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Materials that inhibit bacteria and viruses, while ensuring thermal comfort and physical ease, can play a sig-
nificant role in the realm of protective textiles and equipment for outdoor healthcare activities, particularly in
the context of recent global pandemics. Here, we develop radiative cooling and antibacterial composites con-
sisting of stretchable, biodegradable poly(lactide-co-e-caprolactone) (PLCL) and magnesium oxide (MgO) par-
ticles via a scalable solution casting process. Precise control over the size and composition of the particles within

the polymer matrix through theoretical and experimental analyses achieves sub-ambient daytime radiative
cooling (AT, ~7°C) under diverse weather conditions. Bactericidal MgO particles through surface treatments
realize a remarkable reduction of bacterial cell viability by ~100 % in 8 h. The overall results suggest that
materials with thermal and infection control capability as well as disposable characteristics have the potential to
reduce plastic waste beyond the spread of infection.

1. Introduction

Daytime radiative cooling — a passive cooling technology that allows
objects to cool below the ambient air temperature by reflecting sunlight
and radiating heat into the cold outer space — has received significant
attention due to sustainable and zero-energy operation. Such technology
has been applied to research areas involving personal thermal man-
agement [1-3], reduced air-conditioning energy consumption in resi-
dential/industrial areas [4-6], energy generation [7-9], and water

harvesting/purification [10-12]. Since strong solar reflectance and
emissivity in the atmosphere’s long-wave infrared (LWIR) region are key
factors to achieve the efficient cooling property, many researchers have
explored various material types and structural designs including multi-
layered films [13-15], metamaterials [16-18], porous and fibrous
polymer membranes [19-22], and inorganic—organic hybrid composites
[23-26]. The last stood out for superior cooling efficacy through
intrinsic infrared absorption of chemical bonds of polymer matrices and
effective solar scattering of inorganic particles with carefully controlled
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sizes [3,27], and inherent physical/electrical functions of the particles
offer the opportunity to broaden the application [26,28,29].

The recent global pandemic greatly amplified interest or demand in
antibacterial materials that are essential for maintaining healthy and
sanitary environments, particularly in the field of protective equipment
(bodysuit, gloves, and shoes) for medical staffs engaged in disease sur-
veillance and quarantine activities. Metal oxide particles (e.g., copper
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oxide (CuO), silver oxide (Ag20), and titanium oxide (TiO,)) have been
developed to address such concerns through collective antibacterial
mechanisms including reactive oxygen species, photocatalyst, direct
physical damage, released metal ions, and alkaline effect [30-33],
although there are few reported examples of forms combined with
additional functions other than antibacterial function.

Here, we propose a stretchable and biodegradable composite that
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Fig. 1. Stretchable and disposable composites with radiative cooling and antibacterial properties. (a) Schematic illustration of a stretchable, biodegradable,
and antibacterial radiative cooler film based on poly(lactide-co-¢-caprolactone) (PLCL) and magnesium oxide (MgO) particles, with the bactericidal mechanism in the
inset. (b) Two-dimensional Finite-difference time-domain (FDTD) simulation of a PLCL matrix embedded with MgO particles for solar reflectance. (c) Calculated
scattering efficiencies of PLCL/MgO films with different particle diameters (80, 300, 600, 1000, 2000, and 3000 nm). (d) Scattering efficiency of PLCL/MgO film in
the range of particle diameter from O to 5 pm. (e) Optical image of a thin composite film containing MgO particles with a diameter of 1000 nm. (f) Spectral
UV-visible-infrared reflectivity/emissivity of PLCL/MgO films with volume ratios of 80:20, 70:30, and 60:40 (PLCL:MgO).
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contains the particular features of radiative cooling and antibacterial
properties, based on PLCL elastomer and MgO particles, which stand out
for their high solar scattering and bactericidal effects among various
biodegradable metal oxides (Previous works on biodegradable metal
oxide particles for radiative cooling and antibacterial activity are sum-
marized in Table S1). Through a combination of theoretical simulation
and experimental analysis, we optimize the size and concentration of
MgO particles within the polymer matrix to strike a balance between the
optical requirements for effective radiative cooling and the essential
mechanical resilience. Evaluations on outdoor cooling performance,
coupled with a practical demonstration of cooling gloves, confirm the
sub-ambient daytime radiative cooling capable of a substantial tem-
perature reduction of ~ 7 °C. Antibacterial tests using Escherichia coli
(E. coli) validate outstanding bactericidal activity of surface-modified
composites, that can eliminate 100 % bacterial cell within 8 h. The
successful integration of these comprehensive attributes, including
stretchability, biodegradability, radiative cooling, and antibacterial ac-
tivity, in a single composite marks a significant milestone in materials
science with potential implications for diverse applications requiring
hygiene as well as thermal comfort and disposability.
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2. Results and discussion

2.1. Stretchable, biodegradable, antibacterial, radiative cooling
composites

Fig. 1a illustrates a stretchable, antibacterial radiative cooling sys-
tem that comprised of dissolvable magnesium oxide (MgO) particles
embedded in an elastic, degradable poly(lactide-co-e-caprolactone)
(PLCL) matrix. This elastomeric polymer exhibited excellent emission
property of heat owing to abundant chemical bonds with vibration
modes in the long-wave infrared region (LWIR; wavelength (1) 4 to 16
pm) [9]. The dispersed MgO particles within the polymer matrix were
effective not only in scattering the solar spectrum (A, ~0.3 to 2.5 pm)
(Fig. S1), but also in antibacterial activity through several mechanisms
involving released magnesium ions, reactive oxygen species, and alka-
line effect, as studied in previous literatures [34-37]. Fig. 1b-d presents
theoretical results of the two-dimensional finite-difference time-domain
(FDTD) method designed to explore the optical effects of MgO particles
within PLCL. Since particle sizes significantly influence the range of
scattering wavelength [3,27], we evaluated particles with various di-
ameters (80, 300, 600, 1000, 2000, and 3000 nm) for solar reflectance
using Mie scattering theory. The results revealed that scattering peaks
exhibited a redshift as the particle diameter increased, and the highest
scattering efficiency was achieved by 1000 nm particles in diameter, as
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Fig. 2. Mechanical, physical, and biochemical properties of PLCL/MgO films. (a) Stress—strain curves of PLCL/MgO films with different ratios of the embedded
particles (black, 80:20; red, 70:30; blue, 60:40). (b,c) Effects of MgO concentrations on toughness (b) and water contact angle (WCA) (c) of PLCL/MgO mixtures. (d)
Collection of temporal dissolution images of a thin PLCL/MgO sheet with a cartoon under accelerated condition (phosphate-buffered saline (PBS), pH 11, at 50 °C),
after day O (left), day 14 (middle left), day 35 (middle right), and day 70 (right). (e) Time-dependent changes in weight ratios of PLCL/MgO membranes with
different ratios of PLCL to MgO in PBS (pH 7) at room temperature. (f,g) Effects of temperature (f) and pH (g) on dissolution rates of PLCL/MgO films in PBS. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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confirmed by measured optical spectra in Fig. S2. The white color of a
PLCL/MgO film with 1000 nm diameter particles also validated the high
solar reflectance (Fig. 1e and Fig. S3). The concentration of the particles
was closely correlated with the solar reflectivity since light scattering
occurred at PLCL/MgO interfaces (Fig. 1f). As a result, PLCLs blended
with relatively large amounts of the filler (70:30 and 60:40) yielded high
solar reflectivity that can compete with state-of-the-art radiative cooling
materials [38,39]. Moreover, such optical performance remained un-
changed even under strains up to 40 % (Fig. S4). Fabrication cost and
density of PLCL/MgO composites are presented in Table S2.

2.2. Mechanical, physical, and biochemical properties of PLCL/MgO
films

Fig. 2a presents stress-strain curves of PLCL/MgO films with
different volume ratios of PLCL to MgO. As the MgO fraction increased
from 20 % to 30 %, the elastic modulus somewhat increased, while the
elongation at break reduced from ~ 170 % to ~ 60 %. When MgO
particles were incorporated at 40 %, both modulus and maximum strain
dramatically decreased, presumably due to insufficient binding forces
between particles [40]. Such tendency was also evident in the result of
the toughness, calculated by integrating the area under the stress—strain
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curve. (Fig. 2b). The polymeric composite with the ratio 80:20 exhibited
the highest value of ~ 7 MJ/m?, which was 20-fold higher than that of
the film with the ratio 60:40. Fig. 2c shows water contact angles (WCAs)
of PLCL/MgO films. The addition of particles roughened the film sur-
face, resulting in increased WCAs from 100° (pristine PLCL film [41]) to
105 ~ 120°, practically applicable for a self-cleaning system [42].
Fig. 2d displays sequential degradation images of PLCL/MgO films
(thickness, 100 pm) during immersion in phosphate buffered saline
(PBS; pH 11) at 50 °C as an accelerated condition. The film gradually
dissolved via hydrolysis of MgO particles (MgO + Hy0 « Mg(OH), [43])
and the ester bonds of PLCL[44], completely disappearing 70 days after
immersion. The dissolution rate of the PLCL/MgO films varied
depending on MgO fractions. High MgO fractions facilitated water
diffusion through polymer-particle interfaces, leading to enhanced hy-
drolytic reactions and a fast degradation rate. Similar trend was
observed in measurements of water vapor transmission rate (WVTR)
(Fig. S5). Changes in temperature and pH level affected the dissolution
behavior. Increase in temperature accelerated chemical reactions,
resulting in the rapid dissolution of PLCL/MgO films (Fig. 2f), and the
degradation rate was also faster in acidic (pH 3) and basic (pH 11) so-
lutions than the one in deionized (DI) water, consistent with previous
reports [44,45].
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Fig. 3. Sub-ambient daytime cooling performance of PLCL/MgO composite. (a) Photograph of the overall experiment setup (top) and schematic configuration of
a radiative cooling system (bottom), for evaluation on the outdoor cooling performance of PLCL/MgO composites under sunlight. (b) Real-time measurements of
solar irradiance, relative humidity, and temperature of PLCL/MgO films (70:30) over ~ 2 days. (c) Average solar intensity and cooling temperature (/A\T) of the
PLCL/MgO films under various weather conditions. (d) Optical image (left) and corresponding infrared (IR) thermogram (right) of an artificial hand without (top)

and with (bottom) wearing PLCL/MgO-based gloves.
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2.3. Daytime radiative cooling performance of PLCL/MgO composite

To assess the radiative cooling performance of PLCL/MgO compos-
ites, we measured a tendency of ambient and PLCL/MgO temperatures
in a custom-made chamber with a convection shield on an outdoor
rooftop at Gwangju Institute of Science and Technology (GIST;
35°13'36.5"N, 126°50'24.0"E) for ~ 2 days (Fig. 3a). Real-time, contin-
uous recordings revealed that the use of PLCL/MgO films consistently
achieved sub-ambient cooling with a maximum temperature reduction
(AT) of ~ 7 °C under diverse sky conditions and humidity levels
(Fig. 3b). Such cooling performance was maintained even under hazy
and cloudy conditions, which typically impeded radiative heat emission
into the cold universe [46,47], resulting in /AT values of ~ 6 °C and ~ 3
°C in daytime, respectively (Fig. 3¢ and Fig. S6). This cooling property
could be attributed to the high solar reflectance (~98 % at 500 nm
wavelength) and excellent LWIR emissivity (~97 %). Given the cooling
capability and mechanical resilience, the PLCL/MgO film can be used in
a wide range of applications, particularaly in the realm of disposable
textiles for outdoor activities. As an example, Fig. 3d presents
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biodegradable PLCL/MgO composites-based gloves with a cooling ef-
fect. Artificial hands with or without the glove were placed under
intense sunlight, and infrared (IR) thermography showed that the glove
lowered the temperature by ~ 8 °C when compared to the bare hand,
which confirmed the practical performance. Evaluation on wearability
and cooling effect of a PLCL/MgO composite-based glove on the human
body appear in Fig. S7.

2.4. Antibacterial property of PLCL/MgO composite

The antibacterial properties of the disposable coolant material are
useful in minimizing the transmission of infections under healthcare
environments. Fig. 4a illustrates an approach to enhancement of the
antibacterial effect through exposure of MgO particles that is well-
known for antibacterial activity [37]. Briefly, we removed polymeric
components to expose MgO particles on the film surface via reactive ion
etching (RIE), and then improved hydrophobicity of the resulting film
with a self-assembled monolayer (SAM) treatment for impeding micro-
bial adhesion. Scanning electron microscopy (SEM) images and
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Fig. 4. Antibacterial property of PLCL/MgO composite. (a) Schematic drawing of a fabrication process of a highly effective bactericidal film: 1) neat PLCL/MgO
film preparation, 2) MgO exposure by reactive ion etching (RIE), and 3) hydrophobization by silane treatment. (b) Scanning electron microscopy (SEM) images of
PLCL/MgO without and with surface treatments, along with binary images processed by ImageJ software to estimate the exposed area of MgO particles. (c) Images of
the colonies of Escherichia coli cultured on PLCL and PLCL/MgO films for 4 h. (d) Comparison of mortality rates of E. coli on PLCL and surface-treated PLCL/MgO films
(left), and time-dependent changes in the bactericidal effect of surface-treated PLCL/MgO films (right). (e,f) Photographs (e) and corresponding bacterial mortality (f)
of E. coli cultured on a vinyl glove, a nitrile glove, and surface-treated PLCL/MgO film for 24 h.
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corresponding binary images processed by ImageJ software in Fig. 4b
revealed that the engineered PLCL/MgO films exhibited larger MgO
surface area compared to that of the pristine film. The hydrophobic
nature of the PLCL/MgO film was confirmed by water contact angle
analysis in Fig. S8. Here, it is noteworthy that the surface treatments had
a negligible impact on the spectral performance of PLCL/MgO films
(Fig. S9). Fig. 4c displays the antibacterial performance of the PLCL/
MgO films against gram-negative bacteria, Escherichia coli (E. coli). The
films validated excellent antibacterial efficiency after 4 h of incubation,
leading to a significant reduction in the number of live bacterial cells,
whereas a large amount of bacteria survived on the pristine PLCL films.
The bacterial mortality rate (left, Fig. 4d) reached ~ 40 % and ~ 80 %
for the pristine PLCL (black) and PLCL/MgO (red) films, and prolonged
incubation times (right, Fig. 4d) further increased the bacterial mortality
of the PLCL/MgO films, eventually reaching non-measurable levels of
viable bacteria after 8 h of incubation. Fig. 4e provided antibacterial
activities between the PLCL/MgO films and commercial products, i.e.,
vinyl and nitrile gloves, when exposed to E. coli over 24 h. The vinyl
gloves were not effective in inhibition of bacterial growth, while both
the nitrile gloves and PLCL/MgO films showed strong bactericidal ac-
tivity (mortality, ~100 %). The overall result, coupled with its
biocompatibility [44,48-50], highlights the potential applicability of
the PLCL/MgO composite as protective textiles with thermal comfort as
well as hygiene.

3. Conclusion

The concepts, materials, and fabrication method proposed here
present a practical approach to fabricate a stretchable, disposable hybrid
composite with radiative cooling and antibacterial capabilities. Incor-
poration of MgO particles with the theoretically optimized dimension
into the elastic PLCL polymer effectively scattered sunlight while
retaining excellent LWIR emissivity, achieving sub-ambient daytime
radiative cooling (~7 °C) even under unfavorable weather conditions.
Surface modification of the composite demonstrated a remarkable
antibacterial property, which the viability of cells was reduced to ~ 0 %
after an 8-hour incubation period. Overall, such properties coupled with
mechanical resilience and biodegradability, offer invaluable potential
for a wide range of applications, particularly in sustainable and
disposable textiles where both thermal comfort and hygiene are critical.

4. Experimental section

Finite-difference time-domain (FDTD) simulations: FDTD simulations,
using the FullWAVE Solutions software from Rsoft (RSoft Design Group,
Synopsys, USA), were conducted to assess the impact of MgO (magne-
sium oxide) particles on the optical properties of poly(L-lactide-co-
e-caprolactone) (PLCL). Due to limitations in computational resources,
two-dimensional models were employed, and the results closely
matched those from three-dimensional models, considering transverse
magnetic (TM) oscillation with respect to particle radius. Scattering
cross-sections of circular MgO particles of various sizes within a PLCL
matrix were obtained for solar wavelengths ranging from 0.3 to 2.5 pm,
assuming constant refractive indices of 1.5 for PLCL and 1.74 for MgO
particles.

Preparation of PLCL/MgO hybrid composite films: Details in synthesis
of PLCL was described in our previous report [44]. PLCL solution was
prepared by dissolving PLCL in dimethylformamide (DMF) at a con-
centration of 10 % (w/v) and mixed overnight. MgO nanoparticles with
various diameters (300 nm, 600 nm, 1000 nm, 2000 nm) were added
into the PLCL solution to achieve volume ratios (PLCL:MgO) of 80:20,
70:30, and 60:40, and stirred vigorously for 3 h. Then, the mixed solu-
tions were poured into polydimethylsulfoxide (PDMS) molds. After
solvent evaporation at 50 °C for 24 h, the dried films (thickness, ~500
pm) were achieved by gentle detachment from the mold. Here, the high
viscosity of the PLCL/MgO solution played a crucial role in preventing
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settling of MgO particles during the drying process and thus ensuring a
uniform distribution of particles within the polymer matrix (Cross-
sectional SEM image of PLCL/MgO (70:30) film appears in Fig. S10). To
enhance antibacterial effect, MgO particles within PLCL matrix were
exposed by the following surface treatments. The surface of composite
film was etched by reactive ion etching system (RIE, JVRIE17-8TM,
JVAC, South Korea) under Oy and CF4 atmosphere (rate, 20 sccm) at
an operating power of 200 W for 10 min. Higher tolerance of metal oxide
to etching compared to polymer resulted in effective elimination of
polymeric components and revealing of MgO particles (antibacterial
agents) on the film surface. For preventing microbial adhesion, the film
was then placed in a vacuum chamber with 100 pL of trichloro(1H, 1H,
2H, 2H-perfluorooctyl)silane (Sigma-Aldrich, South Korea), and vapor
phase deposition of self-assembled silane monolayer was carried out for
2h.

Spectral characterization: Optical absorption properties of PLCL/MgO
composites were examined in a spectral range from 280 nm to 2500 nm
using an ultraviolet-visible-near-infrared spectrometer (Lambda 950,
Perkin Elmer, Inc., USA) and in the long-wave infrared region (4 pm to
16 pm) using a Fourier-transform infrared spectrometer (VERTEX 70v,
Bruker, USA) equipped with a gold-coated integrating sphere. The
emissivity was determined by subtracting the sum of reflectivity and
transmittance values from 100.

Characterization of mechanical and physical properties: For mechanical
property measurements, PLCL/MgO composite films with various vol-
ume ratios (80:20, 70:30, and 60:40) were cut into a dumbbell shape
(ASTM D638), and these specimens were subjected to mechanical tensile
tests at a constant stretching rate of 6 mm/min using a universal me-
chanical testing system (Instron 5900 series, Instron, USA). Toughness
was calculated by integrating the area under the obtained stress—strain
curves. Water contact angle (WCA) was measured by dropping deion-
ized (DI) water of ~ 6 pL of on each PLCL/MgO composite film under
ambient conditions, using a contact angle meter (Phoenix-MT(M), SEO,
South Korea). Water vapor transmission rate (WVTR) was measured by
ASTM E96 standards with minor modifications. Vials of 30 mL with an
opening diameter of 17 mm were filled with 20 mL of deionized (DI)
water and securely sealed with PLCL/MgO composite films using an
epoxy. These vials were placed in a chamber at a temperature of 35 °C
and ~ 30 % + 10 % relative humidity. Periodic measurements of the
vials’ weight loss, attributable to water evaporation, were taken and
divided by the opening area to calculate the WVTR.

Biodegradation test: PLCL/MgO composite samples were immersed in
PBS (pH 7) at room temperature for ~ 50 days. Each sample was
removed every week, rinsed with DI water, and dried in a freeze dryer
(TFD 8503, IIShinBioBase, South Korea). The weight ratio was calcu-
lated using the formula, weight ratio (%) = W, / Wy, x 100, where Wy,
and W, are the weights of the samples before and after the immersion,
respectively. Additionally, we evaluated the effects of temperature and
pH on the dissolution rate of composites by immersing PLCL/MgO
composite sample with a volume ratio of 70:30 in PBS (pH 7) at tem-
peratures of 37 °C and 50 °C and in DI water or PBS with different pH
levels of 3 and 11 for ~ 50 days.

Outdoor cooling measurements: Outdoor cooling performance assess-
ments of PLCL/MgO composites were conducted using a custom-made
chamber with a convection shield on an outdoor rooftop at Gwangju
Institute of Science and Technology (GIST; 35°13'36.5'N,
126°50'24.0'E) from 03/24/23 to 03/30/23. Adhesive temperature
sensors (ST-50; RKC Instrument Inc., Japan) electrically connected to a
data logger (RDXL6SD; Omega Engineering, USA) were attached on the
back surface of PLCL/MgO composites. The samples were placed on a
polystyrene block within the custom-made chamber to minimize heat
interference. To mitigate potential ambient air heating due to solar
irradiation, an ambient air sensor (model RTD-805, Omega Engineering,
USA) was housed in an aluminum box with pores for air flowing. Next to
this experimental setup, a pyranometer (model CMP; Kipp & Zonen,
Netherlands) was placed to monitor both direct and scattered solar
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radiation.

Fabrication of PLCL/MgO cooling gloves: Artificial hand was fabricated
by pouring Ecoflex 00-50 (1A:1B) mixed with a little amount of yellow
dye into an ultraviolet (UV) sensitive resin-based mold constructed by a
3D printer (Photon mono x 6 k, Anycubic, China) and curing at ambient
temperature for 4 h. The resulting artificial hand was then immersed in a
PLCL/MgO (70:30) solution, followed by drying in oven at 80 °C for 3 h.
This coating process was repeated to obtain ~ 500 pm-thick gloves.

Antibacterial test: The antibacterial efficacy of PLCL/MgO composite
was assessed against Escherichia coli (E. coli). Initially, 0.4 mL of E. coli
suspension, pre-adjusted with liquid nutrient broth to achieve a con-
centration of 6 x 10° CFU/mL, was dispensed onto a composite surface
(50 mm x 50 mm) in a petri dish and the sample was covered with a
polypropylene film (40 mm x 40 mm). After incubating at 35 & 1 °C with
a relative humidity exceeding 90 % for predetermined durations (4, 8,
and 24 h), the sample was gently rinsed with soya casein digest lecithin
polysorbate (SCDLP) broth to remove non-adhered cells, and the cell
was collected through vortexing. Finally, 1 mL of the cell suspension was
spread on a nutrient agar plate and incubated at 35 + 1 °C for 48 h,
followed by counting the number of viable cells on the film.

Data availability.
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corresponding author upon reasonable request.
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