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Prostate cancer is one of the compelling types of cancer diagnosed in men. Development
of screening analytical methods, which provide fast and reliable results is, thus,
demanding. Currently applied methods are usually based on the determination of
serum prostate-specific antigen (PSA), where several limitations were identified.
However, scientific reports have shown a direct correlation between the percentage of
free PSA and prostate volume, and indirect correlation between the unfavorable course of
the disease of prostate cancer and the percentage of free PSA in men with elevated PSA
levels. Parallel analysis of PSA and free PSA presents an interesting alternative. Here, we
present a new analytical method for a parallel analysis of PSA and free PSA in a whole
human blood based on MA-SERS. The method is based on magnetic Fe3O4@Ag
nanocomposite functionalized using anti-PSA. The method can distinguish between
levels of PSA and free PSA within a single analytical run with limits of detection of
0.62 ng/ml for PSA and 0.49 ng/ml for free PSA, respectively.

Keywords: prostate cancer, PSA/free PSA, magnetic nanocomposite, Raman spectroscopy, surface-enhanced
Raman scattering (SERS)

INTRODUCTION

Digital rectal examination, PSA levels, and transrectal ultrasound followed by prostate biopsy are
considered the basis for the detection of prostate cancer and one of the main tools in the
differential diagnosis of prostate disease (Prcic et al., 2016). PSA is a leading tumor marker today
beneficial for screening and early diagnosis of prostate cancer. A useful diagnostic index for
classifying patients with benign and prostate cancer is the ratio of free to total PSA. Moreover,
evaluation of this ratio is the most important especially in cases where DRE (digital rectal
examination) was negative. The area in prostate cancer detection in the PSA ranges 4–10 ng/ml
indicating low specificity for the PSA testing, and only 25% of men after biopsy are finally
diagnosed with prostate cancer (Chen et al., 2017) The formerly used term PSA gray zone (e.g.,
4–10 ng/ml) is not widely used in current clinical practice due to the fact that we encounter
patients with PSA even below 4 ng/ml but already harboring locally advanced and aggressive
prostate cancer. The level of free PSA in the patients with prostate cancer is decreased; therefore,
the ratio of free to total PSA can be utilized for diagnostics to determine between prostate cancer
and benign prostatic hyperplasia (Cheng et al., 2017).

Besides, the crucial factor of methods is the limit of detection of PSA/free PSA ratio, which is
important in the early diagnostics of prostate cancer. The analytical feasibility of the diagnostic use of
the alpha-1-antichymotrypsin-prostatic-specific antigen complex in serum has been classified in
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order to facilitate the distinction between benign prostatic
hyperplasia and prostate cancer with a detection limit of
0.068 μg/L of ACT-PSA (Jung et al., 1999). The UniCel
DxI800 accessory immunoassay system with a limit of
detection of ng/ml was used to detect the free PSA/PSA ratio
(Huang et al., 2017). A sandwich-type immunological method
using specific pieces of single-chain antibody conjugated to
magnetic particles for subsequent magnetic separation of free
PSA allowed the detection of free PSA in the range of up to 10 ng/
ml of free PSA (Zapatero-Rodrígue et al., 2018). A method based
on the determination of benign prostate-specific antigen by
fluorescent ELISA with high specificity for BPSA showed a
detection limit of 6 ng/L due to the lack of cross-reactivity
with other forms of PSA (Linton et al., 2003).

The assay for simultaneous detection of two PSA markers
using surface-enhanced Raman spectroscopy is characterized by
high detection throughput with the advantage of using a small
sample size compared with other methods (Cheng et al., 2017).
The clinical use of Raman spectroscopy for prostate cancer
detection, including biopsy, screening, and possible monitoring
of treatment efficacy, has also been investigated for the possibility
of Raman spectroscopy’s concordance with other methods
commonly used for prostate cancer detection (Kast et al.,
2014). Studies further suggest that Raman spectroscopy can be
used to detect biochemical differences and that spectral
differences can be distinguished in prostate tissues with
different Gleason scores, allowing Raman spectroscopy to be a
tool for classifying prostate cancer risk (Kast et al., 2014; Crow
et al., 2003).

Nevertheless, nowadays, performed analysis of the total
amount of PSA have low selectivity, which is their main
disadvantage. Magnetically assisted surface-enhanced Raman
spectroscopy (MA-SERS) is a suitable method to increase
selectivity. MA-SERS is based on the presence of MNPs@Ag
nanocomposite, which uses both—the magnetic properties of
Fe3O4 particles and the amplification factor of silver
nanoparticles. The use of silver nanoparticles in Raman
spectroscopy (SERS) overcomes the traditional problems
associated with classical Raman spectroscopy, including the
need for high concentrations of the sample to be measured,
problems with fluorescence, or long accumulation times for
the acquired data. The main contribution to the overall
enhancement is due to the so-called electromagnetic
mechanism based on the amplification of the local
electromagnetic field (on the order of 105–107) due to the
resonant excitation of surface plasmons in a metal, in our case
a silver nanoparticle (Le Ru and Etchegoin, 2009). Furthermore,
the specificity of the method is increased by the presence of
magnetic nanocomposite. Using an external magnetic force, it is
possible to easily separate the sample to be determined from the
complex matrix and then directly determine the target using
SERS. In our case, the selectivity was increased by functionalizing
the MNPs@Ag nanocomposite with anti-PSA. PSA is present in
three forms in the blood [the main form is immunoreactive PSA
in serum, which can be bound by alpha 1-antichymotrypsin or by
alpha-2-macroglobulin (75% is bounded to antichymotrypsin),
while free PSA exists in 5%–50% in the serum] (Li, 2012).

Methods based on MA-SERS can increase selectivity due to
use of external magnetic force for separation samples from
complex matrices. In addition, using MNPs@Ag@anti-PSA
nanocomposite and the MA-SERS method, only a very small
volume of clinical samples is required (in the tens of μl), and the
determination takes minutes.

Here, we present a new analytical method for a parallel
analysis of PSA and free PSA in whole human blood using the
MA-SERS method. The method is based on magnetic MNPS@Ag
nanocomposite covalently functionalized using anti-PSA
antibodies (Marková et al., 2016). For this purpose,
carboxymethyl cellulose was used as a linker between magnetic
nanoparticles (also play role as a stabilator against their
aggregation) (Marková et al., 2015), silver nanoparticles (throw
interactions of carboxyl groups with silver nanoparticles), and
antibody (using EDC chemistry). The nanocomposite allows to
isolate the PSA from the sample by an application of the external
magnetic field. Methods based on MA-SERS can solve this
problem by the use of external magnetic force for a separation
of analytes from complex matrices. In addition, using MNPs@
Ag@anti PSA nanocomposite and the MA-SERS method, only a
very small volume of clinical samples is required (in the tens of
μl), and the determination takes minutes. Following spectral
analysis using magnetically assisted surface-enhanced Raman
spectroscopy allows to distinguish between a signal of free
PSA and bonded PSA and determine their levels with limits of
detection of 0.49 and 0.62 ng ml−1, respectively. MA-SERS can
increase selectivity of determination of PSA and free PSA due to
advantages mentioned before.

EXPERIMENTAL SECTION

Chemicals and Reagents
Iron (II) chloride tetrahydrate (p.a.) and iron (III) chloride
hexahydrate (p.a.), carboxymethyl cellulose sodium salt (with a
low viscosity), sodium hydroxide (p.a.), N-(3-
dimethylaminopropyl)-N′ethylcarbodiimide hydrochloride
(≥99%), silver nitrate (p.a.), 1-[3-(dimethylamino)propyl]-3-
ethylcarbodiimide methiodide, D-(+)-maltose monohydrate
(p.a.), ammonia (25% v/v, p.a.), prostate-specific antigen from
human semen (purity ≥95%), and anti-PSA (monoclonal
antibody produced in rabbit) were purchased from Sigma
Aldrich (San Jose, CA, United States) and utilized without
further purification. Free prostate-specific antigen (fPSA) was
purchased from Cedarlane (Buenos Aires, Argentina) and used
without further purification.

Synthesis of MNPs@Ag@anti-PSA
Nanocomposite
Magnetite nanoparticles (MNPs) functionalized by CMC
(carboxy methyl cellulose) were prepared according to the
following protocol (Marková et al., 2016): First, 1 g of CMC
was dissolved in 30 ml of deionized H2O; the solution was heated
up to 303 K. Next, 720 mg of FeSO4.7H2O was dissolved in 10 ml
of deionized H2O, acidified by the addition of 100 µl of 37% HCl.
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Both solutions were mixed and stirred at 300 rpm. Next, 7 ml of
aqueous solution of NH4OH (28%) was added to themixture. The
temperature was increased to 323 K over a period of 15 min,
followed by the addition of 5 ml of 28% NH4OH. The synthesized
magnetic nanomaterial was separated by centrifugation at 20,000
× g and 293 K for 1 h. Finally, the magnetic pellet was
resuspended in 60 ml of deionized H2O and immersed in
ultrasound bath for 15 min. This step was repeated two times.
The obtained magnetic nanomaterial was centrifuged at 1,000 × g
and 298 K for 20 min. In the last step, the supernatant containing
carboxylated magnetic nanoparticles (labeled as cMNPs) was
stored, and its concentration was adjusted to 1 g of magnetite/L.

Silver nanoparticles (d = 28 nm, AgNPs) were prepared
according to protocol (Panáček et al., 2006). First, an aqueous
solution containing 1 mmol of AgNO3, 10 mmol of maltose, and
5 mmol NH4OH was prepared. Next, the pH of the reaction
mixture was adjusted to 11.5 ± 0.1 by the addition of NaOH. To
obtain the MNPs@Ag composite, 10 µl of Ag NP suspension was
added to the MNP suspension. The loading of Ag NPs was
performed in a continuous flow for 15 min at room temperature.

Finally, immobilization of anti-PSA on the surface of silver
nanoparticles was carried out. First, 1 ml of MNPs@Ag was
mixed with 100 µl of EDC (final concentration 20 mmol) and
stirred for 30 min. The nanocomposite was separated using
external magnetic force, and adequately washed by 10 mmol
PBS buffer. Next, anti-PSA was added to achieve a
concentration of 0.2 ng/L, and its anchoring on the surface of
the nanocomposite was performed under stirring at 300 rpm for
1 h at room temperature.

Preparation of Model Samples Containing
Prostate-Specific Antigen and Free
Prostate-Specific Antigen
PSA and free PSA were analyzed using the following protocol:
10 µl of MNPs@Ag@anti-PSA was mixed with 10 µl of a standard
solution of PSA or free PSA (c = 10 ng/ml). The mixture was
incubated for 30 min at 293 K.

Preparation of Samples of Whole Human
Blood
To demonstrate the method applicability, two volunteers
(male), both aged 62 years, were selected. Whole blood
samples (2 ml) were collected in Eppendorf tubes with
sodium citrate as an anticoagulant. Samples were stored at
−80°C before analysis and analyzed within 24 h after
unfreezing. Samples for measurements were prepared by a
dilution of 200 µl of unfrozen samples with 800 µl of deionized
water to reduce sample density/viscosity. No further
pretreatment of the samples was carried out.

Analysis of Samples
Obtained samples were isolated using external magnetic force, the
obtained droplet was deposited on a microscopy glass (2 × 8 cm),
and the analyzed samples were dried out and concentrated in a
coffee ring structure caused by capillary flow. The samples were

analyzed by means of Raman spectroscopy at three spots on the
ring. Obtained spectra were averaged and employed in the
consecutive steps. Samples of the whole human blood were
analyzed in an analogy to a methodology previously described
in the section on Preparation of samples of whole human blood.

Determination of Prostate-Specific
Antigen/Free Prostate-Specific Antigen
The determination of the PSA and free PSA, respectively,
consisted of two consecutive steps. Intensity of the spectral
band at 1,335 cm−1 was used as a quantitative marker in both.
In the first step, estimated concentration of PSA and free PSA,
respectively, in the samples was determined from an external
calibration assembled using standard solutions in a concentration
range of 2–500 ng/ml. The second step was as follows: More
precise/accurate values were determined using a standard
addition method based on the three repeated additions of the
standard of PSA or free PSA, respectively. The concentrations of
the standard additions were derived from an approximate
concentration of PSA/free PSA determined in the first step.
Concentrations of additions 1–3 were set to cause 30%–50%
increments in the measured signal.

Characterization
Microscopic images were obtained by transmission electron
microscopy (TEM) JEOL JEM 2100 microscope operated at
200 kV. Energy-dispersive X-ray spectroscopy (EDS) was
performed in scanning (STEM) mode of high-resolution
transmission electron microscope (HRTEM) TITAN G2
operated at 80 kV to obtain elemental maps (using Super-X
system with four silicon drift detectors Bruker). STEM images
were taken with an HAADF detector 3,000 (Fischione).

Zeta potential values (ζp) were determined by the dynamic
light scattering (DLS) method using the instrument Malvern
Zetasizer Nano (Malvern Instruments Ltd., Worcestershire,
United Kingdom). Fourier transform infrared (FT–IR)
absorption spectra were measured on an FT–IR spectrometer
Nicolet iS5 (Thermo Electron, United States) employing
attenuated total reflection (ATR) and a ZnSe crystal, using 64
scans with a resolution of 2 cm−1. The IR absorption spectra were
obtained using ATR. The linear function was subtracted from the
spectral data in order to correct the baseline. XPS data were
obtained using a PHI VersaProbe II (Physical Electronics)
spectrometer, equipped with an Al Kα source. The XPS
spectra were analyzed using the MultiPak (ULVAC–PHI, Inc.)
software package. The carbon C 1-s peak (284.4 eV peak) was
used as a reference for all binding energies.

Raman spectral data were obtained on aDXRRamanmicroscopy
(Thermo Scientific, United States) with an excitation laser operating
at 633 nm (red). Raman spectra were measured in the range from
400 to 3,500 cm−1. Spectral resolution of the applied combination of
laser and optics was 1.0 cm−1. Experimental parameters were as
follows: the exposure time: 16 s, laser power 4 mW (measured on the
sample surface), one experimental point was obtained by the
averaging of 512 microscans. Interfering spectral background,
including fluorescence and sample heating, was corrected using a
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subtraction of polynomial fit, where n = 3. Quantification of
concentrations of proteins, including PSA and fPSA, was
performed using the TQ-Analyst software package (Omnic,
version 8, Thermo Scientific, Waltham, United States).

RESULTS AND DISCUSSION

Characterization of Prepared
Nanocomposite
The prepared nanosensor, based on carboxymethylcellulose-
stabilized magnetite–silver nanoclusters, was characterized by
Raman and infrared spectroscopy, transmission electron

microscopy, ζ-potential measurements, EDS analysis,
elemental mapping, and XPS analysis. EDS spectrum
(Figure 1A) confirmed the presence of Ag and Fe in the
nanocomposite. The arrangement of nanoparticles was
identified by microscopic technique, where the results from
the TEM (Figure 1B) and comparison of dark-field STEM
(Figure 1C) and elemental mapping (Figures 1D–G) reveal
that composite is formed by 5- to 20-nm magnetite
nanoparticles and 20- to 40-nm silver nanoparticles, which
are attached to CMC, which presence was confirmed by zeta-
potential and FT-IR measurements. The presence of free
carboxyl groups of CMC on the nanocomposite surface,
which plays a critical role for anti-PSA loading and good

FIGURE 1 | (A) Energy dispersive x-ray spectroscopy (EDS) spectrum, (B) transmission electron microscopy (TEM) image, (C) dark-field scanning transmission
electron microscopy (HAADF-STEM) image, and (D–G) element mapping of MNPs@Ag composite.
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stability of the system (Kirby and Hasselbrink, 2004), was
confirmed by the determination of very low values of zeta
potentials of MNPs, MNPs@Ag, and MNPs@Ag@antiPSA
(−52,5, −45,3, and −45,2 mV, respectively).

The comparison of FT-IR spectra of free CMC, MNPs,
MNPs@Ag, and MNPs@Ag@antiPSA shows an effective
anchoring of CMC on the surface of the nanostructures and
its presence in all composites (Figure 2A). Spectra were
interpreted in agreement with methods previously specified by
Barth (Barth, 2007; Xue Li et al., 2014). All spectra involve
characteristic peaks of CMC, namely, 1,030 (C-O stretch),
1,330 (bridge–O–stretch), 1,420 (bridge-O-stretch), 1,590
(-COO− asymmetric stretch), 2,900 (C-H stretch), and
3,400–3,200 (O–H stretch). Moreover, a nonsymetric character
of –COO− peak at 1,590 cm−1 was observed for MNPs@Ag-anti-
PSA (Figure 2B) due to the presence of amide I band
(~1,650 cm−1), which is characteristic of the presence of
proteins (Miller et al., 2013). In accordance, the comparison of
XPS spectra of MNPs@Ag and MNPs@Ag@anti-PSA
(Figure 2C) confirmed the EDS analysis, and moreover, they
revealed four times higher content of nitrogen in the sample of
MNPs@Ag@anti-PSA (Figure 2D) that can be attributed to the
presence of amine and amide groups of anti-PSA on the
nanocomposite surface.

Measurement of Standard Solutions and
Determination Level of Detection of
Prostate-Specific Antigen and Free
Prostate-Specific Antigen
The synthesized nanomaterial was subjected to the analysis of
standard solutions containing PSA and free PSA (c = 10 ng/ml).
The resulting data can be seen in Figure 3A. Raman spectra
obtained from the analysis of the model sample (sample label:
MNPs@Ag@anti-PSA@PSA, MNPs@Ag@anti-PSA@fPSA)
include spectral bands typical for proteins. Considerable
vibrations of proteins included abundant spectral bands
present at 650, 845, 1,003, and 1,290 cm−1 (C-H deformation
vibrations of proteins), and 1,450 cm −1 and 1,670 cm−1 (labeled
as amide I). Moreover, raw nanomaterial and functionalized
sensor MNPs@Ag, stabilized by CMC (label: MNPs@Ag), were
measured as spectral references. Both spectra do not contain any
significant Raman bands.

Next, a set of standard solutions containing PSA and fPSA,
respectively, was measured using MNPs@Ag@anti-PSA
nanocomposite in the range of concentration levels from 5 to
500 ng/ml Figures 3B,C, where six concentration levels with five
replicates were measured and classified. The resulting spectra of
all six standards are shown in Figure 3D (PSA) and Figure 3E

FIGURE 2 | (A,B) Fourier transform infrared (FT-IR) spectra of CMC, magnetite nanoparticles (MNPs), MNPs@Ag, and MNPs@Ag@anti-PSA, (C) XPS survey
spectra of MNP@Ag and MNP@Ag@anti-PSA samples with atomic composition (insets), and (D) comparison of HR-XPS N 1-s region for both samples.
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(free PSA). These data suggest that the Raman intensity of the
spectral bands that are characteristic of PSA and free PSA varies
with concentration. As a marker of quantification, we determined
the amide vibration of the amide located at 1,335 cm−1, and the
obtained intensity of this band was applied to construct a
calibration curve. The LOD values were statistically estimated
by using reliability of calibration curves for PSA and free PSA,
from the three-time evaluated standard deviation of the slopes.
The calculated coefficient of determination (R2) is 0.98 for PSA

and 0.952 for free PSA, respectively. The resulting lower limit of
detection (LOD) is 0.62 ng/ml for PSA and 0.49 ng/ml for free
PSA, respectively.

Repeatability and Reproducibility
The repeatability of the analytical method was classified on a
set of five independent measurements (Figures 4A,B). It is
clear from the results that all obtained spectra are fully
comparable, with the statistical difference aimed at the

FIGURE 3 | (A) Raman spectra obtained by the analysis of standard solution of prostate-specific antigen (PSA) or free prostate-specific antigen (fPSA) (c = 10 ng/
ml) immobilized on MNPs@Ag@anti-PSA. Raman spectrum of raw nanomaterial (black), Raman spectrum of MNPS functionalized by Ag (red), Raman spectrum of
standard solution of PSA (green), and Raman spectrum obtained from the analysis of standard solution of free PSA (blue). The spectra of the standard samples are
shifted by 100 pulses, for better readability of the picture. (B) Raman spectra obtained from analysis of PSA and (C) free PSA at concentrations of 5, 50, 125, 250,
375, and 500 ng/ml, and the calibration curves are composed of six calibration points obtained by (D) PSA and (E) free PSA analysis.
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previously selected peak being less than 9%. Then the stability
of the nanomaterial was evaluated by regular measurements
for 3 months, the spectral data obtained 3 months after the
synthesis of the nanomaterial show a strong analytical signal of
PSA and freePSA, confirming that the synthesized
nanomaterial can be applied for a long time without
significant signal loss.

Discriminant Analysis of Prostate-Specific
Antigen and Free Prostate-Specific Antigen
We further concluded that Raman spectroscopy can be used to
correctly distinguish between PSA and free PSA using our
developed high-precision analytical sensor. Investigative study
and supervised classification, namely, partial least squares
discriminant analysis (PLSA), confirmed the possibility of
using Raman spectroscopy to distinguish between the studied
PSA and free PSA. Obtained data are shown in Figures 5A,B.

FIGURE 4 | (A)Raman data of five sequential samples of standard mixture of PSA and free PSA (c = 10 ng/ml). (B) Spectra weremeasured usingMNPs@Ag@anti-
PSA nanocomposite. It is shown that there is no considerable difference between obtained spectral data. The spectra of the standard samples are shifted by 100 counts,
for better readability of the picture.

FIGURE 5 | (A) Data aquared from the partial least squares discriminant analysis (PLSA) analysis. (B) Raman spectra obtained by the analysis of PSA/free PSA
using MNPs@Ag@anti-PSA nanocomposite.

FIGURE 6 | Raman spectra obtained by the analysis of whole blood
samples containing PSA and free PSA (whole blood) using MNPs@Ag@anti-
PSA nanocomposite.
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MNPs@Ag@anti-PSA Nanocomposite for
Analysis of Real Samples
Finally, we studied the use of MNPs@Ag@anti-PSA
nanocomposite for the analysis of human whole blood samples
containing different concentrations of PSA and freePSA. Figure 6
shows the Raman spectrum obtained by analyzing a real sample
and a standard mixture containing PSA and free PSA (c = 10 ng/
ml in total). Subsequent detailed spectral analysis revealed new
bands located at 1,350 and 1,525 cm−1, which are not present in
the spectrum of the real samples, thus, outlining minor
nonspecific interactions. The total PSA and free PSA
concentrations in the samples were calculated using the
standard addition method and the synthetic analytical sensor,
respectively, in order to minimize the influence of nonspecific
interactions between the matrix components. For the
measurement of the real samples containing blood, it is
necessary to focus on possible hemolysis caused by
hemoglobin and intracellular components during
measurement. Using spectroscopic methods, we can find an
oxyhemoglobin peak between 531 and 543 cm−1, and due to
the relatively wide absorption peak, hemolysis can affect the
quantification of analytes in this range (Howanitz et al., 2015).
Medipally et al. (2020) studied the effect of hemolysis using
infrared spectroscopy and Raman spectra of blood plasma.
They measured that hemolysis could affect the infrared and
Raman spectra of blood plasma, but a larger study is needed
to confirm the effect of hemolysis both in vitro and in vivo.

A total of two samples (both with a diagnosis of BHP) were
evaluated. The PSA or free PSA concentrations in these samples
were: 2.91 ng ml−1 (PSA), 2.34 ng ml−1 (free PSA) per first real
sample, and 3.29 ng ml−1 (PSA) and 2.76 ng ml−1 (freePSA) per
second real sample. For patients who have borderline
concentrations, the ratio of free to total PSA (free/total PSA
ratio) is determined (Hoffman et al., 2000).

CONCLUSION

Commonly used techniques for prostate cancer detections
[fluorescence immunoassay (Shaoxin Li et al., 2014), ELISA
(Liang et al., 2015)] are based on determination of only a
single biomarker, and parallel immunoassay test must be
realized for the determination of both PSA/free PSA levels.
Furthermore, ELISA is labor intensive, with expensive to
prepare antibodies, and requires expensive culture and
sophistication. Cheng et al. (2017) developed a method for
simultaneous free PSA and cPSA detection using SERS and

two different types of SERS nanotags (unequal for free PSA
and cPSA) on AuNP surface with limits of detection of
0.012 ng/ml per PSA and 0.15 ng/ml per fPSA. Here, we
present a new possibility for the determination of prostate
cancer based on magnetic MNPS@Ag nanocomposite
covalently functionalized using anti-PSA antibodies. The
nanocomposite allows isolating the PSA/free PSA from the
sample (whole human blood) by an application of the external
magnetic field. The main advantages of this method are label-free
determination. Also, there is a small volume of clinical samples
(in the tens of μl), and the determination takes minutes. The
ability to determine the total amount of PSA/free PSA in
biological samples opens interesting alternatives to commonly
used ELISA-based methods. The MNPs@Ag@anti-PSA
nanocomposite has been successfully classified as a potential
nanosensor suitable for the determination of total PSA/free
PSA in whole human blood samples. The calculated limits of
quantification are in the range of ng/ml, which is in good
correlation with other methods for the determination of PSA/
free PSA ratio Barth, 2007, Xue Li et al., 2014.
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