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Abstract

Conventional molecular assessment of tissue through histology, if adapted to fresh thicker
samples, has the potential to enhance cancer detection in surgical margins and monitoring of 3D
cell culture molecular environments. However, in thicker samples, substantial background staining
is common despite repeated rinsing, which can significantly reduce image contrast. Recently,
“paired-agent” methods—which employ co-administration of a control (untargeted) imaging agent
—have been applied to thick-sample staining applications to account for background staining. To
date, these methods have included (1) a simple ratiometric method that is relatively insensitive to
noise in the data but has accuracy that is dependent on the staining protocol and the characteristics
of the sample; and (2) a complex paired-agent kinetic modeling method that is more accurate but
is more noise-sensitive and requires a precise serial rinsing protocol. Here, a new simplified
mathematical model—the rinsing paired-agent model (RPAM)—is derived and tested that offers a
good balance between the previous models, is adaptable to arbitrary rinsing-imaging protocols,
and does not require calibration of the imaging system. RPAM is evaluated against previous
models and is validated by comparison to estimated concentrations of targeted biomarkers on the
surface of 3D cell culture and tumor xenograft models. This work supports the use of RPAM as a
preferable model to quantitatively analyze targeted biomarker concentrations in topically stained
thick tissues, as it was found to match the accuracy of the complex paired-agent kinetic model
while retaining the low noise-sensitivity characteristics of the ratiometric method.
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1 INTRODUCTION

Many preclinical and clinical applications in oncology would benefit from a rapid and
repeatable method of evaluating cell-surface receptor expression (common targets of drug
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therapeutics) in thick tissues. For example, such a method could improve cancer resection
surgery by providing an intraoperative means of assessing surgical margins for residual
cancer (Singletary, 2002; Zhang et al., 2017; Nitin et al., 2009). It could also be used in drug
screening to elucidate the molecular mechanisms of targeted therapies and the effects of
molecular heterogeneity on drug efficacy in 3-dimensional (3D) cell culture studies (Justice
et al., 2009; Haycock, 2011), which are replacing monolayer 2D cell culture studies that fail
to mimic the complexity of /n vivotissues (Friedl and Alexander, 2011).

Methods have been developed to assess cell-surface receptor expression in thick fresh tissues
via direct topical staining (e.g., with fluorescence (Davis et al., 2013) or surface-enhanced
Raman scattering (SERS) agents (W Wang et a/., 2016)) without the significant sample
processing required in conventional immunochistochemistry, tissue microarrays, or mass
spectrometry of non-vital tissues (Dabbs, 2013; Kononen et al., 1998; Lockhart and
Winzeler, 2000; Stoeckli et al., 2001; Cukierman et al., 2001). Theoretically, such methods
could be carried out with various imaging systems including clinical imaging systems
(Keating et al., 2016), confocal fluorescence microscopy (Schiffhauer et al., 2009; Dobbs et
al., 2016), spectrally encoded confocal microscopy (Brachtel et al., 2016), multi-photon
microscopy (Zipfel et al.,, 2003), super-resolution microscopy (Huang et a/., 2008), wide-
area optical-sectioning structured illumination microscopy (SIM) (Fu et al., 2013), and
microscopy with UV surface excitation (Levenson et al., 2016). However, most of these
approaches require long imaging times, with the exception of wide-field fluorescence, SIM,
and UV surface excitation, and all of these approaches are susceptible to high background
signals because unbound contrast agents (ie. nonspecific staining) can be difficult or
impractical to remove with tissue rinsing. Furthermore, tissue-dependent and wavelength-
dependent variations in tissue optical properties also make it difficult to estimate target
concentrations based on the detected intensity of the staining agents. These limitations have
forced clinicians to rely upon traditional time-consuming histopathology methods to
evaluate surgical margins, in which patients are sent home before the results can be attained.
Expensive re-excision procedures often result from such post-operative analyses, such as in
the case of breast cancer resection, where up to 40% of patients require call-back surgeries
(Jacobs, 2008).

Recent work has established the potential for paired-agent methods to overcome the
limitations of direct topical staining of thick tissues (Davis et al., 2013; Liu et al., 2009;
Sinha et al., 2015; Wang et al., 2014a; Wang et al., 2016; Wang et al., 2015). Such methods
utilize the signal from a control (untargeted) imaging agent that is co-administered with one
or more targeted agent(s) to account for background staining and variable optical properties
(Tichauer et al., 2015). Moreover, a few studies have demonstrated that paired-agent kinetic
modeling—an analysis of temporally varying signals (kinetics) of paired-agents—is capable
of quantifying targeted receptor concentrations (Blasberg et al., 1987; Huang et al., 1989;
Tichauer et al,, 2012b). This achievement is essentially the ultimate goal of most molecular
imaging protocols and has recently been shown to provide unprecedented levels of
sensitivity in cancer detection (Tichauer et al., 2014b). The receptor concentration here is
defined as the number of receptors within the volume of entire pixel, which is equivalent to
the product of multiplication of the cell density and the average number of receptors per cell
(which is different for different cell lines).
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To date, most paired-agent kinetic models have been applied to /n vivo studies employing
systemic administration of imaging agents (Tichauer et a/., 2015). Only one model has been
applied to thick tissue imaging, a paired-agent model accounting for nonspecific binding
(DPM-NS) (Sinha et al., 2015). Though it was the first method capable of quantifying
receptor concentration using optical nanoparticles topically applied on fresh tissues, the
model requires estimation of 5 kinetic parameters, making it sensitive to experimental noise.
Furthermore, it can only analyze serial rinsing data in which each rinse step is identical, a
requirement that can be difficult to achieve in certain applications. All other paired-agent
applications have employed very simple, quick, and relatively noise-insensitive, “non-
kinetic-modeling” ratiometric approaches (Davis et al., 2013; Liu et al., 2009; Wang et al.,
2015; Wang et al., 2016): /i.e., dividing the targeted agent signal by the control agent signal
(ratiometric). These methods have been shown to correlate with receptor concentration
under certain conditions (Sinha et al., 2015); however, the linearity of the correlation is
highly dependent on the sample type and experimental protocol.

In this paper, an improved simple and adaptable rinsing paired-agent kinetic model (RPAM)
is presented that offers an optimal balance between the accuracy of DPM-NS, as well as the
noise-insensitivity and simplicity of ratiometric methods. Moreover, RPAM does not require
a specific staining and rinsing procedure, and can theoretically be applied to data obtained
with arbitrary staining protocols and potentially non-uniform rinsing steps. To evaluate
RPAM, data from two distinct experiments were analyzed using RPAM, DPM-NS, and a
ratiometric method—one experiment in which 3D cell cultures were stained /n7 vitro, and the
other experiment in which tumor xenograft tissues were stained ex vivo. In each case,
epidermal growth factor receptor (EGFR) concentrations (a cell surface transmembrane
protein upregulated in many cancers (Nicholson et a/., 2001)) were targeted and the results
from all paired-agent estimates of EGFR concentration were compared against flow
cytometry measures.

2 METHODS

2.1 3D cell culture experiment

Two cancer cell lines, human epidermoid carcinoma (A431; from Dr. Pogue at Dartmouth
College) and human neuronal glioblastoma (U251; from Dr. Pogue at Dartmouth College)
were used to test the accuracy of receptor concentration estimation for the various paired-
agent methods. Both cell lines were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (PS). As a
simple approximation of standard 3D cell culture, cells were seeded homogeneously in a
single layer of 0.3% agarose without adding growth medium in four different concentration
groups. This involved resuspension of cells in 500 pL of warm Phosphate Buffered Saline
(PBS) solution followed by mixing with 500 pL of 0.6% warm agarose gel. The solutions
were immediately seeded into a transparent 6-well plate at various concentrations, including
a blank (Control; 0 cells/mL), low (L; 5x10% cells/mL), medium (M; 5x10° cells/mL) and
high (H; 5x108 cells/mL) cell concentration (Fig. 1a). These cell densities were chosen to
mimic the cell concentration in 3D cell culture (Holy et a/., 2000). The depth of all cell
culture models was approximately 1 mm.
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After creating 3D cell culture models with various cell concentrations, all samples were
stained, followed by repeated rinsing-and-imaging steps (Fig. 1). A planar fluorescence
imaging system (Pearl® Impulse, LICOR Biosciences, Lincoln, NE) was used to image
white light reflectance and fluorescence emission at both 700-740 nm (“700 channel”) and
800-840 nm (“800 channel™) arising from excitation at 685 nm and 785 nm excitation,
respectively. All imaging steps were performed in rapid succession within a 30-s time
window. Before adding imaging agents to the four 3D cell culture suspensions, images were
first collected from all channels (Fig. 1b) in order to measure the background
autofluorescence. A 1-mL mixed solution of 44-nM IRDye® 800CW EGF and a 4-nM
IRDye® 700DX NHS ester solution (LICOR Biosciences) was added to the surface of each
sample as the “staining” step in Fig. 1c. The targeted agent (IRDye® 800CW EGF) was
mixed with the control agent (IRDye® 700D X) only after the control agent was reacted with
distilled water for 1 h at room temperature to hydrolyze and deactivate the reactive NHS
ester. The 3D cell cultures were allowed to soak in the mixed imaging agent mixture for 45
min to achieve an even distribution of imaging agent within the agarose gel (determined by
modeling of agent diffusion in the cellular matrix — results not shown). “Zero-rinse” images,
Fig. 1d, were acquired after carefully removing all of the remaining solution on the surface
of the cellular matrix. These images were used as initial values for the signal intensity of the
imaging agent. Then, ten subsequent rinses were carried out on all wells by incubating the
cell cultures in 1 mL of PBS for 5 minutes per rinse, Fig. 1e, 1f. Imaging was carried out
after carefully pipetting away the supernatant after each rinse.

2.2 Ex-vivo tumor xenograft experiment

To evaluate the accuracy of receptor concentration estimation on ex vivo tissue samples, data
from this study were compared with data collected in a previous study (Sinha et a/., 2015).
Briefly, in the previous study, excised A431 and U251 tumor xenografts were developed
subcutaneously in male nude mice (7= 8 for U251; n=9 for A431). All animal experiments
were carried out under the approval of the Institutional Animal Care and Use Committee
(IACUC) at Stony Brook University. Animals were euthanized when the tumor was greater
than 5 mm in diameter and then the tumor, and a control muscle tissue of equivalent size,
were excised. A tissue-background spectrum was acquired before and after paired-agent
staining. The staining procedure involved adding 15 pL of a mixture of targeted and control
surface-enhanced Raman scattering nanoparticles (SERS NPs) of different “flavours” (150
pM per NP flavour). The targeted NPs were coated with EGFR-targeted anti-EGFR
monoclonal antibodies and the control NPs were coated with isotype control monoclonal
antibodies. Spectral signals from the NPs were measured periodically between each of the
10 serial rinses (spray with 0.1 mL of PBS solution followed by gentle removal).
Concentrations of the two NPs were then extracted from the raw signals by spectral
decomposition (Wang et al., 20143).

2.3 Image pre-processing

Each pair of fluorescent images (for the targeted and control agents) required correction for
1) autofluorescence; 2) differences in detection efficiency between different imaging
channels (only required for ratiometric and DPM-NS methods); and 3) differences in
targeted and control imaging agent diffusion into (for staining) and out of (for rinsing) the
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cellular matrix (only needed for the 3D cell culture data). Autofluorescence was removed
through subtraction of pre-staining images (for the respective imaging channels) from all
subsequent post-staining images. The relative signal intensities of the targeted and control
imaging agents were calibrated by imaging a stock staining solution of a known
concentration and concentration ratio (for additional details, see refs (Liu et a/., 2009) and
(Wang et al., 2014b)). A deconvolution algorithm (Tichauer et al., 2014a) was used to
correct for differences in the diffusion of various fluorophores within tissues. Numbers
shown were averaged signal intensity over the entire well or tissue.

2.4 Image analysis

Four image-analysis methods were employed to estimate EGFR concentrations in 3D cell
cultures and ex vivo experiments.

2.4.1 Conventional fluorescence—The raw signal from targeted imaging agents, after
staining and sufficient rinsing (3 rinses), were assessed as a possible correlate of receptor
concentration (the vast majority of tissue staining studies assume this to be the case).

2.4.2 Ratiometric—This method involved dividing the pre-processed control imaging
agent signal/map (Sc) from the targeted agent signal/map (S7) and then subtracting by one
(Tichauer et al., 2012a):

,ST(ti) B

BP ~ BPRatin(ti)i S (t) 7 (1)
c 7

where ¢;is an arbitrary imaging time point after rinsing (evaluated at all points in this study).
The binding potential (BP) parameter is often used in quantitative molecular imaging studies
as it is equivalent to the product of the affinity of the targeted imaging agent (K) for its
receptor and the concentration of the receptor (Innis et a/., 2007). While used for decades,
the ratiometric method was only recently demonstrated to be an approximation of BP,
defined here as BPrio (Tichauer et al., 2012a).

2.4.3 Paired-agent model with nonspecific binding (DPM-NS)—This method is
mathematically complex and a full description of the method can be found in a previous
publication (Sinha et al., 2015). Briefly, it requires signals from kinetic measurements of
contrast agent intensities (both targeted and control) from multi-rinse imaging data in which
the rinsing steps are carried out identically at each step to be measured and quantified (/.e.,
converted to imaging agent concentration). Factors that obfuscate the relationship between
the signal from a targeted agent and receptor concentration (specifically, the rinsing and
nonspecific binding parameters) are estimated from the kinetics of the control agent and then
used in the analysis of the targeted agent kinetics to accurately measure receptor
concentration (BA).

2.4.4 Rinsing paired-agent model (RPAM)—This novel method is derived and
explained in detail in the Supplementary Section. Briefly, this method takes in any sequence
of targeted and control imaging agent signals in the process of repeated staining (S7(? and
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Sd(9), respectively) and normalizes them to the signals measured at an arbitrary time point, #
(7.e., any one time point in the sequence), to attain the normalized targeted agent signal,
S7(9/S57(¢), and the normalized control agent signal, S/ S(t). If the properties of the
targeted and control imaging agents are very similar (save the fact that the targeted agent
will stick to the biomarker of interest while the control agent will not), then it is possible to
mathematically relate the normalized targeted and control imaging agent signals in a region
of interest as a function of the binding potential (BP), a parameter directly proportional to
the concentration of the biomarker in that region of interest. Assuming the rinsing protocol
acts equally on the targeted and control agents, this mathematical relationship can be
simplified to obtain an estimate of BP (BPrpayy) as:

where #;is any single arbitrary imaging time point after rinsing, and t denotes a time vector
(i.e., S7(¢) is the targeted agent signal at an arbitrary time point; whereas, S7(J) is the signal
at multiple time points, which could include #).

2.5 Simulation experiment

All receptor concentration estimation methods were tested on computer-simulated targeted
and control agent kinetic curves in which random Gaussian-distributed noise was added
(where “true” values of all fitting parameters, e.g. BP, are known). A detailed description of
the simulations can be found in the Supplementary Section. The testing was carried out over
a range of rinse durations and BP levels. For every case, receptor concentration estimation
methods were applied to 1000 iterations of simulated data (with random noise that
approximated experimental noise levels). This allowed us to evaluate the precision and
accuracy of each method under the various conditions.

2.6 Statistical analyses

3 Results

SPSS 23 (IBM) was used for all statistical analyses. A repeated-measures MANOVA with
Bonferroni correction to correct for multiple comparisons and Tukey’s-B post hoc tests were
used to identify statistically significant effects amongst the different cell concentration and
cell type groups, with rinse number as the within-subject variable, and cell concentration and
cell type as the between-subjects variables. A univariate ANOVA test was used to compare
BPestimates as a function of different concentrations, cell types, and methods for estimating
receptor concentration. Statistical significance was based on p < 0.05. All data are presented
as mean + SD.

3.1 In vitro 3D cell culture

The retention of control and EGFR-targeted fluorescent imaging agents in a U251 3D cell
culture (after ten rinses) is shown in Figs. 2a and 2b, respectively. Signal intensity from
targeted and control imaging agents averaged over all repeated datasets for each well as a
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function of the number of rinses are presented in Fig. 2c for the U251 cell line group and in
Fig. 2d for the A431 cell line group. Using a repeated measures MANOVA (see M ethods),
the only statistically significant effects identified were that the fluorescence measured from
the high-cell-concentration wells in both U251 and A431 groups were significantly higher
than all other wells within the same group (o < 0.001). There were no other statistically
significant effects between cell concentration wells within the same cell type groups (o>
0.05, NS). Figures 2e and 2f present the BPg,s, from the cell culture studies as a function of
rinse number for the U251 and A431 cell type groups, respectively. Paired samples t-tests
with Bonferroni corrections indicated significant changes in BPga, Within the first 4 rinses,
but no statistically significant differences amongst data collected after rinse number 4. The
point with the highest contrast-to-noise between cell concentration groups was rinse 8.

To compare each analysis method with the expected receptor concentration (determined by
flow cytometry), root-mean-square error (RMSE) and the sum of absolute error (SAE) were
calculated, table 1. RPAM estimation of receptor concentration (BPgrpapy) exhibited the
smallest error compared with receptor concentration estimates based on raw fluorescence
signal, BPppps-ns and fluorescence ratios, BPras,- T Visualize the correlation error,
absolute errors (fluorescence or BP values) were plotted against the expected receptor
concentrations (Fig. 3), which were obtained from flow cytometry experiments carried out in
a previous study (Sinha et al., 2015). By the definition of binding potential (BP = K;Bayai)
(Innis et al., 2007), the slope of the correlation curve between receptor concentration (Bzz/)
and BPshould be K (association constant) or 1/Kp (dissociation constant). The estimated
Kpwere 0.21 nM, 0.38 nM and 1.77 nM for the ratiometric method, DPM-NS, and RPAM,
respectively.

Figs. 4a—d present boxplots of data from 3D cell cultures of blank, U251, and A431 cell
lines (medium concentration) 3D cell cultures to further evaluate the characteristics of each
method for estimating receptor concentration (raw fluorescence, ratiometric, DPM-NS, and
RPAM). No statistically significant differences in cell lines were observed using
fluorescence alone (Fig. 4a). BPgrasi, (Fig. 4b) and BPpppsns (Fig. 4¢) displayed statistically
significant separations between groups (o < 0.05), while RPAM achieved the best separation
between the two tumor cell lines as determined by the contrast-to-variance ratio between
groups (p < 0.01) (Fig. 4d). Based on flow cytometry validation data, the relative ratio of
EGFR expression between A431 cell and U251 cell was used as a method to validate the
accuracy of receptor concentration estimations. The expected ratio for EGFR expression was
3.05 £ 0.88 from an /n vitro study (Sinha et al.,, 2015). Based on the experimental result, the
estimated EGFR expression ratio (A431 vs. U251) was 1.70 + 1.93, 4.20 + 4.56, 2.09
+2.47, and 2.31 + 1.81 for fluorescence, ratiometric, DPM-NS, and RPAM estimations,
respectively.

3.2 EX vivo tumor tissue

Figures 4e-h present similar data to Figs. 4a—d but with the four methods applied to ex vivo
tumor tissue data rather than 3D cell culture data. Nanoparticle concentration levels were
found to be significantly higher in tumors than in muscle (normal) tissue (p < 0.05);
however, no statistically significant difference was observed between the two tumor cell
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lines, in which the receptor concentration ratio between A431 and U251 xenografts was
expected to be 2.1 + 0.3 (Sinha et al., 2015) (Fig. 4e). Conversely, all other methods, BPgras,
(Fig. 4f), BPppyr-ns (Fig. 49), and BPrpans (Fig. 4h) were found to exhibit statistically
significant differences between normal tissue, U251 xenografts, and A431 xenografts (p <
0.01 for all comparisons with Bonferroni correction). In addition, the relative standard
deviation of each group was significantly smaller compared to the raw fluorescence signal
data. The EGFR expression ratios between U251 and A431 were 0.99 + 0.41 based on raw
fluorescence signal, 2.80 + 1.12 for the ratiometric method, 2.09 + 1.18 for the DPM-NS
and 1.87 + 0.96 for the RPAM.

3.3 Simulation

Simulation results are shown in Fig. 5. The fluorescence signal was expected to be linear
with the increase of BP (proportional to receptor concentration). However, nonspecific
signal from the “free” compartment caused an overestimation in fluorescence signal,
particularly at shorter simulated rinsing times and with lower simulated binding potentials.
No rinsing protocol was found to correlate linearly with binding potential (Fig. 5a
demonstrates the analysis at rinse number 3). BPgr., also failed to correlate linearly with BP
using any single rinsing strategy, though longer rinse times resulted in over-enhancement of
BPestimation, which could be used to enhance differences between groups (Fig. 5b). On the
other hand, BPrpays demonstrated a strong correlation with BPinput for all rinse strategies
with the 10-min cumulative rinsing time for 10 rinses resulting in the best correlation
(lowest RMSE of the correlation) compared to all other rinsing times.

4 Discussion

Kinetic modeling in tissue fluorescence imaging provides a promising means of improving
receptor concentration estimation in a sensitive and linear way for both ex vivo thick-tissue
staining applications and /n vitro 3D cell culture models. Fluorescence signals from topically
applied imaging agents have long been used as a gold standard to approximate and indicate
targeted molecule receptor concentrations in thin tissues (after sufficient rinsing). However,
this study demonstrated through simulations, 3D cell culture staining experiments, and ex
vivo xenograft tumor staining experiments, that this widely used approach can fail to
correlate with receptor concentration in many scenarios. Not only did the raw fluorescence
signal display the poorest RMSE and SAE in a correlation study analysis (Tab. 1, Fig. 3a), it
failed to differentiate between different tissue types in 3D cell culture studies and tumor
xenograft studies (Figs. 4a and 4e, respectively) and exhibited a non-linear relationship with
receptor concentration in a simulation study (Fig. 5a).

The absence of a correlation between EGFR concentration and measured fluorescence of the
EGFR-targeted imaging agents in this study reflects the complications that spatial variability
of staining, rinsing, and nonspecific retention (retention of imaging agent in tissue that is not
attributable to specific binding to the molecular target) can have on topical molecular
imaging of thicker tissue samples. The paired-agent methods presented in this study rely on
co-administration of a targeted imaging agent with a second, control imaging-agent to
correct for these complications. It should be noted, however, that despite these
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complications, there is a large body of work demonstrating that topical staining can provide
significant improvements in tissue identification (Nitin ef a/., 2009; DaCosta et al., 2005;
Foersch et al., 2010; Hsiung et al., 2008; Nguyen and Tsien, 2013; Shin et al., 2010; Barth
and Gibbs, 2017; Park et al., 2014). Other work has demonstrated improvements in signal-
to-noise achievable with activatable imaging agents (Cutter ef a/., 2012; Urano et al., 2011)
or induced autofluorescence (Leunig et al., 2001), that mitigate problems of non-specific
retention (though can still be affected by uneven staining or rinsing). Paired-agent models do
not aim to compete with these approaches, rather, they could be adapted to any of them to
improve tissue identification. Three paired-agent molecular imaging analysis methods were
tested: a straight forward ratiometric method (Liu et a/., 2009), a complex DPM-NS method
that aims to correct for nonspecific binding in addition to nonspecific retention of the
imaging agents (Sinha et a/., 2015), and a new RPAM method that offers a balance between
the first two models in terms of the tradeoffs between complexity and sensitivity to noise
and experimental error.

Although the measurements of RMSE and SAE for the ratiometric and DPM-NS methods
showed that these methods can have a poor correlation with receptor concentration—similar
to the raw-fluorescence-based estimates in the correlation analysis (Tab. 1, Figs. 3b and 3c)
—both the ratiometric and DPM-NS methods displayed improved separation of the different
tissue types (p < 0.05, Fig. 4) by accounting for nonspecific signal retention through paired-
agent imaging principles (Tichauer et al., 2015). Thick ex vivotissue rinsing did show a
promising outcome with larger SERS nanoparticles (Figs. 4f and 4g), typically associated
with higher levels of nonspecific retention owing to slow diffusion in tissue (Sinha et al.,
2015). But there can be multiple problems related to these methods in a situation with lower
nonspecific retention, as shown in the /n vitro 3D cell culture study.

Specifically, the simulation study (Fig. 5b) demonstrated that non-linearity is the major
problem for the ratiometric approach. This is further supported by the overestimation of the
ratios observed in BPr4i, Values between the two tumor models in both ex vivoand in vitro
studies (Figs. 4b and 4f). This overestimated ratio, while not accurate, could potentially be
used to enhance tumor detection. However, a more rigorous evaluation of contrast-to-noise is
warranted as these approaches are expanded to wide-field imaging studies of tissue
specimens to ensure that the enhanced differentiation between groups is not overshadowed
by an enhancement in the background signal noise and variability. Another limitation of this
characteristic is that the pattern of non-linearity will be highly dependent on the conditions
of the experiment (e.g., diffusion, tissue thickness, depth sensitivity of imaging system), so
there would be a need to calibrate or optimize the method in an application-to-application
basis.

Comparatively, DPM-NS estimation of BPwas found to have the most linear prediction of
receptor concentration in the ex vivo study (Fig. 49). The limitation of DPM-NS is primarily
in the rigidity of the modeling approach, which requires each rinse step to be very similar
throughout the study. This is difficult to achieve in practice owing to experimental variability
and the fact that rinsing may be driven by the concentration of the imaging agent in the
sample (Fick’s Law), which will change over time. Simulations in this work demonstrated
that even with equal duration staining and rinsing, the impact of the rinse (what fraction of
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agent is removed from the sample) can change (diminish) with repeated rinsing (data not
shown). For DPM-NS, this change can lead to significant errors in BP estimation, which is
why these results were not shown in the simulation studies (Fig. 5) that employed equal
rinse durations between imaging.

The newly developed RPAM, in general, demonstrated the best performance of all four
methods for both /n vitro and ex vivo studies. It is mathematically simple and adaptable, and
able to account for differences in rinsing efficacy/duration amongst rinse number. Not only
did it exhibit the lowest RMSE and SAE in correlation studies (Tab. 1, Fig. 3d), it was also
the most effective in differentiating between the different tissue types (Figs. 4d and 4h).
Furthermore, in simulation studies, RPAM was the only model that exhibited a statistically
significant linear correlation with BP for all rinsing strategies (p < 0.05, Fig. 5). For
validation studies with tumor xenografts and 3D cell cultures, the disassociation constant
estimated via RPAM (Kp, 1.77 nM) were the closest to the expected Kp range (2-5 nM) as
compared to alternative methods (Klein et a/.,, 2004; Bjorkelund et af., 2011).

It should be noted that all of the paired-agent models evaluated in this study (ratiometric,
DPM-NS, and RPAM) are derived from compartment models that assume the free
concentration of both targeted and control imaging agents in the tissue can be approximated
as a single well-mixed compartment. However, in thick tissues, slower rates of imaging
agent diffusion can significantly reduce the potential for even distribution of imaging agents
throughout the imaging volume. Preliminary simulations carried out using a numerical
solution to a diffusion equation that includes this complexity demonstrated that all models
worked best in thick tissue under two conditions: (1) when the staining and total rinsing
times are close to the characteristic diffusion time (L2/D; where L is the thickness of the
sample and D is the diffusion coefficient), thus allowing time for even mixing and rinsing of
the agents through the whole sample; and (2) when staining and rinsing times are much less
than the characteristic diffusion time, so that much of the staining happens just at the surface
of the tissue (results not shown). Rough estimates of diffusion coefficients of the
IRDye-800CW-EGF in 0.6% agarose and SERS nanoparticles in the tissue are on the order
of 1 x 107 m%/s (Liang et al., 2006) and 1 x 10715 m2/s (experimentally derived),
respectively. For the 3D cell culture, the media was ~1 mm in depth, yielding a characteristic
diffusion time of ~ 20 min. With total staining and total rinsing times exceeding 45 min, this
experiment matches well with the first condition of single-compartment assumption
accuracy. On the other hand, for the ex vivo SERS study;, tissue thickness was on the order of
5 mm, yielding a characteristic diffusion time of approximately 800 years. The estimated
distance diffused within the staining and rinsing protocol was less than the diameter of a
cell, so most of the binding occurred right at the surface of the tissue (which is all we care
about for the application of margin assessment), matching well with the second condition of
single-compartment assumption accuracy. A more in-depth analysis of the effect of diffusion
on paired-agent models and an exploration of alternative models that are less sensitive to
these effects are outside of the scope of this article but of key interest going forward.

Other concerns with any targeted molecular imaging study include the influence of non-
specific binding and cellular internalization of the targeted agent, each of which can affect
the accuracy of the estimation of receptor concentration through binding potential.
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Significant amounts of non-specific binding or cellular internalization of the targeted
imaging agent alone will typically lead to overestimations in binding potential; however,
these will be mitigated in all paired-agent methods as long as the level(s) of non-specific
binding (and/or internalization) are similar for the control imaging agent. While it is known
that the two targeted agents, IRDye800CW-EGF and SERS nanoparticles can be internalized
(Felder et al., 1992; Song et al., 2012), little is known about the non-specific binding of
these agents. An in-depth analysis of both nonspecific binding and imaging agent
internalization are outside of the scope of this article but are also of interest for future work.
However, it should be noted that the receptor concentrations estimated using both pairs of
imaging agents for the two cell lines in all conditions, matched well with expected levels of
EGFR. These agents have also been used extensively and validated in other work, where
EGFR concentrations matched well with gold standard and expected levels (Leigh et al,
2013; Wang et al., 2016; Wang et al., 2015; Wang et al., 2014b; Tichauer et al., 20123,
Tichauer et al.,, 2012b; Samkoe et al., 2014). This body of work suggests that both non-
specific binding and internalization are relatively negligible, at least within 1 h of initial
administration of the imaging agents.

5 Conclusion

Amongst the three methods compared in this study, RPAM shows the best outcome in
receptor concentration prediction and is the only method to provide a linear estimation of
receptor concentration. This linearity is crucial for imaging 3D cell cultures and tissues with
heterogeneous molecular phenotypes, and can be used to differentiate between different cell
lines. Furthermore, this model is not limited to a fixed rinsing protocol and has the flexibility
to be applied for the analysis of serial rinsing data with unequal rinsing steps as well. Both
in vitro and ex vivo data were tested in this study, demonstrating the strength of the RPAM
method compared to conventional detection of a single fluorescent imaging agent, paired-
agent ratiometric approximations of binding potential, and a more advanced but rigid DPM-
NS model that requires identical rinse steps.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Stepwise illustration of staining and rinsing procedures for 3D cell cultures in a well plate.
Imaging steps are indicated in panels b, d, and e. All images are obtained with supernatant
removed. These procedures were applied to all wells.
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Figure2.

(@) and (b), Fluorescence images of a 6-well plate after 10 rinses for (a) control imaging
agent (700-nm fluorescence channel) and (b) targeted imaging agent (800-nm fluorescence
channel), with 0 (Blank, B), 5x10% (Low, L), 5x10° (Medium, M) and 5x108 (High, H)
cells. Targeted imaging agent signal as a function of number of rinses for (c) U251 and (d)
A431 cell cultures. Calculated BPr4, as a function of number of rinses for (e) U251 and (f)
A431 cell cultures. Blank (purple dot diamond marker), Low (red dash square marker),
Medium (green dash-dot triangle marker) and High (blue line cross marker). Error bars
represent standard deviation.
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Correlation between absolute error in receptor concentration of (a) raw fluorescence
intensity, (b) BPratio (€) BPppm-ns: (d) BPreaysand expected receptor concentration.
White circle indicate U251 results and red square indicate A431 results. Error bars indicate

standard deviation.
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Figure 4.

Estimating receptor expression levels for different tissues (normal tissue, U251 and A431

tumor models (n=8)) based on various methods: (a,e) raw fluorescence signals, (b,f) BPgratio,
(c,9) BPppi-ns, (d,h) BPrpaps. The top row shows data from 3D cell cultures stained with a
fluorescent EGFR probe. The bottom row shows data from tumor xenografts in mice stained
with EGFR-targeted SERS nanoparticles.
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Figureb.
Simulation of BP (receptor concentration) estimation using (a) raw fluorescence signal, (b)

BPpatioand (¢) BPrpapsas a function of different BP inputs and rinsing durations. The
coloured surface is the simulated data and the transparent mesh is: (a) the expected signal
distribution, (b, ¢) the BPinput map. Colour bar is set to be the same for panel (b) and (c) to
compare the estimated BPvalue.
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Table 1

Measurements of correlation error.

ROOT-MEAN- SUM OF ABSOLUTE SUM OF ABSOLUTE

SQUARE ERROR ERROR ERROR
(all data points) (averaged)
Fluorescence 0.343 78.7 3.61
BPRetio 0.434 75.3 4.10
BPppuv-ns 0.324 78.9 3.65
BPRream 0.288 68.1 343
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