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ABSTRACT: The past two decades have witnessed a dramatic
progress in the development of novel super-resolution fluorescence
microscopy technologies. Here, we report a new fluorescence imaging
method, called metamaterial-assisted photobleaching microscopy
(MAPM), which possesses a nanometer-scale axial resolution and is
suitable for broadband operation across the entire visible spectrum.
The photobleaching kinetics of fluorophores can be greatly modified
via a separation-dependent energy transfer process to a nearby
metamaterial. The corresponding photobleaching rate is thus linked to
the distance between the fluorophores and the metamaterial layer,
leading to a reconstructed image with exceptionally high axial
resolution. We apply the MAPM technology to image the HeLa cell
membranes tagged with fluorescent proteins and demonstrate an axial resolution of ~2.4 nm with multiple colors. MAPM utilizes a
metamaterial-coated substrate to achieve super-resolution without altering anything else in a conventional microscope, representing
a simple solution for fluorescence imaging at nanometer axial resolution.
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ptical microscope was invented in the 17th century to

examine minute features of specimens through the
magnification of a set of lenses with visible light and is still
widely used today. Although optical microscopes are
indispensable in many fields, their lateral and axial resolutions
are limited by the diffraction limits which are about 250 nm
and about 800 nm, respectively.”” In the past two decades,
various super-resolution fluorescence microscopic techniques
such as stimulated emission depletion (STED),” ground state
depletion (GSD)," the photoactivated localization microscopy
(PALM),” and stochastic optical reconstruction microscopy
(STORM),® have achieved a lateral resolution on the order of
tens of nanometers in routine measurements, and were applied
for various biological studies. Structured illumination micros-
copy (SIM),”® on the other hand, only improves the resolution
by roughly a factor of two compared to diffraction limit.
However, its high-speed capability leads to tremendous
enthusiasms in life cell imaging.

These super-resolution fluorescence microscopy techniques
have been combined with various other techniques to achieve
multicolor three-dimensional (3D) super-resolution imaging of
cellular structures. For example, 4Pi-RESOLFT” utilizes dual-
objective 4Pi detection to achieve ~50/50 nm lateral/axial
resolution; STORM combined with single cylindrical lens,"
double cylindrical lenses,'” and self-bending point spread
function methods'' can achieve lateral/axial resolution of
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~20/50 nm, ~10/20 nm, and ~13/15 nm, respectively;
iPALM'>"* utilizes simultaneous multiphase interferometry
and provides lateral/axial resolution of ~10/10 nm. Despite all
the impressive progress, current multicolor 3D super-
resolution techniques still face technical challenges to reach
both the lateral and axial resolutions below 10 nm. Moreover,
the required complex optical setup of these techniques limits
wide applications in practice.

Recent years have seen a boom of near-field optics and metal
plasmonics has become an inevitable requirement of
subwavelength light control. It has widely been demonstrated
that the electromagnetic near-field of fluorescent emitters close
to the metal couples to surface plasmon polaritons (SPPs) of
the metal film, transferring energy from excited molecules to
the metal, similar to Fiirster resonant energy transfer
(FRET)."" The lifetime of the fluorophore is thus modified
by the energy transfer process, which is very sensitive to the
distance between the fluorophore and the metal film. As a
consequence, the axial information on the fluorophore can be
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Figure 1. Metamaterial-assisted photobleaching response. (a) Schematic illustration (not to scale) of a fluorescence protein in a HeLa cell
membrane on top of an HMM substrate. The fluorescence protein can be treated as a dipole emitter, which is away from the HMM surface with an
axial distance d. The HMM multilayer consists of three pairs of Ag/SiO, bilayer with thickness of 10/4 nm. (b) Calculated Purcell factor as a
function of the emission wavelength of the dipole emitter and its axial distance from the HMM (a), showing a wide broadband response and a
strong axial-distance dependence. The bottom panel shows the axial-distance dependence of the Purcell factor for the dipole emitter on top of the
HMM and a glass substrate at the wavelengths of 480, 520, 580, and 620 nm, respectively. (c) Simplified Jablonski energy diagram for the
photobleaching kinetics. Details are shown in SI. (d) Calculated axial-distance dependence of the relative photobleaching rate of the fluorescence

protein over the HMM substrate.

gained by introducing a metal film. For example, Chizhik and
co-workers have recently developed such a method to improve
the axial resolution based on fluorescence lifetime imaging
microscope (FLIM), which is termed as metal-induced energy
transfer (MIET)."*~"® However, apart from the strict require-
ment for lifetime measurements on the nanosecond time scale,
broadband multicolor imaging might be challenging for MIET
because the SPP resonance is typically a narrow band
phenomenon.

Metamaterials'”*” are artificially engineered media made by
composite structures consisting of deep subwavelength-sized
components and offer extraordinary material properties that
not readily obtained from conventional media. Hyperbolic
metamaterial (HMM)>"** is one of the most practical
metamaterials at visible frequencies and is typically fabricated
by stacking metal/dielectric multilayers. HMMs have been
used to achieve super resolution imaging in hyperlens*** and
also for broadband szpontaneous emission enhancement due to
the Purcell effect.”>*7%® As a result, in contrast to the single
layer of metal film'®* used in MIET, a slab of HMM can be
designed to optimize the Purcell factor at desired working
freque:ncies.26’30 Therefore, the engineered HMM:s represent a
unique material platform for multicolor super-resolution
imaging along the axial direction. It is worth noting that the
precise determination of the axial location of fluorophores on
the HMM:s does not require the lifetime measurement on the
nanosecond time scale, as we demonstrated below.

In this work, we propose and experimentally demonstrate a
new fluorescence imaging method termed as metamaterial-
assisted photobleaching microscopy (MAPM) that offers an
axial resolution down to ~2.4 nm over a wide range of colors.
In MAPM, the multicolor subten-nanometer axial resolution is
enabled by the Purcell-factor-modified photobleaching dynam-
ics of fluorophores on top of HMMs. Figure la shows the
schematic illustration of a fluorescence protein as a dipole

,20

emitter in a HeLa cell plasma membrane located on top of a
HMM substrate with distance d. Photobleaching is a process in
which the total number of ground state fluorophore is depleted
via permanent photochemical destruction when the fluoro-
phores are either in the singlet or the triplet excited state.
Those bleached fluorophores can no longer participate in the
excitation—emission cycle.”’ The core idea of our MAPM
method is that the HMM provides strong enhancement of the
local density of state (LDOS) of light in broadband spectrum
resulting from the deep subwavelength confinement of light
near the HMM.”***** The enhanced LDOS of light leads to
enhanced spontaneous emission rate k¢ of fluorophores near
the HMM, that is, broadband Purcell enhancement which can
be translated as photobleaching rate reduction as a function of
the axial distance d of a fluorophore. (Figure 1b).

To find the axial-distance dependence of photobleaching
lifetime used in MAPM, the widely used photobleaching
model**** is applied for the fluorophores-HMM system (see
Supporting Information S1). The physics behind the model
can be seen by the Jablonski energy diagram of a fluorophore
shown in Figure lc, which shows that both increments of the
photoluminescence decay rate k; and the phosphorescence
decay rate k,, result in the reduction of the probability of the
fluorophore entering the bleaching channel. A giant
suppression of photobleaching via the enhancement of
LDOS on a plasmonic substrate has been reported.’*™** The
same is true for the HMM substrate used in MAPM, and the
results are summarized in Figure 1d. The use of HMM instead
of a single metallic substrate or other plasmonic substrates
provides enhanced Purcell factor in broadband*>**** (Figure
S4) resulting in prominent broadband photobleaching
reduction depending on the axial-distance. Therefore, this
axial-distance-dependent photobleaching lifetime enables us to
map the fluorophores’ axial locations with exceptionally high
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Figure 2. Metamaterial-assisted photobleaching microscopy. (a) Schematic showing the MAPM configuration. The MAPM experiments are based
on a common fluorescence microscope, where the only modification is to insert a flat HMM layer between the cell and glass slide, making this
imaging method extremely easy to implement. (b) Typical MAPM image sequences. The bleaching of the fluorescent signals is clearly visible over
time. (c) Photobleaching decay curves for a few pixels in (b). The photobleaching lifetime for a given pixel is obtained by fitting the decay curve.
The excitation laser wavelength is 488 nm, and the detection wavelength is 520 &+ 20 nm.
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Figure 3. MAPM images of Hela cells. (a) Fluorescence intensity image of a Hela cell. (b) Photobleaching-lifetime image of the HeLa cell by
MAPM reconstruction. (c) Super-axial-resolution image of the Hela cell showing the distance between the cell membrane-targeted fluorescence

protein to the HMM surface. Scale bar is 10 ym.

axial resolution for a broadband spectrum (see Figure 1d and
Figure S4).

Figure 2a shows the experimental setup for MAPM, where a
traditional fluorescence microscope is used. Stained cell
samples on top of an HMM and a glass substrate (see
Methods for details) were illuminated by a 488 nm CW laser
(Coherent Genesis MX488-1000 STM) with an intensity of
approximately 23 W/cm® The HeLa cells were seeded onto
the HMM substrate (see Figure SS5) and cover glass substrates,
and passaged cells were transfected and incubated (see
Methods for details). The HeLa cells were labeled with two
plasma-membrane-targeted fluorescent protein fusions Lyn-
TagRFP-T and AKAR4-Kras as markers that allowed us to
spectrally separate their signals and localize their locations
within the plasma membrane.*"** The fluorescent signal was
collected by an objective and a magnification tube lens (40X
2/0.6 NA, 100X 2/1.49 NA Olympus objective), and then sent
to the camera (Hamamatsu ORCA-Flash 4.0 V3) with proper
excitation and emission filter configurations (see Methods for
details).

Photobleaching response of the fluorescent proteins refers to
the emission intensity decrease as time goes by, from which a

lifetime mapping can be extracted by a mathematical fitting of
photobleaching response in each pixel as a function of time.
Figure 2b shows a typical fluorescence microscope image stack
consisting of S00 frames of images (1 frame per second) in
order to obtain a complete photobleaching decay curve at most
of the pixels of the wide-field images. We show a few examples
of the decay curves in Figure 2c, which are individually fitted
using an exponential fitting MATLAB code to obtain the
corresponding photobleaching lifetime (see Methods for
details). Here, we assume that the bleaching response is a
single exponential decay under low-intensity illumination by a
CW laser.’®** A constant laser intensity of 23 W/cm? is
applied for all the wide-field illuminations in our MAPM
experiments to exclude the excitation power dependence factor
of photobleaching.

HeLa cells are used for the demonstration of MAPM. A
typical fluorescence intensity image of a Hela cell is shown in
Figure 3a, where a 520/40 nm band-pass filter was applied for
this single-color image. There are two main steps to obtain the
super-axial-resolution image of the Hela cell using MAPM, that
is, the reconstruction of photobleaching lifetime and the
conversion of distance to substrate. Figure 3b shows the
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Figure 4. Dual-color MAPM images. (a—c) Dual-color fluorescence intensity images of Hela cells. Fluorescence in the TagRFP-T and cpVenus
channels are shown in the red and green, respectively. (d,e) Super-axial-resolution MAPM images of these Hela cells. (fg) Histograms of the
photobleaching lifetime. (h) Distance profiles for (1) and (2) in (d) and (e), respectively. The shaded areas mark the lo-regions of the distance

values. Scale bar is 20 ym.

photobleaching-lifetime image of the HeLa cell by the MAPM
reconstruction as described above (Figure 2). We clearly
observe a strong spatial dependence of the photobleaching
lifetime, and we attribute it to the difference in the distance to
the HMM substrate as discussed above (Figure 1). Therefore,
the distance of the Hela cell membrane-targeted fluorescent
protein to the HMM surface can be extracted according to the
calculated axial-distance dependence of the photobleaching
lifetime given in Figure 1d, and the resultant super-axial-
resolution image is shown in Figure 3c. The intensity
distribution is used for discriminating background signal. We
eliminated the regions with no cells where the emission
intensity did not exceed the background level (see Methods for
details). From the control experiment with glass substrate
samples, we checked and considered several effects that might
affect intensity changes besides photobleaching of a
fluorophore over detection time. We used the same excitation
power, exposure time, buffer condition, density of chromo-
phores, and measurement conditions during 500 frames
collection with the same detection time scale for each
measurement set.

More MAPM images of Hela cells are shown in Figure S6 to
reveal the cell membrane’s 3D profile near the substrate with
an excellent axial resolution, manifesting MAPM as a potential
tool for the study of the cell’s interfacial morphology. First of
all, we observe that the mean distance of the HeLa cell
membrane from the substrate varies from S to 160 nm, which
is in good agreement with the reported distance variation
between 9 and 255 nm.'>'%'7*37% The cell-substrate mean
distance distribution could be due to the variations in adhesion
strength or the spatial heterogeneity of the cell.*® In
separation-dependent energy transfer microscopy, the axial
resolution is determined by the number of photons detected'®
and characteristic curve—distance-dependent energy transfer
rate. To investigate the localization accuracy of MAPM, axial

distance-dependent standard errors of the mean (s.e.m., 6) are
obtained in our experiment (see Supporting Information SS
and Figure S7). We obtained ~2.4 nm localization accuracy at
1.03 X 10* initial photon counts per pixel (see Supporting
Information SS). All of these 3D images unambiguously
demonstrate that our MAPM is a cell imaging technology with
axial resolution down to 2.4 nm. We also want to emphasize
that this resolution is obtained on an HMM substrate with
about 2 nm surface roughness (see Figures SS and S8),
indicating the possibility to achieve subnanometer resolution if
an atomically flat HMM sample is available.

Having discussed the basic principle and demonstrated its
super-axial-resolution, we now turn to the multicolor imaging
capability of MAPM enabled by the unprecedented broadband
Purcell effect of HMMs. To this end, two fluorescent protein
fusions, Lyn-TagRFP-T (red) and AKAR4-Kras containing a
circularly permutated Venus (cpVenus) (green) which are well
separated in spectrum, are used to label the Hela cells for the
dual-color MAPM imaging. The dual-color MAPM images are
summarized in Figure 4, which clearly shows the spatial
heterogeneity of photobleaching response for two fluorescence
proteins located at different locations of the plasma membrane
of HeLa cells. To spatially resolve the fluorescent proteins,
fluorescence signals were collected by two sCMOS cameras
with proper color filters. Here, we used a 550 nm bandpass
filter for CH1 (Figure 4b) to collect the TagRFP-T
fluorescence signal, while for CH2 (Figure 4c) a 520/40 nm
band-pass filter was used to collect the cpVenus fluorescence
signal. In the control experiments using a glass substrate, we
observed intrinsic optical properties and photobleaching
responses of TagRFP-T and cpVenus fluorescent proteins
occurring during our detection time range. We checked the
reproducibility of our photobleaching lifetime mapping with 20
different HeLa cells both on glass and HMM substrates. We
observed that cpVenus shows a slightly faster photobleaching
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response than that of TagRFP-T for high illumination power.
In order to eliminate the effect of the intrinsic photophysical
propertie difference between cpVenus and TagRFP-T,
illumination power-dependent photobleaching behavior was
measured on a glass substrate as a control experiment (see
Figure S11). With excitation intensity of 23 W/cm? which
does not show a difference of photobleaching response for
CH1 and CH2, the dual-color-three-dimensional imaging
reconstruction was performed.

Measuring the photobleaching lifetimes of the two
fluorophores allows the determination of the distance of
both proteins from the HMM surface. The height difference
immediately yields the separation between the TagRFP-T and
cpVenus fluorophores. In Figure 4d,e, the spatial heterogeneity
of photobleaching responses and corresponding distance
differences are clearly shown for different fluorescence proteins
located at the different spatial location of the plasma
membrane. The corresponding histograms of photobleaching
lifetimes and distance for individual pixels are shown in Figure
4f,g. Figure 4h shows that the red channel and green channel
have different height profiles along the cross-section line (1)
and (2) in Figure 4d,e, showing an axial distance difference of
nearly 0.8 nm between the tagged locations of two different
fluorescence protein reporters in the membrane.

As demonstrated above, the proposed MAPM offers a new
means to measure cellular adhesion and cell migration in
biological applications, which does not require specialized
fluorescent labels.">~""* ComEared with fluorescence life-
time-based microscopies'>~'®**’ which rely on the time-
correlated single-photon counting (TCSPC) technique to
measure the nanosecond lifetime using a point scanning
confocal microscope equipped with a single-photon detector,
the conventional wide-field fluorescent microscope can
perform the MAMP. The use of HMMs builds up a direct
connection between the photobleaching speed of a fluorophore
and its separation to the HMMs, thus leading to a superior
axial resolution. Although it sacrifices the ability of single-
molecule detection to harness an ensemble averaging to get the
finer axial resolution, the MAPM supports multicolor imaging
in a wide visible spectral range due to the broadband Purcell
factor enhancement of HMMs.

In conclusion, we demonstrated a multicolor fluorescence
imaging technique with an axial resolution down to ~2.4 nm,
which we named MAPM. We determined the axial distance of
fluorescence proteins to the underneath HMM substrate with
modified photobleaching dynamics of the fluorophores by the
HMMs using standard fluorescence microscopy. The axial
resolution may be extended to subnanometer level if better
HMM substrate is available. It is also possible to combine the
MAPM principle with other super-resolution techniques to
further improve lateral resolution for a broader range of
biological applications.

B METHODS

Purcell Factor Calculation. The Purcell factor corre-
sponds to the emission rate enhancement of a spontaneous
emitter inside/near a cavity or plasmonic structure. Finite-
difference time-domain (FDTD, Lumerical) simulations were
performed to calculate the dispersion of the Purcell factor. By
placing a dipole source on top of HMM film at z = d, the
power emitted from the dipole in the presence of HMM/glass
divided by the power emitted from the dipole in the absence of
HMM/¢lass is calculated at wavelengths in the visible range

(300—650 nm). The dipole emitter orientation within the cell
membrane was assumed as random orientation. The geo-
metries of the HMM structure in the simulations were
designed to match with those displayed in Figure SS5. The
theoretical calculation considers all the details of the optical
properties of the glass coverslip substrate/three pair of (10 nm
Ag/4 nm SiO,) multilayer HMM structure. A minimum mesh
step size of 0.25 nm is defined, and the perfectly matched
layers boundary conditions are adopted.

Multilayer HMM Fabrication. Ag/SiO, multilayer HMM,
composed of 3 pairs of 10 nm Ag and 4 nm SiO, layers, was
prepared by alternately DC magnetron sputtering and RF
magnetron sputtering at room temperature. Sputtering rates
for Ag and SiO, at 200 W were ~1 nm/s and ~0.8 nm/min,
respectively. The pressure of the chamber was 2.5 X 107
mTorr and the Ar pressure was at 3.2 mTorr for Ag and §
mTorr for SiO, during the deposition. The glass substrate
(VMW Micro cover glasses, No. 1 1/2) was cleaned by
acetone, IPA, and water several times and dried by compressed
air. An adhesion layer (<1 nm thickness) of Cr was deposited
on the substrate prior to the deposition of Ag-SiO, multilayer.
The sputtering machine is Denton discovery 635 at Nano3
facility at Calit2, UCSD.

HelLa Cell Transfection. HeLa cells were maintained in
DMEM growth media (Gibco) supplemented with 10% FBS
and 1% penicillin/streptomycin. Cells were seeded onto HMM
substrate 24 h prior to transfection. Alternatively, cells were
seeded onto standard glass coverslips. At a confluency of
approximately 70%, passaged cells were transfected with
approximately 250 ng of plasmid DNA each (membrane-
targeted Lyn-TagRFP-T and AKAR4-Kras (containing cpVe-
nus), both in pcDNA3 vector) using Lipofectamine 2000 and
incubated for 24 h. Prior to imaging, the HeLa cells were fixed
before the measurement. Cells were washed two times with
DPBS and fixed using 4% paraformaldehyde (diluted 250 uL
10% PFA with 750 uL PBS) for 10 min at room temperature.
After the samples were rinsed three times with DPBS, the cells
were mounted.

Experimental Setup. We used home-modified fluores-
cence microscopy (Olympus IX83) with either upright or
inverted configuration. Upon excitation with a 488 nm laser
(Coherent Genesis MX-488—1000 STM) coupled into a
multimode fiber (Thorlabs, core diameter: SO ym, NA 0.2), we
acquired SO0 frames (1 frame per second) of emission signal
and analyzed the resulting stack of images using a
mathematical fitting process with homemade MATLAB code.
The multimode fiber bundle was mechanically vibrated with
two 50 Hz motors in order to scramble the fiber mode, and
thus reduce its spatial coherence and smooth the speckle
pattern. The substrate with biological samples is illuminated
with an intensity of approximately 23 W/cm® The cells were
stained with a membrane-staining fluorophore, which emits
photons in the visible spectrum. We found a neighboring area
and focused using fluorescence. Then we moved to the area
that we want to take the image. The fluorescent signal is
collected by an objective lens (40X 2/0.6 NA Olympus
objective), sent to the camera with proper laser filters. For
single-colored image, 488 dichroic mirror (Di03-R488,
Semrock) and a 520/40 nm band-pass filter were used to
remove the TagRFP-T fluorescence contribution from the
emission. For dual-color image, data recording was performed
with dual-color imaging setup. The fluorescent signal is sent to
two sCMOS cameras (Hamamatsu ORCA_Flash4.0 V3 digital
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CMOS camera (C13440-20CU)) with proper laser filters. We
used 5SSO nm bandpass filter (BrightLine FF01-550/88,
Semrock) for CHI to collect TagRFP-T fluorescence signal.
For CH2, 520/40 nm band-pass filter was used to collect
cpVenus signal from the AKAR4-Kras (CFP/YFP: cpVenus).
To synchronize all equipment properly, we use Matlab
software to control a DAQ_ voltage output module (NI-
9263) from National Instruments.

Mathematical Fitting. A three-dimensional cellular
picture is extracted from the data set by recording the
fluorescence intensity in each pixel as a function of time and
calculating the mean of the resulting distribution. For each
pixel, fitting of photobleaching behavior f = f, + A; exp(—t/7;).
Focusing the excitation light with a 0.6 NA/1.49 NA objective
lens onto the top surface of substrate allowed us to excite only
molecules that are located within 450 nm/150 nm distance
above the sample surface. The intensity distribution is used for
discriminating background signal (BG). We eliminated the
regions with no cells where the emission intensity did not
exceed the background level.

—Oiff0+Ail.<BG

O
I

O
I

1 if ]i) + A; 2 BG
Photobleaching lifetime

CLi X 1,1 Ci 1024 X T, 1024

Cx (s) =
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