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Abstract

A water compatible molecularly imprinted polymer (MIP), synthesized using
theophylline (TPH) as dummy-template and acrylamide (AM) as functional monomer,
has been employed as supporting material in matrix solid-phase dispersion combined
with ultra performance liquid chromatography-photodiode array detection (MSPD-
UPLC-PDA) for selective determination of adenosine triphosphate (ATP) derivatives in
fish samples. ATP degradation products are used as freshness index for assessment of
fish quality. The solid sample was directly blended with MIP in MSPD procedure
resulting in sample disruption and subsequent adsorption of the compounds on the MIP.
By using n-hexane and ammonium hydroxide aqueous solution at pH 9 as the washing
and elution solvent, respectively, satisfactory recoveries and clean chromatograms have
been obtained. Good linearity for hypoxanthine (HYP) and inosine (INO) has been
observed with correlation coefficients (R®) of 0.9987 and 0.9986, respectively. The
recoveries of the two ATP derivatives at three different spiked levels ranged from
106.5% to 113.4% for HYP and from 103.1% to 111.2% for INO, with average relative
standard deviations lower than 4.2% in both cases. This new method, which is rapid,

simple and sensitive, can be used as an alternative tool to conventional tedious methods.

Keywords: molecularly imprinted polymer, matrix solid-phase dispersion, freshness,

fish samples, hypoxanthine, inosine.



1. Introduction

A large number of post-mortem reactions are initiated in fish (glycolysis, proteolysis
and lipolysis) immediately after the animal is slaughtered, affecting its quality and
freshness conditions. One of the most important changes consists of the formation of
nucleotide and nucleoside metabolites resulting from ATP degradation [1]. ATP
degradation to ADP (adenosine diphosphate) and AMP (adenosine monophosphate)
takes place rapidly, with the subsequent accumulation of IMP (inosine 5'-
monophosphate) [2]. The IMP is hydrolysed by autolytic enzymes (5'-nucleotidase) to
inosine (INO), which, in turn, is degraded to hypoxanthine (HYP) by autolytic and/or
microbial action (nucleoside phosphorylase) [3-4]. Next, HYP will be oxidized to
xanthine (XAN) and then to uric acid (UA) through a much slower reaction, due to

xanthine oxidase (XO) in case of spoilage by microorganisms [5-7].

The pathway of ATP catabolism as a degradative sequence has been widely studied in
different fish species [7-12] besides beef [13-14], chicken [15-16] or pork meat [2-3, 17-
19] and some of the above mentioned nucleotide metabolites have been proposed as
freshness indexes in quality assessment [18-19]. Several analytical methods such as
electrophoresis  [20-21], radioimmunoassay [22], nuclear magnetic resonance
spectroscopy (NMR) [23] or amperometric and voltamperometric methods [24] have
been reported for quantitative determination of these compounds. Besides, in recent
years, the use of biosensors has been introduced as an alternative [15]. In particular, a
significant number of biosensors have been designed based on the enzymatic reaction
catalysed by the XO [25-26]. However these XO based biosensors have some common
drawbacks such as poor stability, non-reusability, slow electron transfer and complexity
of immobilization. Conversely, versatility, short analytical time and high resolution

have made high performance liquid chromatography (HPLC) the most widely used



technique for the analysis of nucleotides and nucleosides in biological samples [7, 27-

28].

Prior to HPLC determination, a sample preparation process is needed which is really the
critical step of the whole analytical process. It should remove potential interferences,
pre-concentrate analytes and sometimes, convert them into a suitable form for
determination or separation. More to the point, it must provide a robust and
reproducible method, independent of variations in the matrix sample. Nowadays, it is
also very important to reduce the initial sample size, improve the selectivity of the
extraction process, minimize the use of organic solvents and facilitate the automation of
the procedure [29]. Solid-phase extraction (SPE) is probably the most widely used
technique of sample preparation today, but sample matrix interferences co-elute with the
analytes of interest due to the lack of selectivity of common sorbents used; hence,
subsequent clean-up steps are required. The use of molecularly imprinted polymers
(MIPs) as selective sorbent materials in SPE (MISPE) avoids this problem. MIPs allow
analyte pre-concentration and elimination of sample interferences [29-30] in a single
step, since they are synthetic materials with artificially generated recognition sites able
to rebind a target molecule specifically, even in preference to other closely-related

compounds [31-32].

As a general rule for tissue samples, an exhaustive treatment is always required before
SPE. The tissue is usually homogenized and centrifuged and only the extract is passed
through the MISPE cartridge. However, cell disruption is often incomplete. By contrast,
molecularly imprinted matrix solid-phase dispersion (MIP-MSPD) performs
simultaneous disruption, extraction and clean-up of solid, semi-solid and highly viscous
samples [33-36]. Furthermore, the complete sample disruption and dispersal onto MIP

particles occurs, providing an enhanced surface area for subsequent extraction step.



MIP-MSPD is less time consuming and manual-intensive as well as more eco-
compatible than MISPE. Experimentally, the sample is placed in a glass mortar and
blended with the sorbent until complete disruption and dispersion of the sample on the
solid support is attained. Then, the mixture is directly packed into an empty cartridge

and analytes are eluted after a proper washing step to remove interfering compounds.

This work represents the first attempt to use MIPs as MSPD sorbent to develop a new
MIP-MSPD-UPLC-PDA method for the selective extraction and determination of ATP
related compounds in fish samples. Besides, it is well known that IMP contributes to the
pleasant flavor of fresh fish and its degradation to INO and then to HYP is responsible
for the progressive loss of the desirable flavor and the development of the stinking fishy
smell [37-38]. In addition, it is accepted that HYP is accumulated owing to INO rapid
degradation to HYP and its subsequent slow transformation into XAN and UA by
xanthine oxidase [17-18]. Thus, HYP has been chosen to determine the freshness of

fish.

2. Experimental

2.1. Material

Theophylline (TPH), INO, XAN, UA and trifluoroacetic acid (TFA) were obtained
from Sigma-Aldrich (Steinheim, Germany). Acrylamide (AM), ethylene glycol
dimethacrylate (EGDMA), 2,2-azobisisobutyronitrile (AIBN) and ammonium
hydroxide solution (25% in water) were supplied from Fluka (Buchs, Switzerland).
Ethanol (EtOH), Methanol (MeOH) and hexane were obtained from Merck (Darmstadt,

Germany), chloroform (CHCls) was from Scharlab (Barcelona, Spain) and acetic acid



glacial (AcOH) from Panreac (Barcelona, Spain). HYP was purchased from ACROS
organics (Geel, Belgium). Water used in the experiments was purified using a Milli Q

Ultrapure water-purification system (Millipore, Bedford, MA, USA).

2.2. UPLC-PDA analysis

UPLC analyses were performed using an Acquity system from Waters (Milford, MA,
USA) with gradient pump and automatic injector. Chromatographic experiments were
carried out using a stainless steel column Acquity UPLC™ BEH Cig, 2.1 x 50 mm, 1.7
um (apt to work in a 1-12 pH range, at temperatures between 20 and 90°C, and capable
of operating at pressures up to 15000 psi). Detection was carried out using a photodiode
array detector (PDA) set in the range of 200 - 400 nm. Output signals were monitored
and integrated using a personal computer operated under the Empower 2 software
(Waters). Wavelength of 250 nm for HYP analysis was selected as output PDA signals.
A two solvent gradient elution was performed, with flow rate of 0.5 mL min™' and
injection volume of 3 uL. The mobile phase consisted of aqueous TFA (A) (0.1% TFA
in deionized water, pH 2.2, v/v) and MeOH (B) gradient [39]. The gradient elution
profile starts at 99% of A, was linearly increased to 70% of A in 0.70 min and then

brought back to the initial conditions at 1 min.

2.3. Preparation of the molecularly imprinted polymer

The MIP having HYP recognition sites was prepared according to a previous work
performed by our research group by non-covalent precipitation polymerization. The
MIP has already been fully characterized [40]. TPH as dummy-template molecule (1

mmol) was dissolved in 60 mL of chloroform and subsequently, 4 mmol of AM as



functional monomer was mixed until homogenization. Next, 20 mmol of EGDMA as
cross-linker monomer was added to the mixture, followed by 0.5 mmol of the initiator

of the polymerization, AIBN.

The pre-polymerization mixture was degassed in a sonicating bath and purged with
nitrogen for 5 min. Polymerization took place in a water bath at 60°C for 24 h. The final
polymer was dried at 40°C. TPH was removed by Soxhlet extraction with MeOH for 48
h. The complete removal of TPH from the MIP was assessed via UPLC-PDA method.
A non-imprinted polymer (NIP) was similarly prepared excluding TPH from the pre-

polymerization media.

2.4. Binding evaluation of TPH-AM-EDMA-MIP

Batch binding assays were carried out for evaluation of the MIPs molecular recognition
behavior. Taking into account the fact that these MIPs will be used to extract HYP from
fish samples, the solvent for batch rebinding assays was selected according to
community legislation [41], which establishes water: EtOH (9:1) as simulant for fresh,

cooled, processed salted or smoked fish.

Pre-weighed amounts (0.2 g) of cleaned MIPs were placed into glasses for 5 min
incubation in ultrasonic bath at room temperature with eight water:EtOH (9:1) solutions
(4 mL) of HYP (from 5.25 to 1009 pg mL™). After incubation, supernatants were
removed by filtration and analyzed by UPLC-PDA at 250 nm to determine HYP
residual concentrations, C (umol L™). HYP adsorbed concentrations, q (umol g" or pg
g), were calculated by subtracting C from the initial concentrations of HYP. Batch

binding experiments were done in a similar way with blank polymers.



The specificity of the polymer was then estimated by the imprinting factor (/F)

IF=K ,./K where Kj,yp 1s the partition coefficient of a compound on the

pMIP pNIP

imprinted polymer and K,n;p is the partition coefficient of the same compound on the
non-imprinted polymer. The partition coefficient is defined as the ratio of the amount of
HYP bound to the polymer (q, umol g’l) relative to the concentration of free HYP (C,
pmol L™). This normalization method removes binding due to non-specific interactions
[42-43].

To further investigate the imprinting effect and determine the binding properties
(adsorption capacity, binding constants etc.) several binding models such as the discrete
Langmuir and bi-Langmuir models and the continuous Freundlich isotherm model (FI),
were applied to fit the equilibrium data. The model with the highest degree of

correlation was finally chosen [43-44].

2.4.1. Swelling

To further explain rebinding behaviour MIP and NIP swelling was conducted in the
binding solvent water:EtOH (9:1) for comparison with results in ACN: water 4:1 (v:v)
and CHCls, performed in a previous work [40]. The experimental procedure is similar to
that described by Sellergren and Shea [45]. Dry polymer (=0.20-0.30 mL) was placed in
a 1 mL graduated test tube. Excess solvent was then added to the tube and the polymer
sonicated in order to remove air bubbles. The tube was closed and left to stand for 24 h
at room temperature. Excess solvent was then removed and final volumes recorded. The
swelling ratio was given as volume of the swollen polymer to volume of dry polymer.

The average values of triplicate independent results were obtained.

2.5. Selectivity evaluation of TPH-AM-EDMA-MIP

Additional batch binding assays were performed to test selectivity of the MIP towards
other ATP degradation products such as INO, XAN and UA. Individual solutions of
INO (from 5.000 to 1,000 ug mL™), XAN and UA (from 5.000 to 400.0 ug mL™) in



water: EtOH (9:1) were employed for individual selectivity analysis and mixture
solutions (from 5.000 to 400.0 pg mL") were used in competitive assays for cross-
selectivity evaluation. These concentration ranges have been selected according to
solubility properties. The above mentioned binding isotherm models were also applied
to determine the selectivity properties. The specific selectivity factor (SF) was

calculated taking the ratio of imprinting factors, SF = IF, / IF, where IF; and IF’ are the

imprinting factors for two different substrates [42- 44].

2.6. MSPD procedure

The schematic procedure of the MIP-MSPD-UPLC-PDA is shown in Fig. 1. An aliquot
of 0.2 g of fish meat and 0.4 g of MIP sorbent (1:2) were placed in a small porcelain
mortar and blended together until a homogeneous mixture was obtained. Then, the
mixture was loaded into a SPE cartridge (6 mL pre-fritted, 20 pm porosity,
polypropylene tubes) which was pre-packed with 0.05 g of cleaned MIP and the column
was connected to a Visiprep "-DL Solid Phase Extraction Vacuum Manifolds,
equipped with integral flow control valves and disposable Teflon® flow control valve
liners (SUPELCO, Bellefonte, PA, USA). The cartridge was rinsed with 2 mL of
hexane, the eluent was evaporated to dryness under vacuum at room temperature and
the residues were re-dissolved in 2 mL of Milli Q water for further UPLC-PDA
analysis. Subsequently, the cartridge was eluted with 4 mL of ammonium hydroxide
solution (5.55 x 10° M, pH 9) and the basic eluent was directly carried to UPLC-PDA

for HYP determination.
3. Results and discussion
3.1. Recognition properties of the TPH-AM-EDMA-MIP

Fig. 2(a) compares the adsorption isotherm of HYP on MIP and NIP. Batch
concentrations and binding amounts have been plotted as the abscissa and ordinate,

respectively. A different behavior is observed for MIP and NIP. While the amount of

9



HYP bound to the MIP at equilibrium rinsed gradually with concentration, a saturation
level was reached for NIP at the fourth concentration assayed. The MIP capacity for the
template concentration range studied in this work (up to 1000 pg mL™), was nearly
3,500 pg g, which is in the range of other MIPs prepared by non-covalent imprinting
[46-47], whereas the corresponding NIP value lied below 1,500 pg g”'. These data

suggest a molecular imprinting effect [48].

The IF values > 1 confirmed the conclusion explained in the preceding paragraph. The

24
average IF (IF ) was 2.25, although some variability was observed throughout the
concentration range; the maximum value of 6.82 was found for the first concentration
tested (5.246 ug mL™).

The equilibrium data fitted well the FI model as evidenced by the relatively good fit to
linear regression analysis (R*> 0.9) (Table 1). Fig. 2(b) depicts the FI in logK-logN
format. The most visible difference between MIP and NIP is the higher capacity of the
former within the measured concentration window. This can be seen in the higher
positioning of the MIP line. This qualitative assessment was confirmed by the
parameters calculated from the FI model which are summarized in Table 1. The MIP
binding capacity value (N, .,) was 368.3 ug g’1 or 2.706 umol g’1 which was about

100-fold the corresponding Ny value (3.811 pg g'1 or 0.028 umol g'l). Furthermore,

L2
the average affinity of binding sites (K xi_xs ) for the MIP (7.95 x 10° M) was 2.5
times higher than the NIP value (3.16 x 10* M™).

The range of binding affinity was constrained within the limits of the analytical window
(Kmin-Kmax) in Fig. 2 (c¢). The graph shows the relationship between the fraction of
binding sites (N, umol g™') and the affinity constants in log format (logK, M™1). The
control polymer had very few binding sites distributed throughout the entire affinity
range compared with MIP, although the latter had numerous low affinity binding sites

and a few high affinity binding sites.

In fact, reasonably good binding parameter values have been achieved for HYP on the
MIP in aqueous solvent. Nonetheless, these values are lower than those obtained in

ACN: water (4:1 v/v) [40], owing to the fact that the rebinding to MIPs is strongly

10



dependent on the solvent. The solvent can affect rebinding in two ways. First of all,
molecular recognition with the MIP in solvents of low to medium polarity is mainly
driven by H-bonding [49]. When increasing the aqueous content in the rebinding
solvent, polar templates such as HYP are less retained on MIPs due to the enthropy

driven hydrophobic effect.

Secondly, a solvent induced swelling/shrinking process can affect the shape of the
cavity and the distance between functional groups and due to this, MIP can lose its
specificity when exposed to the “wrong conditions” [50]. MIP and NIP swell in water:
EtOH (9:1) but to a lesser extent than in ACN: water (4:1 v/v) and the porogen, CHCI;
(MIP swelling ratios are: 2.2+ 0.1, 4.2+ 0.7 and 7.9+ 0.1 and NIP swelling ratios are:
2.8+ 0.1, 5.1+ 0.1 and 8.4% 0.8 in water: EtOH (9:1), ACN: water (4:1 v/v) and CHCl;,

respectively) [40].

Anyway, the observed relatively good behavior of the MIP for HYP in aqueous media is
mainly attributed to the following two reasons: 1) the addition of a certain amount of
organic solvent (10% ethanol) into the pure aqueous solutions of the template and 2) the
election of a highly polar functional monomer such as AM, instead of the more usual
MAA, which increases the MIP’s surface hydrophilicity. AM is more soluble in water,
2,150 g-L’1 compared to 89 g-L' for acrylic acid, and forms stronger hydrogen-bonds in
polar protic solvents than acrylic acid. Both strategies reduce the hydrophobically
driven nonspecific bindings of the MIP, thus leading to its water compatibility despite

the lower swelling compared to porogen [51-53]

11



3.2. Selectivity properties

3.2.1. Individual selectivity properties

To measure the selective recognition of HYP, the separate binding of competitive
compounds was performed in the first place. Fig. 3(a) exhibits the FI isotherms in log
format for visual comparison of the binding capabilities of INO, XAN and UA. The log
K-log N FI isotherm obtained for HYP was overlaid for comparison. Strikingly, the
highest position in the graph was occupied by the bulky INO molecule, followed by
HYP and XAN, which crossed each other, which are in turn over UA. Furthermore, the
most important binding parameters determined by the FI model are compiled in Table 2.
The data confirm the greater binding capacity (N,,_.,) for INO (508.8 ug g or 1.897

umol g') and HYP (368.3 ug g or 2.706 umol g (Table 1) in relation to XAN
(119.9 ug g" or 0.788 umol g") and UA (89.26 ug g or 0.531 pmol g”'. According to

L
the FI model, the average affinity of binding sites ( K xi1-xs ) for INO was about 4-fold
higher in the MIP (2.50 x 10° M™") than in the NIP (6.18 x 10> M™") and thrice the value
calculated for HYP (7.95 x 10> M™).

o
Moreover, a high similar average /F has been achieved for INO, IF = 2.20, compared

<
to and HYP (IF =2.25); again the highest IF,,,x = 9.51 was obtained for the lowest
INO concentration tested. Hence, it can be concluded that the MIP are appropriate to
determine INO in addition to HYP, within the range of concentrations studied.

<
Regarding XAN, the corresponding affinity constant value ( K xi-xs =2.47 x 10° M)
was higher than the value calculated for HYP, although the number of binding sites

decreased 3-fold. Moreover, the average imprinting factor (1;7 =1.85) is = 1.5-fold
lower than HYP. The highest IF values for XAN are also encountered at the lowest
concentration assayed (/F .= 6.13), although the IF was below 1 for higher amounts of
XAN, indicating unspecific adsorption. These data reveal that the MIP could also be
used to determine XAN in fish samples, provided that the amount of XAN in the sample
is <5 pg mL™. On the contrary, the results obtained for UA show a MIP binding
capacity and affinity constant quite lower than the NIP values. In coherence with this,

the corresponding imprinting factors are the smallest and close to unity (17‘7 =1.10).
Furthermore, no adsorption of UA was observed at the lowest concentration tested
(400.0 pg mL™). Thus, the MIP is less suitable to determine the last ATP derivative in
aqueous media.

12



<
From another point of view, the average selectivity factors (SF' ) for HYP in relation to
o
INO, XAN and UA were 0.969, 1.45 and 2.99 respectively. These SF values were

calculated considering the 1;7 of the three lowest concentration studied for HYP and
INO to avoid false interpretations of relative selectivity (since the assays were carried
out for HYP and INO from 5.000 to 1000 pg mL™" and for XAN and UA from 5.000 to
400.0 ug mL™). Furthermore, SF,. at the lowest concentration assayed (= 5 ug mL™)
were 0.717 (INO), 1.11 (XAN) and 6.40 (UA). These results corroborate the highest
selectivity of the MIP for INO followed by HYP, XAN and UA in agreement with the
conclusions extracted from Fig 3(a) and Tables 1 and 2.

In summary, both swelling and selectivity studies suggest that shape selectivity is not
the dominant mechanism for molecular recognition. First of all, among the different
ATP derivatives assayed, the highest binding affinity is found for INO which has
different shape and greater size than the dummy template, TPH; consequently, it would
experience steric exclusion in the high affinity binding cavities. Secondly, as stated in
section 3.1 the MIP is a non-porous matrix gel which swells in water but only a quarter

the value reached in the porogen.

Conversely, as discussed by Simon et al. [54] pre-organization of functional groups may
dominate the performance of MIPs designed for analytes with three or more functional
groups capable of hydrogen bonding interaction with the functional monomer. Thus, the
MIP may not require an exact recreation of the shape and distance parameters for
binding ATP derivatives due to the presence of 2 to 4 H-donor groups and 3 H-acceptor
groups per analyte molecule, besides abundance of low affinity binding sites within the
MIP. On the other hand, the MIP- analyte interaction seems to diminish upon increasing
the number of carbonyl (C=0) groups either in the pyrimidine ring or imidazole ring of
the ATP derivatives, whereas the extra three OH groups of INO may promote

adsorption despite the larger size of the molecule.

13



3.2.2. Cross-selectivity properties

The performance of the MIP was evaluated in the presence of a mixture of INO, HYP
and XAN as ATP degradation compounds to estimate its applicability in real samples.
UA was not included in cross-selectivity studies due to the poor adsorption observed in
individual selectivity analysis. Fig. 3 (b) shows the FI in log K-log N format for cross-
selectivity experiments. Apparently the plot is similar to the one described in Fig 3 (a)
for individual selectivity assays: the INO line lies above the HYP and XAN lines which
crossed each other. Nonetheless, the /F values differ from the individual selectivity
assays. The average imprinting factor for HYP (2.06) was higher than for INO (1.32),
while the IF,was 5.88 and 2.37 for HYP and INO respectively. Accordingly, the

average SF value for HYP related to INO was 1.56, although the SF,,,, increased up to
3.92 at the lowest concentration studied. Concerning XAN, the IF,  was 4.70 for the

lowest concentration tested with a corresponding SF compared to HYP of 1.25,
however, the IF was below 1 for higher amounts of XAN, indicating unspecific
adsorption. In short, according to cross-selectivity studies, the MIP can be used as
sorbent in MSPD procedure to determine HYP and INO in fish samples, since the MIP
had demonstrated its efficiency to discriminate and pre-concentrate these compounds
among all the ATP derivatives.

3.3. Optimization of the MIP-MSPD procedure

The influence of several parameters, such as the ratio of sample to MIP sorbent, the pH
of the sorption process, the washing solvent or the elution solvent, on MIP-MSPD
efficiency was investigated. A suitable sample/sorbent ratio in MSPD process could
increase the interface area between the analytes and sorbent and allow complete
sorption of the sample components to facilitate their transfer into sorbent. In the same
way, the sequence and design of an elution profile should strive to retain the target
analytes on the MIP with a high degree of specificity, while removing the sample matrix
interferences as much as possible. Moreover, the MIP pre-packed in the bottom of the
cartridge could act as MSPD sorbent for further removing interfering matrix

components and isolate analytes to perform high recoveries [55].

14



3.3.1. Optimization of sample/sorbent ratio

Ratios of sample to sorbent typically range from 1:1 to 1:4, since higher or lower ratios
often lead to lower recoveries because the packing material in the cartridge is more
heterogeneous [56-62]. Therefore, ratios of sample/sorbent ranging from 1:1 to 1:3 were
evaluated. Recoveries (R) increased from 50 to 100% upon increasing the sample:
sorbent ratio from 1:1 to 1:2 (AR ~ 50%), then remained constant within experimental
error. Accordingly, 1:2 was applied as optimum sample/sorbent ratio in the subsequent

studies in order to obtain the best recoveries with the lowest polymer consumption.

3.3.2. Optimization of sorption process

pH is an important factor in the sorption process, because pH not only affects the
properties of the sorbent surface, but also influences the target analyte speciation in
solution and the extent of dissociation of functional groups on the actives sites of the

sorbent [63].

HYP is a purine with pK, values of pK;= 1.79-1.90 for N7, pK,= 8.70-8.91 for the
amine group close to carbonyl group and pKj;= 10.27-12.07 for the amine group at 9
position of the purine at 25°C (the atoms in the purines are named from 1 to 9 following
conventional nomenclature rules) [64]. Under strong acidic conditions (pH< 2), N7 wins
one H" and HYP" becomes the main form while at alkaline pH, HYP is present
predominantly in the dissociated forms HYP  and HYP*. The prevalence of HYP
charged forms decreases the molecular recognition at the imprinting sites, reducing the
sorption efficiency. Thus, the pH of the sorption step should be adjusted to neutral or
slightly acidic conditions to promote extraction of neutral HYP. Moreover, these pH

conditions are close to the isoelectric point (IP) of HYP (= 5) [65]; at this pH value

15



HYP does not have any electrical charge and maximum sorption may be expected. On
the other hand, only at the strongest acidic conditions (pH<1), acrylamide turns into
AM" (the carbonyl oxygen is protonated) [66] within the MIP. Under these pH
conditions, HYP and AM are positively charged and electrostatic repulsive interaction

between HYP and MIP occurs, leading to a decrease in molecular recognition.

To prove the influence of pH on the sorption process, HYP solutions (182.5 ug mL™") in
water: ethanol (9:1) were prepared at pH values spanning from 2 to 8 by addition of
hydrochloric acid or sodium hydroxide solutions; then, sorption experiments were
carried out following an experimental procedure similar to batch binding. According to
the preceding paragraph, quantitative sorption was obtained at pH > 5 (Fig. 4(a)). At
slightly acidic and neutral conditions hydrogen bonding between the analyte and AM is
maximized, whereas ionic interactions are not significant. Therefore, pH values ranging
between 5 and 8 are considered the optimum pH conditions for the MSPD procedure to

achieve the highest sorption capacity, conditions which are already found in fish meat.

3.3.3. Optimization of the clean-up procedure

It is generally recommended to use a solvent in the washing step as similar as possible
to the nature of the sample [59]. Nonetheless, the ATP derivatives are highly water-
soluble compounds and the use of the aqueous mixture, proposed as sample stimulant,
probably elutes a significant portion of HYP retained in the MIP at this stage.
Consequently, different washing solvents were investigated in order to remove the non-
polar fraction, containing fats and other less polar compounds present in fish samples,

and promote total retention of the analyte within the MIP. The solvents assayed are in
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increasing order of polarity: n-hexane, dicloromethane, the mixture n-hexane:

dichloromethane (1:1) and acetonitrile.

No HYP was eluted when n-hexane was employed as washing solvent whereas the other
solvents tested eluted target purines. The amount eluted increased with the solvent
polarity. Different volumes of n-hexane, ranging from 1 to 4 mL, were further
investigated. The experimental results indicated that a volume lower than 1 mL was not
sufficient for purification, while 2 mL of n-hexane were found to be the appropriate

washing volume.

3.3.4. Optimization of the elution process

The elution solvent should have enough elution ability to desorb the analyte and
facilitate additional sample treatments. Initially, the optimization of the elution step was
performed using a series of common elution solvents including water:AcOH (4:1),
water:AcOH (9:1), water:AcOH (99:1), water:TFA (99.5:0.5) and water: TFA (99:1)
respectively. Poor recoveries were obtained for HYP in all situations (2-13%), probably
due to the fact that HYP remains neutral and strongly bound to AM within the MIP. It
seemed clear that strong basic conditions converting HYP in the deprotonated forms are
needed to remove it from the imprinted cavities. Thus, several ammonium hydroxide
solutions in water at pH 9, 11 and 12.5 were evaluated as elution solvent. The solution
at pH 12.5 was ammonium hydroxide (25% in water) commercial solution, while pH 11
solution (5.55 M) was prepared by dilution from the latter and pH 9 solution (5.55 x 10
® M) was prepared by dilution from an intermediate solution of 0.01 M. The HYP
elution profile was investigated in the MIP (Fig. 4 (b)). Best recoveries were obtained

by using ammonium hydroxide commercial solution (pH 12.5).
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Despite the fact that pH 12.5 lead to optimal elution conditions, several practical
drawbacks on the application of MIP-MSPD procedure to real samples makes pH 9 the

best option for final application.

From another point of view, the volume of the elution solvent loaded on the cartridge
affects the recovery of HYP: small volumes lead to incomplete elution whereas
excessive volumes would require a longer dryness step. After several trials, 4 mL was
found to be the optimum volume. In fact, this volume of elution solvent is frequently

used in MSPD procedure.

3.4. Validation of the MIP-MSPD-UPLC-PDA method

To validate the procedure, two methods of quantitative evaluation of the analysis were
compared by statistical treatment and direct comparison: external calibration and
standard additions [67]. External calibration curves were plotted for HYP and INO with
concentration ranging from 0.05 to 25 ug mL™' and standard addition curves were
plotted preparing duplicate base “zero” samples and standard addition samples from
10.00 to 40.00 ug mL™". Statistical treatment applying the t-test for the slopes of the
calibration curves has shown matrix effect for both compounds in fish samples. The use
of the method of standard additions for the quantification of these compounds in the

studied samples was thus preferred.

This MIP-MSPD-UPLC-PDA method was validated in terms of linearity, limits of
detection (LOD), limits of quantification (LOQ) and precision under the selected
optimum conditions. The linearity of the method was tested for HYP and INO, since
selectivity experiments demonstrated that the MIP is suitable to determine both

compounds. Calibration curves were constructed by performing the linear regression
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analysis using the chromatographic peak areas measured at three increasing spiked
levels in a range of 10.00-40.00 ug mL™". This range was selected according to the ATP
derivatives levels in hake samples [68-69]. The results showed good linearity for the
analytes with correlation coefficients of 0.9987 for HYP and 0.9986 for INO. Detection
and quantification limits were calculated according to a procedure described by Shabir
[70] using the calibration graphs, being LOD=yB+3xSB and LOQ=yB+10xSB.
Representing yB (blank signal) = a (intercept of the calibration graph) and SB (standard
deviation of the blank) = Sy/x. Relative standard deviations (RSDs) were evaluated by

performing replicate analysis of the middle spiked level (20 pg mL™) (Table 3).

Precision was calculated in terms of intra-day repeatability and inter-day
reproducibility. The intra-day repeatability was performed by analyzing spiked fish
samples five times in one day at three different fortified concentrations (10.00, 20.00
and 40.00 pg mL™") for HYP and INO. RSDs values lied between 0.84% and 7.50% for
HYP and between 1.05% and 13.0% for INO. The inter-day reproducibility was
performed similarly over three consecutive days and RSDs were in the range of 2.84-

8.91% for HYP and 2.68-13.6 for INO.

3.5. Analysis of fish samples

To evaluate the performance of the proposed MIP-MSPD-UPLC-PDA method, three
commercial defrosted hake samples were pretreated under MIP-MSPD procedure. The
results which are shown in Table 4 lie well above the quantification limit except for
sample 1. Besides, INO values were greater than those of HYP, according to the trend
shown by most fish species studied in subsequent days after the capture [68-69].

Moreover, a recovery study was carried out to develop a more detailed analysis of the

sample matrix effect by spiking three different levels of HYP and INO into the hake
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samples (10.00-40.00 pg mL™). High recoveries were obtained after MIP-MSPD pre-
treatment. Recoveries ranged from 103.1% to 113.4% with an average RSD < 4.2% in
all cases (Table 5).

As a final point, endogenous interferences from the fish muscle were eluted out in the
washing fraction so that clean chromatograms of both original and spiked samples were
obtained at the end of the process, demonstrating the excellent purification ability and
high affinity and selectivity of the MIP-MSPD protocol for HYP and INO; hence, it can
be potentially applied for the determination of these compounds in complicated bio-

matrix samples (Fig. 5).

4. Conclusion

A novel, simple and reliable MIP-MSPD-UPLC-PDA method was developed for
selective extraction and purification of HYP and INO ATP derivatives used as freshness
index in fish samples. The method is based on the selective retention of HYP and INO
(at pH near /P in neutral forms) in a polar sorbent (MIP), elimination of less polar
interferences with n-hexane and selective elution of the analytes with NH4OH aqueous
solution at pH 9 (anionic forms). The method has been validated by analyzing three
commercial defrosted hake samples at spiked levels of 10.00-40.00 pg mL™. All
recoveries were around 100% and RSD of repeatability and reproducibility were <
4.2%.

The developed method combines the high affinity and selectivity of MIP technology
with the simple, rapid and efficient sample pre-treatment of MSPD plus the highly
effective separation of UPLC, to achieve a significant time reduction of the total

analytical process. In addition to the analytical advantages, the method has other

20



practical improvements over conventional methods of sample treatment, such as lower

cost, lower consumption of organic solvents and simple instrumentation involved.
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Fig. 1. Schematic procedure of MIP-MSPD: (A) Sample-MIP sorbent blending, (B)
transfer blend to cartridge, (C) washing and elution under vacuum, (D) washing eluate
(hexane) to be evaporated, (E) redisolution of D in Milli-Q water and (F) basic

extraction eluate containing the ATP derivatives

Fig. 2. (a) Adsorption isotherm of HYP on MIP and NIP in the range 5.246-726.3 ug
mL™", (b) Fitting plots of MIP and NIP with the Freundlich isotherm model, (c) Binding
affinity distribution for MIP and NIP within the analytical window derived from the
fitting parameters of the Freundlich equation

Fig. 3. (a) Individual selectivity log-log Freundlich isotherms of HYP, INO, XAN, UA
on MIP, (b) Cross-selectivity log-log Freundlich isotherms of HYP, INO and XAN on

MIP

Fig. 4. (a) Sorption of HYP on MIP as function of pH (MIP dose: 0.2 g, solution
volume: 4 mL, US contact time: 5 min, room temperature), (b) Influence of the elution
solvents (4 mL) on the % HYP recovered

Fig. 5. Chromatograms of the hake samples (— hake sample --- spiked hake sample)

after the MIP-MSPD protocol
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Novel water compatible MIP-MSPD method for extraction of HYP and INO from fish
The total analysis time was significantly reduced with this sample pre-treatment
Low consumption of organic solvents and simple instrumentation were involved

Great recoveries in the 103.1-113.4% range were reached with an average RSD <4.2%

Table 1. Isotherm parameters for HYP on MIP and NIP estimated by fitting data to the

Freundlich isotherm model

1 o
Compound Polymer Relative coefficient (R)  m N \_gs (nmol g7) Kxixs (MY

HYP MIP 0.956 0.940 2.706 7.95E+2
NIP 0.854 0.999 0.028 3.16E+2
Ratio MIP/NIP 96.9 2.51

Table 2. Individual selectivity parameters for INO, XAN and UA on MIP and NIP

estimated by fitting data to the Freundlich isotherm model

*
Relative N | o7l Kxi«ks
Compound Polymer 5 m Ki-ks (nmol g7) A
coefficient (R”) 1
M)
MIP 0.996 0.875 1.897 2.50E+3
INO
NIP 0.904 0.834 1.576 6.18E+2
Ratio MIP/NIP 1.20 4.04
MIP 0.978 0.736 0.788 2.47E+3
XAN
NIP 0.805 0.884 0.545 1.63E+3
Ratio MIP/NIP 1.45 1.51
UA MIP 0.825 0.877 0.531 2.14E+3
NIP 0.874 0.461 1.850 3.17E+3
Ratio MIP/NIP 0.29 0.67

Table 3. Features of the MIP-MSPD-UPLC-PDA method (n = 5)

RSD

Analytes Regression equation R’ LOD (ugmL™") LOQ (ug mL™) (%)
()

HYP y=8429x+6.59x 10> 0.9987 1.702 5.672 0.8
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INO y=47.83x+4.82x10° 0.9986 1.785 5.950 0.7

Table 4. Contents of the nucleotides in hake samples (n = 3)

Hake sample HYP pg mL™*' INO g mL"!
1 D* D*
2 12.55 13.34
3 7.821 10.08

* Detectable but not quantifiable
Table 5. Recoveries of the MIP-MSPD-UPLC-PDA method for spiked hake samples (n

=3)
10.00 pg mL™! 20.00 pg mL™! 40.00 pg mL™!
Spiked level of
Recovery RSD Recovery RSD Recovery RSD
the analytes

(%) (%) (%) (%) (%) (%)

HYP 113.4 4.0 110.9 2.2 106.5 1.5

INO 111.2 4.2 108.2 1.7 103.1 2.1
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Novel water compatible MIP-MSPD method for extraction of HYP and INO from fish
The total analysis time was significantly reduced with this sample pre-treatment
Low consumption of organic solvents and simple instrumentation were involved

Great recoveries in the 103.1-113.4% range were reached with an average RSD <4.2%





