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Visual prostheses provide blind patients with artificial vision via

electrical stimulation of surviving visual cells resulting in partial

restoration of vision in many patients. However, high-resolution

visual perception, long-term biocompatibility and safety remain

the significant challenges of existing visual prostheses. Here, we

present a novel method to develop a new visual prosthesis using

living cells as integrated electronics and implantable microelec-

trodes. The living cells modified with channelrhodopsin-2 showed

excellent light-sensitive properties and encoded image infor-

mation with cellular deformations triggered by light stimulation.

The photoresponsive properties of the cells were determined using

a single pixel imaging system, which indicated that the cells can

act as a good light-sensitive biosensor. Additionally, the imaging

feasibility of the cells was further validated through successful and

clear imaging of several object scenes using the same system. This

work represents a step toward the design and use of living cells as

an image biosensor for the development of a new generation of

high-resolution visual prostheses.

1. Introduction

Blindness is one of the most feared disabilities that poses
extraordinary challenges to individuals and has impacted
millions of people worldwide. Although pharmacological inter-
ventions and molecular genetics techniques have provided

some effectiveness at slowing down the progression or have
provided therapeutic solutions to visual damage, currently,
there remains a lack of effective treatments for many patients
who are visually impaired because of damage to the retina,
optic nerves or visual parts of the brain.1,2 Thus, visual pros-
theses are viable rehabilitative and therapeutic options to sub-
stitute and eventually restore useful visual sensation by electri-
cally stimulating the surviving neural cells in the visual
system.3–6 However, high-resolution visual perception, long-
term biocompatibility and safety still remain the main techni-
cal challenges in the development of visual prostheses.

Visual prostheses, which typically consist of electronics to
process image and generate stimulus pulses and implantable
microelectrode arrays to stimulate the retina, provide stable,
portable and long-term visual cell stimulation inducing visual
perceptions that allow blind patients to form recognition.7,8

Several visual prostheses, such as Argus I,9 Argus II,6 Alpha
IMS10 and EPIRET3,11 have been tested in clinical trials as a
potential treatment method for blind patients. The current
visual prostheses allow blind patients to precept light stimu-
lation, and, therefore, be capable of localizing objects, identify-
ing letters, recognizing sample shape and detecting motion
after long-term training.6,12 However, the visual acuity of such
artificial prostheses remains much lower than the normal
value for the criteria of legal blindness (<20/200). One of the
main reasons for this difference is that it is difficult to achieve
high-density microelectrode arrays within a very small space.
The visual prostheses do not provide normal vision but rather
a series of marginal and irregular spots that comprise the con-
tours of visual perception; thus, the spatial resolution of the
contours is determined by the density of the microelectrode
array. For example, Argus II has only 60 microelectrodes and
Alpha IMS has 1500 independent stimulators,13,14 with which
the maximal visual acuities are only 20/1260 6 and 20/546,12

which are lower than the criterion value for legal blindness.
Therefore, patients wearing such prostheses are still legally
blind. Furthermore, each microelectrode provides an indepen-
dent stimulus channel interfaced with the surviving visual
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neural cells. On the one hand, the interactions between neural
cells and molecules at the outer surfaces of microelectrodes
are prone to acute or chronic inflammatory reactions, which
often result in damage to visual neurons and to the surfaces of
the microelectrodes;1,15 on the other hand, there are also chal-
lenges in that the stimulus requires a sustained and strong
energy supply while minimizing the prosthesis size.16

In principle, the above issue faced by the visual prosthesis
can be circumvented by the use of light-sensitive living cells as
integrated electronics and implanted microelectrodes. Such
cells have ultrahigh biocompatiblity and therefore do not cause
any damage to visual neural cells. Furthermore, a light-sensi-
tive living cell utilizes available local nutrients to supply con-
tinuous and long-term energy for a visual stimulus. Thus, we
herein explore a novel method to develop a new visual prosthe-
sis using living cells as integrated electronics and implanted
microelectrodes. The cells are genetically modified to express
the opsin of channelrhodopsin-2 (ChR2) as an image bio-
sensor. The opsin is bound by retinal and constructs the
retinal–opsin complex, which undergoes photoisomerization
after the absorption of the photons and produces obvious cel-
lular deformation measured by atomic force microscopy
(AFM),17 as shown in Fig. 1(a). The properties of the cells inte-
grate the dual functions of the electronics and implanted
microelectrodes in a visual prosthesis, because the cells can
transform the light stimulation into a mechanical response to
process image and stimulate the retina.

To determine the photoresponsive properties and validate
the imaging performance of the cells, a single-pixel imaging
system was designed and built, as shown in Fig. 1(b). The
system consists of three primary components: (i) an AFM
system, which provides a readout of the photoresponsive infor-
mation of the cells after the absorption of the photons, (ii) an
optical microscope containing a CCD, red light and an objec-
tive, which is used to observe and guide the manipulation and
measurement of the AFM, and (iii) a stimulating light struc-
ture consisting of a light spatial modulator (digital micromir-
ror device, or DMD), light of wavelength of 470 nm and an

object image, integrated in the optical microscope by a beams-
plitter and used to stimulate the targeted cell with the light.
The stimulating light structure uses DMD to adjust the light
intensity irradiated on the cell.

2. Results and discussion

Optogenetics is an approach that allows targeted, fast and
precise control of the defined events in specific cells of living
tissue by combining genetic and optical methods.18–20 The
genetic method is used to encode proteins that can be targeted
to specific cell subtypes, and the optical method is used to
interrogate these proteins to gain or inhibit their actions.
Furthermore, in fact, these encoded proteins are opsins that
incorporate retinal, a vitamin A-related organic photon-absorb-
ing cofactor, to enable light sensitivity.21 The retinal chromo-
phore will be isomerized and trigger a series of structural
changes, which results in ion channel opening or closing after
the absorption of the photons. Additionally, the state changes
of a large number of the ion channels inevitably lead to cell
contraction or relaxation.17,22 Thus, if the cellular deformation
of the optogenetically engineered cell, which describes the
contraction and relaxation of the cell, can be triggered after
the absorption of the photons, it is also considered a sensitive
probe to represent visual information.

We explored the cellular deformation upon absorption of
the photons to characterize the photoresponsive performance
of the optogenetically engineered cells. The cell type used in
this work were Human Embryonic Kidney 293 (HEK293) cells
expressing the ChR2 protein fused with an enhanced yellow
fluorescent protein based on the report of G. Nagel,23 as
shown in Fig. 2(a). Cells with green fluorescence indicate suc-
cessful expression of ChR2, and the patch-clamp was also used
for further validation due to the observation of large photocur-
rents after the absorption of the photons.

An LED light (470 nm, <10 mW mm−2) was chosen to
confirm the direct activation of the ion channels of the cells
and the light was designed and adjusted so as to target a
single cell (Fig. 2(b)). The experimental result indicated that
the ChR2-expressing cells triggered cellular deformations
under light irradiation (3.9 mW mm−2), as shown in Fig. 2(c).
Large cellular deformations were observed after light
irradiation and the cells become smaller due to the contrac-
tion of the cellular membrane. Control measurements, includ-
ing the AFM probe tip which is not in contact with the ChR2-
expressing cells (Fig. 2(d)) and the AFM probe tip which in
contact with the cells not expressing ChR2 (the result is the
same as that shown in Fig. 2(d)), were used to exclude the
possibility that the cellular deformation is triggered by the
temperature variation generated by the light irradiation and
prove that cellular deformation is truly evoked by the ChR2-
expressing cell upon absorption of the photons, because
almost any change of the cellular deformation in the control
measurements is observed. Additionally, Young’s modulus, which
is a measurement of the stiffness of a viscoelastic material, was

Fig. 1 (a) Overview of the cellular photoresponsive properties and the
measurement method; (b) schematic diagram of the single pixel imaging
system.
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also measured and calculated for further validation of the cel-
lular deformation properties of the cell. Fig. 2(e) shows that
the Young’s modulus of the cell after the absorption of the
photons is larger than that of the cell in the dark. And it
reveals that the stiffness of the cell increases after the absorp-
tion of the photons because the increase in the Young’s
modulus of the cell is caused by cell contraction, which is gen-
erated by the cumulative effect of the opening of many of the
ion channels.

Because living cells are generally considered viscoelastic
materials with viscoelastic creep behavior,24,25 delayed relaxation
occurs after cellular deformation induced by light irradiation.
The delayed relaxation time during which the cell membrane
recovered to the saturated state (or desensitization time) was up
to 180 ± 21 ms with the light off (Fig. 2(f)). And the activation
time of the cell was approximately 450 ± 34 ms with the light
on, as shown in Fig. 2(g). The sum of the desensitization time
and the activation time demonstrated that the time of light
stimulation was at least 630 ± 29 ms if the cell reaches a stable
state after the absorption of the photons and the light respon-
sive speed of the cell was approximately 1.59 s−1.

As demonstrated above, cellular deformation is generated
by the cumulative effect of the opening or closing of mass ion
channels triggered by the light. The size of the cellular defor-
mation was proportional to the number of activated ion chan-
nels, and was affected by the intensity of the light irradiated
on the cell. Fig. 2(h) shows that the amplitude of the cellular
deformations is affected by the input light power and the cellu-
lar deformation decreases with the reduced input light power.
The size of the cellular deformation was directly proportional
with the input light power, as shown in Fig. 2(i), which vali-
dates that the HEK293 cell expressing ChR2 can be used as a
fine light-sensitive sensor, and the cell can transform the light
stimulation information into a mechanical-responsive signal.

To demonstrate that the cells have the ability to transform
visual information under view into a mechanical signal to
stimulate the retina for the design of a new generation of
visual prosthesis, the imaging performance of the cells was
validated by imaging several object images using the single-
pixel imaging system. The three letters ‘S’, ‘I’ and ‘A’ were used
as object scenes under the view, as shown in Fig. 3(a), for the
imaging experiment, the resolution of all the recovered images
was set at 50 × 50 pixels, and the images were reconstructed
from only 750 measurements, which is only 30% of the total
number of pixels. In this study, a commercial photodiode
(OPT 101, Texas Instruments Inc., USA) was also used as the
light-sensitive sensor to test the implementation of the optical
system of the single-pixel imaging system in the function of
imaging and compared the imaging performance with that
using the ChR2-expressing cell. The recovered images using

Fig. 2 Cellular deformations of ChR2-expressing cells. (a) Fluorescence
image of HEK293 cells expressing ChR2, (b) Image showing the light tar-
geted to a single cell, (c, d) Cellular deformations under light irradiation
with the same light intensity at different times when the probe tip of the
AFM comes into contact with the cell surface (c) and when it is not in
contact with the cell (d), n = 10 cells, (e) Young’s modulus of the cell
before and after light irradiation; the X axis denotes different cells; (f, g)
the delayed relaxation of cellular deformations before and after light on
(f ) or off (g), n = 10 cells, (h) cellular deformations under light irradiation
with different light intensities, (i) cellular deformation output recorded
from a cell as a function of the light applied to the cell, n = 10 cells.
Note: The purple lines represent the period when the light is on.

Fig. 3 Imaging results. (a) Object scenes (‘S’, ‘I’ and ‘A’) used to test the
imaging feasibility of a single living ChR2-expressing cell. Only the
spatial information corresponding to the white patches was sampled
and carried by the light irradiated onto the cell, (b) images recovered
using the commercial photodiode (OPT101), (c) images recovered using
the cell.
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the commercial photodiode, as shown in Fig. 3(b), indicate
that the optical system of a single-pixel imaging system is feas-
ible, because the recovered images can clearly detect the contour
of the object images. Fig. 3(c) presents the images recovered by
the cell using the same single-pixel imaging system and shows
that the contour of the object images can also be significantly
distinguished. The results confirm that the optogenetically
engineered cell can perceive visual information and transform it
into a mechanical signal to stimulate the retina.

3. Conclusions

The photoresponsive properties of ChR2-expressing HEK293
cells are presented above and indicate that cells can act as a
light-sensitive biological sensor. The successful imaging of
several object scenes validates that these cells have similar
function to the integration of electrons and implantable micro-
electrodes of a visual prosthesis, that is, they process image
information and generate stimulus signals and stimulate the
retina. It is difficult for a cell to maintain long-term stability
because of the variation in the physiological state of the cell.
Thus, the images obtained by the image biosensor were
inferior to those by the photodiode. However, compared with
the current visual prostheses, the main information exchange
medium between the biological sensor and surviving visual
cells is biological information, which allows the cell to have
excellent biocompatibility and safety in a visual prosthesis.
Being able to utilize local nutrients allows the cell to provide a
long-term stimulus to visual cells without any additional
energy supply requirement. Moreover, the imaging acquisition
results for some object scenes validate the feasibility of using
cells for imaging in visual prostheses. Additionally, the
imaging resolution of the image biosensor is much higher
than that of the existing visual prostheses. This study reveals a
new method to use image biosensors as integrated electronics
and implanted microelectrodes of a visual prosthesis. In the
future, we will attempt to fabricate a large-scale array of image
biosensors to increase the imaging speed and reduce system
complexity, thereby increasing the potential to develop a new
generation of visual prostheses.

4. Materials and methods
4.1. Cell preparation

Human embryonic kidney 293 (Hek293) cells were cultured in
a complete culture medium, including high glucose
Dulbecco’s modified Eagle’s medium (DMEM, Thermo
Scientific Inc., USA) supplemented with 10% fetal bovine
serum (FBS, ExCell Bio Inc., USA) and 1% penicillin–strepto-
mycin (Thermo Scientific Inc., USA) solution, at 37 °C with 5%
ambient CO2 in a 60 mm2 dish. When the cells were more
than 90% confluent, they were used to transfect the ChR2
plasmid, which was constructed based on the report of G.
Nagel.23 Before expressing ChR2, a mixed solution of the ChR2

plasmid and the transfection reagent (Lipofectamine 2000,
Thermo Scientific Inc., USA) was prepared. First, 0.5 mL
DMEM without FBS is used to dilute 8 μg ChR2 plasmid and
20 μL transfection reagent in a centrifuge tube, and then, the
tube was shaken gently and incubated for 5 minutes at room
temperature. Second, the plasmid dilution and transfection
reagent dilution were mixed well and placed for 20 minutes at
room temperature. Third, the cells were washed using phos-
phate buffered saline (PBS) and DMEM solution without FBS
once, respectively, and 3 mL DMEM solution without FBS was
added into the dish. Fourth, the mixed solution of the plasmid
and transfection reagent was added to the dish, and the cells
were incubated for 6 hours at 37 °C with 5% ambient CO2.
Finally, the medium of the cells was replaced with 4 mL com-
plete culture medium and was persistently incubated for
24 hours. Next, the cells were used as an experimental sample.

4.2. Measurement of cellular deformations

First, to mimic the physiological environment of cells in vitro
and accurately measure the cellular deformations, an external
recording solution was prepared in advance. The external
recording solution comprised the following: 140 mM NaCl,
1 nMGaCl2, 2 nM MgCl2 and 10 nM HEPES. Second, before
measuring cellular deformation, the opsin of encoded ChR2
should be incorporated into the retinal; this opsin–retinal
complex was referred to rhodopsin. Thus, 4 μL retinal solution
was added to the ChR2-expressing cells, and then the cells
were incubated for 30 minutes at 37 °C with 5% ambient CO2.
Third, the solution in the dish was discarded, and then the
cells were washed using PBS and the external recording solu-
tion once each. Next, 4 mL external recording solution was
added to the dish. Next, the sample was completely prepared.

Next, the dish was placed on the stage of the AFM system
(Bruker Bioscope, Catalyst Inc., USA). The stimulating light
structure is adjusted to guarantee that the light targeted a
single cell. The AFM probe tip is guided to the cell surface,
where the best location is the highest point of the cell, by
optical microscopy. The probe tip was pressed on the cell
surface and stopped. Finally, the cellular deformations were
measured using the AFM system when the input light powers
were adjusted by the DMD.

4.3. Scheme of the single-pixel imaging system

The single-pixel imaging system is based on the mathematical
theory and reconstruction algorithms of compressive
sensing,26,27 which combines both sampling and compression
in a linear measurement process and recovers scenes under
the view using the after-treatment optimization.28,29 The
center of compressive sensing is to recover a sparse signal
x ∈ RN from an observation vector y ∈ RM and a measurement
matrix Φ ∈ RM×N using the linear equation: y = Φx, where
M < N.30,31 Although the equation is under-determined, the
unique solution x̂ is also obtained if the x is sparse enough
and the measurement matrix satisfies the restricted isometry
property (RIP).32,33 In practice, not all signals are sparse in
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their original form, but they can be sparsely represented in
other spaces.

The single-pixel imaging system is the typical application of
the compressive sensing theory and contains a light source,
lens, digital micromirror device (DMD), light-sensitive sensor
and signal acquisition system, as shown in Fig. 1(b). DMD, as
the core component of the single-pixel imaging system, con-
sists of an array of square micromirrors, each of which can be
positioned at two angles, −12° and +12°, and turned along the
diagonal. The positions of the DMD are controlled by a
random picture of 1024 × 768 pixels, and each micromirror is
independently controlled by the corresponding pixel value of
either 1 or 0. If the pixel value is 1, the corresponding micromirror
is positioned at −12°, otherwise it is positioned at +12°. The light
can be reflected on the sensor only on the +12° position of micro-
mirrors. Any random picture is patterned by a corresponding row
of the measurement matrix Φ. Upon all micromirrors of the DMD
being controlled by a random picture, a measurement can be
obtained. Repeating the turn M times, the observation vector y
with length of M is acquired. Finally, the recovered image can be
reconstructed from y and Φ using optimization algorithms. Here,
the light-sensitive sensor is the ChR2-expressing cell and the
signal acquisition system is the AFM system.

The single-pixel imaging system, rather than collecting
pixel samples of an objective image under the view, measures
the inner products between the object image and the measure-
ment matrix function. It converts the object image with a
space-series signal into a time-series signal, and each measure-
ment for the single is a sum of pixel value taken across the
entire image.26,27 The conversion is realized via the measure-
ment matrix function and the signal is measured by the
HEK293 cells expressing ChR2, as a special light-sensitive bio-
sensor in the single-pixel imaging system.
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