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ABSTRACT: Highly flexible, transparent, and luminescent
nanofibrillated cellulose (NFC) nanopaper with heteroge-
neous network, functionalized by rare-earth up-converting
luminescent nanoparticles (UCNPs), was rapidly synthesized
by using a moderate pressure extrusion paper—making process.
NEFC was successfully prepared from garlic skin using an
efficient extraction approach combined with high frequency
ultrasonication and high pressure homogenization after

removing the noncellulosic components. An efficient epoxidation treatment was carried out to enhance the activity of the
UCNPs (NaYF,:Yb,Er) with oleic acid ligand capped on the surface. The UCNPs after epoxidation then reacted with NFC in
aqueous medium to form UCNP-grafted NFC nanocomposite (NFC—UCNP) suspensions at ambient temperature. Through
the paper-making process, the assembled fluorescent NFC—UCNP hybrid nanopaper exhibits excellent properties, including high
transparency, strong up—conversion luminescence, and good flexibility. The obtained hybrid nanopaper was characterized by
transmission electron microscopy (TEM), atomic force microscope (AFM), Fourier transform infrared spectroscopy (FTIR),
field emission-scanning electron microscope (FE-SEM), up—conversion luminescence (UCL) spectrum, and ultraviolet and
visible (UV—vis) spectrophotometer. The experimental results demonstrate that the UCNPs have been successfully grafted to
the NFC matrix with heterogeneous network. And the superiorly optical transparent and luminescent properties of the
nanopaper mainly depend on the ratio of UCNPs to NFC. Of importance here is that, NFC and UCNPs afford the nanopaper a
prospective candidate for multimodal anti-counterfeiting, sensors, and ion probes applications.
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B INTRODUCTION

Transparent NFC nanopaper with native cellulose nanofibrils as
a free-standing skeleton can not only match the desirable
ecofriendly sustainability but also introduce new properties such
as low thermal expansion, excellent optical and mechanical
properties, printability, and enhanced flexibility that can even
permit fully folding.' > On the basis of the predominant
advantages, the functionalized NFC hybrid nanopaper has
received growing interest in the view of exciting characteristics
of conductive, fluorescent, and magnetic properties.””> The
intriguing application prospects of combining with luminescent
materials make it an emerging research area and gather significant
attention to security printing, chemical sensors, and heavy metal
ion probes.'®™" For instance, it will act as a lightweight substrate
for multilayer covert taggant, bonded with fluorescent dye, to
enhance the commercial and forensic security level,'* and it can
also be designed as an alternative for portable oxygen sensor by
using UCNPs to photoexcite a quenchable probe for oxygen.'®
Furthermore, the combination of NFC nanopaper and BODIPY-
rhodamine is achievable to be developed as a new-fashioned
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“off—on” ratiometric probe system to selectively detect Hg** ions
on the ppb scale.'

To expand the application of cellulose in the optical field, it is
advantageous to incorporate some luminescent materials to the
cellulose matrices, resulting in the excellently luminescent soft
material. Recently, cellulose derivatives incorporated with
various fluorescent quantum dots have been paid much
attention.'”'® Several multistep methods are also required to
perform fluorescent functionalization of nanofibrillated cellulose
(NFC) by incorporation of isothiocyanate,'” ' succinimidyl
ester,”” and pyrene moieties™ as fluorescent dopants. However,
most of the methods generally concentrate on the modification
of cellulose rather than the fluorophores and then give rise to
complicated processes to accomplish the labeling, which may
result in the complexity of the attachment. Compared to organic
fluorophores, rare-earth-doped up—conversion nanoparticles
(UCNPs), which undergo an anti-Stokes emission processes
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Scheme 1. (A) Hierarchical Structure of Garlic Skin Cellulose; (B) Schematic Diagram of Grafting UCNPs on NFC; (C) Pictures
of NFC and NFC—UCNP Suspensions; (D) Pictures of NFC and NFC—UCNP Suspensions under Excitation of 980 nm Light with
a Power of 2 W; (E) Schematic Diagram of Paper-Making Process; (F) Pictures of NFC Nanopaper and NFC—UCNP Hybrid
Nanopaper under Excitation of 980 nm Light with a Power of 2 W
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where the long-wavelength pump sources (typically 980 nm) are
upconverted to short-wavelength luminescence ranging from the
deep-UV to the near-infrared (NIR),” have recently drawn
much attention in fields as diverse as laser materials, solar cells,
data storage and bioapplications.”*** To incorporate the UCNPs
into the NFC, the challenge is that the UCNPs are difficult to
disperse in organic soft matrix because of the unavoidable
agglomeration. Therefore, it is necessary and important to
modify the UCNPs and control the surface compositions of the
NEC.

Usually, the difficulty of making NFC nanopaper is the slow
dewatering because of the high water binding capacity of
NFC,'”? the nanopaper preparation reported in the literature
takes from several hours to a few days. Herein, a fast and eflicient
method for fabrication of NFC nanopaper grafting with UCNPs
was designed based on epoxidation of UCNPs and the efficient

pressure controlled extrusion paper—making process. The NFC
used in this case was successfully isolated from agricultural waste
garlic skin, which is economical and frequently left untreated
following the harvest season. In the NFC—UCNP nanopaper,
the NFC forms the backbone and the UCNPs occupy the spaces
and incorporate with NFC to restraint the light scattering that
holds transparency and luminescence simultaneously. The
luminescent nanopapers with high transparency will offer
diversified applications toward the fabrication of new types of
NFC-based anti-counterfeiting facilities, sensor systems, and ion
probe applications.

B EXPERIMENTAL SECTION

Isolation and Preparation of NFC from Garlic Skin. NFC
suspension was first prepared from agricultural waste garlic skin in daily
life. The procedure was as follows. 10.0 g of garlic skin was pretreated
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and swelled with 2 wt % NaOH aqueous solution (300 g) at 140 °C for 4
h and then filtered with deionized water to remove dissociative pectin
and some proteins. The suspension (100 g) after the pectin extracted
was ultrasonic smashed with high frequency ultrasonic cell crusher
(HighNova instrument Co., Ltd.) at 1000 W for 1 h. The heat—base
treated sample was collected and neutralized by vacuum filtration,
followed by oven—drying at 70 °C. The residues as-received were heated
to 80 °C in the 2 wt % H,SO, aqueous solution (200 g) for 6 h with
constant stirring to hydrolyze acid soluble polysaccharides, followed by
filtrating and washing to neutral pH. The cellulosic material was
bleached at 80 °C for 4 h by 1.5 wt % sodium chlorite (300 g) with pH
adjusted to 3—4 by acetic acid. After decoloration, the suspension was
centrifuged at 10000 rpm to concentrate the cellulose and eliminate
excess liquid until the pH of centrifugation stabilized. Then the cellulose
microfibrils separated from garlic skins were subjected to a
homogenization process with high pressure homogenizer (D—3L,
PhD Technology LLC, USA) for 3 cycles at a pressure level of 172 MPa.
Finally, the isolated NFC was obtained by drying process before usage.

Synthesis and Epoxidation of UCNPs. The NaYF,:Yb,Er UCNPs
were synthesized according to the literature.”” In brief, 1.56 mL of YCI,
(1 M), 0.4 mL of ErCl, (0.1 M), and 0.4 mL of YbCl, (1 M) were mixed
to a flask and heated to 120 °C to remove water. Second, 30 mL of 1-
octadecene and 15 mL of oleic acid were combined with the mixture and
heated to 150 °C until a transparent yellow solution appears. Under
constant strong stirring at 100 °C, 10 mL of methanol solution
containing NH,F (0.3 g) and NaOH (0.2 g) was introduced,
respectively. The synthetic reaction was hold at 300 °C for 1 h in the
sand bath under inert atmosphere and then the target UCNPs
suspension was obtained. The excess of chemicals were then rinsed
out by centrifugation with acetone and cyclohexane. The UCNPs were
eventually re—dispersed in 10 mL of cyclohexane and the concentration
of the dispersion is 15 mg/mL. The epoxidation modification of
fluorescent nanoparticles was achieved by a modified literature
procedure.”* Three mL (15 mg/mL) of as-prepared UCNPs, 1 mL of
cyclohexane, 2 mL of dichloromethane, and S mg of 3-chloroperox-
ybenzoic acid were blended in a 100 mL flask consecutively
accompanied by condensing equipment, stirred at 40 °C for 2 h. After
cooling to room temperature, the re-dispersion in cyclohexane after
centrifugation was divided into three parts (volume ratio = 1:2:3)
containing 7.5, 15.0, and 22.5 mg of UCNPs , respectively.

Grafting the UCNPs on NFC (NFC—UCNPs). The isometric
solution (50 mL) of cyclohexane and dichloromethane (volume ratio =
2:1) including 200 mg of NFC was added into the three containers
containing different dosages of modified UCNPs (7.5, 15.0, and 22.5
mg, respectively) and the modified UCNPs was allowed to react with the
NEC at room temperature for 10 h under vigorous stirring. The
synthesized NFC—UCNPs with different ratio of UCNPs to NFC were
eventually re-dispersed in S0 mL of deionized water, respectively.

NFC Mixed with UCNPs without Epoxidation (denoted as
NFC(UCNPs)). The as—prepared UCNPs 1.5 mL (22.5 mg) without
using 3-chloroperoxybenzoic acid was mixed with NFC by using the
same condition with that of NFC—UCNPs. The resultants were
centrifuged for 3 times by cyclohexane and 2 times by acetone to remove
residual solvent, followed by dialysis by water for 72 h until no
fluorescence was detected in the external reservoirs.

Fabrication of Luminescent NFC—UCNP Nanopaper. The
extrusion equipment with draining and compression drying units was
used to fabricate the hybrid nanopaper based on NFC—UCNP blended
suspensions. Five milliliters of the four aqueous NFC—UCNPs
suspensions were severally configured to 50 mL with deionized water
and ultrasonically dispersed for 20 min. The resultant uniform
dispersions were then poured into the extruder (NanoAble-150, PhD
Technology LLC, USA), respectively, to squeeze out the excess water
within 15 min under 0.6 MPa of N2 gas using a nuclepore track—etch
filter membrane (200 nm PC, Whatman, USA). Subsequently, a gel cake
emerged on the filter membrane was peeled off and sandwiched between
two well-pressed glass plates thoroughly dried at 70 °C. The transparent
hybrid nanopapers containing the dosages of UCNPs (0.75, 1.50, and
225 mg) with 45 mm in diameter and 40 um in thickness were
ultimately obtained.

The NFC—UCNP nanopaper was soaked in water for 1, 3, 5, and 7
days, respectively, to demonstrate if the UCNPs are firmly bound to the
nanopaper.

Characterization. The average particle sizes and morphologies were
measured by transmission electron microscopy (TEM) (JEM-2010F,
JEOL, Japan) operated at a 120 kV accelerating voltage. DLS
measurement of the size distribution of UCNPs was by mean of
Zetasizer Nano Z90 (Malvern, UK). Atomic force microscope (AFM)
(SS00AFM, Agilent, USA) was utilized to tapping mode to image the
samples with OMCL-AC160TS standard silicon probes (tip radius <10
nm, spring constant 28.98 N/m, resonant frequency ca. 310 kHz).
Fourier transform infrared spectroscopy (FTIR) spectra were recorded
in the spectral range from 4000 to 400 cm™" with Thermo Nicolet 6700
spectrometer (Thermo Fisher Scientific, USA) by using pressed KBr
tablets. The surface morphologies were observed using a field emission—
scanning electron microscope (FE—SEM) (JSM-6700F, JEOL, Japan)
at an accelerating voltage of 1.5 kV and a working distance of 6—7 mm.
Up—conversion luminescence spectrum (UCL) were recorded on
Edinburgh LES—920 fluorescence spectrometer, with the excitation of
an external 2 W semiconductor laser (980 nm, Beijing Hi—tech
Optoelectronic Co., China). The up—conversion luminescence photo-
graphs were obtained digitally with a Nikon 600D under CW excitation
at 980 nm (excitation power 2 W). Light transmittance of the nanopaper
was measured using a UV—vis spectrophotometer (2501PC,
SHIMADZU, Japan).

B RESULTS AND DISCUSSION

The hierarchical structure of garlic skin cellulose and the
schematic diagram of NFC nanopaper grafted with UCNPs are
shown in Scheme 1. Compared with the multistep methods, the
strategy we used is an efficient two-step approach. First, the
cyclization reaction of oleic acid ligands with 3-chloroperox-
ybenzoic acid has been carried out in a mixed solution of
cyclohexane and dichloromethane (Scheme 1, Step 1). The
epoxide group stemmed from the epoxidation of C=C makes it
easy to implement the recombination with —OH in the cellulose
(Scheme 1, Step 2). Then the synthesized NFC—UCNPs
nanocomposites formed a heterogeneous network as a result of
recombination reaction based on the modified UCNPs
covalently linking with the NFC (Scheme 1B). The NFC-
UCNPs blended suspension appears to be more opaque than the
pure NFC suspension (Scheme 1C). The configured NFC—
UCNPs suspension was injected into extrusion cylinder
controlled by nitrogen pressure (Scheme 1E) to obtain a
transparent hybrid nanopaper with highly flexibility. Under the
980 nm laser excitation, no luminescence signal can be observed
in both the pure NFC suspension and corresponding NFC
nanopaper, however, the green light can be easily detected by the
naked eye from the NFC—UCNPs suspension as well as the
corresponding NFC—UCNPs nanopaper (Scheme 1D, F).
Therefore, it can be deduced that UCNPs were covalently
linked with the NFC in the NFC—UCNPs suspension and the
corresponding NFC—UCNPs nanopaper.

Generally, the optical transmittance and luminescence proper-
ties of the NFC—UCNPs nanopaper are dependent on particle
size, and smaller particle size will enhance light transmittance,
luminescence, and mechanical performance. However, much
smaller particles possess much higher specific surface area and as
a result they have a higher tendency to aggregate.”® Thus, a
uniform dispersion of particles with suitable size is significant for
optimizing the desired properties of functionalized NFC—
UCNPs nanopaper. The TEM image of as-prepared UCNPs
shows high monodispersity of the particles approximate 25 nm in
diameter and mostly spherical shape (see Figure S1 in the
Supporting Information). And the DLS measurement of size
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distribution of UCNPs is shown in Figure S2 in the Supporting
Information.

Figure 1 shows TEM images of the NFC and NFC—UCNPs.
As shown in Figure 1A, the prepared NFC has uniform diameter

Figure 1. TEM images of (A) NFC and (B) NFC-UCNPs.

distribution and the abundant hydroxyl group contents did not
lead to numerous fibers aggregation, which is beneficial to the
subsequent paper-making process. The dimension of the NFC is
about 20—40 nm in width and 1-3 pm in length, which is

necessary for the transparency of nanopaper. In the TEM image
of NFC—UCNPs (Figure 1B), the UCNPs were uniformly
distributed and combined with NFC closely, similar to the well-
dispersed sesame on pizza, suggesting that the modified UCNPs
have been well-bonded with NFC.

Figure 2 displays the AFM images and height profiles of the
NFC and NFC—UCNPs. It can be noted that the UCNPs have
not destroyed the basic structure of the NFC during the grafting
process. Images A and D in Figure 2 are the three-dimensional
(3D) images of NFC and NFC—UCNPs, respectively. It is quite
clear that NFC—UCNPs are thicker than NFC under the same
scale. As shown in Figure 2B, the needlelike morphology has
been retained well in the NFC, which is in good agreement with
the TEM result shown in Figure 1A, but not for the NFC—
UCNPs (Figure 2E). The NFC consists mainly of relative
smooth nanofibrils, whereas the UCNP-grafted NFC is roller-
coated with a layer of accumulated lumps because of bonding
UCNPs on the surface of NFC. Moreover, the NFC distribution
from the height profile (Figure 2C) indicates that the size
distribution is 3—5 nm in height and several micrometers in
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Figure 2. (A—C) NFC and (D—F) NFC-UCNPs: (A, D) 3D AFM images; (B, E) AFM height images; (C, F) height profiles along lines in images of B

and E, respectively.
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length, whereas the height of NFC—UCNPs is about 6—10 nm
(Figure 2F). From the data of height profiles and visual images, it
can be deduced that the UCNPs have been successfully grafted to
the superficial layer of the nanofibrils in the NFC-UCNPs. In
addition, in comparison with the TEM images (Figure 1), the
lateral dimensions from the AFM images are smaller, and the
observed dimensional difference may be ascribed to the sample
surface concentration on top of the different substrates, i.e., mica
for AFM.”

The successful attachment of the UCNPs to NFC can also be
illustrated by the FTIR spectra. As shown in Figure 3, the

— NFC-UCNPs
—  NFC

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm”)

packed after the well-dispersed nanocomposite suspension
extruded the excessive solvent and then piled uniformly on the
filter membrane. As shown in Figure 4A, the nanofibrils are
twined and physically entangled with each other. The
predominant orientation appears to be random in the plane.
The swirled characteristics are different from the result based on
rod—like tunicate whiskers,>"** but similar to parenchyma-based
cellulose.*® The length of nanofibril ranges from 2 to 4 ym, and
the nanofibril surface profile after grafting UCNPs is not obvious,
which may be due to the presence of UCNPs. And more
importantly, no excessive difference could be observed in the
average width of the fibers. Although the NFC—UCNP
nanopaper looks like a thin plastic film by the naked eye, as a
matter of fact, it has a unique fibroid structure in the nanoscale
that is different from the conventional cellulose paper.>*** The
fibrillar nature of the material is extremely apparent in the
fracture surface as demonstrated in Figure 4B. From Figure 4B, it
can be seen that parts of slender nanofibrils from the fracture
section of nanopaper were aligned perpendicularly to the
breaking direction, indicating that the nanofibrous bundles
may be strongly combined together to provide excellent
mechanical properties for the NFC—UCNP nanopaper.

Figure S shows the UCL spectra of NFC and NFC—UCNPs
with UCNPs dosages of 7.5, 15.0, and 22.5 mg, respectively.

Figure 3. FTIR spectra of the NFC and NFC—UCNPs.

absorption bands at 3418 cm™! is attributed to the stretching
vibration of hydroxyl (—OH), and bands at approximately 1430
and 1372 cm ™' are assigned to —OCH~— in-plane bending and
C—H deformation, respectively. The absorption bands at 2898
(C—H stretching), 897 (—COC— deformation), and 657 cm™
(—OH out-of-plane bending) can be observed in the FTIR
spectrum of original NFC at the same time,** which indicates
that the samples derived from garlic skin possess characteristic
cellulose functional groups. By contrast, a new peak at 1730 cm™"
appeared in the spectrum of the NFC—UCNPs, which was
ascribed to the stretching vibration of the group —C=O0 that
originated from the outer layer oleic acid ligand. And both the
emergence of a peak at 1026 cm ™' corresponding to v(—COC—)
of the composite and the disappear of the infrared absorption
peak at 1257 cm™" can prove the labeling reaction between NFC
and UCNPs. Meanwhile, the peaks at 1637 (—OH bending) and
897 cm™ in the curve of NFC—UCNPs are much weaker
compared with those in NFC, which suggests that the UCNPs
have been grafted to the NFC.

SEM images of the surface and fracture section of NFC—
UCNPs nanopaper are presented in Figure 4. It can be observed
that the network structure of NFC—UCNPs nanopaper is closely

Figure 4. SEM images of the (A) surface and (B) fracture section of
NFC—UCNPs nanopaper.
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Figure 5. Up—conversion luminescence spectra of NFC (0 mg UCNPs)
and NFC—UCNPs with different UCNPs dosages of 7.5, 15, and 22.5
mg, respectively.

Upon excitation with the 980 nm laser, the emission spectra of
NFC—UCNPs all exhibited three distinct up—conversion
emission bands at 521, 542, and 654 nm, attributed to the
Hyo = sy *S30 = *Lisjp and *Fy), = *lis), transitions of
Er*" ions, respectively,”®>” and as expected no luminescence was
detected for the original NFC. It is also observed that the relative
emission intensity of the NFC—UCNP increases when
increasing the amount of UCNPs. Then we can infer, in a
qualitatively way, that no quenching effects were detected with
increasing the amount of UCNPs from 7.5 mg to 22.5 mg, as the
experimental conditions (such as excitation power and detection
slits) were kept constant during the entire set of measurements.
In this case, the pure NFC suspension (containing 0 mg UCNPs)
and the same amount (S mL) of NFC—UCNPs suspensions
(containing different doses of UCNPs: 0.75, 1.50, and 2.25 mg,
respectively) were used in the following paper—making process.

To demonstrate the epoxidation reaction is necessary to
integrate the UCNPs into the NFC, the controlled experiment of
NFC mixed with UCNPs without epoxidation was carried out.
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The luminescence intensity of NFC(UCNPs) decreased
dramatically after the centrifugation and dialysis, while the
luminescence intensity of the NFC-UCNPs with epoxidation
reaction reserved well (see Figure S3 in the Supporting
Information). It can be concluded that the UCNPs are firmly
bonded to the NFC in the NFC-UCNPs, but not in the
NFC(UCNPs). To further confirm the UCNPs are firmly
bonded to the nanopaper sheet, the NFC-UCNPs nanopaper
was soaked in water for different time, 1, 3, S, and 7 days,
respectively. The luminescence intensities seem to be unchanged
by the naked eyes, as shown in Figure S4 in the Supporting
Information. To illustrate that the whole nanopaper has the
homogeneous up—converision luminescence, we made a
dynamic movie in the case of mobile under the 980 nm laser
excitation (see the video in the Supporting Information).

The relationship between the transparency and the doping
amount of UCNPs in the NFC-UCNPs nanopaper was
investigated (see Figure 6). Figure 6A—C displays the NFC—

= NFC (0 mg)
— 075 mg
—_— 150 mg
— 225 mg

Transmittance(%)
o
e

200 300 400 500 600 700 800
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Figure 6. Pictures of NFC—UCNPs hybrid nanopapers with different
UCNPs dosages of (A) 0.75 mg, (B) 1.50 mg, and (C) 2.25 mg; (D)
transmittance curves for nanopapers with different UCNPs dosages.

UCNPs nanopapers with different UCNPs dosages of 0.75 mg,
1.50 mg, 2.25 mg, respectively. It is obvious that the
transmittance of nanopaper can be tuned by the content of
UCNPs immobilized into the NFC network. With the increased
stoichiometric ratio of UCNPs to NFC in the nanopaper, the
green plant under the nanopaper is more obscure, that is to say,
the NFC nanopaper grafted with more UCNPs, the lower
transmittance. It is precisely because that the UCNPs are
uniformly grafted on the NFC to strengthen the fibrils, which
results in the increase in light scattering and decrease in
transparency. Reducing the diameter of cellulose fibers will
decrease the optical scattering and improve the transparency of
NFEC nanopapers.>® The nanopaper composed of nanofibrils
with the diameters of ~10 nm can possess a high transmittance of
more than 90% at wavelength of larger than 550 nm*” and a 3D
fiber network structure with high flexibility.** For the NFC—
UCNP hybrid nanopapers in our case, at wavelength of larger
than 550 nm, even the proportion of UCNPs comes to its
maximum 2.25 mg, for the nanopaper 83% transmittance can be
still reachable, while for the nanopaper with 0.75 mg UCNPs
96% highest transmittance can be obtained (Figure 6D).
Therefore, they are good enough to have potential applications
for optoelectronic devices such as thin nanopaper solar cells since
the efficiency of a thin nanopaper solar cell will be influenced by
the light trapping. Furthermore, serving as an outdoor electronic

display such as touch screen displays may be a still further
sensible pathway.41 Taking the economic effects into account,
the NFC nanopaper depends on time-saving manufacturing
method and plentifully raw resources of cellulose, which would
render it cheaper and practically feasible.

B CONCLUSION

To the best of our knowledge, this is the first up—conversion
luminescent NFC nanopaper, consisting of NFC from garlic skin
as the backbone and the UCNPs as additives for elongating the
fibrous network. The UCNPs has grafted to the NFC
successfully, and resulting in the up—conversion luminescent
thin nanopaper upon 980 nm excitation. And the luminescent
intensity and transmittance of the nanopaper can be controlled
by changing the amount of UCNPs. The method of grafting
UCNPs to NEC provides an extended and general approach to
be available for other multifunctional luminescent materials. The
obtained NFC-UCNPs nanopaper exhibits many predominant
advantages, including uniformity, close-grained property, low
cost, and up—conversion luminescence. Such superiorly
luminescent NFC nanopaper with high optical transmittance
controlled by the tagging content of the UCNPs will widely
arouse tremendous interests in the industry.

B ASSOCIATED CONTENT

© Supporting Information

TEM image of UCNPs in Figure S1; DLS measurement of the
size distribution of UCNPs in Figure S2; up—conversion
luminescence spectra of NFC-UCNPs and NFC(UCNPs) in
Figure S3; pictures of NFC-UCNPs nanopaper in bright field
and in dark field under excitation of 980 nm light in Figure S4;
video (AVI). This material is available free of charge via the
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