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m-layered thin-film

Supplementary Figure 1 | Generalized multilayered thin-film model. A multilayered thin-
film composed of m-layers is presented. Arrows indicate incident, reflected, and refracted light
waves. nm, refractive index for the m-th thin-film layer. ¢, thickness for the m-th thin-film layer.
6m, incident angle at the interface of m- and (m +1)-th layer. For most of our studies, the model
is simplified to a mono-layered thin-film (m = 1) with a normal incident angle (6 = 0). For

molecular sensing, the model has two additional layers (m = 3) formed by molecular adhesion.
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Supplementary Figure 2 | Vector diffraction model. Intensity distribution at the centroid of
reflectophore is simulated with the vector diffraction model in an optical system with 1.1 NA.
(a-d) Intensity maps for x-polarized field at indicated wavelengths. (e-h) Intensity maps for y-
polarized field at indicated wavelengths. Colorbar indicates intensity in log scale. Scalebar,
300 nm.
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Supplementary Figure 3 | Validation of the thin-film model. (a) Representative simulation results.
The thin-film model is compared with the vector diffraction model for various diameters of reflectophores.
(b) Root-mean-squared (RMS) error between the two models.
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Supplementary Figure 4 | Sinusoidal approximation of reflectance spectra. (a)
Reflectance intensity of mono-layered thin-film. Reflectance spectrum approximates to
sinusoid if amplitude reflection coefficient is small (r <« 1). (b) The reflectance spectrum of a

polystyrene microsphere (r = 8.9x1072) with a sinusoidal fitting.
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Supplementary Figure 5 | Optical setup. Reflectance-mode white-light interferometry setup
coupled to two-photon fluorescence microscopy is constructed by modifying an upright
microscopy. The system has 2 light sources, white-light laser for reflectance and femtosecond
(fs) laser for two-photon fluorescence. There are 3 detection channels: a non-descanned PMT
(photomultiplier tube) for two-photon fluorescence (fluor.), a descanned PMT for reflectance
(refl.) imaging, and a spectrometer for reflectance spectrum (SpeRe). For switching between

SpeRe and two-photon fluorescence, filter cube located near the objective back-aperture is

rotated. NA, numerical aperture.
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Supplementary Figure 6 | Step-by-step protocol for data acquisition and analysis. First,
we acquire spectral information with volumetric scanning. Scanning dimension is typically
9%9%10 in xyz (Axy = 100 nm, A, = 200 nm). Second, we extract the spectrum having the
maximal intensity, which corresponds to the geometric center of the microsphere. Third, we

search for the simulated spectrum that shows the best-fit to the acquired spectrum to obtain

the diameter of the reflectophore.
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Supplementary Figure 7 | Correlative SEM-SpeRe imaging. (a) A representative correlative
spectral reflectance (SpeRe) and scanning electron microscope (SEM) imaging. Arrows
indicate dusts utilized as landmarks. (b) SpeRe analysis of the reflectophore in (a) (R? = 0.96).
(c¢) Summary statistics (paired t-test, p = 0.735, n = 11 beads). Averaged absolute error was

~7.7 nm. n.s., not significant. Source data are provided as Supplementary Data 3.
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Supplementary Figure 8 | Efficiency of endocytosis by surface coating. (a) Validation of
endocytosed biotin-coated reflectophores. Fluorescent streptavidin (green) is added to culture
media, which only stains biotin-coated reflectophores at extracellular space. White and green
arrows indicate the endocytosed and extracellular reflectophores, respectively. (b)
Quantification of the endocytosed reflectophores. The result obtained by fluorescent
streptavidin (0.30+£0.028 reflectophores per cell, n = 556 cells) agrees well with the
measurement by the phase-contrast microscope (0.39+0.13 reflectophores per cell, n = 44
cells; unpaired t-test, p = 0.51). (¢) Quantification of intracellular reflectophores on three cell
lines (B16F10: 0.786 reflectophores per cell, n = 1089 cells; NIH3T3: 0.197 reflectophores per

cell, n =918 cells; HeLa: 0.381 reflectophores per cell, n =754 cells).
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Supplementary Figure 9 | Time-series phase-contrast images on exocytosis of a
microsphere. Dashed line demarcates the cell margin. The arrows indicate the same

microsphere of interest. Inset, 2X magnified view of the indicated region. Scalebar, 40 pm.
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Supplementary Figure 10 | Cell viability test. (a) Representative images after 24 hours of
incubation. Green (calcein AM) and red (ethidium homodimer-1) fluorescence represents

viable and dead cells, respectively. Scalebar, 50 um. (b) Quantification.
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Supplementary Figure 11 | Migration assay. (a) Representative time-series images of
capillary-formation in B16F10 cells cultured on Matrigel. (b) Scratch-injury assay to compare
migration activity in cells with and without reflectophores. (¢) Migration velocity of cells with
and without reflectophores. There is no significant difference between two groups
(0.261+0.013 pm-min™ for ‘without reflectophore’, n = 30 cells; 0.232+0.014 um-min™' for ‘with
reflectophore’, n = 30 cells; unpaired t-test, p = 0.139). Box-and-whisker plots show median,
25th and 75th percentiles, and minimum and maximum values. n.s., not significant. Source

data are provided as Supplementary Data 4.
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Supplementary Figure 12 | Spectral change by protein adhesion and external media. (a)
Spectral shift by the binding of streptavidin (SA) to biotin-coated reflectophores (paired t-test;
*** p=0.0003, n=11beads). Overall peak shift was 0.57+0.086 nm. Green and black outlines
indicate fluorescent and non-fluorescent streptavidin, respectively. (b) Degree of spectral shift
with respect to the surface density of streptavidin. The square point indicates the spectral shift
in (a) and the corresponding surface protein density of 55% (R? = 0.9997). (¢) Simulated
reflectance spectrums with respect to the surface protein density. (d) Reflectance spectrum of
a 100 ym polystyrene reflectophore with respect to the external media. Refractive index of the
externa media is changed by increasing sucrose concentration in water from 1.36 (0.63 M) to
1.44 (2.3 M). Note that there is change in amplitude but not in peak position. (e) Numerical
vector diffraction simulation on a 5 pm polystyrene reflectophore. Refractive index of the

externa media is changed from 1.33 to 1.44.
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Supplementary Figure 13 | Fluorescence-based estimation of the surface protein
density. (a) A schematic drawing of two-photon excitation on a reflectophore coated with a
fluorophore. Red dashed lines demarcate the excited volume by horizontally scanning the
point-spread-function (p.s.f.). (b) Horizontal cross-sectional view of the fluorescence emission.

(c) A calibration curve for ‘Alexa 488’-conjugated streptavidin (R*= 0.95).
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Supplementary Note 1. Simulation
Numerical simulation for thin-film interference is performed based on transfer matrix theory2.
The simulation parameters include layer thickness (d;), incidence angle of light (6;), and
refractive index of each layer (n;) (Supplementary Fig. 1). Absorption coefficient is considered
by incorporating the imaginary part of refractive index. The thin-film interference transfer matrix
for multilayers is described as below.

m

= (e )= ([ o o 2
i-1

where, J; and H; defined as

S; S .
Ji = (ti —;«Li)' where i=1,.., m+1 (2)

S.
cos(kn;d; cos 6;) i sin(kn;d; cos Hl-)t—l
H; = £ " where i =1,..,m (3)
i sin(kn;d; cos Hl-)s—l cos(kn;d; cos 6;)
i
with s; =1,t; = n; cos6; for TE-wave or s; =cos#;,t; =n; for TM-wave. Hence, total

reflectance (R) and transmittance (T') is described as follows.

M 2
R= |2 (4)
M4
0 1 2
T=nm+1COS m+1 (5)
ng cosfy IMq

To further validate the thin-flm model, simulation based on vector diffraction theory was

performed?. The vector-form complex field of focused wave in a high NA system is given by

—ikr

B == > > 5 : Powi(@,) 4,(@ )~ —dadf & (6)

u=x,y,z w=S,P v=x,y

where B, (a,B) is the component of polarization decomposition matrix to describe local
polarization variation?, A(a,B) is electric field at the pupil plane of the objective lens, a, B, y

are direction cosines which are related to the wavevector, k.

2mn . , 2mn (7)
k= (kx, ky, kz) = E (sinB cos ¢, sinf sin@,cos ) = T(a,ﬁ,y)

where, a? + p? +y? = 1. The focused wave interacts with spherical surface of reflectophore
and give rise to interference constructively or destructively with respect to the optical path
inside the cavity. The complex field of light interacted with a spherical object, 0, (a, 8,n,7,), is

expressed as

—ikr

== > > 5 " 00 @ 8,11,) P (@) 44 ) ——dadfn ®)

u=x,y,z w=S,P v=x,y

where n is refractive index, ro is radius of reflectophore. The intensity distribution of light
11



interaction at the focal plane for a polystyrene reflectophore (ro = 500 nm) was visualized in
Supplementary Fig. 2. Encircled energy in the focal volume is over 85%, which is related to

detection sensitivity of the optic system.

Supplementary Note 2. Sinusoidal approximation

The total reflectance at a monolayer is described as follows.
Reflected intensity _ I _ Fsin?(8/2) ©)
Incident intensity  I; 1+ Fsin?(8/2)

& is described as & = (4nd/2)\/n? —nZsin26 , whered, n and n, is an incident angle,

refractive indices of the thin-film and the external medium, respectively®. F is finesse,

described as F = (2r/1—1r?)?, where r is amplitude reflection coefficient at normal
incidence. When finesse is small (F « 1 i.e. r « 1), the total reflectance (Eq. 9) can be
approximated to a sinusoidal function as follows.

I, Fsin?(8/2)

- = ~ Fsin?(8/2 10

T THFsnzop ~ s/ (10)

In the case of a polystyrene reflectophore immersed in water, finesse (F) is 3.22x1072, which

is small enough to apply the sinusoidal approximation (Eq. 10). Indeed, a simulated spectrum

showed near-complete overlap with sinusoidal function (Supplementary Fig. 4).

Supplementary Note 3. Brightness

To compare relative brightness between fluorescence and reflectance, we assumed a
fluorescent polystyrene-based microsphere having a diameter of 3 ym and containing 100 uM
fluorescein. Fluorescence emission from the focal point is described by the absorbed photons
in the focal volume multiplied by the quantum vyield (@®). For the simplicity, we assumed a
cylindrical point-spread-function with a cross-sectional area, Axy. Fluorescence efficiency is
defined as follows:

Emission intensity  ¢oN

Fuorescence efficiency := (11)

Excitation intensity Agy
where N is the number of fluorophores in the focal volume. In our optic setup (NA = 1.15),
diffraction-limited resolution is ~200 nm in lateral dimension and ~450 nm in axial dimension®.
Fluorescein has absorption cross-section (o) of 0.0121 nm?and quantum yield (®) of 0.9272,
The resulting fluorescent efficiency is ~0.02%. Accounting for the collection efficiency of our
optic system (NA = 1.15), we expect to obtain fluorescence light corresponding to ~0.005% of
the excitation light. By contrast, a single reflectophore typically generates reflectance of ~3.5%,

which is >500-fold higher efficiency than fluorescence.
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Supplementary Note 4. Photothermal damage
We calculated photothermal damage by excitation on a 3 um reflectophore immersed in water.
The heat is produced by the absorption of input laser and is removed mainly by convective
heat transfer to the external water medium. For the simplicity, we assumed that the
temperature distribution in the reflectophore is spatially homogeneous. By the lumped
capacitance model, temperature of the reflectophore, T(t), is described as follows®.
dT(t
me——a%—2
where m is mass, C, is heat capacitance measured at constant pressure, I is laser intensity,

= adl — nd?h(T(t) — T,) (12)

a is attenuation coefficient, d is diameter, h is heat transfer coefficient, and T, is

temperature of water. Solving differential equation yields,

dl _md?h
T(t)=Tw+%(1—e mey 'y (13)

The parameters are as follows: m = 1.47x10"" g; ¢, =1.22 J-g"'K", a =6.28x10°nm™, h
is 3.94x10° W-m?2-K"' "2 The steady-state temperature in the reflectophore is reached in
~10 ps and the temperature increase is ~0.03 °C at a typical input power of ~20 pW. It is

orders-of-magnitude lower than the glass transition temperature of the polystyrene (98 °C)".

Supplementary Note 5. Estimation of surface protein density

To estimate the surface density of streptavidin on a biotin-coated microsphere, we first
obtained the calibration curve for fluorescence intensity with respect to the concentration of
streptavidin (Supplementary Fig. 13). Using the diffraction-limited focal volume (4.63%10” nm?®)
4 we estimated that the brightness of a single streptavidin molecule is 4.8x10 a.u. Using
this information, a single-section fluorescence image (in a.u.) is converted to the number of
molecules. By applying the hydrodynamic size of the streptavidin molecule (~5 nm), we
estimated that the cover density is ~45%, which is similar to our independent estimation by
spectral peak-shift (~52%).
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