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ABSTRACT
Vulnerable atherosclerotic plaques, which are prone to rupture, can result in life-threatening events, such as strokes and heart attacks. These
plaques are distinguished by features including a large necrotic core, macrophage infiltration, spotty calcification, intraplaque hemorrhage,
and a thin fibrous cap. While current intravascular optical coherence tomography (OCT) is capable of visualizing structural characteristics of
plaques, such as the fibrous cap thickness, it has limitations in reliably identifying vulnerable plaques. Previous studies have demonstrated that
intraplaque hemorrhage and oxidized lipids in the necrotic core and of vulnerable plaques generate autofluorescence when excited at 633 nm.
Our team has designed and developed a 3D-printed micro-lens probe that utilizes a photoresist, IP-Visio, with low background fluorescence.
This photoresist is ideal for autofluorescence detection of vulnerable plaques in the visible range, without the need for externally injected
fluorophores. The micro-lens on the tip of a double clad fiber has two apertures that address the threefold purpose of our probe: OCT imaging,
fluorescence excitation, and fluorescence collection by a combination of focal and afocal optical design. With this dual aperture design, we
have achieved in capturing the weak autofluorescence signals and high-resolution OCT images from ex vivo human carotid plaques, using the
IP-Visio micro-lens intravascular probe. We validated these imaging results with histology and a commercial benchtop fluorescence imaging
system. This work paves the way for the wider application of 3D-printed micro-lenses for multimodal OCT and fluorescence imaging in the
visible and near-infrared range, especially with intravascular or endoscopic devices.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
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INTRODUCTION

Atherosclerosis is a chronic disease that is characterized by
the accumulation of cholesterol-rich, inflamed plaques in the walls
of arteries. The most common complication associated with these
plaques is the rupture of the overlying fibrous cap, which accounts
for up to 70% of fatal acute myocardial infarction and sudden coro-
nary deaths.1 Plaques that are more prone to rupture can be referred
to as vulnerable plaques. These plaques have hallmark features, such
as a thin fibrous cap, high lipid burden, large necrotic core, infil-
tration of inflammatory cells, intraplaque hemorrhage, and spotty
calcification.1 The detection of vulnerable plaque features is impor-
tant to guide risk stratification and treatment strategies to prevent
catastrophic cardiovascular events.

Plaque imaging can be used to detect and study the natural his-
tory of vulnerable plaques and their responsiveness to therapy.2,3

Single modality imaging devices used in contemporary clinical prac-
tice include intravascular ultrasound and optical coherence tomog-
raphy (OCT), which can visualize different morphological features
of plaque. However, they are currently limited by a low positive pre-
dictive value for identifying plaques that will go on to cause ischemic
events.4,5 This is partly because they do not incorporate biomolecu-
lar information that is indicative of the dynamic processes leading to
plaque complications, such as plaque rupture.1

Biomolecular information of atherosclerotic plaques can be
studied using technologies such as fluorescence even without the
use of exogenous fluorescent markers.6 Various components of
plaque, including elastin, collagen, lipids, and intraplaque hemor-
rhage, all exhibit intrinsic fluorescence signatures, also referred to
as autofluorescence.7,8 Previous studies have identified that autoflu-
orescence, excited at 633 nm, was detected in plaques with necrotic
cores, originating from oxidized lipids and heme degradation prod-
ucts from intraplaque hemorrhage.9,10 This autofluorescence signal
was found to be in the red to near-infrared region. Using these longer
wavelengths, in preference to the ultraviolet (UV) range, improves
the contrast between stable and vulnerable plaques, as the light
can penetrate deeper into the tissue. An attractive aspect of acquir-
ing biomolecular information through autofluorescence, rather than
using exogenous contrast agents, is that it avoids the need for inject-
ing dyes into the body, which can lead to adverse events, such as
immune responses,11 and requires regulatory approval for adoption
into clinical practice.12

Multimodal OCT and fluorescence imaging devices have been
developed to integrate biomolecular information together with
morphological features.13,14 This can be achieved through a sin-
gle double clad fiber and a single micro-lens.14–17 3D printing of
a micro-lens can provide increased design freedom, for instance,
splitting the aperture and combining OCT and fluorescence imag-
ing to ensure sufficient sensitivity to detect weak autofluores-
cence signals. This was previously explored by our team as we
developed a novel lens-in-lens design13 with a high numerical
aperture (NA) for fluorescence collection. The present work rep-
resents a different implementation of our lens-in-lens concept.
While we concentrated on achieving a high NA in our previ-
ous study, here, we aimed for a twofold focal/afocal collection
design, both concentrated on the fluorescence excitation region.
Since the excitation region is relatively far away from the cen-
ter of our micro-probe, fluorescence originating from this point

can naturally only transmit our probe’s aperture at small angles.
Therefore, we aimed for focal fluorescence collection through the
inner aperture (in line with the excitation) and afocal fluorescence
collection through the outer aperture, i.e., a minimized angular
spreading while overall achieving an improved concentration on the
region of interest compared to the high NA case.

In general, dual modality imaging has the potential to improve
the prediction rate of plaque rupture, as the OCT can provide high-
resolution information about the morphology of plaque, and the
fluorescence provides additional biomolecular data.4 However, our
previously employed photoresist IP-S, which is commonly utilized
for 3D printing of micro-lenses, was unfit to analyze the 633 nm-
excited autofluorescence of vulnerable human plaques,9,10,18,19 as it
is fluorescent under the visible range.20 Therefore, a lower back-
ground fluorescence photoresist is needed for the autofluorescence
measurement in the visible range.

IP-Visio (Nanoscribe GmbH & Co KG, Germany), a biocom-
patible photoresist material with very low background fluorescence
in the visible spectrum,20 is a suitable printing material for the 3D
printed lens. Using this material would mean that the background
fluorescence from the lens will not confound the autofluorescence
detected from the human tissue, allowing more accurate capture of
the true autofluorescence signal from the tissue sample.

In this paper, we explore the use of this low background flu-
orescence photoresist, IP-Visio, to 3D print a micro-lens for a
miniaturized OCT and (auto-)fluorescence fiber-optic probe. We
first adapted our lens-in-lens optical design for OCT imaging and
fluorescence detection from a distant (1 mm) excitation region to
enable imaging of human carotid plaques ex vivo. In a second step,
we improved our mechanical design to enable fabrication on the
tip of an optical fiber with IP-Visio. Fluorescence results acquired
with our miniaturized fiber-optic probe were validated against wide-
field fluorescence images acquired with an in vivo imaging system
(IVIS) and histological sections imaged by fluorescence microscopy,
while morphological features identified in the OCT were validated
against co-located hematoxylin and eosin (H&E) histological sec-
tions. Biomolecular information of the atherosclerotic plaques was
detected by our low background fluorescence 3D printed micro-lens
imaging probe.

METHODS
Optical lens design

To enable the high-sensitivity detection of fluorescence signals
in small arteries, the 3D-printed micro-lens was designed to enable
intravascular OCT imaging and autofluorescence collection at a
working distance of 1 mm in a side-viewing arrangement (Fig. 1).
Note that the fluorescence detection sensitivity drops as the vessel
radius increases and that a modified design would be required for
high-sensitivity detection in larger vessels. The total internal reflec-
tion (TIR) mirror surface and the front surface of the micro-lens
were implemented using biconic surface types to correct for aber-
rations of the catheter sheath due to the break of symmetry. To
maximize autofluorescence collection from the excitation region, we
split the front aperture of the lens to focal (inner) and afocal (outer)
parts. The inner (focal) aperture focuses the fluorescence light from
the excitation point to the core of the DCF. The outer (afocal) aper-
ture serves to redistribute light emitted from the excitation point
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FIG. 1. Multimodal OCT+autofluorescence probe. [(a) and (b)] schematics of the multimodal probe design. A 3D-printed micro-lens is assembled on top of an NCF piece
attached to a DCF. The probe is mechanically stabilized by a torque coil and can be rotated within a catheter sheath. The core of the DCF transports the OCT signal
(1300 nm) and the fluorescence excitation (633 nm). The first cladding collects autofluorescence (710 nm design wavelength). The 3D-printed micro-lens is split into two
apertures, i.e., a focal zone in the center (green) and an afocal ring aperture (blue). The focal zone creates diffraction limited foci for OCT and fluorescence excitation. Both
the focal zone and the afocal zone serve to collect autofluorescence from within the excitation region into the core and inner cladding of the DCF. (c) Light microscopy image
of the assembled probe inside a catheter sheath. OCT: optical coherence tomography, NCF: no core fiber, DCF: double clad fiber, TIR: total internal reflection, TQ: torque
coil, WD: working distance, and AOI: angle of incidence.

across the inner cladding of the DCF. A comparison of focal, afo-
cal, and the high NA design case is provided in the supplementary
material, Fig. S1, showing that an afocal design can improve fluo-
rescence collection by the inner cladding of the collection fiber. The
chief ray angle at the micro-lens front surface and the catheter sheath
is fixed to 15○ to suppress ghost images at these high refractive index
contrast surfaces.

Optical designs were optimized using Zemax OpticStudio
(Ansys, Canonsburg, PA, USA). OCT (1300 nm, config. 1 in Fig. 2),
fluorescence excitation (633 nm, config. 2 in Fig. 2), and fluorescence
collection (710 nm, config. 3 and 4 in Fig. 2) beam paths were imple-
mented via a multi-configuration, assuming one or multiple fields

emitting from the core and the inner cladding, respectively (see the
supplementary material, Fig. S2). This uses the specified numerical
aperture of the DCF core (NA 0.12) and the inner cladding (NA 0.2).
Configurations 1, 2, and 3 were optimized for the inner aperture
for a minimum root mean square (RMS) spot (focal) of fields orig-
inating from the DCF core (configurations 1 and 2) and the inner
cladding (configuration 3). Configuration 4 was optimized for the
outer aperture for best collimation per field point (afocal), origi-
nating from the inner cladding. The inner aperture and the outer
aperture of the front surface have diameters of 120 and 200 μm,
respectively. For OCT and fluorescence excitation, our simulation
predicts diffraction limited performance with airy radii of 12.8 and
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FIG. 2. Optimization results for the four different configurations considered in our OCT and fluorescence micro-lens.

6.1 μm, respectively. Optimized coefficients for all biconic surfaces
are given in the supplementary material, Table S3.

Mechanical design and fabrication

The mechanical 3D computer-aided design (CAD) model of
the probe was designed in SolidWorks (Dassault Systèmes SE,
France). The optical surfaces were imported from Zemax Optic-
Studio and mechanically connected through solid material. As the
IP-Visio material barely generates background fluorescence, which
is often needed to directly detect the interface when printing a
micro-lens onto a fiber,21 the 3D printed micro-lens was printed
onto a glass substrate coated with indium-tin-oxide and then assem-
bled onto an optical fiber. A mechanical guide was designed to
facilitate this assembling process. The 3D model was exported as
a printable STL-file that was sliced and hatched with 0.1 and 0.15
μm, respectively. The micro-lenses were printed using the Photonic
Professional GT2 (Nanoscribe GmbH, Germany) in dip-in configu-
ration with a 40× microscope objective (Plan-Apochromat 40X/1.4
Oil DIC M27, Carl Zeiss Microscopy Deutschland GmbH, Ger-
many). For the IP-Visio probes, we used a galvo scanning speed
of 50 mm s−1, a laser power of 27.5 mW for the first 200 slices,
and a laser power of 32.5 mW for the rest. To compare the perfor-
mance of IP-Visio with IP-S, the material that has been commonly
used for 3D printing micro-lenses,21,22 we also fabricated the same
micro-lens design using IP-S. For the IP-S probes, a galvo scanning
speed of 100 mm s−1 and a consistent laser power of 25 mW were
used. After printing, all samples were developed in propylene gly-
col methyl ether acetate (PGMEA) for 12 min and afterward rinsed
with isopropanol for 2 min. It should be noted that IP-Visio requires
higher light doses and simultaneously has a narrower processing
window of polymerization compared to IP-S. Simply increasing the
writing laser power poses the risk of undesired bubble formation, as
slices close to the substrate interface receive higher doses due to back

reflection. The laser power therefore had to be adapted to the axial
position of the slices.

A micromanipulation setup was used for the assembly of the
3D-printed micro-lenses and fibers. Liquid photoresist (either IP-
Visio or IP-S) was applied to the fiber tip and followed by joining the
aligned fiber with the 3D-printed micro-lens through the mechani-
cal guide incorporated in the 3D-printed structure. Using UV illu-
mination, the photoresist was cured, and the 3D-printed micro-lens
adhered to the fiber.

Multimodal OCT and fluorescence system setup

The imaging system setup (Fig. 3) was described in our pre-
vious study,23 although the laser and filters have been modified to
better suit the autofluorescence excitation and collection. In par-
ticular, the fluorescence excitation laser has a center wavelength
at 633 nm (Matchbox 0633 L-13 A, Integrated Optics, UAB). A
635 ± 10 nm bandpass filter (FLH635-10, Thorlabs Inc., USA) was
used to narrow the laser spectrum, and a 700 nm long pass filter
(FELH0700, Thorlabs, USA) was used to filter out the excitation
laser. Furthermore, a low background fluorescence double clad fiber
coupler module (DC1300LE2, Castor Optics Inc., Canada) was uti-
lized to further reduce the background fluorescence from the system.
The DCF coupler unit is directly fiber coupled to the optical fiber
probe using a fiber connector/angled physical contact (FC/APC)
mating sleeve. The optical fiber probe is then fitted into a bespoke
rotation/translation stage to acquire radial pullback scans. The sys-
tem uses a counter-rotation scheme, in which the probe is rotated to
acquire a full radial scan and then counter-rotated prior to the next
step of the pullback. This approach avoids the need for a rotary cou-
pler, significantly simplifying efficient acquisition of the fluorescence
and OCT signals.

The imaging probe is made using a long piece of double
clad fiber (>200 cm, DCF13, Thorlabs Inc., USA), terminated with

APL Photon. 10, 040805 (2025); doi: 10.1063/5.0247546 10, 040805-4

© Author(s) 2025

 22 April 2025 13:36:25

https://pubs.aip.org/aip/app
https://doi.org/10.60893/figshare.app.c.7741427


APL Photonics ARTICLE pubs.aip.org/aip/app

FIG. 3. Schematic of the multimodal OCT and fluorescence system; the OCT sub-system (blue region) and the fluorescence sub-system (orange region) are combined
using a double-clad fiber (DCF) coupler module, which contains a DCF coupler and a wavelength division multiplexer (WDM) unit. Gray colored line: single mode fiber;
green colored line: DCF; orange colored line: multimode fiber. Note that the (green) DCF continues to the distal end of the probe but is obscured here once it enters the
torque coil and catheter sheath.

450 μm of no core fiber (NCF125, Success Prime Corporation, Tai-
wan) and a 3D printed micro-lens glued onto the end. The optical
fiber probe was then fitted within a metal coil (ACTONE, ASAHI
Intecc Co., Ltd., Japan) and enclosed within a plastic catheter sheath
(material: fluorinated ethylene propylene, 410 μm internal diameter,
635 μm outer diameter; ZEUS Inc., USA; refractive index = 1.33).

Ex vivo imaging of human carotid plaques

All human experiments and procedures were approved by the
Central Adelaide Local Health Network Human Research Ethics
Committee (Ref: 15120) at the Royal Adelaide Hospital, Australia,
and the study was conducted in accordance with the principles of the
Declaration of Helsinki. Human carotid plaques were collected from
endarterectomy procedures for patients presenting with a stroke or
transient ischemic attack at the Royal Adelaide Hospital. Informed
consent was received from all patients before the procedure. The
resected carotid plaque was then imaged in the laboratory within 2
hours of the procedure. Prior to intravascular imaging, the sample
was imaged inside an IVIS (IVIS® Lumina XRMS, 640 nm exci-
tation and 710 nm + emission) for 2D fluorescence measurement.
Next, the carotid plaque was imaged using the imaging probe with
either the IP-Visio or IP-S printed micro-lens at 5 mW for fluores-
cence excitation. A light source power of 7.5 mW was used for the
OCT system. Note that a cylindrical coordinate system comprised
of radial distance (r), axial length (z), and azimuth angle (θ) is used
throughout this manuscript to explain the rotation and pullback for
imaging. For each 360○ rotation, 1600 OCT radial scans were gener-
ated, 32 fluorescence spectra were acquired, and the axial step is 20
μm in between each rotation. With the current imaging setup, the
counter-rotation and pullback stage can perform one revolution in
2 s, and the pullback speed is 5.5 s per 20 μm step, for both OCT
and fluorescence measurements. Compared to the clinically avail-
able OCT system, the current multimodal OCT and fluorescence

device is slower, due to the use of a spectrometer for fluorescence
measurement. The spectra are useful for distinguishing the true aut-
ofluorescence from system background fluorescence.24 During the
imaging process, phosphate buffered saline was applied to the tissue
to retain its moisture. After imaging, the specimen was decalci-
fied in a 10% ethylenediaminetetraacetic acid (EDTA) solution for
one week and then embedded in an optimal cutting temperature
medium for fresh frozen cryosectioning. The carotid plaque was
sectioned at 5 μm sections. Prior to histological analysis, the tis-
sues were fixed in a 2% paraformaldehyde phosphate buffered saline
solution for 10 min. 2% paraformaldehyde is a commonly used fix-
ative, which prevents the tissue from degrading to maintain the cell
morphology and tissue structure. A previous study has shown that
autofluorescence was preserved after using this fixing agent.9

Image processing

Fluorescence images overlayed onto the OCT images were pro-
cessed such that each radial scan is represented by the summation
of the intensities of the fluorescence spectrum over the wavelength
range of 700–1130 nm. This wavelength (1130 nm) was the extent of
our spectrometer, and we chose to acquire all available data rather
than setting an empirical upper threshold wavelength.

3D reconstruction of the atherosclerotic plaque was achieved
using Amira Software (Zuse Institute Berlin and Thermo Fisher Sci-
entific, USA) for 3D volume rendering of the OCT images acquired
using the IP-Visio lens fiber probe.

A 2D heat map was generated from the fluorescence spectra
obtained using the IP-Visio imaging probe using a custom MAT-
LAB program (MathWorks, USA). The 2D heat map represents the
fluorescence detected over the entire pullback, with the vertical axis
indicating the azimuthal angle of the probe and the horizontal axis
of the heat map aligned with the pullback direction indexed by the
axial distance (20 μm) moved between each rotation.
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Histological analysis

Histology was performed on the sectioned specimen; stains
include H&E for general plaque morphology and 4′,6-diamidino-
2-phenylindole (DAPI) for cell nuclei. H&E stained sectioned were
digitized using a digital slide scanner (NanoZoomer, Hamamatsu
Photonics, Japan). DAPI stained sections were imaged using a slide
scanner (ZEISS Axio Scan.Z1 Slide Scanner, Carl Zeiss AG, Ger-
many), with 385 nm for the DAPI channel and 633 nm for the
autofluorescence of the human tissue.

The histology images were co-registered with the intravascular
OCT and fluorescence images by correlating the distance from the

start of the scan pullback for both the OCT scan and histological
section and by identifying matching anatomical landmarks.

RESULTS
Comparison between IP-Visio and IP-S micro-lens

Ex vivo OCT and fluorescence images were acquired for human
carotid plaques, using probes fabricated with IP-Visio and IP-S
micro-lenses [Figs. 4(a), 4(b), 4(e), and 4(f)], where Figs. 4(a) and
4(b) are taken from a cross section with lower tissue autofluores-
cence, and Figs. 4(e) and 4(f) are taken from a cross section with

FIG. 4. Comparison between IP-Visio and IP-S micro-lens in imaging a human plaque. (a) Example of OCT and fluorescence images acquired using the IP-Visio micro-lens,
showing low autofluorescence. (b) OCT and fluorescence images of the same region in (a) acquired using the IP-S micro-lens. (c) H&E histological section co-located with
(a) and (b); the green circle indicates the region of the plaque that was within the imaging range of the probe. (d) Fluorescence microscopy image co-located with (a) and
(b); blue: DAPI (cell nuclei) and magenta: autofluorescence. (e) OCT and fluorescence images acquired using the IP-Visio micro-lens, showing high autofluorescence from
a different section of the pullback scan. (f) OCT and fluorescence images of the same region in (e) acquired using the IP-S micro-lens. (g) H&E histology section co-located
with (e) and (f); the green circle indicates the region of the plaque that was within the imaging range of the probe. (h) Fluorescence microscopy image co-located with (e) and
(f); blue: DAPI (cell nuclei) and magenta: autofluorescence. (i) Cutaway view of the 3D reconstruction of the carotid plaque from OCT and autofluorescence images acquired
with the IP-Visio micro-lens. (j) Background fluorescence spectra obtained from the radial scan highlighted with green asterisks in (a) and (b). (k) Tissue autofluorescence
spectra obtained from the radial scan highlighted with yellow asterisks in (e) and (f). The green arrows indicate areas with low autofluorescence detection by the imaging
probe; the yellow arrows indicate areas with high autofluorescence; the blue arrows represent the features that were used to correlate the OCT images with H&E.
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higher tissue autofluorescence. OCT images are the central grayscale
images in Figs. 4(a), 4(b), 4(e), and 4(f), and the intravascular fluo-
rescence is displayed as a color-coded ring overlayed outside of the
OCT images. The OCT imaging performance, in terms of resolu-
tion and penetration depth, is comparable with what has previously
been reported with a state-of-art intravascular OCT device.25 These
OCT images are matched with H&E stained sections in Figs. 4(c) and
4(g). Figure 4(a) is acquired from a cross section of the plaque where
the autofluorescence is low (indicated by the green arrow). This
corresponds to the fluorescence microscopy image in Fig. 4(d) (flu-
orescence shown in magenta, indicated by green arrow). Figure 4(e)
is acquired from a cross section of the plaque where a high aut-
ofluorescence signal was observed (yellow arrow). This is validated
against the fluorescence microscopy image in Fig. 4(h) (fluorescence
in magenta with yellow arrow). Corresponding to the H&E images,
the fluorescence signals in Figs. 4(d) and 4(h) appear within the
necrotic core region of the carotid plaque; this is visualized by the
increased acellular lipid area (small white regions) on the H&E. The
contrast of the blue color (DAPI stain) on the fluorescence images
[Figs. 4(d) and 4(h)] was increased to better visualize the cell nuclei
in the regions that were imaged, and this has caused saturation
in other areas on the section with more cells. Note that there are
lower autofluorescence signals from adjacent areas [green arrow in
Fig. 4(e) and 4(h)], where the lower measured autofluorescence may
have caused by the increased distance from the tissue to the probe.
The false-positive artifact of saturated high fluorescence intensity
observed for the IP-S micro-lens is due to the strong fluorescence
of the IP-S material itself under visible light.20 Variation in the flu-
orescence intensity across different azimuthal angles is illustrated in
the supplementary material, Fig. S4. 3D reconstruction of the OCT
images obtained with the IP-Visio micro-lens was performed using
Amira and is shown in Fig. 4(i), showing overlayed fluorescence
hotspots in white.

A comparison of the IP-Visio and IP-S micro-lenses demon-
strated that both micro-lenses provide similar OCT image qual-
ity; the signal-to-ratio was evaluated to be 100.88 dB for IP-Visio
micro-lens and 99.96 dB for IP-S micro-lens (see the supplementary
material, Fig. S5). However, as shown in Fig. 4(j), the fluorescence
spectra acquired are very different. This spectrum was taken from
∼15○ on Fig. 4(a) (indicated by the green asterisk), where no autoflu-
orescence signal was detected. This was validated through the lack of
autofluorescence detected from the fluorescence microscopy image
in the co-located region [Fig. 4(d)]. The peak fluorescence inten-
sity from IP-S is ∼10 times higher than that for IP-Visio micro-lens
under the 633 nm laser excitation wavelength [Fig. 4(j)], due to the
high background fluorescence of the IP-S material. The spectrum in
Fig. 4(j) (IP-Visio spectrum) depicts the background fluorescence
of the system. The source of this background fluorescence signal
comes from components in the system, which include the double
clad fiber coupler (DCFC) and the DCF. Several modifications have
been made to minimize residual background fluorescence in the sys-
tem,24 i.e., utilizing a DCFC with low autofluorescence components
and minimal fiber probe length possible. Figure 4(k) shows the fluo-
rescence spectrum of measurements indicated by yellow asterisks in
Figs. 4(e) and 4(f), showing an area of high tissue autofluorescence.
The IP-Visio spectrum in Fig. 4(k) reveals a higher autofluorescence
intensity measurement than that in Fig. 4(j), correlating with the
increased autofluorescence in the tissue. In contrast, the IP-S flu-
orescence spectrum in both Figs. 4(j) and 4(k) remains the same,
indicative of high background fluorescence in the IP-S dominating
measurements from the tissue.

Ex vivo imaging of human carotid plaques

A macro-scale image of a human carotid plaque is shown in
Fig. 5(a). Figure 5(b) illustrates the fluorescence acquired using IVIS,

FIG. 5. IVIS imaging of human plaque
compared to intravascular imaging using
the fiber probe with an IP-Visio micro-
lens. (a) Macro-scale image of a human
carotid plaque; the black arrow indicates
the direction of the scan using the IP-
Visio micro-lens. (b) IVIS image of the
plaque with overlayed fluorescence; the
fluorescence hotspot is shown in yel-
low. (c) 2D fluorescence heatmap of the
region in the black box in (a) and (b), in
the direction shown in (a); fluorescence
was acquired using the imaging probe
with an IP-Visio micro-lens. [(d) and (e)]
Examples of multimodal OCT and flu-
orescence images at different locations
along the pull back: (d) earlier in the pull
back where there was strong autofluo-
rescence (L: lipidic region) and (e) further
into the pull back where weaker aut-
ofluorescence was observed (F: fibrotic
region).
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which can be observed grossly where the fluorescence hotspots cor-
respond to the tissue sample. Using these hotspots as a guide, the
plaques were then imaged using a fiber probe with the IP-Visio
micro-lens for OCT and autofluorescence imaging. A 2D heat map
was created from the fluorescence measurements acquired by the
3D-printed IP-Visio micro-lens, depicted in Fig. 5(c). As 32 fluores-
cence spectral measurements are acquired over each 360○ rotation
of the intravascular imaging, a 2D heat map was generated to better
compare with the IVIS scan acquired before intravascular scan-
ning. Due to the surgical technique used, the excised plaques have
a vertical cut in the middle. Thus, only 90○ to 270○ of fluores-
cence represents where the probe is in contact with the tissue sample
[Figs. 5(d) and 5(e)].

The trend of the fluorescence intensity was similarly illustrated
across both fluorescence imaging techniques, where higher fluo-
rescence was observed at the start of the scan [OCT frame 25,
Fig. 5(c)] in comparison with the IVIS scan [left of the magnified
inset Fig. 5(b)] and decreases after passing the fluorescence hotspot
[OCT frame 155, Fig. 5(c)]. However, the fluorescence heat map
generated by the 3D-printed micro-lens is somewhat different from
the IVIS fluorescence image. This is due to the different mecha-
nisms by which fluorescence images are acquired between these two
techniques.

Plaque microstructures were visible in the OCT image [gray
color central images in Figs. 5(d) and 5(e)], showing both lipidic
[Fig. 5(d)] and fibrotic regions [Fig. 5(e)] according to the con-
sensus standards for image interpretation.26 Fluorescence signals
[outer colorful rings in Figs. 5(d) and 5(e)] correspond to plaque fea-
tures [90○–270○ in Figs. 5(d) and 5(e)], with different compositional
features associated with different levels in fluorescence intensity.
For example, higher fluorescence intensity co-localized lipid-rich
plaque, as seen in OCT [135○–225○ in Fig. 5(d)].

DISCUSSION

This study examined a 3D printing photoresist material, IP-
Visio, to fabricate a micro-lens for an intravascular OCT and fluo-
rescence imaging probe to detect autofluorescence of atherosclerotic
plaques because of its low background fluorescence. The design of
the micro-lens allows the easy fabrication and assembling of the
micro-lens onto an optical fiber. It also realizes the autofluorescence
collection by dividing the front aperture of the micro-lens into focal
and afocal zones for distant imaging. In future, splitting the aper-
ture into more than two zones to embed additional functionality
or further improved collection efficiency could be investigated. The
working distance of the lens was also tailored to 1 mm, as an exten-
sion to our earlier study, which had been limited to imaging smaller
vessel diameters (with a 0.5 mm fluorescence focal length).13 The
fluorescence obtained using the IP-Visio micro-lens allowed us to
identify autofluorescence signal from an atherosclerotic plaque, val-
idated with fluorescence microscopy and IVIS. High fluorescence
signals were detected with the IP-S micro-lens, and this was due
to the fluorescence of the material itself. We note that the quality
of OCT imaging was comparable between these two different lens
materials, as both reveal plaque morphology that matches features
identified in the H&E sections. Importantly, the fluorescence signals
acquired by the IP-Visio micro-lens compared favorably with IVIS,

as the probe had a higher resolution than the benchtop IVIS sys-
tem. The probe has an excitation airy radius of 6.1 μm, whereas the
pixel resolution of the IVIS is 50 μm.27 The fluorescence channel res-
olution of our probe during intravascular imaging is dependent on
the scattering of the carotid tissue. Rather than optimizing the flu-
orescence resolution, our design has incorporated an afocal zone to
improve fluorescence collection, utilizing the entire inner cladding
of the DCF.

Taken together, these results indicate that it is not adequate to
use an IP-S micro-lens to capture the autofluorescence of human
carotid plaques when excited using a 633 nm wavelength. Since
many biological molecules are fluorescent in the visible spectrum,27

if the desired application is for fluorescence imaging in the vis-
ible spectrum at a shorter wavelength, such as in the airways at
445 nm,14,28 the background fluorescence of the IP-S lens will impact
the fluorescence collection of the sample more dramatically.20 In
comparison with IP-S, the use of IP-Visio complicates direct print-
ing onto optical fiber facets, as autofluorescence of the resin was
often required for precise manual interface finding. This was circum-
vented here by first printing the micro-lenses onto glass substrates,
followed by post-process assembly with the optical fiber. Despite
involving more process steps, this method is more efficient for batch
production of fiber assembled probes.

Previous research has reported that in carotid atherosclerotic
plaques, the presence of intraplaque hemorrhage was associated with
stroke and coronary heart disease, whereas the presence of lipid-rich
necrotic core and calcification were not significantly linked to stroke
or coronary heart disease.29 The current study focuses on identify-
ing autofluorescence from vulnerable carotid plaques, as they were
more readily accessible. Further analysis is required to identify spe-
cific plaque components in vulnerable plaques that lead to clinical
complications.

In conclusion, a micro-lens fabricated from IP-Visio photore-
sist has been effectively employed to image carotid plaques. The
micro-lens provides high resolution imaging of anatomical features
from the OCT. In addition, the micro-lens has enabled successful
detection of the weak autofluorescence which is characteristic of
vulnerable plaques, offering valuable biomolecular information for
plaque assessment.

SUPPLEMENTARY MATERIAL

See the supplementary material for details on the (1) non-
sequential Zemax model for validating the design intent of the
micro-lens, (2) simulated field points and the performance of the
probe, (3) biconic surface descriptions and optimized coefficients,
(4) quantitative plots of fluorescence variations across the radial
scan, and (5) signal to noise ratio measurement of IP-Visio and IP-S
micro-lenses.
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