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A flexible, ultra-sensitive chemical sensor with 3D
biomimetic templating for diabetes-related
acetone detection†

Lili Wang,ab Joshua A. Jackman,a Jae Hyeon Park,a Ee-Lin Tana and
Nam-Joon Cho *ac

The structural features of biological organisms have evolved

through natural selection to provide highly tailored functions,

inspiring numerous biomimetic and biological design strategies.

A wide scope of untapped potential lies in harnessing the nanoscale

architectural properties of natural biological materials to develop

high-performance sensors. Herein, we report the development

of an ultrasensitive chemical sensor that is based on the three-

dimensional (3D) biomimetic templating of a structurally hierarchical

butterfly wing. In conjunction with graphene sheet coating strategies,

the porous 3D architecture enables highly selective detection of

diabetes-related volatile organic compounds (VOCs), including a

rapid response time (r1 s), a low limit of detection (20 ppb), and

superior mechanical properties. Taken together, the findings in this

work demonstrate the promise of incorporating natural biological

materials into high-performance sensors, with excellent potential for

wearable and flexible sensors.

Introduction

In nature, flora and fauna possess robust hierarchical structures
capable of specialized functions, which have become highly
tailored through millions of years of evolution and beyond.1,2

In particular, structure-driven properties serve important func-
tions in nature and have inspired numerous technological
innovations.3 Indeed, many artificial and biomimetic materials
have been developed to mimic the structure and performance
of natural materials.4–6 Although much progress has been
achieved, key challenges remain with respect to limitations in
accurately recreating or mimicking natural materials.7,8 There-
fore, feasible strategies to effectively combine or adopt natural

micro/nanostructures into functionalized material systems are
highly desired.

The Knight butterfly (Lebadea martha parkeri) functions
as a complex biological actuator that has exceptional
microstructures,9 self-cleaning,10 structural color,11 and sensory
receptors.12 Because of these fascinating and alluring physical
and chemical properties, the butterfly wing is one of the most
promising materials for applications in optical, electronic,
energy and chemical sensing.13,14 In the past few decades,
numerous studies have investigated the integration of butterfly
wings in optical sensors.15 In particular, the photonic structures
of butterfly wings have been identified to exhibit different optical
responses to different types of vapors (such as water, methanol,
ethanol, and isomers of dichloroethylene) depending on the
wing’s coloring and patterning.12,16 Most of the relevant studies
have focused primarily on the physical structures and properties
of butterfly wings, but the influence of their intrinsic chemical
composition, unique biological functions, and topographical
features on sensing functions remain to be explored.

The Knight butterfly wing is a natural polysaccharide polymer,
which exhibits beneficial features such as facile chemical function-
alization, remarkable mechanical properties, and in situ tailoring
of chemical composition. Chitosan is a type of linear poly-
saccharide obtained from the N-deacetylation of natural chitin
which can be extracted from butterfly wings.17–19 In particular,
chitosan has superb biological characteristics (such as water
solubility, biodegradability, renewability, antimicrobial activity,
biocompatibility, and adsorption properties) beyond the capabilities
of natural chitin.20–22 Thus, it has received much attention in
the fields of bioelectronics, optics, catalysis, food engineering,
energy, medicine, and sensing.23–25 In addition, the chemical
reactivity of the free amine groups present along the poly-
saccharide chain is appropriate in grafting functional materials
to form ‘‘smart’’ biocomposites. Several examples of functional
chitosan biocomposites that have been developed with chemical
modifications (carbon material-coated chitosan, polymer-coated
chitosan, and metal oxide-coated chitosan) have been reported.26–29

Chitosan-based biocomposites are expected to exhibit superior
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mechanical strength, good biocompatibility/biodegradability,
remarkable electronic properties and promising synergistic
properties that greatly enhance their potential suitability for
biological applications such as disease diagnosis,30 biomarker
detection,31 and drug-delivery.32 Recently, wearable biosensors
composed of ultrathin single-walled carbon nanotubes and
chitosan have demonstrated enhanced performance for in situ
perspiration analysis.33 Looking forward, the incorporation of
this sophisticated hierarchical 3D architecture platform derived
from a natural biomaterial together with its biologically
inspired functions has shown unprecedented results for sensor
applications with respect to performance and sensitivity. However,
further improvements in the fabrication process are required to
minimize the use of cumbersome methods and to develop ultra-
sensitive chemical sensing applications.

Herein, we report a streamlined strategy to design a multi-
functional biomaterial by templating the unique surface
topography of natural butterfly wings and adding functional
features of graphene. The alchemized biomaterial is able to
retain its native hierarchical microstructure and is malleable to
compositional customization and exhibits unparalleled mechan-
ical properties. In this study, the material was integrated into a
chemical sensor to test its capability in detecting diabetes-related
acetone vapors. We demonstrate excellent sensing performance
that is uncompromised even when challenged with significant
bending, making it promising for portable, wearable or even
implantable sensors.

Results and discussion

The microstructure of Knight butterfly wings was employed as a
3D template in order to take advantage of natural periodic
patterns, which can deliver specific functions more effectively
than products of artificial mimicry (Fig. 1a and b). Because a
typical butterfly wing is composed of chitin (483%),34 which is
a long-chained polymer of N-acetylglucosamine (Fig. 1c), com-
positional alterations in its native state were necessary to
facilitate the templating process. Hence, a series of chemical

treatments were introduced to affix functional sensing capabil-
ities to biomaterials (detailed fabrication steps available in the
Methods section and Fig. S1a, ESI†).35 First, chitin extraction
from the Knight butterfly wings consists of demineralization,
deproteinization, decoloration, and serial washing to remove
the pigments, proteins and other mineral constituents from the
raw material (Fig. S2a, ESI†). Next, the butterfly wings were
alkalized to transform chitin (CT) into chitosan (CS), which is
achieved by substituting a number of amino groups into its
chemical makeup (Fig. 1c and Fig. S2b, ESI†). The transforma-
tion efficiency of this treatment was evaluated by XRD analysis,
identifying two distinct diffraction peaks at 2y = 9.931 and
19.971, which have been consistently observed for CT identifi-
cation (Fig. S2c, ESI†).36

FESEM images of the butterfly wing revealed arrays of vertically
aligned scale-like skeleton structures (Fig. 1d). A close-up view of
an individual scale unveiled a quasi-‘‘honeycomb’’ architecture
consisting of rectangular cells as seen in Fig. 1e, and the native
architecture was retained even after the deacetylation treatment
to obtain CS as shown in Fig. 1f. By comparison, separately
prepared biomimetic CS (synthesis of biomimetic chitosan
referenced in the Methods section, ESI†) was unable to accurately
mimic the microstructure although chemically identical. Also,
as a result of the transformation process, the characteristic
hydrophobicity of CT was no longer observed as analysed by the
water droplet contact angle measurement, further supporting
the successful transformation into CS across the biomaterial
surface (insets of Fig. 1e and f).

Owing to its detailed structure, the extracted CS demon-
strated excellent flexibility and durability, and was able to resist
breakage or fracture when bent or stretched (Fig. S3, ESI†).

To enhance the versatility of materials in applications, multiple
components are often integrated into biocomposites to seek
synergistic advantages from the collective set of individual
physicochemical properties.6 In the field of sensor applications,
many biocomposites have been shown to outperform singular
material compositions.37 Similarly, the same considerations are
made here for synthesizing a biocomposite using the naturally
extracted CS to maximize its potential application. Fig. 2a shows
a simplified schematic route for synthesizing a 3D-structured
CS and reduced graphene oxide (3D CS@rGO) biocomposite.
Initially, graphene oxide (GO) was introduced into the CS
biotemplate, which would weakly interact through hydrogen
bonding between the amino groups (–NH2) of CS and the carboxyl
groups (–COOH) of GO (Fig. 2b).28,38–40 The relatively unstable
CS@GO is then reinforced using simple reduction chemistry to
obtain a reduced form of the biocomposite, otherwise denoted
as CS@rGO. Fig. S4a (ESI†) shows a C–N stretching bond in the
CS@rGO, which is further evidence of rGO attached to the
surface of CS. Throughout the process the quasi-‘‘honeycomb’’
architecture was well-preserved and a proportion of the active
sites (–NH2) remained within the biocomposite (Fig. 2c and
Fig. S4a, ESI†), which are reserved for sensor-specific function-
alities (e.g., recognition, selective adsorption, and sensing).6,41

Furthermore, the CS@rGO biocomposite exhibited excellent
electrical conductivity far superior to the CS@GO biocomposite

Fig. 1 Structural characterization of the Knight (Lebadea martha parkeri)
butterfly wing. (a) Anatomical image of the Knight butterfly. (b) A schematic
illustration of the microstructure of a Knight butterfly wing segment with a
characteristic quasi-‘‘honeycomb’’ structure. (c) Chemical transformation of
chitin to chitosan characterized by its molecular structure. FESEM images
reveal the honeycomb structures of (d and e) chitin and (f) chitosan, with inset
images demonstrating the corresponding contact angle measurement results.
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and CS-based biocomposites conventionally used for nano-
reactors (Fig. S4b, ESI†).

The self-assembly of GO onto the surface of the quasi-
‘‘honeycomb’’ CS was visually distinguishable as shown in the
FESEM image in Fig. 2c and Fig. S4c (ESI†). The topographical
features of the butterfly wing were intact, but the interspatial
voids that were seen between the meshed ridges were comple-
tely covered. The new fillers are assumed to be the composite
product of rGO and CS and show a distinct texture (Fig. S4d and
inset, ESI†), especially in comparison to the CT@rGO bio-
composite (Fig. S5, ESI†). In particular, while a relatively flat
and featureless surface is observed between the ridges of CT
(Fig. S5b–d, ESI†) a contrasting nanoscaled roughness could
be easily spotted for the CS@rGO biocomposite (Fig. 2d).
Additionally, the Raman spectra of the synthesized CS@rGO
presented two distinct peaks at 1329 and 1589 cm�1, each one
corresponding to D and G bands, respectively. Indeed, the D/G
intensity (ID/IG) value was comparable to that of rGO while
clearly different from CS, which further confirmed the success-
ful deposition of rGO on CS (Fig. 2e).

In Fig. 3a, the remarkable mechanical features are demon-
strated in consideration of its potential application in wearable
electronic devices. This was achieved by using a mechanically
flexible cellulose paper as a substrate, and it is also biodegrad-
able and biocompatible (Fig. S6a, ESI†). The CS@rGO biocom-
posite is deposited on the cellulose paper by suction filtration,
and FESEM images confirm distinct features of CS@rGO depos-
ited on the cellulose paper (Fig. 3b and c). Fig. 3d illustrates the
assembly of a flexible sensor unit, which consists of a functional
sensor layer, two copper electrodes, and a cellulose paper layer to
support the device. The fully assembled sensor was then wired to
a home-made gas chamber equipped with electrical feedthroughs
(Fig. S6b, ESI†).

The 3D CS@rGO biocomposite was chosen as the core unit
for the sensor to satisfy two fundamental design aspects
(Fig. 3e). First, utilizing CS as the main material for the sensor
unit is critical. CS possesses a number of –NH2 groups that
remain exposed even after coating with rGO (Fig. S4a, ESI†),
which specifically interact with the carbonyl groups of acetone,
contributing to the high specificity of the sensor (Fig. S7a,
ESI†).42 Second, the biocomposite layer is derived from a
unique and natural 3D hierarchical structure which is coin-
cidentally advantageous for its function (Fig. 3e and Fig. S7b
and f, ESI†). Indeed, the naturally porous surface effectively
avoids ‘‘dead volume’’, thus accelerating the diffusion of gas
molecules. The 3D honeycomb structure offers a large surface
area and effectively increases the utilization ratio of the sensing
material. In comparison to the bulk material (Fig. S7c and g,
ESI†), a non-structured film (Fig. S7d and g, ESI†) and pure rGO
(Fig. S7e and i, ESI†), the natural, highly porous structure
enhances the sensing responsivity to the adsorption of acetone
molecules, thereby having greater surface area available for
detection and greater accessibility for target gases.43–45

Fig. 2 Design, synthesis and characterization of a chitosan/reduced
graphene oxide (CS@rGO) biocomposite. (a and b) Schematic illustration
of the conjugation of materials based on the self-assembly of CS on
graphene oxide (GO) and subsequent reduction to obtain rGO. (c) Low-
magnification FESEM image of CS@rGO, and a high-magnification FESEM
image in the inset. (d) Topographical features characterized by AFM
analysis to show the surface roughness of the final CS@rGO. (e) Raman
spectra of CT, CS, CS@rGO, and rGO samples.

Fig. 3 Design, sensing principle and performance of a flexible sensor based
on CS@rGO biocomposites. (a) Flexibility demonstration of the fully assembled
sensor unit. The FESEM images and optical images (inset) of the cellulose
paper with (b) and without (c) CS@rGO biocomposites. (d) Compositional
layout of a single sensor unit, consisting of a CS@rGO biocomposite layer, two
copper electrodes, and cellulose paper. (e) Measurement principle of
the acetone vapor sensor using CS@rGO biocomposites. (f) Response and
recovery curves recorded by the CS@rGO sensor to increasing concentration
of acetone vapor from 50 ppb to 100 ppm (measurements taken at room
temperature). (g) Sensitivity of the sensor as a function of acetone concen-
tration at room temperature. (h) Response values to different types of vapor
molecules introduced at a concentration of 5 ppm – sensor performance
evaluated in atmospheric air (light gray) and simulated-exhaled breath (dark
gray). (i) Overestimation of acetone vapors (black) compensated by built-in
humidity compensation values to accurately adjust measurements (orange).
(j) Single cycle of response/recovery recorded by the 3D CS@rGO sensor to
1 ppm acetone in simulated-exhaled breath (85% RH). All error bars display
standard deviation for triplicate measurements (N = 3).
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Acetone, a volatile organic compound (VOC), has been
previously identified as an important biomarker for diabetes
that can be detected from exhaled breath.46 In particular,
approximately 1800 ppb is detected from diabetic patients, while
only 300–900 ppb are recorded for a non-diabetic person.47 In
order to design a proof-of-concept sensor device for diabetes
using our chemisensor, performance evaluation was first con-
ducted in a closed-chamber setup. The sensor sensitivity, which
is calculated based on the relative change in conductance (DR/R0,
where R0 is initial resistance and DR = R � R0, see the Methods
section, ESI†), was recorded with injections of different acetone
vapor concentrations in a home-made gas chamber (Fig. S6b,
ESI†). The sensitivity of the 3D CS@rGO sensor ranged from
3.5% to 96.7% across the range of acetone concentrations from
0.05 to 100 ppm (Fig. 3f). More importantly, the sensor demon-
strated a rapid response and recovery characteristics (Fig. S8,
ESI†) and excellent stability (Fig. S9, ESI†) regardless of vapor
concentration, and an extremely low limit of detection (Fig. 3g)
was achieved, surpassing performance records of other similarly
designed acetone vapor sensors (Table S1, ESI†).

Next, the selectivity of the sensor was tested with various
gases including acetone, water, ethanol, methanol, and toluene,
respectively. Sensitivity to acetone was exceptionally high com-
pared to the other gases as seen in Fig. 3h, and the specificity
was similarly observed in simulated exhaled breath (85% RH, see
details in the Methods section, ESI†). Complementary experi-
ments indicated that humidity reflected the effect of increased
acetone sensing activities (Fig. S10a and b, ESI†). To calibrate the
measurement sensitivity, real-time compensation on the basis of
humidity variations was incorporated. Fig. 3i shows that, in
simulated exhaled breath (85% RH), the sensitivity of the
uncompensated sensor can cause overestimation of the actual
concentration of acetone vapors; however, the humidity com-
pensation allows for accurate and consistent evaluation. On the
other hand, consistency in the sensor response rate was noted to
be unaffected by humidity variation (Fig. 3j and Fig. S10 and
Movie S1, ESI†), which, to our best knowledge, is the fastest
among reported vapor sensors. From the overall performance
evaluation, the 3D CS@rGO sensor demonstrated high accuracy,
high sensitivity, and a rapid response rate, offering significant
advantages and great potential for physiological monitoring
applications (Table S2, ESI†).

Considering that the chemical sensor would be intended
for use in wearable electronics, the device was designed to be
extremely flexible, light, soft, robust, and biocompatible in order to
endure the stress of daily activities.37,48–50 Hence, the mechanical
durability and the relevant performance were tested by measuring
the change in resistance against mechanical stress as indicated by
bending angles from 01 to 401 (Fig. 4a–e). Negligible differences in
resistance values were observed despite the applied stress (Fig. 4a),
and the sensitivity of the sensor was not hindered when tested
with 0.5 ppm acetone vapors (85% RH), recording approximately
16.7 � 0.8% responses (Fig. 4b–e and Fig. S11, ESI†).

Furthermore, the sensing response of the device to a sudden
change in the bending angle was also tested (Fig. 4f), with approxi-
mately a 20–40% change in the sensor sensitivity. The

decreases in sensitivity of the device in the suddenly bent state
are expected, which could be due to the effects of common tear
and wear as visualized in FESEM images (Fig. S12, ESI†).
Nevertheless, no significant deterioration in the sensor surface
was observed besides minor cracks and hinges. Direct measure-
ment by a multimeter revealed an increase in resistance caused
by bending (Fig. 4g and h), which further increased with
repetitive bending (Fig. S13, ESI†). Despite some loss in elec-
trical conductivity, the sensor still remained functionally intact
with high sensitivity and quick responsivity in detection of
different concentrations of acetone vapors (Fig. S14, ESI†).

Based on these excellent mechanical properties, a proof-of-
concept flexible sensor was created to be designed as a wrist
band (Fig. 4i). Inherently, the flexible design would require the
sensor to be fully exposed to air as it emulates a convenient
diabetes monitor which would collect data from exhalants.
The responsiveness of the sensor to simulated exhalants is
demonstrated by the plot in Fig. 4j. Under motion conditions,
acetone vapor levels on the wrist follow similar trends that are
calculated to be approximately 12.1 to 2 ppm acetone vapor, but
there is a noticeable decrease in the sensitivity compared with
measurements obtained under static conditions (Fig. 4j and
Fig. S15, ESI†). The difference is due to the dilution effect that
causes a decrease in acetone concentration as the relatively
small amount of acetone vapor was captured on the surface of
the sensors. The limit of detection of the sensor, however, was
estimated to be 0.02 ppm with a sensitivity of 1.2%, which was

Fig. 4 Sensor performance evaluation under mechanical stress. (a) I–V
curves of the 3D CS@rGO sensor responding to various bending angles.
(b–e) Transient plots of the measurement response curves to 0.5 ppm of
acetone (85% RH) when positioned at various bending angles. (f) Compar-
ison of the sensing performance of the 3D CS@rGO sensor under flat and
bent states. (g and h) Resistance values of the 3D CS@rGO sensor before
and after bending. The inset histogram shows mean resistance values from
triplicate measurements under each defined condition. (i) Photograph of a
proof-of-concept wearable sensor and illustration of the performance
evaluation method. (j) Real-time sensor response to a pulsated ejection of
simulated diabetic breath containing 2 ppm of acetone vapor (85% RH)
flown directly over the sensor.
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still significantly low especially in comparison to clinical
standards.47 As a result, the sensor exemplifies ultra-high
sensitivity and selectivity, and features real-time monitoring
capabilities that make it a highly desirable platform for
portable and wearable sensor applications.

Conclusions

In summary, we demonstrate the full fabrication process to
create a natural, flexible, and high performance chemiresistor
sensor. We were able to fabricate an ultrasensitive sensor in a
streamlined fashion by effectively utilizing a natural architec-
ture and combining it with highly functional materials. The
superiority of this material design approach was demonstrated
by the ultra-high sensitivity, rapid response time (r1 s), and
low limit of detection (20 ppb) of the resulting biocomposite
material in comparison to other structured materials, and its
applicability is further seen in a chemical sensor design for
real-time diabetes monitoring. With the effective adaptation of
the material’s core functions and physicochemical properties,
we were able to develop a flexible, biocompatible, and high
performance biosensor that show promising potential for the
future of wearable and implantable sensor applications.
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