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Abstract The authors describe the preparation of molecularly
imprinted nanoparticles (MINPs) for the solid phase extraction
of hippuric acid (HA). The MINPs consists of a water-
compatible organic-inorganic silica composite which was obtain-
ed from a functionalized silica by the sol-gel method. HA acted as
the template, 3-aminopropyl trimethoxysilane as the functional
monomer, and tetraethoxysilane as the crosslinker.
Subsequently, methacryloxypropyltrimethoxysilane was used as
a coupling agent to deposit a hydrophilic acrylamide coating onto
the surface of the MINPs. The morphology and structure of the
resulting restricted access material (referred to as RAM-MINP)
were characterized by scanning electron microscopy, transmission
electron microscopy and Fourier transform infrared spectroscopy.
Solid phase extraction of HA was accomplished by passing urine
samples through a RAM-MINP-packed SPE cartridge. Following
elution, HA was quantified by HPLC using UV detection at
228 nm. The effects of sample pH, amount of sorbent and eluent
and washing solvent volumes were optimized by experimental
design methodology under response surface methodology.
Under optimized conditions, the mean extraction efficiency of
HA from spiked samples is adequately repeatable, with
relative standard deviations of <6.1%. The limits of detection
and quantitation are 0.15 and 0.25 ug.L™", respectively.
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Introduction

Toluene is a toxic colorless and widely used material
which may cause anatomical changes in the brain and
neurobehavioral impairments [1-3]. Such indications can
be observed at exposures even less than 50 ppm [4, 5].
More than 80% of toluene inhaled by humans is oxi-
dized to benzoic acid, which is then conjugated with
glycine and converted to hippuric acid (HA) followed
by excretion in urine [6, 7]. Therefore, monitoring of
HA as a marker for toluene breathing by simple, accu-
rate, cost-effective methods with a low detection limit is
of great interest.

Pretreatment techniques based on molecular imprinting
have been applied to the determination of trace amounts of
various chemicals due to advantages in simplicity, accuracy,
cost-effectiveness and selectivity [8—11]. For instance, molec-
ularly imprinted polymers (MIP) have attracted attention due
to their potential ability to recognise target molecules [12—15].
However, they cannot be used efficiently in the case of low
molecular weight compounds due to the presence of interfer-
ing macromolecules such as proteins and lipids in biological
samples. These interferences result from the strong adsorption
of such hydrophobic materials onto the surface of MIP, thus
preventing the target from being recognised [16, 17]. This
problem can be resolved by using restricted access materials
(RAM) for the direct extraction of target molecules from bio-
logical fluids [18-21]. RAM-MIP has an interior phase for
small molecule retention and a hydrophilic layer, which is
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non-adsorptive for proteins and lipids. This is due to the
chemical diffusion barrier created by hydrophilic network
shielding. A limited number of applications of RAM-MIP
for such purposes has been reported. Du et al. have developed
a RAM-MIP with a methylmethacrylate-based MIP inner core
and a hydrophilic RAM layer [17] using polymerization pre-
cipitation for MIP preparation. Subsequently, they hydrolyzed
the epoxide rings present on the polymer surface leading to the
formation of the hydrophilic network. Another kind of RAM-
MIP was developed by Sambe and his colleagues [22], in
which MIP was synthesized using a multi-step swelling and
polymerization method. They prepared hydrophilic RAM as
the external layer using hydrophilic monomers including glyc-
erol monomethacrylate and Glycerol dimethacrylate.
Manesiotis and co-workers [23] have developed “water-
compatible” MIP using a hydrophilic co-monomer by hydro-
lytically hydrophilizing the polymer matrix. Nevertheless, the
applied organic polymer-based MIPs have low diffusion of
analytes. Additionally, shrinking or swelling of MIPs under
exposure to different organic solvents can deform the selective
cavities and decrease recognition ability towards target
molecules.

It is well-known that urine contains hydrophobic organic
compounds including proteins, hormones and other metabo-
lites. Therefore, it is necessary to design a preliminary sample
pretreatment procedure for the removal of such interfering
concomitants as well as to concentrate HA. Here, an efficient
approach for the sol-gel-based synthesis of molecularly
imprinted nanoparticles using inorganic materials is used to
resolve the problems of organic-based MIPs. The performance
of the method was significantly enhanced by functionalizing
the surface of the MIP nanoparticles using acrylamide (AC) as
a hydrophilic monomer.

Experimental
Reagents and apparatus

Tetraethyl-orthosilicate (TEOS), 3-aminopropyl trimethoxysilane
(APTMS), acetic acid, methacryloxypropyltrimethoxysilane
(MPS), 2,2-Azobisisobutyronitrile (AIBN), acrylamide,
phosphoric acid (H3PO,), sodium hydroxide (NaOH)
and ammonium hydroxide (NH4OH), were purchased
from Merck (Darmstadt, Germany www.merck.com).
Hippuric acid (N-benzoylglycine, 98%) powder was
acquired from Acros (Geel, Belgium). Ultrapure water was
obtained using a MilliQ gradient water purification system.
Methanol, ethanol, acetone, hexane, toluene and acetonitrile
(HPLC grade) were provided by J.T. Baker (Deventer,
Holland). The solutions were filtered before use through
0.45 wm nylon filters from Analisis Vinicos (Tomelloso,
Spain).
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The shape and surface morphology of RAM-MINP were
investigated using a field emission scanning electron micro-
scope (FE-SEM, VEGA TESCAN, USA). Fourier transform
infrared (FT-IR) spectroscopy was performed by FTIR-8300,
Shimadzu, Japan (www.shimadzu.com). The transmission
electron microscopy (TEM) images were recorded on a
Hitachi S-570 microscope for the determination of sample
dimensions. A 130 W ultrasonic bath with a heating system
(Tecno-GAZ SPA Ultra Sonic System) at a frequency of 40
kHz was used to disperse nanoparticles. High-performance
liquid chromatography analysis was performed using an
Agilent 1100 liquid chromatography apparatus (Wilmington,
DE, USA www.agilent.com) equipped with a micro vacuum
degasser (model G1379A), a quaternary pump (model G1311
A), a multiple wavelength detector (model G13658: 228 nm
for HA), a sample injection valve with a 20 uL sample loop,
and a Knauer C18 column (4.6 mm i.d. 250 mm, 5 um). Data
were collected and analyzed using Agilent Chemstation
software. Acetonitrile: H3PO,4 buffer (10: 90, v/v) adjusted to
pH 3.0 mixed with 1.0 mol.L™" of sodium hydroxide was used
as the mobile phase, set to a flow rate of 1.0 mL.min"". The
mobile phase was filtered through a 0.45 um filter and
degassed under vacuum before use. The system was
operated at ambient temperatures.

Synthesis of imprinted and non-imprinted silica
nanoparticles

The imprinted and non-imprinted silica nanoparticles were
prepared by the hydrolysis of TEOS in aqueous ammonia as
reported in previous work [24] with small modifications. In
summary, 93.0 mg of HA was dissolved in 50.0 mL of ethanol
under stirring followed by mixing with 0.61 mL of APTMS
and 3.0 mL of TEOS. Then, 1.6 mL of aqueous solution of
25% (w/w) ammonia was added as a catalyst under vigorous
stirring at room temperature for 24 h. The nanoparticles thus
produced were collected by centrifugation for 10 min. Finally,
the product was rinsed with methanol and distilled water used
to remove unreacted materials. Non-imprinted nanoparticles
(NINP) were made using the same procedure except no tem-
plate (HA) was used.

Preparation of RAM-MINP and RAM-NINP

Surface modifications of nanoparticles were carried out as fol-
lows: 250 mg of nanoparticles were dispersed in 50.0 mL of
toluene/DMSO (7:1 v/v) solution containing 200 mg of AC by
sonication for 10 min. Next, 5.0 mL of MPS and 0.20 g of
AIBN were added to the mixture and the reaction continued for
24 h at 120 °C under reflux in a nitrogen atmosphere. The
material thus obtained was removed from the flask and sub-
jected to centrifugation-assisted washing for many cycles via
decantation and re-suspension in methanol/acetic acid (90/
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10 v/v) by sonication until the removal of the template. Finally,
the nanoparticles were thoroughly rinsed with deionized water
and dried at room temperature for further use.

Preparation of working samples

A standard stock solution of HA was prepared in methanol at a
concentration of 1.0 mg.mL™". Subsequently, the working HA
standard solutions were obtained by the appropriate level of
dilution with double distilled water (pH adjusted to 5.0 with
phosphate buffer). The calibration curve for the urine analysis
was constructed by spiking HA-free human urine with HA
over a specific concentration range. All solutions were stored
in the dark at +4 °C. Urine samples voluntarily donated by
students were filtered through Whatman paper No. 42 and
stored at +4 °C in the dark before the analysis.

Adsorption isotherm study

To investigate the binding property of the prepared sorbent,
several samples were prepared by suspending 200 mg of ei-
ther RAM-MINP or RAM-NINP in 10.0 mL of HA aqueous
solutions with concentrations over the range of 0.05—
1.5 mg.mL™". The flasks were thoroughly sealed and each
mixture was shaken for 12 h at room temperature. Then, ali-
quots of the supernatant were collected after centrifugation
and this was followed by the quantification of HA by
HPLC. The equilibrium adsorption contents (Q (mg.g "))
were calculated by the following equation:

_ V(CO‘Ce)

Q=" (1

where V is the volume (mL) of solution; m is the mass (g) of
the RAM-MINP or RAM-NINP; C, and C, are the initial and
the equilibrium concentrations (mg.L™") of HA in aqueous
solution, respectively.

Extraction procedure

200 mg of nanoparticles (RAM-MINP or RAM-NINP) was
packed into an empty 4 mL SPE cartridge. The nanoparticles
in the cartridge were secured by porous polyethylene frits at
the top and the bottom. After the packing process, the car-
tridge was sequentially conditioned with 5.0 mL of methanol
and 5.0 mL of doubly distilled water (at pH 5.0) at a constant
flow rate. Extraction experiments were performed by passing
15.0 mL of each urine sample through the cartridge at
1.0 mL min . Then, the column was washed with 4.0 mL
of double distilled water followed by the elution, which was
performed by passing 2.0 mL of methanol: acetonitrile: acetic
acid (45:45:10 v/v/v). Next, the extract was collected in a vial
and dried at 35 °C under N, flow. The residue was

reconstituted by its dissolution in 50 uL of mobile phase,
20 puL of which was analyzed by HPLC to achieve a pre-
concentration factor of 300.

Results and discussion

Optimization of preparation conditions and studies
of the recognition mechanism

HA has several functional groups, such as carboxylic acid and
amide, which allow the formation of hydrogen-bonds with the
amine group of APTMS. Thus, a stable donor—receptor com-
plex between HA and APTMS is required for the polymeri-
zation process to result in the formation of specific cavities
with unique shape, size and functional groups. MINP was
synthesized using the sol-gel method at mild temperature.
Various factors, such as the proportion of any pair of the func-
tional monomer, cross-linker and template, affecting the selec-
tivity and biding capacity of MINP were optimized. To this
end, the effects of the molar ratios of the functional monomer
to cross-linker in the range of 1:2 to 1:9 were investigated. It
was shown that ratios lower than 1:4 lead to poor recognition
ability, which may be due to the deformation of specific cav-
ities. This is, in turn, is due to the low molar rate of cross-links
and poor mechanical stability of polymer structure in solution.
On the other hand, at ratios higher than 1:7, recognition ability
decreased due to the excessive depth of embedding of specific
cavities in the polymer network and thus decreased analyte
mass-transfer. The optimized ratio of the functional monomer
and cross-linker was found to be 1:5.

Furthermore, the molar ratio of template to functional
monomer was evaluated and optimized. As mentioned above,
non-covalent interactions between HA and APTMS may pre-
dominantly construct binding sites. The amine group of
APTMS, which is the best site for hydrogen bond donors,
makes the extraction procedure selective. The scheme of the
MINP and its molecular recognition procedure are shown in
Fig. 1. As can be seen, four sites available in each HA mole-
cule form four hydrogen bonds, which correspond with each
of four APTMS molecules. In other words, the ratio of tem-
plate to functional monomer was observed to be 1:4, which is
in good agreement with experimental results (1:5 ratio). Such
a faint discrepancy may be attributed to partial failure of some
functional monomers to form self-assembled complex of
monomer and template.

The hydrophilic network was prepared on the surface of the
MINP, which acts as a barrier against hydrophobic compounds
and enhances analyte transfer into the specific cavities. The pres-
ence of C =C in AC as a water-soluble monomer made it suitable
for coupling with MPS in the presence of AIBN as initiator via
radical polymerization. The chain structure of hydrophilic sites
(Fig. 1) prevents the hydrophobic macromolecules from
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Fig. 1 Schematic representation of RAM-MINP synthesis

penetrating and/or approaching the MIP. In addition, the
high ability of AC to form hydrogen bonds with the target
molecule leads to an increase in recognition ability.

Characteristic of the FT-IR spectra

To investigate the presence of functional sites in binding cav-
ities and in the organic—inorganic hybrid hydrophilic external
layer, FT-IR was employed to characterize the RAM-MINP,
MINP and silica nanoparticles. Silica nanoparticles were pre-
pared by the hydrolysis of TEOS with ammonium hydroxide
according to the method used by Zhu et al. [25]. A broad
absorption band observed at 3300 cm ' is attributed to
the stretching mode of —O — H [26]. As shown in
Fig. S1, the observed feature around 1100 cm ™" corresponds
to —Si — O — Si — stretching vibrations. The bands around 793
and 460 cm™ ' are attributed to —Si — O vibrations. The
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characteristic peak of the —O — H group appears at
2955 cm ' and the band around 2946 cm™' refers to the
—N — H group (Figs. S1b and S1c) [27]. The band observed
around 1668 cm ' is related to amide —C = O stretching vi-
brations (Fig. Slc) [28]. These results suggest that AC was
covalently bonded to the MINP skeleton through the MPS.

SEM and TEM analysis

The SEM (Fig. S2) study of the MINP and RAM-MINP
shows similar particles of spherical shape with a low degree
of aggregation and low surface roughness. The TEM images
show the spherical structure of RAM-MINP with an average
diameter of about 100 nm, which is confirmed by the results
obtained using SEM. Such features are of paramount impor-
tance with respect to packing the material for solid phase
extraction, resulting in higher mass transfer and increased

Fig. 2 Adsorption isotherm 5
fitting to the Freundlich isotherm
for RAM-MINP and RAM-NINP

Log Q

RAM-MINP
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Table 1  Precision and accuracy of the RAM-MINP-SPE-HPLC/UV method (n = 4)
Sample Intra-day Inter-day
Add (ug.Lfl) Found (mean + SD) Recovery (%) RSD (%) Found (mean + SD) Recovery (%) RSD (%)
Urine 0.50 0.44 +0.027 88.0 6.1 0.46 £+ 0.027 92.0 59
10.0 9.50+0.17 95.0 1.8 932+0.26 93.2 2.9
100.0 104.0 +3.30 104.0 32 90.0 £4.10 90.0 4.5
1000.0 985.0 £ 11.00 98.5 1.1 980.0 + 15.00 98.0 1.5
5000.0 4975.0 + 64.00 99.5 1.3 5125 + 64.00 102.5 1.2

extraction efficiency. In addition, the small size of RAM-
MINP enhances template removal and thus more recognition
cavities are obtained [29]. The hydrophilic sites on the surface
of RAM-MINP allow the small analyte molecules to pass
through these sites, while the hydrophobic biomolecules are

retained on the surface.

Fig. 3 HPLC-UV
chromatograms of urine spiked
with hippuric acid under

optimized conditions obtained by
a RAM-MINP-SPE b MINP-SPE
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Binding study and Freundlich analysis

The static equilibrium adsorption experiments for the RAM-
MINP and RAM-NINP were carried out by changing the ini-
tial concentrations of HA across the range of 0.05—
1.5 mg.mL ", The adsorption data can be fitted using the
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Table2 Determinations of HA in two human urine samples by RAM-
MINP-SPE-HPLC (n = 3)

Sample Add (ug.Lfl) Found (mean + SD) RSD (%) Recovery (%)

Urine 1 0.0 0.48 +£0.015 32 -
10.0 102 +£0.27 2.6 97.2
500.0 491.8 £16.30 33 98.3
2000.0 1986.7 +21.20 1.1 99.5
Urine 2 0.0 0.86 +0.02 23 -
10.0 10.1 £ 045 45 92.6
500.0 4683 £ 16.4 3.5 93.0
2000.0 1918.3 £23.1 1.2 95.9
Urine 3 0.0 0.48 +0.02 32 -
10.0 102 +0.4 3.7 97.5
500.0 491.8 +12.1 2.5 98.3
2000.0 1990 + 15.0 0.8 99.5
Urine 4 0.0 0.84 +0.02 2.1 -
10.0 10.1 £0.5 4.5 92.6
500.0 468.3 £16.5 3.5 93.5
2000.0 1918.3 £20.2 1.1 96.0
Urine 5 0.0 0.88 +0.03 29 -
10.0 10.1 +0.4 4.0 92.5
500.0 4926 £52 1.1 98.3
2000.0 20283 £22.5 1.1 101.4

following Freundlich isotherm model to evaluate adsorption
parameters [30].

Q=«Cy (2)
Log Q = Log « + m Log C, (3)

where Q (mg.g™ ") is the amount of adsorbed HA per unit
polymer mass, C (g.L ") is the equilibrium concentration of

HA in solution. The constant « is the measure of capacity and
average affinity. m with values from 0 to 1 is the Freundlich
constant and is an indication of heterogeneity or homogeneity
of'the sites. The higher the m value the more homogeneous the
sites. The extreme m value of 1 indicates that the system is
homogeneous. The investigation on the isotherm of HA bind-
ing to RAM-MINP and RAM-NINP (Fig. 2) showed that the
adsorption capacity of RAM-MINP was 68.5 mg.g ', which
is much higher than that of RAM-NINP (20.9 mg.g"). This is
due to the high-affinity of highly available binding sites in the
polymer structure, which enables the analyte to be easily
adsorbed by such sites. As mentioned above, RAM-NINP
preparation was similar to that of RAM-MINP except that
the template was not added during the synthesis. The
AC on the surface of RAM-NINP and APTMS in the
polymer structure can react with HA through hydrogen
bonding and thus RAM-NINP may also bind some HA
molecules.

Optimization of method

The use of different washing and desorption solvents
was initially investigated by a univariate method.
Double distilled water was found to be the most suit-
able washing solvent. The best recovery for the elution
step was obtained using methanol/acetonitrile/acetic acid
(45:45:10).

Additionally, the following parameters were opti-
mized: (a) Sample pH value; (b) Sorbent amount; (c)
Washing solvent volume; (d) Eluent volume. Relevant
data and figures are given in the Electronic Supporting
Material. We found the following experimental condi-
tions to give the best results: (a) A sample pH value of
5.0; (b) 200 mg of sorbent; (c) 4.0 mL of washing solvent
and (d) 2.0 mL of eluent.

Table 3  Comparison of different methods for determination of HA with the method proposed

Method Sorbent LOD Linear range Recovery (%) RSD (%) Ref
LLLME*HPLC-UV - 0.3 (ngL™ 1-400 (ugL™") >914 <42 [32]
LC-MS-MS - 250-250,000 (ugL™) >75 <25 [33]
GC-MS 17.0 (pg) 0.05-25 (ng) >92 <6.2 [34]
SPE-HPLC-UV Molecularly imprinted - 5-40 (mgL ™) 98.6 - [35]

membrane
GC-FID Polypyrrole 16.5(ngmL™")  0.018-8.95 (ugmL™")  99.8 1.56 [36]
HPLC-UV - 0.7 (mgL™" 50.0-2002 (mgL™") 957 32 [37]
Micellar electro kinetic - 2.1 (mg.L™h 9.0-179.2 (mg.L™") - 58-122  [38]
capillary chromatography

Cyclic voltammetry Ni-Fe-HA 0.5 (ugmL ™) 0.01-5 (mg.mL™") - - [39]
Differential pulse voltammetry ~ Osmium—HA Antigen 1.0 (ug.mL™") 0.01-5.12 (mg.mL™") - - [40]
Fluorimetry MOF 9.0 (ug.mLfl) 0.05-8.0 (mg.mLﬁl) 93.5-102.9 1.9-2.1 [41]
SPE-HPLC-UV RAM-MINP 0.15 (ugL™") 0.3-7500 (ug.L™") 88.0-104.0 <6.1 Present work

? Liquid-Liquid-Liquid-micro extraction
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Validation of analytical method

The calibration curve was constructed over the concentration
range of 0.2-10,000 pg.L™". It was revealed that there is a
linear response over the range of 0.3-7500 pg.L™' with a
regression equation of Y = 74.932X — 1.3311 (R* = 0.9996),
where Y and X (ug.L™") are the peak area and concentration of
HA, respectively.

To evaluate the accuracy and precision of the developed
method using the RAM-MINP as the extracting medium, the
samples prepared for quality control (QC) were spiked to
achieve HA concentrations of 0.0005, 0.01, 0.1, 1.0 and
5.0 pg.mL™". Intra-assay precision was assessed by five re-
peated injections of each QC sample. The reasonable rates of
recovery, which were in the range of 88.0—-104.0 and the RSD
%, which was in the interval of 1.1 to 6.1% demonstrate the
high applicability of the method for the evaluation of analyte
over a wide concentration range. The inter-day precision in
terms of RSD % was found to be between 1.2 to 5.9%
(Table 1), which is also acceptable. The results demonstrated
the satisfactory recovery and precision of the RAM-MINP-
SPE.

Limit of detection (0.15 pg.L™") and limit of quantification
(0.25 ug.L™") were calculated using the ratios 3o/slope and
100/slope, respectively, where o is the standard deviation of
the mean value for 10 chromatograms of the blank [31].

The reusability of the RAM-MINP-SPE was evaluated by
comparing the recovery of HA from urine samples based on
the following procedure: Following each extraction experi-
ment, the cartridge was washed repeatedly using 5 mL of
methanol and 5 mL of distilled water (at pH 5.0), the results
of which are shown in Fig. S7. After eleven SPE cycles, no
obvious decrease in the extraction efficiency of the cartridge
was observed. All in all, it was confirmed that the RAM-
MINP is reusable, satisfactorily stable in solvents and easy
to synthesize.

The prepared RAM-MINP-SPE was compared with the
MINP-SPE to determine HA in the urine sample spiked with
HA standard based on loading 15 mL of sample into the car-
tridge according to the procedure described in section 2.6. The
chromatograms of HA using RAM-MINP-SPE and MINP-
SPE are shown in Fig. 3. Accordingly, the peak area corre-
sponding to HA obtained using the RAM-MINP was higher
than that of the MINP, which confirms the higher performance
of the RAM-MINP. In addition, a more detailed observation of
the chromatographic profile shows good clean-up of samples
in chromatographic separation with no peak interference with
HA.

Extraction of HA from human urine

The method developed was applied to two urine samples tak-
en from our volunteer colleagues who had been subjected to

toluene exposure in our laboratory. Each sample was subject-
ed to the RAM-MINP-SPE and HPLC-UV procedure in trip-
licate. As shown in Table 2, all selected samples containing
HA indicate that the current method can efficiently extract HA
from urine samples.

Conclusions

A hydrophilic water-compatible RAM-MINP was successful-
ly synthesized. This was efficiently applied for HA extraction
and followed by the optimization of the procedure by response
surface methodology. The applied method was compared with
methods described in other works [32-34] what is shown in
Table 3. The applied RAM-MINP-SPE method is simple,
cost-effective, and easy to operate. Although the RSD value
of the present work is higher than those of some methods used
for the determination of HA [32, 36, 37, 41], it is still lower
than or close to those of other methods [33, 34, 38]. This
suggests that the present method has acceptable repeatability.
Our method has a wide dynamic linear range over concentra-
tions of 0.3—7500 (ug.L ") which is higher than most reported
methods [32—41]. Furthermore, the LOD value of 0.15 ug.L™"
is lower than that of most methods previously reported [32,
36—41] confirming highly sensitive detection of HA. It is
shown that the method applied is sufficiently accurate and
precise for the analysis of HA in urine samples, and more
efficient than what has been found in other HPLC-based
works.
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