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Interactions between circularly polarized light (CPL) and mat-
ter hold promise for many emerging technologies1–3. However, 
for optoelectronic thin films of chiral organic materials or 

inorganic nanoparticles (NPs), the difference in light absorption 
between left- (L) and right- (R) handed photons typically does 
not exceed a fraction of a percent, which is prohibitively small 
for polarization-sensitive photocurrent devices4. Metamaterials 
and metasurfaces with nanoscale geometries matching helical 
field distribution of CPL increase the sensitivity of light–matter 
interactions to circular polarization5–9. However, the out-of-plane 
engineering of these metastructures results in both performance 
and manufacturing trade-offs, hindering the conversion of  
optical absorption into electron transport and imparting strong 
angular dependence4.

Similar to the coupling of CPL with electron clouds in mol-
ecules, coupling of spin-angular momentum of photons with 
the transport of ion clouds in electroactive nanoscale pores can 
lead to optoelectronic effects10–15. Of particular interest are bioin-
spired light-sensitive nanoscale channels16–20, with some of them 
replicating membranes of retinal cells21–23, but photocurrents or 
photovoltages generated across them are not known to be CPL 

dependent24–26. Here, we show that the optoionic phenomena in 
thin nanoscale membranes from chiral gold NPs lead to unex-
pectedly high sensitivity to circular polarization of incident pho-
tons. When NPs in the self-assembled membranes (nanofilms) 
are decorated by l-phenylalanine (Phe), the photoinduced cur-
rent (photocurrent) across the layer under right-handed circu-
larly polarized (RCP) illumination is 1.47, 1.87, 2.20 and 2.41 
times that under left-handed circularly polarized (LCP) illumi-
nation for monolayer (1L), three-layer (3L), five-layer (5L) and 
ten-layer (10L) nanofilms, respectively (Fig. 1a). Experimental 
and computational studies show that polarization-dependent 
transduction of CPL incident onto the multilayer NP membranes 
into photocurrent across thin films of chiral NPs originates from 
the light-driven ejection of electrons facilitated by the strong 
plasmonic modes coupled within the plane of the nanofilms. The 
thick surface layer of enantiopure Phe ligands on the NP surface 
extends the lifetime of the ejected electrons, while the photoin-
duced charge accumulated at the interfaces causes reorganization 
of the ionic atmosphere in the nanoscale channels. These opto-
ionic effects can be utilized in a wide range of microfabricated 
fluidic devices.
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Optoelectronic effects differentiating absorption of right and left circularly polarized photons in thin films of chiral materials 
are typically prohibitively small for their direct photocurrent observation. Chiral metasurfaces increase the electronic sensitiv-
ity to circular polarization, but their out-of-plane architecture entails manufacturing and performance trade-offs. Here, we 
show that nanoporous thin films of chiral nanoparticles enable high sensitivity to circular polarization due to light-induced 
polarization-dependent ion accumulation at nanoparticle interfaces. Self-assembled multilayers of gold nanoparticles modi-
fied with l-phenylalanine generate a photocurrent under right-handed circularly polarized light as high as 2.41 times higher 
than under left-handed circularly polarized light. The strong plasmonic coupling between the multiple nanoparticles producing 
planar chiroplasmonic modes facilitates the ejection of electrons, whose entrapment at the membrane–electrolyte interface is 
promoted by a thick layer of enantiopure phenylalanine. Demonstrated detection of light ellipticity with equal sensitivity at all 
incident angles mimics phenomenological aspects of polarization vision in marine animals. The simplicity of self-assembly and 
sensitivity of polarization detection found in optoionic membranes opens the door to a family of miniaturized fluidic devices for 
chiral photonics.
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Results and discussion
Chiral nanomembranes. l-Phe- and d-Phe-modified spherical Au 
NPs, 35 nm in diameter, were assembled at a liquid–liquid interface 
to form NP monolayers27–29, which were subsequently transferred 
onto anodized aluminium oxide (AAO) or glass slides for electro-
chemical or optical measurements using the Langmuir–Blodgett 
technique. The surfaces of the NP monolayers were uniform over 
an area of at least several square centimetres and displayed a distinct 
metallic lustre. Scanning electron microscopy (SEM) and atomic 
force microscopy (AFM) images of the cross-sections and surfaces 
of all nanofilms showed densely packed NPs, with nanoscale chan-
nels formed between them (Fig. 1b and Supplementary Fig. 1).

The circular dichroism (CD) spectra of l-Phe- and 
d-Phe-modified NP films displayed amplitudes approaching 
350 mdeg at a wavelength of 762 nm (Fig. 1f), whereas nanofilms 
of Au NPs carrying achiral citrate (Cit) or dl-Phe ligands (that is, a 
racemic 1:1 mixture of l- and d-Phe) showed near-zero CD spec-
tra (Supplementary Fig. 2). The strong chiroptical activity of these 
nanofilms is attributed to the coupling of the molecular-scale chiral-
ity of Phe and the surface plasmon modes of metallic NPs30–32 in the 
highly polarizable gold nanofilms33,34. Note also that modes localized 
in the gaps in the planar arrays of plasmonic particles are further 
enhanced by the short-range order observed for the nanofilms35–38. 
Taking the nanofilm model based on experimental AFM imaging, 
the chiroplasmonic lattice modes can be visualized by electrody-
namic and finite-difference time-domain (FDTD) simulations (Fig. 
1c,d). The FDTD-calculated CD spectrum matches nearly perfectly 
with the experimental data (Fig. 1g), verifying the origin of strong 
CD bands and the optoionic effects. The simulations also show that 
these modes have distinct wave-guided behaviour39 propagating 
along their surface (Fig. 1e). Importantly, such modes concentrate 
the field and optical energy exactly where the density of the par-
ticle–electrolyte interface is the highest, facilitating the coupling of 
photonic and ionic processes in the electric double layers around 
the nanoparticles, while reducing the far-field optical scattering 
along the direction normal to the nanofilm surface.

Photocurrent generation. The photocurrent, I, was measured 
for monolayers and multilayers of NPs illuminated by 808 nm 
light (10 mW cm−2) over periods of 60 s. The nanofilms were 
deposited on AAO supports placed between two compartments 
filled with an aqueous electrolyte (Fig. 1a). Photocurrent I(t) 
curves and maximal amplitudes (denoted as I||, IL and IR, respec-
tively) were recorded for linearly polarized (LP), LCP and RCP 
light. The nanofilms from l-Phe -NPs displayed a photocurrent 
of IR = 10.04 ± 1.25 nA under RCP irradiation, that is, consider-
ably larger than that under LCP illumination; IL = 6.82 ± 1.14 nA. 
Nanofilms from d-Phe-NPs exhibited IL = 10.35 ± 1.08 nA and 
IR = 6.87 ± 0.95 nA under LCP and RCP, respectively, displaying a 
distinct mirror-symmetrical relationship between I and the chiral-
ity of Phe (Fig. 1h,i). Concurrently17, the photovoltage–time curves 
featured a similar change trend and mirror symmetry relationship 
with the photocurrent (Fig. 1j,k). In control experiments, an AAO 

membrane without the nanofilm or under other conditions (for 
example, nanofilms of Cit-NPs or dl-Phe-NPs) displayed little or 
no change in current across the membrane (Supplementary Fig. 3). 
No evidence of physical erosion or chemical deterioration of the 
nanofilms in the electrolyte solution with and without light was 
observed (Supplementary Fig. 4).

By analogy to CD spectroscopy, ΔIL−R = IL − IR can be used to 
characterize the polarization dependence of the photocurrent on 
nanofilm structure and other factors. Illumination at 808 nm was 
used in most experiments because it produced the highest I and 
ΔIL−R values (Fig. 2a and Supplementary Fig. 5). Nanofilms of 
35 nm Au NPs displayed higher ΔIL−R values than NPs of other sizes 
(Fig. 2b and Supplementary Fig. 6). We also tested the illumination 
intensities from 1 to 20 mW cm−2 (Fig. 2c and Supplementary Fig. 7)  
and illumination times from 0 to 60 s (Fig. 2d and Supplementary 
Fig. 8); ΔIL−R reached a maximum of 3.22 ± 0.15 nA after continuous 
illumination for 60 s (10 mW cm−2). Even for a single NP monolayer, 
the photocurrent under RCP was 1.47-fold higher in magnitude 
than under LCP, which markedly exceeds the subpercentile differ-
ences in RCP versus LCP adsorption in thin films of chiral mate-
rials. Importantly, it also exceeds the photocurrents generated  
in metamaterials40,41.

Uniqueness of nanofilms from enantiopure Phe-NPs. To shed 
light on the polarization dependence of the photocurrent, I and 
ΔIL−R values of nanofilms modified at different concentrations 
of l-Phe were analysed. As the l-Phe concentration increased, 
the amplitude of the chiroplasmonic peak increased from 0 to 
350 mdeg at 762 nm, reaching a plateau at 30 mM l-Phe (Fig. 3a). 
ΔIL−R increased in the same progression and retained a perfect 
mirror-image symmetry (Fig. 3b and Supplementary Fig. 9). One 
might expect to see similar amplitudes of ΔIL−R and maxima of CD 
spectra and concentration dependence for other chiral amino acids, 
but that was not the case. Surprisingly, however, all 15 seemingly 
similar surface ligands displayed CD peaks smaller by more than 
an order magnitude (<25 mdeg) and near-zero ΔIL−R (Fig. 3c and 
Supplementary Fig. 10).

Structural reasons for the uniqueness of Phe-NP nanofilms can 
be understood by analysing high-resolution transmission electron 
microscopy (HRTEM) images of several types of NPs. An unex-
pectedly thick organic layer was observed on the NPs modified with 
l-Phe and d-Phe, whereas the layers of surface ligands on all the 
other NPs were nearly indistinguishable with HRTEM (Fig. 3d). 
As the l- or d-Phe concentration for Cit-NP modification before 
nanofilm preparation increased from 10 to 30 mM, the thickness 
of the organic layer on the NP surface increased from ~0.8 to 
2.3 nm and remained unchanged above 30 mM. Our data show that 
the thickness of the surface layer correlated directly with both the 
amplitude of the CD peak and ΔIL−R (Fig. 3e and Supplementary 
Fig. 11). Formation of the organic layer on NP surfaces is attributed 
to facile d- or l-Phe self-limited self-assembly into non-covalently 
bonded multilayers (Supplementary Table 1 and Supplementary 
Figs. 12 and 13)42–45. The weak CD and near-zero ΔIL−R values of 

Fig. 1 | Polarization-sensitive optoionic effects in nanofilms from chiral plasmonic NPs. a, Schematic illustration of the electrochemical cell used in the 
study. The photoinduced current generated across the membranes was greater for RCP illumination than for LCP illumination in nanofilms made from 
l-Phe-NPs. The opposite was true for nanofilms made from d-Phe-NPs. b, Structural characterization of nanofilms. Photograph of the photosensitive 
membranes (diameter 12 mm) carrying a nanofilm from l-Phe-NPs (left). SEM image of the cross-section of the AAO membrane with the nanofilm on 
top (middle). SEM image of the monolayer l-Phe-NP film (right). c, 3D tomographic image of a monolayer of l-Phe-NP film. d, Schematic illustration of 
the model system used in the electrodynamics simulations in e. e, Vectors depicting the electric field of the LCP photons at 690 nm that were scattered 
by the model l-Phe-NP film in d. The NPs are depicted as black dashed lines, and vectors pointing in the z direction stand for the photons that have been 
scattered at angles close to 90° and are moving inside the membrane, which acts as a wave guide. f,g, Experimental (f) and calculated (g) CD spectra for 
nanofilms from l-Phe-NP and d-Phe-NP. h,i, Temporal profile of the photocurrent across the photosensitive membrane with nanofilms from l-Phe-NPs (h) 
and d-Phe-NPs (i). j,k, Temporal profile of the photovoltage across the photosensitive membrane with nanofilms from l-Phe-NPs (j) and d-Phe-NPs (k) 
induced with CPL illumination (10 mW cm−2) at 808 nm.
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the other 15 chiral ligands also confirm that the organic layer on 
the Phe-modified NPs dictates their chirality and the photocurrent 
in the nanofilm.

Mechanism of CPL-dependent photocurrent generation. We ini-
tially hypothesized that the unusually large effect of circular polar-
ization on the photocurrent in nanofilms was attributable to local 

RCP

LCP

Ions (KCl)
OH

NH2

O

L-Phe

AAOAu NPs

C
ur

re
nt

 (
nA

)
C

ur
re

nt
 (

nA
) L-Phe

L-Phe

OFF OFF

OFF OFF

ON

ON

RCP

LCP

a

b

c

500 nm500 nm

h

ig

f

d

j

e

Z 
(n

m
)

X (nm)

100

50

0

100 2000–200 –100

L-Phe

D-Phe

Exp

400 600 800 1,000

Wavelength (nm)

400

200

0

–200

–400

C
D

 (
m

de
g)

C
ur

re
nt

 (
nA

)

RCP

LP

LCP

Time (s)

L-Phe

5

0

–5

–10

–15
0 60 120 180

OFF OFFON

C
ur

re
nt

 (
nA

)

RCP

LP

LCP

Time (s)

D-Phe

5

0

–5

–10

–15
0 60 120 180

OFF OFFON

P
ot

en
tia

l (
m

V
)

RCP

LP

LCP

Time (s)

L-Phe

0 60 120 180

0.4

0.3

0.2

0.1

0

OFFOFF ON

Theo

400 600 800 1,000

Wavelength (nm)

400

200

0

–200

–400

C
D

 (
m

de
g)

D-Phe (extinction)
D-Phe (absorption)
D-Phe (scattering)

L-Phe (extinction)
L-Phe (absorption)
L-Phe (scattering)

k

P
ot

en
tia

l (
m

V
)

RCP

LP

LCP

Time (s)

D-Phe

0 60 120 180

0.4

0.3

0.2

0.1

0

OFF OFFON

NAtuRE NANotECHNoLoGy | VOL 17 | APRIL 2022 | 408–416 | www.nature.com/naturenanotechnology410

http://www.nature.com/naturenanotechnology


ArticlesNaTure NaNOTeCHNOlOgy

heating. However, there were no statistically significant differences 
in the photothermal effects for nanofilms made from Cit-, dl-Phe-, 
l-Phe- or d-Phe-NPs, for which the photocurrent values exhibited 
large differences, suggesting that the photothermal effect was not 
responsible for ΔIL−R (Supplementary Fig. 14).

Then, we tested whether I could be attributed to the irrevers-
ible photocatalytic oxidation of the Phe film on the NPs. However, 
Phe surface ligands remained unchanged under the illumination 
conditions used in our electrochemical experiments over numerous 
cycles (Supplementary Figs. 4 and 11). These data indicated that the 
photoinduced decomposition was not responsible for the observed 
photochemical effects.

We also considered the possible contribution of chiral-induced 
spin selectivity (CISS) effects46, but the lack of response to the exter-
nal magnetic field in different formats (Supplementary Fig. 15)  
as well as other tests, including the variation of different amino 
acids with specific orientation to the gold surface (Fig. 3c and 
Supplementary Fig. 10), indicated that the contribution of the CISS 
effects was too small to generate ΔIL−R with a magnitude commen-
surate with the data shown in Fig. 2.

When the pore diameter becomes comparable to the Debye 
screening length, light–matter interactions in plasmonic films can 
also affect the ionic atmosphere and ion transport through the 
films16–20. Besides inorganic materials47, coupled optical and ionic 
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processes, also known as optoionic effects, may also occur in nano-
films from chiral NPs. When the electrolyte (KCl) concentration 
around the membrane approached 0.01 mM, no discernible pho-
toeffect was observed. As the electrolyte concentration increased, 
ΔIL−R increased and reached saturation at 10 mM. At any electrolyte 
concentration, the rise and decay times of I(t) exceeded 10 s, which 
is characteristic of the diffusion of ions rather than electrons, and is 
consistent with expectations for ion fluxes induced by optical phe-
nomena (Supplementary Fig. 16).

Based on the results described above, the polarization-sensitive 
photocurrent is attributed to the ejection of electrons48,49 at the par-
ticle–medium interface50,51. These electrons are sometimes referred 
to as ‘hot’ electrons and they are analogous with photogenerated sol-
vated electrons in the electromagnetic field of laser pulses52. Their 
chemical interactions with the delocalized orbitals of aromatic 

molecules in the medium can lead to entrapment enhanced by the 
coupling of chiral Phe and metallic NP cores, which subsequently 
induced ion transport to and from the NP interfaces. Although the 
ejected electrons are short-lived, continuous illumination causes 
a steady-state photocurrent at the NP–electrolyte interface, espe-
cially under conditions of the wave-guided resonance present in the 
nanofilms. The strong coupling between out-of-plane NP dipolar 
moments suppresses radiative decay, trapping light in the plane of 
the nanofilm and strongly localizing optical fields on each NP38,39. 
To probe this mechanism, the charge density at the NP–electrolyte 
interface arising from the ejection and entrapment of electrons was 
evaluated using density functional theory (DFT). Although NP 
models amenable to DFT simulations (Fig. 4a and Supplementary 
Fig. 17) are smaller than the particles used in the experiment, and 
do not have the same thick layer of organic ligands observed in 
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the HRTEM images, the key features in their absorption and CD 
spectra were similar to those measured experimentally (Fig. 4b and 
Supplementary Fig. 2).

To further confirm the optoionic mechanism, we note that 
it necessitates the nanofilm to acquire negative charge at the 
NP–medium interface on illumination with visible light (Fig. 
4c and Supplementary Videos 1 and 2). The dependence of elec-
tron excitation on the chemical structure of ligands can be evalu-
ated by fractional occupation number weighted electron density 
(FOD), which enables calculating the average number of electrons 
at the NP–electrolyte interface (NFOD). Comparison of NPs carry-
ing Cit, l-Cys, l-Tyr and different numbers of Phe ligands shows 
that greater density of surface ligands and higher molecular mass 
increases NFOD. For example, as the number of Phe ligands rose from 
4 to 12, NFOD increased from 74 to 87 (Fig. 4a), which is consistent 
with the observed rise in ΔIL−R with increasing Phe surface density 
(Fig. 3a,b). These calculations also indicate that not only the sur-
face density, but also the aromaticity of surface ligands play a role 
in accommodating temporarily entrapped electrons at the inter-
face. As such, NFOD values for Tyr and Phe are higher than for Cys. 
The total thickness of surface ligands is also essential for stabiliz-
ing photogenerated charges on NP surfaces, which directly affect I. 
The self-assembled 2.3 nm layer of Phe is approximately ten times 
thicker than the layers formed by other ligands. The thick layer 
of Phe entraps electrons in the interfacial region more efficiently 
than the much thinner layer of Tyr. Such entrapment increases the 
steady-state concentration of charges at the interface, with the elec-
tronic processes being similar to the electron entrapment at semi-
conductor–gold interfaces49.

The increase of the negative charge at the NP–water interface on 
illumination, manifesting as polarization-dependent photovoltage 
(Fig. 1j,k) causes migration of ions through the network of nanoscale 
channels formed by NPs. The kinetics of the resulting photocur-
rent calculated by finite element simulations show temporal depen-
dence identical to those observed in the experiment (Fig. 4d and 
Supplementary Fig. 18). Photocurrent at different wavelengths and 
in the nanofilms made from differently sized NPs (based on the 
Poisson–Nernst–Planck equation) also agree very well with experi-
mental results (Supplementary Tables 2 and 3).

Detection of circular polarization with multilayer nanofilms. 
The optimal conditions for CPL detection using chiral NP mem-
branes were examined to better understand the advantages and dis-
advantages of polarization-sensitive optoionic effects compared to 
other technical solutions in chiral photonics. The multilayer films 
were fabricated by consecutively transferring NP monolayers onto 
an AAO support (Supplementary Fig. 19). As the number of NP 
layers increased, the CD amplitude increased significantly from 
monolayers to bilayers to trilayers, reaching 950 mdeg for the 3L 
nanofilms (Fig. 5a). The photocurrent also increased, with ΔIL−R 
reaching 6.43 nA for 3L nanofilms (Fig. 5b). This value represents 
a large electronic read-out for RCP light, 1.87-fold higher than 
under LCP illumination and exceeding the photovoltage/photocur-
rent differences for circularly polarized states on incident photons 
of organic, inorganic and metastructured thin films40,41. Moreover, 
the ratio between photocurrent obtained for RCP and LCP was as 
high as 2.20-fold and 2.41-fold for 5L and 10L nanofilms, respec-
tively (Fig. 5c,d). Importantly, I(t) profiles for the nanofilms from 
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l-Phe- or d-Phe-NPs did not show any evidence of degradation for 
multiple on–off cycles under LCP and RCP illumination (Fig. 5g 
and Supplementary Fig. 20).

Finally, by rotating the quarter-wave plate at different angles 
under illumination, we found that the degree of polarization of 
light affected the intensity of the photocurrent. The established 
relationship between I and the degree of light polarization enables 
accurate detection of the ellipticity of the incident light beam 
(Fig. 5e and Supplementary Fig. 21). Importantly, the detection of 
CPL was equally accurate regardless of the incident angle, which 
vividly differentiates our NP-based films from metasurfaces and 
other polarization-sensitive optoelectronic prototypes (Fig. 5f and 
Supplementary Fig. 22).

Conclusions
The unexpectedly strong sensitivity of photocurrent to polarization 
was observed for chiroptically active nanofilms from gold NPs with 
a uniquely thick self-assembled layer of phenylalanine. The differ-
entiation between RCP and LCP exceeds that previously observed 
for thin chiral films of organic or inorganic materials by 1–2 orders 
of magnitude, which is attributed to wave-guided chiroplasmonic 
modes propagating along the nanofilm surface and charge entrap-
ment in chiral surface ligands around the NPs. Although meta-
materials with optoelectronic effects exhibit shorter response 
times6,7, manufacturing with self-assembled NP films offers the 
benefit of simplicity, scalability and energy efficiency. The high CPL  
contrast of the photocurrent opens the path to the application of 
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plasmonic materials-based chiral photonics. These findings pres-
ent the possibility of mimicking the polarization vision of animals 
in non-biological nanoscale constructs. Integration with microflu-
idic devices and the absence of incident angle dependence offer the 
opportunity for conformal technological replicas of CPL-sensitive 
organs for utilization in machine vision. Further explorations 
are expected towards constructing optoionic membranes with 
enhanced mirror asymmetry to improve the polarization recogni-
tion characteristics. Furthermore, incorporation of chiral NPs with 
high g-factors53 and chiral perovskites54 can lead to their implemen-
tation in optical computing and telecommunication technologies.
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Methods
Preparation of chiral Au NPs. An Au NP colloid dispersion (d = 35.1 ± 0.8 nm) was 
synthesized by the citrate reduction of chloroauric acid (HAuCl4) in the aqueous 
phase55. In brief, 6 ml of 10 mM HAuCl4 solution was added to 195 ml of deionized 
water and boiled. Then, 3.2 ml of 10% w/v sodium citrate solution and 1.5 ml 
of 5 nm Au seed solution were added, and the mixture was boiled for 20 min to 
generate a stable colloid solution of Au NPs. The NPs were concentrated tenfold by 
centrifugation and resuspended in a 10 mM carbonate buffer solution to obtain a 
high-concentration Au NP solution. Finally, the desired amount of Phe was added, 
and the solution was incubated for 2 h at 60 °C. The average particle diameters were 
determined using TEM on a JEOL JEM-2100 transmission electron microscope 
(operated at an acceleration voltage of 200 kV). Differently sized Au NPs were 
synthesized by adjusting the amount of sodium citrate added. The sizes of the NPs 
were confirmed with a Zetasizer Nano ZS (Malvern) equipped with a 632.8 nm laser.

Preparation of chiroplasmonic membranes. Free-standing nanofilms were 
formed at a water–oil interface using an aqueous solution of the chiral Au NPs and 
an n-hexane phase. The self-assembly of the NPs at the interface was induced by 
the slow addition of ethanol27,56. The n-hexane phase was then allowed to evaporate 
slowly, and the nanofilm was transferred to an AAO membrane using monolayer 
lift-off onto a solid support. The AAO membrane with a pore diameter of 20 nm, 
a thickness of 60 μm and a pore density of 1011 per cm2 (Puyuan Hefei Nano) was 
used as a self-supporting porous template.

Electrochemical measurements. The NP–AAO membranes were placed between 
two Plexiglass cells with holes 3 mm in diameter. A KCl solution (2 ml) was 
added to each of the two chambers. A pair of Ag/AgCl electrodes and a CHI-760 
electrochemical workstation (CHI) were used to record the change in current over 
time57. CPL with different polarization directions was produced by adjusting a 
quarter-wave plate. During the test, the change in the current was monitored as 
the light was turned on and off. Unless otherwise specified, the wavelength used 
for irradiation was 808 nm, the light intensity was 10 mW cm−2 and the duration of 
irradiation (‘on’) and the interval (‘off ’) between two irradiation cycles were 60 s.

Statistics and reproducibility. Experimental errors were calculated as the standard 
error of the mean, with n referring to the number of analysed samples and reported 
in the figure legends.

Data availability
Source data are provided with this paper. All data that support the findings of this 
study have been included in the main text and Supplementary Information. Any 
additional materials and data are available from the corresponding authors on 
reasonable request.
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