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In vivo tracking of individual stem cells labeled
with nanowire lasers using multimodality
imaging

XuzHou L1,1:2:6 WE| ZHANG,":® ® YANXIU L1,%46 Xia0QIN Wu,>
MINGYANG WANG,! ® XiAOTIAN TAN,! YANNIS M. PauLus,!47
XUDONG FAN,":8 ® AND XUEDING WANG

1 Department of Biomedical Engineering, University of Michigan, Ann Arbor, MI 48109, USA
2Department of Mechanical Engineering, University of Michigan, Ann Arbor, MI 48109, USA

j’Eye Center of Xiangya Hospital, Hunan Key Laboratory of Ophthalmology, Central South University,
Changsha, Hunan 410008, China

4Department of Ophthalmology and Visual Sciences, University of Michigan, Ann Arbor, MI, 48105, USA
SKey Laboratory of Optoelectronic Technology & Systems (Ministry of Education), Chonggqing University,
Chongqing 400044, China

SThese authors contribute equally to this work

7ypaulus@med. umich.edu

8xsfan @umich.edu
“xdwang @umich.edu

Abstract: Emerging cell-based regenerative medicine and stem cell therapies have drawn wide
attention in medical research and clinical practice to treat tissue damage and numerous incurable
diseases. In vivo observation of the distribution, migration, and development of the transplanted
cells is important for both understanding the mechanism and evaluating the treatment efficacy
and safety. However, tracking the 3D migration trajectories for individual therapeutic cells in
clinically relevant pathological environments remains technically challenging. Using a laser
photocoagulation model in living rabbit eyes, this study demonstrates a multimodality imaging
technology integrating optical coherence tomography (OCT), fluorescence microscopy (FM),
and lasing emission for in vivo longitudinal tracking of the 3D migration trajectories of individual
human retinal pigment epithelium cells (ARPE-19) labeled with CdS nanowires. With unique
lasing spectra generated from the subtle microcavity differences, the surface-modified nanowires
perform as distinct spectral identifiers for labeling individual ARPE-19 cells. Meanwhile, with
strong optical scattering and natural fluorescence emission, CdS nanowires also served as OCT
and FM contrast agents to indicate the spatial locations of the transplanted ARPE-19 cells.
A longitudinal study of tracking individual ARPE-19 cells in rabbit eyes over a duration of
28 days was accomplished. This method could potentially promote an understanding of the
pharmacodynamics and pharmacokinetics of implanted cells in the development of cell-based
therapies.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Emerging cell-based therapies such as regenerative medicine therapies (RMTs) and stem cell
therapies have attracted significant interest as potential treatment options for severe tissue damages
and numerous currently incurable diseases [1—4]. In many cell-based therapies, transplanted
cells are administered close to the damaged tissue to migrate towards and stay within the
damaged tissue, and then replicate and differentiate into multiple cell types to restore the structure
and function of the targeted regions [2,5,6]. For instance, several clinical trials have been
conducted for administering retinal pigment epithelium (RPE) cells via subretinal injections
for RPE degeneration restoration in the retina in geographic atrophy of macular degeneration
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[6-9]. After being introduced into the subretinal space, the transplanted RPE cells can create
a functional RPE layer to replace the damaged original RPE as a part of the photoreceptor
restoration process. Despite the great promise of this cell-based therapeutic method, the lack
of comprehensive understanding of the migration, replication, and fate of the transplanted cells
remains a major obstacle in clinical application. As the traditional method to evaluate therapeutic
efficacy and safety, histological analysis can only provide limited information due to its invasive
and destructive nature [10,11]. Therefore, novel technologies that can directly and precisely
monitor the 3D distribution and migration of implanted cells in vivo and longitudinally are highly
desired.

Many imaging techniques, such as fluorescence microscopy (FM) and optical coherence
tomography (OCT), have been applied in labeling and tracking transplanted cells [12-15],
especially in visualizing the stem cells on the retina [16]. Fluorescence labeling is another
widely used technique in differentiating various targets and tracking cell migration [12,13,17].
Researchers has achieved precise locating GFP labeled cells with scanning laser ophthalmoscopy
(SLO) and OCT multimodality imaging system [18], which brings significant impact in cell
therapy in ophthalmology.

In addition, multi-spectral fluorescence labels were exploited to provide distinguishable
information to track different cell groups in vivo with various light emission spectra from
different colors of fluorophores [13]. However, due to the nature of broad emission spectra of
fluorophores, the total available different labels involved in multi-spectral fluorescence imaging
are limited. In addition, as a result of low efficiency and photobleaching, fluorescence dyes
usually cannot enable a high signal-to-noise ratio for single cell tracking or support longitudinal
studies over extensive time periods which are necessary for cell-based regenerative therapies.
More importantly, for in vivo applications, the conventional FM images can only provide 2D
information but not 3D information, which is crucial for studying the interaction of cells with
the surrounding tissue. Even though three photon microscopy and confocal microscopy could
provide decent 2D resolution and some 3D information [19,20], they are suffering from low
signal intensity or limited imaging depth in tissue. OCT is a clinically available 3D imaging
technology with ultra-high resolution and excellent imaging depth [21,22] and has shown great
potential for in vivo cell tracking. Contrast agents such as gold nanoparticles [23,24], polymer,
and metal oxide nanoparticles [25,26] with strong scattering properties have been applied to
label target cells to improve imaging visibility. However, since the optical properties of most
contrast agents are homogenous, the current OCT-based technique is only capable of monitoring
the overall distributions of labeled cells. 3D longitudinal tracking of individual cells in vivo still
remains a technical challenge.

Microcavity laser emission-based imaging is an emerging technology in biomedical research.
Owing to the small size, high emission intensities, narrow linewidth, and abundant spectral
information, the microcavity lasers have shown great potential in intracellular labeling [27-29]
and microenvironmental sensing [30-34]. The hundred-fold narrower emission linewidth and
higher signal-to-noise ratio of intracellular microcavity lasers have demonstrated great advantages
over the traditional fluorescence labeling. The unique lasing spectra with multiple peaks with
nanometer-level linewidth determined by the varying cavity structure could serve as “identifiers”
for differentiating individual cells. Encoded with a ““serial number” formed by the lasing peak
positions of the microcavity lasers, a large number of cells can be individually tracked at the
same time. However, similar to FM, the in vivo tracking based on lasing emission provides only
2D images and the critical 3D location information cannot be captured.

In this study, we demonstrated a multimodality imaging technology combining OCT, FM,
and lasing emission labeling to longitudinally track the in vivo 3D migration trajectories of
individual retinal pigment epithelium (ARPE-19) cells transplanted into the subretinal space.
The rabbit model involved in this study was laser-induced retinal pigment epithelium (RPE)
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photocoagulation injury in the retina. The surface-modified CdS nanowire lasers, with the
distinct lasing spectra generated from the subtle microcavity differences, were utilized as unique
identifiers to label the transplanted ARPE-19 cells. Meanwhile, with strong optical scattering and
fluorescence emission, CdS nanowires also served as OCT and FM contrast agents to indicate
the spatial locations of the transplanted ARPE-19 cells. Specifically, OCT could provide the
precise spatial coordinates while FM could help cross validate to avoid noise interference. In
this work, this dual-modality contrast along with the differentiable identifiers provided by the
lasing spectra of CdS nanowires built the fundamental for in vivo single cell tracking. After
the ARPE-19 cells labeled with CdS nanowires were implanted, FM could provide the overall
2D cell distribution pattern, whereas the nanowires internalized by the cells were pumped to
provide unique lasing emission spectra for differentiating individual cells. At the same time,
OCT en-face imaging could provide both 3D retinal structure and spatial locations of the cells,
which were cross-validated with the FM images. Thus, by integrating the capabilities of FM,
OCT, and lasing emission labeling, this multimodality imaging method achieved longitudinal 3D
tracking of individual cells in the subretinal space in vivo for the first time.

2. Material and methods

2.1. Experiment setup

An OCT, FM, and lasing emission spectra multimodality imaging system was utilized for in vivo
single cell tracking in this study. As shown in Fig. 1(a), a spectral-domain OCT (SD-OCT) was
integrated with the fluorescence detection photodiode and lasing measurement spectrometer. A
broadly tunable pulsed diode-pumped solid-state laser working at 485 nm was coaxially combined
with the OCT light to provide fluorescence and lasing excitation and ensure the co-registration
between different imaging modalities. The OCT reflection, fluorescence, and lasing emission
were collected and measured from the backward optical path of the telescope configuration.
More details of the multimodality imaging system are included in Supplementary information.
The ARPE-19 cells were labeled with CdS nanowires and introduced into the subretinal space of
the rabbits with laser-induced injuries in the retina Fig. 1(b). The OCT and FM images were
employed for cell spatial location extraction, whereas the lasing emission spectra of the nanowires
served as identifiers.
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Fig. 1. (a) Schematic of the optical coherence tomography (OCT), fluorescence microscopy,
(FM), and laser emission multimodality imaging system. APD: Avalanche photodiode; DAQ:
Data acquisition card; DCG: Dispersion-compensation glass; FOC: Fiber optic coupler;
SLD: superluminescent diode; DM: dichroic mirror; OL: ophthalmic lens; OPO: optical
parametric oscillator. (b) Illustration of CdS nanowire labeled ARPE-19 cells migrating in
the subretinal layer and generating lasing emission for tracking identification.
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2.2. ARPE-19 cell preparation

Human RPE cell line ARPE-19 is a spontaneously immortalized cell line of human retinal
pigment epithelium without melanin pigment, which is widely used to study retinal cell biology,
pathological conditions, and pharmacology. In addition, as a good cell line for in vitro studies
of retinal pigment epithelium physiology, ARPE-19 has structural and functional properties
characteristic of RPE cells in vivo and suggest that this cell line will be valuable [35]. The
ARPE-19 cell line was originally acquired from a commercial vendor (ATCC, Manassas, VA).
ARPE-19 cell culture media consisted of DMEM F-12 medium with 1% penicillin/streptomycin
and 10% fetal bovine serum (FBS). The cells were cultured in a humidified incubator with 5%
CO2 at 37 °C. All supplies were purchased from Thermo Fisher, Waltham, MA.

2.3.  Preparation of animal model and CdS nanowires

In order to simulate an authentic, clinically-relevant pathological environment for cell therapy,
laser-induced photocoagulation injuries of the retina and RPE were created in rabbit eyes (see
details in the Supplementary information). As shown in Fig. 2(a), two arrays of laser-induced
injury spots with 1-mm spacing were highlighted by arrows. The CdS nanowire lasers served as
both OCT and FM contrast agents and unique identifiers (more details regarding the nanowire
fabrication are described in the Supplementary information). To achieve successful cell labeling,
the CdS nanowires need to be internalized into the cells. Considering the relatively large size
of nanowires (3-7 um in length and 200 nm in diameter) relative to the ARPE-19 cells (~30
um), biocompatible surface modification of CdS nanowires is necessary. A multilayer collagen
coating of CdS nanowire was achieved by a layer-by-layer (LBL) assembly method to promote
internalization [36,37], as shown in Fig. 2(b) (see Supplementary information for more details).
To confirm the improvement in cell internalization, the ARPE-19 cells were cultured together
with surface-modified nanowires and monitored by a confocal fluorescence microscope Fig. 2(c).
Here, the cell cytoskeleton and nuclei were stained blue and red, respectively, whereas the CdS
could be visualized by its green fluorescence emission. From the top and right cross-sectional
insets in Fig. 2(c), complete internalization of nanowires within the cell body was confirmed. As
a control experiment, ARPE-19 cells cultured with bare CdS nanowires showed few nanowire
internalizations (see the confocal fluorescence microscopy image in Figure S1).

Due to its high refractive index (~2.67) compared to the surrounding medium (~1.33), a CdS
nanowire can be regarded as a Fabry-Perot (F-P) cavity with a CdS serving as both waveguide and
gain medium [38,39]. At a low excitation energy density below the lasing threshold (1 uJ/mm?),
only ordinary green fluorescence emission was observed as the blue curve shown in Fig. 2(d).
When excited at a relatively high pump energy density (5 pJ/mm?) which was above the lasing
threshold, the lasing emission was observed with multiple peaks (Fig. 2(d), red curve). The insets
in Fig. 2(d) were the lasing output vs. pump energy density curve that shows a lasing energy
threshold around 4 uJ/mm?. During the CdS nanowire manufacturing and preparation, the length
of nanowires was randomly distributed. Thus, the CdS nanowires had various cavity lengths and,
as a result, numerous unique lasing emission spectra, facilitating labeling and identification of a
large number of single cells. On the other hand, also due to its high RI and elongated shape, the
CdS nanowire had strong optical scattering that significantly enhanced the OCT signal.

As shown in the OCT image in Fig. 2(e), a CdS nanowire labeled ARPE-19 cell was indicated
with the yellow arrow. By analyzing the A-scan signal profile along the yellow dashed line
(Fig. 2(e), right inset), the CdS nanowire was noted to provide 15 dB OCT contrast against the
surrounding retina tissue in vivo. The capabilities of CdS nanowires to generate fluorescence
emission, lasing emission, and OCT contrast form the foundation for single cell tracking in vivo.
More detailed experiment methods were included in the supplementary document.
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Fig. 2. (a) The color fundus image of an experimental rabbit. The two arrays of laser
photocoagulation burn injuries are marked. (b) The schematic of the PDDA/PAA/collagen
biocompatible coating process to promote cell internalization of CdS nanowire lasers. (c) A
confocal fluorescence image of the surface-modified nanowires internalized by the ARPE-19
cells. The nanowires are labeled in green, and the cell nuclei and skeleton are labeled with
blue and red, respectively. The X-Z and Y-Z cross-sectional images along the dashed lines
are on the top and right. Scale bar: 50 um. (d) A comparison of lasing emission spectra and
fluorescence emission spectra. The broad blue curve (FL) is the CdS fluorescence emission
spectrum, while the red curve with multiple peaks is the CdS nanowire lasing emission
spectrum. The inset in the upper right is the threshold curve of CdS nanowire lasers. (e)
OCT B-scan image from the experimental retina region after the injected fluid was fully
resolved. The nanowire labeled ARPE-19 cells are highlighted with the red arrow and have
higher contrast against the surrounding layers. The right inset is a blue signal intensity
curve along the yellow dashed line indicated on the left, which demonstrates that the CdS
nanowires can provide a contrast enhancement at a level of 15 dB. NFL: nerve fiber layer;
GCL: ganglion cell layer; IPL: inner plexiform layer; RPE: retinal pigment epithelium layer;
Scale bar: 200 um.

3. Results
3.1. In vivo subretinal single cell tracking

First, the laser-induced injuries were created in the retina of experimental rabbits to generate a
clinically relevant therapy microenvironment. Subsequently, after being cultured with surface
modified CdS nanowires for 24 hours, the ARPE-19 cells were collected and resuspended in the
cell-enriched solution. 20 pL of the cell-enriched solution was injected into the subretinal space
through a subretinal injection operation (see details in the Supplementary information). Localized
subretinal fluid including in the region of laser-induced injuries was observed (D1 in Fig. 3(a)).
The imaging experiment for in vivo single cell tracking started after the fluid was fully resolved
at D4 and was repeated at different time points over a period of 28 days. At each observation
time, color fundus images, fluorescence microscopy, OCT en-face imaging, and lasing emission
spectra were collected for retinal structure monitoring and single cell tracking. Figure 3(a) shows
the color fundus images of an experiment rabbit through the period of 28 days to depict the
retinal anatomy and appearance. A series of fluorescence microscopy images collected during
each observation time are presented in Fig. 3(b). The black circles and blue circles in Figs. 3(a)
and (b) indicate the laser-induced injury spots on the retina. As time went on after injection, an
increasing number of nanowire labeled cells clustered around the injury spots which is consistent
with the biological function of ARPE-19 cells. The FM played an important role in the following
aspects. First, FM images depicted the overall 2D distribution of the nanowire labeled ARPE-19
cells. This information was cross-validated with the spatial locations of the cells collected from
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the 3D OCT scanning. In our post data processing, the precise spatial distributions of the cells
were extracted from OCT en-face images by thresholding, which could be influenced by some
strong scattering noise and defects in the animal tissue. The 2D cell distribution information
provided by FM could filter out these noises and defects. Second, since it took 1-2 seconds to
finish a lasing emission spectra collection, it would be time-consuming and impractical to scan
over all the pixels. FM images after thresholding (e.g., Fig. 4(a)) along with a contour and center
extraction algorithm were able to locate the nanowires within the field of view quickly such that
the pump light could be delivered directly to the nanowires and their laser emission spectra could
be collected subsequently.

D4 D7 D10 D14 D17 D21 D24 D28 0

Fig. 3. (a) A series of color fundus images of the experimental retina region with laser-
induced injuries. The images were acquired at different time points over a duration of 28
days. CdS nanowire labeled ARPE-19 cells were injected on Day 1 and were periodically
observed starting from Day 4 after the injected fluid was fully resorbed. (b) A series of FM
images collected from the same experimental retinal region as in (a) at different time points
after the retina region was clear to observe (from Day 4). Scale bar: 200 um. The black
circles and blue circles in (a) and (b), respectively, highlight the locations of laser-induced
injury spots.
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Fig. 4. (a) The instantaneous 2D locations of CdS nanowire labeled ARPE-19 cells extracted
from the FM image on D4. In total, 13 cells were tracked in this result. (b) Normalized
lasing spectra from the 13 identified ARPE-19 cells acquired at different time points during
the period of 28 days. Each cell identity was presented by a unique lasing spectral waveform
which was stable over the entire observation period.

A total of 13 cells were tracked through the experiment for Fig. 3, and their instantaneous 2D
locations on D4 were marked in the thresholded FM image Fig. 4(a) as an example. The identities
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of the 13 tracked ARPE-19 cells were verified by the lasing emission spectra of the carried
nanowires. The lasing peak wavelengths are extracted and recorded as a sequence of “barcode”
for cell identity. Therefore, by comparing the barcodes of peak wavelengths as a sequence of
numbers from the acquired lasing spectra at various time frames, we can verify whether the cell
is the same one or not. Figure 4(b) presents the normalized lasing emission spectra acquired from
the same 13 ARPE-cells as in Fig. 4(a) over time. The waveforms of lasing emission spectra
from these ARPE-19 cells remained stable and distinguishable throughout the experiments over
a period of 28 days.

Measuring the lasing emission spectra of CdS labeled ARPE-19 cells enabled the identification
of individual cells, while the relative 3D locations of the ARPE-19 cells within the retina were
acquired by OCT volume scanning. Facilitated by the strong optical scattering of CdS nanowires,
the distributions of cells in an OCT image could be extracted via signal thresholding. Figure 5(a)
shows a series of OCT maximum intensity projection (MIP) images in the XY plane of the same
field of view. The overall retina structure was rendered in grayscale whereas the thresholded
signals were labeled in yellow. The laser-induced retinal injury areas were highlighted by the red
circles. Figure 5(b) demonstrates the side view of the OCT 3D rendering; the distribution of
extracted labeled cells is mainly in the subretinal space, which is consistent with the original
injection location. Extracting the locations of individual cells by solely thresholding OCT
signals could lead to artifacts caused by the strong scattering noise and defects in the tissue. By
leveraging the FM and OCT dual contrast of CdS nanowires, the FM images acquired from the
same region of interest worked as cross-validation. By comparing the FM images and OCT
XY plane projection, only the extracted signals which appeared in both FM and OCT images
were considered as valid cells. With the overall distribution pattern provided by FM Fig. 5(c),
the tracked cells in Fig. 4(a) were easily extracted in the OCT volume rendering. The top view
and side view of the spatial locations of tracked cells after cross-validation with FM images
are highlighted in Figs. 5(d) and (e). The red circles in Fig. 5(d) are corresponding to the
laser-induced regions in Fig. 5(a) and (b).

Figure 6(a) provides a cross-sectional B-scan image from OCT scanning to demonstrate the
relative positions of nanowire labeled cells and the retina structure. This B-scan image also
confirmed that more ARPE-19 cells were clustered near the laser-induced injury spots. As for the
spatial location extraction, the Z-axis coordinates of the cells were measured as the distance from
the cell to the RPE layer of the retina. With the identity of ARPE-19 verified and 3D location
precisely measured, the 3D cell migration trajectories were acquired and shown in Fig. 6(b).

To examine the repeatability of the presented imaging technology, the same study was repeated
on two additional rabbits, as shown in Figures S2-S5. In addition, to confirm that the nanowire
lasers tracked in vivo were indeed carried by the ARPE-19 cells, a control experiment was
conducted by injecting nanowire solution into the subretinal space. The laser-induced injury
spots were highlighted by the black circles in Fig. 7(a), and also in the FM images in Fig. 7(b)
and the OCT MIP image in Figs. 7(c). In the OCT MIP and B-scan images in Figs. 7(c) and
(d), the extracted nanowires were labeled with yellow. By looking at the OCT MIP image in
Fig. 7(c) in combination with the FM images in Fig. 7(b), we can see that the nanowires were
not clustered around the injury spots, and no significant migration of the CdS nanowires was
observed during this control experiment.

After the in vivo experiments were finished, hematoxylin and eosin (H&E) stain histology
analysis was conducted to validate the results from multimodality imaging. The H&E histological
analysis of a cross-sectional slice including an area of laser-induced retinal photocoagulation
injury was shown in Figs. 8(a). Meanwhile, the fluorescence microscopy image of the same
region was collected under blue excitation light. The bright green dots in Fig. 8(b) were the CdS
nanowires. The fluorescence microscopy image overlapped on the histology result is presented in
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Fig. 5. (a) A series of OCT X-Y plane projection images of the same region as in Fig. 3 over
the period of 28 days. The overall retinal structure is rendered in grayscale and nanowire
labeled ARPE-19 cells after thresholding are highlighted in yellow. (b) The side view of the
3D rendering of D21 to show that the extracted cells are mostly distributed in the subretinal
space. Scale bar: 800 um. (c) The corresponding FM image of the same region. The
distribution pattern of the fluorescence signal was used to cross-validate the extracted OCT
pattern in (a), which confirmed the existence of CdS nanowire lasers and excluded noise.
Scale bar: 800 um. (d) The labeled cells corresponded to Fig. 4(a) were highlighted with
various colors in the OCT 3D volume rendering. The exact spatial coordinates were extracted
from OCT. Scale bar: 800 um. The gray and red circles in (a), (c), and (d), respectively,
highlighted the corresponding laser-induced retina injury spots. (e) A side view of the 3D
rendering of the same cells in (c). Scale bar: 500 um.
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Fig. 6. (a) An OCT cross-sectional B-scan of the experimental retina region. The locations
of two tracked ARPE-19 cells labeled with nanowire lasers were indicated with arrows.
The retinal layer structures were presented as well. Scale bar: 250 um. (b) The in vivo 3D
ARPE-19 cell migration trajectories (13 cells in total) extracted from OCT volume scans
acquired at different time points over the 28-day observation period. The z-axis coordinates
of the tracked cells were measured by the distance between the cells and the RPE layer of
the retina.
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Fig. 7. (a) A color fundus image of the experimental retina. The laser photocoagulation
injuries were highlighted with black dashed circles. (b) A series of FM images of the
subretinal region acquired at several observation time points after injection of CdS nanowire
solution (not internalized by the ARPE-19 cells). The laser-induced injury spots are
highlighted by the white circles. Scale bar: 800 um. (c) The X-Y plane projection of the OCT
3D rendering. The overall retina structure is rendered in gray and the extracted nanowires
are labeled in yellow. The laser burn injuries are highlighted with black circles. (d) The XZ
side view of the 3D OCT rendering as in (c). Scale bar: 250 pm.

Fig. 8(c), which verified the clustering of the nanowire labeled ARPE-19 cells in the laser-induced
injury region.
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Fig. 8. (a) H&E stain histology photo of a retina slice containing a laser-induced injury
region. Scale bar: 50 um. (b) The fluorescence microscopy image of the same region as
in (a). The bright green spots are CdS nanowires. Scale bar: 50 pum. (c) The fluorescence
microscopy image overlapped on the H&E stain photo, indicating the CdS nanowires
clustering in the laser-induced injury region.

4. Conclusion and discussion

In this study, we demonstrated 3D longitudinal tracking of individual ARPE-19 cells in vivo with
a multimodality imaging system integrating OCT, FM, and lasing emission. The surface-modified
CdS nanowires were internalized by ARPE-19 cells and provided both OCT and FM contrast
enhancement for precise spatial location extraction and unique lasing emission spectra for cell
identification. The nanowire labeled ARPE-19 cells were injected into the subretinal space
where laser-induced injuries were created to generate a pathological environment for cell therapy.
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By integrating 2D and 3D spatial information and the spectral identifying information from
each imaging modality, over 10 transplanted cells were monitored individually and tracked
longitudinally for 28 days. The overall cell distribution and 3D migration trajectories of individual
cells carrying the CdS nanowires were acquired successfully from the FM images and OCT
images. The imaging results validated the clustering of the therapeutic ARPE-19 cells within
the laser-induced injury areas in the retina as a result of cell migration after subretinal injection.
This imaging finding was later confirmed by histology analysis of the retinal tissue slices.

Compared to our previous study [15], we pushed this single cell tracking technology by several
important steps towards real-world clinical applications. First, in this study, the ARPE-19 cells
were tracked in the damaged retina region, which is a clinically meaningful situation to further
prove the feasibility of this technology. Second, the longitudinal study was extended from 3
days to 28 days to capture more meaningful information. Third, by improving the resolution of
our spectrometer from 0.3 nm to 0.07 nm, more lasing peaks could be identified clearly in this
study. Thus, more “identifier digits” could help improve the number of distinct labels. Compared
to three cells tracked last time, in this study, 10 + cells were tracked in 3 rabbits to confirm the
improvement in cell tracking. Fourth, the previous study used macrophages, which are very
large cells that are adept at phagocytosing material, whereas this study utilized smaller ARPE-19
cells which are being used for regenerative medicine therapies and clinical utilization of cell
imaging technologies. It is important to highlight the differences between CdS nanowire and
semiconductor quantum dots. Semiconductor quantum dots are also light-emitting particles that
are widely applied in labeling biomedical targets. Compared to nanowires, quantum dots are
much smaller in size (2-10 nm) and, hence, cannot form lasing resonant cavities. Therefore, the
emission (i.e., fluorescence) linewidth of quantum dots is much wider than that of CdS nanowires.
In addition, fluorescence from a quantum dot has only one emission peak, whose spectral location
depends on their size and material, while laser emission from nanowires has multiple peaks
coming from the numerous lasing modes. This means that quantum dots are not able to provide
differentiable identifiers for a large number of individual cells. On the other hand, due to the
small size of quantum dots, the optical scattering property is extremely weak for providing OCT
contrast so that 3D information of the labeled cells is also not accessible.

There are several aspects of this technology which could be further improved. First, Cd is
considered as toxic for human so that this CdS nanowire-based technology could not be directly
translated to clinical study. However, with the technology concept been proved, in the future,
non-toxic material will be studied as a practical contrast agent for real clinical translation. Second,
the repetition rate of our excitation laser was only 1 kHz. As a result, it took minutes to finish the
FM scan, which is time-consuming and introduces unnecessary noise and artifacts. The system
could be upgraded by using a laser with a high repetition rate to improve the imaging speed
significantly. Third, in our current study, the unique lasing spectrum of CdS nanowire came from
the random distribution of the nanowire structures. In order to obtain more unique labels and
better control of the lasing emission spectral distribution, improvement in microfabrication and
design of microcavity lasers are necessary. Last, even though the spectrometer in this study has
been upgraded to have better spectral resolution compared to our previous study [15], the thermal
noise during the spectrum collection impaired the overall signal-to-noise ratio. To address this
problem, a cooled spectrometer may be used for future studies.

Pharmacodynamics (PD) and pharmacokinetics (PK) of transplanted cells are one of the major
concerns in state-of-the-art cell-based regenerative medicine and translational applications. The
capability to precisely and non-invasively track single cell migration in vivo can contribute to
the understanding of the PD and PK of cell-based therapies for a comprehensive evaluation of
both safety and efficacy. Our technology, by leveraging the advantages of OCT, FM, and lasing
emission from surface-modified CdS nanowire lasers, showed the feasibility for 3D tracking
the migrations of transplanted progenitor cells accurately and longitudinally in the large-animal
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subretinal space in vivo. The single-cell tracking capability presented in this work could serve as
a platform technology to shed new light on understanding the PD and PK of cell-based therapies
in ophthalmology and other medical fields. In addition, our technology also holds potential in
supporting basic research on biological mechanisms in vivo and in vitro, such as longitudinal
tracking of cell migrations and interactions in organoids and artificial tissues.
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