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ABSTRACT

3D Printed Micro-Optics for Biophotonics

Andrea Bertoncini

3D printing, also known as ”additive manufacturing”, indicates a set of fabrica-

tion techniques that build objects by adding material, typically layer by layer. The

main advantages of 3D printing are unlimited shapes and geometry, fast prototyping,

and cost-effective small scale production. Two-photon lithography (TPL) is a laser-

based 3D printing technique with submicron resolution, that can be used to create

miniaturized structures. One of the most compelling applications of TPL is the 3D

printing of miniaturized optical elements with unprecedented complexity, small-scale

and precision. This could be potentially beneficial in biophotonics, a multidisciplinary

research field in which light-based techniques are used to study biological processes.

My research has been aimed at demonstrating novel applications of 3D printing

based on TPL to different biophotonic applications. In particular, here we show

3D printed micro-optical structures that enhance and/or enable novel functions in

advanced biophotonics methods as two-photon microendoscopy, optical trapping and

Stimulated Raman Scattering microscopy. Remarkably, the micro-optical structures

presented in this thesis enable the implementation of advanced techniques in existing

or simpler microscopy setups with little to no modification to the original setup. This

possibility is essentially allowed by the unique miniaturization and in-situ 3D printing

capabilities offered by TPL.
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Chapter 1

Introduction

1.1 3D printing

Akin to the biological world where organisms grow cell by cell, 3D printing creates

objects adding a piece of material at the time. 3D printing holds the key to open

the next manufacturing revolution, where the production of goods will be personal-

ized and delocalized, as it used to be before the industrial revolution, where artisan

manufacturing was the principal production method.

3D printing indicates a set of fabrication techniques that build objects by adding

material, typically layer by layer. For this reason an alternative name for 3D printing

is ”additive manufacturing” [3], in contrast to ”subtractive manufacturing” methods

where the desired object is obtained by removing material from an initial solid block.

While initially considered only for fast prototyping, nowadays 3D printing is an estab-

lished production technology which is stimulating a paradigm shift in the manufac-

turing and engineering fields. The advent of 3D printing unlocked fabrication degrees

of freedom that allow realizing complex shapes and devices previously not realizable.

With the necessary skills and facilities, intricate designs can be drawn in CAD mod-

eling software and realized within hours from initial ideation. The fast turnover leads

to a quick understanding of possible problems and the ”debugging” of the design.

Eventually, 3D printing can perform the optimization process of the prototype until

it reaches a final product. In general, 3D printing is a fast, low-cost, and low-waste

manufacturing method. 3D printing methods find applications in many fields, such
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as education, manufacturing, construction, art and design, aerospace industry, food,

and more. With regard to the biomedical field, among the most interesting appli-

cations are the 3D bio-printing of tissues and organs [4, 5] and the 3D printing in

pharmaceuticals manufacturing towards personalized medicine [6].

The keyword ”3D printing” includes a wide range of techniques that build objects

piece by piece in an automatized way. The typical workflow starts with the design

of the desired object with a 3D CAD modeling software, which exports a file that

describes the surface of the object as a set of triangles. This file (usually in STL

format) is processed by a software, usually called ”slicer”, which slices the object in a

set of stacked 2D layers, with specific instructions for the printing machine that will

finally print the object. In the following, I present a brief overview of 3D printing

methods, categorized according to their underlying physical process.

The most popular 3D printers (and the cheapest) are based on material extru-

sion. The commercially available extrusion 3D printers are based on Fused Deposition

Modeling, in which a thermoplastic filament is heated and extruded through a nozzle.

A software defines and controls the three-dimensional movement of the nozzle. Cus-

tom extrusions 3D printers can cover a range of dimensions going from nanometers, in

the case of Graphene Oxide nanowires [7], to meters in the case of high-performance

concrete complex structures [8]. In Powder Bed 3D printing techniques, a fresh

thin layer of powdered material is spread at every step of the 3D layer-by-layer fab-

rication, and selectively bound together by a moving scan head. Depending on the

binding method, we have different processes: when the powder is joined with a high

power laser, we have Selective Laser Sintering for plastic or Selective Laser Melting

for metals; Electron Beam Melting when the powder is joined by a focused electron

beam; Binder Jetting or Inkjet Head 3D printing if the powder is joined by glue. In

Directed energy deposition metallic powders or wires are fed through a nozzle

into the focal point of a laser or electron beam or plasma arc, directly melting that
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material while it is precisely deposited. A remarkable example of this method is a

3D printer based on a metallic wire and a plasma arc, coupled with a six-axis robotic

arm that is used to fabricate a steel bridge that will be deployed in Amsterdam [9].

A large class of 3D printing techniques is based on photopolymerization. In pho-

topolymerization, a liquid mixture of monomers and photoinitiators (called pho-

toresist) is exposed to UV radiation, that induces a cross-linking of the mixture

which becomes solid. This process is generally called curing of the photopolymer.

The photoinitiator is a light-sensitive molecule that releases reactive species upon the

absorption of UV light. These reactive species activate the polymerization reaction

of the monomers. Examples of 3D printing methods based on photopolymerization

are described in the following. In material jetting 3D printing, a layer of droplets

of photopolymer is selectively deposited in a 2D pattern by a printing head. After

the deposition step, a UV lamp mounted on the printing head cures the droplets,

forming a solid body. After that, the process restarts. This approach readily offers

multi-material 3D printing by using parallel printing heads. The first commercially

available 3D printer technology was based on vat polymerization in 1983. Here the

starting material is a tank full of photoresist in which a specific pattern of UV light is

exposed on the surface. Because of light absorption from the photoresist, only a thin

layer of photoresist is hardened. The layer thickness can be controlled by tuning the

UV light intensity and defines the ”vertical” resolution. The first layer is supported

by a base which is then shifted inside the tank. This shift is equal to the slicing dis-

tance, so the solid part is covered with liquid photoresist. After this step, the process

restart. The main variants of this process are: Stereolithography where a focused UV

laser beam deflected by galvanometric mirrors exposes the 2D pattern sequentially,

and Digital Light Processing where the 2D pattern is exposed all at once with an

image created by a light projector based on a Digital Micromirrors Device (DMD),

making the process much faster. New approaches to vat polymerization have been
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studied in recent years to speed up the process. Examples of these approaches are

Continuous Liquid Interface Production (CLIP), which features a continuous move-

ment of the building platform [10], and Tomographic 3D printing, where a sequence

of images is projected into a rotating tank containing a photoresist which polymerizes

when a dose threshold is reached [11,12].

1.2 Two-photon lithography

Two-photon lithography (TPL), is a photopolymerization method in which a Near-

Infrared femtosecond laser beam is focused by high numerical aperture objectives

inside the photopolymer. At the focal point, the photoinitiator can absorb two pho-

tons, summing up their energies to the one of a UV photon, if the optical intensity

reaches a threshold. Hence, the polymerization happens only in the focal volume,

where optical intensity is highest, creating a 3D ellipsoidal polymerized unit element

called ”voxel” (volumetric pixel). 3D complex objects can be printed by moving the

focal volume with respect to the substrate. At the end of the printing process, a de-

veloper removes the unpolymerized photoresist, isolating the printed object. Further

details about the process are described in Chapter 2.

The resolution of TPL is at least one order of magnitude higher than any other

3D printing approach, which is why it is also mentioned as µ-3D printing or 3D

µ-printing [13–15]. Indeed, the size of the voxel defines the fabrication resolution,

and in a typical setup can have a sub-micron size, while all the previously described

3D printing methods have a resolution not better than tens of micrometers. On the

downside, a smaller voxel implies long fabrication times. Printing many voxels at

the same time is one successful strategy to reduce fabrication times in TPL [16]. In

TPL, the object is printed directly at an arbitrary point within the volume of the

photoresist, while in most other 3D printing techniques the polymerization happens at

the surface or on thin layers of the photoresist. For this reason, TPL does not rely on
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specific building platforms and can fabricate objects on a vast range of substrates, that

can also be not flat and have relatively complex geometries. Thanks to the capability

to polymerize at arbitrary points within the photopolymer volume, suspended features

can be printed without supports if the photoresist is highly viscous. Nevertheless, in

cases of extremely fragile structures or low viscosity photoresists, removable support

strategies have been devised [17]. Interestingly, multimaterial TPL has also been

recently reported, where different photoresists and developers are fed to a microfluidic

chamber integrated on a standard TPL setup [18,19].

Optics and photonics as been a major application field for TPL since its early

days. Initial investigations were focused on 3D Photonic Crystals [20–22], exploit-

ing the high resolution of TPL to create fine three-dimensional repetitive structures.

The development of photopolymers and improved laser scanning strategies have then

enabled the fabrication of micro-optical elements, with the first realization of mi-

crolenses on a transparent substrate [23] and on the end-face of optical fibers [24,25].

More recently, 3D printed micro-optics by TPL has become an established technology

with many applications, such as endoscopy [26], photonic chips [27], microlens arrays,

and more.

With the development and commercialization of fabrication systems, scientific

studies involving TPL technology are steadily growing in a broad range of disciplines.

For instance, TPL has been used to fabricate ”mechanical metamaterials” — mi-

crostructured materials whose macroscopic properties are not found in nature but

are permitted by a complex design — with negative Poisson coefficient [28] or that

twist when compressed [29]. The capability to print structures on the spatial scale of

single living cells and below has prompted relevant TPL applications in bio-related

disciplines. In microfluidics, small volumes of fluids flow in channels with a width of up

to tens of microns. The manipulation of small volumes of fluids, combined with other

passive or active components, makes it possible to realize Lab On Chip devices, in
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which complex functions such as bioanalysis, are performed compactly. Two-photon

lithography can create all sorts of polymeric microfluidic components and can also

be easily integrated with other microfabrication technologies [30]; therefore, it found

significant application in the field in the creation of filters [30], micropumps [31], and

micromixers [32]. Small volumes of fluids can be delivered to targeted locations by

microneedles [33, 34], for instance, to deliver drugs to specific cells. Another promis-

ing and a bit futuristic approach for drug delivery are TPL-made microrobots driven

by light [35] or magnetic fields [36–38] that would eventually be deployed inside the

body to accomplish complex functions. One of the main bio-applications of TPL is

the creation of scaffolds for 3D cell cultures, to mimic the real extracellular environ-

ment in living conditions [39–46].. A different possibility enabled by high-precision

free-form TPL micro-structuring is the replication of particular structural patterns

found in nature that perform specific functions, such as ”Van der Waals” mediated

adhesion of Gecko feet [47], or the structural coloring of rainbow peacock spiders [48].
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1.3 3D printed micro-optics for biophotonics

Two-photon lithography offers unique capabilities in the realization of 3D printed

micro-optics. It enables many fabrication degrees of freedom that allow the realization

of complex free-form micro-optics with optical grade surface quality. It grants a fast-

prototyping workflow, making it possible to go from design to fabrication to testing

in a matter of a few hours. It offers a writing resolution that is not achievable with

other 3D printing methods, and a straightforward in-situ fabrication on complex

substrates, such as optical fibers [24, 26, 49, 50]. All these combined features render

TPL an unparalleled and ideal tool for the realization of micro-optics.

In this dissertation thesis, I present the results of my work where I exploited

the unique potential of 3D printing to develop novel micro-optical devices for three

different applications in biophotonics: micro-endoscopy, label-free microscopy and

optical trapping. I summarize in the following the three projects, which are described

in more detail in the next Chapters.

In the context of the project reported in Chapter 3, ”Extended field-of-view ultra-

thin microendoscopes with built-in aberration correction for high-resolution imaging

with minimal invasiveness”, I performed the fabrication of 3D-printed free-form lenses

with a diameter up to 500 µm, to correct the optical aberrations of gradient-index

(GRIN) rod endoscopes, improving their ”Field of View” up to 9 times. The project

was part of a collaboration with the Tommaso Fellin’s group at the Italian Institute

of Technology (IIT) and aimed at the fabrication of smooth, defect-free, mechanically

stable lenses that could be used for the creation of a replication mold.

In the context of the project reported in Chapter 4, ”3D-printed high-NA ultra-

compact catadioptric lens for XPM-removal in SRS microscopy”, I followed the project

from the ideation to the writing of the manuscript that is based on the mentioned

chapter.In this project we aimed at the development of a high Numerical Aper-

ture (NA) 3D printed ultra-thin condenser lens, composed of micro-reflective and
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-refractive elements, to replace bulky and expensive microscope objectives for the

forward collection of signal in Stimulated Raman Scattering (SRS) microscopy. The

lens is less than 300 µm thick and has a 0.6 mm diameter. The resulting NA of this

catadioptric condenser lens is 1.2 when working in water immersion. Thanks to its

compactness, this optical element can fit in narrow and closed environments such as

top-stage microscope incubators.

In the context of the project reported in Chapter 5, ”Counterpropagating beams

holographic optical traps by 3D printed microprisms”, In this project, we conceived a

novel configuration for a dynamic counterpropagating optical trap, based on a single

low-NA objective and two right-angle microprism 3D printed on a glass coverslip. The

key advantages of this approach are the simple alignment, the long working distance

that allows trapping of large samples, the straightforward compatibility with other

advanced microscopies, and the intrinsic side-view of the trapped object. We demon-

strated the viability of our approach by performing trapping and 3D manipulation of

dielectric beads and cells.

Remarkably, the micro-optical structures presented in this thesis enable the imple-

mentation of advanced techniques in existing or simpler microscopy setups with little

to no modification to the original setup. This is essentially allowed by the miniaturiza-

tion and in-situ 3D printing capabilities offered by TPL. Indeed, these micro-optical

structures are placed close to where the optical phenomenon happens, and can per-

form dense optical operations in more compact form respect to bulk optical elements,

whose insertion would instead require optical setup modifications. Specifically, our

free-form microlenses correct optical aberrations in GRIN microendoscopes in a stan-

dard two-photon microscope, instead of correcting the aberrations with adaptive op-

tics, which requires significant modification of the optical path [51]. The catadioptric

lens allows the collection of background-free measurements from incubated samples

while using a standard SRS setup and a standard stage-top incubator, instead of im-
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plementing complex detection schemes [52] or customizing stage-top incubators [53].

Finally, the microprisms allow implementing a counterpropagating beam dynamic

trapping scheme on a standard holographic optical tweezers setup without adding

additional optical paths [54].
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Chapter 2

Two-photon lithography

In this chapter I will first introduce some theory of non-linear optics and two-photon

lithography. Then,I will present typical configurations currently adopted in two-

photon lithography systems.

2.1 Theory

Non-linear Optics

When electromagnetic radiation in the visible and near-IR range interacts with a

material, electrons can start oscillating following the electric field. Electrons bound

to a nucleus are confined by an electrostatic potential that can be approximated as

being harmonic. Depending on the atom or molecule they are part of, electrons will

be more or less displaced from their rest position inducing an electric dipole moment

µ:

µ(t) = −e ∗ r(t)

where −e is the charge of the electron, and r is the displacement of the electron.

When we consider a material made by N elemental dipoles per unit volume, we define

a dipole moment per unit volume, also called macroscopic electric polarization P :

P (t) = N ∗ µ(t)
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When the electric fields applied to the material are weak compared to the fields

binding the electrons to nuclei, r is linearly dependent on the external electric field

E so we can write:

P (t) = ε0χE(t)

where ε0 is the vacuum electric permittivity, and χ is the electric susceptibility of

the material.

All linear optics phenomena follow this behavior, whereby the input wavelengths

are the same as the output wavelengths, and the superposition principle holds. When

the magnitude of the electric fields are stronger, they push electrons further away

from their equilibrium position, where the binding potential cannot be approximated

as harmonic anymore. Here the relationship between the polarization and electric

field becomes non-linear. To model this regime, we can expand the polarization as a

power series to account for the non-linear response of the electrons:

P (t) = ε0[χ
(1)E(t) + χ(2)E2(t) + χ(3)E3(t) + .....] = P (1)(t) + P (2)(t) + P (3)(t) + ...

where χ(n) is the n-th order non-linear optical susceptibility, while P (n) is the n-th

order polarizability.

In resonant processes, describing the absorption of photons by the material, there

is no contribution from the even-order optical susceptibilities (χ(2), χ(4), etc.). In-

stead, the non-linear absorption of photons is described by the imaginary parts of

the odd-order susceptibilities, like χ(3) and χ(5), which are the physical effects of two-

photon and three-photon absorption, respectively [55]. Other non-linear effects such

as Stimulated Raman Scattering (SRS) and Cross Phase Modulation (XPM), which

will be discussed in Chapter 4, can be described in terms of a third-order polarizability

P (3).
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Two-photon absorption

The two-photon absorption (TPA) process was predicted by Maria Goeppert-Mayer

in 1931 in her doctoral thesis. In TPA, two photons that meet at the same time in

the same place can be absorbed as a single photon with an energy equal to the sum of

their energies. When the photons have the same frequency, this is called degenerate

TPA, and the rate of energy absorption is equal to:

dW

dt
=

8π2ω

c2n2
I2Im

[
χ(3)

]
where W is the energy, t is time, ω is the frequency of the photons, c is the speed

of light, n is the refractive index of the material, I is the light intensity and χ(3) is

the third-order non-linear susceptibility [55].

The quadratic dependence of the TPA rate on the light intensity can be used

to localize the absorption of light to a small volume in the proximity of a beam

focus, where the intensity is highest. Indeed, if a focused near-IR light is shone in

a solution absorbing in the blue region, it can be absorbed only in the focal volume

through the TPA mechanism, as in the right side of Figure 2.1. Conversely, if we

directly shine blue light, the absorption will happen anywhere in along the beam,

with a linear dependence on the intensity since it is a linear process (left side of figure

2.1). The principle of TPA is used in two-photon microscopy where the use of a

longer wavelength for fluorescence excitation enables an increased penetration depth

in tissues. Two-photon microscopy can also be implemented in endoscopes for brain

imaging, as shown in the chapter 3.

Two-photon lithography

Building on the TPA process, TPL was first proposed and demonstrated in 1991

[56], by the same researchers that invented two-photon laser scanning fluorescence
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Figure 2.1: Two-photon absorption. A microscope objective is focusing a laser
beam on a glass cuvette with a fluorescein solution inside. Fluorescein is a fluorescent
molecule that absorbs blue light and emits green. While using blue light (left), the
whole beam path starts glowing in green. In contrast, while using near-infrared
light (right), two-photon absorption can only be noticed in the laser focus where the
intensity is highest, resulting in a very confined fluorescing volume. Image by Steve
Ruzin and Holly Aaron, UC Berkeley
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microscopy. A few years later, in 1997, Kawata and coworkers developed TPL as a

tool for the 3D printing of micro-structures [57].

In TPL, a near IR laser is focused by a high-NA objective in a mixture called ”pho-

toresist” that typically is composed by monomers (”pre-polymer”) and photoinitiator

molecules. These molecules form radicals upon the absorption of UV light. The TPA

confinement, together with a threshold mechanism related to the minimum density

of radical molecules necessary to start the polymerization process, permits to create

local 3D polymerized units (voxels) in the focal volume of the laser. This process

is shown schematically in Figure 2.2b. The voxel size depends on many parameters,

such as the chemistry of the photoresist and the laser beam properties. The model

presented in the next section will describe these relations.

Polymerization Threshold model

In TPL, the photoinitiator molecule can absorb two or more photons (”multi-photon

absorption”) to form the radicals that will start the crosslinking of the monomers.

When a femtosecond laser is focused inside the photoresist, the density of the radicals

ρ that can be produced by TPA at the spatial position r and time t is:

ρ(r, t)

dt
= (ρ0 − ρ(r, t))σ2N

2(r, t)

where ρ0 is the initial concentration of initiator molecules, N is the photon flux

and σ2 is the effective two-photon radical generation cross-section that is equal to the

TPA cross-section multiplied by η, which is the radical generation efficiency of the

photoinitiator molecule, which is always lower than one [20].

The polymerization process can start only when the concentration of radicals ρ

reaches a certain threshold. This concentration threshold (ρth) is set by the local

concentration of oxygen molecules, as they quench the polymerization process by

combining with the created radicals [55]. When all oxygen molecules available in the
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polymerization volume are depleted by the radical quenching reaction, and there are

still free radicals around, then the polymerization reaction will happen. Hence, in this

simplified model, the condition ρ > ρth defines the shape of the photopolymerized

voxel. Assuming Gaussian light distribution N(r, t) = N0(t)exp(−2r2/r20), a constant

photon flux N0(t) = N0 during the laser pulse, and that radicals will not diffuse out

of the focal region between laser pulses, after some calculations the dimensions of the

voxel can be :

dxy(N, t) = r0

√
ln
σ2N2ftτp
ln ρ0

ρ0−ρth

dz(N, t) = 2zR

√√√√√σ2N2ftτp
ln ρ0

ρ0−ρth

− 1

where f is the repetition rate of the laser, t is the total irradiation time, τp is

the laser pulse duration and zR is the Rayleigh length for the laser beam [20, 58].

For simplicity, here we neglect the role of the diffusion of radicals and oxygen in the

photoresist. From these equations, we find that the voxel size along the laser beam

propagation axis dz is larger than the transverse size dxy, resulting in an ellipsoidal

voxel elongated along the z-axis. Therefore in TPL, the z-resolution is lower than

the xy-resolution. In principle, we could reach infinitesimal voxel dimensions —

hence very high 3D printing resolution — just by decreasing the photon flux N ,

which is proportional to the laser intensity. However, local inhomogeneity of the

photoresist, intrinsic laser intensity fluctuations, and low mechanical stability of the

resulting structure put a lower limit to the smallest obtainable features. Considering

the smallest achievable feature as the size of the minor axis of a single voxel or the

linewidth of a printed line of voxels, features as small as 30 nm [59] can be obtained.

However, if we define the fabrication resolution as the smallest achievable distance

between two voxels that do not touch each other, this is around 200 nm [60], so it is
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essentially diffraction limited. To understand the motivation of this 6-fold difference

between linewidth and resolution, we consider the simple case in which we write

two lines next to each other. While writing the first line, we will polymerize the

photoresist where we reach the radical density threshold of ρth. In the unpolymerized

volume, where 0 < ρ < ρth, some radicals will still be generated by the first exposure.

When writing the second line close to the first one, the newly generated radicals in

the tail of the Gaussian beam profile, and that would be otherwise below threshold,

will sum up with the ones generated with the first line. This will make the radical

density to reach ρ > ρth, and induce polymerization in the space in the between the

two lines. This effect is also called ”proximity effect”, and leads to a decrease of

the best possible fabrication resolution. At the same time, this effect is beneficial

in some applications, as it can be exploited to obtain smooth surfaces with specific

photoresists [61].

A method to overcome this effect and obtain a higher resolution in TPL is in-

spired to dual-beam Stimulated Emission Depletion (STED) microscopy. A first

beam shaped like a doughnut inhibits the polymerization of the photoresist. A sec-

ond beam with a standard Gaussian beam profile, can polymerize the photoresist

and is collinear to the first beam. By shrinking the hollow part of the inhibiting

beam, resolutions and linewidths down to 52 nm and 9nm, respectively, have been be

reached [62].

Aside the mechanism of TPA by photoinitiator molecules, for certain laser pulse

parameters also the avalanche ionization mechanism can trigger the creation of rad-

icals. Indeed, when the laser radiation is intense enough, some electrons can be

promoted to the conduction band and accelerated enough by the laser beam to ionize

other molecules upon impact. This releases other free electrons and radicals, starting

a chain process called ”electron avalanche.” In some conditions, the number of rad-

icals released by this process can be greater than the one associated with TPA. By
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exploiting this mechanism, the polymerization of photoresists without photoinitiators

is possible [58,63].

2.2 TPL 3D printing configuration

2.2.1 Nanoscribe setup

The structures reported in this dissertation thesis have been 3D printed by using the

commercial TPL system Nanoscribe Photonic Professional GT. The laser source is

an erbium-doped femtosecond fiber laser at 780 nm wavelength, modulated by an

Acousto Optic Modulator that controls the writing laser power. After a beam expan-

sion and galvanometric scanners, the laser beam enters a Zeiss inverted microscope

and is tightly focused by a microscope objective which is used to deliver the beam to

the printing volume. Through the microscope camera, we can visualize the on-going

printing process.

The proprietary slicing software of Nanoscribe system is called ”Describe”. The

main 3D printing parameters that can be controlled with Describe are:

• Dose: the energy deposited on a single voxel. If the dose is too high, microbub-

bles will form in the photoresist; if the dose is too low, the photoresist will not

be polymerized.

• Writing velocity: the speed of the scanned laser spot on the focusing plane. If

the speed is too high, the trajectories followed by the laser might not be precise.

• Slicing: the distance between successive layers which impacts the smoothness

of the object.

• Hatching: the distance between adjacent lines belonging to the same layer,

that can also impact the smoothness of the object.
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Figure 2.2: Configuration of the Nanoscribe 3D printer system. a) Optical
and electronic setup of the Nanoscribe system. A pulsed erbium-doped femtosecond
fiber laser centered at 780 nm wavelength is modulated by an Acusto Optic Modulator
(AOM) that controls the power that enters the inverted microscope. A microscope
objective focuses and delivers a high-intensity beam to the sample plane. The printing
volume is monitored with a CCD camera that is connected to a computer. The
computer also controls the piezoelectric 3D scanning stage, and the laser. b) The
process of two-photon lithography described in the previous section is graphically
illustrated. Image from Nanoscribe manual, version 374, 12 February 2014

• Shell: the number of layers close to the external boundary of the object in the

shell-and-scaffold fabrication strategy. The lines can be printed with different

writing parameters (slicing, hatching, speed, power) with respect to the internal

part of the structure, generally to save fabrication time.

2.2.2 Printing configuration

The printing configuration used to fabricate the structures reported in this disserta-

tion makes use of a 25x 0.8 NA microscope objective (Zeiss) and the IP-S photoresist

(Nanoscribe). The microscope objective is used in the so-called ”dip-in” [26] configu-

ration, in which the photoresist is used both as an immersion medium and as printing

material. Therefore, the objective is directly dipped in the photoresist (Figure 2.3a).

If not using this special configuration, but a standard oil-immersion configuration, the

objective is dipped in oil and the printing material is deposited on the opposite side
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Figure 2.3: Dip-in vs. oil immersion writing configurations. a) Dip-in writing
configuration: the photoresist is used both as immersion medium and printing mate-
rial. b) Oil immersion writing configuration: the immersion medium is oil and the
printing material is the photoresist.

of a glass coverslip (Figure 2.3b). However, the standard oil-immersion configuration

has multiple disadvantages:

• the laser beam has to pass through the substrate; hence it can work only with

transparent substrates

• the working distance of the objective limits the height of the printed objects;

hence the substrate has a maximum thickness.

• in the layer-by layer fabrication process, the laser beam might have to pass

through already polymerized layers; because the polymerized photoresist has a

different refractive index compared to the unpolymerized one, the beam might

undergo an unwanted refraction, worsening the writing quality.

Therefore the dip-in configuration offers better printing accuracy, substrate versatility,

and wider dimension range. The IP-S photoresist is a high viscosity methacrylate-

based material. Combined with the 25x 0.8 NA objective, it creates medium-sized

voxels (∼ 1 µm * 5 µm), so it is suited to fabricate structures with dimensions of
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hundreds of microns. It also features a relatively high ”proximity effect”, which cre-

ates smooth surfaces, so it is the photoresist of choice to print micro-optical elements

such as the ones presented here.
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Chapter 3

Extended field-of-view ultrathin microendoscopes with

built-in aberration correction for high-resolution imaging

with minimal invasiveness



39

3.1 Introduction

Two-photon fluorescence imaging allows high-resolution anatomical and functional

visualization of neuronal circuits several hundred of micrometers deep into the intact

mammalian brain [64]. Light scattering within the brain, however, strongly affects

the propagation of excitation and emission photons, making effective imaging increas-

ingly difficult with tissue depth [65, 66]. Various strategies have been developed to

improve imaging depth in multi-photon fluorescence microscopy [67–74], allowing the

visualization of regions 1-1.6 mm below the brain surface. However, deeper imaging

requires the use of implantable microendoscopic probes, which allowed morphological

and functional investigation of neural circuits in brain regions that would otherwise

remain inaccessible [75–79]. Ideally, microendoscopic devices should have small radial

dimensions and, at the same time, maintain sub-cellular resolution across a large field-

of-view (FOV). This would allow high-resolution population imaging, while minimiz-

ing tissue damage. Current microendoscopes for deep imaging are frequently based

on gradient-index (GRIN) rod lenses which typically have diameter between 0.35-

1.5 mm and are characterized by intrinsic optical aberrations [77]. These aberrations

are detrimental in two-photon imaging because they decrease the spatial resolution

and lower the excitation efficiency, leading to degraded image quality and restricted

FOV [51, 80]. This is especially relevant when ultrathin microendoscopes (diameter

≤500 µm) are used, because the size of the FOV decreases with the diameter of

the optical probe. Optical aberrations in GRIN microendoscopes can be corrected

with adaptive optics which, however, requires significant modification of the optical

path [51, 81, 82] and may limit the temporal resolution of functional imaging over

large FOVs [51]. Alternatively, the combination of GRIN lenses of specific design

with plano-convex lenses within the same microendoscopic probe has been used to

increase the NA and to correct for aberrations on the optical axis [77]. However, tech-

nical limitations in manufacturing high-precision optics with small lateral dimensions
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have so far prevented improvements in the performances of GRIN microendoscopes

with lateral diameter <1 mm using corrective optical microelements [83]. Addition-

ally, the fabrication of high performances multi-element optical systems for on-axis

and off-axis aberration correction, imposes to respect strict tolerances in the assembly

and requires the use of external metal cannulas to hold the various optical elements

aligned and provide mechanical stability to the optical system. This has so far lim-

ited the applicability of aberration correction with built-in optical elements to GRIN

lenses of diameter ≥ 1 mm and overall endoscopic probe diameter (GRIN + cannula)

of ≥ 1.4 mm [77,83]. Since the insertion of the probe irreversibly damages the tissue

above the target area, reducing the size of the probe and consequently its invasiveness

is of outmost importance when imaging deep brain regions.

To address these limitations, we have developed a new approach to correct aber-

rations and extend the FOV in ultrathin GRIN-based endoscopes using 3D-printed

free-form lenses. Thanks to the unique capabilities of TPL in the high-precision and

in-situ fabrication of micro-optic elements, this approach has no limitations on the

size of the corrective lenses for current GRIN-based microendoscopes and requires

no modification of the microscope optical path, as the corrective optics is built into

the microendoscope. Corrective lenses were optically designed based on ray trace

simulations and microfabricated using TPL. We developed four types of extended

field-of-view (eFOV) ultrathin microendoscopes, differing in length and diameter,

which enable optimized optical performances at various depths within biological tis-

sue. Finally, we validated the eFOV-microendoscopes by performing in-vivo func-

tional imaging on hundreds of hippocampal cells expressing the genetically-encoded

calcium indicator GCaMP6 [84] in the intact mouse brain. The obtained results

confirm that the unique capabilities of TPL 3D printing of micro-optics enables an

unprecedented combination of high resolution, FOV extension and minimal invasive-

ness in microendoscopy.
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3.2 3D printing of microlenses to correct optical aberrations

in GRIN endoscopes

Two-photon lithography is becoming the solution of choice for the fabrication of sub-

mm free-form microlenses. The in-situ fabrication capability granted by TPL also

allows straightforward integration of these microlenses with other devices, such as

waveguides, light sources, or CCD/CMOS sensors [27]. Additionally, the microlenses

can be arrayed on-plane [85] or stacked vertically to form microscope-objective-like

assemblies [26]. The additive manufacturing approach avoids geometric and process

related constraints typical of mechanical tools and subtractive manufacturing in gen-

eral.

In the context of this multi-disciplinary project, I worked on the development of

an optimal TPL configuration for the fabrication of smooth, defect-free, and mechan-

ically stable free-form microlenses to be used as the master structure for the creation

of replication molds. A key task was the optimization of the interplay of different

fabrication parameters, such as slicing and hatching (see Section 2.2), in order to

achieve a smooth surface. This had to be done in a shell-and-scaffold printing strat-

egy to reduce the fabrication time without compromising the mechanical stability of

the lens. Within this project, have used two different optical configurations for the

3D printer and different photoresists.

3.2.1 Fabrication with a high-resolution printing configura-

tion

In the initial phase of the project, the only dip-in configuration available for the Nano-

scribe 3D printer was based on the proprietary IP-Dip photoresist and a high-NA 63x

oil-immersion objective. The IP-Dip material is a high-viscosity methacrylate-based

photoresist. When combined with the 63x 1.4 NA objective, it creates small-sized

voxels (∼ 0.3 µm * 1 µm). This configuration is well suited to fabricate small struc-
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tures with fine features. However, since it is designed for high resolution applications,

it does not feature a high ”proximity effect”, and the fabricated surfaces are typi-

cally rough. Additionally, the diameter of the maximum printing field recommended

by the manufacturer in this configuration is 200 µm, while the diameter of the de-

signed corrective lenses ranged from 350 to 500 µm (Table 3.1). One strategy to print

objects bigger than the printing field consists in the sequential printing of adjacent

areas, whose size correspond to a single printing field, by using the mechanical posi-

tioning stage of the printing machine. This large-area fabrication strategy can lead to

”stitching” defects [86] that are generated by the stage backlash error. To implement

this strategy, we divided the lens in different parts which we exported as different

STL files, we sliced them, and finally we positioned them in the printing file to form

the original design of the lens. Due to the relatively long fabrication times that are

associated with the high-resolution configuration (0.4 mm3/h for IP-Dip compared to

0.8 mm3/h for IP-S), we evaluated this high-resolution configuration by printing only

sections of the lens instead of the entire lens. This strategy was not successful and led

to evident fabrication defects (vertical steps between adjacent fabrication sub-fields,

with an average height of 0.55 µm) in the connection between different parts, as can

be seen in Figure 3.1b. These defects are due to horizontal and vertical stitching

errors. Another disadvantage of the high-resolution configuration is that, with the

standard slicing parameters, the surface is not smooth (Figure 3.1b). Finally, an

evident shrinkage [87], caused by specific properties of the IP-Dip photopolymer, can

also be appreciated by the bent edges of the structure in Figure3.1a.

3.2.2 Optimized 3D printing configuration

In a later stage of the project, a better suited configuration to this project became

available for the 3D printer system. This configuration features a low-NA 25x mi-

croscope objective which allows the polymerization of bigger voxels when combined
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a) b)

Figure 3.1: Microlens fabrication with the IP-Dip photopolymer. a) SEM
image of a microlens sector printed with IP-Dip and 63x 1.4 NA objective, showing
evident shrinkage and stitching errors. b) High magnification SEM image showing
the prominent roughness and stitching error.

with the IP-S photoresist, that also features a high proximity effect. Therefore, this

configuration is recommended for printing micro-lenses [26] since it provides smooth

surfaces (thanks to the proximity effect) and fast fabrication time (thanks to the big-

ger voxels). The recommended printing field diameter for the 25x objective was up

to 400 µm which was suitable for the printing of microlenses with 350 µm diameter

while was not enough for the 500 µm microlenses (Table 3.1). For this latter case,

we explored two options: using again a stitching strategy or ”extending” the printing

field to 500 µm. Indeed, the recommended printing field of the 3D printer is defined as

the central ”Field of View” in which the optical aberrations of the optical system are

minimal. Printing further away from the border of this field will increase vignetting,

distortion, and spherical aberrations, so the 3D printed objects might be distorted.

The stitching approach did not provide optimal results also in this case, ending up

in clearly visible discontinuities between the different printing fields as can be seen

from Figure 3.2a. Instead, the extension of the printing field up to a 500 µm diameter

allowed a stitch-less continuous smooth lens profile as shown in Figure 3.2b. We then
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a) b)

Figure 3.2: Different strategies to print a 500 µm microlens. a) SEM image
of a lens printed by using the stitching strategy. b) SEM image of a lens printed in
a single ”extended” printing field.

verified the matching between the designed and the fabricated microlens profile with

a contact stylus surface profiler (Dektak 8, Veeco). The results are shown in Figure

3.3 and demonstrate excellent replication of the designed 3D profile and viability of

the extended field of view approach.

We optimized the fabrication configuration and parameters, such as the slicing

(0.05 µm) and hatching (0.5 µm), to achieve a smooth surface that we verified by

Scanning Electron Microscopy (SEM) imaging. To minimize the fabrication time,

we adopted a shell-and-scaffold strategy (12 shell layers) followed by UV exposure

(2 minutes, 0.5 W/cm2) of the enclosed unexposed photoresist. We optimized the

thickness of the shell that would provide a final lens profile — as measured with a

contact stylus profilometer — as close as possible to the design.



45

I

II

III

IV

500 µm

Figure 3.3: 3D printed microlens profiles. Designed profile is shown as blue
dashed line. Measured lens profile is shown as orange continuous line. The profile
has been measured with a contact stylus surface profiler. The scale-bar is valid for
both coordinates.
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3.3 Methods

3.3.1 Optical design

The profiles of the free-form corrective microlenses to be integrated in the eFOV-

microendoscopes were defined through ray tracing simulations with OpticStudio15

(Zemax, Kirkland, WA). The design of the profiles aimed at achieving the following:

1. a full-width half maximum (FWHM) lateral resolution <1 µm at the center of

the FOV of the eFOV-microendoscopes

2. a FWHM axial resolution <10 µm

3. a working distance between 150 µm and 220 µm into living brain tissue

The wavelength used for the simulations was λ = 920 nm since the devices were

developed for two-photon microscopy with the use of the genetically encoded cal-

cium indicator GCaMP6s [84]. The surface profile of corrective aspheric lenses was

analytically described as [88]:

Z(r) =
cr2

1 +
√

1− (1 + k)c2r2
+
∑
n

αnr
2n (3.1)

Since GRIN lenses have intrinsic spherical aberration, the optimization for the

shape of the corrective lenses started with the profile of a Schmidt corrector plate [89]

as initial guess; the parameters c, k, αn (with n = 1÷8) in equation 3.1 were then

automatically varied in order to maximize the Strehl ratio [90] over the largest possible

area of the FOV. A fine manual tuning of the parameters was performed for final

optimization.

3.3.2 Molding and assembly

The designed lens profile did not feature hollow cavities or hanging parts; therefore,

a procedure of replication by molding [91] was subsequently developed for fast gener-
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ation of multiple lens replicas. To this end, polydimethylsiloxane (PDMS) was cast

onto the 3D printed microlenses and hardened by heat cure in a circulating oven at

80◦C for approximately 30 minutes. The resulting bulked structure of solid PDMS

was then used as negative mold. A drop of NOA63 (Norland Products, Inc), a UV-

curable optically-clear adhesive with low fluorescent emissivity, was deposited on the

negative mold, pressured against a coverslip of appropriate thickness and hardened by

UV exposure. The coverglass with the replicated lens attached was removed from the

mold and glued onto a metal ring. One end of the appropriate GRIN rod was attached

perpendicularly to the coverslip surface opposite to the lens using NOA63. Alignment

of the corrective lens and the GRIN rod was performed under visual guidance using

an opto-mechanical stage shown in Figure 3.4a-b. An additional and removable cov-

erglass was glued on the top of every support ring (Figure 3.4d) to keep the polymeric

corrective lens clean and to protect it from mechanical damage once implanted on

the mouse skull. The GRIN rods were finally coated with a thin (< 30 nm) layer of

polytetrafluoroethene (PTFE) using reactive ion etching.

3.3.3 Optical characterization

The optical characterization of eFOV-microendoscopes was carried out with a two-

photon laser-scanning microscope equipped with a tunable mode-locked Ti:Sapphire

laser source (Ultra II Chameleon, pulse duration, 160 fs; repetition rate, 80 MHz; Co-

herent), a commercial Prairie Ultima IV scan head and an upright epi-fluorescence mi-

croscope (BX61 Olympus). For all measurements, the wavelength was set at 920 nm.

The opto-mechanical assembly used for the microendoscope characterization is shown

in Figure 3.4c. Two infinity-corrected objectives were used: RMS20X-PF-20X, and

LUCPLFLN 60X 0.7NA (Olympus). Measurement of maximal resolution was per-

formed with the LUCPLFLN 60X objective to overfill the eFOV-microendoscope

numerical aperture and reach diffraction limited performances in accordance with op-



48

Figure 3.4: Setups for the assembly and characterization of eFOV-
microendoscopes. a) Optomechanical stage used for microendoscope assembly.
Red arrows indicate key components. The blue line indicates the part of the set up
whose section is shown at an expanded scale in b). b) Section of a portion (A-A)
of the set up shown in a). c) Schematic of the optomechanical assembly used for
microendoscopic imaging. d) The self-supported eFOV-microendoscope (highlighted
with the red dashed box in c) is shown at an expanded scale.

tical simulations, whereas other characterizations were done with the RMS20X-PF-

20X objective. The maximal resolution of each eFOV-microendoscope was evaluated

using subresolution spherical fluorescent beads (diameter: 200 nm, Polyscience), fol-

lowing a previous spatial calibration using a custom fluorescent ruler. To evaluate

the curvature of the conjugated plane at the distal end of the eFOV-microendoscope

(see Results section), and the extent of the aberration-corrected FOV, we used thin

(thickness: 300 nm) fluorescent slices [92] and acquired z-series of images (512 x 512

pixels) with 1 µm axial step. Imaging was performed with the distal end of the GRIN

rod immersed in a droplet of water placed on the slide. The distance between the

focal plane of the microscope objective and the endoscope assembly was ∼100 µm

and it was fixed for all measurements. Image analysis was carried out following pre-

vious reports [92] using the ImageJ/Fiji software [93] and custom Python code. We

first fitted with a circular section the fluorescence intensity profile in x,z projections
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taken from the image stack. We then averaged the fitting circular section across x,z

projections obtained from different z-stacks for the same GRIN rod. We finally mea-

sured the mean curvature of the FOV of that specific GRIN rod from the average

circular section. The axial projection of each z-stack was remapped onto the fitting

circular section to optimally estimate radial distances. For fluorescence intensity mea-

surements, in each z-stack we measured the fluorescence intensity along N randomly

chosen radial directions (N = 400). Fluorescence intensity along a given direction

was initially smoothed with a ∼7 µm flat moving window, averaged across N and

normalized to the maximal intensity value. In these experiments, the diameter of the

FOV was measured based on a threshold set at 80%. Intensity variations < 5% below

the threshold were not considered if restricted to < 100 µm. For measurements of the

axial sectioning capability, at every x,y position the fluorescence intensity distribution

along the direction perpendicular to the endoscope FOV was fitted with a Gaussian

curve. The FWHM was used as measurement of the z-resolution (FWHMz). For this

analysis, the ImageJ/Fiji plug-in MetroloJ [94] and a Python code was used. We

operationally defined the usable aberration-corrected FOV, as the area in which the

FWHMz remained < 1.5 × FWHMz,min, where FWHMz,min is the FWHMz at the

center of the FOV.
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Figure 3.5: Optical design of eFOV-microendoscopes. Images showing ray trace
simulations for the four different eFOV-microendoscopes (type I-IV) developed in this
study. The insets show the profiles of corrective polymeric lenses used in the different
eFOV-microendoscopes.

3.4 Results

Four types of eFOV-microendoscopes of various lengths and lateral dimensions were

developed, all composed of a GRIN rod, a glass coverslip and a microfabricated

corrective free-form lens (see Table 3.1 and Figure 3.5). One end of the GRIN rod was

directly in contact with the glass coverslip and the GRIN rod was different in each

of the four types of eFOV-microendoscopes (all with 0.5 NA). The glass coverslip

was 100 µm thick for type I, III, IV eFOV-microendoscopes and 200 µm thick for

type II eFOV-microendoscopes. This design did not require additional cannulas or
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Figure 3.6: Corrective lenses improve the simulated optical performances
of ultrathin microendoscopes. a) Simulated diffraction PSFs of type I microen-
doscopes without the corrective lens (uncorrected, left) and with the corrective lens
(corrected, right). PSFs are shown color coded according to their radial distance
from the optical axis. The black dotted line represents the diffraction-limited condi-
tion that was set at 80 % (Maréchal criterion). The red asterisks indicate the radial
positions at which the maximal normalized irradiance of the corresponding PSF was
> 80 %. b) type II c) type III d) and type IV.
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Figure 3.7: Aberration correction using microfabricated lenses extends the
FOV in ultrathin microendoscopes. a) eFOV-microendoscope mount for head
implant. The coverslip is glued on a circular metal ring that facilitates fixation of
the animal’s skull. b) Detail of the coupling between optical elements c) Top: side
profile of the corrective lens for type I eFOV-microendoscopes. Bottom: bright field
image (top view) of the same corrective lens. d) Representative images in the x,y
plane (top) and in the x,z plane (bottom) of a subresolution fluorescent bead imaged
with a type I eFOV-microendoscope without (left) and with (right) the corrective
microlens. e) Normalized intensity profiles along the radial (left) and axial (right)
directions of the images shown in d) for uncorrected (black) and corrected (red). Data
are normalized to the maximum of the Gaussian fit (solid line). f) x,z projections
of a z-stack of two-photon laser scanning images of a subresolution fluorescent layer
(thickness: 300 nm) obtained using a type I eFOV-microendoscope without (top) and
with (bottom) the corrective microlens. g) Average axial resolution as a function of
the position in the FOV for uncorrected (left) and corrected (right) type I microen-
doscopes. The pseudocolor scale indicates axial resolution values in microns. N =
7. h) Representative images of fixed cortical tissue expressing GFP in neuronal cells,
acquired with the same microendoscope used in d) without (left) and with (right) the
corrective microlens.
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Figure 3.8: Large FOV functional imaging of hippocampal networks with
minimal invasiveness. a) Two-photon image showing GCaMP6s expressing hip-
pocampal neurons recorded using type I eFOV-microendoscopes. b) Identified active
ROIs. c) The fluorescence signal over time for 20 representative ROIs (red in b) are
displayed.

Type
Diam.
(mm)

Length
(mm)

FWHMx,y(µm)
N=10

FWHMz(µm)
N=10

FOV diam.
(µm) N=7

I 0.5 1.86
uncor.: 0.89 ± 0.04
cor.: 0.82 ± 0.01
p = 1.2E-4

uncor.: 8.5 ± 0.4
cor.: 6.7 ± 0.2
p = 2.6E-10

uncor.: 169 ± 13
cor.: 398 ± 18
p = 5.0E-12

II 0.5 4.07
uncor.: 0.88 ± 0.04
cor.: 0.88 ± 0.03
p = 8.5E-1

uncor.: 9.7 ± 0.5
cor.: 7.3 ± 0.2
p = 1.5E-9

uncor.: 120 ± 6
cor.: 365 ± 14
p = 1.4E-14

III 0.35 1.1
uncor.: 0.81 ± 0.09
cor.: 0.76 ± 0.02
p = 9.5E-2

uncor.: 8.1 ± 0.3
cor.: 6.3 ± 0.3
p = 7.8E-11

uncor.: 168 ± 4
cor.: 187 ± 4
p = 1.8E-5

IV 0.35 2.62
uncor.: 0.82 ± 0.05
cor.: 0.77 ± 0.08
p = 9.7E-2

uncor.: 8.0 ± 0.4
cor.: 6.4 ± 0.5
p = 4.8E-7

uncor.: 133 ± 2
cor.: 233 ± 10
p = 1.1E-11

Table 3.1: Physical and optical characteristics of eFOV-microendoscopic
probes. For statistical comparison of corrected vs uncorrected microendoscopes Stu-
dent’s t-test was used.
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c k α1 α2 α3 α4 α5 α6 α7 α8

I -2.6E-01 -1.7E+00 8.6E-01 -5.3E+01 6.0E+03 -2.8E+05 7.3E+06 -8.9E+07 2.5E+08 2.2E+09

II 1.0E+03 -2.4E+03 -1.5E+00 2.9E+01 -4.6E+01 -7.7E+03 2.0E+05 7.8E+06 -1.7E+08 -3.9E+08

III -5.0E-01 8.2E+00 1.5E+00 -1.4E+02 3.7E+04 -3.9E+06 2.2E+08 -5.6E+09 3.3E+10 6.3E+11

IV -2.4E-01 -1.2E+00 9.2E-01 -1.3E+02 4.4E+04 -4.3E+06 2.2E+08 -5.6E+09 3.5E+10 4.9E+11

Table 3.2: Parameters for corrective lens fabrication. Coefficients used in equa-
tion 3.1 for the free-form corrective lenses used in type I-IV eFOV-microendoscopes.

clamping devices [95, 96] that would increase the lateral size of the microendoscope

assembly or reduce its usable length, respectively. Microlenses were fabricated by

TPL and plastic molding replication directly onto the glass coverslip. For each type

of GRIN rod used in the eFOV-microendoscope, ray trace simulations determined the

lens profiles (Figure 3.5) that corrected optical aberrations and maximized the FOV.

The coefficients used in equation 3.1 for the different types of eFOV-microendoscope

are reported in table 3.2.

For type I eFOV-microendoscopes the corrective lens had a diameter of 0.5 mm

and height < 40 µm. For this type of eFOV-microendoscopes, the simulated diffrac-

tion point-spread-functions (PSFs) at incremental radial distances (from 0 to 200

µm) from the optical axis showed that the Strehl ratio of the system was > 80%

(diffraction-limited condition according to the Maréchal criterion [97]) at a distance

up to ∼ 165 µm from the optical axis with the corrective lens, while up to ∼ 70 µm for

the same optical system without the corrective lens (see Figure 3.6a), leading to an

increase of ∼ 5 times in the area of the diffraction-corrected FOV. The enlargement

of the area of the FOV was ∼ 2-9 times for the other types of eFOV-microendoscopes,

compared to microendoscopes without the corrective lens.

To experimentally validate the optical performances of the eFOV-microendoscopes,

we coupled them to the two-photon laser scanning as described in the Methods section.

We measured the spatial resolution by imaging subresolution fluorescence beads at

920 nm. Experimental measures of radial and axial resolution for all types of eFOV-
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microendoscopes are reported in Table 3.1. Importantly the axial resolution was

significantly increased in all corrected eFOV-microendoscopes compared to uncor-

rected probes. We then evaluated the profile of fluorescence intensity across the FOV

for both uncorrected and corrected probes using the subresolution thin fluorescent

layers. The diameter of the aberration-corrected FOV (measured at radial distances

at which the measured fluorescence drops below 80%) was significantly larger for cor-

rected compared to uncorrected microendoscopes as reported in Table 3.1. We next

characterized the effect of aberration correction on the axial resolution across the

FOV. From the acquired z-stacks of a subresolution thin fluorescent layer described

above, we measured the FWHMz across the FOV. As expected by ray trace simu-

lations (Figure 3.5), eFOV-microendoscopes displayed a more pronounced curvature

of the focal plane (Figure 3.7f) compared to uncorrected probes. Moreover, the x,z

projection of the z-stacks showed higher axial resolution in eFOV-microendoscopes

in an area that was up to 9.3 folds wider (depending on microendoscope type) com-

pared to uncorrected probes (Figure 3.7f-g, table 3.1), further demonstrating ex-

tended FOV in corrected microendoscopes. Noteworthy, we found good agreement

between the experimental measurements and the prediction of the optical simulations.

Since aberrations generally increase with the length of the GRIN rod used in the mi-

croendoscope [98], aberration correction resulted in larger improvements in optical

performances in eFOV-microendoscopes with longer rather than shorter GRIN rods.

The ability of eFOV-microendoscopes to image effectively larger FOVs compared to

uncorrected probes was further confirmed in biological tissue by imaging neurons

expressing the green fluorescence protein (GFP) in fixed brain slices (Figure 3.7h).

To validate eFOV-microendoscopes performances for in vivo functional measure-

ments, we expressed the genetically-encoded calcium indicator GCaMP6s in the

mouse hippocampal region and implanted eFOV-microendoscopes above the injected

area. It is worth noting that an advantage of the customized mount that we devel-
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oped to hold eFOV-microendoscopes (Figure 3.7a-b) is that it allows their full-length

insertion within the tissue. As compared to the most common microendoscopes con-

figurations described in the literature [51,77,79,81,99], our solution thus enables the

use of shorter probes, which are less sensitive to aberrations. Spontaneous activities

in the CA1 hippocampal region were imaged with type I eFOV-microendoscopes. Us-

ing a cell-sorting algorithm based on PCA/ICA analysis [100], tens to hundreds of

active regions of interest (ROIs) were identified and could be imaged on a single FOV

using eFOV-microendoscopes, confirming efficient population imaging (Figure 3.8).
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3.5 Discussion

Aberration correction in GRIN microendoscopes can also be achieved using adaptive

optics (AO) [51, 81, 82, 101]. For example, using pupil-segmentation methods for AO

diffraction-limited performance across an enlarged FOV was obtained in GRIN-based

endoscopes with 1.4 mm diameter [51, 81] and in principle this approach could be

extended to probes with smaller diameter. AO through pupil segmentation requires

significant modification of the optical setup and the use of an active wavefront modu-

lation system (e.g. deformable mirror device or spatial light modulator) which needs

the development of ad-hoc software control. Moreover, AO through pupil segmenta-

tion may limit the temporal resolution of the system, since multiple AO corrective

patterns must be applied to obtain an aberration-corrected extended FOV [51]. Com-

pared to AO approaches, the technique developed in this study does not necessitate

modification of the optical path nor the development of heavy computational ap-

proaches. Moreover, it is easily coupled to standard two-photon setup, and does

not introduce limitations in the temporal resolution of the imaging system, allowing

fast endoscopic microscopy when coupled with the scanless imaging modality [102].

Despite these advantages, the approach presented in this study is limited to the cor-

rection of aberration introduced by the GRIN lens and was not developed to correct

aberrations introduced by other elements along the optical path or by the sample.

Moreover, in contrast to AO our approach does not correct for aberrations that may

vary over time, such as those due to intrinsic properties of the biological sample that

may dynamically change over the course of the experiment. AO approaches could

be applied on eFOV-microendoscopes to address this limitation. Future development

of the method described in this study may be the realization of corrective elements

composed of compound microfabricated lenses [26] that could extend the degrees

of freedom in the correction design process and lead to improved performances of

miniaturized optical probes.
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3.6 Conclusion

We demonstrated the potential of 3D printing with TPL in correcting the optical

aberrations and extend the FOV in ultrathin microendoscopes. High-precision and

optically smooth corrective free-form lenses were designed and fabricated for each

type of GRIN rod used in the microendoscopes. Corrected microendoscopes showed

improved axial resolution and up to 9 folds extended FOV, allowing efficient in-vivo

population imaging with minimally invasiveness. Moreover, eFOV-microendoscopes

can be efficiently coupled to fast imaging approaches to increase the temporal resolu-

tion of aberration-corrected endoscopic imaging by almost two orders of magnitude.

Although eFOV-microendoscopes have been primarily applied for functional imag-

ing in this study, we expect that their use can be extended to different applica-

tions. For example, eFOV-microendoscopes could be combined with optical systems

for two-photon patterned optogenetic manipulations [103–105] and for simultaneous

functional imaging and optogenetic perturbation [106–108]. Moreover, besides its

applications in the neuroscience field, eFOV-microendoscopes can be used in a large

variety of optical applications requiring minimally invasive probes, ranging from cel-

lular imaging [95,109] to tissue diagnostic [110,111]. Applications of ultrathin eFOV-

microendoscopes to other fields of research will be greatly facilitated by the built-in

aberration correction method that we developed. This provides a unique degree of

flexibility that allows using ready-to-use devices in a large variety existing optical

systems with no major modification of their optical path.
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Chapter 4

3D-printed high-NA ultra-compact catadioptric lens for

XPM-removal in SRS microscopy



60

4.1 Introduction

Stimulated Raman Scattering (SRS) microscopy is a label-free chemical imaging tech-

nique with compelling applications in biology and medicine [112], including single-

cell metabolism [113–116], neuroscience [117] and tissue histology [118,119]. Thanks

to their intrinsic optical sectioning capability, SRS microscopes can map the three-

dimensional distribution of chemical bonds within a sample, with a sensitivity that

allows video-rate imaging of biological specimens [120]. Stimulated Raman Scatter-

ing occurs when molecular vibrations are coherently driven by two laser beams at

different wavelengths, overlapped in space and time, and whose difference in optical

frequencies corresponds to vibrational modes of the molecules [121]. In such event,

the driven coherent molecular vibration mediates a transfer of energy between the two

beams, for which the shorter-wavelength beam (pump beam) experiences a loss of in-

tensity (Stimulated Raman Loss, SRL), while the longer-wavelength beam (Stokes

beam) experiences an increase of intensity (Stimulated Raman Gain, SRG). The rela-

tive change of the intensity due to the SRS effect is very small (∆I/I ∼ 10−4÷10−6),

hence SRS setups implement a detection scheme based on high-frequency modulation

transfer to overcome the relatively high laser noise at low frequencies [122]. In such a

detection scheme, one of the two beams is amplitude-modulated and a lock-in ampli-

fier or a tuned amplifier [123] 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 scatter-

ing effect that can introduce artifacts in SRS measurements [124, 125]. XPM has a

non-resonant electronic origin; therefore, it does not provide any chemical informa-

tion. 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
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third-order nonlinear optical susceptibility. The instantaneous and intensity-profile-

dependent 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 diver-

gence has the same temporal pattern as the amplitude-modulated beam. When the

optical detection path does not collect the full NA of the beam to be measured, the

XPM-related beam divergence variation translates into a beam power variation at

the photodetector. This optical power fluctuation is detected by the lock-in amplifier

and is indistinguishable from the real Raman signal from the sample, becoming a

spurious background contribution to the measured signal. Moreover, this background

contribution added by XPM depends on the local non-linear 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 having an

higher NA than the excitation optics to suppress the background signal caused by

XPM [126].

SRS microscopy is a powerful technique to perform label-free imaging of live cells,

which requires to maintain suitable culture conditions with the use of an incuba-

tor [53]. In particular, stage-top incubators are the solution of choice when performing

live-cell time-lapse experiments with fast-changing environmental parameters (tem-

perature, humidity, oxygen level, etc.) 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 parame-

ters. 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

background in SRS microscopy — usually have a millimeter or lower working distance,
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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. [53] 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. Additionally, this solution makes it difficult or impossible

to navigate 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 [125], frequency modulation [124,127] or Stimulated

Raman Gain and Opposite Loss Detection (SRGOLD) [52,128]. However,these solu-

tions require a substantial modification to the optical setup or custom components.

To address these limitations, we exploited the unique capabilities of 3D printing

based on TPL to develop a high-NA 3D printed condenser thin-lens that fits inside

a stage-top incubator and efficiently directs an otherwise highly divergent beam to a

photodetector. This lens has a catadioptric design, i.e. it is made by both refractive

and reflective optical elements 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.
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4.2 Methods

4.2.1 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 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 non-imaging optics [129], where the aim is the

maximum transfer of optical power between the source and the detector. Moreover, as

our main application is the imaging of biological samples in aqueous solutions, the lens

was designed to work in water immersion. The design of the lens is sketched in Figure

4.1a and, in its working principle, is similar to the one of lighthouse Fresnel lenses [130]

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 incorporated

a 170 µm thick glass slab, corresponding to a standard microscope coverslip #1,5

(Figure 4.1a), 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 4.1d). 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 minimum 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,
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up to 0.74 NA (in water immersion). The design of the reflective part of the lens,

showed in cross-section in Figure 4.1a, was composed of many slanted parallelograms

that redirected the rays upwards 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 profile. The height for both the

refractive and reflective elements of the lens was less than 100 µm which, combined

with the thickness of the coverslip (170 µm), resulted in a 270 µm thick lens that

could fit inside narrow 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 divergence after the lens is very

sensitive to its distance from the laser focusing position. Therefore, in practical con-

ditions, the fluctuations in the well height can make the beam to be no longer ideally

collimated but instead significantly diverging, and becoming larger than the diameter

of the final lens (f2 in Figure 4.1c), which focuses the beam on the photodetector.

Additionally, to ensure the capability to image even thick samples — potentially up

to 200 micrometers — 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 4.1c). This lens

compensated 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.
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4.2.2 SRS setup

We characterized the 3D printed lenses on a home-build SRS microscope that is de-

scribed in Laptenok et. al. [115]. The setup is sketched in Figure 4.1b. The laser

source is a commercial Optical Parametric Oscillator pumped by a femtosecond fiber-

laser featuring two 80 MHz temporally synchronized outputs (Chameleon Discovery,

Coherent Inc.). One output has a fixed wavelength (1040 nm, 2.5 Watts average

power), and acts as the Stokes beam, while the second output is tunable between

680-1300 nm and acts as the pump beam. In the wavelength range used during the

experiments (780-950 nm), the laser delivers an average power > 1.8 Watts. 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 fil-

ter (AOTF). 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 micro-

scope objective (CFI Plan Apo λ 40x 0.95 NA, Nikon or CFI Plan Apo IR 60x 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 be used in multimodal configuration

to measure also Coherent Anti-Stokes Raman Scattering (CARS), Second Harmonic

Generation (SHG) and Two-Photon Fluorescence (TPF) signals.

4.2.3 Cell culture and imaging

Human hepatocellular carcinoma cells (HepG2, American Type Culture Collection,

HB-8065) were cultured in a glass bottom Petri dish at 37 ◦C in a humidified incubator

with 5% CO2 supply. The Gibco (Thermo Fisher Scientific) media and reagents were

used for cell culture maintenance: Dulbecco’s Modified Eagle Medium (DMEM),
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supplemented with 10% Fetal Bovine Serum (FBS), 1% Penicillin Streptomycin (P/S)

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.
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Figure 4.1: 3D printed catadioptric thin lens design. a) Geometrical optics
simulation of the 3D printed lens design. The low-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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4.3 Fabrication

The realization of the designed catadioptric lens requires a high-resolution 3D fabri-

cation method. This approach is needed as the reflective section of the catadioptric

lens features microscopic slanted cuts (see Figure 4.1a) 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 features

that require a high-precision fabrication method to generate surfaces with good opti-

cal quality. The high-precision 3D fabrication provided by TPL uniquely meets the

demands set by the microscopic features of the refractive and the reflective sections of

the catadioptric lens. Even though our lens is not microscopic, its microscopic features

require a precision that only TPL can provide. We used our TPL 3D printer (Nano-

scribe) with their proprietary photoresist IP-S in dip-in configuration (see Chapter

2). 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 slic-

ing fabrication parameter. The fabrication was followed by a post-development UV

curing to polymerize the bulk of the structure. With this optimized strategy, the

fabrication time of a 1.2 NA lens (Figure 4.2) was about 4 hours. The fabrication

of the lens was done by dividing the total 6 mm diameter area in smaller hexagonal

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 individual zone, allowed by the mechanical

positioning stage of the printing machine. This large-area fabrication strategy leads

to stitching defects [86] that are generated by the stage backlash error and are visible

as a hexagonal pattern in the SEM image of Figure 4.2.

The fabrication of the slanted cuts that create the TIR interface presented some

challenges, even with the TPL method. As can be seen in the inset of Figure 4.1,
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Figure 4.2: 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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the reflective part presents many narrow slots. Ideally, these slots start from the top

with a size of few microns (depending on their radial position), and they taper to

zero at the base of the printed elements. From the fabrication point of view, the

precise realization of these tapered gaps present two main problems. First, as the

faces of two adjacent reflective elements get closer, the proximity effect (see Chapter

2) will essentially polymerize the narrowest part of the gap between them. Second,

the development of narrow channels such as these slots, requires longer development

time respect to ”open” features, due to the restricted diffusion of fresh developer

molecules that dissolve the unpolymerized material. The combination of these two

effects caused a not accurate realization of reflective part of the catadioptric lens

in the early stage of the project, when we 3D printed the structures with a 3D

CAD model exactly replicating the desired final profile of the lens (corresponding to

Figure 4.1). However, while assessing the quality of the printed lens, we detected the

problem of incomplete gap between slanted faces by cutting one of these flawed lenses

with Focused Ion Beam and imaging inside the slot with an electron microscope (see

Figure 4.3a-b). To solve this problem, we added a small additional gap between the

elements of the reflective part in the CAD model of the lens to be 3D printed. We

empirically evaluated the optimal gap to compensate for these fabrication defects,

by printing a sequence of reflective elements with an increasing gap between them,

which are shown in Figure 4.3c. We can see that starting from an added gap of

6 µm, the reflective elements were well separated and that the slots between them

were completely developed. The added gap solves the problem of the incomplete

development, however it reduces the efficiency of the lens as the rays that end up

in the gaps are not collimated. Thus, we finally chose a gap of 4 µm as a trade-off

value between the two effects. We can see from Figure 4.3c that the slanted faces are

almost completely developed.
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Figure 4.3: Fabrication of the reflective elements
a SEM image of the Focused Ion Beam cutting of the a lens fabricated with the un-
modified ideal design reveals that the slots in the reflective elements are not reaching
the glass substrate. b FIB cut in another position of the lens. c Parametric test to
study the optimal gap between the reflective elements.
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4.4 Results and discussion

4.4.1 Rejection of XPM-related background with the cata-

dioptric lens

We tested the 3D printed catadioptric lens by observing the XPM-related background

signal in SRS measurements. 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 objective used in

collection acted as a benchmark for the rejection of XPM-related signal; however, it is

not compatible with a stage-top incubator due to its short working distance, 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.

Figure 4.4 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,

therefore any signal measured here is a non-resonant background signal, in this case

dominated by the XPM-related effect. The 3D printed lens clearly showed a rejection

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 combination with a higher-NA microscope objective for beam focusing

(CFI Plan Apo IR 60x WI 1.27 NA, Nikon). This objective provides better focusing
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Figure 4.4: SRS spectra with different combinations of excitation and col-
lection optics. SRS spectra in the CH-stretch region for the UV-cured NOA63
photopolymer with different combinations of excitation and collection optics. Con-
tinuous and dashed lines correspond to excitation with a microscope objective hav-
ing 0.95 NA and 1.27 NA, respectively. The three different collection optics are: 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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of the beams, enhancing the SRS signal and the spatial resolution. As reported in

Figure 4.4, 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 collection case

(0.95 NA excitation and 1.15 NA collection).

4.4.2 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 col-

lected 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-resolution 3D printer and IP-S photopolymer used to fabricate the catadiop-

tric lens. The images in the top row of Figure 4.5 were collected at a non-resonant

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 col-

lection 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 4.5 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 sig-

nal. Indeed, the quality of the SRS image collected through the 3D printed lens was

comparable to the one collected using the commercial high-NA objective, showing a

defined grid with low background. 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 in water. Figure 4.5c shows SRS images of an HepG2 cancer
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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 [131]. 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 pre-

sented several artifacts and distortions. In particular, the nucleus and the cytoplasm

of the cell are visible even though they have no significant resonant components at

2850 cm−1 and the lipid droplets have a non-uniform signal distribution, whose origin

is not fully understood, but possibly due to the interplay between XPM and Raman

contributions.

4.4.3 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 4.1d). The Petri dish was

then mounted with a proper holder inside the stage-top incubator. This positioning

of the lens is convenient as 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 catadioptric lens is 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 output beam is deflected and partially scattered

by the edges of the printed microstructures, therefore no longer efficiently relayed

to the photodetector. This effectively 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 background in SRS measurements. For this reason, a manual lat-

eral 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
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Optics NA efficiency

1 1-inch f=30 mm lens 0.4 20%

2
3D printed lens + f=30 mm
relay lens

1.2 70%

3 Nikon 40x 1.15 90%

Table 4.1: Power collection efficiency of different optics. Comparison of the
collection efficiency of the 3D printed lens with respect to the 1.15 NA objective and
the 0.4 NA lens. The efficiency was measured as a ratio of the power measured at
the position of the photodetector vs. the power from excitation objective (1.27 NA).

user, we characterized the effect of a lateral offset of the catadioptric lens optical axis.

Figure 4.6 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 measured 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.

4.4.4 Collection efficiency of catadioptric lens.

We then tested the collection efficiency for the 3D printed catadioptric lens. In table

4.1 we show the comparison of the collection efficiencies for the three different optics,

obtained by measuring the transmitted optical power at the photodetector position.

The 3D printed lens increased the collection of the signal by a factor of 3.5 with

respect to the configuration with the 0.4 NA lens, and reached almost 80 % of what

obtained with the 1.15 NA microscope objective.

We note that, while the suppression of the XPM background indicates that the

3D printed lens effectively collects the full NA of the excitation beam, it presents

some additional transmission losses with respect to the high-NA microscope objec-

tive. The losses are mainly due to the intrinsic absorption of the polymerized IP-S
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material in the near-infrared region [132] and to scattering from the many interfaces

and small features of the lens. Of note, the fabrication of large area structures with

two-photon lithography is affected by the stitching problem (see Methods section),

which is quite evident in the sparse discontinuities in the SEM image in Figure 4.2.

These discontinuities might contribute to additional scattering losses.

4.4.5 Use of the 3D printed lens with multimodal micro-

scopes

Finally, we tested the potential of the designed catadioptric lens to increase the collec-

tion efficiency in other non-linear microscopy methods with a transmission detection

path. This is relevant because SRS microscopes can be easily upgraded to become

”multimodal”, implementing also non-linear methods like Coherent Anti-Stokes Ra-

man Scattering (CARS), Second Harmonic Generation (SHG), Third Harmonic Gen-

eration (THG), and Two-Photon Fluorescence (TPF) microscopies [133]. 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 forward 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 [134]; in SHG microscopy, the ratio of the forward

to backward signal gives information on the small-scale morphology of samples [135];

in TPF microscopy, the availability of a forward detection path could allow for an-

other set of dichroic filters and detectors. We show in Figure 4.7 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 micro-
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scope objective — serving again as benchmark. In Figure 4.7a we show the forward

CARS spectrum of the UV-cured NOA63 photopolymer: the catadioptric lens greatly

increases the collected signal, almost to the level of the high-NA objective. The flu-

orescence signal collected by the catadioptric lens in TPF imaging (Figure 4.7b) of

10 µm polystyrene fluorescent beads (emission at 515 nm, F8836, ThermoFisher) is

very close to what collected by the high-NA objective and far higher that what col-

lected by the 0.4 NA lens. Therefore we demonstrated the compatibility and potential

beneficial use of catadioptric lens with multimodal non-linear microscopes.
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Figure 4.5: SRS imaging with different collection optics. a) SRS images of a
IP-S 3D printed grid at a non-resonant wavenumber (2550 cm−1). A strong 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 an 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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Figure 4.6: 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 NA). 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 XPM effect only and increases outside of
the working region for the catadioptric lens (offset > 1 mm).
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Figure 4.7: Use of the 3D printed lens for forward signal collection in TPF
and 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-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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4.5 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 no image distortions and an

even efficiency across the field of view of a high-NA excitation objective. Therefore,

in the context of SRS microscopy, our lens can replace bulky and expensive 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 be

potentially an order of magnitude less than a condenser with comparable NA. Finally,

we demonstrated that the proposed 3D printed lens is also beneficial 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 cata-

dioptric lens showed some additional losses with respect to a high-NA microscope

objective. This leaves some room for improvement in its collection efficiency. The ad-

ditional losses could be mitigated by using newer photopolymers for the 3D printing

(e.g., PO4 [132]) that feature a lower absorption coefficient. Additionally, we expect

that scattering from the proposed lens could be partly reduced by an improvement in

the correction of the stitching between different printing areas, or adopting a stitch-

less 3D printing system [86]. 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 discontinuities seen by the highest angled rays would be reduced by

fabricating reflecting elements with a larger base area in that region of the lens.
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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 [136].

Beyond the demonstrated application in bio-imaging, 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 communica-

tions.
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Chapter 5

Counterpropagating beams holographic optical traps by 3D

printed microprisms
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5.1 Introduction

5.1.1 Optical tweezers

The inventor of optical tweezers, Arthur Ashkin, won half of the Nobel Prize in

Physics in 2018 for ”the optical tweezers and their application to biological systems.”

Optical tweezers are a tool that can trap and manipulate microscopic particles without

contact, through the radiation pressure of light. The force generated by radiation

pressure can be seen as due to an exchange of momentum between objects and the

electromagnetic field. The existence of such radiation pressure was first hypothesized

by Kepler in 1609, when he realized that the tails of comets always point away from

the direction of the Sun. He even proposed the concept of ”solar sail,” which right

now holds the promise of interstellar exploration. [137, 138]. Optical forces are so

small that, until the laser’s invention in 1960, they were not clearly detectable and

with no realistic application. To harness these tiny forces, in 1970 [139], Ashkin

focused a laser beam in a dispersion of micrometric polystyrene bead, noticing their

acceleration in the direction of the laser beam. He also realized that the beads were

drawn into the beam axis, suggesting a transverse component of this optical force.

As highlighted in the Ashkin’s Nobel Prize motivation, optical tweezers became

an important tool in the study of biological systems. Through different physical

mechanisms, optical tweezers can trap in a non-contact and non-destructive way

objects as small as a virus [140], up to living cells [141] and large swimming organism

with tens of microns length [1]. The wide range of trappable objects dimension,

the micropositioning capability, the living cell compatibility, the ability to measure

small forces, and the straightforward integration with optical spectroscopy techniques

promoted several biophysical applications, like:

• the study of single-molecules such as DNA, RNA, and proteins by binding a

terminal functional group to one microscopic bead that is optically microma-
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nipulated [142–145]

• the sorting of specific cells in microfluidic chips by using optical forces. The

identification of the cells to be sorted can be done with fluorescence [146] or

Raman spectroscopy [147]

• the study of the viscoelastic properties of trapped live cells in a configuration

called ”Optical stretcher” [148]

5.1.2 Working principle of optical tweezers

The working principle of optical tweezers can be described with different models

according to the size of the trapped particle.

• Dipole approximation. This model is valid when the size of the particle is

much smaller than the wavelength, and is detailed in the following.

• Ray optics approximation. This model is valid when the size of the particle

is much larger than the wavelength, and is detailed in the following.

• Mie regime. This model is valid when the size of trapped particle is compa-

rable to the laser’s wavelength for trapping, which is typically around 1 µm.

The description of optical forces is more complex as we need to use the gener-

alized Lorentz-Mie theory [149]. This theory offers an accurate description but

prevents an intuitive understanding of the optical forces, so it is not detailed

here.

Dipole approximation

If the size of the particle is much smaller than the wavelength, we approximate it as

single electric dipole. The optical force acting on such particle has 2 components [150]:

~Fgrad ∝ <(α)∇I (5.1a)
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~Fscat ∝ k4|α|2~S (5.1b)

where I is the light field intensity, ~S is the Poynting vector, k is the wavenumber

and α is the relative polarizability of the particle, which is proportional to the ratio of

the refractive indexes of the particle and the immersion medium. The first component

Fgrad is called the ”Gradient force”, and it attracts the particle toward regions of high

intensity I. The other component Fscat is indicated as the ”Scattering force”, that

pushes the particles along the optical axis. The scattering force has the same direction

as ~S, which represents the energy flux of the electromagnetic field. To obtain stable

3D trapping points, the ubiquitous scattering force must by balanced by the gradient

force or by another scattering force component with opposite direction.

Ray optics approximation

When the size of the particle is much larger than the wavelength, we can use a ray

optics approach to model the optical forces [151]. The model system is a spherical

transparent bead with a higher refractive index than the surrounding medium, as

shown in Figure 5.1. When the particle deflects the rays, either by reflection or

by refraction, there is a corresponding change of momentum of light, producing an

optical force that is in the opposite direction to the deflection. Also in the case of

the ray optics model, we can identify a ”scattering” force and a ”gradient” force.

This time they are defined as the components of the optical force exerted by each

ray in a direction parallel and perpendicular to the direction of the ray, respectively.

The two vector sums of the individual scattering and gradient forces over all the rays

composing the beam, define the scattering ad gradient forces, respectively, of whole

beam on the particle. While the total scattering force tend to push the bead along

the forward direction of the beam, the total gradient force attracts the bead toward

the beam’s focus, mainly due to the refraction of rays. For beams with high-NA, the
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Figure 5.1: Ray optics approximation for optical tweezers. In a) the bead is
at an equilibrium position since the light rays do not change direction while passing
through the bead. If the bead is displaced with respect to the beam’s focus (b-d),

the optical force ~F restores the equilibrium position. ~Pin is the vector sum of the
momentum of incoming light. ~Pout is the vector sum of the momentum of outgoing
light. ~F is proportional to ~P in-~P out.
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component of the gradient force along the optical axis can be large enough to balance

the scattering force, allowing three-dimensional trapping of the particle. As shown in

Figure 5.1, if a particle is very close to the focus of a high-NA beam, every movement

in three dimensions is associated with a restoring force towards the focal point.

The need for high-NA beams sets strict conditions on the optical setup needed

to achieve single-beam optical trapping. Indeed, beams with suitably high NA are

created with microscope objectives with short working distance, which creates limits

in the depth of trapping within a medium and in the size of the trapped object.

5.1.3 Holographic optical tweezers

Optical traps can be multiplexed in different ways, allowing the trapping and ma-

nipulation of many particles at the same time. Historically, the first way to do this

multiplexing has been a laser scanning technique, where particles share a single laser

beam that hops between different trapping points with a very high frequency [152].

The beam is typically scanned at hundreds of kHz through the different trapping

points with an Acousto-Optic Deflector (AOD) [153]. Strategies to multiplex the

traps without scanning the laser beam rely upon beam structuring with a Digital

Micromirror Device (DMD) or a Spatial Light Modulator (SLM), to create multiple

simultaneous focal spots. While a DMD can display an array of spots on the same

plane, a SLM can create multiple traps and move them in the three spatial dimen-

sions by changing the phase front of the beam. Because of how they are created,

optical traps multiplexed by using a SLM are called ”Holographic Optical Traps”

(HOT) [154,155]. The SLM is a commercial device that can spatially modulate light

in either amplitude, phase, or polarization and can be based on liquid crystals dis-

plays. In the case of a phase SLM, the user can dynamically shape the outcoming laser

beam by changing the optical phase mask created by the the SLM. A more general

term for this kind of device is reconfigurable ”Diffractive Optical Element (DOE)”.
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It is a grayscale display in which different levels of gray correspond to different phase

delays. By applying different phase masks, many different operations (e.g., beam

steering, focusing, splitting) and beam structures (e.g., Bessel, Laguerre-Gaussian,

Airy beams) can be achieved. Remarkably, the SLM also allows to implement optical

aberration correction in the optical path. In the typical holographic optical tweezers

setup, an SLM is optically conjugated with the back focal plane of the objective,

resulting in the Fourier transform of the DOE at the sample plane.

5.1.4 Counterpropagating beam optical trap

While ”optical tweezers” commonly indicates the configuration, invented by Ashkin in

1986 [156], where microscopic particles are trapped in three dimensions using a single

high-NA beam (see Figure 5.1), Ashkin himself realized the first 3D optical trap in

1970 [139] by using a configuration with two low-NA counterpropagating laser beams.

In this low-NA counterpropagating dual-beam optical trap, two opposed beams con-

fine the particle by balancing their scattering forces in the axial direction, while the

trapping is granted by the gradient forces in the transverse direction. Counterpropa-

gating beam optical traps are also known as Dual Beam Laser Traps (DBLT). The use

of low-NA optics allows long working distances, which is the main advantage of DBLT.

Indeed, the need for high-NA in single-beam optical tweezers implies short working

distances that limit the size of the trapped object and the manipulation range. More-

over, single-beam optical tweezers need to focus the beam inside the trapped particle

and this creates a local high power density that, in the case of sensitive samples, such

as living cells, can cause permanent damage. Differently, in DBLT, the cell can be

trapped by two opposed divergent beams resulting in low power density on the cell.

Although conceptually simpler than a single-beam optical trap, the implementa-

tion of a DBLT setup presents some challenges, especially in the alignment of the

two beams. A simplified approach is to use two facing single-mode optical fibers to
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generate the opposing divergent beams [157]. This approach became of great interest

when Guck et al. [148], demonstrated that it could be used to study the viscoelastic

properties of cells subject to optical forces, with a platform called ”optical stretcher”.

The cells are stretched when trapped with high power lasers (Watts level), but thanks

to the low power density, they are not permanently damaged [148]. Generally, the

only degree of freedom in the manipulation of the trapped object in the ”Optical

Stretcher” configuration is achieved by unbalancing the fiber output powers, which

results in a movement of the trapped object along the optical axis. More recently, it

has been reported that, by substituting one of the single-mode fibers with a few-mode

fiber, this configuration can also rotate the trapped object [158]. However, overall the

degree of freedom in the manipulation of the trapped object remains quite limited in

the dual-fiber DBLT configuration.

Another DBLT configuration is based on HOT. It uses a mirror, a single objective

and a SLM to generate two beams separated along the propagation axis. One beam

is focused before or at the trapping point, while the other beam is focused after being

reflected from the mirror, to resemble the configuration of the counterpropagating

beam [159] (see Figure 5.16). By adjusting the phase mask on the SLM the two

beams can be either focused at the trapping point [2] (a configuration that requires a

relatively high-NA objective to be stable [160]) or focused before that point, so that

the particle is trapped by diverging beams and is stable also with low-NA objectives,

while being a less strong trap in the transverse direction. In [1], this HOT single-

mirror DBLT configuration was used to trap swimming organisms up to 70 µm, using

a 10x 0.25 NA microscope objective in the diverging beam configuration. The sample

was enclosed in a capillary on top of which a dichroic mirror was placed. A side view

of the sample was achieved by placing a 2 mm-size right angle prism on the capillary

side. However, this configuration requires the mirror to be located just above the

trapping point, limiting the access to the volume above the trapping point. Also,
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a relatively precise control of the spacing of the mirror and of its parallelism to the

coverglass are needed.

5.1.5 Right-angle microprisms HOT DBLT

Here we show the realization of a dynamic DBLT configuration based on a standard

single-beam HOT set-up and the use of two facing right-angle microprisms that are

3D printed directly on a glass coverslip. These microprisms reflect multiple beams

coming from a single microscope objective towards each other, making them counter-

propagating. The optical axis of our DBLT is perpendicular to the optical axis of the

microscope, therefore this configuration provides an intrinsic side view of the trapped

object. Figure 5.2 illustrates the proposed configuration and its manipulation capa-

bilities. Thanks to its unique capabilities, TPL enables the fabrication of high-quality

microprisms that are easily integrated on a standard microscopy substrate such as

a glass coverslip, and intrinsically aligned. Considering the final application, the

correct alignment of the two microprisms is crucially important. Our configuration

has a long working distance that allows big trapping volumes and does not require

alignment of optical elements such as fibers, mirrors, capillaries, or microprisms. The

counterpropagating beam alignment procedure is straightforward and can potentially

be automated by software. Thanks to its direct optical access to the trapped ob-

ject, our configuration can be easily combined with other advanced microscopies. We

demonstrated 3D manipulation and rotation capabilities of dielectric beads, cancer

cells and C. elegans embryos.
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Figure 5.2: Manipulation capabilities enabled by the developed microprism-
based counterpropagating trap. The beams are created and controlled by the
SLM and are initially propagating in the z direction. The microprisms deflect the
beams to make them counterpropagating along the y-axis. By changing the relative
position or power of the beams, 3D manipulation and rotation of the trapped particle
can be achieved.
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Figure 5.3: Holographic DBLT setup. The laser beam is collimated with a Fiber
collimator (FC), expanded by a telescope (T1) and directed to the SLM. After the
reflection from the SLM, the beam diameter is reduced by another telescope (L1
and L2) to match the back-focal aperture of the microscope objective. A dichroic
mirror inside the microscope directs the beam upwards towards the sample, which is
mounted on the microscope stage. The dichroic mirror (DM) allows for two imaging
paths with different conjugated planes. On the imaging path with Camera 1, used
to align the lasers, a linear polarizer (LP) is used to dynamically attenuate the laser
intensity reaching the camera.

5.2 Methods

Holographic optical tweezers setup

We set up a ”standard” HOT [154] trapping system based on a reflection SLM

(PLUTO 2, NIR-015-HR, Holoeye) capable of modulating the phase of the incident

light. The SLM has a LCOS (Liquid Crystal on Silicon) display (8.64 mm x 15.36 mm,

1920x1080 pixels), which is driven as a grayscale display in which different levels of

gray correspond to different phase delays for each pixel. The optical setup is displayed



95

in Figure 5.3. A 1070 nm continuous wave collimated laser beam (YLR-Series fiber

laser, IP-G Photonics) is expanded with a keplerian telescope (T1) to have a beam

diameter equal to the short side of the SLM display. The beam is reflected at a small

angle (<10°) by the SLM, and is relayed with a 4f system made of 2 lenses (L1 and

L2) to the back focal plane of a low-NA microscope objective (CFI Plan Achro 20X

0.4 NA, Nikon). The 4f system is also reducing the beam size to match the back

aperture of the objective (8 mm diameter). The objective is mounted on a commer-

cial inverted microscope (Nikon Ti-E). When using high-NA microscope objectives,

this configuration is usually used to create multiple trapping points in holographic

single-beam optical tweezers.

Dual-side imaging of the trapping point

The only modification that we introduced in the setup of a standard HOT is the

addition of a second imaging camera. The addition of a second camera is needed

to properly align the DBLT optical trap, but also enables dual-side imaging — from

the bottom and from the side — of the trapped object. In some optical trapping

setups, the imaging of the trapped particle from a side view is achieved by using

another microscope objective positioned on a different optical path [139] or by re-

flection through a small prism which is not used for trapping [1]. By contrast, our

approach intrinsically allows a direct side view of the trapped particle, by the same

microscope objective and microprisms used to create the optical trap. In sum, with

a unique objective and the 3D printed microprisms, we can simultaneously trap the

particle and image it from below (direct path) and from the side (reflected path)

(see Figure 5.4). To be able to simultaneously collect in-focus images of the trapped

particle as seen from the bottom and the side, we used two different cameras plus

tube-lens assemblies. The direct and the reflected optical paths have different optical

lengths; therefore, each camera is optically conjugated to a different plane by tuning
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the distance from its relative tube-lens. The first camera (”Camera 1”) is sensitive

to near-IR in order to image the trapping laser and is conjugated with the plane

depicted with a blue dashed line in Figure5.4a, with an optical path which passes

through the microprisms. The main function of this camera is to align the laser

beams and to give a side view of the trapped particle (see Figure 5.4b). The second

camera (”Camera 2”) is optically conjugated with the plane indicated with the green

dashed line in Figure 5.4a, with an optical path passing through the microscope slide

and then directly to the trapping point position, without passing through the micro-

prisms. This optical path gives an image of the trapped particle from the bottom

as viewed in Figure 5.4c. In this way, Camera 1 and Camera 2 can simultaneously

image the same trapped particle but from different views. The steps to be followed

to achieve the proper optical positioning of the two cameras and related tube-lenses

are the followings:

Initial positioning of the cameras

1. Camera 2 is positioned at the focal distance from its tube-lens. The microscope

objective is moved in order to put the bottom part of the microprisms (i.e., the

glass slide/medium interface) in focus on Camera 2.

2. Move the objective position upwards by a distance corresponding to the de-

sired height of the optical trap ”h” (Figure 5.4a) multiplied by the ratio of the

refractive index of objective immersion medium to the refractive index of the

trapping medium. In such a way, the focal plane of camera 2 will correspond

to the green plane in Figure 5.4a. This current position for the microscope

objective is considered as its ”reference position”.

3. An object such as a glass pipette, eventually used for sample release at the

trapping point, is placed in between of the two microprisms (blue plane). Al-

ternatively, an object such as the one shown in Figure 5.10 can be printed
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Figure 5.4: Imaging planes of the direct and reflected optical paths.
a) Schematic reference used in the description of the procedure to align counter-
propagating beams and cameras. b) View from the camera conjugated with the blue
plane. The trapped object is viewed in focus through the microprisms. c) View from
the camera conjugated with the green plane. The trapped object is viewed in focus
directly.

between a pair of microprisms that is just used for calibration.

4. Change the relative distance between Camera 1 and its tube-lens until the

object between the microprisms is imaged in focus through the microprisms.

A reflection illumination is preferable to achieve good imaging contrast. This

can easily be obtained by adding a white light source and a beamsplitter to the

laser beam path before the microscope objective.

If the geometry for the microprisms pair is not changed, this camera alignment pro-

cedure has to be done only once.

Counterpropagating beams optical trap setup

After the two cameras have been properly positioned according to the procedure

described before, it is now possible to proceed with the alignment of the laser beam.

The goal is to create one or more pairs of counterpropagating beams and to correctly

align them to obtain stable trapping. The alignment in such a non-trivial geometry

might appear challenging; however, we developed an alignment protocol that makes

the alignment of such DBLT more convenient than other configurations (e.g., DBLT

obtained by facing optical fibers [161]. The laser alignment procedure is described in

the following.
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Figure 5.5: Beam alignment procedure. Simple procedure to align the laser
beam to create a counter-propagating beam pair. The distance s is determined as
s = d + 2(w − h) (see Figure 5.4). Please note the beam switching left-right from
subfigure b to subfigure c, after they are reflected by the microprisms and sent back
towards the microscope objective.

Laser beam alignment protocol

1. With the SLM and the spherical wave propagation approach [162], generate

two sub-beams creating two spots separated by a distance ”s” along the y-axis,

and observe with Camera 1 their reflection from the glass/medium surface in

an area without the microprisms (Figure 5.5). To maximize the intensity of

the reflected beams, move the microscope objective until the reflections of the

two sub-beams appear at their focusing plane on Camera 1. With reference

also to Figure 5.4a, the distance s between the two sub-beams is determined

as s = d + 2(w − h) where d is the distance between the vertical faces of the

microprisms, w is the base and height of each microprisms, and h is the wanted

trapping height relative to the coverslip. The creation of the desired distance

s is verified by measuring the distance between the reflections of the two sub-

beams on the coverslip with Camera 1. Note that the formula for determining

s holds only for 45 degrees microprisms; if the microprisms angle changes, the

formula needs to be changed accordingly.

2. Mark the positions of the reflected sub-beams with a marker (black dashed

circles in figure 5.4b) on the Camera 1 software.
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3. Move the microscope objective to the reference position set in Step 1 of the

alignment procedure for the two cameras.

4. Move the microscope stage in order to send the two sub-beams through the

microprisms. Now each of the two sub-beams is reflected by the two microprims

and steered back towards the microscope objective. The image on Camera 1

(Figure 5.5c) now shows the two returning sub-beams, switched in position in

the y-axis direction as compared to Figure 5.5a-b.

5. Move stage in the y-direction to align the sub-beams (which are now seen after

reflection from the opposing microprisms) with the marks on Camera 1 (Figure

5.5d). In this way, we ensure that the counterpropagating beams are at the

same height between the microprisms.

6. By using a lens-like phase mask on the SLM, shift the axial focusing position

of the two sub-beams, without moving the objective, until they appear focused

on Camera 1. Indeed the SLM allows decoupling of the imaging plane from the

plane where the beams are focusing. Once done, the sub-beams are reflected

by the microprisms and focusing at the blue plane of Figure 5.4a.

7. From now on, the microscope objective position is never changed and the SLM

is used to move the spots.

After these alignment procedures, the setup can be used to perform dynamic

DBLT experiments.



100

5.3 Fabrication of the microprisms

The microprisms were fabricated using the commercial TPL 3D printer (Nanoscribe,

see Chap 2) and the proprietary photopolymer IP-S, which provides smooth surfaces

and fast printing of large volumes. The refractive index of IP-S at the laser trapping

wavelength of 1070 nm is 1.501 [132]. For this refractive index, the total internal

reflection (TIR) condition in air is satisfied over a wide range of incidence angles,

between 90° and 42°. However, in water immersion the TIR condition for an IP-S

made microprism is satisfied for a narrower range of incidence angles, between 90°

and 62°. As we aim to trap microscopic objects in aqueous solutions for bio-related

applications, a standard 45° microprism would not work as it would mostly refract,

instead of reflect the laser beam. Hence, we explored two different strategies to obtain

total reflection from a 45 ° microprism in water immersion:

• the selective metallization of the slanted face of the 3D printed microprism,

to create a metallic mirror. If not selective, a complete metallization of the

coverslip would block all the optical paths to the trapping position.

• the 3D printing of an air-trapping cavity on top of the slanted face of the mi-

croprism, to create a polymer-air TIR surface while the microprism is immersed

in water.

5.3.1 Selective metallization - Metallic mirror

To realize a localized metallization on the slated face of the microprisms, we used a

dual step 3D printing strategy. Our approach can be considered as a 3D version of

the standard 2D lithography etching mask strategy. The procedure consisted of the

following four steps (see Figure 5.6). The step 1 of the fabrication process was the 3D

printing of microprisms on a 170 µm thick glass coverslip. The microprisms were 3D

printed with a fine slicing of 0.1 µm, to have optically smooth faces. We developed
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Glass substrate Step 1: 3D printing Step 2: gold sputtering

Step 3: etching mask 3D printing Step 4: gold etching Ready for experiment

Figure 5.6: Dual step 3D printing strategy for selective metallization. This
strategy is used to realize a localized metallization on the slanted face of the micro-
prisms. The step 1 is the 3D printing of microprisms on a 170 µm thick glass coverslip.
The step 2 is the deposition a uniform 30 nm thick layer of gold by physical vapor
deposition (sputtering). The step 3 is the 3D printing of an etching mask on the
slanted face of the microprisms. The step 4 is the gold etching with a KI/I2 solution,
that leaves the metal only on the slanted face of the microprisms.
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the sample by immersing it for 10 minutes in the mrDev600 developer and for 10

minutes in Isopropanol. In the step 2 of the process, we deposited a uniform 30 nm

thick layer of gold on the coverslip — which included the 3D printed microprisms —

by sputtering with physical vapor deposition (step 2 in Figure 5.6). At this stage,

the coverslip would be neither usable for optical trapping, because all the faces of the

microprisms were covered with gold, nor suitable for optical transmission microscopy

since the substrate was highly reflective. In the step 3 of the process, to maintain the

deposited gold layer only on the slanted face of the microprisms, we 3D printed a 5 µm

thick protective layer of the IP-S photoresist on the slanted face of the microprisms

(step 3 in Figure 5.6), followed by a development procedure as done for the step 1.

Finally, a potassium iodide and iodine (KI/I2) gold etching solution step removed the

deposited gold from the whole coverslip, except the previously protected area, leaving

a high-quality gold mirror on the tilted face of the microprisms (step 4 in Figure 5.6).

Figure 5.7, shows an SEM of a pair of microprisms at the step 2 of the fabrication

with selective metallization, right after the gold sputtering. The colorization indicate

the area that will be selectively metallized after the completion of the fabrication pro-

cedure. In the step 3 of the fabrication process, an accurate 3D alignment between the

microprisms — 3D printed in step 1 — and the protective polymer layer is crucial for

the successful protection of the gold layer on the slanted surface of the microprisms.

This step is cumbersome and time-consuming if done manually, and its automation is

highly desirable towards a high-throughput production of such devices. To automate

the alignment process, we developed a Python computer vision algorithm that used

the CCD camera integrated with the Nanoscribe 3D printer (figure 2.2a) to auto-

matically align the polymer protective layer on top of the corresponding microprism

without the operator’s supervision. In particular, after the gold coating step (step

2 in Figure 5.6) the developed Python script is used to search for the microprisms,

to identify the edges of the microprisms and to automatically align and start the 3D
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Figure 5.7: Colorized SEM image of a microprism pair. SEM image collected at
the step 2 (Figure 5.6) of the fabrication process. The slanted face of the microprisms
that will be covered in gold at the end of the fabrication process is digitally colored
in yellow for illustration purposes.
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printing of the protective layer. By using this software and by running all the steps of

development, sputtering and etching in parallel, we could produce 10 coverslips with

5 pairs of microprisms on each device, in 4 hours. In more detail, the steps of the

algorithm are the following (illustrated in Figure 5.8):

(a) the software drives the stage of the optical microscope to scan the sample in

a spiral path until the camera finds a pair of microprisms; then, it aligns the

microprisms in the center of the field of view.

(b) the collected image is converted to a binary image.

(c) the binary image is processed to make it sharper and defect free, through an

erosion and dilation algorithm.

(d) a Harris corner detection algorithm finds the coordinates of the corners of the

base of each microprism; next, it sends the coordinates to the 3D printer software

to create the 3D pattern for the fabrication of the protective polymer layer on

top of the slanted face of the microprisms.

A drawback of the dual-step 3D printing selective metallization strategy is the

formation of bubbles in the photoresist during the step 3 of the procedure, caused by

laser overexposure [163]. The overexposure is due to the reflection of the 3D printing

writing laser by the deposited gold layer. This reflection makes the exposure dose

almost doubled in the proximity of the metal coated substrate as compared to the dose

in layers that are far from the substrate. The formation and collapse of these bubbles

is a highly energetic process that can damage the underlying gold layer, decreasing

the mirror quality.

5.3.2 Air trapping cavity - TIR mirror

In a later stage of the project, we explored an alternative approach to the selective

metallization. In this alternative approach, we added an air-trapping re-entrant cavity
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Figure 5.8: Steps of the computer vision algorithm for automated alignment
of the 3D printed protective layer. a) Image of the microprisms as collected
from the camera software of the Nanoscribe 3D printer. b) Image after binarization
process. c) Image after erosion and dilation process. d) The red circles indicate the
corners detected by the computer vision algorithm and used for the alignment of the
etching mask.



106

on the slanted surface of the microprism, which is basically an empty chamber with a

hole on the top, as shown in Figure 5.9b. This cavity does not let enter water, thanks

to surface tension and to the wetting properties of the IP-S photoresist [164]. Thus,

the slanted prism surface becomes a 45° polymer-air TIR mirror that reflects the beam

even if the whole structure is immersed in water. An advantage of this approach is

that it significantly reduces the number of fabrication steps, as the microprisms and

the air-trapping cavity are printed in the same step. We then proceeded with the

standard development procedure, at the end of which the IPA was finally evaporated,

and the cavity filled by air. The used photoresist, IP-S, has a 70° water contact

angle [165], which is enough to create the air-trapping mechanism. The hole on top

of the cavity had a 15 µm diameter.

A drawback of this approach is that, after several hours of immersion in water dur-

ing experiments, an increasing amount of water condensation appears on the internal

cavity surface, worsening the TIR mirror performances and making the device unus-

able. However, solvents with lower contact angle, such as IPA, can enter in the cavity

and be used to remove the water stuck inside. After the IPA evaporates, the device

can be reused. Overall, despite the drawback of condensation, this approach offers

advantages compared to selective metallization. Indeed, the fabrication is single-step

and single-material, getting rid of any need of a critical alignment. Moreover, we

observed that the reflected beam quality was better than in the case of the selective

metallization approach. Remarkably, because of their small size and their complex

3D design, comprising hollow cavities, these microprisms can only be realized with

TPL.
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Figure 5.9: Air trapping cavity mirror. a) shows that without the air trapping
cavity (or the metallic mirror as in the selective metallization approach in Figure 5.6),
the laser would be refracted at the polymer-water interface. Instead, by creating an
air trapping cavity, the beam is reflected by total internal reflection. b) shows a 3D
render of the two microprisms.
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Figure 5.10: Water-immersion side-imaging demonstration of a 3D printed
pedestal-and-bead. a) Rendered view of the microprisms and pole assembly. b)
Rendered view from the bottom. c) Optical image view from the bottom.

5.4 Results

5.4.1 Optical quality test of the microprisms

We first tested the optical quality of the fabricated microprisms by performing the

side-view imaging of an object — a bead on top of a pole (Figure 5.10a-b) — 3D

printed at the center of the area between the microprisms. As can be seen in Fig-

ure 5.10c, the imaging quality was good and allowed us to see the bead from both

microprisms. This side-view image was collected with reflection illumination, so the

microprisms area looks bright, while the rest is dark.

5.4.2 Optical trapping

After verification of the optical quality of the microprisms, we tested the optical

trapping and 3D manipulation of different objects by using a 20x 0.4 NA microscope

objective and the standard HOT setup. In Figure 5.11 we see frames taken from a

video where we captured the 3D manipulation of a single 10 µm diameter dielectric

polystyrene bead. On the top and on the bottom of these images we can see the 2 edges
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Figure 5.11: Demonstration of 3D manipulation of a polystyrene bead. Image
sequence of the 3D manipulation of a 10 µm polystyrene bead as seen from the
bottom. The beams are propagating along the y axis. The dark region on top and on
the bottom of the frames are the microprisms. Between frames 1, 2 and 3 the bead is
manipulated on the x-axis. Between frames 3, 4 and 5 the bead is manipulated on the
y-axis. Between frame 5 and 6 the bead is manipulated on the z-axis (out-of-plane).

of the microprisms. The images were collected with transmission illumination, so the

microprism areas are dark while the rest of the area is bright. A schematic of the beam

dynamics necessary to perform the 3D manipulation is illustrated in 5.2. Specifically,

between frames 1, 2 and 3, by moving the position of the counterpropagating beam

pair along the x-axis the bead does a movement along the x-axis. Between frames

3, 4 and 5, by unbalancing the power ratio between the beams, the bead does a

movement along the y-axis. Between frames 5 and 6, by decreasing the separation

of the counterpropagating beam pair along the y-axis, the bead moves up along the

z-axis.

In Figure 5.12, we show the simultaneous 3D manipulation of two 10 µm beads to

make them to follow a circular path laying on the x-z plane. Each bead is trapped by

a different pair of counterpropagating beams whose optical axes are rotating around
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Figure 5.12: Demonstration of 3D manipulation of multiple beads. Image
sequence of two 10 µm polystyrene beads rotating around each other in the x-z plane,
thanks to the rotating beam dynamic. In frame a, bead 1 (b1) and bead 2 (b2) lie
on the same plane. In frame b, b1 goes upward, and b2 goes downward. In frame c,
b1 is on top of b2. In frame d, the beads complete the 180° rotation, swapping their
initial positions.

each other, as illustrated in Figure 5.2 in the ”rotation” section.

We then applied the ”rotation” dynamic for the two pairs of counterpropagating

beams to a single object, whose size was larger than the separation between the two

pair of beams. The object was a C. elegans embryo with elongated shape (30x50 µm

dimensions) and was trapped with two beam pairs whose optical axes had a separation

of 20 µm. The ”rotation” beam dynamic resulted in the rotation of the embryo around

its long axis, as can be seen in Figure 5.13c. This rotation dynamic can be potentially

used to perform holographic tomography of the trapped object, as detailed in the

Discussion and conclusion section.
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Figure 5.13: Demonstration of the DBLT rotation capabilities. Image sequence
of a C. elegans embryo rotating around its long axis, thanks to the rotating beam
dynamic (see Figure 5.13c).
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5.4.3 Side-view imaging of 3D trapping dynamic in an ”op-

tical stretcher” setup

As a side project, we used our substrate-integrated 3D printed microprisms to study

the 3D trapping dynamic in an ”optical stretcher”. In the optical stretcher system,

an elongation of soft trapped particles is induced by a transient increase of the power

of the counterpropagating trapping laser beams. The extent of this deformation

allows the study of the viscoelastic properties of the trapped objects. A remarkable

result is that this method can distinguish between cancerous and non-cancerous cells

based on their mechanical properties [166]. In an optical stretcher, the deformation

of the trapped object is characterized by taking optical images with an inverted

microscope, where the optical axis of the imaging path has the same direction as

gravity/buoyancy. Because of this geometry and the coexistence of optical forces

and gravity/buoyancy forces on the trapped particle, a shift of the particle position

towards the laser beam optical axis can be expected at higher laser powers. However,

from the collected images it is not always possible to distinguish a stretching from

a defocusing of the trapped particle while it moves along the optical axis of the

microscope. Therefore, the transient power increase might result in an up or down

movement of the trapped object that could be confused with an optical deformation

from a camera imaging perspective. In the case of hardly deformable particles, which

display small stretch values, it is critical to resolve this doubt. To address this issue,

we printed a microprism next to a dual fiber trap as shown in Figure 5.14, with the

same procedure described above in Sec. 5.3.

By using the 3D printed microprism for side imaging and two cameras — each

conjugated to either the direct or the reflected imaging path (Figure 5.15a)— we

assessed the 3D trapping dynamic in an ”optical stretcher” setup while increasing

the trapping laser power. A fluorescent liquid protein droplet [167] was trapped by

the fiber DBLT, and the power was suddenly increased from 0.2 to 1.2 Watts. The
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Figure 5.14: Optical stretcher setup with a 3D printed microprism for side-
view imaging. The low NA counterpropagating beams coming from two facing
fibers optically trap a fluorescent particle in the middle. A right angle microprism is
added on the side to visualize the 3D trapping dynamics on the y-z plane when the
power of the counterpropagating beams is increased.
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moment at which the power was increased is marked with a white dashed line in the

time plots of Figure 5.15b. In particular, on the right side we can see the z vs. time

plot, which displays the position of the droplet on the z-axis before and after the

the power increase. From this plot, we could confirm that the increase of power did

not affect the position of the particle in the z-axis, upon a change of the trapping

power. Therefore, any optical changes detected with the x-time plot, which indicate

the amount of droplet’s optical stretching, were entirely related to stretching only

effects.
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Figure 5.15: Dual-side view of the dynamic of the trapped particle in the
optical stretcher. Imaging of a fluorescent liquid protein droplet trapped by the
optical stretcher from two orthogonal directions, to resolve the 3D trapping dynamic
during a trapping power increase. A change in the particle position along the y-axis is
detected from both views, validating the approach, while the z-time plot (highlighted
with a green frame) confirms a stable z-axis trapping during the power increase step.
The system coordinates are the same used in Figure 5.14.
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5.5 Discussion and conclusion

Optical traps with low NA optics usually exhibit low axial stiffness due to the weak

intensity gradient along the beam propagation axis. For this reason, researchers

implemented intrinsic [168] and extrinsic closed-loop controls [160,169] to stabilize the

position of the trapped particle. In the case of extrinsic closed-loop control, a camera

detects the position fluctuations of the particles and a suitable feed-back correction

to the properties of the beams (e.g., the intensity of each beam) is induced to stabilize

the position of the trapped particle. To achieve a 3D stabilization, there is the need

to see the trapped particle from 2 orthogonal views, and this is achieved by placing

another microscope objective [160] or a right-angle prism attached to a capillary

where the particle is trapped [169]. In the particular case of the ”mirror trap” DBLT

configuration (see Figure 5.16), the trapping axis is the same as the imaging path of

the microscope. For this reason, a prism for side-view was added by Thalhammer et

al. [1] to realize a closed-loop control in a ”mirror trap” DBLT configuration. In our

configuration, the side view comes for ”free” since the microprisms are already there

for beam deflection and could be used for the implementation of closed-loop position

control.

The ”mirror trap” DBLT configuration is the one that comes closest to our ap-

proach in terms of simplicity in creating a counterpropagating beam trap. For this

reason, I will discuss in the following its main differences with our approach. The

”mirror trap” configuration requires a dichroic mirror to reflect the trapping beam.

The presence of this mirror sets a constraint on physical access to the space above the

trapping point. Additionally, to allow the compatibility with transmission illumina-

tion microscopy, the mirror is designed to reflect only the specific wavelength of the

trapping laser; therefore the trapping wavelength is fixed, while in our case the trap-

ping wavelength can be varied because the reflection spectrum from the microprisms

is broadband. In our approach we don’t set limits in the access to the trapping
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a b

Figure 5.16: Comparison between the microprism-based DBLT and the
”mirror trap” configurations. a) Working principle of the microprism DBLT
configuration proposed in this Chapter. b) Working principle of the ”mirror trap” [1]
or ”twin trap” [2] DBLT configuration. In both configurations, the multiple beams
are created with a single SLM.

point and large samples such as e.g. embryos, could be delivered to the trapping

volume with micromanipulators. Moreover, the platform that we propose is a trans-

parent thin coverslip with micro-fabricated microprisms; therefore, it is compatible

with many microscopy techniques. As described in section 5.2, the three-dimensional

alignment of our counterpropagating trap is straightforward thanks to ”visual” feed-

back coming from the microprisms themselves. The microprisms are printed directly

on the coverslip, so there is no need to mount and align different optical parts such

as a top-mirror, a side-prism, and a glass capillary. A disadvantage of our approach

compared to the ”mirror trap” is that, in our case, the object to be trapped cannot

be at a random point on the coverslip, but it has necessarily to be in the area between

a pair of microprisms.

A multiplexed trapping capability in our configuration could also be obtained

by using an Acusto-Optical Deflector or a Digital Micromirror Device instead of the

SLM. However, the use of SLM is the most flexible solution, indeed it can be exploited

to manipulate the trapped sample in the 3 spatial dimensions. Moreover, the SLM

could potentially be used to structure the trapping beams as Bessel beams to create



118

optical conveyor belts [170], or counterpropagating Airy beams [171] or beams with

Orbital Angular Momentum [172].

The 3D printed microprisms that we presented here could find other applications

in techniques that usually require two orthogonal microscope objectives, such as light-

sheet microscopy [173] or 4π microscopy [174]. There are cases in microscopy where a

side-view imaging of the sample is crucial to understand its properties [175,176]. The

smallest available commercial microprisms are 1 mm high, while ours can be as small

as tens of micrometers. Besides the difficulties in aligning such small commercial

microprisms, another advantage of using our integrated microprisms is the shorter

optical path difference between the direct and the reflected imaging paths.

In conclusion, we created a new platform for dynamic DLBT optical trapping that

uses pairs of 3D printed microprisms to redirect the laser sub-beams, making them

counterpropagating. This platform can be readily integrated in any standard single-

beam HOT based on an inverted microscope, since it is just a thin glass substrate

with 3D printed micro-structures on top. We demonstrated that this platform can be

used for side-view imaging of samples, for 3D manipulation of dielectric beads and

for the rotation of C.elegans embryos.

As a future development, we plan to use this platform to optically trap and rotate

relatively large biological specimens, such as an embryo, to enable ”Optical diffraction

tomography” [177]. This is an holographic microscopy technique that provides the

3D distribution of refractive index within the sample with high resolution, allowing a

3D reconstruction of the sample morphology. This method requires the acquisition of

a set of images of the same object from different directions, as achievable by rotating

the sample around a rotation axis perpendicular to the optical axis of the microscope

objective. Our platform could readily provide this functionality without the need of

any mechanical or microfluidic actuator to rotate the sample.
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Badosa, G. Whyte, and J. Guck, “Dynamic operation of optical fibres beyond

the single-mode regime facilitates the orientation of biological cells,” Nature

communications, vol. 5, no. 1, pp. 1–6, 2014.

[159] M. Pitzek, R. Steiger, G. Thalhammer, S. Bernet, and M. Ritsch-Marte, “Op-

tical mirror trap with a large field of view,” Optics express, vol. 17, no. 22, pp.

19 414–19 423, 2009.
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