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We have developed a new method for highly selective determination of the ubiquitin carboxyl-terminal
hydrolase L1 (UCH-L1) concentration using a surface plasmon resonance imaging (SPRI) technique and
two different biosensors. UCH-L1 was captured from a solution by immobilized specific rabbit monoclo-
nal antibody or specific LDN-57444 inhibitor due to formation of receptor–UCH-L1 complex on the
biosensor surface. The analytically useful dynamic response range of both biosensors is between 0.1
and 2.5 ng/ml. The detection limit is 0.06 ng/ml for the biosensor with antibody and 0.08 ng/ml for the
biosensor with inhibitor. Biosensors based on both antibody and inhibitor were found to be suitable
for quantitative determination of the UCH-L1 and exhibit good tolerance to the potential interferents.
Both biosensors gave comparable results in the range of 0 to 0.20 ng/ml for plasma samples and 0.30
to 0.49 ng/ml for cerebrospinal fluid samples. To validate the new methods, comparative determination
of UCH-L1 by the commercial enzyme-linked immunosorbent assay (ELISA) kit was performed. In
general, in terms of UCH-L1 concentration, a good correlation between SPRI and ELISA was found. The
developed biosensors can be used successfully for the determination of UCH-L1 in body fluids.

� 2014 Elsevier Inc. All rights reserved.
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Ubiquitin carboxy-terminal hydrolase L1 (UCH-L1),1 also known
as PGP9.5, is one of the deubiquitinating enzymes. The ubiquitin–
proteasome system is responsible for degradation of intracellular
proteins. It plays important roles in the elimination of misfolded
and damaged toxic proteins produced in response to various cellular
stresses. This pathway is responsible for turnover of various classes of
proteins that control cell cycle progression, division, development
and differentiation of the cells, intracellular signaling, and apoptosis
[1]. The central element of this system is the 26S proteasome. It is a
multi-subunit proteolytic complex that is the key enzyme system for
non-lysosomal protein degradation [2]. Degradation of protein by the
ubiquitin–proteasome system consists of two steps. The first step
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involves the covalent conjugation of ubiquitin to the targeted protein.
This process is catalyzed by ubiquitin-activating enzyme (E1), ubiqui-
tin-conjugating enzyme (E2), and ubiquitin–protein ligase (E3). The
next step is degradation of the ubiquitin-tagged protein by the 26S
proteasome with the release of free and reusable ubiquitin.

UCH-L1 belongs to the family of peptidases. It is a 223-amino-
acid neuronal protein that contains the typical active site triad of
cysteine, histidine, and aspartic acid [3,4]. It hydrolyzes small
ubiquitin C-terminal adducts and plays a role in regulating the
degradation of free ubiquitin monomers. This enzyme hydrolyzes
a peptide bond at the C-terminal glycine of ubiquitin [5] and is a
mono-ubiquitin stabilizer [6]. UCH-L1 is expressed in the central
and peripheral nervous systems and consists of 1 to 5% of the total
soluble protein in the brain. Its expression is also observed in neu-
roendocrine cells and tissues of the reproductive system, although
it is localized in most adult tissues [7,8]. UCH-L1 concentration in
plasma can also be determined, especially in the case of patients
after epileptic seizure [9] or after severe head injury [10,11].
Disturbances in the functioning of UCH-L1 are associated with
neurological diseases such as Parkinson’s disease and Alzheimer’s
rboxyl-
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disease [12,13]. The relationship between variable expression of
UCH-L1 and a variety of cancers has been reported [14]. It has been
implicated in oncogenesis, tumor cell invasion, and metastasis
[7,8,15,16]. The literature data suggest that UCH-L1 may play a role
as a prognostic marker for tumor growth and progression [17,18].
UCH-L1 may also be a potential therapeutic target for certain types
of cancer, and determination of its concentration may be an indica-
tor of response to therapy [14,19]. In general, C-terminal ubiquitin
hydrolase L1 expression is assessed [20,21]. In some studies, the
UCH-L1 activity and concentration is determined [22]. The most
common methods used for UCH-L1 detection are Western blot,
immunohistochemistry [8,23], and enzyme-linked immunosorbent
assay (ELISA) [9,10]. Immunofluorescence with confocal micros-
copy [24] and pre-embedding immunoelectron microscopy are
also applied [20]. The UCH-L1 polypeptide backbone has been
studied by using nuclear magnetic resonance (NMR) spectroscopy
[25]. Most of techniques that can be found in the literature are
‘‘labeled methods.’’ These methods have some drawbacks. The
use of labels may be the reason for protein losing its functional
properties (functional proteomics). They are time-consuming and
multi-step, and their results are not quantitative (except ELISA).
Therefore, a quantitative, label-free, and easy-to-perform assay is
required.

Surface plasmon resonance imaging (SPRI), as a label-free tech-
nique, may overcome many of these assay limitations [26]. The
combination of SPRI technique with the development of sensitive
biosensors is a promising tool for the quantitative determination
of biologically active species [27–30]. The SPRI method is an optical
technique that measures the changes in refractive index caused by
molecules bound to the metal surface. The resulting signal depends
on the change in the wavelength and the angle of polarization of
light. It is directly proportional to the mass change on the surface
of the metal [31]. This signal is converted into an image in the SPRI
technique. Selectivity of the analytical signal ensures that a biosen-
sor cooperates with the SPRI instrument. The biosensor is usually
gold-coated glass with a layer of active biomolecules as a receptor.
The SPRI biosensor method uses a very specific interaction
between enzyme and inhibitor or antigen and antibody, which pro-
vides real-time information and allows for the direct determina-
tion of analyte concentration [32].

The aim of this work was to develop an SPRI method for the
highly selective determination of UCH-L1 and to demonstrate the
sensor applicability for the determination of the protein concentra-
tion in biological samples. Two approaches to the biosensor con-
struction were considered. Rabbit monoclonal antibody specific
for human UCH-L1 was selected for one biosensor construction,
and the UCH-L1 inhibitor LDN-57444 was used for the other bio-
sensor construction.

LDN-57444 is a potent, reversible, competitive inhibitor of UCH-
L1 with an IC50 of 0.88 lM. It shows 28-fold greater selectivity rel-
ative to UCH-L3 (another UCH family member) [33]. The final aim
was to optimize the analytical parameters for both SPRI biosensors.
It is worth stressing that the aim of this work was development of
two analytical methods with the application of the same measuring
technique, namely SPRI. Each of these methods should use different
biosensor construction as well as a different manner of UCH-L1
entrapment from an analyzed solution. For comparative evaluation
of the two developed methods, an ELISA test was performed.
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Materials and methods

Materials

Recombinant human UCH-L1 protein (M = 24–27 kDa) as a
standard was used. Rabbit monoclonal mouse IgG2A antibody
Please cite this article in press as: A. Sankiewicz et al., Development of surface p
terminal hydrolase L1, Anal. Biochem. (2014), http://dx.doi.org/10.1016/j.ab.20
(M = 160 kDa) specific for human UCH-L1 and LDN-57444 inhibitor
of UCH-L1 (M = 397.64 Da) (R&D Systems, USA), glycoprotein
GPIIb/IIIa and cathepsin B from human liver (Calbiochem, Merck,
Warsaw, Poland), cysteamine hydrochloride, N-ethyl-N’-(3-
dimethylaminopropyl)carbodiimide (EDC), and human albumin
(all from Sigma, Steinheim, Germany), 1-octadecanothiol (ODM)
and N-hydroxysuccinimide (NHS) (Aldrich, Munich, Germany),
and photopolymer ELPEMER SD 2054 and hydrophobic protective
paint SD 2368 UV SG-DG (Peters, Kempen, Germany) were used,
and absolute ethanol, acetic acid, hydrochloric acid, sodium
hydroxide, sodium chloride, sodium carbonate, sodium phosphate,
potassium phosphate, sodium acetate, potassium chloride, magne-
sium chloride (all from POCh, Gliwice, Poland), and HBS–ES buffer
(pH 7.4) (0.01 M Hepes, 0.15 M sodium chloride, 0.005% Tween 20,
and 3 mM ethylenediaminetetraacetic acid [EDTA]), acetic buffer
(pH 3.79–5.57), phosphate-buffered saline (PBS, pH 7.4), phos-
phate buffer (pH 7.17–8.04), and carbonate buffer (pH 8.50–9.86)
(all from Biomed, Lublin, Poland) were used as received. An ELISA
kit (USCN Life Science, People’s Republic of China) was used. Aque-
ous solutions were prepared with MilliQ water (Simplicity, Milli-
pore). Argon N 5.0 with a content Ar P 99.999% was used (Air
Liquide Polska, Poland).

Biological samples

Blood samples taken from healthy adult donors were supplied
by the Blood Donor Centre (Bialystok, Poland). Cerebrospinal fluid
samples were taken from the Department of Pediatric Surgery at
the Medical University of Bialystok. Cerebrospinal fluid was
obtained from healthy patients who did not have active inflamma-
tion processes within the central nervous system and who had no
signs of head injury. A general laboratory study of the fluid was
conducted, and the normal values of the protein and cytosis were
confirmed.

All of the samples were provided after obtaining the consent of
the local bioethical commission for the study of biological material
collected.

Procedures

Chip preparation
Gold chips were manufactured as described in previous articles

[34,35]. The gold surface of the chip was covered with photopoly-
mer and hydrophobic paint as described previously [36]. The chip
has nine places with 12 free gold surfaces. (see Fig. 1A). Using this
chip, nine different solutions can be measured simultaneously
without mixing the tested samples, and 12 single SPRI measure-
ments can be performed from one solution. Atomic force micros-
copy (AFM) enables observation of the surface of the biosensor
during its preparation. AFM measurements were performed to con-
firm the creation of subsequent layers. All measurements were
done in ambient conditions.

Antibody immobilization
The chips were immersed in 20 mM cysteamine ethanolic

solution for at least 2 h at room temperature. Next, chips were
rinsed with ethanol and water and dried under a stream of argon.
The chips prepared in this manner can be stored and used for
subsequent measurements.

The antibody solution in a PBS buffer was activated with NHS
(250 mM) and EDC (250 mM). Activation of the antibody was done
by adding the mixture of NHS and EDC (1:1) in a carbonate buffer
solution (pH 8.5) into the antibody solution and with vigorous
stirring for 5 min at room temperature. Surface carboxylic acid
groups in the UCH-L1 antibodies were converted to the activated
NHS esters using the water-soluble coupling reagent EDC.
lasmon resonance imaging biosensors for detection of ubiquitin carboxyl-
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Fig.1. (A) Picture of chip (a: photopolymer; b: free gold surface; c: hydrophobic paint). (B) Image of chip obtained by CCD (charge-coupled device) camera. (C) Schematic
illustration of the sensor active part.
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Subsequent reaction between the antibody–NHS esters and amines
on the SPR chip surface led to antibody immobilization by stable
amide linkages.

Next, 3 ll of this solution was placed on each of nine active
places with the amine-modified surface and incubated at 37 �C
for 1 h [37]. Creating antibody–antigen complex is contingent on
matching the antigen binding site to an epitope of antibody. It is
caused by van der Waals forces, electrostatic forces, hydrophobic
interactions, and hydrogen bonds. Valence bond of the enzyme is
determined by the number of antigenic determinants that can bind
a single molecule of antibody. So, prepared biosensor should be
used directly for the analysis.
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Inhibitor immobilization
The chips were then immersed in 2.7 mM ODM ethanolic

solution for at least 24 h at room temperature. After that, the
chips were rinsed with ethanol and water and dried under a
stream of argon. So, prepared chips can be stored and used
for subsequent measurements. The inhibitor UCH-L1 solution
was placed on the thiol-modified surface and incubated at room
temperature for 24 h. At this time, the immobilization process
of inhibitor by hydrophobic interactions was done. LDN 57444
is a reversible and competitive inhibitor and binds in the active
site of enzymes. This inhibitor is similar in structure to the
substrates of their targets and attaches to UCH-L1 by noncova-
lent interaction such as hydrogen bonds (H-bound acceptor).
Biosensor prepared in this way should be used directly for
the analysis.
Please cite this article in press as: A. Sankiewicz et al., Development of surface p
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SPRI measurements
SPRI measurements for protein array were performed as

described in previous articles, and a schematic diagram of the
apparatus is given in Ref. [29]. The SPRI signal is proportional to
the amount of coupled biomolecules within the optimal concentra-
tion range. The first stage of the measurements was to select the
correct SPR angle. This was done for the chip after the immobiliza-
tion of the receptor layer. Signal SPR was measured at a fixed SPR
angle on the basis of registered images. The first image after immo-
bilization of the antibody or inhibitor was taken. Then, the other
image after interaction with UCH-L1 was taken. The SPRI signal
was obtained by subtraction of the signal after and before interac-
tion with a biomolecule for each spot separately. The contrast val-
ues obtained for all pixels across a particular sample single spot
were integrated. Then, the SPRI signal was integrated over the spot
area. National Institutes of Health (NIH) ImageJ version 1.32 soft-
ware was used to evaluate the SPRI images in two-dimensional
form and to convert numerical signal to quantitative signal (AU).
ELISA measurements
The determination of UCH-L1 concentration in blood plasma

and cerebrospinal fluid was performed using a human UCH-L1
enzyme-linked immunoassay of the ELISA kit (USCN Life Science)
according to the manufacturer’s instructions.
Preparation of biological samples
Blood (2 ml) was centrifuged (1000g) for more than 15 min and

filtered three times for blood plasma separation from hemoglobin.
lasmon resonance imaging biosensors for detection of ubiquitin carboxyl-
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Cerebrospinal fluid (1.0 ml) was centrifuged (5000g) for more than
10 min. The supernatant was used for analysis. The samples were
frozen and stored at �70 �C. The prepared plasma of blood or
cerebrospinal fluid was transferred onto the sensor surface for
10 min at room temperature. After interaction, the surface of the
biosensor was washed two times with HBS–ES buffer and six times
with distilled water. The concentration was evaluated using a
UCH-L1 calibration curve.

Statistical analysis

Student’s t test was used for statistical analysis. All results are
given as the means ± confidence limits. A value of P < 0.05 was
considered significant.

Results and discussion

Optimization of receptor concentration

The purpose of this investigation was to find the best conditions
for UCH-L1 concentration determination.

Optimization of antibody concentration
The experiment was performed within an antibody concentra-

tion range of 1 to 15 lg/ml at a constant UCH-L1 concentration
(2 ng/ml). Nine antibody solutions of increasing concentration
were used (1, 2, 4, 6, 8, 9, 10, 12, and 15 lg/ml). The antibody solu-
tions were transferred onto the chip surface modified by cyste-
amine. Next, the chip was treated with the UCH-L1 solution for
10 min, rinsed with HBS–ES buffer and water (at least 10 times),
and dried, and then the SPRI measurement was performed. The
results are given in Fig. 2. The obtained curves are of the Langmuir
isotherm type. The plateau of the signal is observed for antibody
concentrations above 10.0 lg/ml (see Fig. 2, curve a).

Optimization of inhibitor concentration
To select LDN-57444 inhibitor concentration, the investigation

was performed at a constant UCH-L1 concentration (2 ng/ml). A
series of nine inhibitor solutions of increasing concentration was
used (0.05, 0.1, 0.5, 0.8, 1.0, 2.0, 5.0, 8.0, and 10.0 lg/ml). The inhib-
itor solutions were transferred onto the chip, which had previously
been modified with ODM. The chip was then treated with the
UCH-L1 solution for 10 min. After the interaction, the chip was
rinsed with HBS–ES buffer and water (at least 10 times) and dried,
Fig.2. Dependence of SPRI signal (arbitrary units, A.U.) of receptor–UCH-L1
complex on antibody concentration (a) and on UCH-L1 inhibitor (b). UCH-L1
concentration: 2 ng/ml. Initial pH of UCH-L1 solution: 7.4. Error bars were
calculated for 12 independent measurements for every concentration at a 95%
confidence level.

Please cite this article in press as: A. Sankiewicz et al., Development of surface p
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and then the SPRI measurement was performed. The results are
given in Fig. 2.The plateau of the signal is observed for inhibitor
concentrations above 2.0 lg/ml (see Fig. 2, curve b). The concentra-
tion of antibody equal to 10.0 lg/ml and the concentration of
inhibitor equal to 2.0 lg/ml were selected as the optimal concen-
trations for further investigation.
Influence of pH solution on interaction process

The influence of the solution pH on the SPRI signal was studied
for nine different pH values within the range of 5.0 to 9.5. The
experiments were performed at the optimal concentration of anti-
body (10.0 lg/ml) or inhibitor (2.0 lg/ml) and constant UCH-L1
concentration (2.0 ng/ml). The measurements were carried out at
a constant ionic strength solution (0.16 mol/L).

The results are also shown in Fig. 2. To compare the results
obtained with both biosensors, both dependences are shown in
Fig. 3. For both biosensors, the maximum of the SPRI signal is in
a similar range. However, a slight difference in the maximum is
observed. The maximum of the SPRI signal is in the range of pH
7.0 to 7.4 for the biosensor with the antibody and pH 7.4 to 8.0
for the biosensor with inhibitor. In the case of both biosensors,
the value of pH 7.4 was selected as optimal for further
investigation.

In further studies a PBS solution was used, with a constant ionic
strength (0.16 mol/L) and ionic composition similar to human body
fluids. The difference in the position of maximum range for the bio-
sensors may be caused by another mechanism of the interaction
between antibody and UCH-L1 or between inhibitor and UCH-L1.
Analytical response of biosensors to UCH-L1 concentration calibration
curves

The response of the analytical SPRI signal of both biosensors for
UCH-L1 concentration was measured within an UCH-L1 concentra-
tion range of 0.1 to 5.0 ng/ml. The chip surface of the biosensor
with antibody was covered with a monolayer of cysteamine and
a layer of immobilized antibody formed at constant antibody
concentration (10.0 lg/ml). The chip surface of the biosensor with
inhibitor was covered with a monolayer of ODM and immobilized
constant inhibitor concentration (2.0 lg/ml). The experiments
were performed at pH 7.4. Interaction time was 10 min for both
biosensors. The obtained calibration curves are shown in Fig. 4.
Fig.3. Dependence of SPRI signal (arbitrary units, A.U.) of the biosensor with
antibody (a) and the biosensor with inhibitor (b) on pH. Antibody concentration (a):
10.0 lg/ml. Inhibitor concentration (b): 2.0 lg/ml. UCH-L1 concentration: 2.0 ng/
ml. Error bars were calculated for 12 independent measurements for every
concentration at a 95% confidence level.

lasmon resonance imaging biosensors for detection of ubiquitin carboxyl-
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concentration for the biosensor with antibody (a) and the biosensorQ5 with inhibitor
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confidence level.
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The calibration curves represent a Langmuir isotherm type with
a dynamic response range of 0.1 to 2.0 ng/ml, which is useful for
analytical purposes. The plateau of the curve corresponds to satu-
ration of the sensor active points. The linearity of the curve within
the initial section is due to the fact that the Langmuir isotherm
turns into the linear Henry isotherm for a low degree of coverage
of the surface.

The detection limit, calculated on 3 standard deviations (SD) of
the blank (PBS buffer) basis, is equal to 0.06 ng/ml for the biosensor
with antibody and 0.08 ng/ml for the biosensor with inhibitor. The
limit of quantification (10 SD) is equal to 0.19 ng/ml for the biosen-
sor with antibody and 0.29 ng/ml for the biosensor with inhibitor.
Linear range between 0.1 and 2.0 ng/ml can be used for determina-
tion of UCH-L1 concentration.

According to a manufacturer’s data, the calibration curve of the
ELISA kit is within the range of 0.156 to 10.00 ng/ml. The minimum
detectable dose of UCH-L1 typically is less than 0.053 ng/ml.
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Selectivity of method

To check whether the interaction between UCH-L1 and anti-
body or inhibitor is selective and the particular sensor does not
react with the other proteins, the chip with immobilized antibody
or inhibitor was treated with mixtures of UCH-L1 and potential
interferents. Human albumin, glycoprotein GPIIb/IIIa, and cathep-
sin B as potential interferents were used. Albumin is commonly
present in body fluids and tissues in a large amount, glycoprotein
Table 1
Influence of human albumin, glycoprotein IIb/IIIa, and cathepsin B on protein UCH-L1 con

Protein CUCH-L1:Cprotein Found CUCH-L

Antibody

Albumin 1:1 2.05 ± 0.25
1:100 1.88 ± 0.08
1:1000 2.02 ± 0.27

Glycoprotein GPIIb/IIIa 1:1 1.86 ± 0.20
1:100 2.01 ± 0.10
1:1000 2.02 ± 0.25

Cathepsin B 1:1 2.10 ± 0.16
1:100 2.12 ± 0.20
1:1000 2.10 ± 0.14

Note. The concentration of protein UCH-L1 used was 2.0 ng/ml.

Please cite this article in press as: A. Sankiewicz et al., Development of surface p
terminal hydrolase L1, Anal. Biochem. (2014), http://dx.doi.org/10.1016/j.ab.20
IIb/IIIa as UCH-L1 belongs to a group of adhesion proteins, and
cathepsin B and UCH-L1 are members of the protease family.
Therefore, they are good proteins to test biosensor specificity. Var-
ious excesses of albumin, glycoprotein GPIIb/IIIa, and cathepsin B
in mixture with UCH-L1 (2.0 ng/ml) within a range of 1:1 to
1:10,000 were examined. The results are shown in Table 1. No
influence of albumin, glycoprotein GPIIb/IIIa, or cathepsin B on
the results of determined UCH-L1 concentration, even at a 1000-
fold excess of concentration of interfering proteins, was observed.
Thus, high selectivity of both biosensors was confirmed.
Precision and accuracy of method for determination of UCH-L1
concentration

Precision of the method for standard UCH-L1 solution was
tested under the optimal conditions. The pH of solutions was 7.4
for both biosensors. The antibody concentration was 10.0 lg/ml,
and the inhibitor concentration was 2.0 lg/ml. The precision was
tested for the UCH-L1 concentrations 0.5, 1.5, and 2.0 ng/ml.
Measurements were performed using 3 � 12 measuring points
(three places with 12 free gold points). The results are shown in
Table 2. In general, the effect of relatively poor precision of a single
measurement is compensated by the large number of repetitions
because the sensor is an array of 12 analyzed spots. The precision
of average values, as well as confidence limits, is acceptable. There-
fore, recoveries of spikes are good and appear in the range of 99 to
104% for the biosensor with antibody as receptor and 100 to 101%
for the biosensor with inhibitor as receptor.

Recovery of the developed methods was checked by the addi-
tion of 0.2 ng/ml standard solution of UCH-L1 into nine different
samples of human cerebrospinal fluid. The recoveries for both bio-
sensors are within the range of 95 to 105%. The differences of
determined concentrations were not statistically significant at
P < 0.05.
Determination of UCH-L1 concentration in biological samples

To verify the suitability of the developed methods for the
analysis of natural samples, nine human blood plasma and nine
cerebrospinal fluid samples from healthy volunteers were
analyzed. Blood plasma of healthy humans is known to contain
especially low levels of UCH-L1, and it was decided to be used as
a negative control. Cerebrospinal fluid is abundant in UCH-L1
protein, and thus it served as a positive control [10,38]. The results
of measurements were evaluated on the basis of a calibration curve
(Fig. 3). To validate the developed method, comparative determi-
nation of UCHL-1 concentration by the commercial ELISA kit was
performed. The results are shown in Table 3 for blood plasma
samples and in Table 4 for cerebrospinal fluid samples.
centration determination using antibody and inhibitor.

1 (ng/ml) Recovery (%)

Inhibitor Antibody Inhibitor

2.04 ± 0.20 102 102
2.01 ± 0.17 94 100
2.01 ± 0.08 101 100

2.00 ± 0.15 93 100
2.09 ± 0.13 100 104
2.03 ± 0.10 101 102

2.10 ± 0.12 105 105
2.00 ± 0.11 106 100
2.05 ± 0.09 105 102
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Table 2
Precision of UCH-L1 concentration measurement of protein.

Number of measurements CUCH-L1 added (ng/ml) CUCH-L1 found (ng/ml) Recovery (%) Confidence limit (95%) (ng/ml)

Biosensor with antibody 36 0.50 0.52 ± 0.09 104 0.06
1.50 1.52 ± 0.16 101 0.12
2.00 1.98 ± 0.17 99 0.13

Biosensor with inhibitor 36 0.50 0.50 ± 0.16 100 0.06
1.50 1.50 ± 0.32 100 0.13
2.00 2.02 ± 0.34 101 0.14

Table 3
Concentration of UCH-L1 protein in human blood plasma measured by method of SPRI and ELISA.

Sample number Protein UCH-L1 concentration (ng/ml)

SPRI ELISA

Antibody biosensor Inhibitor biosensor

1 0.19 ± 0.02 0.18 ± 0.03 0.32 ± 0.06
2 0.18 ± 0.03 0.19 ± 0.02 0.21 ± 0.03
3 0.14 ± 0.02 0.16 ± 0.01 0.19 ± 0.03
4 0.13 ± 0.01 0.11 ± 0.01 0.17 ± 0.02
5 0.00 ± 0.00 0.00 ± 0.00 0.06 ± 0.02
6 0.20 ± 0.03 0.19 ± 0.02 0.20 ± 0.02
7 0.07 ± 0.01 0.03 ± 0.01 0.09 ± 0.03
8 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.00
9 0.14 ± 0.03 0.13 ± 0.01 0.18 ± 0.03

Mean value ± confidence limit 0.12 ± 0.05 0.11 ± 0.05 0.16 ± 0.06
Range 0.00–0.20 0.00–0.19 0.00–0.32
Literature range 0.00–0.19 [10,38]
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The comparison of individual results for separated samples
obtained by the SPRI technique with the use of two different
biosensors—antibody and inhibitor—indicates that they are very
close. The results for human plasma vary from 0.00 to 0.20 ng/ml
for the biosensor with antibody and from 0.00 to 0.19 ng/ml for
the biosensor with inhibitor. The results for cerebrospinal fluid
vary from 0.30 to 0.48 ng/ml for the biosensor with antibody and
from 0.30 to 0.49 ng/ml for the biosensor with inhibitor. In general,
the same ranges for both biosensors were obtained. It is worth
stressing that each biosensor represents a different method for
determination, taking into account differences in the mechanism
of UCH-L1 entrapment from solution. This significantly enhances
the credibility of the obtained results. The slight deviations may
be caused by differences in the mechanism of interaction of
UCH-L1 with the receptor layer.

ELISA is the most common method for quantitative detection of
biomarker in biological samples. The comparison of the ELISA test
and the two developed SPRI biosensors for assessing concentration
of UCH-L1 value was performed. The results obtained from ELISA
Table 4
Concentration of UCH-L1 in human cerebrospinal fluid measured by method of SPRI and E

Sample number Protein UCH-L1 concentra

SPRI

Antibody biosensor

1 0.31 ± 0.01
2 0.39 ± ± 0.03
3 0.39 ± 0.02
4 0.42 ± 0.01
5 0.49 ± 0.04
6 0.32 ± 0.02
7 0.30 ± 0.01
8 0.48 ± 0.05
9 0.35 ± 0.02

Mean value ± confidence limit 0.38 ± 0.05
Range 0.30–0.48
Literature range 0.23–0.72 [10,38]

Please cite this article in press as: A. Sankiewicz et al., Development of surface p
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are slightly higher than those obtained using the two different SPRI
methods. However, the ranges of values for ELISA (0.00–0.32 ng/ml
in human plasma and 0.25–0.63 ng/ml in cerebrospinal fluid) and
for SPRI (0.00–0.20 ng/ml in human plasma and 0.30–0.49 ng/ml
in cerebrospinal fluid) are not significantly different and are com-
parable to literature data [10,38]. The individual characteristics of
respondents could influence the concentration of UCH-L1 in body
fluids.

The two developed biosensors jointly with SPRI measurement
provided alternative approaches to measure UCH-L1 content in
humans. SPRI measurements require very low quantities of
reagents and samples (2–3 ll) in comparison with ELISA (usually
100 ll). This method does not require labeling or addition of a
second reagent and does not require multiple washing steps. It
allows measurements of UCH-L1 concentration with sufficient
precision and high specificity of the assay.

In comparing the dynamic response ranges of the SPRI
(0.1–2 ng/ml) and ELISA (0.156–10 ng/ml) methods, it is clear that
the range of ELISA is wider. However, the data based on literature
LISA.

tion (ng/ml)

ELISA

Inhibitor biosensor

0.32 ± 0.02 0.43 ± 0.04
0.35 ± 0.02 0.63 ± 0.06
0.40 ± 0.03 0.45 ± 0.02
0.39 ± 0.01 0.41 ± 0.03
0.45 ± 0.02 0.61 ± 0.05
0.30 ± 0.02 0.39 ± 0.02
0.30 ± 0.03 0.25 ± 0.01
0.49 ± 0.02 0.52 ± 0.05
0.37 ± 0.01 0.44 ± 0.03

0.37 ± 0.04 0.46 ± 0.08
0.30–0.49 0.25–0.63
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and the data of this research indicate that it can be concluded that
for the samples from healthy individuals, the dynamic range for
SPRI is quite sufficient. In the case of samples coming from differ-
ent kinds of lesions, the appropriate dilutions must be used both in
the case of the method with antibody and in the case of the method
with inhibitor.

Due to the fact that different surface modifications and bioana-
lytical procedures for ELISA and SPRI are used, additional experi-
mental parameters must be taken into account. This may limit
the actual analytical comparison of these techniques. In general,
in terms of UCH-L1 levels, a quite good correlation between SPRI
and ELISA was found.

However, the developed SPRI biosensors, in comparison with
ELISA, proved to be rapid, valuable, and reproducible tools for the
quantitative determination of UCH-L1 in biological samples. The
ease of sample preparation, simplicity of analytical procedures of
SPRI, and analysis in real time are key features that could make this
technology applicable in laboratory diagnostics.
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Conclusions

Two array biosensors cooperating with the SPRI technique for
the selective determination of ubiquitin carboxy-terminal hydro-
lase L1 concentration have been developed. One sensor works on
the basis of a highly selective interaction between immobilized
antibody and UCH-L1 protein in solution, whereas the other sensor
uses a selective interaction between immobilized inhibitor and
UCH-L1 in solution. Under the optimized conditions, both biosen-
sors exhibit specificity to UCH-L1. The precision and accuracy of
the developed method is well-suited to the enzyme determination.
To validate the proposed methods, a comparison of the results
obtained with the two SPRI methods and the ELISA test was per-
formed. Both SPRI methods and ELISA gave similar results. The
advantages of SPRI biosensors could make this method applicable
in laboratories for quantitative determinations.
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