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ABSTRACT

We have overcome the traditional incompatibility of Raman microscopy with fluorescence microscopy by exploiting the optical properties of
semiconductor fluorescent quantum dots (QDs). Here we present a hybrid Raman fluorescence spectral imaging approach for single-cell
microscopy applications. We show that resonant Raman imaging of flavocytochrome b558 at 413.1 nm excitation in QD-labeled neutrophilic
granulocytes or nonresonant Raman imaging of proteins and lipids at 647.1 nm excitation in QD-labeled macrophages can be integrated with
linear one-photon excitation and nonlinear continuous-wave two-photon excitation fluorescence microscopy of QDs, respectively. The enhanced
information content of these two hybrid Raman fluorescence methods provides new multiplexing possibilities for single-cell optical microscopy
and intracellular chemical analysis.

Cell and tissue optical microscopies based on label-free
vibrational spectroscopy (e.g., infrared,1-2 spontaneous
Raman,3-4 and nonlinear coherent anti-Stokes Raman
scattering5-6 (CARS) microscopy) have become versatile
complementary imaging techniques to fluorescence micros-
copy because vibrational spectra obtained from small intra-
cellular volumes or tissues display a wealth of molecularly
specific information that is usually only obtainable in
fluorescence microscopy by labeling the molecules of interest
with fluorophores, which may not always be feasible and
can introduce perturbations to cell functions. Recent ex-
amples of single-cell nonresonant Raman microscopy include
the visualization of (i) DNA/RNA, proteins, and lipids in
apoptotic HeLa cells,7 (ii) heme aggregation and denaturation
in erythrocytes,8 (iii) lipid bodies in neutrophilic granulo-
cytes,9 and (iv) stress-induced changes in lung fibroblasts.10

We have also employed resonant Raman imaging to selec-
tively visualize changes in the activation and distribution of
flavocytochromeb558, the catalytic subunit of the NADPH
oxidase enzyme that is critical in the innate immune
response,11 in neutrophilic granulocytes stimulated with
soluble or particulate activators.12-13

Despite the success of imaging techniques based on
vibrational spectroscopy, fluorescence of the sample under
investigation has been a drawback of linear spontaneous and
resonant Raman spectroscopy. Because the Raman scattering

cross-section of cellular constituents is usually orders of
magnitude lower than the product of absorption cross-section
and quantum yield of common fluorophores, Raman mi-
croscopy has traditionally been regarded as incompatible with
fluorescence microscopy on fluorophore-labeled or auto-
fluorescent samples. In principle, CARS microscopy is less
sensitive to linear intrinsic fluorescence but suffers from a
nonresonant background and a low spectral resolution. These
drawbacks might severely hamper the identification of subtle
changes in the chemical composition of cells, and alleviating
them is therefore a topic of considerable recent interest.5,6,14-19

Although spontaneous Raman microscopy is a relatively slow
imaging technique compared to CARS microscopy, it
compensates for this disadvantage by the broad bandwidth
response. Moreover, the high spectral resolution in spontane-
ous Raman spectroscopy is not limited by the pulsed nature
of the light source, as in CARS. Our aim here is to take full
advantage of the richness displayed by vibrational spectra
of biological samples by combining rapid fluorescence
microscopy of QD-labeled cells with linear resonant or
nonresonant Raman microscopy of the same cells. We have
previously demonstrated20 that nonresonant Raman imaging
is compatible with continuous-wave two-photon excitation
(cw-TPE) fluorescence microscopy of the organic fluoro-
phore Hoechst 33342, which is targeted to the cell nucleus.
A large spectral separation is obtained in this case because* Corresponding author. E-mail: h.w.j.vanmanen@tnw.utwente.nl.
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the fluorescence emission occurs at the anti-Stokes side of
the laser excitation wavelength, whereas the spontaneous
Raman scattering is detected on the Stokes side. TPE
fluorescence microscopy can also be combined with CARS
microscopy.21-23

We anticipated that spectral separation of Raman scattering
and one-photon-excitation (OPE) fluorescence emission, both
on the Stokes side of the excitation wavelength, might be
possible using fluorophores with a very large Stokes shift.
Semiconductor quantum dot (QD) nanocrystals, which are
under intense investigation because of their excellent fluo-
rescence properties in, e.g., in vitro live-cell microscopy and
in vivo imaging of whole organisms,24-27 display such a
required Stokes shift. Moreover, they possess a large
absorption cross-section and a narrow emission bandwidth
(∼20-40 nm, fwhm) compared to conventional, small-
molecule fluorophores. Here, we show that resonant Raman
spectroscopy and imaging on single cells can be combined
with OPE fluorescence microscopy by incubation of cells
with nanosized quantum dots. Moreover, we demonstrate that
cw-TPE microscopy on QD-labeled cells is fully compatible

with single-cell nonresonant Raman microscopy, similar to
our previously reported results.20 A clear advantage of using
QDs is that they can be targeted to selective organelles or
proteins in a cell by conjugating them to ligands, antibodies,
or peptide localization sequences and performing well-
established cellular labeling protocols.24-28 The QD fluores-
cence emission may then be correlated to the Raman
scattering signal from endogenous biomolecules, providing
information that is difficult or impossible to obtain using
either method alone. Another versatile hybrid microscopy
strategy involving QDs is combined electron microscopy
(EM) and fluorescence microscopy on cell and tissue
sections.29,30 However, in contrast to the combined Raman/
fluorescence strategy reported here, combined EM/fluores-
cence cannot be performed on living cells.

Our two spectral strategies for combining single-cell
confocal Raman and fluorescence microscopy on a single
optical setup are schematically outlined in Figure 1. At 413.1
nm excitation, the resonant Raman (RR) signal from cells
at 420-445 nm (∼400-1750 cm-1) is combined with one-
photon-excitation (OPE) fluorescence emission of QDs (Qdot

Figure 1. Schematic representation (A,B) and experimental results (C-H) of hybrid Raman-fluorescence microscopy experiments on
QD-coated microspheres. (A) RR/OPE strategy using 413.1 nm excitation (dashed vertical line “1”). Spectral windows for detection of RR
and OPE fluorescence signals are shown in blue and red, respectively. Absorption (“2”) and emission (“3”) spectra of Qdot 605 QDs are
shown. (B) NR/TPE strategy using 647.1 nm excitation (dashed vertical line “1”). Spectral windows for detection of NR and TPE fluorescence
signals are shown in red and green, respectively. Absorption (“2”) and emission (“3”) spectra of Qdot 585 QDs are shown. (C,D) Raman
(C) and OPE fluorescence (D) images of Qdot 605-coated polystyrene microspheres. (E,F) TPE fluorescence (E) and nonresonant Raman
(F) images of Qdot 585-coated polystyrene microspheres. Image acquisition details for images C-F are provided in the text. (G,H) Intensity
line profiles through the designated microspheres shown in C-F. Line colors correspond to the spectral window colors shown in A,B.
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605 streptavidin conjugate31) detected at 590-650 nm, as
shown in Figure 1A. In this strategy termed RR/OPE, both
the RR signal and the QD fluorescence are detected on the
Stokes side of the excitation.

Alternatively, the strategy termed NR/TPE shown in
Figure 1B combines the two-photon excitation fluorescence
emission of QDs (Qdot 585 streptavidin conjugate31) at the
anti-Stokes side of the 647.1 nm excitation with the Stokes
nonresonant Raman (NR) signal from cells at 660-730 nm
(∼300-1800 cm-1, fingerprint region) or 770-870 nm
(∼2500-4000 cm-1, high-frequency region). Hybrid con-
focal Raman and fluorescence microscopy experiments were
performed as reported before20 by point-scanning the excita-
tion beam over the sample and placing a foldable mirror in
the optical detection path to switch between Raman spec-
troscopy, using a spectrograph-CCD camera combination,
and fluorescence detection, using an avalanche photodiode
(APD) point detector (see Supporting Information Figure S2).

As a model system to test the feasibility of the RR/OPE
and NR/TPE strategies for combining Raman and fluores-
cence microscopy experiments, we used nonfluorescent
biotinylated polystyrene (PS) microspheres (diameter 2.2µm)
that were uniformly coated (see Supporting Information) with
streptavidin-conjugated Qdots 605 (RR/OPE) or Qdots 585
(NR/TPE). The results of representative hybrid confocal
fluorescence and Raman microscopy experiments on these
microspheres are shown in Figure 1C-F. The RR/OPE
experiment was performed by first recording a fluorescence
image (Figure 1D) using 5µW of 413.1 nm excitation power,
128× 128 pixels and an accumulation time of 0.25 ms per
pixel (total imaging time 4.1 s). Subsequently, a Raman
image (Figure 1C, reconstructed in the strong 1000 cm-1

Raman band of polystyrene) with 1 mW excitation power,
32 × 32 pixels, and 1 s accumulation time per pixel was
recorded (total exposure time 17 min). Comparison between
the fluorescence and the Raman image shows that the
microspheres appear slightly larger in the fluorescence image
due to diffraction effects of the QD rim around the PS
microspheres, adding approximately 0.5µm to the micro-
sphere diameter. This is clearly reflected by the intensity
line profiles through a microsphere, as plotted in Figure 1G.
Fluorescence intensity maxima can be seen at the steep edges
of the microsphere, which exemplify the lateral resolution
of the imaging system (red line in Figure 1G). Because of
the 2.8µm axial resolution (fwhm) of our confocal setup at
this wavelength, calculated using a Gaussian beam ap-
proximation,32 these maxima are not very pronounced.
Nevertheless, the absence of edge maxima in the Raman
intensity profile (blue line in Figure 1G) demonstrates that
no spectral overlap occurs between the polystyrene Raman
signal and the fluorescence emission of QDs. The NR/TPE
experiment was performed by recording a TPE fluorescence
image (Figure 1E) using 100 mW of cw 647.1 nm excitation
power, a 577.5-632.5 nm bandpass emission filter, 128×
128 pixels, and an accumulation time of 1 ms per pixel (total
imaging time 16.4 s), followed by a Raman image (Figure
1F, reconstructed in the strong 1000 cm-1 Raman band of
polystyrene) with 100 mW excitation power, 32× 32 pixels

and 0.5 s accumulation time per pixel (total exposure time
8.5 min). The TPE fluorescence intensity profile (Figure 1H,
green line) shows more pronounced edge maxima than the
OPE intensity profile (Figure 1G, red line), which implies a
better axial resolution in the TPE than in the OPE fluores-
cence experiment, as expected for nonlinear excitation. The
“slow” intensity increase in the Raman line profiles in parts
G and H of Figure 1 reflects the shape of the microspheres
convoluted with the point-spread function of the imaging
system because the 2.2µm diameter PS beads are spheres
on the scale of the diffraction limit at 413.1 and 647.1 nm
excitation.

For combined RR/OPE experiments on QD-labeled cells,
we used neutrophilic granulocytes. We have performed
extensive RR spectroscopy and microscopy experiments to
characterize and visualize flavocytochromeb558 that is
abundantly present in these cells..12,13,33-36 Flavocytochrome
b558 converts oxygen to superoxide (O2

-) upon activation of
neutrophils, which is subsequently converted to an array of
reactive oxygen species that is used by these leukocytes to
destroy phagocytosed microorganisms.11 We first established
that, under the conditions used for RR imaging on neutro-
phils, the contribution of the QD fluorescence signal to the
Raman spectral window (∼400-1750 cm-1, 420-445 nm)
is very low. Exposure of a 100 nM Qdot 605 solution in
PBS to 1 mW of 413.1 nm excitation led to a rather constant
increase of 1-2 counts (average 1.4) per channel in the 400-
1750 cm-1 region on the CCD chip (1 s accumulation time).
For comparison, we typically measure∼45 counts (maxi-
mum pixel intensity, not integrated intensity) under the same
conditions for the strongest RR band of intracellular flavo-
cytochromeb558. Thus, the OPE fluorescence emission of
QDs measured under RR conditions leads to a slight increase
in background in the 400-1750 cm-1 region. This does not
prevent in any way the acquisition and identification of the
RR signals of flavocytochromeb558 from neutrophilic
granulocytes (vide infra).

We next incubated neutrophils for 30 min with 20 nM
streptavidin-conjugated Qdots 605, fixed the cells, and
performed combined OPE fluorescence and RR microscopy
experiments (in that order). The images shown in Figure 2

Figure 2. Combined RR/OPE microscopy on Qdot 605-labeled
neutrophils at 413.1 nm excitation. (A) RR spectral image
constructed from the 1360-cm-1 band of reduced flavocytochrome
b558. (B) OPE fluorescence image of QDs detected at 590-650
nm. Excitation powers and pixel acquisition times were 1 mW/1 s
and 50µW/0.25 ms for the RR and OPE fluorescence experiment,
respectively. The Raman and fluorescence intensities in A and B
scale from 0 to 370 and from 0 to 300 counts, respectively. Scale
bar, 3µm.
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reveal a rather homogeneous distribution of both flavocy-
tochromeb558 (Figure 2A) and the QDs (Figure 2B) in the
imaged neutrophil.

The RR image was constructed in the 1360 cm-1 band of
reduced37 flavocytochromeb558 (a typical RR spectrum from
a QD-labeled neutrophil is shown in Figure 3).

We found that OPE fluorescence microscopy on neutro-
phils using QDs can also be combined with live-cell RR
microspectroscopy. After fluorescence imaging of living
neutrophils incubated with QDs, we recorded average RR
spectra from the same cells by fast scanning over them for
10 s while acquiring the RR signal (Figure 3). The resulting
RR spectra are very similar to previously reported RR spectra
from live unlabeled neutrophils,33-36 which demonstrates that
labeling neutrophils with QDs does not affect RR spectra
recorded from these cells. This versatile combination there-
fore allows one to quickly scan a cell by fluorescence
microscopy (revealing intracellular QDs targeted to specific
sites, for example) and subsequently zoom in on regions of
interest and perform intracellular chemical analysis by RR
microspectroscopy.

Although QDs are widely considered as very stable
fluorophores, we noticed that they are prone to photobleach-
ing at high-power 413.1 nm excitation. After RR imaging
experiments on neutrophils, performed at 1 mW excitation
power (corresponding to 1.3 MW/cm2), the QD fluorescence
of the imaged cells had disappeared. We therefore employed
fluorescence microscopy before RR microscopy. In contrast,
fluorescence microscopy in combination with RR microspec-
troscopy (by fast scanning over the cell) did not lead to
photobleaching because fluorescence images (recorded at 5
µW excitation power) before and after the acquisition of a
RR spectrum (at 1 mW) were very similar. This suggests
that the illumination dose rather than the excitation power
poses limits on the time that QDs are fluorescent. Bleaching
of single QDs in air at 468 nm excitation (20 kW/cm2), as
reported by Van Sark et al.,38 has been ascribed to photo-
induced oxidation, as suggested by the observation of a faster
fading of luminescence in air compared to nitrogen.

Before combined NR/TPE experiments on QD-labeled
cells were undertaken, we investigated the possibility for

detecting single QDs using cw-TPE fluorescence because it
is of interest to establish a detection limit for QDs in cellular
applications of combined NR/TPE microscopy (vide infra).
Reports on cw-TPE fluorescence microscopy of biological
specimens have so far focused on chromosomes and cells
containing high local concentrations of DNA-labeling dyes
such as DAPI and Hoechst 33342.39-41 However, a low-
temperature (1.2 K) cw-TPE fluorescence microscopy study
at 810 nm excitation demonstrated the detection of single
CdS nanocrystallites in a poly(vinyl alcohol) (PVA) matrix.42

We spin-coated a 0.25 nM solution of streptavidin-conjugated
Qdots 585 in 2% PVA onto a glass cover slip and performed
cw-TPE fluorescence microscopy at room temperature. The
images in parts A and B of Figure 4 reveal spots of∼400
nm diameter, which is in agreement with the 1/e2 beam waist
diameter calculated from a Gaussian beam approximation
(349 nm).20 Parts C and D of Figure 4 show fluorescence
intensity time traces from the spots marked with asterisks
in parts A and B of Figure 4, respectively. Discrete on/off
fluorescence blinking is a characteristic property of single
QDs,43-46 although it has recently been reported that a
continuous emission state distribution model is more ap-
propriate in describing the observed fluorescence dynamics
of single QDs.47 Nevertheless, the observed intermittency

Figure 3. Average RR spectrum from a live QD-labeled neutrophil.
Strong marker bands for flavocytochromeb558 are indicated.
Excitation power 1 mW, accumulation time 10 s.

Figure 4. (A,B) cw-TPE fluorescence images of streptavidin-
conjugated Qdots 585 in a PVA matrix spin-coated onto a glass
cover slip. Excitation 647.1 nm (170 mW), detection at 577.5-
632.5 nm. Image A: 128× 128 pixels, 1 ms/pixel. Image B: 128
× 128 pixels, 2.5 ms/pixel. (C,D) Fluorescence intensity time traces
(25 ms bin) recorded at the spots marked with asterisks in A and
B, respectively. Scale bars in A and B represent 1µm.
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in the traces shown in Figure 4C and D confirms that
individual QDs can be detected using cw-TPE fluorescence
microscopy under ambient conditions.

We next combined nonresonant Raman imaging of pro-
teins and lipids with cw-TPE fluorescence microscopy on
QD-labeled murine RAW 264.7 macrophages. Macrophages
were incubated for 2 h with 20 nM streptavidin-conjugated
Qdots 585, fixed with paraformaldehyde, and imaged by cw-
TPE fluorescence and NR microscopy experiments (in that
order). In contrast to our previous studies showing that NR
imaging can be performed at a 647.1 nm excitation dose of
100 mJ per image pixel without affecting the Raman spectra
or cell morphology,7,9 we found that the use of such high
doses on QD-labeled macrophages led to the disruption of
cell integrity, as judged from transmitted light microscopy,
and to a∼10-30 fold increase in the background of Raman
spectra from certain cellular locations, thereby overwhelming
the Raman signal in these regions. We speculate that, at too-
high excitation doses of 647.1 nm laser light, localized
heating occurs due to the excessive absorption of energy by
QDs. This might lead to photothermal cell ablation, a process
that also occurs in near-infrared-illuminated cells incubated
with gold nanoshells48,49 or gold nanorods50 and is used
intentionally with these nanoparticles to destroy tumor cells.
We could avoid ablation, which is undesired during imaging,
by using excitation doses of 25 mJ and 6.25µJ per image
pixel for NR and cw-TPE fluorescence microscopy, respec-
tively. NR images were constructed by integrating the Raman
signal in the 2800-3050 cm-1 high-frequency region, which
has strong contributions from aliphatic C-H stretching
vibrational modes that are mostly present in proteins and
lipids. Figure 5A shows a nonresonant Raman image of the
protein and lipid distribution in a QD-labeled macrophage.

The average NR spectrum from the cell, which contains
bands at∼2850 (symmetric CH2 stretch),∼2890 (asym-
metric CH2 stretch), and 2935 cm-1 (CH stretch), is shown
in Figure 5C. The corresponding TPE fluorescence image
of the same cell, shown in Figure 5B, reveals that the QDs
are mostly present in intracellular vesicles. The accumulation
of QDs in vesicles was observed in all recorded TPE
fluorescence images of QD-labeled macrophages and is
caused by nonspecific internalization via endo-, pino-, and/
or phagocytosis mechanisms, as amply described in the
literature.51-54 Occasionally, a vesicular staining pattern was
also observed in OPE fluorescence images of QD-labeled
neutrophils, in contrast to the diffuse QD distribution shown
in Figure 2B. Similar to the RR/OPE strategy, we found no
cross-talk between the nonresonant Raman signal from
macrophages and the fluorescence emission from QDs. This
indicates that the NR and cw-TPE fluorescence signals are
spectrally well-separated, as schematically depicted in Fig-
ure 1B.

In conclusion, we have exploited the optical properties of
nanosized QDs to develop two new strategies for combining
confocal Raman microscopy with confocal fluorescence
microscopy on QD-labeled biological cells. First, we have
shown that resonant Raman microspectroscopy and imaging
of flavocytochromeb558 in neutrophilic granulocytes at 413.1

nm excitation is fully compatible with linear fluorescence
microscopy of intracellular QDs. Second, the continuous-
wave two-photon-excited fluorescence of QDs in macro-
phages does not interfere with the nonresonant Raman signals
of proteins and lipids from these cells. As these hybrid
Raman fluorescence strategies should be applicable to any
cell type that is amenable to labeling with QDs and should
also be suitable for other excitation wavelengths that can be
used to excite QDs (e.g., the commonly used 488 or 514
nm lines from Ar+ gas lasers), we envision that hybrid
Raman fluorescence microscopy will offer new prospects for
integrating QD imaging on cells with spatially resolved,
detailed intracellular chemical analysis by broadband Raman
microspectroscopy.
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Figure 5. Combined NR/TPE microscopy on Qdot 585-labeled
macrophages at 647.1 nm excitation. (A) NR spectral image
constructed from the high-frequency region (2800-3050 cm-1) of
proteins and lipids. (B) TPE fluorescence image of QDs detected
at 577.5-632.5 nm. Excitation powers and pixel acquisition times
were 25 mW/1 s and 25 mW/0.25 ms for the NR and TPE
fluorescence experiments, respectively. (C) Difference NR spectrum
obtained by subtracting the buffer spectrum from the average NR
spectrum of the cell shown in A. The major contribution to the
indicated spectral region (gray box) is from aliphatic C-H
stretching vibrational modes. The Raman and fluorescence intensi-
ties in A and B scale from 0 to 5000 and from 0 to 50 counts,
respectively. Scale bars in A and B represent 3µm.
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