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Background and Need

Multiphoton absorption, particularly two-photon absorption (TPA), followed by
fluorescence, has been identified as a useful technique for deep tissue imaging [1-3] for
the study of several biological and biomedical processes, such as optical biopsy of in vivo
human skin [2], angiography [4], embryonic development in hamsters [5], intravital
measurement of gene expression in mice tumors [6], and intravital studies of mouse and
rat brains [7, 8] and kidneys [9]. The advantages of two-photon absorption-induced
fluorescence (TPAF) imaging stem not only from the larger depths of penetration [10, 11]
that are obtainable at the longer wavelengths inevitably used for excitation, but also from
the ease of filtering the near-IR TPAF excitation from the visible or near-UV fluorescence
emission, and the higher spatial resolutions inherent in multiphoton microscopy [12].

For tissue specimens in which the use of labeling is necessary, the use of
semiconductor quantum dots (SQDs) as biological labels [13, 14] — in comparison with
fluorescent dyes [15] — is particularly desirable because of (i) their photochemical
stability [16], (ii) their ability to be tuned over broad wavelength ranges [17], and (iii)
their amenability to bio-conjugation [18-22]. Several researchers [4, 23, 24] have also
demonstrated that SQDs exhibit very large TPA coefficients, particularly in comparison
to those of dyes used for TPAF-based imaging. In most previous studies using SQDs for
TPAF imaging of biological tissues [4, 25], relatively large SQDs (diameter d > 5 nm)
have been used because their TPA coefficients are much larger those of smaller SQDs of
the same material composition [24]. In particular, Larson et al [4] have demonstrated that
the two-photon “action cross-sections” (product of the TPA cross section and the
fluorescence quantum efficiencies) of CdSe/ZnS SQDs are over 3 orders of magnitude
higher than those of conventional dye-based fluorescent probes (such as fluorescein
isothiocyanate (FITC)-dextran), with measured values as high as 47,000 Goeppert
-Mayer (GM) units. These authors also demonstrated visualization of capillaries hundreds
of micrometers deep through the skin of living mice with such SQD-based TPAF probes.

In addition, even though most of the studies of bio-imaging based on quantum dot
labels have used relatively large SQDs (d > 5 nm) [4, 14, 25-31], there are numerous
biological imaging studies in which the use of much smaller SQDs is critical. These
include deep-tissue wavelength-multiplexed multicolor imaging [28, 31] in which smaller
SQDs of the same material lead to fluorescence at shorter wavelengths (“bluer”) and



applications involving intra-nuclear studies of cells [26, 27, 29, 30] in which much
smaller SQDs are critical for effective penetration of the sub-10 nm nuclear pores [30].

Experimental Setup and Related Details

A mode-locked Ti-sapphire laser of 200 fs pulsewidth and 76 MHz repetition rate was
used as the excitation source to characterize the TPAF signals. As shown in Fig. 1, a
concave mirror of 10 cm focal length was used to focus the 2 mm diameter laser beam to
a spot size of 80 J?lrn into a colloidal USQD suspension (“sample”) placed in a cuvette of
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Fig. 1. Experimental setup used to characterize TPAF signals from CdSe/ZnS USQDs.

Standard lock-in detection techniques were used to measure the TPAF signals
collected by a photomultiplier tube (PMT) at the exit port of a half-meter monochromator
with a slit width of 2 mm, corresponding to a spectral resolution of ~ 3 nm. For this study,
we used CdSe/ZnS (core/shell) USQDs of core diameter d ~ 2 nm in toluene, with a
specified size variation of less than 5%; the total physical diameter of the USQDs is ~ 3.2
nm when ZnS shell are also taken into account [33].

Results and Discussion

In order to interpret the TPAF data (taken with the experimental setup of Fig. 1)
accurately, it is important to characterize the USQD samples in terms of their “baseline”
linear optical and physical properties. The single photon absorption spectrum of these
USQDs is shown in Fig. 2(a), with a peak at ~ 460 nm and a full width at half maximum
(FWHM) of ~ 40 nm. Also as seen in Fig. 2(a), the linear fluorescence spectrum exhibits
a peak emission wavelength of ~ 496 nm and a FWHM of ~ 30 nm. This emission
spectrum was obtained by using either a 325 nm He-Cd laser or the second harmonic
generation of our mode-locked Ti-sapphire laser as the excitation source, and no
significant difference was noted in the emission spectra for these two excitation sources.
The peak locations of these spectra are consistent with those expected [33] from CdSe
SQDs with a core diameter of 2 nm, and the FWHMs of these spectra confirm a size



variation of less than 5% and the absence of aggregation [34] in these USQD samples. It
is useful to note that no significant changes in the spectra -- nor any other sign of
aggregation -- was noted even after these USQD samples were stored in the lab at room
temperature for over a month.

We also examined these USQD samples with a transmission electron microscope
(TEM). A typical TEM image is shown in Fig. 2(b); in this image, the darker spots
correspond to individual SQDs. Because of the lack of sufficient resolution and the low
contrast in these TEM images (typical with CdSe/ZnS SQDs), it was difficult to
accurately resolve the exact size of our SQDs. Nevertheless, it is easy to estimate an
upper limit of about 4 nm for the “particles” (darker dots) seen more predominantly in the
lower right quadrant of these TEM images, and to confirm the general lack of aggregation
of these particles. Note that the “sub-nm” type of finer grain structure seen in this TEM
image is an artifact of the imaging setup. The fact that the darker dots were not artifacts
of our TEM imaging setup, and corresponded to the anticipated quantum dots was
verified with an XRD analysis; the data from this analysis confirmed the existence of all
the anticipated elemental compounds (Cd, Se, Zn, S).
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Fig. 2. (a) Linear absorption (peak at 460 nm and FWHM of 40 nm) and
fluorescence (peak at ~ 496 nm and FWHM of 30 nm) spectra of 2 nm
CdSe/ZnS USQDs. The absorbance corresponds to a 2 mm path length
solution at a concentration of 1.4 mg/ml; (b) a typical TEM image of the
CdSe/ZnS USQDs used in this study. The darker dots that are
predominantly in the lower left hand area (below the NE to SW diagonal)
are the CdSe SQDs, whereas the finer “sub-nm” type of graininess in the
image is due to an artifact of the TEM imaging setup.

Note that the emission spectra from the ZnS shell (peak wavelength > 335 nm) and
the capping layer are both located at wavelengths far from the emission spectra of the
CdSe USQDs. Nevertheless, in order to confirm that the ZnS and capping layers provide
negligible amounts of contribution to the CdSe USQD emission spectrum of Fig. 2(a), we
studied the emission spectra from a range of CdSe/ZnS SQD samples containing dots of
varying sizes, as shown in Fig. 3 below. Any emission from the ZnS shell and capping
layers would show up as an extraneous “common” feature in each of these spectra; the



lack of any such common emission spectrum confirms the absence of any interfering
emission from the ZnS shell and the capping layers in this spectral region.
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Fig. 3. Linear fluorescence from four different CdSe/ZnS SQD colloidal
samples, corresponding to SQDs of distinct average sizes varying from 2

nm to 3.4 nm

We next used the experimental setup of Fig. 1 to measure TPAF spectra for several
distinct excitation wavelengths in the 750 nm to 950 nm range while keeping the
excitation intensity constant (~ 8 GW/cm?). Six representative spectra in the 810 nm to
860 nm range are shown in Fig. 4. The spectral shapes and the peak wavelengths of the
TPAF emission spectra were very similar to those observed with single photon excitation,
and showed a negligible change (< 5%) as a function of the excitation wavelength.
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Fig. 4. TPAF spectra for several distinct excitation wavelengths in the 810
nm - 860 nm range, using a constant excitation intensity of 8 GW/cm?.
The vertical axis corresponds to the signals obtained with the lock-in
amplifier when the PMT is located at the exit of the monochromator.

In order to verify that the observed fluorescence emission was caused by a
two-photon absorption process, we measured the dependence of the fluorescence power
on the excitation intensity (Fig. 5). This was done by removing the monochromator and
measuring the power in the entire spectrum (“area under the curve”) at the
photomultiplier, while introducing a short-pass optical filter (Schott BG 39) to block any
contributions to the PMT signal from any stray scattered light from the Ti-sapphire laser.



Log-log plots of the fluorescence power (“TPAF signal”) as a function of the excitation
intensity are shown in Fig. 5 for two representative wavelengths, 810 nm (dots) and 930
nm (triangles). The slopes of the fitting lines (dashed for 810 nm and solid for 930 nm)
are 2.0 (+/-0.15) and 1.9 (+/-0.15), confirming that the measured fluorescence emission

was caused by a TPA process.
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Fig. 5. Power in the TPA-induced fluorescence as a function of the
excitation intensity for excitation at 810 nm and 930 nm respectively. The
vertical axis corresponds to the lock-in amplifier signal when the entire
fluorescence spectrum (no monochromator) is focused on the PMT, and a
value of 12 on the horizontal axis corresponds to an intensity of ~ 8

GW/cm?.

We next measured the “integrated” (over the entire emission spectrum) optical power
in the TPAF emission as a function of the excitation wavelength while keeping the
excitation intensity at each excitation wavelength constant (at 8 GW/cm?). Fig. 6 shows
the result of such measurements for two different SQD concentrations (1.4 mg/mL and
0.4 mg/mL of CdSe). These plots depict strong resonant enhancement in the TPAF
signals at excitation wavelengths close to 780 nm; for the more concentrated sample, the
TPAF signal at 780 nm is ~ 8 times that at 850 nm and ~ 68 times that at 900 nm. Note

that when the experiment was
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Fig. 6. The wavelength dependence of the TPA-induced fluorescence
outputs for the 2 nm CdSe/ZnS USQDs at two different concentrations
(1.4 mg/mL: blue triangles; 0.4 mg/mL: red squares).

repeated with just the solvent (without any SQDs therein), there was no measurable
fluorescence, indicating that there was no “background” fluorescence attributable to the
solvent, and the measured TPAF signals are entirely due to the USQDs themselves. Note
also that although lower USQD concentrations may be preferred for some biological
studies, the higher concentration (1.4 mg/ml) is within the range of concentrations that
may be usable for several biological imaging experiments. Nevertheless, these
experiments clearly illustrate that with these USQDs for TPAF-based deep-tissue
imaging, the use of an excitation wavelength of 780 nm is optimal, with signal
enhancements as much as 68 times over those obtained at an excitation wavelength of
900 nm. Note also that most tissue of interest is highly transparent at 780 nm, and that
this wavelength is still conducive to high-resolution deep-tissue imaging.

It is interesting to note that the excitation wavelength at the TPAF peak is not exactly
twice of the peak wavelength for linear absorption: the TPAF peak is observed to occur at
about 780 nm, which is shorter than that expected based on the peak wavelength (~ 460
nm) of the linear absorption. Such a wavelength difference can be accounted for by
considering the role of different transitions and selection rules associated with single
photon absorption and TPA. It is well known that the selection rules are different for
single photon absorption and TPA in semiconductor interband transitions [35]: single
photon transitions satisfy AL = 0, £2 and AF = 0, £1 and two-photon transitions satisfy
AL = #1, £3 and AF =0, £1, £2 (where F is the total angular momentum). Although such
selection rules are not strictly followed in USQDs because of band-mixing effects, the
magnitude of the cross sections might still differ significantly, i.e., TPA transitions with
AL = +1, £3 and AF = 0, +1, £2 have much larger cross sections than those with AL = 0,

+2 and AF =0, +1 [36].
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Fig. 7. Schematic of the electronic energy levels for CdSe/ZnS quantum
dots of 2 nm diameter. (see ref [37] for details)

To identify the energy levels inside this particular USQD system (A.s = 460 nm), an
8-band Pidgeon & Brown model was employed to calculate the energy levels positions
[37]. Fig. 7 schematically shows the lowest two levels in the conduction and valence



bands. The bandgap of bulk semiconductor CdSe is 1.8 eV, with the dashed blue and the
dotted red lines indicating the bottom of the conduction band and the top of the valence
band, respectively. The two hole energy levels closest to the band edge are 1S3, (0.145
eV below the band edge) and 1P, (0.2 eV below the band edge), and the two electron
energy levels closest to the band edge are 1S. (0.727 eV above the band edge) and 1P,
(1.25 eV above the band edge), respectively. Thus the transition 1S;, = 1S, gives the
lowest single photon peak absorption energy (2.672 eV or 464 nm), which matches our
experimental data (460 nm: peak absorption wavelength for single photon excitation)
quite well, while the transition 1S3, = 1P. corresponds to a TPA photon energy (3.195
eV or 776 nm for TPA) that also matches our experimental data (780 nm wavelength of
the TPA peak) well.

One potential problem of using USQDs in biomedical imaging applications is that the
emission spectrum may be too close to or may even overlap with that of autofluorescence
in tissues. Fortunately, the TPAF signals from SQDs are much stronger than the TPA
signals from autofluorescence in tissues. The TPA cross sections of SQDs can be as high
as 47,000 GM units [4], and the TPA cross sections estimated for our USQDs are ~ 7,000
GM units based on an open aperture z-scan measurement, while the TPA cross sections
for autofluorescence in tissues are only of the order of a few GM [38].

Summary of our Studies

We have proposed the use of USQDs for various deep-tissue biological imaging
applications, notably wavelength-multiplexed multicolor imaging and intra-nuclear
studies such as those involving cell apoptosis, and have studied the issue of maximizing
TPAF signals from CdSe/ZnS USQDs to be used for this application. In particular, using
2 nm USQDs, we have shown that the TPAF signal at 780 nm is ~ 8 times that at 850 nm
and 68 times that at 900 nm, two wavelengths that have been used in previous studies
using CdSe/ZnS SQDs for deep-tissue imaging of biological studies via TPAF [4].
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