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Abstract  

Mesenchymal epithelial transition factor (c-Met) has been recently regarded as an attractive 

target for the treatment of cancer. Our previous study showed that c-Met-specific single chain 

fragment variables (scFvs) can be considered as a promising therapy for cancer, however, their 

molecular interaction with c-Met protein have not been assessed. Accordingly, in the current 

study we aim to evaluate the kinetic and thermodynamic properties of c-Met interaction with 

these scFvs as anticancer agents by means of surface plasmon resonance (SPR) technique. 

Phage-scFvs were immobilized on the 11-mercaptoundecanoic acid gold chips after carboxylic 

groups activation by N-ethyl-N-(3-diethylaminopropyl) carbodiimide/N-hydroxysuccinimide 

and, then the c-Met binding to each scFvs (ES1, ES2, and ES3) at different concentrations 

(ranging from 20 to 665 μM) was explored. Kinetic studies revealed that ES1 has the highest 

affinity (KD = 3.36 × 10
-8

) toward its target at 25 °C. Calculation of thermodynamic parameters 

also showed positive values for enthalpy and entropy changes, which was representative of 

hydrophobic forces between c-Met and ES1. Furthermore, the positive value of Gibbs free 

energy indicated that c-Met binding to ES1 was enthalpy-driven. Taken together, we concluded 

that produced ES1 can be applied as promising scFv-based therapy for diagnosis or targeting of 

c-Met in various cancers. 

Keywords: c-Met; scFv; cancer 
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1. Introduction 

Mesenchymal epithelial transition factor (c-Met) is an unique tyrosine kinase receptor for 

hepatocyte growth factor (HGF) which is consisted of extracellular α and transmembrane β 

chains and is involved in a wide array of cellular processes including scattering, proliferation, 

migration, differentiation, motility, and angiogenesis [1, 2]. Anomalous c-Met activation or 

signaling has been noted in a variety of tumor types [3]. Therefore, molecular targeting of c-Met 

receptor is a promising therapeutic approach for cancer treatment that is becoming more and 

more popular with recent various therapeutic strategies undergoing clinical trials [4, 5]. For 

example, monoclonal antibodies (MAbs) against c-Met have been effectively employed in the 

clinical therapy of various cancer cells because of their high specificity and low toxicity [6]. 

Single-chain variable fragment (scFv) is a 28-30 KDa fusion protein, which is combined of 

variable regions of the heavy (VH) and light (VL) chains of an antibody connected with a 

peptide linker. Due to their smaller size and rapid tissue penetration, scFvs are expected to be 

more efficient than MAbs in treatment and imaging of tumor tissues [7, 8]. Moreover, the 

generation of scFv antibodies appears to be more cost-effective than that of whole 

immunoglobulins [9]. It has also been reported that anti-c-Met-scFv-mediated delivery of drug 

could be a great potential strategy in targeted therapy and imaging of tumor cells [10]. In our 

previous study also three scFvs (ES1, ES2, and ES3) were isolated from Tomlinson I+J library 

against a specific oligopeptide from Sema domain of the c-Met via phage display technique [7]. 

These scFvs showed great therapeutic promise in colorectal cancer immunotherapy. ES1 and 

ES2 could effectively inhibit the human colorectal carcinoma cell line (HCT-116) proliferation. 

The results also demonstrated that ES1, ES3 and ES2 had the most apoptotic effect on HCT-116, 
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respectively. However, an understanding of the precise molecular mechanism of the action of 

these scFvs on c-Met may contribute to successful drug development in the future clinical trials.  

Surface plasmon resonance (SPR) is a powerful label-free technique used to investigate 

biomolecular interactions such as drug-protein, antibody-antigen, protein-DNA and also cellular 

morphological changes in real time [11-13]. Determination of thermodynamic parameters and 

kinetic constants including association and dissociation rate and affinity is also possible using 

this tool [14]. Since SPR signal intensity is proportional to the mass at the sensor surface [15], 

phage-displayed scFvs could be more suitable for interaction analysis instead of the scFv 

fragments alone. Furthermore, they have multiple advantages over antibodies including easy 

production, high stability and insensitivity to temperature, pH, and ionic strength [16]. 

Considering these observations, we intended to evaluate the kinetic constants of interaction 

between c-Met with the three mentioned scFvs (ES1, ES2 and ES3) from our previous study for 

future application in cancer treatment using phage-based SPR technique. Furthermore, we 

calculated thermodynamic parameters for the scFv which had the highest affinity for the c-Met 

protein. 

 

2. Materials and methods 

2.1. Reagents and materials 

A synthetic immunodominant peptide from the Sema domain of c-Met (AQLARQIGASLND) 

was prepared from JPT (JPT Peptide Technologies GmbH Berlin, Germany). Three M13 phage 

clones with different anti-c-Met scFvs including ES1, ES2, and ES3 displayed on their protein 

pIII, were purified from a phage display Tomlinson I + J library in our previous study [7]. E. coli 
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TG1 (Novagen, Madison, WI) was employed as host for phagemid manipulation. M13KO7 

helper phage was obtained from BioScience, Nottingham (UK). 11-mercaptoundecanoic acid 

(11-MUA), ethanolamine, N-hydroxy succinimide (NHS) and 1-ethyl-3-[3-

dimethylaminopropyl] carbodiimide Hydrochloride (EDC), bovine serum albumin (BSA), 

phosphate buffered saline (PBS), and ammonia were prepared from Sigma–Aldrich Steinheim, 

Germany. Gold chips were supplied from BioNavis Company (Tampere, Finland). 

 

2.2. Phage amplification 

Briefly, 100 μL of each phage clone was added in 50 ml 2xYT (16 g Tryptone, 5 g NaCl and 10 

g Yeast Extract in 1 liter) containing 120 mg/ml ampicillin and incubated with shaking (250 

rpm) at 37 °C until OD600 reach to 0.4–0.5. M13K07 helper phages (5 × 10
11

 plaque forming 

units (PFUs)) were then added to per milliliter of bacterial culture and incubated for 30 minutes 

at 37 °C without shaking and for another additional 30 minutes under shaking (at 100 rpm). 

Next, infected bacteria were collected by centrifuging (3800 rpm at 4 
◦
C for 10 min), re-

suspended in 100 ml of fresh 2xYT supplemented with 50 μg/ml kanamycin and 120 μg/ml 

ampicillin and incubated overnight at 30 °C under shaking (at 200 rpm). Finally, phages were 

precipitated from the supernatant with PEG-6000/2.5 M NaCl and collected by centrifugation (at 

14000 rpm at 4 °C for 20 min).  

 

2.3. SPR instrument and technique 

The kinetic and thermodynamic parameters were recorded using a SPR device with dual-channel 

detection which utilizes the Kretscheman prism configuration (MP-SPR Navi 210A, BioNavis 
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Ltd, Tampere-region, Finland). Prior to the SPR experiment, the whole flow path was rinsed with 

PBS–0.02% Tween (PH=7.2) as running buffer. The interaction analysis was performed in the 

fixed angle at 670 nm wavelength and 25°C temperature. 

 

2.4. Preparation of gold chips 

The material of the SPR-Navi gold sensor chips is 240 mm
2
 BK7 glass, with 50 nm gold layers 

evaporated onto their surface. To eliminate any contamination and obtain more accurate data, the 

bare gold slides were dipped in a 1:1:5 mixture of ammonia (NH4OH, 25%), hydrogen peroxide 

(H2O2, 30%), and deionized water for about 15 minutes at 100°C. Following the immersion of 

the chips in ethanol for 5 minutes at 95°C, they were thoroughly washed with deionized water 

and dried by N2 atmosphere.  

It has been found that the quantity of immobilized M13 phages is much higher on the 11-MUA 

coated chips than that on CM5 chips [17]. Therefore, in order to form a self-assembly carboxyl 

terminated monolayer on the cleaned gold slides surface, we used the protocol described by Liu 

et al. (2009). Brifley, we submerged the gold chips in the of 50 mM 11-MUA solution prepared 

in 70% ethanol at 25°C for 24 hours and then the 11-MUA coated chips were washed with 

ethanol and PBS buffer and then dried by N2. Finally, prepared chips were placed on the SPR 

instrument for the following phage immobilization. 

 

2.5. Phage immobilization via amino coupling 
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Phages were covalently immobilized onto the gold coated 11-MUA chips through standard 

amine coupling chemistry. Briefly, the carboxyl groups on the 11-MUA chip was activated by a 

1:1 mixture of 200 mM EDC and 50 mM NHS solution at a flow rate of 15 μL/min for 8 

minutes. Phage solutions at four different concentrations (1.5 × 10
8
, 2 × 10

8
, 2.5 × 10

8
, and 3 × 

10
8
 pfu/mL) were prepared with PBS–0.02% Tween (pH 7.2) to find the optimized concentration 

and injected into the sensing channel over the activated chip surface for 15 minutes at a flow rate 

of 8 μL/min. Finally, 1 M ethanolamine solution was injected over the chip surface for blocking 

residual activated groups using a flow rate of 20 μL/min for 3 minutes.  

 

2.6. Assessment the specificity of the chip 

To investigate the specificity of the c-Met interaction with the immobilized phage-scFvs, three 

samples including PBS (as running buffer), 33 μM BSA protein (as negative control), and 33 μM 

c-Met (as positive control), were injected over the phage surface using a flow rate of 10 μl/min 

for 5 min. 

 

2.7. Kinetic analysis of c-Met interaction with ES1, ES2 and ES3 

To determine the kinetic parameters for each interaction, different concentrations of the c-Met 

(20 to 665 μM) prepared with PBS–0.02% Tween buffer at pH 7.2 were injected into the both 

sensing and reference channels at the same time using a flow rate of 10 μl/min for 5 min. Due to 

the quick dissociation of the peptide from scFvs, regeneration process was not required. 

Eventually, data was extracted with SPR Navi
TM

 data viewer software and Trace Drawer
TM

 for 
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SPR Navi
TM

 was employed for calculation of kinetic and affinity parameters of c-Met binding to 

the scFvs. 

 

2.8. Thermodynamic analysis of c-Met binding to the scFv with the highest affinity 

The effect of temperature on c-Met binding to the scFv with the best affinity was investigated by 

calculation of c-Met–scFv complex formation thermodynamic parameters. To this aim, SPR 

evaluations were studied at three different temperatures (298, 303, and 310 K).  

 

3. Results  

3.1. Phage immobilization through amine coupling 

In order to detect the interaction between the c-Met peptide and three different c-Met-specific 

scFvs (ES1, ES2, and ES3) expressed on M13 phages, we used SPR technique. We immobilized 

the phages by amine coupling method as illustrated in Figure 1. For this aim, a SAM of MUA, 

which has been previously found very suitable for M13 phage immobilization [17], was formed 

on the gold surface of chip and then EDC/NHS solution was used for activation of carboxylic 

groups (-COOH). Subsequently, the phages were easily stabilized on 11-MUA chip via covalent 

amide and electrostatic binding formation [18]. Sensorgram measurements of the aforementioned 

process approved that phage immobilization via amine coupling on 11-MUA chip was 

successfully done (Figure 2a). The SPR responses unit (RU) caused by phage binding was 

0.058RU which shows proper and acceptable phage immobilization level. In addition to the time 

and flow rate of injection, the concentration of phages can also considerably affect the efficiency 
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of immobilization process. In this regard, we found 3× 10
8
 pfu/mL as the optimum concentration 

of phages (Figure 2b). Finally, the unreacted sites of the surface were blocked with 

ethanolamine.  

 

3.2. Specificity of the chip 

As shown in Figure 2c and Figure S1, there was no specific interaction between PBS and the 

immobilized scFvs. Also, as shown in Figure S1 after stopping the injection of BSA on 

immobilized scFvs surface, the related sensogram reached near the baseline surface like PBS, 

however, after stopping the c-Met injection, it absorbed on surface and did not reach to the initial 

level (0.0012 RU± 0.0005). These results showed the considerable specificity of scFvs toward c-

Met peptide. 

 

3.3. Interaction of c-Met with ES1, ES2, and ES3 

The sensorgarms of interaction between each ES1, ES2, and ES3 with different concentrations of 

c-Met (between 20 to 665 μM) at 25 °C are presented in Figure 3a, b, and c, respectively. Also 

the fitted models of related sensograms were shown in Figure S2. 

 

3.4. Kinetics of c-Met binding to ES1, ES2, and ES3 

Kinetic parameters elucidate the interaction rate of c-Met binding to ES1, ES2, and ES3. The 

formation and decomposition of the complex (AB) between c-Met (A) and scFvs (B) is 

calculated by equation 1.  

                  



10 
 

a

d

K

K
A B AB          (eq. 1)             

Association and dissociation rate constants (ka and kd) are two kinetic parameters represent the 

number of AB formed and decayed per second, respectively that were analyzed by means of SPR 

measurements [19]. The affinity or equilibrium constants (KD) which determines amount of AB 

complex formed at equilibrium for the bindings of c-Met to ES1, ES2, and ES3, were also 

evaluated from the eq. 2 [20].  

              
d

D

a

k
K

k
           (eq. 2)           

Table 1 summarized the kinetic parameters (ka, kd and KD) of each interaction.  

 

3.5. Thermodynamic study of c-Met interaction with ES1 

The interaction type between c-Met and ES1 was detected by two thermodynamic parameters 

including enthalpy (ΔH) and entropy (ΔS) change values, which can be calculated using van’t 

Hoff equation (eq. 3) by plotting of LnKD versus 1/T [21]. 

          ln kD = −
∆H

RT
+

∆S

R
           (eq. 3)           

R demonstrates the universal gas constant and T is indicative of absolute temperature.  

As presented in sensograms of Figure 4 and fitted models in Figure S3, the c-Met binding to ES1 

was studied at three different temperatures (298, 303, and 310 K). Figure 5 also represents the 

plot of LnKD versus 1∕T. By calculation of ΔH and ΔS, the total energy released from the 

interaction can be obtained through the standard Gibbs–Helmholtz equation (eq. 4).  
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 ∆G=∆H-T∆S       (eq. 4) 

Table 2 shows the thermodynamic parameters of c-Met-ES1 complex.  

 

4. Discussion 

Since aberrant c-Met activation is associated with both tumor growth or formation, this protein 

has been regarded as an attractive target for cancer therapy and drug development [22].  

Accurate determination of kinetic and thermodynamic parameters between the therapeutic agents 

and c-Met may result in better pharmacological response and clinical development. Currently, 

several methods especially isothermal titration calorimetry (ITC) and fluorescence polarization 

(FP) have been developed for evaluating molecular interactions [23]. ITC is an non-destructive 

technique, however, is not able to investigate the kinetics of non-enzyme perturbation and 

require large amount of sample and appropriate suite to evaluate data [23, 24]. There are also 

disadvantages of FP, as fluorescent-labelled ligand may change the binding affinity in this assay 

[23]. SPR has also been extensively used for detecting binding affinities due to their beneficial 

properties including low sample consumption, short assay development time, and ability in label-

free and real-time sensing [25]. Measurement of higher binding affinities is also feasible by this 

technique [23]. Nevertheless, application of this tool demands high level of technical expertise.  

Accordingly, in this study, we attempted to analyze the kinetic and thermodynamic parameters 

between c-Met and the scFv antibodies via phage based SPR. The reason why phage-scFvs were 

immobilized on the chips rather than scFvs alone was that the small change in the mass 

contributes to low refractive index changes and subsequently poor SPR signals. Moreover, 

phages have found to be more stable to the thermal and pH changes than antibodies or scFvs and 

can be easily produced [16].  
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Several studies have assessed the binding affinities between human c-Met protein and various 

antibodies introduced as a main class of drugs. The low value of KD is representative of high 

tendency between two molecules. For instance, in 2012, Oh et al. found that F46, a mouse MAb, 

could bind to c-Met with high affinity (Kd = 2.56 × 10
-9

), as determined by SPR and successfully 

decrease in vivo tumor growth [26]. Merchant et al. developed a potent monovalent anti-c-Met 

agonistic antibody (onartuzumab), which showed high affinity (KD = 1.2 × 10
-9

) towards wild 

type human c-Met as evaluated by SPR [27]. Furthermore, SHR-A1403, a novel c-Met antibody-

drug conjugate, could bind to human c-Met with high affinity (KD = 1.71 × 10
−8

) and is 

considerable as potential agent for treatment of cancers with high c-Met levels [28]. In another 

study conducted by Park et al. (2017), IRCR201, a novel fully-human bivalent antibody, 

exhibited high affinity to human c-Met (KD = 7.207 × 10
−8

) and provided an ideal anti-tumor 

activity for treatment of c-Met-positive cancer patients [29]. A Phase I clinical trial was also 

designed by Park et al. to investigate the pharmacokinetic profile, safety and efficiency of 

SAIT301, a novel humanized Mab, for treatment of patients with c-Met-positive solid tumors. 

SAIT301 was intravenously administrated to the patients in 21 day cycles, for up to 4 cycles. 

This study is still ongoing and is not so far ended (ClinicalTrials.gov identifier: NCT02296879; 

Park et al., 2015). 

Nevertheless, scFvs, as small antibody fragments, could penetrate more deeply and rapidly to the 

tumor tissues and effectively reach to their targets than whole antibodies [30]. Besides, due to 

their fast blood clearance rate, scFvs can be utilized appropriately to deliver drugs, toxins or 

radionuclides to the target tissues [31]. Lu and coworkers have been demonstrated the high 

binding affinity between the c-Met protein and three anti-cMet scFv antibodies including Ms1 

(KD = 6.82 × 10
-9

), Ms20 (KD = 9.14 × 10
-9

), and Ms21 (KD = 14.9 × 10
-9

) as measured by SPR. 
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The drug delivery system mediated by these scFvs showed a great promise in targeted therapy 

and imaging of tumor tissues associated with overexpression of c-Met [10]. Our results also 

revealed that ES1 (KD = 3.36 × 10
-8

), ES2 (KD = 1.02 × 10
-7

) and ES3 (KD = 7.84 × 10
-6

) have 

the highest affinity towards c-Met at 25 °C, respectively (Table 1). These data suggest that ES1 

may act as more potent anti-tumor agent in treatment of c-Met-positive cancers.  

We further detected the interaction type between c-Met and ES1 which showed the most anti-

proliferative and apoptotic properties on HCT-116 cells [7] and had the most affinity toward c-

Met in comparison with ES2 and ES3. Hydrophobic forces, hydrogen bond, Van der Waals and 

electrostatic interactions are types of binding force between the biomolecules. The positive value 

of both ΔH and ΔS indicates the occurrence of hydrophobic forces; negative values mark the 

Van der Waals interactions and hydrogen bonds. The electrostatic interaction is also 

characterized by the negative ΔH along with positive amount of ΔS [32]. According to the 

obtained data from this study, positive values of ΔH and ΔS which was indicated that the 

interaction between c-Met and ES1 occurs through hydrophobic binding forces. Besides, the 

positive value of ΔG indicated that the binding process was enthalpy driven and the formation of 

c-Met-ES1 complex was the kind of endothermic process. The results of this study also showed 

that a small temperature rise led to the decrease in the binding affinity between ES1 and c-Met 

(Table 2). 

 

5. Conclusion 

In this study, we investigated the kinetic parameters of c-Met interaction with three c-Met-

specific scFvs (ES1, ES2, and ES3) using the SPR technique. Kinetic parameters showed that 

ES1 and then ES2 and ES3 have the highest affinity for the c-Met peptide, respectively which 
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was approved by the KD values. We further studied the thermodynamic parameters between c-

Met and ES1 which was indicated that the dominant force in this interaction refers to 

hydrophobic forces. In addition, the binding process was endothermic due to the positive value 

of ΔG. Taken together, we concluded that ES1 could more be considered as a promising anti-

tumor agent among the other scFvs. However, future in vitro and in vivo studies are still needed 

to further investigate its properties.  
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Figure legends 

Figure 1. Schematic illustration of phage immobilization by amine coupling; 1) Formation of 

self-assembled monolayers (SAM) of MUA. 2) Activation of –COOH in MUA by EDC/NHS. 3) 

Immobilization of the phage. 4) Blocking of the remaining activated surface groups by 

ethanolamines. 5) Interaction of phage-scFvs with c-Met.  

Figure 2. a) SPR sensogram of phage immobilization process on a MUA chip; Cleaning: 

cleaning of the chip surface with NaCl (2 M) and NaOH (0.1 M). Activation: activation of MUA 

chip surface through injection of NHS/EDC (1:1). Immobilization: Immobilization of 3 × 10
8 

pfu/mL
 
phage. Blocking: blocking of the non-specific binding with ethanolamine. b) The 

response curves of phage immobilization at various concentrations. c) The response curves of the 

interaction between the phage-immobilized scFvs with different samples: PBS, BSA, and c-Met. 

Figure 3. Sensogram of c-Met interaction with immobilized a) ES1, b) ES2, and c) ES3 at 

different concentrations (20 to 665 µM) at 25 °C. 
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Figure 4. Sensogram of c-Met interaction with ES1 at different temperature a) 298 ºK, b) 303 

ºK, c) 310 ºK.  

Figure 5. Van’t Hoff plot for the interaction of c-Met with ES1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

                  


