
D
f
a

R
H

a

A
R
R
A
A

K
Z
c
M
S
S
R

1

(
y
S
p
I
i
b
p
u
q
e
n
a
h

d
m
m
r

0
d

Talanta 85 (2011) 950– 957

Contents lists available at ScienceDirect

Talanta

jo u r n al hom epage: www.elsev ier .com/ locate / ta lanta

evelopment  of  a  molecularly  imprinted  polymer  for  selective  extraction
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a  b  s  t  r  a  c  t

A  novel  water-compatible  molecularly  imprinted  solid-phase  extraction  (MISPE)  combined  with  zwit-
terionic  hydrophilic  interaction  liquid  chromatography  (ZIC-HILIC)  method  for  selective  extraction  and
determination  of  sitagliptin  in rat  serum  and  urine  was  developed  and  validated.  The  effects  of progenic
solvents,  pH,  cross  linker  and  amount  of monomer  were  studied  to  optimize  the  efficiency  and  selec-
tivity.  The  adsorption  kinetics  and  isotherms  were  measured.  The  molecularly  imprinted  polymer  (MIP)
showed  good  specific  adsorption  capacity  with  an optimum  of  180  mg/g  at  pH  7.5  and  selective  extraction
eywords:
witterionic hydrophilic interaction liquid
hromatography (ZIC-HILIC)
olecularly  imprinted polymer

olid-phase extraction
itagliptin
at  plasma

of  sitagliptin  from  rat  plasma  and  urine.  The  recovery  of sitagliptin  from  rat  urine  and  plasma  was >98%.
The  limits  of  detection  (LOD)  and  quantification  (LOQ)  were  0.03  and  0.10 �g/L  respectively.  The  pro-
posed  method  overcomes  the  matrix  effects  of phospholipids  generally  encountered  while  preparation
of  plasma  samples  by  precipitation  of  proteins.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Sitagliptin, (2R)-1-(2,4,5-trifluorophenyl)-4-oxo-4-[3-
trifluoromethyl)-5,6-dihydro[1,2,4]triazolo[4,3-a]pyrazin-7(8H)-
l]butan-2-amine (see Electronic Supplementary Material, Fig.
1), is an orally active, potent and selective inhibitor of dipeptidyl
eptidase-IV (DPP-IV), for treatment of type 2 diabetes [1,2].

t also improves glycemic control and regulates the growth of
nsulin producing �-cells in pancreatic islets [3,4]. Sitagliptin has a
ioavailability of 87% and exhibits low reversible binding to plasma
roteins [5]. The majority of sitagliptin is excreted unchanged in
rine [6,7]. Thus development of analytical methods capable of
uantifying sitagliptin at low biologically active concentration is
ssential not only for understanding its pharmacological mecha-
ism and therapeutic drug monitoring (TDM). Its pharmacokinetic
pplications require highly sensitive and selective assays with
igh sample throughput capacity.

In the literature, several analytical methods were found for
etermination of sitagliptin in biological fluids. However, these

ethods are not only time consuming, require expensive instru-
entation but also affected by matrix effects and have low

ecoveries. Recently, sitagliptin was quantified in human plasma

∗ Corresponding author. Tel.: +91 40 27193193; fax: +91 40 27160387.
E-mail  address: rnrao@iict.res.in (R.N. Rao).

039-9140/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2011.05.002
by liquid–liquid extraction followed by LC-MS/MS [8]. However,
the method not only required relatively large amount of plasma
(500 �L) but also the average recovery of sitagliptin was less than
68%. The retention of sitagliptin (2.8 min) and internal standard
(IS) fluoxetine (2.9 min) on C18 column were poor. Turbulent flow
online extraction with tandem mass spectrometry was also used
for determination of sitagliptin in biological fluids [9,10]. Multi-
dimensional liquid chromatography could provide high resolution,
but at the expense of significant material losses and increased
costs with each additional chromatographic step. Protein precipi-
tation, liquid–liquid extraction and solid phase extraction (SPE) are
the common techniques used for sample preparation of biological
materials. Plasma phospholipids are one of the major contribut-
ing sources of matrix effects in protein precipitation based sample
preparation techniques [11]. SPE is the most popularly used tech-
nique for its advantages like time and cost saving application and
minimal consumption of organic solvents [12]. However, one of
the major drawbacks associated with SPE is the low selectivity.
Therefore, it is important to develop techniques for the rapid and
selective extraction of sitagliptin from biological matrices.

Molecularly imprinted polymers (MIPs) possess pre-defined
specific cavities designed for target molecules. These are sta-

ble to extremes of pH, organic solvents and temperature which
provides for more flexibility in the development of bioanalyti-
cal methods [13–15]. MIPs found a broad range of applications
including synthesis and catalysis [16], controlled drug delivery



anta 8

s
p
t
s
i
t
c
m
i
o
h
t
i
i
i
s
s
t
u
t
m

s
o
s
w
c
u

2

2

(
m
i
g
p
(
a
b
(
v
f
d
o
p
(
−

2

M
D
(
a
P
d
t
(
M

R.N. Rao et al. / Tal

ystems [17], sensors [18] and separations [19]. Use of MIPs as
acking materials in molecularly imprinted solid phase extrac-
ion (MISPE) is relatively a new concept in clean-up of biological
amples [20,21]. High affinity binding sites are generated by form-
ng covalent/non-covalent pre-association complexes between the
emplate molecules and appropriate functional monomers. The
omplex is then trapped within highly cross-linked polymeric
atrices. Removal of the template molecule creates a polymer cav-

ty with appropriately positioned functional groups [22]. The use
f such MIPs as adsorbents may  facilitate SPE for development of
ighly selective and sensitive methods for analysis of low concen-
rations of drugs in biological matrices. The MIPs for SPE can be used
n different modes, (i) conventional, where the MIP was packed
nto cartridges [23,24] and (ii) batch mode, where the MIP  was
ncubated with the sample [25]. The batch mode using automatic
olid phase extractor provides a way towards high throughput
ample preparations. Another advantage of MIP-based SPE, relates
o the high selectivity of the sorbent and efficient sample clean-
p. To the best of our knowledge, there was no MIP based SPE
echnique reported earlier to determine sitagliptin in biological

atrices.
The present manuscript deals with the preparation of a

itagliptin imprinted polymer via non-covalent self-assembly
f specific functional monomer units. Its selectivity for
itagliptin compared to commonly co-administered drugs
as assessed. A zwitterionic hydrophilic interaction liquid

hromatography (HILIC) for the analysis of the extracts was
sed.

. Experimental

.1. Materials

Methacrylic acid (MAA) and ethylene glycol dimethacrylate
EGDMA) inhibited with 250 mg/L hydroquinone and 100 mg/L

onomethyl ether hydroquinone, respectively and 2,2-azobis
sobutyronitrile (AIBN) (Sigma–Aldrich, Banglore, India) of reagent
rade were used. EGDMA, MAA  were distilled in vacuum
rior to use to remove stabilizers. Acetonitrile (ACN), methanol
MeOH), dimethylformamide (DMF), dimethylsulphoxide (DMSO),
cetic acid, and ammonium acetate (SD Fine Chemicals, Mum-
ai, India) were used. Glass-distilled and de-ionized water
Nanopure, Barnsted, USA) was used. Sitagliptin, pioglitazone, sim-
astatin, metformin, atorvastatin, acetaminophen, caffeine, ibupro-
en, pheniramine, dextromethorphan, nicotine, pseudoephedrine,
iphenhydramine, acetylsalicylic acid and phenylephrine were
btained from local industries in Hyderabad, India. Drug-free rat
lasma and urine were obtained from the Pharmacology Division
Indian Institute of Chemical Technology, Hyderabad) and stored at
20 ◦C until use after gentle thawing.

.2.  Apparatus

An  HPLC system consisting of two LC-20AT pumps, an SPD-
20A diode array detector (PDA), a SIL-20AC auto sampler, a
GU-20A3 degasser and a CBM-20A communications bus module

all from Shimadzu, Kyoto, Japan) was used. The chromatographic
nd the integrated data were recorded using an HP-Vectra (Hewlett
ackard, Waldron, Germany) computer system using LC-Solution

ata acquiring software (Shimadzu, Kyoto, Japan). Scanning Elec-
ron Microscope (SEM) (Hitachi S-3000N) and FT-IR spectrometer
Thermo Nicolet Nexus 670 USA) were used for characterization of

IPs and non imprinted polymers (NIPs).
5 (2011) 950– 957 951

3.  Methods

3.1. Preparation of MIPs and NIPs

The template (sitagliptin), functional monomer (MAA), cross-
linking monomer (EGDMA), and initiator (AIBN) were mixed in
25 mL  DMSO in a 25 mL  thick walled glass tube. The mixture was
uniformly dispersed by sonication for 20 min  and a stream of nitro-
gen was passed for one minute. The solution was  incubated at 60 ◦C
for 48 h. Fig. 1 depicts the synthesis process of sitagliptin imprinted
polymers. A NIP was prepared by the same procedure. The hard
polymers thus obtained were crushed. After the polymerization and
drying, the polymer particles were washed with 1% acetic acid in
MeOH for three times and with distillated water two times. The
complete removal of template was followed by HPLC.

3.2.  Working standards

Primary  stock solutions of sitagliptin, pioglitazone, simvas-
tatin, metformin, atorvastatin, acetaminophen, caffeine, ibupro-
fen, pheniramine, dextromethorphan, nicotine, pseudoephedrine,
diphenhydramine, acetylsalicylic acid and phenylephrine were
prepared in MeOH (1 mg/mL). Working standards of drugs in
mobile phase (ACN: 15 mM ammonium acetate (pH 4.5) 90:10,
v/v) were prepared from the primary stocks. All the solutions were
stored in dark at 4 ◦C and brought to room temperature before use.

3.3. Rebinding experiments

Batch  adsorption experiments were conducted to evaluate the
binding affinity of the polymer as reported elsewhere [26]. The gen-
eral procedure for extraction of sitagliptin is shown in Fig. 2. The
free concentration of sitagliptin after the adsorption was monitored
by HPLC at 268 nm.  Three replicate extractions and measurements
were performed for each aqueous solution. The adsorbed sitagliptin
was desorbed from the MIP  by treatment with 2 mL  of MeOH with
acetic acid (99:1, v/v) after sonication for 10 min. The sitagliptin
concentration in the aqueous phase was  determined. Similar pro-
cedure was followed for NIP particles.

3.4. MISPE conditions for rats’ plasma and urine samples

50  mg  of MIPs and NIPs were packed into 1 mL  empty SPE car-
tridges and conditioned sequentially with 2 mL  MeOH, 1 mL of 0.1%
acetic acid and 2 mL  of ultra-pure water. After conditioning the
MISPE cartridge was thoroughly dried under vacuum. Protein pre-
cipitation of plasma and urine solutions were performed by adding
5 mL  of plasma/urine sample to a 10 mL  volumetric flask and the
solutions were diluted up to the mark with 25 mM ammonium
acetate (pH 4.5), vortexed for 5 min  and were centrifuged for 20 min
at 2500 rpm. Filtrates were collected in glass containers and stored
at −20 ◦C until the analysis was performed. 2 mL of the filtered
supernatants were loaded on to the cartridges and elution was per-
formed by passing 1 mL  of 1% acetic acid solution in MeOH. 10 �L
of this elute was injected onto the analytical column for analysis
by HPLC. Fig. 3 shows the schematic representation of extraction
procedure followed for rats’ plasma and urine.

4. Results and discussion

4.1.  Optimization of MIP  formulation and progenic solvent
There  are different variables viz. amount of monomer, nature of
cross-linker and solvent that affect the final characteristics of the
obtained materials in terms of capacity, affinity and selectivity for
the targeted sitagliptin. An optimized combination of cross-linker
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Fig. 1. Synthesis process fo

nd functional monomer minimizes non-specific binding. Primary
xperiments showed that the imprinted polymers prepared in
MSO have better molecular recognition ability than those pre-
ared in MeOH and DMF  in aqueous environment (see Electronic
upplementary Material, Fig. S2). Different formulations of MIPs
repared in DMSO with improved molecular recognition capabil-

ties have been used. Generally, proper molar ratios of functional
onomer to template are very important to enhance specific affin-

ty of polymers and number of MIPs recognition sites. High ratios of
unctional monomer to template result in high non-specific affin-
ty, while low ratios produce fewer complexation due to insufficient
unctional groups [27]. Four molar ratios of the monomer MAA  to

he template of 2:1, 4:1, 6:1 and 8:1 were tried experimentally. The
ptimum ratio of functional monomer to template for the specific
ebinding of sitagliptin was found to be 4:1 (Table 1), therefore,

 typical 4:1:64 template: monomer: cross-linker molar ratio was

Fig. 2. General procedure to check the rebinding
liptin imprinted polymer.

used  for further studies. Examination of the recoveries of aqueous
samples clearly illustrates that the developed MIP  is highly water
compatible (i.e. applicable in the aqueous environment) giving a
high recovery of the analytes (98.94%), with a low contribution
due to non-specific adsorption of sitagliptin to the polymer surface
(Table 1).

4.2.  Characterization

FT-IR (KBr) spectrum (see Electronic Supplementary Material,
Fig. S3) of NIP, unleached and leached MIPs displayed character-
istic peaks, indicating the similarity in the backbone structure of

the polymers. The stretching and bending vibrations in the leached
MIP materials were shifted to 3446 cm−1 and 1456 cm−1 compared
to 3460 cm−1 and 1461 cm−1 in the unleached MIP  materials due
to the hydrogen bonding between the carboxyl group of MAA  and

 affinity of sitagliptin imprinted polymers.
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ig. 3. Extraction of sitagliptin from rats’ plasma and urine samples using MISPE.

he hydroxyl group of leached MIP  materials. Stretching vibration
f carbonyl groups (1731–1733 cm−1) matched well with those of
IP, as well as NIP. The size of the sieved MIPs and NIPs after

rushing was between 10 and 20 �m as determined by SEM (see
lectronic Supplementary Material, Fig. S4).

.3. Effect of pH

It  was observed that efficient imprint rebinding is possible in
queous buffer solutions, showing high binding affinity and selec-
ivity as a result of hydrophobic interactions. The effect of pH on
he rebinding efficiency of sitagliptin was investigated by varying
he solution pH from 4.0 to 8.0 (Fig. 4). Several batch experiments
ere performed by equilibrating 50 mg  of the imprinted particles
ith 5 mL  of solutions containing 100 �g/mL of sitagliptin under

he desired range of pH. It was observed that sitagliptin underwent
omplete rebinding/elution at pH 7.5.

.4. Adsorption kinetics
To  investigate the adsorption kinetics of the MIP  of sitagliptin,
00 mg  MIP  was dispersed in 10 mL  sitagliptin solution with an

nitial concentration of 1.0 mg/mL  in a 25 mL  flask and the sealed
ask was placed in a thermostat at 25 ◦C. 100 �L samples were col-

able 1
ompositions and comparisons of the extraction of sitagliptin from sitagliptin stan-
ard solution (5 mL,  100 �g/mL) using 50 mg  of various polymers as sorbents at pH
.5, elute 1 mL  MeOH with 1% AcOH.

Polymer MAA
(mmol)

Sitagliptin
(mmol)

EGDMA
(mmol)

AIBN
(mmol)

Extraction  (%)
(mean  ± SD)a

MIP1 0.5 0.25 16 0.082 64.1 ( ± 3.1)
MIP2 1.0 0.25 16 0.082 98.9 ( ± 1.7)
MIP3 1.5 0.25 16 0.082 71.3 ( ± 2.3)
MIP4 2.0 0.25 16 0.082 53.2 ( ± 2.6)
NIP1 0.5 0.00 16 0.082 24.8 ( ± 1.2)
NIP2 1.0  0.00 16 0.082 22.4 ( ± 2.9)
NIP3 1.5 0.00 16 0.082 25.3 ( ± 2.4)
NIP4 2.0  0.00 16 0.082 31.1 ( ± 2.8)

a Average of five determination.
Fig. 4. Recoveries obtained using MIP  and NIP polymers at different pH.

lected after an hour interval, and concentrations were determined
by HPLC. Adsorption quantity was calculated by the following equa-
tion:

Qt = (C0 − Ct) V

m

where  Qt (mg/g) is the experimental adsorption quantity at differ-
ent times, C0 (mg/mL) is the initial concentration of sitagliptin, Ct

(mg/mL) is the concentration of sitagliptin at different times, V (mL)
is volume of sitagliptin solution, and m (g) is weight of the MIP.

Fig.  5a shows the adsorption kinetic curve of MIP  binding
sitagliptin. It could be observed from the kinetic curve that the
adsorption quantity increased rapidly and about half of the total
adsorption quantity was achieved during the first 2–3 h. After this
period, adsorption rate slowed down and equilibrium was reached
at about 8 h. The explanation for the adsorption process exhibiting
two different steps is that the recognition sites on the surfaces of
MIP  profits the combination with sitagliptin molecules in the first
period, and then the mass transfer barrier for sitagliptin into the
internal binding sites results in the slow adsorption rate after the
surface binding sites getting saturated.

4.5. Measurement of adsorption capacity

The capacity of the sorbent is an important factor that deter-
mines how much sorbent is required to remove a specific amount
of drug from the solution quantitatively. To measure the adsorption
capacity of MIP  and NIP absorbents, experiments were performed
like rebinding experiments and the isothermal adsorptions are
plotted in Fig. 5b. According to the results, the maximum amount of
sitagliptin adsorbed by MIP  was  found to be 180 mg/g at pH 7.5. For
higher sitagliptin amounts, a slight increase of retained sitagliptin
was observed on MIP  capacity curve. As all the accessible specific
cavities of the MIP  are saturated, the retention of the analyte was
only due to non-specific interactions which can be approximately
identical to MIP  and NIP polymers.

4.6. MIP selectivity

To  evaluate the specificity of MIP  for sitagliptin batch rebinding
experiments were performed. For this, 5 mL of initial concentra-
tions of sitagliptin (Ci,), 100 �g/mL, was  extracted by 50 mg  of
imprinted material at pH of 7.5 on MIP  and NIP. Once the sys-

tem has been equilibrated, the concentration of free sitagliptin (Cf)
in solution is measured and the mass (m) of template adsorbed
to the MIP  calculated. KD, distribution factor (mL/g) of sitagliptin
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Fig. 5. (a) Adsorption kinetic curve of MIP  adsorbing sitagliptin (b) Effect o

etween the MIP  particles and aqueous solution was determined
y the following equation:

D = (Ci − Cf)
mCf

V (1)

here  V is the volume of initial solution.
Selectivity coefficients for sitagliptin (Ksel

Sitagliptin/j) relative to for-
ign compounds was defined as the ratio of distribution factors (KD)
itagliptin and foreign compounds (j).

sel
Sitagliptin/j = KSitagliptin

D

K j
D

(2)

he  relative selectivity factor K′ was also determined by the follow-
ng equation:

′ = K(MIP)
K(NIP)

(3)

here K(MIP) and K(NIP) are selectivity coefficient for MIP and NIP,
espectively. These parameters are given in Table 2. A representa-
ive chromatogram is shown in Fig. 6, which indicates that MIP  is
ighly selective for sitagliptin recognition than NIP, either in urine
r plasma samples.

.7.  HPLC method development
Sitagliptin  is relatively a polar compound having high solubil-
ty in water. Preliminary attempts using reversed-phase HPLC were
ot successful. HILIC has one of the highest degrees of orthogonality

able 2
electivity of sitagliptin (obtained after the loading of the MIP  and NIP cartridges
ith  5 mL  of urine solution spiked with 100 �g/mL sitagliptin, at pH 7.5).

Analyte KD (MIP)
(mL/g)

KD (NIP)
(mL/g)

Ksel (MIP) Ksel (NIP) K′

Sitagliptin 1598 36 – – –
Pioglitazone 89 34 18.0 1.0 18.0
Simvastatin 72 35 22.2 1.0 22.2
Metformin 30 28 53.3 1.3 41.0
Atorvastatin 28 25 57.1 1.4 40.8
Acetaminophen 77 30 20.8 1.2 17.3
Caffeine 67 29 23.8 1.2 19.8
Ibuprofen 48 37 33.3 1.0 33.3
Pheniramine 51 29 31.3 1.2 26.1
Dextromethorphan 52 31 30.7 1.2 25.6
Nicotine 53 29 30.2 1.2 25.2
Pseudoephedrine 92 48 17.4 0.8 21.8
Diphenhydramine 57 35 28.0 1.0 28.0
Acetylsalicylic acid 60 42 26.6 0.8 33.2
Phenylephrine 67 31 23.8 1.2 19.8
gliptin concentration on the retention capacities of MIP  and NIP at pH 7.5.

to reversed-phase liquid chromatography (RPLC) [28]. Zwitterionic
separation materials (polymeric sulfoalkylbetaine in this study)
are uniquely characterized by carrying both positive and negative
charges on the surface. The electrostatic interactions between those
two  oppositely charged groups in close proximity at a stoichio-
metric ratio relatively weaken the interactions of this stationary
phase with the charged analytes when compared to normal ionic
exchangers such as strong-cation exchange (SCX) [29–32].

The  HPLC method was  developed using Merck ZIC-HILIC Column
(100 mm × 4.6 mm × 5 �m).  Mobile phase, ACN and 15 mM  ammo-
nium acetate (pH 4.5) 90:10, v/v was  filtered through a 0.45 mm
polytetrafluoroethylene (PTFE) filter and degassed by helium purg-
ing. Analysis was carried out under isocratic conditions using a flow
rate of 0.4 mL/min at 25 ◦C. The chromatograms were recorded at
268 nm using a PDA detector.

4.8. HPLC method validation

4.8.1.  Selectivity
No  endogenous components extracted from blank plasma were

eluted at the retention time of the peak of sitagliptin. The developed
method was found to be selective for determination of sitagliptin
without interference from the endogenous constituents of plasma
and urine. The commonly co-administered drugs pioglitazone, sim-
vastatin, metformin, atorvastatin, acetaminophen, caffeine, ibupro-
fen, pheniramine, dextromethorphan, nicotine, pseudoephedrine,
diphenhydramine, acetylsalicylic acid and phenylephrine were
tested for exogenous selectivity. Since, there was  no interferencs
from these drugs, the developed method was considered to be
selective for exogenous as well as endogenous substances.

4.8.2. Calibration curve and linearity
Analysis was  based on the external standard method. Cali-

bration standards were prepared fresh on the day of analysis by
diluting the appropriate working solutions with mobile phase. The
standard calibration curve was  constructed using blank plasma and
urine samples spiked with sitagliptin at five different concentra-
tions from 0.1, 1, 5, 10 and 100 �g/mL. The data were subjected to
statistical analysis using a linear-regression model. The calibration
curves were obtained by weighted linear regression (weighing fac-
tor 1/x2) using Microsoft Excel 2007 software. The suitability of the
calibration model was confirmed by back calculating the concen-
trations of the calibration standards. The developed method was

linear over the tested concentrations with correlation coefficient
r2 = 0.998 (for plasma) and r2 = 0.999 (for urine), the calibration
curve was  described by equation y = 498.22x + 54.50 (for plasma)
and y = 498.01x + 82.78 (for urine).
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.8.3. Accuracy and precision
Two concentrations of sitagliptin viz., 0.1 and 100 �g/mL, in five

eplicates were used to validate the accuracy and precision of the
eveloped method. The results showed that the intra- and inter-
ay accuracy (% bias) for the method ranged between −4.0% and
.0%, respectively (Table 3). The % CV of intra- and inter-day preci-
ion was <11.079%. The developed method was thus found to meet
enerally accepted requirements of accuracy and precision over the
tudied concentration ranges.

.8.4. Limit of detection (LOD) and quantitation (LOQ)
After sample clean-up, the extracts from spiked plasma were

njected into the chromatographic systems. The analysis was  car-
ied out at decreasing concentrations to determine the minimal
oncentration with a signal-to-noise ratio of 3:1. The LOD and LOQ
or sitagliptin in urine and plasma were 0.03 and 0.10 �g/L, respec-
ively.
.8.5. Matrix effects and recovery
The matrix-effects were identified by preparing five blank sam-

les. After sample preparation the aliquot was  injected, while
in in plasma (a) [MIP] and (b) [NIP] and urine (c) [MIP] and (d) [NIP] samples.

infusing  a standard solution of sitagliptin. Quantification of the
matrix-effect was performed by preparing five post-extraction
spiked calibration lines from five different batches of plasma
and urine, followed by comparing the slopes of these calibra-
tion lines with slopes of neat calibration lines. Slope of the neat
calibration curve were 0.002045 (for plasma) and 0.002017 (for
urine). The results showed that the matrix effect was  insignifi-
cant in this method and overall recovery of sitagliptin was 98.94%
(Table 3).

4.8.6.  Stability
Sitagliptin in plasma and urine was  subjected to three

freeze/thaw (−10 to −30 ◦C to room temperature) cycles. The
obtained bias of sitagliptin was  >−2.80% of the theoretical value
and coefficient of variation (CV) was <4.13%. No significant degra-
dation of the sitagliptin was  observed even after 48 h storage period
in the autosampler tray with the bias of >−3.59% and CV < 8.29%.

In addition, the long-term stability of sitagliptin in quality control
samples after 30 days of storage at −10 to −30 ◦C and room temper-
ature stability for 48 h was  also evaluated with the bias of >−3.57%
and >−4.00%, CV < 4.71% and <5.69% respectively.
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Table  3
Intra-  and Inter-assay of sitagliptin in rats’ urine and plasma by developed MISPE-HPLC protocola.

Nominal concentration (in �g/mL)

Plasma Urine

0.100 100.00 0.100 100.00

Individual (intra-run) statistics
Run 1 Mean concentration (�g/mL) 0.101 99.26 0.101 98.92

SD  0.005 1.24 0.011 1.23
Precision  (% CV) 4.911 1.24 11.079 1.25
Accuracy  (% bias) 1.000 −0.74  1.000 −1.08

Run  2 Mean concentration (�g/mL) 0.099 99.14 0.099 98.88
SD  0.007 0.06 0.001 0.85
Precision  (% CV) 7.284 1.06 1.104 0.86
Accuracy  (% bias) −1.000 −0.86 −1.000 −1.12

Run  3 Mean concentration (�g/mL) 0.097 98.62 0.096 99.33
SD 0.002 1.20 0.004 0.57
Precision (% CV) 2.001  1.213 4.191 0.57
Accuracy  (% bias) −3.000 −1.38 −4.000 −0.67

Overall  (inter-run) statistics
Mean  concentration (�g/mL) 0.098 99.78 0.099 99.18
SD  0.002 0.15 0.001 0.63
Precision  (% CV) 1.953 0.15 1.448 0.64
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Overall  recovery = 98.94%

a n = 5, for each concentration level in each individual run.

.8.7. Robustness
A  “Plackett–Burman” design was used to test the robustness of

hromatographic separation. Design of experiment (DOE) is a use-
ul tool as it facilitates the investigation of several parameters at
he same time while reducing the number of experiments [33,34].
ive factors which are likely to be significant in practical use of the
ethod: ACN content of the mobile phase, molarity and pH of the

mmonium acetate buffer, flow-rate and column oven temperature
ere investigated using three variables with upper and lower lim-

ts. The experiments were run randomly with plasma sample spiked
ith 100 �g/mL sitagliptin. The selected responses were capacity

actor (K′), resolution (Rs), number of theoretical plates (N) and tail-
ng factor (Tf). The design matrix with the factor settings is shown
n Table S1 (see Electronic Supplementary Material). Plotting the
caled and centered coefficient plots (see Electronic Supplementary
aterial, Fig. S5) for K′, Rs, N and Tf revealed that different combina-

ions of significant parameters will not drastically affect responses,
o that the developed method was considered to be robust.

.  Conclusions

For the first time, a simple MISPE-HPLC method based on water
ompatible MIP  for extraction of sitagliptin from wistar rats’ plasma
nd urine samples was developed. The sitagliptin MIP  showed
igher molecular recognition than NIP. The prepared MIP  proved to
e very efficient for selective extraction of sitagliptin from plasma
nd urine samples. It has been demonstrated that by exerting
udicious choice and control over polymer composition, the poly-

erization conditions and the analyte analogues used as templates,
t is possible to overcome the practical obstacles that arise fre-
uently during the application of MIPs to the trace analysis of small
olecules. The extraction recovery of the analytes from plasma

nd urine samples was more than 98%. The blockage of MISPE
artridges was observed after loading the rats’ plasma and urine
amples directly on cartridges; to overcome this problem protein
recipitation step was introduced before sample loading.
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