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ABSTRACT: Well-designed 2D materials with ultrathin structures =kl nm

show great potential for humidity-sensing performance owing to their s i T Y Y /
high surface-volume ratio and a great number of exposed atoms on the A @ ﬂf\/\ 7 //
surface. However, some sensing elements employed for healthcare 4 )M NA //

applications may be considered as potentially risky, such as
inflammation, granuloma formation, and carcinogenesis. Herein, we
explored biofriendly humidity-sensing characteristics inspired by the
great biocompatibility and conductivity of hyperbranched polyethyle-
neimine-capped gold nanoparticles and cross-linked with polydopamine
from the adhesive proteins in mussels. It was successfully employed into
two kinds of wearable devices, sports watches and breathing masks, for
real-time recording humidity’s fluctuation in expiration and sweat with changes of individual’s crying, laughing, nervous,
sleeping, training, and cold states. The wearable devices allow us to monitor individual’s physical activities and emotional states
well, suggesting a promising prospect in safe, reusable, long term, and noncontact human health monitoring applications.

KEYWORDS: gold nanoparticles, dopamine, humidity sensor, sports watch, emotional monitoring

B INTRODUCTION

Wearable microelectronics with superior sensing capabilities
have presented great promising potential to be next-generation
electronics.'~* They are promoted significantly by huge

sensing materials to have an ultrathin structure (high surface-
volume ratio) with great interior competence to absorb water
molecules and efficiently record dynamic signals from
surrounding environment."”

Well-designed 2D materials with adequate conductive atoms

demands for diverse applications, including biological recog-
nition,” disease diagnosis,’ and everyday health monitoring,””*
However, most wearable electronics are touch-sensing devices
for collecting individual’s signals (such as temperature, heart
rate, sweat, and respiration).g_13 This is likely to cause cracks
or damages in sensing materials, and thus fail to provide a deep
insight into the detection of individual’s gas molecular state
diffusive from human body in a longer range. Some touch-
sensors are uncomfortable to human skin and may cause and
retain their allergenic reactivity. Therefore, it is extremely
significant to explore noncontact sensitive materials. Moisture
is an ideal candidate of signal source to realize noncontact and
long range induction because water (~66% of body weight)
plays an extremely important role in most of human’s
metabolism processes and physiological activities."* Obviously,
the realization of noncontact electronics indeed require the

-4 ACS Publications  © 2019 American Chemical Society

present highly carrier mobility for the selective absorption of
water molecules. For instance, 2D graphene has proved to be a
promising material candidate for sensitive humidity detection
because of ;ood conductivity and high charge carrier
mobility.”'®'” Few-layer 2D black phosphorus presents stable
and selective humidity-sensing behavior.'®"” Electronic circuits
based on the monolayers of gold nanoparticles (AuNPs)
functionalized with charged organic ligands was fabricated as a
humidity-sensing unit.” However, because the change of
resistance is not abrupt and the sensing mechanism is also
unclear, traditional sensing materials usually exhibit a low
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Figure 1. (A) Overall schematic of a humidity sensor based on PDA/HPEI/AuNPs film, which is sensitive under dry and humid conditions with an
electronic circuit, (B) designed sports watch for detecting RH change on human skin surface switched by sweat and laser radiation and (C) the
breath sensor for monitoring different physical and emotional activities (including training, sleeping, healthy states, laughing, crying, and nervous

state).

sensitivity or/and response rate, which prevent applications for
real-time physiological and psychological monitoring. So far,
several efforts have been devoted to construct distinctive
structures as ultrafast humidity sensors for respiratory
monitoring, such as the fabricating graphene-polymer
system,”’ introducing supramolecular polymers (nanofibers),”'
designing functionalized carbon nanotubes,”** using 2D
layered semiconductors (WS, films),”* and so on.”>~**
Unfortunately, many sensing materials in wearable sensors
are unfriend to human skin, which is ignored in most of the
time. Especially for breathing sensor, it is inevitable that small
amounts of sensing materials are inhaled into the body, like
lungs, causing various unexpected disease. Nevertheless, very
limited toxicity data or safety precautions have been studied on
the types of sensing materials for wearable application.””~>*
Herein, hyperbranched polyethyleneimine (HPEI)-capped
AuNPs, commonly used in the field of biomedicine, were
selected for constructing well-designed biofriendly ultrathin 2D
materials for flexible wearable devices, owing to their fine
robustness, great biocompatibility, and almost nontoxicity.**>**
Another moisture-sensitive elements was introduced using
polydopamine (PDA), the adhesive proteins existed in mussels,
chemically cross-linked with the HPEI/AuNPs to form
extremely robust AuNPs-based monolayer. According to the
literature, PDA functionalization can reduce the in vivo
toxicity, implying that PDA is safe.’> The as-designed
freestanding 2D film exhibits strong interfacial cross-linking
adhesion between sensing materials and elastic substrate, to
avoid cracks and prevent chemical molecular escaping from
substrate and inhaling into the lungs or human skin. In contrast
to the conventional 2D materials, such a system plays a crucial
role in the fast response process, and thus, it is expected to
apply to circumstances where weak biological signals may
change frequently. This kind of 2D sensing material based on
nontoxic HPEI/AuNPs monolayer associated with biomimetic
PDA, contains prominent electronic abilities, excellent photo-
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thermal performance, high surface-volume ratio, and absorp-
tion capacities. It thereby results in significant signal inductions
during adsorbing water molecules on the surface of the thin
film, which is quite sensitive for monitoring emotional changes
and thus shows great potential in real-time health monitoring
application.

B EXPERIMENTAL SECTION

Materials. Hydrogen tetrachloroaurate trihydrate (HAuCl,-3H,0,
99.99%) was purchased from Sigma-Aldrich. HPEI (M,, 10 000) and
dopamine hydrochloride were purchased from Aladdin Ltd. (Shanghai
China). All other reagents and solvents were of analytical reagent
grade and received from Sinopharm Chemical Reagent.

Synthesis of HPEI/AuNPs. HPEI/AuNPs were prepared by
reducing HAuCl, in the HPEI aqueous solution according to the
literature with slight modifications.’*>° Briefly, HPEI (69.4 mg)
dissolved in deionized water (10 mL) was added with 153 uL of 0.1
M HAuCl, aqueous solution under vigorous magnetic stirring at 65
°C for 2 h. The resulting wine red solution was stored at 4 °C before
use.

Formation of PDA/HPEI/AuNPs Film. First, 40 mg of dopamine
hydrochloride dissolved in deionized water (15 mL) was added with 3
mL of the above HPEI/AuNPs solution and 2 mL of tris-buffer
solution (100 mM, pH = 8.5). The solution was kept stable in an
opened Petri-dish (diameter as 7S mm) and incubated in air for 12 h.
A thin nanofilm can expect self-assembly at air/water interface. The
freestanding films was subsequently transferred from the solution and
washed with distilled water for further characterization.

Fabrication of PDA/HPEI/AuNPs Humidity Sensors. The
PDA/HPEI/AuNPs film was transferred onto the surface of
interdigitated Ni/Au interdigital electrode (IDE) which was sputter-
deposited on the polyimide (PI) substrate (Ni: 3 um thick; Au: 0.07
um thick). The IDE pattern on the PI substrate provided an outline
dimension of 6.5 mm X 15 mm. Typical dimensions of the
interdigitated electrodes were 150 um electrode width, 150 pum
electrode separation, and 5.5 mm electrode length, and the number of
electrodes was 21. The as-prepared sensor based on the PDA/HPEI/
AuNPs film was connected to an electrochemical workstation or a
light-emitting diode (LED) for further humidity testing experiments.
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Instrument. Ultraviolet—visible (UV—vis) absorption spectra
were recorded with a TU-1810 spectrophotometer from Beijing
Purkinje General Instrument Co. Ltd. in transmission mode.
Transmission electron microscopy (TEM) was performed on a
JEOL JEM-2100F instrument at 200 kV. Scanning electronic
microscopy (SEM) measurements were carried out via a JEOL
JMS-6700F scanning microscope. Atomic force microscopy (AFM)
images were taken by a multimode AFM (Being Nano-Instruments,
Ltd.) operating in the tapping mode using silicon cantilevers (spring
constant: 3—40 N m™, resonant frequency: 75—300 kHz). The
surface compositions and chemical states of the samples were
analyzed by X-ray photoelectron spectroscopy (XPS) (AXIS ULTRA
DLD, Kratos Analytical Ltd., Manchester, UK). XPS analysis was
performed on a Shimadzu Axis scope, using Mg Ka as radiation
resource. The photothermal performance of the PDA/HPEI/AuNPs
devices was investigated using an 808 nm laser with the photo density
of 2 W/cm? and an infrared (IR) thermal imaging system for
temperature recording (MAG-V30, Wuhan VST Light & Technology
Ltd.). The electrical impendence measurements were carried out
using an electrochemical workstation (CHI660E). The controlled
humidity environments were achieved in a constant temperature (~25
°C) and humidity room (~30%). The environment temperature and
humidity were monitored by using a hygrometer (TESTO 608-H2).
The humidity environments were achieved using saturated aqueous
solutions of LiCl, CaCl,-6H,0, MgNOj3, NaCl, and K,SO, in a closed
glass vessel at an ambient temperature of ~25 °C, which yielded
approximately 29, 43, 54, 7S, and 97% relative humidity (RH),
respectively.

B RESULTS AND DISCUSSION

A robust flexible humidity sensor with high sensitivity and
ultrafast response was fabricated based on PDA-cross-linked-
AuNP monolayer biomimetic nanofilm via a simple and low-
cost interfacial assembly strategy (Figure 1A). The main
contribution from PDA is to form a film via the interfacial
polymerization process. PDA constitutes the bulk of the film
by the interfacial polymerization and captures AuNPs during
the polymerization and stacking process. The hydrophilic
groups (e.g, —OH, —NH,) can immediately “capture” water
molecules through dynamical hydrogen bond interactions,
showing remarkably high sensitivity for moisture monitoring
(3 orders of magnitude). At the same time, the superior
electronic and photothermal properties of AuNPs allow the
sensor to “release” water molecules easily at low RH with high
speed, leading to an ultrafast response and repeatable
utilization. Therefore, this unique sensing material can be
employed in wearable devices for real-time monitoring
individual’s health states by recording humidity signals from
respiration and skin surface (Figure 1B,C). Interestingly, the
designed sports watch is able to realize automatically visual
display during daily exercise. In addition, the designed
breathing mask was first used to detect emotional activities
such as tension, crying, and laughing, which is promising in
real-time monitoring of human emotions. Chemical cross-
linking induced interfacial self-assembly suggests intriguing
ability for the regeneration of the film at the cracked/damaged
area, providing a powerful approach to successionally and
repeatedly construct macroscopic freestanding 2D hybrid
structures with monolayer nanoparticles. Such robust amphi-
pathic films can be transferred to different liquid surfaces and
solid substrates for achieving otherwise applications.
Fabrication and Characterization of PDA/HPEI/AuNPs
Film. First, a chemical crosslinking-induced interfacial self-
assembly was developed for preparing AuNP monolayer by
virtue of interaction between PDA and HPEI-functional
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AuNPs (Figure 2A). AuNPs were prepared by using HPEI
as both the reducing agent and stabilizer. The size of AuNPs is
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Figure 2. Synthesis and characterization of PDA/HPEI/AuNPs film
(A) in situ reduction of HAuCl, into HPEI-functionalized AuNPs,
(B) formation of oxygen-driven air/water interfacial polymerization of
dopamine, which is cross-linked with HPEI/AuNPs. Transferring
films with (C) top and (D) bottom sides onto silicon wafers.
Representative SEM images of the (E) top and (F) bottom sides and
(G) TEM and AFM images (H) of PDA/HPEI/AuNPs.

about 20 nm (Figure S1), displaying a pink color in low
concentration (the inset in Figure 2A). The HPEI-function-
alized AuNPs showed excellent stability and could disperse
uniformly in dopamine alkaline solution. Under the accel-
eration of oxygen in air, dopamine molecules gradually self-
polymerized into PDA and formed PDA thin films preferably
at the air/water interface.*”*" Meanwhile, as a result of the
Michael addition reaction between amine groups in HPEI and
catechol groups in PDA, HPEI on the surface of AuNPs can
cross-link simultaneously with PDA chains during the
interfacial formation of PDA films. Such interfacial behavior
is in fact originated from dopamine and PDA. The key
intermediate during the formation of PDA is §,6-dihydrox-
yindole which exhibits amphiphilic behavior.** The role of PEI
addition to the solution is to reinforce the overall mechanical
properties of the interfacial film. This led to the implantation of
AuNPs into the PDA film and successive interfacial assembly
of PDA/HPEI/AuNPs (Figure 2B). With the increasing
dopamine polymerization, the color of the dopamine solution
changed gradually from pink to brown (inset in Figure 2B) and
a macroscopic film with glossy reflection formed on the
surface, indicating the formation of PDA/HPEI/AuNPs hybrid
film. Unlike the uncontrollable size in traditional film, the size
of macroscopic AuNPs film can be precisely tuned by simply
adjusting the dimension of vessels in synthesis, leading to high
reproducibility and repeatability. In addition, it was a green
synthetic process because volatile organic solvents (e.g.,
toluene, pentanol, and hexane) usually used in traditional

interface strategy*~** can be totally prevented.
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Figure 3. (A) Method for transferring films and photographs of AuNPs hybrid films on (B) liquid surfaces and (C,D) solid substrates.

In order to analyze the surface morphology and structures of
PDA/HPEI/AuNPs films, their two sides were integrally
transferred onto silica wafers (Figure 2C,D). On the top side,
AuNPs closely packed and assembled into a uniform
monolayer with a small fraction of voids (Figure 2E). From
observation of top and bottom sides, the resultant film
exhibited uniform structures in a large area. Dense AuNPs
were evenly distributed in the film (Figure 2E,F). Higher and
lower magnified images with both sides are characterized in
Figure S2A—D, and the amplificatory image of the area was
studied by TEM (Figures 2G and S2E), which confirmed that
AuNPs were uniformly distributed in the monolayer film with
various holes. To further characterize the obtained films, a
cross-section of the sample transferred from the air/water
interface onto a silica wafer was investigated by SEM (Figure
S2F). It indicated that the film was composed of a single layer
of AuNPs and spread uniformly. The thickness of the
monolayer is about 21 nm from the cross-sectional SEM
image and AFM (Figures S2F and 2H), near to the average
size of HPEI/AuNPs (~20 nm). In addition, the AFM images
clearly showed that AuNPs were immersed into a dopamine-
polymerized system and tightly glued together, suggesting
good mechanical properties.

The surface composition and structure of the as-prepared
PDA/HPEI/AuNPs films were investigated by XPS spectrum
(Figure S3). The as-prepared PDA/HPEI/AuNPs film
contained Au, O, C, and N. Weight contents of Au, O, C,
and N were determined to be 48.34, 27.38, 22.08, and 2.20%
separately. C 1s peaks in Figure S3A were divided into four
subpeaks corresponding to four types of carbon bonds.*”**
The major peak at 284.7 eV is ascribed to the C—C or C=C
bonds from the polymer backbone, while shoulders at 286.7
and 289.2 eV belong to the C—O and C=O bonds,
respectively. The smallest subpeak at 2852 eV corresponds
to the C—N bonds. The Au 4f XPS spectra in Figure S3B
display a double feature with peaks located at 87.8 and 84.4 eV,
which is attributed to the Au 4f;,, and 4f,, signals of metallic
Au (Au’), respectively.”® The Au 4f peaks are relatively narrow
and symmetrical, indicating only one chemical state of Au
existing in PDA/HPEI/AuNPs film. The presence of nitrogen
and oxygenate species was confirmed by the O 1s and N 1s
XPS peaks as shown in Figure S3C,D.
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Fourier transform IR (FTIR) was further used to study the
composition and structure of the as-prepared PDA/HPEI/
AuNPs film. The PDA absorption peaks are located at 1646
cm ™' (N—H) and 1298 cm™" (C—N). It is a strong proof that
PDA has cross-linked with AuNPs via the amine groups of
HPEI (Figure S4). In order to optimize the close-packing
density of AuNPs monolayer, a series of experiments were
conducted by controlling the concentrations of AuNPs (0.033,
0.11, 0.23, 0.49 mM) and the resultant samples were
characterized by TEM (Figure SS). When the concentration
of AuNPs grows up, the density of AuNPs in the monolayer
was gradually increased and then reached a saturate state. After
that, the local aggregation and inhomogeneous distribution of
AuNPs in the films would be found if the AuNP concentration
experienced further increase. An optimal AuNP monolayer can
be achieved by using 0.23 mM AuNPs. Larger particles will
contribute to higher conductivity, but the thickness of the film
will be increased and affect the responsive and recovery speed.
In the future work, AuNPs with different size can be studied
via a suitable method to modify them using HPEI, instead of
the in situ reduction by HPEL In this way, the size of AuNPs
can be well controlled.

Owing to the stabilization of PDA film, the robust
macroscopic film generated at the interface can be transferred
facilely and integrally to liquid surfaces and solid substrates by
Langmuir—Blodgett technology (Figure 3A), displaying perfect
freestanding properties. Four types of liquid surfaces: water,
dimethylsulfoxide (DMSO), water/alcohol, and DMSO/
hexane were adopted here (Figure 3B). It can be seen that
the as-transferred transparent AuNPs monolayer remains
stable and compact after transferring to different liquid
surfaces. A high mechanical stability was presented, unlike
conventional interfacial AuNPs films hard to be transferred
because of relatively weak physical interactions of interparticles
(Figure S6). According to the literature®"*” and the results in
Figure 3, PDA (from adhesive proteins existed in mussels) can
be transferred to almost all types of substrates, such as glass
wafer, silicon wafer, flexible polydimethylsiloxane (PDMS),
and plastics (Figure 3C,D). The ability of transferring the film
to a patterned metal substrate allows us to readily produce
various AuNPs patterns. Importantly the feasibility of trans-
ferring the film to flexible substrate presents its promising
potential in wearable nanodevices. Moreover, such free-
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Figure 4. Regeneration properties of the film on newly exposed area by peeling damages. The “blank” denotes the newly exposed air/water
interface, and “2” and “3” are the sequentially regenerated films every 3 h (A—D). Corresponding TEM images of the films of “1” (E), the interface

between “1” and “2” (F), the film of “2” (G) and “3” (H).
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Figure S. (A) Equivalent circuit and a photograph of the PDA/HPEI/AuNPs sensing element. The changes in the measured current from the film
at 1 V as RH was switched between dry air (RH =~ 25%) and humidity air (RH ~ 45%). Estimated results showed the ultrafast response (0.15 s)
and recovery (0.20 s) times. (B) Time-dependent response current from the film under 1 V bias voltage as RH was switched between the low level
(25%) and high level (45%). (C) Derived RH-dependent resistance changes of the sensor. (D) Temperature variation and (E) IR thermal images
of PDA/HPEI/AuNPs film, PDA/HPEI film, and the pure IDE substrate under a NIR laser (808 nm, 2 W/ cmz).

standing AuNPs can be cut into various shapes via different
shapes of substrates. For example, “heart” and “mickey mouse”
shapes of AuNPs monolayer were prepared simply by
transferring onto the specific shaped plastic substrate. It is
clear that the sensing material can be easily patterned with
specific shapes to suit different positions of human body. The
perfect adhesive property makes the as-prepared PDA/HPEI/
AuNPs Film address the intrinsic problem, weak interaction
between the traditional sensing materials, and targeted elastic
substrate, in practical wearable sensing applications. Besides,
the strong chemical adhesion between the PDA/HPEI/AuNPs
film and elastic substrate enables avoiding cracks and
preventing chemical molecular escaping from substrate and
inhaling into the lungs or human skin.

More interestingly, because of the continuous interfacial
polymerization of dopamine, the hybrid film can be
regenerated repeatedly at air/water interface (Figure 4).
Three-quarters of one fresh film was cut off to remain a
quarter of the film (denoted as “1” highlighted by green line in
Figure 4B). In this case, the dopamine self-polymerization in

the blank area (highlighted by fellow dash lines) can proceed
normally when the rest dopamine in solution was exposed to
air. As expected, a new film was regenerated within 3 h at
original area (denoted as “2” in the yellow dotted line, in
Figure 4C). In addition, the newly formed film and the left old
film amalgamated and composed a new compact film by robust
adhesion. The semicircled area of the new film was cut again
and labeled by yellow dash area in Figure 4C, and another new
film was generated within subsequent 3 h again (denoted as
“3” in the red dotted line, in Figure 4D). The robust
attachment between the newly generated and the original film
can also be clearly observed due to the intrinsic adhesive
nature of PDA. It is extremely important for sensors to achieve
the ability of self-healing and regeneration function in wearable
devices applications.

The regenerative films at different growth stages were
characterized by TEM (Figure 4E—H). The number of
nanoparticles in region “2” reduced obviously compared with
the region “1”. There were two possible reasons: one was that
many particles had transported to the interface for the

36263 DOI: 10.1021/acsami.9b11918

ACS Appl. Mater. Interfaces 2019, 11, 36259—36269


http://dx.doi.org/10.1021/acsami.9b11918

ACS Applied Materials & Interfaces

Research Article

formation of AuNP films; the other reason was that the rest
HPEI/AuNPs may cross-link with free dopamine in the
solution. Based on rough calculation, 45% of AuNDPs in the
initial solution was transported into the interfacial AuNPs film,
which is much higher than the utilization rate of traditional
method (11%)."” Herein, this modified interfacial method also
can be developed as a strategy for recovering noble metals
from solutions for further applications.

RH Sensing/Photothermal Effect of PDA/HPEI/AuNPs
Film. A PDA/HPEI/AuNPs film was employed to construct a
series circuit (Figure 5A-top) for the investigation of RH-
responsive electrical properties. The RH was controlled by the
amount of moisture-nitrogen mixture. The response time is
related to the structure of film (such as thickness and
porosity), the variation, and change rate of humidity. Such
ultrathin structures (high surface-volume ratio) can accelerate
the adsorption and desorption of water molecules, to efficiently
record dynamic signals from the surrounding environment.
The thickness of our film is around 20 nm, when RH changes
from 25 to 45%, the apparent current from 0.7 nA increased to
17 nA (Figure SA,B), and the response and recovery times
measured at the peak value up to 90% (Figure SA-bottom)
were 0.15 and 0.20 s, respectively. If we reduce the thickness of
the film or the variation of the humidity, a shorter response
time is expected to be obtained. During the humidity-sensing
test, no obvious delay was observed. These results suggested
that the device was humidity sensitive with a conductivity
increase with humidity increase. The conductivity of the device
was measured under different environmental humidity
conditions with the increase of RH from 29 to 97%. The
humidity environments were achieved using saturated aqueous
solutions of LiCl, CaCl,-6H,0, MgNOj3, NaCl, and K,SO, in a
closed glass vessel at an ambient temperature of ~25 °C, which
yielded approximately 29, 43, 54, 75, and 97% RH,
respectively. The resistance experienced changes almost 3
orders of magnitude in certain humidity range (from 29 to
97%) (Figure SC). Thus, the lowest concentration that can be
detected is 29%. Indeed, in this humidity-sensing process,
water molecules were adsorbed onto the surface of the film,
leading to an auto ionization reaction: 2H,0 = H;0" + OH".
PDA and HPEI polymers contain a large number of amino
(-NH,) and hydroxyl groups (—OH) that induce the
formation and cleavage of hydrogen bonds as wire or network
with water molecules. This can rapidly connect the
neighboring AuNPs and adsorb water molecules to form the
electrical channels through the hydrogen bonds. Therefore, the
hybrid film significantly increase the conductive pathway and
result in greatly enhanced conductivity with the increase of
RH. Dopamine derivatives with zhydrophilic group such as
pyrogallol, as long as polymerization can occur, are expected to
design as the humidity sensor.”® To quantitatively characterize
the humidity sensitivity of the device, the response at different
RH levels was defined as response = (Rgyy — Ry)/R,, where
Rpyy and Ry were the resistances of the device in dry air with
the RH value reaching 97 and 29%, respectively. The
maximum response value of the as-established device reached
as high as 1245, indicating an excellent sensitivity to a high
moisture environment.”*

Temperature—time changes and thermal images were
detected to study the photothermal performance of the
PDA/HPEI/AuNPs films (Figure SD,E). As expected, the
PDA/HPEI/AuNPs film was quickly heated up and eventually
achieved an equilibrium temperature around 79.5 °C within

100 s (Figure SD), while the PDA/HPEI film and pure IDE
substrate at plateau had only an equilibrium temperature of
58.2 and 46.3 °C, respectively. This clearly demonstrated that
the PDA/HPEI/AuNPs film (1.37-fold-enhancement) owned
a more efficient light-to-heat conversion than the PDA/HPEI
film. Figure SE shows the corresponding IR thermal images to
study the AuNP effect on the photothermal performance of the
film.>***> The photographs in the top line presents the IR
thermal images of PDA/HPEI/AuNPs films, while the
photographs in the middle line and bottom line link to the
IR thermal images of PDA/HPEI films and the pure IDE
substrate, respectively. After 300 s, the temperature decreased
rapidly due to the fast thermal response to light on/off
switching. Near IR (NIR) laser light, the color of PDA/HPEI/
AuNPs films is much lighter than PDA/HPEI films and pure
IDE substrate, suggesting better photothermal performance of
the PDA/HPEI/AuNPs film.

Application as Sports Watch. Motivated by these
outstanding properties of highly sensitive humidity sensing
and great photothermal efficiency, the hybrid film was designed
as an electronic device. The current of the circuit increased
instantly once humid air was introduced, according to the
green light of LED, as displayed in Figure 6A. The green light

—e

i
3
I

Figure 6. (A) Schematic and photographs of the PDA/HPEI/AuNP
film as humidity sensor to (B) switch on/(C) off LED light (series
circuit of IDE, 12 V battery and an LED).

of LED quickly disappeared under NIR illumination, which
was contributed by rapid evaporation of water driven by light-
to-heat conversion. Figure 6B displays the detailed changes of
light intensity over introduced humid air. For the experiment
of humid air continually stimulating the sensing material 6 s,
the LED, at around 1 s, was lighted on after introducing the
humid air. The light of LED started to become brighter as the
wet air kept stimulating (Figure 6B). When time arrived at 6 s,
the humid air stopped stimulating. From the 6th second to
10th second, negligible change of intensity was observed. A
NIR laser was introduced at the 11th second. The light
intensity decreased sharply to 0 within only 1 s under the NIR
illumination (Figure 6C). Thus, clearly, the PDA/HPEI/
AuNPs device exhibited excellent sensing performances with
ultrafast response and very short recover times, good stability,
and repeatability. At the same time, a PDA/HPEI film-based
sensor with no AuNPs was also tested as a comparison (Figure
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S§7). The recovery time of NIR-driven LED was nearly 38
times longer than that of the PDA/HPEI/AuNPs device. It can
be concluded that a very better photothermal response of
PDA/HPEI/AuNP:s film than that of PDA/HPEI guaranteed a
very shorter recovery time.

The hybrid film was employed into a flexible and wearable
sports watch (Figure 7), which can be comfortably worn on

H,O
Hydrogen Bond =

H,0 = /s

Figure 7. (A) Schematic and photographs of sports watch based on
PDA/HPEI/AuNPs film recovering with laser (B) and without laser
(C) (series circuit of IDE, 12 V battery and a LED).

human wrist to trace the perspiration. Abundant hydrophilic
groups (—OH and —NH,) in HPEI and PDA molecules acted
as proton donors and acceptors and played a dominant part in
stimulating the humidity sensor response.”’ At low humidity,
ion transfer was difficult across the particles through proton
hopping-transport and hardly to form conductive paths
throughout the film because of the discontinuous adsorption
of water molecules (Figure 7A-right). Evaporation of sweat
from skin surface can be absorbed onto the surface of sensing

material, and the RH around the sensing material will increase
simultaneously. In this case, the Grotthuss mechanism
probably occurred via formation and cleavage of hydrogen
bonding network, allowing protons to hop between water
molecules.”” H;O* was likely to produce charge carriers to
serve as proton bridges to connect two AuNPs, which could
contribute to an exponential enhancement in conductivity, and
ultimately LED light was emitted (Figure 7A-left).

Figure 7B,C, respectively, presents the changes of the LED
light before and after 10 min outdoor exercise. Normally, the
moisture sensor is linked to temperature. In this paper, the
sensor designed is insulated with skin by a 3 mm flexible
PDMS frame and minimized the affect from the change of
environmental temperature. It was so beneficial for visual
perspiration monitoring. For the application of sports watches,
the green LED began to show green light at the 6th minute of
this 10 min running. When a 10 min running wearing sports
watch was done, the PDA/HPEI/AuNPs sensing material was
irradiated by a 808 nm laser for accelerating evaporation speed
of water molecules. Interestingly, the lights went out quickly
within $ min (Figure 7B) because of the good photothermal
performance of the PDA/HPEI/AuNPs film. Figure 7C shows
that the lights need a longer time as 2 h to be off without NIR
laser radiation when a 10 min running wearing sports watch
was done. Based on the above results, the recovery time is
related to the duration of the water stimulus. In the future, we
can design breathable sports watch instead of the closed sports
watch in this paper to accelerate the evaporation of moisture
and thus accelerate the recovery time.

For the PDA/HPEI-based sensor, without the conductive
and photothermal properties of AuNPs, a longer response time
for the LED lighting and a higher value of recover time (~17
min/4 h with/without NIR illumination, respectively) were
recorded (Figure S8A,B). In addition, this sports watch can be
employed as a real-time perspiration monitor indoor exercise
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of a breath cycle when a subject is at different physical and emotional activation (A) sleeping, (B) different health states, (C) crying and laughing,

and (D) slightly nervous state.

by connecting to computer (Figure S9). It was evident that the
sensor with AuNPs (green line) achieved more than S times
the current compared to PDA/HPEI (red line). The current
recovery time of PDA/HPEI/AuNPs was around 17 min
simultaneously, near twice as fast as that of PDA/HPEI (~32
min). Through the data collection and analysis, such wearable
PDA/HPEI/AuNP sensor also showed fast response and
superior recover ability for the function of efficient visual or
real-time health monitoring. To study the excellent stability of
our sensor-based sports watch, after thousands of repetitive
experiments and 6 months of placement, the sports watch was
again used to detect the LED light with RH changes. As shown
in the Figure S10, the results make clear that the water
absorption still can light on the LED through the obtained
humidity sensor.

Based on the ultrafast response and highly sensitive
performance, the hybrid film can be used as a powerful
noninvasive tool for continuously monitoring human breath.
Because of a higher humidity of exhaled air than the inhaled
(ambient) air, human breath can be recorded by monitoring
the variations in the RH values.”' Here, a modified breath
mask was fabricated (Figure 8A). With individual breathing
out into the mask through the nose, the RH fleetly rose as soon
as the exhaled flow reached the sensor and rapidly declined to
ambient value during inhaling. The test object breathed
comfortably on wearing the sensing mask. The signals with
normal breathing rate were collected consistently (around S
min), and the current was nearly repetitive in breathing cycles
(Figure 8B, green line). A reasonably narrow change of
amplitude can be seen in Figure 8C (green line), probably
from normal respiratory fluctuations. Then, the volunteer
started to do mild indoor training for 5 min, and the
subsequent breathing signals were recorded simultaneously
(Figure 8B, orange line). A slow decline in the current value in
the respiratory amplitude was observed in Figure 8C (orange
line), which was likely to occur as the exercise induced
dehydration owing to perspiration and felt thirsty. For a more
accurate study, the breath time from the output breathe curve
of every breath cycle was further calculated (Figure 8D),
displaying around 5 fold fast breathing speed during training in
contrast to normal states. The statistical data also displayed the
average breath time before and during training, about 7 and 1.4
s, respectively (Figure S8E).
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Interestingly, the breathing signals at different physiological
(e.g, sleeping, fever) and emotional states (e.g, crying,
laughing, and nervous) were first recorded. The signals were
clearly revealed by different breath RH levels (Figures 9 and
S11), very possibly caused by different metabolic processes and
respiratory controlling. Figures 9A and S11A show breathing
relatively steady in the sleeping process, before, during, and
after sleeping. The current dropped by a third after falling into
sleep, implying that the RH level decreased during sleeping.
More importantly, it needs to be pointed out that a new
breathing state called “fast breathing” occurred around 25 min
in during sleeping state. This may be arising when the brain
condition performs “rapid eye movement (REM) sleep” at that
time. An automatic nerve was disarray (e.g, breathing and
blood pressure unsteadies) at the state of “REM sleep”.”” In
Figures 9A and S11B, the time of every breath cycle during
sleeping was slightly faster, compared to that of normal breath
before or after sleeping. The breathing curves obtained from
fever states (Figures 9B and S11C) demonstrated that the
breathing at cold states was disorder with higher RH level. The
time of every breath cycle was calculated, indicating that the
time of every breath cycle at cold states took around 1.7-fold
longer than the time at the healthy state (Figure S11D).

More interestingly, the mask can be developed for observing
physiological response specificity in emotions including
negative (e.g., anger, anxiety, fear, crying) and positive
(happiness, laughing) emotions (Figures 9C,D and S11E—
H). Physiological activities at sad situations (negative
emotion) would increase cardlovascular sympathetic control-
ling and change respiratory activity.”® When the breath was
characterized during crying activities, it was found that
breathing through the nose presented a dramatic increase
(~4.6-fold) of the respiratory amplitude compared to normal
states (Figures 9C and S11E). Here, the reason may be that
tear was formed by tear glands and was delivered toward the
upper respiratory tract, and then, the humidity of breathing
flow increased. Another reason was probably that water from
the internal body fluid was transferred to the respiratory
system when emotion emerged, caused by the warm,
humidified breathing. These results revealed that the great
fluctuations of amplitude increased with irregular respiratory
activities, particularly during crying process. Further, the time
of every breath cycle was calculated (Figure 9C), which
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displayed that moisture of respiratory airflow significantly
ascended during crying while slightly decreased during
laughing compared to normal states. Emotions were identified
by more irregular and faster breathing, as evidenced in the
fluctuations of time of every breath cycle (Figure S11F). 0.33
cycle/s during crying and 0.25 cycle/s during laughing were
recorded compared to 0.17 cycle/s at normal states (calculated
from Figure S11E). Nervous symptoms can lead to the
increase and fluctuation of breath frequency (Figure S11G).
The calculated time (Figures 9D and S11H) implied that the
shortness of breathing was induced by slightly nervous.

In this paper, the test results only reflect an individual, and
the obtained signals vary from person to person. Figure S12
demonstrates the current—time (I—t) curves from different
volunteers varied among healthy adult males and females.
Therefore, this wearable device can be applied in a customized
monitoring system and continuously provide an individual’s
daily health information in long-term monitoring. On the other
hand, more detailed research in this area should combine with
more data collection and deep learning to analyze the
performance in the future. Note that dozens of volunteers in
the process of respiratory monitoring did not suffer from any
allergic reaction, which supported our sensing material of good
safety from another aspect. Such a sensing mask should be
significant in breathing analysis because it can provide a simple
and powerful noninvasive strategy for diagnosing diseases such
as asthma, sleep apnea syndrome, or other respiratory diseases.

B CONCLUSIONS

We presented a simple strategy to fabricate a 2D sensing
material based on the PDA-cross-linked-AuNPs monolayer.
Around 45% of nanoparticles could be assembled from
solution into a 2D monolayer AuNPs film (around 4-fold in
contrast to traditional interface method). The hybrid structure
was adhered directly and facilely to a flexible IDE substrate for
realizing highly sensitive humidity-sensing application. More
importantly, this system is greatly biocompatible and totally
nontoxic, unlike many controversial sensing materials about
safety issues. The sensor reached a maximum resistance
response of almost 3 orders of magnitude toward moisture
over a wide range (RH from 29 to 97%, 25 °C). Such device
integrated the advantages of AuNPs (high surface-volume
ratio, highly conductible and photothermal performance) with
the moisture absorption capacities in the hydrophilic group of
polymers through dynamical hydrogen bond interactions to
achieve a humidity-sensing ability. The sensor-based wearable
sports watch was finely designed to detect the RH change on
human skin surface for visually physiological monitoring
application. Moreover, the ultrafast response sensor of
breathing mask was employed effectively for real-time
monitoring of human breath at different physical states, such
as training, sleeping and cold states, and even emotional
monitoring system including crying, laughing, and nervous
state. The new and safe concept of wearable sensor would be
promising in customizable and reusable real-time health
monitoring and the inexpensive biological detection. The
freestanding, adhesive, and regenerative characteristics endow
the hybrid film with many other specials functions, like self-
healing and arbitrary patterning, which is of significance in
wearable applications.
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