Investigation of biomarker-targeted SERS
nanoparticles for multiplexed molecular imaging
of fresh tissue specimens

Soyoung KANG

A dissertation
submitted in partial fulfillment of the

requirements for the degree of

Doctor of Philosophy

University of Washington
2018

Reading Committee:

Jonathan T.C. Liu, Chair
Eric J. SEIBEL

Kenneth M. TICHAUER

Program authorized to offer degree:

Mechanical Engineering


https://www.me.washington.edu/

©~Copyright 2018
Soyoung Kang



UNIVERSITY OF WASHINGTON

Abstract

Investigation of biomarker-targeted SERS nanoparticles for multiplexed

molecular imaging of fresh tissue specimens

by Soyoung KANG

Chair of the Supervisory Committee:
Jonathan T.C. Liu

Mechanical Engineering

Biomarker-targeted surface-enhanced Raman scattering (SERS) nanoparticles (NPs)
have been explored as a viable option for targeting and imaging multiple cell-surface
protein biomarkers of cancer. A previously-developed Raman-encoded molecular imag-
ing (REMI) technique utilizes such targeted NPs for topical application onto excised
tissues to enable rapid visualization of a multiplexed panel of cell surface biomarkers at
surgical margin surfaces. While it has been demonstrated that REMI may potentially be
used to guide tumor-resection procedures, the strategy would benefit from improvements
described in this thesis. First, an investigation into channel-compressed spectrometry re-
vealed that up to 64 times fewer spectral channels may be used to accurately demultiplex
up to five SERS NP flavors (compared to our previous methods). This strategy offers
the potential for improved imaging speed and/or detection sensitivity with a low-channel
count detector in future REMI systems. Next, the complexities in nonspecific accumu-
lation, diffusion, and chemical binding of targeted NPs in fresh tissues were explored
in a microscopic investigation quantifying the specific vs. nonspecific accumulation of
topically-applied NPs as they diffuse into fresh tissue. The findings from this study led
us to hypothesize and later demonstrate that by reducing NP diffusion, nonspecific ac-
cumulations of NPs in tissue is reduced, thereby allowing for molecular imaging of fresh
tissue surfaces with higher NP ratios (targeted vs. untargeted), and that the staining
can be achieved more rapidly than before (6-min topical application). A third, and final,

study is presented, to help establish optimized protocols for the staining and rinsing of
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fresh tissue specimens for REMI using a mathematical model that incorporates multi-
layer diffusion in addition to binding and nonspecific retention compartments. The goal
of this final study is for this forward model to ultimately be used to enable quantitative
methods of evaluating molecular expression, which could enable improved assessments
of tumor margins (e.g., the use of multi-stage staining/rinsing processes to allow kinetic
model fitting of data). In summary, the first two studies enable the design of more rapid
molecular imaging systems, and NP agents with improved sensitivity and contrast, re-
spectively, for rapid molecular imaging of fresh tissues suitable for intraoperative clinical
settings. The mathematical model study is valuable for accurately quantifying biomarker
expression levels to potentially increase the sensitivity and specificity of tumor detection

at surgical margins.
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Chapter 1

Introduction

1.1 Clinical problem

Approximately 200,000 patients are diagnosed with early-stage breast carcinoma each
year in the United States, for which breastconserving surgery (a.k.a. partial mastec-
tomy or lumpectomy) is a standard intervention [1]. Unfortunately, amongst various
institutions, between 20% and 50% of these patients require additional surgery if post-
operative histology reveals that the resection margins, which are rolled in ink, are pos-
itive for carcinoma (Figure 1.1) [2]. In the past, the existence of a close margin, in
which post-operative paraffin-embedded histology revealed the presence of tumor cells
within 2 or 3 mm of the surgical margin surface (the “inked” surface), was often used
as a criterion to warrant re-excision. However, recent studies and consensus guidelines
advocate defining a negative margin as “no tumor at the inked surface” (i.e., no tumor
at the most superficial surface of the surgical excision), especially for invasive carcinoma
[3]. Regardless of an institution’s criterion for re-excision, there is no debate that the
presence of any subtype of breast tumor at the surgical margin surface (“tumor on ink”)
is unacceptable and that there would be value in an intraoperative technology to com-
prehensively assess these surfaces for the presence of residual tumor at the final stages

of lumpectomy.
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FIGURE 1.1: The margin of an excised tissue specimen is said to be positive when the
tumor cells are seen at the inked margin and negative when they are absent or present
away from the “inked margin.”

1.2 Current solutions

The current gold-standard for assessing surgical margins, post-operative formalin-fixed
paraffin-embedded (FFPE) histology, suffers from long fixation and processing times
(~16 hr) and limited sampling of the inked margin (<1%). On the other hand, frozen-
section analysis (FSA), a procedure in which small portions of resected tissue specimens
are rapidly frozen, sectioned, and stained for microscopic evaluation during a surgical
procedure, offers faster processing times (~20 min per section), enabling intraoperative
feedback and the potential to reduce re-excision surgeries. However, FSA prolongs sur-
gical time and suffers from severe sampling errors since only small numbers of tissue
sections (typically 5-um thick) can be rapidly prepared on slides and visualized under
a microscope. As a result, FSA can yield significant false-negative rates (e.g., low sen-
sitivities of <70% have been reported) [4, 5]. Moreover, FSA is particularly difficult to
perform for breast tissues due to their high lipid content, and freezing artifacts make

subsequent diagnosis on paraffin-embedded sections more difficult [6, 7].

Touch-prep cytology relies on the sloughing of tumor cells from the surgical margin,
which are then collected on glass microscope slides for staining and microscopic evalua-
tion [8]. As a point-sampling approach, comprehensive sampling of the surgical margin
is difficult, and adherent or subsurface tumor cells are not identified. Furthermore,
studies on touch-prep cytology have been inconsistent in demonstrating value for the

intraoperative assessment of breast cancer margins [9, 10, 11, 12].
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Intraoperative specimen X-ray imaging of lumpectomy specimens helps guide the sur-
geon in detecting grossly positive margins (i.e., calcifications or tumor present at the
radiographic margins) [13, 14]. However, specimen X-ray (as with mammography) is
diagnostically inaccurate due to the inability to identify diffuse microscopic processes,

especially where the tumor boundary is poorly-defined.

It is worth noting one commercial product recently made available for the intraoperative
assessment of breast tumor margins: the MarginProbe®) sold by Dune Medical Devices,
Inc. This device uses RF spectroscopy to differentiate between tumor and normal tis-
sues based on an “electromagnetic signature.” This device contains a disposable probe
($1000 per probe) that is manually placed in contact with the tissue to interrogate an
area with a diameter of 7 mm at an integration time of 1.5 sec. The large interrogation
“spot size” of the device (7 mm) severely limits its sensitivity to detect smaller residual
tumors. For example, if a residual tumor of 1 mm in diameter is encountered, each
MarginProbe measurement provides a spatially averaged reading over a tissue area that
is 72 = 49 times larger than the tumor, which will result in extremely poor sensitivity to
detect such small (but significant) tumors [15, 16, 17]. In addition, RF spectroscopy is
sensitive to a number of biological alterations such as vascularity, membrane depolariza-
tion, cell-to-cell connectivity, and nuclear atypia. The ambiguous and complex nature of
these electromagnetic signatures makes RF spectroscopy prone to false-positive readings
(poor specificity) from benign conditions such as inflammation, hyperplasia, intraductal

papillomas, fibrosis, and simple cysts.

The above discussion (summarized in Table 1.1) points to the fact that surgeons do
not have adequate intra-operative assessment tools to accurately ensure that the cancer
has been completely removed at the time of first surgery [18, 19]. This represents a

significant unmet clinical need for rapid intraoperative margin assessment.

1.3 Optical imaging techniques for breast tumor margin

assessment

Optical imaging of excised tissue margins is an attractive solution for screening for
residual tumors because it is relatively fast and non-destructive. Table 1.2 provides a

breakdown of the different optical tools in various stages of preclinical and/or clinical
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TABLE 1.1: Existing breast tissue margin assessment techniques. *Note that the re-
ported sensitivity and specificity listed in the table are not entirely representative of
the accuracy of the imaging technique, as these values depend on the study design,
including the type and number of specimens examined, which may vary significantly

from one study to another.

Technology Advantage(s) Disadvantage(s) *Sens. & Spec.  Ref(s)
» Significant false-negative rates since only
- : a small number of thin sections evaluated
Frozen-section ~20-min per T : <70% sens.,
; : + Difficult to perform on fatty breast tissue [6.7]
analysis (FSA) section ; ; : 99.6% spec.
* Freezing artifacts compromise post-
operative pathology
Toudkipiep Evaluation .or * Requires cy(%)logisl expcrtxs.c . 38-100% sens..
whole specimen *  Comprehensive sampling of the surgical [9-12]
cytology SN 83-100% spec.
surface margin is difficult
+ Limited sensitivity due to large spot size (7
Real-time mm)
; . = : 71% sens.,
MarginProbe assessment witha + Prone to false-positive readings from 68% s [15-17]
handheld probe benign conditions (inflammation, il
hyperplasia, cysts, etc.)
Intraoperative s S
n grossly positive * Inability to identify small tumor regions at ~ 47-72% sens.,
specimen X-ray s L Yocems [13-14]
3 : margins (e.g. the tissue surface 52-75% spec.
imaging R
calcifications)

development that have been reported for ex wvivo assessment of excised breast tissue

surfaces for residual cancer, and are described in further detail below.

1.3.1 Microscopy

Optical-sectioning (rejection of out-of-focus light) microscopy techniques, such as confo-
cal microscopy and nonlinear microscopy, can obtain high-resolution and high-contrast
images of freshly resected tissues [20, 21, 22, 23, 24, 25, 26]. Confocal mosaicing mi-
croscopy is a method to obtain pathology-like microscopic images over large fields-of-view
with freshly resected tissues, either in reflectance mode [27, 28, 20, 26] or in fluorescence
mode through the topical application of passive or targeted fluorophores [29, 30, 31, 32].
Nonlinear (i.e. multiphoton, harmonic generation, autofluorescence lifetime, coherent
anti-Stokes Raman scattering - CARS, stimulated Raman scattering - SRS) microscopy
enables high-resolution imaging in optically scattering tissues with improved imaging
depths over fluorescence and confocal microscopy [33, 34, 35, 23, 24, 25]. However, ap-

plying these techniques for intraoperative imaging of large tissue surfaces is challenging
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due to the relatively slow speed of these point-by-point imaging techniques. In ad-
dition, these techniques suffer from an extremely limited depth-of-focus, necessitating
labor-intensive and time-consuming tissue-flattening or volumetric imaging strategies to

visualize a large tissue surface with topological irregularities [20, 23].

Camera-based optical-sectioning microscopy techniques, such as microscopy with UV
surface excitation (MUSE) [36, 37, 38, 39] and structured illumination microscopy (SIM)
[40, 41] are advantageous for clinical applications due to their faster imaging speeds and
reduced complexity, but are not intended for deep volumetric microscopy. For example,
MUSE relies on the limited penetration depth of UV light to obtain a selective image
of the tissue surface, thereby precluding subsurface imaging. SIM illuminates tissue
surfaces with a high-frequency spatial pattern that is only well-resolved at the focal
plane of the microscope. Therefore, the out-of-focus background light (primarily lower
spatial frequencies) may be computationally removed. Since the background light is
not physically blocked from the detector, contrast and imaging depth is limited due to
limitations in detector dynamic range and the large amount of shot noise introduced by

the background light [42, 43].

Finally, light-sheet microscopy has been demonstrated for volumetric imaging of fresh
slices of breast tissue immersed in silicone oil [44, 45, 46]. This method acheives optical
sectioning by using a thin ‘selective’ illumination plane, which generates fluorescence
signal that is imaged in the orthogonal direction. However, with the image detection
plane being oriented at 45-deg relative to the specimen surface, extracting images of the
tissue surface requires the collection and processing of a significantly large amount of

data that is computationally intensive, especially compared to en face approaches.

1.3.2 Deeper microscopy

Absorption- and reflectance-based microscopy approaches, such as photoacoustic mi-
croscopy (PAM) and optical coherence tomography (OCT), take advantage of the in-
trinsic optical contrast of breast tissue to enable label-free imaging to a depth of up
to 2 mm [47, 48, 49, 50, 51, 52, 53, 54, 55]. Synergistically combining light and sound,
PAM delivers a pulsed laser beam into the tissue to generate ultrasonic waves, which are
then detected with a focused ultrasonic transducer. However, to acquire a single image

requires raster scanning of a tightly focused laser beam in three dimensions and could
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take several hours to obtain, which is not feasible for use in an intraoperative setting.
OCT is referred to as the optical counterpart of ultrasound because of the similarity
of the acquired grayscale images, but uses light instead of sound to extract sub-surface
information. While OCT has been successfully translated into clinical settings for label-
free imaging of human tissues [53, 54, 52, 55|, it is not typically designed to achieve
sub-cellular resolution and is not suited for probing multiplexed and molecular targets

as desired for standard-of-care clinical pathology.

1.3.3 Spectra-based imaging approaches

Spectroscopic methods reveal the relative concentrations of chemical constituents such
as hydrocarbons, lipids, nucleic acids, and/or the size distribution of photon-scattering
objects in tissues based on intrinsic Raman [56, 57, 58] or reflectance [59, 60]. While
high sensitivities and/or specificities have been reported, these methods are limited to
performing single point measurements and would require numerous sequential spot mea-
surements to evaluate the entire tumor surface, making the procedure time-consuming
and laborious, especially ones that are as large as 10-20 cm? in a timeframe suitable for

intraoperative margin assessment.

1.3.4 Other wide-area and multimodal optical imaging

Recently, several groups have been developing technologies for wide-area optical imaging
of tissued surfaces [59, 61, 62, 63]. Kong et al. developed an integrated optical technique
that utilizes automated segmentation of autofluorescence images to select and prioritize
the sampling points for point-based Raman spectroscopy to achieve high sensitivity and
specificity [62]. Bydlon et al. and Brown et al. utilized quantitative diffuse reflectance
spectral imaging to determine contrast in entire breast tissue specimens based on chemi-
cal constituents [59, 61]. Recently, Thomas et al. demonstrated the feasibility of Raman
spectroscopy using a 3-dimensional scanner to assess the entire margins of resected spec-
imens within a clinically feasible time [63]. However, the ability to image the expression
of molecular biomarkers, which plays a prominent role in recent advances in precision
medicine [64, 65], would offer complementary information that could further improve

the sensitivity and specificity of detection.



TABLE 1.2: A list of reported ez vivo optical imaging techniques in various stages of preclinical and/or clinical development for assessing margins

of resected breast tissue for residual cancer. *Note that the reported sensitivity and specificity listed in the table are not entirely representative of

the accuracy of the imaging technique, as these values depend on the study design, including the type and number of specimens examined, which
may vary significantly from one study to another.

Resolution Speed Depth Complexity/cost 3
2 *Sens. /
Type Technique Contrast (Low) ) (Superficié Notes % Ref(s).
i I ] (Complext Spec.
mm N/A
Sosticaimiiostany Fluorescent labels, label-free Multiplexing capability with 91-93%/  [20-22,26,
P¥ reflectance fluorescent contrast agents 93% 29-32]
Multiphoton, harmonic generation, 53
Nonlinear microscopy Mostly label-free . . autofluorescence lifetime, CARS, 90‘9,5% / ['3;'6'
S SRS, ctc. 93-94%  33-35]
=]
Structured illumination S : Multiplexing capability with
% microscopy (SIM) Ehieescatlanel . fluorescent contrast agents . [36-39]
S
g Microscopy with UV surface . : Multiplexing capability with ) .
excitation (MUSE) Fluorescent lahels . fluorescent contrast agents [0-41]
Light-sheet microscopy T : Multiplexing capability with ) g
(LSM) Hhirsscemtlabel fluorescent contrast agents 4461
- T
fot % Fhotoacomslic MICEuscopy Label-free absorption Limited contrast-agent options - [47-50]
) 2 (PAM)
=3
8 £ ;
== Optical coherence tomography T . o e i 55-100% / 7
z OCT) Label-free reflectance Limited contrast-agent options 68-82% [51-55]
Intrinsic Raman spectroscopy . T - i 93-7% !
= (RS) eb-fre inl ASiccalring - - - Spectral info has ambiguous 85-100% [56-58, 631
g hs.n connection to biological or
T Diftuse reflectance 3 i . histological info 74-89% /
S0 - s g g
; E spectroscopy (DRS) Label-free diffuse scattering - - - 67-865% [59-61]
B e e i e e 1 e o 8 i o
:i‘:‘ Raman-encoded molecular ~ Biomarker-targeted SERS Multiplexed molecular imaging 893%/ [83-86,92-
imaging (REMT) NPs ] with biomarker-targeted SERS NPs | 927% 93, 125]

uoyonposjur- 1 1eydey)
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1.4 Benefits of molecular imaging approaches

Over the past few decades, there has been increasing confidence in the presumption that
molecular imaging approaches — namely, the imaging of protein biomarkers of cancer —
can identify tumors with a high degree of sensitivity (true positive rate) and specificity
(true negative rate) [66]. High specificity would be valuable for intraoperative cancer
detection to minimize over-excision and to optimize patient cosmesis (a major goal of
breast-conserving surgeries). However, in order to achieve high detection sensitivity,
multiple biomarkers should be evaluated since the molecular profiles of most cancers,
including breast carcinoma, vary greatly between patients as well as spatially and tempo-
rally within a single tumor mass [67, 68]. Most optical molecular imaging systems have
utilized small-molecule fluorescent contrast agents, but there has been recent interest
in both fluorescent and Raman nanoparticle (NP) contrast agents as well, as described

next.

1.4.1 Optical molecular contrast agents

Numerous molecular probes are being developed to label disease biomarkers [69, 70,
66, 71, 72, 73], however, their utility for cancer detection is often limited by various
factors. For example, conventional small-molecule fluorescent dyes are easily photo-
bleached, have a wide emission spectrum, and must often be excited at disparate wave-
lengths when combined, thus limiting their multiplexing capability [74]. Nanoparticle
quantum dots (QDs) offer a narrower emission bandwidth, higher sensitivity and higher
photostability than fluorescent dyes [75], and have been used for multiplexed imaging of
3-5 biomarkers in breast cancer cells and formalin-fixed tissue sections [76]. However,
their potential toxicity has thus far precluded their in vivo use in humans and no clinical
studies have been reported to evaluate the efficacy of QD-based imaging technologies for
guiding lumpectomy. Recently, surface-enhanced Raman scattering (SERS) NPs have
attracted interest due to their excellent multiplexing capability [77, 72]. These SERS
NPs are available in many “flavors,” each of which emits a characteristic Raman finger-
print spectrum when illuminated at a common wavelength [78, 79]. By functionalizing
various flavors of SERS NPs with different targeting moieties (i.e., antibodies, oligonu-
cleotides, aptamers, peptides, and other small molecules), the NPs can be multiplexed

to simultaneously target and image a large panel of protein biomarkers [80, 81, 82, 83].



Chapter 1. -Introduction 9

1.5 Introduction to Raman-encoded molecular imaging (REMI)

We have recently demonstrated that a Raman-encoded molecular imaging (REMI) tech-
nique, which utilizes the topical application of multiplexed SERS NPs, enables the
rapid visualization of multiple cell-surface biomarkers at the surfaces of fresh tissues
[84, 83, 85, 86]. In our REMI approach, toxicity and sterility concerns are circumvented
by staining and imaging fresh surgical specimens ex vivo, with the potential to allow for
expedited regulatory approval and rapid clinical translation. A critical component of
REMI is the use of a ratiometric imaging strategy that enables accurate quantification
of biomarker expression levels by utilizing one untargeted NP flavor to normalize for the
nonspecific accumulation exhibited by all NPs (including both targeted and untargeted
NPs), as for example due to off-target binding, uneven topical delivery and washout,
and variations in tissue permeability and retention [87, 88, 89, 90, 91, 92, 93]. The SERS
NPs used for REMI are particularly well-suited for accurate ratiometric quantification
due to the fact that they are all excited at a single wavelength (785 nm) and emit Ra-
man spectra within the same narrow spectral range (approximately 850-900 nm), which
ensures that all NPs are irradiated identically and are affected by the same tissue optical

properties.

Figure 1.2 shows a schematic of REMI for intraoperative use. In a clinical implemen-
tation of REMI, freshly resected human breast tissues from lumpectomy procedures
are immediately transferred to a pathology suite for intraoperative consultation. Each
specimen is topically stained with a mixture of SERS NPs (multiple biomarker-targeted
NPs and at least one untargeted control NP), followed by spectroscopic imaging of the
surgical margin surface. The acquired SERS spectra are demultiplexed to determine the
ratio of the targeted vs. untargeted NPs, which enables the quantification of various
biomarker targets (e.g. EGFR, HER2, ER, CD44, etc.). REMI images of the individual
biomarkers are combined to detect the presence of residual tumors at the surgical mar-
gin surfaces of the specimens. In terms of clinical translation, it is important to note
that the application of bioconjugated SERS NPs does not interfere with downstream
IHC, and that the standard post-operative histopathology can still be performed on
tissues after intraoperative REMI imaging. Consequently, REMI is not required to be a
gold-standard diagnostic technique. Rather, the purpose of REMI is to greatly reduce

the number of re-excision surgeries for breast cancer lumpectomy patients by helping
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FIGURE 1.2: Schematic of an intraoperative imaging technique (e.g., REMI)

to rapidly identify residual tumors at the margins of freshly resected tissues

for guiding breast-conserving surgeries. A ratiometric strategy (right inset) quan-

tifies biomarker expression by comparing the signal from targeted NPs and untargeted
NPs. This figure was originally published in [85].

surgeons to intraoperatively identify surgical margins that are positive for carcinoma in
which there is an unequivocal need for additional resection. Conventional post-operative
pathologic examination of tissue may still be performed as a gold standard to identify
microscopic tumor burden or close margins (for institutions that continue to maintain a

conservative criterion for re-excision).

While it has been demonstrated that REMI may potentially be used to guide tumor-
resection procedures, there are clear opportunities to further improve the strategy for
clinical translation (e.g., speed, accuracy, imaging contrast, biomarker detection sensi-
tivity, and quantitative analysis). Chapter 2 of this thesis (a) delves into the background
information on the REMI technique, (b) provides detailed experimental methods and
previously-published results, and (c) concludes with a discussion of limitations and tech-
nical needs of the REMI technique, which provides a framework for the thesis. Chapters
3, 4, and 5 explore ways to overcome the limitations described in Chapter 2. This thesis

culminates in the future work proposed in Chapter 6.



Chapter 2

Background

In this chapter, a more detailed description of the Raman-encoded molecular imaging
(REMI) technology is provided (section 2.1), followed by the experimental methods
(section 2.2) and some experimental results from previously-published work (section
2.3). This chapter will conclude by describing some limitations and challenges of the
REMI technology (section 2.4), which provides a framework for the remainder of this

thesis.

2.1 Principles of Raman-encoded molecular imaging (REMI)

2.1.1 Surface-enhanced Raman scattering nanoparticles (SERS NPs)

The Raman scattering signal of molecules can be enhanced by more than ten orders of
magnitude when adsorbed on metal nanostructures due to the excitation of localized
surface plasmons [94, 95]. Based on this effect, SERS NPs have been developed since
the late 1990s, acting as extrinsic Raman labels for the optical detection of biomolecules
[96, 97, 98, 99, 100, 101, 102, 103]. Typical SERS NPs have a sandwich structure: a
layer of Raman reporter molecules is permanently adsorbed onto the surface of a metal
core to trigger the SERS effect, generating a characteristic Raman spectrum upon laser
excitation at a specified wavelength. This characteristic SERS spectrum serves as a
barcode or fingerprint for the identification of that particular “flavor” of NP, where

different flavors of SERS NPs utilize different reporter molecules to generate specific

11
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spectral signatures. A biocompatible coating is generally used to surround the NP core
and to stabilize the SERS NP signal, such that the SERS spectrum is constant for
each NP flavor and is not influenced by the surrounding environment. For biomolecule
detection, SERS NPs can be conjugated to a molecule such as an antibody or affibody

to a specifically target a biomolecule of interest [104, 88, 105, 93].

2.1.2 Topical application and challenges motivates ratiometric strat-

egy

The topical administration of such targeted SERS NPs has been extensively employed to
image the expression of protein biomarkers at the surface of ex vivo animal tissues and
resected human tissues [106, 88, 107, 92, 93, 79]. A key advantage of topical application,
for eventual clinical translation, is that toxicity issues are reduced, especially since the
large size of the SERS NPs (120-nm in diameter) inhibits the penetration of topically
applied NPs through deep tissue [108]. It should be noted that the topical staining of
real tissues using SERS NPs is more challenging than the topical staining of cultured cell
lines due to considerable nonspecific accumulation in tissues as well as reduced access
to cell-surface targets (compared to cultured cells in a dish). Therefore, it is important
to optimize targeted SERS NPs to exhibit extremely high binding affinity/avidity to
receptor-positive cell lines before tackling the greater challenge of detecting biomarkers

in tissues.

We have found that adding 1% BSA to the NP staining solution can reduce the nonspe-
cific accumulation of NPs within tissues [85]. However, nonspecific accumulation is still
high and can be extremely variable due to non-uniform tissue structures. In addition,
uneven NP delivery/rinse removal at different tissue locations often results in mislead-
ing imaging contrast [92, 93]. One method that has been utilized to mitigate these
nonspecific effects, and to accurately visualize the molecularly specific accumulation of
NP concentrations is to introduce an untargeted (control) NP flavor simultaneously with
the targeted NP during imaging experiments in order to normalize for nonspecific effects.
This method allows one to calculate the ratio of biomarker-specific NP accumulation ex-
hibited by targeted NPs alone versus the nonspecific accumulation exhibited by all NPs,

as revealed by the control NP.
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For tumor imaging, the topical application of biomarker-targeted and untargeted control
NPs onto tissues, followed by the rinse removal of unbound NPs has been shown to yield
molecular imaging contrast between tumor and normal tissues in 5-60 min [104, 107, 93].
The efficient washout of unbound NPs is key to maximizing the contrast between tumor
and normal tissue regions. Note that since SERS NPs typically are not internalized by
cells during the short incubation times utilized in our experiments (< 1-hr), SERS NPs

are generally limited to the targeting of exposed cell-surface receptors.

2.1.3 Raman imaging system

Raman spectroscopy is typically performed by collecting a spectrum from an area that
is illuminated at a precise wavelength in order to determine the relative concentration
of various molecules or chemical constituents (e.g., hydrocarbons, nucleic acids, etc.)
of interest within the illuminated area. The size of the illumination spot therefore
determines the spatial resolution of detection. Although commercial or custom Raman
microscopes have been employed to image tissues at micron-level spatial resolution [69,
105], a sub-millimeter- or millimeter-level resolution is preferred for imaging (scanning)
a large tissue area [78, 106, 92] due to the relatively long acquisition times required for
Raman imaging (typically 1-100 sec for unenhanced Raman spectroscopy and 1-100 ms
for surface-enhanced Raman scattered spectroscopy). Furtheremore, the detection of
sub-millimeter-sized tumors is considered to be an acceptable size threshold for many

clinical applications such as early cancer detection and surgical guidance.

A standard optical system for macroscopic-resolution (>100-um spatial resolution) imag-
ing of SERS NPs includes an imaging probe and a spectrometer [106, 109, 93, 79]. The
light source is typically a NIR laser, which is delivered to the sample through a fiber-
optic probe. The optical signals (e.g., reflectance, scattering, and fluorescence) from the
SERS NPs and tissue (background) are collected by multiple fibers in the imaging probe
and are delivered through a fiber bundle to a spectrometer, where the collected light is
dispersed by a diffraction grating onto a spectroscopic imaging array, such as a cooled
deep-depletion CCD detector. In our macroscopic optical setup, the imaging probe re-
mains fixed while the NP-stained specimen surface (surgical margin) is raster-scanned

with a two-axis stage until the imaging of the entire specimen surface is complete.
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FIGURE 2.1: Structure and spectra of SERS NPs. (A) Transmission electron

microscopy (TEM) image of SERS NPs. The gold core of the NP appears black, and is

encapsulated by a silica shell that isolates the NP core from the environment, as well as

from other NPs. This allows the SERS signal to be highly stable as a unique spectral

fingerprint to identify each NP flavor. (B) The reference spectra of the five NP flavors

used in our previous studies. This figure was originally published in the supplementary
information of [86].

2.2 Materials and methods

2.2.1 Functionalization of SERS NPs

Commercial SERS NPs were purchased from BD (Becton, Dickinson and Company).
These NPs consist of a 60-nm diameter gold core, a unique layer of Raman reporters
adsorbed onto the surface of the gold cores, surrounded by a 60-nm thick silica coating,
resulting in an overall diameter of ~120-nm (Figure 2.1A). Previously we have used five
“flavors” of NPs, identified as S420, S421, S440, S481, and S493, each of which emits a
characteristic Raman spectrum due to chemical differences in the Raman reporter layer

(Figure 2.1B).

The silica surface of the commercial NPs are functionalized with thiols to allow conju-
gation to a variety of targeting molecules (Figure 2.2A). Stock concentrations of SERS
NPs (800 pM in water) were diluted in 10 mM MOPS (Sigma-Aldrich, part No. M1254)
buffer, pH 7.25, at a volume ratio of 1:1 (e.g., 200-uL buffer to 200-uL. NPs in water),
and then reacted with DyLight 650 Maleimide (Thermo Scientific, 62295), at 4.5x 105
molar equivalents per NP, at room temperature for 1 hr to conjugate DyLight 650 fluo-
rophores to the NP surface (Figure 2.2A). Two different monoclonal antibodies (mAb)
targeting epidermal growth factor receptor (EGFR; Thermo Scientific, MS378PABX)
or human epidermal growth factor receptor 2 (HER2; Thermo Scientific, MS229PABX)
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were used to functionalize NPs. For studies imaging a larger panel of biomarkers, NPs
were conjugated to additional targets: anti-CD44 (Abcam plc., ab6124) or anti-CD24
(Abcam plc., ab31622) mAbs. In addition, negative-control NPs were prepared by con-
jugating one NP flavor with an isotype control antibody (mouse IgG1; Thermo Scientific,
MA110407). All mAbs were purchased free of protein stabilizers such as BSA or gelatin,
and free of preservatives such as sodium azide. Antibodies were added to fluorescent
NPs at 500 molar equivalents per NP, along with the heterobifunctional PEG cross
linker SM(PEG)12 (Thermo Scientific, 22112) at 1.5x10* molar equivalents per NP, and
incubated at room temperature for 3 hr. Following the primary conjugation reaction,
MM(PEG);2 (Thermo Scientific, 22711) at 6x10% molar equivalents per NP, was then
added to the NPs and reacted overnight at 4-deg C to block residual thiols on the NPs.
Note that all reagents were degassed with dry argon gas prior to use and all reactions
were conducted under anhydrous conditions in light-protected amber vials (Fisher Sci-
entific, 03-391-36&03-391-17) on a vortex mixer (Fisher Scientific, Microplate Vortex
Mixers, 02-216-101) set at 800 rpm. Finally, the NPs were reacted at room temper-
ature with 2-mercaptoethanesulfonate (MESA; Sigma-Aldrich, M1511) for 30 min at
9 x 10° molar equivalents per NP, and the reaction mixture was then diluted at a vol-
ume ratio of 1:1 with storage buffer (20 mM MOPS at pH 7.5) containing 0.1% BSA
(Jackson Immuno, 001-000-162) and 0.05% sodium azide (Sigma-Aldrich, S2002). The
diluted reaction mixture was purified four times via centrifugation (1000 g for 10 min),
in which the supernatant was removed and replaced with storage buffer after each round
of centrifugation. The conjugated NPs were stored at 4-deg C and protected from light.
UV-Vis spectrophotometry was used to measure the concentration of the SERS NP con-
jugates by comparing the absorbance of NP conjugates with the absorbance of stock

NPs whose concentration is known (Figure 2.3).

2.2.2 Cell culture and flow cytometry

The cell lines employed in these studies were A431 (ATCC, CRL-1555), U251 (Krack-
eler Scientific, 45-09063001), 3T3 (ATCC, CRL-1658), and SkBr3 (ATCC, HTB-30D).
A431, U251, and 3T3 cells were cultured in DMEM medium (Lonza, 12-604F), while
SkBr3 cells were cultured in Mccoy’s 5A medium (Lonza, 12-688F'), both of which were
supplemented with 10% fetal bovine serum (FBS; Thermo Scientific, SH3008803) and
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FIGURE 2.2: Schematic illustration of the preparation of SERS NPs conju-
gated to monoclonal antibodies and fluorophores for flow cytometry. (A)
Conjugation and (B) purification. This figure was originally published in [93].
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FiGURE 2.3: UV-Vis spectrophotometry for purifying and calculating the

concentration of NP conjugates. (A) The color of NPs and supernatants during

purification; (B) absorbance spectra of stock NPs and conjugated NPs for calculation of

NP concentration (50x dilution); (C) absorbance spectra of supernatant (3x dilution;

the main component is DyLight 650) from 4 rounds of purification. This figure was
originally published in [93].

1% penicillin-streptomycin (Lonza, 17-602E). All cells were cultured at 37-deg C with

5% COj. Trypsin EDTA 1X (Mediatech, MT25051CI) was used to detach cells.

Flow cytometry samples were prepared by mixing 25 pL cell suspensions (0.2 million

cells) with 25 pL of individual NP conjugates (300 pM) for 15 min at 20-deg C protected

from light under gentle agitation with a vortex mixer at 300 rpm. After staining, the

cells were purified three times via centrifugation (400 g for 5 min) and supernatant-

replacement (500 uL per rinse) with FACS buffer (1% BSA in PBS). Figure 2.4 shows

results of flow cytometry.
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FIGURE 2.4: Flow cytometry validation of conjugated NPs with various

biomarker-positive cell lines. EGFR-HPs, HER2-NPs and isotype-NPs were in-

dividually used to stain (A) 3T3 (EGFR- and HER2-negative), (B) SkBr3 (HER2++,

EGFR+), (C) U251 (EGFR+, HER2+), or (D) A431 (EGFR++, HER2+) cell lines.

The colored numbers represent the ratio of the mean fluorescence intensity between a

targeted NP (EGFR-NP or HER2-NP) vs. an untargeted NP (isotype-NP). This figure
was originally published in [84].

2.2.3 Mouse xenograft model and human breast tissues

Nude mice (Taconic Farms Inc, model NCRNU-F) were used to develop A431 and U251
tumor xenografts. All animal procedures were approved by the Institutional Animal
Care and Use Committee (IACUC) at the University of Washington IACUC (#4345-
01). The cancer cells, A431 (1x10°), U251 (3x10%), or SkBr3 (5x10°), were individually
suspended in matrigel (BD biosciences, 354234) at a 1:1 volume ratio to form a 100 uL
mixture. Nude mice (5-8 weeks) were subcutaneously implanted in their flanks with
the cell/matrigel mixture. The mice were euthanized by CO; inhalation when tumors

reached a size of 10 mm, followed by the surgical removal of the implanted tumors.

De-identified human breast tissue specimens were obtained from consenting patients and
imaged within 1-2 hr after lumpectomy or mastectomy at the University of Washington
Medical Center. Tissue collection was managed by the Northwest BioTrust (NWBT)
under an IRB exemption for these de-identified tissues. After imaging, the tissues were

fixed with 10% formalin and submitted for histopathology (IHC and H&E staining).
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2.2.4 Tissue staining and rinsing

Unstained specimens were first imaged to acquire a set of background spectra (to ac-
count for background variations during least-squares demultiplexing described in the
following sub-sections). The specimen surfaces (surgical margins) were stained with NP
mixtures of approximately 20 pL per 1 cm? of tissue area (150 pM per flavor) and con-
tained 1% BSA to minimize nonspecific binding (an optimal staining condition found
in our previous studies [85]). The staining was performed according to an optimized
protocol described in [83], which prescribes a short dipping interval (5-sec) paired with
high-frequency (~270 Hz) mechanical vibration to maximize NP-staining efficiencies.
The high-frequency mechanical vibration was implemented by positioning two vibration
motors (Yuesui, B1034.FL45-00-015) under the glass slide used for staining to introduce
a high-frequency vibration to the staining solution and tissue. After staining the tis-
sue surface, the specimen was rinsed by submerging the entire specimen into a beaker

containing approximately 50-mL PBS, and gently agitated for 10 sec.

2.2.5 Raman imaging system

A customized spectral-imaging system was developed to measure the concentration and
concentration ratio of SERS NPs that were topically applied on tissue specimens (Figure
2.5) [85]. The NP-stained surface (surgical margin) of the tissue specimen was raster-
scanned with a two-axis stage (Newmark systems Inc., ET-50-11) and imaged using a
fixed spectral-imaging probe (FiberTech Optica Inc.). The imaging probe utilized a
multimode fiber (100-pum core, 0.10 NA) at the center of the probe for illumination,
and 27 surrounding multimode fibers (200-um core, 0.22 NA) for collection of Raman,
autofluorescence, and backscattered laser light. A 785-nm diode laser was first filtered
with a narrow-bandpass filter (Semrock, LD01-785) prior to being coupled into the
illumination fiber at the center of the fiber bundle. This removed off-resonant laser
noise (including amplified spontaneous emission) that may be collected by the multimode
collection fibers and contributed background signal and shot noise to the Raman spectra.
The illumination fiber created a laser spot at the tissue (~15 mW, well below ANSI
safety limits) with a diameter of 0.5 mm (imaging resolution). The multimode fibers
that surround the illumination fiber collected light from the illuminated spot and were

reconfigured into a linear array at the proximal end of the bundle, which served as the
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FI1GURE 2.5: A common optical configuration for the imaging of SERS NPs in tissues. A

785-laser is used to illuminate the NP-stained tissue, creating a submillimeter-diameter

laser spot. Raman-scattered photons from illuminated NPs are collected by 27 multi-

mode fibers and transmitted to a customized spectrometer, where they are dispersed

onto a cooled deep-depletion spectroscopic CCD. This figure was originally published
in [86].

entrance slit into the spectrometer. Since a large amount of the laser light (785-nm
illumination wavelength) was collected by our multimode collection fibers, a longpass
interference filter (Semrock LP02-830RU-25) was used to reject illumination light at 785-
nm, as well as any autofluorescence background at shorter wavelengths than the Raman
peaks (< 830-nm). A 150-um slit was used to filter out the diffuse stray light in the
filter chamber module from photons that were rejected by the longpass filter. A volume
phase grating dispersed the collected light onto a cooled deep-depletion spectroscopic
CCD (Andor, Newton DU920P-BR-DD). Note that the spatial filter was not perfect
and still allowed a significant amount of stray laser light into the spectrometer, which

contributed to the broadband background seen by the CCD.

2.2.6 Demultiplexing SERS spectra using direct classical least squares

(DCLS)

This study employed a demultiplexing method described previously [84, 85]. In a re-
alistic spectral measurement, pure spectra from single- or multi-flavor particle mix-
tures are mixed with varying magnitudes of broadband background signals (mainly
due to laser background and autofluorescence background) and zero-mean Gaussian-
distributed white noise (includes shot noise and other stochastic noise sources such as

detector readout noise and dark counts). Other than sources of noise, it was assumed
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that each measured spectrum (S) consisted of a weighted sum of fixed NP spectra (F,)
and broadband background signals (B). Based on the assumption that the combination
was linear, a linear least-squares algorithm was employed in MATLAB (MathWorks,
R2017a) to compute the relative NP weights (w;,). A third-order polynomial (P,,) was
included to account for broadband background signals that were not captured by the
broadband noise reference spectrum (B). The reference spectra and the background
reference were background-corrected to remove detector offset due to readout noise.
Spectra were acquired through full-vertical binning of the pixels in each column of the
CCD using the full dynamic range of the CCD sensor to minimize digitization noise.

The linear least-squares fitting minimized the residual, R, in the following equation:

S=Y w,F+kB+Y amPu+R (2.1)

where:

S = measured spectral data

wy, = weight of SERS flavorn

F,, = known reference spectrum of SERS NP flavor n

k = scaling factor for background signal magnitude

B = known reference spectrum of broadband backgound
a, = weight of mth-order polynomial term

P,, = mth-order polynomial term (for baseline correction)

R = residual (minimized by least-squares algorithm)

2.3 Experimental REMI results

The custom raster-scanned imaging system (Figure 2.5) was utilized to demonstrate the
ability to image and accurately quantify relative biomarker expression levels in fresh
tissues with topically applied SERS NPs. An imaging rate of 2 mm/s was utilized with
an illumination spot size (resolution) of 0.5 mm and a sampling pitch of 0.5 mm /pixel.
To validate this system, tumor xenografts that were stained with an equimolar mixture

of EGFR-NPs and isotype-NPs were imaged (Figure 2.6). As shown in Figure 2.6B, the
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ratiometric images provides a quantitative representation of EGFR expression that is

consistent with THC and flow cytometry results (Figures 2.4 and 2.6C).

To demonstrate the ability to image multiple biomarkers simultaneously, various tumor
xenografts were stained with an equimolar mixture of three NP flavors: EGFR-NPs,
HER2-NPs, and isotype-NPs (Figure 2.7). As shown in Figures 2.7B-D, the REMI im-
ages of EGFR and HER2 expression in various tumor xenografts show excellent quanti-

tative agreement with corresponding flow-cytometry results (R > 0.98).

To further demonstrate the feasibility of REMI for intraoperative assessment of surgical
margins, eight fresh human breast tissue specimens resected from five patients were im-
aged (Figure 2.8). Each tissue specimen was stained with a 5-flavor NP mixture (EGFR-
NPs, HER2-NPs, CD44-NPs, CD24-NPs, and isotype-NPs for 10 min, followed by a 20-
sec rinse step in PBS. The entire staining-and-imaging procedure was performed in less
than 15 min. Ratiometric REMI quantifies HER2, EGFR, CD44, and CD24 expression
levels in agreement with IHC validation data (Figure 2.8B-C). The concentration ratios
of biomarker-targeted NPs vs. isotype-NPs on [HC-validated biomarker-positive regions
are significantly elevated (Figure 2.8D), indicating preferential binding of targeted NPs

to their biomarker targets with sufficient tumor-to-normal contrast.
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FIGURE 2.6: REMI of normal tissue (EGFR-negative) and tumor xenografts
(SkBr3, U251, and A431) that express various levels of EGFR. The tissues
were stained with a two-flavor NP mixture (EGFR-NPs and isotype-NPs) and the
staining-and-imaging procedure was achieved in less than 15 min. (A) Photographs
of resected normal tissue (muscle) and tumor xenografts. (B) REMI images of the
concentration ratio of EGFR-NPs vs. isotype-NPs. The line profiles at the bottom
of the image indicate the REMI ratios along the gray line through the center of each
tissue specimen. (C) Validation data: IHC for EGFR (10x and 40x views), and H&E
staining (10x and 40x views). The scale bars represents 100 pm. This figure was
originally published in [85].



Chapter 2. Background

23

Normal  SkBr3

o A431

U251

Normal SKBr3

@431 U251

EGFR : isotype

{ A431

R

™

g r—I—i U251

=

o SkBr3

14 '{' Normal

T T 1 1
0 50 100 150

Flow cytometry ratio

REMI ratio

-
Normal SkBr3

 A431 U251

Normal SkBr3

’431

U251

SkBr3
1.54 E
P—Iﬂ A431
U251
14 ’{‘ Normal
T T T 1
0 50 100 150

Flow cytometry ratio

FiGurge 2.7: REMI of tumor-xenograft specimens stained with a 3-flavor
NP mixture (EGFR-NPs, HER2-NPs, and isotype-NPs). (A) Photograph of
resected tumor xenografts and normal tissue. (B) A multiplexed REMI image generated
by overlaying the ratiometric images of EGFR-NPs/isotype-NPs (plotted with a green
colormap) and HER2-NPs/isotype-NPs (plotted with a red colormap). Images showing
the concentration ratio of (C) EGFR-NPs/isotype-NPs and (D) HER2-NPs/isotype-
NPs. REMI images were obtained with a spatial resolution of 0.5 mm. The bottom
plots show the correlation between the REMI ratio of a particular tissue specimen (in
C, D) and the corresponding fluorescence ratio (targeted-NP vs. isotype-NP) from flow-
cytometry experiments with the cell lines used to generate the various tumor xenografts.
R < 0.98. Scale bars represent 2 mm. This figure was originally published in [85].
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FIGURE 2.8: Multiplexed molecular imaging of freshly excised human breast
tissues stained with a five-flavor mixture of NPs. Each tissue specimen was
stained with an equimolar mixture of HER2-NPs, EGFR-NPs, CD44-44 NPs, CD24-
NPs, and isotype-NPs (5-min), followed by a quick rinse in PBS (10-sec) and raster-
scanned imaging (~ 3-min) to simultaneously quantify the expression of four biomark-
ers: EGFR, HER2, CD44, and CD24. (A) Photograph of a human breast tumor and
a normal tissue specimen from one patient. (B) Ratiometric images of EGFR-NPs vs.
isotype-NPs, HER2-NPs vs. isotype-NPs, CD44-NPs vs. isotype-NPs, and CD24-NPs
vs. isotype-NPs. (C) Validation data: H&E and THC for EGFR, HER2, CD44, and
CD24. Unlabeled scale bars represent 200 ym. (D) Cumulative results from multiple
regions of interest from a total of five patient specimens: measured NP ratios on THC-
validated biomarker-negative and biomarker-positive tissue regions. Each data point
in teh plot is the average ratio from one region of interest. This figure was originally
published in [83]

2.4 Limitations and technical needs

While it has been demonstrated that REMI may potentially be used to guide tumor-
resection procedures (Figures 2.6, 2.7, and 2.8), additional work is necessary to further
improve the REMI technique for clinical translation into intraoperative settings. For

example, due to the narrow window of time that is allowed for intraoperative assessment
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of surgical margins, reducing the imaging speed without compromising image quality is
of critical importance. The current REMI system utilizes 1024 spectral channels and is
capable of imaging a 2x2 cm? area of fresh tissue in approximately five minutes [93, 85].
Exploring methods to improve the speed of REMI is an intuitive step towards the clinical
translation of REMI into time-limited intraoperative settings. Chapter 3 will explore the
feasibility of channel-compressed spectrometry to potentially improve the speed and/or

sensitivity of REMI.

We have previously shown that the co-administration of an untargeted control NP can
mitigate nonspecific effects that arise as a result of uneven NP delivery, retention, and
washout at different tissue locations, all of which contribute to misleading image contrast.
By calculating the ratio of the concentration of targeted NP(s) to the untargeted control
NP, the effects of nonspecific accumulation may seemingly be normalized away. However,
despite the strengths of this ratiometric approach, we find that nonspecific accumulation
and passive retention of NPs is often quite high, which can limit the sensitivity and
accuracy of biomarker detection/quantification (i.e., the ratios are lower than we would
like). The development of a tool to better understand and quantify the specific vs.
nonspecific accumulation of NPs in tissue would provide great value in understanding
how to minimize nonspecific accumulation of topically applied NPs in fresh tissues. Such
a tool will be developed in Chapter 4 and used to explore the diffusion and chemical

binding of NPs topically applied onto the surfaces of fresh tissues.

Finally, we find that the optimization of staining, rinsing, imaging, and analysis protocols
for REMI is costly in terms of time and resources [93, 83]. To help establish optimized
protocols, a mathematical compartmental model is presented in Chapter 5 that can
accurately simulate realistic tumor contrast during defined tissue staining and rinsing
protocols. This “forward” model will be of particular value in helping to improve tumor-
to-healthy tissue contrast in cancer molecular imaging with topically applied imaging
agents, such as guiding the developing of imaging agents, uncovering the fastest means of
staining and rinsing to achieve sufficient tumor-to-healthy tissue contrast within a time-
frame feasible for intra-operative applications, and helping to select and compare data
analysis approaches. Lastly, this forward model may be used in testing more quantita-
tive methods of evaluating tumor margins (e.g., the use of multi-stage staining/rinsing

processes to allow kinetic model fitting of data) so that a kinetic model developed in
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a later study can ultimately provide clinical value in accurately quantifying biomarker

expression levels at surgical margin surfaces.



Chapter 3

Channel-compressed
spectrometry for improved

optical detection sensitivity

Here, we explore the feasibility of channel-compressed spectrometry for the detection of
up to 5 multiplexed flavors of SERS NPs. Initial characterization and optimization of
the channel-compression strategy is performed by analyzing the linearity of detection for
5 multiplexed flavors of SERS NPs over a range of concentrations. After determining the
minimum number of spectral channels that are required for accurate detection of clini-
cally relevant concentrations of NPs, this compression method is validated by acquiring
realistic multiplexed molecular images of tumor xenografts and freshly excised human
breast tumor specimens. It should be noted that the work presented in this chapter has

been published in [110].

3.1 Spectral binning

In order to explore the feasibility of channel compression in this study, a spectral-binning
strategy was employed, in which the full 1024 spectral pixels collected by the commercial
CCD were divided into “bins,” where the value of each bin was the mean of all pixel
values within that bin (Figure 3.1). We explored the variability in the demultiplexing

output when the relative positions of the bins were shifted (“phase-shifted”). While the
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FIGURE 3.1: (A) The REMI system and (B) the channel-compression strat-
egy. (A) Schematic of the spectral-imaging system. A 785-nm laser is used to illu-
minate the NP-stained tissue, creating a 1 mm-diameter laser spot. Raman-scattered
photons from illuminated NPs are collected by 27 multimode fibers and transmitted
to a customized spectrometer, where they are dispersed onto a cooled deep-depletion
spectroscopic CCD. (B) The camera is used in full-vertical binning (FVB) mode, in
which the signal from all 27 collection fibers are binned together by the camera, with
1024 pixels (spectral channels) used to resolve the grating-dispersed wavelength axis.
In this study, the 1024-channel data set is further binned along the wavelength axis
(horizontal binning) to examine the effects of spectral compression. This figure was
originally published in [110]

shape of the spectra varies as a function of phase (bin locations), it was determined that
in terms of the accuracy of demultiplexing, the effect of phase shifting did not dominate
over random experimental noise. This is because using a larger number of bins, in which
the spectral features are well-resolved, allows for accurate demultiplexing regardless of
phase (< 5% error for 16 or more bins), while using a smaller number of bins, which
causes significant blurring of the spectral features, results in low demultiplexing accuracy
regardless of phase (e.g., 90% error for 8 bins). These two extreme cases illustrate
why, in general, the phase of the bins does not play a major role in the accuracy of
demultiplexing (as observed in our experiments for 8, 16, and 32 bins). Therefore, we

disregarded phase-shifting effects in this study.
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3.2 Results

The linearity of the REMI system was measured using a mixture of 5 NP flavors pre-
pared in a concentration ratio of 1:1:1:1:1 or 3:2:1:1:1 with droplets from each mixture
placed on the surface of rat tissue at varying concentrations (0.5-100 pM). Figures 3.2A-
D show the linearity of measured NP concentrations and concentration ratios for 5 NP
flavors mixed in the 1:1:1:1:1 ratio (Figures 3.2A-B) or in the 3:2:1:1:1 ratio (Figures
3.2C-D). The concentration ratios are based on the concentration of NP flavors S420,
S421, S481, and S493 against the concentration of NP flavor S440 (assumed to be the
“negative-control” NP in this case). Figure 3.2B shows that the concentration ratios
measured from the 1:1:1:1:1 NP mixtures remain near unity for NP concentrations rang-
ing from 2-100 pM. However, for samples with NP concentrations below 1 pM, larger
errors in the concentration ratio (> 10%) appear. Similarly, Figure 3.2D shows that
the measured ratios are accurate (< 10% error) when all NP concentrations are greater
than 2 pM. The non-equimolar volume ratio of 3:2:1:1:1 represents a scenario in ex vivo
tissue imaging in which the specimen greatly overexpresses a certain protein biomarker
(3-fold enhanced binding compared to the control NP), while moderately overexpressing
another protein biomarker (2-fold enhanced binding compared to a control NP), with
two other biomarkers that are negligibly expressed (no enhanced binding, which yields
a NP ratio of 1). This range of ratios is consistent with our previous REMI experiments

with fresh tissues [92, 93, 86].

A limit-of-detection (LOD) analysis was conducted using the linearity data to deter-
mine the minimal number of spectral channels needed to ensure accurate measurement
of NP concentrations. In this case, the LOD is defined as the NP concentration at which
the error in the concentration ratio exceeds 10%. A plot of the LOD as a function of
number of spectral bins is shown in Figures 3.2E-F. These plots show that the LOD
gradually deteriorates as the number of spectral channels (or bins) decreases, with the
shaded region indicating the experimental variability in the LOD measurements (stan-
dard deviation, n = 5). Based on Figures 3.2E-F, the LOD remains below 10 pM as long
as a minimum of 16 bins is used. Note that in REMI experiments with fresh tissues,
using an optimized topical staining protocol (150 pM /flavor, 10 min of staining), the
measured NP concentrations are typically above 10 pM [107]. Therefore, even with only

16 spectral channels, we would expect accurate REMI measurements of tissues.
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FIGURE 3.2: (A-D) Linearity test for 5-flavor NP mixtures and (E, F) the
limit of detection (LOD) as the number of bins (spectral channels) is re-
duced. (A-D) Five NP flavors were mixed in an equimolar concentration ratio
(1:1:1:1:1) or a concentration ratio of 3:2:1:1:1 (S420:5421:5440:5481:5493). Various
dilutions of these NP mixtures were prepared in the range of 0.5—100 pM. The NP
concentrations were measured with the REMI system to calculate their concentration
ratios. (A, B) Linearity plots for the 1:1:1:1:1 NP mixture. (C, D) Linearity plots
for the 3:2:1:1:1 NP mixture. Error bars represent the standard deviation across 5 re-
peated experiments. Note that the “sample concentration” refers to the concentration
of the S440 NP (which serves as the negative-control NP). (E, F) The limit of detection
(LOD) is defined as the concentration at which the error in the measured concentration
ratio exceeds 10%. The shaded curves indicate the standard deviation in the LOD
measurements from 5 repeated experiments.

To validate the spectral binning strategy, we first binned spectral data acquired from
REMI experiments with A431 tumor xenografts (subcutaneously implanted in mice).
These tissue specimens were stained for 10 min with an equimolar mixture of targeted-
NPs, unconjugated NPs, and isotype-NP, in which the unconjugated NPs exhibit sim-
ilar behavior to the isotype-NP [93]. Figure 3.3A shows the ratiometric images of
targeted-NPs vs. isotype-NPs (EGFR-NP /isotype-NP and HER2-NP /isotype-NP) and
unconjugated-NPs vs. isotype-NPs (unconjugated-S481-NP /isotype-NP and unconjugated-
S493/isotype-NP) in each of the respective rows. The ratio of unconjugated-NPs vs.
isotype-NPs is expected to lie near unity, since none of these NP flavors is targeted to
a specific cell-surface molecular biomarker. The different columns in Figure 3.3A show
ratiometric images obtained with a decreasing number of spectral channels. The first
column shows the ratiometric image of an A431 tumor xenograft when no binning is

performed (the 1024-channel “gold-standard” in this work), while columns 2-4 show the
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ratiometric images obtained when the spectral data is compressed into 32 bins, 16 bins,
and 8 bins, respectively. Figure 3.3A shows that the 32-bin and 16-bin spectral com-
pression yields ratiometric images that are consistent with the gold-standard images,
in which there is a high ratio of EGFR-NP vs. isotype-NP (~3), a moderate ratio of
HER2-NP vs. isotype-NP (~2), and a ratio near unity for the unconjugated-S481-NP vs.
isotype-NP and unconjugated-S493-NP vs. isotype-NP. Spectral compression down to
8 bins results in low-fidelity ratiometric images. Figure 3.3C shows an H&E-stained en
face histology section from the same A431 tumor xenograft imaged with REMI, which
confirms the relatively homogenous distribution of tumor cells throughout the tumor

xenograft specimen.

To quantitatively evaluate the spectrally binned imaging data, we computed the pixel-
by-pixel error of the binned images in comparison to the gold-standard (no binning)
images. The results from all pixels (average and standard deviation) are displayed as
bar plots in Figure 3.3D. With 16 bins, the errors are well below 20% (grey dashed line),
and with 32 bins, the errors are below 10%. These results indicate that by using only
16 or 32 spectral channels, we can obtain ratiometric images with high fidelity to those

obtained using the full 1024 spectral channels.

The spectral binning strategy was further validated for rapid molecular imaging of fresh
human breast tissues. Figure 3.4A shows ratiometric images of targeted-NPs vs. isotype-
NPs (EGFR-NP /isotype-NP, HER2-NP /isotype-NP, CD24-NP /isotype-NP, and CD44-
NP /isotype-NP) in each of the respective rows, while the columns show ratiometric im-
ages obtained with a decreasing number of spectral channels. Unlike the tumor xenograft
in Figure 3.3, the human specimen in Figure 3.4 exhibits a more heterogeneous tumor
distribution. A high ratio of EGFR-NP vs. isotype-NP is observed (~4), as well as a
high HER2-NP vs. isotype-NP ratio (~3.5), low CD24-NP vs. isotype-NP ratio (~1),
and a moderate CD44-NP vs. isotype-NP ratio (~2). Qualitatively, the images obtained
with 32-bin and 16-bin spectral compression exhibit image features comparable to those
in the gold-standard images. The tissue was submitted for histopathology after imaging.
Examination of H&E-stained sections of the tissue validated the heterogeneous distri-
bution of the tumor cells. Figure 3.4D shows the error in the pixel values (average and
standard deviation) between the spectrally compressed images and the gold-standard
images. With only 16 bins, the errors in the ratio of EGFR-NP vs. isotype-NP, HER2-
NP vs. isotype-NP, and CD44-NP vs. isotype-NP are below 20% (grey dashed line).
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FiGure 3.3: REMI approach performed on an A431 tumor xenograft
(EGFR++, HER2+) stained with a 5-flavor NP mixture (EGFR-, HER2-,
Control-S481-, Control-S493-, and isotype-NPs, 150 pM/flavor). (A) Ra-
tiometric images of the tumor xenograft. From top to bottom, each row shows the
ratio of EGFR/isotype-NP, HER2/isotype-NP, unconjugated-S481 /isotype-NP, and
unconjugated-S493/isotype-NP, respectively. From left to right, each column shows
the ratiometric image obtained with a decreasing number of spectral channels. (B) A
photograph of the A431 tumor xenograft. (C) H&E-stained pathology section of the
tumor xenograft. (D) Average error (%) in the measurement NP ratios when using
spectral compression in comparison with the gold-standard images (full 1024 channels).
Error bars represent the standard deviation amongst all pixels in the image.
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Ficure 3.4: REMI approach with channel-compressed spectrometry per-
formed on a human breast tissue specimen stained with a 5-flavor NP mix-
ture (EGFR-, HER2-, CD24-, CD44-, and isotype-NPs, 150 pM /flavor). (A)
Ratiometric images of a human breast tissue specimen. From top to bottom, the rows
display ratiometric images of EGFR/isotype-NP, HER2/isotype-NP, CD24 /isotype-NP,
and CD44/isotype-NP. From left to right, the columns display ratiometric images ob-
tained with a decreasing number of spectral channels. (B) A photograph of the tissue
specimen. (C) H&E histology of the specimen, with higher magnification views of fat
(left), normal breast tissue (middle), and tumor (right). Unlabeled scale bars represent
200 pm. (D) Average error (%) in the measured NP ratios when using spectral com-
pression in comparison to the gold-standard images (full 1024 spectral channels). The
error bars represent the standard deviation amongst all pixels in the image.

The error in the ratio of CD24-NP vs. isotype-NP is slightly worse due to the low mea-
sured concentration of CD24-NPs (~5 pM from the poorly stained tissue regions) that
was below the LOD with 16-bin spectral compression (Figures 3.2E-F). However, with
32-bin spectral compression, the errors for all NP ratios remain below 20%. While the
use of 32 spectral channels may be more robust than the use of 16 spectral channels,
utilizing brighter NPs and improved staining protocols may enable accurate imaging

using 16 channels in the future.

3.3 Discussion

The study presented here aims to explore and improve a strategy for rapid molecular
imaging of superficial tissue surfaces in order to guide tumor-resection procedures. The
wide-area REMI system described in Chapter 2 uses 1024 spectral channels and is capa-
ble of imaging a 2x2 cm? area of fresh tissue in approximately five minutes [93, 85]. Due

to the narrow window of time that is allowed for the intraoperative assessment of the
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margins of excised tissue specimens, it is desired to further improve the imaging speed

of REMI without compromising the accuracy in biomarker detection.

Here, we have investigated the feasibility of channel-compressed spectrometry to poten-
tially improve the speed and/or sensitivity of REMI. We have developed and optimized
a spectral binning strategy to determine the minimum number of spectral channels re-
quired to obtain ratiometric images with a desired level of accuracy when detecting low
concentrations of SERS NPs. One of the primary benefits of binning is the improved
signal-to-noise (SNR) ratio due to reduced read noise and increased photon counts per
spectral channel/bin. The current imaging system, using a standard spectroscopic CCD,
is capable of accurately demultiplexing five NP flavors at a concentration of 10 pM or
above. The use of 32-channels offers a LOD that is more comparable to that of 1024 chan-
nels, as well as ratiometric images with fidelity comparable to the 1024-channel “gold-
standard” (Figures 3.3 and 3.4). Note that more sophisticated spectral-compression
strategies are also possible, such as utilizing a limited set of spectral-detection windows
that coincide with specific Raman peaks emitted by various flavors of multiplexed SERS
NPs [88]. However, this would require more complex detection optics such as non-
grating-based spectral filter. On the other hand, as noted in the following paragraph,
the use of uniformly spaced sequential spectral bins allows for easier adoption of certain
advanced detector array technologies that are commercially available as a substitute for

high-channel-count spectroscopic CCD arrays.

In summary, the results of this study are significant in showing that a very high de-
gree of channel compression (nearly two orders of magnitude reduced from the original
1024 channels) can still allow for highly multiplexed ratiometric imaging of biomarkers
with targeted SERS NPs. This opens up the possibility to use advanced detector ar-
rays, such as a 16-channel or 32-channel photomultiplier tube (PMT) linear array or an
avalanche photodiode (APD) array, which are much more sensitive and fast compared
to a 1024x256 spectroscopic CCD array. For example, the current CCD used in our
REMI system is only capable of acquiring up to 272 spectra per second in the FVB
mode [111]. In comparison, PMT arrays can acquire up to 1.28 million spectra per
second (4,700 times faster) due to their high cathode sensitivity and time-response, over
a wide spectral range (300-920 nm) [112]. APD arrays feature comparable speed and
even higher quantum efficiency compared to current PMT arrays in the 900-nm spectral

range [113]. Improvements in spectral acquisition rate and SNR would not only be of
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great clinical benefit (through faster imaging speeds), but could also enable improved
spatial resolution for REMI through the use of a smaller illumination spot size coupled
with a finer sampling pitch during raster-scanned imaging (e.g., a 100-um resolution
for the identification of low numbers of tumor cells). Future studies will develop and
assess the ability of a high-speed and high-resolution REMI system for a variety of clin-
ical applications including intraoperative guidance of tumor resection and multiplexed
molecular endoscopy of the gastrointestinal tract [106, 84, 93, 85, 114], in which imaging

speed and imaging resolution are of importance.
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Microscopic investigation of
topically applied NPs for
improving contrast for accurate

tumor detection

Previously, we have developed a Raman-encoded molecular imaging (REMI) strategy,
with which we have demonstrated that rapid, multiplexed molecular detection is possible
under time-limited staining and detection conditions, as encountered in point-of-care
clinical settings [110, 84, 92, 93, 86, 85]. In our initial studies, fresh tissue specimens
were topically stained with a panel of SERS and imaged after a brief rinse step to rapidly
identify /quantify the presence of tumor-related biomarkers. Unfortunately, uneven NP
delivery, retention, and washout at different tissue locations often result in misleading
image contrast [92, 93]. For example, we have observed that increased diffusion and
passive retention can often result in higher nonspecific accumulation of topically applied
NPs in benign tissues in comparison to denser tumor tissues [93]. One method that
has been utilized to mitigate these nonspecific effects is to co-administer an untargeted
(control) NP flavor simultaneously with the targeted NP(s) during imaging experiments.
By calculating the ratio of the concentration of targeted NP(s) to the untargeted control

NP, the effects of nonspecific accumulation may be normalized away. We have shown

36
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that these NP ratios provide a linear and quantitative readout that correlates with

biomarker expression levels [92, 93, 83, 85].

Despite the strengths of such a ratiometric imaging approach, nonspecific accumulation
and passive retention of NPs is often quite high, which can limit the sensitivity and accu-
racy of biomarker detection/quantification. In order to better understand and quantify
the specific vs. nonspecific accumulation of our NPs, here we developed a method to
investigate the diffusion and accumulation of targeted and untargeted NPs as a function
of depth in fresh tissues at the microscopic scale. In short, we stained fresh tissues with
a paired-agent approach using fluorophore-labeled NPs, and then snap-froze the tissues
at various time points to immobilize the NPs within the tissues. We then performed
fluorescence microscopy of thin frozen sections of these tissues (cross-sectional views of
the tissue) and quantified the penetration and binding of the targeted and untargeted
NPs as a function of depth. The findings from these studies led us to hypothesize that
the use of larger NPs could reduce the diffusion of the NPs, and therefore reduce the
nonspecific accumulation of the NPs in tissue. We show that this allows for molecular
imaging of fresh tissue surfaces with higher NP ratios (targeted vs. untargeted) com-
pared with our original NPs, and that the staining can be achieved more rapidly than
before (6-min topical application). It should be noted that the work presented in this
chapter has been published in [?].

4.1 Additional materials and methods

The following subsections provide additional materials and methods to those provided

in Chapter 2.

4.1.1 Staining, rinsing, and snap-freezing of fresh tissue specimens

(micro-REMI)

The collection of fresh tissue specimens (tumor xenografts and normal tissue) and the
functionalization of NPs were prepared according to the methods described in Chapter
2, with the exception that the NPs were not reacted with the fluorophore DyLight-
650. Instead, the NP flavor S420 conjugated with an anti-EGFR mAb was first reacted
with the fluorophore DyLight 650-4xPEG Maleimide (Thermo Scientific, Product No.
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FIGURE 4.1: Micro-REMI method. (1) One SERS NP flavor was reacted with
DyLight 550 and conjugated to IgG1 isotype control antibodies (mAbs), while a dif-
ferent SERS NP flavor was reacted with DyLight 650 and conjugated to anti-EGFR
mAbs. (2) Fresh tissues were stained with an equimolar mixture of EGFR-targeted and
untargeted (isotype-control) NPs, followed by (3) a brief rinse in PBS to wash away
excess NP solution from the surface of the tissues. (4) The tissues were then placed
in a cryomold containing OCT (freezing media). (5) The cryomold was snap-frozen in
2-methylbutane chilled in liquid nitrogen (< 10 sec) and (6) cryosectioned into 10-pm-
thick sections. These sections were then placed on a glass slide, fixed in formalin, and
coverslipped. (7) A Leica DMi8 widefield fluorescence microscope was used to obtain
bright field images of the tissue sections, as well as fluorescence images of the untar-
geted NPs (conjugated to DyLight 550) and the targeted NPs (conjugated to DyLight
650). Scale bars represent 25 pm.

62294), while the NP flavor S440 conjugated with an IgG1 isotype control mAb was
first reacted with the fluorophore DyLight 550-2xPEG Maleimide (thermos Scientific,
Product No. 62292). The motivation for this is to have brighter fluorophores that can

be multiplexed in fluorescence microscopy (described in the next sub-section).

The staining and rinsing of fresh tissue specimens were performed according to methods
described in Chapter 2 (15-min staining with an equimolar 150 pM mixture of targeted
and untargeted NPs followed by a brief rinse step in PBS). Following this step, the
specimens were then placed in a 10x10x5 mm? cryomold containing Tissue-Tek optimal
cutting temperature (OCT) compound (Sakura Finetek USA Inc.). The cryomold was
quickly frozen (< 10 sec) in 2-methylbutane (Sigma Aldrich), chilled in liquid nitrogen,
and cryosectioned into 10-pum-thick sections. These sections were then placed on a glass
slide, fixed in formalin, and covered with a cover slip. This procedure is illustrated in

Figure 4.1, and is hereafter referred to as “micro-REMI.”
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4.1.2 Fluorescence microscopy

Fluorescence microscope images were acquired on a Leica DMi8 widefield microscope
with a 20x Plan Apochromat 0.70 numerical aperture (NA) lens. The ET555 emission
filter was used for imaging untargeted NPs and the ET645 emission filter was used for
imaging targeted NPs. A DFC9000 sCMOS camera was used for fluorescence detection.
Images were collected using the Leica Application Suite and processed in MATLAB.

The effective pixel size (Nyquist sampling) was 0.46 pm.

4.1.3 Image processing

The image processing method is shown in Figure 4.2 for a tissue section from a single
A431 tumor xenograft stained for 15 minutes with an equimolar NP mixture. Bright
field and fluorescence images are shown on the left. The average of all raw line profiles
oriented perpendicular to the tissue surface is shown for the targeted NPs (top row)
and untargeted NPs (bottom row). The fluorescence intensity was calibrated using
fluorescence images of the staining mixture at a known concentration (here, the staining
concentration was 150 pM). The tissue autofluorescence background was measured from
the average intensity of the unlabeled tissue, and was subtracted from the NP profiles
(“Background subtraction”). The maximum intensity of the NP intensity profiles was
assumed to correspond to the tissue surface, which defines the zero depth on the z
axes in Figure 4.2 (“Crop to surface”). Finally, the depth-integrated NP concentrations
(area under the curve) were evaluated to verify that the micro-REMI results agreed
with the signals obtained with the wide-area REMI technique (“Depth-integrated NP
concentration”). Note that this assumes that the penetration depth of the NPs is small
enough that the wide-area REMI technique collects the depth-integrated signal from all
NPs at each point (pixel) on the tissue that is probed during raster-scanned spectral
imaging (i.e., the effects of tissue scattering/absorption are negligible at such short tissue

depths of < 20 um). All image processing was carried out in MATLAB R2015a.
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FIGURE 4.2: Image processing. Bright field and fluorescence images of a tissue
section from a tumor xenograft stained for 15 min with an equimolar NP mixture
are shown on the left. The average of all line profiles oriented perpendicular to the
tissue surface is shown for the fluorescence images of targeted NPs (top row) and un-
targeted NPs (bottom row). The tissue autofluorescence background was measured as
the average intensity in the unlabeled tissue, and was subtracted from the NP profiles
(“Background subtraction”). The maximum intensity of the NP intensity profiles was
assumed to correspond to the tissue surface, which defines the zero depth on the z axes
in “Crop to surface.” Finally, the depth-integrated NP concentrations (area under the
curve) were evaluated to verify that the micro-REMI results (“Depth-integrated NP
concentration”) agree with the signals obtained with the wide-area REMI technique.
See text for more details.

4.1.4 Silica NP thiolation and conjugation

To investigate the impact of NP diameter on tissue diffusion and molecular imaging
contrast, silica NPs (SiNPs) with diameters of 200 nm and 300 nm were purchased from
Nano-Composix (SISN200-10M and SISN300-10M) and conjugated to fluorescent dyes
and antibodies in a similar manner to our SERS NPs. SiNPs were used due to the lack
of commercial SERS NPs available in different sizes. Note that since the SERS NPs are
encapsulated in a silica shell, the behavior of these NPs (SERS NPs and SiNPs) is similar
in terms of diffusion and chemical binding (both specific and nonspecific) when function-
alized in a similar manner. To enable PEGylation and conjugations comparable to that
of our SERS NPs, sulfhydryl groups were introduced on the SiNP surfaces by heating
the SiNPs for 1 hr at 72-deg C in ethanol containing 1% vol/vol (3-mercaptopropyl)
trimethoxysilane (Sigma Aldrich) according to a protocol described previously [69]. The
surface-modified SiINPs were thoroughly washed with ethanol and water to remove the
surface modifier and were then redispersed in the reaction buffer (10 mM MOPS, pH
7.25). PEGylated SiNPs were then functionalized in the same manner as the SERS NPs
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— each NP size was subjected to 2 different sets of conjugation reactions: (1) DyLight
650-4 x PEG Maleimide and an anti-EGFR mAb or (2) DyLight 550-2xPEG Maleimide
and an IgG1 isotype-control mAb. UV-Vis spectrophotometry (Agilent 8453) was then

used to measure the concentration of the SINP conjugates.

4.2 Results

We first verified that the signals obtained with micro-REMI agree with our standard
wide-area REMI approach for imaging fresh tissue surfaces (Figure 4.3). Fresh tumor
xenografts and benign tissue specimens (ex vivo) were stained with an equimolar NP
mixture (150 pM for each NP flavor) and rinsed briefly. Wide-area REMI images were
obtained according to the protocol described in Chapter 2. Ratiometric images of EGFR-
targeted vs untargeted NP concentrations showed elevated ratios (1.60 £ 0.18) for A431
tumor xenografts (which overexpress EGFR) and a ratio of unity (1.08 & 0.05; negligible
differential binding of the targeted NP) for benign tissues (Figure 4.3A). An identical
tissue-staining protocol was used with identical tissues, which were then snap-frozen
after various staining time points and processed with the micro-REMI technique illus-
trated in Figures 4.1 and 4.2. Figure 4.3B illustrates the concentrations of targeted and
untargeted NPs as a function of depth in the red curve (Cy,,-) and blue curve (Cyniar),
respectively. Depth-integrated NP concentrations ( f Ciardz and f Cuntardz) were cal-
culated for the areas shaded in red and blue, respectively. As described in section 4.1.3
(Image processing) the depth-integrated concentrations of targeted and untargeted NPs
obtained with micro-REMI are directly proportional to the signals that would be col-
lected with conventional wide-area REMI of an identical tissue specimen stained with an
identical protocol. This is attributable to the fact that the NPs only accumulate within
the first 20 pm to 30 um beneath the tissue surface (see Figure 4.2), and surface imaging
with a 785-nm light source (or other visible light source) would excite and detect all of
these superficially located NPs with minimal tissue attenuation: the transport mean free
path of tissue at visible wavelengths is typically 1/us’ ~ 1 mm, and it is even longer at
near-infrared wavelengths. In Figure 4.3 C, we demonstrate that the ratio of the depth-
integrated concentrations (targeted vs. untargeted) agrees (within < 5% error) with the
ratio obtained from wide-area REMI for various staining times (3-15 minutes), for both

the tumor xenografts and benign tissues. We observe that for tumor xenografts, ratios
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increase with staining time and plateau at an average ratio of 1.59 £ 0.24, whereas for

benign tissue the ratios remain near unity for all staining times (0.90-1.09).

Figure 4.4 shows the average of thousands of concentration curves (i.e., thousands of line
profiles) of targeted and untargeted NPs as a function of depth from the tissue surface
after staining 15 min. The preferential binding of targeted NPs in tumor xenografts can
be seen in Figure 4.4A, whereas a similar behavior for both the targeted and untargeted
NPs is observed in the benign tissues (Figure 4.4B). As in previous studies, a higher level
of diffusion is observed in the benign tissue, presumably owing to the greater porosity
of benign tissue compared to the dense tumor xenografts. Figures 4.4C-D show the
concentration ratios of targeted vs. untargeted NPs as a function of depth for tumor
xenografts and benign tissues, respectively. Figure 4.4C shows an elevated ratio of
nearly 2 at the tissue surface, which diminishes as NPs diffuse deeper into the tissue.
This suggests that by limiting the diffusion of NPs into tissue, it could be possible to
obtain higher ratios in conventional wide-area REMI and increase the contrast between
tumor and benign tissue for improved margin assessment. Note that the ratio of the
targeted vs. untargeted NPs appears to dip below unity at greater tissue depths. We
hypothesize that this could be attributable to a “binding-site barrier” effect that has
been previously reported by others, and which will be discussed in the next section

[115, 116, 117, 118].

From the results of our micro-REMI experiments, we reasoned that minimizing diffusion
would allow for higher binding ratios. In order to achieve reduced diffusion, we chose to
utilize larger NPs, which would physically limit the diffusion of NPs into tissue. This
is based on the generalized Stokes-Einstein equation in which the diffusion coefficient
of a spherical particle in porous media scales inversely with particle size [119]. Since
larger SERS NPs are not commercially available, we used silica NPs (SiNPs) that are
200-nm and 300-nm in diameter that were then PEG-ylated and functionalized with
EGFR or isotype-control mAbs in order to compare their staining behavior with our
standard 120-nm silica-coated SERS NPs. As described in section 4.1.4 (Silica NP
thiolation and conjugation), the SERS NPs are encapsulated in a silica shell and the
behavior of these NPs (SERS NPs and SiNPs) is therefore similar in terms of diffusion
and chemical binding (both specific and nonspecific) when functionalized in a similar
manner. To ensure that the brightness of the fluorescence from each of the NP sizes was

relatively well-matched, the NP concentrations used in the conjugation reactions were
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FIGURE 4.3: Conventional wide-area REMI is used to verify the accuracy
of the depth-integrated ratios calculated from micro-REMI. The ratio of the
depth-integrated concentrations of the targeted and untargeted NPs are calculated be-
cause they provide a reliable estimate of biomarker expression levels that are much less
sensitive to nonspecific effects such as uneven illumination, variable staining concentra-
tions, and heterogeneous tissue properties (e.g., diffusion constants). (A) A fresh tissue
specimen is stained with an equimolar mixture of targeted and untargeted NPs, rinsed
briefly to remove excess NPs from the surface, and imaged with a customized wide-area
REMI device that produces a raster-scanned image of the tissue surface. A ratiometric
image of EGFR-targeted vs. untargeted NPs shows elevated ratios for the A431 tumor
xenograft (which overexpresses EGFR) and a ratio of unity (no differential binding
of the targeted NP) for the benign tissue. (B) Depth-integrated concentrations (area
under the curve) of targeted and untargeted NPs (plotted as a function of depth from
the tissue surface) from the micro-REMI experiments are shown for tumor xenografts
(left) and for benign tissues (right). Concentrations of targeted and untargeted NPs as
a function of depth are shown in the red curve (Ci,,) and blue curve (Cypntar), respec-
tively. Depth-integrated NP concentrations are calculated for the regions shaded in red
and blue as f Ciardz and f Cuntardz, respectively. (C) Ratios are plotted as a func-
tion of staining time for both REMI (black circles) and micro-REMI (grey triangles),
showing good agreement (< 5% error). Error bars show the standard deviation from n

= 5 experiments for each staining time.
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FIGURE 4.4: The average of approximately 1000 curves showing the concentration of
targeted (red) and untargeted (blue) NPs as a function of depth from the tissue surface
after the tumor xenografts (A) or benign tissues (B) were stained for 15 min. Shaded
regions represent the standard deviation for approximately 1000 curves collected from n
= 3 specimens of each tissue type. The concentration ratios of targeted vs. untargeted
NPs as a function of depth are shown in (C-D) for tumor xenografts and benign tissues,
respectively. Shaded regions represent the propagation of error from the shaded regions
in A-B, respectively.

tuned such that total surface area of the NPs (total sum of the mixture) was identical to
that of the 120-nm SERS NPs used in previous experiments (and reacted with the same
concentration of fluorophores). To verify that this as true, we used a spectrofluorometer
(Perkin Elmer, LS-50B) to show that the different NP sizes exhibited comparable levels
of fluorescence for aliquots with identical total NP surface areas (Figure 4.5). Flow
cytometry experiments were performed to verify that the binding of the targeted NPs
to EGFR-positive cell lines was also comparable in magnitude for all NP sizes when
staining cells with NP concentrations that were matched in terms of total NP surface

area (Figure 4.6).

In order to improve their utility for time-constrained clinical applications (e.g., surgical
guidance), we endeavored to develop NPs that could yield adequate tumor-to-benign
tissue contrast in less than 10 min (staining plus imaging time). Therefore, for these
final sets of experiments, tumor xenografts were stained for just 6 min. We tuned
the staining concentration, Cj, for each NP size to ensure that the total NP surface
area (and binding avidity, see Figure 4.6) was relatively well-matched between all sets

of experiments (Cy = 150, 54, and 24 pM, respectively, for the 120-, 200-, and 300-nm
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FIGURE 4.5: In order to ensure that the relative brightness of the fluorescence from
each of the NP sizes was well-matched, the NP concentrations used in the conjugation
reactions were tuned such that the total surface area of the NPs was identical to that of
the 120-nm NPs used in previous experiments. Here, a spectrofluorometer was used to
show that the different NP sizes exhibit comparable levels of fluorescence for aliquots
with identical total NP surface areas. Background subtraction was applied using the
fluorescence intensity of stock NPs that have not been reacted with fluorophores.
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FIGURE 4.6: Flow cytometry validation of conjugated NPs of various sizes with cell
lines of varying biomarker (EGFR) expression levels. Flow cytometry experiments were
performed to verify that the binding of the EGFR-targeted NPs to EGFR-positive cell
lines was comparable in magnitude for various NP sizes when staining cells with NP
concentrations that were matched in terms of total NP surface areas. EGFR-NPs and
isotype-NPs of various sizes were individually used to stain 3T3 (top row, EGFR-),
U251 (middle row, EGFR+), or A431 (bottom row, EGFR++). The columns are
separated by NP size (120-nm, 200-nm, and 300-nm in diameter). The fourth column
shows the mean fluorescence intensity between the EGFR-targeted NP vs. untargeted
NP to compare binding levels of the various NP sizes.
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FIGURE 4.7: Comparing micro-REMI for 3 different NP sizes. Three differ-
ent NP sizes were functionalized with either EGFR or isotype control mAbs. Tumor
xenografts were stained with an equimolar mixture of targeted and untargeted NPs for
6 min, using either the 120-nm, 200-nm, or 300-nm diameter NPs. After staining, the
specimens were rinsed briefly and snap-frozen for examination with the micro-REMI
method. (A) The average of ~1000 concentration curves are shown for the targeted
NPs (red line) and untargeted NPs (blue line) as a function of depth for each NP size
and are normalized to the initial staining concentration. The initial staining concen-
trations are different for each NP size to account for differences in the total surface
area of the NPs (see text for details). Shaded regions represent the standard deviation
for approximately 1000 curves collected from n = 5 specimens for each NP size. The
grey dashed lines and grey text indicate the depth at which the concentration of the
untargeted NP diminishes to 10% of the initial staining (starting) concentration. (B)
The depth-integrated ratios (targeted vs. untargeted NPs) for each NP size. Error bars
are based on n = 5 experiments for each NP size.

NPs). After staining, the specimens were rinsed briefly and snap-frozen according to the

micro-REMI method illustrated in Figures 4.1 and 4.2. Figure 4.7 shows the average and

standard deviation of ~1000 micro-REMI concentration curves as a function of depth for

each NP size. The depth at which the concentration of the untargeted NP diminished to

10% of the initial staining (starting) concentration is indicated in gray in Figure 4.7A.

Figure 4.7B shows the depth-integrated ratio (the ratio of the integrated area under the

2 curves) for each NP size.
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4.3 Discussion

This study explored the diffusion and chemical binding of NPs targeted to cell-surface
proteins that were topically applied onto the surfaces of fresh tissues. With the REMI
technology described in Chapter 2, fresh surgical specimens are topically stained with a
panel of NPs and imaged after a brief rinse step to rapidly identify/quantify the presence
of tumor-related biomarkers. Owing to uneven NP delivery/retention/rinse removal at
different tissue locations, which often generates misleading image contrast, we utilize a
control NP flavor that is co-administered with the targeted NP flavor(s) in an equimolar
mixture during imaging experiments to normalize for nonspecific effects. While this
NP ratio has been shown in previous studies to provide an accurate representation of
biomarker expression levels, nonspecific accumulation and passive retention of NPs is
often quite high, which reduces the sensitivity and accuracy of detection (i.e., the ratios

are lower than we would like).

Here, we have investigated the topical application of NPs on fresh tissue specimens at
the microscopic level. We have developed a method to investigate the diffusion and
accumulation of NPs near the tissue surface, a method we refer to as micro-REMI. We
performed well-controlled “proof-of-concept” experiments using tumor xenografts with
known biomarker receptor expression levels and uniform, reproducible tissue proper-
ties. We stained and rinsed these fresh tissue specimens with a paired-agent approach
identical to that of our standard wide-area REMI approach, in which the targeted and
untargeted NPs were labeled with different fluorescent dyes to allow thin frozen tissue
sections to be imaged with a fluorescence microscope [110, 84, 93, 86, 85]. An image
processing method was developed for analyzing the NP distributions (Figure 4.2). We
verified that the depth-integrated concentrations (area under the curve) agreed with
wide-area REMI signals by comparing ratios of targeted vs. untargeted NPs obtained
with both methods (Figure 4.3). Analysis of NP concentration ratios as a function of
depth (Figure 4.4) led us to hypothesize that by limiting the diffusion of NPs into tis-
sue, higher NP ratios could be obtained with REMI, thereby improving tumor-to-benign
tissue contrast and detection sensitivity. We tested this hypothesis using 200-nm and
300-nm silica NPs functionalized with the same concentration of mAbs (per NP surface

area) as our standard 120-nm NPs. Figure 4.7 shows that larger NPs diffuse less into
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tissue (Figure 4.7A), resulting in higher overall targeted vs. untargeted NP ratios (Fig-
ure 4.7B). Furthermore, we were able to achieve such high NP ratios in less time (6 min
of staining) compared with our previous experiments that required 10 min or more of

staining when utilizing our standard 120-nm NPs.

Previous studies on NP delivery have suggested that a “binding-site barrier”, in which
NP binding can impede NP penetration in tissue, may be preventing our targeted NPs
from penetrating as deeply into tissues as our untargeted (control) NPs, which penetrate
passively (unobstructed by a binding-site barrier) into the tissue [116, 120, 121, 122, 123].
This theory is supported by our experimental data in Figures 4.4A and 4.4C, where the
ratio of the targeted vs. untargeted NPs dip below unity at the furthest depths within the
tumor tissue. This suggests that our targeted and untargeted NPs are not being delivered
identically, resulting in ratios that are less than ideal. Further studies are needed to
verify that our experimental results are in fact attributable to a binding-site barrier
effect. Results shown in Figure 4.7 indicate that the effects of this presumed “binding-
site barrier” are mitigated with the use of larger NPs, in which both the targeted and
untargeted NPs remain closer to the tissue surface. These results are consistent with
the excellent staining performance of larger NPs witnessed by other investigators in the

past [124].

In summary, the results of this study are significant in showing that larger NPs may
be used in REMI to improve the ratio of targeted vs. untargeted NPs after a rapid
staining protocol on fresh tissues. We note that while studies shown here employed
the use of xenografts, further studies are needed to validate that higher ratios can be
achieved with larger NPs on human tissues. This could potentially allow for better
differentiation of tumor and benign tissues for clinical applications such as early detection
and intraoperative assessments of surgical margins. Future clinical studies are also
needed, with large numbers of patient specimens, to validate that these improvements are
consistent across clinical cohorts. Note that we have already shown, in a recent clinical
study, that REMI with 5 multiplexed SERS NP flavors (to target 4 cancer biomarkers)
enables the detection of breast carcinoma with high sensitivity and specificity [125].
However, as we add more biomarker targets into our multiplexed panel, higher detection
SNR and sensitivity will be needed (as well as faster staining times). We have shown

through this study that it is possible to optimize the specific vs. nonspecific accumulation
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of our targeted NPs, as well as staining speeds, based on an improved understanding of

their behavior at the microscopic scale (micro-REMI).



Chapter 5

Mathematical modeling of NPs
topically applied on fresh tissues
to optimize staining and rinsing

protocols

The optimization of staining, rinsing, imaging, and analysis protocols for REMI is costly
in terms of time and resources. To help establish optimized protocols, we developed a
compartmental model with binding and non-specific retention compartments that accu-
rately represents the experimentally measured distribution of NPs topically applied on
fresh tissue specimens. This model can be used to simulate realistic tumor contrast dur-
ing defined tissue staining and rinsing protocols, which can help optimize a wide array of
topical staining protocols. The complexity of such mathematical modeling approaches
— which are affected by staining method, rinsing method, imaging frequency/timing,
and data analysis algorithm — are nearly intractable to optimize experimentally. With
sparse experimental feedback, an accurate data simulation model, as described here, can
significantly enhance molecular imaging protocol optimization in REMI and contribute

to the clinical translation of REMI to the intraoperative lumpectomy setting.

The mathematical model developed here is based on a system of partial and ordinary
differential equations based on Fick’s second law of diffusion and first-order binding

kinetics, and includes both specific binding and nonspecific binding, as described in detail

50
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the Methods section (5.1.1). To determine rate constants describing the binding and
unbinding of NPs to cell surfaces, in vitro experiments were performed using confluent
A431 cell monolayers stained with an equimolar mixture of targeted and untargeted NPs
and imaged with the REMI system. The compartmental model was fit to concentration
profiles obtained with micro-REMI, as described in Chapter 4. The predictive value of
the model was demonstrated by simulating the concentration profiles of larger NPs, and
was validated with micro-REMI data for larger NPs, as shown in Chapter 4. The work
presented in this chapter has been developed with collaborators at the Illinois Institute
of Technology (Professor Kenneth M. Tichaer and Xiaochun “Clover” Xu) and is to be

submitted for publication with Xiaochun “Clover” Xu as a co-first-author.

5.1 Additional materials and methods

5.1.1 Model development

The characteristics of NP binding and diffusion were modeled based on a previous study
describing drug penetration and binding in tumor spheroids that combined Fick’s sec-
ond law of diffusion with first-order kinetic binding [126]. The behavior of biomarker-
targeted NPs topically applied on fresh tissues was modeled with three compartments,
shown in Figure 5.1A. These include: 1) a specifically “bound” compartment, Cjp, a
“free” compartment, Cr, and a “nonspecific retention” compartment, Cyg, represent-
ing the concentration of NPs 1) bound to the targeted receptor, 2) unbound, free in
the interstitial space, and 3) nonspecifically retained in the tissue, respectively. The
untargeted (control) NP was model similarly with two compartments, and excluded the

“bound” compartment. The equations representing targeted NPs were then written as:

aC; A0y
=L _p—I_ kesCyp — k k 1
) 522 3CF + kyCy 5Cr + keCns (5.1)
‘%C,;NS — ksCj — ksCn S (5.2)

t
9Ch _ k3C — kaC) (5.3)

O
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and the control imaging agent can be written as:

oC oC
th = Dgg — ks5Cr + keCns (5.4)
8%? 5 — ksCr — kgCn S (5.5)

where the parameter, D, represents the diffusion coefficient; the rate constants, k3 and
k4, govern association and disassociation of the targeted NP to the targeted receptor,
respectively; and ks and kg govern nonspecific association and disassociation of both
NPs, respectively. These equations are represented as compartment models in Figure 5.1
with diffusion connecting each layer of a conventional compartmental model indicating
layers of tissues in depth. The solution to these equations provides concentration profiles

of targeted and untargeted NPs for various staining/rinsing/imaging conditions.

Equations 5.1-5.5 were solved using a numerical solver for parabolic partial differential
equation systems based on a Crank-Nicholson approach, which discretizes space and
time in a grid. This Crank-Nicholson method is an implicit finite difference method,

which is considered conditionally stable under the condition:

2
Dtstainnz

0.5 5.6

where tg4qin is the duration of the staining (or rinsing), n. is the number of elements
in depth, L is the tissue thickness (maximum depth) in the simulation, and n; is the
number of time points the solution is evaluated at. In this way, the tissue was modeled
as a 1-dimensional vector in depth (Figure 5.2A) that changes as a function of staining
duration (Figure 5.2B). Even though the NP diffusion is strictly 3-dimensional, spatially,
a one-dimensional assumption was assumed for computational efficiency since the pen-
etration depth (<20 pm) of the NPs used for testing was far smaller than the interface
between the tissue and the staining solution (>5 mm). The boundary condition of the
unbound NP concentration at the tissue surface was set to be Dirichlet, 15*-kind, equal
to the concentration of imaging agents in the staining or rinsing solution. The boundary

condition at large depths (e.g. 100 pm, which far exceeds the depth reached by the NPs
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FIGURE 5.1: A three-compartment model with diffusion representing the

distribution of a targeted imaging agent (A) and a two-compartment model
representing a control imaging agent (B) in each layer of thick tissue. Each
level consists of the “free” space concentration of both agents (unbound NPs in the
tissue/medium), Cf, the “nonspecific” retention concentration of both NPs, Cng, and
the “bound” space concentration (concentration of targeted NPs bound to the targeted
receptor), Cy, of the targeted NP. The rate constants, k3 and k4, govern association and
dissociation of the targeted NP to/from the target, respectively; the rate constants, ks
and kg, govern transport between the free and nonspecific compartment for both NPs,
respectively; and D represents the diffusion coefficient, and the bidirectional arrows are
not strictly representative of first order kinetics.

experimentally) was set to be Cauchy, 2"%kind, with the spatial derivative of the free

NP concentration set to zero.

5.1

.2 In vitro experiments

For in wvitro experiments, a previously published protocol was used [127]. Briefly, a 96-

well plate with a 200 pm-thick glass bottom was used to culture cells into monolayers.

Cells were counted and seeded into wells (1 x 10° A431 cells in 200 pL of media per well).

After incubation for 24 hours, confluent cell monolayers were observed in all wells. For

Raman measurements, one of the wells was used to acquire a background measurement in

the absence of NPs. For the remaining wells, an equimolar mixture of EGFR-targeted

and isotype-control untargeted NPs was added for staining the confluent monolayers.

Concentrations and staining times varied depending on the experiment condition. The
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FicURrE 5.2: Illustration of the Crank-Nicholson implementation for tissue
staining. (A) Illustration of tissue vector and its values C¢, at each point. The
surface value C¢, is set to be constant, staining solution concentration. The spatial
derivative at the lower boundary condition is set to be equal to zero. (B) Illustration
of the discretized space and time in matrix. The blue boxes indicate the boundary
condition, same as the definition in (A). The green box indicates the initial condition
of tissue, defined as zeros before staining. The yellow box indicates the unknown values
to be calculated.

staining procedure was followed by 3 rounds of rinsing with PBS. Spectral measurements

were collected after the final rinse step using the REMI system.

5.1.3 Determination of rate constants

In order to determine rate constants from the in wvitro experiments, an approximate
model for a single cell that binds and internalizes particles was applied [128]. In this
study, we assumed that the NPs are too large (120-nm in diameter) to be internalized
by the cell for short staining durations (<1 hr), so we excluded the internalization
component to the model. The approximate model equations representing single cell

interactions with NPs were then written as:

a,

= = kaCoNps — kalVy (5.7)
t

Ny = B— N, (5.8)
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where Nj(t) is the number of NPs bound at the cell surface as a function of time, ¢;
Nps(t) and B are the current and initial numbers of available binding sites, respectively;
k, is the association (binding) rate constant; kg is the dissociation rate constant; and Cjy
is the initial staining concentration. Solving these equations gave the number of bound
particles as a function of time and initial staining concentration, which were then used

to determine the rate coefficients and the binding site number from experimental data:

kqoCoB -
, Co (1 e (kaCoJrkd)t) (5.9)

~ kaCo+ ka

With confluent monolayers it was assumed that the exposed surface area of cell mem-
brane was equal to the area of the well, allowing calculation of the number of NPs bound
per unit cell membrane area. The average surface area per cell (assumed to be 2800 ym?
for A431 cells based on [129, 130]) was used to convert the number of NPs bound per
unit cell area to the number of NPs bound per cell. The equation solving for N, was
fit to the data of NPs bound as a function of staining concentration to derive an esti-
mate for the parameter B. For this solution, ¢ was assumed to be infinite since binding
had reached saturation and the unknown rate constants (k, and kg) were considered
in terms of an equilibrium constant, K = k,/kg4, allowing for a nonlinear least squares
fit to the data. The association and dissociation rate constants were then determined
by exposing confluent monolayers to an equimolar mixture of targeted and untargeted
NPs (150 pM) and measuring the number of NPs bound per cell as a function of time.
Using the number of binding sites per cell, B, the analytical solution of N, (Equation
5.9) was fit to these data points (measured NPs bound per cell as a function of time)

using nonlinear least squares fitting.

5.2 Results

To solve for the parameters, k3, k4, k5, and kg, of the compartmental model we first
solved Equation 5.9 for B, k,, and k4. We considered the specific binding and dissociation
of targeted NPs to biomarker targets, ks and k4, respectively, to be representative of
the k, and kg determined with in vitro experiments for the targeted NP. Similarly, the
nonspecific accumulation and removal of NPs from tissue, k5 and kg, respectively, were

representative of the k, and k4 determined with in vitro experiments for the untargeted
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NP. Proceeding with the solution to Equation 5.9, we first determined the total number
of nonspecific binding sites per A431 cell, B, by exposing a confluent monolayer of A431
cells to untargeted NPs of various concentrations for 1 hr. The average cell surface
area, used to determine the number of NPs bound per cell, was calculated using an
average surface area of 2800 um? [129, 130] per cell based on measurements obtained
with the Raman imaging device. The experimental method is illustrated in Figure 5.3A,
and the results are shown in Figure 5.3B, where the number of NPs bound per cell is
shown as a function of the NP staining concentration. A nonlinear least squares fit of
Equation 5.9 to the data showed that binding reached a maximum of approximately
85 x 103 430 x 103 NPs/cell, which results in an effective cell surface coverage of ~40%.
The association and dissociation rate constants of NPs binding to A431 cells specifically
(ks and ky, respectively) and nonspecifically (ks and kg, respectively) were determined
by calculating the number of NPs bound per cell as a function of time (cell monolayers
were stained with a fixed concentration of 150 pM per NP flavor). Equation 5.9 was
again fit to data from the time course study using a nonlinear least squares algorithm
in order to obtain a range for estimating the association and dissociation constants for
NPs binding specifically and nonspecifically to cell receptors. The estimated range of k3
was 1.7 to 7.5 uM-s~1, k4 was 3.4 x 1074 t0 9.0 x 107 s™1, k5 was 1.6 to 7.4 uM-s—1,
and kg was 6.2 x 1074 to 14.0 x 10~ s~1. These results suggest that both targeted and
untargeted NPs bind at similar rates, and any differences in the ratio of targeted vs.
untargeted NPs are due differences in the dissociation rate constants, k4 and kg. That
is, the untargeted NPs dissociate from the cell surface at a faster rate than the targeted

NP.

To demonstrate the accuracy of the mathematical model developed in Section 5.1.1, we
compared this latest model with a simpler version described previously [127], in which
binding and diffusion were included but not nonspecific retention. Here on out, Model 1
refers to the older, simpler model without the nonspecific retention compartment, while
Model 2 refers to the latest model as described in Section 5.1.1 and shown in Figure
5.1. The parameter estimates determined from Figure 5.3 were used to fit Model 1 and
Model 2 to concentration profiles obtained experimentally from A431 tumor xenografts
stained for 6-min with targeted and untargeted NPs. In running the least-squares fitting
algorithm, the parameters were allowed to vary within an order of magnitude around the

best-fit value from Figure 5.3. Figure 5.4A shows a brief illustration of the micro-REMI
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FIGURE 5.3: In vitro experiments for experimentally determining model pa-
rameters. (A) An illustration of the experimental method for a single well in a 96-well
plate with a 200 pm-thick glass bottom. For each well, A431 cells were (1) grown to
a confluent monolayer (~24 hr), (2) the cell monolayer was stained with NPs, (3) the
cell monolayer was rinsed three times to wash away unbound NPs, and (4) spectral
measurements were collected with REMI. The measured SERS signals were converted
to NPs bound per cell using the calculations described in the Methods section. Note
that the figure is not to scale. (B-C) Experimental data (dots with error bars based
on n = 3 repeated experiments) and fitted curves (dashed lines) for determination of
(B) the available number of nonspecific binding sites, B, and (C) the association and
dissociation rate constants for targeted (red) and untargeted (blue) NPs. The shaded
regions indicate the propagation of uncertainty in the fitted model based on the error in
the experimental data. The fitted curves for determination of final values were obtained
using Equation 5.9. The staining time for (B) was 1 hr and the staining concentration
for (C) was 150 pM. Note that the available number of nonspecific binding sites (B)
was only determined using untargeted NPs.

method described in Chapter 3 (the depth-resolved microscopic imaging of sectioned
tissues), which was used to fit the models. First, an equimolar mixture of targeted and
untargeted NPs, each reacted with a different fluorophore, was used to stain a fresh
tissue specimen. The tissue was then frozen and cryosectioned into 10-pum sections
for fluorescence microscopy. The concentration profiles of the experimental data are
shown in Figures 5.4B-C in solid lines for targeted (red) and untargeted (blue) NPs.
The fitted curves for Model 1 and Model 2 are shown in dashed lines in Figures 5.4B-
C, respectively. Figure 5.4D shows that the percent error in concentration profiles is
increasing as a function of depth for both models, with Model 1 showing greater percent

error altogether compared to Model 2.
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FiGure 5.4: Fitting Model 1 and Model 2 to depth-resolved microscopic
images of sectioned tissues (micro-REMI). (A) A brief illustration of the experi-
mental method used to fit Model 1 and Model 2. (1) Targeted and untargeted NPs were
prepared by conjugating NPs to monoclonal antibodies and different fluorophores. (2)
Fresh tissue specimens were stained for 6-min with an equimolar NP mixture, rinsed
and snap-frozen. (3) The specimens were then cryosectioned into 10 pm-thick slices
and (4) imaged with fluorescence microscopy using two different channels to collect the
signals from targeted and untargeted NPs. Images were analyzed for obtaining concen-
tration profiles of both NPs as a function of depth, z, as NPs diffuse into tissue. (B-C)
Experimental results of NP concentration profiles are shown in solid lines for targeted
(red) and untargeted (blue) NPs, which were used to fit model parameters from (B)
the simpler Model 1 (no nonspecific retention compartment) and (C) the more complex
Model 2 based on the parameter ranges determined experimentally in Figure 5.3. (D)
The percent error in concentration profile is shown increasing as a function of depth
for both models, with Model 1 showing greater percent error altogether compared to
Model 2.

We further demonstrated the value of Model 2 by simulating the concentration profiles
of larger NPs by modifying the diffusion coefficient, D, according to the Stokes-Einstein
generalized equation (in which D scales inversely with the radius of the NP) while fixing
all other model parameters to the same values as determined in previous experiments
for the 120-nm NPs. To verify the accuracy of model simulations for larger NPs, 200-
nm and 300-nm NPs were prepared in an identical manner as the 120-nm NPs used in
previous studies, according to a previously published protocol [127], and concentration
profiles were obtained for A431 tumor xenografts stained 6-min with these larger NPs.
Figure 5.5 shows model predictions in dashed lines and experimental results in solid
lines for targeted (red) and untargeted (blue) NPs for (A) 200-nm and (B) 300-nm

NPs. The percent errors between model predictions and experimental data are shown in
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FIGURE 5.5: Simulations of Model 1 (left) and Model 2 (right) predicting the
concentration profiles of (A) 200-nm and (B) 300-nm NPs. The models were
executed with all identical parameters as those fitted in Figure 5.4, with the exception
of the diffusion coefficient, D, which was modified according to the Stokes-Finstein
generalized equation (in which D scales inversely with the radius of the NP). Model
predictions are shown in dashed lines for targeted (red) and untargeted (blue) NPs.
Experimental data is shown in solid lines and was obtained from A431 tumor xenograft
tissue stained for 6-min with NPs of varying sizes. The percent errors between model
predictions and experimental data are shown in (C). The dashed grey line indicates
10% error.

Figure 5.5C, where Model 1 shows ~70% error and Model 2 shows ~15% error, thereby
demonstrating the predictive power of Model 2 in simulating experimental conditions

for topically applied biomarker-targeted NPs on fresh tissue specimens.

5.3 Discussion

This study aimed to develop a compartmental model with binding and nonspecific re-
tention compartments to accurately simulate concentration profiles of topically-applied
NPs to fresh tissue surfaces. (Figure 5.1). The model was based on a system of partial

and ordinary differential equations based on Fick’s second law of diffusion and first-order
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binding kinetics (Figure 5.1), and was solved using the Crank-Nicholson method, a condi-
tionally stable finite difference method (Figure 5.2). Rate constants were estimated with
in vitro experiments using confluent monolayers of A431 cells stained with an equimolar
mixture of targeted and untargeted NPs (Figure 5.3). We note that while experimen-
tation with cell monolayers is not representative of true tissue micro-environment (e.g.
due to differences in access to cell-surface targets, nonspecific accumulation in tissues,
etc.), this method allows us to narrow the range of parameter limits that can be used
in the fitting of the compartmental model to experimental micro-REMI data. This pa-
rameter range was first used to show that the more complex Model 2, which includes
a nonspecific retention compartment at the surface, accurately represents the binding
and diffusion of 120-nm NPs topically applied on fresh tissues (Figure 5.4). Model 2
was further validated experimentally by showing that it can predict the behavior of dif-
ferent sizes of NPs (200 and 300 nm in diameter) used to stain EGFR-positive tumor
xenografts (Figure 5.5). By accurately simulating the behavior of topically-applied NPs
to fresh tissue surfaces, the model can be used to guide the selection of contrast agent

and protocols to perform topical staining, that would optimize cancer detection.

One noteworthy finding from this study was that both targeted and untargeted NPs
bind to receptors specifically and nonspecifically at similar rates, and any contrast in
targeted vs. untargeted NP ratios is due to differences in the dissociation rate constants.
That is, untargeted NPs that have attached nonspecifically to cell surface receptors dis-
sociate from cell surfaces at a faster rate than that of targeted NPs. We note that
the compartmental model developed in this chapter is highly simplified and does not
include such complexities as NP trapping in fresh tissue and heterogeneities in tissue
structure (i.e. due to microvasculature and tissue cutting artifacts). Incorporating such
complexities into the model would add a large number of parameters to the fitting proce-
dure, ultimately leading to challenges in converging to a solution. Regardless, the work
shown in this chapter demonstrated that this mathetmatical model that incorporates
multi-layer diffusion, in addition to binding and nonspecific retention compartments,
accurately simulates the contrast provided by targeted and untargeted NPs topically
applied on tissues. As an accurate “forward” model to generate concentration profiles of
targeted and untargeted NPs, this will be of value in developing and optimizing various
NP-based imaging methods, for the ultimate goal of enabling quantitative and repro-

ducible imaging of biomarker expression levels. This, in turn, will be of value for many



Chapter 5. Mathematical modeling 61

clinical applications, such as patient stratification to guide personalized therapies or to

monitor treatment outcomes.



Chapter 6

Conclusion and future work

The work presented in this thesis offers strategies for improving a previously-described
Raman-encoded molecular imaging (REMI) technique, which utilizes the topical applica-
tion of multiplexed SERS NPs for rapid visualization of multiple cell-surface biomarkers
at the surfaces of fresh tissues. While it has been demonstrated that REMI may poten-
tially be used to guide tumor-resection procedures [93, 83, 86, 125, 85, 110], there are
clear opportunities to further improve the strategy for clinical translation (e.g., speed,

accuracy, imaging contrast, biomarker detection sensitivity, and quantitative analysis).

In Chapter 3, a feasibility study using channel-compressed spectrometry was presented
as a means to potentially improve the speed and/or sensitivity of REMI. Results showed
that a very high degree of channel compression (nearly two orders of magnitude reduced
from the original 1024 channels) can still allow for accurate and highly multiplexed ratio-
metric imaging of biomarkers with targeted SERS NPs. This opened up the possibility
to use advanced detector arrays, such as 16-channel or 32-channel PMT or APD ar-
rays, which are much more sensitive and fast compared to a 1024-channel spectroscopic
CCD array. Future studies will develop and assess the ability of a high-speed and high-
resolution REMI system for a variety of clinical applications including intraoperative
guidance of tumor resection and multiplexed molecular endoscopy of the gastrointesti-
nal tract [106, 84, 93, 85, 114], in which imaging speed and imaging resolution are of

importance.

In Chapter 4, a method to investigate the binding and diffusion of topically applied

NPs at the microscopic level was developed (a method termed “micro-REMI”) and

62
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validated with time-resolved wide-area REMI experiments using topically applied SERS
NPs on fresh tissue specimens stained for various durations. Analysis of targeted vs.
untargeted NP concentration ratios as a function of depth led us to hypothesize that
by limiting the diffusion of NPs into tissue, higher NP ratios could be obtained with
REMI, thereby improving tumor-to-benign tissue contrast and detection sensitivity. We
tested this hypothesis using 200-nm and 300-nm silica NPs functionalized with the same
concentration of mAbs (per NP surface area) as our standard 120-nm NPs in which the
larger NPs diffuse less into tissue, resulting in higher overall targeted vs. untargeted
NP ratios, and in less time (6-min of staining) compared with our previous experiments
that required 10-min or more of staining when utilizing our standard 120-nm NPs. The
results of this study are significant in showing that larger NPs may be used in REMI
to improve the ratio of targeted vs. untargeted NPs after a rapid staining protocol on
fresh tissues. We note that while studies shown here employed the use of xenografts,
further studies are needed to validate that higher ratios can be achieved with larger
NPs on human tissues. This could potentially allow for better differentiation of tumor
and benign tissues for clinical applications, such as early detection and intraoperative

assessments of surgical margins.

In Chapter 5, we developed a mathematical model to simulate the binding and diffusion
of NPs topically applied on fresh tissue surfaces. The model parameters (NP diffusion
coefficient and the rate constants for binding and unbinding of targeted and untargeted
NPs to targeted and nonspecific binding sites) were determined by in vitro experiments.
We showed with this model accurately represents the binding and diffusion of 120-nm
NPs topically applied on fresh tissues. We further demonstrated the predictive power of
this model by simulating the behavior of larger NPs (200-nm and 300-nm) as they are
topically applied to fresh tisues and validating this experimentally with EGFR-positive
tumor xenografts. As an accurate “forward” model to generate concentration profiles
of targeted and untargeted NPs, this will be of value in developing and optimizing
various NP-based imaging methods, for the ultimate goal of enabling quantitative and
reproducible imaging of biomarker expression levels. This, in turn, will be of value for
many clinical applications, such as patient stratification to guide personalized therapies

or to monitor treatment outcomes.
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6.1 Future work

We note that additional work is neccesssary to further promote REMI for surgical guid-

ance. This section presents some of these directions.

Brighter NPs would help to improve contrast (signal to background ratios), detection
sensitivities, spatial resolution, and imaging speeds. The relative weakness of SERS NP
signals limits spectral acquisition rates and scanning speeds, which in turn limits the abil-
ity to scan large areas with high spatial resolution (i.e. imaging with large pixel counts.
Recently, surface-enhanced resonance Raman scattering (SERRS) nanostars have been
reported to exhibit significantly enhanced brightness (compared to non-resonant SERS
NPs) by using Raman dyes with absorption maxima matched with NIR light sources and
a high affinity for gold surfaces [69, 131], which enabled the detection of small cancer-cell
clusters with microscopic resolution [89, 69, 132]. Further work is necessary, however,
to characterize and improve the stability of SERRS NPs for biomarker-targeted clinical

imaging applications.

Another potential challenge is that cauterization of tissues may denature proteins, in-
cluding the biomarkers targeted by SERS NPs. Note that cautery, used by many but
not all surgeons, is also a challenge for conventional pathology, where it has been ob-
served that certain protein targets and epitopes are more adversely affected than others.
A major advantage of SERS NPs is their potential to simultaneously image a large
panel of biomarkers (potentially 5 to 10 [79]), which may mitigate the effects of cautery
since certain biomarkers have been shown to be less affected by cauterization damage
[133]. Future studies will examine the effects of surgical cautery on the performance of

intraoperative REMI.

Ensuring high specificity of tumor detection is of primary importance (to avoid over-
excision) while sensitivity is secondary (since post-operative pathology will still be em-
ployed). The five candidate biomarkers used in previous REMI studies (HER2, EGFR,
CD44, CD24, mER) [125] are expressed in >85% of breast cancers (on average, assum-
ing independent statistics) [134, 135, 136, 137, 138, 139, 140, 141]. Nevertheless, future
studies will aim to improve the detection sensitivity by enabling targeting of additional
cancer biomarkers, such as integrins [142, 143, 144], cell-surface growth-factor receptors

(e.g. VEGFR1, VEGFR2 [145, 146, 147], PDGFRa«, and PDGFRS [148, 149, 150],
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MUCI [151, 152], EpCAM, [153, 154, 155], and Ki67 [156, 157]). Thus, future work
is needed to demonstrate the ability to quantify a larger panel of biomarkers with tar-
geted SERS NPs, which will require additional optimization of the targeted SERS NPs
themselves, as well as the detection hardware and tissue-staining, rinsing, and imaging

protocols.

In summary, multiplexed molecular imaging, as enabled by REMI, has value for the
rapid imaging of large, excised specimens ( 4 cm?) under time-constrained intraoperative
conditions with sub-millimeter resolution for the detection of small residual tumors.
The studies presented in this dissertation contribute to the clinical translation of REMI
to intraoperative settings. With improvements in speed, accuracy, imaging contrast,
biomarker detection sensitivity, and quantitative analysis, there is potential for REMI to
accurately detect residual tumors at surgical margins, with an ultimate goal of improving
patient care by reducing the rate of re-excision surgeries associated with breast-cancer

lumpectomy.
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