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Abstract

We report the development, characterization, and validation of a peptide specific for the 

extracellular domain of HER2. This probe chemistry was developed for molecular imaging by 

using a structural model to select an optimal combination of amino acids that maximize the 

likelihood for unique hydrophobic and hydrophilic interactions with HER2 domain 3. The 

sequence KSPNPRF was identified and conjugated with either FITC or Cy5.5 via a GGGSK linker 

using Fmoc-mediated solid-phase synthesis to demonstrate fiexibility for this chemical structure to 

be labeled with different fluorophores. A scrambled sequence was developed for control by 

altering the conformationally rigid spacer and moving both hydrophobic and hydrophilic amino 

acids on the C-terminus. We validated peptide specificity for HER2 in knockdown and 

competition experiments using human colorectal cancer cells in vitro, and measured a binding 

affinity of kd = 21 nM and time constant of k = 0.14 min−1 (7.14 min). We used this peptide with 

either topical or intravenous administration in a preclinical model of colorectal cancer to 

demonstrate specific uptake in spontaneous adenomas and to show feasibility for real time in vivo 

imaging with near-infrared fluorescence. We used this peptide in immunofluorescence studies of 

human proximal colon specimens to evaluate specificity for sessile serrated and sporadic 
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adenomas. Improved visualization can be used endoscopically to guide tissue biopsy and detect 

premalignant lesions that would otherwise be missed. Our peptide design for specificity to HER2 

is promising for clinical translation in molecular imaging methods for early cancer detection.

Graphical abstract

INTRODUCTION

Antibodies, enzyme-activated probes, and lectins are being developed for use as molecular 

probes to improve detection specificity with molecular imaging.1-3 These targeting moieties 

can be labeled with bright fluorescent dyes to achieve high contrast and produce near-

infrared (NIR) emission for deep tissue imaging.4 Compared with conventional whole body 

imaging methods, these properties may improve cancer staging. However, clinical usefulness 

of some probes has been limited by slow binding onset, long circulation times, and increased 

background.5,6 Molecular expression can also be visualized in precancerous lesions well 

before gross architectural changes of cancer become apparent, and may be useful for early 

detection. Recently, targeted imaging with peptides has been demonstrated as a diagnostic 

tool in clinical studies to guide tissue biopsy in the digestive tract.7,8 Peptides are well suited 

for in vivo imaging because of high diversity, small size, labeling fiexibility, and minimal 

immunogenicity, and are well-suited for clinical use because of rapid binding kinetics, deep 

tissue penetration, lack of toxicity, and affordable cost.9

Human epidermal growth factor receptor 2 (HER2) is a member of the tyrosine kinase 

family that also includes HER1 (EGFR), HER3, and HER4, and is located on chromosome 

17q21.10-12 It encodes a 185 kDa transmembrane protein that lacks a natural ligand and 

functions as a coreceptor to form homo and heterodimers with other HER family members. 

Dimerization results in activation of signaling cascades that include the MAPK and 

PI3K/AKT pathways that are essential for cell proliferation and differentiation.13,14 There is 

evidence that HER2 is highly overexpressed in many tumors. Amplification and/or over 

expression of this gene has been associated with mitogenesis, malignant transformation, 

increased motility, invasion, and metastasis.15-17 HER2 over-expression may also predict 

cancer prognosis, correlate with tumor size, and reflect stage. These findings motivate the 

development of HER2 as an imaging target to help select patient populations that are more 

likely to benefit from therapy and avoid unnecessary treatment, reduce side effects, and 

decrease cost.
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Colorectal cancer (CRC) is a leading cause of cancer death worldwide that can be prevented 

with improved methods for early detection.18,19 Conventional white light colonoscopy is the 

standard method for CRC surveillance. However, evidence is mounting that mortality benefit 

is conferred primarily to the distal rather than proximal colon.20-24 Proximal lesions are 

more likely to be flat in appearance and difficult to visualize.25 These lesions can be more 

aggressive than visible polyps, and 5 times more likely to harbor carcinoma in some patient 

populations.26 Thus, molecular imaging methods may improve detection and hence 

prevention of CRC. Previously, specific imaging agents for EGFR, c-Met, and mucin-1 have 

been demonstrated in preclinical and clinical studies.27-29 Previous immunohistochemistry 

studies have shown a wide range of 10–83% for HER2 overexpression in CRC.12,17,30 This 

variability may result from sampling error, small sample size, limited study populations, 

differences in technique, and nonstandard scoring systems.31-34 To date, little is known 

about HER2 overexpression in proximal versus distal colon.

Here, we aim to design and validate a NIR-labeled peptide specific for the extracellular 

domain of HER2 for use with in vivo molecular imaging applications. We will illustrate 

potential for early detection of CRC by demonstrating specific binding to adenomas in 

mouse colon and characterizing overexpression of membranous HER2 in precancerous 

lesions from proximal human colon.

RESULTS

Peptide Selection using Structural Model

We identified peptides that bind specifically to the extracellular domain (ECD) of HER2 

(2A91) using a structural model (Figure 1A).35 The ECD was targeted because it is exposed 

and accessible to imaging. We generated ~1000 candidates using mimotopes36 by 

considering Arg or Lys amino acid residues at the N-terminus to form hydrophilic 

interactions with HER2-ECD.37,38 Hydrophobic residues such as Phe, Trp, Val, Met, Ile, and 

Leu were appended at the C-terminus to increase the likelihood of hydrophobic/hydrophilic 

interactions. Other amino acids such as Ser, His, Arg, Tyr, Thr, Asp, and Asn were used to 

increase peptide diversity.39 Either the N- or C-terminus of the peptides were connected by a 

conformationally rigid spacer group, such as PFP, PNP, PYP, and PWP, in the middle region. 

We evaluated binding interactions of these candidates to HER2-ECD using Pepsite-2.40 We 

synthesized the 5 leading candidates based on P-value, attached a FITC label for imaging 

with Flo1-HER2 and Q-hTERT cells (control) using confocal microscopy. A Western blot 

shows differences in HER2 expression for these cells (Figure 1B). We selected KSPNPRF 

based on the highest mean fluorescence intensity from binding to Flo1-HER2 cells (Figure 

1C). From our model, this peptide binds to HER2 domain 3. The peptide (black) was then 

labeled with Cy5.5 (red) via a GGGSK linker (blue) on the C-terminus, hereafter KSP*-

Cy5.5 (Figure 1D). Cy5.5 was chosen for improved quantum yield, photostability, and 

imaging depth. The linker prevents steric hindrance by spatially separating the fluorophore 

from the peptide. We developed a scrambled sequence PPSNFKR for use as control by 

altering the conformationally rigid spacer PNP and moving both hydrophobic and 

hydrophilic amino acids at the C-terminus. We also linked this control peptide to Cy5.5 via 

GGGSK, hereafter PPS*-Cy5.5 (Figure 1E). The absorbance spectra of KSP*-Cy5.5 and 
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PPS*-Cy5.5 at 5 μM in PBS shows a maximum at 680 nm (Figure 1F). The fluorescence 

emission peak occurs at 708 nm in the NIR spectrum. For both peptides, we achieved >98% 

purity with HPLC, and measured an experimental mass-to-charge (m/z) ratio on mass 

spectrometry of 1794.98, which agrees with expected values (Figure S1A,B).

Confocal Fluorescence Microscopy

We performed confocal microscopy to demonstrate peptide binding to the plasma membrane 

(arrows), and observed significantly greater fluorescence intensity for KSP*-Cy5.5 than 

PPS*-Cy5.5 to HT29 and SW480 cells (Figure 2A-D). An AF488-labeled anti-HER2 

antibody also showed significantly greater signal than the control peptide (Figure 2E,F). 

Quantified results are shown (Figure 2G). Western blot shows difference in expression of 

HER2 for HT29 and SW480 (Figure 2H).

siRNA Knockdown of HER2 and Colocalization

We performed siRNA knockdown experiments with HT29 cells to validate specific binding 

of KSP*-Cy5.5 to HER2. On confocal microscopy, KSP*-Cy5.5 (red) and AF488-labeled 

anti-HER2 antibody (green) bind strongly to the surface (arrow) of control HT29 cells 

(transfected with siCL, nontargeting siRNA) (Figure 2I,J). Significantly reduced 

fluorescence intensities were observed for HT29 knockdown cells (transfected with siHER2, 

targeting siRNA) (Figure 2K,L). Quantified results are shown (Figure 2M). Western blot 

shows effective HER2 knockdown (Figure 2N). Also, we observed colocalization of peptide 

and antibody binding (arrow) on merged images (Pearson’s coefficient p = 0.743) (Figure 

2O).

Competition for Peptide Binding

We performed competition studies to demonstrate that binding occurs with the peptide rather 

than the fluorophore by adding unlabeled KSP* to compete with KSP*-Cy5.5 to HT29 cells. 

We found the fluorescence intensities to decrease significantly in a concentration dependent 

manner (Figure 2P).

Characterization of Peptide Binding

We measured the binding parameters of KSP*-Cy5.5 to HT29 cells using flow cytometry, 

and found an apparent dissociation constant of kd = 21 nM, R2 = 0.98 (Figure 2Q), and an 

apparent association time constant of k = 0.14 min−1 (7.14 min), R2 = 0.92, to support rapid 

binding with topical administration (Figure 2R).

Effect of Peptide on Cell Signaling Pathways

We evaluated the effect of the KSP* peptide binding on HER2-mediated signaling in 

SKBR3 cells. On Western blot, we observed no change in phosphorylation of either HER2 

(p-HER2) or of downstream AKT (p-AKT) and ERK (p-ERK) with addition of KSP* at 5 

and 100 μM (Figure S2). By comparison, the addition of lapatinib, a tyrosine kinase 

inhibitor known to interrupt HER2 signaling in solid tumors, showed reduced expression of 

p-HER2, p-AKT, and p-ERK in a concentration dependent manner. Cells treated with 1% 

DMSO and untreated cells showed no suppression of HER mediated signaling.
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In Vivo Imaging of HER2 Overexpressed in Mouse Colonic Neoplasia

We evaluated specific binding of KSP*-Cy5.5 to colonic adenomas that overexpress HER2 

in CPC;Apc mice. This mouse was genetically engineered to somatically delete an Apc 

allele under Cre regulation, and develops both polypoid and flat adenomas spontaneously.41 

This model is representative of human disease because Apc mutations are found in >80% of 

sporadic colorectal cancers.42 Imaging was performed in vivo using a small animal 

endoscope that is sensitive to NIR fluorescence.27 A white light image of a polypoid 

adenoma (arrow) was first identified (Figure 3A). KSP*-Cy5.5 was then topically 

administered, and allowed to incubate. After ~7 min the unbound peptides were rinsed away, 

and the fluorescence image shows increased intensity (arrow) at the polyp (Figure 3B). After 

this signal went away 2–3 days later, endoscopy was repeated using PPS*-Cy5.5 (control) 

from the same area, and minimal signal was observed (Figure 3C). A flat adenoma (arrow) 

with subtle appearance on white light is shown (Figure 3D). The corresponding fluorescence 

image shows increased intensity with visible crypt-like structures (Figure 3E). Images 

collected several days later with PPS*-Cy5.5 show minimal signal (Figure 3F). In all 

fluorescence images, surrounding normal colonic mucosa produced minimal background. 

Quantified results show significantly greater fluorescence intensity for adenomas compared 

to normal (Figure 3G).

KSP*-Cy5.5 was also administered systemically via tail vein prior to endoscopy (Figure 

4A). NIR fluorescence images were collected over time in each mouse, and a representative 

image of a polypoid adenoma at 100 min after i.v. peptide injection is shown (Figure 4B). In 

n = 4 mice, the mean intensity was found to peak at 100 min (Figure 4C).

Ex Vivo Macroscopic Validation of HER2 Overexpressed in Mouse Colonic Neoplasia

After imaging, the animals were euthanized, and the colon was excised and divided 

longitudinally to expose the mucosal surface for collection of macroscopic white light and 

fluorescence images (Figure 4E,F). The tissues were sectioned along planes parallel to the 

surface, and the pathologist (SRO) identified regions of dysplasia and normal on histology 

while blinded to the imaging results. In n = 4 mice, we found significantly greater mean 

fluorescence intensities for dysplasia compared to normal (Figure 4D).

Ex Vivo Microscopic Validation of HER2 Overexpressed in Mouse Colonic Neoplasia

We also sectioned the specimens for collection of confocal images to perform microscopic 

validation of peptide binding. We found increased cell surface staining of KSP*-Cy5.5 

compared with PPS*-Cy5.5 to dysplastic crypts (arrow) (Figure 5A,B). Minimal staining 

was observed for either peptide with normal mouse colonic mucosa (Figure 5D,E). 

Corresponding histology (H&E) is shown (Figure 5C,F).

We performed immunohistochemistry with a known antibody to validate overexpression of 

HER2 in mouse colonic dysplasia (Figure 5G). A serial section with no primary antibody 

used (control) shows minimal reactivity (Figure 5H). By comparison, normal mouse colonic 

mucosa showed minimal reactivity either with or without anti-HER2 (Figure 5I,J).
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Binding of HER2 Peptide to Human Proximal Colonic Neoplasia

We demonstrate potential for clinical translation of the HER2 peptide by examining specific 

binding to overexpressed HER2 on formalin-fixed, paraffin-embedded (FFPE) specimens of 

human proximal colon. On confocal microscopy, we observed greater binding of both KSP*-

Cy5.5 (red) and AF488-labeled anti-HER2 antibody (green) to dysplastic versus normal 

crypts on adjacent sections (Figure 6A,B, respectively). Corresponding histology (H&E) is 

shown (Figure 6C). At higher magnification, colocalization of peptide and antibody binding 

to the surface (arrow) of dysplastic colonocytes can be seen (Figure 6D). Also, differences in 

fluorescence intensities between dysplasia and normal from the dashed red and green boxes 

in Figure 6A with KSP*-Cy5.5 (red) can be appreciated (Figure 6E,F). Differences in 

fluorescence intensities between dysplasia and normal from the dashed red and green boxes 

in Figure 6B with AF488-labeled anti-HER2 antibody (green) can be seen (Figure 6G,H). 

Quantified fluorescence intensities (mean ± std) for normal (n = 30), hyperplastic polyps (n 
= 12), sessile serrated adenomas (n = 13), and sporadic adenomas (n = 30) are shown 

(Figure 6I). The mean result for adenoma was significantly greater than that for normal, 

hyperplasia, and SSA, while the difference between SSA and normal was nonsignificant.

Overexpression of HER2 in Human Proximal Colon

We performed immunohistochemistry with a known antibody to validate overexpression of 

HER2 in human colonic dysplasia. We observed weak staining (0+/1+) of HER2 either on 

the membrane or in the cytoplasm of cells in the epithelium of normal colon and 

hyperplastic polyps (Figure 7A,B). By comparison, we found various intensities of staining 

in dysplastic crypts for both sessile serrated adenomas (SSA) and sporadic adenomas 

(Figure 7C,D). Contrast in reactivity between dysplasia and normal can appreciated for both 

polypoid and flat adenomas (Figure 7E,G). Differences in HER2 expression between 

neoplasia and normal crypts in the same field-of-view support HER2 expression specific to 

dysplasia. Magnified views show intense staining on the membrane of dysplastic 

colonocytes (Figure 7F,H). The control experiment was performed without use of primary 

antibody (Figure 7I). An expert GI pathologist (SRO) using a standard IHC scoring system 

revealed overexpression, defined by either 2+ or 3+ staining, in 0% (0/30) of normal, 25% 

(3/12) of hyperplastic polyps, 14% (2/14) of SSA, and 41% (12/29) of adenomas (Figure 

7J). These results support HER2 as a promising early target for detection of proximal colon 

cancers.

DISCUSSION

Here, we used a structural model to identify a peptide that binds specifically to the 

extracellular domain of HER2 by selecting amino acids that increase the likelihood of 

hydrophobic/hydrophilic interactions with the target. We found KSP* to bind HER2 domain 

3 with high affinity and rapid kinetics, validated specific binding on knockdown and 

competition experiments in cells, and demonstrated specific binding to either polypoid or 

flat adenomas in mice in vivo using either topical or intravenous administration. We also 

found HER2 to be overexpressed in precancerous lesions in human proximal colon, the most 

common region for missed CRC, and showed greater peptide binding to adenomas 

compared with normal mucosa and hyperplastic polyps. We measured a binding affinity of 
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kd = 21 nM for the KSP*-Cy5.5 peptide. Previously reported HER2 peptides have shown a 

range in kd from 30 nM for optical imaging39 to ~200–300 nM for SPECT imaging.43,44 

The SPECT result has limitations for in vivo detection of low HER2 receptor densities, 

requiring highly sensitive imaging systems. KSP* was found to bind rapidly with topical 

administration, k = 0.14 min−1 (7.1 min), and is compatible with the high volume work flow 

of endoscopy. We found this peptide to have no effect on HER2 signaling, an advantage for 

diagnostic imaging. By comparison, antibodies can stimulate the HER2 pathway and 

potentially accelerate cell proliferation and tumorigenesis.45-50

Although increased acceptance of colonoscopy has resulted in reduced incidence and 

mortality from CRC, the results are much less than expected. Cases of CRC diagnosed after 

colonoscopy are common, and as many as 1 in 10 CRCs are found in patients who have 

completed this procedure.51-53 Although interval cancers may occur for a variety of reasons, 

most tumors are thought to arise from prevalent lesions that were missed because of 

inadequate visualization. While efforts to improve quality have focused on increased 

instrument withdrawal time, adenoma detection rate, and bowel prep quality,54 reports of 

interval cancers in patients undergoing careful endoscopic examination show that 

conventional colonoscopy can be ineffective even under optimal conditions.55,56 Other 

advanced endoscopic techniques, such as narrowband imaging (NBI)57-59 and 

chromoendoscopy,60-62 have been investigated in efforts to improve polyp visualization; 

however, these technologies do not offer much improvement in the adenoma detection rate 

or in patient outcomes.63,64

Molecular imaging detects overexpressed targets, and has the potential to improve CRC 

surveillance. Target specific imaging agents provide a biological basis for detecting disease, 

and can also establish prognosis, guide therapy, and monitor treatment. A more 

comprehensive picture of HER2 expression in tumors that are highly heterogeneous may 

overcome limitations of the small size of biopsy specimens used for evaluation with IHC and 

FISH.65-68 Other HER2 specific targeting moieties, such as antibodies and antibody 

fragments, can achieve the high binding affinities required for therapy, but are limited for 

diagnostics by slow binding kinetics, long half-lives, and increased background.69-75 

Compared with peptides, they are much more difficult and expensive to mass 

manufacture.76,77 The KSP* peptide may also be clinically useful as an adjunct to 

conventional white light colonoscopy to guide tissue biopsy. On immunohistochemistry, we 

found HER2 to be overexpressed in sessile serrated and sporadic adenomas from human 

proximal colon. These lesions are precursors of CRC; thus our results support HER2 as an 

early target. The added time and cost for use of an exogenous imaging agent can be justified 

in high risk patients, such as those with Lynch Syndrome, inflammatory bowel disease, or 

history of multiple polyps, if the frequency of surveillance can be reduced.78,79 Clinical use 

of peptides with endoscopes that are sensitive to fluorescence has recently been 

demonstrated in the clinic.80

Future development of this peptide will include clinical validation studies. We have 

previously studied the peptide VRPMPLQ in patients with confocal endomicroscopy. This 

sequence was identified using phage display from human colonic polyps obtained via 

biopsy.7 This peptide was labeled with FITC, and specific binding was validated with topical 
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application in vivo on dysplastic polyps. Because this peptide was selected empirically, the 

target is unknown and its clinical use may not be widely generalizable. The use of a NIR 

fluorophore, such as Cy5.5, instead of FITC provides greater photostability, less 

background, and deeper tissue penetration. With topical administration, risk for toxicity is 

minimal and undesired probe biodistribution to nontarget tissues is avoided, a major concern 

with systemic delivery. A high concentration can be delivered to saturate target binding and 

maximize signal, albeit to localized regions of the tissue only. With systemic administration, 

peptides can be delivered to the entire colon28 with better target access and greater imaging 

depth, but rigorous pharmacology/toxicity studies are needed to establish safety.

While we found promising results with this peptide alone, disease heterogeneity in a broad 

patient population may require imaging of multiple targets using multiplexed imaging 

methods.81 We labeled this peptide with either FITC or Cy5.5 to demonstrate fiexibility for 

use of a broad range of fluorophores. Our HER2 specific peptide was optimized based on a 

known target and validated on premalignant human proximal lesions. Furthermore, this 

peptide can be used in a multimer configuration to detect multiple targets concurrently and 

potentially detect disease at lower levels of molecular expression.82

EXPERIMENTAL PROCEDURES

Cells, Chemicals, and Materials

Human HT29, SW480, Q-hTERT, and SKBR3 cells were obtained from the ATCC. We used 

McCoy’s Medium for HT29 and SKBR3, Dulbecco’s Modified Eagle Medium (DMEM) for 

SW480, and Keratinocyte-SFM media (Gibco) for Q-hTERT cells. Flo1-HER2 cells were 

maintained in DMEM supplemented with G418. All cells were cultured at 37 °C in 5% CO2, 

and were supplemented with 10% fetal bovine serum (FBS) with 1% penicillin/

streptomycin. Penicillin/streptomycin was omitted for the siRNA knockdown studies. FBS 

was omitted for Keratinocyte-SFM media. The cells were passaged using 0.25% EDTA 

containing trypsin (Mediatech Inc.). The cell numbers were counted with a hemocytometer. 

Peptide synthesis reagents were obtained from either Anaspec or AAPPTEC and were of the 

highest grade available (>99% purity) and used without further purification. Solvents and 

other chemical reagents were purchased from Sigma-Aldrich, unless otherwise mentioned.

Peptide Selection Using Structural Model

The crystal structure (ID#2A91) of HER2 extracellular domain (ECD) was obtained from 

the Protein Data Bank (PDB).83 A peptide library with 7 random amino acid residues was 

aligned with 2A91 using PepSite-2.40 Approximately 1000 peptide sequences were 

generated using mimotopes.36 We evaluated binding of the candidate peptides with the 2A91 

protein structure specified by chain A. The software comprehensively evaluated all possible 

combinations of predicted binding motifs for each of the 7 amino acids, and generated a 3D 

model of binding interactions between the candidate peptides and the HER2-ECD target. For 

each peptide, the raw score was fitted to a Gumbel distribution and then ordered by P-value.

Flo-1-HER2 and Q-hTERT cells were seeded with ~7500 cells in 12-well plates with 1.5-

mm-thick glass cover slides, and grown to ~70% confluence. The cells were gently washed 
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with cold PBS before adding peptide. 10 μM of FITC-labeled peptide was added to each 

well and incubated at 4 °C for 1 h. After incubation, the cells were washed 3× with PBS, 

fixed in ice-cold 4% PFA for 10 min, and washed 1× with PBS. Subsequently, the cells were 

embedded on microscope slides with ProLong Gold reagent containing DAPI (Invitrogen), 

and the slides where analyzed with a Leica TCS SP5 confocal microscope (Leica 

Microsystems) using a 63× oil immersion objective. The FITC-labeled peptides and anti-

HER2 antibody were tested in quadruplicate.

Peptide Synthesis

We synthesized and labeled the peptides with either FITC or Cy5.5- using standard Fmoc-

mediated solid-phase chemical synthesis.84 We used Fmoc and Boc protected L-amino acids, 

and synthesis was assembled on rink amide MBHA resin. The peptides were synthesized on 

a PS3 automatic synthesizer (Protein Technologies Inc.). The C-terminus lysine was 

incorporated as Fmoc-Lys (ivDde)–OH, and the N-terminus amino acid was incorporated 

with Boc protection to avoid unwanted Fmoc removal during deprotection of the ivDde 

moiety prior to fluorophore labeling. Upon complete assembly of the peptide, the resin was 

transferred to a reaction vessel for manual labeling with dye. The ivDde side chain 

protecting group was removed with 5% hydrazine in DMF (3× for 20 min) with continuous 

shaking at room temperature (RT). The resin was washed with dimethylforma-mide (DMF) 

and dichloromethane (DCM) 3× each for 1 min. The protected resin-bound peptide was 

incubated overnight with either FITC or Cy5.5-NHS ester (Lumiprobe LLC) in the presence 

of DIEA, and the completion of the reaction was monitored by a qualitative Ninhydrin test. 

Upon completion of labeling, the peptide was cleaved from the resin using TFA:TIS:H2O 

(95:2.5:2.5 v/v/v) for 4 h with shaking in the dark at RT. After separating the peptide from 

the resin, the filtrate was evaporated with N2 gas followed by precipitation with chilled 

diethyl ether and stored overnight at −20 °C. The precipitate was centrifuged at 3000 rpm for 

5 min and washed with diethyl ether 3× and centrifuged in between each washing step. The 

crude peptides were dissolved in 1:1 acetonitrile/H2O (v/v) and purified by prep-HPLC with 

a C18 column (Waters Inc.) using a water (0.1% TFA)–acetonitrile (0.1% TFA) gradient. 

The final purity of the peptides was confirmed by analytical C18-column. Further 

characterization was performed with either ESI (Waters Inc.) or Q-TOF (Agilent 

Technologies) mass spectrometry. The scrambled (control) peptide PPS*-Cy5.5 was 

synthesized, labeled, and purified similarly.

Spectral Measurements

The peptide absorbance spectra were collected using a spectrophotometer (NanoDrop 2000, 

Thermo Scientific). Fluorescence emission from a 5 μM peptide solution diluted in PBS was 

collected with a fiber coupled spectrophotometer (Ocean Optics) using a diode-pumped 

solid state laser (Technica Laser Inc.) with λex = 671 nm. The spectra were plotted with 

Origin 6.1 software (OriginLab Corp).

Confocal Fluorescence Microscopy

Cells were washed with PBS and incubated with 5 μM of KSP*-Cy5.5 and PPS*-Cy5.5 for 

30 min at 4 °C. The cells were then washed 3× in PBS, fixed with ice cold 4% 

paraformaldehyde (PFA) for 10 min, washed 1× with PBS, and then mounted on glass slides 

Joshi et al. Page 9

Bioconjug Chem. Author manuscript; available in PMC 2017 April 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with ProLong Gold reagent containing DAPI (Invitrogen). Confocal fluorescence images 

were collected with Cy5.5, and DAPI filters. For antibody staining, the cells were prefixed 

with cold methanol for 10 min at −20 °C and blocked with 2% BSA for 30 min at RT. Cells 

were incubated with 1:450 dilution of anti HER2 antibody overnight at 4 °C. The cells were 

washed 3× with PBS and processed for secondary staining. Goat-anti-rabbit Alexa-Fluor 488 

(AF488) was added to the cells and incubated for 1 h at RT. Cells were further washed 3× 

with PBS and mounted onto glass coverslips. Fluorescence intensities from 3 independent 

images were quantified using custom Matlab (Mathworks) software.

siRNA Knockdown of HER2 and Co-Localization

We examined HER2 knockdown in HT29 cells using ON-TARGETplus human ERBB2 

siRNA (#L-003126-00-0005), ON-TARGETplus Nontargeting pool (#D-001810-10-05), and 

DharmaFECT transfection reagents (Thermo Scientific). Briefly, cells were seeded in 6-well 

culture plates at 30% confluence in McCoy’s 5A medium supplemented with 10% fetal 

bovine serum without antibiotics. The next day, cells were transfected with siRNA at a final 

concentration of 5 μM/L using oligofectamine (Thermo Scientific). Knockdown of HER2 

was confirmed by Western blot. Cells were first washed in PBS and then lysed in RIPA 

buffer containing 1% Nonidet P40, 0.5% sodium deoxycholate, 0.1% SDS, 10 mg/mL 

phenylmethylsulfonylfluoride, and 1 mM sodium orthovanadate. Aliquots were placed on 

ice for 30 min and centrifuged at 14 000 rpm for 10 min. Protein aliquots were denatured in 

loading buffer at 95 °C for 5 min, separated on SDS-polyacrylamide gels (SDS-PAGE), and 

transferred onto PVDF membranes. The membrane was blocked with blocking buffer (5% 

skim milk in 0.1% PBST) for 30 min. The membranes were incubated with anti-HER2 

primary antibody at 4 °C overnight. After washing 5× with PBST and 5× with PBS, the 

membrane was incubated for 1 h in peroxidase-conjugated secondary antibody (1:5000 

dilution; GE Healthcare), and were developed using the Western blot chemiluminescent 

substrate (GE Healthcare). The luminescent signal was detected by exposure to X-ray film 

(Denville Scientific).

We evaluated co-localization of binding by KSP*-Cy5.5 and anti-HER2 antibody to the 

surface of HT29 cells. KSP*-Cy5.5 at 5 μM concentration was incubated for 1 h at 4 °C. 

The cells were washed and fixed with 4% PFA for 5 min, and then incubated with primary 

anti-HER2 and secondary AF488-labeled antibody. We administered the peptide first 

because of its lower affinity, and used a low concentration (<10 μM) to minimize 

interference with antibody binding.

Competition for Peptide Binding

Specific binding of KSP*-Cy5.5 to HT29 cells was validated on competitive inhibition with 

unlabeled KSP* peptide. Approximately 7500 HT29 cells were grown to ~70% confluence 

on coverslips in triplicate. Unlabeled KSP* peptide at 0, 10, 25, 50, and 100 μM was added 

and incubated with the cells for 30 min at 4 °C. The cells were washed 3× with PBS, and 

further incubated with 2 μM of KSP*-Cy5.5 for another 30 min at 4 °C. The cells were 

washed 3× with PBS and fixed with 4% PFA for 10 min. The cells were washed with PBS 

and mounted with ProLong Gold reagent containing DAPI (Invitrogen). Confocal 
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fluorescence images were collected at each concentration, and intensities from 3 

independent images were quantified using custom Matlab (Mathworks) software.

Measurement of Peptide Binding Affinity and Time Constant

We measured the apparent dissociation constant of the HER2 peptide to HT29 cells as an 

assessment of binding affinity. KSP*-Cy5.5 was serially diluted in PBS at concentrations of 

0, 5, 10, 25, 50, 100, and 200 nM. Approximately 105 HT29 cells were incubated with 

KSP*-Cy5.5 at 4 °C for 1 h and washed with cold PBS. The mean fluorescence intensities 

were measured with flow cytometry (BD LSRII, BD Biosciences). The equilibrium 

dissociation constant kd = 1/ka was calculated by performing a least-squares fit of the data to 

the nonlinear equation I = (I0 + Imaxka[X])/(I0 + ka[X]). I0 and Imax are the initial and 

maximum fluorescence intensities, corresponding to no peptide and at saturation, 

respectively, and [X] represents the concentration of the bound peptide.85 Graphpad prism 

analysis software (Graphpad Software Inc.) was used to calculate kd and ka.

We measured the apparent association time constant of the peptide to HT29 cells to assess 

binding kinetics. HT29 cells were grown to ~80% confluence in 10 cm dishes, and detached 

with PBS-based cell dissociation buffer (Invitrogen). Approximately 105 cells were 

incubated with 5 μM KSP*-Cy5.5 at 4 °C for various time intervals ranging from 0 to 60 

min. The cells were centrifuged, washed with cold PBS, and fixed with 4% PFA. Flow 

cytometry was performed, and the median fluorescence intensity (y) was ratioed with that of 

HT29 cells without addition of peptide at different time points (t) using Flowjo software. 

The rate constant k was calculated by fitting the data to a first-order kinetics model, y(t) = 

Imax[1 –exp(–kt)], where Imax = maximum value,80 using Graphpad Prism 5.0 software.

Effect of HER2 Peptide on Cell Signaling

SKBR3 cells were grown in 6 well plates to ~60% confluence. Unlabeled KSP* peptide was 

added to separate wells at concentrations of 5 and 100 μM. Lapatinib, a tyrosine kinase 

inhibitor, was used as a positive control and was added in concentrations of 1, 25, 100, and 

1000 nM. Lapatinib stock solution starting at 1 mg/mL was diluted in DMSO and PBS. 1% 

DMSO treated cells and untreated cells were used as control. After 48 h following treatment, 

the cells were harvested for Western blot analysis. Anti-HER2 antibody (Cell Signaling, 

#2165), phospho-HER2/ErbB2 (Tyr1248) antibody (Cell Signaling, #2247), anti-AKT (Cell 

Signaling, #4691P), anti-ERK1/2 (Cell Signaling, #4695P), antiphospho-AKT (pS473), 

(Cell Signaling, #4060P), anti-phospho-ERK1/2 (Cell Signaling, #4370P), and anti-tubulin 

(Invitrogen, #32–2600) were used per manufacturer’s instructions.

In Vivo Imaging of Mouse Colonic Dysplasia with Topical HER2 Peptide

Mouse imaging studies were performed with approval of the University of Michigan 

Committee on the Use and Care of Animals (UCUCA). The mice were housed in pathogen-

free conditions and supplied water ad libitum under controlled conditions of humidity (50 

± 10%), light (12/12 h light/dark cycle), and temperature (25 °C). Anesthesia was induced 

and maintained via a nose cone with inhaled isoflurane mixed with oxygen at a 

concentration of 2–4% at a flow rate of ~0.5 L/min. The colon was first rinsed with tap 

water to remove mucous and debris. White light illumination was used first to identify 
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anatomic landmarks, including polyps, mucosal folds, colonic segment, and distance of 

endoscope tip from anus, to register the in vivo images with histology. The Cy5.5-labeled 

peptides were locally delivered at a concentration of 100 μM in a volume of 1.5 mL through 

the instrument channel (3 Fr). After 5 min for incubation, the colon was rinsed 3× with a tap 

water to remove the unbound peptides. Imaging was performed using a small animal 

endoscope (Karl Storz Veterinary Endoscopy).27 During the imaging, we recorded the 

distance between the endoscope tip and the anus and the clockwise location of each region 

of high intensity. Endoscopy was repeated 2–3 days later to confirm disappearance of any 

residual signal from KSP*-Cy5.5, and the mice were imaged with the PPS*-Cy5.5 control.

White light and fluorescence videos were exported in avi format with 24 (RGB) and 8 

(grayscale) bit digital resolution for the color and fluorescence images, respectively. Streams 

that showed minimum motion artifact and absence of debris (stool, mucus) were selected for 

quantification. Individual frames were exported using custom Matlab software. On the 

fluorescence images, 3 regions of interest (ROI) with dimensions of 25 × 25 pixels were 

picked to represent a range of staining for diseased (target) and normal (background) tissues 

and averaged. The mean intensities within these ROI were determined to calculate the target 

to-background (T/B) ratio.

In Vivo Imaging of Mouse Colonic Dysplasia with Systemic HER2 Peptide

Mice were anaesthetized using isoflurane, administered 200 μL of KSP*-Cy5.5 peptide at 

300 μM concentration via the tail vein. The imaging was performed prior to peptide 

injection to assess baseline fluorescence and after injection until the maximum signal was 

observed. The ratio of fluorescence intensity in the adenoma to that in the normal region was 

calculated by drawing regions of interest at each time point.

Ex Vivo Macroscopic Validation of HER2 Over Expressed in Mouse Colonic Neoplasia

After imaging, the colon was excised, flushed with PBS, and opened longitudinally for 

imaging with the IVIS 200 system using a Cy5.5 filter (Caliper Life Sciences, Hopkinton, 

MA). NIR fluorescence images were collected using 675 nm excitation and 720 nm 

emission with 1 s exposure. A ruler was placed next to the specimen to determine the 

distance from the anus for registration with the endoscopy and histology images. The 

specimen was then processed for histology by cutting sections in the plane parallel to the 

mucosal surface. Digital images were collected with a Zeiss Axiovision microscope 

(Thornwood, NY) using 5× magnification, and stitched together using Image Composite 

Editor (Microsoft, Redmond, WA). An expert gastrointestinal pathologist (SRO) who was 

blinded to the imaging results reviewed the histology, and identified regions of dysplasia and 

normal colon. Fluorescence intensities were measured from ellipsoid regions of interest 

(ROI) around the adenoma and an annulus of equal area around adjacent normal using 

Living Image 4.0 software (PerkinElmer; Hopkinton, MA). The intensity was defined by the 

sum of the radiance from each pixel inside the ROI/number of pixels (photons/s/cm2/sr).

Peptide Immunofluorescence on Mouse Colonic Adenomas

Specimens of mouse colonic adenoma were formalin fixed and processed, as described 

previously. Serial 5 μm sections were incubated with 2 μM of either KSP*-Cy5.5 or PPS*-
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Cy5.5 for 10 min at RT. The sections were washed 3× with PBS, and mounted with Prolong 

Gold reagent containing DAPI (Invitrogen). Adjacent sections were processed for histology 

(H&E).

Binding of HER2 Peptide to Human Proximal Colonic Neoplasia

Formalin-fixed, paraffin-embedded (FFPE) specimens of human proximal colon were 

obtained from the archived tissue bank in the Department of Pathology. 5-μm-thick sections 

were cut, and mounted onto glass slides (Superfrost Plus, Fischer Scientific). The tissues 

were deparaffinized, and antigen retrieval was performed, as describe below. The sections 

were blocked with protein serum for 15 min at RT followed by rinsing with PBS. The 

sections were then stained with KSP*-Cy5.5 at 5 μM concentration for 10 min at RT. The 

sections were then washed 3× for 3 min with PBS and further incubated with anti-HER2 

antibody overnight at 4 °C. Sections were washed 3× with PBST and mounted with Prolong 

Gold reagent containing DAPI (Invitrogen) using #1 cover glass (1.5 μm thickness). We 

placed 3 boxes with dimensions of 20 × 20 μm2 completely within colonic epithelium in 

each image, and measured the mean fluorescence intensities using custom Matlab software. 

Regions of saturated intensities were avoided.

Over Expression of HER2 in Human Proximal Colon

Immunohistochemistry (IHC) was performed using 1:450 dilution of anti-HER2/neu 

(#29D8; rabbit monoclonal antibody #2165, Cell Signaling Inc.). Vectastain Elite kit (Vector 

Laboratories Inc.) was used per manufacturer’s instructions. Briefly, formalin-fixed 

specimens were deparaffinized using a standard dehydration/rehydration protocol and 

antigen unmasking was performed by boiling the slides in 10 mM sodium citrate buffer with 

0.05% Tween at pH 6.0, and then maintaining at a sub-boiling temperature for 15 min. The 

slides were cooled for 30 min. The sections were washed 3× with dH2O for 3 min, and then 

incubated in 3% H2O2 in methanol for 10 min. The sections were washed 3× in dH2O for 2 

min and in PBST for 5 min. Blocking was performed with protein blocking agent (#X0909, 

Dako) for 15 min at RT. The blocking solution was washed 1× with PBS. The sections were 

incubated with anti-HER2/neu antibody overnight at 4 °C in a humidified chamber and then 

washed 3× in PBST for 5 min. A 1:200 dilution of biotinylated secondary antibody (goat 

anti-rabbit IgG) was added to each section and incubated for 30 min at RT, and then 

removed by washing 3× with PBST for 5 min. Premixed Elite Vectastain ABC reagent from 

Vector Laboratories was added to each section and incubated for 30 min at RT. The sections 

were washed 3× in PBS for 5 min, and developed with 3,3’-diaminobenzidine (DAB) 

substrate. The reaction was monitored for up to 5 min, and then quenched by immersing the 

slides in dH2O. Hematoxylin was added as a counterstain for ~20 s, and the sections were 

dehydrated in increasing concentrations of ethyl alcohol (2× each at 70%, 80%, 95%, and 

100%). Coverslips were mounted using permount mounting medium (#SP15–100, Fisher) in 

xylene. Serial sections were processed for routine histology (H&E).

IHC scoring was performed independently by expert gastroenterology pathologists (SRO, 

HA) without prior knowledge of clinical information or imaging results. The scoring was 

performed according to the DAKO HercepTest guidelines as follows: 0+, no reactivity or 

membrane staining in ≥10% of tumor cells; 1+, faint/barely perceptible partial membrane 
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staining in ≥10% of tumor cells; 2+, weak-to-moderate complete or basolateral membrane 

staining in ≥10% of tumor cells; 3+, moderate-to-strong complete membrane staining in 

≥10% of tumor cells. IHC scoring with 2+ and 3+ were considered to be positive for HER2 

overexpression.

Statistical Analysis

Fluorescence intensities were transformed in base-2 log if needed to improve normality and 

stabilize variance. The fold-change between classification pairs was estimated using the 

antilog of the difference in the log-transformed data. We fit the human data with 4 

histological classifications, including normal, hyperplastic polyp, sessile serrated adenoma, 

and sporadic adenoma, with a one-way ANOVA model and used Tukey’s multiple 

comparisons. Co-localization of peptide and antibody binding was evaluated on Pearson’s 

correlation coefficient.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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AU arbitrary units

NIR near-infrared

ROI regions of interest

RT room temperature

T/B target-to-background
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Figure 1. 
Selection of peptide specific for HER2. (A) Structural model (2A91) for HER2-ECD was 

used to evaluate binding interactions between target and candidate peptides. (B) Western 

blot of Flo1-HER2 and Q-hTERT (control) cells show difference in HER2 expression. (C) 

Top 5 peptide sequences were FITC-labeled and evaluated with confocal microscopy with 

cells in vitro. KSPNPRF showed the highest mean fluorescence intensity compared with the 

other peptides. Data was transformed to log base 2. (D) Chemical structure of KSPNPRF 

peptide (black) labeled with Cy5.5 fluorophore (red) via a GGGSK linker (blue); KSP*-

Cy5.5. (E) Scrambled control peptide PPSNFKR; PPS*-Cy5.5. (F) Peak absorption occurs 

at λex = 680 nm and (G) maximum fluorescence emission is seen at 708 nm for both 

peptides.
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Figure 2. 
Validation of specific peptide binding to HER2 expressed on cell surface. On confocal 

microscopy, (A,B) KSP*-Cy5.5 (red) binds to the surface (arrows) of HT29 and SW480 

cells, while (C,D) PPS*-Cy5.5 (negative control) shows minimal binding. (E,F) Anti-HER2-

AF488 (green) is used as a positive control. The mean fluorescence intensity for KSP*-

Cy5.5 was significantly greater than that for PPS*-Cy5.5 for both HT29 and SW480 cells, P 
= 1.5 × 10−7 and 1.4 × 10−2, respectively, by paired t test. Similarly, the results for anti-

HER2-AF488 were greater than that for PPS*-Cy5.5, P = 4.0 × 10−7 and 6.3 × 10−4, 
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respectively, by paired t test. (G) Each result is an average of 3 images collected 

independently. (H) Western blot shows differences in HER2 expression between HT29 and 

SW480 cells. (I,J) KSP*-Cy5.5 (red) and anti-HER2-AF488 (green) binds significantly 

greater to the surface (arrows) of siCL treated control HT29 cells compared to (K,L) siHER2 

knockdown cells, P = 1.0 × 10−4 and 1.7 × 10−4, respectively, by paired t test. (M) Results 

are an average of 3 images collected independently. (N) Western blot shows effective 

knockdown of HER2 (siHER2) compared to control (siCL). (O) Binding of KSP*-Cy5.5 and 

anti-HER2-AF488 colocalizes to surface of HT29 cells, Pearson’s coefficient p = 0.74. (P) 

On competition, we found the fluorescence intensities to decrease in a concentration 

dependent manner, P-values for intensity at each time point compared to that at 0 min are 

shown above data points. Each result is an average of 3 independent measurements. We 

measured (Q) an apparent dissociation constant (binding affinity) of kd = 21 nM, R2 = 0.98 

for KSP*-Cy5.5 to HT29 cells, and (R) an apparent association time constant k = 0.14 min−1 

(7.1 min); R2 = 0.92. Results for each measurement are representative of 3 independent 

experiments.
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Figure 3. 
In vivo imaging of mouse colonic dysplasia with topical HER2 peptide. (A) Endoscopic 

image with white light illumination shows a spontaneous polyp (arrow). (B) NIR 

fluorescence image after topical administration of KSP*-Cy5.5 shows increased intensity 

from polyp (arrow). (C) Image of same region with PPS*-Cy5.5 control several days later 

shows significantly reduced signal. (D) White light and NIR fluorescence images with (E) 

KSP*-Cy5.5 and (F) PPS*-Cy5.5 show similar results with a flat adenoma (arrow). (G) 

From n = 7 mice, topically administered KSP*-Cy5.5 (n = 15 adenomas) resulted in a higher 

mean (±std) T/B ratio than PPS*-Cy5.5 (n = 7 adenomas), 3.64 ± 2.13 and 1.46 ± 0.25, 

respectively, P = 1.4 × 10−3 by unpaired t test.
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Figure 4. 
In vivo imaging of mouse colonic dysplasia with systemic HER2 peptide. (A) 

Representative white light and (B) fluorescence image from polyp collect 100 min after 

intravenous administration of KSP*-Cy5.5 shows region of increased intensity (arrow). (C) 

Peak T/B ratio from colonic adenomas in n = 4 mice was observed at 100 min. (D) The 

mean fluorescence intensity from adenomas was 5.03-fold higher than that from uninvolved 

surrounding normal mucosa, P = 2.6 × 10−9 by paired t test. (E) Representative white light 

image of exposed mucosal surface of excised mouse colon shows locations of numerous 

polyps. (F) Corresponding fluorescence image show increased fluorescence intensities at site 

of polyps.
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Figure 5. 
Validation of specific peptide binding to HER2 overexpressed by mouse colonic dysplasia. 

On confocal microscopy, we found intense staining of (A) KSP*-Cy5.5 compared to (B) 

PPS*-Cy5.5 to sections of dysplasia. (C) Histology (H&E) shows features of low-grade 

dysplasia (arrows). Minimal staining was observed with either (D) KSP*-Cy5.5 or (E) 

PPS*-Cy5.5 to normal colon. (F) Histology (H&E) for normal. (G) On 

immunohistochemistry with a known antibody, we confirmed overexpression of HER2 in 

dysplasia. (H) No antibody (control) with dysplasia. Normal colonic mucosa (I) with and (J) 

without antibody (control).
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Figure 6. 
Validation of specific peptide binding to HER2 overexpressed by human proximal colonic 

neoplasia. Increased fluorescence intensity was observed for staining of (A) KSP*-Cy5.5 

(red) and (B) anti-HER2-AF488 antibody (green) to human colonic dysplasia. (C) 

Corresponding histology (H&E) from adjacent section. (D) Co-localization of binding 

(arrow) by peptide (red) and antibody (green) in dysplasia is shown, Pearson’s correlation 

coefficient p = 0.50. High magnification image of dashed red and green boxes in (A) show 

increased staining of KSP*-Cy5.5 peptide (red) to (E) cell surface in dysplasia (arrow) 

versus (F) normal. High magnification image of dashed red and green boxes in (B) show 

increased staining of anti-HER2-AF488 antibody (green) to (G) dysplasia versus (H) 

normal. (I) Quantified results showed mean (±sem) intensities to be 2.72 ± 0.31, 0.12 ± 0.08, 

6.07 ± 0.73, and 11.9 ± 0.61 for normal (n = 30), hyperplastic polyps (n = 12), sessile 

serrated adenomas (n = 13), and sporadic adenomas (n = 30), respectively. The P-values for 

differences in the mean results for sporadic adenomas and that for normal, hyperplastic 

polyps, and sessile serrated adenomas were P = 3.6 × 10−5, P = 8.7 × 10−12, and P = 0.03, 

respectively, by Tukey’s multiple comparisons. The difference between the mean intensities 

for SSA and normal colon was P = 0.20.
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Figure 7. 
Overexpression of HER2 in human proximal colonic neoplasia. On immunohistochemistry 

(IHC) of archived specimens, minimal staining was observed from all sections of (A) normal 

colon and most sections of (B) hyperplastic polyps. Intense cell surface staining was seen 

from some (C) sessile serrated adenomas (SSA) and (D) many sporadic adenomas. (E) 

Differences in HER2 expression between dysplastic and normal crypts from a polypoid 

adenoma can be seen. (F) Magnified view from dashed red box in (E) shows intense staining 

(arrow) from dysplastic colonocytes. (G) Difference in staining between dysplastic and 

normal crypts is shown for flat adenoma. (H) Magnified view from dashed red box in (G). 

(I) No antibody (control). (J) Consensus between 2 expert gastroenterology pathologists 

using a standard IHC scoring system revealed overexpression, defined by either 2+ or 3+ 

staining, in 0% (0/30) of normal, 25% (3/12) of hyperplastic polyps, 14% (2/14) of SSA, and 

41% (12/29) of adenomas.
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