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ABSTRACT: Correct biological interpretation from cell imaging
can be achieved only if the observed phenomena proceed with
negligible perturbation from the imaging system. Herein, we
demonstrate microscopic images of breast cancer cells created by
the fluorescence selectively excited in the process of entangled two-
photon absorption in a scanning microscope at an excitation
intensity orders of magnitude lower than that used for classical
two-photon microscopy. Quantum enhanced entangled two-
photon microscopy has shown cell imaging capabilities at an
unprecedented low excitation intensity of ∼3.6 × 107 photons/s,
which is a million times lower than the excitation level for the
classical two-photon fluorescence image obtained in the same microscope. The extremely low light probe intensity demonstrated in
entangled two-photon microscopy is of critical importance to minimize photobleaching during repetitive imaging and damage to
cells in live-cell applications. This technology opens new avenues in cell investigations with light microscopy, such as enhanced
selectivity and time−frequency resolution.

A deeper understanding of complex biological systems
requires measuring cellular and molecular-scale events,

which are strongly affected by local environmental conditions.
Current optical imaging technologies provide direct visual-
ization of biological processes on different time and length
scales. However, the high level of light intensity commonly
used for such imaging applications (in milliwatt range) can
often cause photobleaching and photodamage, substantially
disturbing biological processes and functions.1 These undesir-
able photochanges can significantly hamper detailed under-
standing of biological functions, which often require prolonged
imaging measurements. Light-induced cell damage is a crucial
limitation for light microscopy of living samples, underscoring
the critical need to minimize exposure of samples to light. The
risk for photodamage to cells requires a delicate imaging
balance between maintaining proper functioning of the
biosystem and simultaneously extracting useful information.
This is especially important for live cell imaging studies in
which the duration and frequency of high-intensity light
exposure must be adjusted to minimize damaging or altering
the function of the system under study.1,2 While important
progress in biological imaging has generally focused on
improvements in spatial or temporal resolutions,3−5 photo-
damage and photobleaching remain as limiting factors in
imaging live cells.6 Using less probe power for imaging in
traditional configuration results in dramatic worsening of
signal-to-noise ratio and loss of important biological
information. To maintain access to the undisturbed biological
information at exposure levels safe for the samples of interest,

one needs to go beyond the classical light approach for
microscopy and utilize unique properties of nonclassical states
of light.
The specific properties of quantum states of light have led to

the development of new technologies for observing and
controlling matter beyond what is possible classically.7−13 For
example, the nonclassical NOON states can beat the shot noise
limit in metrology,13 and while utilizing specific quantum states
of light, one can overcome the Rayleigh diffraction limit in
imaging.9,14 Quantum science and technology has the potential
to empower microscopy to provide noninvasive and non-
destructive imaging of biological systems. Importantly, the key
entanglement characteristics of nonclassical light have been
shown to remain after propagating through relatively thick,
turbid biological samples.15,16 Using the quantum states of
light for illumination, precise phase and linear absorption
measurements in a microscopic format have been reported,
and precision beyond the standard quantum limit has been
achieved in the microscope.17−19 Significant improvement in
signal-to- noise ratio (35%) utilizing quantum enhancement
has been recently reported for a coherent Raman microscope
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utilizing bright quantum correlated illumination.20 Another
approach toward entangled photon microscopy utilizes the
enhanced multiphoton absorption of entangled photons. This
method was theoretically proposed more than two decades
ago21 but was only recently demonstrated experimentally in
organic thin films,22 suggesting the potential to utilize the
entangled two-photon absorption (ETPA) effect for fluo-
rescence microscopy. The ETPA approach focuses on an
entirely different class of applications utilizing nonclassical light
in comparison with the nonclassical methods providing noise
reduction in low-intensity illumination experiments.17,19

Because of energy−time entanglement, the absorption of
entangled photon pairs can be very efficient at low power in
comparison with classical, random two-photon absorption,
paving the way for low-intensity microscopic two-photon
measurements.10,22−25 The two-photon absorption of en-
tangled photon pairs scales linearly (rather than as a quadratic)
in photon flux in this case, just like a one-photon
absorption.10,23−27 This unique property offers a new route
toward performing two-photon spectroscopic and microscopic
measurements with excitation power much lower than is
currently feasible.8,22−24 Therefore, ETPA can be used as a
fundamental mechanism for solving the long-standing
challenge of photodamage and phototoxicity in cell imaging.
In this contribution, we report fluorescence microscopy

images of breast cancer cells T47D and MCF7 with the probe
fluorescence selectively excited in the process of the entangled
two-photon absorption in a staining dye. We demonstrated
entangled two-photon excited fluorescence images of breast
cancer cells collected using the scanning fluorescence micro-
scope at the extremely low probing power of ∼3 × 107

photons/s. We observed microscopic images of 9 different
groups of cancer cells in 2 different breast cancer cell lines,
immediately after and up to 20 days after fixation, using
entangled two photon excitation of fluorescence. Scanning
microscopy images of individual breast cancer cells as well as
cell clusters were created with nonclassical light excitation at
unprecedented low probing intensity. These images were
compared with images obtained utilizing classical states of light
for one- and two-photon excitation of the dye. The excitation
flux used to create the entangled two-photon-excited images of
the cells was a factor of ∼4 × 106 lower than that necessary for
classical light two-photon excitation to produce the cell image
of the same intensity.
In this study, we utilized the MCF7 and T47D epithelial

human breast cancer cells to examine biological specimens
using quantum light. These adherent tumor cell lines were
established in the 1970s from the pleural effusions of two
women with estrogen-receptor positive breast cancer.28,29

These cell lines exhibit a typical cobblestone or polygonal
epithelial cell morphology with rounded nuclei and can grow in
dense clusters that can form three-dimensional domes when
grown on glass or plastic.28 On average, a single MCF7 cell is
approximately 20 μm in diameter but can vary in size
depending on the state of the cell cycle and culture conditions.
Condensed chromatin, stained with DNA intercalating dyes
such as DAPI or Hoechst, appears brighter in mitotic cells
compared to cells in the interphase state, in which cells are in
an active transcriptional state with overall less compact
chromatin. The cell sample preparation protocol is described
in Methods and Experimental Details.
ETPA-based microscopy takes the same approach as

classical light two-photon excited fluorescence microscopy3

but uses entangled photon pairs for the excitation.22 The
principal advantage of the microscope based on ETPA is that
high intensities are not needed because of strongly enhanced
biphoton (entangled photon pair) absorption in comparison
with classical (random) two-photon absorption. Energy−time
entanglement can result in the ETPA process being more
efficient than its classical counterpart.23,24,30 Importantly, the
two-photon absorption of entangled photon pairs scales
linearly (rather than as a quadratic) with the photon flux,
just like a single-photon absorption.10,23−27 Qualitatively, both
components of an entangled photon pair arrive at the same
location almost simultaneously, thereby ensuring enhanced
two-photon absorption (and fluorescence) efficiency in the
process. This enhancement allows for excitation light intensity
much lower than that required for classical light TPA to reach
the same fluorescence intensity. ETPA is also a powerful
spectroscopic tool that can reveal novel information about
complex molecules.7,8,10,12,30 In order to observe quantum
effects in two-photon absorption and fluorescence, it is
important to have the photon flux coming out of the
spontaneous downconversion unit (SPDC) composed of
separated photon pairs or in other words to have less than
one photon per spectral mode. This requirement was shown to
be met at the excitation entangled photon flux of
∼107photons/s in our configuration.22 Joint spectrum
measurements performed on our SPDC have also shown the
effective number of occupied Schmidt modes (Schmidt
number K) estimated to be greater than 2.5.
Typically for SPDC, there is an interaction Hamiltonian

describing the downconversion process that takes into account
the nonlinear electric susceptibility tensor of the crystal, χ(2),
and the integral is taken over the volume of the crystal. It
involves the electric fields of the involved photon fields, where
the electric field of the pump is classical and the fields of the
twin beams are quantized:

∫ε χ= ++ − −H t r E t E t E t( ) d ( ) ( ) ( ) H.c.
V

int 0
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where ω1, k1 and ω2, k2 are the signal and idler frequencies and
wavenumbers respectively; l is the length of the nonlinear
crystal; and Δωp is the spectrum of the pump beam with
central frequency ωp. The normalization factor N is given by
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ωΔ

πT

l
e

2 3

2
p
.

An accurate calculation of the ETPA process in molecules is
a challenging task.31,32 A recent theoretical study of entangled
two-photon absorption in organic chromophores, provides a
new insight on the quantitative relation between ETPA and the
corresponding classical TPA based on the significantly different
line widths associated with entangled and unentangled
processes.32 It predicts substantial enhancement of the two-
photon absorption efficiency in comparison with classical light
TPA.32 In a simplified version of the theory, the ETPA process
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in the staining chromophore can be reasonably approximated
using a few dominant excitation pathways30,31 The ETPA cross
section has been theoretically estimated for the absorption of
an entangled photon pair generated by a type II down-
conversion process.12,33 For a monochromatic pump source,
the entangled two-photon absorption can be expressed as12

∑

σ τ
πω

δ ε ε ω

τ τ

=
ℏ

− −

{ − [− Δ − ] − [− Δ + ]}

T
c A T
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where Ae and Te are entanglement area and entanglement time,
respectively; ωp is pump frequency; εg and εf are the energy of
the ground and excited state, respectively; ω0 is the central
frequency of signal and idler photons (degenerate phase-
matching conditions); Δi = εi − εg − ω0 is the detuning energy
with i ranging over intermediate energy levels with the energy
εi; μgi and μif are transition dipole matrix elements for gi and if
transitions; τ is the variable delay between signal and idler
photons; Ai = Di/Δi with the transition matrix element the
dipole moment operator Di. Di = μgiμif where μgi and μif are
transition dipole matrix elements for gi and if transitions. In eq
3, the terms in σe associated with the permanent dipole
pathways are neglected.10,24,31 The entanglement time (Te),
area (Ae), and interphoton delay in the pair τ are critical
parameters that are connected to the nonmonotonic
absorption process predicted by eq 3 and observed in
entangled two-photon experiments.22−25 It is assumed in eq
3 that the photon pair absorption can take place only within a
rectangular time window Te defined by the nonlinear crystal
length and eq 3 holds for −Te < τ < Te.

12,33 In our previous
entangled two-photon microscopy experiments on organic
solid-state films we did observe the nonmonotonic dependence
of the image intensity on the time delay between photons of
the pair predicted by the eq 3.22 This delay dependence results
from specific quantum interference effects associated with the
entanglement.12,31,33 In this earlier report, we utilized a similar
microscopy configuration as the one used in the current work,
thus providing a proof of the entangled photon fluorescence
origin of the microscopy image.22

We performed initial entangled two-photon fluorescence
microscopy measurements on drop-cast films of different
staining dyes or fluorescent proteins to identify an optimal
ETPA label for cells. For these experiments, we prepared drop-
cast films of staining dyes DAPI, Hoechst 33342, Hoechst
34580, and green fluorescence protein (GFP). The Hoechst
34580 in a drop-cast film demonstrated the brightest image
under our entangled photon fluorescence excitation conditions.
The entangled two-photon-produced image of the staining dye
Hoechst 34580 in the drop-cast film is shown in Figure S2
(Supporting Information). The Hoechst 34580 image intensity
after entangled photon excitation (∼ 7 photons/pixel) in
bright spots has demonstrated efficient ETPA followed by a
detectable fluorescence. The entangled two-photon fluores-
cence response in the microscope configuration was found to
be comparable with the responses of the other ETPA efficient
chromophores under the microscope.22 Further microscopy
experiments on cells stained with the staining dyes DAPI,
Hoechst 33342, Hoechst 34580, and GFP showed a clear

advantage of using Hoechst 34580 for entangled two-photon
imaging.
Hoechst dyes are nonintercalating dyes that bind the DNA

minor groove at A-T-rich regions,43 and their fluorescence
increases ∼30 fold upon DNA binding.44 They have good cell
permeability and low cytotoxicity.44 Fluorescence microscopy
of the cells stained with these dyes can provide information
about DNA content, its distribution, and the morphology of
the cell nucleus that serve as indicators for cell cycle
progression. The dye Hoechst 34580 used in our experiments
exhibits an emission peak at ∼490 nm and absorption
maximum at ∼371 nm.44 For our initial proof-of-concept
experiments with entangled two-photon fluorescence micros-
copy, we stained living cancer cells with Hoechst 34580 prior
to fixation for imaging. Utilizing the scanning microscope with
the sample fluorescence excited by the entangled photon beam,
we successfully obtained fluorescence images of MCF7 and
T47D breast cancer cells. The resolution of 128 × 128 pixels
and dwell time of 0.32 ms for each pixel was used to collect a
sufficient amount of entangled two-photon excited fluores-
cence to form the image. For each image, 1000 microscope
scan frames were collected and integrated. The total scan time
for the cell image was ∼2 h.
The entangled two-photon microscopy images of different

cells and groups of MCF7 cells are shown in Figure 1. Nuclei

of a small cluster of 2−3 cells are visible in the top right corner,
and a single cell is in the bottom left of the image in Figure 1a.
A large colony of MCF7 cells stained with Hoechst 34580 is
imaged with the entangled light fluorescence microscope in
Figure 1b. This colony is surrounded by single and pairs of
cells clearly resolved in the entangled two-photon induced
image. Entangled two-photon fluorescence microscopy was
able to resolve internal features of nuclei at an average probing
intensity of only 3.6 × 107 photons/s. In our experiments, we

Figure 1. Entangled two-photon light microscopy images of MCF7
cancer cells stained with the dye Hoechst 34580. (a and c) Cells with
different numbers of nuclei. (b) Image of a colony of MCF7 cells. (d)
Image of large cell cluster. Insets: respective cell images created in
fluorescence microscope with the excitation by classical laser light at
405 nm. Spatial scale bar: 20 μm.
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have also observed multinucleate cells, which may occur from
incomplete cell division in cancer cells.
The entangled two-photon microscopy method also resolved

single cells growing in a cluster (Figure 1d). In the entangled
two-photon excitation microscope experiments, we collected
images in a 128 × 128 square pixel frame with a dwell time of
0.32 ms for each pixel. From 1000 to 4000 image frames were
collected in each experiment, and the sum of the signals in
each pixel was taken over all collected frames. Under these
conditions, the actual background with the empty glass
substrate under the microscope was ∼0.6−2.5 photons per
pixel, depending on the number of frames and microscope
alignment conditions.
We performed a detailed investigation of the relative light

excitation intensities used to produce cell images in the
microscope to quantify the quantum enhancement factor over
the classical TPA microscope. In our setup, it was possible to
replace the entangled photon excitation beam with the classical
laser beam from the femtosecond laser, ensuring the exact
same paths for the two beams (Figure 5). In these experiments,
we obtained cell images with entangled light and with classical
light using exactly the same microscope and beam config-
uration in both cases. We also obtained the images under blue

light one-photon coherent excitation at 405 nm from the CW
laser by removing the interference filter blocking the blue light
after SPDC. This allowed us to accurately compare the images
created with quantum light with those created by classical
photons (Figure 2). We used different sets of neutral filters
with precise transmission calibration for attenuation of the
classical 800 nm laser beam. In these experiments, we obtained
entangled and classical light images of two different groups of
cells from different samples (slides) using different microscope
settings for magnification and collection time.
Corresponding images for entangled photon and classical

light two-photon excitation at different intensities are shown in
Figure 2. Imaging with classical two-photon excitation at an
average intensity of ∼1.1 × 1013 photons/s does not produce
an image background, while the image created by entangled
two-photon excitation at intensity ∼3.6 × 107 photons/s is
clearly observed. The classical two-photon image becomes
visible only when the intensity increases up to ≥5 × 1013

photons/s. These results demonstrate a substantial enhance-
ment of two-photon absorption efficiency when going from
classical (random) two-photon absorption to the absorption of
highly correlated entangled photon pairs. Close inspection of
the images obtained at different intensities and microscope

Figure 2. Comparison of cell images (cell line MCF7) created by the entangled photon light with those obtained with classical light for two groups
of cancer cells. (a) Microscopy image created by the entangled photons at an intensity of 3.6 × 107 photons/s (left) compared with the images
created by the classical TPA process at different excitation intensities. (b) Two-photon fluorescence scanning microscopy images of the same
intensity (in photons per pixel) created by classical light (left) and by entangled two photon beam (left). Probe light intensities used in each case
are shown under the corresponding images.
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settings (pixel dwell time and total collection time) showed
that the classical average light flux of ∼1.5 × 1014 photons/s
created an image of the same intensity (in photons/pixel) as
that obtained with the entangled photon light having an
average photon flux of ∼3.6 × 107 photons/s from the new
SPDC setup. These photon fluxes correspond to power
densities at the sample of 8.6 pW/cm2 and 4.6 kW/cm2,
respectively. The ratio of classical flux to the entangled photon
flux required to produce the same image intensity is close to
that obtained with the previous SPDC setup using a
femtosecond laser for drop-cast film images of organic
material.22 This result firmly confirms a remarkable enhance-
ment of two-photon absorption efficiency when going from
classical (random) two-photon absorption to the absorption of
highly correlated entangled photon pairs in the microscope
configuration.22 The corresponding strong reduction of the
probing light intensity is a critically important advantage of the
ETPA microscope for cell imaging and other biological
applications.
Utilizing extremely weak entangled light for the fluorescence

excitation, 6 orders of magnitude lower than that used in
classical two-photon absorption experiments in the micro-
scope, we were able to image different cell arrangements and
stages of mitosis. The entangled two-photon microscope
resolved single cells (Figure 1a), multiple nuclei in cells
(Figure 1c), and individual cells in large cell colonies and
groups (Figure 1b,d). With this new type of nonclassical light
microscopy, we were also able to resolve different stages of
mitosis for two different lines of cancer cells, T47D and MCF7
(Figure 3). A T47D cancer cell at metaphase has been imaged

using the entangled two-photon microscope (Figure 3a). The
entangled two-photon-induced image of the chromosomes
lined up was relatively weak but clearly recognizable above the
background at a probing light intensity of only ∼3.6 × 107

photons/s (Figure 3a). Another phase of mitosis−telophase for
breast cancer cells MCF7 was imaged using entangled two-
photon microscopy (Figure 3b).
We have also checked the photostability of the cell images

under entangled two-photon and classical light excitations.
With entangled photon fluorescence excitation, no measurable
signs of the photochanges (in the image intensity in photons
per pixel or in the cell structure) have been detected after ∼2 h

of entangled light exposure. As mentioned above, the same
image intensity was observed for classical excitation light with
the average input flux of 1.5 × 1014 photons/s (36 μW). The
image intensity at this power was relatively low, and each scan
took ∼2 h (the same as for entangled photon excitation). It
was hard to accurately quantify the photodegradation
dynamics under these conditions. For classical photodegrada-
tion experiments, we used an enhanced average excitation
power of a few milliwatts and investigated the degradation
dependence as a function of the illumination dose applied to
create the fluorescence signal per pixel. In these experiments
we observed the classical TPA image intensity dropped down
by ∼10% after ∼10 s of microscopy imaging of 128 × 128
pixels in size and further dropped by factor of 1.5 after ∼1 min
of the microscope scanning using 3.5 mW classical light for
fluorescence excitation. In the classical TPA photodegradation
test, we first located the microscope image frame on a
particular cell and performed accurate microscope alignment
and focusing using fluorescence from the probe in this cell.
During the procedure, this cell might be slightly photo-
degraded. Then we moved the microscope view frame to
another cell, which had not been exposed to the fluorescence
excitation light before. 50−100 microscope image scans were
carried out on this cell, and the image intensity for each scan as
a function of the illumination dose was plotted. The result is
shown in Figure 4. Clear photobleaching was observed under

two-photon excitation with classical light at 800 nm at the
excitation illumination dose of 4.8 × 1013 photons/pixel (11.5
μJ per pixel, indicated by an arrow in Figure 4). The same
illumination dose was applied to create classical TPA image
shown in Figure 2b (left). We note that the illumination dose
used in entangled photon imaging (Figure 2b, right) was
almost 6 orders of magnitude lower (∼2.8 pJ).
We have also performed repetitive reference scans without

the excitation light in between actual image collections to make

Figure 3. Images of dividing cells obtained with the entangled two-
photon microscope at 810 nm. (a) Breast cancer cell line T47D with
yellow arrow showing a cell at metaphase. (b) Breast cancer cell line
MCF7 with white arrow depicting cells exiting telophase. The
reference images obtained with the classical laser light at 405 nm are
provided in the insets. Spatial scale bar: 20 μm. Color intensity scales
are in photons/pixel.

Figure 4. Photodegradation reflected in cell images observed with
classical two-photon fluorescence excitation in the scanning micro-
scope as a function of the observation time per pixel. Excitation
intensity is 4 mW at the input aperture of the microscope. The arrow
indicates illumination dose used in classical TPA experiment having
the same image intensity as the ETPA scan (classical image shown in
Figure 2b, right). The solid line is a guide for the eye.
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sure that the cell image is stable and reproducible after up to 8
h without exposure to light.
The exposure time for classical light per pixel demonstrated

in Figure 4 translates to a total image collection time of ∼72 s
for image frames of 128 × 128 pixels (see more details in the
Supporting Information). With the entangled two-photon
imaging of the same cells, we did not see any detectable
photochange after 2 h of the image collection time. These
results clearly show quantum-enhanced imaging utilizing
photodamage-free entangled two-photon scanning microscopy
in comparison with the classical light TPA microscopy
demonstrating measurable photobleaching in cells. From
reports of phototoxicity in the literature, it is known that in
the cell subtle phototoxicity may take place long before the cell
starts displaying the photobleaching effect or morphological
changes.1,2 It is important to have substantial reduction of the
illumination level with respect to that which will induce
photobleaching. The quantum-enhanced imaging reported in
this contribution provides such capability, reducing the
illumination power by orders of magnitude below the level
needed for classical TPA microscopy, which shows the
photobleaching effect.
In this proof-of-principle work we used the maximum

excitation flux of 3.6 × 107 photons/s. This is the highest flux
which can be delivered by our pump laser−SPDC system.
With this excitation power we were able to collect a
microscopy image with a reasonable signal-to-noise ratio in
∼2 h, which corresponds to a total illumination dose of ∼2.8
pJ/pixel. This collection time is too long for practical
measurement in living tissues. However, the excitation flux
from the SPDC can be substantially increased using quazi-
phase matching in periodically poled nonlinear crystals and
more powerful pump lasers. SPDC setups with output fluxes in
the range of 1010−1014 photons/s have been reported.34,47−49

An image collection time of ∼7 s can be obtained if such high-
flux SPDC with the output flux of 1010 photons/s is applied to
our microscope, as the fluorescence intensity is proportional to
the input flux for the entangled two-photon absorption. It is
important to note that the illumination dose would remain the
same (∼2.8 pJ/pixel) because of shorter collection time,
implying the same low photodegradation level as for the 107

photon/s if the degradation scales linearly with the intensity.
The collection time can be further decreased with increased
input flux, and the illumination dose will remain the same
(∼2.8 pJ/pixel). Enhanced input flux can also be used to
increase the signal-to-noise ratio of the image, but this can be
done at the expense of low illumination dose. The optimal flux
can be set as a trade-off between the excitation level that
provides good image quality and is safe for the sample.
However, there is a fundamental limitation in the increase of

the input entangled photon flux beyond that related to a
possible rise of photodegradation in the entangled photon
microscope. In order to observe quantum effects in two-
photon absorption and fluorescence it is important to have the
excitation photon flux composed of separated photon pairs or
in other words to have less than one photon per spectral mode.
A critical excitation photon flux (ΦC), defining the crossover
between the nonclassical lower-power regime (linear TPA
power dependence) and classical light TPA regime (quadratic
TPA power dependence), can be estimated from the
bandwidth of the downconverted photons ΔDC: ΦC ≅
ΔDC.

48,37,51 For our SPDC, ΔDC obtained in the joint spectral
measurement was found to be ∼216 cm−1, which corresponds

to ΦC = 6.5 × 1012 photons/s. For advanced SPDC based on
type I, type 0 phase-matching conditions in properly poled
nonlinear crystals or waveguides were reported to provide
substantially higher ΔDC and ΦC.

48−51 This makes it possible
to increase the photon flux in the isolated entangled photon
pairs (quantum) regime in the microscope well above 107 or
even 1010 photons/s. The above consideration shows that
substantial shortening of the image collection time well below
1 s without increase of the illumination dose is feasible for
future generations of the ETPA microscope.
This methodology for entangled two-photon microscopy can

be used for probing specific signatures in cancer cells. It is well-
known that multiple types of heterogeneity exist in primary
and metastatic tumors. Heterogeneity is a defining feature of
cancer, with primary and metastatic tumors including multiple
subpopulations marked by distinct molecular, biochemical, and
functional signatures.45 Identifying and overcoming tumor
heterogeneity is paramount to curing cancer. Techniques to
detect rare subsets of cancer cells, such as cancer stem-like
cells, frequently require dissociation of tissues and large
numbers of cells, precluding in situ analysis in intact systems.
We envision that nonclassical light can detect subpopulations
of cancer cells based on the novel spectroscopic capabilities of
quantum light, such as enhanced selectivity for the excitation
of a particular state of the molecular probe (either exogenous
or endogenous)11 or the possibility of obtaining ultrafast
dynamics information with high spectral resolution.7,8,10 As
this technology advances to live-cell imaging, we also expect
the unique properties of nonclassical light will open new
capabilities to track the plasticity and evolution of tumor
heterogeneity over time. Recent observations of substantial
ETPA response from a number of flavoproteins and develop-
ments in the theoretical understanding of the enhanced ETPA
process suggest new opportunities for performing label-free
entangled two-photon microscopy utilizing endogenous probes
in cell imaging.46 The high degree of correlation in entangled
states and the resulting quantum interference properties of
entangled light may further enable much higher selectivity and
new spectroscopic capabilities not achievable by “classical”
means.7,8,10,11,22,24,26,30 For example, high time resolution can
be achieved with entangled photons while having narrow
spectral selectivity.7,10 This allows for obtaining new
information about intracellular processes hardly accessible
with classical light. The quantum nature of light is essential for
achieving this degree of time−frequency resolution. In
addition, the simultaneous time−frequency resolution may
serve as a unique contrast mechanism for a new generation of
quantum light imaging. Breast cancer cell imaging with
entangled photons excited fluorescence in a scanning micro-
scope has been demonstrated in this contribution. Entangled
two-photon microscopy is capable of resolving specific features
of breast cancer cells at extremely low probing intensity,
including different stages of mitosis. These findings open new
promising avenues in biological imaging utilizing a safe,
extremely low probing power combined with the novel
spectroscopic and selectivity capabilities of the nonclassical
states of light.

■ METHODS AND EXPERIMENTAL DETAILS
In our imaging experiments, we used a custom-built horizontal
scanning microscope, which can be excited by nonclassical
light produced by a spontaneous downconversion process in a
nonlinear BBO crystal. We have coupled the microscope to the
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entangled photon source based on spontaneous down-
conversion. Entangled photon pairs were generated in the
type II phase matching nonlinear crystal pumped by
continuous wave (CW) laser with the center wavelength of
405 nm and the bandwidth of ∼1 nm (see details in this
section and the Supporting Information). As compared to the
femtosecond pump frequently used in ETPA experi-
ments,22−24,34 a CW laser has a narrower spectral width,
which has been proven to provide a higher degree of frequency
entanglement in the SPDC.30,35,36 The degree of frequency
entanglement is an important parameter for efficient
ETPA10,30,37 as well as for the fluorescence microscopy
based on ETPA.22 In our configuration, the SPDC unit was
able to produce up to 3.6 × 107 photons/s output flux (singles)
when the full power of the DL-405-400 laser was applied for
the pump. To characterize the entanglement of the photons
produced by SPDC, joint signal-idler frequency spectral (JFS)
measurements38 were performed on a similar type II SPDC
with CW pump in a separate setup.39 These measurements
indicated photon frequency anticorrelations with the diagonal
spectral width of 20 nm and antidiagonal spectral width <5 nm
(upper bound). By performing Schmidt decomposition,40,41

the effective number of occupied Schmidt modes (Schmidt
number K) was estimated to be greater than 2.5 (2.5 is a lower
bound, defined by limited spectral resolution of the
spectrometer to measure the narrow antidiagonal width of
the JFS39). A Schmidt number >1 indicates the frequency
entanglement in our SPDC (K = 1 if photons are not
entangled41). The coupling of the SPDC output beam to the
microscope has been implemented and optimized to deliver
the maximum entangled photon flux to the sample.22 The BBO
crystal was aligned to produce collinear (the two output rings
have one intersection) and degenerate spontaneous parametric
downconversion.42 The focal length of the collimating lens
directing the entangled photon beam to the entrance aperture
of the microscope scanner was adjusted to match the size of
the rings’ intersection area to the size of the input aperture of
the microscope scanner.22 The light beam from SPDC was
directed to the microscope objective lens by a dichroic beam
splitter with high reflection at 800 nm and scanned at the

overfilled back aperture of a microscope objective lens. Galvo
mirrors raster scanned the focus of the objective lens across the
sample. The fluorescent signal from the sample was epi-
collected by the microscope objective and passed through the
dichroic beamsplitter (transparent to visible fluorescence). The
fluorescence was detected by a cooled photomultiplier tube
(PMT, R7518P, Hamamatsu Photonics) in photon counting
regime. The optical system for entangled photon diagnostics at
the sample position has been added to the microscope to make
sure that we have an excitation beam of good entanglement
quality and intensity. The microscope scanner optics were
aligned using classical laser light from the CW laser at 405 nm
as well as the laser light from femtosecond laser at 800 nm.
The classical 800 nm light beam from the femtosecond Mai
Tai laser was aligned to match the beam direction of the
entangled photon beam from SPDC. This classical beam was
used to compare the microscope images created by the
entangled photons from SPDC with those obtained via
classical two-photon fluorescence excitation mechanism. The
classical excitation laser beam in these experiments was heavily
attenuated in order to get the TPA fluorescence signals per
pixel comparable with those expected for the ETPA excited
microscope images.

Cell Samples Used in Experiments and Their
Preparation. We obtained MCF7 and T47D human breast
cancer cells from the ATCC and cultured cells in DMEM with
10% fetal bovine serum, 1% penicillin/streptomycin, 1%
glutamax, and plasmocin (ThermoFisher Scientific, Waltham,
MA) at 37 °C in an incubator with 5% CO2. We plated
∼200,000 cells on glass slides in normal growth medium. After
24 h, we removed slides from growth medium and then fixed
adherent cells by submerging slides in 10% neutral-buffered
formalin (ThermoFisher Scientific) for 30 min at room
temperature. We then washed slides in Hanks’ Balanced Salt
Solution (HBSS) followed by cell permeabilization in ice-cold
methanol for 10 min. Next, we washed slides three times with
HBSS and incubated for 15 min at room temperature in the
dark with 2 μg/mL of Hoechst 34580 (Sigma-Aldrich, St.
Louis, MO). We washed slides three times with HBSS and
sealed slides with a coverslip for fluorescence microscopy.

Figure 5. Schematic of the ETPA microscope. Interference filter (IFR) and dichroic mirrors (DMs) separate pump light (405 nm) from entangled
photons produced in SPDC. Flipping mirrors SM1 and SM2 direct the classical 800 nm light beam to the microscope for reference experiments
with classical light. Pump power references are provided by photodetector (PD). A variable delay between the photons of the downconverted pair
is accomplished with the optical delay unit consisting of the λ/2 wave plate (WP), crystal quarts wedges mounted on the delay stage, and a set of
crystal quartz plates. The biphoton beam or classical light undergoes raster scanning in the microscope galvo−galvo scanner. The dichroic beam
splitter (DBS) directs the excitation beam to the objective lens. The fluorescent signal from the sample was epi-collected by the microscope
objective lens and detected by the cooled PMT.
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.
Scanning Fluorescence Microscope. A custom-built

scanning microscope used in this work was based on galvo−
galvo scanning head (LSK-GG, Thorlabs Inc.) followed by
scanning lenses (Figure 5). The excitation light beam has been
directed to the microscope objective lens by a dichroic beam
splitter with high reflection at 800 nm and scanned at the
overfilled back aperture of a 0.5 NA microscope objective lens
(Figure 5). Galvo mirrors raster scanned the focus of the
objective lens across the sample. The fluorescent signal from
the sample was epi-collected by the microscope objective and
passed through the dichroic beamsplitter (transparent to the
visible fluorescence). After passing through three filters
(FF02−409/LP, FF01−745/SP-25, Semrock Inc., and
FEL0450, Thorlabs) cutting scattered light at 400 and 800
nm, the fluorescence is detected by a cooled photomultiplier
tube (PMT, R7518P, Hamamatsu Photonics).
Entangled Photon Source. A two-photon quantum state

of light at the wavelength 810 nm was generated in the
collinear configuration type-II SPDC in a 1 mm thick BBO
crystal pumped by continuous wave (CW) laser with the
center wavelength 405 nm and the bandwidth ∼1 nm (DL-
405−400, CrystaLaser). The nonclassical light produced in the
spontaneous downconversion unit (SPDC) was then used for
excitation of fluorescence in the scanning microscope. A
dichroic mirror (DM) and the interference long pass filter (IF)
with the cut on-wave wavelength at 750 nm (FEL0750,
Thorlabs Inc.) are used to remove the remaining 405 nm light.
Insertion of the second filter FEL0750 did not affect the count
rates indicating no leakage of the residual blue light. In our
configuration, the SPDC unit was able to produce up to 3.6 ×
107 photons/s output flux (singles) when the full power of the
DL-405−400 laser was applied for the pump. The coupling of
the SPDC output beam to the microscope has been
implemented and optimized to deliver the maximum entangled
photon flux to the sample.22 The focusing lens for the SPDC
pump had a focal length of 10 cm and has been chosen to
obtain the highest output flux from the SPDC. The beam
transverse profiles characteristic for the type II SPDC
configuration have been observed with the CCD camera
installed at the SPDC output port. We tested the
corresponding cone intersection structure and adjusted the
BBO angle for the best cones intersecting in the collinear
geometry.42,45 The BBO crystal was aligned to produce
collinear output (the two output rings have one intersection)
and degenerate spontaneous parametric downconversion
(Figure S1, Supporting Information). The focal length of the
collimating lens directing the entangled photon beam to the
entrance aperture of the microscope scanner has been adjusted
to match the size of the ring’s intersection area and the size of
the input aperture of the microscope scanner.22 The
microscope scanner optics were aligned using classical laser
light from the CW laser at 405 nm and laser light from
femtosecond laser at 800 nm. The classical 800 nm light beam
from the femtosecond Mai Tai laser (80 MHz repetition rate,
125 fs pulse length) was aligned to match the beam direction
of the entangled photon beam from SPDC. This classical beam
was used to compare the microscopy images created by the
entangled photons from the SPDC with those obtained via a
classical two-photon fluorescence excitation mechanism.
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