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An Artificial Chameleon Skin for Dynamic

Thermoregulation

Jiahui Liu, Ligian Zhu, Shuyuan Gao, Yuanyuan Liu, Shengjie Wang, and Yongqing Xia*

Solar radiation is the major energy source for most living creatures,

and some creatures change their skin colors responding to energy
demands. Inspired by the chameleons that live in the desert of Namibia,
which can regulate body temperature by changing skin colors between
black and white, a patterned hydrogel film with self-thermoregulation
ability is reported in this work. The film consists of two parts: a light-
responsive black part and a stretchable white part. The black part is made
of thermoresponsive poly(N-isopropylacrylamide) hydrogel with poly-
dopamine (PDA) nanoparticles, and the white part is made of stretchable
polyacrylamide hydrogel with polystyrene (PS) nanoparticles. At low
temperature and low light irradiation, the black part dominates the film,
and the embedded melanin-like PDA nanoparticles adsorb light and convert
it to heat, thus reaching an active body temperature. At high temperature
and strong light irradiation, the black part shrinks, which in turn stretches
the white part to dominate the film, and more light is reflected by guanine
crystals-like PS nanoparticles, thus protecting body temperature from

Namibia can adapt to environmental tem-
peratures by changing their body colors
between black and white. Their skins are
dark in the morning to adsorb more solar
radiation to reach an active body tempera-
ture, and then become white at hot noon
to reflect solar energy to protect body tem-
perature (Figure 1a). This physiological
process is accomplished by moving mel-
anin particles up and down around the
thick layer of D-iridophores, which can
reflect infrared light for thermal protec-
tion (Figure 1b).041!

Inspired by natural creatures, a wide
variety of materials with specific func-
tionalities such as high solar radiation
absorption (e.g., carbon materials,[6-2!
noble metal nanoparticles,?23 and struc-
tural materials?*?") or reflection (white-
ness?2% and metalsi3!) were reported.

rising. The combination of the thermoresponsive black hydrogel and
stretchable white hydrogel provides an evolutionary novelty that can control

the solar lights for dynamic thermoregulation.

1. Introduction

With the rapid development of technology, the consumption of
energy increased continuously and has led to a serious environ-
mental crisis.'3l However, in nature, many creatures such as
morpho butterflies, > chameleons,®”! silver ants,® and other
terrestrial ectotherms!'®*3 can remain their body temperature
by spectral controlling. Chameleons that live in the desert of
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However, it is still a great challenge
to design materials with both thermal
adsorption and reflection functions to
adapt to the dynamic surrounding envi-
ronments. Up to date, most dynamic ther-
moregulatory materials were achieved by
changing from transparent to opaque with temperature varies.
Besides VO,, the most widely used traditional thermoregula-
tory material,?234 thermoresponsive hydrogels and microgels
were also reported for thermoregulation.>-37]

Here, we designed a light-responsive artificial chameleon
skin that can sense temperature and alter its color expression
by emulating the self-thermoregulation mechanism of Namibia
chameleons. The strategy is to prepare patterned film with
dynamic area change of solar energy adsorption and reflection.
The artificial skin consists of two parts: the thermoresponsive
black part for light harvesting, and the stretchable white part
for light reflection (Figure 1c). The black part is made of poly(N-
isopropylacrylamide) (PNIPAM) hydrogel embedded with poly-
dopamine (PDA) nanoparticles, which can adsorb light and
convert it to heat; the white part is made of stretchable poly-
acrylamide (PAM) hydrogel embedded with polystyrene (PS) col-
loids, which reflect light like large guanine crystals. At low light
irradiation and low temperature, the dark film dominates the
surface, and the PDA nanoparticles adsorb the weak light and
generate heat to increase body temperature. At high light irri-
tation, when the temperature reaches the volume phase transi-
tion temperature (VPTT) of the PNIPAM hydrogel, the dark part
begins to shrink, which in turn stretches the white PAM film to
spread, and then the white part dominates the film and more
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Figure 1. a) The skin color of Namibia chameleon in the morning and at noon (Chameleon images from xsj.699pic.com, a royalty-free website). b) The
corresponding melanin granules move up and down through the microtubules in the dermal. c) The illustration of the heat absorption and reflection
of the thermoregulation skin, the black for heat adsorption and photothermal conversion, and the white part for heat reflection. d) The illustration of
the designed artificial skin and its dynamic thermoregulation property is achieved by the shrinkage of the black part and expansion of the white part.

light energy is reflected, thus the body temperature is protected
from rising (Figure 1d). The combination of the functional two
parts provides an evolutionary novelty that can precisely control
the spectrum for thermal regulation and may open a new appli-
cation opportunity for dynamic thermoregulation.

2. Results and Discussion

Although chameleons primarily change color for camouflage
in the wild, their color change may also aid in thermoregula-
tion,1383% such as chameleons living in the desert. The observed
color change provides a thermoregulatory advantage because it
increases the absorption of solar radiation at low temperatures
and decreases absorption at high temperatures. Since the physi-
ological function of the chameleon is difficult to mimic, a model
was built to mimic the skin color area change in this work.

2.1. The Dark Film for Photothermal Conversion

Efficient solar harvest is vital for living organisms to survive in
harsh environments, and natural pigments such as melanin,
which has unique solar—thermal properties play a variety of key
roles in the thermoregulation of ectotherms. In recent years, mel-
anin has attracted much interest for its outstanding properties,
such as anti-ultraviolet (UV),*0* metal chelating,*?! free rad-
ical scavenging,** and thermoregulation.*>*l PDA, the most
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common type of synthetic melanin, has been revealed that its
physicochemical properties are generally similar to those of nat-
ural melanins, thus PDA has been used as photoprotectors, anti-
oxidants,®! semiconductors,! and biomedical materials.[#84
Moreover, the strong adhesivel®®>% and light absorption/#
properties of PDA are beneficial for interface engineering.

The PDA nanoparticles in this work were synthesized via
oxidation and a self-polymerization procedure. Transmission
electron microscope (TEM) image and dynamic light scattering
(DLS) results showed that the size of the PDA nanoparticles
is around 285 nm (Figure Slab, Supporting Information).
The light absorption ability and solar-thermal effect of the
prepared PDA nanoparticles were studied. Figure 2a shows
the PDA nanoparticles have strong adsorption in the UV-vis
range. Figure 2b exhibits the temperature elevation of PDA
nanoparticle solution with different concentrations under one
equivalent solar irradiation (100 mW cm2). When the concen-
tration of PDA falls within a range of 0-5 mg mL"}, the solution
temperature and photothermal conversion efficiency increase
with increasing PDA concentrations. However, the increment
of temperature is nonlinear to the PDA concentration, and the
photothermal efficiency of PDA at 4 mg mL™ was very close to
that at 5 mg mL™L. The reason is a high concentration of PDA
could reduce light penetration.”® Thus, 5 mg mL™ PDA is
adopted in our work. The temperature of the PDA solution with
5 mg mL™ increased to 50 °C within 15 min and has risen by
30 °C, while the temperature of pure water has risen by 10 °C
at the same time. The solar-thermal conversion efficiency (7)
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Figure 2. a) UV-vis spectra of PDA ranging from 200 to 800 nm. b) Temperature elevations of PDA at different concentrations under 1-sun solar
irradiation (100 mW cm™2). c) The plot of solar-thermal conversion efficiency (1) versus concentration of PDA nanoparticles. d) The photothermal
response of the black film with different PDA concentrations under the irradiation of the xenon lamp (20 mW cm™2). e) The photothermal response of
the black film with different irradiation power of the xenon lamp with 5 mg mL™" PDA. f) The effect of PDA concentration on the VPTT of the PNIPAM
hydrogel. g) The effect of monomer concentration on the thermoresponsive of the PNIPAM hydrogel. h) The effect of cross-linking degree on the
thermoresponsive of the PNIPAM hydrogel. i) The effect of PDA concentration on the thermoresponsive of the PNIPAM hydrogel. The data were

presented as the mean = SD (n = 3).

of the solution with different PDA concentrations can be calcu-
lated through the linear time data versus In(1 — 6) (Figure S2,
Supporting Information). Figure 2c shows the solar—thermal
conversion efficiency (1) of the solution increased from 40% to
55% with the increasing concentration of PDA increasing from
1to 5 mg mL7!, similar to previous reports.[ >4

When the PDA nanoparticles were mixed with the PNIPAM
pregel solution, they can be entrapped by the polymer matrix
(Figure S3, Supporting Information, red arrow indicated).
Under the irradiation of 20 mW cm™2, the surface temperature
of the film increased with the PDA concentration increasing,
and the increasing amplitude was significantly greater when
the PDA concentration was beyond 3 mg mL™! (Figure 2d).
The surface temperature also depends much on the irradia-
tion power, higher irradiation power resulted in higher surface
temperature. Even under lower irradiation power (20 mW cm™2,
like the heat of the sun in the morning), the surface temper-
ature can reach 33 °C in 20 min from 16 °C, which is high
enough for ectotherms to keep active. Moreover, the addition

Adv. Mater. Interfaces 2023, 10, 2202124 2202124 (3 0f9)

of the PDA particles had no obvious effect on the VPTT of the
PNIPAM (Figure 2f).

The thermoresponsive of the PNIPAM hydrogel played
an important role in the color change of the artificial surface.
In this system, the thermoresponsive of the hydrogel mainly
depended on the monomer concentration and crosslinking
degree. Lower monomer or lower cross-linking degree led to
high surface area shrinking (Figure 2g,h). Thus 10% monomer
concentration and 0.5% crosslinking degree were adopted
in this work. The effect of PDA addition on the equilibrium
swelling ratio was exhibited in Figure 2i, it showed clearly that
the concentration of PDA has no obvious effect on the thermo-
responsiveness of the film.

2.2. The White Film for Light Reflection

Although solar light is necessary, it can also be harmful to
creatures that live in high-temperature environments. Thus,

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 3. a) Effects of monomer concentration on the mechanical properties of the PAM hydrogels. The crosslinking degree was fixed at 0.5%. b) Effects
of crosslinking degree on the mechanical properties of the PAM hydrogels. The monomer concentration was fixed at 10%. c) The reflectance spectra of
the white films with PS particles by different embedding methods. d) The reflectance spectra of the white films with different PS colloid sizes. €) The
reflectance spectra of the white films with different PS particles (390 nm) concentrations. f) The reflectance spectra of the white films with different
thicknesses. (g), (h), and (i) are the calculated solar reflectivity of the films at the condition of (d), (e), and (f).

high reflection over the Vis-NIR band for thermal regulation
is required in those circumstances. To make a temperature
protection film, stretchable PAM hydrogel embedded with PS
microspheres was designed to achieve this function. The PS
colloids can be embedded in the hydrogel matrix (Figure S4,
Supporting Information, red arrow indicated). Since the expan-
sion of the white part is achieved by the shrinkage of the black
part, we hope the white part is stretchable. The flexibility of the
PAM film depended on the monomer concentration (Figure 3a)
and crosslinking degree (Figure 3b). When the cross-linking
degree was constant, lower monomer concentration resulted in
more defects in the polymer skeleton. Thus the hydrogel exhib-
ited macroscopic softness, with low stress and high strain. With
the monomer concentration increasing, the number of the
polymer chain increased, the network became more perfect and
resulting in higher stress and lower strain. The effect of cross-
linking degree on hydrogel stress-strain behavior was similar
to monomer concentration. A higher cross-linking degree led

Adv. Mater. Interfaces 2023, 10, 2202124 2202124 (4 of 9)

to more cross-linking points, which shortened the polymer
chains, and resulted in higher stress with lower strain. When
the monomer concentration and the cross-linking degree were
10% and 0.5%, respectively, the PAM film can be stretched to
350% with only 6.57 kPa stress. Hence, the PAM film with 10%
monomer concentration and 0.5% cross-linking degree was
adopted in this work.

There were two ways to make the white film with high reflec-
tance by embedding the PS colloids into the PAM hydrogel.
One was to form ordered PS colloid arrays on the PAM
hydrogel film (PAM-1), and the other was mixing the parti-
cles with the pregel solution to form completely disordered
colloid arrays (PAM-2). To quantify the reflectance of the films,
they were measured using an integrating sphere from 300 to
2500 nm, and pure PAM film without the PS colloids (PAM-0)
was used as control. The reflectance spectra (Figure 3c) showed
that PAM-2 had higher reflectivity. The solar reflectivity of
PAM-0 and PAM-1 was only 1.81% and 19%, respectively, while

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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the solar reflectivity of PAM-2 can be as high as 45.1%, more  proved that the solar reflectivity of the films increased from
than twice the reflectivity value of PAM-2. The reason is in  18.7% to 45.1% gradually as PS colloid concentrations increased
PAM-1, the PS colloid film remained an ordered structure and  from 1 to 5 mg mL™%; thus, 5 mg mL™ PS colloid was used in
the thickness was thinner than that of the bulk PAM hydrogel,  the further experiment. The film thickness is another crucial
allowing most light to pass through and reflecting only a small ~ factor for the reflection effect. Figure 3f shows the film reflec-
fraction of light. In PAM-2, the PS colloids were dispersed in  tance spectra with different film thicknesses. As the thickness
the whole hydrogel randomly, which resulted in a decrease in  of the film increased from 0.5 to 1 mm, the calculated solar
light transmittance and an increase in light scattering. Hence,  reflectivity increased from 24.4% to 45.1%. However, the solar
the solar reflectivity of PAM-2 was higher than that of PAM-1,  reflectivity could not increase unlimitedly with the increase of
and PAM-2 was used for further investigation. The size of the  the film thickness, and the reflectivity was 48.2% when the film
PS colloids also affected the reflection effect. Different sizes of  thickness increased to 2 mm (Figure 3j). Thus 1 mm is good
PS colloids can be obtained by tuning the amount of surfactant  enough to serve as an effective reflectance shield against strong
SDS (175 nm, 300 nm, and 390 mm; Figure S5, Supporting  light and reduce solar absorption.

Information), and a series of PAM-2 films with different PS

colloid diameters were prepared. The reflectance spectra of

the PAM-2 films with different sizes of PS colloids (Figure 3d)  2.3. Artificial Skin for Thermoregulation

had similar in terms of trends, but with different intensities.

The calculated solar reflectivity increased from 29.9% to 45.1%  Although many effective technical strategies have been reported
as the PS diameter increased from 175 to 390 nm (Figure 3h).  to enhance the interfacial bonding of different polymer compos-
Compared with the films with PS colloid sizes of 175 and ites, the surface modification processes were complex and high
300 nm, the PAM-2 film with PS colloid size of 390 nm had  cost.>>% Luckily, using a mussel-inspired modifier such as
higher solar reflectivity, thus 390 nm PS colloids were used in ~ dopamine probably was an effective and environmental-friendly
this work. Reflective spectra in Figure 3e showed clearly that way to enhance the interfacial bonding between polymer
the reflectance intensity increased with the PS colloid concen-  matrices. PDA contains both catechol and amine groups in the
tration increasing. The calculated solar reflectivity in Figure 3i  structure, resulting in high adhesiveness to a wide range of
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Figure 4. a) The mechanical properties of the PAM film connected with PNIAPM film with /without PDA. b) The effects of the PDA concentrations on
the mechanical strength of the PNIPAM film. c) The designed white-black film changed the color area with temperature stimuli. d) Analysis of the color
area change of the artificial skin at different temperatures. e) The reversibility of the artificial skin in the water environment. The data were presented
as the mean £ SD (n = 3).
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materials.®®*”] PDA nanoparticles in the PNIPAM hydrogel also
enhanced the bonding strength with PAM hydrogel. Without
PDA nanoparticles, the patterned film broke up at the interface
between the PNIPAM and PAM film, and the interface bonding
strength is 4.77 kPa. When the PNIPAM hydrogel containing
5 mg mL™! PDA nanoparticles, the patterned film didn't break
at the interface, but at the PNIPAM film, and the strength is
5.91 kPa (Figure 4a). This means the bonding interface strength
was much higher than the fracture strength of the PNIPAM
film. Although the exact bonding strength between the white
part and the black part was not determined, the results showed
that the interfacial bonding was sufficiently large to operate
the artificial skin. It's worth noting that Young's modulus of
the PNIPAM hydrogel decreased with the PDA concentration
increasing (Figure 4b). The reason may be a high concentration
of PDA inhibited the polymerization of PNIPAM hydrogel by
quenching the free radicals, resulting in an incomplete poly-
merization.*®! To balance the mechanical strength and the
photothermal conversion, the PNIPAM hydrogel with 5 mg mL™
PDA was adopted in this work.
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Then, the black and white film was integrated to study the
dynamic surface area change at different temperatures. The
edges of the white film were fixed; thus, the shrinking of the
black film could stretch the white film to spread. Figure 4c dis-
plays that the black part shrank, and the white part according
increased with the temperature increasing. From 20 to 33 °C,
the black film shrank gradually to 50% of its original area. At
40 °C, the black part shrank to 30%, and then to 22% at 50 °C.
Accordingly, the white film enlarged to 180% of its original area
at 50 °C (Figure 4d). More exciting, the change of the black part
and the white part surface areas is reversible (Figure 4e).

To mimic the body structure (Figure 5a), the film was
attached to agarose bulk hydrogel (the thickness is about
10 mm). The agarose hydrogel was used to mimic tissue engi-
neering, thus the temperature in the agarose was determined
to investigate the thermoregulation ability of the surface skin
(Figure 5b). Figure 5c shows the temperature in the agarose
with different films under low irradiation power (20 mW cm™2)
and low surrounding temperature (16-17 °C). Results showed
that the artificial skin with a 75% black area had the fastest
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Figure 5. a) The scheme of body structure. b) The illustration of the designed artificial skin for thermoregulation. c) The temperature in agarose at

20 mW cm~? irradiation. d) The temperature in agarose at 150 mW cm™2
100 mW cm™2 irradiation.
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irradiation. €) The thermal images of the white part and black part under
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heating rate, achieving 30 °C in 20 min, which is high enough
to keep the body active. The 42% black-white film had a faster
heating rate with the highest temperature of 26 °C. The glass
had a slower heating speed, and the highest temperature was
only 22 °C, with PS-PAM film could only increase the tempera-
ture to 20 °C. This means the artificial can effectively convert
photos to thermal even at low irradiation power.

Figure 5d shows the thermal protection of the artificial skin
when the environmental temperature was 30 °C. Under high
irradiation power (150 mW cm™2, equivalent to 1.5 suns), the
white PS-PAM film had the most effective thermal protection,
while the glass had the worst thermal protection effect. The
artificial skin with 42% and 75% black area had an obvious
thermal protection effect, the temperature could reduce by
6.4 and 4.8 °C, respectively. The solar exposure (1-sun radia-
tion) would heat the white part to 34.7 °C and the black part to
51.1 °C within 10 min (Figure 5e). Even in the air environment,
the artificial skin also exhibited high reversibility (Figure S6,
Supporting Information).

3. Conclusion

Combining thermoresponsive black hydrogel and stretchable
white hydrogel, we prepared patterned film with self-color-area-
regulation properties, which displayed thermoregulation prop-
erties under solar irradiation energy. At low solar irradiation
and environmental temperature, the black PNIPAM hydrogel,
which embedded PDA nanoparticles, can effectively increase
the temperature from 16 to 33 °C in 20 min by photothermal
conversion. At high solar irradiation and high environmental
temperature, the white PAM hydrogel, which embedded PS
nanoparticles, can effectively reflect the light as the dominant
area, and the temperature inside the hydrogel increased slowly
from 30 to 45 °C in 10 min. The thermoregulation was achieved
by a change of 180% in the black-white area under tempera-
ture stimuli. Compared with the reported monofunctional
materials, the photothermal conversion efficiency and radiative
cooling efficiency of the artificial skin were not high. However,
the artificial skin in this work showed unique thermoregulation
properties, which made it have a chameleon-like function. This
artificial skin opens new applications in the area of thermoreg-
ulation and switchable color display.

4. Experimental Section

Materials: Initiator (NH,),S,03 (APS) was purified by recrystallization.
Other materials, such as styrene (St), acrylamide (Am), N,N’-methylene
bisacrylamide (MBA), sodium dodecylbenzene sulfonate (SDS),
dopamine hydrochloride, ammonia aqueous solution were used without
further purification. All reagents were provided by sigma. The water
used in this experiment was processed by the Milli-Q system (Milli-Q
Advantage A10 Water System Production Unit).

Preparation of the PDA Nanoparticle: The approach to synthesizing
PDA was according to a well-established method.’®) Dopamine
hydrochloride was dissolved in a mixture of deionized water and ethanol.
After stirring for 10 min at room temperature, ammonia aqueous
solution was then added to the above solution. After a 24 h reaction, the
PDA nanoparticles were obtained by centrifugation and washed three
times with deionized water.

Adv. Mater. Interfaces 2023, 10, 2202124 2202124 (7 0f9)
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Preparation of the Dark Hydrogel Film: A determined concentration
of PDA nanoparticles was added into the PNIPAM pregel solution
and mixed, then the mixture was initiated by the APS-TEMED initiator
system to form the hydrogel. The swelling ratio of the hydrogel samples
was obtained by optically measuring the diameter of the samples at a
determined temperature by water bathing. The temperature of the black
film surface under simulated sunlight (Xe lamp, CEL-HXUV300) with
various power was monitored using a thermal camera (HT-02).

Solar—thermal  Evaluation: ~ Solar-thermal conversion efficiency
() was determined as the following: Aqueous suspensions of PDA
nanoparticles with different concentrations (0-5 mg mL™") were added
into a quartz cuvette and illuminated vertically from the above with
the solar simulator. A thermocouple probe with an accuracy of 0.1 °C
was inserted into the aqueous solution perpendicular to the path of
the laser. The temperature was recorded by a digital thermometer with
a thermocouple probe. The solar-thermal conversion efficiency 1 was
calculated according to the following equationl®!

n= hs(Tmax _ITSurr)_ QO (])

where h is the heat transfer coefficient (%), S is the surface area (cm?)
of the container, Ty, and Ty, (°C) are the equilibrium temperature of
the test suspensions and the surrounding temperature, respectively.
Qo is the heat yielded from the solar absorbed by the cuvette and the
water. [ is the effective sunlight power (MW cm™) irradiated upon the
suspension. Detailed calculation methods can be found in supporting
information 1.

Preparation of the PS Colloids: PS colloids with various diameters
were prepared using emulsion polymerization, and the colloid size was
tuned by the amount of surfactant SDS. The size of the PS colloids was
determined by dynamic light scattering (DLS) on a Zetasizer Nano
instrument (Malvern Instruments Ltd) with the detector positioned at
the scattering angle of 173°.

Preparation of the White Hydrogel Film: The white hydrogel was
prepared by two different methods. One (PAM-1) is prepared by
casting the PAM pregel solution onto the ordered PS colloid arrays to
polymerize, thus amorphous PS colloid crystals were entrapped on the
surface of the PAM hydrogel film. The other (PAM-2) is mixing the PS
colloids with the PAM pregel solution completely, then the pregel was
cast onto the glass slide to polymerize.

Solar-Reflectivity Evaluation: The normal reflectivity measurement of
the films under light wavelengths ranging from 250 to 2500 nm was
conducted on a UV-vis—NIR spectrophotometer (Shimadzu UV3600).
The solar reflectivity of the prepared samples was calculated according
to the equation

A=2500nm 2A=2500nm
pe= D, po(A)SadA/ D S;AL @
A=300nm 2A=2500nm

where p, is the solar reflection of the film, py(4) is the direct sunlight
reflection ratio, A is the relative spectral distribution of solar radiation,
and A/ is the wavelength spaces. S;AA is a constant value at different
wavelengths and can be obtained from 1S09050-2003.6

Preparation of the Patterned Black-White Film: The patterned black-
white film was prepared as follows: a square white film was prepared
first, and then a circular hole was made in the middle of the square. The
black hydrogel pregel solution was cast into the designed circular hole to
polymerize, and then the obtained black-white film was fixed by frames
to investigate its color-area change with temperature change.

Mechanical Strength Test of the Film: The mechanical strength of the
samples was measured on a dynamic mechanical analyzer (HY-0580).
For the black-white film, a stripe-patterned film was prepared to measure
the intersurface bonding force.

Thermoregulation Evaluation: Dynamic thermoregulation experiments
were carried out in a homemade artificial tissue. Agarose hydrogel
was used to mimic tissue engineering. The upper surface of the

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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agarose hydrogel was covered by the artificial skin and the other sides
were covered by blocks of PS foam to decrease thermal conduction.
An automatic shutter linked with a xenon lamp (CEL-HXUV300)
accurately controlled the switch of the heat source. An electronic probe
thermometer was inserted into the agarose hydrogel (1 cm under the
film) to measure the temperature.
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