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Abstract

Multicolor fluorescence microscopy is an essential tool to visualize structures and dynamics in the
life and materials sciences. However, the near-simultaneous acquisition of labels differing in excitation
spectrum is difficult and renders such measurements prone to artifacts. We present a simple strategy to
provide quasi-simultaneous fluorescence imaging with multiple excitation wavelengths, by using an optical
element to displace the sample image on the sensor at a rate that is much faster than the image acquisition
rate and synchronizing this with the illumination. The emission elicited by the different wavelengths can
then be encoded into the point-spread function of the imaging or visualized as multiple distinct images.
In doing so, our approach can eliminate or mitigate artifacts caused by temporal aliasing in conventional
sequential imaging. We demonstrate the use of our system to uncover hidden emissive states in single
quantum dots and for the imaging of Ca2+ signalling in neurons.

Key words: Fluorescence microscopy, multicolor imaging, point-spread function engineering, single-
molecule spectroscopy, biosensor imaging

Multicolor fluorescence microscopy is a workhorse technique in the life and materials sciences because
it allows multiple processes to be visualized and monitored within the same sample. To prevent distortions
and artifacts, the different color channels must be acquired in a timespan that is short compared to the
dynamics of the sample. In many cases sequential (‘one by one’) acquisitions of the different channels is the
gold standard, though this can readily lead to temporal aliasing artifacts and distortions when the sample
dynamics occur on faster time scales.

Such artifacts can be avoided by acquiring the different color channels simultaneously. This is easy to
do when the channels differ in emission spectrum and can therefore be straightforwardly split using dichroic
mirrors and optical filters. In sufficiently sparse (containing a low number of emitters) samples, the infor-
mation on the emission color may also be obtained in other ways, such as the direct analysis of the shape of
the point-spread function (PSF)1, possibly enhanced by PSF engineering2–5, or the introduction of a disper-
sive optical element such as a prism6,7 or diffraction grating8–10. Overall, the simultaneous acquisitions of
multiple emission bands works well because the full required information (the wavelength of the emission
light) is contained within the emitted photons themselves.

Far fewer solutions exist when the fluorescence is to be distinguished based on differences in the exci-
tation spectra of the emitters. This need is encountered in a variety of situations, such as the use of excitation-
ratiometric biosensors11,12, (single-molecule) FRET13,14, single-molecule localization microscopy15, or when
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studying the spectroscopy of complex photochemical systems such as quantum dots16. The (near-) simulta-
neous multiplexing based on excitation wavelength is a much more difficult challenge because an emission
photon does not ‘know’ the excitation wavelength that caused it to be emitted. As a result, sequential ac-
quisitions remain the gold standard for excitation multiplexing, and temporal aliasing issues can readily
arise except in select cases where the information content is limited. A number of alternative strategies
have been explored, such as the encoding the excitation wavelength in the temporal modulation of the light
sources15,17,18 or stroboscopic illumination19, though these all induce temporal delays and reduce the mea-
surement bandwidth if the sample is to be monitored continuously.

In this work, we develop near-simultaneous excitation multiplexing by synchronizing the illumination
with rapid displacements of the sample image on a camera sensor. We can take advantage of fast and in-
expensive optical elements such as resonant scanners or micro-mirror devices that easily provide scanning
frequenties of tens of kHz, as well as the microsecond or faster modulation allowed by even inexpensive light
sources. This concept shares similarity with recently-published work20, though it enables the encoding of
this information into the point-spread function (PSF) of the imaging, thus preserving the full field-of-view
of the measurement in sufficiently sparse samples. We explore some of the possibilities enabled by this de-
vice by imaging fast dynamic processes occurring in single quantum dots as well as a biosensor reporting
calcium dynamics in hippocampal neurons.

Optical design

The overall design of our system is shown in figure 1a. The key feature of this design is the introduction
of a resonant scanner into the emission beampath, which induces fast and periodic image displacements on
the camera sensor. Such scanners are broadband mirrors that continuously and reliably oscillate at a fixed
frequency up to tens of kHz depending on their construction, and that are furthermore available at modest
expense. To complete the optical pipeline, we also introduced two additional lenses: a lens that collimates the
light focused by the microscope tube lens, and a second lens that focuses the scanned light onto the camera.

Activating the resonant scanner results in the formation of a ‘smeared-out’ image under continuous illu-
mination (figure 1b), caused by the fluorescence image being rapidly shifted over the detector by the motion
of the resonant scanner. This ‘smearing’ effect occurs because the scanning frequency is much faster than the
camera acquisition rate, which is usually in the tens of milliseconds or longer regime. We reasoned that this
effect could be avoided by synchronizing the illumination with the motion of the scanner, illuminating with
one illumination wavelength when the mirror is close to one of its turnaround points, and with a second illu-
mination wavelength when the mirror is close to the other turnaround point (figure 1c). The net result is that
a single emitter appears as two different spots in the image, where each spots provides the emission excited
by one of the wavelengths. The distance between the spots is governed by the scan amplitude (figure 1d)
and their shape is determined by the duty cycle of the illumination (figure 1e and supplementary note S2),
defined here as the percentage of the time that at least one of the light sources is active. If the illumination
duration can be made sufficiently short by using high-intensity light sources, more excitation wavelengths
can furthermore be introduced at additional points of the scanning cycle. The relative brightness of the spots
is determined by the relative light intensities and the efficiency with which the emitter can be excited by the
different wavelengths. Our device thus provides an estimate of the excitation efficiencies for every emitter
within the sample.

The crucial advantage of this device is the fast operation enabled by the resonant scanner, encoding
very fast spectral information while retaining the full-field of view. Using a scanner operating at 16 kHz,
for example, the time to switch between excitation wavelengths is only 31 μs, which is orders of magnitude
faster than conventional sequential acquisitions, and also independent of the rate at which images are acquired
since the signals are simply integrated by the camera. While the device does not increase the overall image
acquisition speed, and hence in principle does not allow more frequency content to be acquired, it does
strongly mitigate the possibility of aliasing artifacts since both excitation wavelengths are probed very rapidly
and over the full duration of the acquisition, as we show using simulated data in figure 1f. In this figure and
what follows, we denote the emission excited by irradiating using a wavelength _ as ‘emission_’. As this
figure shows, fast dynamics in the excitation efficiencies of a sample readily lead to distortions in sequential
imaging, which can be efficiently suppressed using our approach.
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Figure 1: Concept. (a) Optical layout of the design including two relay lenses (L1 and L2) and the resonant scanner (RS) that displaces
the image on the camera at 1 kHz. (b) Image of fluorescent beads (0.1 μm Tetraspeck beads) with and without oscillating motion of
the scanner and 100% illumination duty cycle (continuous illumination). (c) Schematic illustration showing the synchronization of the
illumination with the scanner motion. (d) Image of a single fluorescent bead showing the response of the system for different scanning
amplitudes. (e) Image of a single fluorescent bead showing the response of the system for different duty cycles of the illumination. (f)
Simulated data showing the (near-) elimination of aliasing artifacts using the Resonator. The blue line shows simulated ground-truth
data resembling the fast response of an excitation-ratiometric biosensor. The green trace shows the ideal but experimentally infeasible
responses for true simultaneous measurements using a finite camera exposure time. The magenta and red traces show the expected
responses for sequential imaging and the use of our Resonator with a resonant scanner running at 1 kHz. Higher frequencies of the
resonant scanning render the signal indistinguishable from the true simultaneous (green) trace.
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Figure 2: Probing the excitation spectra of single quantum dots. (a) Example image obtained on QDot585 emitters, where the inset
shows different combinations of the illumination wavelengths. (b) Same as panel (a) but for QDot655. (c) Fluorescence intensities
observed at the different excitation wavelengths normalized to the intensity observed with 405 nm excitation (= = 293 quantum dots
from 14 fields of view). The colored line shows part of the excitation spectrum provided by the quantum dot supplier. (d) Same as panel
(c) but for QDot655 (= = 231 quantum dots from 14 fields of view).

Alias-free imaging of single quantum dots

We explored the usefulness of our device via the imaging of single CdSe/ZnS core-shell type quantum dots.
This type of emitters has attracted great interest on account of their high brightness, high photostability,
and narrow emission spectra16. However, they are also well-known for their complex excited-state dynam-
ics, including pervasive fluorescence dynamics that occur over a broad range of timescales21. We imaged
immobilized quantum dots with emission spectra centered at 655 nm (QDot655) and 585 nm (QDot585)
using our device (figure 2a-b), ensuring that the illumination intensities of the lasers were identical such
that the ratio of the observed emission spots should reflect the excitation efficiencies of the quantum dots at
the used excitation wavelengths. The resulting per-lobe intensities aligned with the bulk excitation spectra
(figure 2a-b), showing that our Resonator indeed encodes the excitation efficiencies of the fluorophores.

We next turned our attention to monitoring the fluctuations in the emission of individual quantum dots.
We again immobilized QDot655 emitters on a cover glass and measured their emission over 5000 fluores-
cence images with a 50 ms exposure time (total duration approximately four minutes), using excitation light
at 488 and 638 nm. A single image from such a dataset is shown in figure 3a.

Figure 3b shows a kymograph from an intensity timetrace measured on a single quantum dot, showing
the fluorescence intensities observed for each of the excitation wavelengths. Figure 3c shows the same data
in a conventional graph. As expected, the traces show pronounced intermittencies on fast timescales. To
compare these ‘Resonator’-based acquisitions with conventional sequential acquisitions, we generated a
derived dataset that mirrors conventional sequential acquisitions. We did this by including the fluorescence
observed from only one of the excitation wavelengths in each image, alternating between the excitation
wavelengths in consecutive frames. In other words, we consider only the intensity of the first PSF lobe in
image 8 and only the intensity of the second lobe in image 8+1, repeating this procedure for the full duration
of the acquisition. The resulting intensity timetrace is shown in figure 3d. Comparison of the Resonator-
based and sequential timetraces show that the sequential acquisitions lead to clear aliasing artifacts, evident
in mismatches between the 488 nm and 638 nm excitation intensity traces. Selected instances of this are
highlighted using the green markers in figure 3d.
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Figure 3: The Resonator suppresses aliasing artifacts in blinking quantum dots. (a) Example fluorescence image showing single
QDot655 emitters. (b) Kymograph excerpt of the quantum dot highlighted with the inset in panel (a). (c) Intensity time traces of
the quantum dot from panel (a). (d) Time traces calculated from those in panel (c) to approximate the effects of classical sequential
acquisitions without the Resonator. The green triangles highlight events where artifacts due to temporal aliasing can be observed,
though more artifacts can be seen. (e) 2D histogram of the fluorescence intensities observed in each image for the Resonator data in
panel (c). (f) 2D histogram of the fluorescence intensities observed in each image for the calculated sequential acquisition data in panel
(d).

5



The temporal aliasing seen in sequential acquisitions can suggest the presence of molecular states that
do not in fact exist. To illustrate this, we plotted the fluorescence intensity observed upon 638 nm excitation
against that observed upon 488 nm excitation, using both the native Resonator data and the sequential-like
dataset described above (figure 3e and f). The sequential data shows a main fluorescent population but also
shows broadly scattered intensities suggesting the presence of molecular states with shifted excitation spec-
tra that absorb one of the excitation wavelengths more strongly. However, the Resonator data shows that the
intensities of the two lobes are highly correlated, indicating that the data can be adequately explained as
blinking involving a single fluorescent state with a constant excitation spectrum. These observations read-
ily demonstrate the value of our device for the distortion-free measurement of fast processes occurring in
systems such as optically active nanoparticles.

Simultaneous excitation and emission spectroscopy of quantum dots

We next sought to incorporate both excitation and emission information into the measurement. To do so, we
placed a 630 nm long pass dichroic mirror in close proximity to the resonant scanning mirror, as shown in
figure 4a. This configuration creates a PSF with 3 spots, where the relative intensities of the spots depend on
both the emission and excitation spectra of the emitter: fluorescence photons with emission above 630 nm are
transmitted by the dichroic mirror, creating two emission spots as previously described, while photons with
a wavelength below 630 nm are reflected by the dichroic mirror and create a third emission spot regardless
of the excitation wavelength that gave rise to this emission. Both emission bands are further separated by the
presence of optical filters that block the 638 nm laser illumination.

Figure 4b shows an example fluorescence image and expansions acquired on QDot665 emitters, showing
a high spectral diversity in the emission of the individual quantum dots. This diversity was evident also in
the individual quantum dot timetraces, an example kymograph of which is shown in figure 4c. In addition to
undergoing transitions in excitation and emission spectra, the quantum dots were also observed to undergo
a blueshift upon irradiation, which has been widely described as ‘spectral blueing’. This effect has been
attributed to a decrease in quantum dot size due to photo-oxidation22–24 with a rate that depends on the
excitation wavelength25.

Figure 4d analyzes the spectral diversity in more detail by showing the relative intensities of the 488 and
648 nm-excited fluorescence emitted above 630 nm for this particular quantum dot. Most of the data points
appear to lie on a single line, suggesting the presence of dynamics involving a fluorescent state with constant
excitation efficiences for both excitation wavelengths. Figure 4e, in contrast, approximates what would be
observed using a classical sequential acquisition, revealing a more scattered distribution of the intensities
that is much less straightforward to interpret. The intensity of the third PSF lobe provides information on
the emission spectrum of the quantum dot, confirming a gradual blueing of the emission towards shorter
wavelengths (figure 4f).

Closer inspection of figure 4d shows the presence of several data points that do not align with the overall
trend, indicated with green markers on the graph. These points highlight the presence of a third state char-
acterized by a higher efficiency for 488 nm excitation compared to 648 nm excitation. While these points
can also be observed in the sequential data, they are obscured by the scattering induced by the temporal
aliasing (figure 4e). Figure 4f additionally reveals that this third state has an emission spectrum in between
the two detected wavelength bands. However, this data does not easily reveal whether additional points may
also have arisen from this state but are intermingled with observations made on other states. To enhance
the discriminatory power of this analysis, we visualized information from all three PSF lobes at once by
graphing the fraction of the emission that the Resonator lobes contribute to the total detected quantum dot
fluorescence in each image (figure 4g). In this figure, three different states can be clearly discerned, with
state 1 the initial state, state 2 the state obtained upon emission blueing, and state 3 the intermediate state
that is transiently formed in the measurement. This finding highlights the additional information enabled by
our device.

Ratiometric Ca2+ sensing in firing neurons

The previous experiments used small scanning angles of the resonant mirror in order to encode the excitation
information into the PSF, which allowed the full field-of-view of the single camera to be retained. Our device
can also be used in a more classical image splitting arrangement by increasing the amplitude of the resonant
scanner movement combined with the introduction of a field stop (figure 5a). The responses to the different
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Figure 4: Combined single quantum dot excitation and emission spectroscopy. (a) Schematic illustration of the three-lobe optical
setup. (b) Example image of quantum dots (QD655) on a cover glass, with 4 insets showing varying intensity distributions indicating
spectral differences. (c) Kymogram showing spectral dynamics in a single QDot655 emitter. A limited set of intervals of interest has
been selected. (d) Temporally colour-coded scatter plot of the intensities observed in the excitation lobes emitting above 630 nm. The
green markers in this and following panels are discussed in the main text. Small negative values in these and the following panels arise
from the use of background subtraction in the presence of measurement noise. (e) Calculated sequential acquisition data approximating
what would be observed for the data in panel (d) without the Resonator. (f) Temporally color-coded scatter plot distribution of the
emission intensities above and below 630 nm. (g) Temporally color-coded scatter plot of showing the fractional contribution of the
indicated emission to the total emission (sum of the three lobe intensities) observed in each image. To enhance the visual clarity, only
images in which the total emissionwas over a threshold were included in this visualization, as is discussed in more detail in the materials
and methods section.
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Figure 5: Ratiometric calcium imaging in firing hippocampal neurons. (a) Schematic illustration of the optical layout. (b) Average
image calculated from all 1560 fluorescence images acquired on two neurons, showing the two excitation channels. The color lookup
table is different for the 405 and 488 nm image so that both channels are similarly observable. The color lookup table in this image was
clipped due to the large differences in brightness between the cell body and dendrite structures. A log-color version of this image can be
found as supplementary figure S1. (c) Integrated intensities observed for the upper cell from panel (b) as the ratio of the intensities. (d)
Calculation of the excitation ratios for different temporal binning values. (e) Same as panel (e) but for calculated sequential acquisitions.

excitation wavelengths then appear as distinct regions on the camera sensor, essentially mirroring the use
of a conventional image splitter for emission multiplexing, though we here deliver excitation multiplexing.
One area where such a system finds obvious use is in the imaging of biosensors, fluorophores for which the
emission is conditional on a well-defined aspect of their environment26. Within the large biosensor family,
ratiometric biosensors encode this information as a change in the ratio of two excitation and/or emission
wavelength regions. We chose to focus on the ratiometric Ca2+ biosensor FuraRed12,which encodes the local
calcium concentration into the ratio of the fluorescence intensities excited at 405 nm and 488 nm. The fast
dynamics of neuronal signaling have given rise to multiple strategies to deliver faster excitation-ratiometric
measurements (e.g.27).

We applied the Resonator to the imaging of Ca2+ dynamics in firing mouse hippocampal neurons, where
the different excitation channels are imaged onto distinct regions of the image sensor (figure 5b). The action
potentials are clearly visible from the intensity traces observed at each excitation wavelength as well as the
ratio between them (figure 5c). We again compared our Resonator-based acquisition with a derived dataset
showing what would be observed using sequential acquisitions, additionally varying the temporal resolution
by binning adjacent images together. The calcium responses in these measurements were slow enough that
comparatively little temporal aliasing arose even in sequential measurements because no spontaneous high-
frequency firing is present in sparse cultures at room temperature. However, in more complex neuronal
networks where neuronal firing frequencies can rise to several tens up to 100 Hz, in which case sequential
imaging may well cause aliasing artifacts. Comparison of the Resonator-based and sequential measurements
for binned data (figure 5d and e) clearly demonstrates that our device can indeed eliminate aliasing artifacts
also under these conditions, showing that this strategy can also be applied to samples that are too dense to
support PSF-encoding of the information or where such encoding is undesirable.

In conclusion, we have presented a strategy for near-simultaneous excitation multiplexing based on syn-
chronizing the excitation light with fast displacements of the sample image on a camera sensor, in a format
that can be combined both with image splitting and as a form of PSF engineering. We achieve this by intro-
ducing a rapidly oscillating mirror into the emission beam path, such that each fluorophore can be observed
as two distinct emission spots corresponding to each of the excitation wavelengths. and in a way that al-
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lows the scanning amplitude to be easily changed. Small amplitudes enable the use of the device for PSF
engineering, while larger amplitudes and the introduction of a field stop allows more conventional image
splitter-like operation. Further excitation wavelengths could be introduced by synchronizing their illumina-
tion with different ranges of the scanner motion. The resulting information can be used to provide (nearly)
aliasing-free multicolor imaging based on difference in excitation spectra.

This crucial advantage arises because common resonant scanners readily provide scanning frequencies
up to 16 kHz or faster, allowing the different excitation wavelengths to be probed within just a few tens of
microseconds using comparatively inexpensive equipment. Compared to the per-image sequential acquisi-
tion usually used for excitation multiplexing, our method allows much faster sampling and eliminates (much
of) the aliasing artifacts that otherwise lead to distortions in the measurement, as we demonstrated in this
study using the imaging of quantum dots and hippocampal neurons. While this implementation has made
use of a resonant scanner, our approach could also be combined with alternative fast scanning mirrors such
as MEMS-based devices.

Our approach is complementary with the work detailed in Ref.20, which permits a higher duty cycle of
the illumination and hence higher sensitivity by introducing focusing lenses to avoid the PSF-broadening
encountered here. A consequence of this is that the fluorescence emitted by the different excitation wave-
lengths must be focused onto different parts of the detector. As a result, the field-of-view must be reduced
or alternatively retained via the introduction and alignment of multiple detectors, which is typically diffi-
cult to do for high-resolution imaging. However, this approach does bring the advantage that any possible
background emission excited by the different illumination wavelengths does not impinge on the same image
area. The strategy detailed here retains essentially the full field-of-view of just a single detector, yields lower
sensitivity due to the reduced illumination time and higher sensitivity to background, but is far simpler to
implement in practice.

This approach can also be combined with other functionalities to achieve additional information content.
One example is the introduction of an additional, stationary, dichroic mirror that results in a three-lobe PSF,
as we have demonstrated here. The approach could also be combined with conventional dichroic-mirror
based image splitters, simultaneously delivering information on both the excitation and emission spectra,
or with other PSF-engineering modalities such as the introduction of astigmatism or more complex phase
manipulations to encode I-positions or emission spectra of the fluorophores.

In conclusion, we have developed a measurement strategy and matching optical device that deliver near-
simultaneous excitation multiplexing in any situation where fast processes must be monitored by observing
the fluorescence emitted in response to different excitation wavelengths. By providing (nearly) alias-free
multiplexing based on excitation wavelength, our device readily expands the available strategies for multi-
spectral fluorescence imaging and spectroscopy.
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