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ABSTRACT

Imaging fibers are used to perform real-time fluorescence endomicroscopy, in vivo, in situ, with the goal of increasing diagnostic informa-
tion for a plethora of organ systems and diseases. Widefield fiber endomicroscopy systems are simple, cost-effective, and come with fast
image acquisition times. However, alternative approaches such as scanning systems produce higher contrast images with intrinsic optical
sectioning, improving the visibility of histological features, albeit at the expense of simplicity, cost, and acquisition rate. We developed a selec-
tive plane illumination microscopy endoscopic fiber platform, consisting of an ultrafast laser fabricated end-cap, integrated with a polymer
coherent fiber bundle, and an epifluorescence microscope. Polymer fibers are known to fluoresce when pumped with blue light, enhancing
the background and noise in images. Our end-cap design circumvents this challenge. We demonstrate a reduction of out-of-focus features,
along with improved contrast of in-focus features, in images of a tissue phantom. Moreover, we demonstrate the utility of our platform for
endomicroscopy using a whole, ex vivo human lung model.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0130486

I. INTRODUCTION opportunity for a better understanding of biological processes. For

example, FBEy has been used within urinary,”* gastrointestinal,” '’

Optical fibers are used across a range of clinical applications,
due to their flexibility, small cross-section, and ability to reach
remote sites in the body. Coherent fiber bundles (CFBs) are a
type of optical fiber used for imaging, which consist of an array
of many thousands of light-guiding cores. These cores maintain
their relative spatial positioning along the length of the bundle,
each acting as a pixel in an acquired image. Silica CFBs are used
clinically for minimally invasive, fluorescence fiber-bundle endomi-
croscopy (FBEy) of various organs of the body,"”” providing the

APL Photon. 8, 016103 (2023); doi: 10.1063/5.0130486
© Author(s) 2023

and respiratory systems,'' " for the identification of neoplasia,”*"’
dysplasia,’ cancer,”'” infection,'! or for a more general histological
assessment,”"”"”

Coherent fiber bundles have been used within various
endoscopic imaging applications since the late 1950s.'* However,
widespread commercial uptake of CFBs has been hindered by their
high cost. Factors determining this cost include the price of the
material and the complexity of fabrication. For example, many CFBs

are made with highly doped silica cores, in order to maximize
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core-cladding refractive index contrast and minimize core crosstalk,
which can have a non-negligible effect on imaging performance.'”"”
Such doping is expensive, although impressive advances have been
made to realize inexpensive CFBs using low-cost silica preforms
intended for telecom fiber.'”'® Polymer CFBs may be an attrac-
tive alternative to silica fibers, as they can enable extremely high
core-cladding refractive index contrasts, higher diameter CFBs
which maintain relative flexibility, and are fabricated using inher-
ently lower cost materials and facilities. However, it is known that
polymer CFBs exhibit substantial fluorescence when pumped with
blue light, which can be prohibitive for biological fluorescence
imaging, particularly at shorter wavelengths, e.g., green imaging. In
order to open up the use of polymer CFBs for low-cost FBEy, the
issue of polymer CFB fluorescence must be overcome.

In fluorescence FBEy, sample illumination is carried out,
conventionally, in either a widefield (WF)"" " or scanning™ *
modality. Widefield systems may be favorable in clinical scenar-
ios, due to their simplicity, low cost, and fast acquisition times.
However, image contrast is limited by the presence of out-of-focus
fluorescence within highly scattering tissue.”® Scanning systems
allow for optical sectioning, reducing unwanted background,
but come with inherently more complex and costly optical
arrangements and a decrease in image acquisition rate. On the
bench, selective plane illumination microscopy (SPIM) combines
speed and simplicity with optical sectioning and high contrast
imaging.”” With this technique, a thin sheet of excitation light is
projected across the focal plane, ensuring that the out-of-focus sam-
ple is not excited. Accordingly, SPIM requires two orthogonally
positioned objectives. To miniaturize and integrate SPIM into the
form factor of a fiber-endoscope would, therefore, require a creative
solution. To date, efforts toward miniaturized fiber-based SPIM
have been directed toward tissue targets in animal models that can
be surgically accessed, such as the brain.”*”’ Alternative format,
i.e.,, not fiber-based, miniaturized SPIM implantable devices have
been developed for animal studies.’””" Although promising, these
technologies have cross-sections and optical geometries that are
not suitable for minimally invasive delivery through an endoscope
in humans.

Ideally, a fluorescence FBEu system would combine the
benefits of several approaches and be cost-effective, be deployable
through a conventional endoscope, produce high contrast images,
and have a large field of view (FOV), with fast image acquisition.
In pursuit of these key features, we have developed a proof-of-
concept SPIM probe, which consists of a fused silica end-cap and
a commercial poly(methyl methacrylate) (PMMA) CFB. The SPIM
probe is functional when operated with a bespoke WF epifluores-
cence microscope. We refer hereafter to the entire SPIM imaging
system as the SPIM probe platform. While its name highlights its
SPIM functionality, it is important to note that our approach also
crucially negates the negative effect of CFB fluorescence. Herein, we
describe the fabrication of the end-cap by ultrafast laser inscription
and selective chemical etching (ULI-CE) and evaluate its perfor-
mance using a fluorescent tissue phantom. We present images and
video data acquired from a whole ex vivo human lung model as
a proof-of-concept, whereby the SPIM probe was passed to the
distal parenchymal region of the human lungs. Thus, we demon-
strate that our SPIM probe platform operates within an appropriate
regime for the visualization of tissue autofluorescence. This work

APL Photon. 8, 016103 (2023); doi: 10.1063/5.0130486
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represents an important step toward the translation of SPIM to
in vivo scenarios.

Il. RESULTS
A. Overview of the SPIM probe platform

The SPIM probe platform combines an in-house developed,
fused silica end-cap with a PMMA CFB (MCL-1500-1.75, Asahi
Kasei Co.) and a custom-built epifluorescence microscope (Fig. 1,
see also Methods). A potential clinical deployment strategy of the
SPIM probe into the distal lungs via the working channel of a
bronchoscope is shown in Fig. 1 (center). Due to its small form
factor, the SPIM probe can be delivered directly into the alveo-
lar space [Figs. 1(a) and 1(b)] via a transbronchial pass, where it
can visualize endogenous tissue fluorescence. SPIM functionality
arises due to the light path through the probe described as fol-
lows. The end-cap is affixed to the distal end of the PMMA CFB,
shown in Fig. 1(c). The tissue depressed into a shallow front recess
is excited by an illumination plane orthogonal to the fiber propaga-
tion axis [blue arrows in Fig. 1(c)] via pump light that is coupled
at the proximal end to the outer cores only. Fluorescence induced
in the illumination plane is collected through a central imaging
array of cores of the CFB [green arrows in Fig. 1(c)]. supplemen-
tary material video 1 shows an animation of the integration of the
fused silica end cap into the CFB (Multimedia view). The SPIM
probe platform acquires images in real-time using proximal-end
instrumentation consisting of an epifluorescence microscope and
computer [Fig. 1(d)]. Figure 1(e) schematically depicts the epiflu-
orescence microscope. For the purposes of this work, we incor-
porated a second illumination path to straightforwardly convert
the platform’s operating modality from SPIM to WEF, as desired
for characterization experiments (see Methods for a complete
description).

B. SPIM probe: Desigh and fabrication

The end-cap was designed to be secured to the distal tip
of the PMMA CFB and to result in SPIM functionality, without
adding bulkiness [Fig. 2(a)]. Its key functional feature is an annu-
lar, angled mirrored surface that circumscribes the distal end face of
the PMMA CFB [Fig. 2(b)] and redirects excitation light into a plane
across the FOV. Both the mirrored surface and the peripheral inner
surface of the end-cap were given curvatures (radii of curvature
0.45 and 0.15 mm, respectively), to prevent excitation light from
diverging excessively outside of the imaging region. The mirrored
surface protrudes inwardly to a distance of 70 ym from the perimeter
of the PMMA CFB end face, capping a ring of cores approximately
six cores thick. This represents 18% of the total cores in the fiber.
Proximally, the epifluorescence system features an axicon lens, in
order to couple excitation light only into this ring of cores, delivering
excitation to the sample at the distal end. The remaining 82% of the
cores is reserved for the collection of fluorescence: This equates to a
FOV of @ 1.36 mm. The end-cap outer diameter is 1.9 mm [Fig. 2(c)]
and can be delivered down the working channel of most commercial
bronchoscopes.

The end-cap fabrication process centers around ULI-CE
(detailed fully in Methods). Ultrafast laser inscription (ULI)™
is a powerful technology which enables the production of
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FIG. 1. Schematic illustration of the SPIM probe platform for lung imaging. The SPIM probe is intended to be introduced through the working channel of a standard
bronchoscope. (a) The diameter of the SPIM probe (1.9 mm) is narrow enough to reach the alveolar space for structural imaging of endogenous fluorescent tissue. (b) The
custom-made fused silica end-cap, secured to the distal end of a PMMA imaging fiber. (c) Cross-section of the end-cap when in contact with tissue, showing its operational
principle. The end-cap is fabricated in two parts, 1 and 2, between which is a thin mirrored surface. lllumination from a laser, guided by the outer fiber cores, is reflected
by the mirrored surface toward the center of the distal tip, generating a light-sheet perpendicular to the direction of observation. Fluorescence from a sample in the front
recess of the distal tip is collected through the central column of the cores. (d) The entire SPIM probe platform consists of the SPIM probe (packaged end-cap shown in
photo), coupled to an axicon lens-based epifluorescence microscope, and a PC for real-time imaging. (e) Epifluorescence microscope, which enables the SPIM probe [Key:
(L) — 485 nm fiber coupled laser, (L1) — lens, (BE) — beam expander, (Ex) — excitation filter, (M) — mirror, (Lax) — axicon lens, (L) - lens, (L3) — lens; (Mask) — silver-coated
optical mask, (DM) — dichroic mirror, (Lo;) — objective lens, (Obj.) — object plane and location of proximal end of SPIM probe, (Em) — emission filter, (Ls) — tube lens,
(C) — CMOS monochrome camera, and (L4) — tube lens]. Note that the grayed-out illumination path is an integrated WF epifluorescence microscope, which was used for
characterization experiments, and is not part of the SPIM probe platform.

micro-optics with remarkable freedom and precision.”” ” In this side of the top part, and the two parts are bonded together before
technique, tightly focused ultra-short pulses (<350 fs) are used to the end-cap is itself bonded to the PMMA CFB [Figs. 2(g) and 2(h),
induce non-linear photoionization in a dielectric substrate.” " The respectively].

resulting modified substrate volume is highly localized, so that mate-
rial directly outside of the focal point is largely unaffected. Oneresult ~ C. SPIM probe characterization: Fluorescence
of ULI-CE on a substrate is an increased etching rate (up to x10°) of PMMA CFB, simulation of light field,

when compared to pristine material.””"’ This effect can be har- and core crosstalk measurement

nessed to “write” 3D structures into bulk material, which can then Three aspects of the SPIM probe were characterized. First, we

be revealed by wet etching. quantified the fluorescence emission of the cores in the PMMA CFB
In the first part of the fabrication process, the end-cap struc- when pumped with blue light. Second, we simulated the distal-end

ture is inscribed into a fused silica substrate as two separate parts light field of the SPIM probe and compared it with simulations of

[Fig. 2(d)]. Following that, potassium hydroxide (KOH) etching is  the CFB fiber when used as a WF imaging fiber. Finally, we investi-
used to extract the top and bottom parts of the end-cap [Figs. 2(e) gated the extent of core crosstalk in the PMMA CFB, as a means to
and 2(f)]. Silver film deposition is then performed onto the under- compare it with silica CFBs.

APL Photon. 8, 016103 (2023); doi: 10.1063/5.0130486
© Author(s) 2023

8,016103-3


https://scitation.org/journal/app

APL Photonics ARTICLE scitation.org/journal/app

C 1.9 mm :
Mirrored L80BM =) um !
surface 1] R=0.16 mm ~__|,.o MM
el 1 o
3 I
£l 43\\0 1.36 mm :
E7 RS !
2,
I
Battom |
S part '
I
. I
I
1

Mirrored
surface

Post-etching

FIG. 2. End-cap design and fabrication process. (a) lllustration of the SPIM probe. Inset shows an SEM image of a region of the end face of the fiber. (b) 3D cross-sectional
slice of the designed end-cap. The top and bottom parts are shown slightly separated, to indicate the location of a mirrored surface between the two parts. (c) 2D CAD
drawing of the end-cap. R refers to radius of curvature. Dimensions are shown to scale. (d) Side view micrograph of the end-cap inscribed in the fused silica substrate.
(e) and (f) Micrographs of the bottom and top parts of the end-cap, after KOH etching process. (g) Image of the two parts of the end-cap glued together. A silver thin film
is located on the surface between the two parts, as depicted in the illustration in (b). (h) Image of the end-cap bonded to the PMMA CFB. Scale bar in SEM image of
(a) is 50 um. Scale bars in (d)-(h) are 400 ym.

I
I
I
I
I
! I
I
| ! .
i D
[
i Vo
: . 5 4
! Ly is —WF
| :: 20 ’ --FS{PIM !
I
L ecess
! D € 3 “region |
1 [ 15 I
' L = g5 |
| ! . o € I
' o 102 &£ 2 |
4 [
| . —PMMA o *?, N !
e !
! 16,000 . = =Silica 354 L 5 2 !
I I Tissue v 9 1 |
| 5 ! [ I
o 12,000 j240 5 ! ! 0 = 0.5 1
4 o ') [ TN | e |
| 8,000 1160 I | Com o b= |
! . L 0.5 0 05-0.5 0 0.5 120 60 0 2 |
| 4,000 Y 80 b Y (mm) Y (mm) Intensity (W/cm<) !
I Y
! b "% ! : I
| 0 0 . Intensity distribution Integrated intensity as |
| 400 500 600 700 800 900 L in 2D detector plane a function of distance
1 1

Wavelength (nm)

FIG. 3. SPIM probe characterization, including measurement of fiber core fluorescence and simulations of light fields in the WF and SPIM cases. (a) Epifluorescence system
used to measure the fluorescence emission spectra of the cores of the PMMA CFB and the silica CFB, when pumped with a 485 nm laser [Key: L — 485 nm fiber coupled
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The fluorescence emission from single cores of both the PMMA
CFB and a commercial silica CFB (FIGH-30-650S, Fujikura) is
shown in Fig. 3(a) (see Methods). When normalized to the length
of the fiber, the fluorescence of the PMMA fiber cores was found to
be two orders of magnitude greater than that of the silica fiber cores
and overlaps with the emission wavelength range of endogenous
tissue fluorophores.”' Thus, using the same cores to provide excita-
tion and to collect fluorescence, as is done in standard WF imaging
techniques, would result in a significant fluorescence background
and a decreased signal-to-noise ratio. Indeed, this effect can be seen
in Figs. 4 and 5, and is discussed later. In contrast, the SPIM probe
uses separate sets of cores for excitation and collection, avoiding the
negative impact of core fluorescence.

Ray-trace simulations were carried out with the aim of predict-
ing the spatial properties of the excitation plane parallel to the distal
end face of the SPIM probe [Fig. 3(b), see also Methods]. We also
simulated the case of the PMMA CFB used in a WF modality, i.e.,
without an end-cap and with proximal-end flood illumination. A
simulated detector, perpendicular to the end face of the fiber, shows
the intensity distribution in these two scenarios [Fig. 3(b)]. Plots of
the intensity distribution in the detector plane and the integrated
intensity as a function of distance from the fiber end face allow two
key conclusions to be drawn. First, the intensity drop-off as a func-
tion of distance is noticeably steeper in SPIM than WF. A 20 dB
decay is observed at a distance of ~0.7 mm for SPIM and ~3.3 mm
for WE. Second, the power within the front recess of the end-cap
(z < 170 pm) is ~2.97 times higher than that within the equivalent
propagation distance in the WF case. According to the simulations,
for 1 mW launched into the proximal end of the CFB, 0.232 mW
will be confined in the front recess of the SPIM probe compared

to 0.078 mW in the equivalent 170 ym after the fiber at the distal
end in the WF case. For an increased distance of 0.5 mm extend-
ing from the fiber end face, the power is 0.448 mW in the SPIM
case and 0.194 mW in the WF case. In short, almost half of the
power delivered in the SPIM probe is confined in the first 0.5 mm
after the fiber. Thus, in the SPIM case, distant features in any given
FOV receive less light, and more light is contained within the CFB
imaging volume. It should be noted that some light exiting the CFB
diverges outside of the finite detector plane and is not captured in the
simulations.

Silica CFBs are typically designed with a range in core size, as a
means to prevent crosstalk, a power-coupling between neighboring
cores, which degrades imaging performance. The PMMA CFB fea-
tures very uniform core size (10.5 ym, SD = 0.24 ym) and spacing
(1.5 ym, SD = 0.15 pym) [extracted from SEM image of Fig. 2(a)].
Core crosstalk of the PMMA CFB at 515 nm was experimentally
measured, using a method adapted from Perperidis et al.,'” and sub-
sequently simulated (see supplementary material Note 1). In the
experimental method, light was coupled proximally to a single core.
At the distal end, light exiting the core, as well as its neighboring
cores, was measured. We found that, despite the uniformity of the
core pattern in the PMMA CFB and the number of supported modes
of the 10.5 ym cores (~512 at 515 nm) along a 1 m length of fiber,
66.3% =+ 2.4% of light coupled into one core of the PMMA CFB
remained confined to the core, while the remaining ~33.7% power-
coupled to neighboring cores. These values are comparable to the
available reported measurements of silica CFBs. 1516 Thus, it can be
expected that image degradation as a result of core crosstalk is no
more of a concern using the PMMA CFB than it is using a silica
fiber.
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SPIM. Insets show image and line plotted (dashed white line). (Left) and (middle) WF and SPIM image, respectively, with measured background (yellow dashed line), raw
image (orange dotted line), and image with subtracted background (blue solid line). (right) Normalized WF (red dashed line) and SPIM (purple solid line) line profiles after
background subtraction. Gray fill in each plot corresponds to areas shown by gray arrows, where background features are less visible in SPIM. Brightness and contrast of
inset images have been adjusted for visibility. Line profiles were taken on raw data and then smoothed using a Savitzky—Golay filter (window = 29, polynomial order = 2).

D. Imaging: Evaluation with a phantom
and demonstration in ex vivo human lungs

Representative examples of a tissue phantom, imaged in both
WF and SPIM modality (see Methods), are shown in Fig. 4. More
examples can be seen in supplementary material, Fig. 3. Raw WF and
SPIM images of each FOV are given, to demonstrate the significant
fluorescence background originating from the PMMA CFB cores.
In the WF case, it can be seen that this fluorescence background
is severe and obscures many of the image features. Subtraction of
the background improves visibility of image features, but does not
minimize the presence of out-of-focus features within the FOV.
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Quantitative evaluation of the tissue phantom images is shown
in Fig. 5. Each inset (a)-(d) contains three plots: (i) The left plot
represents a WF image. (ii) The middle plot represents a SPIM
image of the same FOV. In these plots, line profiles of the mea-
sured background are shown as yellow dashed lines, raw images as
orange dotted lines, and images with background subtracted as blue
solid lines. (iii) The right plot compares WF (red dotted line) and
SPIM (purple solid line) after background subtraction and normal-
ization. In Figs. 5(a) and 5(b), random pairs of WF and SPIM images
were selected, and horizontal line profiles were drawn through
the FOV. Several observations can be noted. (i) The measured
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Benchtop lung
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FIG. 6. Representative examples of ex vivo human lung tissue. (a) Lung tissue
sample imaged on the benchtop using the SPIM probe at 5 fps. (b) Mechanically
ventilated, whole, ex vivo human lungs, imaged through the SPIM probe at 7 fps.
The alveolar space is reached via a transbronchial pass. See supplementary mate-
rial, videos 2 (Multimedia view) and 3 (Multimedia view). Images and videos have
been processed as described in Methods.

background in the WF case is higher than that in the SPIM case
(yellow dashed lines). Furthermore, the background within the
SPIM FOV was comparable to the measured camera background
itself, except for an uptick in background within ~100 ym of the
excitation ring of cores, as can be seen at the extreme ends of the
line profiles. (ii) Out-of-focus features, indicated by gray arrows
in images and gray fill in plots, are diminished in the SPIM case.
This is particularly clear when comparing normalized WF and SPIM
line profiles (red dashed line and purple solid line, respectively).
(iii) Signal-to-noise is improved in the SPIM case, in comparison
to the WF case. In Figs. 5(c) and 5(d), line profiles within the
FOV were preferentially chosen to include out-of-focus features,
which are clearly present in the WF image and minimized in the
SPIM image. Again, gray arrows indicate out-of-focus features in
the inset images, which are represented in the gray fill regions of
the plots. From these results, it is clear that the SPIM probe results
in higher contrast images, with a reduction in out-of-focus image
features.

Finally, as a proof-of-concept demonstrator, we acquired
images from human lung tissue. This was done with both excised
lung tissue and whole, ventilated ex vivo lungs, whereby the SPIM
probe was delivered into the alveolar space (see Methods). Figure 6
shows various frames from video capture of excised tissue imaged
on the benchtop [Fig. 6(a), Multimedia view] and of whole lungs
imaged via the trachea [Fig. 6(b), Multimedia view] (see also
supplementary material, videos 2 and 3). Without the use of
exogenous fluorophores, we were able to visualize alveolar tissue
in real-time (either 5 or 7 fps) using the SPIM probe platform.
Due to the dynamic nature of the experiment, it was not pos-
sible to collect comparable FOVs in WF and SPIM modality. A
full, quantitative, comparative study of the SPIM probe with a WF
system is out of scope of this work, but will be pursued in the
future.
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I1l. MATERIALS AND METHODS
A. PMMA CFB

In this work, we used a PMMA CFB (MCL-1500-1.75, Asahi
Kasei Corporation). The CFB has a diameter of 1.5 mm and
13000 cores, each with a diameter of ~10.5 ym. The cores are
PMMA, and the cladding is a fluorinated polymer, with refractive
indices of 1.49 and 1.4, respectively (as stated by the manufac-
turer and confirmed with refracted near-field measurement). The
core pitch (distance between core center and nearest neighbor core
center) is ~12 ym [see SEM image in Fig. 2(a)], and the cores
have a numerical aperture (NA) of 0.5. The CFB is packaged with
a polyethylene jacket, which results in a full outer diameter of
1.75 mm.

B. End-cap fabrication: Ultrafast laser inscription
and chemical etching

Femtosecond laser writing was performed using a Menlo
Systems BlueCut fiber laser (Menlo Systems GmbH) that delivers
350 fs laser pulses at a central wavelength of 1030 nm. A pulse
repetition rate of 250 kHz and a pulse energy of 250 n] were used.
The inscription speed was 3 mm/s, thus obtaining 83.3 pulses/ym.
To obtain the highest selectivity in the subsequent chemical etching
of the structures, the polarization was set linear and perpendicu-
lar to the intended etching direction.”” As the end-cap inscription
is circular, the polarization was dynamically controlled during laser
inscription, by rotating a 1/2 waveplate. The laser pulses were tightly
focused into the 1 mm thick, high purity fused silica glass (UV
Grade Corning 7980 OF), using a 0.4 NA aspheric lens (A110TM-B,
Thorlabs). The substrate was translated through the laser focus using
a motorized nano-resolution XYZ crossed roller bearing stage (Alio
Industries), and the stage motion was controlled using ACSPL+
programming language. Figure 2(d) shows a micrograph of the fused
silica substrate after ULI.

In the subsequent etching process, the inscribed fused silica
glass was immersed for 3 h in a magnetically stirred etching solution
of KOH diluted with deionized water (8 mol/l, 85 °C). The etching
time was determined empirically, to facilitate easy release of the two
parts forming the end-cap, without over-etching. The two parts were
individually removed and rinsed with deionized water [see Figs. 2(e)
and 2(f)].

The top part of the end-cap was silver-coated on the surface
shown in Fig. 2(b) by e-beam deposition (MiniLab 080 System,
Moorfield Nanotechnology Limited). The coating thickness was
90 + 10 nm.

Before assembling the end-cap to the fiber, the two ends of
the CFB were polished according to the following procedure: 30 s
(1000-grit sandpaper), 1 min (4000-grit sandpaper), 2 min (12 ym
of grit size lapping film), 3 min (5 ym grade lapping film), 4 min
(3 um grade lapping film), and 5 min (1 gm grade lapping film).

Finally, both parts of the end-cap were assembled using man-
ual translations stages and glued with UV-curable optical adhesive
(NOA 61, Norland) [see Fig. 2(g)]. Similarly, the end-cap was glued
(NOA 68, Norland) to the polished distal end of a 1.5 m length of
the fiber [see Fig. 2(h)], and a flexible heat-shrink tube was attached
for protection during experiments.
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C. Spectral measurements

Figure 3(a) shows the system used for measuring the fluores-
cence emission of fiber cores. The output of a fiber-coupled 485 nm
laser (LDH-D-C-485 with PDL 800-D driver, PicoQuant) was
collimated and coupled into a single core at the proximal end of
the CFB via lenses L; and L,, which were selected so that the inci-
dent laser spot would not over-fill the core. At the distal end of the
fiber, a camera (DCC1645C, Thorlabs) was used to provide feed-
back for positioning the fiber with respect to the proximal end laser
spot, such that the pump light was incident on the core and not the
cladding. The laser was operated in CW mode, and the power was
measured to be 200 yW. Backscattered fluorescence induced in the
core was then coupled via a multimode fiber (M42L01, Thorlabs)
to a spectrometer (QE-Pro VIS, Ocean Optics now Ocean Insight)
for readout.

D. Ray-trace simulations

Ray-trace simulations were carried out to characterize both the
selective plane profile and the intensity drop-off after the fiber in
the direction of its axial axis (Z-axis). Zemax OpticStudio software
(version 22.2) was used with Matlab (version R2022a Update 1, The
MathWorks Inc.) as the application programming interface (API).
Standalone mode was the program mode used for the connection
between Matlab and Zemax OpticStudio. For the simulations, non-
sequential ray-tracing mode was employed. Both end-cap parts were
included as CAD parts, and each simulated core was modeled as a
source point, with an illumination angle cone defined by the NA of
the fiber. A nominal 1 mW was launched at the proximal end of
the fiber, with a total of 1000 rays per core. 485 nm wavelength was
employed. Both the 3D model of the end-cap and simulations are
included as supplementary material.

The intensity distribution in the 2D detector plane [Fig. 3(b)
bottom left] was obtained in the SPIM case, using the end-cap
with a 70 ym thick ring-illumination (2337 cores simulated, 100%),
and in the WF case, using a bare fiber with flood-illumination
(10000 cores simulated, placed randomly, 76.92%). The 2D detector
plane was oriented as shown in the top of Fig. 3(b), i.e., contain-
ing the axial axis of the fiber, initiating at the fiber end face, and
with dimensions of 1.35 and 4 mm in the Y and Z axes (1001 x 1001
pixels), respectively. The averaged intensity as a function of propa-
gation distance [Fig. 3(b) bottom right], for both SPIM and WF, was
extracted from the intensity distribution in the 2D detector plane, as
I(z) = (Ly)_lfyl(y,z) -dy, with L, = 1.35 mm.

It should be noted that neither the attenuation of the PMMA
fiber nor its scattering were taken into account in the simula-
tions. The autofluorescence of the PMMA fiber, when excited at the
working wavelength, has also not been taken into account.

E. Epifluorescence microscope setup

A dual-illumination epifluorescence microscope was con-
structed, shown schematically in Fig. 1(e). The microscope allows
for easy switching between optical paths via a rotatable dichroic mir-
ror, leading to either ring-illumination or flood-illumination of the
proximal end of the fiber for SPIM imaging or WF imaging,
respectively. In either arrangement, excitation was provided by a
485 nm laser [Fig. 1(e) (L)] (LDH-D-C-485 with PDL 800-D driver,
PicoQuant), operated in CW mode.

APL Photon. 8, 016103 (2023); doi: 10.1063/5.0130486
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For SPIM imaging, the following excitation path was used. A
lens (L;) (C230TMD, Thorlabs) was used to collimate the output
of a single-mode patchcord (P5-405-FC-2, Thorlabs) connected to
the laser. The collimated beam was then expanded using a 5x beam
expander (BE) (GBE05-A, Thorlabs) and passed through an excita-
tion filter (Ex) (FITC-Ex01-Clin-25, Semrock). The light was then
reflected via an aluminum mirror (M) (PF10-03-GO01, Thorlabs) and
passed through an axicon lens with a 9° angle of divergence (Lax)
(AX122-A, Thorlabs). An image plane (Im.) of the ring-shaped beam
was then created by a lens (L) (LA1131-A-ML, Thorlabs). An opti-
cal mask (Mask) positioned in the image plane was used to block
any stray light in the center of the ring-shaped beam. This image
plane was relay imaged onto the proximal end of the CFB using a
second lens (L3) (LA1131-A-ML, Thorlabs) and a 4x objective lens
(Lobj) (RMS4X, Olympus) via the dichroic (DM) (FITC-Di01-Clin-
25 x 36, Semrock). The optical mask was fabricated via ULI-CE on
a 1 mm thick fused silica substrate (UV Grade Corning 7980 OF),
onto which a @ 1.36 mm central circle was silver-coated to opac-
ity. The axicon and lenses were selected together, to create a ring
of illumination on the CFB, with a 1.5 mm outer diameter and
70 ym inwardly protruding thickness. Thus, excitation light was only
coupled to cores capped by the end-cap mirror.

For WF imaging, the following excitation path was used.
Excitation light from a single-mode patchcord (P5-405-FC-2, Thor-
labs) connected to the laser was collimated via a tube lens (L4)
(TTL-200-A, Thorlabs) and passed through an excitation filter (Ex)
(FITC-Ex01-Clin-25, Semrock). The dichroic mirror (DM) (FITC-
Di01-Clin-25 x 36, Semrock) was angled to redirect this light
through the objective lens (Lop;) (RMSRMS4X, Olympus) onto the
proximal end of the CFB. The relative position of the patchcord out-
put and the tube lens was then adjusted, to massively defocus the
laser spot incident on the CFB, until even illumination of the central
column of the cores was obtained.

In either SPIM or WF mode, fluorescence images were acquired
through the same objective lens and dichroic mirror. Subsequently,
after including an emission filter (Lgm) (FITC-LP01-Clin-25,
Semrock) and a tube lens (Ls) (TTL200-A, Thorlabs), the images
were captured by a camera with a monochrome CMOS sensor (C)
(GS3-U3-3284M-C, FLIR).

F. Tissue phantom imaging: Protocol

Image characterization was performed using a polymer sponge
(yellow dish sponge), which has a loosely-packed strand structure.
The distal end of the CFB and the tissue phantom were secured
to separate three-axis translation stages (MBT616D, Thorlabs),
providing a way to precisely locate a FOV and maintain it through
sequential image acquisitions. In SPIM/WF mode, the power of the
485 nm laser was set to 1.6 mW, as measured between the objec-
tive and the proximal fiber face. With the distal end of the CFB
retracted from the tissue phantom and non-reflective black card
placed between the CFB and the phantom, a background image was
taken. The distal end of the CFB was then translated to make contact
with the tissue phantom and another image was acquired. Without
moving the CFB or the tissue phantom, the fibered laser was cou-
pled to the WF/SPIM illumination path, and the dichroic mirror
was rotated to flood/ring illuminate the proximal end of the CFB.
The laser output power was adjusted, if needed, to achieve 1.6 mW,
measured between the objective and the proximal fiber face, and an
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image of the phantom was acquired. The CFB was then retracted,
black card was used to block the extended light path between the
CFB and the phantom, and a background image was acquired. This
process thus resulted in a dataset containing four images: a FOV
image and a background image pair in both SPIM and WF modali-
ties. Images were taken with a 200 ms exposure time and a detector
gain of 15 dB.

G. Tissue phantom imaging: Line profile analysis

Line profiles were taken on each of the four images in a dataset
using Image].*” Any displacement of the relative position of the fiber
within the image frame was accounted for, to ensure that lines were
drawn through corresponding image scenes without lateral trans-
lation. Any datasets where the phantom itself had moved during
data collection were discarded. The data were plotted after being
smoothed by a Savitzky-Golay filter,*> with a window-length of
29 and a polynomial order of 2. The filter parameters were deter-
mined empirically, such that the fiber core pattern present in
the data was minimized, while preserving the apparent relative
signal-to-noise ratio between WF and SPIM data.

H. Lung imaging

Images of lung tissue were taken either from a sample of human
lungs or whole lungs. For the former, a few centimeters of tissue was
excised from a lower lobe and placed in a dish. The tissue was punc-
tured as necessary, to gain access to the alveolar space. Images were
acquired at 200 ms exposure (5 fps), with a detector gain of 15 dB,
in sets of 200 images. Fiber background images were taken before
and after each 200 image set. For the latter, a pair of whole ex vivo
human lungs were mechanically ventilated (Drager Savina 300) by
securing the ventilator endotracheal tube within the trachea. The
SPIM probe was delivered via the endotracheal tube and passed into
various regions of the distal lungs by an operator, using real-time
SPIM probe platform imaging for guidance. Images were acquired
at 150 ms exposure (7 fps), with a detector gain of 15 dB, in sets of
1000 images. Fiber background images were taken before and after
each 1000 image set.

Isgx,y),
2" -1- (Is)min
I(x%y)= ——F77—
(x y) ladj - (Is)min
2k,

This way, the “zero” value in the fiber FOV is maintained, while
maximizing contrast enhancement of useful information in the
image.

Finally, to reduce the prominence of the core pattern in the dis-
played image, a two-dimensional Weierstrass transform (Gaussian
blur with standard deviation ¢ = 4) was applied,** resulting in image
(If). Figures 4 and 6 contain processed images (If).

IV. DISCUSSION AND CONCLUSION

In this work, we developed a fused silica end-cap, to enable
SPIM through a fiber, while maintaining a form factor conducive to
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[Is(xyy) - (Is)min] + (Is)min;

I. Image processing

The data consist of images of circular fibers, captured in a rect-
angular format, such that there is clipping of the fiber diameter in
the horizontal and vertical directions (see Fig. 4). The subset of
fiber cores used for excitation in the SPIM case, as well as the cor-
responding cores in the WF case, were excluded from the analysis
below. The array of remaining cores, the imaging cores, are referred
to collectively as the fiber FOV below. All images were acquired
with a monochrome sensor, 8-bit depth in each pixel (L = 8). The
mathematical notation of each image is shown in Eq. (1).

Lo e Z"N ¢ L(xy) e[0,2" —1]cZy, V {xeX, yeY}, (1)
where a can refer to the raw image (« =r), background image
(a=b), subtracted image (a=s), contrast-optimized image
(a=c), or filtered image (& = f). Similarly, X = [1,N] c Z, and
Y =[1,M] c Z, where N and M refer to the width and height in
the pixels of the image, respectively. In this case, N = 2048 and

M = 1536.
For visualization of image data contained in Figs. 4 and 6,

image processing was carried out as follows:. The acquired back-
ground (I, ) was subtracted from the corresponding raw image (1),
obtaining I, [Eq. (2)],

I =1 — Ip. (2)

The contrast within the fiber FOV in Is was then enhanced by
performing a linear transform of the pixel values, while maintaining
the “zero” value, to obtain I.. To determine this transform, we estab-
lished a “useful” maximum pixel value contained within the fiber
FOV, l,4j, which we later used to adjust the image, while ignoring
dead or anomalously high-valued pixels. For the calculation of /4, a
histogram of the fiber FOV within I defined as Hs, was taken. Then,
defining I; as the modal value within Hs, we determined 4 as the
maximum pixel value that satisfies H(l,4;) > 0.01 - Hy(I,).

We then apply a linear transform on I, to obtain I according
to Eq. (3),

Ls(%.y) < (L) min-
(Is)min < Is(x,y) < ladj- (3)

I (x, y) > ladj-

endoscopic deployment. Our SPIM platform has two key strengths.
First, it avoids the effect of PMMA fiber core fluorescence (when
pumped with blue light), by using separate excitation and imaging
cores. Second, it reduces the appearance of the out-of-focus fea-
tures in an imaged sample, which would otherwise decrease image
contrast.

As measured, the fluorescence emitted from cores of a PMMA
CFB is undesirable. The fluorescence spectrum [Fig. 3(a)] reveals
several strong emission peaks within the typical endogenous fluores-
cence imaging window (~500-600 nm). Careful selection of filters
could result in removal of these peaks from the images, but with
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a severe loss of signal. Moreover, regions of minima between the
measured emission peaks are still significantly higher than the mea-
sured emission from the silica fiber within the same wavelength
range. It is important to note the effect of this fiber fluorescence in
images. When used in WF mode, the fluorescence emission of the
PMMA CEFB can be thought of as a DC component in the acquired
images. Removing this background is trivial, as was done in Fig. 4.
However, the fluorescence background adds noise to the image,
which is not removed through background subtraction, and can be
seenin Fig. 5. Thus, using separate cores for excitation and collection
is a superior approach for improving the usability of PMMA CFBs.
Furthermore, due to the unusually large diameter of polymer fibers,
it is possible to subdivide the core array in this manner, without sig-
nificantly compromising the FOV. We allocated ~2300 cores to the
excitation path, leaving a sizable 1.36 mm diameter imaging win-
dow. This is significantly larger than many commercial silica CFBs,
for example the Confocal Miniprobes™ range of imaging fibers
with FOVs in the range of 240-600 ym (Mauna Kea Technologies,
Paris, France).

Simulation data show our SPIM end-cap results in good con-
finement of excitation light in the end-cap front recess [Fig. 3(b)].
Specifically, when integrated over the 170 um corresponding to the
depth of the front recess of the end-cap, the power is ~2.97 times
greater than that in the corresponding propagation distance in the
WF case. Furthermore, an intensity decay of 20 dB is achieved
in just ~0.7 mm, enabling the optical sectioning capabilities seen
here. These results bear out in our comparison of image feature
contrast in equivalent WF and SPIM FOVs of a tissue phan-
tom. We selected line profiles through these images and revealed
that, in addition to a reduction in noise as discussed above, the
prominence of out-of-focus features is decreased in SPIM images
(Fig. 5). Additionally, using an ex vivo human lung model (Fig. 6,
Multimedia view), we demonstrated that the SPIM probe plat-
form operates with sufficient excitation and collection efficiency, to
visualize tissue fluorescence in situ, without the use of any exogenous
fluorophores.

Underpinning several of our choices in this work was the
goal of achieving a high performance fiber-based imaging probe
without high cost. Silica CFBs are available directly from manufac-
turers, such as Fujikura,” for ~$100s USD per meter (FIGH-30-
6508, $575 USD per meter). Most of the fabrication steps of the
SPIM probe are scalable. Multiple end-caps can be inscribed in a
single glass substrate, decreasing both fabrication time and cost.
Further reduction in inscription time could be achieved by adopt-
ing laser beam shaping techniques.*® Similarly, etching and silver
coating processes can be performed in batches. With appropriate
scaling, the manufacturing costs of the end-cap can be consid-
ered practically negligible compared to the price of PMMA fiber
(~$30 USD per meter”’). It is, therefore, conceivable to consider,
even taking into account future regulatory costs associated with
translation of a device to the clinic, that such a polymer SPIM probe
holds potential as a low-cost, single-use, disposable device. As such,
we have avoided the need to overcome challenges related to steriliza-
tion processes, which may add substantial cost or be impossible to
perform. For example, while the fused silica end-cap could tolerate
an autoclave procedure without issue, the PMMA fiber is irreversibly
damaged by temperatures above 60-70 °C and would not survive the
autoclaving process. PMMA is routinely used within microfluidics
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contexts and sterilization with ethylene oxide*® could be a viable
pathway toward re-usability, although this is beyond the scope of the
present work.

Finally, we identify several potential areas of improvement. We
observed trapped air during ex vivo lung imaging (Fig. 6 bottom
right, Multimedia view). Although the air could be dispersed with
gentle agitation of the SPIM probe from outside of the lungs, small
notches integrated in the perimeter of the end-cap design could
alleviate this issue without much disruption to the excitation path.
Some imaging targets/tissues may benefit from a tighter illumination
plane and, therefore, higher fidelity optical sectioning. This could be
achieved by reducing the thickness of the ring of cores used for exci-
tation, provided sufficient illumination is preserved overall. Along
similar lines, dynamically addressing separate, thin rings of cores of
different diameters, corresponding to a change in the depth of the
illumination plane, could allow us to achieve Z-stacking of the FOV
(with a reduced acquisition time, compared with the current SPIM
arrangement).

To summarize, our fused silica end-cap offers the possibility to
perform SPIM through a single polymer imaging fiber. We believe
that our technique has the potential to be an enabling technology
for cost-effective microendoscopes in many applications, including
FBE of the respiratory system.

SUPPLEMENTARY MATERIAL

See the supplementary material for further images of the tissue
phantom, as well as measurements and simulations of the MCL-
1500-1.75 core crosstalk imaging fiber. A 3D animation of the
end-cap assembly on the fiber is also included, as well as videos
performed with the SPIM end-cap on ex vivo human lung tissue.
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