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A B S T R A C T

A novel label-free immunosensor based on hyperbranched polyester nanoparticles with nitrite groups (HBPE-
NO2), which were synthesized through a simple one-step chemical reaction, was first developed for specific
detection of α-fetoprotein (AFP), the tumor marker for liver cancer. The obtained HBPE-NO2 nanoparticles
(NPs) were characterized by the proton nuclear magnetic resonance spectroscopy (1H NMR), X-ray photoelec-
tron spectroscopy (XPS) and X-ray diffraction (XRD). And the fabricated process of immunosensor was
investigated by attenuated total reflection Fourier-transform infrared spectra (ATR-FTIR), static water contact
angles, scanning electron microscope (SEM), cyclic voltammetry (CV) and electrochemical impedance spectro-
scopy (EIS). The electrochemical performances of the AFP immunosensor were studied. Results indicated the
prepared HBPE-NO2-modified immunosensor showed excellent electrochemical properties and satisfactory
accuracy for the detection of AFP of the real clinical samples that attributed to the properties of the HBPE-NO2

NPs, which had nanosized structure to increase the specific surface area and unique chemical reactivity for
loading capacity of protein molecules. Construction of biosensors using the structure and properties of
hyperbranched molecules will offer ideal electrode substrates, which provided more possibilities for the design
of biosensor.

1. Introduction

Alpha-fetoprotein (AFP), an important tumor marker, is widely
used for the diagnosis of patients with germ cell tumors and hepato-
cellular carcinoma (Alpert et al., 1971; Okuda, 1986; Wang and Xie,
1998), and its concentration is below 20 ng/mL in healthy human
serum while much higher in liver cancer patient serum (Xie et al.,
2016; Zhou et al., 2015). Therefore, the reliable detection of AFP is
significant for the early clinical diagnosis and the long-term treatment
(Li et al., 2015). In recent years, numerous novel technologies were
developed and applied for AFP detection (Chen et al., 2012; Darwish
et al., 2013; Law et al., 2011; Xiao et al., 2014). Electrochemical
bioanalytical technique, with a number of virtues such as simple
preparation and operation, high sensitivity and selectivity, wide detec-
tion range and so forth, has become increasingly important in
biological assays (Cui et al., 2016). Particularly, electrochemical
label-free immunosensors have been considered to be one of the most
promising methods to quantitatively detect AFP owing to their specific
advantages, such as low price, low detection limits, fast response, and

easy handling (Kavosi et al., 2014).
For the construction of an excellent label-free electrochemical

immunosensor, it is crucial that the immobilization of biomolecules
onto the electrode surface should be which could ensure the activity of
antibody without affected (G.L Wang et al., 2009; J. Wang et al., 2009).
Therefore, the electrode substrate should provide a large surface area
to immobilize more antibodies and also offer good conductivity in order
to assist the electron transfer, as well as stability and without biological
toxicity. So how can design and prepare the ideal electrode substrate
that can immobilize antibodies sufficiently and effectively for electro-
chemical immunosensor became the key to this research work.

Hyperbranched polymers (HBP) have attracted more and more
attention because of the special architecture and properties that
include their three-dimensional shapes, high density of end-groups,
nanosized effect, good solubility, etc (Ahmed and Narain, 2012;
Magnusson et al., 2000; Karpagam and Guhanathan, 2010; Ding
et al., 2012). Further, owing to the multifunctionality in HBP, their
properties can be adjusted to a great degree by various chemical
modification of the large number of functional end-groups for special
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purposes, which made the HBP have been used extensively in diverse
fields, such as coatings, additives, biomedical fields, and photoelectric
materials (Gao and Yan, 2004; Seiler et al., 2004; Hong et al., 2008;
Zagar et al., 2006; Kontoyianni et al., 2008; Sun et al., 2014).

In this case, p-nitrophenyl oxycarbonyl group-terminated hyper-
branched polyester (HBPE-NO2), obtained from hyperbranched polye-
ster with terminal hydroxyl groups (HBPE-OH) that modified by p-
nitrophenyl chloroformate containing active esters group (-O-COO-),
which can react with primary amine (-NH2) of chitosan (CS) and anti-
AFP in situ, respectively. Based on this, a novel electrochemical
immunoassay biosensor was proposed and its biosensing performance
was investigated.

2. Experimental section

2.1. Synthesis of HBPE-NO2 nanoparticles (NPs)

As shown in Scheme S1, HBPE-NO2 was synthesized through one-step
chemical reaction. 1.0 g HBPE-OH (aliphatic hyperbranched polyester with
terminal -OH group) (Scheme S1A) was dissolved in anhydrous tetrahy-
drofuran (THF, 100 mL), then 10 mL anhydrous THF containing p-
nitrophenyl chloroformate (2.0 g, 9.9 mmol) was added dropwise with
the presence of an excess of triethylamine (TEA, 1.5 mL). And the mixture
was allowed to continue to react about 12 h with stirring at room
temperature (Scheme S1B). After the reaction, a yellowish opacity solution
was formed finally (Hu and Ji, 2011), and then the resulting solution was
filtered and concentrated to about 10 mL through rotary evaporation. The
final product was obtained by precipitation from diethyl ether, then
redissolved in THF and reprecipitated from diethyl ether again, the
reprecipitation procedure was repeated three times to remove the residual
p-nitrophenyl chloroformate and dried in a vacuum.

2.2. Fabrication of the HBPE-NO2 NPs modified biosensor

Glassy carbon electrode (GCE) was used as base electrode. Prior to
modification, it was polished to a mirror finish using 0.3 and 0.05 µm
alumina slurry, respectively, and rinsed thoroughly with distilled water
between each polishing step (Sun et al., 2013). After that, the mirror-

like electrode was sonicated in pure ethanol and distilled water about
5 min, respectively, and allowed to air-dry at room temperature.

The preparation procedure of AFP biosensor was shown in Scheme 1.
Firstly, the GCE was electrodeposited with CS and hydrogen tetrachlor-
oaurate (III) trihydrate (HAuCl4·3H2O, 99.9%) mixture containing 2 mL of
1 g/L CS (1% acetic acid as solvent) and 2 mL of 500 mg/L HAuCl4
solution by applying a constant potential of −1.5 V for 180 s, then the
modified GCE were rinsed with distilled water to obtain the CS-Au NPs
modified electrode (CS-Au/GCE) (Sun et al., 2014). The CS-Au/GCE was
soaked in 8 mL of 0.1 mg/mL HBPE-NO2 solution (dispersed in distilled
water and sonicated well) for 15 min and then rinsed with distilled water to
remove the unreacted HBPE-NO2 (Scheme 1A). Thus, the HBPE-NO2 NPs
were immobilized by electrostatic absorption and in situ chemical reaction
(Scheme 1B), and the obtained (HBPE-NO2)/CS-Au/GCE was stored at
4℃ before use. p-Nitrophenol, the byproduct of the chemical reaction
could be eliminated simply by immersion in distilled water mentioned
above, which was a necessary step to ensure the activity of anti-AFP that
will be grafted next step was not affected by the byproduct.

Next, AFP/anti-AFP/(HBPE-NO2)/CS-Au/GCE biosensor was ob-
tained easily by a three-step modified process. Firstly, the prepared
(HBPE-NO2)/CS-Au/GCE was immersed into 10 mL solution of anti-
AFP (200 ng/mL, PBS, pH 7.4) for 15 min, then the modified GCE was
drawn out and rinsed thoroughly with PBS subsequently, and air-dry at
room temperature.

And then, the anti-AFP/(HBPE-NO2)/CS-Au/GCE was blocked the
possible remaining active sites against the nonspecific adsorption by
2% bovine serum albumin (BSA) for 1 h. Finally, the modified
electrodes were incubated in 10 mL AFP standard solutions of various
concentrations (0.1 mol/L PBS, pH 7.4) for 15 min, followed by
washing with PBS. Thus, the resulting AFP/anti-AFP/(HBPE-NO2)/
CS-Au/GCE was recorded to produce the detection signal correspond-
ing to the presence of an analyte, and the obtained AFP/anti-AFP/
(HBPE-NO2)/CS-Au/GCE was stored at 4 ℃ before use.

2.3. Electrochemical measurements

Cyclic voltammetry (CV) was performed over the potentials be-
tween −0.2 V~0.7 V. The differential pulse voltammetry (DPV) was

Scheme 1. (A) Schematic illustration of the fabrication process of the AFP biosensor; (B) The nucleophilic substitution reaction mechanism between HBPE-NO2 NPs and primary
amines (-NH2).
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carried out as amplitude of 0.05 V, pulse width of 0.05 s and voltage
range from −0.2 to 0.6 V. Electrochemical impedance spectroscopy
(EIS) measurement is a powerful technique to monitor the changes
occurred at electrode surfaces (Feng et al., 2012), herein the measure-
ments were operated in the frequency range of 1 Hz–100 kHz with
5 mV AC amplitude, quiet time: 2 s.

3. Results and discussion

3.1. HBPE-NO2 composite preparation and biosensor fabrication

3.1.1. Characterization of HBPE-NO2 NPs
As shown in Fig. 1A, in the proton nuclear magnetic resonance (1H

NMR) spectrum of HBPE-NO2, two new proton peaks (peaks 1 and 2)
appeared at 7.52 ppm and 8.31 ppm assigned to the protons of phenyl
ring from the attached p-nitrophenyl oxycarbonyl group compared
with the 1H NMR spectrum of HBPE-OH (Han et al., 2013; Gündüz
et al., 2014). Furthermore, in the Fourier-transform infrared spectrum
(FTIR) of HBPE-NO2, the strong peak at 1739 cm−1 was attributed to
the -COO- asymmetrical vibration from the HBPE-OH, and the
absorption peaks at 1600 cm−1 and 1527 cm−1 that were not observed
on that of HBPE-OH were identified as characteristic peaks of phenyl
ring (Wang et al., 2013, 2014; Lu et al., 2005) (Fig. S1). Results
indicated that the reactive ester groups (-O-COO-) have been grafted
onto the terminal group of HBPE-OH successfully. The X-ray diffrac-
tion (XRD) and X-ray photoelectron spectroscopy (XPS) were adopted
to further evidence the structure and components of HBPE-OH and
HBPE-NO2. As shown in Fig. 1B, a broad non-crystalline peak in the
region of 2θ=10–35° was attributed to the major peak of the HBPE-OH
(2θ=17.5°). Meanwhile, the diffraction intensity of HBPE-NO2 NPs

decreased compared with the HBPE-OH, which was assigned to the
successful nitroso-terminated modification of HBPE-OH NPs (Sun
et al., 2015). XPS spectra of the HBPE-NO2 NPs contained C1s
(283.4 eV), O1s (531.1 eV), N1s (399.4 eV, 404.4 eV) peaks, however,
N1s peaks weren't observed in XPS spectrum of HBPE-OH NPs
(Fig. 1C).

3.1.2. Surface characterization of the biosensor
The chemical structures of CS-Au/GCE and HBPE-NO2/CS-Au/

GCE surface were monitored by attenuated total reflection Fourier-
transform infrared spectra (ATR-FTIR). In the case of the GCE surface
electrodeposited with CS-Au, the absorptions at 3391 cm−1 and
2933 cm−1 were attributed to the -OH and -CH(OH)-CH(OH)- group
from CS, respectively. Furthermore, the peaks at 1637 cm−1 and
1520 cm−1 were attributed to the stretching vibration of amide I and
amide II of the amido bond from CS (Fig. 2A (a)) (Mucha et al., 1999;
Socrates, 1994; Kolhe and Kannan, 2003). The spectrum of HBPE-NO2

NPs grafted onto CS-Au/GCE showed strong peak at 1736 cm−1, which
can be associated with -COO- asymmetrical vibration (Fig. 2A (b))
(Pérez-Donoso et al., 2012; Pilla et al., 2013). In addition, the
absorption peaks at 1614 cm−1 and 1521 cm−1 can be assigned to the
overlap between amido bond of CS and characteristic peaks of phenyl
ring from the p-nitrophenyl oxycarbonyl. These peaks confirmed that
the HBPE-NO2 NPs were successfully grafted onto the CS-Au/GCE by
the electrostatic interaction result from the negatively charged of
HBPE-NO2 NPs (−36.9 mV) (Fig. S2) and the chemical reaction
(Scheme 1B). The next grafting anti-AFP on the HBPE-NO2 NPs will
be proved by CV and EIS.

As shown in Scheme 1B, while the lone pair electrons on the N atom
from -NH2 of CS and anti-AFP attack the quaternary carbon atoms

Fig. 1. (A) The 1H NMR spectra, (B) XRD patterns and (C) XPS, wide scan of (a) HBPE-OH and (b) HBPE-NO2. The inset in Fig (C) was N1s of core-level spectrum.
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(electron-deficient) from -O-COO- of HBPE-NO2, the nucleophilic
substitution reaction took place between -NH2 (CS and anti-AFP)
and -O-COO- of HBPE-NO2. The explanation and experimental
verification for the interaction happened between HBPE-NO2 and anti-
AFP were also provided by ultraviolet visible (UV–vis) absorption
spectra (Fig. S3).

For further certifying the surface modification process, static water
contact angle measurements were taken at ambient temperature
employing the sessile drop method. The contact angle results in
Fig. 2B showed the evolution of the GCE modified process, compared
to the pristine GCE, the contact angle of the CS-Au/GCE surface was
increased from about 89.6 ± 0.7° to about 114.5 ± 1.6°, owing to the
fact that surface roughness increased after electrodeposited CS-Au NPs
(G.L. Wang et al., 2009; J. Wang et al., 2009; Ellinas et al., 2016). The
immobilization of HBPE-NO2 NPs decreased the surface contact angle
of the CS-Au/GCE with contact angle about 105.8 ± 1.1° because of the
existence of hydrophilic group (-NO2), but the HBPE-NO2/CS-Au/GCE
surface was still hydrophobic (contact angle > 90°), which due to the
hyperbranched polyester skeleton exhibited hydrophobicity and espe-
cially, the 3D micro-environment on the surface of HBPE-NO2/CS-Au/
GCE.

Scanning electron microscopy (SEM) was performed to estimate the
morphology of the HBPE-NO2/CS-Au/GCE biosensor surface. Typical
SEM photographs showed that CS-Au NPs were well dispersed upon
the GCE surface, which was resulted in the large roughness (Fig. 2C),
that was why the increasing of contact angle compared to the GCE. In
addition, the morphology of HBPE-NO2/CS-Au/GCE surface was uni-
form nanosized particles with favorable dispersibility (Fig. 2C), which
was attributed to the micellar behavior of HBPE-NO2 NPs with an

average diameter of 200 nm (Fig. S4) when incubating with CS-Au/
GCE. These results indicated that the GCE surface was modified by CS-
Au and HBPE-NO2 NPs successfully. At the same time, the nanosized
effect of HBPE-NO2 NPs with abundant end-groups increased the
specific surface area of CS-Au/GCE, which were beneficial for the anti-
AFP grafting.

3.2. Electrochemical characterization of the immunosensor

The fabrication process of the lable-free immunosensor was char-
acterized by CV and EIS to record the changes of the electrode behavior
before and after each modification step. As shown in Fig. 3A, it was
observed that the CS-Au/GCE possessed the biggest peak current
(curve a). Stepwise modification on the CS-Au/GCE was along with
the decreasing in amperometric response. After the CS-Au film
electrode was functionalized with HBPE-NO2 NPs, the peak current
of CS-Au/GCE was greatly decreased owing to the poor conductivity of
HBPE-NO2 NPs (curve b). Moreover, three-dimensionally HBPE-NO2/
CS-Au/GCE electrode had a much larger effective surface area, which
was advantage of the anti-AFP molecules grafting. Thus, when anti-
AFP (curve c) and AFP (curve d) immobilized on the electrode surface
in sequence, the peak currents of the redox couple decreased further on
account of the obstructed electron transfer taking place at electrode
surface. In another hand, the amperometric response of AFP/anti-
AFP/(HBPE-NO2)/GCE (curve e) was the weakest compared with the
other modified electrode, thereby demonstrating the good conductivity
of electrodeposited Au NPs.

EIS is an effective tool for studying the interface properties of
surface-modified electrodes, the typical impedance spectrum is pre-

Fig. 2. (A) ATR-FTIR spectra of (a) CS-Au/GCE and (b) HBPE-NO2/CS-Au/GCE; (B) The static water contact angles of (a) GCE, (b) CS-Au/GCE and (c) HBPE-NO2/CS-Au/GCE surface
and (C) The morphologies of the (a) CS-Au/GCE, (b) Drawing of partial enlargement of CS-Au/GCE and (c) HBPE-NO2/CS-Au/GCE surface.
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sented in the form of the Nyquist plot, which is composited of the
semicircle portion at higher frequencies and the linear portion at lower
frequencies (Kilic et al., 2015; Chiriacò et al., 2015). The semicircle
diameter in the impedance spectrum can be quantified as the charge-
transfer resistance (Rct). This resistance controls the electron-transfer
kinetics of the redox probe at the electrode interface (Sun et al., 2012).
Therefore, Rct can be used to describe the interface properties of the
electrode. Its value varies with different substances adsorbed onto the
electrode surface. Fig. 3B showed the impedance spectra observed

upon the stepwise modification process. The CS-Au/GCE revealed a
very small semicircle domain (curve a), implying a very low electron-
transfer resistance of the redox probe, because of the good conductivity
of electrodeposited Au NPs. After the CS-Au/GCE was modified with
HBPE-NO2, the Rct obviously increased (curve b). This was attributed
to that the self-assembled layer of HBPE-NO2 by the electrostatic
interactions and in situ chemical reaction, which was poor conductive.
It's no doubt that when the electrode was conjugated with anti-AFP
(curve c), AFP (curve d), subsequently, the Rct increased in succession.

Fig. 3. (A) CV curves, scan rate: 0.1 V/s and (B) EIS of different modified electrodes in 0.1 mol/L PBS (pH 7.4) solution containing 0.1 mol/L KCl and 5 mmol/L Fe(CN)6
3-/Fe(CN)6

4-,
(a) CS-Au/GCE, (b) (HBPE-NO2)/CS-Au/GCE, (c) anti-AFP/(HBPE-NO2)/CS-Au/GCE, (d) AFP/anti-AFP/(HBPE-NO2)/CS-Au/GCE and (e) AFP/anti-AFP/(HBPE-NO2)/GCE. Inset:
enlargement CV curves of (e).

Fig. 4. (A) The DPV plots of different AFP concentration obtained at AFP/anti-AFP/(HBPE-NO2)/CS-Au/GCE immunosensor ((a) 0, (b) 0.1, (c) 0.5, (d) 5, (e) 10, (f) 20, (g) 30, (h) 40,
(i) 50, (j) 60, (k) 70, (l) 80, (m) 90, (n) 100, and (o) 120 ng/mL). Inset: calibration plots upon the addition of varying amounts of AFP; (B) The specificity of the sensor was investigated
by DPV in the presence of various interfering antigens, inset: the corresponding histogram (20 ng/mL AFP, and 100 ng/mL UA, AA, CEA, Glu, L-ga, BSA); (C) CVs of anti-AFP/(HBPE-
NO2)/CS-Au/GCE at 40 cycles and (D) The charge storage capacity of AFP/anti-AFP/(HBPE-NO2)/CS-Au/GCE was investigated by DPV stored at 4 ℃. Error bars represent the standard
deviations of three repeated determinations.
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3.3. Analytical performance

Before evaluating the performance of proposed immunosensor, a
series of conditions such as the concentration of HBPE-NO2 NPs,
incubation time, pH and scan rate were optimized in Fig. S5, results
indicated that the optimized conditions were 0.1 mg/mL, 15 min, pH
7.4 and 0.1 v/s, respectively. The performance of AFP/anti-AFP/
(HBPE-NO2)/CS-Au/GCE was recorded by a series of DPVs in various
concentrations of AFP solutions under the optimal experimental
conditions. As a result, the amperometric response decreased with
the increase of AFP concentration from 0.1 to 120 ng/mL, a linear
relationship between the amperometric response and the AFP concen-
tration was obtained with a regression equation: Y (I, μA)=191.51-
1.268X (CAFP, ng/mL), R2=0.9952. The detection limit was estimated
to be 0.055 ng/mL at the signal-to-noise ratio of 3, indicating that the
immunesensor exhibited excellent performance compared with the
reported immunesensor for detection of AFP (Table S1). The low
detection limit and wide linear range may be attributed to the high
specific area of Au and HBPE-NO2 NPs, increasing the loading capacity
of the anti-AFP and maintaining the activity of the immobilized anti-
AFP.

3.4. Selectivity, stability and reproducibility

Selectivity is an important factor to evaluate the performance of a
biosensor. In order to test the selectivity, the signal response of the
prepared biosensor was assessed in various solutions containing uric
acid (UA), ascorbic acid (AA), carcino embryonic antigen (CEA), β-D-
(+)-Glucose (Glu), L-Glutaminic acid (L-ga), bovine serum albumin
(BSA). As shown in Fig. 4B, compared with the current response
caused by AFP, the signal current was almost no changed after the
AFP/anti-AFP/(HBPE-NO2)/CS-Au/GCE incubated with UA, AA, CEA,
Glu, L-ga, BSA, respectively, even at high concentrations (100 ng/mL).
Furthermore, the BSA/anti-AFP/(HBPE-NO2)/CS-Au/GCE electrode
was exposed to 100 ng/mL interfering antigens, separately. And the
DPV current responses of the immunosensor to the high concentra-
tions interfering antigens were shown in Fig. S6, the low current
responses of interfering antigens were observed. The phenomenon
indicated that the proposed biosensor had good selectivity and strong
anti-interference ability in AFP detection, which can be attributed to
the specific recognition between AFP and antibody and the fact that the
activity of anti-AFP wasn't affected by the chemical reaction between
-NH2 (anti-AFP) and -O-COO- of HBPE-NO2.

Stability was a powerful investigation for the development of a
sensitive biosensor, it was necessary to test this for the immunosensor
developed here. The electrochemical stability of proposed biosensor
was investigated by CVs from −0.3 to 0.7 V over a long time (40 cycles),
as shown in Fig. 4C. Encouragingly, the result exhibited strong and
stable intensity without obvious descend and almost every CV curve
overlapped, revealing the excellent chemical and structural stability.
On the other hand, when the AFP/anti-AFP/(HBPE-NO2)/CS-Au/GCE
was stored in the refrigerator at 4 ℃ after one month the DPV response
still retained 98.1% of its initial value (Fig. 4D), showing a quite
satisfactory stability. Good stability can be attributed to the strong

interactions between anti-AFP and AFP, and the three-dimensionally of
HBPE-NO2 modified on the electrode surface greatly enhanced the
active surface available for anti-AFP binding over the HBPE-NO2/CS-
Au/GCE surface.

The reproducibility of AFP biosensor was also investigated from the
DPV response (Fig. S7). Five electrodes independently fabricated were
used to detect 70 ng/mL AFP, and a relative standard deviation (RSD)
of 2.76% was obtained, indicating the biosensor we proposed had good
electrode-to-electrode reproducibility.

3.5. Analysis of real serum samples

In order to demonstrate the analytical reliability and practical
application of the proposed immunosensor, the immunosensor was
used for the determination of the different concentration of AFP in
human serum by standard addition methods, the calibration plot for
AFP detection in serum was shown in Fig. S8. Table 1 showed the
comparison between the values obtained by the proposed immuno-
sensor and the reference values obtained by the Roche electrolumines-
cence method (RECLIA). Experimental results indicated there was no
significant difference between the two values with low relative devia-
tion, indicating that the developed immunoassay methodology could be
potentially useful for determination of AFP in biological samples.

4. Conclusion

In this case, HBPE-NO2 NPs have been successfully synthesized by
using a simple one-step method. The HBPE-NO2 NPs possessed special
architecture and properties that include high density of end-groups
with negative charged, the cavity within molecules and nanosized
effect. To be more specific, the HBPE-NO2 NPs contains active ester
groups on the terminal chains that can offer the in-situ chemical
reaction between active ester groups and primary amine of CS and anti-
AFP, and the negative Zeta-potential of HBPE-NO2 NPs can offer the
strong electrostatic interaction between nitrite group and primary
amine of CS and anti-AFP. In general, it can offer electrostatic
interaction, chemical reaction in-situ and large specific surface area
to the fabrication of AFP biosensor. Compared to the other reported
immunosensor, the novel HBPE-NO2 NPs modified AFP biosensor had
the advantages include short incubation time, simple fabrication of
electrode, and the long-term stability that all attributed to the presence
of the HBPE-NO2 NPs. Therefore, the multifunctional materials such
as HBP have great potential to construct novel biosensor platform with
high performances and multi-functions. For example, utilizing the
cavity structure of HBP and the related technique of drug loading and
control release to prepare novel biosensors with detection and treat-
ment of dual function become the target of our research group in near
future.
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Table 1
Comparison of AFP levels determined using proposed method and RECLIA.

Serum samples Our work (ng/mL) RECLIA (ng/mL) Relative deviation (%)

1 323,516 319,384 1.27
2 1050 1149.14 9.44
3 8.079 8.2038 1.54
4 1419 1424.17 0.36
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