR1M thin platforms can actively
wrap artificial axon-like fibers and neuronal processes in vitro without
causing neuronal death or damage. Remarkably, a single platform can
conform to varying curvatures and shapes, enfolding even geometrically
complex regions of the neurons. Finally, to engage in the feasibility of
integrating additional technologies and advanced functionalities on these
platforms, we calculate that several functional materials (particularly
two-dimensional nanomaterials) can sustain exceptionally high bending
curvature as required for the polymeric platform wrapped around fibers
of ≤ 1 µm diameter.

Results
The required number of devices for brain-machine interfaces with sub-
cellular resolution onmillions of neurons could get very high. Additionally,
these devices should be injected through a minimal volume. Consequently,
the first challenge comprised manufacturing numerous sub-10 µm, free-
standing, and thin polymeric structures that are inconveniently susceptible
to standard photolithographic processes and chemicals. Moreover, these
structures should ideally be harvested in cell-compatible solutions with
minimal solvent exchange steps to avoid losses in the process. Hence, we
developed a fabrication method to obtain at least 8000 devices per µL of
physiological solution or cell media (Fig. 2A). Briefly, we used soft litho-
graphy with a polydimethylsiloxane (PDMS) stamp to mold the liquid
polymer dispersion onto a sacrificial layer of dextran (Fig. 2A-i) and obtain
millions of pDR1M structures of about 250 nm in thickness over 1 cm2 of
area (Fig. 2A-ii). Of course, the exact number of structures depends on their
size: for instance, over 1,234,000 squares of 6 µm by 6 µm can be produced
per cm2.Once the PDMSmolds and the polymer solutions are prepared, the
expeditious 6minutes long stamping procedure can be repeated several
times. Afterward, a baking step is performed to ensure all solvents are
evaporated. Once the structures are patterned on the dextran layer, an
oxygen plasma etching guarantees that residual pDR1M is removed
between the structures that will ultimately be 150 nm thick (Fig. 2A-iii). In
this step, the dextran release layer is also etched between the pDR1M
arrangements, eventually reducing its concentration in the releasing med-
ium. Lastly, the dextran layer is dissolved in aqueous solutions such as cell
media, and the pDR1M structures are released from the substrate and
collected without solvent exchange or rinsing necessary since dextran is a
biocompatible polysaccharide (Fig. 2A-iv). Figure 2B-i and ii depict
examples of produced pDR1M structures, where various shapes can be
patterned on the release layer with remarkable reliability. Moreover, the
scanning electronmicroscopy (SEM) images illustrate that the dextran layer
is etched around the structures. Figure 2B-iii shows 6 µm by 6 µm pDR1M
squares being released from the substrate once immersed in water. Con-
veniently, pDR1M has a broad absorption in the 420–550 nm range (Sup-
plementary Fig. 1B) and autofluorescence in the red, making it possible to
visualize with fluorescent microscopy such as confocal microscopes
(Fig. 2B-ii and C-iii).

Then, we observed the effect of illumination on the shape changes of
the pDR1M structures. Using a fluorescentmicroscope with excitation light
filtered at 545 ± 30 nm, it was possible to consistently induce the rolling of
squared and rectangular thin platforms dispersed in aqueous solutions
(Fig. 2C). As visible in Fig. 2C-i, all the structures in the briefly irradiated
region underwent photoinduced folding as opposed to those not irradiated.
It is important to notice that the rolled structuresmaintain their shape once
the illumination stops, even after several days in liquid or air. SEM and
confocal images were used to observe the three-dimensional (3D) structure
of the rolled-uppDR1Mlayers (Fig. 2C-ii and iii, SupplementaryFig. 3B and

Fig. 1 | Cell-conformable platforms. A Generalized freestanding thin-film micro-
devices of 5–100 µm2 dispersed in physiological solution or cell medium at high
concentrations. BMicroinjection of the devices into cultures, tissues, or organs.
CDevices engineered to roll can actively wrap cellular parts like neuronal processes

through awireless stimulus. For instance, materials containing azobenzene units can
transform when illuminated thanks to the photoinduced isomerization of azo-
benzenes. D Illustrative placement and characteristics of the developed technology.
Illustrations partially created with BioRender.com.
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C), demonstrating that microtubes are formed with an internal diameter
between 0.5 and 2 µm, which is ideal for wrapping neural processes.
Remarkably,microtubesof thesedimensions areproducedondemand from
polymeric freestanding platforms for the first time.

Once established that the formed structures aremicrotubes potentially
able to accommodate an axon, we asked whether we could control the
foldingdirection to facilitate thewrapping offibers oriented in specificways.
This is particularly helpful for future applications in the peripheral and
central nervous systems involving nerve bundles and neurons with oriented
axons, which is the case for most regions of the brain21.

According to various studies19,20,22,23, the photoisomerization of azo-
benzenemoieties depends on the linear polarization orientation of the light
with respect to the orientation of their dipole moment in the trans state,
which leads to a potential polarization-dependent folding direction of the
overall polymeric layer. Therefore, we analyzed the response of the free-
standing pDR1M platforms to linearly polarized green light at 545 nm and
compared it to the unpolarized one (Fig. 3A and B). For these experiments,
we investigated two geometries of the thin layers, namely squares of 6 µmby
6 µm (aspect ratio 1:1) and rectangles of 6 µm by 9 µm (aspect ratio 2:3).
Indeed, the linear polarization of the light greatly affected the in-plane
orientation of the rolling axis for both geometries. As illustrated by the
optical images in Fig. 3A, the microtubes develop along the axis parallel to
the polarization direction. To obtain quantitative data, we computed the
occurrence ofmicrotubes formation in specific directions depending on the
geometry of the platforms (aspect ratio), their initial orientation, and the
light linear polarization direction (Fig. 3B). In the case of unpolarized light,
squared structures seem to roll in random orientations, while rectangles
tend to form microtubes along their long axis. However, an evident pre-
ferential rolling direction parallel to the light polarization direction can be
enforced for both geometries independently from their initial orientation.
This demonstrates a shape- and polarization-dependent folding orientation
valuable for the versatile remote control of axonal wrapping.

In addition to the abovementioned observations, we evaluated how the
folding process is achieved. Specifically, we looked at the shape changes of
pDR1M platforms at different time points during illumination. The optical
microscope snapshots in Fig. 3C-i and Supplementary Fig. 2 show that the
platformsarefirst subjected to a slight in-plane elongationwhen illuminated
with linearly polarized light. The elongation is in the polarization direction
and seems to initiate the folding and direct the rolling process. Even though

it was not visible in complex geometries like flower-like shapes (Supple-
mentary Fig. 2), this strain appeared evident for squared, rectangular, and
even round shapes. Moreover, we could capture SEM images of 6 µm by
6 µm platforms stopped at different stages of rolling depending on the
delivered energy of the linearly polarized light (Fig. 3C-ii). These images also
show how the layers are eventually stretched – parallelly to the polarization
direction—up to 160%of their original length. Remarkably, by adjusting the
illumination dose (or time x intensity) with or without linear polarization, it
is possible to control the extent of the rolling, that is, thefinal diameter of the
microtubes. We observed that the diameter could be controlled down to
about 0.5 µm, after which higher light energies result in more elongated or
impractically deformed microtubes. Nevertheless, this ability to remotely
and gently adjust the final diameter of sub-10 µm structures could be
advantageous for biological entities with various sizes and curvatures.

Furthermore, we verified the out-of-plane folding direction, i.e., whe-
ther the platforms fold toward the incoming light or away from it, or ran-
domly. Our SEM observations indicate that all the platforms fold in
whichever direction makes the side on the top during the fabrication
transpire on the outer side of the microtubes (Supplementary Fig. 3A). The
SEM images show rougher surfaces, which were the top surfaces after
microfabrication, always ending up on the outer side of the microtubes
(Fig. 2C-ii and Supplementary Fig. 3B and C). Moreover, platforms top-
coated with a thin layer of gold also folded with gold on the outer side
(example shown in Supplementary Fig. 3D). Therefore, the out-of-plane
folding direction is independent from the incoming light direction. This
feature will allow future functional structures coated or patterned on the
bottom side of the platforms to consistently end up internally, that is, in
contact with the cell membrane. Vice versa, active sites on top of the plat-
forms will go externally, which might be required depending on the
application.

Thus, we hypothesized which molecular mechanisms could be
responsible for the observed optomechanical reactions of the thin pDR1M
films. According to the observations and literature review22–24, we believe
three simultaneousprocesses occurwhen the platforms are illuminated.The
first one is a reorientation and alignment of the azobenzene units according
to theWeigert effect (Fig. 3D),where each chromophoreundergoes cycles of
photoisomerization trans → cis → trans until its transition
moment reorients orthogonal to the linear polarization direction of the light
(Fig. 3D-i).At this point, light absorptiondoesnot induce reconfiguration to

Fig. 2 | Fabrication, harvesting, and photoinduced rolling of pDR1M thin plat-
forms. AManufacturing process: a drop of polymer solution is molded thanks to a
PDMS stamp onto a substrate coated with a sacrificial layer (i, ii); then, after a short
oxygen plasma etching, the patterned structures are released from the substrate
through sacrificial layer dissolution and collected (iii, iv). B pDR1M structures of
various sizes and shapes, before (i, ii) and after releasing (iii). The top line shows
optical microscopy images (fluorescent imaging with excitation/emission at 545/
620 nm), while colored SEM images are depicted at the bottom. C Light-induced

rolling of the fabricated pDR1M platforms: an optical image of irradiated and not
irradiated 6 µm by 9 µm rectangles in water (i), a colored SEM image of a rolled 6 µm
by 6 µm structure after drying (ii), and a confocal microscopy image of two rolled
6 µm by 6 µm structures in water (iii, excitation/emission at 561/615 nm), where a
representation of the microtubes orientation is illustrated in the white dotted inset.
The pDR1M platforms were rolled using fluorescent light filtered at 545 nm for 3 s
(12.5 mWmm−2).
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cis isomer anymore, and the large fraction of azobenzene units oriented
anisotropically generate a directional strain of the pDR1M layer (Fig. 3D-ii).
The second and third processes justify the independence of the out-of-plane
folding direction from the incoming light path as following: In one case, a
substrate- and molding-dependent anisotropy of the molecular organiza-
tion during fabrication is postulated25,26. Consequently, this organization
could result in one side of the platform undergoing photo-mechanical
transformation differently than the other27. In the other case, due to the fast
isomeric cycling, a photofluidization of the material might occur during
illumination, with or without polarization28. This temporary and reversible
liquefaction-like process could reduce the stiffness of the polymer and allow
not only the polarization-dependent photo-reorientation of the pDR1M
molecules but also the release of any internal stresses built during fabrica-
tion. Once the light is removed, the material might recover its original
stiffness, “petrifying” the platform into its new shape. However, additional
specialized characterizations will be needed to confirm our hypotheses.

Then, we evaluated the capabilities of the pDR1Mplatforms towrap in
water synthetic fibers made of electrospun polyacrylonitrile (PAN). A sti-
mulus of light polarized parallel with the PAN fibers helps the randomly
distributed platforms to successfully wrap the 1 to 3 µmwide fibers (Fig. 4A
and B). Note that, to fully wrap around the circumference, the fibers need to
be suspended away from the substrate and possess the third dimensionality.
Figure 4B shows SEM images of exemplary pDR1M structures wrapped
aroundvariousfiber diameters and evenmultiplefibers simultaneously.The
conformability of these layers around various curvatures encourages the

photofluidization hypothesis and active rolling mechanisms during illu-
mination. Note that the proposed rolling mechanism leading to unidirec-
tional folding is applied to the out-of-plane folding direction without other
types of constraints. However, other constraints could affect the folding
dynamics. For example, in Fig. 4B one can notice that in the presence of
fibers, sections of some platforms seem to fold in both out-of-plane direc-
tions. This is likely due to the fibers being “in the way” of the platforms
rolling (or beingwrapped), and amore complexmechanics could take place
due to the material not being able to freely move. Hence, with photo-
fluidization increasing the softness of the material during illumination, it is
possible that other constraints against the rolling intentions will make the
material bend in a different manner.Moreover, to confirm that wrapping is
not due to capillary forces during water evaporation for SEM sample pre-
paration, we imaged not illuminated platforms on fibers revealing flat,
cracked, and suspended structuresas ademonstrationof their relativelyhigh
stiffness and impossibility to fold at such high curvatures withoutmolecular
reorientation and/or photofluidization (Supplementary Fig. 4A and B).
Additionally,we estimated that the bending stress of a 150 nmpDR1Mlayer
would reach itsmaximum tensile strength and induce crackingwhen folded
with a diameter of about 6 µm (assuming a Young’s modulus of 1 GPa,
Poisson’s ratio of 0.4, and ultimate tensile strength of 30MPa)29,30, which is
one order of magnitude larger than the demonstrated photoinduced dia-
meters (Fig. 2C and Supplementary Fig. 3B and C).

Indeed, for future applications, the potential transducers and other
coated layers on the rolling platforms also need to sustain and operate at

Fig. 3 | Control of pDR1Mplatforms rolling. A Representative optical microscopy
images of 6 µm by 6 µm (top six images) and 6 µm by 9 µm (bottom six images)
pDR1M platforms dispersed in water before and after illumination with light
characteristics described in green (left: no polarization, middle: vertical polarization,
right: horizontal polarization). The alignment of the microtubes along the polar-
ization direction is clearly visible; moreover, it can be noticed that rectangles irra-
diated without polarization rolled along their long side. Scale bars: 10 µm.BAnalysis
of rolling direction: occurrence of microtubes formation along specific directions
(shown on the x-axis) depending on the sheets’ aspect ratio and initial orientation
(depicted in the legend) and light polarization (shown at the top). The data also
includes structures that formed undefined shapes (as fifth column). The columns
represent the mean ± s.e.m. of three samples (each sample including

20–40 structures per condition). The micrographs in (A) show a representative area
of the analyzed images.C Snapshots during microtubes formation of pDR1M 6 μm-
wide squares responding to the depicted light stimulus. An elongation along the
polarization direction occurs prior rolling and continues even after the microtube is
formed. At the bottom, SEM images, taken with a tilt angle of 30°, show dried
samples found at the corresponding rolling stage. D Hypothesized molecular
mechanisms responsible for pDR1M deformation and rolling: the Weigert effect, in
which the azobenzene units reorient perpendicular to the linear polarization
direction (i), could cause reorganization of the polymer molecules and elongation
along the light polarization direction (ii). This elongation, together with releasing
fabrication stresses thanks to photofluidization, could induce the rolling.
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extremely high curvatures without failure. Therefore, we analyzed the cal-
culated evolution of the strain for various electronic materials deposited on
the platform rolling up to 0.2 µm in diameter (Fig. 4C). Films ensuing inside
the microtubes would mainly undergo compressive strain, while those
outsides would be subjected to tensile strain as described in Fig. 4C-i and ii.
The resulting tensile strain normalized to the ultimate tensile strain for each
material is plotted in Fig. 4C-iii. Above ε/εmax = 1, failure mechanisms such
as cracking and buckling occur at the thin films31, happening at curvatures
higher than 1.5 µm in diameter for several conventional electronicmaterials
like Au, Ti, SiO2, and poly(3,4-ethylenedioxythiophene):poly(styr-
enesulfonate) (PEDOT:PSS). However, as depicted, 2D materials, nano-
materials, and soft polymers or elastomers could fold below 1 µm in
diameter without failing. This result is not surprising as several 2D and
nanomaterials are known to endure intense mechanical deformations32–34.
Here, we have shown calculations for representative and conventional
semiconducting, insulating, and metallic 2D materials. However, it is
important to highlight that the functionality of the platform is not limited to
layers patterned on top of it: Blending the pDR1M with nanoparticles or
other polymers - such as optoelectronic materials like Poly(3-hex-
ylthiophene-2,5-diyl) (P3HT, often used for wireless neuromodulation35–37)
- can give the platforms the capability of transducing electromagnetic waves
into charges that stimulate the cells35–38 and, vice versa, membrane potential
into electromagneticwaves (disturbances) that can be readwirelessy39,40.We
tested that blending P3HT with pDR1M at a ratio of 1:3 did not seem to
impede the rolling process (Supplementary Fig. 3E-G). Moreover, an
insulating film such as pDR1M by itself wrapped around cell bodies or
processes could still have a function in affecting themembrane capacitance.
Although future work will be required to test such a feature, we can foresee
how this could be relevant in studies involving, for instance, the myelin
function.

Finally, we investigated whether the pDR1M platforms can wrap
neuronal processes in vitro. The platforms were delivered to 2D cultures of
live primary rat neurons and left to sediment for at least one day, randomly
depositing on several processes, somas, and the substrate (Fig. 5A). Then,
the rolling of the platforms and potential wrapping were induced by illu-
minating the cells without polarization due to the random organization of
theprocesses (Fig. 5AandB). SEMimagingof theneuronswasperformed to
better evaluate the pDR1Mwrapping, and representative images are shown
in Fig. 5C and Supplementary Fig. 5. Since the cells in 2D cultures adhere
well to the substrate, it is difficult for the platforms to wrap the processes
entirely (see examples in Supplementary Fig. 5A–E). However, some

platforms could be found below (Supplementary Fig. 5F and G) or on
suspended processes (Fig. 5C and Supplementary Fig. 5H), leading to a
more efficient wrapping and demonstrating for the first time that it is
possible to wrap neuronal processes such as axons and dendrites with
synthetic materials and on demand. Interestingly, the plausible softening of
the pDR1M platform thanks to photofluidization allows for a conformable
wrapping of a single platform on various cellular structures and curvatures.
As visible in Fig. 5C on the right, the pDR1M layer is able to gently envelop
part of the soma and a couple of sub-0.5 µm processes without apparently
damaging them. It is also important to note that, intrinsic to in vitro culture
where glass is present andprovides physical constraints, the platforms could
“stick” to it making it more difficult to roll. This phenomenon can only
happen in vitro and is not expected to be an issue in 3Dor in vivo. In fact, the
demonstration that our platforms are able to roll even in the presence of the
physical constraints of the glass substrate is very promising and shows how
strong this photo-mechanical effect can be, especiallywithmicro-scaled and
thin films (6 μm× 6 μm× 150–200 nm).

To verify that the presence of the platforms, as well as the illumination
and rolling processes, do not affect the function, structure, and viability of
the cultured neurons, we performed (3-[4,5-dimethylthiazol-2-yl]-2,5
diphenyl-tetrazolium bromide) (MTT) assays, patch-clamping, imaging
with a live cells indicator, and immunocytochemistry detection of the
cytoskeleton protein α-tubulin (Fig. 5D and Supplementary Fig. 6). As
depicted in Fig. 5D-i, the MTT assay resulted in very similar metabolic
activity (represented as absorbance values) among the 16-days old control
group and the 16-days old cells incubated with 6 µm by 6 µm pDR1M
platforms at 953 ± 109 per mm2 for 4, 6, and 9 days (2, 4, and 7 days after
illumination), depicted in the image as 4(2), 6(4), and 9(7) respectively.
Additionally, we included the absorbance values for platforms that were not
illuminated (9 days-flat) and for double the concentration of platformswith
respect to the other conditions (9(7)-2x, 1889 ± 222 permm2), also showing
no significant differences in metabolic activity. The viability values calcu-
lated from the absorbances were 102% ± 25%, 107% ± 27%, 112% ± 29%,
89% ± 23%, and97% ± 24%for 4, 6, 9days, 9flat, and9days 2x, respectively.
As a supplementary viability test, we performed imaging of a 37-day-old
neuronal culture incubated for 27 days (26 days after illumination)
with 6 µm by 6 µm pDR1M platforms, showing >86% of cells still alive
(Fig. 5D-ii), which is similar to control cells cultured without the platforms.
Moreover, excitability and resting potential of neurons cultured with and
without the rolled platforms show no significant differences (Supplemen-
tary Fig. 6A andB) as does the cytoskeleton (microtubules) integrity imaged

Fig. 4 | Wrapping of artificial fibers and theoretical bending strains on various
materials. A Optical micrographs of several pDR1M platforms dispersed on PAN
electrospun fibers in water and rolled with the depicted light stimulus. B Colored
SEM images of dried PAN fibers with rolled pDR1M platforms. C i Bending strains
endured by the thin films (represented in blue) coated on either side of the rolling
platforms. ii and iii, Evolution of the tensile strain (ε, as calculated in ii, also described
as Eq. (2) in the Materials and Methods section) normalized to the material’s

ultimate strain (εmax) with the diameter of the microtubes. The black solid vertical
line on the right side of the graph represents the values of ε/εmax at 1 µm rolling
diameter (vertical black dotted line) for the various materials. The thin films fail
above ε/εmax = 1 (horizontal red dotted line). d: microtube diameter, ts: substrate
(pDR1M) thickness, tf: film thickness, Es: substrate Young’s modulus, Ef: film
Young’s modulus. All parameters are defined in Table 1 in the “Materials and
Methods” section.
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by the immunostaining (Supplementary Fig. 6C and Supplementary
Video 1 showing α-tubulin immunostainingwith platforms rolled around a
neurite). Therefore, we could conclude that neither the presence of the
platforms, even at high density nor the illumination and rolling processes
seem to be harmful to cultured neurons, particularly as there is no negative
trend the longer the neurons interact with the platforms (Fig. 5D-i). Indeed,
it remains to investigate other phenotypic aspects of the cells interacting
with the platforms, such as gene expression and axonal transport. However,
the neurons being delicate cells and able to assemble and disassemble
processes through remodeling, they would have been adversely affected by
the platforms by undergoing either cell death or partial degeneration of
wrapped processes41, which should have been visible in the experiments and
imaging performed.

In general, these devices might also need to conform to the cell body
instead of its processes. As shown in Fig. 5E, the pDR1M platforms are able
to conform to lower curvature cell bodies after three days of incubation even
without being illuminated, leading to somatic interfaces. In this case, the
polymeric nature of the platform, together with the relatively long inter-
action time with the cells, could have allowed good conformability even of
several non-illuminated platforms. However, for features with higher cur-
vature, light-induced folding is required.

Generally, the neurons seem to interact positively with the pDR1M
layer—either flat or rolled—by sensing its presence, form, and material
through their micro processes, even passing them through the nano-
scopic holes on the platforms (Supplementary Fig. 5I-K). On that note,
these holes likely appear during patterning of pDR1M due to fast poly-
mer solvent evaporation, and although they could be seen as manu-
facturing defects, they could be in fact beneficial for facilitating the
diffusion of metabolites and other biomolecules through the membrane-
interfacing platforms.

Discussion
We introduced the concept of a versatile and injectable platform able to
actively and conformably enwrapmost structures of the neurons down to a
radius of curvature of 250 nm. The wrapping of neurites, such as axons and
dendrites, with the platform could lead to a stable and proximate bio-
interface compatible with thin-film-based nanoengineered technology.

As a step toward achieving this goal, we proposed pDR1M as substrate
material for on-demand photoinduced rolling of freestanding layers thanks
to the comprisedazobenzenemoieties. First, we demonstrated thatwe could
achieve controlled rolling extent and direction, and we suggested possible
molecular mechanisms involved in the process. Then, we showed that it is
possible to achieve conformable wrapping of thin sub-10 µm pDR1M
platforms around artificial fibers and neuronal processes in vitro. This can
be a promising tool for neuroscience, especially if conjugated with biomo-
lecules or combined with other functional nanomaterials or soft matter for
wireless modalities.

It is important to note that, although the photo-mechanical phe-
nomenon of azobenzene-based materials is well known, light-induced
rolling of freestandingmicron-scale polymeric thinfilmswas not previously
reported, particularly with such small diameters. The reported polymeric
structures able to fold or roll on-demand found in literature are mm-scale
and some of them are also surface-bound (not freestanding)20. Hence, apart
from the first demonstration of rolling around neurons, this work also
reports the first demonstration of freestanding thin films able to form
microtubes with sub-μm diameters on demand with light and controlled
orientation.

Themain advantage of freestanding and subcellular devices is that their
injected number and density can be adjusted to the needs: Theoretically, we
could inject as many as 100 s of thousands or as little as one. The platforms
are meant to facilitate future wireless communication with andmodulation

Fig. 5 | Wrapping of neuronal processes in vitro. A Exemplary optical images of
cultured rat hippocampal neurons and 6 µm by 6 µm pDR1M platforms before and
after rolling with the depicted light stimulus (no polarization, 8 mWmm−2, 6 s).
B Exemplary colored optical images at higher magnification of the neurons (blue)
and 6 µm by 6 µm pDR1M platforms (red) before and after rolling with the depicted
light stimulus (no polarization, 8 mWmm−2, 6 s).CColored SEM images of neurons
(blue) with the pDR1Mwrapped structures (red). The images on the right show how
the layer can conform to various curvatures and even delicately wrap sub-0.5 µm
processes, as revealed in the magnified inset.D Biocompatibility tests of 16-day-old
hippocampal rat neurons cultured with the pDR1M platforms. (i) MTT assays—
Control: cells without platforms, 4(2): cells incubated with the platforms for 4 days
(2 days post-illumination), 6(4): cells incubated with the platforms for 6 days (4 days
post-illumination), 9(7): cells incubated with the platforms for 9 days (7 days post-

illumination), 9-flat: cells incubated with the platforms for 9 days and without
illumination, 9(7)-2x: cells incubated with double the concentration of the platforms
(1889 ± 222 per mm2 instead of 953 ± 109 per mm2) for 9 days (7 days post-illu-
mination). All absorbance values display the mean ± standard deviation of at
least three replicas for each condition. The background values are obtained from the
cell media supplemented with the platforms, while the difference (=cells – back-
ground) represents the amount of absorbance due to the metabolic activity of the
cells. (ii) Viability imaging overview of a 37-day-old rat hippocampal neurons cul-
tured for 27 days (26 days after illumination) with the pDR1M platforms. Top: a
dense region, bottom: sparse neurons. Green: live cells stained with a cell viability
indicator (FITC filter set), red: cell membrane stain (TRITC filter set). E) Colored
SEM images of a neuron (blue) with several 6 µm by 6 µm pDR1M platforms (red).

https://doi.org/10.1038/s42004-024-01335-8 Article

Communications Chemistry |           (2024) 7:249 6

www.nature.com/commschem


of neurons with high resolution by employing, for example, patterned light
used for optogenetics42. The idea is to equipmost cells in the targeted region
with a device—a transducer—that is available at will for interactions with
possibly individual cells, by employing high-resolution patterned wireless
control. Thus, using our technology, scalability to a large number of neurons
is possible while simultaneously achieving high resolution. In contrast, low
resolution wrapping implants such as nerve bundles cuff electrodes lose the
ability to target individual inner cells43. Moreover, the reduced size of the
devices compared to conventional implants has the advantages of reducing
invasiveness (devices could move with the brain micromotion more easily,
and therefore lowering the risk of fibrotic reaction) and better device-cell
interface.

Future work can include integrating and testing functional materials
that could enable neurologically relevant applications. For instance,
optoelectronic polymers or nanomaterials could be deposited on the plat-
form ormixed with pDR1M to achieve wireless electrical neuromodulation
or electrophysiological sensing40,44–46. Our preliminary work shows that
rolling of the platforms can still be achieved when pDR1M is blended with
P3HT (an optoelectronic material often used for wireless
neuromodulation35–37). Thanks to the wrapping, the proximity and surface
area of the material in contact with the neuronal membrane can be
increased, increasing the sealing resistance and allowing for better
electrical47,48, thermal49, chemical50,51, and mechanical52 coupling with the
cell. Not only could these interfaces provide modulation, sensing, and drug
delivery, but they could also be engineered to electrically and periodically
insulate the axons and induce nodal ion channel clustering to obtain a
synthetic myelin-like layer to study neurodegeneration dynamics and
potential neuroprotection in demyelinating diseases.

Moreover, other aspects of the technology could be enhanced.One is to
place the pDR1M layer specifically onto neurons (increasing targeting and
wrapping yield) or even on precise subcellular parts of neurons, like their
axons or axonal initial segments, avoiding non-specific interactions or
rolling of several platforms without wrapping neurites. For that, functio-
nalization strategies could be applied, where molecules complementary to
neuronal and axonal membrane proteins are attached to the platforms,
which will then specifically bind to the targeted subcellular region53.

Future work can also focus on implementation of this technology
in vivo. Our preliminary injection and rolling experiments (Supplementary
Note 1) performed in brain tissue phantoms (agarose gel 0.6%) show that a
volume of about 1.5–1.8 mm3 can be covered with the platforms injected
with 5 μL of suspension in PBS (Supplementary Fig. 7A) and that some of
these platforms could roll upon illumination (Supplementrary Fig. 7B).
These experiments point towards the feasibility of this technology in brain
like medium. However, the diffusion and rolling of the platforms in 3D
neural tissue and in animals (such as rodents) should be investigated in the
future.Moreover, for in vivo applications and actuating the platforms inside
the brain, light can be delivered in the brain through different approaches as
described in Supplementary Note 2.

Further consideration should also be made about the degradability of
the proposed platforms. Although we have not characterized the long-term
fate of pDR1M-based platforms, we do not expect the material to degrade
quickly inside the body (that is, not before ~1 year) due to its similarity to
polymethyl methacrylate (PMMA), which is used as biomedical material
with very slow biodegradability54,55. However, thanks to the advancements
in materials science and transient devices, options could be explored for
tuning the longevity of the platforms based on the applications and allow
their degradation into physiologically and environmentally safe byproducts
after the required application period is over, to avoid the need for explan-
tation or extraction of the devices. Regarding potential opening of the rolled
platform with time, we have not seen any re-expansion (tested for up to
1month inmedium at 37 °C). The platforms are not expected to re-expand
even during the degradation of the material, since we do not believe they
undergo isomerization if not illuminated, thus locking the new rolled shape
in place. These shapes are generally stable under normal conditions until
another light stimulus is applied or environmental conditions change

significantly. Studies indicate that the stability of these forms are reliant on
the light-induced isomerization and the inherent properties of the polymer
structure, rather than on chemical degradation processes, which suggests a
robust ability to retain programmed shapes under a variety of conditions
that do not involve significant light exposure20,56.

Finally, one could envision communicationwith devices through other
wireless modalities than light, such as magnetic or acoustic waves. These
modalities offer a deeper penetration through biological tissues and,
therefore, a wider variety of applications including deep-brain
stimulation11,57. The platforms could in the future be designed to respond
to these fields tuned for rolling, and the nanotechnology on the platform
tuned for modulation, sensing, or drug release.

In conclusion, advanced neural interfaces that offer the possibility of
interacting with single cells at an unprecedented level can open up new
avenues in neuroscience research. Since cells are small and based on soft
matter, these interfaces could thrive thanks to the recent technological and
manufacturing upsurge of unconventionalmaterials like stimuli-responsive
soft materials58,59, organic transducers60, and nanomaterials61, which are
more suited to interact with biological entities compared to traditional
bulky, inorganic structures. Thus, the proposed technology could bring us a
little closer to advancing the symbiosis of neural interfaces with biological
material.

Materials and methods
Fabrication and harvesting of pDR1M structures
Materials. Silicon/Silicon dioxide wafers (Si/SiO2 wafers, thermal oxide
285 nm, 4”, p-type, Graphene Supermarket, cat#W-P-300-1P), AZ 3312
photoresist (Integrated Micro Materials), Hexamethyldisilazane
(HMDS, 100%, Transene, cat# 100-HMDS100), AZ 300MIF developer
(metal ion free industry standard 0.261 N and 2.38 wt% Tetra Methyl
Ammonium Hydroxide, Integrated Micro Materials), Buffered Oxide
Etchant (BOE 7:1, 35% Ammonium Fluoride and 6.2% Hydrofluoric
Acid in water, KMG Chemicals, cat# 408-062058), Acetone (ACS
reagent, ≥ 99.5%, Sigma-Aldrich, cat# 179124), Isopropyl Alcohol (IPA,
≥99.5%, ACS certified, Fisher Scientific, cat# A416-20), Poly-
dimethylsiloxane (PDMS, SYLGARD™ 184 Silicone Elastomer Base and
Curing Agent, Dow, cat# 2646340), Silicon wafers (Si wafers, 4”, p-type,
WaferPro, cat# C04008), Dextran (Dextran 40 from Leuconostoc spp.,
Mw ~40,000 g mol−1, Sigma-Aldrich, cat# 31389), Poly(Disperse Red 1
Methacrylate) (pDR1M, Sigma-Aldrich, cat# 579009), Chloroform
(anhydrous, ≥ 99%, contains 0.5–1.0% ethanol as stabilizer, Sigma-
Aldrich, cat# 288306). Allmaterials were used as receivedwithout further
purification.

Equipment. Plasma asher (Diener Atto, 13.56 MHz/300W, Diener
Electronic, Ebhausen, Germany), HMDS vacuum vapor prime system
(58TA, Yield Engineering Systems, Fremont, CA USA), photoresist
spincoater (CEE200X, Brewer Science, Rolla,MOUSA),maskless aligner
(MLA150,Heidelberg Instruments,Heidelberg,Germany), PDMSmixer
and degasser (ARE-310, Thinky, Laguna Hills, CAUSA), ultrasonic bath
(Branson CPX2800H, VWR, cat# 89375-492), spincoater (Laurell WS-
650MZ-23NPPB, Laurell Technologies, North Wales, PA USA).

First, the PDMS stamps are fabricated in a class 100/1000 cleanroom
facility. Briefly, Si/SiO2 wafers are oxygen plasma cleaned for 2min at
200W, 0.7mbar, and treated with HMDS for 30 s at 150 °C in a vacuum
vapor prime oven before being coated with 1 µm of AZ 3312 photoresist
spincoated at 3000 rpm for 60 s and baked for 70 s at 100 °C. Then, pho-
topatterning is performed at 150mJ cm−2 with 375 nm light in a maskless
aligner, and the photoresist is baked for 70 s at 110 °C prior to being
developed for 70 s with AZ 300MIF and hard-baked for 15min at 100 °C.
Next, the pattern is transferred to the 285 nm thick SiO2 layer bywet etching
in a 7:1 BOE bath for 5:30min at room temperature. The photoresist is then
removed by immersing the wafers in acetone for 2minutes, rinsing them
with IPA, anddrying themwith anitrogen gun. Subsequently, thewafers are
oxygen plasma treated for 2minutes at 200W, 0.7 mbar, and coated with
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HMDS for 60 s at 150 °C in the vacuum vapor prime oven before being
employed to mold PDMS. For this, the PDMS base and curing agent are
mixed at a 10:1 weight ratio and degassed with amixer and poured onto the
patterned Si/SiO2 wafer. Once the PDMS has been cured for two hours at
65 °C, it is demolded from thewafer and cut into (1.5 cm)2 pieces containing
the arrays for pattering pDR1M.

Then, the pDR1M is patterned on dextran-coated Si wafer pieces,
released in aqueous solutions, and collected for experiments. In detail,
dextran solution is prepared by dissolving dextran powder at 50mgmL−1 in
MicroPure water, sonicating for 5min at low power, and filtering at 0.2 µm
with a polyethersulfone (PES) membrane filter. Then, Si wafers are oxygen
plasma treated for 2min at 200W, 0.7 mbar, spincoated with the dextran
solution at 3000 rpm for 60 s, baked on a hotplate for 15min at 150 °C, and
cleaved into (2 cm)2 pieces. Next, pDR1M powder is dissolved in chloro-
form at 1 wt% (15.3mgmL−1), sonicated for 10min at low power, and
filtered at 0.45 µm with a polytetrafluoroethylene (PTFE) membrane filter.
The pDR1M solution is stored at 4 °C, protected from light as much as
possible, and re-sonicated before use. Finally, a custom-made molding
system, composed of a 10mL syringe connected to adjustable compressed
air and sustained vertically (plunger-down) with a 3D printed support, is
used to press a PDMS stamp (self-adhered on the plunger end) onto a
dextran-coated Si piece suppliedwith a 12 µL drop of pDR1M solution. The
PDMS stamp is held against the substrate with pDR1Mat 18 psi of pressure
(controlled by the compressed air regulator) for 5min, after which the
solvent is evaporated through the PDMS stamp, and the stamp is separated
from the Si piece leaving the molded pDR1M arrays on the dextran layer.
Next, a baking step at 120 °C for 30min is performed before exposing the
structures to oxygen plasma etching for 100 s at 200W, 0.6 mbar, and
releasing them by pipetting up and down 15 µL of water or cell medium
directly on the surface of the Si piece. Consequently, the dextran layer gets
dissolved, and the pDR1Mplatforms dispersed in the liquid can be collected
with the same pipette and stored in an Eppendorf tube.

Photoinduced rolling and imaging
Materials. CoverWell™ perfusion chambers (Electron Microscopy Sci-
ences, 35 µL, VWR, cat# 100490-788), Indium Tin Oxide substrates
(ITO-coated glass slides, Sigma-Aldrich, cat# 703192), linear polarizer
(480–550 nm, Ø12.5 mm, Thorlabs, cat# LPVISA050).

Equipment. Upright microscope (ZEISS Axioplan 2 with a FluoArc
HBO100 lamp), scanning electronmicroscope (SEM, ZEISSGemini 450,
field emission, Inlens and Everhart Thornley Secondary Electron
Detectors, Dublin, CA USA), confocal microscope (Nikon ECLIPSE Ti
inverted microscope withMcBain-Yokogawa and VT-QLC100 spinning
disk confocal system, Agilent MLC 400B Dual Fiber Laser, Andor Clara
camera for confocal imaging, and Nikon NIS Elements acquisition
software).

The micrographs of the fabricated structures were acquired with an
upright microscope in fluorescent (ex/em 545/620 nm) or bright-field
mode. All the SEM images were obtained with 1.2 kV accelerating voltage,
120 pA probe current, secondary electron (ET) detector, and a 30° tilted
view. When applied, image post-processing (brightness/contrast adjust-
ments or coloring) was performed with Adobe Photoshop.

To roll the pDR1M platforms after being released inMicroPure water,
35 µL of the dispersion are injected into a perfusion chamber sealed on an
ITO substrate. Then, using an upright microscope, fluorescent light filtered
at 545 nm is employed to induce the rolling of the platforms. Bright-field
imaging during the rolling processwas achieved through a transmitted-light
illumination. When necessary, the linear polarizer was fitted and rotated in
the microscope compartment for compensators thanks to a homemade
slider. The measured light intensity at 545 nm was 15mWmm−2 without
the polarizer and 5mWmm−2 with the polarizer. The structures were
illuminated for up to 4 swithout polarization and 10 swith polarization, but
most structures were rolled after 2.5 s and 6 s, respectively. The rolling
direction analyseswere obtainedbymanual counting.After that, the formed

pDR1M microtubes were either imaged in water with a confocal spinning
disk microscope (with a 561 nm laser) or let air dry before removing the
perfusion chamber and imaging at the SEM as described before.

Synthetic fibers fabrication andwrappingwith pDR1Mplatforms
Materials. Polyacrylonitrile (PAN, Mw ~150,000 g mol−1, Sigma-
Aldrich, cat# 181315), N,N-Dimethylformamide (DMF, anhydrous,
99.8%, Sigma-Aldrich, cat# 227056), Polyvinylacetate (PVAc, Mw
~100,000 g mol-1, Sigma-Aldrich, cat# 189480), Acetic acid (ACS reagent,
≥99.7%, Sigma-Aldrich, cat# 695092). All materials were used as received
without further purification.

Equipment. Electrospinner (NanoSpinner NS24, Inovenso, Cambridge,
MA USA), oven (Thermolyne FD1545M, Thermo Scientific, Wal-
tham, MA USA).

A solution of 14 wt% PAN was prepared by dissolving the polymer in
DMF. A solution of 30 wt% PVAc was prepared by dissolving the polymer
in a 1:1 water/acetic acid (v/v)mixture. The solutions were stirred until fully
dissolved. The fibrous mat on ITO substrates was prepared by transferring
aligned fibers produced by electrospinning. First, the ITO substrates were
coatedwith the 30 wt%PVAc solution electrospun for 3min at 20 kVwith a
0.5mL h−1

flow rate and a distance of 220 cm. Next, an aluminum foil was
folded to obtain vertical edges of 4 cm in height, which were then coated
with the 14 wt%PAN solution electrospun almost parallel to the aluminum
edges to create aligned fibers. PAN electrospinning was performed at 13 kV
with a flow rate of 1mL h−1 for a total of 5min and a spinning distance of
220 cm(from the charged bar to theflat plate, i.e., 216 cm from the tip of the
aluminumedges). Then thefibrousmatwas transferred from the aluminum
onto the ITO substrates by heating in a benchtop oven at 80 °C for 3min to
dissolve the PVAc glue and to firmly attach the aligned PAN fibers to the
ITO substrates.

Wrapping of pDR1M platforms around the PAN fibers was obtained
by casting a drop of dispersed platforms in water directly onto the fiber mat
and inducing rolling with a linear polarizer aligned with the fibers direction
as described before. Imaging of the dried fibers was also performed as
explained before.

Bending stress and strain calculations
The bending stress σ (circumferential stress σx) of pDR1M platforms was
calculated according to Eq. (1), where E is the Young’s modulus, ν the
Poisson’s ratio, ε the surface bending strain, t the film thickness, and R the
bending radius62,63

σx ¼
E

1� ν2
εx with : εx ¼

t
2R

ð1Þ

The bending strain ε of a thin film on either the inside (compressive
strain) or outside (tensile strain) surface of a rolling platformwas calculated
according to Eq. (2), where tf is the thickness of the film, ts the thickness of
the substrate (pDR1M), d the bending diameter, Ef the film Young’s
modulus, and Es the substrate (pDR1M) Young’s modulus31.
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d
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The materials characteristics described in Table 1 have been used for
the calculations.

Neuronal culture and wrapping with pDR1M platforms
Materials. Glass coverslips (#0, Ø12mm,Carolina, cat# 633009), ethanol
70% (EtOH 70%, Decon Labs 140 Proof, VWR, cat# 76212-358), 24 well
plates (glass bottom, #1.5H, Cellvis, cat# P24-1.5H-N), Gibco Poly-D-
Lysine (PDL, 0.1 mgmL−1, ThermoFisher, cat# A3890401), Gibco B-27
Plus Neuronal Culture System (Neurobasal™ Plus Medium and B-27™
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Plus Supplement (50X), ThermoFisher, cat# A3653401), Gibco Gluta-
MAX™ I Supplement (400X, ThermoFisher, cat# 35050061), Gibco
Gentamicin (antibiotic, 1000X, 10 mgmL−1, ThermoFisher, cat#
15710064). All materials were used as received without further
purification.

Equipment. Ultrasonic bath (Branson CPX2800H, VWR, cat# 89375-
492), plasma asher (Diener Atto, 13.56 MHz/300W, Diener Electronic,
Ebhausen, Germany), Centrifuge (Sorvall ST 8R, Thermo Scientific,
Waltham, MA USA), cell incubator (Heracell VIOS 160i CO2 incubator,
Thermo Scientific, Waltham, MA USA), bright-field and fluorescence
microscope (Nikon ECLIPSE Ti inverted microscope, Lumencore
SPECTRA X Light Engine, Hamamatsu C10600 ORCA-R2 digital cam-
era, and Nikon NIS Elements acquisition software).

The plating medium was aseptically prepared fresh by mixing the
Neurobasal medium with 2% B-27 supplement (20 mL L−1) and 0.25%
GlutaMAX supplement to obtain a 0.5 mM concentration (2.5mL L−1).
In comparison, the culture medium was prepared the same way but with
the addition of 0.1% of Gentamicin antibiotic (1 mL L−1). Culture media
were kept at 4 °C for up to 2 weeks. Glass coverslips were immersed in
EtOH 70%, sonicated for 10min, and dried with a nitrogen gun before
being sterilized with an oxygen plasma for 2 min at 200W, 0.7 mbar.
Then, the coverslips were transferred aseptically to a biosafety cabinet
and inserted into the 24 well plates. Next, each coverslip was coated with
100 µL of PDL for 2 h at room temperature, rinsed twice with 1 mL of
MicroPure sterile-filtered water, and let air-dry with the plate lid open. At
this point, the coverslips were ready to accommodate the cells. Dis-
sociated primary hippocampal rat neurons (E18 Sprague Dawley) were
purchased from TransnetYX Tissue (cat# SDEDHP, Cordova, TN USA).
The cells were centrifuged with gentle acceleration for 1:30min at
1100 rpm, redispersed in the plating medium at a concentration of
500’000 cells per mL, and seeded on the PDL-coated coverslips at a
density of 22,000 cells per cm2 (50 µL of cells dispersion, i.e., ~25,000 cells
per coverslip). After incubation at 37 °C for 45min, 0.5 mL of warm
culture medium was added to each well. The cells were kept in the cell
incubator, and 40-50% of their medium was exchanged with fresh warm
culture medium every 3–4 days.

pDR1M platforms reserved for cell experiments were etched as
described before and considered sterile immediately after the plasma.
Hence, the substrates were transferred aseptically to a biosafety cabinet and
harvested in 15 µL of cell medium from 7 days or older cultures. Then, the
platforms were directly dispersed onto the cells and incubated with the
cultures for 2 days before wrapping. Wrapping and imaging of pDR1M
platforms around neuronal processes were obtained with an inverted light
microscope and rolling induced with 555 nm illumination at
8mWmm−2 for 6 s.

Cell viability assays
Materials. MTT Cell Viability Assay Kit (Biotium, cat# 30006), Dime-
thylsulfoxide (DMSO, ATCC, cat# 4-X), Invitrogen™Neurite Outgrowth
Staining Kit (Cell Viability Indicator 1000X and Cell Membrane Stain
1000X, ThermoFisher, cat# A15001), Phosphate Buffered Saline (PBS,
pH 7.4, sterile-filtered, Sigma-Aldrich, cat# 806552), Hanks′ Balanced
Salt solution (HBSS, with calcium and magnesium, without phenol red,
Sigma-Aldrich, cat# 55037 C).

Equipment. Microplate reader (Synergy 2, multi-detection, Gen5
acquisition software, Biotek, Winooski, VT USA).

The MTT cell metabolic activity assays were performed according to
the supplier protocol. Briefly, the neurons were plated directly into 96 well
plates following the previous procedure andwith 200 µL of culturemedium.
For all the conditions and controls described in the results section, neurons
were cultured for 16 days total, while only the timing where the platforms
were introduced in the medium changed. At the end of the incubation
periods with the various conditions described in the results section, the
medium of each well was brought to 100 µL and supplied with 10 µL of the
MTT solution, mixed gently, and incubated at 37 °C for 4 hours. Then,
200 µL of DMSO were added to each well, and the entire volume was
pipetted up and down several times to dissolve the formazan salt and
homogenize the content. Finally, absorbance signals were measured with a
spectrophotometric microplate reader for each well at 570 nm and 630 nm
for background absorbance. Normalized absorbance values (plotted in
Fig. 5C-i) were obtained by subtracting the background absorbance from
signal absorbance at 570 nm. The cell viability was calculated according to
Eq. (3), where Ac+p is the absorbance value for the cells with the platforms,
Am+p for the medium with the platforms, Ac for the cells, Am for the
medium, and A570 and A630 are the signal and the background values,
respectively.

viability ¼
A570
cþp � A630

cþp

� �
� A570

mþp � A630
mþp

� �

A570
c � A630

c

� �� A570
m � A630

m

� � × 100 ð3Þ

The cell viability and neurite outgrowth staining was performed
according to the supplier protocol. Briefly, the neurons cultured on 12mm
coverslipswere rinsedwithwarmPBSonce, immersed in a solutionofHBSS
mixed with the provided Cell Membrane Stain (1 µLmL−1) and Cell Via-
bility Indicator (1 µLmL−1), and incubated at 37 °C for 20min. Then, the
cells were rinsed once with PBS and immersed in a solution of HBSSmixed
with the provided Background SuppressionDye (10 µLmL−1) to be imaged
with an inverted fluorescent microscope and a FITC filter set for the cell
viability indicator and TRITC for the cell membrane staining. Lookup table
is kept linear and covers the full range of data.

Cell preparation for SEM imaging
Materials. Sodium Cacodylate (trihydrate, Electron Microscopy Sci-
ences, cat# 12310), Glutaraldehyde (GA, 10%, EM grade, Electron
Microscopy Sciences, cat# 16120), Paraformaldehyde (PFA, 16%, EM
grade, Electron Microscopy Sciences, cat# 15710), Osmium Tetroxide
(OsO4, Electron Microscopy Sciences, cat# 19110), Ethanol (Koptec 200
PROOF, Decon Labs, cat# V1001), Tetramethyl Silane (TMS, 99%, Acros
Fisher Scientific, cat# 10338770). All materials were used as received
without further purification.

Equipment. Gold sputter (Desk V, Denton Vacuum, Moores-
town, NJ USA).

The 0.2M and 0.1M cacodylate buffers were prepared by dissolving
4.28 g and 2.14 g, respectively, of sodium cacodylate in 100mL UltraPure
water. The fixative solution consisted of 2.5% GA and 2% PFA in 0.1M
cacodylate buffer and was prepared fresh (starting with 0.2M buffer and
diluting with water to obtain 0.1M final). To fix the cells on the 12mm

Table 1 | Parameters used to calculate the bending strain of thin films with Eq. 2

pDR1M29 CNT64,65 Graphene66 h-BN67 Parylene-C68,69 MoS2
70 Ti3C2Tix71 PEDOT:PSS72 Au73 Ti74,75 SiO2

76

Thickness t (nm) 150 1 0.33 0.33 30 0.7 1 25 30 40 20

Young’s modulus E (GPa) 1 1000 1000 870 3.5 270 333 2 45 110 65

Strain at break εmax (%) – 16 13 13 30 8 5 10 3 2 0.6

The values were obtained or approximated from the references listed next to each material.
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coverslips, themediumwas removed from thewell, and the cellswere rinsed
once with PBS and immersed in the fixative solution for 1 h at 4 °C. After
that, the cells were rinsed three timeswith 0.1M cacodylate buffer for 5min
and kept in the buffer overnight at 4 °C. Then, post-fixation with OsO4 was
obtained by exposing the cells to a 1% OsO4 solution in 0.1M cacodylate
buffer for 30min at 4 °C. Next, the cells were rinsed four times with
UltraPure water for 10minutes to remove all fixative and salts residues, and
dehydration was achieved by exchanging the water to 35%, 45%, 50%, 65%,
70%, 85%, 95%, and 100% ethanol for 5min each, shaking delicately and
frequently. Then, exchange toTMSwasperformedby immersing the cells in
a 50% TMS and ethanol solution for 15minutes, then 80% again for
15minutes, and lastly twice in100%TMS for 5min. Finally, theTMSwas let
evaporate overnight at room temperature, and the dried cells were sputtered
at 50mA for 120 s with a conductive gold coating (~10 nm) and imaged at
the SEM as described before.

Patch-clamping
Materials. Glass capillaries with filament (World precision instruments,
cat# 1B150F4), microloaders (VWR, Cat# 89009-310), potassium glu-
conate (Sigma-Aldrich, cat# P1847), sodium chloride (NaCl, Sigma-
Aldrich, cat# S9888-1KG), calcium chloride (CaCl2, Sigma-Aldrich, cat#
C4901-100G),magnesiumchloride (MgCl2, Sigma-Aldrich, cat#M8266-
100G), ethylene glycol tetraacetic acid (EGTA, Sigma-Aldrich,
cat#E0396-10G), 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid
(HEPES, Sigma-Aldrich, cat# H3375-500G), adenosine 5′-triphosphate
magnesium salt (Mg-ATP, Sigma-Aldrich, cat# A9187-1G), guanosine
5′-triphosphate sodium salt hydrate (Na-GTP, Sigma-Aldrich, cat#
G8877-250MG), sucrose (Sigma-Aldrich, cat# S0389-1KG), and potas-
sium hydroxide (KOH, Sigma-Aldrich, cat #P1767-250G).

Equipment. Inverted microscope (Nikon, Ti2E), patch-clamp amplifier
(Molecular Devices Axon Multiclamp 700B), digitizer (Molecular
Devices Axon Digidata 1550B), motorized micromanipulator (Scienti-
fica, PatchStar), motorized platform (Scientifica, Inverted motorized
movable top plate), and micropipette puller (Sutter Instrument, P-97).

The patch-clamp intracellular solutionwas prepared followingTable 2.
After adding the listed salts in sterile de-ionized water to reach the desired
concentration, the pH was adjusted to 7.3 with KOH (5M) and the
osmolarity to 295–300mOsm with sucrose. The intracellular solution was
aliquoted in 1ml tubes and stored at −20 °C. Patch-clamp micropipettes
were freshly pulled and filled with the intracellular solution using micro-
loaders just before the experiment (pipette resistance ~5MΩ). Whole-cell
current clamp experiments were performed on primary rat hippocampal
neurons in their medium.

Immunocytochemistry
Materials. Phosphate Buffered Saline (PBS, pH 7.4, sterile-filtered,
Sigma-Aldrich, cat# 806552), Paraformaldehyde 32% solution (PFA,
diluted to 4% in PBS, EM grade, Electron Microscopy Sciences cat#
15714), Triton X-100 (Sigma-Aldrich, cat# T8787), normal goat serum

(Abcam, cat# AB138478), rabbit anti-alpha tubulin antibody (primary
antibody, Abcam, cat# AB4074), Alexa Fluor 488 goat anti-rabbit IgG
(secondary antibody, H+ L, Invitrogen, cat# A11008), ProLong Glass
Antifade Mountant with NucBlue Stain (ThermoFisher, cat# P36983).

Equipment. Fluorescence microscope (Nikon ECLIPSE Ti inverted
microscope, Lumencore SPECTRAX Light Engine, Hamamatsu C10600
ORCA-R2 digital camera, andNikonNIS Elements acquisition software).

16-day-old cells culturedwithandwithout platformswerewashedwith
PBS and fixed with PFA 4% before permeabilization with 0.25% Triton
X-100 in PBS for 10min. Blocking was performedwith 0.25%TritonX-100
and 5%normal goat serum inPBS for 45min. The cells were then incubated
with 0.25% Triton X-100, 5% normal goat serum, and 2 µgmL−1 primary
antibody in PBS overnight at 4 °C. After washing the cells with 0.1% Triton
X-100 in PBS, incubation with 0.25%Triton X-100, 5% normal goat serum,
and 2 µgmL−1 secondary antibody in PBS was performed at room tem-
perature for 1 h. Finally, the cellswerewashed againwith 0.1%TritonX-100
in PBS, mounted on a coverslip with mountant including DAPI nuclei
staining for 24 h at room temperature, and imaged with an inverted
fluorescence microscope. Lookup table is kept linear and covers the full
range of data.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
All materials are commercially available. All data needed to support the
findings of this study are available in the manuscript, supplementary
information, and in FIGSHARE repository https://doi.org/10.6084/m9.
figshare.27128991, 27128985, and 27128979.
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