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ABSTRACT: Simultaneous imaging of multiple labels in tissues is key Imaging field-of-view Multicolor multiphoton imaging
to studying complex biological processes. Although strategies for color e ,, Chromatic
multiphoton excitation have been established, chromatic aberration gRr oot
remains a major problem when multiple excitation wavelengths are ; i
used in a scanning microscope. Chromatic aberration introduces a
spatial shift between the foci of beams of different wavelengths that
varies across the field of view, severely degrading the performance of . 2nd mteral chromatic shifts
color imaging. In this work, we propose an adaptive correction strategy 7]
that solves this problem in two-beam microscopy techniques. Axial = 2z | 2z \|
chromatic aberration is corrected by a refractive phase mask that S AR
introduces pure defocus into one beam, while lateral chromatic i AR A\
aberration is corrected by a piezoelectric mirror that dynamically —
compensates for lateral shifts during scanning. We show that this light-
efficient approach allows seamless chromatic correction over the entire field of view of different multiphoton objectives without
compromising spatial and temporal resolution and that the effective area for beam-mixing processes can be increased by more than 1
order of magnitude. We illustrate this approach with simultaneous three-color, two-photon imaging of developing zebrafish embryos
and fixed Brainbow mouse brain slices over large areas. These results establish a robust and efficient method for chromatically
corrected multiphoton imaging.
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B INTRODUCTION beams centered at wavelengths 4, and 4, to be shifted axially
and laterally during the scanning of the beams (Figure 1).'
Therefore, the ability to perform multicolor imaging without
compromising spatial and temporal resolution, field-of-view

Imaging multiple cellular and molecular agents in their natural
environment, i.e., in tissues, is essential for analyzing complex
biological processes. To this end, a wide range of labels,

sensors, and reporters based on spectrally distinct fluorescent size, and signal-to-noise ratio is hampered. Lately this problem
proteins have become available."” Multiphoton fluorescence became even worse with the development of three-photon
microscopy3’4 is now routinely used to image these markers in microscopy, expanding the range of excitation wavelengths
fields ranging from neuroscience™® to immunology7 and from 700 to 1700 nm.

developmental biology8 thanks to its ability to visualize cell In this context, chromatic aberration between two focused
morphology and dynamics in situ. The last two decades have beams centered at wavelengths 4, and 4, was initially corrected
seen considerable technological advances in imaging speed and by using a pair of lenses to adjust the axial foci of the beams
depth as well as field-of-view area,” spatial adaptive optics to relative to the imaging plane of the microscope objective.'”
preserve rlels,:)zlution in complex environments,"’ and spectral However, this introduces an amount of spherical aberration
unmixing. that increases with defocus, resulting in degraded axial

Strategies for simultaneous multiphoton excitation of
multiple chromophores have been actively explored using
either broadband laser pulses'*™" or multiple narrow-band
pulses.'®'” However, chromatic aberration remains an
important bottleneck in the development of color multiphoton
imaging with multiple excitation wavelengths. In particular, in
point-scanning microscopy, chromatic aberration can be
decomposed in two terms: axial and lateral chromatic
aberrations. These two terms are both introduced by the -
optics present in the scanning path and cause two focused

resolution.”” Pure defocusing applied to one of the two
beams using phase modulators was later proposed, for example
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Figure 1. Chromatic aberration in dual-beam laser scanning microscopy. (a) Schematic representation of the imaging field of view. Due to axial
chromatic aberration, at the center of the field of view (i) the two simulated focused beams centered at wavelengths 1, and 4, are shifted axially by
AZ, ;;. Due to axial and lateral chromatic aberration, at the edge of the field of view (ii) and (iii) the two simulated focused beams are shifted

axially by AZ, ,; and laterally by AX; ;. (b) Measured lateral chromatic shifts AR, ,; = ,/AX a/ /122 + AY), /122 between the two focused beams

across the imaging field of view. The lateral shifts increase linearly with the distance from the center of the field of view. White dashed lines
correspond to lateral shifts of 0.80 um. Microscope objective used: Zeiss W Plan-Apochromat 20X/1.0 DIC (Zeiss 20X).

in stimulated emission depletion (STED) microscopy,”’ with
the advantage of facilitating coalignment of the beams.
Nevertheless, these two methods do not correct for lateral
chromatic aberration, which limits the effective size of the field
of view in which the beams can be superimposed with a
precision comparable to the lateral resolution. Alternatively,
other studies have proposed mitigating lateral chromatic
aberration by carefully designing the scanning system of the
multiphoton microscope,”> but ultimately the microscope
objective has been shown to be the main source of chromatic
aberration.”> To solve this problem, the use of reflective
microscope objectives has been proposed, but with limited
spatial resolution and field of view”*> compared to what can
be achieved with a single excitation wavelength and a standard
low-magnification and high-numerical-aperture (high-NA)
refractive objective. In addition, several postacquisition
strategies have been developed to correct for chromatic
aberration after signal detection, such as using sequential
excitation at multiple wavelengths and a posteriori rescaling.”
In all cases, this occurs at the expense of temporal resolution.
We note that postacquisition methods are not applicable to all
the multiphoton techniques using signals generated by two
spatially overlapping beams, such as wavelength mixing,'®
coherent anti-Stokes Raman scattering (CARS),”® and sum
frequency generation (SFG).”” Finally, chromatic aberration
can be avoided by using a single wavelength to excite several
chromophores.”® However, this strategy requires some overlap
of fluorophore absorption spectra, results in ineflicient
excitation of at least one of the fluorophores, and increases
photobleaching of red-shifted fluorophores.” It also com-
promises the signal-to-noise ratio, as it is not possible to
independently balance the different fluorescence signals.
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Therefore, until now, no method has been proposed to correct
for both axial and lateral chromatic aberration without
compromising field-of-view size, spatial and temporal reso-
lution, or signal-to-noise ratio.

In contrast to previous work, here we propose a robust and
light-efficient solution to correct for axial and lateral chromatic
aberration in dual-beam multiphoton microscopy. Axial
chromatic aberration is corrected by inserting a refractive
phase mask designed to add pure defocus aberration between
the two beams, while lateral chromatic aberration is canceled
by actively changing the relative position of the two beams
during raster scanning using a 2D steering mirror synchronized
with the scanning system. We demonstrate the applicability of
this strategy in the particular case of multicolor two-photon
excitation by wavelength mixing, where two narrow-band laser
beams centered at wavelengths A, and /A, are temporally
synchronized and spatially overlapped at the focal plane of a
microscope objective, resulting in efficient two-photon (2P)
and two-color, two-photon (2c—2P) excitation at wavelengths
Ay, Ay and 2/(A4,7' + A,7'). We demonstrate that this
correction strategy enables three-color, two-photon imaging
over an extended field of view with uncompromised spatial and
temporal resolution and signal-to-noise ratio in live zebrafish
embryos and fixed Brainbow mouse brain sections.

B RESULTS AND DISCUSSION

We implemented our strategy on a dual-beam two-photon
microscope optimized for mixed-wavelength excitation”
(Figure 2a, Supporting Information (SI) section 1, Figure
S1, and Tables S1 and S2). Two synchronous pulse trains
generated by a titanium-—sapphire oscillator centered at
wavelength 4, = 850 nm and an optical parametric oscillator
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Figure 2. Chromatic aberration correction for dual-beam two-photon imaging. (a) Simplified optical setup of a two-photon point scanning
microscope incorporating a pair of galvanometric mirrors optically conjugated with the back aperture of a microscope objective by a scan lens (SL)
and tube lens (TL), a detection chain, and a module for dynamic chromatic aberration correction. The module consists of a phase mask, a piezo
mirror, and two relay lenses. A complete schematic of the system is shown in Figure S1. (b, c) Axial chromatic correction with the refractive phase
plate for two focused beams centered at wavelengths 4, = 850 nm and 4, = 1080 nm. By varying the amplitude (AZy,q) and the shape of the phase
mask etching profile, the axial position of one of the two beams (AZ; ) can be adjusted, while the axial resolution remains unchanged. (d) Dynamic

correction of lateral chromatic aberration with the piezo mirror. The motion of the piezo mirror is synchronized with that of the linear
galvanometer mirrors to compensate for the lateral chromatic shifts along the X and Y axes during the raster scanning of the two beams. (e) 2c—2P
excitation efficiency across the imaging field of view with and without lateral chromatic correction. The field of view is 625 ym X 625 um. White
dashed lines indicate the areas where the fluorescence signal varies by less than 30%. Microscope objective used: Zeiss 20X.

centered at wavelength 4, = 1080 nm are spatially and XLPLN25XWMP2 25X, NA = 1.05 and Zeiss W Plan-

temporally overlapped at the focal plane of the microscope Apochromat 20X, NA = 1.0), known to have different
equipped with two high-NA objectives (Olympus chromatic properties.”> Chromatic aberration introduced by
4106 https://doi.org/10.1021/acsphotonics.3c01104
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the scan lens, tube lens, and microscope objective are
compensated by adding the appropriate amount of relative
defocus and tip-tilt to one of the two laser beams before
recombination (Figure 2a). To assess the effect of the
correction on the point spread functions, we measured their
axial extensions (fwhm) and chromatic shifts along the X, Y,
and Z axes (AX; ,;, AY, ,;,, and AZ, ,; ), as described in SI

section 2. The axial chromatic shift between the beams is not
expected to change considerably across the field of view. In a
previous study,”’ we estimated it to vary by less than 1 ym over
a 400 pm lateral field of view for several multiphoton
objectives over the 850—1100 nm wavelength range. There-
fore, it is corrected by introducing a lithographically etched
static refractive phase mask (Carl Zeiss) designed to add pure
defocus aberration (SI section 3 and Figure S2). The phase
mask is first optically conjugated to a pair of linear
galvanometer mirrors via a pair of identical focal lens relay
lenses and then to the back aperture of the microscope
objective via the scan and tube lenses (Figure 2a). A convex
(respectively concave) refractive phase mask introduces a
positive (respectively negative) amount of defocus at the
objective back aperture, resulting in a positive (respectively
negative) axial shift (AZ, ) of the corrected beam focus after
the objective (Figures 2b and S3a). The expected axial shift is
proportional to the etch depth of the phase mask (AZy,q),
with a proportionality factor given by eq 1 when the diameter
of the mask is smaller than the diameter of the microscope
objective back aperture (SI section 3):
nsio, — 1
MaskMSC:m

nl—\/l—(D )ZNAZ
D nz
(1)

where ngo is the refractive index of SiO, at Aj, n is the

AZ = AZ Mask

Pupil

refractive index of the immersion medium at 4;, Dy, is the
back aperture diameter of the microscope objective, Dy, is
the diameter of the refractive phase mask, and Mg, is the
magnification of the scanning system composed of the scan
lens and the tube lens.

To verify the prediction of the above model, we performed
experiments with a series of masks with etch depths spanning
+2.0 in 0.25 um increments, resulting in axial shifts of +1.6 in
0.20 pm increments for the 25X Olympus objective and +2.3
in 029 um increments for the 20X Zeiss objective. The
measured defocus is in very good agreement with our
prediction, and importantly, the axial resolution is only slightly
affected by the presence of the phase mask (Figures 2c and S3b
and Table S3). The small deviations (<10%) between the
predicted and measured defocus may be due to uncertainties in
the values of the phase mask diameter, the magnification of the
scanning system, or the etch depth. Small variations in axial
resolution (<15%) (Figures 2c and S3b) are probably caused
by imperfect conjugation between the phase mask and the back
aperture of the microscope objective due to physical
constraints on the optical path. Finally, after careful selection
of the appropriate phase mask, the axial mismatch between the
two focused beams was reduced to less than 0.10 pm for both
microscope objectives with a marginal effect on axial resolution
(Tables S2 and S3). We note that the achieved correction is
better than the expected axial shift step between successive
phase masks since the etching precision varies from one mask
to another due to the manufacturing process.
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Lateral chromatic aberration induces a wavelength-depend-
ent radial shift that increases with the distance from the optical
center (Figure 1). We proposed to correct this aberration with
an active element, namely, a piezo-actuated steering mirror (S-
331.2SH, Physik Instrumente, Germany),”" installed on one of
the beams and synchronized with the main scanning
galvanometers (Figures 2a and S1). To determine the
amplitude of the angular motion to be applied to the piezo
mirror (Al and Ady,y), we derived a simple theoretical
model linking the angular displacement to the relative
chromatic shifts along the X and Y axes (AX/X; ,; and AY/

Y, ,2,) (SI section 4). We then estimated experimentally the

relative chromatic shifts using second harmonic nanocrystals,
as described in SI section 2. The shift between the 850 and
1080 nm foci reaches +1.5 um (respectively +0.6 ym) at a
location 200 ym from the center of the field of view when
using the Zeiss 20X (respectively Olympus 25X) objective
(Figures 2d and S3c), preventing efficient 2c—2P excitation
(Figures 2e and S3d). The piezo mirror was then driven with
the following amplitudes (see the derivation in SI section 4 and
Table S4):

1 AX/X, ,, X EOV, 1
Aoy = £— arcsinl My, 1/ 4 x| s Jrube
g ] FE X szubeObj fScan
(2)
1 AY/Y, ,; x EOV, f
Aoy = £— arcsinl My, /% 7| Frube
g ] FE X szubeObj fScan
(3)

where FOVy and FOVy, are the extensions of the field of view
along the X and Y axes, respectively, frypeop; is the nominal
focal length of the tube lens of the objective, My, is the
magnification of the objective, FF is the image fill fraction, and
fscan and fry. are the focal lengths of the scan and tube lenses,
respectively.

After optimization, lateral chromatic shifts are reduced to
less than 0.20 pm for both microscope objectives over their
entire nominal fields of view (707 ym X 707 um for the Zeiss
20X and 510 ym X 510 ym for the Olympus 25X), while the
axial shifts remain unaffected (Figure S4). In turn, this adaptive
correction is the key to efficient 2c—2P excitation over the
entire field of view. In the case of the Zeiss 20X, which is
particularly chromatic, our technique provides a 5-fold increase
in the radius of the effective field of view (i.e, a 25-fold
increase in surface area) for 2c—2P excitation in a
homogeneous fluorescent sample (Figures 2e and S3d). After
correction, the 2c—2P excitation profile decreases by less than
30% at the edge of the field of view for both objectives. This
residual loss is mainly due to the vignetting of the excitation
beams in the scanning path and the fluorescence signal in the
detection path (Figure SS). We confirmed the efficiency of our
approach for bioimaging by acquiring 2c—2P images of a green
fluorescent protein (GFP)-labeled live zebrafish embryo and
fixed yellow fluorescent protein (YFP)-labeled mouse brain
(Figure S6) and obtained the same benefit: while the 2c—2P
signal drops by about 30% 60 pm away from the center of the
field of view in the absence of correction, it is efficiently
obtained over the entire field of view with the adaptive
correction.
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Figure 3. Multicolor two-photon imaging of a live zebrafish embryo with dynamic chromatic correction. (a) Zebrafish embryos labeled with
mCerulean, EGFP, and mCherry are mounted in an imaging chamber filled with 0.20% agarose and embryo medium for imaging. (b) Two-photon
excitation spectra of the corresponding three fluorescent proteins and two-photon excitation wavelengths used for imaging (4, = 850 nm, 4, = 1080
nm, and 4; = 950 nm). (¢, d) Maximal intensity projections computed from a 3D z-stack acquired over a field of view of 740 ym X 740 ym and a
depth of 200 um (c) without and (d) with lateral chromatic correction. (e) Series of ROIs extracted from 4D z-stacks acquired over the same
volume with a time delay of 3 min. Red and blue arrows indicate cells undergoing division. Microscope objective used: Zeiss 20X.

Our approach can be directly extended to achieve chromati-
cally corrected color multiphoton imaging over large fields of
view. As recalled earlier, mixing two narrow-band pulses allows
simultaneous two-photon excitation of multiple spectrally
distinct fluorophores through degenerate (one-color) and
nondegenerate (two-color) processes. Our chromatic correc-
tion implementation does not compromise acquisition speed
and operates seamlessly with bidirectional line scanning rates
of at least 400 Hz. As a first application of our approach, we
acquired trichromatic 3D+T images of developing zebrafish
embryos labeled with three different fluorescent proteins.
Embryos at S hpf expressed mCerulean and mCherry in the
nuclei of two cell subpopulations and GFP in all cell
membranes (Figure 3a,b and SI section 6). Simultaneous
imaging of the distribution of the three fluorescent proteins
over the entire diameter of the embryo is possible only with
chromatic aberration correction (Figure 3c,d and Supplemen-
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tary Video S1). In turn, the presence of the wavelength mixing
signal confirms that the three channels are registered with
submicrometer precision over the entire field of view. The
acquisition of 3D z-stacks with a time step of 3 or 4 min allows
us to track the cells and to detect divisions in the two color-
tagged subpopulations while imaging cell shapes with the GFP
signal (Figure 3e and Supplementary Video S2).

Tile-based mapping over large areas of multicolor-labeled
tissue is another application that can directly benefit from the
extended field of view and signal homogeneity provided by our
approach. Figures 4 and S7 show such tiled acquisitions in
brain sections of a Brainbow transgenic mouse expressing the
three fluorescent proteins mTurquoise2, mEYFP, and
tdTomato in neural cells in a stochastic and mutually exclusive
manner (SI section 7). Adaptive chromatic correction restores
signal homogeneity across the entire field of view of the
objective, which removes illumination artifacts during mosaic
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(a)mTurquoiseZ mEYFP tdTomato
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No correction

Correction

Figure 4. Multicolor two-photon mosaic imaging in the cerebellum of a Brainbow transgenic mouse with dynamic chromatic correction. (a) Two-
photon absorption spectra of the fluorescent proteins expressed by the Brainbow transgene (mTurquoise2, mEYFP, and tdTomato) and two-
photon excitation wavelengths used for imaging (1, = 850 nm, 4, = 1080 nm, and 4; = 950 nm). (b, c) Individual tiles acquired on an area of 625
um X 625 ym (b) without and (c) with lateral chromatic correction. (d, e) S X 5 mosaics of tiles acquired from a mouse brain cerebellum slice (d)
without and (e) with lateral chromatic correction, corresponding to a scanned area of 2925 ym X 2950 ym. White dashed lines indicate tile

borders. Microscope objective used: Zeiss 20X.

acquisitions and results in an overall gain in signal-to-noise
ratio. It also enables relaxation of the constraints on the choice
of the microscope objective and thus the selection of the most
appropriate objective for the application. Currently, the range
of commercially available microscope objectives compatible
with multiphoton microscopy that present a large field of view
and high numerical aperture is very limited. These objectives
exhibit either pronounced field curvature (Figure S4) or a
Consequently,
our approach should allow us to reduce acquisition times and
facilitate data reconstruction for mosaic acquisitions. For
example, when using 625 ym X 625 ym fields of view (Figure
4), the number of images required to cover a given area can be
divided by about 4 compared to a reference study using 300
um X 360 um fields of view,’® with the added benefit of

. .23
pronounced amount of chromatic aberration.

removing field curvature. These advantages should be
particularly useful in the context of slide scanners and serial
tomography,”® where thousands of fields of view are acquired
and stitched together.

B CONCLUSION

Chromatic aberration is present in most microscope objectives
and scanning systems and has been an unsolved problem in the
development of broadband multiphoton imaging. In this work,
we demonstrate an effective and generic approach for adaptive
chromatic correction in dual-beam multiphoton microscopy.
We believe that this method should directly benefit all
situations in which two focused beams centered at different
wavelengths are used in multiphoton microscopy, as for
example in the following cases: two-photon or three-photon
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imaging at two colors, combined two-photon and three-photon
imaging, photomanipulation and imaging at different wave-
lengths, and multicolor two-photon imaging by wavelength
mixing. Although demonstrated in the case of two beams, the
approach described here could be generalized to more than
two beams. However, it is particularly interesting in the case of
excitation by wavelength mixing, since by correction of only
two excitation wavelengths, all excitation processes resulting
from wavelength mixing are intrinsically corrected. Impor-
tantly, the strategy described here does not compromise field-
of-view size, spatial and temporal resolution, and excitation and
detection efficiency. It is also straightforward to use and
implement, as it is directly compatible with a standard
multiphoton microscope, requires the introduction of only
four optical elements in the scanning path (resulting in a light
efficiency on the order of 85%), and operates seamlessly during
data recording after a single calibration procedure. More
generally, the work described here should be of interest for
other dual-beam microscopy techniques that are based on the
spatial overlap between two focused beams, such as STED,”
CARS, pump—probe,** or SEG techniques.
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