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Information coding strategies are becoming increasingly crucial
due to the storage demand brought by the information explosion.
In particular, bioinformation coding has attracted great attention
for its advantages of excellent storage capacity and long lifetime.
Herein, we present an innovative bioinspired MXene-integrated
photonic crystal (PhC) array for multichannel bioinformation coding.
PhC arrays with similar structure to Stenocara beetle’s back are uti-
lized as the substrate, exhibiting properties of high throughput and
stability. MXene nanosheets are further integrated on the PhC
array’s substrate with the assistance of the adhesion capacity of
mussel-inspired dopamine (DA). Benefitting from their fluorescence
resonance energy transfer effect, MXene nanosheets can quench
the fluorescence signals of quantum dot (QD) modified DNA probes
unless the corresponding targets exist. Additionally, these black
MXene nanosheets can enhance the contrast of structural color. In
this case, the encrypted information can be easily read out by simply
observing the fluorescence signal of DNA probes. It is demonstrated
that this strategy based on bioinspired MXene-integrated PhC ar-
rays can realize high-throughput information encoding and encryp-
tion, which opens a chapter of bioinformation coding.

bioinspired | colloidal crystal | structural color | MXene | wettability

With the advent of the information age, the exponential
growth of data stimulated storage exploration and re-

search. Various information coding strategies have been pro-
posed to realize data storage, classification, and encryption in
different areas, such as communication and anticounterfeiting
fields. Among these strategies, bioinformation coding, such as
DNA, has attracted great interest from researchers because of its
large storage capacity and long storage life (1). In general, pri-
mers are first attached to the substrate for the fixation of se-
quences. Subsequently, four kinds of nucleotides would be linked
to the primers in a specific order with the help of DNA poly-
merase. After sequencing, the synthesized DNA sequences are
matched with decode statements under coding rules, thus real-
izing the bioinformation coding and decoding strategy based on
DNA molecules (2–4). It is worth mentioning that DNA mole-
cules can store 215 petabytes of information per gram, equiva-
lent to 100,000 common hard disks. This feature greatly expands
information storage capacity, and the stored information would
not be destroyed by demagnetization or power outages as hard
drives (5‒6). Although with great progress, the simple substrate-
based DNA bioinformation coding strategies are often monoto-
nous and are not conducive to the further expansion of their
values. In addition, the reading of this coded information is usually
complicated and expensive. Therefore, new bioinformation coding
strategies with advanced substrates and facile readout processes
are still highly anticipated.
Here, we present an MXene-integrated photonic crystal (PhC)

array for multichannel bioinformation coding, as schemed in
Fig. 1. PhCs are periodically structured materials with photonic
bandgap (PBG) and characteristic reflection peaks (7–11). The
internal periodic structure does not change when the PhC

surface is modified by two-dimensional (2D) materials such as
graphene oxide (12). In addition, PhCs have the characteristics
of fluorescence enhancement and can be used to improve the
signal-to-noise ratio. These advantages enable PhCs to serve as an
excellent substrate for bioinformation coding (12–16). MXene is
an emerging 2D material with extraordinary physicochemical
properties, which shows great potential in the field of biosensors
(17‒18). Because of the fluorescence resonance energy transfer
(FRET), MXene can quench the fluorescence signal of closer
DNA probes, while when the corresponding target is present, the
fluorophore can be kept away from MXene to recover the fluo-
rescence signal (19–24). Based on this case, the complex sequence
information of DNA can be converted into visualized fluorescence
signals, which facilitates information reading. Therefore, the in-
tegration of MXene into PhC substrate is expected to play an
important role in the field of bioinformation coding.
In this paper, inspired by the wettability structure of Stenocara

beetle and adhesion ability of mussel (25–31), we developed an
effective approach to realize this integration. Stenocara beetle is a
kind of magical creature living in the desert. Its hydrophobic elytra
have a series of hydrophilic protrusions on the surface. These
bumps are used to collect water from the air to ensure the beetle’s
survival. By selectively treating a hydrophobic slide substrate with
hydrophilic pattern, monodispersed colloidal nanoparticles can only
self-assemble in the hydrophilic region to form a Stenocara beetle’s
back-inspired PhC arrays, which could be used as high-throughput
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PhC substrates for bioinformation coding. With the assistance of the
mussel’s byssus-mimicked dopamine (DA) catechol units, the
MXene nanosheets were tightly immobilized on the PhC arrays.
These black MXene nanosheets could not only realize effective
regulation of fluorescence signals, but also enhance the contrast of
structure color (32‒33). Thus, through simply detecting the fluo-
rescence signal of the bioreaction on the surface of MXene-
integrated PhC arrays, the hidden bioinformation in the substrate
could be achieved. It was demonstrated that the MXene-integrated
PhC arrays are completely feasible for multichannel coding, which
indicates a broad application prospect in big data storage.

Results
In a typical experiment, the Stenocara beetle’s back-inspired
MXene-integrated PhC arrays were fabricated by a simple and
effective approach, as shown in Fig. 2A. A glass slide was first
treated with NaOH solution to expose the hydroxyl groups on its
surface and further modified with fluorosilane to obtain the
hydrophobic property (Fig. 2 F and G). Subsequently, a stainless

steel mask with holes was tightly attached to the fabricated glass
slide for plasma treatment. Under this condition, the unpro-
tected portion formed a hydrophilic array while the protected
area remained hydrophobic, which was similar to the construc-
tion of Stenocara beetle’s back. Because of the wettability con-
trast, only the hydrophilic arrays could capture the droplets
(about 0.5 μL) when Tris·HCl buffer containing DA slightly
rinsed through the substrate. After evaporation of water, the
surfaces of these hydrophilic arrays were successfully coated with
a DA layer (Fig. 2B and SI Appendix, Fig. S1).
Subsequently, silica colloidal particle-contained solution was

dragged on the wettability-patterned surface, and only the hy-
drophilic DA arrays could capture a certain volume of colloidal
solution (about 0.5 μL). With the evaporation of water, silica
colloidal particles gradually self-assembled into periodic and
orderly PhC structure under the driving of capillary force
(Fig. 2 C and D). It is worth mentioning that PhC structure could
be firmly fixed on the hydrophilic array of substrate with the aid
of DA layer as DA is a small-molecular analog of the adhesion

Fig. 1. Schematic diagram. Bioinspired MXene-integrated colloidal crystal arrays for multichannel bioinformation coding.

Fig. 2. (A) Schematic illustration of the preparation process of bioinspired MXene-integrated PhC arrays. (B–E) The SEM images of (B) DA layer, (C) PhC
pattern, (D) the surface of PhC pattern, and (E) the surface of MXene-integrated PhC pattern. (F–I) The water contact angles (CA) of (F) glass slide, (G)
hydrophobic substrate, (H) DA layer, and (I) the MXene-integrated PhC pattern. (Scale bars are 300 μm in B and C, 1 μm in D and E, and 500 μm in F–I.)
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protein in the mussel’s byssus which could increase the adhesion
ability for anchoring function materials. Then, dispersed solution
containing MXene nanosheets (more than 500 nm) and DA were
dripped onto PhC arrays. Because the silica colloidal particles
were tightly assembled, the gaps between the particles were just a
few dozen nanometers. As a consequence, these MXene nano-
sheets could only deposit on the surface of PhC arrays (Fig. 2E).
In addition, the existence of DA made MXene nanosheets tightly
adhere to PhC patterns. Based on the above steps, a bioinspired
hydrophobic substrate with hydrophilic MXene-integrated PhC
arrays was successfully fabricated.
It is worth noting that the “coffee-ring” effect would occur

during the self-assembly of silica colloidal particles into PhC
patterns (SI Appendix, Fig. S2A). The phenomenon was caused by
the faster water evaporation rate at the edges compared with that
in the center of the droplets captured by PhC arrays (33–35). In
this case, capillary flow was generated in the colloidal droplets,
which drove the colloidal particles to the edge of the droplets and
assembled into a coffee ring. Considering that the coffee-ring ef-
fect would lead to uneven deposition of colloidal crystals which
might affect the recognition of PhC patterns, efforts were devoted
to avoiding this phenomenon. It has been found that the PhC
arrays could self-assemble at a low temperature to reduce the
capillary flow, thus inhibiting the effect of the coffee ring. In ad-
dition, the introduction of ethylene glycol could enhance the
Marangoni effect to counteract the influence of capillary flow,
which was conductive to the formation of flat PhC patterns, as
shown in SI Appendix, Fig. S2B.
In these hydrophilic PhC patterns, silica colloidal particles

closely arranged into periodic ordered structure. This structure
would create a PBG that allows PhC to reflect bright structural
colors (Fig. 3 A and B). PhC with different sizes would produce
distinct characteristic reflection peaks at different angles of in-
cident light, which can be calculated by Bragg formula. Under
normal incidence case, the wavelength of the structural color can
be calculated by the following simplified formula,

λ =   1.633dnaverage [1]

where λ refers to the wavelength of structural color, d is size of
silica colloidal particles we chose in the experiment, naverage
means the average refractive index of the entire PhC layer.
The value of naverage can be calculated according to the refractive
index of silica and the medium, which has been reported in our
previous work. Therefore, the characteristic reflection peak of
structural color is only determined by the size of silica colloidal
particles (Fig. 3C). Because of the Stenocara beetle’s back-
inspired structure, colloidal droplets would be captured and re-
stricted in the hydrophilic region. Through using silica colloidal
solutions with different particle sizes, PhC arrays with various
colors could be formed on the substrate (SI Appendix, Fig. S3).
By further precisely manipulating various droplets, each hydro-
philic array can deposit PhCs with different reflection peaks and
form special patterns together (Fig. 3D).
Because of the excellent physicochemical properties of MXene

nanosheets, they were integrated with PhC arrays for bioinformation
coding. During the process, quantum dot (QD) labeled oligonu-
cleotides were fixed onMXene nanosheets by π-π stacking to serve
as fluorescent probes. Under the effect of FRET, the fluorescence
of QDs was quenched by MXene nanosheets. With the addition of
the corresponding target, the QD-labeled probe end formed
double-stranded DNA with it (Fig. 4A and SI Appendix, Fig. S4),
while the other end of the probe kept single-stranded and ensured
the attachment of QD-DNA to MXene nanosheets. In this case,
the QD kept away from MXene nanosheets to recover the fluo-
rescence signal, which increased with the quantity of added targets
(SI Appendix, Figs. S5 and S6). In addition, the PhC array below
MXene nanosheets could enhance the recovered fluorescence
signal (SI Appendix, Fig. S7). From a macro perspective, the MXene-
integrated PhC array underwent the process of fluorescence signal
from “off” to “on” (Fig. 4A). Furthermore, the strategy is also ap-
plicable to other silicon-based substrates such as quartz (hard mate-
rial) and polydimethylsiloxane (soft material), as shown in SI
Appendix, Fig. S8. These results showed that our hydrophilic–
hydrophobic composite platform provided a solid foundation for
bioinformation coding.

Fig. 3. (A) The digital photograph of MXene-integrated PhC arrays on a hydrophobic substrate. (B) The bright structural colors of different PhC patterns and
(C) their corresponding reflection (RF) spectra. (D) The PhC arrays form a special pattern “MOC.” (Scale bars are 1 cm in A and D and 1 mm in B.)
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QDs have been proven to possess the advantages of wide-
spectrum absorption, narrow-spectrum emission, high quantum
yield, and stable fluorescence signal, which results in excellent
readability for bioinformation coding (36–39). Compared with
PhC with single-characteristic reflection peak, the encoding
ability can be greatly extended when each array is loaded with
different QD-labeled probes. The corresponding spectra were
obtained by scanning the fluorescence signal of each MXene-
integrated PhC array (SI Appendix, Fig. S9). Assuming each ar-
ray contains m kinds of QD-labeled probes and n kinds of fluo-
rescence intensity, finally, nm different spectra could be achieved.
Different spectrograms corresponded to different coding units,
and as a result, the measured spectral information established a
relationship with coding information. The fluorescence spectra
were translated to reveal the encrypted bioinformation according
to standard coding/decoding program and corresponding relation
designed. For example, three different QDs (red, green, and blue)
and three different fluorescence intensities (0, 1, and 2) were used
for bioinformation coding, and the resulting 27 spectra repre-
sented 26 letters and 1 blank (SI Appendix, Table S1). Under this
rule, seemingly random arrays could be translated into complete
information, thus realizing the bioinformation coding (Fig. 4 B–G).
Most importantly, the correct “key,” that was matched target
sequence, must be obtained before decoding. Otherwise, the
fluorescence signal of the array would be lost, and the result of
translation was incorrect. By increasing the number of QD-labeled
probes and analyzing different fluorescence intensities with so-
phisticated instruments, more coding units could be obtained for
bioinformation coding. In addition, these fluorescent signals have
good stability under different temperature conditions (SI Appen-
dix, Fig. S10). These results indicated that the hydrophilic–
hydrophobic composite platform had potential applications for
storing and encrypting large amounts of information.
It is noteworthy that there were several QD-labeled probes on

each array, and the fluorescence signals between them appeared to
be superimposed. With the assistance of a fluorescence spectrome-
ter, the fluorescence signals of different QDs could be distinguished

without affecting each other (SI Appendix, Fig. S11). Here, optical
filters, which are widely used in various cameras, microscopes, and
telescopes, were used to select the desired band of optical signals (SI
Appendix, Fig. S12 and Movie S1). Since different groups of QD-
labeled probes were immobilized on each array, distinct fluorescence
signals could be displayed by adding the same target. Without the
assistance of optical filters, three fluorescence signals interfered with
each other, and the pattern could not be identified (Fig. 5 A and B).
When observed under different optical filters, the blue channel’s
“CHN” pattern, the green channel’s “SEU” pattern, and the red
channel’s “MOC” pattern could be distinguished respectively (Fig. 5
C–H). Therefore, the fluorescence signal could be selectively
read out under different filters, which enhanced the security of this
biological information.
Under the action of the optical filter, only one kind of fluo-

rescence signal corresponding to the filter can be observed. In
this case, the fluorescence intensity could serve as an encoding
element. Inspired by Morse code, we set each array of four dots
as a coding unit, and the corresponding relationship was shown
in SI Appendix, Table S2. According to the encoding rules, in-
formation contained could be easily read out. However, different
fluorescence channels hid different information, which should be
distinguished and observed under different optical filters.
Therefore, not only the encoding rules, but also the right chan-
nels were necessary for decoding. For instance, Detective Green
transcodes the real password “TURN LEFT” and the other two
disguised passwords in Morse code fashion (Fig. 6A), where the
true password corresponds to green fluorescence channel, and
the camouflage passwords correspond to red and blue channels.
Subsequently, the encrypted fluorescent array is sent to Detec-
tive Brown. Once he selects the corresponding channel, he could
decode the message to obtain the correct password. Here, the
weak fluorescence, strong fluorescence, and no fluorescence
were defined as Dit, Dah, and space, respectively (Fig. 6C).
Without separating channels, the array appears colorful and
cannot be decoded (Fig. 6B). Only after separating the channels,

Fig. 4. (A) Schematic illustration of the fluorescence signal from “off” to “on” on the MXene-integrated PhC arrays. (B) Bright field and (C) fluorescent field
image of an array with information “CODE.” (D–G) Fluorescence spectra corresponding to four different fluorescent patterns and their coding information.
(Scale bars are 5 mm in B and C.)
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the password “GO AHEAD,” “TURN LEFT,” and “TURN
RIGHT” can be translated separately (Fig. 6 D–F).
This bioinformation coding strategy was extremely secure be-

cause the data contained in these MXene-integrated PhC arrays
were protected by many different protection strategies. First,
oligonucleotide was used as the basis of the whole bioinformation
coding and avoided the problem that long gene sequences were
easy to break down and hard to store. Besides, the usage of base
complementary pairing principle and the fluorescence signal as
the coding unit made the decoding more accurate and easy to
read. Second, different coding rules could be used to interpret a
variety of results. This kind of algorithm encryption could develop
different corresponding relations for each information coding,
making the coding uncertain and greatly avoiding the possibility of
being cracked. The final safeguard was the reliance on selective
readability of optical filters. In the absence of an optical filter, the
coded pattern looked haphazard. Different optical filters could
read different information, and only the right channel could achieve
the corresponding information. The combination of these three
encryption methods greatly improved the security level of this bio-
information coding strategy.

Discussion
In summary, we have developed an innovative bioinspired
MXene-integrated PhC array for multichannel bioinformation
coding. Inspired by Stenocara beetle, a hydrophilic–hydrophobic pat-
terned substrate was successfully prepared. Through the adhesion of
DA, a PhC array was tightly fixed on the hydrophilic region of the
substrate, followed by the integration of MXene nanosheets for sub-
sequent bioinformation coding. The highly precise matching of oli-
gonucleotides based on the complementary pairing principle ensured
great safety. In addition, the conversion of coding elements into
fluorescence signals overcame the complex and difficult decoding

problem of traditional bioinformation coding. By applying and com-
bining different fluorescence signals, multichannel bioinformation
coding was realized, which improved throughput and security of in-
formation. It is worth mentioning that the functional elements utilized
in this strategy are at the submicron level, which makes effective
bioinformation coding feasible from micro to macro scale. These re-
sults showed that the proposed coding platform had great potential in
data storage, transmission, and encryption, which was expected to
open up a horizon in the field of bioinformation coding.

Materials and Methods
Materials. Glass slide was obtained from Feizhou Co., Ltd. Stainless steel mask
was purchased from Mirotech Technology Co., Ltd. Single-layer MXene dis-
persion (Ti3C2, 2 mg mL−1) was derived from Nanjing XF Nano Material Tech
Co., Ltd. QD-labeled oligonucleotides were synthesized by Ruizhen Biotech
Co., Ltd. Ethyl orthosilicate (TEOS), ethanol, ammonia, DA, NaOH, and
(Heptadecafluoro-1,1,2,2-tetradecyl) trimethoxysilane were brought from
Aladdin Reagent Co., Ltd. Silica colloidal solutions were synthesized by ou-
rselves. Milli‐Q ultrapure water machine with ultraviolet (UV) sterilization
(Millipore) was used throughout the experiment.

Preparation of SiO2 of Different Sizes. TEOS (1.6 mL) was dissolved in anhy-
drous ethanol (44 mL) to get solution A, ammonia (10 mL) was dissolved in
anhydrous ethanol (44mL) to get solution B, and TEOS (2mL) was dissolved in
anhydrous ethanol (88mL) to get solution C. Add solution A and solution B to
the flask with mechanical stirring at a speed about 350 rpm. After 30 min of
reaction, 8 mL ammonia was added in flask. After another 5 min of reaction,
solution C was added to the system. The reaction continued for 2 h and
stopped. SiO2 colloidal nanoparticles with different particle sizes could be
obtained by changing the amount of TEOS in solution A.

Preparation of MXene-Integrated PhC Arrays. Glass slides were immersed in a
solution of 0.1 M NaOH for 0.5 h at room temperature. The slides were then
evaporated and plated with 1% (vol/vol) (Heptadecafluoro-1,1,2,2-tetradecyl)
trimethoxysilane dichloromethane solution. After hydrophobic treatment, cover

Fig. 5. (A and B) Schematic and digital images of the encrypted information on PhC arrays without filter. (C and D) Schematic and digital images of the
decoded “CHN” pattern on PhC arrays under a blue filter. (E and F) Schematic and digital images of the decoded “SEU” pattern on PhC arrays under a green
filter. (G and H) Schematic and digital images of the decoded “MOC” pattern on PhC arrays under a red filter.
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the glass slides with a metal mask and put them into plasma for 15 s. Tris·HCl
buffer (pH 8.5) containing DA (2 mg/mL) was utilized for forming adhesive
layers on the glass slide. Twenty percent silica colloidal solutions (wt/wt) was
then dripped on DA arrays to self-assemble into photonic crystals. MXene
dispersion (2 mg/mL) containing DA was then incubated with PhC arrays at
20 °C for 0.5 h. Then the MXene-integrated PhC arrays were successfully
fabricated.

Bioinformation Coding Based on Oligonucleotides. Three kinds of 100 nM QD-
labeled oligonucleotides solution were dripped on each dot of the MXene-
integrated PhC array, and fluorescence signals were quenched. Then the
mixed saturated solution (1 μM) of the three targets was added on the dots
to restore the fluorescence.

Characterization. The microstructures were characterized by a scanning
electron microscope (SEM, Hitachi, S-300N). Fluorescence images were taken
by the metallographic microscope (Olympus, BX51) equipped with a CCD

camera (Olympus, DP30BW). The reflectance spectra were recorded by the
same microscope equipped with a fiber-optic spectrometer (Ocean Optics,
USB 2000+). Fluorescence images of cross-section were snapped by a Laser
Scanning Confocal Microscope (Carl Zeiss, LSM510). The fluorescence inten-
sity was detected by a fluorescence microscope (Olympus, CKX41) equipped
with the same optic spectrometer.

Data Availability. All data are contained in the manuscript text and
SI Appendix.
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