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The aim of the study was to assess the ellipsometry analytical complex for its diagnostic potential related to colorectal cancer and 
metastases of different localization. The proposed ellipsometry was aimed to complement the current non-invasive optical methods based 
on the reflection of polarized light near the surface plasmon resonance under full internal reflection.

Materials and Methods. We measured the highly specific and sensitive reaction between tumor-associated M2-pyruvate kinase and 
the respective monoclonal antibodies immobilized on chips. The biological material (blood serum) was obtained from healthy (cancer-free) 
subjects (n=19) and from patients with colorectal cancer of various localizations (n=49). The examined patients were divided into three 
subgroups depending on localization of the metastases: 1st subgroup — local-regional colorectal cancer (n=15); 2nd subgroup — hepatic 
metastases only (n=18); 3rd subgroup — extrahepatic metastases (n=16). We also determined the concentrations of tumor M2-pyruvate 
kinase during its interaction with the monoclonal antibodies. In this, we measured the refractive index of the chip near-surface area by using 
highly sensitive optical systems able to measure the light polarization near the surface plasmon resonance. 

Results. The interaction of serum M2-pyruvate kinase with the antibodies leads to a noticeable change in the optical properties of the 
medium, which indicates a high specificity of this reaction. We found significant differences (>20-fold) in the equilibrium levels of serum 
M2-pyruvate kinase both in healthy individuals and in patients with colorectal cancer, as well as in patients with metastases of various 
localizations. The diagnostic potential of these optical methods in respect to cancer-specific serum M2-pyruvate kinase as a marker of 
colorectal cancer was confirmed by subsequent ROC analysis.

Conclusion. The results obtained are promising for the development of methods for early diagnosis of colorectal cancer, for the detection 
of metastases of various locations, and (in the long term) for the detection of the recurrent disease, as well as for the treatment follow-up.
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Introduction

Colon cancer is the third most common cancer 
among men and the second one — among women 
[1, 2]. Despite a detailed preoperative examination of 
patients with colorectal cancer (CRC) including high-
tech methods such as computed tomography (CT) [3], in 
some cases, distant metastases may go undetected. In 
the existing protocols, a histological examination of the 
surgically removed materials is used to determine the 
depth of the tumor and the involvement of lymph nodes; 
the histological criteria are decisive for determining the 
stage of the disease. The American Society of Clinical 
Oncology [4] recommended annual examinations 
including CT and the cancer-fetal antigen test every 
three months for three years for patients with stage 
II and III cancer, if they are scheduled for surgical 
intervention or chemotherapy due to metastases [5]. 
Intensive postoperative observation is crucial for the 
detection of resectable metastases [6, 7]. Therefore, 
the search continues for early markers indicative of the 
stage of cancer and/or the presence of metastases. 

Pyruvate kinase, a key enzyme of glucose 
metabolism, exists in various isoforms which are tissue-
specific. Type L pyruvate kinase is found in the liver and 
proximal renal tubules, type R — in red blood cells, type 
M1 — in muscles and the brain, and type M2 — in the 
lungs. The active forms of all these isoenzymes consist 
of four identical subunits (i.e., they are all tetramers) [8, 
9]. In tumor cells, the variety of tissue-specific isozymes 
shrinks, and the M2-pyruvate kinase (M2-PK) becomes 
the dominant form. As the amount of M2-PK increases, 
this isozyme switches from a tetramer to a dimer, which 
has a lower enzymatic activity.

The dimeric form of M2-PK characteristic of tumor 
cells is called tumor M2-PK. Dimerization of tumor M2-
PK occurs due to phosphorylation or direct binding of 
oncoproteins and leads to a decrease in the enzyme 
activity, similar to the role of glucose in the synthesis of 
nucleic acids, phospholipids, and amino acids. Tumor 
M2-PK refers to the family of biomarkers indicative of 
the presence of tumor in the body [10–13]. If there is a 
malignant process, the blood plasma level of this dimeric 
M2-PK increases significantly. Thus, the determination 
of tumor M2-PK in the serum of patients with CRC is 
substantiated because it reflects the specific tumor 
metabolism [14].

Measuring the levels of biomarkers is often difficult 
because of their low concentrations in body tissues; it is, 
therefore, important to improve the techniques capable 
of detecting very low concentrations of metabolites and 
increase the sensitivity of these assays. Identifying low 
levels of M2-PK in the serum is promising for the early 
diagnosis of CRC, the detection of occult metastases 
before or after surgery, and the optimization of the CRC 
staging. All those are key factors that determine the 
treatment strategy.

Among the currently used methods for the early 

diagnosis of oncological diseases, there are optical 
methods based on the analysis of light reflected, 
transmitted or scattered by biological tissues; most 
of them are minimally invasive or non-invasive. One 
of those is based on the measurement of reflected 
polarized light near the surface plasmon resonance 
(SPR) with full internal reflection [15–17]. This technique 
is highly sensitive to changes in the surface and the 
near-surface area of the resonant medium; for example, 
metal films (gold) on the surface of a solution (blood 
serum). In this example, the light is reflected from the 
surface of a glass plate covered with a thin layer of 
gold (chip) with monoclonal antibodies specific to tumor 
M2-PK, immobilized on the chip’s surface. To measure 
the reflected polarized light near the point of SPR, the 
method of ellipsometry is increasingly used. It allows 
one to measure the reflected polarized light with high 
accuracy, determine the optical characteristics of the 
reflecting object [18], and evaluate the number of 
reactive biomolecules.

The aim of the study is to develop a technique 
for increasing the sensitivity of the current minimally 
invasive optical methods and improve their potential for 
the diagnosis of colorectal cancer with variously located 
metastases.

To that end, we used spectral ellipsometry near the 
SPR to measure the reaction between tumor M2-PK 
from patients’ serum and specific monoclonal antibodies 
to this enzyme [19].

Materials and Methods
In this study, 68 people were examined: 19 

conditionally healthy individuals (average age — 53±8 
years) with no cancer or other manifesting disease, and 
49 patients (average age — 52±9 years, 22 women and 
27 men) with CRC of various localizations. The locations 
included: the transverse colon (n=3), the descending 
colon (n=3), the sigmoid colon (n=9), the rectosigmoid 
(n=6), the rectum (n=22), as well as primary multiple 
colon tumors (n=6). Histologically, all patients were 
diagnosed with adenocarcinoma of various grades of 
differentiation, mostly moderate. The diagnoses were 
verified by comprehensive clinical and instrumental 
examinations (ultrasound, CT, MSCT, colonoscopy, 
fibrogastroduodenoscopy, and histological analysis) in a 
specialized clinic for cancer patients.

Patients with CRC were divided into three subgroups 
depending on the location of the metastases: the 1st 
subgroup included 15 patients with local-regional CRC 
(7 of them had II, 8 — III stage of the disease); the 2nd 
subgroup consisted of 18 patients with metastases 
limited to the liver (12 of them had single metastases, 
the rest had multiple metastases with sizes varied from 
16 to 92 mm); the 3rd subgroup included 16 patients 
with extrahepatic metastases (supraclavicular lymph 
nodes, lungs, bones, brain). The patients of the 2nd and 
3rd subgroups were confirmed as having stage IV CRC. 
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Three patients (20%) from the 1st, 6 (33%) from the 2nd, 
and 11 (69%) from the 3rd subgroups underwent adjuvant 
polychemotherapy for 3 months.

The study was carried out in accordance with the 
Helsinki Declaration (2013) and approved by the 
Committee of Biomedical Ethics of the Research Institute 
of Therapy and Preventive Medicine affiliated with the 
Institute of Cytology and Genetics of the Siberian Branch 
of the Russian Academy of Sciences. All patients signed 
informed consent to participate in the study.

We used blood serum obtained by centrifuging 
(2000 rpm for 20 min) samples of whole blood taken at 
fast. For further research, the serum was diluted with 
phosphate buffer. The paper presents the data obtained 
by diluting the serum samples 1:250.

Highly specific monoclonal Anti-PKM2 antibodies 
[EPR10138 (B)] (Abcam, USA) were immobilized on the 
gold surface (~30–40 nm) according to the procedure 
described in [20]. A thin film of gold was used as a 
resonant medium and was part of the glass plates 
used in the subsequent ellipsometry measurements 
(Ellips- SPEC; ISP SB RAS, Russia) [21]. The gold layer 
was also a component of special chips used for the 
measurements by the optical biosensor ProteOn XPR36 
system (Bio-Rad, USA). The inner side of the plates 
for ellipsometry measurements was fixed in a special 
flow cell made according to the Krechman design 
(Figure 1) [22]. The sample (serum) was injected into the 
phosphate buffer solution that continuously circulated 
through the cell. A prism was attached to the reverse 
side of the plates (through a layer of glycerin); this 
was used for the ellipsometry measurements. The two 
parameters measured in ellipsometry (angles Ψ and Δ, 
i.e., the ratio of the amplitude and the phase difference 
of the reflected and incident beams of polarized light, 
respectively) are related to the parameters of the 
reflecting system by the equation

tgΨ·eiΔ=Rp/Rs,                          (1)

where Rp, Rs are the complex light reflection coefficients 
for the waves polarized in the incident plane and 
perpendicular to it; the coefficients depend on the optical 
properties of the reflecting system [23].

The SPR is observed if:

0
ε εε sin( )=
ε ε

met sol
pr

met sol+


  ,                      (2)

where εpr, εmet, εsol are dielectric constants of the prism/
plate material, the metal layer (gold) and the solution 
(serum in phosphate buffer) [22].

When the SPR is reached (equation 2), any change 
in the dielectric constant of the solution, will lead to a 
shift in the SPR absorption peak and, subsequently, to a 
change in the ellipsometric angles Ψ and Δ (equation 1). 
It has been experimentally confirmed that ellipsometric 
measurement made under the conditions of resonant 
light absorption is 2–3 orders of magnitude more 

sensitive and capable of detecting individual protein 
molecules at concentrations of tens nanogram per 
milliliter.

In parallel to the above technique, we also used the 
optical biosensor ProteOn XPR36 system to follow the 
reaction between specific monoclonal antibodies to 
M2-PK and blood serum samples from healthy people 
and patients with CRC. The ProteOn XPR36 system is 
also based on the measurement of reflected polarized 
light under the conditions of SPR. Antibodies to human 
tumor M2-PK were covalently linked to the gold-coated 
surface of the GLC sensor chip. In both techniques, the 
measurements were made when the SPR was reached 
and observed. The different results obtained with 
the Ellips-SPEC ellipsometer vs the ProteOn XPR36 
system could be due to the difference in the parameters 
determined in these two methods (in the ellipsometry, 
the phase component of the signal is also taken into 
account).

Results and Discussion
In our study, samples of the blood serum obtained 

from healthy subjects and patients with CRC were 
used. Figure 2 shows the kinetics of the reaction 
between monoclonal antibodies to tumor M2-PK and 
the respective serum antigens when determined either 
by the spectral ellipsometry and by the optical biosensor 
ProteOn XPR36 system (in both cases, according to the 
“near SPR” principle). 
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Figure 1. Ellipsometry analytical complex with the surface 
plasmon resonance:
1 — monochromatic light source; 2 — ellipsometer; 3 — the 
system for sample inlet, temperature control, and circulation; 
4 — the precision object stage with SPR cell. In the bottom 
part of the Figure, the SPR cell is schematized: 5 — prism; 
6 — gold-coated glass plate; 7 — cell housing. Here, ADC is an 
analog-to-digital converter, C is a controller 
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The equilibrium levels of serum M2-PK as determined 
using the surface plasmon resonance (M±m)

Groups of subjects
Average level  

of serum M2-PK 
(RU)

p less than

Group of comparison (n=19) 11.6±4.5 —
1st subgroup, local-regional colorectal 
cancer (n=15)

67.4±9.8 10–7* 

2nd subgroup, stage IV colorectal 
cancer with liver metastases (n=18)

162.5±17.8 10–7*
1–2=10–6

3rd subgroup, stage IV colorectal 
cancer with extrahepatic metastases 
(n=16)

269.2±14.6 
 

10–7*
1–3=10–7

2–3=5.1·10–6

* Significantly different from the comparison group; 1–2, 1–3, 
2–3 — between the groups.

The equilibrium level of serum tumor M2-PK in 
healthy subjects was 11.6±4.5 RU (resonance unit); it 
did not correlate with gender (p=0.51) or age (p=0.61). 
Per definition, 1 RU is equivalent to the shift caused by 
the binding of 1 pg (10–15 kg) of protein per 1 mm2 of 
sensitive surface and corresponds to ~1.12 angular min 
of ellipsometry angle Δ.

The equilibrium level of tumor M2-PK in the sera 
of patients with local-regional CRC (1st subgroup) 
was 67.4±9.8 RU, in patients with CRC and liver 

metastases (2nd subgroup) — 162.5±17.8 RU, and in 
patients with extrahepatic metastases (3rd subgroup) — 
269.2±14.6 RU (p<0.001–0.05), which were manifold 
higher than that in non-CRC subjects (see the Table).

The results obtained with the spectral ellipsometry 
SPR complex “Ellips-SPEC” (see Figure 2) were 
comparable with those obtained with the ProteOn 
XPR36 system.

It was reported that levels of tumor pyruvate kinase 
differed at different stages of CRC [10] and that these 
levels were associated with the CRC stages as defined 
by Duke [24].

The role of tumor M2-PK in the development of 
metastases is intriguing. The study [25] demonstrated 
the involvement of tumor M2-PK in the development 
of new blood vessels around a wound surface; the 
mechanism is associated with increased secretion of 
vascular endothelial growth factor. With tumor growth 
and progression, high levels of M2-PK may ensure the 
formation of new vessels in the growing mass of the 
tumor. Thus, the tumor cells survive in an unfavorable 
metabolic environment and then give rise to metastasis.

The difference in the serum level of tumor M2-PK 
between patients with CRC and healthy individuals 
was determined with a sensitivity of 98%, which was 
consistent with the results of the study [26] and exceeded 
the sensitivity of such methods as colonoscopy, 
occult fecal blood tests, levels of cancer-embryonic 
antigen, and the fecal M2-PK [27, 28]. In the routine 
laboratory practice, the fecal M2-PK is determined 
using monoclonal antibodies specific to the dimeric 
form (immuno-enzyme analysis). At a discriminant level 

RU

Time (s)

Δ (angular degree)

Figure 2. Sensograms reflecting the binding and 
disintegration of immuno-complexes between the serum 
antigens and the specific monoclonal antibodies to tumor 
M2-PK in patients with colorectal cancer and healthy 
individuals (sera samples diluted 1:250)
The arrows indicate the moments of sample additions and 
washings. In the pairs: darker curves — Ellipse-SPEC data, 
lighter curves — ProteOn XPR36 data
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Local-regional  
colorectal cancer
Control group
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Figure 3. ROC curves for serum tumor M2-PK used for the 
identification of patients with colorectal cancer metastases 
of different localizations:
1 — patients with local-regional colorectal cancer vs healthy 
subjects; 2 — patients with liver metastases vs patients with 
local-regional colorectal cancer; 3 — patients with extrahepatic 
metastases vs patients with local-regional colorectal cancer
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of 4 U/ml, the test specificity for CRC is 79% and the 
sensitivity — 85% (with or without bleeding) [29], which 
is lower than the RU values obtained in the present 
study. 

When the threshold value of serum tumor M2-PK 
was set at 11.6±4.5 RU, not a single case of CRC was 
missed; therefore, 43.4% of colonoscopy examinations 
could be avoided. The diagnostic sensitivity of 
ellipsometry in all examined cases of CRC increased 
with a decrease in the threshold values set for serum 
M2-PK levels.

A ROC analysis related to the confirmed CRC 
metastatic diseases showed the AUC values for serum 
M2-PK to be 0.91–0.98 (95% confidence interval) with 
rather high levels of sensitivity and specificity (Figure 3). 

Conclusion
Using the spectral ellipsometry method and optical 

biosensor ProteOn XPR36 system, based on measuring 
light polarization near the surface plasmon resonance, 
we investigated the reaction between monoclonal 
antibodies immobilized on the chip surface, and M2-
pyruvate kinase from the blood serum of patients 
with colorectal cancer with metastases of various 
localizations.

Significant differences in the levels of serum M2-
pyruvate kinase were found in healthy individuals 
and patients with colorectal cancer (more than 20-
fold) including patients with metastases of various 
localizations. The diagnostic value of these optical 
methods in distinguishing between these groups is 
confirmed by the subsequent ROC analysis (AUC — 
0.91–0.98).

These results are promising for the development 
of methods for early detection of cancer, including 
colorectal cancer, for the detection of metastases, and, 
in the future, for detecting the disease recurrence, as 
well as for monitoring the course of the treatment.
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