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Wearable sensors play a key role in point-of-care testing (POCT)
for their flexible and integration capability for sensitive physiologi-
cal and biochemical sensing. Here, we present a multifunction
wearable silk patch with both electronic channels and microchan-
nels by utilizing matrix-assisted sacrificial 3D printing methods.
Owing to the unique properties of a composite silk film (polyvinyl
alcohol (PVA) and silk fibroin (SF)), the wearable sensors possess
excellent tensile properties, self-healing ability and biocompatibil-
ity. Multi-layer channel (microfluidics and microcircuit)-integrated
silk wearable sensors were then fabricated for simultaneous sensi-
tive sensing of human cancer markers (carcinoembryonic antigen
(CEA) and alpha-fetoprotein (AFP)) and motion monitoring. These
features of the silk wearable sensors indicate their potential value
for sensitive sensing, which will enable them to find broader appli-
cations in many fields in POCT, artificial skin and organ-on-a-chip
systems.

1. Introduction

Currently, POCT provides an effective means for rapid and
simple health monitoring and diagnosis due to its merits of
being inexpensive, free of large-scale instruments, disposable
and easy to operate. Among various POCT solutions, smart
wearable sensors are the most promising and attractive
platforms."™ Considerable efforts have been devoted to the
fabrication of smart wearable devices. With the integration of
microfluidic technology, which has the ability of pumpless
delivery and precise liquid control, wearable devices could be
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endowed with excellent biochemistry detection
performance.” ™ In addition, taking advantage of the rapid
development in electronics, microcircuits provide convenience
when transforming minor changes into intuitive digital
signals. Traditionally, various conductive materials, such as
liquid metals, graphene, carbon nanotubes (CNTs) and metal
nanowires, have been used in microcircuit fabrication.'*™*’
Although great progress has been achieved in smart wearable
devices, the fabrication of highly integrated multi-function
sensors is still facing great challenges. Moreover, the fabrica-
tion methods of microfluidics or microcircuits, such as blade
coating, laser engraving and wax printing, only allow channels/
circuits to be constructed on a two-dimensional level, which
greatly restricts the large-scale integration of wearable sensors.
Hence, there is still insurmountable chasm in the production
of multifunctional devices integrated with both microfluidics
and microcircuits.

In this paper, we propose a novel matrix-assisted sacrificial
3D printing strategy to build complex patterned microchannels
with three-dimensional structures based on PVA-SF composite
films. 3D printing (additive manufacturing) has gained exten-
sive interest due to its free customization and high
precision.”® > Patterned microstructures fabricated by 3D
printing could thus be able to overcome various limitations of
traditional manufacturing through the precise control of a
computer and the logic of forming 3D structures. In addition,
taking advantage of the excellent biocompatibility and
mechanical properties, SF has been widely developed in the
fields of medicine and biological materials. The PVA-SF com-
posite film could be endowed with great tensile properties.** ™
Therefore, the fabrication of a composite film with complex
patterned microchannels will bring intriguing developments
in smart wearable sensors.

Here, we fabricated a smart flexible silk wearable sensor
with multiple functions for human biochemical and motion
sensing. Taking advantage of the large amount of dynamic
ester bonds between PVA and borax, the composite silk
sensors were endowed with self-healing properties.”**>® The
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patterned microchannel in the hydrogel was constructed by
novel matrix-assisted sacrificial 3D printing methods. The mul-
tilayer microchannel integrated with PhC microspheres could
provide a liquid channel for body fluid transport and sensing,
while the microcircuit composed of graphene could serve as a
resistance variation-based motion sensor. The results showed
that the silk wearable sensor is suitable for simultaneous bio-
chemical sensing (human cancer markers CEA and AFP) and
physiology monitoring (motion monitoring). These features
demonstrate that silk wearable sensors are highly versatile
devices capable of a wide variety of applications.

2. Experimental section
2.1 Materials

Monodisperse SiO, nanoparticles with different diameters
were self-prepared. A microfluidic droplet system was used to
fabricate photonic crystal (PhC) microspheres. Polyvinyl
alcohol (PVA), carrageenan, bovine serum albumin (BSA),
2-morpholinoethanesulfonic acid (MES), and cis-dichlorodiam-
mine platinum(u) were purchased from Sigma-Aldrich
(St Louis, MO). 1-Ethyl-3-(3-dimethylaminepropyl)carbodi-
imide (EDC), N-hydroxysuccinimide (NHS), borax, N-hexane
and Vaseline were purchased from Chemical Reagent Co., Ltd
(Shanghai, China). Graphene electric aqueous slurry (5 wt%
graphene) was purchased from Nanjing XFNANO Materials
Tech Co. Ltd. Rabbit anti-human CEA, CEA, FITC-labeled
mouse anti-human CEA, rabbit anti-human AFP, AFP, and
FITC-labeled mouse anti-human AFP were purchased from
Santa Cruz Biotechnology (Shanghai) Co.

2.2 Preparation of silk fibroin

Raw silkworm cocoons were shredded, discarded, and poured
into boiling Na,CO; solution (0.02 M) for 1 h to obtain
degummed fibers. The obtained fibers were then rinsed 3
times with deionized water and dried at 60 °C for 3 h. Silk
fibroin was dissolved in LiBr solution (9.3 M) at a ratio of 1:4
(w/v) and incubated in a water bath at 65 °C for 1 h, followed
by dialysis with deionized water for 3 days. The dialyzed silk
fibroin solution was lyophilized, sealed in vacuum, and stored
in a refrigerator at —80 °C.

2.3 Fabrication of the PVA-SF precursor

Excess PVA granules were added to deionized water with stir-
ring until they were unable to dissolve at room temperature.
The silk fibroin lyophilized powder was made into 4% (w/v)
solution in deionized water and then mixed with PVA saturated
solution and carrageenan (0.5% w/v) as the precursor fluid.

2.4 3D printing of composite silk films

The precursor was first poured into a Petri dish, and the 3D
structures were fabricated with a customized 3D bioprinter
(FDM type, nozzle diameter: 0.2-0.4 mm; printing temperature:
30-50 °C; printing speed: 0.5-8 mm s™'; air pump pressure: 0.1
MPa.). The microchannel pattern was designed using 3DSMAX
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2020 software. Vaseline was directly extruded into the hydrogel
precursor solution, and then the precursor solution was dried
into a film under air and immersed in n-hexane to remove the
Vaseline template, followed by thorough cleaning with ethanol.
Finally, the film was immersed in an 8% (w/v) borax solution to
obtain a self-healing hydrogel.

2.5 Immunoassay on PhC microspheres

For all kinds of immunoassays on photonic crystal nano-
spheres, the nanospheres were first treated with MES, EDC,
and NHS and then washed with deionized water. Next, anti-
bodies were immobilized on nanospheres by drop-casting and
dried in an open area. Then, BSA was added to block excess
binding sites and thoroughly washed to remove residues.
During detection, the liquid or plasma containing corres-
ponding markers was wicked from the injection hole and
allowed to flow along the channels, conjugated with fluores-
cently labeled antibodies and finally allowed to flow into the
sensing areas. After this, fluorescence microscopy was used to
capture the fluorescence images of the sensing areas.

2.6 Smart wearable sensors

The silk wearable sensors were attached with PET double-sided
tape and then attached on the human wrist for the following
test. The electromechanical measurements of the electrical re-
sistance were performed with a multimeter. The participant in
the experiments gave his/her full, informed, and voluntary
consent to participate in this research. All experiments were per-
formed in compliance with the relevant laws and with the
approval of the Scientific Ethical Committee of the School of
Pharmaceutical Sciences, Nanjing Tech University.

2.7 Characterization

Scanning electron microscopy (SEM) images were obtained
with a field-emission scanning electron microscope (FESEM,
Zeiss Ultra Plus). The fluorescence images were captured with
a fluorescence microscope (DM2000, Leica). Electromechanical
measurements of the electrical resistance were performed with
a multimeter (Keithley 2000). The reflection spectra of all
PhCs were acquired with a spectrophotometer (Ocean Optics,
QE65000).

3. Results and discussion
3.1. Fabrication of patterned composite silk films

Typically, a wearable device with a patterned microchannel
inside was fabricated based on the removal of 3D printed sacri-
ficial structure templates. As shown in Fig. 1, to obtain these
hollow patterned channels, PVA saturated solution, carragee-
nan and silk fibroin solution (4% w/v) were first blended to
form the hydrogel precursor. After being poured into a rec-
tangular mold, the precursor solution was used as a support-
ing base for 3D printing. Vaseline was chosen as a sacrificial
material for the template material, which could be stably
embedded into the silk precursor and could interestingly
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Fig. 1 (a) Schematic illustrations of the fabrication process of a functional composite silk film: Vaseline was directly 3D printed in a PVA—silk fibroin
precursor and dried at room temperature, and the Vaseline template was removed, and soaked in borax solution to obtain a composite silk film. (b)
Designs (left) and digital images (right) of single-layer (i: U-shaped; ii: spiral; and iii: square spiral) and (c) multilayer (i and ii) patterned microchannels.
(d) Designs, photographs, and fluorescence photographs of continuously extruded single-layer patterns and filled with the dye (red) and graphene

(black) after being made into microfluidic channels. Scale bar: 0.5 cm.

maintain the printing structure during the drying process; a
fused deposition modeling (FDM)-type printer was chosen for
the fabrication of microchannel patterns by directly printing
the sacrificial material into the base. Then, the silk precursor
solution, along with the printed patterns, was dried under air
to form a thin film. After removing the sacrificial template
using n-hexane and alcohol, the obtained film exhibited a pat-
terned microchannel structure inside. The film was further
immersed in the borax solution to impart stretching and self-
healing abilities.

Vaseline was chosen as the printing ink due to its low
solid-liquid conversion temperature, self-supporting ability
and hydrophobicity. Vaseline ink could be directly printed as a
complex pattern at room temperature and it is immiscible with
the hydrophilic hydrogel precursor matrix. More importantly,
it can be easily removed using n-hexane as a sacrificial
material. To improve the printing performance of Vaseline in
the silk precursor, we investigated the influence of the precur-
sor liquid (PVA:SF) ratio and the printing speed on the
molding effect. As shown in Fig. 2, straight lines were printed,

and during the printing process, when the moving speed of
the extrusion head is too slow (<0.5 mm s™'), it will cause
Vaseline to accumulate in the original place, failing to process.
When the moving speed is high (>6 mm s™'), the extruded
Vaseline will not have time to adhere to the substrate, resulting
in discontinuous lines. Meanwhile, due to the weak bonds
between the PVA chains in the precursor, the precursor with a
high concentration of PVA has high viscosity; the extrusion
head receives a greater shear force and destroys the previously
completed printing patterns. With a gradual increase in the
proportion of the SF solution, this effect is alleviated, but the
supporting ability of the precursor liquid to Vaseline also
decreases. The effect of printing speed on the line diameter
was also investigated. The results show that under a certain
extrusion pressure, the line diameter decreased with the print-
ing speed increase; we chose a printing speed of 2 mm s and
a precursor solution proportion of 2 : 1 (PVA: SF) for the follow-
ing experiment.

Owing to the advantages of accurate manufacturing by 3D
printing, complex patterns can be printed in the silk film,
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Fig. 2 (a) Schematic diagram of 3D printing (i) and printing performance under different nozzle moving speeds and PVA : SF ratios; scale bar: 0.5 cm
(ii); (b) relationship between the printing speed and printing diameter. (c) Diagram of printing performance (i), red: non-printable; green: printable.
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which has potential for further utilization as microfluidic
channels and microcircuits. As shown in Fig. 1b, Vaseline was
patterned as a U-shaped, spiral and square spiral structure by
the 3D FDM printing method. Vaseline has a stable structure
in the precursor fluid, with a uniform line diameter, no
breaks, and no localized ink accumulation even when the
moving directions of the nozzle rapidly change at corners. In
addition, we further illustrated the printing capabilities of
multilayer 3D structures (Fig. 1c). Owing to the self-supporting
ability of Vaseline at room temperature, the multilayer lines
self-supported without collapsing. A complex cross-linked
network could thus be constructed by stacking a single-layer
structure. This provides benefits for the integration of wear-
able devices on a three-dimensional scale.

The construction of microchannels/microcircuits is the core
of wearable device manufacturing. The utilization of sacrificial
materials to construct complex structures followed by selective
removal of materials to obtain inverted structures has been
widely used in the manufacture of microstructures. Hollow
microchannels in the silk film were later obtained by selec-
tively dissolving the 3D printed Vaseline ink. After the 3D pat-
terning process, the precursor fluid was dried under air and
gradually the solvent was lost and a transparent flexible thin
film was formed, while the Vaseline patterns remained intact.
Then, the dried film was immersed in n-hexane, followed by
heating to 50 °C to promote the dissolution and removal of
the Vaseline template, forming hollow microfluidic channels.
As a demonstration, a patterned grid structure and “NJTECH”
text channels were constructed and perfused with red and
black dyes for the visualization of the channel structure in the
film. The result shows that the microfluidic channel made of
Vaseline as the sacrificial material still maintains the basic
structure and shape details during the drying process. In fact,
along with the evaporation of the solvent, a dense cross-linked
PVA-SF network gradually formed, which endowed the result-
ing film with ductility and elasticity. In addition, a barrier
layer is formed around the Vaseline line; thus, the integrity of
the three-dimensional channel structure could be retained
after the ink is removed.

3.2. Self-healing property of composite silk films

The obtained silk film with hollow microchannels was further
immersed in a borax solution for full crosslinking. As shown
in Fig. 3b, the silk film exhibited transparency and stretching
ability. In recent years, there has been a lot of work to produce
flexible devices with excellent ductility. Chen et al. fabricated a
high-stretch-rate (>400%) film by the addition of CaCl,;** and
Ling et al. synthesized novel silk-based strain gauges, which
could be stretched up to 1300% without failure.* In the work
of Yang et al, silk fibroin was added to increase the water
uptake of the gel and a stretch rate of over 5000% was
achieved.”® In this work, the changes in tensile properties,
structural stability and biocompatibility brought about by the
addition of silk fibroin are in good agreement with previous
reports. The tensile mechanics test method was utilized to
evaluate the mechanical properties of the silk film with
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Fig. 3 (a) Schematic diagram of the stretching and self-healing pro-
perties of a composite silk film. (b) Image of the hydrogel with high
transparency (normal state (i), reversible stretch and recovery state (ii
and iii)), and correspondence between the stretching ratio and stress (iv).
(c) Image of the hydrogel with (left) and without (right) the red dye (i).
Two pieces of the hydrogel are brought into contact and pressed tightly
and self-healed (ii and iii), reversible stretch and recovery of the healed
film (iv and v), and schematic image of the self-healing mechanism of
composite silk film.

different PVA : SF ratios. With the PVA : SF ratios increasing, the
stretching ability was significantly improved. To investigate the
self-healing ability of the silk film after full crosslinking with
borax, two pieces of silk films were prepared, with one doped
with a red dye. The boundaries of each film were attached
together and were fixed with a clamp for 12 h at room tempera-
ture while continuously adding borax to the joint to keep it
wet. The two separated films tightly adhered to each other and
formed as one film (Fig. 3c). A comparison of the mechanical
properties before and after repair is shown in Fig. Siaf. The
quantitative relationship between the resistance and device
deformation, as well as the cyclic performance, is shown in
Fig. S1b and c.f The healed hydrogel maintained its excellent
stretching ability and durability. In fact, as a potential property
of novel hydrogel devices, the self-healing ability could be rea-
lized by metal-ligand coordination, hydrophobic association,
n-n stacking or hydrogen-bonding interactions. The self-
healing ability was conferred by plenty of hydrogen groups and
the dynamic ester bonds formed by the borax-PVA cross-linked
network, as illustrated in Fig. 3c-vi.

3.3. Biochemical sensing on a silk wearable sensor

Recently, as a simple, flexible, fast and miniaturized analysis
platform, wearable sensors have been used in various physio-
logical and biochemical tests. We further evaluated the
capacity of the composite silk film for wearable sensing. As
shown in Fig. 4, a double-layer “8-branched” microchannel
was fabricated for both biochemical sensing and physiological
monitoring. The wearable sensor could be attached on the
human wrist for biosensing. As shown in the schematic
diagram of the wearable sensor, the sampling point was at the
center of the “8-branched” shaped channels, four branches
were utilized for biochemical sensing as sensing 1 and sensing
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Fig. 4 (a) Smart wearable sensors with multi-layer microchannels for
simultaneous physiological and motion detection, optical images of the
wearable sensor on the wrist (i), schematic diagram of the wearable
sensor (ii, iii and iv). (b) Optical and fluorescence photographs of films
with multiple branches and filled with the dye (red) and graphene
(black). (c) Optical (ii and iii) and SEM (i, iv and v) images of PhC micro-
spheres (i, iv and v), scale bar: 100 pm for (i—iii) and 500 nm for (iv and
v). The reflection peaks of PhC barcodes of PhC260 and PhC300 (vi). (d)
Cancer markers detected using the PhC barcodes, fluorescence inten-
sity as a function of CEA (iii) and AFP (iv) concentration and corres-
ponding fluorescence intensity (i and ii). Scale bar: 100 pm.

2, and the other four branches were utilized as microcircuits
for the resistance variation-based motion sensor. We first
investigated the self-healing performance of the silk-film
device with microchannels inside (Fig. S2at); the result of the
liquid fluid performance and resistance response ability in the
channel before and after self-healing showed that the liquid
flow speed in microchannels and resistance response ability
remain unchanged; this proved that the chip has a strong self-
healing ability and the functions of its internal components
are not affected before and after the repair.

To verify the applicability of wearable devices in POCT, PhC
microspheres were used as a sensing unit for immunofluores-
cence sensing. The PhCs were prepared by microfluidics
technology as reported by Zhao.*> Taking advantage of the
orderly arrangement of monodisperse silica nanoparticles, the
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PhC barcode was endowed with unique PBG (photonic band
gap) characteristics and the corresponding reflection spec-
trum, thus obtaining excellent structural color characteristics.
In recent years, detection methods integrated on wearable
devices are usually chemical methods. Xiao et al. used the pre-
embedded glucose oxidase (GOD)-peroxidase-o-dianisidine
reagents for sensing glucose in sweat with a limit of detection
of 0.03 mM.** Promphet et al. fabricated a sensing system
relying on the color change caused by the enzymatic reaction
and reached a detection limit of 0.1 mM for glucose.** There
are also reports of using electrode sensors based on glucose
oxidase for detection.>® Compared with traditional chemical
methods, the PhC-based optical detection method has higher
sensitivity and lower detection limits, and no complicated
external equipment is required. PhC microspheres were placed
at the channel end of the wearable sensors (sensing 1 and
sensing 2). During detection, the PhC microspheres present
different fluorescence signals from the addition of the antigen
and fluorescently labeled antibody to PhC barcodes with
probes via sandwich hybridization, and the fluorescence inten-
sity increased along with the ascension of the target antigen.
We then used PhC microspheres as a sensor for the fluo-
rescence detection of two cancer markers (CEA and AFP). A
smartphone-based device as our group previously reported*®*”
could be used to carry out the sensing readouts; it can be seen
from the image of the fluorescence signal intensity as a func-
tion of CEA and AFP concentrations that the concentration of
CEA and AFP has a linear relationship with the fluorescence
intensity in the range of 10-1000 ng ml™"' (Fig. 4d). In this
experiment, we use a needle to pierce the skin to obtain blood
and its spontaneous flow into the detection area for testing as
a proof of concept. However, in future work, microneedles can
be combined with our chips to reduce the pain of puncturing
the skin. In addition, making our chip semi implantable will
greatly expand its application range.

3.4. Motion monitoring on silk wearable sensors

Ideal wearable devices need to integrate excellent electrical

performance on a flexible substrate. In the past, many

a
A Bending Stretch
w— - ]
R2 Recover RO FEIYED R
— - L —
N\
bi &= ~ ol 7 - \
i e ‘_59’ TR~ X A ,}‘ (
- > / W‘\-\""\_ P N
0 18 L5
Finger Wrist Elbow
;\50.4 go.s g 1
so,z 5044 50.5
< < <
0 0 0
515 25 35 45 5 15 25 35 45 1 7 13 19 25
Time(s) Time(s) Time(s)

Fig. 5 (a) Schematic diagram of the deformation of the microcircuit sensor during bending and stretching. (b) The relative resistance changes when

knuckles (i), wrists (i) and elbows (iii) are bent at different angles.
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researchers have devoted themselves to making flexible con-
ductive films,*® and there are also reports of filling ionic
liquids in microchannels to make elastic conductive fibers.*
Considering its stretching ability, the composite silk film has
potential in building flexible electronic sensors by filling with
a graphene-doped hydrogel in the channel. When subjected to
bending or stretching, the resistance of the graphene channel
showed the corresponding variation; thus, the deformation of
the hydrogel device could be reflected by monitoring the resis-
tance change (Fig. 5a). It is noteworthy that, the sensitivity and
the relationship between the electrical properties and defor-
mation of this fibrous graphene are in good agreement with
the reports on flexible conductive films. In a typical experi-
ment, the 8-branched wearable sensors were infused with gra-
phene on four channels and directly attached to the volun-
teer’s fingers, wrists, and elbows and connected with multi-
meters. By recording the changes in the resistance in real
time, the movement status of each part was reflected (Fig. 5b).
Specifically, as the bending angles gradually increase, the re-
sistance increases in real time. Additionally, the hydrogel
device also exhibited rapid and stable changes associated with
the movement of the finger, wrist and elbow bending during
the cycling experiment. These results indicated that the wear-
able device showed a sensitive and stable electrical sensing
ability for dynamic monitoring, which has great potential in
real-time human health detection.

4. Conclusion

In summary, we fabricated a multifunction wearable silk patch
with both electronic channels and microchannels by utilizing
matrix-assisted sacrificial 3D printing methods. The wearable
sensors possess excellent tensile properties, self-healing ability
and biocompatibility. The multilayer microchannel (microflui-
dics and microcircuits) integrated with PhC microspheres
could provide a liquid channel for body fluid transport and
sensing, while the microcircuit composed of graphene could
serve as a resistance variation-based motion sensor. The
results showed that the silk wearable sensor is suitable for sim-
ultaneous biochemical sensing (human cancer markers CEA
and AFP) and physiology monitoring (motion monitoring).
The developed silk sensors are promising in a variety of appli-
cations, such as personal care, POCT and environmental
monitoring.
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