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Abstract: Specimen-induced aberrations limit the penetration depth of standard optical imaging
techniques in vivo, mainly due to the propagation of high NA beams in a non-homogenous
medium. Overcoming these limitations requires complex optical imaging systems and techniques.
Implantable high NA micro-optics can be a solution to tissue induced spherical aberrations, but in
order to be implanted, they need to have reduced complexity, offering a lower surface to the host
immune reaction. Here, we design, fabricate, and test a single micro-optical element with high
dioptric power and high NA (up to 1.25 in water). The sag function is inspired by the classical
metalens phase and improved to reduce the spherical aberrations arising from the refractive
origin of the phase delay at the lens periphery. We successfully fabricated these high-NA
quasi-parabolic aspheric microlenses with varying focal lengths by two-photon polymerization
in biocompatible photoresist SZ2080. The entire process is optimized to minimize fabrication
time while maintaining the structures’ robustness: the smoothness reaches optical (%) quality.
The dioptric power and magnification of the microlenses were quantified over a 200 x 200 pm
aberration-free field of view. Our results indicate that these microlenses can be used for wide-field
imaging under linear excitation and have the optical quality to be utilized for nonlinear excitation
imaging. Moreover, being made of biocompatible photoresist, they can be implanted close to the
observation volume and help to reduce the spherical aberration of laser beams penetrating living
tissues.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The multiple light scattering observed in biological tissues poses a significant challenge to optical
biomedical imaging. It restricts the penetration depth for most optical imaging techniques by
attenuating the incident light intensity and reducing the signal contrast by a diffuse background
noise [1]. There are two main approaches to increase the signal contrast at the sample plane.
One is to exploit wavelengths falling in short-wave infrared (SWIR) region (1-2 pm) of the
spectrum, for which the tissue scattering decreases substantially with respect to the visible
range. By carefully avoiding the local maxima of the water absorption spectrum, substantial
reduction of radiation scattering can be obtained with low thermal load [2]. In these spectral
range, one can exploit the highly localized non-linear absorption or scattering, to obtain label-free
3D visualization of different tissue components. Label-free non-linear excitation approaches
comprise second- and third-harmonic generation (SHG/THG), two-photon excitation fluorescence
(TPEF), transient absorption, stimulated Raman scattering (SRS), and others [3,4], all of which
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require tightly focused, high numerical aperture (NA) excitation beams. The second approach
is to use adaptive optical strategies to correct the aberrations induced by the inhomogeneous
tissue on the propagating light waves [5]. In fact, the major optical aberration arising from
propagation into tissue is the spherical one, closely related to the propagation of highly focused
beams (high NA) in inhomogeneous media. Conventional Adaptive Optics (AO) methods based
on a description of the wave distortion with smooth Zernike or similar polynomials can correct
these types of sample-induced aberrations but are lengthy and limit the possibility of continuous
monitoring of the biological function offered by optical microscopy. The situation worsens if we
consider also the random distortion of the wave phase due to scattering in the tissue that can be
corrected with phase inversion methods [6].

These two widely used approaches are linked in a negative feedback. In fact, the use of
non-linear excitation microscopy is beneficial in reducing the tissue scattering since it employs
light in SWIR region of the spectrum [7]. However, nonlinear excitation requires high intensities
that can only be achieved with a tightly focused, undistorted laser beam at the sample plane,
since the signal arising from two- or three-photon excitation scales steeply with the NA of the
objective, ~NA* and ~NA®, respectively. The use of high NA optics, on the other hand, increases
spherical aberrations on the beam that propagates in the inhomogeneous biological tissue. To
disrupt this harmful cycle, we here envisage high NA micro-optics that can be placed as close
as possible to the observation volume, implanted in the tissue. By entering the tissue with a
quasi-collimated beam and focusing it very close to the sample, we could then reduce a good
fraction of the detrimental tissue effect on the beam phase.

The trend towards miniaturization of devices is making micro-optics a unique enabling
technology for many optical products and applications today, playing a crucial role in biomedical
devices, bio-imaging, or fiber communication networks, among others [8,9]. Over the last
decades, using high NA micro-lenses individually or multiplexed in an array allowed for high-
resolution imaging and high signal-to-noise-ratio detection in micro-optical and integrated optics
applications [10-12].

Among available processing techniques for developing micro-optics, two-photon polymeriza-
tion (2PP) allows the fabrication of arbitrarily complex 3D micro/nanostructures with surface
roughness suitable for optical applications without subsequent polishing [13—16]. In fact, the
intrinsic high spatial resolution of 2PP allows for the manufacturing of intricate three-dimensional
freeform surfaces [17]. A parametrization of the scanning path for fabrication as a function
of the lens profile [13] enables optimization of the surface optical quality. However, the high
spatial resolution of 2PP is intrinsically linked to a low throughput due to its serial nature, not
suitable for the fabrication of large-scale volumetric elements. To speed up the fabrication process
and mechanically strengthen the final structure, it is possible to use an approach consisting of
irradiating only the outer shell of the structure, followed by the cross-linking of the unpolymerized
inner core through a fast post-fabrication UV exposure [18,19]. Despite significantly reducing
fabrication time and producing stable high-quality refractive-diffractive elements, this method
remains confined to small-scale components, typically tens of microns in size. The main
limitations associated with the production of the most common optical systems lay in fact, in
restrictions in shape and size related to the intrinsic features of the manufacturing techniques
[20,21]. For widefield imaging over large angles and with high numerical apertures, complex
shapes for aberration corrections are often required.

Recently, lens fabrication has benefited from 2PP’s capability to produce complex three-
dimensional structures with smooth surfaces, enabling the creation of single and multiplex optics
[22]. As reported by Gissibl et al., the fabrication of an ultracompact multi-lens system with
various refractive indexes using femtosecond 2PP demonstrates the capabilities of this additive
manufacturing method for creating complex high-quality multi-elements lenses showing one
of the highest NAs ever produced of 0.3 [21]. The same group complementarily showed the
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potential to combine freeform optics with three-dimensional femtosecond printing to fabricate
sub-um optical components directly on optical fibers [20]. Beyond traditional refractive optics,
researchers have focused on three-dimensional diffractive devices [23]. For example, Thiele et al.
developed doublet and triplet diffractive elements with a good field of view (FOV) in the visible
range, fabricated in less than 15 minutes [24]. Recently, the pursuit of ultra-thin, ultra-compact,
and multipurpose optical systems has brought metalenses to the forefront, expanding applications
from integrated circuits and quantum technology to enhancing imaging quality in the biomedical
field. Bali et al. for instance, presented multi-level diffractive lenses combined with metalenses
to create a high efficiency hybrid achromatic metalens operating in the near infrared band [25].
However, the micro-optics developed in all these studies cannot be easily employed in tissues for
a number of reasons. Despite the high NA they can reach, their size limits the FOV and therefore
the observation of relevant portion of the tissue. Moreover, the complexity of the proposed
optical elements (refractive triplets or metalenses) with small size interstices between the optical
elements, hinders the possibility of direct implant by triggering inflammatory response from the
tissue [26,27]. Finally, the shape of the proposed micro-optical element should be tailored on the
specific properties of the tissue in which they are implanted, implying the repetition of a lengthy
numerical design and fabrication procedure.

In this work we present single-element micro-optics, with high NA and a few hundred um
FOVs, fabricated by 2PP. Refractive lenses based on the conventional plano-spherical shape
cannot be used for FOV larger than twice the radius of curvature of the lens, which is relatively
small for high dioptric power and NA. Moreover, the height of the lens intrinsically growths with
the NA, thus posing several problems for the fabrication by 2PP. To overcome these limitations,
we present a novel design based on a quasi-parabolic aspheric shape of the curved surface, with
the sag function inspired to the classical metalens phase and improved to reduce the spherical
aberrations arising from the refractive origin of the phase delay at the lens periphery. Our design
allows us to obtain 600 um diameter microlenses, with high NA (=~1.25 in water) and large FOV
(=200 um) and a single tunable physical parameter. We demonstrate the feasibility of 2PP for
fabricating such large lenses in a fast and reproducible way, with an excellent surface quality.
We further validate our approach by performing morphological and optical characterization
of these lenses. Finally, we evaluate the optical performance of our high-NA microlenses as
complementary imaging elements using the linear excitation mode. In the future, we envisage the
possibility of using them as molds for fast lens replication and also as implanted optical elements
to increase the performance of in vivo nonlinear bio-imaging.

2. Result and discussion

The novel lens design is inspired by the phase of parabolic meta lenses, that allow to obtain
high dioptric power lenses with focal lengths in the micrometer range, keeping a simple optical
design. Moreover, the relatively low height of these lenses, compared to the conventional
plano-convex ones with similar NA, permits to use a fast protocol for the 2PP fabrication,
maintaining an excellent accuracy for the lens profile and low roughness without losing the
stability of the 3D structure during the process. A careful characterization of their morphology
and optical properties, with particular attention to the point spread function (PSF) and optical
phase, demonstrates the goodness of our approach. Finally, the wide-field imaging capabilities of
the microlenses are presented, demonstrating the optimal imaging properties of the lenses and
the high FOV.

2.1. Design of quasi-parabolic microlenses

With a spherical plano-convex lens it is not possible to have high numerical aperture (or high
magnification) for low focal lengths. Indeed, if we consider a planoconvex spherical lens with
radius of curvature R, fabricated in a medium with refractive index n;, the maximum size of the
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lens is 2R and its effective focal length is defined by

EFL =

(nL_l)z) 0

(np—1) (] i n

Forn; ~ 1.5,
R

(n—1)

If we require to image a sample very close to the microlens, i.e. 200 um or less, R should be
about 100 um . However, since the impact of optical aberrations on the imaging FOV follows a
well-known scaling law [28], the use of such a small lens inherently limits the space-bandwidth
product of the optical system .

We propose an innovative approach to enlarge a single lens FOV, while maintaining short
focal lengths. We keep a plano-convex configuration with a different shape for the curved surface
inspired to the parabolic shape originally used to design metalenses [29]. These metalenses are
designed to imprint on the wave front an excess phase with a profile ® (r) = f — v/(f% + r2), that
ensure that a collimated beam is exactly focused at a distance f from lens along the optical axis
in any uniform medium, without spherical aberrations. For refractive lenses of thickness H,,, as
in this case, we can first adopt the following sag function:

21(r) = Hip — (\/fn2 +7? _fn) 3)

The parameter f, is not anymore equal to the focal length and the dioptric power depends on
the refractive index of the lens and its difference with the refractive index of the surrounding
medium (see Supplement 1, S1, “focal length of a parabolic refractive lens”). Moreover, the
sag shape z(r) implies spherical aberrations when used with refractive materials. To limit this
drawback, we have applied a slight change to the sag function z;(r) (see Supplement 1, S1) that
reduces the excess phase of the marginal rays in the refractive element:

2
2(r) = Hiot — (\/fnz +72 —fn) 1+ (fi) “

Notably, Eq. (4) is a parametric description of the lens curved surface that is defined for any
value of the radial coordinate r, not being limited to r < EFL/2. We can therefore increase at
the same time the FOV and the numerical aperture with respect to the plano-convex lens, with
limited spherical aberrations.

The optical behavior of the quasi-parabolic microlenses was studied using the sequential mode
of Zemax OpticStudio (Ansys corp. USA). We chose to work with a diameter of 600 um, wide
enough to provide a FOV of the order of 300 um, comparable with the FOV obtained on confocal
and non-linear excitation microscopes [30,31]. We explored the set of nominal focal lengths
fu =250, 300, 350 and 400 wm (Fig. S2.1(a)), which correspond to thicknesses of the resulting
aspherical lenses of Hjyme= 207, 172, 146, and 125 pum, respectively. To this value, we must add
a thin pedestal layer (Hpegesiar = 10 um) that facilitates the attachment of the fabricated structure
to the borosilicate substrate (Hspsrare = 170 pm). These thick lenses have one principal plane
coincident with the position of the vertex of the curved surface and a second one inside the
microlens. As an example, the optical design of a f, = 350 um microlens, and the location of its
principal planes is shown in Fig. 1. Figure 1(a) and (b) display the 3D, and 2D sketch of this
parabolic microlens based on sag parabolic function given by Eq. (4), respectively.

EFL ~

2R 2)
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Fig. 1. Design and simulation of parabolic microlenses with diameters of 600 um by Zemax
Optic studio. (a) 3D sketch of the parabolic lens (f;, = 350 um) and (b) Optical design
of the single aspherical parabolic microlens fabricated on a N-BK7 glass substrate with
Hgpstrate = 170 um thickness. The red vertical lines indicate the positions of the principal
planes.

2.2. Fabrication of quasi-parabolic microlenses

The parabolic microlenses were fabricated on top of a supporting borosilicate glass (Hypstrare =
170 wm) by the 2PP of the SZ2080, a biocompatible hybrid organic-inorganic photoresist with
good mechanical properties and low shrinkage [17,32,33,34]. This choice was particularly
relevant here to ensure the possibility to fabricate wide suspended domes with well reproducible
size. To reduce the fabrication time of the micro-optics, given their relatively high volume, we
utilized a um-sized 2PP voxel to structure the outer shell of the lens followed by UV polymerization
of the inner volume [10]. Precisely, the parabolic shell is two-photon polymerized by directly
irradiating the photoresist droplet with the laser beam, by a continuous helical scanning of the
surface, which decreases in radius along the lens optical axis (Fig. 2(a)). This continuous helical
trajectory optimizes the fabrication, eliminating waiting times associated with mechanical or
software delays, with a smooth transition between different lens heights. To ensure the desired
resolution and suitable overlap of the polymerized lines, the height map of the lens is resampled
using radial (dR) and vertical (dZ) steps of 0.25 um and 0.75 wm, respectively. The irradiation
parameters were then optimized to minimize superficial roughness and inhomogeneity, especially
in the upper central part of the parabolic lens. More specifically, we implemented a “gray scale
like” approach by gradually decreasing the writing velocity and laser power. We have reduced
the speed at the central area of the top of the lens from 1 mm/s to 0.4 mm/s. This reduction starts
at a specific radial position (Rgecr), and we have further decreased the power by around 5-10%
to ensure uniform absorption of the laser pulses throughout the structure. The suitable radial
position has been selected based on the design of the parabolic lens. For example, R = 8 um
was set for f, = 350 um, corresponding to a lens height of 141 um. (Figure 2(a)). Furthermore,
by decreasing the speed, the instability of the stages is limited when approaching the top of the
lens, where the scanning radius of the lens become extremely small. After obtaining the 2PP
structured parabolic shell, the entire sample undergoes a development process in an alcoholic
solution for approximately 30 minutes to remove the surrounding unpolymerized photoresist.
At this stage, the inner unpolymerized core of the lens is crosslinked in bulk by exposing the
entire sample to UV irradiation with wavelength A = 385 nm, and the dose = 36 J for each step.
Following our previous work [10], UV exposure is conducted by passing light through the glass
substrate to avoid direct exposure of the previously polymerized surface. The exposure conditions
strongly depend on the substrate thickness, the volume of the photoresist being polymerized,
and the shape of the lens. Indeed, for these lenses we developed a 3D UV irradiation process
with three steps at different incident angles (0%, —45°, +45°) to achieve high stability for the
final lenses (Fig. 2(b)). A normal UV irradiation only at 0° incidence resulted in unstable lenses
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that collapsed during standard handling (see Supplement 1 Fig. S3.1(a)). This optimization
ensured highly stable quasi-parabolic lenses, demonstrating the reliability of the overall process
for any value of the lens focal lengths, as illustrated in Fig. 2(c) that shows the Scanning Electron
Microscopy (SEM) image of 4 fabricated parabolic microlenses with nominal focal lengths
fn =250, 300, 350 and 400 wum. The different heights of the lenses depending on f, and their
superficial quality are clearly visible.

v, P

\  LensTop Center
\‘ -45°
° +

g 100 pm

Fig. 2. Scheme of the microlenses fabrication with diameter @ = 600 um. (a) Microlens
outer shell 2PP inscription procedure (b) UV exposure to cross-link unpolymerized core
of the lens in three steps at different angles (0, —45°%, +45°), respectively. At each step
the sample is illuminated with 50% of intensity for 40 seconds (c) SEM images of 4 single
parabolic microlenses with variable nominal focal lengths (250 , 300, 350 and 400 um)
respectively, which were fabricated on a cover-slide with a thickness of 170 um.

2.3.  Surface characterization by scanning electron microscopy and optical profilometer

The hybrid 2PP-UV curing fabrication protocol was carefully optimized to obtain the smoothest
surface for fabricated parabolic microlenses. The quality, shape, and morphological characteri-
zation of microlenses were evaluated by SEM as shown in Fig. 3(a), 3(b) and 3(c). Moreover,
the zoomed central region on the top plane of the lens in (b) indicates the improved surface
optical quality achieved by this newly developed 2PP process compared to our previous work [10].
The height of the pedestal measured on the SEM images was 10 £0.1 um for all the fabricated
microlenses, in very good agreement with the technical drawing (Fig. 1(a)). On the same SEM
images, we could also quantify the height of the curved surface finding Hzpm =233.8+ 0.1, 186.6
+ 0.1, 151.6+ 0.1, and 131.3 + 0.1um for parabolic microlens at f;, = 250, 300, 350, and 400um,
respectively (see also Fig. S3.2(a)). Table 1 summarizes the design heights of all the parabolic
microlenses together with the retrieved experimental values, it should be pointed out that no
pre-compensation of lens profile is applied during lens design. We obtain the largest discrepancy
in height, of about 8%, for the f,, = 250um lens, which is also the tallest one. For the other lenses
the discrepancy is lower than 2%. We can hypothesize that during the 2PP of the f;, =250um lens
the thickness of the polymerized voxel increases due to aberrations, as the lens is rather high and
consequently the laser irradiation of the top part of the lens is performed through a thickness of
photoresist that is lower than the value for which the objective is compensated [35], but a deeper
study of voxel dimension would be required to demonstrate it.
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Fig. 3. Shape and surface characterization employing SEM and 3D optical profilometer.
(a), (b), and (c) SEM images of a single parabolic microlens with diameter @ = 600 pwm, and
fn =350 um. Close up of the central region on the top plane of the lens of (a) highlights
the improved smoothness obtained in our fabrication process. (d) 2D optical profiles over a
topographic area =229 x 172 umz of top of the lens in panel (b). (e) 3D optical profiles over
a topographic volume =229 x 172 x 60 um3, covering the central region on the top dome of
the lens in panel (b). (f) The scan length was 101 um, and the 2D line profile was acquired
over a distance of 165 um along the x-axis and 31.15 pum along the z-axis, starting from the
top of the lens and moving downwards. The average line roughness of R, ~ 24.0 + 4 nm
was obtained.

Table 1. Geometrical parameters of parabolic microlenses with
variable nominal focal lengths?

S (um) Hgome Hpedestal Hyor[um] Hpeas[um] AH%
250 207 10 217 2338+ 0.1 7.7
300 172 10 182 186.6 + 0.1 2.5
350 146 10 156 1574+ 0.1 0.9
400 125 10 135 1382+ 0.1 2.3

“The total height of the microlenses is made up of the height of the curved dome
(Hdome), the pedestal (Hpedesrar) and the thickness of the substrate which is 170 pm.
These parameters are reported in Fig.1b. All the values are in um. The total height of
the microlenses (Hy,;) is the design value. The values measured from SEM images
(see Supplement 1) are reported in the last column. 4H represents the difference
between theoretical and experimental values of Hpeqs.

For optical imaging, the gold standard for surface roughness is < %. Therefore, apart from the
visualization of the surface smoothness done by SEM (Fig. 3(a)-(c)), we accurately measured
the surface topography of our microlenses by means of an optical profilometer with the highest
magnification objective lens [36]. Figure. 3(d), and 3(e) show the 2D, and 3D profile associated
to the top part of the f;, = 350 um lens (Fig. 3(b)). The area and volume measured were as
follows: area =229 x 172um?, and 229 x 172 x 60pum? in the X, Y and Z axis respectively. The
2D section of this microtopography, at the central Y axis position (0 pm), provides an average line
roughness of R, =~ 24.0 =4 nm based on 560 sampled points (Fig. 3(f)). This value highlights
the efficiency of the fabrication process in achieving high surface smoothness. Additionally, an
overall surface roughness of S, ~ 22.7 + 3.3nm was obtained for an area of 45 x 45 um? on
top central part of lens employing high-frequency filtering (see S4). This value corresponds
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to ~1/26, for a 633 nm wavelength, which is lower than the optical gold standard and thus
demonstrates the good optical quality of the surfaces fabricated by means of our protocols.

2.4. Optical characterization

After the morphological characterization we made a complete study of the optical properties
of the fabricated lenses. In the following we present the details for the f;, = 350 um lens as an
example. Data for all the lenses are reported in the Supplement 1 (Table S5.1).

In an initial investigation of optical quality, we determined the back focal length and PSF
by illuminating them with a collimated laser beam under overfilling conditions. To assess the
microlens behavior in the visible region this characterization was performed at three different
wavelengths A} =473, 1, = 532, and A3 = 638 nm (Fig. 4(a)). The intensity distribution on
planes perpendicular to the optical axis was sampled at 5 um steps along the optical axis, in
a range of +80 um around the effective focal plane of the microlenses (corresponding to the
minimum spot size of the beam). Figure 4(b) reports five of these images at different positions
along the optical axis, as an example.

a

Camera Sensor c
3 ' '
° A=473nm

TUBE LENS — A1 =1532n;
f=150mm A=5 i

25 —A4=0638nm
i 2

‘ arabolic-Microlens

Fig. 4. Measurement of the beam profile through a f;, = 350 wm microlens (diameter
@ =600um) for three different wavelengths. (a) The scheme of optical characterization
setup. (b) Image intensity profiles collected along the optical axis at wavelength =473 nm, in
which the interplane distance of images is 15 um. Scale bar 4 um. The images of intensity
distribution were acquired around the effective focal plane of microlenses from left to right.
(c) The plot of measured 1/ % beam size (w) as a function of the optical axis (z) (dot), which
are measured by cumulative sum of intensity profiles, and fitted (solid line) by Eq. (5) at
wavelengths 473 nm, 532 nm, and 638 nm, respectively.

w {pm)

Callimator Lens

FIBER

optical axis

We can obtain the beam waist at each plane perpendicular to the optical axis, w(z), by
computing the cumulative sum of the beam intensity distribution along the columns of the image
and fitting it to an error function [37], whose free fitting parameter is the beam waist. The points
in the graph in Fig. 4(c) correspond to the best fit values of the beam waist obtained by fitting the

cumulative sum to the error function. The waist (ei2 radius ) of an ideal Gaussian beam focused
along the optical axis is related to its Rayleigh range (zz) and focal length by the relation:

2
w(z) = wor|1 + (ﬂ) 5)
ZR
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Table 2. Comparison of the experimental to the simulated values of the back focal lengths?

(A1 = 473nm) (A = 532nm) (A3 = 638nm)
Back Focal length (um) Back Focal length (um) Back Focal length (um)

Parabolic Theory Experimental Theory Experimental Theory Experimental
Su (pm)

250 288+9 204 +9 287+9 206 +9 287+9 207 +13

300 333+9 301 +4 33719 302+6 342 +10 310+ 6

350 440+9 407+4 439+10 41145 439 10 41345

400 543 +£10 511+4 541+10 5132 542 10 518 +£5

“Comparison of the experimental to the simulated values of the back focal lengths (BFL) for microlenses with diameter
= 600 um, and f;, = 250, 300, 350, and 400 um).

The best fits of the beam waist to Eq. (5) at each plane along the optical (z) axis are shown,
as solid lines, in Fig. 4(c) for the three wavelengths From these fittings we obtain the values of
the diffraction limit of the beam waist and of the back focal lengths; those for the f;, = 350 um
lens are wg = 1.3 + 0.3, 1.06. £ 0.1, 1.2 £ 0.1 wum and f =407 + 4 , 411 £ 5,413 £ 5 um
for A =473, 532, and 638 nm, respectively. The acquired images reveal the presence of minor
spherical aberrations as concentric circles, more evident on planes lying beyond the focal spot, as
expected from the physical treatment of aberrations [38]. The experimental focal lengths for the
different wavelengths are almost identical, even though a systematic increase is observed going
from blue to red, as expected. The small variation observed, that lies within the experimental
uncertainty, suggests a large Abbe number (V,) for SZ2080. Indeed, from the measurement of
the SZ2080 refractive index with the addition of photoinitiators [32], we can estimate a value
V4 =~ 44. The inverse of the Abbe number is approximately equal to the relative variation of
the focal length over the visible range. The literature prediction VLA =~ 2%, compares favorably
with our experimental result %ﬁgw ~ 1.6 = 0.4%. We can thus consider negligible the
chromatic aberrations of the fabricated microlenses.

The experimental focal lengths measured were slightly lower than the focal length obtained
from the Zemax simulations (Table 2). For f;, = 250 um, we observed a larger difference between
theoretical and experimental focal length values, as for the measured height of the fabricated
microlens. This difference might be attributed to a different refractive index of our 2PP + UV
polymerized photoresist compared to SZ2080 polymerized in absence of photo-initiator [39].
Indeed, our simulations were run with the values ngzz080 = 1.47 and ng,s = 1.5 for the photoresist
and the glass respectively, as found in the literature [32]. Interestingly, the same calculation for
a lens with refractive index = 1.53 gives a focal length very close to more recent experimental
values [39] (see Table S5.2). It is worth noting that the refractive index of the photoresist varies
during the polymerization process and UV exposure, resulting in changes in the final refractive
index of the fabricated microlenses [16,40]. It is noteworthy that the slightly greater height of the
final fabricated lenses compared to the simulated ones, does not explain the deviations of the
focal length from the expected values. Instead, the use of a slightly higher value of the refractive
index is responsible for the deviations.

To assess the uniformity of the polymerized resist throughout the volume of the microlens,
we directly measured the phase of the wave front emerging from the microlenses by means of
off-axis digital holography microscopy (DHM). The setup is depicted in Fig. 5(a). As described
recently for the characterization of metalenses [41], off-axis DHM allows the reconstruction
of the whole phase profile of the lens (Fig. (5(b))). Once the full field phase and amplitude is
reconstructed, one can compute all the optical response functions.
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Fig. 5. (a) off-axis DHM setup used for the measurement of the microlens phase. A laser
diode emitting at A = 635 nm nm is expanded by a first beam expander (AL + LO lenses).
On the upper (reference) path, the beam is further expanded 2 times (L1 + L2 lenses) onto
the mirror M1. A third telescope composed of the lenses L3 and L4 conjugates M1 onto the
CMOS camera (IDS, UI-3240CP-M-GL). By tilting M1 along one axis, the reference beam
impinges centered on the CMOS camera with a twofold angular demagnification. The lower
(sample) path conjugates the sample plane (here the exit pupil of the microlens) onto the
CMOS camera by means of the tube lens (TL) on the bottom path. The light field from the
sample is superimposed with the reference beam on the camera. (b) results of the analysis of
the phase profile for the £, = 350 um microlens over an area of 120 x 120 um2. The top
images are the experimental phase computed from the DHM interferogram with a spatial
resolution of 1.72 pm (left) and the best fit phase (right). The bars are 25 um. The bottom
plots are cross sections along the rows and the columns of the experimental (red dotted lines)
and the best fit (green solid lines) of the phase images.

The interferogram of the exit pupil of the microlens was captured by the camera superimposed
with the reference beam tilted by 0.035 rad with respect to the optical axis. The complex electric
field was derived from the inverse Fourier transform over a region of interest, of the spatial
Fourier transform of the interferogram obtaining a spatial resolution of 1.72 um. This resolution
was enough to recover the phase over at least 20 x 2z rad. It is worth noting the remarkable
regularity of the circular fringes that map the phase delay as a function of the radial distance, a
fact that indicates the high uniformity of the polymerization protocol. The experimental phase
was fit to the trial function:

2
q)trial(r) =b- 27ﬂ(nL - 1) (ﬂfﬁt +r? _fn) 1+ (é) (6)

The baseline, b, is introduced to consider a slight mismatch in the path lengths over the
reference and the sample paths. Its effect is clearly visible in the plots of Fig. 5(b) as a vertical
shift of the central maximum of the recovered phase. The result of this analysis is summarized in
Table 3.

2.5. Wide-field imaging through microlenses

To verify the imaging performance, microlenses were coupled to a wide-field microscope to
acquire images both in transmission and in epi-fluorescence mode (see Materials and Methods
2.7).

We used the microlenses to image an USAF 1951 target both in virtual imaging configuration
(Fig. 6) and in finite conjugate configuration (Fig. S6.1). In virtual configuration, the microlenses
are positioned closer to the objective than its focal length. This coupling allows the microlenses
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Table 3. Result of the analysis of the DHM
interferograms of the microlenses?

Sn(um) S (um) byir[rad]
250 255+5 -1.7+03
300 279 +.5 +0.2+0.1
350 331 +2 +2.1+0.1
400 393+4 +1.4+0.1

“Best fit values of the parameters f, b of the phase shift de-
scribed by Eq. (6) for microlenses fabricated with nominal
values f;,. A value of the index of refraction = 1.46 [32] was
adopted to fit the phase maps.

to alter the dioptric power and magnification properties of the objective, effectively serving as
the final optical element of the entire system, a configuration similar to the application of these
microlenses in in-vivo microscopy. The qualitative results of imaging in virtual mode, reported
in Fig. 6(a)-(c), were obtained by coupling the microlens with 20x microscope objectives having
numerical apertures of 0.4, 0.71 and 0.95 (water immersion). In all three optical configurations,
the magnification of the total system is greater than that of the objective alone, with the microlenses
having a more pronounced effect in systems with lower NA microscope objectives.

f,=250pm  f,=300pm  f,=350pum  f,= 400 um

i L=

pl-Free

a

OBJ: 20X
NA=0.4, Air

12um

b

OBJ: 20X
NA=0.71, Air |

. II-ILJ.' !
& i
l =3

C

OBJ: 20X
NA=0.95, Water

Fig. 6. Optical performance of parabolic microlenses (@ =600 um) coupled in virtual
configuration to microscope objectives of increasing NA. The wide-field images of a USAF
1951 (group 7) resolution test chart were obtained through a single parabolic microlens
with f;; values of 250, 300, 350, and 400 pum, as well as without microlenses (uL-Free)
when coupled directly to a 20x objective lens: (a) a low NA (0.4) dry objective, (b) a
high NA (0.71) dry objective and (c) a high NA aperture (0.95) water immersion objective.
The defocused image observed when the NA = 0.4 microscope objective was coupled to
microlens f;, = 250 um (panel (a-i)) is due the effective focal plane falling at a shorter
distance than the thickness of the USAF glass substrate. The overall magnification, M.,
varies according to the relative position of microlenses and objective lens. Shown in the
figure are the conditions of maximum magnification for the three objective lenses used.

The magnification of the acquired images can be computed (see Table 4) as the product of
the magnification of the objective lens and the microlens (see Materials and methods, section
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2.7). We can verify that a higher magnification can be achieved from the system with lower NA
microscope objective, reaching even a 3.85x value for the f;, = 300 um lens. When microlenses
were coupled to a higher NA objective lens (NA =0.71 and 0.95), all acquired images through
microlenses showed lower magnification (Table 4) but a higher image sharpness (Fig. 6(b) and
(c)). These measurements demonstrate the remarkable optical performance and capability of
microlenses in achieving images with higher magnification than the coupled microscope objective,
with similar or improved sharpness.

Table 4. The microlenses magnification evaluated on
wide-field images of the USAF 1951 target?

Parabolic Microlenses f;, (um)
Objective Lens 250 M,  300M,; 350M,; 400 My,
20x, NA =0.4, Dry 3.85X 2.3X 1.87X
20x, NA =0.71, Dry 2.8X 2.09X 1.95X 1.7X
20x, NA =0.95, Water 1.3X 1.24X 1.22X 1.21X

“The microlenses magnification was evaluated using wide-field images of the
USAF 1951 target (horizontal line element of 3, group 7), acquired through
microlenses. The microlenses were coupled to low- and high-numerical
aperture objective lenses.

To fully assess the imaging potential of the lenses, we studied their behavior also for fluorescence
wide-field imaging, again in virtual configuration. We used a water solution of 10 um fluorescently
labeled (Nile Red) polystyrene beads and a fixed sample of a section from the plant Convallaria
Majalis. To do so, parabolic microlenses (f,, = 350 um) were coupled to a 20x dry (NA =0.35)
objective lens in a wide-field optical microscope and the epifluorescence images at the glass
coverslip focal plane (Fig. 7(a,b)) and through one microlens (Fig. 7(c,d)) were collected and
compared. We could retrieve the magnified fluorescence images of beads through the microlenses
resulting in a magnification ~1.9, that leads to total magnification M,,, = M, M,y ~ 1.9%20 ~ 38.
Fig. 7(a)-(c) indicates that the images are not affected by large aberrations in the middle of the field
of view (=200 um). Out-of-axis optical aberrations arise at the edge of the lens (Fig. 7(a)-(c)),
where the beads away from the optical axis tend to assume an elongated shape and to appear
out-of-focus. This behavior can be ascribed to a combination of astigmatism and field curvature
and could be related to lens curvature [42]. Nevertheless, these aberrations are not present in the
center of the lens, preserving the 200 pm FOV.

For the fluorescence wide-field imaging of Convallaria Majalis, the microlenses were coupled
to a 10x dry (NA =0.25) objective lens (Fig. 7(e)). When properly positioned, the image of this
sample was also obtained through the microlens (Fig. 7(f)), resulting in a high magnification
~4.5, which leads to a total magnification M,,; = M Mop; = 4.5 X 10 = 45. The high-quality
magnified epi-fluorescence images of fluorescent beads and Convallaria Majalis demonstrate
the excellent optical performance capabilities of microlenses in fluorescence wide-field imaging
mode. In conclusion, the experiments confirm the high optical quality of these lenses for both
transmission and epifluorescence wide-field imaging and their potential applicability to future
in-vivo imaging experiments. It is particularly noteworthy that our novel quasi-parabolic shape is
sufficiently simple to provide high quality refractive lenses for a wide range of effective focal
lengths, without the need to optimize the surface parameters for the specific needed value of NA,
as for more traditional aspheric lenses [43].
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Fig. 7. Wide-field images of Nile red fluorescent beads and Convallaria Majalis using
parabolic microlenses (@ = 600 um, f;, = 350 wm) coupled to a wide-field optical microscope.
Images are obtained under green excitation and epifluorescence detection. (a) Control wide-
field image of the beads when the objective focal plane is set to the glass coverslip. In
this condition the beads outside the lens FOV (in the upper right-hand area) are imaged
in-focus by the objective alone, whereas through the lens the beads appear out-of-focus
(central area). (b) a close-up of the region highlighted in red in (a). (c) Wide-field image of
the beads collected in-focus through the microlens. (d) Close-up of the region marked in
red in (c), where a total magnification equal to 38X has been achieved. (e, f) Wide-field
images of Convallaria Majalis under green excitation. (e) Epifluorescence image obtained
while focused on Convallaria out of the lens. The central circular signal corresponds to
the out-of-focus signal collected by the microlens. (f) Wide-field image collected through
microlenses.

3. Materials and methods
3.1.  Sample preparation for two-photon polymerization

The photoresist used to structure the microlenses was the SZ2080, which is a negative hybrid
organic-inorganic UV-curable resist that is biocompatible and extensively used for biological
applications. SZ2080 is composed by 20% of zirconium (Zr) and 80% of silicon. 1% of
Irgacure-369 (2-Benzyl-2-dimethylamino1-(4-morpholinophenyl)-butanone-1, n. 405647 from
Merck, EU) is added to the resist as photoinitiator to increase the efficiency of the polymerization.
The photoresist was drop-casted on a 12 mm diameter circular glass coverslip with a thickness
between 170 and 230 um (#1.5, Menzel-Glaser, Germany) under a chemical hood. A control
amount of 46 pl liquid SZ2080 photoresist was deposited with a volume pipette (Pipetman 100
G, Gilson). The samples were left under the chemical hood for 48 hours to allow the photoresist
to dry by solvent evaporation. Once the material condensed, the photoresist reached a semi-solid
state to prevent any unwanted sliding of the structures during the fabrication process, making it
suitable for further laser-induced polymerization. The photoresist appears transparent before and
after polymerization.

3.2. Two-photon laser polymerization setup

In this work, the 2PP fabrications were performed using a custom-built setup. Suppl. Fig. S7.1
shows the schematic of the 2PP fabrication system. It consists of a femtosecond Ytterbium (Yb)
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fiber laser (1= 1030 nm, 1 MHz, with minimum pulse duration =230 fs, Satsuma, Amplitude
System). The output power reaches a maximum value of 10 W. The fabrication of parabolic
microlenses was performed with 4 =1030 nm, 1 MHz repetition rate, 230 fs pulse duration, and
a laser power ranging from 19 to 22 mW. The laser beam passes through a series of mirrors steer
it to a 2x telescope and finally to a half-wave plate coupled to a polarizer. The half-wave plate
is mounted on a software-controlled motorized rotator that allows the dynamic control of the
power during 2PP fabrication (MPS50GR-TTM-G80-DC-LMO-PLOTS, Aerotech, USA). At
the end of the optical path, the beam is tightly focused by an objective (100x, Water immersion,
with NA = 1.1, Nikon, Japan) directly onto the SZ2080 photoresist. We used an aluminum
rectangular custom-made container to hold the sample, connected to a gimbal mechanical system
(Gimbal Mounts 100, Thorlabs). The sample holder-gimbal complex is screwed on a planar (X,Y)
translation stage (ANT130-035-L-ZS, Aerotech, USA) stabilized through two air-compressed
pneumatic pistons. The software managing the movement of the three axes is Automation 3200
CNC Operator Interface, manufactured by Aerotech in the USA. It also controls the rotation of
the half-wave plate. Additionally, the software is equipped with a feedback position and velocity
control system that has a resolution of around 200 nm. To monitor the writing process in real-time
and the polymerization process, a red-light emitting diode illumination is placed in the empty
central cavity of the gimbal, under the sample holder-gimbal complex. A CCD camera was also
mounted behind a dichroic mirror (Thorlabs, Germany). The optical path components and three
translational stages are mounted on a granite table from Zali Precision Granite Technology (Italy).
The outer surface of each single parabolic microlens was written by 2PP directly focusing the
laser beam into the photoresist droplet. The sample was moved at a speed of 1 mm s~! reduced
to 0.4 mm s~! at the end. Due to laser radiation absorption, the average power used for 2PP of
the microlenses depends on the SZ2080 droplet thickness thus ranging from 17 to 20 mW (onto
the objective entrance pupil). The power was gradually reduced at a height of 1 um from the top
of the microlens by 1 mW.

3.3. Sample development and UV exposure

After the 2PP process, the samples underwent development to remove the unpolymerized resist
surrounding the microfabricated structures. Briefly, the samples were soaked for 30 min in a glass
beaker filled with a 50% v/v 2-pentanone, 50% v/v isopropyl alcohol solution (Sigma—Aldrich,
USA). Afterward, a few drops of isopropyl alcohol were used to cautiously wash the samples
which were then gently dried by room temperature Nitrogen. Afterward, the samples were
exposed to 300 mW of UV irradiation (4 = 385 nm, LIGHTNINGCURE LC-L1V3 UV-LED
from Hamamatsu) for 360 seconds in 3 steps of 120 seconds each to crosslink the unpolymerized
inner core of the microlenses. The exposure process was performed illuminating through the
glass substrate to avoid direct and additional exposure of the previously polymerized surface. The
process was optimized to achieve structural stability without causing resin degradation, taking
into account the radiation intensity and exposure time’s strong dependence on the substrate
thickness, the volume of photoresist to be polymerized, and the shape of the lens. It consisted
of three phases, each exploiting a different angle of exposure of the UV lamp with respect to
the glass horizontal plane: 0°, -45°, and +45°, (Fig. 2(b)) to fully crosslink the entire parabolic
volume of the microlenses to achieve stability.

3.4. SEM sample preparation and imaging

The parabolic microlenses were sputter-coated with either 60 nm of conductive protective coating
(Electra 92 — Allresist), or with a 15 nm gold layer (Anatech Hummer 6.2), as shown in Fig. 2(c),
and Fig. 3(a, b) respectively. The images were acquired using a LEO 1525 SEM (Zeiss, Germany)
equipped with a field emission gun. The SEM images of the samples were obtained by collecting
secondary electron (SE) signals, with the microscope working at an acceleration voltage of 5
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kV and with an Everhart—Thornley detector. Prior to the SEM analysis, the microlenses were
sputter-coated for 30 s at 15 mA using Au as a target, resulting in a 15 nm thick film.

3.5. Optical profilometer

Qualitative surface analysis of fabricated microlenses was performed using an optical profiler-
Filmetrics Profilm3D (manufactured by Filmetrics, California) along the z-axis in steps of
5um, covering a total length of 101 um over an area of 229 x 172 um?. In each acquisition,
560 profile points in X-axis and 350 points in Y-axis were collected, applying white light
interferometry. The surface profile and roughness of the fabricated microlenses were measured
on the Profilm3D profilometer with a Nikon 50x DI objective at a 2x zoom setting. The lens
surface was scanned, and the distance of profile points was 350 nm. The average roughness
parameter, R, , was estimated from the average R, of the line profile using the following formula

[44], R, = 1%, (Zfi | |Z,~|) where N is the number of data points of the array in the horizontal
direction and Z is the surface height relative to the reference mean plane [45].

3.6. Optical characterization

To test the minimum spot size under collimated beam illumination, we used a custom-made optical
setup for optical characterization. Figure 4(a) with three laser sources: 473 nm (SLIM-473 CW
Monolithic DPSS laser, GMP, Zurich), 532 nm (green laser, class I1Ib, OPTICAL UNIPHASE),
and 638 nm (TLS001-635, Thorlabs driven by a red single-mode optic fiber P1-630A-FC-1,
Thorlabs). In the optical path, microlenses are mounted on a three-axis support, allowing for
adjustment of the microlenses in front of the incident collimated laser beam. The configuration
was adapted to measure the intensity distribution of a Gaussian beam, which was focused on
parabolic microlens. The tube lens (f = 150 mm) and CCD camera sensor (DMK33UX183) are
aligned to accept rays from infinity. Images of the intensity profile were then collected at various
distances along the optical axis through a microscope objective (16x, NA =0.25, f=11 mm) as
shown in Fig. 4(b). We did not observe changes in the optical properties of the lenses when using
them for several months, thus demonstrating their stability in time.

3.7.  Wide-field imaging

Transmitted light images of the 1951 USAF target (Fig. 6) have been acquired by a custom-made
upright microscope. It is based on a wide-field illumination, obtained by means of a white
LED source (400-700 nm wavelength range, Thorlabs, Germany) and collimated by a condenser
lens (f=50 mm, Thorlabs, Germany). The detection has been performed by means of both
a low NA objective (Plan N, 20x, NA = 0.4, dry immersion, Olympus, Japan) and a high NA
objective (XLUMPIanFI, 20x, NA =0.95, water immersion, Olympus, Japan), as specified in
the caption of Fig. 6. Finally, a tube lens with a focal length of 200 mm (Thorlabs, Germany)
allowed projecting the transmitted light on an intermediate plane, where a CMOS camera with
pixel size = 5.3 um (UI-3240CP-M-GL, IDS, Germany) has been placed for the image collection.
In order to calculate the magnification due to the microlens alone, M,,;, we first measured
the dimension of a horizontal line element 3 in group 7 (Dfce—) using images taken without
microlenses (Fig. 6(a), (b), and c-v). Then, we measured the dimension of the horizontal line
element 3 in group 7 (D,) using images taken through each microlens. Afterward, we divided
the dimension obtained with microlenses (D) by that obtained without microlenses (Dee—pu1)
(Table 4). Fluorescence (Fluo) images of Nile red fluorescent beads were obtained using an
inverted light microscope (Leica DMI3000 M, Germany) equipped with a 12 V/100 W halogen
lamp, which includes an adjustable field diaphragm, adjustable aperture diaphragm, and 3-step
oblique light for illumination. The images were acquired, while the microlenses were coupled
to a dry objective (Plan N, 20x, NA =0.35, PH1) in the microscope. Images were captured by
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exciting in green (through a band pass filter 560/40 nm) for Nile red fluorescent beads, and
epifluorescence emission was collected at 595 nm (through a band pass filter 610/75 nm). For
Convallaria Majalis epifluorescence imaging, the microlens were coupled to (Plan N, EPIL, 10x,
NA =0.25, Leica), excited in green, and collected in red.

4. Conclusion

In summary, we have presented the design, fabrication, and validation of high-NA and high FOV
aspherical quasi-parabolic microlenses with 600 um diameter, featuring adjustable focal lengths
tailored for wide-field imaging in reflection and in fluorescence. The fact that the proposed
sag function depends only on a single parameter yet allowing to correct the major aberrations
over a FOV of about 200 um and magnifications up to 40, must be considered as a substantial
improvement with respect to the conventional second order aspheric lenses. Additionally, the
structure of these single-element microlenses is simple enough that their in-vivo implantation
with minimal inflammatory response of the hosting tissue can be envisaged. The quasi-parabolic
microlenses are fabricated using a hybrid approach that combines a gray scale 2PP for crafting
the microlens surface with subsequent 3D UV crosslinking to stabilize the internal structure. A
complete optimization of the process was performed to minimize fabrication time and preserve
the structures’ robustness, obtaining excellent surface smoothness and optical quality for the
lenses. Multimodal characterization was performed to carefully test the geometry of the produced
microlenses. The optical performance of microlenses was explored in numerical simulation and
experimentally in linear excitation mode. We successfully retrieved magnified epifluorescence
and transmission wide-field images through microlenses coupled to a wide-field microscope
with low, and high numerical objective lenses. The results demonstrate the potential imaging
capability of these novel design high-NA quasi-parabolic microlenses in linear excitation mode.
Furthermore, these single lenses are wide enough to provide a FOV of approximately 200pum,
comparable to the FOV obtained on confocal and non-linear excitation microscopes and can be
adapted for non-linear excitation imaging as well.
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