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Highlights 

 67 papers on SPR biosensors for cancer markers have been reviewed 

 Molecular cancer markers, micro RNA, vesicles, exosomes and cancer cells are reviewed  

 Validated SPR biosensors for cancer markers are briefly characterized 

 SPR biosensors are able to contribute to the discovery of new cancer markers 

 Seven new markers are proposed, two of them having high sensitivity and selectivity 

 

Abstract 

A review is made of 71 papers on surface plasmon resonance biosensors, published between 2005 and 

2020, mostly in the last decade. The reviewed papers are divided into two groups, depending on the 

validation of the developed biosensor. Validated biosensors are briefly characterized, while those that 

are not validated are listed in a table. Focus is placed on applications of SPR biosensors in testing the 

effectiveness of cancer markers and in the discovery of new cancer markers. Seven new markers are 

proposed, two of them having high sensitivity and diagnostic selectivity as determined by ROC 

curves. Papers concerning the determination of micro RNA and large particles such as vesicles, 

exosomes and cancer cells are also reviewed. 

 

 

Keywords: Surface plasmon resonance; circulating cancer markers; biosensors; liquid biopsy; body 

fluids; validation; ROC curves;  

 

 

1. Introduction 

Biosensors are the subject of enormous expectations and are gradually gaining in diagnostic 

importance. These expectations are connected with what is called ‘liquid biopsy’, i.e. diagnosis based 

on analysis of body fluids such as blood, urine and saliva, and the possibility of early diagnosis of 

various cancers or other diseases. An ideal biosensor should react exclusively to the target marker 

despite the presence of numerous similar proteins, glycoproteins, etc. in the analyzed body fluid. 

Moreover, the biosensor’s dynamic response range should include the concentrations of the marker 

found in the body fluid both of persons with the disease and of the healthy population. It is also 
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expected that the precision of measurement of the marker concentration will be sufficient to 

distinguish between samples below and above a threshold concentration value (called the ‘cut-off’).  

Most cancer markers are large molecules (proteins or glycoproteins), such as PSA, CEA or CA-

125/MUC16. More rarely, exosomes, circulating tumor cells or micro RNA are used as cancer 

markers. Apart from cancer detection, markers are expected to enable determination of the type and 

stage of cancer. To date, none of the known markers, in combination with methods for their 

determination, are regarded as fully satisfactory diagnostic tools. The discovery of new markers is 

desirable, as well as the development of new determination tools. Surface plasmon resonance (SPR) 

biosensors may be such a tool. The aim of this review is to analyze papers concerning biosensors for 

the detection of different kinds of cancer with the use of SPR techniques, and to classify them in terms 

of the maturity of the proposed tools for cancer diagnosis. 

 

2. Most frequently used SPR techniques in cancer marker detection 

 The SPR effect occurs at the metal–dielectric interface when the energy of incident light is 

coupled into surface plasmons, which cause weakening of the total internal reflection of the light 

beam. The effect occurs at a specific incident angle and wavelength. A minimum (SPR dip) appears on 

the reflection spectrum. When the marker being determined is immobilized on the metal surface, there 

occurs a change in the refractive index and a shift of the minimum, as well as a rotation of the angle of 

incident light if a polarized beam is used. A glass slide covered with a thin gold layer is usually used 

as a biosensor base. Alternatively, a glass prism covered with a thin gold layer can be used. However, 

marker detection based on the SPR effect can also be carried out using gold or silver nanoparticles 

immobilized on a glass slide or optical fiber, or simply suspended in solution. An example of the last 

technique, with spectrophotometric recording, is found in a study of CA-125 determination with 

suspended gold nanorods [1]. Usually, a biosensor consists of a receptor attached to the gold surface 

via a linker. 

 Generally, biosensors are used with one of three SPR techniques: a fluidic version (SPR), 

nonfluidic SPR imaging (SPRi), and localized SPR (LSPR). To date, the most frequently used SPR 

technique in cancer detection is the fluidic version of SPR. In this version, measurement is performed 

with the biosensor in contact with flowing solution. Such a measuring system is shown in Fig 1. A 

biosensor is created in situ during the measurement by sequential introduction of a receptor 

and a solution containing the determined marker, pushed by a running buffer. Usually, a chip 

covered with approximately 50 nm of gold is preliminarily covered with a linker. 

Carboxylated dextran is frequently used as a linker. A suitable antibody covalently bonded to 

the linker is usually used as a receptor. In such cases, the EDC/NHS protocol is applied for 

the in situ creation of amide bonds between carboxy groups of the linker and amine groups of 

the antibody. Subsequently, a sample containing the analyte is directed to the biosensor. 
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Entrapment of the analyte by the antibody causes changes in the SPR signal and creates an 

analytical signal. Finally, the chip sensor is cleaned to prepare it for the next measurement. 

Subsequent measurements can be performed rapidly, as in flow-injection analysis. An example of a 

recorded curve (sensogram) is shown in Fig. 2. 

 

Fig. 1. Scheme of fluidic SPR 

Jo
ur

na
l P

re
-p

ro
of



 

Fig. 2. A typical sensorgram of the SPR biosensor. (reproduced from  [2]) 

 

 Amplification of the analytical signal is used when higher sensitivity of measurement is 

required. This can be done by injecting a secondary antibody after a marker (e.g. interleukin 6) is 

entrapped by a primary antibody, with the formation of a sandwich structure [3]. Stronger 

enhancement of the analytical signal can be achieved by the introduction of functionalized gold 

nanoparticles. Two optional solutions are shown in Fig. 3, using the example of CEA determination 

[4].  
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Fig. 3. Scheme of AuNP containing sandwich biosensors. Adapted from [4]  

 

Nonfluidic measurement is usually performed in a stationary arrangement, with an array of separated 

measuring points. An example of nonfluidic SPR imaging measurement is shown in Fig. 4. The 

biosensor is prepared ex situ by sequential immobilization of a linker and a receptor, and finally the 

analyzed solution. The SPR measurement is performed following the gentle removal of solution from 

the biosensor surface, which is the major difference compared with fluidic measurements. The 

reflected light is directed to a CCD camera and converted into an image. 

 

 

Fig. 4. Example of nonfluidic measurement. Reproduced with permission from [5]. 

 

Localized SPR measurement is performed with gold or silver nanoparticles fixed onto a glass slide or 

optical fiber (see Fig. 5). The red shift of the absorption maximum serves as the analytical signal in 

LSPR (see Fig. 6). 
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Fig. 5. Example of LSPR biosensor 

 

Fig. 6. Example of analytical signal in LSPR (reproduced from [6]) 

 

3. Criteria for selection of biosensors as ready for use in cancer diagnosis 

 Not all papers on the determination of cancer markers by SPR techniques include sufficient 

characterization in terms of quantitative marker determination. A fully developed biosensor and the 

related analytical procedure should be ready to undergo clinical investigation for subsequent use in 
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diagnosis. A crucial factor is the selectivity of the biosensor; or more precisely, analytical selectivity 

(as the former term has dual meanings). The marker being analyzed should be determined in a body 

fluid, such as blood serum, in the presence of a large number of similar substances. This is usually 

achieved by the use of a suitable antibody as a receptor in the sensing element of a biosensor. 

Alternatively, a marker’s inhibitor or a suitable aptamer may serve as a receptor. Apart from analytical 

selectivity, a biosensor and its related analytical procedure should enable determination of the marker 

within a concentration range that includes the concentrations found both in cancer samples and in 

healthy population samples. Insufficient analytical sensitivity of a biosensor is frequently overcome by 

the formation of a sandwich structure, usually containing nanoparticles. A significant factor in 

successful marker determination is the linearity of the calibration graph. Generally, the nature of the 

formation of an analytical signal determines the Langmuirian dependence of that signal on the marker 

concentration (see Fig. 7). Any biosensor has a limited number of receptor sites. The gradual 

occupation of active sites causes a plateau to form on the calibration graph. Fortunately, the initial 

section of the graph is pseudolinear, and it can be successfully used for calibration purposes. The 

Langmuirian curve can be linearized in semi-logarithmic coordinates. Here, however, the logarithm of 

the concentration is obtained instead of the concentration itself, and the results may be subject to 

unacceptable error. A final test for a biosensor is its validation by the determination of a marker in 

natural samples, such as blood serum, with parallel determination of the marker in the same samples 

by a standard method. The longer the series of natural samples analyzed, the better the validation. 
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Fig. 7. Typical dependence of analytical signal on marker concentration (calibration graph) 

 

4. Validated SPR biosensors 

 Only validated biosensors and related analytical procedures are ready to undergo clinical 

investigation for subsequent use in diagnosis. The biosensor and related analytical procedure are 

validated by the determination of the range of dynamic response of the analytical signal, precision, 

recovery and interferences, comparison of the results with another procedure such as ELISA, and 

examples of marker determination in natural samples (e.g. blood plasma). Highly desirable is the use 

of the biosensor and analytical procedure for investigation of the marker in significant series of clinical 

samples, including long control series of samples from healthy donors. 

Less than 20 cancer markers can be determined by SPR techniques using validated biosensors and 

related analytical procedures. These are listed in Table 1. Multiple biosensors have been developed for 

three markers: CEA, PSA and CA-125. Carcinoembryonic antigen (CEA) is one of the biomarkers 

most commonly used to detect colon cancer. Increases in CEA levels have been found in breast 

cancer, gastric cancer, intrahepatic cholangiocarcinoma, pancreatic cancer and male genitourinary tract 

tumor. The marker is a high-molecular-weight oncofetal glycoprotein (180–200 kDa) and is 60% 

composed of carbohydrates. The normal concentration of the CEA marker in serum is lower than 5 ng 

mL-1. A biosensor used with a fluidic SPR system for the determination of CEA in blood serum was 

developed by Springer and Homola [7]. The sensing element was an anti-CEA antibody covalently 

immobilized on a gold chip surface via a carboxy-terminated linker using the EDS/NHS protocol. This 

simple biosensor had a limit of detection of 8 ng mL-1, which is insufficiently low for colon cancer 

diagnosis. The same authors, in a series of subsequent works [7,8,4], gradually developed a biosensor 

fully acceptable for colon cancer diagnosis. The analytical signal was enhanced by the application of 

functionalized gold nanoparticles (AuNP). A secondary anti-CEA antibody was covalently attached to 

AuNP, and a sandwich was formed with CEA between the primary and secondary antibody (see 

Fig. 3). This biosensor enables the determination of CEA concentrations above 0.1 ng  mL-1, which 

covers the concentration range of healthy individuals. A similar approach to CEA determination was 

employed by Li et al. [9]. A direct biosensor used with a fluidic SPR system demonstrated insufficient 

sensitivity. This biosensor used a CM5 chip covered with carboxylated dextran and mouse anti-CEA 

antibody covalently immobilized by means of the EDS/NHS protocol. Better but still insufficient 

results were given by a biosensor with a sandwich structure with secondary anti-biotin conjugated 

CEA antibody (a different clone). Significant and sufficient enhancement of the analytical signal was 

achieved by the subsequent attachment of AuNP conjugated with streptavidin via biotin–streptavidin 

interactions (see Figure 8). CEA-spiked human serum samples were used for the determination of 

precision and recoveries. Even stronger enhancement of a CEA analytical signal was achieved with the 

use of AuNP and CdSe/ZnS quantum dots [10]. First, a layer of AuNP was immobilized on a gold chip 

surface via hexanedithiol linker. A primary anti-CEA antibody was then immobilized in situ. After 
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CEA capture, the CdSe/ZnS quantum dots conjugated with secondary anti-CEA antibody were 

introduced. A biosensor for CEA determination used with the nonfluidic SPRi technique was 

developed by [11]. The biosensor consists of anti-CEA antibody immobilized via cysteamine linker. 

Despite its simple construction, the biosensor enables CEA determination in the blood of both cancer 

patients and healthy individuals, without signal enhancement. The biosensor was validated by 

comparison with the standard electrochemiluminescence method on a series of colorectal cancer blood 

samples.  

Prostate-specific antigen (PSA) is a biomarker used for the diagnosis of prostate cancer. It is a 

serine protease and a 34 kDa glycoprotein. PSA is present in blood serum either in free form or as a 

complex with α-1-antichymotrypsin, which is a PSA inhibitor. The complex has a molecular weight of 

96 kDa. The total PSA concentration refers to the sum of free and complex PSA. Normal total PSA 

concentration is below 4 ng mL-1. Apart from the total concentration, free PSA is also determined in 

serum. Several biosensors for the determination of total PSA used with fluidic SPR have been 

developed. Huang et al. [12] developed three biosensors: a direct immunosensor, a sandwich biosensor 

and a colloidal gold-enhanced sandwich assay. The direct immunoassay consists of camel anti-PSA 

antibody immobilized via a 16-mercapto-1-hexadecanoic acid linker. The carboxyl group of the linker 

reacts with amino groups in the antibody by means of the EDS/NHS protocol. However, the analytical 

signal of this immunosensor is insufficient for the determination of PSA in human serum. The signal 

was enhanced by attaching a secondary antibody to the captured PSA, but this was still insufficient. 

Therefore, the authors attached AuNP to the already formed sandwich via a biotin–streptavidin link. 

Such a multilayer sandwich created an analytical signal sufficient for total PSA determination in blood 

serum samples. The multilayer sandwich is created in situ by successive injection of the analyzed 

sample, the secondary anti-PSA antibody conjugated with biotin, and finally AuNP covered with 

streptavidin. A similar technique for total PSA determination was applied by Uludag and Tothull [13]. 

The direct immunoassay for the determination of total PSA consists of mouse anti-PSA antibody 

immobilized by the EDS/NHS protocol via a mercaptoundecanoic acid linker. The analytical signal of 

this biosensor is too weak for PSA determination in human serum. Therefore, after PSA is captured 

from the analyzed serum, AuNP covered with secondary anti-PSA antibody is injected, which causes 

sufficient enhancement of the analytical signal. Jiang et al. [14] developed a dual-channel biosensor 

for simultaneous determination of total PSA (tPSA) and free PSA (fPSA). A direct immunosensor was 

used for the determination of tPSA, and a biosensor with AuNP-enhanced signal for the determination 

of fPSA. Anti-tPSA and anti-fPSA antibodies were used in the respective cases. The authors 

developed four different biosensors for fPSA determination. The best sensitivity was achieved with an 

“asynchronous competitive inhibition assay”, where the sample containing fPSA was injected onto a 

surface containing immobilized anti-fPSA antibody, and subsequently AuNP covered with fPSA 

(fPSA@AuNP) was injected. Erturk et al. [15] developed a microcontact imprinting biosensor for total 

PSA determination using a fluidic SPR technique. The biosensor was validated against determination 
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of tPSA in blood serum by ELISA. The results demonstrated good agreement between the two 

methods. 

 

Table 1. Validated biosensors and related analytical procedures. 

Marker SPR type Type of cancer Reference 

CEA SPR Fluidic Colon cancer [7] 

CEA SPR Fluidic NP Colon cancer [7] 

CEA SPR Fluidic NP Colon cancer [8] 

CEA SPR Fluidic NP Colon cancer [4] 

CEA SPR Fluidic Colon cancer [9] 

CEA SPR Fluidic NP Colon cancer [9] 

CEA SPR Fluidic NP Colon cancer [10] 

CEA SPRi Non fluidic Colon cancer [11] 

PSA SPR Fluidic Prostate cancer [12] 

PSA SPR FluidicNP Prostate cancer [12] 

PSA SPR Fluidic Prostate cancer [13]   

PSA SPR FluidicNP Prostate cancer [13] 

Total-PSA SPR Fluidic Prostate cancer [14] 

Free-PSA SPR FluidicNP Prostate cancer [14] 

PSA SPRi Fluidic Prostate cancer [15] 

CA 125 SPR Fluidic Ovarian cancer [16] 

CA125 SPR Fluidic Ovarian cancer [17] 

CA125 SPRi Non fluidic Ovarian cancer [18] 

AFP SPR FluidicNP Hepatocellular carcinoma [10] 

CYFRA 21-1 SPR FluidicNP 
Non-small cell lung 

cancer 
[10] 

HER 2 SPR FluidicNP Breast cancer [19] 

Rac1 SPR Fluidic 
Non-small cell lung 

cancer 
[20] 

 Rac1b SPR Fluidic 
Non-small cell lung 

cancer 
[20] 

5LOX SPR Fluidic Breast cancer [21] 

CDK4 SPR Fluidic 
Lung, head and neck 

cancers 
[22] 

HE4 LSPR Non fluidic Ovarian cancer [6] 

Laminin-5 SPRi Non fluidic Bladder cancer [23] 

Collagen IV SPRi Non fluidic Breast cancer [24] 
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MMP1 SPRi Non fluidic Bladder cancer [25] 

20S immune-

proteasome 
SPRi Non fluidic Leukemia [26] 

Cathepsin L SPRi Non fluidic Ovarian cancer [27] 

Aromatase SPRi Non fluidic Bladder cancer 
[28] 

[29] 

Cytokeratin 17 LSPR Non fluidic Lung cancer [30] 

 

  

Fig. 8. The methodology of CEA detection using SA–GNPs enhanced sandwich format (reproduced 

from [9]). 

Carcinoma antigen 125 (CA-125), also known as mucin 16 (MUC16), is an ovarian tumor cell 

marker widely used as a biomarker in epithelial ovarian carcinoma. CA-125 is a macromolecule 

consisting of over 22,000 amino acids with masses ranging from approximately 190 kDa to 2700 kDa. 

Unlike other markers, CA-125 concentration is usually expressed in activity units (U/ml). The 

threshold activity (cut-off value) above which the result is considered positive is fixed at a value of 

35 U/ml. Suwansa-ard et al. [16] developed a biosensor for use with the fluidic SPR technique for the 

determination of CA-125 in human serum. The sensing part of the biosensor contains anti-CA-125 

antibody attached to a gold surface via 11-mercaptoundecanoic acid linker by means of the EDS/NHS 

protocol. The biosensor was validated by parallel determination of CA-125 in series of blood serum 

samples with a routinely used enzyme-linked fluorescent assay. A similar solution was developed by 

Pal et al. [17]. A biosensor was formed using a CM5 chip containing carboxylated dextran, by means 
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of the EDS/NHS protocol. The biosensor was validated by parallel determination of CA-125 in blood 

serum by fluorescence spectroscopy. Recently, a biosensor used with the nonfluidic SPRi technique 

for the determination of CA-125/MUC16 was developed by Szymanska et al. [18]. Anti-CA-125 

antibody was immobilized via a cysteamine linker using the EDS/NHS protocol. The marker was 

determined in two series of real samples: blood serum from patients with ovarian cancer and patients 

with endometrial cysts. The method was validated by parallel determination of the samples using the 

chemiluminescent Architect i2000 method. 

α-fetoprotein (AFP) is an important marker of hepatocellular carcinoma and other chronic liver 

diseases. AFP is a glycoprotein consisting of 591 amino acids and a carbohydrate moiety. It may be 

present in monomeric, dimeric and trimeric forms. Wang et al. [10] developed a biosensor for use with 

the fluidic SPR technique which enables the determination of AFP in blood serum. The biosensor 

consists of a primary anti-AFP antibody attached to a gold chip surface via a hexanedithiol linker 

using the EDS/NHS protocol, and CdSe/ZnS quantum dots conjugated with a secondary anti-AFP 

antibody injected after the AFP from the analyzed serum is captured. The biosensor and related 

method were validated by parallel AFP determination in serum by the electrochemiluminescence 

method. 

Cytokeratin fragment 21-1 (CYFRA 21-1) is a promising marker for non-small-cell lung cancer. 

The marker is a soluble fragment of cytokeratin 19. Wang et al. [10] developed a biosensor for the 

determination of CYFRA 21-1 in blood serum, which was validated by parallel CYFRA 21-1 

determination in serum by the electrochemiluminescence method. The biosensor’s construction was 

similar to that of the biosensor for AFP determination, and used primary and secondary anti-CYFRA 

21-1 antibodies. 

Human epidermal growth factor receptor 2 (HER2), also known as receptor tyrosine-protein 

kinase (ERBB2) or cluster of differentiation 340 (CD 340), is a membrane-spanning protein having 

both intracellular and extracellular domains. The extracellular domain of HER2 can be cleaved by 

matrix metalloproteases, and may enter the serum of patients with breast cancer. This fragment of the 

intact HER2 has a size of 105 kDa and is known as soluble p 105. The blood HER2 extracellular 

domain concentration of breast cancer patients is usually higher than 15 ng mL-1. A biosensor for 

HER2 determination using the fluidic SPR technique was developed by Eletxigerra et al. [19]. The 

analytical signal was enhanced with the use of AuNP. A primary anti-HER2 antibody was attached to 

a gold chip surface via mercaptoundecanoic acid linker using the EDS/NHS protocol. After injection 

of a sample containing HER2, a biotinylated secondary anti-HER2 antibody was injected, followed by 

commercially available streptavidin-decorated AuNP. The analytical signal enhancement is sufficient 

for HER2 determination in human serum.  

Rac1, also known as Ras-related C3 botulinum toxin substrate 1, is a signaling protein of 

approximately 21 kDa involved in tumorigenesis, cancer invasion and metastasis. Rac1b is a 

hyperactive variant of Rac1. Both proteins are potential markers of non-small-cell lung cancer. Sahu 
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et al. [20] developed biosensors for the determination both of Rac1 and Rac1b in blood serum. Both 

biosensors are used with the fluidic version of SPR. The commercially available CM5 chip was used 

in the construction of the biosensors. This chip is covered by carboxylated dextran. In the case of the 

Rac1 biosensor, anti-Rac1 antibody was immobilized using the EDS/NHS protocol; anti-Rac1b 

antibody was used similarly in the case of the Rac1b biosensor. Both biosensors were validated using 

western blot analysis as the reference method. 

Arachidonate 5-lipoxygenase (5-LOX) is an enzyme consisting of 673 amino acids 

(approximately 78 kDa). It is a potential breast cancer marker. A biosensor for the determination of 5-

LOX, used with the fluidic SPR technique, was developed by Kumar et al. [21]. Anti-5-LOX antibody 

was immobilized on the CM5 chip surface using the EDS/NHS protocol. The serum level of 5-LOX in 

breast cancer patients was reported in this study for the first time. 

Cyclin-dependent kinase 4 (CDK4) has been found to be overexpressed in many types of cancer 

and seems to be a key factor in promoting the initiation and development of tumors. Banerjee et al. 

[22] developed a biosensor for the determination of CDK4 using the fluidic SPR technique. Using the 

EDS/NHS protocol, anti-CDK4 antibody was immobilized on the CM5 chip surface. The method was 

validated by parallel determination of CDK4 by the western blot technique. 

Human epididymis secretory protein 4 (HE4) is an ovarian cancer marker. It is a protein 

consisting of 124 amino acids, which after glycosylation have a size of 25 kDa. Unlike the majority of 

markers, HE4 concentration is usually expressed in picomole L-1. The threshold concentration (cut-off 

value) is 70 picomole L-1 for premenopausal women and 90–140 picomole L-1 for postmenopausal 

women. Yuan et al. [6] developed a biosensor for HE4 determination used with the LSPR technique. 

The sensing part of the biosensor was an anti-HE4 antibody immobilized on a nanosilver chip via 11-

mercaptoudecanoic linker by means of the EDS/NHS protocol. The analytical signal is a shift of the 

maximum on the absorption spectrum (see Fig. 6). The results were validated by parallel HE4 

determination using ELISA.  

Laminin 5 is an emerging cancer marker. It is a component of basement membrane. Laminin 5 

is a large molecule of size 400 kDa. A biosensor for the determination of laminin 5 was developed by 

Sankiewicz et al. [23]. The biosensor is used with the nonfluidic SPRi technique. The anti-laminin 5 

antibody was immobilized on each of an array of gold measuring points via cysteamine linker using 

the EDS/NHS protocol. The laminin 5 concentration in the plasma of bladder cancer patients is 

approximately three times higher than in the case of healthy donors. The biosensor was validated by 

parallel laminin 5 determination using ELISA.  

Collagen IV is a potential breast cancer marker. The protein is a major component of the 

basement membrane which also surrounds the cancer vasculature. It may therefore be a marker of 

angiogenic activity, which is significantly enhanced in the case of cancer. The size of collagen IV is 

160–190 kDa. Sankiewicz et al. [24] developed a biosensor for the determination of collagen IV. The 

biosensor is used with the nonfluidic SPRi technique. The sensing part of the biosensor consists of 
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monoclonal mouse anti-collagen IV antibody immobilized on the free gold surface of an array chip via 

cysteamine linker using the EDS/NHS protocol. Series of blood plasma samples from breast cancer 

patients and healthy donors were used for validation of the biosensor in parallel with ELISA 

determination.  

Matrix metalloproteinase 1 (MMP-1), also called collagenase 1, is an endoprotease 

overexpressed in many tumor cells. This enzyme, of size 42.7 kDa, degrades collagen type I, II, III, V, 

VII, VIII, and X. A biosensor for the determination MMP-1, used with the nonfluidic SPRi technique, 

was developed by Tokarzewicz et al. [25]. The sensing part of the biosensor is the anti-MMP-1 

antibody bound to an array of gold active points on a chip via cysteamine linker by the EDS/NHS 

protocol. The biosensor was validated by parallel determination of MMP-1 in the plasma of bladder 

cancer patients and healthy subjects using ELISA.  

20S immunoproteasome (20Si) is one of two forms of 20S proteasome, and a marker of 

leukemia. It is a barrel-shape protein complex of size approximately 700 kDa. Sankiewicz et al. [26] 

developed a biosensor for the determination of 20Si, used with the nonfluidic SPRi technique. The 

sensing part of the biosensor is the inhibitor ONX 0914 {N-[2-(4-morpholinyl)acetyl]-L-alanyl-O-

methyl-N-[(1S)-2-[(2R)-2-methyl-2-oxiranyl]-2-oxo-1-(phenylmethyl)ethyl]-L-tyrosinamide} 

immobilized on an array of gold measuring points via 1-octadecanethiol linker. The thiol group of the 

linker is bound to the gold, while the inhibitor interacts with the alkyl chain via hydrophobic 

interactions. The biosensor was validated by the determination of 20Si in plasma samples of leukemia 

patients and healthy donors with parallel determination by another method.   

Cathepsin L is a potential marker of ovarian cancer. It is a cysteine endopeptidase of size 

24.2 kDa. A biosensor for cathepsin L determination was developed by Tokarzewicz et al. [27]. The 

sensing part of the biosensor consists of the RKLLW-NH2 inhibitor (Arg-Lys-Leu-Leu-Trp-NH2) 

immobilized on an array of gold measuring points via 1-octadecanethiol linker. The inhibitor is bound 

to the linker via hydrophobic interactions. The biosensor was validated by cathepsin L determination 

in the blood plasma of healthy persons and in the plasma of patients suffering from ovarian tumor and 

ovarian cyst. 

Aromatase (also known as CYP19A1) is a potential bladder cancer marker. It consists of 503 

amino acids and has a molecular weight of 58 kDa. Two biosensors for aromatase determination were 

developed by Gorodkiewicz et al. [29]. One of them consists of the anti-aromatase antibody bonded to 

the gold biosensor surface via cysteamine linker using the EDS/NHS protocol. The other biosensor 

contains exemestane inhibitor as the sensing element, which is bonded to the gold chip surface via 

octadecanethiol linker. The inhibitor is bound to the linker via hydrophobic interactions. The biosensor 

containing antibody as the sensing element was validated by aromatase determination in a series of 

plasma samples from patients with bladder cancer and in reference samples from healthy subjects. 

Cytokeratin 17 is an acidic type I cytokeratin and is a lung cancer marker. A catheter-

embedded biosensor for the detection of cytokeratin 17 in lung tissue has been developed by 
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Loyez et al. [30]. A gold-coated tilted fiber Bragg grating with immobilized cytokeratin 17 

antibody was used. The biosensor was validated by cytokeratin 17 detection using 

immunohistochemistry in lung cancer tissue.  

Overall, Table 1 lists 33 validated biosensors and related analytical procedures for the 

determination of 18 biomarkers of nine different types of cancer. In the majority of cases, suitable 

antibodies were used as sensing elements bound to the chip surface via a linker. Biosensors used with 

the fluidic SPR technique incorporated linkers containing a carboxyl end group for bonding with 

amine groups of antibodies by the EDS/NHS protocol. In turn, biosensors used with the nonfluidic 

SPRi technique contained cysteamine linker with an amine end group for bonding with carboxyl 

groups of the antibody, again by the EDS/NHS protocol. In two cases an inhibitor of the marker was 

used as the sensing element of the biosensor in place of the antibody. In several cases, a sandwich 

structure containing AuNP was used to achieve the necessary sensitivity. More details concerning the 

construction of biosensors and SPR measuring techniques are given in recent reviews ([31-34]).  

 

5. Applications of SPR biosensors in testing the effectiveness of cancer markers and 

discovering new cancer markers 

The determination of cancer markers in body fluids is a secondary problem; a primary problem 

is the discovery of new markers. There is still a shortage of biosensors offering near 100% sensitivity 

and specificity, i.e. respectively 100% of true positive and 0% false positive results. An illustration of 

the relationship between true positive and false positive results is provided by receiver operating 

characteristic curves (ROC curves). An example of such curves obtained with a biosensor used with 

the fluidic SPR technique for the determination of the marker 5-LOX in blood serum is shown in Fig. 

9. Breast cancer samples and control samples are partly overlapping, with a cut-off value of 4.32 ng 

μL-1. Based on this cut-off value, the sensitivity of the biomarker is only 80%, which means that 20% 

of breast cancer is undiscovered, and its specificity is 83.3%, which means that 16.7% of samples are 

wrongly determined as positive. The area under the ROC curve (AUC) is a summary indicator of a 

marker’s predictive value. In the case of 5-LOX this value is 0.86. 
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 Fig. 9. (A) Scatter graph showing serum concentrations of 5-LOX in breast cancer patients and 

controls. (B) ROC analysis showing the area under the curve for 5-LOX to differentiate breast cancer 

patients from healthy individuals (reproduced from [21]). 

 

Several SPR biosensors have been used for testing the effectiveness of new potential cancer markers. 

Their characteristics are listed in Table 2.  

 

Table 2. Diagnostic effectiveness of newly proposed cancer markers as tested by SPR biosensors 

Marker Type of 

cancer 

SPR 

technique 

Sensitivity 

[%] 

Specificity 

[%] 

Cut off  

value  

μg x mL-1 

AUC Reference 

5-LOX Breast 

cancer 

Fluidic 

SPR 

80 83.3 4.32 0.86 [21] 

Rac 1 NSCLC Fluidic 

SPR 

75.3 90.4 1.57 0.88 [20] 

Rac 1b NSCLC Fluidic 

SPR 

80.5 96.2 0.43 0.92 [20] 

CDK4 Lung 

cancer 

Fluidic 

SPR 

71 64 29 0.75 [22] 

CDK4 HNSCC Fluidic 

SPR 

63 62 28 0.67 [22] 

Podo-

planin 

Bladder 

cancer 

Non fluidic 

SPRi 

72.5 69.5 0.00474 0.82 [35] 
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Cystatin 

C 

Bladder 

cancer 

Non fluidic 

SPRi 

87 92 0.54 0.93 [36] 

Aroma-

tase 

Bladder 

cancer 

Non fluidic 

SPRi 

100 100 0.0174 1 [29] 

NSCLC – non small cell lung cancer, HNSCC - Head and neck squamous cell carcinoma 

 

   Eight new markers for different types of cancer have been proposed, in combination with related 

analytical methods for marker determination. New markers for breast cancer, non-small-cell lung 

cancer, lung cancer, bladder cancer, and head and neck squamous cell carcinoma are proposed. In 

most cases their sensitivity and specificity are not ideal; however, generally none of the currently used 

cancer markers has 100% sensitivity and specificity. Thus, all of them deserve further investigation 

with larger numbers of samples. Very good selectivity (96.2%) and good sensitivity (80.2%) are 

exhibited by Rac1b as a marker for non-small-cell lung cancer. Aromatase as a bladder cancer marker 

exhibits exclusive sensitivity and selectivity. The results of aromatase concentration for BC patients 

and healthy donors are shown in Figure 10A. The gap between the lowest result for bladder cancer 

(BC) patients (17.41 ng/ml) and the highest value from the set of results for healthy individuals (7.74 

ng/ml) is almost 10 ng/ml, and there are no overlapping results within these two groups. The ROC 

curve corresponding to these results is shown in Fig. 10B (curve a).  

 

 

Fig. 10. (A)Concentration of aromatase in blood plasma from healthy individuals and patients with 

bladder cancer (BCa) tumors. (B) (curve a) Receiver operating characteristic curve of blood plasma 

aromatase concentrations for healthy individuals and patients with bladder cancer. Cut-off value, 17.41 

ng/ml. BCa, bladder cancer. (curve b) Receiver operating characteristic curve of plasma aromatase 

concentrations for patients with muscle-invasive and non muscle-invasive BCa. Cut-off value, 37.32 

ng/ml. BCa, bladder cancer. All curves reproduced from [29]. 
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 The promising parameters found for aromatase as a BC marker are only a beginning. Many 

more samples should be analyzed to confirm the true sensitivity and selectivity of this marker. 

Apart from BC discovery, aromatase can also be a marker of the muscle-invasive stage of BC, 

which is a more advanced stage of the disease. The corresponding ROC curve is shown in Fig. 10B 

(curve b). The sensitivity of aromatase as a marker of the muscle-invasive stage of BC is 60%, and its 

specificity is 81%, which means that only 60% of muscle-invasive tumors are found, and 19% of non-

muscle-invasive tumors are erroneously classified as muscle-invasive tumors. 

      The biosensors reviewed above are ready for use in clinical and diagnostic applications. 

However, such factors as the availability of suitable instruments, the possibility of creating a 

portable device, the cost of a single measurement, conditions of biosensor storage, etc. should 

also be taken into consideration. 

  

6. Non-validated SPR biosensors 

 There are numerous papers devoted to the development of new designs of SPR biosensors 

and/or related measuring techniques, in which the detection of a cancer marker is only an illustration 

of a developed biosensor’s capability. The first part of Table 3 lists such papers. In other papers, the 

developed SPR biosensors are partially characterized in terms of analytical parameters, but without 

sufficient validation. These papers appear in the second part of Table 3. All of these technical 

solutions may be validated in the future. All cancer markers cited in Table 3 are already used for 

cancer detection as determined by other methods. Thus, the papers listed in Table 3 represent new 

analytical proposals for the determination of markers that are already in use.  

 

Table 3. Non-validated SPR biosensors 

Marker SPR type Type of cancer Reference 

Biosensors used only for the detection of a marker 

HER2 SPR Fluidic Breast cancer [37,38]  

BCR1/BCR2 LSPR Breast cancer [39] 

CEA SPR Fluidic Colon cancer [40] 

CEA SPR Fluidic NP Colon cancer [41] 

CEA and EGFR SPR non fluidic Lung cancer [42] 

Cytokeratin 17 SPR Non fluidic Lung cancer [43] 

CEA antibody SPR Fluidic Multiple cancers [44] 

p53 LSPR Head and neck cancer [45] 

Cytochrome C SPRi Non fluidic Apoptosis [46] 
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Biosensors partially characterized with analytical procedures 

E-cadherin SPR non fluidic Breast cancer [47] 

DNA mutation Fluidic SPR Breast cancer [48] 

Cytokeratins LSPR Lung cancer [49] 

Cytokeratin 19  Fluidic SPR 
Non-small cell lung 

carcinoma 
[50] 

PSA Fluidic SPR Prostate cancer [51] 

PSA Fluidic SPR Prostate cancer [12] 

PSA LSPR Prostate cancer [52] 

PSA Fluidic SPR Prostate cancer [53] 

PSA Non fluidic SPR NP Prostate cancer [54] 

PSA Fluidic SPR Prostate cancer [55] 

CA19-9 Fluidic SPR 
Colorectal cancer, 

pancreatic cancer 
[2] 

CD166/ALCAM Fluidic SPR Pancreatic cancer [56] 

VEGF LSPR Multiple cancers [57] 

IL-8 Fluidic SPR Multiple cancers [58] 

IgG kappa/ 

IgG lambda 
Fluidic SPR Leukemia [59] 

 

7. Other circulating markers 

 Micro RNAs (miRNAs) are non-coding RNAs regulating gene expression through base-pairing 

with complementary sequences of messenger RNA (mRNA) molecules. As a result, these mRNA 

molecules are silenced. miRNAs are small molecules containing approximately 22 nucleotides. They 

are emerging cancer markers [60]. The detection of miRNA by SPR requires signal amplification, due 

to the small size of the molecules, which results in a low SPR signal. Various approaches are used to 

amplify the miRNA signal in SPR. Hong et al.[61] developed a competition assay for the 

determination of miRNA 200b. The SPR analytical signal is created by the replacement of gold 

nanoparticles conjugated with surrogate DNA by the analyte (miRNA 200b). The conjugated 

nanoparticles are attached to the biosensor surface by a suitable DNA via MUA linker. Wang et al. 

[62] used graphene oxide–gold nanoparticle hybrids for miRNA141 SPR signal enhancement. Two 

thiol-modified DNA oligonucleotide probes, containing sequences complementary to the target 

miRNA-141, were used; the capture DNA was immobilized on a gold sensor surface, while the other 

(called assistant DNA) was fixed on the graphene oxide–gold nanoparticle hybrids. These hybrids 

were used for signal amplification. One section of the miRNA-141 is bound to the capture DNA, while 

the other section is bound to the assistant DNA, forming a sandwich structure. The developed method 

ensures highly sensitive and selective miRNA-141 determination in prostate carcinoma cell lines 

(22Rv1), hepatocellular carcinoma cell lines (SMMC-7721), colon cancer cell lines (LoVo), and 
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cervical cancer cell lines (HeLa). A similar solution was applied by Nie et al. [63] for miRNA-141 

determination in the cell lysates from cancer cell lines 22Rv1, SMMC-7721, LoVo and HeLa. Li et al. 

[64] used mismatched catalytic hairpin assembly amplification coupling with programmable 

streptavidin aptamer for miRNA- 21 determination. Two hairpin DNAs were used.  

 Exosomes are emerging biomarkers. These small extracellular vesicles, secreted by cells, are 

present in body fluids (blood, urine, breast milk, saliva) and transfer DNAs, RNAs, proteins, and lipids 

from parent cells to recipient cells for cell-cell communication. Exosomes are involved in the 

regulation of immune responses and in cancer development. There are several papers on SPR 

determination of exosomes as potential cancer markers. Zhu et al. [65] applied antibody microarrays 

specific to the extracellular domains of exosome membrane proteins in a fluidic system in conjunction 

with the SPRi technique.  

 Park et al. [66] applied nanohole-based surface plasmon resonance  for the detection of 

transmembrane (EpCAM and CD63) and intravesicular (AKT1) proteins contained in exosomes’ 

lysates. The exosomes originated from three ovarian cancer cell lines and one benign cancer cell line. 

Apart from the atypical nanohole SPR, which is more sensitive than usual SPR, gold nanoparticles 

were used to enhance the analytical signal.  

 Ibn Sina et al. [67] used a custom-made fluidic SPR platform for quantification of the 

proportion of cancer-related exosomes within the total exosome population isolated from patient 

serum, which may potentially provide information on the stage of the disease. A two-step strategy was 

applied, involving initial isolation of the total exosome population using tetraspanin biomarkers (CD9, 

CD63) and subsequent detection of exosomes containing the HER2 marker (breast cancer) by the 

formation of a sandwich with anti-HER2. 

 Liao et al. [68] developed a multistage signal amplification strategy for the 

determination of SMMC-7721 exosomes derived from hepatic carcinoma. First, a DNA 

tetrahedron probe is immobilized on a gold surface. Then the aptamer ZY-sls, which is 

complementary to the probe, is attached. This aptamer captures the SMMC-7721 exosome 

from solution. For SPR signal enhancement, the SMMC-7721 exosome captures the CD63 

aptamer-linked polydopamine-functionalized gold nanoparticle aggregate, and finally, for 

additional signal enhancement, the sandwich is treated with HAuCl4. Concentrations as low as 

5.6 x 105 particles mL-1 can be determined.  

    Reiner et al. [69] used a magnetic nanoparticle-enhanced grating coupled SPR assay for specific 

detection of different small lipid extracellular vesicles secreted from mesenchymal stem cells. Pre-

incubated vesicles were captured by magnetic nanoparticles via lipid-binding annexin V and cholera 
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toxin B chain immobilized on the nanoparticles’ surface. An antibody specific for the tetraspanin 

protein CD63 was used for sensitive detection of extracellular vesicles.  

Circulating tumor cells (CTCs) are also potential cancer markers. They are released from the 

cancer into the blood. However, the concentration of CTCs in blood is extremely low. Therefore, CTC 

accumulation is applied, as well as SPR signal enhancement. Mousavi et al. [70] used a gold nanoslit 

SPR platform for sensitive detection of the lung cancer cell lines CL1–5. The CL1–5 cells were 

initially accumulated on functionalized magnetic nanoparticles. 

Jia et al. [71] detected the breast cancer cell line MCF-7 using histidine-tagged arginine-glycine-

aspartic acid peptide as a linker. The breast cancer cells MCF-7 were captured via the interaction 

between human mucin-1 and a gold surface modified with a mucin-1-selective aptamer. The SPR 

signal was enhanced by binding of NiO nanoparticles via the histidine tag on the peptide. 

 

8. Conclusions 

SPR biosensors are able to compete with other methods in the determination of cancer markers, 

and to contribute to the discovery of new cancer markers. Some of the new markers exhibit very 

promising diagnostic sensitivity and specificity; for example, the marker Rac1b in the detection of 

non-small-cell lung cancer, and the marker aromatase in the detection of bladder cancer. Some of the 

biosensors described in the reviewed papers were validated, while others were only superficially 

characterized. Greater attention should be paid to the validation of newly developed SPR biosensors. It 

is recommended that analysts developing biosensors co-operate more closely with clinicians. 

Without such co-operation, access to long series of clinically characterized body fluid samples 

seems unrealistic. Apart from biosensors for the detection of particular kinds of cancer, 

biosensors should be developed for the determination of a stage of cancer or progress in 

cancer therapy. Considering the limited diagnostic specificity and selectivity of biosensors, 

panels consisting of two or several biosensors should be developed. 
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