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Abstract 

The rise of targeted therapy in cancer treatment has created a strong need for 

characterization of a patient’s tumor before receiving treatment. Many effective cancer drugs 

are now being targeted to specific proteins present in the tumor, thus only patients who have 

tumors that express these proteins in appreciable amounts will respond to these kinds of 

therapy. The most popular method of diagnosing patients is through the practice of 

immunohistochemistry (IHC), where biopsied patient tissue is subjected to testing for specific 

protein expression. IHC works by incubating a primary antibody towards the target protein, 

followed by detection with a secondary antibody containing a reactive enzyme – most 

commonly, horseradish peroxidase (HRP). IHC procedures are expensive, comprises several 

steps, involves varying amounts of amplification due to enzyme reactivity, and is only as specific 

as the primary antibody. Patients receiving treatment using popular drugs targeted at common 

proteins such as EGFR, c-MET, and PD-L1 have shown varying degrees of responses based on 

initial IHC diagnosis, even when using FDA-approved diagnostic kits.  

Due to the discrepancies seen between diagnosis and drug efficacy, we have developed 

new methods utilizing gold nanoparticles that utilize peptides to target protein biomarkers in 

human tissues. Peptides which are targeted towards receptors contain only the amino acid 

sequences which are sufficient for protein binding. Due to their tailored specificity, low cost, 

scalable production, and ease of modification, peptides can be an attractive method of 

investigating protein content in human tissues. We investigated the use of peptides combined 

with imaging agents as diagnostic methods to compare with standard immunohistochemistry 

procedures. Gold nanorods (GNR) scatter light efficiently in the dark field, and their high 
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surface-area-to-volume ratio allows each nanorod to be coated with many targeting peptides, 

enhancing specificity of each nanoparticle for the receptor of interest. We first investigated 

attachment of peptides to GNR that can be used to diagnose common biomarkers EGFR and c-

MET in tumor tissues. EGFR is one of the most commonly overexpressed proteins in human 

cancers, and many EGFR-targeted drugs have shown improvement of progression-free survival 

in patients. During the course of EGFR-targeted treatment it is common that a patient will 

eventually develop resistance to the EGFR-targeted drugs. One such mechanism is the 

circumventing of EGFR pathway through upregulation of the c-MET protein on the tumor 

surface. Once EGFR is internalized and c-MET is the dominant pathway, patients will stop 

responding to EGFR-targeted drug and the tumor will continue proliferation. There are 

numerous c-MET drugs on the market for second or third line therapy when resistance occurs 

with this mechanism, however diagnosis of the c-MET biomarker has become controversial due 

to poor diagnostic results using the current standard IHC methods. We thus followed up our 

EGFR diagnostic study by investigating the c-MET protein using the same GNR platform with a c-

MET-targeted peptide. The GNR-based histochemistry platform shows specificity for the 

targeted receptors in tumor cell lines and patient tissues, and is able to detect a range of 

protein expression, rather than relying on binary pathology grades of 1+,2+, or 3+ expression. 

EGFR and c-MET are two popular biomarkers targeted by pharmaceuticals, and have 

seen recent success when combined with immune checkpoint inhibitors. The current surge in 

immuno-oncology has shown excellent response of patients to drugs that inhibit common 

immune checkpoints such as the interaction between immune receptor Programmed Death 1 

(PD-1), expressed on immune cells, and its ligand, PD-L1, expressed on tumor cells. The binding 
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of PD-1 on T cells to PD-L1 on tumor cells will stop the T cells from destroying the tumor. 

Inhibition of immune checkpoints restore lost host immune function by allowing T-cells to 

recognize tumor cells as foreign. As with EGFR and c-MET, there has been much debate over 

whether current methods of diagnosing PD-L1 levels in patients are sufficient due to patient 

responses varying with respect to the diagnostic recommendation. We extended our peptide-

based diagnostic method to investigate PD-L1 by analyzing the crystal structures of PD-L1 and 

PD-1 and synthesizing a peptide that is specific for the binding region of PD-L1. Using this 

sequence, we combined our PD-L1 peptide with a biotin molecule, to allow for conventional 

IHC, and a Cy5 fluorophore to conduct fluorescent investigations of PD-L1 levels in patient 

tumor tissues. When compared head-to-head with the current FDA-approved PD-L1 diagnostic 

standard, the peptide-based method shows high specificity for tumors in patient tissues that 

the FDA-approved diagnostic kits fail to recognize. Due to these results, we believe that 

peptide-based histochemistry can be used as a specific, cheap alternative to conventional 

antibody-based IHC.
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1.0 Quantifiable Determination of EGFR in Human Tissues Using Peptide 
Conjugated Gold Nanorods 
 

1.1 Introduction 
 
The Epidermal Growth Factor Receptor (EGFR) is overexpressed on the cell membrane of a 

variety of malignant neoplasms, including colorectal adenocarcinoma, non-small cell lung 

carcinoma, head and neck carcinoma, and glioblastoma[1, 2]. EGFR is responsible for cell 

signaling that causes proliferation, and has been identified as an oncogene[3].  Many targeted 

anticancer therapeutic approaches are aimed at the inhibition of EGFR[4], such as the widely 

used EGFR inhibitor Cetuximab[5], which is currently used for treating colorectal carcinoma in 

humans. For any anti-EGFR therapy to be effective, precise determination of the EGFR 

expression levels within the cell membrane is important, since only EGFR-dependent (EGFR 

positive) tumors respond to these therapeutic approaches.[6, 7] Similarly, patients with tumors 

that do not express EGFR (EGFR negative) are more likely to be unaffected by the treatment[8]. 

Since the patient response to EGFR-targeted therapy depends on the levels of EGFR expressed 

in the tumor, accurate diagnosis of EGFR levels is crucial to the physician in order to make an 

appropriate therapeutic recommendation. Targeted therapies are expensive, and as a result 

many insurance companies have begun mandating EGFR testing before they will agree to 

reimburse the patient[9]. Currently, one of the most widely accepted method of patient 

diagnosis is through antibody-based immunohistochemistry (IHC). The antibody IHC method 

involves incubating the tissue first with a primary antibody, followed by detection using a 

secondary antibody specific to the primary. The secondary antibody is often conjugated to a 

substrate such as horseradish peroxidase that will react with the chromogen, 3, 3’ Diethyl 
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aminobenzidine (DAB) to produce a visible color change that is interpreted and scored by 

pathologists. Due to many factors, including variable human interpretation, difficulty of digital 

interpretation, and variation of staining intensity, EGFR IHC has shown to be an unreliable 

method of diagnosis[10], with up to 70% difference in EGFR diagnosis based on the kit used. 

In recent years, gold nanorods (GNRs) have been used as contrast agents for molecular imaging 

using technologies such as dark-field microscopy, near-infrared (NIR) transmission, 

photoacoustic tomography (PAT), two-photon excited luminescence (TPL), and surface-

enhanced Raman spectroscopy (SERS) imaging[11]. In these techniques, GNRs are 

functionalized with receptor-specific proteins to create a contrast agent specific to the target of 

interest. Due to the high surface area to volume ratio of GNRs, many targeting molecules can 

be attached to the surface to enhance specificity [12]. Interestingly, metallic nanoparticles such 

as GNR have shown to scatter light up to 1,000 times more efficiently than quantum dots when 

viewed using dark field microscopy[13]. Due to the asymmetric illumination of dark field 

microscopy, non-spherical GNR can enhance this contrast more than their spherical 

counterparts[14]. Their shape can also allow for visualization using cross-polarized 

microscopy[15]. Due to the light-scattering properties of GNR and their ability to specifically 

target cellular receptors[16], we believe that GNR conjugated with target specific proteins can 

be used to evaluate biomarker levels in a method similar to IHC. Indeed, El Sayed et al. 

demonstrated the specificity and efficacy of EGFR-targeted gold nanorods for photothermal 

therapy in human cell lines[17]. To the best of our knowledge, utilization of GNR for identifying 

and quantifying receptors in tumor cells or tissues has not been attempted. 
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To design a GNR-based diagnostic imaging agent, we have conjugated a peptide (1070) with 

EGFR-avid properties to GNR functionalized with a polyethylene glycol (PEG) surface 

modification (Fig. 1). The binding sequence of 1070 is similar to GE-11 peptide,  that has shown 

previous success in vivo EGFR targeting [18], but has been modified by addition of lysine 

residues and a short polyethylene glycol chain to improve solubility upon conjugation with gold 

nanorods. In our studies, we have performed systematic investigation to demonstrate GNR-

1070 as a new class of IHC agent to identify EGFR expression in human tumor cells and tissues. 

GNR-1070 shows reliable success in diagnosing EGFR-expressing tumor cell lines and paraffin-

embedded tissue sections obtained from patients. GNR-1070 staining in tissues was compared 

with current gold standard Dako’s EGFR PharmDX™ kit in 14 human patients. The results show 

that GNR-based IHC can be a reliable class of agents for examining biomarker expression in 

human tumor tissues. Additionally, by applying digital imaging techniques to quantify EGFR 

levels by both IHC and GNR methods, we show that GNR is more robust than conventional IHC 

staining methods based on choice of arbitrary thresholds selected for quantification.   

 

1.2  Experimental Methods 
 

1.2.1 Synthesis of Gold Nanorods 
 

Gold nanorods (GNR) of aspect ratio 3:4 were prepared using an established seed-mediated 

growth method with minor modifications[19]. All solutions were made in fresh deionized water 

(DI H2O). A seed solution was prepared by making a 10mL solution of .1 M 

Cetyltrimethylammonium Bromide (CTAB, Sigma Aldrich). The CTAB solution was slightly 

heated until the CTAB had dissolved, giving a clear solution. 250 L of a .01 M solution of 
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chlorauric acid (HAuCl4, Sigma Aldrich) was then added to the CTAB solution while stirring. 

Immediately after addition of chlorauric acid, 600L of ice-cold .01 M sodium borohydride 

(NaBH4, Sigma Aldrich) was added to the solution, which changed color from gold to light 

brown. The seed solution was then left to stir for 5 minutes. While the seed solution stirred, 

500 mL of growth solution was then prepared. The first step was to make 250mL of a .1 M CTAB 

solution, then heat until the CTAB had dissolved as had been done with the seed solution. 250 

mL of .01 M chlorauric acid was then added to this CTAB solution and stirred lightly by hand. 10 

mL of .0043 M silver nitrate (AgNO3, Sigma Aldrich) was added to the solution and again stirred 

gently by hand. 4 mL of .1 M ascorbic acid (Sigma Aldrich) was then added, and the solution was 

stirred very gently until the solution had turned from gold-orange to clear. This completed the 

growth solution. 0.5 mL of the seed solution was then added in to the growth solution. The 

solution was left undisturbed after this point due to the delicate nature of the synthesis. 

Minutes later the solution turned from clear to purple, indicating the formation of GNR.  

The GNR solution was left undisturbed for 24 hours, then washed of CTAB. The GNR solution 

was twice filtered through filter paper to remove excess CTAB. To further remove excess CTAB, 

the solution was centrifuged at 16,000 RPM for 10 minutes at 25oC. The supernatant was 

removed and replaced with fresh DI H2O. The centrifuging step was then repeated once. The 

sample of GNR was then characterized using UV-Vis spectroscopy (Fig. 1c, S1), TEM imaging 

(Fig. 1a), and zeta potential measurements (Fig 1b, S2).  

1.2.2 Synthesis of PEGylated Gold Nanorods (GNR-PEG) 
 
GNR was surface coated with thiolated polyethylene glycol (PEG750, JenKem Technology USA) 

prior to functionalization with the 1070 peptide. A solution of PEG750 was added to the GNR 
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solution at a molar ratio of 1:2 (GNR: PEG750) and was allowed to stir for 24 hours. The solution 

was centrifuged at 16,000 RPM for 10 minutes at 25oC. The supernatant was removed and 

replaced with fresh DI H2O. After washing, GNR-PEG was then characterized by UV-Vis 

spectroscopy (Fig. 1c), TEM imaging (Fig. 1a), and zeta potential measurements (Fig.1b, S3). 

1.2.3 Synthesis of Peptide-Conjugated Gold Nanorods (GNR-1070)  

 
A solution of 1070 peptide (CPC Scientific) was then added to the GNR-PEG solution while 

stirring at a molar ratio of 1:1 GNR-PEG:1070 peptide. Molarity of GNR was calculated using the 

UV-Vis absorbance of the longitudinal peak. This solution was stirred for 24 hours to ensure 

maximum binding of peptide to the GNR surface, and was centrifuged at 16,000 RPM for 10 

minutes at 25oC. The supernatant was discarded and replaced with fresh DI H2O. GNR-1070 was 

then characterized using UV-Vis spectroscopy (Fig. 1c), TEM (Fig. 1a), and Zeta potential 

measurements (Fig. 1b, S4).  HPLC was performed to estimate the amount of peptide bound to 

GNR at 39.3% conjugation (S6-11). HPLC on peptides was performed using a C18 column (0.1% 

TFA in water, 0-100% Acetonitrile, 1.0ml/min). HPLC characterization of GNR compounds was 

performed using a Sepharose column (0.1% TFA in water, 0-100% Acetonitrile, 1.0ml/min). 

 

1.2.4 Cell Line Growth and Treatment 
 

After achieving 80% confluence, 5x105 SKBr3 or WiDr cells (ATCC) were seeded on to coverslips 

in a six-well plate, and allowed to adhere overnight in media (DMEM) containing 10%FBS. Prior 

to treatment with the GNR-1070 compound, the wells were first washed with cold 1x PBS 

solution 3 times to remove the growth media. The cells were then fixed with 4% 

paraformaldehyde for 10 minutes at room temperature (RT), followed by 3 more 1x PBS 
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washes. 1.5 mL of a blocking buffer containing 1% BSA was added to each well and left alone 

for 1 hour at RT. For the wells that were pre-blocked, 2 mg/mL of 1070 peptide was added to 

the buffer solution and left for 1 hour at RT. The blocking buffer solution was washed with cold 

1x PBS (3 times). To treat the cells with the GNR agents, 10-times diluted blocking buffer 

solution was added to each well. To these wells, 50 µL GNR-1070 or GNR-PEG (98.5 µg Au/mL; 

0.5 absorbance, as measured by the longitudinal peak), was added. The plate was then left 

undisturbed for 2 hours at RT. After 2 hours, the nanorod solution was washed from the wells 5 

times with cold 1x PBS. The coverslips were removed from the wells, and mounted on to glass 

slides using a mounting media containing fluorescent DAPI nuclear stain. The cell slides were 

then viewed at 40x magnification on a Cytoviva modified Olympus BX41 using dual-mode dark 

field and fluorescence channels to view GNR binding and DAPI-stained nuclei.  

 

1.2.5 Preparation of Paraffin-Embedded Cell and Tissue Sections 

 
Control slides included in the Dako PharmDX™ kit and EGFR-graded cell arrays provided by Eli 

Lilly and Co. were treated with either antibody or GNR-1070. The same procedure was done for 

paraffin-embedded tissue sections received from the MU OneHealth Biorepository (IRB project 

number 1210307). Paraffin was removed from the tissues by immersing in 100% Xylene for 5 

minutes, then rehydrated in graded ethanol and finally DI H2O. Once prepared for staining, 

control slides were either treated according to Dako’s PharmDX™ Kit manual, or stained using 

GNR-1070. For GNR staining, the slides were treated with a 2.5% BSA solution for 10 minutes 

prior to addition of the nanorod solution. After washing, the slides were treated with GNR-1070 

(5 µg Au/mL) solution in a humid chamber for 2 hours. After this time, the slides were washed 
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thoroughly with PBS and DI H2O. The slides were air dried and stained with DAPI. The GNR-

1070 treated cell pellet slides were viewed at 40x magnification on a Cytoviva modified 

Olympus BX41 using dual-mode dark field and fluorescence channels to view GNR binding and 

DAPI-stained nuclei, while the DAKO stained slides were imaged using a conventional bright 

field microscope. GNR-1070 stained tissue sections were imaged on a Leica DM5500 using an 

overlay of DAPI and dark field channels at 20x magnification. Dako stained tissues were imaged 

in the bright field at 10x and 20x. 

 

1.3 Results 
 

1.3.1 Characterization of GNR, GNR-PEG and GNR-1070 

 
After synthesis (Scheme 1), we confirm the formation of uniform gold nanorods of 3:4 aspect 

ratio using UV-Vis spectral analysis, zeta potential measurement, and TEM images. In UV 

spectral measurements, gold nanorods are identified by their characteristic 2-peak absorption 

spectrum. Due to the rod shape of the nanoparticle, we see a smaller transverse peak, which 

coincides with the 15 nm width of the nanorods, at around 540 nm. A second longitudinal peak, 

which varies based on the length of the gold nanorods, is seen for 50 nm long rods at around 

780 nm. The zeta potential of a material measures surface charge of a colloid at the slipping 

plane. In the case of gold nanorods, the zeta potential is highly positive, usually +40mV or 

higher due to 
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the presence of CTAB surfactant. TEM images confirm the presence of uniform gold nanorods. 

(Figure 1). 

As an intermediate step in the conjugation of the 1070 peptide to GNR, we exchange the CTAB 

surfactant on the surface of the GNR with 750 KD polyethylene glycol (PEG750) by utilizing thiol 

present at one end of the PEG chain, since sulfur has a known strong affinity for gold. The 

a b 

c 
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exchange of CTAB  with PEG shifts the UV peaks only slightly, but the retention of two distinct 

peaks confirm that the nanorods still maintain their shape. The zeta potential measurement of 

GNR-PEG is the most reliable method of confirming the complete exchange of PEG for CTAB 

due to GNR-PEG having a characteristic negative zeta potential of -20mV or below, as seen in 

previous studies. Similar to the addition of PEG, the 1070 peptide was conjugated to the surface 

of GNR-PEG utilizing dithiol present in the 1070 peptide (Figure 1). The addition of 1070 peptide 

to the surface of GNR results in minimal change in UV-Vis peaks, however, the zeta potential 

changes to a positive value (15mV or higher). We further characterized the three constructs 

(GNR-CTAB, GNR-PEG, GNR-1070) using HPLC on a sepharose column; GNR-CTAB has the 

highest retention time of 16.1 minutes, followed by GNR-PEG at 15.5 minutes, and GNR-1070 at 
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15.3 minutes. The minimal change in retention time between GNR-PEG and GNR-1070 is 

anticipated, as the surface molecules are similar on both constructs, thus the size of the 

compound does not change much. We also used HPLC using a C18 column to compare the 

naked peptide retention time of 13.3 minutes with that of the bound construct. Using these 

methods of characterization as quality control, we confirm that GNR functionalized with PEG 

and EGFR-targeting peptide 1070 can be reproducibly synthesized. An accelerated stability 

study of GNR-1070 was performed resuspension of the conjugate in NaCl, BSA, HSA, Cysteine, 

Histidine, and 1x PBS and measuring UV and zeta potential at 1hr, 24hr, and 48hr (S12, S13). 

Appropriate staining of EGFR using GNR-1070 was seen after storage of GNR-1070 in -80°C for 6 

months and 1 year time periods. GNR-1070 is stable in solutions of water, PBS, and BSA for 6 

months-1 year. 

  

1.3.2 EGFR Targeting in Fixed Cell Lines – SKBr3, WiDr, MCF-7 

 
Specific binding of GNR-1070 to the EGF receptor was investigated in human cell lines 

purchased from ATCC. Cell lines with varying degrees of EGFR on the surface were chosen for 

this study. The SKBr3 cell line was the first cell line selected due to previously reported 

overexpression of the EGF receptor in this cell line[20]. A moderate EGFR-expressing colorectal 

cell line, WiDr[21], was compared to that of SkBr3. MCF-7 cells which do not express EGFR at a 

meaningful level were also included as negative control[22]. To examine specificity and efficacy, 

cell lines grown on coverslips were treated with GNR-1070 agent in a six-well plate for 2 hours. 

As controls, the remaining wells were either pre-blocked with free 1070 peptide, or incubated 

with GNR-PEG, which does not contain the EGFR-targeting 1070 peptide (S17-23). We used a 
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combination of dark field microscopy and fluorescence to visualize GNR and the DAPI-stained 

cell nuclei. We further confirmed the presence of GNR using hyperspectral imaging and 

identifying characteristic spectrum of GNR (S24-27). The samples treated with 

GNR-1070 showed a high localization of gold nanorods on the membranes of the SKBr3 cells, 

with little background gold signals (Figure 2). In contrast, those cell samples that were pre-

blocked with 1070 peptide or treated with GNR-PEG showed little affinity for the cells, and 

most bright signals can be attributed to non-specific binding of GNR. This experiment was 

repeated using the colon cell line WiDr, which shows moderate EGFR expression. As expected, 

less binding of GNR-1070 was observed in the WiDr cells compared to SKBr3, however both cell 

lines showed little to no gold signals when pre-blocked or treated with GNR-PEG. The MCF-7 
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lines showed no meaningful surface binding of GNR-1070 as expected. Due to the negative 

results from the unblocked treatment, MCF-7 was not used in blocking studies. Based on the 

results from the cell lines, we confirm that GNR-1070 is specific for EGFR, and binds to 

membranes at varying levels based on the amount of EGFR protein expressed on the surface of 

the cells.  

 

1.3.3 EGFR Targeting in Paraffin-Embedded Cell Lines 
 
To establish use of GNR-1070 for EGFR detection in histological samples, the specificity in 

paraffin-embedded cell lines was examined. The FDA-approved Dako EGFR PharmDX™ Kit for 

EGFR IHC contains paraffin-embedded control slides that stain for EGFR expression. The cell 

lines on these slides are HT-29, a WiDr derivative which stains as 2+ for EGFR according to Dako, 

and CAMA-1, which stains lightly, but not enough to warrant an EGFR diagnosis (EGFR 0). We 

examined the staining of GNR-1070 compared to Dako’s own PharmDX™ IHC on these control 

slides (Figure 3). In the HT-29 section, the staining is much more intense with both Dako and 

GNR-1070 (Figure 3a, b). In the CAMA-1 cell section, light staining can be seen with both GNR-

1070 as well as with the Dako IHC stain (Figure 3c, d). The gold signal is much brighter in the HT-

29 section, and more clusters of GNR are seen than in the treated CAMA-1. As controls, the HT-

29 samples were either treated with non-specific GNR-PEG, or pre-blocked with 1070 
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peptide and then treated with targeted GNR-1070 (Figure 3e, f). Each control sample only 

shows non-specific gold signals, with only a small amount of surface binding in the pre-blocked 

group.  

To further validate and quantify GNR-1070 binding in paraffin-embedded cell lines, GNR-1070 

was used to stain paraffin-embedded EGFR cell arrays provided by Eli Lilly and Company’s 
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Diagnostic and Experimental Pathology department (S28-30). These cell arrays contain cell 

samples previously graded internally at Lilly labs as being EGFR 1+, 2+, and 3+ based on internal 

methods. These samples were treated with GNR-1070 using the method previously 

established with the Dako control slides (Figure 4). In this case, we did not stain nuclei with 

fluorescence in order to refine our image analysis. As expected, the expression of gold 

nanorods on the cell membranes increased with the grading of EGFR levels. The correlation of 

GNR expression and histological grade in these samples was evaluated using image analysis to 

quantify GNR signals. Images of each stained EGFR cell line were analyzed on a per-cell basis by 

finding the boundaries of cell nuclei and counting the number of Red/Green pixels associated 

with each nucleus (S31-37). Arranging the samples by EGFR grade on a log scale of relative 

pixels per cell shows a linear increase in the number of GNR-related pixels as the grading of 
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EGFR increases (Figure 5). The plot allows us to examine EGFR expression on a per-cell basis  

and analyze the amount of protein present in any given field of view. The correlation between 

nanorods present and EGFR pathology grade establishes a basis for grading nanorod-based 

immunohistochemistry in human tissues. This method is not limited to integer values of 1+,2+, 

and 3+, but rather can distinguish any number of EGFR expression within the diagnostic ranges.  
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1.3.4 Efficacy in Paraffin-Embedded Human Tissues 

 Once confidence in EGFR staining was established for paraffin-embedded cell lines, a 

comparison between GNR-1070 and gold standard Dako EGFR PharmDX™ staining was 

performed using paraffin-embedded tissue sections acquired from the Mizzou One Health 

Biorepository (S39-56).  These studies were conducted after obtaining proper IRB approval 

(number). Serial Sections of ten colorectal patient samples were quantified using Dako’s EGFR 

PharmDX™ kit to examine EGFR levels and compared with GNR-1070 
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(S57). Tissues were stained using either the protocol required by Dako’s EGFR PharmDX™ Kit™ 

or by treating slides with 5µg Au/mL solution of GNR-1070 compound for 2 hours followed by 

washing. Images were taken of Dako stained samples using conventional bright field 

microscopy, while images of the GNR-1070 stain were taken using an overlay of DAPI 

fluorescent nuclear stain and dark field imaging for nanorod scattering (Figure 6). The staining 

seen in the GNR samples is much more resolved than in the histochemically stained sections 

due to there being no enzyme-based amplification of the signal and less variance in the 

intensity of staining. What is seen instead is the reflection of light given off by each nanorod 

that can then be quantified using refined versions of our algorithms that were explored in the 

previous cell line samples.  

The quantification of GNR staining is done on a per-cell basis using a watershed algorithm to 

predict cytoplasmic area and membrane location based on nuclear shape (Figure 7). Briefly, 

analysis of an image is done by first finding a background and normalizing the image based on 

the background. The nuclei are then found by local image fitting the active contours. The 

nuclear shapes are then analyzed and the cytoplasmic area can be predicted based on 
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watershed methods. Once the location and cytoplasmic area of each cell are found, the amount 

of gold staining can be quantified by analyzing the amount of bright red/gold color given off in 

the images. Since quantification of any histochemical stain can vary based on the threshold 

selected for staining, we did a comparison of the variability of both DAKO IHC and GNR-1070 

given an arbitrary threshold (Figure 8). Using conventional IHC, the percentage of stained cells 

decreases drastically as the selection of the staining threshold changes. Using GNR-1070 we see 

that the percentage of cells stained does not vary in a meaningful way as the threshold 

increases until we 

select a very high threshold. GNR distribution is narrower than the Dako IHC stain distribution, 

and is steady across a wide range of threshold parameters, whereas the IHC distribution is 

much more dependent on the arbitrary threshold selected.  
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Each of the ten colorectal tissues analyzed was graded for EGFR expression based on the Dako 

staining by a board certified pathologist (Figure 9). These grades can range from 0 (normal) to 

3+ (very high) expression, and each pathologist graded the cases independently based on the 

criteria in the Dako EGFR PharmDX™ manual with no input from the others. For the ten 

colorectal cases examined, there were only three cases in which all four pathologists agreed 

with one another on the EGFR grade (1317A1, 1364A1, and 1376A1). Three cases (1310A, 

1484A1, 1512C1) had at least three pathologists agreeing with one another. The other four 

cases had agreement from only two pathologists. There is a large discrepancy in agreement 
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between the pathologists in many cases, with as large as a three-grade increase of 0 to 3+ seen 

in case 1365C1. Each tissue was then quantified for GNR or IHC expression based on images of 

numerous fields of each tissue and compared to that of the pathology grade based on 

immunohistochemistry. The pathology grades were then given arbitrary numerical numbers to 

fit our scale – 0, 0.1, 0.2, and 0.3 for their corresponding grades of 0, 1+, 2+, and 3+. For every 

case 

we took numerous images of different areas of the tissue stained with both IHC and GNR-1070 

and had them analyzed using the aforementioned watershed algorithm. Based on the threshold 

data in Figure 8, we quantified GNR and IHC signals using the most closely agreeing thresholds 

between GNR and IHC by averaging the 40, 50, and 60% threshold values. The resulting values 

were compared against the averages of the four pathologist grades for each case (Figure 10). 
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The scores shown indicate that both GNR and IHC quantification methods disagree with 

pathology in many of the samples (Figure 11), where a difference of less than 0.1 is taken as an 

agreeing score. IHC quantification only agreed with the pathology grade in 4 out of the 10 

cases, while GNR performed marginally better with 5 out of 10 cases in agreement with 

pathology grading. The pathology cases which were agreed upon by at least 3 of the 4 

pathologists also showed the most agreement with both IHC and GNR, with GNR giving more 

consistent values of agreement. Interestingly, the cases which disagree with pathology the 

most using GNR quantification 

methods (1365C1, 1376A1, 1477A, 1484A1, 1512A) also disagree using IHC quantification. Total 

average disagreement of all cases was 0.116 using IHC quantification, and 0.119 using GNR 
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quantification. Arbitrary quantification scoring of pathology grades may need to be refined in 

order to properly compare them to the numbers given by GNR and IHC quantification. A larger 

sample size study that includes patient response data will need to be performed in order to 

know which pathology grading are the most appropriate for patient treatment.  

 While pathology grading was largely disagreed with using both quantification methods, 

we also see a large amount of agreement between only IHC quantification and GNR 

quantification. Eight out of the ten cases were in agreement between the two quantification 

methods, showing a low average disagreement across all ten cases of 0.038. Interestingly, the 

two cases which did not agree between IHC and GNR quantification were also the two cases 

which showed the highest amount of disagreement among the pathologists (1365C1, 1483C1). 

Case 1365C1 showed two pathologists agreeing on a score of 0, and showed surprising 

disagreement – pathologist 1 had graded this case as 3+, and pathologist 2 had graded the case 

as 1+. GNR quantification of this case actually showed a value of a 3+, agreeing with pathologist 

1, while IHC quantification also showed a higher score nearing 2+. Pathology notes indicate 

1365C1 shows heavy cytoplasmic staining of EGFR, which could have been picked up by the 

GNR quantification method. Case 1483C1 also showed very large disagreement, with two 

pathologists grading it as a 0, while the other pathologists gave grades of 1+ and 2+. GNR score 

showed this case as a 1+, which agrees more closely with the pathology grade of ~1+. IHC 

quantification showed a score nearer to 2-3+. Pathology notes indicate that there was heavy 

edge artifact in case 1483C1, which could be the reason the IHC quantification is so much 

higher than the GNR score. Given these results, GNR-1070 shows highly comparable EGFR 

quantification to IHC staining using conventional IHC quantification techniques. Since GNR 
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staining is less reliant on the threshold selection compared to IHC quantification, GNR-based 

tissue diagnosis is an attractive method of quantifying tissue proteins at all levels of staining 

criteria.   

 

1.4 Discussion 
 
The synthesis of gold nanorods (GNR), pegylated gold nanorods (GNR-PEG), and GNR 

functionalized with EGFR-targeting peptide 1070 (GNR-1070) was achieved and reproduced 

numerous times. GNR themselves are stable for months to years, and are an attractive platform 

for targeting biomarkers. Like fluorescent markers, we can quantify the signal given off by the 

gold stain, but unlike fluorescence, the reflectance of the GNR seen in the dark field images will 

never fade. GNR-1070 combines the specific targeting of peptides with the imaging capabilities 

of the gold nanorod, making GNR-based histological detection an attractive alternative to 

traditional IHC that uses a 2 or 3 step antibody-enzyme process. One of the biggest hurdles with 

quantification of GNR-1070 is comparing the differences between the nanorod-based 

histological procedure and the traditional enzyme-based IHC, which has been the preferred 

method for decades. The disagreement shown between four pathologists in the ten patient 

samples stained for EGFR highlights the urgent need for a more robust, quantifiable method of 

protein detection. Disagreement was high among the pathologists themselves, and this caused 

much disagreement in the comparison of both IHC and GNR staining to pathology diagnosis. In 

the cases where there was most agreement among pathologists, quantification methods 

showed grading very similar to that of the pathology grade. Due to the lack of patient diagnosis, 

treatment, and response data we cannot say which pathologist grading is most correct.  
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Given the varying stain intensity of the enzyme-reacted antibody IHC, we have shown that one 

of the most important criteria when quantifying IHC is the selection of an appropriate threshold 

of staining. The IHC quantification method used to compare IHC to GNR quantification averaged 

the thresholds of 40%, 50%, and 60% due to those thresholds giving values most similar to the 

GNR quantification values shown in Figure 8. Given this method, it is not surprising that GNR 

and IHC quantification values agreed in most of the colorectal samples stained for EGFR. 

Disagreement between the two methods is much higher at lower thresholds (S57). For 

example, in case 1310A the IHC quantification ranges from 0.523 at a 15% threshold to 0.127 at 

a 70% threshold (a difference of 0.396), whereas the GNR score ranges from 0.250 to 0.133 at 

the same threshold (difference of 0.117). Since GNR values do not vary as largely based on 

threshold selection, they are much more readily quantified and thus can be used to detect 

proteins that require lower thresholds as staining criteria. Further studies involving a larger 

number of patient samples, complete with treatment and response data, can be done to refine 

the quantification and diagnostic capabilities of GNR-based tissue diagnosis. 
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2.0 Peptide-Conjugated Gold Nanorods for Evaluation of c-MET 
Receptor Levels in NSCLC Tissues 
 

2.1 Introduction 
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Anti-EGFR drugs have shown to improve progression-free survival for colorectal cancer 

and Non-small Cell Lung Cancer (NSCLC) patients alike[23]. The expression of the hepatocyte 

growth factor receptor (HGFR, c-MET) in tumors is linked to resistance of anti-EGFR 

therapies[24, 25], whereby the tumors will circumvent the EGFR pathway by internalizing the 

receptor and up regulating surface c-MET expression to proliferate[26]. Nearly 20 percent of 

cancers which are treated with EGFR inhibitors as first-line therapy will eventually develop 

resistance through this mechanism[27, 28]. c-MET has thus been previously reported to be 

upregulated in many of the same cancers as EGFR[29-31]. Normally, c-MET will only be 

expressed in stem and progenitor cells[32]. In cancers, the expression of the MET pathway 

affects the development of cancer through activation of oncogenic pathways such as RAS, PI3K, 

and STAT3, and also promotes angiogenesis in tumors (Figure 1) [33]. c-MET expression is also 

associated with brain metastasis in NSCLC[34]. Only patients who overexpress c-MET will 

benefit from anti-c-MET treatment, and as such only those who are appropriately diagnosed 

with c-MET expression will receive treatment[35]. Recently there has been debate about the 

role of c-MET diagnostics due to failure of combination therapy of EGFR inhibitor erlotinib and 

MET targeting drug Onartuzumab[36, 37]. A phase III trial that selected only high c-MET 

expressing patients using a companion diagnostic did not show any benefit of the combination 

therapy, leading to questions about whether the drug or the selection method is to blame. Due 

to resistance to EGFR targeted drugs being common during the course of therapy, and the 
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question of whether more sensitive diagnosis is 

needed, we have extended the gold nanorod IHC 

(GNR-IHC) diagnostic platform to investigate the 

expression of the c-MET protein in NSCLC tissues.  

In chapter 1, the potential of a novel 

immunohistochemical test for EGFR that can increase 

sensitivity of IHC tests using peptide-conjugated gold 

nanorods (GNR) - a nanoconstruct made of cylindrical 

gold particles about 50nm long, has been shown. GNR 

are utilized for their excellent light scattering 

properties, especially when using dark field 

microscopy[17]. The image signal given by GNR is not 

chemically reliant on conversion and amplification of reporter molecules as is IHC, but rather 

the physical scattering of light given off by the metallic compounds which will not fade over 

time. This consistent signal allows GNR to be analyzed statistically and given a reliable output 

based on the amount of GNR in a given image. The surface of GNR is easily modifiable to be 

attached to a ligand of choice[16, 38]. To design a combined c-MET-targeted, GNR-based 

diagnostic and imaging agent, we have conjugated a peptide with c-MET-avid properties to 

GNRs functionalized with a polyethylene glycol (PEG) surface modification. The c-MET-binding 

portion of the peptide is comprised of 11 amino acid sequence YLFSVHWPPLKA. This peptide 

was previously identified to bind to c-MET specifically and efficiently by screening a phage 

display library[39]. Due to solubility issues, the peptide as such cannot be conjugated to GNR by 
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simply adding a thiol group and modified by incorporating lysine groups.  The modification of c-

MET peptide (1093) solves the solubility issues while leaving the binding sequence intact. In our 

studies we show the specific binding of the GNR-peptide compound (GNR-1093) to MET 

receptors in MET-overexpressing cells lines and tissues.  The demonstrated efficacy and 

biocompatibility of MET receptor-targeted GNR-1093 combined with the numerous imaging 

techniques developed for in vivo imaging of GNR in the past few years gives promise that 

peptide-conjugated GNRs can be utilized as a specific diagnostic and imaging agent. 

2.2 Materials and Methods 
 

2.2.1 Synthesis of Gold Nanorods 
 
Gold nanorods (GNR) of aspect ratio 3:4 were prepared using an established seed-mediated 

growth method with minor modifications[19]. All solutions were made in fresh deionized water 

(DI H2O). A seed solution was prepared by making a 10mL solution of .1 M 

Cetyltrimethylammonium Bromide (CTAB, Sigma Aldrich). The CTAB solution was lightly heated 

until the CTAB had dissolved, giving a clear solution. 250 L of a .01 M solution of chlorauric 

acid (HAuCl4, Sigma Aldrich) was then added to the CTAB solution while stirring. Immediately 

after addition of chlorauric acid, 600L of ice-cold .01 M sodium borohydride (NaBH4, Sigma 

Aldrich) was added to the solution, which changed color from gold to light brown. The seed 

solution was then left to stir for 5 minutes. While the seed solution stirred, 500 mL of growth 

solution was then prepared. The first step was to make 250mL of a .1 M CTAB solution, then 

heat until the CTAB had dissolved as had been done with the seed solution. 250 mL of .01 M 

chlorauric acid was then added to this CTAB solution and stirred lightly by hand. 10 mL o f .0043 

M silver nitrate (AgNO3, Sigma Aldrich) was added to the solution and again stirred gently by 
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hand. 4 mL of .1 M ascorbic acid (Sigma Aldrich) was then added, and the solution was stirred 

very gently until the solution had turned from gold-orange to clear. This completed the growth 

solution. 0.5 mL of the seed solution was then added in to the growth solution. The solution 

was left undisturbed after this point due to the delicate nature of the synthesis. Minutes later 

the solution turned from clear to purple, indicating the formation of GNR. The GNR solution 

was left alone for 24 hours, then washed of CTAB. The GNR solution was twice filtered through 

filter paper to remove excess CTAB. To further remove excess CTAB, the solution was then 

centrifuged at 16,000 RPM for 10 minutes at 25 C. The supernatant was removed and replaced 

with fresh DI H2O. The centrifuging and washing step was then repeated. The sample of GNR 

was then characterized using UV-Vis spectroscopy, TEM imaging, and Zeta potential 

measurements. 

 

2.2.2 Synthesis of PEGylated Gold Nanorods (GNR-PEG) 

 
A 750 Dalton polyethylene glycol (PEG750, JenKem Technology USA) linker modified with thiol 

was attached to the GNR before functionalization with the 1070 peptide. A solution of PEG 750 

was added to the GNR solution at a molar ratio of 1:2 (GNR: PEG750). This solution was allowed 

to stir for 24 hours. The solution was then centrifuged at 16,000 RPM for 10 minutes at 25 C. 

The supernatant was removed and replaced with fresh DI H2O. After washing, GNR-PEG was 

then characterized through UV-Vis spectroscopy (Fig. 1c), TEM imaging (Fig. 1a), and Zeta 

potential measurements(Fig.1b, S3). 
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2.2.3 Synthesis of Peptide-Conjugated Gold Nanorods (GNR-1093) 
 
A solution of 1093 peptide (CPC Scientific) was then added to the GNR-PEG solution while 

stirring at a molar ratio of 1:1 GNR-PEG:1093 peptide. This solution was stirred for 24 hours to 

ensure maximum binding of peptide to the GNR surface. The solution was then centrifuged at 

16,000 RPM for 10 minutes at 25o C. The supernatant was removed and replaced with fresh DI 

H2O. GNR-1093 was then characterized using UV-Vis spectroscopy, TEM, and Zeta potential.  

 

2.2.4 Cell Line Growth and Treatment 
 
After achieving confluence, 5x105 H441 or MCF-7 cells (ATCC) were seeded on to coverslips in a 

six-well plate, and allowed to adhere overnight in media (DMEM) containing 10%FBS. Prior to 

treatment with the GNR-1070 compound, the wells were first washed with cold 1x PBS solution 

3 times to remove the growth media. The cells were then fixed with 4% paraformaldehyde for 

10 minutes at RT, followed by 3 more 1x PBS washes. 1.5 mL of a blocking buffer containing 1% 

BSA was added to each well and left alone for 1 hour at RT. For the wells that were pre-blocked, 

2 mg/mL of 1093 peptide was added to the buffer solution and left for 1 hour at RT. The 

blocking buffer solution was removed with 3 more cold 1x PBS washes. To treat the cells with 

the GNR agents, 10-times diluted blocking buffer solution was added to each well. To these 

wells, 50 µL of 0.5 absorbance, as measured by the longitudinal peak (98.5 µg Au/mL), GNR-

1093 or GNR-PEG was added. The welled plate was then left alone for 2 hours at RT. After 2 

hours, the nanoparticle solution was washed from the wells 5 times with cold 1x PBS. The 

coverslips were removed from the wells, and mounted on to glass slides using a mounting 

media containing fluorescent DAPI nuclear stain. The cell slides were then viewed at 40x 
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magnification on a Leica DM5500 using fluorescence to visualize DAPI, and dark field to 

visualize gold nanorod scattering. 

 

 

 

2.2.5 Preparation of Paraffin-Embedded Cell and Tissue Sections 
 
Formalin fixed, paraffin-embedded (FFPE) c-MET expressing cell lines on glass slides were 

provided by Eli Lilly’s Diagnostic and Experimental Pathology Department. Tissue sections were 

procured from the MU OneHealth Biorepository after obtaining IRB approval (IRB project 

number 1210307). Paraffin was removed from the slides by immersing in 100% Xylene for 5 

minutes, then rehydrated in graded ethanol and finally DI H2O. Citrate buffer antigen retrieval 

was performed on the slides using a Roche Benchmark Ultra autostainer. Once prepared for 

staining, IHC was performed on the samples with anti-MET antibody AbCam51067 or stained 

using GNR-1093. For GNR staining, the slides were treated with a 2.5% BSA solution for 10 

minutes prior to addition of the nanorod solution. After washing, the slides were treated with 5 

µg Au/mL GNR-1093 solution in a humid chamber for 2 hours. After this time, the slides were 

washed thoroughly with PBS and DI H2O. The slides were air dried and stained with DAPI 

fluorescent nuclear stain. The GNR-treated slides were viewed using a Leica DM5500 

microscope, using fluorescence to visualize DAPI, and dark field to visual ize gold nanorod 

scattering. Antibody stained slides were imaged using a conventional bright field microscope.  

 

2.3  Results 
 

2.3.1 Characterization of GNR, GNR-PEG and GNR-1093 
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The formation of uniform gold nanorods of 3:4 aspect ratio was confirmed by performing 

detailed physic-chemical characterization such as UV-Vis spectral analysis, TEM and zeta 

potential measurement. In UV spectral measurements, gold nanorods are identified by their 

characteristic 2-peak absorption spectrum. Due to the rod shape of the nanoparticle, we see a 

smaller transverse peak, which coincides with the 15 nm width of the nanorods, at around 540 

nm. A second longitudinal peak, which varies based on the length of the gold nanorods, is seen 

for 50 nm long rods at around 780 nm. The zeta potential of a material measures surface 

charge of a colloid at the slipping plane. In the case of gold nanorods, the zeta potential is 

highly positive, usually 40mV or higher due to the presence of CTAB surfactant on the nanorod. 

TEM images confirm the presence of uniform gold nanorods.  

As an intermediate step in the conjugation of the 1093 peptide to GNR, we exchange the CTAB 

surfactant on the surface of the GNR with a 750 kD polyethylene glycol (PEG750) by utilizing thiol 

present at one end of the PEG chain, since sulfur has a known strong affinity for gold. The 

exchange of CTAB for PEG shifts the UV peaks only slightly, but the retention of two distinct 

peaks confirm that the nanorods still maintain their shape. The zeta potential measurement of 

GNR-PEG is the most reliable method of confirming the complete exchange of PEG for CTAB 

due to GNR-PEG having a characteristic negative zeta potential of -20mV or below, as seen in 

previous studies. Similar to the addition of PEG, the 1093 peptide was conjugated to the surface 

of GNR-PEG utilizing dithiol present in the 1093 peptide (Figure 2). The addition of 1093 peptide 

to the surface of GNR-PEG again shows only a very slight shift in the UV-Vis peaks, however the 

change in zeta potential to a positive value of +28mV confirms the conjugation of the peptide 

to GNR.  Using these methods of characterization as quality control, we confirm that GNR 
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functionalized with PEG and peptide 1093 can be reproducibly synthesized. Percent conjugation 

and stability was not analyzed with HPLC for GNR-1093, but is expected to be comparable to 

HPLC characterization and stability of GNR-1070 shown in chapter 1. 

 
 

3.3.2 c-MET Targeting in Cultured Cell Lines 
 
To investigate the specific binding of GNR-1093 to the c-MET receptor, we first incubated GNR-

1093 with NSCLC cell line H441 (High c-MET expression)[40] and breast cancer cell line MCF-7 

(low c-MET expression)[41]. To treat the cell lines, each cell line was grown to 80% confluency, 

removed from the flask using TryplE (Sigma), then seeded 5x105 cells per well on a glass 

coverslip placed in a six-welled plate, and allowed to adhere in serum-free media overnight. 

The following day, media was washed from the plates using 4 washes of cold 1x PBS, and cells 

were fixed using 4% paraformaldehyde (PFA). After 10 minutes, PFA was removed with cold PBS 

(4 times), and wells were treated with 2mL of 5µg Au/mL of GNR-1093 in PBS. The plates were 
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left undisturbed for 2 hours at RT, then excess GNR solution was washed off with PBS. The 

coverslips were removed from the wells, and mounted on a slide using DAPI fluorescent mount. 

We used the fluorescent DAPI channel to locate cell nuclei, and dark field to look for scattering 

due to presence of GNR (Figure 3). In the H441 cell line samples, the GNR signal was extremely 

bright. The majority of GNR scattering is localized on the membrane of the H441 cells that 

highly express c-MET. In contrast, the MCF-7 cell line that has lower c-MET expression, showed 

only minimal gold signals on their membrane. As a negative control, both these cell lines were 

incubated with GNR-PEG, which does not contain the c-MET-targeting peptide. As expected, the 

GNR signals in the samples treated with GNR-PEG showed only nonspecific GNR. Cell lines were 

then blocked using only the 1093 peptide, then incubated with 5µg Au/mL of GNR-1093. While 

the peptide did not block the receptors 100%, the amount of GNR seen in the cells was 

drastically reduced from what was seen in the unblocked samples. 
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2.3.3 c-MET Targeting in FFPE Cell Lines 

 
To investigate the efficacy of GNR-1093 in paraffin-embedded samples, we obtained 

slides from Eli Lilly and Company’s Diagnostic and Experimental Pathology department which 

contained an array of c-MET-expressing cell lines. Each array contained paraffin-embedded cell 

spots which were graded as either 1+, 2+, or 3+ for c-MET expression, and were validated 

internally for use in c-MET diagnostic development. These slides were de-waxed according to 

standard IHC protocol and antigen retrieval was performed in a heated citrate buffer. Once this 

was done, slides were either stained using 5µg Au/mL of GNR-1093, or stained with 

conventional IHC using c-MET antibody (AbCam51067) at 1:200 dilution as the primary 

antibody. Antibody-stained IHC samples were imaged in the bright field, while the GNR-stained 

slides were imaged using an overlay of fluorescence to locate the nuclei and dark field to locate 

gold nanorod scattering  (Figure 4). Comparing the two methods, we see an increase in both 

the brown stain from the antibody IHC and the red/orange light scattering seen from the gold 

nanorods as the grading increases. Images of each GNR-stained sample were then analyzed for 

gold intensity on a per-cell basis. Using Matlab algorithms we are able to isolate each cell based 

on the DAPI nuclear fluorescence and calculate the intensity of the GNR signal by counting the 
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number and intensity of Red/Green pixels associated with each nucleus (Figure 5). Each data 

point was plotted on a log scale of relative Red/Green pixels per cell. This graph shows the 

linear increase in c-MET expression on a per-cell basis using GNR to quantify the MET levels. 

Each increasing data point corresponds with the appropriate pathology grade as MET 

expression increases. 
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2.3.4 c-MET Targeting in FFPE Patient Tissues 

 
Since we were able to identify GNR staining in Formalin fixed paraffin embedded (FFPE) cell 

samples, we then investigated the affinity of GNR-1093 for c-MET in five FFPE NSCLC tissue 

samples. To compare the histochemical staining of the c-MET receptor between the c-MET 

antibody (AbCam51067)  and GNR-1093, we first used duodenum tissue, known to heavily 

express the c-MET protein[42], as a control. Antigen retrieval was performed on all samples 

using the Roche Benchmark Ultra autostainer. The antibody-stained (AbCam51067) tissues 

were also run on the autostainer at 1:200 dilution and counterstained with hematoxylin, 

whereas the GNR-stained samples were done by manually incubating GNR-1093 for 2 hours in a 

humid chamber, then counter-stained using DAPI fluorescent nuclear stain. The AbCam51067-
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stained duodenum tissue shows heavy brown staining throughout the tissue, with the heaviest 

staining localized in the glandular cells (Figure 6). The same was true for the GNR-1093 stained 

samples, which showed very bright gold signals 

that are localized on the cell membranes of the duodenum tissue. The duodenum tissue was 

also treated with GNR-PEG as a negative control, which showed no specific binding to the 

tissue. Once we had established c-MET specificity in the control tissue, we were then able to 

investigate NSCLC tissue samples which had been collected by the MU One Health 

Biorepository. Five patient tissues that had been previously been identified as EGFR-positive 

using both Dako PharmDX™ EGFR kit and our own GNR-1070 EGFR detection agent were 

stained for c-MET using both AbCam 51067 and GNR-1093. The five patients selected were 

chosen at random, and these patient samples had not previously been evaluated for c-MET 

expression. Interestingly, all five samples selected showed high c-MET expression according to 

both the antibody and GNR-1093 (Figure 7). c-MET expression was evaluated based on staining 

in the tumor cells, which showed very high expression. In most cases the c-MET expression was 
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mainly located in epithelial cells along the outer edges of the tissue (Figure 7 a, c, d), while 

other cases showed pockets of tumor cells which stained heavily for c-MET (Figure 7b). Some 

background staining was seen in other areas of the tissue using each method, however 

evaluating the tumor cells alone shows high affinity of GNR-1093 to the membranes of the 

tumor cells.

 

c-MET expression was further examined using a tissue microarray from US Biomax (biomax.us) 

containing 18 cases of NSCLC - squamous cell carcinoma. After de-waxing and antigen retrieval 

as with the patient tissues, each microarray was stained using either GNR-1093 to look for c-

MET expression, or GNR-PEG as a negative control. Cores were then imaged using the same 

method of fluorescent DAPI to stain the nucleus and dark field imaging to examine scattering 

from the gold nanorods. In all cases, GNR-PEG showed no specific binding to any of the tissues, 

leaving behind only small amounts of non-specific GNR after washing. The GNR-1093 stained 

samples, however, showed GNR binding to tumor cells in spots D2, F2, and B2, while the other 

samples showed little to no binding of GNR in the tumor cells (Figure 8, 9). 
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2.4 Discussion 
 

We have synthesized and characterized a c-MET-specific gold nanorod conjugate GNR-1093, 

that utilizes a peptide for receptor targeting. GNR-1093’s specificity for c-MET was evaluated in 

multiple cell lines and paraffin-embedded tissues. Gold nanorods have a high surface-area-to-

volume ratio, allowing for conjugation of many peptides on the surface of just one gold 

nanorod, enhancing the sensitivity of the gold nanorod detection method. Due to the 

expression of c-MET being most likely in EGFR-positive tissues, we selected NSCLC tissues that 
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previously had been evaluated for EGFR expression using both gold nanorods and Dako’s EGFR 

PharmDX™ kit. We found it interesting, though not surprising, that each tissue investigated had 

high amounts of c-MET. Every tissue investigated contained high amounts of c-MET according 

to both GNR based diagnostics and antibody based IHC. We saw background staining in both 

the antibody and GNR methods, and likely would need to titrate both further in order to 

eliminate the background seen outside the tumor cells. When diagnosing the tissues, however, 

it is important to look at the staining of the tumor cells themselves, which showed membrane 

staining for c-MET with both the antibody and the GNR-1093 stains. In these cases, the patients 

would likely acquire resistance to EGFR-targeted drugs through the c-MET pathway, and would 

be recommended for anti-c-MET therapy. The tissue microarray (TMA) showed high MET 

staining in 17% of the cases contained on the microarray (n=18). Interestingly, the cases that 

showed the highest amount of staining for c-MET were also among the highest grade tumors on 

the TMA. c-MET is known to be expressed at a much higher level (~43.3%)[43] in high-grade 

NSCLC squamous cell carcinoma and thus would be expected to be seen in some of the high 

grade cases contained in the TMA. 
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3.0 Identification and Validation of a PD-L1 Binding Peptide for 
Determination of PDL1 Expression in Tumors 
 

3.1   Introduction 
 
Immune checkpoint inhibition has become an important modality for treating cancers, and has 

demonstrated significant success in recent years [44]. By inhibiting immune checkpoints host 

immune response recover from tumor evasion. The innate immune response can potentially 

negate the tumor’s ability to resist targeted therapy, eliminating the need for continuous lines 

of therapy [45]. There are numerous drugs either approved or in the pipeline that target 

dominant immune checkpoints such as PD-L1 or CTLA4[46, 47]. One immune checkpoint of 

particular interest in human cancers is the interaction between Programmed Cell Death 

Receptor 1 (PD-1) and its ligand, Programmed Cell Death Ligand 1 (PD-L1) [48]. Overexpression 

of PD-L1 has been reported in many different tumor types, such as melanoma (40-100%), Non-

Small Cell Lung Carcinoma (NSCLC)  (35%-95%), Glioblastoma (100%), ovarian cancer (33-80%), 

and colorectal adenocarcinoma (53%)[49]. PD-L1 expression is characteristic of immune 

checkpoint evasion, allowing tumor cells to go unrecognized by immune T-cells as foreign. 

When an activated T-cell recognizes an antigen through binding of T-cell receptor to major 

histocompatibility complex, other checkpoints such as PD-1: PD-L1 are checked before the T-

cell can recognize the cancer cell as foreign. When PD-1 on the T-cell surface and PD-L1 on the 

tumor surface are allowed to interact, the T-cell will be inhibited from destroying the foreign 

cell[50] (Figure 1). Many approved drugs are aimed at binding to and blocking either PD-1 or 

PD-L1 that stops receptor-ligand binding and will allow the T-cell to continue with killing foreign 
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tumor cells. These drugs have 

shown therapeutic success in both 

primary and metastatic cancers[51, 

52]; however, not all patients will 

respond to this kind of therapy 

based on initial diagnosis. In order 

to determine which patients should 

be selected for immune checkpoint 

therapy, the appropriate diagnostic 

must be used to determine levels of 

PD-L1 in the tumor. Patient 

selection for the therapy depend on 

the levels of PD-L1 staining in the 

tissue.  Above a certain “cutoff” point on staining pattern, patient would be considered as PD-

L1 positive and expected to respond to administered therapy.  Some clinical trials confirm that 

patients with higher expression of PD-L1 levels show increased response to the drug[53].  In 

other trials, it is shown that the expression is not a clear predictor for patient’s response [54].  

Indeed, diagnosis of PD-L1 expression in patients has proven to be somewhat controversial due 

to proprietary methods and diagnostic interpretation[55, 56]. PD-L1 assays are being developed 

in a ‘one drug – one assay’ method, where assay scoring and guidelines can vary based on the 

type of drug and diagnostic method used[57], and companion diagnostic development is 

usually tied to the clinical outcome of the drug[58].  In drugs such as nivolumab, PD-L1 assay is 
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used as complementary for patient selection.  Based on several clinical studies, it is clear that 

current immunohistochemistry (IHC) diagnostic agents for detecting PD-L1 in patients’ tissues 

suffer from three serious limitations.  First, IHC agents for PD-L1 are based on antibodies raised 

against different clones of PD-L1; even though these IHC agents target the same marker they 

identify different parts of the marker.  Therefore, these agents give different staining pattern 

based on the clone used. Second, the antibody used for detecting the primary IHC agent bound 

to the tissue would also be different in these assays resulting in varying performance based on 

the assay used for diagnosis.  Third, the IHC agents were designed and developed by different 

companies and they would require the use of their own staining equipment and scoring 

algorithm.  For example, Dako’s IHC agents used for selecting patients for nivolumab and 

pembrolizumab, utilize Dako IHC autostainer and their own scoring algorithm. In a similar 

fashion, for selecting patients for treating with drugs such as Atezol izumab and Durvalumab, 

Ventana diagnostics utilize Ventana automated IHC platforms and their own scoring algorithm.  

The data comparing these IHC agents for patients’ response, the Blueprint Project –a 

collaboration of 6 major pharmaceutical companies focused on comparing these tests with 

patient’s response data, is still ongoing.  It is worth to mention here that factors such as tumor 

heterogeneity would not play a role in predicting patient response, as this factor is common in 

both PD-L1 positive and PD-L1 negative patients.  Furthermore, running a different test for each 

drug evaluated is impractical due to limited tissue from biopsy, turnaround time, and cost. 

Potential harm to patients can result if inappropriate tests or cutoff levels are used to make 

treatment decisions[59]. Among all, the PD-L1 marker itself is also somewhat labile and must be 

evaluated soon after the biopsy.[60] 
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In order to overcome the problems associated with PD-L1 IHC, we have identified a novel 

peptide sequence, RKC-10, which is specific for human PD-L1. RKC-10 has shown to bind 

optimally to the structure of PD-1 receptor using crystal structure analysis of the PD-L1:PD1 

binding pocket. RKC-10 can be modified with reporter molecules of interest, such as biotin for 

IHC (RKC-10-Biotin), or fluorescent molecules for fluorescent analysis (RKC-10-Cy5, Cy5).  As 

mentioned above, antibody based IHC agents recognizes different epitopes in PD-L1; in sharp 

contrast, the identified peptide sequence recognizes the unique binding site between PD-1 and 

PD-L1.  Additionally, the peptide based assay developed in this study is standalone, that is 

secondary antibody is not necessary for staining.  Peptide attached with fluorescent dye enable 

easy detection of the PD-L1 biomarker in the tissue.  The data presented in this study, utilizes 

manual staining of RKC-10 in human tissues; therefore, the need for autostainer specific for this 

agent is not needed.  Additional advantages include that the peptide is relatively inexpensive, 

easy to synthesize in laboratory, and can be mass produced in higher quantities.  The results 

obtained demonstrate that RKC-10 is very specific in binding to tumor cells in vitro. For this 

study, the specificity of RKC-10 has been evaluated using IHC methods in over 200 different 

patient tissues (One placental tissue, Seven patient NSCLC cases, five Hodgkin’s Lymphoma 

cases, and a TMA containing 78 cases of squamous cell carcinoma, 69 cases of adenocarcinoma, 

3 cases of mucinous carcinoma, 7 cases of bronchioalveolar carcinoma, 5 cases of 

adenosquamous carcinoma, 4 cases of atypical carcinoid, 15 cases of small cell carcinoma, and 

11 cases of large cell carcinoma). Further investigation of RKC-10 has been done in breast, 

retinoblastoma, and lung cancer cell lines using flow cytometry. Flow cytometry using RKC-10 

was also performed in whole blood spiked with PD-L1 expressing cells, and squamous cell 
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carcinoma and metastatic melanoma obtained from patients.  We used gold standard Ventana  

SP263 PD-L1 for IHC comparison, and commercially available CD274 for flow cytometry 

comparison.   

3.2  Materials and Methods 
 

3.2.1 Identification of RKC-10 Peptide 
 
The RCSB protein data bank was searched for the complex of PD1 and PD-L1. Out of the results, 

the structure corresponding to the PDB ID “4ZQK” was selected for analysis because it 

represents the Structure of the complex of human programmed death-1 (PD-1) and its ligand 

PD-L1 in its non-mutated form with an X-ray resolution of 2.45 Å. The selected structure was 

visually examined using the open-source program PyMOL Molecular Graphics System Version 

1.8.20. A proprietary Fortran program was developed and used to analyze interactions between 

residues within the binding region. If distance between two residues in the binding region was 

less than or equal to 1.2 times the sum of the Van der Waal’s radii of the two atoms, it was 

regarded to be a contact and the residue-residue contact count was updated to +1. Number of 

occurrences for each sequence was calculated and used to identify the peptide sequences used 

in this study.  

3.2.2 Flow Cytometry Using Cultured Cell Lines 

 
Cell lines MDA-MB-231, Y79, and MCF-7 were purchased from ATCC, thawed, and grown in 

culture to confluency. When confluent, adherent cells were removed from the flask by scraping 

gently with a cell scraper and media removed using centrifugation. Suspension cells were 

pipetted from the flask and centrifuged to remove media. Cell lines were resuspended in 

Eppendorf tubes in 100 µL PBS at a concentration of 5x106 cells per mL. Cy5-conjugated peptide 
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solution was then added to the tubes to make the desired concentration of peptide in 200 µL. 

Eppendorf tubes were then placed in the incubator for 1 hour and vortexed at the 30-minute 

mark. After 1 hour, cell lines were analyzed on a BD FACS Canto II, a 3-laser, 8-color flow 

cytometer (San Jose, CA) using Diva 8.0 acquisition and analysis software (San Jose, CA). The 

cells of interest were gated using Forward and Side scatter (FSC/SSC) and positive antibody 

expression. 10,000 singlet events were collected for each specimen.  

 3.2.3 Flow Cytometry Using Patient Tissues 
 
  All investigations using patient tissues were de-identified according to IRB protocol (IRB 

project number 2004603). Cases were evaluated using flow cytometry for suspected 

hematopoetic neoplasms. A portion of each fresh specimen was collected into RPMI. Each 

sample was prepared to create cell suspensions which were combined with neat amounts of 

the following antibodies (BD, San Jose, CA): CD15 FITC, CD34 PE, CD33 PerCP-Cy5-5, CD13 PE-

Cy7, CD11B APC, HLA-DR APC-H7, CD16 V450, CD45 V500C, Kappa FITC, Lambda PE, CD5 PerCP-

Cy5-5, CD19 PE-Cy7, CD23 APC, CD20 APC-H7, CD10 BV421 V450, CD4 FITC, CD8 PE, CD2 PE-

Cy7, CD56 APC, CD3 APC-H7, CD7 V450, CD38 PerCP-Cy5-5, CD10 APC, CD5 BV421 V450, CD23 

PE, CD8 PE-Cy7, CD200 APC, and CD138 PerCP-Cy5-5 (Dako, Carpinteria, CA) and incubated for 

15 minutes in the dark. Any erythrocytes within the specimens were lysed with BD PharmLyse 

(San Jose, CA) and the specimens were washed with BD Staining Buffer with BSA (San Jose, CA). 

Each sample was evaluated using BD FACSC anto II, a three laser, eight-color flow cytometer 

(San Jose, CA) within 24 hours of collection. 50,000 events were collected for each sample. The 

expression data were analyzed using BD FACS Diva software, version 8.0 (San Jose, CA).    Cases 

diagnosed as non-hematopoietic tumors were further subjected to evaluation with PDL-1 
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peptide if material was available combined with CK to identify the epithelial component. The 

cell suspensions were stained with 10µl of BD Cytokeratin FITC (clone CAM5.2), 20µl of Cy5-

conjugated peptide solution, and 10µl of BD Pharmingen CD274 PE (clone MIH1), incubated in 

the dark for 30 minutes, washed with BD Stain Buffer with BSA, and reconstituted to 500µl with 

Stain Buffer with BSA in 500ml polystyrene tubes for analysis. The specimens were analyzed on 

the FACS Canto II using the same panel template, gating strategy, and collection events as the 

cell line specimens. 

 

3.2.4 Immunohistochemistry Using Biotinylated Peptide 
 

To detect PD-L1 in FFPE tissues we employed manual IHC techniques with a biotin-conjugated 

version of peptide RKC-10-Cy5 (CPC Scientific) and compared with Ventana PD-L1 (SP263) 

Rabbit monoclonal Primary Antibody stained on a Roche Benchmark Ultra autostainer. Seven 

PD-L1 expressing NSCLC patient tissues were obtained from the MU OneHealth tissue bank and 

de-identified according to IRB protocols. Paraffin-embedded patient tissue slides were baked 

overnight, then de-waxed and rehydrated according to standard protocols. Tissue sections were 

then subjected to antigen retrieval in EDTA at 95°C for 20 minutes in EDTA (pH 0.9). The 

solution is then cooled for an additional 20 minutes on the bench top prior to buffer rinse. 

Tissues were then incubated with 15 µM biotinylated peptide for 2 hours in a humid chamber 

at RT. After 2 hours, slides were washed with buffer and treated with Pierce™ High Sensitivity 

Streptavidin-HRP (1:200 dilution) (Sigma) for 30 minutes at RT in a humid chamber. Once this 

was complete, slides were again washed in buffer then treated with DAB (Sigma) for 10 

minutes. Slides were again washed in buffer, then dehydrated using graded alcohol and xylene 
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and counterstained with hematoxylin. Slides were then imaged using brightfield microscopy on 

a Leica DM5500. 

3.2.5 Immunohistochemistry Using Cy5 Fluorophore Conjugated Peptide 
 
We investigated PDL1 in seven FFPE tissues and 192 lung cancer cases on a microarray using 

our peptide conjugated with Cy5 fluorophore (CPC Scientific). A lung cancer tissue microarray 

(TMA) was purchased from U.S. Biomax that contains 192 separate cases of various types of 

lung cancers (LC1923, biomax.us). In addition, seven NSCLC patient tissues were obtained from 

the Mizzou OneHealth tissue bank and de-identified according to IRB protocols. Paraffin-

embedded tissue slides were baked overnight, then de-waxed and rehydrated according to 

standard protocols. Tissue sections were then subjected to antigen retrieval in EDTA at 95°C for 

20 minutes in EDTA (pH 0.9). The solution is then cooled for an additional 20 minutes on the 

bench top prior to buffer rinse. Tissues were then incubated with 15 µM Cy5-conjugated 

peptide for 2 hours in a humid chamber in the dark at RT. After 2 hours, slides were washed 

with buffer. The slides were then mounted using nucleus-specific DAPI counterstain and cover 

slipped.  Slides were then imaged using fluorescence microscopy on a Leica DM5500 and 

compared to the same sections which had been stained with the Ventana antibody. For 

fluorescent analysis, DAPI channels and Cy5 channels were overlaid to image cell nuclei and PD-

L1 expression, respectively. 

 3.2.6 IHC Blocking Using PD-L1 Peptide or Ventana Antibody SP263 
 
To test specificity of the PD-L1 peptide, we first blocked IHC signals of the SP263 antibody by 

treating the tissue with PD-L1 peptide for 1 hour prior to autostaining the tissue using the 

Roche autostainer with the Ventana PD-L1 kit according to Roche’s specifications. We also 
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investigated blocking of the PD-L1 peptide using the SP263 antibody by first treating the tissue 

with SP263 antibody for 30 minutes prior to treating the tissue with peptide according to the 

previously mentioned protocol. 

  

 

3.3  Results 
 

3.3.1 Identification of PD-L1 Binding Peptide and Mock Peptide 
 

We focused our initial research on understanding the interaction of PD-1 and PD-L1 

based on X-ray crystal structure data (S1) with the goal of identifying the peptide sequence that 

is selectively mediating the interactions. After the crystal structure of each protein was 

identified, a proprietary Fortran program was used to analyze which amino acid sequences 

interact most closely between the two proteins. Number of occurrences for each sequence was 

calculated and used to identify the peptide sequences used in this study. (Figure 2).  The 

calculations provided several sequences of peptide that could possess high-affinity for targeting 

PD-L1 in tumor.  As a first step, we synthesized a library of peptides and studied the stability 

and PD-L1 affinity.  The study resulted in identification of a high affinity peptide, RKC-10-Cy5 for 

targeting PD-L1.   Data related to anti-PDL1 and mock peptide was used to synthesize peptides 

for this study. Binding sequences of each peptide were further modified to incorporate either 
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biotin or fluorophore for antigen detection, and to increase solubility of the peptide.

 

 3.3.2 Fluorescent RKC-10-Cy5 as Marker for Flow Cytometry  

 
RKC-10-Cy5 was then investigated for PD-L1 specificity using flow cytometry in cultured cell 

lines and patient tissues. The cell lines examined were breast cancer line MDA-MB-231, which 

shows very high PD-L1 expression[61], along with retinoblastoma line Y79 and breast cancer 

line MCF-7, which show no meaningful PD-L1 expression[62]. To set our conditions for flow 

cytometry, we first examined titrations of PD-L1 peptide using all three cell lines. Cultured cells 

were grown to confluency and removed from the flask using a cell scraper. Media was removed 

through centrifugation and 100 µL of Pharmingen Stain Buffer(BSA) containing 5x10^5 cells was 

resuspended in 5 separate 1.5 mL Eppendorf tubes. 100 µL of buffer containing RKC-10-Cy5  

was added to the five tubes to make final concentrations of 0.1, 0.05, 0.01, 0.005, and 0.001 

mg/mL of peptide per cell sample. The tubes were vortexed and allowed to remain at RT for 1 

hour. 15 minutes prior to performing flow cytometry, 10 µL of cytokeratin-specific antibody 
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containing a FITC fluorophore was added to each cell solution. Cells were then examined using 

flow cytometry. In each of the samples we gate for double-positives by analyzing expression of 

both cytokeratin (FITC channel) and PD-L1 (Cy5 channel) (S2). For all three cell lines we see a 

decrease in mean fluorescence intensity (MFI) as the concentration of peptide decreases 

(Figure 3, S3-5). Samples containing 0.1 and 0.05 mg/mL concentrations were deemed to have 

fluorescence intensities too high for accurate analysis for each cell line. Y79 and MCF7 both 

have a much lower PD-L1 expression than MDA-MB-231, which correlates with expression 

seen using our Cy5 conjugated peptide and comparing the cell lines with flow cytometry. Y79 

and MCF7 MFI is close to tenfold lower than that seen in MDA-MB-231 in all lower 

concentrations. The MCF7 sample containing 0.005mg/ml was much higher than anticipated 

due to this sample being treated twice with peptide. We selected 0.005 mg/mL as our optimal 

concentration based on these comparisons, and all subsequent flow cytometry experiments 



54 

 

were performed using this concentration. Lung cancer cell lines A549 (low PDL1) and HCC827 

(high PDL1) were investigated for PD-L1 expression using both phycoerythrin-conjugated cd274 

and RKC-10-Cy5 (Figure 4,S6). Cell lines were cultured as before and treated with either 

antibody or peptide in buffer. When run through the flow cytometer we see a much higher 

signal associated with PD-L1 expression in the HCC827 cell line than in the A549 samples. The 

antibody associated fluorescence was higher than the peptide associated fluorescence in both 

samples, which is attributed to differences in titrating peptide and antibody. 

 

3.3.3 Detection of PD-L1 in Circulating Tumor Cells and Patient Tissues 
 
PD-L1 expression in patient tissues was analyzed using RKC-10-Cy5 and compared to expression 

in MDA-MB-231 cells and a negative control of normal blood (Figure 5). The MFI of the MDA-

MB-231 cells was 9,448, while the whole blood gave an MFI of -123 (S9). We investigated both 

a squamous cell carcinoma and metastatic melanoma sample for PD-L1
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expression using those MFIs as high and negative, respectively. The squamous cell carcinoma 

was shown as having an MFI of 107,808, while the melanoma sample gave an MFI of 1,250. The 

squamous cell carcinoma PD-L1 expression was very high, while the melanoma sample was 

graded as ‘moderate’ PD-L1 expression (S10,11). The melanoma sample showed no expression 

of cytokeratin. Since loss of CK expression is consistent with circulating tumor cells, we believe 

we can use RKC-10-Cy5 to detect CTCs. To see whether detection of low cell counts was 

possible, whole blood samples were spiked with MDA-MB-231 cells. MDA-MB-231 were diluted 

with whole blood, then treated with RKC-10-Cy5 and cytokeratin before staining. These 

samples were also treated with a phycoerythrin-conjugated antibody (cd274) against PD-L1 to 

further verify PD-L1. We were indeed able to detect positive signals of cytokeratin and PDL1 

expression at low counts of ~15 cells in the whole blood sample using both the peptide and the 

antibody (Figure 6).   
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3.3.4 Biotinylated RKC-10-Biotin as Immunohistochemistry Agent 
 

Seven Patient NSCLC tissues were investigated for PD-L1 using either manual IHC with 15 µM 

RKC-10-Biotin peptide, or the Ventana PD-L1 (SP263) rabbit monoclonal primary antibody 

stained on a Roche Benchmark Ultra. In this study the peptide was conjugated with biotin, 

which was used to bind a secondary treatment of streptavidin-HRP. Formalin-Fixed Paraffin 

Embedded (FFPE) placenta tissue was used as the positive control, since PDL1 is expressed in 

placental trophoblasts[63]. In this study we also utilized biotinylated mock peptide RKC-11-

Biotin as a negative control. This mock peptide was synthesized to have very low affinity to PD-

L1. Both the PD-L1 peptide (RKC-10-Biotin) and Ventana clone SP263 stained the trophoblasts 

heavily in the placental tissue (Figure 7, S12-14). The SP263 antibody featured heavy edge 

staining but also showed membranous staining of the trophoblast cells. RKC-10-Biotin peptide 

showed heavy membrane staining of the trophoblast cells without the intense edge artifacts 
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seen when using the 

SP263 antibody. Low-affinity mock peptide RKC-11-Biotin showed light staining at high 

concentrations, but did not achieve the heavy staining RKC-10-Biotin did (Fig 7d, S15). Higher 

concentrations of the peptide showed more staining in other parts of the placental  tissue, but 

the heaviest staining is localized to the trophoblast cells (S2-S6). Blocking of the SP263 antibody 

was achieved by first treating the placenta tissue with RKC-10-Biotin for 30 minutes, washing, 

and treating on the Roche autostainer according to specifications. The pre-blocked tissue 

showed drastic reduction of staining, with mostly edge artifacts being seen (Figure 7c). Placenta 

tissue that was not pre-blocked was stained with the SP263 kit in parallel with the pre-blocked 

tissue, and showed the expected trophoblast staining as before (S16-18).  

Once confidence in PD-L1 staining was established in repeated placenta tissues, we 

compared staining in seven NSCLC patient tissues (patients ‘A’ through ‘G’) with the SP263 

antibody and RKC-10-Biotin (Figure 8, S21-29). When using the RKC-10-Biotin peptide we saw 

heaviest staining localized to the tumor regions of the tissues, which can be very intense based 

on the concentration of peptide used. In contrast, the SP263 antibody did not show heavy 

tumor staining in most tissue sections, showing only faint staining in these regions that could be 

interpreted as negative or faintly positive for PD-L1. The most intense staining from the SP263 
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kit was shown in the tumor cells of patient G. All areas of patient G that stained positive for PD-

L1 using the SP263 antibody also stained positively using PD-L1 peptide. 

 
 

3.3.5 Fluorescent RKC-10-Cy5 as Immunohistochemistry Agent 
 

We compared staining of the placenta and seven selected NSCLC patient tissues using the 

SP263 antibody and RKC-10-Cy5 conjugated with a Cy5 fluorophore. To stain with the 

fluorescent PD-L1 peptide, antigen retrieval was performed and tissue slides were treated with 

15 µM fluorescent peptide in a dark, humid chamber for 2 hours, washed with buffer, then 

counter-stained and mounted with DAPI nucleus stain. Peptide-stained slides were imaged on a 

Leica DM5500 using channels specific for DAPI or Cy5, and channels were overlaid to examine 

PD-L1 expression. To confirm the data from the IHC stained tissues, the same seven patient 

tissues A-G were stained with RKC-10-Cy5 (Figure 9, S30-46). The Cy5 signal in these tissues was 

consistent with the HRP staining, where RKC-10-Cy5 peptide stained many areas of tumor that 

the SP263 antibody did not. Where the SP263 staining is positive, we see similar staining 

between both the antibody and peptide. However, many tumor areas not visibly stained by the 
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antibody were stained specifically when the peptide was used. To examine a larger range of 

tissues for PDL1 expression, fresh-cut lung cancer tissue microarrays containing 192 separate 

cases of lung cancers were purchased from U.S. Biomax, Inc. This array (S47) contained 78 cases 
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of squamous cell carcinoma, 69 cases of adenocarcinoma, 3 cases of mucinous carcinoma, 7 

cases of bronchioalveolar carcinoma, 5 cases of adenosquamous carcinoma, 4 cases of atypical 

carcinoid, 15 cases of small cell carcinoma, and 11 cases of large cell carcinoma. To analyze 

stained TMAs, the slides were scanned in at 10x magnification using the Leica DM5500 

motorized stage and stitched together using Leica LAS X software (S48-56). Serial sectioned 

TMAs were then compared head to head when stained with either SP263 kit or the RKC-10-Cy5 

peptide (Figure 10). 

In cases where the SP263 antibody was negative for tumor staining, the same is seen with the 

RKC-10-Cy5 peptide (Fig. 10a). Likewise, in cases where the SP263 antibody stained positively in 

tumor, RKC-10-Cy5 shows staining consistent with the SP263 stain (Fig. 10b,c). Interestingly, in 

the majority of cases, the SP263 antibody showed no tumor staining, while the RKC-10-Cy5 

peptide showed consistent, specific staining in tumor cells and immune infiltrate (Fig. 10d, e, f). 

Analysis of individual spots at 40x confirms the presence of specific tumor cell staining (Figure 

11). These results are consistent with the biotin-conjugated peptide IHC, where the PD-L1 

peptide stained many large areas of tumor, while the SP263 antibody showed little to no 
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staining in many of these areas. The Cy5 channel was very intensely bright and we had to use a 

very low exposure in order to image the PD-L1. PD-L1 expression was specifically seen in tumor 

areas of the tissue, and staining of immune cells was also seen outside the tumor areas, as is 

expected.  

 

3.3.6 Fluorescent RKC-10-Cy5 Detects PD-L1 on Reed-Sternberg Cells in Hodgkin’s Lymphoma 
 
In addition to the NSCLC patient tissues, we also investigated four different Hodgkin’s 

Lymphoma cases for PD-L1 expression. Presence of Reed-Sternberg cells in a biopsied tissue is 

often the diagnostic indicator of a patient having Hodgkin’s lymphoma. RS cells are large, often 
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multinucleated tumor cells that are derived from B-cell lymphocytes. RS cells heavily express 

PD-L1[64], to the point of PD-L1 being a diagnostic indicator of RS cells. Due to the 

characteristic expression of PD-L1 in RS cells, we examined PD-L1 levels in the four identified 

Hodgkin’s lymphoma patient samples using the fluorescent RKC-10-Cy5 peptide and compared 

with the SP263 antibody (Figure 12). In each patient sample, the pathologist-identified RS cells 

showed PD-L1 staining with both RKC-10-Cy5 and SP263 antibody. When using the RKC-10-Cy5 

peptide, RS cells were easily identified by the pathologist due to the heavy Cy5 fluorescent 

signal. These cells were additionally confirmed as RS cells by examining the multinucleate 

characteristic of the cells, shown clearly by staining the nuclei with fluorescent DAPI. The SP263 

antibody IHC additionally confirmed the presence of PD-L1 in the RS cells. Using both methods, 

we also see some light staining of the tumor microenvironment besides the RS cells, which is 

expected as PD-L1 is often expressed on immune cells.
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3.4 Discussion 
 
The PD-L1 targeting peptide RKC-10-Cy5 was identified through structural analysis of PD-1: PD-

L1 binding pocket structure. PD-L1 specific peptide RKC-10-Biotin has shown high specificity for 

tumor cells in 200 different cases of tissue – 192 lung cancer cases on a TMA, seven patient lung 

cancers, and one placenta tissue. Patient tissues stained specifically and reproducibly within the 

tumor and PD-L1 expressing immune cells using either a biotin-conjugated peptide for IHC, or a 

Cy5 fluorophore-labelled peptide for fluorescent microscopy. RKC-10-Cy5 staining showed a 

positive correlation with Ventana’s FDA-approved PD-L1 diagnostic (SP263) where the SP263 kit 

stained tumor positively for PD-L1 expression. While there were some cases that were negative 

using both SP263 and RKC-10-Cy5, there were a large number of cases where RKC-10-Cy5 

showed very specific tumor staining that were not stained by the SP263 antibody. This could 

either be due to higher specificity of RKC-10-Cy5 or due to a lower titration of SP263 to only 

detect PD-L1 above a clinical cutoff, since the SP263 kit is meant for clinical diagnosis for use 

with its companion therapeutic drug durvalumab. In the Hodgkin’s lymphoma cases, PD-L1 

expression as measured by the RKC-10-Cy5 peptide matched up well with the IHC staining 

shown by the SP263 antibody, especially in the Reed-Sternberg cells. Since pembrolizumab was 

recently fast-tracked by the FDA to treat Hodgkin’s lymphoma cases, RKC-10-Cy5 will need to 

be compared with the pembrolizumab companion diagnostic 22C3. Due to the multinucleate 

characteristics of the RS cells, it would be easy to detect and quantify the number of RS cells in 

a given Hodgkin’s tissue based on PD-L1 expression and nuclei. Since RKC-10-Cy5 shows such 

specificity for tumor, it could detect a wide range of PD-L1 expression and inform more precise 

diagnostic levels for treatment. It has been shown that there is an urgent need for a PD-L1 



64 

 

diagnostic that can precisely detect PD-L1 protein irrespective of the drug intended to be used 

– a sensitive assay such as RKC-10-Cy5 could be used to achieve this. Detection of PD-L1 

expression in whole blood and metastatic melanoma suggests that RKC-10-Cy5 could also 

potentially be used to detect low amounts of circulating tumor cells that express PD-L1.  

Recent debates about the diagnosis of PD-L1 in patients highlight the need for refined methods 

of determining PD-L1 levels in the patient. By utilizing a peptide-based approach, we can detect 

all levels of PD-L1 with a high sensitivity and specificity. In a heterogeneous tumor, 

identification of PD-L1 expression using traditional methods may not be an accurate way of 

determining a binary IHC cutoff, but would rather require a wider range of diagnostic levels to 

determine optimal therapy. Recent studies have also shown tumors that express PD-L1 

according to in vivo imaging methods, but upon excision for IHC no PD-L1 was detected[65]. 

Tumor mutations over a given period of treatment may lead to fluctuating PD-L1 levels, and as 

such may need to be monitored routinely.  
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5.1 Supplementary Figures: Quantifiable Determination of EGFR in Human 
Tissues Using Peptide Conjugated Gold Nanorods 
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5.2 Supplementary Figures: Peptide-Conjugated Gold Nanorods for Evaluation of c-MET 
Receptor Levels in NSCLC Tissues
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5.3 Supplementary Figures: Identification and Validation of a PD-L1 Binding Peptide for 
Determination of PDL1 Expression in Tumors 
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