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Abstract

Stimulated Raman Scattering (SRS) is a

fast chemical imaging technique with

remarkable bioscience applications. Cross

Phase Modulation (XPM) is a ubiquitous

nonlinear phenomenon that can create

spurious background signals that render

difficult a high-contrast imaging in SRS

measurements. The XPM-induced signal is

usually suppressed using high numerical aperture (NA) microscope objectives

or condensers to collect the transmitted excitation beam. However, these high

NA optics feature short working distances, hence they are not compatible with

stage-top incubators, that are necessary to perform live-cell time-lapse experi-

ments in controlled environments. Here, we show a 3D printed high NA com-

pact catadioptric lens that fits inside stage-top incubators and allows the

collection of XPM-free SRS signals. The lens delivers SRS images and spectra

with a quality comparable to a signal collection with a high-NA microscope

objective. We also demonstrate the compatibility of the 3D printed lens with

other nonlinear microscopies usually associated with SRS in multimodal

microscopes.
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1 | INTRODUCTION

Stimulated Raman Scattering (SRS) microscopy is a label-
free chemical imaging technique with compelling appli-
cations in biology and medicine [1], including single-cell
metabolism [2–5], neuroscience [6], and tissue histology
[7, 8]. Thanks to their intrinsic optical sectioning capabil-
ity, SRS microscopes can map the three-dimensional dis-
tribution of chemical bonds within a sample, with a

sensitivity that allows video-rate imaging of biological
specimens [9]. SRS occurs when molecular vibrations are
coherently driven by two laser beams at different wave-
lengths, overlapped in space and time, and whose differ-
ence in optical frequencies corresponds to vibrational
modes of the molecules. In such event, the driven coher-
ent molecular vibration mediates a transfer of energy
between the two beams, for which the shorter-wave-
length beam (pump beam) experiences a loss of intensity
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(Stimulated Raman Loss), while the longer-wavelength
beam (stokes beam) experiences an increase of intensity
(Stimulated Raman Gain, SRG). The relative change of
the intensity due to the SRS effect is very small (ΔI/
I � 10−4 � 10−6), hence SRS setups implement a detec-
tion scheme based on high-frequency modulation trans-
fer to overcome the relatively high laser noise at low
frequencies [10]. In such a detection scheme, one of the
two beams is amplitude-modulated and a lock-in ampli-
fier or a tuned amplifier that [11] retrieves the relative
laser intensity modulation induced on the other beam.
This detection configuration enables a suitable signal-to-
noise ratio in SRS measurements but can lead to the
detection of spurious signals if the electronic and optical
setups are not correctly implemented.

In particular, the cross-phase modulation (XPM) is a
nonlinear transient scattering effect that can introduce
artifacts in SRS measurements [12, 13]. XPM has a non-
resonant electronic origin; therefore, it does not provide
any chemical information. The XPM effect occurs when
two intense beams interact—as in the SRS scheme—and
transiently change the refractive index of the material
due to its ubiquitous third-order nonlinear optical suscep-
tibility. The instantaneous and intensity-profile-depen-
dent modulation of the refractive index, seen by one
beam as a result of the other beam, induces a transient
change of the angular divergence of the two beams after
passing through the sample. In a SRS setup, this variation
of the beam divergence has the same temporal pattern as
the amplitude-modulated beam. When the optical detec-
tion path does not collect the full numerical aperture
(NA) of the beam to be measured, the XPM-related beam
divergence variation translates into a beam power varia-
tion at the photodetector. This optical power fluctuation
is detected by the lock-in amplifier and is indistinguish-
able from the real Raman signal from the sample, becom-
ing a spurious background contribution to the measured
signal. Moreover, this background contribution added by
XPM depends on the local nonlinear properties of the
sample, so it varies point by point and cannot be easily
subtracted in SRS images. For this reason, most SRS
setups reported in the literature use collection optics hav-
ing a higher NA than the excitation optics to suppress the
background signal caused by XPM [14].

SRS microscopy is a powerful technique to perform
label-free imaging of live cells, which requires to main-
tain suitable culture conditions with the use of an incuba-
tor [15]. In particular, stage-top incubators are the
solution of choice when performing live-cell time-lapse
experiments with fast-changing environmental parame-
ters (temperature, humidity, oxygen level, and so on)
thanks to the small volume of their chamber. Moreover,
stage-top incubators avoid the exposure of critical parts

of the equipment (e.g., electronics) to high-humidity
environments. Conversely, cage incubators enclose the
entire microscope and have higher inertia in controlling
environmental parameters. Typically, the closed chamber
of a stage-top incubator has a few centimeters height and
a transparent window to allow a transmission path for
the light. However, high NA objectives or condenser
lenses—needed in collection to avoid XPM-related back-
ground in SRS microscopy—usually have a millimeter or
lower working distance, therefore they are incompatible
with stage-top incubators in inverted microscopes. A
solution for high NA collection with stage-top incubators
has been used by Lu et al [15] for an upright microscope.
They have customized a top-stage incubator by using a
flexible plastic top cover that allows fitting the excitation
high NA objective inside the incubator chamber. While a
similar solution could be potentially used with an
inverted microscope, the needed customization is not
generally possible for all stage-top incubators. Addition-
ally, this solution makes it difficult or impossible to navi-
gate across the sample by moving the microscope stage.
The reduction of the XPM signal in SRS microscopy can
also be achieved with special detection schemes based
on polarization modulation [13], frequency modulation
[12, 16] or SRG and Opposite Loss Detection (SRGOLD)
[17, 18]. However, these solutions require a substantial
modification to the optical setup or custom components.

Here, we present a high NA 3D printed condenser
thin-lens that fits inside a stage-top incubator and effi-
ciently directs an otherwise highly divergent beam to a
photodetector. This lens has a catadioptric design, that is,
it is made by both refractive and reflective optical ele-
ments to achieve a high NA. The refractive elements are
in the center of the lens and collect the low-divergence
part of the beam, while the reflective elements are in the
outer part of the lens and collect the high-divergence part
of the beam. By using this lens, we could measure XPM-
free SRS spectra from cells in a stage-top incubator. Our
results also imply that our 3D printed lens can replace a
bulky and expensive high-NA microscope objective for
forward signal collection in point-scanning microscopies.

2 | METHODS

2.1 | Design of the catadioptric lens

In point-scanning laser-based microscopes, such as SRS,
a laser beam is focused and scanned across the sample,
and the signal is detected, point-by-point, with a single
bucket photodetector. The images are then digitally
reconstructed pixel by pixel. In such configuration, the
main purpose of detection optics is to collimate a
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divergent beam and to direct it to the photodetector.
Hence, the collection optics does not require imaging
capabilities. Therefore, we designed the catadioptric lens
using ray tracing calculations, in the context of
nonimaging optics [19], where the aim is the maximum
transfer of optical power between the source and the
detector. Moreover, as our main application is the imag-
ing of biological samples in aqueous solutions, the lens
was designed to work in water immersion. The design of
the lens is sketched in Figure 2A and, in its working prin-
ciple, is similar to the one of lighthouse Fresnel lenses
[20] in which an isotropic light source (i.e., a torch) was
collimated to signal the presence of land to ships far
away. The complete structure of the designed lens incor-
porated a 170 μm thick glass slab, corresponding to a
standard microscope coverslip #1,5 (Figure 1A), used as
the substrate for the lens fabrication. The NA was set to
1.2, while the working distance was chosen to be
1.35 mm, equal to the measured depth of the well in a
glass bottom petri dish (NuncTM Glass Bottom Dishes,
Thermo Scientific) (Figure 1D). In this way, after the
petri dish well is filled with an aqueous solution, such as
cell culture medium, and the lens placed on top, capillary
forces fix the position of the lens, and the well depth
defines the working distance. With these values for the
working distance and desired NA parameters, the mini-
mum diameter of the collimating catadioptric lens is
about 6 mm.

The refractive part of the lens had a Fresnel-lens
design—corresponding to a segmented spherical lens—
and collimated the innermost, low NA part of the
beam, up to 0.74 NA (in water immersion). The design
of the reflective part of the lens, showed in cross
section in Figure 1A, was composed of many slanted
parallelograms that redirected the rays upward by one
total internal reflection. The inclination angle of these
parallelograms varied with the radial position and was
calculated with a script based on geometrical optics.
Remarkably, the working distance of the designed lens
can be adjusted by a simple isotropic scaling of its pro-
file. The height for both the refractive and reflective
elements of the lens was less than 100 μm which, com-
bined with the thickness of the coverslip (170 μm),
resulted in a 270 μm thick lens that could fit inside nar-
row spaces, such as a Petri dish.

We designed the catadioptric lens using the 1.35 mm
nominal height for the well of the glass bottom petri dish
as a reference parameter. While this value is pretty close
to the real height of the well, its unavoidable fluctuations
in manufactured petri dishes can make critical the exact
axial positioning of the lens. Indeed, due to the short
focal distance of the catadioptric lens, the beam diver-
gence after the lens is very sensitive to its distance from

the laser focusing position. Therefore, in practical condi-
tions, the fluctuations in the well height can make the
beam to be no longer ideally collimated but instead sig-
nificantly diverging, and becoming larger than the diam-
eter of the final lens (f2 in Figure 1C), which focuses the
beam on the photodetector. Additionally, to ensure the
capability to image even thick samples—which can be in
the order of 200 μm —a possible shift of the distance of
the beam focusing plane with respect to the catadioptric
lens should be accounted for. For this reason, in the final
design of the whole collection optics system, we included
a convex lens (f = 30 mm) positioned just above the glass
lid of the stage-top incubator (Figure 1C). This lens com-
pensated the above described effects on the variation of
beam divergence after the catadioptric lens, so that the
collection of optical power on the photodetector
remained unaffected under normal experimental
conditions.

2.2 | Fabrication

We fabricated the designed catadioptric lens with a high-
resolution additive manufacturing approach. This
approach is needed as the reflective section of the catadi-
optric lens (Figure 1A) features microscopic slanted cuts
that have to be reproduced with high accuracy in order
to create the total internal reflection surfaces. Such small
and slanted cuts would be challenging to reproduce with
other traditional fabrication methods. The refractive
section of the lens is also composed by microscopic fea-
tures that require a high-precision fabrication method to
generate surfaces with good optical quality. We used
high-resolution 3D printing based on two-photon lithog-
raphy [21] that has established itself as a groundbreaking
solution for the fabrication of polymeric micro-optical
elements, with many recent successful examples [22–25].
The high-precision 3D fabrication provided by this
method uniquely meets the demands set by the micro-
scopic features of the refractive and the reflective sections
of the catadioptric lens. We used a commercial two-pho-
ton lithography system (Nanoscribe Photonic Profes-
sional, Nanoscribe GmbH) with their proprietary
photoresist IP-S (Nanoscribe GmbH, Germany) in Dip-in
configuration [22]. The IP-S photoresist provides smooth
surfaces and fast fabrication of relatively large volumes,
so it is indicated for the manufacturing of micro-optics.
We used a shell-and-scaffold fabrication approach to
minimize the printing time of the lens, without
compromising on the surface smoothness by using a
300 nm slicing fabrication parameter. The fabrication
was followed by a postdevelopment UV curing to poly-
merize the bulk of the structure. With this optimized
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strategy, the fabrication time of a 1.2 NA lens (Figure 2)
was about 4 hours. The fabrication of the lens was done
by dividing the total 6 mm diameter area in smaller hex-
agonal zones with a long diagonal of about 500 μm,
corresponding to the maximum area that can be fast-
printed based on galvanometer scanners. The entire lens
was then realized by the sequential printing of each indi-
vidual zone, allowed by the mechanical positioning stage
of the printing machine. This large-area fabrication strat-
egy leads to “stitching” defects [26] that are generated by
the stage backlash error and are visible as a hexagonal
pattern in the Scanning Electron Microscopy (SEM)
image of Figure 2.

2.3 | SRS setup

We characterized the 3D printed lenses on a home-build
SRS microscope that is described by Laptenok et al
[4]. The setup is sketched in Figure 1B. The laser source
is a commercial Optical Parametric Oscillator pumped by
a femtosecond fiber-laser featuring two 80 MHz tempo-
rally synchronized outputs (Chameleon Discovery,
Coherent Inc.). One output has a fixed wavelength
(1040 nm, 2.5 W average power), and acts as the stokes
beam, while the second output is tunable between 680
and 1300 nm and acts as the pump beam. In the wave-
length range used during the experiments (780–950 nm),

FIGURE 1 3D printed catadioptric thin lens design. A, Geometrical optics simulation of the 3D printed lens design. The low numerical

aperture (NA) (NA < 0.74) part of the beam is collimated by refractive elements, while the high-NA (0.75 < NA < 1.2) part of the beam is

collimated by reflective elements. B, Optical setup of the SRS microscope used to study the performance of the 3D printed lens. C, Detail on

the collection path of the setup. f1: f = 30 mm lens; f2: f = 70 mm lens; D, Detail on the mounting configuration of the 3D printed lens on a

glass bottom petri dish
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the laser delivers an average power > 1.8 W. The stokes
beam is amplitude-modulated at 5 MHz with an Acusto
Optic Modulator and spectrally narrowed down to a
1 nm bandwidth. The pump beam wavelength is scanned
and spectrally filtered using a high-resolution Acousto-
optic tunable filter. The two beams are combined and
directed into an inverted microscope (Nikon Eclipse Ti-
E) where they are focused on the sample with a high-NA
microscope objective (CFI Plan Apo λ 40× 0.95 NA,
Nikon or CFI Plan Apo IR 60× WI 1.27 NA, Nikon). A
couple of galvanometric mirrors allow to scan the beam
over the sample, and images are digitally reconstructed
from the signal measured by a single point photodiode.
This SRS setup can also be used in multimodal configura-
tion to measure Coherent Anti-Stokes Raman Scattering

(CARS), Second Harmonic Generation (SHG), and Two-
Photon Fluorescence (TPF) signals.

2.4 | Cell culture and imaging

Human hepatocellular carcinoma cells (HepG2, Ameri-
can Type Culture Collection, HB-8065) were cultured in
a glass bottom petri dish at 37∘C in a humidified incuba-
tor with 5% CO2 supply. The Gibco (Thermo Fisher Sci-
entific) media and reagents were used for cell culture
maintenance: Dulbecco's Modified Eagle Medium sup-
plemented with 10% fetal bovine serum, 1% penicillin
streptomycin and 1% L-Glutamine. Cells were then fixed
with 4% paraformaldehyde and the culture medium was
replaced with phosphate-buffered saline solution before
imaging.

For SRS imaging, the glass bottom petri dish with the
3D printed lens was inserted inside a stage-top incubator
(H101-NIKON-TI-S-ER, Okolab, Italy), whose chamber
height allows a minimum condenser working distance
of 27 mm.

3 | RESULTS AND DISCUSSION

3.1 | Rejection of XPM-related
background with the catadioptric lens

We tested the 3D printed catadioptric lens by observing
the XPM-related background signal in SRS measure-
ments. In particular, we compared the 3D printed lens
with other two collection optics, namely a high-NA
microscope objective (CFI Apo LWD 40x WI λS 1.15 NA,
Nikon) and a 1-inch diameter f = 30 mm lens (0.4 NA,
AC254-030-AB, Thorlabs), in combination with a 0.95
NA microscope objective (CFI Plan Apo Lambda 40XC,
Nikon) for the focusing of the beams. The high NA objec-
tive used in collection acted as a benchmark for the rejec-
tion of XPM-related signal; however, it is not compatible
with a stage-top incubator due to its short working dis-
tance, therefore we used it by removing the lid of the
incubator chamber. The convex lens was the available
optics with the shortest focal length, and highest NA
compatible with the 27 mm height of the used stage-top
incubator chamber to perform SRS measurements. Fig-
ure 3 shows the SRS spectra of the UV-cured NOA63
photopolymer (Norland Products, Inc) in the region
between 2650 and 3150 cm−1. The main Raman peak for
this material in the CH-stretch region is at about 2930
cm−1. The spectral region between 2650 and 2750 cm−1 is
instead a silent region of the vibrational spectrum, there-
fore any signal measured here is a nonresonant

FIGURE 2 Images of the 3D printed lens (top). Optical image

of the lens 3D printed on a glass substrate (microscope coverslip

#1,5) (bottom). SEM image of the central part of the lens, showing

the central Fresnel-lens-like refractive part and the outer

reflective part
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background signal, in this case dominated by the XPM-
related effect. The 3D printed lens clearly showed a rejec-
tion of the background signal compared to the convex
lens, and the rejection was as good as the one provided
by the high-NA microscope objective, demonstrating the
validity of our approach.

We also evaluated the rejection of the XPM-related
background when using our 3D printed lens in combina-
tion with a higher NA microscope objective for beam
focusing (CFI Plan Apo IR 60x WI 1.27 NA, Nikon). This
objective provides better focusing condition to the beams,
enhancing the SRS signal and the spatial resolution. As
reported in Figure 3, the catadioptric lens outperformed
again the f = 30 mm lens, being able to reject most of the
background signal, almost to the level of a full-NA collec-
tion case (0.95 NA excitation and 1.15 NA collection).

3.2 | SRS imaging with the
catadioptric lens

To demonstrate the suitability of the catadioptric lens
for SRS chemical imaging, we collected SRS images
with different collection optics and compared them.

First, to assess possible distortions or uneven XPM-
rejection across SRS images, we collected SRS images
of a polymeric test grid, created on the coverslip of a
glass bottom petri dish, which was filled with water.
The test grid was printed with the same high-resolu-
tion 3D printer and IP-S photopolymer used to fabri-
cate the catadioptric lens. The images in the top row of
Figure 4 were collected at a nonresonant wavenumber
(2550 cm−1) for both the photopolymer and water, and
showed that with high NA collection optics, such as
the microscope objective and the 3D printed lens, the
XPM background did not appear. On the other hand,
with low NA collection optics (0.4 NA f = 30 mm lens),
a strong background was detected both on and outside
of the grid lines, due to XPM in water and in the IP-S
photopolymer, respectively. The images in the middle
row of Figure 4 were instead collected at a resonant
wavenumber for the IP-S photopolymer (2950 cm−1),
and showed that the 3D printed lens is well suited for
SRS imaging while suppressing XPM-related signal.
Indeed, the quality of the SRS image collected through
the 3D printed lens was comparable to the one col-
lected using the commercial high NA objective, show-
ing a defined grid with consistently low background
across the field of view (FOV) of the used excitation
objective. Conversely, the image obtained with the 0.4
NA lens at the resonant wavenumber showed a high
background between the grid lines, clearly related to
XPM. Figure 4C shows SRS images of a HepG2 cancer
cell collected at a resonant wavenumber for lipids
(2850 cm−1). The round spots with high signal in these
images represent lipid droplets inside the cell
[27]. Again, the SRS image collected with the 3D
printed lens was very similar to the one collected with
the high NA objective, while the SRS image obtained
with the 0.4 NA lens presented several artifacts and
distortions. In particular, the nucleus and the cyto-
plasm of the cell are visible even though they have no
significant resonant components at 2850 cm−1 and the
lipid droplets have a nonuniform signal distribution,
whose origin is not fully understood, but possibly due
to the interplay between XPM and Raman
contributions.

3.3 | Lateral positioning of the
catadioptric lens

Following its optical design, the 3D printed lens was
placed on top of the water-filled well at the center of a
glass bottom petri dish (Figure 1D). The petri dish was
then mounted with a proper holder inside the stage-top
incubator. This positioning of the lens is convenient as

FIGURE 3 Stimulated Raman Scattering (SRS) spectra with

different combinations of excitation and collection optics. SRS

spectra in the CH-stretch region for the UV-cured NOA63

photopolymer with different combinations of excitation and

collection optics. Continuous and dashed lines correspond to

excitation with a microscope objective having 0.95 numerical

aperture (NA) and 1.27 NA, respectively. The three different

collection optics is: a f = 30 mm 0.4 NA lens (blue lines), a 1.15 NA

microscope objective (black line), and the 3D printed catadioptric

lens (red lines). The highlighted spectral range is a silent region for

the vibrational spectrum of the material
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it does not require any external mount that would be
particularly challenging to fit inside the incubator. At
the same time, because of this positioning, the catadi-
optric lens is in joint with the petri dish and loses its
alignment with respect to the excitation microscope
objective when the microscope stage is translated. If
the excitation objective is not perfectly aligned with the
optical axis of the 3D printed lens, the collimated out-
put beam is deflected and partially scattered by the
edges of the printed microstructures, therefore no lon-
ger efficiently relayed to the photodetector. This effec-
tively reduces the area of the sample where the full NA
of the excitation beam is collected, leading to a
decreased capability in rejecting the XPM-related back-
ground in SRS measurements. For this reason, a man-
ual lateral realignment of the catadioptric lens is
needed if the sample is laterally translated with the
microscope stage. To understand how critical is this

realignment step for the user, we characterized the
effect of a lateral offset of the catadioptric lens optical
axis. Figure 5 shows the SRS spectra of a 15 μm thick
uniform layer of the UV-cured NOA63 photopolymer
in the region between 2650 and 3150 cm−1, as mea-
sured by varying the lateral offset between the axis of
the catadioptric lens and the axis of the excitation
microscope objective. The data show that the XPM-
related signal in the silent spectral region remained
low for radial offsets up to 1 mm, meaning that the
manual positioning of the lens has a ± 1 mm tolerance,
so it is not critical for the user. Of note, this positioning
tolerance hints for a large collection FOV for the cata-
dioptric lens, exceeding the FOV granted by the used
laser scanning configuration and excitation microscope
objectives. This observation is confirmed by the even
performances across the FOV allowed by the excitation
objective shown in Figure 4B.

FIGURE 4 Stimulated Raman Scattering (SRS) imaging with different collection optics. A, SRS images of a IP-S 3D printed grid at a

nonresonant wavenumber (2550 cm−1). A strong Cross Phase Modulation (XPM)-related background is visible with the 0.4 NA lens, while it

is suppressed with the 3D printed lens and the high NA microscope objective. B, SRS images of the same grid as above at 2950 cm−1

wavenumber, where the photopolymer Raman spectrum has a peak. C, SRS images of a HepG2 cancer cell at 2850 cm−1, highlighting lipid

droplets in the cell. The suppression of XPM-artifacts with 3D printed lens is comparable to the high-NA microscope objective. Excitation

was done with the 1.27 NA microscope objective
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3.4 | Collection efficiency of
catadioptric lens

We then tested the collection efficiency for the 3D printed
catadioptric lens. Table 1 shows the comparison of the col-
lection efficiencies for the three different optics, obtained
by measuring the transmitted optical power at the photo-
detector position. The 3D printed lens increases the collec-
tion of the signal by a factor of 3.5 with respect to the
configuration with the 0.4 NA lens, and reaches almost
80% of what obtained with the 1.15 NA microscope
objective.

We note that, while the suppression of the XPM back-
ground indicates that the 3D printed lens effectively col-
lects the full NA of the excitation beam, it presents some
additional transmission losses with respect to the high
NA microscope objective. The losses are mainly due to
the intrinsic absorption of the polymerized IP-S material
in the near infrared region [28], and to scattering and
back-reflection from the many interfaces and small fea-
tures of the lens. Of note, the fabrication of large area
structures with two-photon lithography is affected by the
“stitching” problem (see Methods section 2), which is
quite evident in the sparse discontinuities in the SEM
image in Figure 2. These discontinuities might contribute
to additional losses.

3.5 | Use of the 3D printed lens with
multimodal microscopes

Finally, we tested the potential of the designed catadioptric
lens to increase the collection efficiency in other nonlinear
microscopy methods with a transmission detection path.
This is relevant because SRS microscopes can be easily
upgraded to become “multimodal,” implementing also
nonlinear methods like CARS, SHG, Third Harmonic
Generation (THG), and TPF microscopies [29]. In general,
these microscopy methods use high-NA objectives to focus
the excitation beam to a small focal volume, obtaining a
high local intensity, which enhances the non-linear effects.
The large beam divergence induced by high NA objectives
poses again a problem if a collection path is needed in for-
ward direction with stage-top incubators. The interest for
having a forward detection path can be motivated by the
following: in CARS microscopy the signal is mainly
directed in the forward direction except for objects smaller
than about 50 nm [30]; in SHG microscopy, the ratio of
the forward to backward signal gives information on the
small-scale morphology of samples [31]; in TPF micros-
copy, the availability of a forward detection path could
allow for another set of dichroic filters and detectors. Fig-
ure 6 shows the CARS and TPF measurements performed
with forward collection using the catadioptric lens. We
compared the catadioptric lens with the f = 30 mm lens
and with the high-NA microscope objective—serving
again as benchmark. Figure 6 shows the forward CARS
spectrum of the UV-cured NOA63 photopolymer: the cata-
dioptric lens greatly increases the collected signal, almost
to the level of the high NA objective. The fluorescence sig-
nal collected by the catadioptric lens in TPF imaging (Fig-
ure 6B) of 10 μm polystyrene fluorescent beads (emission
at 515 nm, F8836, ThermoFisher) is very close to what col-
lected by the high NA objective and far higher that what
collected by the 0.4 NA lens. Therefore, we demonstrated
the compatibility and potential beneficial use of catadiop-
tric lens with multimodal nonlinear microscopes.

4 | CONCLUSIONS

We showed the design and high-resolution 3D printing of
a thin lens that fits inside stage-top incubators for inverted
microscopes, and collects the full NA of beams generated
by high NA objectives. The high NA collimation capability
is especially relevant in SRS microscopy where a not
chemically-specific background signal can arise due to
XPM if the collection NA is not sufficiently high. For this
reason, we demonstrated the high NA collection of our
lens by showing the suppression of XPM-related signal in
SRS measurements. The lens showed also satisfying SRS

FIGURE 5 Stimulated Raman Scattering (SRS) spectra at

different lateral offsets for the catadioptric lens. SRS spectra of the

NOA63 photopolymer at different offsets between the axis of the

catadioptric lens and the axis of the excitation microscope objective

(1.27 numerical aperture). inset Average SRS signal in the silent

region (2650-2750 cm−1) at different offsets. The SRS signal in the

silent region is due to the Cross Phase Modulation (XPM) effect

only and increases outside of the working region for the

catadioptric lens (offset >1 mm)
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imaging capabilities, with no image distortions and an
even efficiency across the field of view of a high NA excita-
tion objective. In the context of SRS microscopy, our lens
can replace high NA microscope objectives or condensers,
whose short focal distance prevents their use in live-cell
time-lapse experiments with stage-top incubators. The cost
of our lens can potentially be an order of magnitude less
than a condenser with comparable NA. Finally, we dem-
onstrated that the proposed 3D printed lens is also benefi-
cial for others high-NA microscopies with a forward
collection path, like CARS, and TPF, and it could also

potentially work for other methods, like SHG and THG
microscopy.

While collecting the full angular distribution of highly
diverging beams, our catadioptric lens showed some
additional losses with respect to a high NA microscope
objective. This leaves some room for improvement in its
collection efficiency. The additional losses could be miti-
gated by using newer photopolymers for the 3D printing
(e.g., PO4 [28]) that feature a lower absorption coeffi-
cient. Additionally, we expect that scattering from the
proposed lens could be partly reduced by an improve-
ment in the correction of the stitching between different
printing areas, or adopting a stitch-less 3D printing sys-
tem [26]. The scattering from the lens could also be
reduced by an improved design of the outer rings in the
reflective part of the lens. Indeed, the number of disconti-
nuities seen by the highest angled rays would be reduced
by fabricating reflecting elements with a larger base area
in that region of the lens. Lastly, the addition of an anti-
reflection coating would reduce reflection losses.

The 3D printing fabrication of catadioptric lenses
with a higher NA than what shown in this work (1.2 NA)
is also possible, at the cost of a longer fabrication time.
We expect that the fabrication time will be reduced by
future improvements in the 3D printing machines [32].

Beyond the demonstrated application in bioimaging,
we foresee that materials science researchers could also
benefit from our catadioptric lens for the collection of
light from point-emitting sources, like single quantum
dots for quantum communications.
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FIGURE 6 Use of the 3D printed lens for forward signal

collection in Two-Photon Fluorescence (TPF) and Coherent Anti-

Stokes Raman Scattering (CARS) microscopy. A, CARS spectra of

UV-cured NOA63 collected in the forward direction with different

optics, showing similar signal intensity for the 3D printed lens and

the high numerical aperture (NA) microscope objective. B, TPF

imaging of fluorescent plastic beads with different collection optics

in the forward direction, showing similar signal intensity for the 3D

printed lens and the high-NA microscope objective
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