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ABSTRACT: Massive magical phenomena in nature are closely
related to quantum effects at the microscopic scale. However, the
lack of straightforward methods to observe the quantum coherent
dynamics in integrated biological systems limits the study of
essential biological mechanisms. In this work, we developed a
single-molecule coherent modulation (SMCM) microscopy by
combining the superior features of single-molecule microscopy
with ultrafast spectroscopy. By introducing the modem technology
and defining the coherent visibility, we realized visualization and
real-time observation of the decoherence process of a single
molecule influenced by the microenvironment for the first time. In
particular, we applied this technique to observe the quantum
coherent properties of the entire chlorella cells and found the
correlation between the coherent visibility and metabolic activities, which may have potential applications in molecular diagnostics
and precision medicine.
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Microscopy is a powerful tool for humans to observe the
microcosm, which helps us understand the origin,

development, and death of life.1 With the reduction of scales in
microscopic observation, many novel quantum phenomena
have been revealed and discussed.2−4 For example, researchers
have confirmed that the efficient use of solar energy by
photosynthesis in green plants is closely related to quantum
coherence in both ensemble5−7 and single light-harvesting
complexes.8,9 In these processes, the microenvironment plays
an essential role in maintaining the system quantum
correlations in a steady state, which contributes to long-lived
quantum coherence in photosynthetic complexes at physio-
logical temperature.10,11 Some other physiological processes,
including energy metabolisms (e.g., respiratory processes12,13)
and cell canceration,14−16 are also related to the quantum
coherent features of the cells. Investigations of cell physiology
and disease pathogenesis heavily rely on untangling the
complexity of intracellular quantum coherent mechanisms
and pathways. However, demonstrating their quantum
coherent features remains a long-standing challenge due to
the lack of a useful way to observe the complicated interactions
between cells with their local microenvironment. Single-
molecule microscopy, not only overcoming the ensemble-
averaged effect but also demonstrating good sensitivity to the
local microenvironment, is available to study the quantum
coherent effects of biological systems. At present, there are two

main approaches to investigate the coherent properties at the
single-molecule level: absorption and emission spectroscopy.
The single-molecule absorption spectrum can directly
investigate their coherent properties. However, the absorption
cross-section σ of a single molecule at room temperature is
106−108 times smaller than the area λ2 of the diffraction-
limited spot.17 Thus, this approach must face a severe
background problem in distinguishing the absorption of a
single molecule against the fluctuation of the background
originating from an incident laser beam.18−20 In contrast, the
single-molecule fluorescence spectrum generally manifests
good signal-to-noise and signal-to-background ratios. However,
the best results in the fluorescent approach are still achieved by
recording the incoherent spontaneous fluorescence emission,
rather than coherent processes. Thus, the main challenge to
determine the coherent properties by the fluorescent approach
is therefore to translate the quantum coherence into the
probability of spontaneous emission, which is directly related
to the excited-state population probability. Originally, Hulst’s
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group created, probed, and manipulated the quantum coherent
state in single organic molecules and individual light-harvesting
complexes at ambient conditions by femtosecond pulse-
shaping techniques.21,22 They demonstrated their quantum
coherent information, such as the pure decoherence time T2*
and Rabi frequency, by fitting the excited-state population
probability over the delay time.
These works have made many groundbreaking efforts in

obtaining quantum coherent information at the single-
molecule level. However, there are still gaps in the visualization
and real-time observation of quantum coherence in the entire
biological systems. On the basis of our previous work,23 here
we developed the single-molecule coherent modulation
(SMCM) microscopy by introducing an innovative approach
to visualize the quantum coherent dynamics in a biological
microenvironment. Consequently, we revealed the implied
relationship between the changes of single-molecule coherent
visibility and the metabolic processes of organelles.

In previous work, we developed quantum coherent
modulation enhanced single-molecule imaging microscopy
(QCME-SMIM), which can improve the contrast of single-
molecule imaging by more than 2 orders of magnitude.23 The
giant improvement benefits from the quantum coherent
properties of single molecules, combining the ultrafast optics
with modem technology. In the scheme, we modulated the
excited-state population probability of a single molecule (ρee)
with a sine wave, ρee ∝ 1 + D cosΔφ, by periodically
modulating the phase difference (Δφ) between the ultrashort
pulse pair. Then we performed a discrete Fourier transform
(DFT) of the arrival time of emitted fluorescence photons to
determine the magnitude of the Fourier transform. According
to our prediction and experimental results, the magnitude of
DFT scales linearly with fluorescence photons, emerging a
slope factor of ξ. The parameter of D is defined as the
modulation depth, which can be calculated by the relationship
D = 2ξ (see ref 23 and Derivation-1 in Supporting Information
for details).

Figure 1. (A) Optical scheme for single-molecule coherent modulation (SMCM) microscopy. Michelson interferometer generates a phase-tunable
pulse pair to modulate the coherent state of single molecules. Multichannel picosecond event timer (MCPET, Hydra Harp 400, Pico Quant)
records the arrival time of each photon with a picosecond resolution. EOM, electro-optical modulator; QWP, quarter-wave plate; BS, 50/50 beam
splitter; DM, dichroic mirror; SPAD, single-photon avalanche diode; PBS, polarization beam splitter. (B) and (C) are the traditional fluorescence
imaging and quantum coherent imaging of SR molecules. (I), (II), and (III) are the selected molecules. Scale bars: 0.5 μm. (D) The second-order
correlation statistics of the three molecules. (E) is fluorescence intensity trajectory, and (F) is a coherent visibility trajectory with its error bar (the
orange shadow) of the single molecule (I). The light green shadows indicate the change only in fluorescence intensities, the light purple shadows
indicate the change only in coherent visibilities. The light blue shadow indicates the synchronous variation of both the fluorescence intensity and
coherent visibility. The integration time is 1s.
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The modulation depth D is influenced by both the
molecular orientation23 and decoherence process, expressing
as D = P·V. Here P is the influence factor of the molecular
orientation. V is defined as coherent visibility, which assesses the
influence of the surrounding microenvironment on the
decoherence process of a single molecule. A similar visibility
function has been defined and approved to extract the
decoherence time of a single organic quantum wire isolated
in the crystalline matrix recently.24 In previous work, the
frequency domain imaging (i.e., imaging by the magnitude of
DFT) presented the combined effect of molecule orientation
and coherent visibility; thus the decoherence process of a
single molecule cannot be well uncovered. To eliminate the
influence of molecular orientation and extract the decoherence
process, we designed a polarized beam splitter (PBS) in the
detection pathway and determined the fluorescence intensities
I1 and I2 of single molecules in two perpendicular polarization
directions, as shown in Figure 1A. The other experimental
procedures are the same as the previous work (see
Experimental Setup and ref 23). As we explore in
Derivation-2, the orientation of a single molecule can be
determined by I1 and I2. In this case, the coherent visibility V
can be expressed as follows:

ξ= + ·
i
k
jjjjj

y
{
zzzzzV

I
I

I
I

1

2

2

1 (1)

The coherent visibility allows the characterization of the
decoherence process influenced by the interaction between
microenvironments and a single molecule. In ideal situations,
when a single molecule isolates from the surrounding
environment, the population probability of its excited state
can be entirely modulated by the phase difference between the
ultrashort pulse pair, resulting in V = 1. When a single
molecule interacts with the surrounding environment, the
single molecule’s phase information will rapidly lost due to the
decoherence process. Consequently, the modulation will be
weakened and lead to V < 1. As the interaction further
increases, V will approach 0.
On the basis of the improved scheme, we carried out both

fluorescence intensity imaging and quantum coherent imaging
(i.e., imaging the coherent visibility, V), as shown in Figure
1B,C, respectively. Here the fluorescent molecule, Squaraine-
derived Rotaxane (SR), was used as a model to reveal the
features of our new scheme, due to its good quantum coherent
characteristic, high quantum yield, and stable fluorescence
intensity (see Sample Preparation).23 The fluorescence
intensity imaging has been illustrated in a three-dimensional
(3D) graph in Figure 1B. Note that the intensity order of these
three SRs follows III > I > II. This result differs from their
coherent visibility in Figure 1C: I > III > II. This difference
may result from different interactions, where the coherent
visibility is principally affected by the ultrafast processes and
the variation of energy levels,25 while the fluorescence is mainly
sensitive to the occurrence of triplet states and the change of
conformation structures.26 Especially for molecule II, it is
almost invisible in quantum coherent imaging. Two possible
reasons are responsible for this phenomenon, the extremely
strong interaction between this single molecule with the
surrounding environment and/or more than one molecule
located in the laser spot. The latter hypothesis can be
confirmed by the second-order correlations (g2(0)) of the
three molecules, as shown in Figure 1D. We can find that both

molecules I and III show g2(0) < 0.5, indicating only one single
molecule is excited. In contrast, g2(0) > 0.5 for molecule II was
determined, hinting more than one molecule was within the
laser spot. The reduction of coherent visibility can be well
understood by considering the anisotropic properties of each
molecule and their interaction with the surrounding environ-
ments, as the schematic shown in Figure 2A. To assess this

interpretation, we presented the spectral characteristics of the
laser pulse, the excitation, and the fluorescence spectra of SR
molecules, as illustrated in Figure 2B. As discussed in the
theoretical work by Shin-ichiro Sato25 and experimental result
by Daan Brinks and Richard Hildner,21,22 the variation of
molecule’s central frequency (ω0) and line width (γg) would
result in different modulation phase. Hence, we simulate the
quantum interference signals of two single molecules with the
same line width but different central frequencies, as shown in
Figure 2C. Note that at the interpulse delay of 400 fs, two
single molecules show almost opposite phases, which will lead
to the reduction or disappearance of coherent visibility. These
results indicate a significant limitation of our approach that low
molecule density is desired to gain high-quality quantum
coherent imaging and extract the right decoherence
information (close to one molecule per diffraction-limited
spot is preferred).
To get more insight into the feature of our scheme, we

further compared the fluorescence intensity trajectory with the
coherent visibility trajectory of molecule I, as shown in Figure
1E,F, respectively. The fluorescence intensity trajectory blinks
at 7, 14, and 67 s, and then quenches at 121 s, representing the
single molecule character as well as the complex perturbation
to the fluorescence intensity. In comparison, coherent visibility
trajectory drops at 14 s and perturbs downward around 100 s.
Considering the different influential factors, the inconsistency

Figure 2. (A) Schematic of the two-level system excited by a phase-
controlled laser-pulse pair. γg and ω0 are the line width and frequency
of the molecule’s absorption spectrum, respectively. The solid and
dotted lines represent two different molecules, SR1 and SR2. Γ and Ω
are the line width and frequency of incident laser pulse, respectively.
(B) Spectral characteristics of the laser pulse and Squaraine-derived
Rotaxane molecules (SR, dissolved in dimethyl sulfoxide). (C).
Simulated quantum interference signals for two different molecules.
The parameters are as follows: ω0 = c/(2π × 630 nm) and γg = c × 10
nm/(2π × (630 nm)2) for SR1 (the solid deep blue line), ω0 = c/(2π
× 650 nm) and γg = c × 10 nm /(2π × (650 nm)2) for SR2 (the
dashed light blue line), Γ = c × 2 nm/(2π × (635 nm)2) and Ω = c/
(2π × 635 nm) for both cases. c is the speed of light.
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between the fluorescence intensity trajectory and coherent
visibility trajectory may be interpreted as follows. The
fluorescence blinking at 7 and 67 s (in light green shadows)
can be ascribed to the occurrence of a triplet state or the
formation of dark radical ions, which will lead to a decrease in
the quantum yield and a fluorescence blinking,26 rather than
the coherent visibility. The slow drop and recovery of the
coherent visibility between 79 and 115 s (in light purple
shadows) may be assigned to the change of temperature
around the single molecule. While the fluorescence intensity is
normally insensitive to the temperature. Furthermore, the
fluorescence blinking at 14 s (in light blue shadows) can be
assigned to the photoisomerization, which will not only lead to
a fluorescence blinking but also result in variations of its
structure and energy levels and thus the coherent visibility.
It should be noted that although the single molecule is in a

dark state at 14 and 7 s/67 s, the single molecule still presents
considerable fluorescence photons. In this case, the coherent
visibility still can be determined, although with a relatively
large deviation. To evaluate the influence of the photon
number on the reliability of the coherent visibility, we
performed a numerical simulation based on single-photon
modulation27 (see Simulation-1 in the Supporting Informa-
tion). We can find that as the photon number increases, the
coherent visibility measurements decrease and tends to their
true value. Meanwhile, its standard deviations decrease as well.
According to the fluorescence intensity, we can obtain the
stand deviations of molecule I, as the orange shadow shown in
Figure 1F. The small fluctuation determines the effectiveness
of our scheme.
Although the variation of quantum features altering by their

microenvironment is complex and changeable, the temperature
will deterministically affect the quantum coherent properties of
single molecules. That is, the lower the temperature, the longer
the decoherence time, and thus the higher the coherent
visibility. To confirm, we performed measurements on
terrylene molecules, which present excellent stability and
strong fluorescence intensity at cryogenic and high vacuum
conditions (SR generally shows attractive fluorescence
characteristics in atmosphere environment with the assistance
of oxygen, while almost bleaches under vacuum condi-
tions28,29). We measured the coherent visibility of 300
individual molecules of terrylene at different temperatures
(17, 31, 50, 100, 200, and 300 K). The averaged values (green
balls) and standard deviations (error bars) of coherent
visibility at different temperatures are presented in Figure 3.
The inset shows the statistical distributions of coherent
visibility at the corresponding temperature. We can find that
as the temperature increases, the coherent visibility decreases
slowly, and its distribution is gradually broadening. These
results are consistent with our prediction, as well as other
previous works.22,30−32 To further prove our proposal, we
numerically calculated the variation of coherent visibility as the
function of temperature through the Liouville equation of a
two-level system, as the blue dash-dot shown in Figure 3. Note
that the numerical simulation is in good agreement with the
experimental data (see Simulation in the Supporting
Information and MATLAB Codes 2 for the details).
Finally, we applied quantum coherent imaging to chlorella,

which is always used as a model microorganism for studying
the photosynthetic apparatus and carbon assimilation.33,34

Panels A and C of Figure 4 show five successive fluorescence
intensity imaging and corresponding quantum coherent

imaging of SR fluorescently labeled chlorella with an
integration time of 20 s. Due to the limitation of the
longitudinal resolution of the microscopy system, the fine
structure of chlorella and individual molecules are difficult to
identify in both images. But they show quite different features:
quantum coherent imaging visualizes some tissue structures in
the chlorella, which are hidden in the autofluorescence
background of chlorella in the fluorescence intensity imaging.
This is because SMCM microscopy inherits the ability to
improve imaging contrast under an extensive autofluorescence
background of QCME-SMIM.23 Commonly, the visibility of an
ensemble system is between 0.01 and 0.1, far less than that of
an individual molecule. We suggest that the reduction of
visibility in an ensemble system arises from two aspects. One is
that an ensemble system’s oscillations can be easily averaged
out or even entirely removed due to the incoherent
superposition between different molecules, as shown in Figure
2C. The other is that the extensive autofluorescence back-
ground of chlorella will significantly reduce the modulation
amplitude. Although the relatively low coherent visibility, their
normalized values still present complicated patterns and rich
information, as shown in Figure 4C. To shed more light on the
imaging, the subtraction of two adjacent imaging of
fluorescence and quantum coherent has been carried out, as
presented in Figure 4B,D, respectively. The subtraction from
fluorescence intensity imaging shows changes barely, except for
fluorescence quenching, while the subtraction from quantum
coherent imaging shows a periodical change of the coherent
visibility at different positions on the time scales of dozens of
seconds (see Figure S3 in the Supporting Information). We
speculate that cell metabolic activities,35 which may vary the
local temperatures and the conformational structures of labeled
biomolecules and thus the coherent visibility of fluorescent
molecules, are associated with the periodic changes. Consid-
ering that mitochondria are the main sites of oxidative
metabolism in eukaryotes, thus we suggest that the emergence
of tissue structure in the quantum coherent imaging can be
assigned to the distribution of mitochondria. However, further
experiments with specific marks are needed to clarify this
conclusion. We also suggest that SMCM might be used to
identify cell canceration, which may either be directly derived
from amplified uncertainty induced by an increase in quantum

Figure 3. Coherent visibility as a function of temperature. The inset
displays the statistic distributions of coherent visibilities of terrylene
molecules measured from 17 to 300 K. The green balls are the
averaged values, and the error bars are the standard derivation of the
distributions. The blue dash line represents the coherent visibility
simulated by the Liouville equation of the two-level system.
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and thermodynamic fluctuation or be indirectly arising from
the loss of natural uncertainty reduction mechanisms.36 To this
end, further experiments will be performed by specific labeling,
genetic modifications, and more controlled experiments to
reveal the direct relationship between these physiological
activities and quantum coherent imaging. This approach will
provide a new way for cancer diagnosis and a new idea for the
study of cell canceration.
In conclusion, on the basis of SMCM microscopy, we

realized real-time observation and visualization of single-
molecule quantum coherent information both in individual
single-molecule and in molecule-labeled living chlorella cells.
This research helps us to study the changes of quantum
features of organic molecules in the process of cell physiology
and then to understand the connection of various metabolic
activities, which is of great value for humans to understand life
and solve medical problems.

■ METHODS

Experimental Setup. A tunable subpicosecond laser
(FemtoFiber pro TVIS, Toptica) was used to generate
ultrashort pulses with a pulse width of 389 fs at 635 nm and
213 fs at 532 nm. The interpulse delay between the two laser
pulses was set to 400 fs. The repetition frequency was set to 10
MHz through a pulse picker. Generally, the incident laser
power of each pulse was set to 0.1 nJ. The vertically polarized
femtosecond laser was split by a beam splitter (BS) to generate
two identical laser beams. On one arm, the beam passed
through the electro-optical modulator (EOM), while on the
other arm, the beam passed through a quarter-wave plate
(QWP) to convert the laser into horizontal polarization, as

shown in Figure 1A. Thus, two beams recombining at the BS
have orthogonal polarizations, which can eliminate the two
excitation light pulses interfering with each other. Further
details can be found in ref 23.

Sample Preparation. In the experiment, squaraine-derived
rotaxanes (SR, MTTI) were used as a model molecule, due to
their high quantum yield and excellent stability at room
temperature in both air and cell conditions, with the assistance
of oxygen.28,29 Typically, SR molecules, dissolved in dimethyl
sulfoxide (DMSO), have a maximum absorption peak at 650
nm and a maximum emission feature at 678 nm (as shown in
Figure 2B). Hence, SR molecules were excited with a
wavelength of 635 nm. The sample of SR molecules was
prepared by spin-coating 20 μL diluted solution (with the
concentration of 10−10−10−9 M) onto a glass coverslip.
Subsequently, the poly(methyl methacrylate) (PMMA) film
was spin-coated on the prepared SR molecules to prevent
oxidation. The final sample was heated to 373 K under a
vacuum for 3 h. Twenty microliters of SR molecules with the
same concentration (10−10−10−9 M) were dispersed in 1 mL
of orella solution for 10 min and then washed with clean water.
The chlorella sample was prepared by dropping onto the glass
slide. The labeling density in chlorella is estimated to be about
1 per μm3. On the other aspect, considering that SR molecules
generally emerge with strong blinking and weak fluorescence
intensity under cryogenic conditions with a high vacuum, we
select terrylene molecules to perform temperature-dependent
measurements, due to their outstanding features under
cryogenic conditions rather than room temperature.17

Terrylene (UHV equipment) sample was also prepared by
spin-coating 20 μL of solution, of which a small quality of

Figure 4. (A) Traditional fluorescence imaging of live chlorella and (C) its quantum coherent imaging showing from 0 to 100 s with an integration
time of 20 s. (B) and (D) are subtractions of two successive imaging of (A) and (C), respectively. Scale bars: 5 μm. For clarity and comparability,
(A) and (C) are normalized from zero to the maximum values. (B) and (D) represent the ratio of changes in relative physical quantities.
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terrylene (10−10−10−9 M) was solved in toluene (3 mg/mL)
with a few p-terphenyl. Here p-terphenyl was used to prevent
oxygen-induced fast photobleaching. The terrylene molecule
has a maximum absorption peak at 560 nm and a maximum
emission feature at 575 nm. Hence, terrylene molecules were
excited with a wavelength of 532 nm.
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