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ABSTRACT
Cystoscopic visualization of bladder cancer is an essential method for initial
bladder cancer detection and diagnosis, transurethral resection, and monitoring
for recurrence. We sought to develop a new intravesical imaging agent that is
more specific and sensitive using a polypeptide based NIR (near-infrared) probe
designed to detect cells bearing epidermal growth factor receptors (EGFR) that are
overexpressed in 80% of urothelial carcinoma (UC) cases. The NIR imaging agent
consisted of an elastin like polypeptide (ELP) fused with epidermal growth factor
(EGF) and conjugated to Cy5.5 to give Cy5.5-N24-EGF as a NIR contrast agent. In
addition to evaluation in human cells and tissues, the agent was tested in canine cell
lines and tissue samples with naturally occurring invasive UC. Flow cytometry and
confocal microscopy were used to test cell-associated fluorescence of the probe in T24
human UC cells, and in K9TCC-SH (high EGFR expression) and K9TCC-Original (low
EGF expression) canine cell lines. The probe specifically engages these cells through
EGFR within 15 min of incubation and reached saturation within a clinically relevant
1 h timeframe. Furthermore, ex vivo studies with resected canine and human bladder
tissues showed minimal signal from normal adjacent tissue and significant NIR
fluorescence labeling of tumor tissue, in good agreement with our in vitro findings.
Differential expression of EGFR ex vivo was revealed by our probe and confirmed by
anti-EGFR immunohistochemical staining. Taken together, our data suggests Cy5.5ELP-EGF is a NIR probe with improved sensitivity and selectivity towards BC that
shows excellent potential for clinical translation.

INTRODUCTION

new cancer cases in the United States [1]. With urothelial
carcinoma (UC), the most common form of BC, the 5-year
BC recurrence rate is nearly 78%, necessitating life-long
surveillance, making it one of the costliest cancers to treat
and manage [2, 3]. Cystoscopic imaging is used in the

Bladder cancer (BC) is the 10th most common
malignancy, affecting more than half a million people
worldwide each year, and accounts for 4.6% of the total
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non-muscle invasive and muscle invasive forms of UC
for initial detection and sampling, transurethral resection,
and monitoring for recurrence following bladder sparing
therapies. White light cystoscopy has low sensitivity
(62–84%) and specificity (43–98%), contributing to
a substantial percentage of false-negative findings [4,
5]. Hexaminolevulinate-based blue-light cystoscopy
(BLC) allows better detection of urothelial carcinoma,
however, it is associated with higher false-positive rates
(6.1–39.3%), and in some cases, adverse events [4].
Bladder inflammation associated with chemotherapy,
immunotherapy, or maintenance intravesical therapy
can cause false positive findings with BLC [5, 6].
Bladder imaging research has been limited by the lack of
appropriate pre-clinical animal models, especially larger
animal models with naturally occurring heterogeneous
tumors that mimic urothelial carcinoma in humans, that
are suitable for cystoscopy [7, 8]. Dogs with naturallyoccuring UC are an emerging option for a suitable large
animal model of BC, where the cancer displays similar
microscopic anatomy, histological appearance, biological
behavior, heterogeneity, and molecular subtypes and
markers to human invasive BC. Successful findings
from research in dogs can be translated to humans, as
well as being beneficial to pet dogs, leading to improved
management of BC across the species [9, 10]. To facilitate
advancement of successful results from the in vitro and
ex vivo work presented here to the relevant in vivo canine
model, experiments were performed in human and canine
tissues and cells.
Overexpressed biomarkers in tumor tissue have been
widely used for increasing the selectivity and sensitivity of
tumor detection. One such biomarker in UC is epidermal
growth factor receptor (EGFR), a rapidly internalizing

receptor when bound to its ligand. EGFR is overexpressed
in both human and canine urothelial carcinoma in about
75% of the cases [11, 12]. Thus, EGFR is a target for
detection and treatment in non-muscle invasive and muscle
invasive BC [13]. Near-infrared (NIR)-tagged antibodies
against EGFR have shown promise by improving tumorto-background signal compared to existing methods, but
this approach suffers from production and purification
issues as well as the need for creating species-specific
analogs [10, 14–16]. Polypeptide-based probes have
many favorable characteristics, such as higher tissue
penetration, lower cost, tunable physiochemical properties,
good target selectivity, and excellent biocompatibility
[17–19]. Elastin-like polypeptides (ELP) are a promising
class of materials that are finding increased biomedical
applications due to their biocompatible, biodegradable, and
low immunogenicity properties [20, 21]. Thompson and
coworkers have previously reported a rapid purification
method for ELP and ELP fusion proteins that yields pure
material in a cost-efficient and scalable manner [22, 23].
Here, we report the generation and performance of
a NIR-tagged ELP-epidermal growth factor (ELP-EGF)
fusion protein to target overexpressed EGFR in urothelial
carcinoma (also known as transitional cell carcinoma,
TCC) [12]. Our central hypothesis was that the ELP-EGF
construct would bind to EGFR+ tumor cells with high
affinity to enable NIR detection (Scheme 1). The selectivity
of this targeting arises from two factors: overexpressed
EGFR on the surface of the tumor cells and greater tumor
access due to extensive mucosal barrier disruption at the
bladder tumor site compared to normal urothelium. We
show EGFR-specific binding and internalization in human
and canine UC cell lines in EGFR density-dependent
manner. These findings guided our experiments to evaluate

Scheme 1: Local NIR emission expected (depicted as light bulbs of different intensities) for canine and human EGFR+
bladder cancer cells and tissues treated with non-targeted ELP (left), targeted ELP-EGF (center), and diminished
ELP-EGF binding due to EGFR blockade with free EGF (right).
www.oncotarget.com
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ex vivo binding with intact spontaneous human and canine
bladder tumor tissues and homogenates. Ex vivo findings
followed the trends observed in our in vitro assays and
were corroborated with the immunohistochemical antiEGFR staining intensities of tissue slices. Furthermore,
the whole tissue imaging results indicated that the nontargeted probe (Cy5.5-ELP) had no significant non-specific
binding, while our EGFR-targeted probe displayed robust
and specific EGFR binding.

described [23] before chemically modifying them at
their N-termini with Cy5.5 NHS ester to obtain Cy5.5N24-EGF and Cy5.5-N40. SDS-PAGE analysis after
purification by LH-20 Sephadex column chromatography
revealed a single band of ~17 kDa under the NIR channel
of a LICOR imaging system, confirming that both peptides
were successfully modified (Figure 1B). Excitation and
emission spectra were also recorded to determine the
maximum excitation (680 nm) and emission (710 nm)
wavelengths of the modified peptides; these values were
used for all subsequent experiments (Figure 1C).

RESULTS

In vitro binding studies with canine bladder
cancer cell lines: K9TCC-SH (high EGFR) and
K9TCC-Original (low EGFR)

Characterization of Cy5.5-N24-EGF and
Cy5.5-N40
Two ELP constructs of similar molecular weights,
a targeted N24-EGF fusion and a non-targeted negative
control N40 (Figure 1A) were purified as previously

Cell binding studies were performed with either
Cy5.5-N24-EGF, Cy5.5-N40 or PBS by treating canine

Figure 1: Characterization of Cy5.5-N24-EGF and Cy5.5-N40. (A) SDS-PAGE gels showing Cy5.5-N24-EGF and Cy5.5-N40
at ~17 kDa; (B) NIR fluorescence of SDS-PAGE gel after modification of N24-EGF and N40 with Cy5.5-NHS (λem- 700 nm); (C)
Fluorescence excitation and emission spectra of purified Cy5.5-N24-EGF and Cy5.5-N40 (free Cy5.5: λex- 680 nm, λem- 710 nm).
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cell lines isolated from spontaneous canine bladder
tumors that expressed low (K9TCC-Original) and high
EGFR (K9TCC-SH), respectively [10]. An initial timebased binding study was performed over a 1 – 4 h period
(Supplementary Figure 1). Saturation of the Cy5.5N24-EGF fluorescence intensity was observed after 1 h.
We also found that non-specific binding of Cy5.5-N40
increased after 1 h suggesting that experiments conducted
using ≤ 1 h incubation with the Cy5.5-modified probes
would be most reflective of EGFR+ cell binding. Next,
we performed a binding study at 15, 30 and 60 mins to
determine the probe binding kinetics. As shown in Figure
2A, Cy5.5-N24-EGF engages both canine cell lines within
15 min, with the K9TCC-SH cells displaying 5-fold higher
fluorescence at 1 h than K9TCC-Original (Figure 2B and
Supplementary Figure 2). In contrast, Cy5.5-N40 showed
little to no binding after 1 h incubation with either cell
line.
As a test for EGFR binding specificity by ELP-EGF,
free EGF was added in a set of competition experiments.
We found decreased binding of Cy5.5-N24-EGF when the
culture media was supplemented with external EGF (Conc.
= 200 µg/ml) at 30 min for K9TCC-SH and 15 min for
K9TCC-Original (Supplementary Figure 2). Competition
after 30 min was also observed in K9TCC-SH when

serum was used instead of EGF as previously reported
[10]. The difference in the EGFR expression by the two
canine cell lines is reflected by the magnitude of Cy5.5N24-EGF binding, showing about a 10-fold higher binding
of Cy5.5-N24-EGF to K9TCC-SH compared to K9TCCOriginal. Competition was also performed at 4°C to limit
rapid (~5 min) internalization of the EGF-EGFR complex
[24, 25]. Figure 2C, 2D show the results from competition
studies of Cy5.5-N24-EGF at 4°C vs. 37°C for both cell
lines. We observed that the lower temperature enhanced
the competition with serum in K9TCC-SH (Figure 2D),
however, minor changes were detected in the case of
K9TCC-Original (Figure 2C). These binding patterns were
sustained at other time points and temperatures studied as
well (Supplementary Figures 3, 4).

Confocal microscopy analysis of Cy5.5-N24-EGF
internalization in K9TCC-SH and K9TCCOriginal
After incubating the cells with either PBS,
Cy5.5-N40, Cy5.5-N24-EGF, or Cy5.5-N24-EGF + Serum
for different time periods at 37°C, they were analyzed for
DAPI and Cy5.5 fluorescence by confocal microscopy
(Figure 3, Supplementary Figures 5, 6). It was observed

Figure 2: Time and temperature based in vitro binding studies of ELP constructs with K9TCC-Original (low EGFR)
and K9TCC-SH (high EGFR). Here, PBS treated wells were used to adjust the voltages and gating in flow cytometry; Cy5.5-N40 is

the negative control (i.e., similar molecular weight as Cy5.5-N24-EGF but without the EGF), and Cy5.5-N24-EGF is the ELP-EGF fusion
protein. Competition experiments were performed by adding serum to the culture well along with Cy5.5-N24-EGF to evaluate whether
receptor-mediated binding occurs. (A, B) Time-based (15 min, 30 min, 1 h) binding of K9TCC-Original and K9TCC-SH respectively;
(C, D) Temperature-based (4°C and 37°C) binding of K9TCC-Original and K9TCC-SH, respectively.
www.oncotarget.com
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for both cell lines that the fluorescence intensities increased
with increasing incubation time. Localization analysis
revealed that the EGFR-targeted compound is bound
and internalized within 15 mins, with longer incubation
times leading to greater internalization. Cy5.5-N24-EGF
internalization was reduced upon addition of serum at all
time points recorded. The negative control, Cy5.5-N40, did
not show any detectable internalization over 1 h.

cells, increased cell-associated Cy5.5 fluorescence was
observed at higher incubation temperatures (Figure 4B). In
contrast, T24 cells treated with Cy5.5-N40 (negative control)
produced low mean fluorescence intensity (Figure 4C).
Confocal microscopy
T24 cells were treated with either PBS, Cy5.5-N40,
Cy5.5-N24-EGF or Cy5.5-N24-EGF + Serum and evaluated
by confocal microscopy for evidence of internalization. As
observed in canine cell lines, internalization of Cy5.5-N24EGF increases with time (Figure 4C, Supplementary Figure
7), whereas serum competition reduces the extent of Cy5.5N24-EGF internalization. No detectable internalization was
observed for Cy5.5-N40.

In vitro cell associated fluorescence studies with
T24 human bladder cancer cells
Flow cytometry studies
Cell-associated fluorescence of T24 cells incubated
with Cy5.5-N24-EGF after incubation at 15, 30 and 60
min is shown in Figure 4A. At 37°C, Cy5.5-N24-EGF
binds to T24 cells at levels that are similar to K9TCCOriginal, the low EGFR expressing canine TCC cell line.
Like the canine cells, blockade studies with Cy5.5-N24EGF + serum produced lower mean fluorescence intensity
compared to Cy5.5-N24-EGF, suggesting specific EGFRmediated binding. Similar to our observations in canine

Ex vivo binding studies with resected tumor and
adjacent tissues
Canine tissue
Resected tumor and adjacent tissues were
homogenized to produce single cell suspensions for flow
cytometry analysis. Data were collected at three time

Figure 3: Confocal microscopy of internalized ELP constructs. Merged DAPI (blue) and NIR (fuchsia) confocal images for

Cy5.5-N40 and Cy5.5-N24-EGF after incubating the cells for different times (15 min, 30 min, and 1 h) at the same probe concentration (180
µg/ml compound per 50k cells). Cy5.5-N24-EGF internalization increases with time for (A) K9TCC-Original and (B) K9TCC-SH. Scale
bar: 20 µm. (Note: Confocal images for individual and merged channels appear in Supplementary Figures 5, 6)
www.oncotarget.com
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Human tissue

points and two temperatures for tumor tissues whenever
possible (Supplementary Figure 8). All samples were
treated with either PBS, Cy5.5-N40, Cy5.5-N24-EGF or
Cy5.5-N24-EGF + Serum. Cy5.5-N24-EGF showed the
highest fluorescence, followed by Cy5.5-N24-EGF +
Serum and Cy5.5-N40. The latter had little to no signal
in all the cases, an observation that corroborated with the
trend observed in vitro (Cases 1 and 2). Furthermore, in
Case 1, two populations were observed at different mean
fluorescence intensities for Cy5.5-N24-EGF binding
(Figure 5A). This was validated by anti-EGFR staining
that also showed two different EGFR+ populations.
Whole tissue imaging was performed on 2 × 5 mm tissue
sections after incubation with treatments mentioned above
(Figure 5B). Each treatment group displayed similar Cy5.5
staining behavior as the homogenized tissue samples
(Case 3). Anti-EGFR staining studies further confirmed
the presence of EGFR+ cells.

To assess the selectivity of the NIR probe for
binding to tissue bearing EGFR+ cells, we compared
their binding properties with human bladder tumor and
adjacent tissues (Figure 6A, 6B, Supplementary Figure
9). Whole tissue imaging studies revealed that adjacent
tissue displayed a lower average fluorescence intensity
than tumor tissue when incubated for 30 min with Cy5.5N24-EGF in all cases (Figure 6A, 6B). Furthermore, nontargeted Cy5.5-N40 did not produce significant binding
over the same incubation period. Blockade studies
performed to test receptor specificity indicated a reduction
in mean fluorescence intensity of Cy5.5-N24-EGF in the
presence of serum or external EGF. As a test of Cy5.5ELP-EGF binding specificity, immunohistochemistry
(IHC) was also performed to analyze EGFR expression
and the presence/absence of glycosaminoglycan (GAG;
Figure 6C). Anti-EGFR expression of adjacent tissue

Figure 4: Binding of ELP probes to T24 cells as a function of time and temperature. (A) Time dependence of cell associated
fluorescence after 15 min, 30 min and 1 h binding incubations with T24 cells at 37°C; (B) Temperature dependence of T24 cells associated
fluorescence at 4°C and 37°C; (C) Merged DAPI (blue) and NIR (fuchsia) confocal images of T24 cells after incubation at 37°C with
Cy5.5-N40 and Cy5.5-N24-EGF for different times (15 min, 30 min, 1 h). Scale bar: 20 µm. (Note: Confocal images for individual and
merged channels appear in Supplementary Figure 7).
www.oncotarget.com
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DISCUSSION AND CONCLUSION

in Case 1 indicated diffused carcinoma in-situ and
the anti-EGFR IHC scoring was 2–3+, findings that
were consistent with our whole tissue imaging results.
Comparisons between the cases (1–4) revealed that
Case 2 had the highest binding and corresponding IHC
scoring (3+; > 95% population), whereas Case 3 showed
the lowest binding and score (0–1; > 40% population).
In contrast, Case 4 had similar binding and IHC scoring
(2+; 50–70%) as Case 1. Interestingly, Case 3 adjacent
tissue had higher Cy5.5-N24-EGF signal compared to
tumor, findings that were corroborated by anti-EGFR
IHC scorings. All the samples showed sparse distribution
of GAG via PAS staining. Similar trends were observed
for homogenized tumors (Figure 6D, 6E, Supplementary
Figure 9). Case 5 had lower EGFR compared to Case
6, an observation that was also reflected in the median
fluorescence intensity of Cy5.5-N24-EGF binding in
single cell analysis. Further, PAS staining indicated the
presence of GAG in patches for both cases.

We have developed a peptide-based NIR probe,
Cy5.5-N24-EGF, that shows high EGFR-specific binding
specificity in canine and human UC in vitro and ex vivo.
In all cases, the non-targeted ELP construct, Cy5.5-N40,
showed minimal to no binding to tumor cells over a 60min exposure, the saturation point for binding of the
targeted probe. Cy5.5-N24-EGF showed a 100-10,000fold fluorescence enhancement over Cy5.5-N40 in canine
cell lines. This was a significant improvement compared
to the 10-fold enhancement reported for an EGFRantibody conjugated NIR agent in canine UC cell lines
[10]. Some of the other approaches leveraging the EGFEGFR axis, like EGF-toxin conjugates, have displayed a
10–50-fold enhancement [24, 25]. Competition studies
were performed both in vitro and ex vivo at different
temperatures in the presence of unlabeled serum and/
or EGF. Temperature is known to influence the surface

Figure 5: Ex vivo whole tissue imaging of canine bladder tumor tissue. (A) Homogenized tissue: two populations with varying

intensities were observed for the Cy5.5-N24-EGF binding and corroborated by anti-EGFR IHC (Red arrow: Low EGFR; Black arrow: High
EGFR). (B) Whole tissue: the tissue was divided into 5 pieces and incubated with different conditions (PBS, Cy5.5-N40, Cy5.5-N24-EGF,
Cy5.5-N24-EGF + Serum, Cy5.5-N24-EGF + EGF) for 30 min. Fluorescence was recorded at λex: 640 nm and λem: 710 nm. Cy5.5-N24EGF binding corroborates with anti-EGFR IHC.
www.oncotarget.com
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expression of EGFR and its cellular trafficking. At 4°C, in
absence of growth factors, 90–95% of the expressed EGFR
is found on the cell surface [26]. Furthermore, EGFR

internalization is nearly abrogated at that temperature,
whereas at 37°C, it falls in the range of 0.15–0.40 min−1
[27]. This high EGFR internalization rate necessitates

Figure 6: Ex vivo analysis of whole and homogenized human bladder tumor and adjacent tissue. (A) The tissues were

divided into 5 pieces that were incubated under different probe conditions for 30 min. Cy5.5 fluorescence was recorded at λex: 640 nm
and λem: 710 nm. (B) Mean fluorescence intensities of tissues treated with Cy5.5-N24-EGF after normalization against Cy5.5-N40 from
4 cases. Mean fluorescence intensities are reported as total fluorescence intensity within a region of interest normalized by tumor area. (C)
Immunohistochemical analysis for EGFR and PAS (for GAG detection), with scoring of tissue sections by an independent core facility (T
= tumor and A = Adjacent). (D) Homogenized tissue analysis: Two cases with different binding medians are shown here along (E) Images
of Immunohistochemistry (IHC) for anti-EGFR, PAS and H&E staining. Differential EGFR expression was confirmed using ant-EGFR.
The staining scores are written below the image and the numbers in bracket represent percentage of tumor cells that stained positive. [CIScarcinoma in situ].
www.oncotarget.com
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EGF based competition at 4°C, especially for incubation
times longer than 5 min [28]. While competition assays
were performed at both temperatures, better competition
was observed at 4°C in most cases.
At 37°C, Cy5.5-N24-EGF binding with human UC
(T24) was very similar to the lower EGFR expressing
canine UC (K9TCC-Original), whereas at 4°C, binding
was lower in T24 compared to K9TCC-Original (Figures
2, 4), a finding that is consistent with previous studies
showing low surface expression of EGFR in T24 at lower
temperatures [29].
Our ex vivo binding results corroborate with the
in vitro trends, regardless of whether we processed the
resected tissues by enzymatic digestion or by direct
treatment of the intact tissue (Figures 5, 6). In general,
Cy5.5-N24-EGF showed lower binding to adjacent tissue
specimens than their tumor counterparts. Furthermore,
Cy5.5-N40 had no observable binding with any of the
specimens over 1 h incubation period, a finding that we
attribute to EGFR mediated interaction of the targeted
probe. Additional support for an EGFR-specific interaction
is provided by comparisons of the spatial fluorescence
profiles of Cy5.5-N24-EGF and anti-EGFR binding on
the same piece of tumor tissue. Tissue specimens were
incubated with different treatments for 30 min, followed
by acidic buffer washes to remove surface bound Cy5.5N24-EGF before incubating the samples with anti-EGFR
(Supplementary Figure 10) [30, 31]. We observed an
overlap in the fluorescence profiles for Cy5.5-N24EGF and anti-EGFR. Additional evidence to the binding
outcomes of the probe came from IHC performed on the
ex vivo specimens. The fluorescence binding intensities of
our probe accounts for the differential expression of EGFR
ranging from as low as 0–1 to as high as 3+ for human
cases. Interestingly, we observed our probe stained high
EGFR expressing (0–1+; 50–70% positive), T2a stage
tissue specimen (Case 3A), marked as ‘adjacent’ during
the conventional cystoscopy procedure.
In summary, we sought the development of Cy5.5N24-EGF as an imaging probe for potential application
during cystoscopy of bladder tumor by engaging
overexpressed EGFR in tumor cells for various preclinical models. The probe achieves its maximum cellassociated fluorescence at 60 mins, a clinically relevant
time frame for bladder instillation [32]. Owing to the high
amino acid sequence homology (91%) between canine
and human EGFR, no changes were required in the ELP
sequence for translation across species [33]. Our results
provide empirical support for EGFR-mediated interaction
of the probe based on: (i) Cy5.5-N24-EGF produced high
cell-associated fluorescence, (ii) Cy5.5-N24-EGF could be
competed away from EGFR+ cells with exogenous EGF,
and (iii) positive correlation was observed between EGFR
levels from IHC and Cy5.5-N24-EGF binding intensities
in human and canine ex vivo tissues. EGFR targeting
approaches are effective in 74% of bladder cancer patients
www.oncotarget.com

[34–36]. While this initial proof-of-concept work focused
on EGFR, future work will expand this approach by
developing ELP based multi-ligand probes targeting more
tumor markers. This will facilitate imaging in patients
with a variety of molecular targets. By demonstrating the
binding efficacy in canine tissue and cells this will set the
stage for imaging canine tumors during cystoscopy in the
future and enable translation to humans.

MATERIALS AND METHODS
Regulatory approvals
Biospecimen Collection and Banking Core at
the IU Simon Comprehensive Cancer Center provided
human urothelial tissue samples service in support of this
study. All canine tissue samples were obtained following the
guidelines and approval of the Purdue Animal Care and Use
Committee. Tissue samples were collected at necropsy from
dogs who were euthanized at the request of their owner due
to poor quality of life from cancer or other comorbidities.

Chemicals and reagents
All organic solvents (methanol, ethanol,
acetone, dimethyl formamide (DMF) and, N,Ndiisopropylethylamine (DIPEA)) were HPLC grade
(Fisher Scientific) and used without further purification.
E. coli cells (BL21 and NEB 5-alpha) were purchased
from New England Biolabs. Lysozyme and Sephadex
LH-20 were purchased from Sigma-Aldrich. BLUEStain
protein ladder and ampicillin were purchased from
Gold Biotechnology. Yeast extract, L-proline, tryptone,
glycerol, and other bacterial culture media components
were purchased from Research Products International. All
materials for SDS-PAGE were obtained from Bio-Rad.
PE/Cyanine7 anti-human EGFR antibody was purchased
from BioLegend. Cy5.5 NHS ester was obtained from
Lumi Probe. DMEM/F12, DMEM, fetal bovine serum
(FBS), PenStrep, and other cell culture reagents were
obtained from Corning Life Sciences.

Protein expression and purification
All protein expressions were performed using
BL21(DE3) E. coli and cultured as previously reported
[23]. N24-EGF was purified by organic extraction
(Ethanol: Methanol, 1:5 ratio) following a previously
reported protocol [23]. For N40 purification, conventional
inverse transition cycling was performed as described [22].

Fluorophore modification
Purified N24-EGF or N40 pellets were resuspended
in DMF, followed by addition of 1 eq. DIPEA base
and 2 eq. of Cy5.5 NHS ester to the resuspended ELP
1012
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Confocal microscopy

solution (1 g pellet in 200 µL DMF). The mixture
was stirred overnight at 4°C. Excess Cy5.5 was
removed using size exclusion chromatography (LH-20
Sephadex) as per the manufacturer’s recommendations.
Fluorescence intensities (λex: 681 nm/λem: 710 nm) of
Cy5.5-N24-EGF and Cy5.5-N40 were normalized prior
to cell treatments.

Poly-L-lysine coated slides were placed in a 6 well
plate and 150 k cells/well were seeded and incubated in
serum containing DMEM media until 80% confluency
was reached. Time based internalization studies were
performed for the same conditions and concentrations as
the binding studies. All the coverslips were fixed with 2%
paraformaldehyde for 15 min and washed with 1x PBS
post-fixation before mounting on the slides using ibidi
mounting media (DAPI staining). All the slides were
analyzed with a Nikon AIR-MP microscope under the
DAPI and Cy5.5 channels.

SDS PAGE Analysis and NIR imaging
Proteins were electrophoresed through a 15%
resolving gel with a 5% stacking gel in a Tris-glycine
buffer system and stained following a previous protocol
[23]. The gels were then imaged using a Bio-Rad
Chemidoc Touch imaging system. For NIR imaging, the
fractions post-workup were run on the gel as described
above and imaged with a LICOR imaging system using
the 700 nm emission channel.

Ex vivo analysis
Tissue- derived single analysis by flow cytometry
Ex vivo bladder tumor and adjacent tissue samples
were obtained from humans or dogs with naturally
occurring invasive UC. Human ex vivo samples were
obtained from Indiana University Melvin and Bren Simon
Comprehensive Cancer Center-Tissue Procurement and
Distribution Core. The canine tissues (canine tissue:
cases 1, 2) were collected at necropsy; human tissue
was obtained (human tissue: cases 5, 6) by transurethral
resection of bladder tumor. A single cell suspension was
prepared using Accumax enzymatic digestion (30 min,
room temp) and distributed into the following treatments:
PBS, Cy5.5-N40, Cy5.5-N24-EGF, Cy5.5-N24-EGF +
Serum/EGF. All the conditions were allowed to incubate
for 15, 30 or 60 min at either 37 or 4°C. Post-incubation,
cells were washed with PBS and centrifuged at 1500
rpm for 5 min. The cell pellet was re-suspended in 500
μL FACS buffer and passed through a cell strainer cap
for flow cytometry analysis. To each flow tube, 5 μL of
propidium iodide (10 μg/ml) was added for 5–10 min
to stain the dead cell population. All the samples were
evaluated using a BD LSRFortessa cell analyzer with the
APC-Alexa 700 and PI (λex: 537 nm/λem: 635 nm) channels
and the data processed using FCS Express 7.

In vitro analysis
Cell culture
The canine transitional bladder cancer cell lines,
K9TCC-Original (minimal EGFR expression) and
K9TCC-SH (intermediate EGFR expression) were
provided by the Knapp Lab (Purdue University, West
Lafayette, IN, US) and grown as previously described
[10]. The human urothelial carcinoma cell line, T24
(procured from ATCC), was kindly provided by Dr.
Timothy Ratliff (Purdue University, West Lafayette, IN,
US) and cultured in McCoy’s medium supplemented with
10% FBS at 37°C and 5% CO2. All experiments were
performed with mycoplasma-free cells.
Binding assay
Canine cancer cells were seeded at a density of
50,000 cells/well in 24-well plates overnight in serum
containing DMEM/F12 and allowed to attain 80%
confluency. The wells were then rinsed 3 times with
1X PBS. Further, 100 μL of different conditions (PBS,
Cy5.5-N40 and Cy5.5-N24-EGF) were diluted to 400 μL
serum free media and then introduced to the cells. For
serum competition studies, 100 μL of Cy5.5-N24-EGF
was diluted in 400 μL of 20% serum containing media
and added to the cells. Each condition was incubated
for either 15, 30 or 60 mins at either 4°C or 37°C. For
free EGF competition, a 2-fold excess of EGF relative to
Cy5.5-N24-EGF was used and allowed to incubate for the
desired time and temperature. Post incubation, the cells
were rinsed 3X with PBS and trypsinized (100 μL per
well) for 10 min at 37°C. FACS buffer (500 μL) was used
to neutralize the trypsin and filtered through tubes with
a cell strainer cap to minimize clumping. Samples were
evaluated using a BD LSRFortessa cell analyzer using the
APC-Alexa 700 channel (λex = 640 nm/λem = 710 nm); the
data was further processed using FCS Express 7.
www.oncotarget.com

Whole tissue imaging
Whole tissues were procured from canine necropsy
(Case 3) and human cystectomy (Case 1–4) patients. In
some cases, adjacent tissues appearing normal were also
collected. The samples were washed three times with PBS
before sectioning (5 mm × 2 mm) and submerging in 300
μL serum free media along with 200 μL PBS, Cy5.5-N40,
or Cy5.5-N24-EGF. After sample incubation and fixation,
NIR images were collected with an Aura animal imager
using the λex = 680 nm/λem = 710 nm channel.
Immunohistochemistry studies
All the IHC for human samples were performed by
the IU Immunohistochemistry Core facility. For Canine
cases, the IHC was conducted in the Knapp lab and in
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the Indiana Animal Disease and Diagnostic Laboratory at
Purdue University.
NOTE: A more detailed materials and methods
section is available in supplementary information.

of their owner due to poor quality of life from cancer or
other comorbidities.
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