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Decreasing energy consumption is critical to sustainable 
development. Because temperature regulation for human 
comfort consumes vast amounts of energy, substantial 
research efforts are currently directed towards develop-
ing passive personal thermal management techniques that 
cool the human body without any energy consumption1–9. 
Although various cooling textile designs have been proposed 
previously, textile-based daytime radiative cooling to a tem-
perature below ambient has not been realized6–13. Silk, a nat-
ural protein fabric produced by moth caterpillars, is famous 
for its shimmering appearance and its cooling and comfort-
ing sensation on skin14–17. It has been recently recognized that 
silk, with its optical properties derived from its hierarchical 
microstructure, may represent a promising starting point for 
exploring daytime radiative cooling18–21. However, the intrin-
sic absorption of protein in the ultraviolet region prevents 
natural silk from achieving net cooling under sunlight. Here 
we explore the nanoprocessing of silk through a molecu-
lar bonding design and scalable coupling reagent-assisted 
dip-coating method, and demonstrate that nanoprocessed 
silk can achieve subambient daytime radiative cooling. 
Under direct sunlight (peak solar irradiance >900 W m–2) 
we observed a temperature of ~3.5 °C below ambient (for an 
ambient temperature of ~35 °C) for stand-alone nanopro-
cessed silks. We also observed a temperature reduction of 
8 °C for a simulated skin when coated with nanoprocessed 
silk, compared with natural silk. This subambient daytime 
radiative cooling of nanoprocessed silk was achieved with-
out compromising its wearability and comfort. This strategy 
of tailoring natural fabrics through scalable nanoprocessing 
techniques opens up new pathways to realizing thermoregu-
latory materials and provides an innovative way to sustain-
able energy.

As cooling accounts for ~15% of electricity use in the world, it is 
important to develop a passive personal thermal management strat-
egy for human sustainable energy-saving development1. Throughout 
the long history of civilization, various fabrics and textiles have been 
used to bring comfort and glamour to the human body, as well as to 
protect it from temperature variations2–4. Recently, there are emerg-
ing efforts to design textiles with artificial structures to achieve 
radiative cooling effects for personal thermal management5–9. 
Most of these studies have focused on enhancing human body heat  

dissipation to the ambient environment through infrared-transparent 
textiles. As the ambient environment is the heat sink, it thermody-
namically prohibits these types of textiles from realizing subam-
bient cooling. In an outdoor situation, the sky (temperature 3 K) 
represents a far better heat sink as compared with the ambient envi-
ronment. Therefore, textiles with high infrared emissivity have the 
potential to achieve subambient temperature (see Supplementary 
Schematic 1 for comparison). A subambient temperature is desir-
able for textiles as this could provide an even cooler sensation to 
skin compared with when skin is directly exposed to ambient tem-
perature. Although various subambient radiative cooling materials 
and structures, such as thin films10,11, woods12 and painting13, have 
been demonstrated, up to now textiles that can achieve subambient 
radiative cooling under sunlight have not been realized, not to men-
tion their wearability and comfort.

For centuries, silk has been one of the most favourable fab-
rics, with its excellent moisture transportation, lustre appear-
ance and cooling sensation14–17. The optical properties of silk are 
fundamentally related to its hierarchical structure, derived from 
the self-assembly of fibroin protein inside the silkworm. This 
self-assembled hierarchical structure of silk induces reflectivity in 
the visible (VIS) and near-infrared (NIR) range of the solar spec-
trum (wavelength, λ ≈ 0.3–2.5 μm). Meanwhile, its main component 
of fibroin protein possesses high emissivity in the mid-infrared 
(MIR) spectrum (λ ≈ 8–13 μm) to minimize the thermal load18–21 
(Supplementary Figs. 1–3). Therefore, natural silk has been consid-
ered as a promising candidate for radiative cooling20,21.

However, for silk to achieve subambient radiative cooling, it is 
important to consider the net cooling power from a heat balance 
analysis:

Pcool (T) = Prad (T)− Patm (Tamb)− PSun − Pcond+conv (1)

where Pcool(T) is the net radiative cooling power in the absence of 
sunlight, Prad(T) is the power radiated out through the atmospheric 
transmission window, Patm(Tamb) is the absorbed power due to inci-
dent atmospheric thermal radiation, PSun corresponds to the inci-
dent solar power absorbed and Pcond+conv is the power lost due to 
convection and conduction. It is clear that even for a material with 
ideal selective thermal emission only in the atmospheric transpar-
ency window, over 90% of incident sunlight still must be reflected to 
achieve subambient temperature10.
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Natural silk intrinsically shows high absorption in the ultra-
violet (UV) region22 due to its protein component (Fig. 1a,b). 
Consequently, its overall reflectivity in the sunlight wavelength 
range (0.3–2.5 μm) is only ~86% (Fig. 1c), which fundamentally 
prohibits it from achieving a net cooling power or subambient tem-
perature under sunlight in the daytime.

Therefore, to develop silk-based fabrics for subambient daytime 
radiative cooling, it would be desirable to develop processes that 
increase the reflectivity of silk in the UV wavelength range with-
out negatively affecting its thermal emission properties. Moreover, 
the processing needs to preserve its excellent wearability. For these 
reasons then, first, the process should not destroy the inherent hier-
archical structure and unique components of silk, which are fun-
damentally related to its optical properties (Supplementary Figs. 
1–3). Second, properties such as moisture transportation and air 
permeability are essential to the comfort of fabrics and therefore 
should not be sacrificed. In addition, the subambient daytime radia-
tive cooling properties after treatment need to be durable, even after 
wearing, twisting and washing. Also, the treatment process should 
be scalable and compatible with large-scale fabric manufacturing 
techniques.

To meet these requirements, here we processed silk through a 
scalable coupling reagent-assisted dip-coating method, and dem-
onstrate positive net cooling power under sunlight (Fig. 1d). We 
also show that such nanoprocessing preserves the wearability of 
silk. To enhance the reflectivity in the UV wavelength region, we 
bonded inorganic oxide nanoparticles, which have a high refractive 
index, to silk through a molecular bonding strategy using a coupling 
reagent (Fig. 1e). Both theoretical simulations and experimental 
results confirmed that these nanoparticles increase the reflectiv-
ity of silk from 70 to 85% in the UV range (300–420 nm). In addi-
tion, the reflectivity in the VIS-NIR range is also enhanced, and the 
overall reflectivity of silk can reach approximately 95% across the 

full solar spectrum (Fig. 1f). Therefore, combined with the intrin-
sic high emissivity of silk in the wavelength range of 8–13 μm, the 
nanoprocessed silk experimentally realizes a subambient tempera-
ture drop of ~3.5 °C in the daytime. Furthermore, the silk fabric, 
after this coupling reagent-assisted dip-coating process, preserves 
excellent moisture transportation and durability. We have therefore 
demonstrated a promising high-performance, wearable material 
for personal thermal management, together with a nanoprocessing 
method that is amenable to large-scale practical production.

Various metal oxide materials have been used to block UV 
light due to their UV absorption properties, for example, titanium 
oxide23–26. However, to realize subambient cooling performance, 
such UV absorption materials cannot be used here to avoid ther-
mal load. Aluminium oxide has a high refractive index (n ≈ 1.8) 
and shows minimum absorption in the UV region27. Thus, it was 
expected that Al2O3 nanoparticles could be used to increase the 
UV reflectivity of silk. The reflectivity of nanoparticles is strongly 
dependent on their size. We therefore calculated the scattering effi-
ciency of Al2O3 particles as a function of particle size across the 
UV spectrum using Mie scattering theory28. As shown in Fig. 2a, 
strong scattering in the UV wavelength range can be achieved for 
particle sizes between 250 and 350 nm. On the other hand, in the 
MIR wavelength range, which is important for thermal emission, 
incorporating such nanoparticles into silk does not affect the low 
reflectivity and high emissivity of silk, because the particle sizes 
are much smaller than the thermal wavelength. Therefore, Al2O3 
nanoparticles with a size of approximately 300 nm were used in the 
subsequent experiments (Supplementary Fig. 4).

The next step was to adhere the Al2O3 particles to the silk with-
out affecting the other properties of silk. Dip coating, as a low-cost, 
high-throughput and scalable technique, has been widely applied 
to functionalize fibres29,30. However, it has rarely been used to 
functionalize natural silks29 because it is challenging to adhere  
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Fig. 1 | Subambient daytime radiative cooling design for nanoprocessed silk. a, Schematic of the net heating performance of natural silk due to the high 
absorption in the UV region. b, Schematic of the UV absorption by the protein molecule of silk. c, The reflectivity spectrum of natural silk in the 0.3–2.5 μm 
wavelength range. The overall reflectivity in the sunlight wavelength range is about 86%. d, Schematic of the net cooling performance of nanoprocessed 
silk by enhancing UV reflectance. e, Schematic of nanoprocessed silk with enhanced anti-UV property, achieved by connecting nanoparticles to silk 
through a coupling reagent. f, The reflectivity spectrum of nanoprocessed silk in the 0.3–2.5 μm wavelength range. The overall reflectivity in the sunlight 
wavelength range is about 95%.
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functional components onto natural fibres without destroying their 
structure and properties. Inspired by the coupling reaction used 
in plasthetics31, tetrabutyl titanate (TT) was chosen as coupling 
reagent to connect the Al2O3 particles to silk (see the Methods and 
Supplementary Information for details). TT can form hydrogen 
bonds with the hydroxy groups on the surface of Al2O3 and also 
reduces the agglomeration of Al2O3 particles. At the same time, 
TT can form strong covalent bonds with the amino acids of silk. 
Therefore, strong bonds and good adhesion between Al2O3 particles 
and silk are formed through this molecular bonding design strategy 
(Fig. 2b). Analysis by Fourier-transform infrared (FTIR) and X-ray 
photoelectron spectroscopy (XPS) confirmed that the components 
of silk fibre remained unchanged upon coupling with Al2O3 par-
ticles (Fig. 2c,d).

Figure 2e shows a piece of woven silk fabric after nanoprocessing 
(Supplementary Fig. 5). The scanning electron microscopy (SEM) 
images in Fig. 2f and Supplementary Fig. 6 clearly show the uni-
form distribution of Al2O3 nanoparticles on the silk. To verify the 
adherence of the Al2O3 nanoparticles to the silk fibre, the nanopro-
cessed silk fabric was deformed by stretching, flexing and twisting 
(Fig. 2g, Supplementary Fig. 7 and Supplementary Video 1). None 
of the Al2O3 nanoparticles fell off the silk when the fabric was flexed 
and twisted. It was also found that the reflectivity of the nanopro-
cessed silk after 1,000 dynamic twisting cycles was similar to that of 
the original sample (Supplementary Fig. 8 and Video 2). As a com-
parison, we also tried to incorporate Al2O3 particles directly into 
silk without the TT additive; in this case, large amounts of Al2O3 
nanoparticles were observed to detach when the silk fabric was 
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deformed (Fig. 2g and Supplementary Video 3). Therefore, the addi-
tion of TT is essential for increasing the adhesion between the Al2O3 
nanoparticles and silk, and for ensuring good durability while wear-
ing the nanoprocessed silk. The reflectivity spectrum of nanopro-
cessed silk in Fig. 2h shows high reflectivity of approximately 0.95 
in the solar light region and high emissivity of ~0.9 in the 8–13 μm 
wavelength range. In addition, the solar reflectivity and infrared 
emissivity spectral responses show negligible angular dependence 
(Supplementary Fig. 9), thereby suggesting the potential of this 
material for excellent subambient radiative cooling performance.

We performed continuous radiative cooling measurements for 
22 h on both natural silk and nanoprocessed silk on a clear day in 
Stanford, California (37° 25′ 45.5″ N, 122° 10′ 27.0″ W). Samples 
of nanoprocessed silk and natural silk were placed side by side in 
two similar enclosures, and the temperatures of the samples were 
measured simultaneously, along with the air temperature and the 
solar irradiance (Fig. 3a,b). Although the temperature of natural 
silk was lower than the ambient temperature during the night time 
due to its thermal emission, in the daytime (9 a.m. to 5 p.m.) under  

sunlight its temperature was usually above ambient due to solar 
heating (Fig. 3c). In contrast, the temperature of the nanoprocessed 
silk was consistently below the ambient temperature during both 
the day and night. Even during the time period of 11 a.m. to 3 p.m., 
when the solar irradiance was over 800 W m–2, the nanoprocessed 
silk still showed on average a temperature approximately 3.5 °C 
below the ambient air temperature (Fig. 3d). The results here clearly 
illustrate the importance of nanoprocessing for achieving subambi-
ent daytime radiative cooling with silk.

We also examined the cooling performance of silk when it was 
used to cover a simulated skin placed under sunlight in Stanford, 
California (Fig. 4a; see Supplementary Table 1 for detailed weather 
information). The simulated skin comprised a silicone rub-
ber insulated flexible heater. With a constant input power, the 
skin temperature was determined by how the heat was dissipated  
(Fig. 4b). When covered with nanoprocessed silk, the skin had a 
temperature that was ~8, ~12.5 and ~19 °C lower than the same skin 
covered with natural silk or cotton, or left uncovered, respectively  
(Fig. 4c,d). It is noteworthy that the three different textiles all showed 
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a similarly low transmittance (Supplementary Fig. 10). Figure 4e 
presents the infrared images of a human wearing garments made 
of the three different textiles under a clear sky in Nanjing, China 
(see Supplementary Table 1 for detailed topographic and meteoro-
logical information), with the ambient temperature around 37 °C. 

The images show that the outer surface temperature of the nanopro-
cessed silk is lower than those of natural silk and cotton. Therefore, 
it will provide a cooler sensation. Taking into account the thermal 
conducting properties of the textiles, the lower temperature of the 
nanoprocessed silk can be directly attributed to its radiative cooling 
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capability (Supplementary Table 2 and Supplementary Fig. 11). All 
the results above illustrate the superior cooling ability of nanopro-
cessed silk, due to the combination of its enhanced solar reflection 
(especially its anti-UV property), which minimizes heat input, as 
well as its inherent thermal radiation properties, which are unaf-
fected by nanoprocessing.

In addition to its radiative cooling properties, it was also impor-
tant to examine other metrics of the nanoprocessed silk related 
to human comfort. For this purpose, cotton and Tyvek, which 
is a widely used commercial fibrous polyethylene (PE) textile, 
were used for comparison. The water vapour transmission rate 
(WVTR) reflects the ability of a fabric to transmit water vapour 
from perspiration through natural diffusion and convection. The 
nanoprocessed silk presented a similar WVTR to natural silk and 
Tyvek, which was slightly higher than that of cotton (Fig. 4f). The 
wicking rate is a measure of the transport of liquid water in tex-
tiles, with a higher wicking rate corresponding to a higher rate 
of perspiration spread and evaporation. Among all of the natural 
textiles, silk shows the highest wicking rate because of its good 
hydrophilicity. With a coating of Al2O3 nanoparticles, silk still 
has a wicking distance of 10 mm, which is comparable to that of 
natural silk (Fig. 4g). As a comparison, Tyvek is hydrophobic and 
therefore does not have any wicking length. The nanoprocessed 
silk also maintains good air permeability after Al2O3 processing 
(Supplementary Fig. 12). All of these results show that silk fab-
ric retains good wearability with a coating of Al2O3 nanoparticles. 
The washability of the nanoprocessed silk fabric was also tested 
by water washing and sunlight drying. After a regular duration of 
washing and drying, the nanoprocessed silk fabric was unchanged 
(Supplementary Figs. 13 and 14). Through careful examination, 
it was found that after several washing–drying cycles, the Al2O3 
nanoparticles remained well-adhered to the silk, and the nanopro-
cessed silk maintained satisfactory UV reflectivity (Supplementary 
Fig. 15). Therefore, we have demonstrated that the nanoprocessed 
silk fabric is durable through washing and drying. In addition 
to maintaining the cool-to-touch feature of silk, which is one of 
its favourite properties, we also applied the screen printing tech-
nique to coat Al2O3 nanoparticles only on the outer side of silk 
that faces the sunlight, while the skin is in direct contact with the 
inner side of natural silk (Supplementary Video 4). The obtained 
samples endured 50 cycles of accelerated washing and drying 
(Supplementary Video 5 and Supplementary Fig. 16). We note 
that nanoparticles have been used in textile and cosmetic indus-
tries. Although the fall-off of nanoparticles after many washing 
cycles may cause potential environmental and health hazards32, 
it is expected that various strategies, such as the development of 
binders and the conformal coating technique, which enhances the 
connection between nanoparticles and textiles, could be used to 
address these issues.

In summary, the strong absorption of natural silk in the UV 
wavelength region prevents it from achieving subambient radia-
tive cooling performance. We have demonstrated that through a 
molecular bonding design strategy and scalable dip-coating meth-
ods, nanoprocessed silk can achieve a temperature of ~3.5 °C below 
ambient in the daytime, and when covering simulated skin can 
achieve a reduction of skin temperature of ~8 °C under sunlight, 
with similar comfort and wearability to natural silk. The subam-
bient radiative cooling effect achieved under sunlight means that 
skin will achieve the same cooling sensation in contact with this 
nanoprocessed silk, if not better, when skin is directly exposed to 
ambient temperature. We anticipate that this strategy of tailoring 
natural materials through convenient and scalable processes may 
not only provide a sustainable energy-saving approach to per-
sonal thermal management, but also inspire new pathways for the 
development of materials and devices for passive cooling to reduce  
energy consumption.
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Methods
Preparation of a regenerated silk film for refractive index test. For the refractive 
index test, we prepared regenerated silk films following a previously reported 
method33. After degumming silkworm cocoons, we removed the silk and then 
spread it over a clean piece of aluminium foil. We then dried the silk fibroin in a 
fume hood overnight. The regenerated silk films were then prepared as follows:

	(1)	 Dissolving silk fibroin in LiBr. First we added LiBr to water to prepare 9.3 M 
LiBr solution. Then we packed the silk fibroin tightly into a 10-ml glass beaker 
and added the required amount of LiBr solution on top. The whole dissolvation 
of fibroin was processed in an oil bath pan at 60 °C. The solution turned amber 
in colour and transparent once the silk fibroin had completely dissolved.

	(2)	 Dialysis and centrifugation. We added the silk–LiBr solution to a 3–12 ml di-
alysis bag (3,500 molecular weight cut-off; Shanghai Yuanye Bio-Technology). 
The solution was dialysed against 500 ml deionized water per 10 ml cassette. 
After dialysis we placed the silk–LiBr solution in a 40-ml centrifuge tube for 
centrifugation. After centrifugation to remove impurities, we transferred the 
silk solution into a culture dish.

	(3)	 Silk film preparation. First, we added 4 ml of an 8% (wt/vol) aqueous silk 
solution to a 100-mm Petri dish. Films were generally produced with a thick-
ness of 50 μm and could be easily removed from the polystyrene dish. For 
thicker films, we either increased the amount of silk solution or the concen-
tration of silk, and then dried them. We filled the bottom of a vacuum desic-
cator with water and placed the dry films in the desiccator under vacuum. 
Finally, we gently removed the regenerated silk films from the dish.

Al2O3 nanoparticle-treated silk fabric. The silk fabric was commercially available 
and bought online (Saint Joy). Then we cut the fabric into pieces of the appropriate 
size for experiments. Al2O3 nanoparticles incorporated into the silk fabric can improve 
its optical reflectivity in the UV range. Al2O3 nanopowders (Macklin) were first 
dissolved in deionized water at a mass concentration of 18 g l–1. We then added TT 
at a mass concentration of 12 g l–1 to obtain a nano-Al2O3 hydrosol after ultrasonic 
dispersion for 20 min. Next, several pieces of silk fabric were immersed in a fatty 
alcohol polyoxyethylene ether solution (1 wt%) at 30 °C to clean the surface of the 
silk and then dried in an oven at 60 °C. The treated pieces of silk were dipped in the 
nano-Al2O3 hydrosol at 40 °C in a water bath heater and subsequently dried in an oven 
at 80 °C. The samples were stirred in deionized water to remove any nanoparticles on 
the surfaces of the samples. Finally, the clean samples were dried at room temperature.

Reflectivity measurement. The optical reflectance spectra of the silk and 
nanoprocessed silk fabrics were recorded separately in the UV to NIR (0.3–2.5 μm) 
and MIR (2.5–18 μm) wavelength ranges. In the first range, spectra were recorded 
with a UV-VIS-NIR spectrophotometer (UV 3600, Shimadzu) equipped with an 
integrating sphere model (ISR-3100, Shimadzu). For the second range, an FTIR 
spectrometer (Nicolet IS50, ThermoFisher) equipped with a gold integrating 
sphere (IntergatIR MIR, Pike) and a mercury cadmium telluride detector were 
used. Angular measurements were taken with the samples placed inside the 
integrating spheres at different angles to intercept the incident light.

Refractive index measurement. Refractive index measurements of the silk protein 
in the regenerated silk films were taken using a RC2 XI+ instrument (J.A. Woollam).

Imaging. Images of the silk and nanoprocessed silk fabric samples were taken using a 
Nikon camera (D7500). SEM was performed with a Zeiss Sigma VP scanning electron 
microscope. The infrared images were taken using a FLUKE Ti 100 infrared camera.

Outdoor thermal measurements. A silicone rubber insulated flexible heater 
(Omega, 39 cm2) connected to a power supply (Keithley 2400) was used to simulate 
skin. The heating power density was 104 W m−2. To avoid heat loss, an insulating 
foam was placed below the simulated skin heater. A ribbon-type hot thermocouple 
(K-type, Omega) was placed on the top surface of the heater to measure the 
temperature of the simulated skin. The textile sample was placed on the simulated 
skin, which we placed in an aluminized Mylar-coated wooden frame. A clear acrylic 
box with the top side open was joined to the underside of the wooden frame’s top 
surface and sealed. A polystyrene pedestal covered with aluminized Mylar was glued 
to the acrylic box. The top opening of the wooden frame was left exposed to sunlight 
and air to mimic typical outdoor conditions in the presence of solar heating and 
convective airflow cooling. We measured and recorded the real-time temperatures 
of cotton-covered, nanoprocessed silk-covered, silk-covered and bare simulated 
skin, as well as the ambient temperature. The solar irradiance was recorded using a 
pyranometer (CMP 6, Kipp & Zonen). The simulated skin was removed to measure 
the daytime radiative cooling of pristine and nanoprocessed silk (Fig. 3c).

Water vapour transmission rate test. First, 40-ml bottles were filled with distilled 
water and sealed with the textile samples and rubber bands. The sealed bottles were 
then placed in an environmental chamber, where the temperature was maintained 
at 35 °C at a relative humidity of 40%. The bottles and samples were weighed 
continuously, and reductions in mass should arise from the evaporation of water. 
The reductions in mass were then divided by the area of the samples to obtain the 
water vapour transmission.

Wicking test. The textile samples were cut into 2-cm-wide strips and dipped in 
distilled water. The water started to climb up the samples by capillary force. The 
wicking test was performed for 60 s.

Air permeability. The different fabric samples were sealed between two pipes 
using flange adapters, a centring O-ring and a clamp. The exposed area of textile 
was 3 cm in diameter. One pipe was connected to a T-connector at the short/
straight leg and then connected to the compressed air source. The other pipe was 
also connected to a T-connector at the short/straight leg and then connected to 
open air. A differential pressure gauge was connected to both long/branch legs to 
measure the pressure drops across the textile sample at different air flow rates.

Thermal conductivity test. The thermal conductivities, λ (W K–1 m–1), of the 
three samples (NP-silk, silk and cotton) were calculated as λ = α × Cp × ρ, where α 
is the thermal diffusivity (mm2 s–1), Cp is the specific heat capacity (J g–1 K–1) and 
ρ is the density (g cm–3). The thermal diffusivities of the samples were measured 
using an LFA 467 Hyperflash instrument (NETZSCH), Cp was measured under 
nitrogen atmosphere using a Pyris Diamond differential scanning calorimeter 
(Perkin-Elmer) and ρ was determined by liquid displacement measurement.

Screen printing. Al2O3 powders were dispersed in a binder solution (Helizarin 
Binder UDT) with stirring. This homogeneous solution was transferred onto a 
screen with a fine mesh (~150 μm). The mixture was then deposited onto the 
silk fabric through the mesh by moving a squeegee across the screen. Finally, the 
nanoprocessed silk samples were obtained after drying.

Washing test of the fabric. The washing performance of the screen-printed 
nanoprocessed silk fabric was assessed according to the American Association 
of Textile Chemists and Colorists international standard (AATCC 61-2013). A 
standard washing machine (SW-LZA, Changzhou Dahua Electronic Instrument) 
was used in this study. The fabric samples were washed at 60 °C for 30 min in a 
rotating closed canister containing 200 g of water, 1 g of liquid detergent and 10 steel 
balls (6 mm in diameter). Then the fabrics were rinsed with water and dried at 70 °C.

Fatigue twisting test. The nanoprocessed silk was continuously twisted using a 
yarn twist machine (Y331C, Wuhan Guoheng Instrument).

Data availability
All relevant data are included in the manuscript and Supplementary Information. 
More detailed protocols, calculations and analyses are available from the authors 
upon request.
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