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Ground-State Depletion Microscopy: Detection
Sensitivity of Single-Molecule Optical Absorption

at Room Temperature
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ABSTRACT Optical studies of single molecules in ambient environments, which
have led to broad applications, are primarily based on fluorescence detection.
Direct detection of optical absorption with single-molecule sensitivity at room
temperature is difficult because absorption is not a background-free measurement
and is often complicated by sample scattering. Here we report ground-state
depletion microscopy for ultrasensitive detection of absorption contrast. We image
20 nm gold nanoparticles as an initial demonstration of this microscopy. We then
demonstrate the detection of an absorption signal from a single chromophore
molecule at room temperature. This is accomplished by using two tightly focused
collinear continuous-wave laser beams at different wavelengths, both within a
molecular absorption band, one of which is intensity modulated at a high
frequency (> MHz). The transmission of the other beam is found to be modulated
at the same frequency due to ground state depletion. The signal of single
chromophore molecules scanned across the common laser foci can be detected
with shot-noise limited sensitivity. This measurement represents the ultimate
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detection sensitivity of nonlinear optical spectroscopy at room temperature.

SECTION Kinetics, Spectroscopy

ingle-molecule optical detection, imaging, and spec-
S troscopy have had an impact on many disciplines.' ~>

In particular, room temperature optical detection of
single molecules has been used extensively in biological
research.”~” Single-molecule optical detection at room tem-
perature dates back to 1976 when Hirschfeld reported the use
of an optical microscope to reduce probe volume, and hence the
background signal.® He was able to detect individual immobi-
lized protein molecules labeled with tens of fluorophores,
demonstrating a single-molecule line-scan image. Similar use of
optical microscopes finally allowed single fluorophore sensitiv-
ity at room temperature in 1990.”® It has remained the method
of choice for detecting and imaging single molecules in ambient
environments to the present.

Among the methods that subsequently emerged, single
chromophore detection was first achieved by optical absorp-
tion measurement at 1.6 K with a sophisticated frequency
modulation scheme in 1989. This measurement relied on the
large absorption cross-section of the zero-phonon line. It was
soon followed by fluorescence detection via excitation at the
zero-phonon line, which offered much higher sensitivity by
virtue of background free emission detection.'® These meth-
ods, however, were limited only to cryogenic temperatures at
which zero-phonon lines exist for a handful of molecules.

Imaging of single fluorophores at room temperature was
first accomplished with near-field microscopy in 1993."
Although a seminal contribution, near-field single molecule
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imaging had limited applications because of the complexity
and perturbation of the near-field probes, and was soon
surpassed by much easier far-field single molecule imaging
with total internal reflection'* and confocal microscopy.''?

Surface enhanced Raman scattering is capable of detecting
single molecules,'*'® but it requires close contact of mole-
cules with a metal nanostructure, which is difficult to control.
High-sensitivity measurements toward single-molecule spec-
troscopy have been attempted with other contrasts besides
fluorescence and Raman scattering, including inter-
ferometry,'®!” stimulated emission,'® photothermal'®-*
and direct absorption measurements.?' The photothermal
method has recently reached single-molecule sensitivity:**
however, glycerol, an uncommon solvent, was used in order
to reduce heat conductivity and increase the refractive index
change induced by single-molecule light absorption. The
direct absorption method has recently demonstrated single
molecule sensitivity.”' By careful selection of the sample
substrate, the authors avoided the major complication of
sample scattering for direct absorption measurements. We
seek a different approach for detection of single-molecule
optical absorption at room temperature.
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Figure 1. (a)Energy diagram for optical absorption, excited-state relaxation, and ground-state depletion of a molecule. Laser fields v;and v,
are both on resonance with the absorption of the molecule. One beam affects the absorption of the other beam by depleting the ground state
of the molecule. (b) Experimental setup for the simultaneous ground state depletion and epi-fluorescence detection. The inset indicates
single-molecule absorption cross section o and the cross section of a tightly focused laser beam S. It also shows a fluorescence image of
single molecule Atto647N embedded in PMMA. (c) Schematic diagram of modulation transfer based on ground-state depletion. As the
intensity of the pump beam is modulated on and off over time, the probe beam is also modulated at the same frequency.

Recently, several nonlinear optical imaging techniques
including stimulated Raman scattering microscopy,® two-
photon absorption microscopy,”* and stimulated emission
microscopy'® have been developed for imaging nonfluores-
cent species. The nonlinearity of these techniques allows
three-dimensional sectioning. The techniques use two pulse
laser trains of different wavelengths, which coincide in the
sample. The first beam is intensity modulated at a high
frequency (> MHz), while the second beam is monitored by
a photodetector via phase sensitive detection with a lock-in
amplifier. As a result of nonlinear interactions between the
two laser beams and the sample, the transmission of the
second beam is modulated at the same frequency as the first
beam. The high-frequency modulation transfer method effec-
tively circumvents laser intensity fluctuations and the inten-
sity variation of a transmitted laser beam that is scanned
across a heterogeneous sample, both of which occur at low
frequencies (direct current to kilohertz). Here we demonstrate
ground-state depletion microscopy with CW lasers that offers
single-molecule sensitivity for detection of optical absorption,
but is free from sample scattering complications.

Consider the ground state and excited state of a molecule
(Figure 1a); the attenuated power of the incident beam P by
the single molecule at the laser focus is (see Supporting
Information for derivation)

kre]ax : (O/S) P

AP = ————
Rrefax + (()'/hVS) -P

(1)
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where Rpgax 1S the Reeax» in Figure la, which is the rate
constant of the rate-limiting step in the sequential relaxation
process from the vibronic states prepared by the optical
excitation to the lowest vibrational level in the ground electro-
nic state. hv is the photon energy, o is the absorption cross-
section for a single chromophore (~ 107'® cm? at room
temperature), and S is the beam waist area (~10~° cm?).
The relative light attenuation, AP/P, is no more than
10~7=10"° for a single molecule at room temperature. Con-
ventional single-beam absorption microscopy cannot detect
such a small attenuation, as it would be buried in the laser
intensity noise (~1 %). Moreover, Rayleigh scattering due to
the inhomogeneous refractive index of the sample also con-
tributes to the attenuation.

We employ the modulation transfer detection scheme to
measure ground-state depletion in a pump—probe experi-
ment (Figure la,b). Two continuous-wave (CW) lasers, a
pump beam at frequency v, and a probe beam at frequency
v, are both on resonance with the same absorption band of
the molecule. The incident power levels of pump and probe
beams, Ppump and Pprope, are adjusted to be near the satura-
tion intensity of the absorption transition. We modulate the
incident intensity of the pump beam v, at 1.75 MHz, and
keep the incident intensity of the probe beam v, constant
(Figure 1c). The collinearly propagating pump and probe
beams are focused to a common spot. The sample is scanned
across the fixed laser foci with a piezoelectric scanning stage
(Figure 1b). After passing through the sample, the transmitted
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Figure 2. (a) Ground-state depletion imaging of single 20 nm gold nanoparticles. (b) Ensemble absorption spectrum of 20 nm gold
nanoparticles in aqueous solution. The wavelengths of pump beam (532 nm) and probe beam (520 nm) are indicated. (c) Signal intensity
profile of a single nanoparticle. The inset is the ground-state depletion image of the nanoparticle whose signal intensity profile is plotted as

(c). The lateral position of (c) is indicated.

probe beam is detected by a photodiode while the pump beam
is blocked by a filter. The photodiode signal is demodulated
by a lock-in amplifier to create the ground-state depletion
contrast. The modulation depth of the transmitted probe
beam is

66Pprobe
_ 2kre]ax * (02 /32 hV) 'PpumpPprobe
(krelax + (U/hVS) 'Pprobe) ° (krelax + (U/hVS) * (ZPpump + Pprobe))

()

(see Supporting Information for derivation).

As an initial demonstration of ground-state depletion
microscopy, we imaged individual 20 nm gold nanoparticles
dispersed on a glass surface (Figure 2a), whose absorption
spectrum is shown in Figure 2b along with the pump and
probe wavelengths. The power level at focus was 450 uW for
each beam. The pixel dwell time was 6.5 ms, and the time
constant of the lock-in amplifier was set as 3 ms. Figure 2¢
shows the diffraction-limited intensity profile for a single
nanoparticle in the inset image, which reveals a signal of
00PIP~ 0.5 x 10~ *, where P refers to the probe beam power
at the photodiode. We assigned the signal detected to ground
state depletion.

This assignment is supported by a calculation of the
ground-state depletion signal for a single gold nanoparticle.
The absorption cross section of a 20 nm gold nanoparticle at
its plasmon resonance is ~4 x 10~'? cm?.*® Time-resolved
measurement shows that the bleached ground state recovers
sequentially through a fast electron—phonon relaxation (1—
4 ps)*>*” and a slow phonon—phonon relaxation (~100 ps).*”
The ground state recovery Kinetics has been shown to be
biexponential with the slow component having ~10%
weight.*® Under the condition of our CW excitation, the
signal 00P/P for a single gold nanoparticle is estimated to
be ~1 x 10~ * (see Supporting Information). This theoretical
estimation is comparable to our measured signal of 60 P/P ~
0.5 x 10~ * (Figure 2c).

An alternative explanation for the observed contrast is the
photothermal effect, which has been used to image single
gold nanoparticles.*® It gives rise to refractive index variation
at the laser foci, which could change the transmission of the
probe beam while the pump beam is modulated, causing an
apparent modulation transfer. However, the photothermal

W © 2010 American Chemical Society 3318

effect is known to increase with a decreasing modulation
frequency due to more heat accumulation.*> We found in-
stead that our signal level is independent of modulation
frequency (see Supporting Information). In addition, the
thermal lens, when measured with modulation transfer,
usually exhibits a 180° signal phase change as the position
of the laser focus is scanned in the longitudinal direction.*®2°
We found that the signal is always in phase with the pump
beam in a z-scan experiment. For these reasons, photother-
mal effects cannot explain the data in Figure 2.

For detecting single molecule absorption, we use an
organic dye Atto647N, whose absorption spectrum is shown
in Figure 3a. Wavelengths for pump and probe are 642 nm
and 633 nm respectively. Fluorescence of the molecule is
simultaneously collected and confocally detected.

The power dependence and sensitivity of ground state
depletion microscopy were characterized with an aqueous
solution of Atto647N in a pH 7 phosphate buffer. At low
excitation intensity, eq 2 approaches

262 /8*hv) * Ppymp Por
sop = 2T/S V) PoumpPorote (3)

krelax

The inset of Figure 3b shows that the signal from an
ensemble is linearly dependent on the product of pump and
probe beam powers at low excitation intensities, consistent
with eq 3. However, above saturation intensities, the linear
curve becomes sublinear (Figure 3b). Note that the overall
quadratic power dependence under nonsaturating conditions
allows three-dimensional sectioning, as in many other multi-
photon techniques.'®>°

Figure 3¢ shows that the ground-state depletion signal
depends linearly on the concentration of the Atto647N
solution. This allows straightforward quantitative analysis.
The best sensitivity is achieved under the condition that
both pump and probe beams have near-saturation inten-
sity levels: in our case, 350 uW for each beam at the focus.
All further measurements were conducted at this power
level. The detection limitis 15 nM with 1sintegration time,
which corresponds to 0.3 molecule in the probe volume®'
(~3 x 10~ liter). The corresponding modulation depth,
00PIP, of a single Atto647N molecule is ~0.9 x 107"
Note that the P in 00P/P indicates the probe beam power
at the photodiode. This measured result agrees with its
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Figure 3. (a) Ensemble absorption and emission spectra of Atto647N in pH 7 aqueous solution. The wavelengths of pump and probe beams
are indicated. (b) Ground depletion signal from 0.84 uM aqueous solution of Atto647N as a function of the product of pump beam power,

panef

and probe beam power, Ppope. The blue frame indicates the linear portion of the function. The inset is a zoom-in of the blue frame of
b. (c) Ground-state depletlon signal as a function of concentration of aqueous Atto647N solution. The power level is 350 W for each

beam. The blue frame indicates the data points at lowest concentrations. The inset is zoom-in of the blue frame of (c), with concentrations
labeled at the bottom and estimated mean molecule numbers in the probe volume labeled at the top. Error bars are for 1s integration time,

indicating that single-molecule sensitivity is reachable.

theoretical value of ~1.2 x 10”7 based on eq 2 (see
Supporting Information).

The inset of Figure 1b depicts a fluorescence image of single-
molecule Atto647N embedded in a poly(methyl methacrylate)
(PMMA) matrix. The blinking of fluorescence and one-step
photobleaching clearly proves that the spot is from a single
molecule. Lateral line scans across the maximum of the
diffraction-limited spot were repeated, and the ground-
state depletion and epifluorescence signals were recorded
simultaneously. The time constant of the lock-in amplifier
was 30 ms.

Figures 4a—d show the simultaneous line-scan signals of
fluorescence and absorption of two single molecules. For
molecule A, the fluorescence line scan signal as a function
of time is shown in the inset of Figure 4a. It survived for 45 line
scans before photobleaching (longer than the average survival
lines of a single molecule; see Supporting Information). The
red plots in Figure 4a,b show an average of 45 fluorescence
and absorption line-scan signals before molecule Awas photo-
bleached. The lateral position of the peak value of dOP/P
~1.4 x 10”7 coincides with the peak position in the single
molecule fluorescence line scan. This demonstrates the single-
molecule sensitivity of the ground-state depletion microscope.
The blue plot in Figure 4b shows that after molecule A was
photobleached, an average of 45 absorption line-scan signals
vanished. The detection of the absorption signal is shot-noise
limited because the noise in Figure 4b is consistent with the
estimated normalized shot noise AP/P ~3 x 10~ ® at the probe
beam power used (see Supporting Information). Similar data
for another molecule is shown in Figure 4c,d.

~7 ©2010 American Chemical Society 3319

We note that ground-state depletion is not the only possible
modulation transfer mechanism that could exist in such a
pump—probe experiment. Excited-state absorption, stimu-
lated emission, and photothermal effects might also cause
intensity modulation of the probe beam. Had excited-state
absorption been the underlying mechanism, we would expect
a 180° phase difference between the detected signal and pump
beam modulation.” We excluded this possibility because the
detected signal is in phase with the pump beam modulation.

Stimulated emission would have the same phase as the
ground-state depletion signal on the lock-in amplifier.'® How-
ever, the probe wavelength is chosen to be shorter than the
pump wavelength and is at the far edge of the emission
spectra (Figure 3a). Therefore we do not expect stimulated
emission to occur at the probe wavelength.

Our observed modulation transfer signal could also originate
from the photothermal effect. Again, we exclude this by finding
that our signal level is independent of modulation frequency (see
Supporting Information) for Atto647N detection and that the signal
is always in phase with the pump beam in a z-scan experiment.

In Figure 4e we report the distribution of the absorption
signal from 130 molecules that survived more than 20 line
scans. The single-molecule absorption signals ddP/Pare found
to range from 4 x 107 8t02.6 x 1077, with a mean of 1.1 x
1077, This agrees well with the theoretical value expected
from eq 2 (Figure 4e). The variation of 0P/P can be explained
by the random orientation of absorption dipole moments and
the inhomogeneity of the single-molecule absorption spectrum.

The phenomena of ground-state depletion or nonlinear
saturation spectroscopy has previously been used for super

DOI: 10.1021/jz1014289 | J. Phys. Chem. Lett. 2010, 1, 3316-3322
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Figure 4. (a) Fluorescence line scans for molecule A, averaged from the inset before (red) and after (blue) photobleaching. The inset is the
fluorescence image constructed from repeated line scans across molecule A and the corresponding fluorescence intensity trajectory. The
molecule is photobleached after 45 line scans (39 ms per pixel). (b) Absorption line scans for molecule A, averaged before (red) and after
(blue) photobleaching, simultaneously recorded with those in panel a. (c) Fluorescence line scans for molecule B, averaged from the inset
before (red) and after (blue) photobleaching. The inset is the fluorescence image constructed from repeated line scans across molecule B
and the corresponding fluorescence intensity trajectory. The molecule is photobleached after 44 line scans (78 ms per pixel). (d) Absorption
line scans for molecule B, averaged before (red) and after (blue) photobleaching, simultaneously recorded with those in panel c.
(e) Occurrence of absorption signals from 130 single Atto647N molecules. The mean is close to the theoretical value expected from eq 2.

resolution microscopy.’>>* Here we employ it in a different
way to provide a contrast mechanism for microscopy and
high sensitivity in absorption-like measurements, which is free
from the complication of Rayleigh scattering of the sample.

In conclusion, a high-frequency dual-beam modulation trans-
fer scheme allows the ultimate sensitivity of nonlinear optical
microscopy based on saturation spectroscopy: the detection of a
single-molecule absorption signal at room temperature.

EXPERIMENTAL SECTION

For detection of 20 nm gold nanoparticles, a solid-state
laser (Laser Quantum, Ventus VIS 532) at 532 nm is used as
the pump beam, and a line of an argon—Krypton laser (Melles
Griot, 643-AP-A01) at 520 nm is used as the probe beam. The

~7 ©2010 American Chemical Society 3320

polarizations of both lasers are parallel to each other. The
intensity of the pump beam is modulated by an acoustic
optical modulator (AOM, Crystal Technology, 3080—197) at
1.75 MHz. After spatial combination with a 50/50 beam
splitter, the pump and probe beams collinearly propagate
into an inverted microscope (Nikon, TE300). Both beams are
focused to a common focal spot in the sample by a micro-
scope objective (Olympus UPLANSAPO 100X, N.A. = 1.4).
After passing through the sample, the transmitted probe
beam is collected by another objective (Olympus TIRE, oil,
60X, N.A. = 1.45). While the pump beam is blocked by two
bandpass filters (Semrock, FFO1—520/15—25 and Chroma,
ET510/25), the probe beam is detected by a photodiode
(Thorlabs, PDA36A) operated at 10 dB gain. The output of

DOI: 10.1021/jz1014289 | J. Phys. Chem. Lett. 2010, 1, 3316-3322
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the photodiode is filtered through a low pass filter (Mini
Circuit, BLP-1.94) before demodulation by a lock-in amplifier
(Stanford Research Systems, SR844) to create the ground-
state depletion contrast.

The single gold nanoparticle samples are prepared by spin-
coating a gold colloid (Sigma-Aldrich, G1652) onto cleaned
No. 1 microscope coverslips. A thin layer of polyvinyl alcohol
(Aldrich, MW 31 000—50 000) is coated on top of the nano-
particles for blocking immersion oil and index-matching to
maximize the collection efficiency of the probe beam into the
detector. The sample is scanned across the fixed laser foci
with a piezoelectric stage (Mad City Laboratories, Nano-H100)
in x—y dimension. A modified Nanoscope IIIA controller
(Digital Instruments) is used for controlling the scanning stage
and generating images by acquiring signals from the in-phase
component output of the lock-in amplifier.

For detection of Atto647N molecules, a solid-state laser
(CrystaLaser, DL640-050) at 642 nm is used as the pump
beam, and a HeNe laser (Coherent, 31-2082-000) at 633 nm
isused as the probe beam. The polarizations of both lasers are
parallel to each other. The intensity of the pump beam is
modulated at 1.75 MHz by the same AOM as for nanoparticle
detection. The pump and probe beams are spatially com-
bined with a dichroic mirror (Chroma, Q646LP-BS) and
collinearly propagate into the same microscope as above.
The scheme of generating the ground-state depletion signal is
the same as that with the nanoparticle detection, except that
the pump beam is blocked by a narrow bandpass filter
(Semrock, LLO1—633—12.5) while the probe beam is de-
tected by the photodiode. Epifluorescence emitted by the
molecules is spectrally filtered and collected by an avalanche
photodiode (APD) (Perkin-Elmer, SPCM-CD2801) in confocal
mode. The APD counts are read and converted to an analog
signal by a gated photon counter (Stanford Research Systems,
SR400). The Nanoscope I1IA controller is used for both gen-
erating fluorescence images by acquiring signals from the
photon counter and recording ground-state depletion signals.

The single-molecule samples are prepared by spin-coating
a 50 pM solution of Atto647N (Sigma-Aldrich, 04507) mole-
cules (diluted into a PMMA matrix, 3% by mass PMMA,
Polysciences, MW 75,000) onto cleaned No. I microscope
coverslips. A thin layer of polyvinyl alcohol is coated on top of
the PMMA layer.

SUPPORTING INFORMATION AVAILABLE Derivation of
equations, calculation details of signal and noise, modulation fre-
quency dependence of the ground-state depletion signal, single-
molecule survival times, and detectability of single-molecule ground-
state depletion signals. The material is available free of charge via
the Internet at http://pubs.acs.org.
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