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Abstract: 3D paper-based cultures (PBCs) are easy-to-use and provide a biologically repre-
sentative microenvironment. By stacking a sheet of cell-laden paper below sheets containing
cell-free hydrogel, we form an assay capable of segmenting cells by the distance they invaded
from the original cell-seeded layer. These invasion assays are limited to end-point analyses with
fluorescence-based readouts due to the highly scattering nature of the paper scaffolds. Here
we demonstrate that optical coherence tomography (OCT) can distinguish living cells from the
surrounding extracellular matrix (ECM) or paper fibers based upon their intracellular motility
amplitude (M).M is computed from fluctuation statistics of the sample, rejects shot noise, and
is invariant to OCT signal attenuation. Using OCT motility analysis, we tracked the invasion
of breast cancer cells over a 3-day period in 4-layer PBCs (160–300 µm thick) in situ. The
cell population distributions determined with OCT are highly correlated with those obtained by
fluorescence imaging, with an intraclass correlation coefficient (ICC) of 0.903. The ability of
OCT motility analysis to visualize live cells and quantify cell distributions in PBC assays in situ
and longitudinally provides a novel means for understanding how chemical gradients within the
tumor microenvironment affect cellular invasion.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Cellular invasion, a process in which cells remodel their surrounding extracellular matrix
(ECM) prior to moving into neighboring tissue, plays an important role in tissue formation
and maintenance as well as in disease progression. In carcinomas, invasion of cancerous cells
through the basement membrane is the first step towards metastasis, which is a leading cause
of cancer-related deaths in the US [1]. Traditionally, movement is investigated with migration
assays, which quantify cellular movement along a two-dimensional (2D) surface or across a
porous membrane. Three-dimensional (3D) cultures are a more representative model system for
studying invasion because the cells must sever cell-cell contacts and degrade the surrounding
ECM before movement [2–5]. The paper-based culture (PBC) platform we developed provides
several experimental advantages over other 3D invasion assays [6–9], including the ability to
easily segment populations of cells based on the distance invaded without the need for fixation or
histological slicing [10,11].
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Paper-based invasion assays are comprised of several sheets of paper stacked together, where
cells from a single cell-containing sheet invade into neighboring cell-free sheets. The modularity
of the stacking method allows for tissue-like structures to be assembled by incorporating different
numbers of either a cell-laden or cell-free paper sheets [10–13]. We and others have quantified
the invasion of both carcinoma and stromal cells in PBCs containing either mono- or co-
cultures [10–12,14,15]. With these invasion assays, we showed cells placed in diffusion-limited
environments containing monotonic gradients of oxygen, nutrients, and waste products invade
regions of higher oxygen tension preferentially [10,12].
To quantify cellular movement in these assays, we relied on confocal fluorescence imaging

and microscopy [12,16,17]. The opaque and highly scattering nature of the cellulose fibers in
the paper scaffolds limits the imaging depth, requiring the culture to be disassembled prior to
analysis. End-point analyses increase biological and technical variability within a dataset as a
separate culture must be prepared for each time point. The ability to repeatedly analyze a single
culture in situ, without damaging the cells, would enable longitudinal studies as well as increase
the experimental information density while minimizing sample-to-sample variation.
Here, we propose an optical coherence tomography (OCT)-based method to address the

limitations of confocal fluorescence imaging in multilayer PBCs. OCT is a biomedical imaging
modality based upon low-coherence interferometry that provides non-invasive, micron-resolution,
depth-resolved images by sensing near-infrared light backscattered from tissue [18]. While OCT
is widely used in clinical imaging, it is increasingly being explored for microscopy applications
where light scattering limits the imaging depth. OCT offers superior depth-resolution to
conventional microscopy by rejecting multiply-scattered photons outside the coherence gate,
enabling imaging over several scattering mean free paths into biological tissue [19]. Previous
studies have demonstrated the utility of OCT for imaging optically thick, 3D cultures such as
organoids and spheroids in situ, longitudinally, and label-free [20,21]. OCT has also been used
to track cellular movement in both 2D and 3D culture formats [22–24].
Dynamic OCT signals (i.e., speckle fluctuations) provide additional information such as the

ability to contrast live cells against light scattering background materials [25]. Intracellular
dynamics, such as organelle transport and membrane undulations, give rise to OCT speckle
fluctuations with characteristic frequencies of ∼10 mHz – 10Hz [26]. These cellular motions
occur on a sub-wavelength (nanometer) scale with typical speeds of 5–2000 nm/s [27]. Speckle
fluctuation signals have thus been shown to differentiate viable cells from non-viable cells
and background materials [25,28–30]. A particularly useful, quantitative metric derived from
OCT speckle fluctuations is an autocorrelation-based standard deviation known as the motility
amplitude (M) [31]. This metric is unique in that it omits shot noise and is invariant with respect
to image depth and signal-to-noise ratio (SNR). These features are crucial for controlling against
the strong depth-dependent signal attenuation in OCT, and day-to-day variations in OCT system
sensitivity, thus enabling comparison ofM across multiple locations in the sample and across
experiments. Previously, we found that M was a sensitive indicator of cell-cell interactions,
toxicant exposures and motility suppression mechanisms [28,31–32]. We also showed thatM
highly correlates to cell viability, as measured with a standard MTT assay [28].

In this study, we used M to identify live cells in PBCs and subsequently track their movement
throughout an invasion stack. All experiments were performed with MDA-MB-231 cells, a highly
invasive, triple-negative breast cancer line with a well-characterized mesenchymal phenotype [33].
Initially, we showed that the signals generated by traditional fluorescence imaging correlate to M,
enablingM to be used as a viability metric. Next, we determined that the cell distribution from the
same end-point invasion assay were equivalent for both imaging techniques. Finally, we showed
that OCT was able to track cellular invasion with longitudinal measurements without disturbing
the cell population. Compared to previous work on cell invasion, this paper constitutes the first
study to successfully track live cells in 3D within a highly light scattering background material
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(paper) over greater depth than accessible by confocal fluorescence imaging, in a non-invasive,
and label-free manner. Furthermore, our study demonstrates OCT-based measurements can
longitudinally track invasion over longer time scales (several days) than previous studies (several
hours). All of these new capabilities are enabled by the use of the depth-invariant, live cell-specific
metric M in OCT.

2. Methods

2.1. Cell culture

MDA-MB-231 cells were obtained from the American Type Culture Collection (ATCC) and
engineered to constitutively express mCherry fluorescent protein with LPP-MCHR-Lv105-025
lentiviral particles (GeneCopoeia), following the manufacturer’s protocol. Cells were maintained
as adherent cultures at 37 °C and 5% CO2 in RPMI medium supplemented with 25mM HEPES,
10% fetal bovine serum (FBS), and 1% PenStrep. Cell culture medium and supplements were
purchased from Gibco except for FBS (VWR). The medium was exchanged every 48 hours, and
cells passed at 80% confluency with TrypLE, using standard procedures.

2.2. Paper-based cellular invasion assays

The preparation and sterilization of the wax-patterned paper scaffolds was detailed previously
[12,13,16]. Each 40 µm-thick scaffold was a wax-patterned sheet of Whatman 105 paper. Each
scaffold contained nine independent, wax-free regions that were 2.85mm in diameter. We refer
to these wax-free regions as zones. For every experiment, the zones were seeded with 0.5 µL of
either cell-free or cell-laden Matrigel, where Matrigel is a biomimetic ECM. The cell-laden zones
contained 80,000 cells (3.1× 108 cells/cm3). Following seeding, the scaffolds were incubated in
culture medium at 37°C and 5% CO2 for 4 hours before assembly.
Figure 1(b) is a schematic of an invasion culture, which is comprised of a single cell-laden

scaffold placed below three cell-free scaffolds. When in this stack configuration, each scaffold is
considered a layer. The cell-laden layer was designated 0. The cell-free layers were designated
+1, +2, and +3 to indicate their position relative to the cell-laden layer. Within a stack, the zones
align as nine columns. Each of these columns supports an invasion assay, forming an array
of nine technical replicates per stack. The assembled stack was sandwiched between a pair of
polyethylene terephthalate (PET) films and then placed in a stainless-steel holder. The PET films
limited exchange with the medium to the top of the stack. The holder ensured the layers were in
conformal contact throughout the experiment. The presence of the hydrogel in each layer and the
compression caused by the holder resulted in the assay center to be 250–300 µm thick, while
the edges were around 160 µm. When fully assembled, we refer to this setup as a culture. Each
assembled culture was maintained in 6 mL of culture medium within a 6-well plate (Corning).
Cell-free cultures were also prepared for each experiment. These cultures contained four layers,
where all nine zones were seeded with cell-free Matrigel. The cell-free cultures were used to
determine the background signals for fluorescence imaging and the threshold value ofM for OCT.
For each experiment, all cultures were prepared from a single passage of cells on Day 0.

2.3. Fluorescence imaging and analysis

Prior to fluorescence imaging, the invasion cultureswere de-stacked, and each scaffoldwashedwith
1X phosphate buffered saline. Images were acquired on a Typhoon 9400 confocal fluorescence
scanner at a 200 µm resolution with a 532 nm laser and a 610BP30 filter. Images were analyzed
with FIJI (NIH) [34]. The area-averaged fluorescence intensity, ILi, of each zone in each
layer (layer index Li= 0. . . 3) was determined as follows: (1) The limit of detection (LOD) was
determined with Eq. (1), where the background intensity, Ībg, is the average intensity of all
zones within every layer (36 total zones) of a cell-free culture and Sbg is their standard deviation.
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Fig. 1. (a) Schematic of the spectral-domain optical coherence tomography (SD-OCT)
system: FC, fiber coupler; BS, beam splitter; PBS, polarized beam splitter; QWP, quarter-
wave plate at 22.5°; and SMF, single-mode fiber. (b) Schematic of the PBC invasion culture.
(c) Representative time-lapse OCT of a PBC collected as a stack of B-mode (lateral (x)
by axial (z)) images in time (t). (d) Spatially-resolved motility amplitude metric, M(x,z),
defined by I(x, z, t), the OCT image intensity; Ī(x, z), the time average of image intensity
over the stack, and Γ(x, z, ∆t), the autocorrelation of I(x, z, t) computed at the B-mode frame
sampling time ∆t.
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A cell-free culture was imaged simultaneously with every cell-laden culture. We chose this
definition of LOD because it is commonly used in spectrophotometric methods [35]. (2) The
background-subtracted intensity, BSILi, was calculated by (ILi − Ībg). (3) The percent population
per layer, PLi, was then computed according to Eqn. (2), where, if ILi was less than the LOD, we
set the corresponding PLi value to 0.

LOD = Ibg + 3Sbg (1)

PLi =


BSILi
3∑

Li=0
BSILi

, ILi ≥ LOD

0, ILi<LOD

 (2)

2.4. OCT imaging and motility analysis

2.4.1. Experimental setup and data acquisition

Imaging was performed using the customized, spectral-domain OCT system shown in Fig. 1(a)
and detailed previously [36]. Briefly, the light source was a broadband (120 nm) Ti:Sapphire
laser (KMLabs, Inc.) centered at 800 nm. Linearly polarized (H-polarized) sample arm light
(∼6mW) was focused onto the sample. The backscattered light subsequently interfered with the
reference arm light, where spectral interferograms of the co-polarized (HH) components were
sampled by the first 2048 pixels of a line scan CCD camera (Basler Sprint) at an A-line rate of 25
kHz. The resolution of the OCT system was ∼ 10 µm× 3.0 µm (in aqueous medium) in x× z,
and the SNR was ∼ 108 dB. B-mode (cross-sectional) image frames of 1000× 1024 pixels were
collected over 3× 1.55mm (in aqueous medium) in x× z, respectively. Time stacks comprised of
100 repetitive B-mode image frames were collected at a frame rate of 4± 0.004Hz at specific
lateral locations in y. This temporal sampling was chosen to capture the frequency spectrum of
cellular dynamics [28,31]. Time stacks were collected at 21–31 sampling locations over y, with a
step size of 100 µm, to cover each zone. Four of the nine seeded zones of each invasion culture
were imaged in this way.

2.4.2. Image analysis

Image rendering and analysis was performed as described previously [21,28,31]. Briefly, B-mode
OCT images were computed from raw spectral interferograms after reference subtraction and
digital dispersion compensation [37]. The intensity at each pixel, I(x, z), was computed from
the absolute value of the Fourier transformed spectral-domain OCT signal. Figure 1(c) is a
representative stack of time-lapse OCT images, while Fig. 1(d) shows an example of the temporal
fluctuations of intensity, I(x, z, t), obtained from a time stack. Subsequent motility analysis was
performed using Eqn. (3) to quantify I(x, z, t) with the “motility amplitude” metric M(x, z),
which is an autocorrelation-based modified standard deviation that is normalized by average
pixel intensity [28,31].

M(x, z) =

√
Γ(x, z,∆t) − Ī(x, z)2

Ī(x, z)
(3)

Here, Γ(x, z, ∆t) is the autocorrelation at each image pixel computed at a frame sampling time
of ∆t= 0.25 s and Ī(x, z) is the average of I(x, z, t) over 25 s. M provides two complementary
benefits for data analysis: (1) the autocorrelation at each image pixel, Γ(x, z, ∆t), naturally omits
shot noise that decorrelates instantaneously while capturing cellular fluctuations (e.g., organelle
transport and membrane undulations) that decorrelate on a longer time scale (from 2∆t= 0.5 s
up to the 25 s total time of the measurement), and (2) normalization by average pixel intensity
eliminates the depth-dependent SNR roll-off, making the motility amplitude both signal- and
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depth-invariant. Ultimately, in each time stack, I(x, z, t) was analyzed to produce a motility
imageM(x, z), and theM(x, z) produced from each sampled location in y across the zone was
assembled into a 3D set of data M(x, y, z) for each zone.

To eliminate signals from stationary background materials (e.g., cell scaffolds and dead cells),
we empirically determined a threshold value for M using the following steps: (1) A region of
interest (ROI) was determined manually through visual identification of the four-layer stack
within each time-averaged image collected from a cell-free invasion assay. (2) M(x, z) values
within the ROI of each corresponding motility image were extracted and compiled into an array.
(3) An average and standard deviation of M were used to calculate the LOD, similar to that
defined in Eq. (1), where the average of M is Ībg and the standard deviation is Sbg. Finally, LODs
obtained for all cell-free images within each of 15 assays (n= 44 total ROIs analyzed) collected
from four independent experiments were averaged to determine a final threshold of 0.27. This
threshold was applied in all subsequent OCT analyses.

For tracking cell invasion, further segmentation ofM(x, y, z) data into regions corresponding to
each paper layer was applied. For ease of comparison between the two techniques, which quantify
different cellular phenomena (i.e., fluorescent protein expression vs. intracellular motility), we
report the OCT results as PLi, as defined for fluorescence imaging analysis. The following steps
were used to calculate PLi with Eq. (4): (1) Each time-averaged OCT image at a y position, Ī(x, z),
was manually segmented into four ROIs, each representing a layer, Li, within the invasion assay.
The manual segmentation was performed by visual identification of the apparent gaps between
paper layers in the time-averaged image only, to mitigate bias about the cell distribution. (2) The
previously determined threshold value, Mth = 0.27, was applied to M to reject background noise.
(3) The number of pixels, NLi, with M>Mth were counted for each Li at each y position and
then accumulated over frames in y across the zone. (4) The NLi were then normalized into PLi,
according to the following equation:

PLi =
NLi(M>Mth)

3∑
0
NLi(M>Mth)

× 100 (4)

2.5. Statistics

2.5.1. Comparison of imaging methods

An intraclass correlation coefficient (ICC) was used to determine if the PLi values generated by
OCT and from fluorescence images were similar. An ICC, which quantifies the likelihood that
observations within the same cluster are more homogeneous than the observations in different
clusters, was chosen over the more commonly used Pearson Coefficient calculation because the
PLi values obtained from a single stack are dependent upon one another [38,39].

2.5.2. Comparison of cellular distributions in the invasion stacks

To determine if the overall cell distributions between invasion cultures were equivalent, we tested
multiple equivalent hypotheses, Hi0 : µ1i = µ2i vs. Hia : µ1i , µ2i. Here, µki is the mean
population percentage of the ith layer (0, 1, 2 or 3) for each kth group (OCT or fluorescence
images). A simple pairwise comparison of PLi is not appropriate for this comparison due to
the dependency between layers and the requirement that the sum of PLi is 100%. Instead, we
employed the Holm-Bonferroni test procedure on orthogonally transformed variables [40]. This
testing procedure is sequentially rejective for multiple comparisons of different layers between
two groups and controls for the overall Type I error (false positive) rate for all comparisons.
First, we made an orthogonal transformation to the data using Eq. (5), reducing the original
vector from 4 to 3. This orthogonal transformation changes the data vector from four constrained
percentage variables to a vector of three orthogonal variables that places emphasis on different
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layers in the original data. This reduction resulted in a new set of multiple equivalent hypotheses:
Hi0 : µ̃1i = µ̃2i vs. Hia : µ̃1i , µ̃2i. Here µ̃ki is the mean of the transformed variable of the ith
layer in the kth group.
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Next, we tested the univariate normality of each orthogonal variable with a Shapiro-Wilk
test. If all vector elements were from a normal distribution, then each of the three orthogonal
transformed variables between the two groups were compared with a paired t-test. If all vector
elements were not from a normal distribution, then the three orthogonal transformed variables
between the two groups were compared with a Wilcoxon rank sum test. Finally, we used the
Holm-Bonferroni test procedure to adjust the p-values for each variable. Adjusted p-values above
the pre-specified significance level of 0.05 accepted the null hypothesis and the cell distributions
of two groups were statistically equivalent.

3. Results and discussion

3.1. OCT motility analysis differentiates zones with and without cells

To demonstrate that M enables one to distinguish live cells from the paper fibers and background
ECM, we performed OCTmotility analysis on cell-laden and cell-free cultures, that had both been
incubated for 3 days prior to analysis, where the OCT operator was blinded to the identities of the
cultures. Figures 2(a) and (b) are representative motility-contrasted OCT images of a cell-laden
and cell-free culture, respectively. The blue image is the time-averaged OCT image Ī(x, z) and
contains the average signal intensity from 100 consecutive images. The red image is a motility
mapM(x, z) displaying the motility amplitude at each pixel, calculated from the same 100 images.
The two continuous lines at the bottom of each image correspond to the top and bottom surfaces
of the PET film. The blue features above the film correspond to paper fibers of the scaffolds
as well as time-averaged signals from the cells themselves. Figure 2(c) and (d) contain solid
yellow lines to identify the top and bottom boundaries of the invasion assay and dashed yellow
lines to identify the interfaces between the four layers of the cell-laden and cell-free cultures.
Paper fibers are a highly scattering static structure, with high signal intensity but low fluctuation,
resulting in lowM values. Regions with live cells exhibiting intracellular motion resulted in large
M values. By superimposing a red motility map onto the blue OCT image, the operator detected
the positions of the live cells and correctly distinguished the cell-laden and cell-free cultures.
These differences in motility between the cell-laden and cell-free assays are also visible in their
corresponding time-lapse videos, as shown in Visualization 1. Motility observed in regions
outside the scaffolds was attributed to Brownian motions of wax that detached from the paper
scaffolds.

3.2. Validation of OCT motility analysis by comparison with fluorescence imaging

To validate that OCT could accurately quantify the distribution of cells throughout a three-
day invasion assay, we compared the OCT determined PLi values with those determined from
fluorescence images. To account for the time-dependent nature of cellular movement, we prepared
four invasion cultures on Day 0 using the same passage of cells. On each day, a single culture
was imaged by OCT to obtain a 4D (3D in space and 1D in time for motility) set of OCT data
(see Visualization 2 for a representative lateral fly-through in space of a single assay analyzed on
Day 3), and then immediately destacked and analyzed with fluorescence imaging. The Day 0

https://doi.org/10.6084/m9.figshare.10275023
https://doi.org/10.6084/m9.figshare.10275029
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Fig. 2. Representative motility-contrasted OCT images of a 4-layer (a) cell-laden and
(b) cell-free invasion assay. Both cultures were imaged after 3 days of incubation. Each
image is a superposition of a motility map M(x, z) (red) with the time-averaged OCT image
Ī(x, z) (blue). Representative manual segmentation lines depicting the four layers of the
(c) cell-laden and (d) cell free invasion assays. The solid yellow lines represent the top
and bottom boundaries of the invasion assay; the three yellow dashed lines represent the
interfaces between the four scaffolds of the assay. The time-averaged OCT images reveal
static components of culture structures, while the motility map is specific to dynamic
components, predominantly from live cells. Corresponding time-lapse videos through each
OCT stack reveal the speckle fluctuations that cause the motility map of the cell-laden culture
(see Visualization 1). To improve the visibility of the cells, these images were mean filtered
by the size of a cell (9 µm× 9 µm) and a corresponding threshold,M > 0.124, was applied to
M at every pixel to reject background noise.

culture was imaged approximately one hour after assembly and served as a baseline measure
for a setup in which no invasion was expected to occur. The remaining cultures were analyzed
approximately every 24 hours by both methods. OCT imaging took an average of 2 hours to
collect the 4D data for 4 separate invasion assays within the culture; the fluorescence images
were taken approximately one hour later. The use of a single sample for each day’s analysis
served two purposes. First, it minimized any biological or time-dependent variation that could
result in different PLi distributions. Second, it paired the analyses, which allowed us to compare
the two imaging techniques directly.

Figure 3 contains plots of the PLi distributions determined by both OCT motility analysis and
fluorescence imaging on Days 0–3. On Day 0, both analysis techniques showed that approximately
80% of the cells remained in layer 0. By Day 1, 15–40% of the cells invaded layer +1. By Day
2, 40-50% of cells invaded layer +1 and approximately 10% of the cells invaded layer +2. By
Day 3, fewer than 40% of the cells remained in layer 0 and up to 17% of the cells reached layer
+3, invading at least 120 µm (∼ 40 µm/scaffold). These values are experimentally reasonable
and match distributions obtained with MDA-MB-231 cells in PBCs previously [10,12]. Direct
comparisons with other setups are difficult, as the extent of invasion is dependent upon factors
such as assay duration, ECM composition, and the presence of extracellular gradients [41]. For
example, others showed that 15–80% of MDA-MB-231 cells invaded across ECM-modified
Transwells or through an in ECM gel slab in less than 72h [42,43].

https://doi.org/10.6084/m9.figshare.10275023
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Fig. 3. Four invasion cultures were prepared from a single cell passage, then, one culture
was selected on each day for analysis by OCT immediately followed by fluorescence imaging.
(a) Scatter plot comparing the OCT and fluorescence imaging PLi values from 22 separate
invasion assays (n= 88). A 45-degree dashed line is included to indicate the similarity
between the two methods and the calculated ICC value of 0.903 (95% confidence interval,
0.867–0.941) indicates that the two methods are highly correlated. (b – e) End-point PLi
distributions determined with OCT and from fluorescence images after approximately (b)
zero, (c) one, (d) two, and (e) three days of incubation. Each bar represents the average
and SEM of cells in each layer of the invasion assay from a minimum of n= 4 technical
replicates. Individual data points are shown as black dots. Each bar also represents the
minimum distance the cells must have invaded to reach the next layer, as each scaffold is
40–75 µm thick.

To compare the abilities of OCT and fluorescence imaging to convert the detected signal into
the percentage of viable cells distributed throughout the invasion assay (i.e., the PLi values), we
estimated the ICC for 22 separate invasion assays. Figure 3(a) includes all paired PLi values from
four separate invasion cultures analyzed over a three-day period. Each data point is paired because
both imaging techniques were used to analyze the same invasion assay. Both the 45-degree line
placed on the scatterplot and the ICC of 0.903 (95% confidence interval, 0.867–0.941) show the
two methods are highly correlated and that OCT is capable of measuring cellular viability.

Figures 3(b–e) are the cell distributions determined by both methods on Days 0–3. To determine
if the cell distributions from each day were equivalent, given the normality of the difference
held for each orthogonal transformed variable, we used a paired t-test to compare each of three
orthogonally transformed variables between the two groups, and applied the Holm-Bonferroni
sequentially rejective test procedure to adjust the p-values. Table 1 shows the adjusted step-down
p-values for Figs. 3(b-e) and Fig. 4(a). As shown in Table 1, at least one of the three adjusted
step-down p-values for Days 0 and 2 were smaller than the pre-specified significance level (0.05),
indicating there was a significant difference between the cell distributions determined by OCT
and fluorescence imaging. All the adjusted step-down p-values for both Days 1 and 3 were larger
than the pre-specified significance level of 0.05, indicating there was no statistically significant
difference in the cell distributions.

One possible reason for the differences in cell distributions between the two techniques was the
manner in which LOD thresholds were applied. The fluorescence imaging resolution (200 µm)
was unable to distinguish individual MDA-MB-231 cells (∼12 µm in diameter), requiring average
fluorescence intensity be taken over the entire zone. The LOD was calculated similarly, taking
the average fluorescence intensity of entire cell-free zones. By this method, the calculated LOD
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Fig. 4. (a) PLI distributions of two separate invasion cultures determined with fluorescence
imaging, after a three-day incubation. The post-longitudinal OCT fluorescence values
correspond to an end-point measure of an invasion culture whose cell distributions were
analyzed with OCT on Days 0–3. The no-OCT fluorescence values correspond to an
end-point measure of an invasion culture that was not exposed to OCT. (b) PLI distributions
measured with OCT for Days 0–3. (c) Representative OCT motility images for Days 0–3;
blue lines show the manually segmented scaffolds (bottom to top: scaffold 0–3). To improve
the visibility of cells, these representative images were mean filtered by the size of a cell
(9 µm× 9 µm) and a corresponding threshold,M > 0.124, was applied toM at every pixel
to reject background noise. All bars are the average and SEM from a minimum of n= 4
replicates. Each bar also represents the minimum distance the cells must have invaded to
reach the next layer, as each scaffold is (40 µm) thick.

Table 1. Holm-Bonferroni statistical test procedure adjusted step-down p-value results

Samples Adjusted step-down p-value (V1, V2, V3)a

Fig. 3 Day 0 (0.010, 0.010, 0.010)

Fig. 3 Day 1 (0.278, 0.278, 0.259)

Fig. 3 Day 2 (0.326, 0.004, 0.062)

Fig. 3 Day 3 (0.372, 0.372, 0.372)

Fig. 4(a) (0.708, 0.365, 0.708)

aNull hypothesis was Hi0 : µ̃1i = µ̃2i. p-values > 0.05 indicated an acceptance of the null hypothesis and that the cell
distributions of the two groups were statistically equivalent.
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corresponded to ∼5000 cells. In comparison, the OCT image resolution corresponds to the size
of a single cell. Thus, the LOD in OCT was applied on a pixel-by-pixel basis, retaining spatial
heterogeneity of M during thresholding. This may have resulted in fewer cells being falsely
thresholded to a value of zero than in the fluorescence images and a subsequently lower detection
limit, which resulted in higher NLi being detected in layers +2 and +3. Another possible reason
for the differences between the two techniques was that OCT images were collected in situ and
each layer was identified with manual segmentation, while fluorescence images were collected
after destacking the culture forcing cells into a defined layer. As can be seen in Fig. 4(c) the
manual segmentation lines intersected highly populated cell regions, which could have led to
differences in PLi distributions.

3.3. OCT does not significantly disturb cells in PBCs

Longitudinal measurements of a single sample are desirable because they decrease the biological
and technical variability of the dataset. However, continued exposure of the focused, ∼6mW,
near-infrared laser beam needed for OCT measurements has the potential to damage the cells.
To determine if repeat OCT measurements altered the extent of cellular invasion, we compared
invasion cultures prepared on the same day, where one culture underwent repeated OCT imaging
every day for three days (culture A) and the other was only imaged by fluorescence imaging
on Day 3 (culture B). The longitudinal OCT imaging of culture A for Day 0 was performed ∼
1 hour after assembly. Approximately 1 hour after the Day 3 OCT measurement of culture A,
both cultures were disassembled and analyzed by fluorescence imaging. To determine if the cell
distributions from cultures A and B were equivalent, given that the normality of the difference
didn’t hold for some orthogonal transformed variables in one group, we used a Wilcoxon rank
sum test to compare each of the three orthogonally transformed variables between the two
groups, and applied the Holm-Bonferroni sequentially rejective test procedure to adjust the
p-values. As shown in Table 1, the adjusted step-down p-values, for Fig. 4(a), were all larger than
the pre-specified significance level of (0.05), indicating that repeated exposure to the focused
near-infrared laser beam did not result in statistically significant differences in the cell distribution.

3.4. Tracking cell invasion from Day 0 to Day 3 by longitudinal OCT motility analysis

Figure 4(b) plots the PLi distributions collected as part of the longitudinal OCT experiment
discussed above, using OCT to quantify changes in PLi in a single PBC with increasing periods
of incubation. Figure 4(c) contains representative motility-contrasted OCT images collected
each day. Representative 3D visualization of invasion cultures on Day 0 and Day 3 by OCT
are shown in Fig. 5. Corresponding 3D rendering of the OCT motility images at Day 0 and
Day 3 for representative stacks are shown in Visualization 3. As expected from the end-point
measurements in Fig. 3, we observed increased cellular invasion with increased incubation time.
An advantage of longitudinal measurements is the ability to track variations due to differences in
setting up each replicate invasion assay. For example, in layer 0 of Fig. 4(b) there is a single
point that is visibly above the average signal across Days 1–3. In end-point analyses like those
displayed in Fig. 3, it is not possible to identify anomalous points to the single measurements of
many samples.
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Fig. 5. Representative 3D visualization of invasion cultures on Day 0 and Day 3 by OCT (See
Visualization 3). The top row shows OCT signals (blue) overlaid with motility amplitudes,M
(red). The bottom row showsM alone. To improve the visibility of cells, these representative
images were mean filtered by the size of a cell (9 µm× 9 µm) and a corresponding threshold,
M > 0.124, was applied toM at every pixel to reject background noise.

4. Conclusion

In this work, we demonstrate the ability of OCT to track the invasion of triple-negative breast
cancer cells in 3D PBCs in situ and longitudinally. The ability to perform in situ measurements
is a powerful advantage over fluorescence imaging, which requires the invasion culture to be
disassembled prior to analysis. With OCT, experimental logistics are simplified as longitudinal
studies eliminate sample-to-sample variability within datasets. Our results show that OCT can
successfully differentiate cells from the fibers of the paper scaffold in a four-layer invasion stack.
The ∼4 dB attenuation of the OCT signal between the top and bottom layers of the invasion
stack suggest that even thicker structures would be amenable to these methods, depending on the
SNR of the OCT system. Our previous work on OCT-based imaging of organoids supports this
conclusion [28,31–32]. The measured PLi values from OCT and fluorescence imaging are highly
correlated. Evidence suggests that OCT also offers an additional advantage of a lower limit
of detection. Longitudinal OCT measurements are capable of quantitatively tracking cellular
invasion over 3 days, and potentially longer. As a non-destructive technique, OCT enables in
situ invasion tracking to be paired with molecular analyses at the transcript and protein level on
distinct subpopulations of cells that moved different distances.
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