
Metaoptronic Multiplexed Interface for Probing Bioentity Behaviors
Li Zhang, Quanying Fu, Yayin Tan, Xuemeng Li, Yanhui Deng, Zhang-Kai Zhou,* Bin Zhou,
Hongqi Xia, Huanjun Chen, Cheng-Wei Qiu,* and Jianhua Zhou*

Cite This: Nano Lett. 2021, 21, 2681−2689 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Biointerface sensors have brought about remarkable advances in modern biomedicine. To accurately monitor
bioentity’s behaviors, biointerface sensors need to capture three main types of information, which are the electric, spectroscopic, and
morphologic signals. Simultaneously obtaining these three types of information is of critical importance in the development of future
biosensor, which is still not possible in the existing biosensors. Herein, by synergizing metamaterials, optical, and electronic sensing
designs, we proposed the metaoptronic multiplexed interface (MMI) and built a MMI biosensor which can collectively record
electric, spectroscopic, and morphologic information on bioentities. The MMI biosensor enables the real-time triple-monitoring of
cellular dynamics and opens up the possibility for powerlessly monitoring ocular dryness. Our findings not only demonstrate an
advanced multiplexed biointerface sensor with integrated capacities but also help to identify a uniquely significant arena for the
nanomaterials, meta-optics, and nanotechnologies to play their roles in a complementary manner.

KEYWORDS: multiplexed biosensor, colorless sensor, complementary triple-monitoring, powerlessly ocular sensing

Biosensors have been widely employed to monitor the
activities of a living body, which have brought about great

advances for early diagnosis, smart medicine, and healthcare
monitoring with wearable technologies.1−4 As a significant
class of biosensor, biointerface sensors focus on the bioentity’s
interfacial behaviors such as molecular recognition, biochem-
ical reaction, cellular deformation, microenvironmental change,
and so forth. These sensors accurately reveal the existence,
compatibility, activity, and biological status of bioentities
during their interactions with external materials.5−8 In
addition, the biointerface sensors also serve as the core devices
for transforming biological information from the biointerface
into digitally readable signals, shedding light on the develop-
ment of implantable devices, human-computer interaction
(HCI), smart wearable devices, and so forth.9−12

Generally, the biointerface sensors are required to collect
three important types of information, which are the electric,
spectroscopic, and morphologic signals. To be specific, on the
basis of electric changes (such as the impedance or resistance
variation), the electric sensors can detect the electron transfer
processes of ions or biomolecules hereby revealing their

adsorbing or transferring dynamics.13 Those electric biointer-
face sensors usually have advantages of low-cost, high
selectivity, and easy integration, enabling their wide
applications both in lab and commercial market. For example,
over 90% of the commercial home-testing glucometers,
manufactured by the four major companies (i.e., Life Scan,
Roche Diagnostic, Abbott, and Bayer), are based on the
electrochemical sensor strips. In addition, in a biosystem the
characteristic spectral profiles (i.e., position and intensity of
resonance peaks) can provide rich information about
molecular structure and activity.14−16 Also, the spectroscopic
sensing is contact-free, label-free, highly sensitive, and of high
spatial resolution. The spectroscopic biosensors have demon-

Received: October 12, 2020
Revised: January 14, 2021
Published: February 1, 2021

Letterpubs.acs.org/NanoLett

© 2021 American Chemical Society
2681

https://dx.doi.org/10.1021/acs.nanolett.0c04067
Nano Lett. 2021, 21, 2681−2689

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
C

O
N

N
E

C
T

IC
U

T
 o

n 
M

ay
 1

6,
 2

02
1 

at
 1

4:
43

:3
3 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Li+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Quanying+Fu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yayin+Tan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xuemeng+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yanhui+Deng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhang-Kai+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bin+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hongqi+Xia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hongqi+Xia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huanjun+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cheng-Wei+Qiu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jianhua+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.nanolett.0c04067&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04067?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04067?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04067?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04067?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04067?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04067?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04067?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04067?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/nalefd/21/6?ref=pdf
https://pubs.acs.org/toc/nalefd/21/6?ref=pdf
https://pubs.acs.org/toc/nalefd/21/6?ref=pdf
https://pubs.acs.org/toc/nalefd/21/6?ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.0c04067?ref=pdf
https://pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org/NanoLett?ref=pdf


strated various unprecedented applications, such as the point-
of-care diagnostics, imaging beyond diffraction limit, and
highly miniaturized spectrometer, and so forth.17−19 Third, the
monitoring of morphologic changes (such as color and shape
changes) during a biointerface process also plays a significant
role such as differentiating phases of cell cycles, identifying
cellular viability in biocompatibility tests, monitoring micro-
environmental changes, and so forth. In the morphologic
monitoring, avoiding the disturbance of the sensor’s inherent
color is a common but crucial challenge. Numerous efforts
have been devoted to reduce the disturbance by developing
transparent and colorless biosensors based on extraordinary
optical transmission effect, ultrathin 2D materials, and so
forth.20,21

In order to promote the sensing capacity of biosensors and
to meet the demand of smart personalized medicine in future,
a core goal in the field of biosensor is to develop multiplexed
biointerface sensor, which can simultaneously possess the
electric, spectroscopic, and morphologic sensing channels.
However, due to inherent conflicts among these channels, such
a goal is far away from realization: few of the current
biointerface sensors can integrate two channels and the triplex
biointerface sensor is still challenging (see summary in Table
S1). Herein, by combining the advantages of metamateri-
als,22,23 optical and electronic biosensing, we proposed the
metaoptronic multiplexed interface (MMI) biosensor, which is
built by using periodic metallic nanopyramid arrays (NPAs)

supported by a flexible dielectric film. Because of the plamsonic
behaviors and the conductivity of NPAs, such MMI biosensor
can be colorless and transparent in the visible region,
collectively providing electric, spectroscopic, and morphologic
information. On the basis of the MMI biosensor, we not only
develop a technique for real-time triple-monitoring of cellular
dynamics but also prove the concept for powerlessly
monitoring ocular dryness. With all of these remarkable
performances, it is believed that our findings can motivate
more researchers to explore the biosensors and pave creative
avenues for nanomaterials and nanotechnologies being applied
in the real world.
With the development of smart medicine and big data

techniques, biointerface sensors, such as electrocorticography
sensor, smart contact lens, glucometer, implanted oxygen
sensor, transdermal smart patch, and so forth, have been widely
applied for continuous and intimate monitoring (Figure 1a).
Biointerface monitoring mainly requires data of three aspects:
the molecular adsorption onto the sensor surface, the contact
between the substrate sensor and the attached bioentities, and
the viability/growing of the bioentity (Figure 1b). Therefore,
our MMI biosensor is designed to disclose these three aspects
of information simultaneously. To be specific, the NPA
nanostructure (Figure 1c) of MMI was fabricated by a mature
and high-throughput technique which is the combination of
soft lithography and metal evaporation (using Au, Al, Ag, and
so forth.). The good conductivity of NPAs makes it possible to

Figure 1. Complementary functions of our MMI biosensor for biointerface monitoring. (a) Typical biointerface sensors, including
electrocorticography sensor, smart contact lens, and transdermal smart patch, with their main mission of monitoring the bioentity behaviors on
biointerfaces. (b) Scheme of the multiplexed and complementary sensing channels, that is, electric, spectroscopic, and morphologic sensing
channels for the monitoring of cell−substrate interface. (c) SEM images of our Al NPAs from the cross-section view (left) and 45° top view (right).
The inset is a magnified SEM image of single pyramid. The scale bars are 1 μm, 3 μm, and 200 nm, respectively.
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serve as electric biosensors for monitoring the electron transfer
of electrochemical active species and the resistance of biotissue
at the electrode/solution interface. Also, our fabrication
technique allows a facile and massive production of NPAs
(see Methods and Figure S1 in Supporting Information),
which is quite favorable for device applications. In addition, the
plasmonic resonant modes of NPAs, including electric dipole
(ED), magnetic dipole (MD), magnetic quadrupole (MD),
and so forth, bring about several characteristic peaks in the
transmission spectra (Figure S2). The location of these spectral
peaks shifts with the change of environment refractive index
(RI), endowing the NPAs with the capacity of spectroscopic
sensing.
More importantly, the conflict between spectroscopic

sensing and colorless property has been overcome by the
NPAs. For the majority of spectroscopic biosensors, since their
sensing mechanism is based on spectral response (i.e., spectral
peak shifting with changing environment RI), they usually hold
intrinsic colors and can hardly be colorless.24−27 However, it is
found that the NPAs can be colorless and transparent by
increasing their environment RI. This fact may be attributed to
that increasing the environment RI can decrease the polar-
izability (α) of NPAs,28 and the smaller α leads to smaller
optical extinction σext (σext ∝ k Im(α), k presents the
wavevector)29 and higher transmittance T (σext = h2(1 − T),
h is the period).28 The MMI biosensor built by the NPAs
enables the direct and undisturbed observations of the
bioentities, so as to collect the information about the growing
or viability of bioentities such as the cell viability and
differentiation status. Three multiplexed channels of the
MMI biosensor help to interpret the biological phenomena

from different views, providing us complementary perspectives
to comprehensively understand the bioentity behaviors.
The three sensing channels and their sensitivities are

introduced in Figure 2. As shown in Figure 2a, the Nyquist
plots of MMI biosensor in 0.1 M NaNO3 electrolyte
demonstrate almost a vertical line in a low-frequency region
and with a low equivalent series resistance (Rs) of about 35 Ω,
indicating good conductivity of our MMI biosensor. After the
addition of electrochemical indicators (5 mM Fe(CN)6

3−/4− in
this case), one can observe an obvious semicircle with a
diameter of about 400 Ω in the high-frequency region, which is
corresponding to the charge transfer resistance (Rct).

30 The Rct
value of our NPAs is smaller than that of some widely used
electrodes (e.g., glassy carbon, gold disk, and ITO electrode)
and comparable to that of Au nanoparticle modified electro-
des.31,32 The low Rct is probably due to the high conductivity
and good electron-transfer properties of evaporated metals as
well as the highly ordered NPA structures of our MMI
biosensor,33 which therefore could be utilized as a good
alternative platform for electrical biosensors.34

In addition, our MMI biosensor also shows priority as an
optical sensor for monitoring the RI (n) changes caused by the
adsorption of analytes. As shown by the transmission spectra of
the MMI biosensor under different environmental n (Figure 2b
i), one can find that the transmission peaks redshift with n
increasing from 1.000 to 1.505. Tracking the redshift of four
peaks (i.e., P1, P2, P3, P4, at 940, 620, 525, 465 nm,
respectively), it is found that the MMI biosensor can show a
high RI sensitivity reaching 465.4 nm/RIU (Figure 2b ii),
comparable to that of a typical plasmonic sensor in previous
reports.35 Also, it is found that the transmittance T increases

Figure 2. Triple-sensing abilities of our MMI biosensor. (a) The electrochemical sensing ability: (i) the experimental scheme; (ii) the
electrochemical impedance spectroscopy (EIS) measurements using the MMI biosensor as working electrode in a NaNO3 solution (black dots,
with the x-intercept of 35), and in a mixture of NaNO3 and K3Fe(CN)6 (red dots) . (b) The optical sensing ability: (i) the transmission spectra of
MMI biosensor (h = 710 nm) as the environmental index increases (n1 = 1.000, air; n2 = 1.333, water; n3 = 1.386, glycerol−water mixture; n4 =
1.447, glycerol; and n5 = 1.505, ethyl benzoate), where simultaneous transmittance increase and peak redshift are observed along with the
increasing RI; (ii) the RI sensitivities of MMI biosensor at distinct peaks varying from 231.2 to 465.4 nm/RIU. (c) The colorless and flexible
properties of the MMI biosensor: (i) colorless property and high transparency of MMI biosensor when it was dropped with a high-index glycerol
solution; (ii) flexibility of MMI biosensor on a plastic substrate; (iii) image of in vivo morphology observation of a bone mesenchymal stem cell
(BMSC) beside electric and optical monitoring.
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with the changing of environmental n, making the T another
valid source of a sensing signal. This fact can further enlarge
the data throughput capacity of our MMI biosensor, and the
detailed sensing performances based on T variation are

presented in Figure S3 (the optical sensing distance is also
contained).
Furthermore, the colorless property (Figure 2c i), together

with its high flexibility (Figure 2c ii), is illustrated by Figure 2c.

Figure 3. Complementary and multiplexed monitoring of stem cell adhesion on the MMI biosensor. (a) Scheme of the triple-monitoring for the
adhesion process of BMSCs on the MMI sensor surface. (b) Electric monitoring. The relationships between the resistances of different elements
and culture time. As shown in the insets of the scheme and equivalent electrical circuit mode, the elements are solution (R1, ii top), cells (R2, ii
middle), passive adsorbed protein (R3, ii bottom), and bio/sensor interface (R4, i). (c) Spectral analysis. The spectral profiles of MMI biosensor at
different culture time in 5.0 h (i), and the relationship between peak position and culture time (ii). This relationship fits well in a sigmoidal growth
model shown as the red curve in (ii). According to the model, we can quantitatively divide the cell spreading process into three stages by the
variation of peak shift velocity (V = dλ/dt): fast-spreading stage (0 to 1.06 h, V from zero to maximum), slow-spreading stage (1.06 to 2.5 h, V from
maximum to zero), and balancing stage (V fluctuating around zero). (d) Morphologic observation (shape). Microscopic images of BMSCs on Al
NPAs at 0, 1, 3, and 5 h (i to iv). The growing of pseudopods was clearly observed in the slow-spreading stage. (e) Morphologic observation (shape
and color). Microscopic fluorescent images of multicolor labeled BMSCs on MMI biosensor, captured from the substrate side by an inverted
fluorescence microscope. The nucleus (i), microfilaments (ii), and microtubules (iii) are labeled with DAPI (blue), FITC (green), and TRITC
(red), respectively. Right bottom is the merged image (iv). (f) The scheme of the multistage process of cell spreading onto the MMI biosensor,
interpreted by complementary sensing channels of optics, electronics, and morphology.
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The robustness of the flexible MMI sensor is proven by the
results shown in Figure S4. After 150 cycles of mechanical
deformation (15° bending and recovering), the MMI
biosensor maintains the conductivity, spectral profile, and
colorless property. These features can not only endow the
MMI biosensor great potential in exploring wearable smart
devices such as smart glasses or contact lenses but also enable
in situ and real-time morphology observation during sensing,
which is particularly appropriate for cell studies (Figure 2c iii).
There are always various details hiding underneath a

biomedical process. Maximally revealing such biomedical
details can both supplement fundamental biologic knowledge
and provide alternative targets for biosensing applications. The
dynamics of cell attaching and spreading is a fundamental
criterion to evaluate the response of cells to environmental
stimuli or substrate materials, showing great significance in
drug screening,36 oncology studies,37 regenerative medicine,38

cytotoxicity testing39 and cyto-compatibility evaluation,40 and
so forth. However, due to the lack of an efficient multiplexed
biosensor, quantitative and systematic investigations on cell
adhesion are seldom reported.
In our experiments (Figure 3a), the bone mesenchymal stem

cells (BMSCs), which are a typical group of anchorage-
dependent cells, were applied. The equivalent electrical circuit
model41,42 of our system is vividly shown in the inset of Figure
3b, where R1 to R4 represent the resistance of solution, passive
adsorbed protein, cell, and bio/sensor interface, Q1 to Q3
represent the constant phase element (CPE) that describes the
pseudocapacitance of the above interfaces, and W is the
Warburg’s impedance. Any disturbance at these interfaces
would cause the corresponding parameter changes. The
calculated values of R1 to R4 at different times are given in
Figure 3b. It is found that R1 and R2 remained almost constant
at different times, indicating a stable system without obvious
concentration fluctuation of electrolytes and cells during the
measurement. The value of R3 randomly changed with small
variation, which is probably caused by the proteins adsorbed or
desorbed onto the sensing surface. On the other hand, the bio/
sensor interface (R4) curve shows a completely different shape
(Figure 3b i), experiencing a rapid increase in the initial ∼1.0 h
and reaching a plateau thereafter. The increase of impedance at
R4 could be explained by the adsorption of biomass (e.g.,
proteins) onto the surface of the MMI biosensor, suggesting a
special protein adsorption process in the first hour of cell
adhesion.
Following the electric analysis, it is exciting to find that the

optical monitoring can further deepen the investigation of cell
adhesion dynamic by quantitatively revealing the three stages
of the cell adhesion process. To be specific, during the cell
adhesion, the surficial RI (nsur) of MMI biosensor gradually
increased from ∼1.33 (the RI of the cell culture medium) to
∼1.48 (the RI of the cell itself), resulting into an obvious
redshift of extinction peaks. Without the loss of generality, one
can take the extinction peak with initial center wavelength of
1026.8 nm as a typical example (Figure 3c i) and then plot its
peak shift as a function of culture time (Figure 3c ii). The peak
shift−time relationship can be fitted by a typical sigmoidal
growth curve (Δλ = λ − λ0 = Δλ0/(1 + e−3.6(x−1.06)) with a high
R2 (coefficient of determination) of 0.99, where λ0 is the peak
position at the starting point t1, and Δλ0 is the total peak shift.
According to this fitted curve, one can see that the peak shift
velocity (V = dλ/dt, that is, slope of this curve) increased
exponentially during the first hour and then slowly decreased

to zero (V−t dependence curve is also presented in Figure S5).
Therefore, using two time points of t = 1.06 h and t = 2.5 h,
when V respectively reached its maximum and returned back
to zero, the cell adhesion can be divided into three stages,
which are the fast-spreading, slow-spreading, and balance
stages, respectively. Since the transmittance can also be
another merit for our optical biosensing, it is found that
distributing the cell adhesion into three stages can also be
implemented based on analysis of peak intensity (Figure S6).
The results of peak location and intensity analysis agree well
with each other, which not only confirms the correctness of
our conclusion, but also illustrates a self-checking function of
our MMI biosensor.
During the monitoring of cell behavior, in situ and real-time

morphology observation is also crucial, because such
observations can provide key information about cell viability,
cell differentiating phases, bacterial contamination, and so
forth. Thanks to the colorless and transparent property of our
MMI biosensor, the typical cell morphologies of three
adhesion stages were also recorded during the adhesion
monitoring. Specifically, in the fast-spreading stage the cells
exhibited a round shape (Figure 3d i and ii). In the slow-
spreading stage, it is observed that pseudopods (usually two to
four) were generated and those pseudopods helped the cell
slowly migrate off its original location (Figure 3b iii). Lastly,
when pseudopods grew slimmer (Figure 3d iv), the cells fully
expanded and reached a balanced status. The recorded cell
morphologies fitted well with the three stages mentioned
above and vividly exhibited the nature signature of cell growing
on a biosensor. Furthermore, despite these in situ and real-time
recording of cell morphologies, the colorless property of our
MMI biosensor also enables us to obtain intracellular
information of cells. As a demonstration, we stained DNA,
vinculin and F-actin respectively with DAPI (blue fluores-
cence), FITC (green fluorescence) and TRITC (red
fluorescence), after the cell spreading process. Thereafter, we
successfully observed the specific distributions of the cell
nucleus, microtubule and microfilament correspondingly as the
cells fully expanded on the MMI biosensor (Figure 3e).
On the basis of the results from complementary sensing

channels, the correctness of conclusion can be strongly
ensured. For example, the time of R4 reaching its maximum
is nearly the same as the ending of the fast-spreading stage
which is distinguished by spectral analysis. The self-consistency
of these two results guarantees the validity for each other and
confirms that protein adsorption is an important character for
the fast-spreading stage. In addition, the complementary MMI
biosensor enables a quantitative and systematic strategy to
study the cell−biomaterial interactions at the biointerface. As
shown in Figure 3f, due to the combination of electric,
spectroscopic, and real-time morphologic results, we not only
identify the different stages of the cell adhesion, but also for the
first time reveal the key features in different stages, which are
the protein adsorption and pseudopod growing during the fast-
spreading and slow-spreading stages, respectively.
Promoting biosensors from passive to active, as well as

power-consuming to powerless, is of great significance
especially for wearable biosensors. To realize these goals, the
sensors are required to enable long-term, wireless, and
noninvasive detections.43−45 In fact, optical biosensors exhibit
great potential for such active and powerless sensing.46

However, their intrinsic colors limit their applications in
wearable devices that need to be inconspicuously blended with
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a wearer’s daily routine. Nevertheless, our MMI biosensor
supports the advanced functions of both optical monitoring
and colorless, providing a new avenue for powerlessly
monitoring eye-dryness, when it was combined with a contact
lens. As mentioned before, the MMI biosensor respectively
exhibits high and low transmittance in wet and dry (i.e., high
and low RI environments) conditions. Therefore, using the
environment light (such as the sun) and human retina as the
optical source and collecting CCD (i.e., charge coupled
device), the MMI biosensor can actively monitor the dryness
of the human eye by showing different transmittances without
power supply (Figure 4a).
Specifically, during the normal wearing condition, the MMI

biosensor would be embraced by a tear film with RI of
∼1.34,47 which promises it with high transmittance. Because of
the high inconspicuousness, the existence of MMI biosensor
can hardly be noticed if its size and location are optimized
(Figure 4b). However, when the tear film breaks up, the MMI
biosensor will be exposed in the air, bringing about a dramatic
transmittance decrease and its appearance in the user’s
horizon. This situation occurs mostly after wearing contact
lens for a long period without restoring the periocular tear film,
which is a more serious problem nowadays due to the
increasing screen time of smart devices.48 In this situation, the
presence of a negligible sensor spot in the user’s vision will
directly alarm the user to add artificial tear or replace/remove
the contact lens, avoiding irritations and the long-term ocular
diseases.
To demonstrate the proof-of-concept experiment, we

integrated the MMI biosensor onto a contact lens worn by a
transparent model eye and used a digital camera acting as the
retina to collect the image (Figure 4c, left column). The

transmittance of the sensor area shows large differences in dry
and wet conditions (i.e., 13.0% and 24.8%, respectively, see
Figure 4c, right column). So, under wet condition, the view is
collected normally, while in dry condition a noticeable stain of
gray sensor spot disturbing the natural view is captured as
indicated by the circled region (Figure 4d). Here, the MMI
biosensor is built up by Al deposition due to the consideration
of cost efficiency. In Figure S7, a more biocompatible Au MMI
biosensor with similar performance in contact lens application
is also presented.
In summary, the advances of modern science rely more and

more on proposing innovative ideas in either forward or
inverse means. In this Letter, we introduced the idea of
combining colorless metamaterials with multiplexed biosens-
ing, and therefore got the metaoptronic multiplexed interface
sensor (i.e., MMI biosensor). Our MMI biosensor can
collectively perform electric, spectroscopic, and morphologic
biointerface monitoring, providing complementary perspec-
tives for comprehensively understanding the biointerface
behaviors. On the basis of this MMI biosensor, a triple-
monitoring technique for cell adhesion was implemented,
which enables quantitative and systematic investigations on
cellular dynamics. Also, a powerless sensing for ocular dryness
was invented, promoting the exploration of smart biosensor
with a new application. Our findings not only demonstrate the
advantage of MMI biosensor, but also prove that the
combination of metamaterials, optics, and electronics can be
an effective direction for creating novel applications in
nanoscience.

Figure 4. Colorless sensor-integrated smart contact lens for wearable and powerless sensing of ocular application. (a) Scheme illustration of the
wearable and powerless smart contact lens. The MMI biosensor is integrated into a contact lens and its transmittance is dependent on the covering
of tear film. The sensing process is powerless because the environmental light plays the role of light source and the retina serves as the detector. The
optical signal is collected and transformed into a neuroelectric signal to bring up a sensation. (b) Scheme illustration of the sensing process of the
smart contact lens. The integrated sensor can detect tear-film breakup as dry eye occurs and responds as a discernible spot within the visual field;
and the disturbed view will recover upon the addition of an artificial tear. (c) The setup scheme (left) for reversibility test and the measured
transmittance (right) in 20 wet−dry reversible cycles. (d) The photos captured through a model eye wearing the sensor-integrated contact lens, as
the eye is in a dry or wet environment. The view is disturbed as in dry condition while remains normal when the eye is wet. The circled region
indicates the location of the MMI biosensor.
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