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Abstract

Rapid and sensitive methods of discriminating between healthy tissue and metastases are critical
for predicting disease course and designing therapeutic strategies. We report here the use of an
array of gold nanoparticle-green fluorescent protein elements to rapidly detect metastatic cancer
cells (in minutes), as well as to discriminate between organ-specific metastases and their
corresponding normal tissues through their overall intracellular proteome signatures. Spontaneous
metastases established in a new pre-clinical non-small cell lung cancer metastasis model in
athymic mice were used to provide a challenging and realistic testbed for clinical cancer diagnosis.
Full differentiation between the analyte cell/tissue was achieved with as little as 200 ng of
intracellular protein (~1000 cells) for each nanoparticle, indicating high sensitivity of this sensor
array. Notably, the sensor created a distinct fingerprint pattern for the normal and metastatic tumor
tissues. Moreover, this array-based approach is unbiased, precluding the requirement of a priori
knowledge of the disease biomarkers. Taken together, these studies demonstrate the utility of this
sensor for creating fingerprints of cells and tissues in different states, and present a generalizable
platform for rapid screening amenable to microbiopsy samples.
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Metastasis is frequently the terminal process in the progression of tumors.! As an example,
non-small cell lung cancer (NSCLC) is aggressively metastatic, making it a leading cause of
cancer related deaths worldwide.2:3 NSCLC can metastasize to any organ in the body, with
adrenal gland, brain, bone, lymph nodes, and liver being most commonly affected. Different
sub-types of NSCLC also differ in terms of their evolution, morbidity, mortality, and
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treatment.# Rapid and sensitive methods to molecularly stratify metastases such as those
arising from NSCLC would provide important information for predicting disease course and
indicate therapeutic strategies.

Currently available protein-based methods for phenotyping tumor or metastatic cells rely on
extracellular (cell surface-bound or secreted) and intracellular biomarkers.>¢ Cell detection
based on cell surface protein biomarkers generally involves the use of specific antibodies.”8
Intracellular protein biomarkers® have been explored using emerging proteomic techniques,
such as 2-D gel electrophoresis (2D-SDS-PAGE)10 and mass spectrometry.11 While these
proteomic methods provide potential approaches for cancer phenotyping, they generally
require prior knowledge of the biomarkers being detected.12 However, cells do not always
express unique biomarkers that allow inter-individual differentiation between tumors of a
given type or their metastases.13 Detection methods are further complicated by the
requirement of identifying several protein variants expressed from a single gene, with each
variant being potentially subject to additional post-translational modifications that regulate
activity and conformation.1* An alternative means of cell discrimination is to profile the
phenotypic signatures of cells by means of differential display analysis that reveals genomic,
proteomic, metabolomic, or phenotypic alterations.1> Key methods such as RT-PCR,16
electrophoresis,1” and Raman spectroscopy® have been employed in this respect, but
sophisticated instrumentation and complex operational steps, low throughput, and prolonged
assay times restrict their applicability in the clinic.

Array-based sensing approaches that discriminate between analytes based on their overall
signatures have emerged as a potential alternative for point-of-care diagnosis.19-21 In this
strategy, a unique global diagnostic pattern is derived from the responses acquired from
differential binding interactions of the analytes with a sensor array featuring sefective
receptors. Then, comparing the detected profile of an unknown case to the global database
can allow us to predict its class.1922 This differential sensing method analogous to
mammalian olfaction presents a powerful tool for discriminating subtly different analytes
and their complex mixtures23-25 even in bio-matrices.26:27 This selective array-based
approach is unbiased, precluding the need to pre-identify specific biomarkers.1921 To date,
this strategy has been successfully applied to cell surface-based identification of
bacteria28:29 and to determine cell type, and state of cultured mammalian cells.30-32
However, intracellular proteome signatures have not been exploited for identification of
cells, nor has this strategy been applied to /n vivo systems. More importantly, the utilization
of array-based sensor to discriminate between tissues, a much more complex matrix, would
minimize the influence of phenotypic changes upon 7 vitro cell cultures,33 and provide a
robust and generic tool for clinical diagnostics.

We demonstrate here efficient discrimination between site-specific metastases and healthy
state using cell and tissue lysates through a sensor array comprised of gold nanoparticle
(NP)-green fluorescent protein (GFP) complexes as sensor elements.26 We hypothesized
that site-specific metastasis could be effectively identified and discriminated from their
normal states using the unique proteomic profiles19:34:35 of the cells and tissues. To test this
hypothesis, we first established an /n vivo experimental metastasis model by inoculating
NCI-H1299 non-small lung cancer cells that developed spontaneous metastases in multiple
organs. Lysates from the intact tumor samples, as well as tumor cells isolated from these
metastatic lesions were then used in the sensing experiments. These studies demonstrate that
the sensor was able to completely differentiate between site-specific metastatic cells with
high sensitivity. Notably, the sensor could distinctly profile normal tissues and organ-
specific metastases using their lysate protein signatures. Overall, we demonstrate for the first
time the utility of array-based sensing using gold naoparticles for sensing tissues, providing
a promising strategy for cancer diagnostics.
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RESULTS AND DISCUSSION

Our present sensing strategy is based on non-covalent conjugates between functionalized
gold NPs (core diameter ~2nm) and GFP bearing complimentary charges (Figure 1a). Gold
NPs provide appropriate scaffold for the selective sensor array owing to the features such as
size commensurate with proteins, tunability of the structure and functionality required for
selectivity, high loading of recognition elements leading to high sensitivity, excellent
stability, and fluorescence quenching ability.36 In the present sensor, negatively-charged
GFP binds efficiently with positively-charged gold NPs, with concomitant quenching of
GFP fluorescence by the particle cores. Upon incubation with lysates, the cellular proteins
compete with GFP for binding to the particle surface, resulting in the displacement of GFP
from the particle surface with concomitant restoration of fluorescence (Figure 1a). The
differential interactions between the cationic NPs and various cellular proteins in the lysates
generate fluorescence patterns characteristic of the cell/tissue type, thus enabling us to
discern between the cell/tissue states based on the lysate composition.

We hypothesized that the selectivity required for sensing would be provided by ligand
headgroups on the NPs that present different non-covalent interactions with the analytes. To
this end, we prepared particles capable of hydrophobic (NP1 - 4, NP6), aromatic stacking
(NP5, NP6) and hydrogen bonding (NP7, NP8) interactions (Figure 1b). These NPs are
expected to generate differential fluorescence responses by tuning the NP-GFP and NP-
analyte interactions, a prediction validated by variation in NP-GFP avidities as quantified
through fluorescence titrations between GFP and NPs (Figure S2, Table S1 in the
Supporting Information). Significantly, the relatively simple structures of the ligands
streamlines sensor fabrication while ensuring unbiased screening.37-39

The sensor array was generated by incubating the NPs and GFP followed by loading into a
96-well microplate. These complexes were then incubated (for 30 min) with analyte lysates
from cells and tissues to determine the changes in fluorescence of the NP-GFP solutions.
The protein contents of lysates were quantified by bicinchoninic acid (BCA) assays and
sensing studies were carried out using a constant amount of proteins, thus reducing cell-to-
cell and batch-to-batch variation. Furthermore, sensing with a particular amount of lysate
proteins essentially relies on the differential protein expression patterns of different cells/
tissues. Following quantification, titrations of NP-GFP complexes with different amounts of
lysate proteins were performed providing differentiation with 200 ng, the cellular protein
content of ~1000 cells. The ability of the sensor array to identify cells using such small
sample sizes, pairs this strategy well with clinical specimens such as fine needle aspirates.*0

Xenograft models provide effective systems to isolate organ specific metastatic sublines and
remain the models of choice for clinically relevant studies. For this study, we developed new
metastatic sublines following arterial inoculation of parental human NCI-H1299 cells stably
expressing the EGFP-luc? reporter gene in athymic (nuw/nu), beige (NIH-111) mice (Figure
2a). Metastasis development, monitored via bi-weekly bioluminescence imaging (using
Xenogen/Caliper 1VIS Lumina), revealed the development of bone and soft-tissue metastasis
(adrenal and ovarian) (Figure 2b). Necropsy and histopathology provided further validation
of the organ-specific sites of metastases (Figure S3 in the Supporting Information). Next,
GFP-expressing cells from various metastatic tumors were expanded /n vitro, purified by
fluorescence-activated cell sorting (FACS), and subsequently reintroduced into the mice.
When compared to the parental lines, cells isolated from metastatic lesions (adrenal, bone,
and ovary) demonstrated a significantly enhanced metastatic capacity with a higher number
of metastases as well as a variable degree of tissue tropism, and a reduction in overall
survival.
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Our initial sensing studies were performed /n vitro on cultured cells. Parental, bone-, ovary-
and adrenal-derived NCI-H1299 cells were cultured then lysed. Next, 200 ng of total cell
lysate protein from each sample was incubated with each of the NP-GFP supramolecular
complexes. Changes in the fluorescence of GFP upon lysate incubation are shown in Figure
3a. Background fluorescence of the lysates was measured as well, with no detectable
fluorescence signal. The fluorescence response patterns from the different lysates were
found to be distinct, reproducible, and characteristic of each cell type. Linear discriminant
analysis (LDA) was used as a clustering protocol to statistically analyze the fluorescence
responses (see Supporting Information for the description of LDA).4142 Analysis of the
fluorescence pattern (8 NP-GFP conjugates x 4 cell lines x 6 replicates) resulted in three
canonical factors (62.2, 30.7, and 7.1% of total variance), with the two most significant
factors plotted in Figure 3b. Significantly, the different cell types clustered into four non-
overlapping groups (using 95% confidence level ellipses). These results validate the ability
of the sensor to differentiate between the parental NCI-H1299 and its metastasis-derived
(adrenal, bone, and ovary) sublines, as well as between the organ-specific populations
(adrenal vs. ovary, adrenal vs. bone, and ovary vs. bone) based on the composition of
lysates.

Building upon the discrimination of cultured cells using the selective sensor array, we next
focused on tissue sensing as a clinically relevant sensing target. For these studies we
collected tissues from three different NCI-H1299 metastatic tumors (bone, adrenal, and
ovarian), as well as a tumor generated by subcutaneous injection of NCI-H1299 cells.
Tumor tissue lysates were prepared, quantified using BCA assays, and sensing assays were
performed as above. Figure 4a represents the ratio of the fluorescence intensities of the
tissue lysates toward the NP-GFP complexes. The differential responses indicate that these
complexes detect differences in protein ratios in diverse tumor tissues as the protein
concentration of each lysates were kept constant. LDA classifies the tissues into four distinct
clusters through three canonical factors (containing 89.6, 9.2, and 1.2% of the variation),
with 100% identification accuracy among these tissues (Figure 4b).

To validate the detection efficiency of our selective array-based sensing strategy, we
performed tests to identify unknown samples from random tissue lysates chosen from the
training set (see Supporting Information). We observed 94% accuracy of 32 unknown
samples (30 out of 32) of tumor tissues (Table S9 in the Supporting Information). Taken
together, these studies demonstrate that rapid and efficient discrimination between
metastatic tissues in preclinical models can be achieved based on their lysate compositions.

The ability to differentiate tumors from normal tissues in biopsies represents a key
requirement for diagnostic applications. The ability of our sensors to discriminate between
healthy and metastasized cancerous tissues was determined using lysates isolated from four
normal tissues (adrenal, ovary, skin, and lung) and four NCI-H1299 metastatic deposits
(adrenal, ovary, subcutaneous, and bone). Also, we compared healthy tissue from two
different normal mice to probe subject variability (the same was done for tumor tissues as
well). Sensing assays were performed as above using 200 ng of proteins. A distinct and
reproducible fluorescence pattern was observed for the four normal tissues (Figure 4a). The
canonical score plots obtained from LDA of the fluorescence responses (Figure 4c) showed
that complete differentiation was achieved amongst the normal tissues. Next, the
fluorescence response data from the tumor and healthy tissue lysates were combined and
analyzed by LDA. Significantly, the normal and malignant tissues clustered into two
completely separate regions (Figure 5), indicating a dramatic difference between the
fingerprint patterns. Complete differentiation was also seen between each of the different
tumors. While overlap is observed in the two-dimensional plot (Figure 5), 100%
classification accuracy of all the eight analytes was obtained using additional dimensions
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provided by LDA (Figure S4 in the Supporting Information). Overall, application of array-
based sensing to lysates provides complete discrimination between healthy and tumor
tissues, as well as differentiating between tumor types, providing pre-clinical validation of
this approach for cancer detection. Therefore, the gold nanoparticle based sensor array
provides new opportunities for cancer diagnosis in the clinic by creating a global signature
pattern of different cancer types and comparing new cases with the database.

It should be noted that the present sensor array based on selective interactions presents a
versatile tool that is potentially applicable to other tumor types. However, distinguishing
various tumor types might entail a general set of NP receptors with higher recognition
ability. Isolating the effect of the NP structure from the present study can provide us the NP
surface chemistry important for discrimination between wide ranges of tumors. Despite the
contributions from each NP toward the final differentiation accuracy in the above results, it
can be observed from the raw fluorescence patterns that NP1, NP4, and NP5 produce good
differentiations, consistent with other cell sensing studies3%:43 (the individual contribution
from each NP is shown through the Jackknifed classification, Supporting Information).
Hence, hydrophilic and aromatic recognition play vital roles in the differential interactions
with different cells and tissues. These NP structures provide a starting point for designing
NP platform with greater selectivity toward different bioanalytes, a systematic structure-
activity correlation study that is underway.

CONCLUSION

The array-based sensing using the NP-GFP complexes described here provides an unbiased
strategy to distinguish between normal and metastatic cells and tissues. This sensing
approach provides a complementary strategy to traditional biomarker-based methods for
diagnosis or prognostication.*# In the present sensing, the discrimination relies upon the
phenotypic differences within the overall proteomic signatures of the respective cells and
tissues. Using the lysates for these sensors offers distinct advantages compared to whole cell
sensing, such as increased homogeneity of the test samples leading to reduced error in
identification, increased reproducibility, and higher sensitivity. Furthermore, the sensor is
efficient in discriminating between samples with as little as 200 ng of cell- or tissue-lysed
proteins, minimizing biopsy size. In addition to the high sensitivity, the simple sensor could
differentiate effectively between low (parental) and high (bone, adrenal, and ovary)
metastases, as well as between site-specific cells. Notably, this proteomic-based approach is
the first successful application of selective array-based systems to normal and spontaneously
developed metastatic tissues, providing a simple but generic approach to phenotypically
distinguish disease states. Overall, this array-based sensing strategy presents the prospect of
unbiased phenotype screening of tissue states arising from genetic variations and
differentiation state, a strategy we are currently pursuing.

METHODS

Materials and ethical statement

All the reagents/materials required for nanoparticle synthesis and GFP expression were
purchased from Fischer Scientific, except for gold salt that was from Strem Chemicals Inc.
Human NCI-H1299 cells were purchased from ATCC. 5-6 week old athymic (nu/nu), beige
(NIH-111) female mice were purchased from Charles River Laboratories (St-Constant, QC).
Mice were housed in viral antibody-free conditions in the University of Calgary Animal
Resources Center. All experiments were conducted in compliance with Canadian Council of
Animal Care guidelines and with ethical approval from the University of Calgary Animal
Care Committee.
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Nanoparticle synthesis and GFP expression

Nanoparticles?6:30.43 and GFP4® were synthesized following previous reports. The syntheses
of the nanoparticles are detailed in the Supporting Information.

Establishing in vivo NSCLC metastases and isolation of the metastatic sublines

First, NCI-H1299 cells were stably transfected with a CMV-based vector expressing the
EGFP-Luc2 fusion protein. To generate metastases, 6 week old female NIH-I11 mice were
anaesthetized by intraperitoneal (i.p.) injection of ketamine (100 mg/kg) and xylazine (6 mg/
kg). Then EGFP-Luc2 expressing NCI-H1299 cells suspended in 100 .l of sterile PBS were
injected into the left ventricle of the mice. Following luciferin administration, imaging was
performed immediately after each injection to verify that intracardiac injections resulted in
systemic distribution of the bioluminescent cells. Development of metastases was monitored
by bi-weekly bioluminescence imaging of anesthetized mice. At necropsy, organs were
harvested for ex vivo evaluation of bioluminescence to confirm the anatomical distribution
of the metastasis. In addition, adrenal, ovary, and bone metastasis was confirmed by
hematoxylin and eosin (H&E) staining. Metastatic lesions (adrenal, ovary, and bone) were
extracted and cultured /7 vitro for 2-3 weeks. To confirm enhanced metastasis and organ
specificity of these sublines, FACS sorted GFP*V€ cells were expanded in culture for 1-2
weeks and then re-administered to NIH-111 mice by intracardiac injection.

Bioluminescence imaging (BLI)

BLI was performed using a sensitive cooled charge coupled device (CCD) camera mounted
above a light-tight specimen box (Xenogen IVIS Lumina system, Caliper Life Sciences).
For imaging, each mouse was injected intraperitoneally with D-luciferin (150 mg/kg
dissolved in PBS), anesthetized with isofluorane, and then placed onto a warmed stage
inside the specimen box. Anesthesia was maintained with 1.5-2% isofluorane. Exposure
times ranged from 20 sec to 2 min depending on the photon emission rates from each
metastatic site. Results were analyzed by using Living Image 3.2 software (Caliper Life
Sciences). For ex vivo imaging, tissues were first excised, placed into 24-well tissue culture
plates containing 300 pg/ml D-luciferin in PBS, and exposed for 30-120 sec in the IVIS
Lumina instrument.

Histopathology

Cell culture

To confirm the presence of metastatic cells in soft and skeletal tissues, selected tissues were
excised from the mice at necropsy and were preserved in 10% formalin solution
immediately after ex vivoimaging. Tissues were processed and paraffin embedded before
sectioning (5 wm) and staining with H&E. After fixation in 4% paraformaldehyde, bone
metastases were decalcified in 14% EDTA prior to processing and sectioning.

The NCI-H1299-EGFP-luc2 (parental), bone, adrenal, and ovary subline cells were grown in
RPMI-1640 media supplemented with 10% FBS and 1% antibiotics in 100 mm plates. The
cells were incubated at 37 °C in a humidified atmosphere containing 5% CO». Cells were
regularly passaged by trypsinization with 0.25% trypsin-EDTA, 1X solution (Invitrogen) in
PBS (pH 7.2).

Preparation of the lysates

The metastatic tumors and normal organs were isolated from NIH-I1I mice. Tissue
homogenates (10% w/v) were prepared in lysis buffer [0.15 mmol/L NaCl, 5 mmol/L
EDTA, 1% Triton-X 100, 10 mmol/L Tris-HCI (pH 7.4), plus half of a tablet of complete
protease inhibitor cocktail in 50 mL buffer (Roche Diagnostics GmbH)]. Next, whole tissue

ACS Nano. Author manuscript; available in PMC 2013 September 25.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rana et al.

Page 7

lysates were spun down at 4°C for 15 min at 14,000 rpm and the supernatants were used for
protein quantification and sensing experiments. Similarly, for cell lysate preparation,
confluent 100 mm plates were first washed with cold Ca?*/Mg2*-free PBS followed by
treatment with 500p.L of lysis buffer (with protease inhibitor) for 10 min at 4°C. Then, cells
were scraped using a cell scraper and lysate was collected in an eppendorf tube. To isolate
the pure cellular proteins, cell lysates were spun down at 4°C for 15 min at 14,000 rpm. The
supernatants containing the cellular proteins were used for sensing experiments.

Fluorescence titrations

In the fluorescent titration experiment between nanoparticles and GFP, the change of
fluorescence intensity at 510 nm was measured with an excitation wavelength of 475 nm at
various concentrations of NPs from 0 to 100 nM on a Molecular Devices SpectraMax M3
microplate reader (at 25 °C). Decay of fluorescence intensity arising from 100 nM GFP was
observed with increasing NP concentration. Nonlinear least-squares curve fitting analysis
was carried out to estimate the binding constant (Kj) and association stoichiometry () using
a 1:1 binding model .4

Sensing studies

NP-GFP conjugates were generated by mixing appropriate stoichiometries of nanoparticles
and GFP (100 nM) in 5 mM sodium phosphate buffer (pH 7.4). Then, 200 pL of each NP-
GFP complex solution was loaded into a 96-well microplate and initial fluorescence
intensities of the quenched complexes were measured at 510 nm. Then, 200 ng different of
cell/tissue lysates were incubated with these complexes to determine the changes in
fluorescence of the NP-GFP complexes using Molecular Devices SpectraMax M3
microplate reader (at 25 °C).

LDA analysis

The raw data matrix was processed by classical linear discriminant analysis (LDA) using
SYSTAT software (version 11.0, SystatSoftware, Richmond, CA, USA). In LDA, all
variables were used in the model (complete mode) and the tolerance was set as 0.001. The
raw fluorescence response patterns were transformed to canonical patterns where the ratio of
between-class variance to the within-class variance was maximized according to the pre-
assigned grouping. To identify the unknown samples, the fluorescence response patterns of
the new cases were first converted to canonical scores using the discriminant functions
established on the training cases. Then, the Mahalanobis distance,#’+48 the distance of a case
from the centroid of a training group in the multidimensional discriminant space, was
calculated for the new cases. The new case was assigned to the group with the shortest
Mahalanobis distance from the case.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

(a) Schematic illustration of fluorescence modulation by the competitive binding between
the quenched NP-GFP complex and the lysate proteins. (b) Ligand structure of the NPs used
in this study.
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Figure 2.

(a) Schematic presentation of generating site-specific metastatic cells, and tissues and their
sensing using the selective array-based sensing approach. (b) Representative
bioluminescence images (BLI) of mice after intracardiac injection of EGFP-luc2 expressing
NCI-H1299 cells (Day 0) and at different days showing adrenal, ovarian, and bone
metastases.
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Figure3.

(a) Ratio of fluorescence intensities after (1) and before (lg) addition of the different
metastatic cell lysates to the NP-GFP supramolecular complexes. The responses are
averages of six replicate data and the error bars represent the standard deviations. (b)
Canonical score plot for the fluorescence patterns as obtained from LDA against different
parental and sublines.
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Figure 4.

(a) Ratio of fluorescence intensities after (1) and before (lp) addition of the tumor and normal
tissue lysates to the NP-GFP supramolecular complexes. The responses are averages of six
replicate data and the error bars represent the standard deviations. (b) Canonical score plot
of the fluorescence patterns as obtained from LDA against the four tumor lysates. (c) The
LDA score plot derived from the fluorescence changes for the four healthy tissues.
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Figure5.

A 2-Dimensional LDA score plot derived from combining the fluorescence response
patterns of tumor and healthy tissues (Fig. 4), with 95% confidence ellipses. The color
shading is drawn to show the distinct regions between healthy and tumor tissue.
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