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ABSTRACT. Quick fever screening at mass scale is proven effective during a pandemic to single
out the ones with suspected symptoms of infectious diseases. However, achieving affordable and
real-time fever alert at individual level, although more preferable, remains elusive. Herein, we
report an inexpensive and highly sensitive fever detector which possesses a sharp color-transition
temperature window tailor-tuned for fever screening. The sensing component of the detector is
rationally designed thermoresponsive agarose@poly(N-isopropylacrylamide)-co-acrylamide
(agarose@P(NIPAM-co-AM)) hydrogel. The hydrogel turns from transparent to opaque white,
when its temperature is higher than its cloud point. As a proof of concept of its practical
applicability, a wearable fever monitoring device was fabricated in the form of a wristband. When
the wrist temperature is higher than the threshold of a human fever, the device shows a remarkable
color change, alerting an elevated body temperature. The wearable detector provides a promising
strategy for real-time fever alert monitoring and is capable of making contributions to inhibit the

spread of infectious disease during a pandemic.

Introduction

High body temperature, commonly known as fever, is a defensive body reaction especially to
many viral or bacterial infection-related illnesses, such as, severe acute respiratory syndrome
(SARS)', coronavirus disease 2019 (COVID-19)*, influenza’. When human immune system
detects the attack of virus or bacteria, it signals a hypothalamus to turn up the heat to stimulate our

immune system. To this end, fever is a typical and early symptom of these infections and thus



monitoring body temperature can help detect these infectious illnesses at an early stage, which is
critical for a timely and thus more effective treatment and also helps prevent them from
spreading.'0-12

Body temperature can be taken from many parts of human body, each with its pros and cons'>.
More accurate measures (e.g., taken in mouth, anus, armpit, ear) require direct body contact and
are generally accompanied with trivial procedure and lengthy time while fast measures are quick
but provide quantitatively less reliable data'.

During pandemic, mass temperature screening at public places is arguably the most effective
way to single out those who have fever and who may have contracted infectious viruses for
quarantine and treatment.'>!7 In this case, only fast temperature measures are viable as qualitative
determination of whether one’s body temperature is above a defined threshold as fever is needed.

During the COVID-19 pandemic, over-head or hand-held infrared thermometers are widely
installed or employed to take a person’s temperature at entrance of office buildings, campuses,
schools, hospitals, supermarkets, airports, and dining halls where people congregate.'3>! However,
these measurements are transient and on a one-off basis. It is known fever symptom associated
with virus-led infection develops quickly. Thus, an inexpensive, continuous, and real-time fever
alert monitoring, although challenging, is always ideal, preferably done at each individual level.'*
2223 Although this can be achieved by wearing an electronic watch, its application in mass
screening is limited by its high cost. As an alternative, thermal sensitive materials can be used as
a cheap qualitative thermometer for fever screening, but its accuracy is constrained by its wide
transition temperature window.4%

Herein, we present a simple method to prepare a highly thermosensitive hydrogel with a narrow

transition temperature window for real-time fever alert monitoring. The hydrogel is composed of



thermoresponsive poly(N-isopropylacrylamide)-co-acrylamide (P(NIPAM-co-AM)) microgel
embedded in agarose hydrogel (agarose@P(NIPAM-co-AM)) and it is capable of turning from
transparent to opaque white when its temperature is higher than its cloud point (denoted as color-
transition temperature hereinafter). The hydrogel shows a narrow color-transition temperature
window: its transmittance decreases from ~70.5% to 17.5% when the temperature increases from
37.2°C to 37.4°C. The large transmittance change of the hydrogel is clearly visible to naked eyes,
making it a convenient fever detector. As a matter of fact, the color-transition temperature of the
hydrogel can be precisely tuned by simply modulating the ratio of NIPAM comonomer to
acrylamide (AM) comonomer during the synthesis, which allows the temperature alert threshold
of the hydrogel to be tailored for monitoring other diseases like hyperthermia and hyperpyrexia.
As a proof-of-concept, the agarose@P(NIPAM-co-AM) hydrogel with precisely turned color-
transition temperature to the threshold of human fever is assembled into a wristband. When the
wrist temperature is higher than the color-transition temperature of the hydrogel, the wristband in
real time shows a clear color change, alerting an elevated body temperature and calling for
immediate medical attention (Figure 1). The designed wristband is cheap and effective and can be
massively distributed for mass fever screening especially at those highly congregated places with
regular occupants, such as office buildings, schools, university campuses, and even hospitals. It
has a great potential to make a solid contribution to inhibit the transmission of COVID-19 during

the ongoing pandemic.
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Figure 1. Conceptual illustration of the wristband for real-time personal fever alert. The wristband
changes from green to opaque white color when one gets a fever.
Results

The wristband consists of a silicone rubber band as a holder and a hydrogel-based detector where
the agarose@P(NIPAM-co-AM) hydrogel is placed on top of a thin aluminum sheet and then
encapsulated by a polymethylmethacrylate (PMMA) enclosure, as shown in Figure S1. The
microgel of P(NIPAM-co-AM) is embedded inside the matrix of agarose and endows the
composite hydrogel with temperature responsibility.

To enhance the visual readability of the detector, the surface of the aluminum sheet is dyed
green. As aresult, the detector appears green under normal wrist temperature because the hydrogel
is transparent in this condition, and it turns opaque white when the wrist temperature is higher than

a fever temperature.
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Figure 2 schematic illustration of the agarose@P(NIPAM-co-AM) preparation process.

Preparation of Agarose@P(NIPAM-co-AM) Hydrogel. The P(NIPAM-co-AM) copolymer
microgel is composed of a main polymer chain of PNIPAM and AM comonomer. PNIPAM is a
well-known thermo-responsive polymer with a lower critical transition temperature (LCST) or
cloud point (T¢p) of around 32°C and it has a structure containing a hydrophobic backbone and a
hydrophilic amide group capped by a hydrophobic iso-propyl moiety (Figure S2.)**32. Below its
Tep, PNIPAM chains remain in a coil conformation due to the hydrogen bonding of hydrophilic
amide groups with surrounding water molecules, exhibiting a soluble and transparent look. Above
its Tep, the hydrophobic interactions between the hydrophobic backbone and isopropyl groups
become dominant, leading to the intra or intermolecular aggregation of hydrophobic moieties.
Consequently, PNIPAM chains collapse into a globule at molecular level, resulting in a
macroscopically opaque solution.

In theory, increasing the polymer-water interaction results in an elevated T, while an enhanced
polymer-polymer interactions leads to a lower Tep.>>® Since the inherent T, of PNIPAM is lower

than body temperature (~37°C), acrylamide (AM) monomers is introduced into PNIPAM, forming



a copolymer to enhance its Tep.?> 37 It is expected that the Tep of PNIPAM chain can be precisely
tuned by incorporating the hydrophilic amide group of AM.

The reversible transition of PNIPAM in response to temperature necessitates co-presence of
water in its structure. In this work, the P(NIPAM-co-AM) microgel, instead of its bulk hydrogel,
is synthesized as the former overcomes the drawback of volumetric shrinkage and irreversible
dehydration of the latter during transition.?*° To immobilize the microgel, agarose hydrogel is
chosen as a supporting matrix owing to its stability, transparency, low cost, easy synthesis and
biocompatibility.*® As a matter of fact, agarose is a common food additive.>

The agarose@P(NIPAM-co-AM) hydrogel is prepared by a simple 1-step method, as shown in
Figure 2. The precursor solution is obtained by dissolving into water the reactants, including
agarose, NIPAM monomer and AM monomer, catalyst, initiator, to form a clear and homogeneous
mixture and the hydrogel is obtained after the simultaneous polymerization and gelation for 12 h
at room temperature. Before complete gelation, the precursor solution is transferred into a
customized mold with a desired shape. When the temperature is elevated to be higher than the T,
of PNIPAM, a distinguishable color change can be observed at the composite hydrogel as it turns
from transparent to opaque white. Control experiments are conducted with pure agarose hydrogel
and P(NIPAM-co-AM) microgel to confirm the advantage of having agarose hydrogel to host the
microgel, whose details can be found in supporting information (Figure S3 and Note S1).

SEM image of the agarose@P(NIPAM-co-AM) hydrogel after freeze-drying shows an irregular
porous structure (Figure S4), similar to that of agarose hydrogel. This comparison indicates that
the polymerization process of the copolymer has no effect on the pore structure of the agarose
hydrogel. Moreover, the P(NIPAM-co-AM) microgel particles can be observed on the walls of the

hydrogel with an irregular shape (Figure S4c).



The chemical composition of the agarose@P(NIPAM-co-AM) hydrogel was analyzed by
Fourier transform infrared (FTIR) spectra (Figure S5a). In the agarose hydrogel, the broad peaks
at ~3420 and ~2910 cm’! can be attributed to stretching vibration of O-H groups and C-H groups,
respectively*’. Furthermore, the bands at ~1156 and ~1072 cm™! are assigned to C-O-C and C-OH
stretching vibrations, which are characteristic to agarose*'**2. For the agarose@P(NIPAM-co-
AM), the band at 1547 cm™! corresponds to N-H bending vibration while the band at 1462 cm™ is
attributed to the C-N stretching in C-NH, of PAM**4, The deformation vibration peaks at ~1388
and ~1368 cm™ are attributed to the C-H bond in isopropyl group of PNIPAM?** % altogether
confirming the formation of the P(NIPAM-co-AM) copolymer. X-ray photoemission spectroscopy
(XPS) was further used whose results are presented in Figure S5b, c. Compared to the O 1s
spectrum of the pure agarose, the peak at ~532.0 eV is ascribed to the C-O-C/C-O-OH units of the
agarose and the new peak at ~531.9 eV is attributed to the O=C-N unit in the amid group of
PNIPAM or PAM*#_ further confirming the formation of the PNIPAM and/or PAM moieties in

the composite hydrogel.
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Figure 3. The optical performance of the agarose@P(NIPAM-co-AM) hydrogel. (a) Visible light
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transmission spectra of the agarose hydrogel and agarose@P(NIPAM-co-AM) hydrogel at room
temperature. (b) Transmittance of the agarose@P(NIPAM-co-AM) hydrogel at the wavelength of
550 nm at different concentrations and (c) molar ratio of NIPAM comonomer to AM comonomer.
(d) Photographs of the agarose@P(NIPAM-co-AM) hydrogel at room temperature (left) and 40°C
(right).

Optical Performance of the Agarose@P(NIPAM-co-AM) Hydrogel. The visible light
transmittance of the agarose hydrogel and agarose@P(NIPAM-co-AM) hydrogel is shown in
Figure 3a. The transmittance of agarose hydrogel gradually increases from 78.0% to 87.8%
between 380 nm and 600 nm, beyond which only a small increment can be observed, reaching
89.7% at 800 nm. Compared to agarose hydrogel, the agarose@P(NIPAM-co-AM) hydrogel

shows a slightly lower transmittance below 600 nm but a comparable transmittance above 600 nm.



The decreased transmittance of the agarose@P(NIPAM-co-AM) hydrogel might be caused by the
formation of the P(NIPAM-co-AM) microgel inside the hydrogel.

The thermoresponsive behavior of the agarose@P(NIPAM-co-AM) hydrogel was determined
by measuring its temperature-dependent transmittance at the wavelength of 550 nm. The
measurement was conducted in a home-made experimental setup as shown in Figure S6. Briefly,
the hydrogel precursor solution was firstly injected and sandwiched into a quartz glass mold and,
after gelation, the hydrogel part of the mold was placed on the hole of a thermostatic table, which
maintained a stable temperature during measurement and at the same time permitted the light of
the transmittance meter passing through the hydrogel sample.

To tune the color-transition temperature window, we firstly modulate the concentration of
P(NIPAM-co-AM) microgel. As shown in Figure 3b, when the concentration is 0.5%, the
agarose@P(NIPAM-co-AM) hydrogel shows a transmittance of ~89.4% below 38.6°C and a
visible transmittance change can be observed from 74.8% to 20.1% at a temperature reduction of
2.0°C, indicating that the hydrogel possesses a wide color-transition temperature window. When
the concentration is increased to 1.0%, 3.0% and 5.0%, the color-transition temperature window
(defined when the transmittance reduced by over 50%) decreases to 0.8°C, 0.4°C and 0.2°C
respectively. Moreover, the color transition temperature is also reduced from ~40.6°C to ~37.3°C
when the concentration is increased from 0.5% to 5.0%. These results demonstrate that the color-
transition temperature window can be reduced by simply increasing the concentration of the
P(NIPAM-co-AM) microgel in the hydrogel and in particular, the color-transition temperature
window can be as low as 0.2°C at a concentration of approximately 5.0%, which is well suited for
fever alert monitoring. Therefore, the concentration of the microgel in the hydrogel is kept at about

5.0% in the following experiments.
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To further tune the color transition temperature for fever monitoring, we modulated the molar
ratio of NIPAM comonomer to AM comonomer and the samples are denoted as
agarose@P(NIPAM-co-AM)-xx, with xx being molar ratio of the NIPAM comonomer to AM
comonomer. As shown in Figure 3c, agarose@P(NIPAM-co-AM)-16 shows an initial
transmittance of ~89.1% below 37°C, and a sharp decrease can be observed in its transmittance
from ~70.5% to 17.5% when its temperature increases from 37.2°C to 37.4°C. Further increase in
temperature decreases the light transmittance to ~2.9 %. As known, normal body temperature can
vary by a degree or so, between 36.1°C and 37.2°C. A fever is typically defined as body
temperature above 37.2°C*. In view of this, agarose@P(NIPAM-co-AM)-16 is a suitable
candidate as a fever alert monitor. When the molar ratio is decreased to be 14:1,
agarose(@P(NIPAM-co-AM)-14 exhibits an abrupt transmittance decrease from 71.5% at 38.0°C
to 31.4% at 38.2°C. The increased color-transition temperature should be attributed to the increase
in the AM in the copolymer, which enhances the polymer-water interaction owing to the increased
hydrophilic amide group. Hyperthermia is defined as a body temperature higher than 38.0 °C (this
number may vary from country to country) and is a medical emergency requiring immediate
treatment to prevent disability or even death®. Since the color-transition temperature of the
agarose@P(NIPAM-co-AM)-14 resides nicely near ~38°C, it can be used specifically for
hyperthermia screening. Similarly, the color-transition temperature of the agarose@P(NIPAM-co-
AM)-11 is around ~39.1°C. When the temperature increases from 39.0°C to 39.2°C, its
transmittance decreases from 61.6% to 7.9%. The above results demonstrate that the color-
transition temperature of the agarose@P(NIPAM-co-AM) hydrogel can be facilely tuned and the

prepared agarose@P(NIPAM-co-AM) hydrogel shows a narrow color-transition temperature
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window that matches well with human fever temperature, which is critical to a successful fever
screening.

The visual transparency transition of the agarose@P(NIPAM-co-AM) hydrogel (with a
thickness of 1mm) in response to temperature change is shown in Figure 3d1-d2. As clearly seen,
at room temperature of ~25°C, the hydrogel is highly transparent and the picture beneath the mold
can be observed clearly. Upon heating at 40.0°C for 5 min, the hydrogel turns opaque white and
the underlying picture is nearly invisible.

The high flexibility of hydrogel allows for fabrication of flexible detector which broadens its
application perspective. As shown in Figure 3d3-d4, a thin agarose@P(NIPAM-co-AM) hydrogel
film was fabricated on a flexible and transparent polyvinyl chloride (PVC) substrate and exhibits

expected transparency change in response to heating.
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Figure 4. The design and assembly of the wristband for personal fever monitoring. (a) the
schematic illustration of the designed fever detector (1. aluminum sheet painted green; 2. hydrogel;

3. PMMA cover); (b) modelled temperature distribution of the wristband (c) and the vertical
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temperature profile of the hydrogel in the detector under different ambient temperature; (d) color
transition of the detector under different temperatures; (e) the color change of the detector in the
wristband at (1) a normal wrist temperature of 35.6°C and (2) an elevated wrist temperature of
36.7°C.

The Design and Assembly of the Wristband for fever monitoring. For the purpose of having
the agarose@P(NIPAM-co-AM) hydrogel to be used as a sensor to qualitatively screen body fever
at individual level, the agarose@P(NIPAM-co-AM) hydrogel was assembled into a wristband to
make a wearable and all-in-one device. However, a definite cut-off wrist temperature for fever
screening that is internationally agreed upon has not been established. For example, it is
recommended that the threshold of wrist temperature for detecting tympanic temperature
(>37.2°C) was 36.2°C, with a sensitivity of 86.4%.>° This work adopts this guideline and considers
the wrist temperature of >36.2°C as the threshold temperature for fever. It is worth reemphasizing
that the color transition temperature of our hydrogel can be simply modulated to meet the needs of
different application scenarios.

The wristband consists of a strap, made by silicone rubber, and a detector, having
agarose(@P(NIPAM-co-AM) hydrogel as sensing component. As is shown in Figure 4a and Figure
S1, the detector is composed of an aluminum sheet with a size of 15x6x1 mm at the bottom, a
agarose@P(NIPAM-co-AM) hydrogel layer of 2 mm on the top of the aluminum sheet and a
transparent enclosure of PMMA. The aluminum sheet is selected owing to its high thermal
conductivity (205 W/m K); the top surface of the aluminum sheet is dyed green by the commercial
paint to increase visual contrast during temperature transition. The transparent PMMA enclosure

is completely sealed together with the aluminum sheet by UV-curing adhesive. Additionally, an
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air gap between the agarose@P(NIPAM-co-AM) hydrogel and the ceiling of PMMA cover is
deliberately made to minimize the heat loss caused by thermal conduction and thermal convection.

To make the fever screening more reliable and accurate, the temperature difference between the
hydrogel and the wrist need to be considered. A thermal model was first established to simulate
the temperature distribution of the hydrogel in the wristband by COMSOL Multiphysics software.
With the wrist temperature set at 36.2°C, the simulated temperature variation along the vertical
height of the hydrogel under different ambient temperature is shown in Figure S7. As seen, no
significant temperature change can be observed across the aluminum sheet owing to its high
thermal conductivity. For the hydrogel, its temperature reduction along vertical direction varies
under different ambient temperature, showing a lower decrement at a higher ambient temperature.
There is 0.7°C and 0.2°C temperature reduction at the ambient temperature of 15°C and 30°C
respectively (Figure 4c¢). This should be attributed to the lower temperature difference between the
wrist and ambient. On the other hand, the temperature variation across the air gap above the
hydrogel is high, exhibiting a decrement by 5.8°C and 1.7°C at the ambient temperature of 15°C
and 30°C respectively. The smaller reduction in the temperature across the hydrogel should be
attributed to the low thermal conductivity of the air gap (0.026 W/m K at room temperature), which
can be regarded as a thermal insulation.

Since the temperature of the hydrogel is not evenly distributed, the temperature in the middle is
used to represent its temperature. For every 5°C decline in ambient temperature, the temperature
disparity between the wrist and hydrogel is decreased by 0.1°C. As the wristband aims at fever
screening in indoor settings, the work designs the wristband to be used at ambient temperature of
25°C. Under this condition, when the wrist temperature is 36.2°C, the temperature of the hydrogel

is 36.0°C. The color-transition temperature of the agarose@P(NIPAM-co-AM) hydrogel needs to
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be tuned at 36.0°C and thereafter, by modulating the molar ratio of the NIPAM comonomer to AM
comonomer, a new agarose (@P(NIPAM-co-AM) hydrogel was tailor-made. As shown in Figure
S8, the newly prepared agarose@P(NIPAM-co-AM) hydrogel exhibits a sharp reduction in the
transmittance from 81.2% at 35.9°C to 31.5% at 36.1°C, confirming that the hydrogel is
successfully tuned to the desired color-transition temperature.

The assembled detector is shown in Figure 4d and Figure S9 and owing to the highly
transparency of the hydrogel, it appears green and, when the detector was placed on a thermostatic
table with the temperature of 36.5°C, it turned to translucent at the end of the first minute and
became completely opaque white after further heating for another 1 minute. By cooling at room
temperature for only 30 s, the detector recovered to its original green color (the color-transition
process can be also found in Supplementary Video 1). The result indicates that the detector
possesses a reversible and fast response to small temperature change.

The detector was then assembled with the silicone rubber band and tested on the wrist of a
volunteer, as shown in Figure S1 and Figure 4e. It needs to point out firstly that due to the strict
safety regulation during COVID-19 pandemic, this project was not permitted any access to any
fever patients. Instead, the fever state of the volunteer was simulated by intense indoor exercise.
Many previous reports have demonstrated that intense exercise is capable of elevating body
temperature to a state similar to a fever’!2. Additionally, the measurement at the same person in
different states allows for a better consistency and comparability. Firstly, the healthy volunteer
wore the wristband for one day and the real wrist temperature of the volunteer was measured by
IR camera. A typical picture of the wristband at normal temperature is shown in Figure 4el. The
detector stayed in green during the test and the wrist temperature was measured to be below 36.0°C.

Then, after intense indoor exercise for 60 minutes, the wrist temperature was increased to 36.5°C,
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which is higher than the threshold of the wrist measurement for a fever as discussed earlier. This
confirms the successfully simulated fever state by the intense exercise. At the meanwhile, the
detector of the wristband turned into completely opaque white, clearly indicating a fever state. The
color transition of the detector agrees well with the result of the infrared thermometer, successfully
demonstrating that the designed wristband is capable of being used for real-time fever monitoring.
Considering the effect of the sweat, we immersed the wristband in a simulated sweat solution
(NaCl: 0.04 M, KClI: 0.005 M, CaCl: 0.375 mM, MgCl: 0.054 mM) for one day and then measured
color-transition temperature window of the hydrogel. As shown in Figure S9, the hydrogel
exhibited a comparable color-transition temperature window before and after sweat immersion.

These results demonstrate that the sweat had little effect on the sensitivity of the wristband.
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Figure 5. Performance stability evaluation of the agarose@P(NIPAM-co-AM) hydrogel. (a) long-
term stability and (b) cycle performance.
In order to verify the performance stability of the agarose@P(NIPAM-co-AM)-16 hydrogel for
long-time operation, we firstly performed a long-term stability test. The temperature of the
hydrogel was elevated to a high temperature (37.4°C) and lasted for 2 days, then cooled to a lower

temperature (37.2°C) and lasted for another 2 days. As shown in Figure 5a, when the hydrogel was

kept at 37.4°C, it exhibited a stable transmittance of below ~18% during the 2-days test and when
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the temperature was reduced to 37.2°C, the transmittance was increased back to ~71.0%, indicating
that the hydrogel possesses an excellent long-term durability. In addition, we further investigated
cycle performance of the hydrogel by 20 heating/cooling cycles. At each heating/cooling cycle,
the agarose@P(NIPAM-co-AM)-16 hydrogel was heated up to and maintained at 37.4°C for 1
hour, followed by cooling at room temperature for another 1 hour. As shown in Figure 5b, in the
20 cycles, the transmittance of the hydrogel was at the range of 70.1~72.3% at 37.2°C while it
decreased to the range of 15.8~18.1% at 37.4°C. These results demonstrate that the color-transition
process of the hydrogel is highly reversible and stable.

Discussion.

Although temperature measurements at armpit and in ear give more reliable and accurate
temperature readings but they lack convenience. Thus, they can be ruled out as a massive measure
for continuous and real-time fever screening during a pandemic. In comparison, mass fever
screening based on wrist or forehead temperature is faster and thus more convenient as the defense
again the pandemic. However, the wrist measurement falls has a lower sensitivity (e.g. 86.4%°)
for fever detecting relative to armpit and ear measurement, and it can be affected by the
surrounding temperature. In particular, the measurement by the hydrogel would be invalid when
the surrounding temperature is higher than body temperature. Furthermore, the intensive exercise
would also affect the accuracy of the measurement as the body temperature can be increased after
intensive exercise. While a typical thermometer is capable of detecting different body temperature-
related diseases such as fever, hyperthermia and hyperpyrexia, the hydrogel reported in this work
can only detect a given temperature change because it can only respond to a temperature set point.

These drawbacks may limit its further application.
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The agarose@P(NIPAM-co-AM) hydrogel is prepared by a simple one-step method under mild
condition and this process is easy to be scaled up for mass production. In addition, the preparation
of a detector for one wristband only demands 100 ul of precursor solution, which contains 5.34
mg of NIPAM comonomer, 0.22 mg of AM comonomer, 0.19 mg of potassium persulfate, 0.12
mg of N,N,N’,N’-tetramethylethylenediamine and 048 mg of agarose (taking
agarose@P(NIPAM-co-AM)-16 as an example). Based on the current market prices of these
chemicals (Table S1), to synthesize 100 ml of precursor solution for the preparation of ~1000
detectors, the raw material cost is estimated to be only ~2.0 ¥ (0.29 §, the exchange rate was
obtained in 03 Sep. 2020), which, in combination with inexpensive rubber band and aluminum
sheet, demonstrates that the hydrogel based fever screening is a very cheap and easily affordable
approach to help fight infection-induced pandemic, especially ongoing COVID-19. Given its low
cost, the wearable fever detector can be made disposal, which can be desirable at hospital and
shopping mall settings where many transient visitors frequent. The easily identifiable color change
of the detector certainly alarms everyone around a potential fever patient. Since the
agarose@P(NIPAM-co-AM) hydrogel shows a good softness®® and possesses the capabilities to
conform to various geometries,>* it can be also assembled into various wearable devices such as a
headband to screen fever based on forehead temperature. The wearable fever detector can be
applied inside a family, at workplaces, schools, hospitals, among others for early warming of a
potentially virus infected cases and to alert for immediate medical attentions. Moreover, the

55—56, and

PNIPAM-based microgel is believed to possess an excellent reversibility and durability
the device thus is expected to have a long lifetime (e.g. several years).

For fever detecting, the accuracy of the agarose@P(NIPAM-co-AM) hydrogel is 0.2°C, which is

comparable to that of the commercial electrical wearable watch (e.g. Empatica E4 Watch,
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Empatica, Milan, Italy), indicating that the hydrogel is capable of reliably detecting a fever.
Moreover, the agarose@P(NIPAM-co-AM) hydrogel have a longer continuous working period
because it does not battery to power itself, which represents a greener method for fever alert
monitoring.

The accuracy of the wristband detector can be affected by the ambient temperature, with every
5°C decrement in ambient temperature resulting in a 0.1°C offset in the hydrogel detector. This
can be solved by a better heat insulation method. For example, the hydrogel can be wrapped by a
transparent aerogel with a low thermal conductivity to reduce the effect of thermal conduction and
thermal convection. Moreover, at a given surrounding temperature, the color-transition
temperature window can be tailored to the corresponding threshold temperature by simply
modulating the molar ratio of NIPAM comonomer to acrylamide (AM) comonomer during the
synthesis. This allows the detector to be used in various situations including outdoor settings.

Moreover, In this work, both P(NIPAM-co-AM) microgel and agarose hydrogel possess good
biocompatibility and have been reported as materials in various wearable devices.>’*® Therefore,
the agarose@P(NIPAM-co-AM) hydrogel can be deemed as bio-safe wearable sensor.
Conclusion

In conclusion, we have developed an agarose@P(NIPAM-co-AM) hydrogel-based fever
detector for early detection of virus-infected cases. The design and fabrication of the detector in
this work provide a new insight into making inexpensive fever detector for real-time and

convenient screening of fever cases at mass scale during a pandemic.

Methods
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Materials. N-Isopropylacrylamide (NIPAM), acrylamide (AM), potassium persulfate (KPS)
and N,N,N’,N’-tetramethylethylenediamine (TEMED) were purchased from Sigma Aldrich. The
Agarose was purchased from Gene Company LTD. All the chemicals were used as received
without further purification.

Fabrication of the Agar@P(NIPAM-co-AM) hydrogel. Agarose@P(NIPAM-co-AM)
hydrogel was prepared by a simple one-step method. Typically, 2.2636 g of NIPAM and 0.0903 g
of AM were added into 20 ml of pure water (18 MQ cm) in a beaker and mixed by a magnetic bar
until total dissolution. Then, 2 ml of KPS (4 wt% aqueous solution) was added to the mixture,
followed by 50 ul of TEMED. Next, 20 ml of agarose solution (1 wt% aqueous solution, stored at
50°C oven) was added into the mixture solution. Finally, the mixture solution was injected into the
glass mold for characterization. Polymerization and gelation were performed simultaneously at
room temperature for 12 h. The cloud point of the sample was simply modulated by varying the
mole ratio between NIPAM monomer and AM monomer, and the obtained hydrogel was denoted
as Agarose @P(NIPAM-co-AM)-x (x represents that the mole ratio between NIPAM and AM).

Transparency at different temperature test: The transparency of the samples as a function of
temperature was measured by a home-made set-up, as shown in Figure S6. The sample for the
measurement was prepared by injecting the precursor solution into quartz glass mold and after
gelation, it was placed on top of the hole of a thermostatic table (DB-H, Hongze Technology). The
hole of the thermostatic table was located under the light source of the transmittance meter
(LS108A), allowing the light passing through the sample. Moreover, the temperature of the sample
was further calibrated by a FLUKE Ti450 IR camera.

Color-transition test of the wristband. The wristband was firstly put on the wrist of a normal

volunteer (the consent letter can be found at the last page) and the wrist temperature was then
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measured by an infrared thermometer (Yuwell). The fever state of the volunteer was simulated by
one-hour indoor intensive exercise (running and press-up) and the wrist temperature was measured
by the same infrared thermometer consistently throughout the experiments.

Characterization. The SEM images were obtained on a FEI field emission scanning electron
microscope (Verios G4). The FITR spectra was obtained from a Bruker TENSOR 27 FTIR
spectrometer. XPS spectra was obtained from a Kratos AXIS Ultra DLD XPS spectrometer. The
UV-VIS spectra was obtained on a Tecan Infinite M200 PRO.
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