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Abstract: Mesenchymal stromal cells (MSCs) are adult stem cells that have been widely
investigated for their potential to regenerate damaged and diseased tissues. Multiple pre-clinical
studies and clinical trials have demonstrated a therapeutic response following treatment with
MSC:s for various pathologies, including cardiovascular, neurological and orthopaedic diseases.
The ability to functionally track cells following administration in vivo is pivotal to further
elucidating the mechanism of action and safety profile of these cells. Effective monitoring of
MSCs and MSC-derived microvesicles requires an imaging modality capable of providing both
quantitative and qualitative readouts. Nanosensitive optical coherence tomography (nsOCT) is a
recently developed technique that detects nanoscale structural changes within samples. In this
study, we demonstrate for the first time, the capability of nsOCT to image MSC pellets following
labelling with different concentrations of dual plasmonic gold nanostars. We show that the mean
spatial period of MSC pellets increases following the labelling with increasing concentrations of
nanostars. Additionally, with the help of extra time points and a more comprehensive analysis, we
further improved the understanding of the MSC pellet chondrogenesis model. Despite the limited
penetration depth (similar to conventional OCT), the nsOCT is highly sensitive in detecting
structural alterations at the nanoscale, which may provide crucial functional information about
cell therapies and their modes of action.
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1. Introduction

Regenerative medicine deals with the use of stem/progenitor cells to repair, replace or regenerate
damaged tissues or organs. Therapeutic approaches in regenerative medicine are pitched towards
the inherent self-regenerating ability of tissues and cells, primarily stem cells. Mesenchymal
stromal cells (MSCs) have been at the forefront of regenerative medicine and tissue engineering
since the late 1960s due to their capacity to differentiate into multiple cell types, including cells
of the musculoskeletal system such as chondrocytes, adipocytes and osteoblasts [1,2]. MSCs are
a population of multipotent stromal cells which can be isolated from adult and foetal tissues like
bone marrow, placenta and umbilical cord [3-5]. Traditionally, the therapeutic mechanism of
action of MSCs was proposed to occur due to local engraftment following administration and
direct differentiation to replace damaged/diseased cells [6]. This theory of MSC engraftment
at the site of injury is still plausible, but the predominant factor governing their therapeutic
potency is now thought to be primarily attributed to their immunomodulatory properties [7-9].
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MSCs have been shown to regulate multiple types of immune cells in inflammatory-rich cytokine
environments through various mechanisms. These include macrophages [10] via the promotion
of an anti-inflammatory M2 phenotype (macrophage polarisation), and T-cell suppression [11] via
indoleamine 2,3-dioxygenase (IDO) release, as well as inhibition of dendritic cell maturation by
inhibiting and increasing the secretion of TNF-« and IL-10, respectively [12]. Pre-clinical studies
using MSCs have demonstrated efficacy, but the clinical landscape has presented low-quality
evidence due to a lack of standardisation of cell preparation and study design and an incomplete
understanding of the homing, engraftment and biodistribution of cells transplanted in vivo.

In order to enhance the translation of these therapies to the clinic, biomedical imaging
and tracking cells following administration in vivo are critical to understanding their homing,
engraftment, biodistribution and differentiation. Currently, many imaging modalities are available
for use in stem cell tracking applications [13,14]. The ideal imaging modality requires high
sensitivity, high spatial resolution, high temporal resolution, the ability to image for longer
durations and non-toxic imaging. Magnetic resonance imaging (MRI) can provide long-term
tracking and high spatial resolution. However, its poor temporal resolution limits the real-time
imaging capability, and low sensitivity demands high doses of contrast agents. High doses
of iron oxide contrast agents could impact the therapeutic capacity and potency of MSCs as
it reduces their differentiation potential. [15-17]. Computed tomography has good temporal
resolution but utilises ionising radiations and has poor sensitivity [18,19]. Radioactive imaging
techniques like positron emission tomography and single-photon emission computed tomography
have low spatial resolution and are not suitable for long-term imaging due to the short half-lives
of the radioisotopes [15,16]. Optical methods like fluorescence and bio luminescence imaging
have high resolution and sensitivity. However, the shallow penetration depth and phototoxicity
of the imaging dyes limit their scope for clinical applications [15,16,20,21]. Photoacoustic
imaging (PAI) methods are steadily evolving for pre-clinical and clinical applications in stem cell
therapy. They have high resolution, high penetration depths, and facilitate real-time imaging
and prolonged observation periods. PAI cannot visualise stem cells directly as the cells do not
have an adequate optical absorption coefficient. However, stem cells can be monitored using PAI
after labelling them with suitable exogenous contrast agents [22—-24]. Recently, dual plasmonic
gold nanostars with absorption maxima at 1064 nm were developed, which is suitable for use
as a contrast medium for PAI. These nanoparticles generate a robust photo-thermal signal in
response to light of longer wavelengths [25]. Combining the novel nanoparticles with PAI has the
potential to offer a class-leading imaging solution for stem cell therapies. However, to accurately
determine the different stages of stem cell differentiation and therapeutic activation at the cellular
level, imaging techniques that can visualise the internal submicron structure in real-time with
nanoscale sensitivity are desired.

Optical coherence tomography (OCT) is a non-invasive imaging technique based on low-
coherence interferometry [26]. Conventional OCT promises depth-resolved, label-free, real-time,
3-dimensional imaging of tissues and materials with a spatial resolution in a few micrometres. In
contrast to optical depth-resolved imaging techniques like confocal microscopy and two-photon
microscopy, OCT has a much better speed and a higher imaging range of about 2 mm. However,
the spatial resolution of most OCT systems is not sufficient for cell imaging. Modern OCT
systems that can image cellular and subcellular structures [27-29] are expensive, difficult to
operate and require the sample to be sufficiently stabilized. Therefore, the use of OCT systems
for stem cell research is either based on photothermal responses to extrinsic contrast agents such
as nanoparticles or in combination with other imaging techniques [13]. Functional imaging
techniques in OCT such as phase-sensitive OCT, speckle OCT and inverse spectroscopic OCT
can detect structural changes smaller than the size of a coherent gate [30—32]. Recent research
by Alexandrov et al. has discovered a label-free process for detecting changes at the nanometre
scale using nanosensitive optical coherence tomography (nsOCT) [33]. Nanosensitive OCT is a
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technique based on the spectral encoding of spatial frequency, which can significantly improve
the sensitivity to structural alterations and spatial resolution, enabling the possibility to provide
important additional information about morphological changes at the nanoscale level. The nsOCT
method allows conventional OCT systems to be extended for performing indirect cellular and
subcellular structural analysis and monitoring without requiring expensive optical components
and engineering. [33—41].

The potential of nsOCT for assessing wound healing in the cornea, monitoring tumour growth,
and structural changes in the cornea associated with cross-linking treatment is already reported
in the literature [36,37,41]. Nanosensitive OCT, providing structural information with nanoscale
sensitivity and high temporal resolution, can be used for long-term tracking, and is label-free.
However, the morphological information provided by nsOCT will be unspecific, and similar to
conventional OCT, as the penetration depth is limited to less than a millimetre in most cases. It
has to be kept in mind that no imaging strategy will address all issues and multimodal imaging
systems are required to exploit one system’s advantages to compensate for the disadvantages of
another. Therefore, to demonstrate nsOCT’s potential to provide structural information relating
to stem cells at the nanoscale level, we have designed two experiments: 1. nsOCT detection of
varying concentrations of nanostars following internalization by cells and 2. nsOCT detection of
MSC chondrogenic differentiation. For the first experiment, the nanostars used to label MSCs
were originally developed as a contrast agent for stem cell tracking in conjunction with PAI,
as previously mentioned. The labelling processes involve directly adding the nanoparticles to
the cell culture medium, which are endocytosed by the cells and packaged into intracellular
compartments. Because MSCs are primary cells, they are a heterogeneous population that
during in vitro expansion may be present at different stages of the cell cycle. As a result,
nanoparticles are not internalized by all cells unanimously or at the same time/rate, leading to
different quantities of nanoparticles in different cells. Furthermore, in vivo administration of
cells may initiate processes such as apoptosis, migration, proliferation and differentiation. Such
processes may dilute the signal at the engraftment site due to potential exocytosis from the cells
following apoptosis or dilution of the label to daughter cells following proliferation/division.
Therefore, it is essential to consider how we can monitor different numbers of stem cells with
different concentrations of nanostars while investigating the regenerative pathway in vivo. The
nanoscale sensitivity of nsOCT can provide quantitative structural information related to different
concentrations of nanostars inside cells. Our results suggest that the dominant spatial period of
the MSCs in pellet culture increases with increasing concentrations of nanostars. We correlate
our results from nsOCT analysis with Fourier analysis on images acquired using a transmission
electron microscope (TEM).

With respect to the second experiment, nsOCT has been utilised to monitor stem cell
differentiation in vitro. This work has been previously published examining the direct comparison
of positive (chondrogenic differentiation) and negative (undifferentiated controls) cells [39]. In
the present study, this work has been further elaborated to provide information on additional time
points of differentiation and how the structural composition of the samples changes throughout
this process. The previous publication [39] compared two samples: positively differentiated cells
(chondrogenic pellets) and undifferentiated controls. The results of this analysis indicated a lower
mean spatial period for differentiated cells in comparison to their undifferentiated counterparts.
Our current study adds to this experiment by performing nsOCT imaging at multiple stages of the
differentiation process, and found the same result, demonstrating the reproducibility of the system
for this indication. The current study also provides additional information about the trend in
structural changes that occur during cartilage development over time, indicating a slight increase
in spatial periods during the early condensation phases followed by a gradual decline during
the transition to a proteoglycan and collagen type II-rich matrix. These in vitro findings have
provided a significant foundation for understanding how the structure change with increasing
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cartilage matrix formation. By contrast, a gradual decline and breakdown of the cartilage occur
over time during OA pathogenesis; this decline occurs at a very slow rate. The current study
demonstrates that nsOCT can detect subtle changes in cartilage formation during in vitro MSC
chondrogenesis and may therefore be capable of detecting subtle changes in cartilage degradation
in in vivo OA settings. This work is not only relevant to MSCs as a therapeutic but is a useful
model for assessing the presence or absence of cartilage matrix within a sample. This analysis is
relevant to a condition known as osteoarthritis (OA). OA is a chronic, degenerative joint disorder
and the most common cause of disability worldwide. It is characterised by subchondral bone
remodelling, synovitis, meniscal damage and osteophyte development, but the major hallmark
of OA is the degradation and loss of the articular cartilage [42]. One of the most prominent
factors in OA pathogenesis is a dysregulation of cytokine balance favouring pro-inflammatory
cytokines such as IL-1p, TNF-a and IL-6 [43]. These cytokines mediate multiple signalling
pathways that activate other cytokines and induce inflammatory cell infiltration, further releasing
pro-inflammatory factors and disease progression. These factors shift chondrocyte homeostasis
towards a catabolic phenotype by inducing the production of matrix-degrading enzymes such as
aggrecanases (A Disintegrin and Metalloproteinase with Thrombospondin Motifs 5 (ADAMTS-
5)) and collagenases (matrix metalloproteinase 13 (MMP-13)) [44]. This results in proteoglycan
loss and degradation of the collagen network in cartilage. Early diagnosis of OA is critical to
ensure effective treatment strategies are implemented before the severe disease is established.
However, the development and establishment of OA is known to occur long before symptomatic
disease presents. Changes in the composition of the articular cartilage during disease onset occur
at the molecular (nanoscale level) [45]. Following a dysregulation in chondrocyte homeostasis,
the collagen network begins to degrade, resulting in proteoglycan loss and breakdown of the
extracellular matrix (ECM) surrounding those cells. Currently, none of the imaging modalities
used in OA diagnostics can effectively detect the onset of these changes. nsOCT is capable of
providing nanometre-structural information about a sample and may have the potential to detect
such changes and be useful in diagnosing early OA. By exploiting the chondrogenic potential of
MSCs, we have validated nsOCT to distinguish between a sample with a high proteoglycan and
ECM (differentiated sample) content and one that does not contain any cartilage-like proteins
(undifferentiated sample). Our results have shown that nsOCT can provide information related to
the structural changes accompanying different stages of chondrogenic differentiation of MSCs
in pellet culture, and we have correlated the results with histological analysis. The preliminary
results presented in this manuscript are encouraging. They suggest that the nsOCT technique
can be used in parallel with other imaging modalities like PAI to obtain additional information
relevant to tracking the therapeutic effects of stem cells based on associated morphological
changes.

2. Theory and methods
2.1. Experimental design

Four experimental groups were used in this study. The first three groups aim to evaluate the
capacity of nsOCT to distinguish MSCs labelled with different concentrations of nanostar. We
prepared the first and the second experimental groups to test the reproducibility of the results
under different conditions. The first group consisted of nine MSC pellets from the same donor.
Among these samples, there are three replicates, each of unlabelled cells, cells labelled with 100
pM concentration of nanostars and cells labelled with 400 pM concentration of nanostars, all in
pellet culture. The second group of samples consisted of three samples of MSCs from the same
donor encapsulated in sodium alginate. The three samples are MSCs without labelling, labelled
with 100 pM and 400 pM concentrations of nanostars. The third experimental group comprises
MSC:s in pellet culture from three different donors. We prepared five MSC pellets from each
donor, one control and four other pellets labelled with different concentrations (100 pM, 200
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pM, 300 pM and 400 pM) of nanostars. The fourth experimental group was designed to study
the potential of nsOCT to detect the morphological changes associated with different stages of
chondrogenic differentiation of stem cells. In this group, we prepared MSCs from three different
donors in pellet culture. From each donor, we produced five samples representing different stages
of chondrogenic differentiation ( control, day 1, day 4, day 7 and day 21). To correlate with the
nsOCT results from experiment groups 1 and 4, we did corresponding transmission electron
microscopy and histology imaging, respectively.

2.2. @Gold nanostars

Gold nanostars, composed of a spherical core and multiple branches, were chosen for this study.
These nanostars were originally developed as a contrast agent for photoacoustic imaging. They
can localise the electron density at their sharp tips, thus maximising their effective cross-sectional
area for interaction with photons [25,46]. Moreover, anisotropic nanoparticles like gold nanostars
have unique optical properties for biological imaging in the second near-infrared window. While
labelling stem cells with contrast agents, it is crucial to ensure that their viability, differentiation,
migration and therapeutic potential are not compromised. Biocompatibility and colloidal stability
can be achieved by PEGylating nanoparticles with neutral/ hydrophilic polymers. For tracking
stem cells longitudinally, high cellular uptake and retention are preferred. In our study, we are
using gold nanostars which were synthesised using the seed-mediated growth method at room
temperature, followed by the addition of HS-PEG-COOH solution for PEGylation of the gold
nanostars with carboxyl groups. The carboxylated gold nanostars were then centrifuged and
dispersed in a chitosan oligosaccharide lactate solution allowing the formation of a uniform layer
of Chitosan coating, thus making them favourable for long-term stem cell monitoring in vivo
[47,48]. The nanostars have a hydrodynamic size of 92 nm. The hydrodynamic measurement
was carried out using the Anton Paar Litesizer 500, which employs the principle of dynamic light
scattering using three detection angles (side, back, or forward scattering). The angle for light
scattering was selected automatically by the instrument, and 60 runs were carried out for the
measurement.

2.3.  Preparation of MSC pellets labelled with different concentrations of nanostars

Human MSCs were isolated from bone marrow following bone marrow aspiration from the
iliac crest of healthy donors. The cells were isolated based on plastic adherence in culture and
expanded in alpha-Minimum Essential Medium supplemented with 10% foetal bovine serum,
1% penicillin/ streptomycin, and 1 ng/ml recombinant human basic fibroblast growth factor [49].
All cells were characterized before use according to the International Society for Cell and Gene
Therapy (ISCT) [50]. Flow cytometric analysis was performed to confirm MSCs were positive
for CD105, CD73 and CD90 and negative for CD3, CD34, CD14, CD45, CD19 and HLA-DR
surface antigen expression, as well as capable of differentiation to the adipogenic, osteogenic
and chondrogenic lineages using previously described methods. [51] Cells were expanded until
passage 3 and labelled with either 100 pM, 200 pM, 300 pM or 400 pM of nanostars for 24
hours. Unlabelled controls were also prepared and maintained in culture for 24 hours. Cells were
washed to remove residual nanostars, harvested and counted. Cell pellets were then prepared for
each of the three conditions, each pellet containing 250,000 cells. The pellets were maintained in
a chondrogenic medium for 7 days. This was not to induce complete differentiation but to ensure
a condensation step was initiated to maintain a 3-dimensional structure that would not dissociate
during preparation for imaging. Three technical replicates were prepared for each sample to
assess potential variability between pellets.
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2.4. Encapsulation of MSCs in sodium alginate

For assessment of nsOCT imaging to detect nanostars in MSCs within a biomaterial gel, MSCs
were first labelled overnight for 24 hours with either 100 or 400 pM nanostars. Unlabelled
MSCs without nanostars were included as a control. MSCs were encapsulated in sodium alginate
using a previously described method. [52]. In brief, A 1.2% sodium alginate gel was prepared
by dissolving UV sterilized alginic acid sodium salt in 0.15M sodium chloride (NaCl). This
solution was then sterile filtered through a 0.22 uM filter. Labelled cells were then trypsinised,
counted and centrifuged at 300 g for 5 minutes. The cell pellet was resuspended in 1.2% sodium
alginate solution at a density of 8 x 10° cells/ml. Alginate beads encapsulating the cells were then
produced by pipetting 100 ul of alginate-cell suspension in a 1000 ul pipette tip and allowing 3-4
droplets to fall from a distance of 15 cm into 102 mM calcium chloride (CaCl2) to allow sodium
alginate crosslinking. 3-4 beads per sample yielded approximately 2.5 x 10° cells/bead. After
10 minutes in CaCl,, the beads were washed 3 times with 0.15 M NaCl for 10 minutes each.
The beads were then cultured for 7 days in a human MSC medium (MEM-«, 10% foetal bovine
serum, 1% penicillin/streptomycin and 5 ng/ml fibroblast growth factor-2). After 7 days, the
beads were washed 3 times in D-PBS and fixed with 10% neutral-buffered formalin supplemented
with 102 mM CaCl, for 1 hour. Following fixation, the samples were washed 3 times in D-PBS
and nsOCT imaging was performed.

2.5. TEM imaging

Transmission electron microscopy was performed to compare the uptake and intracellular
localisation of various concentrations of nanostars. MSCs were incubated overnight for 24 hours
with 100, 200, 300 or 400 pM nanostars. Unlabelled MSCs without incubation of nanostars were
used as a control. Following incubation, the cells were washed 3 times in D-PBS and fixed as a
monolayer using 2% glutaraldehyde + 2% paraformaldehyde in 0.1 M sodium cacodylate buffer
pH 7.2 for 2 hours. Following fixation, cells were gently scraped into the solution and centrifuged
at 300 g for 5 minutes. Samples were then re-suspended and post-fixed in a secondary fixative
solution (1% osmium tetroxide in 0.1 M sodium cacodylate buffer pH 7.2). The cells were then
dehydrated through a graded series of ethanol (30%, 50%, 70%, 90% and 100% for 2 X 15
minutes each), acetone for 2 X 20 minutes followed by a graded series of resin and acetone (50:50
resin: acetone for 4 hours, 75:25 resin: acetone overnight, 100% resin for 6 hours). Finally, the
cells were placed in 100% resin for 48 hours at 65°C for polymerisation. Ultrathin sections (70
nm) were then cut from the resin blocks using a diamond knife and mounted on 3 mm copper
grids. The sections were then stained with uranyl acetate and lead citrate to enhance contrast and
allowed to air dry. Representative images for each sample were taken at 50,000x magnification
using a Hitachi H7500 transmission electron microscope. Fourier analysis was then performed

2.6. Preparation of MSC pellets to evaluate different stages of chondrogenic differenti-
ation

The MSCs expanded to passage 3 were induced to undergo chondrogenic differentiation using
micromass 3-D pellet culture at 2% O, and 10 ng/ml transforming growth factor (TGF)-p3 [53].
All cell pellets contained 2.5 x 10° [53] cells and were maintained in culture for either one, four,
seven or twenty-one days, followed by fixation in 10% neutral buffered formalin. Pellets used for
nsOCT imaging were dehydrated through an alcohol gradient (70%, 90%, and 100% for 1 hour
each) to prevent changes in the hydration states of pellets interfering with imaging. For all the
procedures performed using human cells, we received consent from donors and approval from
the Clinical Research Ethical Committee at University College Hospital, Galway, Ireland.
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2.7. Histology

MSC pellets treated to undergo chondrogenic differentiation were automatically processed using
a tissue processor. The processing included cycles of 70% IMS for one hour, 90% IMS for one
hour, 100% IMS for three hours, xylene for three hours and melted paraffin wax for three hours.
The pellets were then embedded in paraffin wax, sectioned into 5 wm sections and mounted onto
slides for staining. The pellets were stained with 0.1% Safranin-O and 0.1% fast-green and
imaged using an Olympus 1X71 microscope. An objective lens with a numerical aperture of
0.40 was used.

2.8. OCT imaging

For the OCT imaging, a commercial spectral domain system, Telesto 3, from Thorlabs, Inc., New
Jersey, United States was used. The system has a spectral bandwidth from 1180 nm up to 1415
nm, centred at 1295 nm. The spectrometer features a 2048 pixel CCD detector. The specifications
allow an axial resolution of 5.5 um and imaging depth of 3.6 mm in air. The LSMO3 objective
lens was used for all the imaging in this study. The objective lens has a numerical aperture of
0.055 and a lateral resolution of 13 um. The image was acquired at a rate of 76 kHz with a
promised sensitivity of 96 dB. For experimental groups 1, 2 and 3, 3-D volumes were acquired
with 500 pixels each in the lateral directions (0.5 mm x 0.5 mm). For experimental group 4, we
acquired images with 300 pixels in each lateral direction (0.3 mm x 0.3 mm).

2.9. Nanosensitive optical coherence tomography

As described by the general scattering theory, information about the high spatial frequencies
of the object is present in the OCT signal. A detailed theoretical analysis of the scattered field
from an object in reflection configuration is presented in Alexandrov et al. [39]. This spectrally
encoded high spatial frequency information present in the OCT signal is sensitive to structural
features and hence can be used to detect structural changes within the sample. In an OCT signal,
where the scattering and illumination angles are close to zero, the collected axial spatial frequency
can be expressed as [39]

_2n
Vi =
where n is the refractive index, and A is the wavelength. From this equation, we can see a
one-to-one correspondence between the wavelength and axial spatial frequency. Therefore, the
spectral interference signal in Fourier-domain OCT has one-to-one correspondence between the
complex amplitude of axial spatial frequency components and wavelengths. The bandwidth of
the source (61) determines the range of spatial frequencies (0v) that can be detected using OCT
by the relation [39]

ey

Sy = 2n6 @)
A - A2

where 1; and A, are the shortest and longest wavelengths of the source. However, during the
Fourier transform in conventional OCT signal processing, the information regarding this high
spatial frequency content is lost. Nanosensitive OCT is a method to translate this spatial frequency
information from the Fourier domain to the image domain as wavelengths. In this manuscript, we
only discuss different steps required to form the nsOCT images from the spectral interferogram.
The pre-processing steps like the DC removal and K-space linearization apply to both nsOCT
and conventional OCT signal processing. For nsOCT image formation, after the pre-processing
steps, the spectral interference signal is re-scaled into spatial frequencies. The re-scaling is
achieved by replacing the wavelength axis with the spatial period values available to capture as
per Eq. (2). The spatial period is the reciprocal of spatial frequency. The objective is to determine
the energy contribution from available spatial periods (structural sizes) in the overall interference
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Fig. 1. A flow chart of nsOCT’s image formation. The spatial period values replace the
wavelength axis of the interference spectrum. Then the spectrum is decomposed to a fixed
number of sub-bands using Tukey windows. In this flow-chart, we show six sub-bands.
Within the limited bandwidth of each sub-band, FFT is performed to form depth profiles or
A-lines. Therefore, in this case, for each voxel, energy contributions from 6 sub-bands will
be present. Then we form an energy contribution versus the corresponding spatial period
of the sub-band plot, called the spatial period profile. From this spatial period profile, we
determine the spatial period value corresponding to the highest energy. The spatial period
value thus determined is colour-coded to represent the respective voxel [37,41].

spectrum. To achieve this goal, after re-scaling, we decompose the interference spectrum into a
fixed number of sub-bands using the same number of equally spaced Tukey windows (Fig. 1).
The number of windows can be selected for each application to provide the best relation between
spatial and spectral resolution of nsOCT. The number of points in axial spatial frequency profiles
will be equal to the number of windows selected. [39]. The Tukey windows are zero-padded to
match the entire length of the array. Each Tukey window represents a particular spatial period
determined by its position in the spatial period axis. We apply Fast Fourier Transform (FFT) to
the spectrum within each sub-band to get the depth profile (A-scan). Therefore, at each depth, we
will have information regarding the energy contribution (absolute of FFT) from all the sub-bands.
Using this information, we construct spatial period profiles (Fig. 1) at each depth position (each
pixel or voxel). It is possible to reconstruct the axial spatial frequency/period profiles at each
small volume of interest within the 3D image. Then the nsOCT image can be formed as a colour
map of some informative parameters of these profiles, including correlation between profiles, etc.
To form the nsOCT images in this study, we find the spatial period value with maximum energy
contribution in the spatial period profile. Each voxel is then colour-coded with this maximum
spatial period to form the nsOCT image. Experimental validation of the nsOCT technique using
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phantoms with known sub-micron structures is available in the literature [37,39,41]. A flowchart
describing the processing steps involved in nsOCT image formation is presented in Fig. 1.

3. Results and discussions

The resonance wavelength for nanostars used in this study was out of the detected spectral
bandwidth. The absorption spectrum of the nanostars is shown in Fig. 2. The UV-Vis-NIR
absorption measurements were performed with a Shimadzu UV-2600 (Japan), and the samples
were measured in polystyrene cuvettes (BrandTech, Fischer Scientific Ireland). The nanostars
have an absorption peak at 1076 nm and a hydrodynamic size of 92 nm. The spectrum of the
OCT system used ranged from 1180 nm and 1415 nm. Therefore, the signal from nanostars
was weak. If the absorption peak of the nanostars is within the spectral bandwidth of the OCT
system, it modifies the OCT signal, and such changes presumably could be detected even by
conventional OCT [54-56]. In our case, when the absorption peak is outside the OCT bandwidth,
we do not have any changes (or very weak changes) in the OCT signal directly from the nanostars.
However, the nsOCT detects structural deformations induced by the introduction of nanostars.
The scattering properties are directly affected by nanostars internalised and packaged by cells
into multiple endocytic vesicles. As shown by TEM (Fig. 5), the internalisation rate by MSCs of
these chitosan nanostars is very high, resulting in nanostars compartmentalised into numerous
endocytic vesicles inside the cell. Studies suggest that the complexity of the cells has increased
after internalisation of the nanostars [57]. Consequently, the different concentrations of nanostars
could modify the nanoscale structure, which can be detected by nsOCT, even if the absorption is
not within the wavelength range of the illumination source. Since nsOCT detects the dominant
periodicity of the structure followed by nanoparticle internalisation, it could provide additional
sensitivity to concentration. We applied nsOCT to find the spatial period changes among MSC
pellets with different nanostar concentrations. The changes detected are small but still significant.

We used three experimental groups (section 2.1) to evaluate the capacity of the nsOCT
technique to detect MSCs labelled with different concentrations of nanostars. Experimental
groups 1 and 2 were used to assess the potential variability between the pellets and reproducibility
in different cell cultures, respectively. To form the box plots, we acquired 3-dimensional OCT
images from each sample with 500 pixels in each lateral direction. From these 3-D volumes,
we formed en face images at every slice along the depth. From these en face images, we then
calculated the mean spatial period corresponding to that depth. The mean spatial period values
from all the depths were assembled to constitute the box plot for each sample. Please note
that for all the box plots presented in this manuscript, the horizontal line within the yellow box
represents the median value in the box plots. The horizontal lines above and below the median
value represent the upper and lower quartiles, respectively. The small horizontal lines above and
below the box represent the upper and lower extremities, respectively. Each vertical solid line
connecting either the upper or lower quartiles to the upper or lower extreme values represents
25% of the data points. Similarly, the rectangles above and below the median value account
for 25% of the data points. The results from experimental group 1, which consisted of three
samples each for control, 100 pM nanostar concentration and 400 pM nanostar concentration, are
presented in Fig. 3(a). In Fig. 3(a), the box plot for each group consists of mean spatial periods
from three duplicate samples from the same donor. Figure 3(b) shows results from the nsOCT
analysis on experimental group 2. Experimental group 2 consists of unlabelled MSCs, MSCs
labelled with 100 pM concentration of nanostars and MSCs labelled with 400 pM concentration
of nanostars, cultured in a sodium alginate matrix. We used only one sample for each group.
Figures 3(c) and 3(d) show representative conventional OCT and nsOCT images, respectively
from experimental group 1. The darker shades in the OCT images are due to weak signal. From
the nsOCT images, we can observe that the higher spatial periods become more dominant as the
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nanostar concentration increases. The mean spatial periods calculated from the en face images

are mentioned below respective images.
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Fig. 2. The absorption spectrum of the nanostars used to label the stem cells in this study.
The nanostars have an absorption peak of 1076 nm and a hydrodynamic size of 92 nm. The
spectral bandwidth of the OCT system used was between 1180 nm and 1415 nm.
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Fig. 3. a) En face mean axial spatial periods from experimental group 1, represented
in the box plot. Experimental group 1 consisted of three samples for control, 100 pM
nanostar concentration and 400 pM nanostar concentration. It was observed that the spatial
period values tend to be higher for higher concentrations of nanostars. b) represents the
en face mean spatial periods from experimental group 2. Experimental group 2 consists
of unlabelled MSCs, MSCs labelled with 100 pM concentration of nanostars and MSCs
labelled with 400 pM concentration of nanostars, cultured in a sodium alginate matrix. The
spatial period values tend to be higher for higher concentrations of nanostars. c¢) shows
the representative en face images after conventional intensity-based OCT processing. The
images were acquired from experimental group 1. All the images were recorded from the
same depth. d) represents the nsOCT images corresponding to the images on (c). Below
the images, the mean spatial period value from the respective nsOCT en face images is
mentioned. The scale bar represents 100 um.
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The results from experimental group 3 are presented in Fig. 4(a). Figure 4(a) shows three
sets of box plots, each of them from different individual biological donors. All the box plots in
Fig. 4(a) are formed using mean spatial periods from en face images similar to Fig. 3. From each
donor, we imaged five samples with different concentrations of nanostars, including an unlabelled
control. The box plots from all three donors indicate a gradual increase in the mean spatial period
values with respect to the increasing concentrations of nanostars. The results in Fig. 4(a) are
in agreement with the results in Fig. 3. The mean spatial periods tend to increase with higher
concentrations of nanostars. This trend is reproduced across experimental groups 1 and 2, and 3.
To analyse the trend further, we plotted the mean value from each boxplot in 4(a) and applied a
first-order polynomial fit. The results are shown in 4(b). The R? and r values indicated on each
plot represent the coefficient of determination and Pearson correlation, respectively. High R?
and r values indicate a strong linear relationship between the nanostar concentration and spatial
period.
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Fig. 4. a) Three sets of box plots corresponding to three different donors (experimental
group 3) are shown. The box plots are formed using mean spatial periods calculated from en
face images. For each donor, there are five box plots corresponding to samples labelled with
varying concentrations (unlabelled, 100 pM, 200 pM, 300 pM and 400 pM) of nanostars.
All three sets of box plots show that the spatial periods tend to increase with increasing
nanostar concentrations. b) We used a single mean spatial period value on the Y-axis to
represent the entire sample for each group. For this purpose, we calculated the mean value
from the individual box plots in (a) and applied a first-order polynomial fit. The R%Zand r
values are the coefficient of determination and Pearson correlation, respectively.

To validate the nsOCT results from experimental group 3, we acquired high-resolution images
using a transmission electron microscope from one of the three donors. The spatial periods
were calculated from regions where the nanostar intake was observed. To analyse the spatial
periods, we performed FFT on approximately 200 line profiles across the regions marked by
the red-coloured rectangles and obtained the energy contributions from different spatial periods.
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Fig. 5. TEM images from samples labelled with different concentrations of nanostars. We
performed Fourier analysis on the line profiles from the areas selected by the red rectangle.
The Fourier analysis returned the energy contribution from available spatial periods. The
box plot was constructed using the median values of spatial period profiles. We can observe
from the box plot that the spatial periods increase with the increasing concentrations of
nanostars. The result in the box plot is in agreement with the result from nsOCT analysis on
experimental group 3. The scale bar on the images represents 400 nm.

Then the median value was calculated from the FFT of each line profile. The median values
from all line profiles were combined to form the box plots in Fig. 5. The TEM images contain
928 x 1024 pixels, and the scale bars on the images represent 400 nm. The Fourier analysis
on the TEM images also confirms that the spatial periods tend to increase with the increasing
concentrations of nanostars.

To demonstrate the potential of nsOCT to detect structural changes associated with chondrogenic
differentiation in MSC pellets, we analysed different stages of chondrogenic differentiation in
cells from three different donors (experimental group 4). To mimic the natural hypoxic 3-D
environment of cartilage, MSCs were exposed to (TGF) — 53 in micromass culture under low
oxygen conditions. From each donor, MSC pellets were maintained under these conditions for
either one, four, seven or twenty-one days (see section. 2.6). We also retained an undifferentiated
negative control in pellet culture for 21 days. To form the box plots in Fig. 6(a), we followed steps
similar to those in Fig. 4 and 3. We acquired 3-dimensional OCT images from each sample with
300 pixels in each lateral direction. From these 3-D volumes, we formed en face images at every
slice along the depth. We calculated the mean spatial period corresponding to that pixel/depth
from these en face images. These mean spatial period values from all the depth pixels are
represented in the box plots. The box plots in Fig. 6(a) show that the mean spatial periods tend to
increase up to four days. After that, the spatial periods tend to decrease. This trend is consistent
among all three donors. Chondrogenic differentiation is the process by which cartilage is formed
from condensed mesenchyme tissue [58]. The process of stem cell chondrogenic differentiation
occurs in two separate phases: mesenchymal condensation and subsequent differentiation into
chondrocytes [59]. As the cells progress through different stages of chondrogenic differentiation,
changes occur in the structure and organization of cells and the extracellular matrix. The early
stages of the process involve forming a fibronectin-rich precartilage condensation matrix. This
precartilage condensation matrix is then transformed into an aggrecan-rich cartilage matrix [60].
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Fig. 6. The potential of the nsOCT technique to detect the morphological changes associated
with chondrogenic differentiation in MSC pellets. a) shows the mean spatial periods from
different time points of chondrogenic differentiation and three different donors. We can see
from the box plots that the spatial periods tend to increase until day 4 and decreases after
that. b) shows the conventional intensity-based representative OCT images from donor 2. c¢)
shows the nsOCT images corresponding to the conventional intensity-based images from
donor 2 on 3(b). The mean spatial periods calculated from the nsOCT images are mentioned
below the respective nsOCT images. The general trend from all three donors reveals that the
spatial period tends to increase up to day 4 and decreases after that. The scale bar represents
0.1mm.

We hypothesize that the increase in spatial periods or the size of dominant structure up to day 4
in the nsOCT analysis indicates the formation of a precartilage condensation matrix. The spatial
period tends to decrease after day 4. This decrease in the spatial period could be because the
precartilage matrix transforms into an aggrecan-rich cartilage matrix by this stage. Figures 6(a)
and 6(b) show the representative conventional OCT and nsOCT enface images from one of the
donors at different time points. To confirm the nsOCT results, we generated histology images
from one of the donors at all the time points (Fig. 7(a)). The details regarding the preparation of
samples for histology imaging are presented in section 2.7. We then performed Fourier analysis
on the regions marked by the black rectangles on the histology images. The histology images
contain 3264 x 1836 pixels, and the scale bars represent 100 um. Unfortunately, the resolution of
the histology images is not sufficient to compute the spatial periods at the nano-scale, as was done
using nsOCT. The region marked by the black rectangle was arbitrarily selected in a location
central to the histology image. Similar to the analysis performed in Fig. 5, FFT was performed
on approximately 1000 line profiles across this region to obtain the energy contributions from
available spatial periods. From this data, we calculated the median spatial period. Thus, each
intensity profile along the selected line has a median spatial period associated with it. The
median spatial periods from all the line profiles within the selected region were used to create the
boxplot in Fig. 7(b). It can be observed that the variations in the spatial period follow the same
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Fig. 7. a) Histology images from the samples at different stages of chondrogenic differentia-
tion. The scale bar represents 100 um. b) We performed Fourier analysis on the line profiles
within the rectangular areas selected. After the Fourier transform, we calculated the median
value from the spatial period versus energy contribution for each line profile. These median
spatial periods from all line profiles are used in the respective boxplots.

pattern as that of nsOCT images. Even though the spatial periods detected from histology images
are in the micrometre range, the trend in spatial period changes is similar to those observed in
the nsOCT analysis. The spatial periods increase until day 4 and begin to decrease after that.
Therefore, the results from the Fourier analysis on histology images correlate with the results
obtained from the nsOCT analysis. From the results explained above, we can conclude that the
nsOCT is sensitive to the structural changes in MSC pellets associated with different stages of
chondrogenic differentiation.

4. Conclusion

The experimental results show that the nsOCT technique can distinguish MSC pellets labelled
with varying concentrations of gold plasmonic nanostars. We observed that the spatial periods
tend to increase with the increasing concentrations of nanostars. While several imaging modalities
use nanostars as a contrast agent, nsSOCT can give information directly related to the structural
changes associated with the labelling. The nanoscale sensitivity permits the detection of
nanostar concentration changes as small as 100 pM. We supported the findings from the nsOCT
technique using corresponding high-resolution TEM images. We also improved the MSC pellets
chondrogenesis differentiation model by providing a more complete analysis of the trend in
structural changes that occur during cartilage development over time. The results demonstrated
that nsOCT could detect nanoscale structural changes in different stages of the chondrogenic
differentiation of stem cells, which are not detectable using conventional OCT. The spatial
period increased during the progression in the formation of the precartilage condensation matrix
and decreased during its transformation into an aggrecan-rich cartilage matrix. We confirmed
the spatial period changes associated with chondrogenic differentiation obtained from nsOCT
analysis by performing a Fourier analysis on histology images from corresponding samples. To
summarise; the attributes of nsOCT such as real-time imaging, high spatial resolution, high
temporal resolution, nanoscale sensitivity to structural alterations and ability to image for longer
durations make it an ideal candidate to assist in stem cell therapy. While nsOCT does not require
any labelling, it is sensitive to contrast agents such as nanostars. This nanoscale sensitivity
enables the detection of the stem cells labelled with different contrast agents. The nsOCT can be
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used as a complementary imaging technique along with other imaging modalities to successfully
contribute toward novel research opportunities such as determining the location and quantity of
the cells, visualizing the in vivo distribution of stem cells, tracking the migration to the targeted
cells and determining their long-term fate. The major limitation of the technique is that the
detected structural or morphological changes are non-specific compared to non-linear imaging
techniques that use labels, like photoacoustic imaging or fluorescence microscopy. Nanosensitive
OCT technique can be implemented in conjunction with other imaging modalities to gain some
insights into the mechanisms underpinning the morphological changes.
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