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Motility-, autocorrelation-, and polarization-sensitive
optical coherence tomography discriminates
cells and gold nanorods within 3D tissue cultures
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We propose a method for differentiating classes of light scatterers based upon their temporal and polarization
properties computed from time series of polarization-sensitive optical coherence tomography (PS-OCT) images.
The amplitude (motility) and time scale (autocorrelation decay time) of the speckle fluctuations are combined
with the cross-polarization pixel-wise to render Motility-, autocorrelation-, and polarization-sensitive (MAPS)
OCT contrast images. This combination of metrics provides high specificity for discriminating diffusive gold nano-
rods and mammary epithelial cell spheroids within 3D tissue culture, based on their unique MAPS signature. This
has implications toward highly specific contrast in molecular (nanoparticle-based) and functional (cellular activity)

imaging using standard PS-OCT hardware.
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While optical coherence tomography (OCT) has been
widely adopted for biomedical imaging, it often lacks the
ability to contrast biomarkers of interest. Many methods
for adding functional and molecular contrast to OCT
have been proposed, including true-color spectroscopic
OCT [1], magnetomotive OCT [2], photothermal OCT
[3,4], and pump-probe OCT [5]. Here, we propose to
exploit the dimension of time in conjunction with
polarization-sensitive OCT (PS-OCT) to provide tissue
scatterer discrimination. PS-OCT is sensitive to optically
anisotropic structures, and has been widely employed to
quantify tissue birefringence [6]. At the same time, tem-
poral speckle statistics have begun to implicate several
strategies for OCT contrast, including particle diffusion
rates [7], capillary velocimetry [8], intracellular motility
[9], apoptosis [10], and ciliary activity [11].

In cell biology, 3D tissue culture models are employed
to simulate contextual and micromechanical cues that
are absent in 2D cell cultures [12]. OCT is advantageous
for monitoring 3D tissue models in situations where
confocal microscopy cannot provide sufficient depth
penetration or speed to image large volumes, such as
in breast cancer tissue spheroid models [13]. However,
contrast imaging is needed to provide functional informa-
tion beyond morphology. Here, we employ gold nanorods
(GNRs) as diffusive probes into the extracellular matrix
(ECM) surrounding breast cancer spheroids. GNRs have
been increasingly used in OCT because their surface
plasmon resonance can be tuned to near-infrared wave-
lengths, providing spectroscopic and photothermal OCT
contrast [14-16]. In this study, understanding the diffu-
sion of GNRs into 3D tissue models has implications
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for drug delivery [17], as well as the potential for passive
microrheology of the ECM [18].

We propose MAPS (motility-, autocorrelation-, and
polarization-sensitive) OCT as a method for distinguish-
ing different types of light scatterers by their temporal
and polarization properties. MAPS signatures should be
considered in the context of the spatial and temporal
resolution of the OCT system and a priori knowledge
of the classes of objects to be found within the imaging
sample. In the experiments reported here, we consider
human mammary epithelial cells (MECs) in a collagen:
Matrigel ECM with topically applied GNRs. We chose
a frame rate (1.2 Hz) such that the speckle decorrelation
due to the adenosine triphosphate (ATP) driven activity
of MECs occurred over several frames (r~4.8s),
allowing for quantification by autocorrelation analysis.
The total imaging time (25 s) was chosen to be suffi-
ciently long to observe several decorrelation events from
the MECs, providing high speckle fluctuation power,
which we will define as motility, below. For the GNRs,
our chosen frame rate was too low to capture speckle
decorrelation arising from their thermally driven diffu-
sion (z ~ 0.4 ms when copolarized) and, thus, they exhib-
ited a short autocorrelation decay time in comparison to
MECs (Table 1). At the same time, the line scan camera
exposure time (0.095 ms at a line rate of 10 kHz) was
sufficiently short to capture a single speckle realization
from the GNRs within each A-line, resulting in high
apparent motility. To complete the MAPS signature, we
note that GNRs also exhibit a high amount of cross-
polarized scattering owing to their large optical anisotropy.
In this Letter, we describe a method that exploits these
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Table 1. MAPS Signature for Each Object Class, where 1
and | Indicate a High or Low Value, Respectively

Classes M PS
of (Motility) A (Autocorrelation) (Cross- MAPS
Objects [a.u.] Decay Time [s] Polarization)Signature

GNRs 36 +4 <0.8 0.62 £ 0.07 T
MECs 35+9 4.8+ 2 0.23 +£0.12 Ml
ECM 16 +3 9.7+3 0.24 +0.11 Il
Noise 20+ 4 <0.8 0.52 4 0.06 1t

unique MAPS signatures to contrast specific classes of
objects, and demonstrate the ability to differentiate MECs
and GNRs in tissue culture.

B-mode OCT images were collected using a
polarization-sensitive, spectral-domain OCT system, de-
scribed in detail previously [18,19]. This system has a
center wavelength of 800 nm and axial and transverse
resolutions of 3 and 12 pm, respectively. A linear polari-
zation basis was used such that horizontally (H) polar-
ized light was incident upon the sample, and both the
copolarized (HH) and cross-polarized (HV) backscat-
tered light were detected. Images were collected over
1.5 mm x 1.5 mm regions sampled into 1000 x 1024 pix-
els in x and z, respectively. The HH signal was used
for motility and autocorrelation analyses, while both the
HH and HV signals were used to measure the cross-
polarization.

To prepare tissue cultures, MECs (MCF10DCIS.com)
were seeded at 30,000 cells/ cm?® into 1:1 collagen
I:Matrigel ECM and cultured for 2 weeks before imaging.
Images were collected immediately before and 24 h
after introduction of GNRs into the cell culture medium
(~3.3 x 10! GNRs/cm?®). GNRs stabilized by cetyltrime-
thylammonoium bromide were prepared by modifying a
commonly used method [20], and were ~(83 £ 7) nm x
(22 + 3) nm in size, with a longitudinal surface plasmon
resonance (LSPR) tuned to the 800 nm center wavelength
of the OCT system (Fig. 1). GNRs were PEGylated using
polyethylene glycol (PEG)-thiol with a molecular weight
of 1 kDa to prevent adherence to the ECM and ensure
they remained freely diffusing during imaging.

OCT is particularly well-suited for imaging MEC
tissue cultures, as we have shown previously [13]. Over
1-2 weeks MECs form polarized, acinar structures (sphe-
roids) similar to the structure of in vivo mammary ducts.
This unique morphology can be seen in the left column of
Fig. 2, where images averaged over time stacks (N = 30)
are displayed. Each spheroid is typically comprised of
thousands of MECs and appears as a cluster of high
light scattering in comparison to the surrounding ECM.
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Fig. 1. Transmission electron microscopy (left) and extinction
spectrum (right) of the PEGylated GNRs used in these
experiments.
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Fig. 2. Image stacks of 4 collagen:Matrigel tissue cultures
containing both MECs and GNRs (top row), MECs only (second
row), GNRs only (third row) and control (bottom row).
Each column displays a different way of processing the image
stacks, as described in the text. Images represent 1.4 mm x
0.6 mm in x and z.

Samples with added GNRs display nearly uniform light
scattering, due to the penetration of GNRs into the pores
of the ECM. Slight inhomogeneities that appear only in
the sample with both MECs and GNRs can be suspected
to be spheroids that are masked by the surrounding
GNRs. Our treatment will utilize MAPS signatures to
individually contrast MECs and GNRs in this challenging
imaging environment.

Motility is typically defined as cellular motion arising
from ATP-driven processes, in contrast to other types of
biological motion, including diffusion and flow. Here, we
employ an experimentally based definition of motility
that includes these other types of motion (i.e., the “appar-
ent motility”). We define the motility, M, as the ratio of
the measured standard deviation of each pixel to that
expected from shot noise,

Mx.2) = \/ﬁ > (SOCT(x,z, t;) - <SocT(x, z)>)2

NEY)
<SOCT(xv 2))

where Sqcr is the OCT signal amplitude at each image
position (x,z), sampled at regular intervals ¢; over N
frames. M has a minimum value in the shot-noise limit,
and quantifies the relative amount of speckle fluctuation
above this limit. Thus, motility is particularly useful for
suppressing regions of noise (low scattering) and station-
ary objects where speckle fluctuations are shot-noise
limited, from those exhibiting ATP-driven or thermally
driven motion, such as MECs and GNRs, respectively.
This is seen in the second column of Fig. 2, where motil-
ity is displayed for each tissue culture. Stationary objects
such as the ECM are suppressed, while freely diffusing
GNRs and live MEC spheroids exhibit high apparent
motility.

While motility quantifies the amplitude of speckle fluc-
tuation, the temporal autocorrelation can be used to
quantify the time scale of the fluctuation. While recogniz-
ing that many types of motion (e.g., diffusion in nonNew-
tonian fluids and ATP-driven motion) do not necessarily
follow a simple exponential decay model, we find that a



reasonable estimate of the time scale of the fluctuation
process can be obtained by fitting log(y(¢)) = -t/z + ¢,
where y is the normalized temporal autocorrelation
of Socr subsequently averaged over a local 5 pixel x
5 pixel region, and z is the 1/e decay time. y(0) is
excluded from the fit, as it contains all of the nondeter-
ministic noise. Regions with no appreciable correlation
[defined as y(t = 1 frame) < e”! — 0.1] were set to 7 = 0.
To improve the accuracy of 7, a longer portion of the
image stacks (N = 60) was analyzed.

The results of the autocorrelation analysis are shown
in the third column of Fig. 2. As expected, GNRs exhibit
rapid decorrelation (r =0) in comparison to MECs
(r~5s) and stationary objects such as the ECM
(r > 12 s). For the first time, we begin to see suspected
MEC spheroids contrasted within the GNR sample,
although the presence of contrast to the ECM within the
nonGNR sample suggests that autocorrelation alone is
not sufficient to specifically contrast MECs in all samples.

Finally, we employ polarization-sensitive OCT to mea-
sure the normalized cross-polarization (C), defined as

N 32
C(‘%‘,Z) = iz( SHVng zv t?) 2)’ (2)
N = \Sun(x.2,1)" + Sy (2. 2, 4;)

where Syy and Syp are the copolarized and cross-
polarized OCT signal amplitudes, respectively, obtained
under illumination with linearly (H) polarized light. Note
that this definition of C is a normalized version of cross-
polarization (@;3), according to Bohren and Huffman
[21], while remembering that the square of the OCT signal
amplitude is proportional to the light intensity scattered
from the sample, S? « |Egampie|* ¢ Isample-

Importantly, cross-polarization is sensitive to the
presence of optically anisotropic particles. Our GNRs are
highly anisotropic because the LSPR is tuned to the
center wavelength of the OCT system (800 nm) and
exhibits a longitudinal optical cross section (parallel to
the long axis of the rod) ~250x greater than in the trans-
verse directions [18]. This is a regime where the cross-
polarization ratio (/v /Iy) for randomly oriented GNRs
can exceed the traditional maximum value of 1/3 [22].
In comparison, other scatterers within the biological
medium are not plasmon resonant and are often only
weakly optically anisotropic. While many tissues do
exhibit cross-polarization (or equivalently depolarization)
due to anisotropic scatterers, multiple scattering, or form
birefringence, we find that in the absence of GNRs the
tissue cultures do not exhibit significant cross-polarization,
and thus it is a useful metric here. This is seen in the last
column of Fig. 2, where MECs and the ECM have an
appreciably lower cross-polarization than regions of GNRs
or noise. Interestingly, the cross-polarization within re-
gions of GNRs increases with penetration depth, which
we attribute to the onset of multiple scattering.

Now that we have established the MAPS signatures for
GNRs and MECs, we can combine the individual metrics
to specifically contrast each object class. This can con-
veniently be computed by linearly mapping each metric
onto an unsigned 8-bit integer, where the range from 0 to
255 was chosen to represent the ranges of 20-50 for
motility, 0-3 s for 7z, and 0.3-0.7 for cross-polarization,
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Fig. 3. MAPS images for tissue culture samples corresponding
to the top two rows of Fig. 2. The GNRs MAPS signature (left
column) and MECs MAPS signature (middle) are combined
to display a multicontrast image of both GNRs and MECs

(right).
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in order to optically contrast the MECs and GNRs.
Subsequently, each signature is computed by multiplying
each metric (for 1) or its opposite (for |) as follows:

=M(x,2) *7(x,2) * (255 - C(x, 2))
= M(x,2) * (255 - 7(x,2)) * C(x,2). 3

Snec (X, 2)

Senr (X, ?)

Here, Sygc is the 11] signature and Sgng is the 1)1
signature, as in Table 1. The results of this operation are
displayed in Fig. 3.

In comparison to Fig. 2 2, where no single metric is
sufficient to contrast GNRs or MECs in all sample types,
in Fig. 3 we find that MAPS signatures provide specific
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Fig. 4. Magnified views (0.27 mm x 0.21 mm, x x 2) of MEC
spheroids in MEC tissue cultures with GNRs (top half) and
without GNRs (bottom half), corresponding to the data of
Figs. 2 and 3.
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imaging of both GNRs and MECs, and aid in the
identification of MEC spheroids against a highly scatter-
ing GNR background. We found that image regions con-
taining GNRs appear spatially well separated from MECs,
which we attribute to the expectation that GNRs cannot
penetrate the epithelium formed by spheroids while
remaining freely diffusing. The sharp delineation
between regions of freely diffusing GNRs and MEC sphe-
roids is more apparent in Fig. 4, which displays magnified
views of several MEC spheroids. It is also interesting to
note that improved contrast to MECs against the ECM
background in the nonGNR sample is observed, provid-
ing more detailed spheroid morphology. This is signifi-
cant because we have previously found that spheroid
morphology is an important hallmark of premalignancy
in breast cancer tissue cocultures [13,23].

These MAPS images represent an estimate of the
presence of GNRs and MECs based solely on their time-
dependent and polarization-dependent properties. In the
temporal dimension, we described the use of the ampli-
tude (motility) and the time scale (r) of the speckle fluc-
tuation as easily calculated metrics from a time series of
OCT images. Of course, more detailed information can be
extracted from temporal speckle statistics, depending on
the object classes present in the sample. For example,
cluster analysis of motility spectra in coherence imaging
has been used to delineate hypoxic versus normoxic
tissue cultures in response to drugs [24]. Dynamic light
scattering methods have been applied to autocorrela-
tions of OCT data to distinguish between diffusive and
deterministic motions [8,25]. In our own studies, we are
working toward quantifying rheological properties of
the ECM by applying a Stokes—Einstein relation to the
statistics of diffusing GNRs [18].

Another finding of this study is that cross-polarized
scattering is a good metric for contrasting GNRs in tissue
cultures. This may offer utility in molecular contrast
OCT applications where GNRs are labeled with specific
antibodies [26], or for image guidance in GNR-based drug
delivery or photothermal tumor therapy [17]. The added
dynamical information in MAPS-OCT could further in-
crease specificity to freely diffusing GNRs versus bound
GNRs or endogenous cross-polarizing light scatterers.

MAPS-OCT as demonstrated in this study can also
further be generalized to identify a wide range of object
classes. We anticipate that these methods will serve as a
roadmap for how the richness of temporal and polariza-
tion data readily available by standard OCT imaging
hardware can be exploited to provide a broad array of
functional and molecular contrasts.
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