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ABSTRACT:A novel green synthesis strategy was proposed for preparation of multitemplate molecularly imprinted
biopolymers (mt-MIBP) in aqueous media with less consumption of organic solvents, which were subsequently used as sorbents
of ultrasound-assisted dispersive solid-phase extraction (d-SPE) for simultaneous recognition and e� cient separation of B-family
vitamins in juice samples, followed by high performance liquid chromatography (HPLC) determination. The obtained mt-MIBP
was fully characterized by SEM, FT-IR, TEM, and BET. It o� ered high binding capacity, good selectivity, and fast dynamics
toward all the templates. Involved parameters in the d-SPE e� ciency such as mt-MIBP mass, sonication time, and eluting/
washing solvents’ types and volumes were concurrently investigated by central composite design with rapidity and reliability.
Under the optimum conditions, the developed mt-MIBP-d-SPE-HPLC method exhibited wide linear range, low limits of
detection and quanti� cation (LOQs) within 1.2� 5.5 � g L� 1 and 4.0� 18.4� g L� 1, respectively, and appropriate repeatability
(relative standard deviation values below 4.2%,n = 4). The high selectivity of this method makes it suitable for successful
monitoring of vitamins in juice samples with satisfactory recoveries of 75.8� 92.7%, 81.1� 92.5%, and 84.7� 93.8% for vitamins
ribo� avin (B2), nicotinamide (B3), and pyridoxine (B6), respectively. The present study implied highly promising perspectives of
water-compatible eco-friendly mt-MIBP for highly e� ective multiresidue analysis in complicated matrixes.
KEYWORDS:molecularly imprinted polymers, multitemplate imprinting, green synthesis, dispersive solid-phase extraction,
experimental design, vitamins

1. INTRODUCTION

The dramatic increase in the variety of analytical instrumenta-
tion and emerging hyphenated chromatographic techniques
such as gas chromatography� mass spectrometry (GC� MS),
high performance liquid chromatography� � uorescence spec-
trometry (HPLC-FL), and so on allows determination of most
compounds in various matrixes including environmental, food,
and biological samples. Nevertheless, even using highly
sensitive and selective detection techniques like MS, direct
injection of crude extracts is usually not recommended because
of the complexity of most sample matrixes, which can inhibit or
enhance the analyte’s ionization or seriously pollute the

separator/detector.1 Accordingly, e� ective sample preparation
steps before instrumental analysis are critical to identify and
ultimately provide accurate quanti� cation of analytes.2,3 The
signi� cant aims of sample preparation are elimination of matrix
interfering agents and/or analyte preconcentration, and
ultimately conversion of the target compounds into a more
appropriate form for detection or preliminary separation (if
needed). For this regard, solid-phase extraction (SPE), solid-
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phase microextraction (SPME), liquid� liquid microextraction
(LLME), matrix solid-phase dispersion (MSPD), and so on
have been applied for analytes preconcentration/separation and
matrix elimination. Among available procedures, a considerable
interest has been devoted to dispersive SPE (d-SPE), which is
based on SPE and the sorbents are directly added into the
sample solution without conditioning. Compared with general
SPE, the d-SPE not only can avoid the tedious treatment of the
conventional adsorbents and the easy blockage of the
adsorption column but also has higher repeatability and less
solvent consumption.4 However, d-SPE also su� ers from lack of
selectivity, easily leading to undesirable consequences and
lower detection sensitivity.

Molecularly imprinted polymers (MIPs), as synthetic
receptors with arti� cially generated recognition sites for target
compounds based on memory of the shape, size, and functional
groups of the template, have received extensive attention as
selective sorbents for e� ective separation, puri� cation, and
enrichment of trace targets in complicated matrixes.5� 7

Meanwhile, surface imprinting based MIPs have been
increasingly prepared, showing complete template removal,
good site accessibility, favorable mass-transfer, and binding
capacity.6 For the imprinting strategy, various supports (core)
especially with large surface area and high porosity are available,
such as carbon nanotubes, graphene oxide, silica nanoparticles,
quantum dots, and carbon spheres (CSs).6,8 Due to superior
properties including cost-e� ective natural precursor, environ-
mentally friendly synthesis process, functionally sustainable
micro/nanostructure, excellent biocompatibility and chemical
inertness, nonimmunogenic, and so on,8,9 CS has attracted wide
concerns as a versatile core support for surface imprinting.10� 12

Accordingly, we have been encouraged to use glucose as
biobased precursor for CS preparation by a simple and facile
hydrothermal route. However, to the best of our knowledge, in
all CS based MIPs reported, organic solvents and reagents have
been utilized within the surface imprinting process. For
instance, dibenzothiophene imprinted CS@MIPs often su� er
from consumption of organic solvents and reagents and matrix
interferences such as proteins and lipids which are easily
adsorbed on the surface of acrylic based MIPs and lead to
critical restriction of mass transfer of small template and serious
decrease of extraction e� ciency in biological samples.10� 12 To
overcome the obstacles in the line of green chemistry,
researchers are encouraged to use natural polymers which are
known as a bene� cial alternative due to impressive advantages
such as eco-friendliness, less hazardous synthesis, and waste
prevention. Natural polymers and their derivatives possess
mechanically stable three-dimensional structures, in which the
template molecule is entrapped at speci� c molecular recog-
nition sites based on adoptability of shape, size, and functional
groups which subsequently are imprinted into polymeric
structures.13

On the other hand, it has been largely demonstrated that
small organic analytes mostly fail to show selective speci� c
binding in aqueous media compared to organic solvents used
for the MIPs preparation. It is probably related to the least
shrinking and/or swelling of the MIP structure exposed to the
porogen used.14 In addition, hydrophobicity of the generic
MIPs and hydrophobic interferences are greatly increased in
biological samples in comparison to in organic solvents and
lead to the appearance of signi� cant nonspeci� c hydrophobic
interactions between MIPs and templates.15 So far, a variety of
strategies have been developed to address the problems, such as

using water� methanol or pure aqueous bu� er during MIP
synthesis,16,17 using special polymerizable monomers,18,19 and
grafting hydrophilic polymer layers onto MIP surfaces20,21 or
hydrophilic functional groups onto the MIP surfaces by
chemical modi� cation.22 However, toxic substances and/or
organic solvents are still needed. To reduce usage of chemical
reagents and waste prevention, we purposed to employ
chitosan as a versatile biosubstance to form an imprinting
network on the surface of CSs at aqueous media, because of its
unique properties including low cost, nontoxicity, biodegrad-
ability and biocompatibility, and high ability to polymerize in
mild condition.

Another important issue involved in analytical methods is
reasonable separation and detection of a series of similar
analytes present in di� erent complicated samples. On the other
hand, the single template-imprinted cavity produced in
common MIPs can cause considerable constraint for
concurrent extraction of several analytes. Alternatively, multi-
template-recognition networks using more than one compound
as templates in a single MIP format have been reported.23� 25

The attainment to short extraction time as well as cost-e� ective
analyses for multiple analytes in complex matrixes possessing
much interferent is a worthwhile task. So, we expected to
synthesize multitemplate MIPs that can simultaneously
recognize and bind a group of biologically important
compounds, such as vitamins. Vitamins are considered as vital
nutrients for controlling the human normal health and growth
in limited amounts.26 So that, the dosage level in food may be
as low as a few micrograms per 100 g. Also, accompaniment by
some potentially adverse compounds with relatively similar
chemical properties can remarkably a� ect a vitamin’s
availability.27 Unfortunately, in� uential preconcentration of
water-soluble vitamins via nonpolar columns of SPE is not
feasible and results in no quantitative retention and
consequently considerablereduction in extraction e� -
ciency.26� 28 So, simultaneous, quantitative analysis of vitamins
especially the B-family in foodstu� is of important signi� cance.

Therefore, in this work, through a simple, time-saving, and
facile green synthesis strategy with low consumption of organic
solvent, we prepared novel hydrophilic multitemplate molec-
ularly imprinted biopolymers (mt-MIBP) by using the
biosubstance of chitosan to form an imprinting network on
the CS surface in aqueous media and at ambient temperature,
for simultaneous selective recognition and extraction of B-
family vitamins. Three typical vitamins including ribo� avin
(vitamin B2), nicotinamide (vitamin B3), and pyridoxine
(vitamin B6) were chosen as template molecules, and the well
characterized mt-MIBP was employed as d-SPE sorbents,
followed by HPLC-UV determination. Central composite
design (CCD) and response surface were utilized to quickly
reliably assist� nding optimum extraction conditions. The mt-
MIBP based d-SPE coupled with HPLC with the aid of
experimental design was developed, validated, and successfully
applied for simultaneous separation and determination of B-
family vitamins in orange juice samples.

2. EXPERIMENTAL SECTION
2.1. Materials and Instruments.Glucose, 1-hexanesulfonic acid

sodium salt, ribo� avin (vitamin B2), nicotinamide (vitamin B3),
pyridoxine (vitamin B6), ascorbic acid (vitamin C), thiamine (vitamin
B1), acetic acid, and ammonium hydroxide (NH3·H2O) were
purchased from Merck (Darmstadt, Germany). Methanol, hexane,
ethanol, acetone, and acetonitrile (liquid chromatography grade) were
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produced by J.T. Baker (Deventer, Holland). Chitosan powder (low
molecular weight) was supplied from Sigma-Aldrich (St. Louis, MO).
Deionized water used throughout the work with the speci� c
resistances of 18.2 M� ·cm was produced from a Milli-Q gradient
water puri� cation system (Merck, Germany).

Morphologies of mt-MIBP were characterized by scanning electron
microscopy (SEM) (Hitachi S4160, Tokyo, Japan) and transmission
electron microscopy (TEM) (Hitachi S-570 microscope). Average
particle sizes and size distribution of mt-MIBP were examined by
dynamic light scattering (DLS) analysis (Malvern Instruments,
Zetasizer Nano Range, U.K.). Speci� c area and pore parameters of
the polymers were measured by Quantachrome Instruments
(Shanghai, China). Fourier transform-infrared spectroscopy (FT-IR-
8300, Shimadzu) using KBr pellets was used for identi� cation of
functional groups. A Tecno-GAZ SPA Ultra Sonic System at 40 kHz
was used for adsorption/desorption processes.

HPLC analysis was performed by an Agilent 1100 liquid
chromatography (Wilmington, DE). It was equipped with a micro
vacuum degasser (model G1379A), a quaternary pump (model
G1311A), a multiple wavelength detector (model G13658), a sample
injection valve with a 20� L sample loop, and an Agilent C18 column
(4.6 mm i.d., 250 mm, 5� m). The mobile phase consisted of the
mixture of water� methanol� acetic acid (72%:27%:1%, v/v), passed
with the� ow rate of 1.0 mL min� 1. The separation process was carried
out at ambient temperature, and a wavelength switching program was
used to increase the sensitivity of quanti� cation for each vitamin.

2.2. Preparation of mt-MIBP and Nonimprinted Polymers
(NIP). First, a CS was synthesized through a green and simple
hydrothermal method with glucose as the carbon source. Brie� y, 7.20 g
of glucose was dissolved in 100 mL of deionized water under stirring
to get a clear suspension, which then was transferred into a 100 mL
stainless-steel Te� on lined stainless steel autoclave that was then
sealed and heated at 180°C for 8 h. After cooling down to room
temperature, the obtained brown powders were� ltered and rinsed
several times with deionized water and ethanol su� ciently. The
product was dried for 12 h at 60°C to remove the redundant ethanol.

Then, mt-MIBP was prepared as follows: 0.52 g of chitosan was
dissolved in 50 mL of acetic acid solution (1%, v/v) under magnetic
stirring. Then, vitamins B2, B3, and B6 at 0.33 mmol individually were

added, allowing forming precomplexes between chitosan and
templates at room temperature for 2 h. At the next step, 0.25 g of
CS was transferred to the above solution, followed by stirring
vigorously for 24 h at ambient temperature. Afterward, 50 mL of 1 mol
L� 1 NaOH solution was added rapidly into the resultant solution and
kept stirring for 3 h. Afterward, the prepared product was collected by
centrifugation, followed by several rinsing with deionized water until
reaching the neutral pH of 7.0 and was redispersed in 0.5 mol L� 1

H2SO4 for 5 min under ultrasonic irradiation. Finally, mt-MIBP was
attained after eluting vitamins repeatedly with methanol� deionized
water (50:50, v/v) until template molecules were removed completely.
The basic preparation procedure is schematically shown inFigure 1.
The nonimprinted polymers (NIPs) were synthesized with the same
procedure except in the absence of templates.

2.3. Adsorption Test. Study of adsorption was carried out by
suspending 40 mg of mt-MIBP or NIBP into 10 mL of a solution of
three vitamins at varied initial concentration (50.0� 600.0 mg L� 1).
After magnetic stirring at 25°C for 20 min, the sorbents were
collected by centrifugation, and residual concentrations of vitamins
were determined by HPLC. Also, the binding kinetics of mt-MIBP and
NIBP were analyzed at speci� c time intervals from 1 to 40 min
following addition of 40 mg of mt-MIBP/NIBP to the water solution
of each vitamin (5.0 mg L� 1). Then, the solution was� ltered and their
residual concentrations in supernatant solution were determined by
HPLC.

A 40 mg portion of mt-MIBP was suspended in 10.0 mL of aqueous
solution of interfering reagent at a concentration of 250.0 mg L� 1. In
next stage, these solutions were sonicated for 20 min load analytes by
solid phase, and subsequently, mt-MIBP was isolated by centrifugation,
followed by individual monitoring of the nonaccumulated contents of
components in supernatant solutions.

2.4. Preparation of Calibration Standards and d-SPE
Procedure of Vitamins from Orange Juice Samples.Standard
stock solutions of B-family vitamins were prepared in deionized water
at 1.0 mg mL� 1 and were stored in a refrigerator at 4°C. Subsequently,
the working solutions were obtained by the appropriate dilution with
deionized water. Orange juice samples were purchased from a local
supermarket in Shiraz and stored at 4°C before use, and all samples
were simply� ltered through Whatman paper No. 42 before treatment.

Figure 1.Schematic illustration for the preparation of mt-MIBP.
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Figure 2 illustrates the mt-MIBP based d-SPE process. Under
optimized conditions, 40 mg of mt-MIBP was dispersed in 10 mL
of orange juice with pH adjusted at 11.0. After ultrasonication for 20
min, the mt-MIBP was separated with a centrifuge (6000 rpm, 10 min)
and subsequently washed with 2 mL of hexane for elimination of
potential interfering agents. Subsequently, analytes of interest were
eluted by redispersion of mt-MIBP in 1 mL of eluting solvent
consisting of methanol� acetonitrile� deionized water� ammonium
hydroxide (30:30:30:10, v/v) for three times. All eluents were merged
together, followed by evaporation to dryness under nitrogen, and the
residue was subsequently dissolved in 50� L of mobile phase and ready
for HPLC analysis.

3. RESULTS AND DISCUSSION
3.1. Preparation and Characterization of mt-MIBP.

The schematic preparation procedure of core� shell structured
mt-MIBP is represented inFigure 1. As seen, glucose was
employed as carbon natural resource to prepare CS by a
hydrothermal route. The criterion for selection of glucose is
according to green and sustainable chemistry, to avoid or use
less dangerous chemicals and to intensify waste prevention.
Glucose is versatile in terms of nontoxicity, environmental
friendliness, good water-solubility and biocompatibility, easy
availability, and wide practicality. Especially, glucose can be
readily converted into an interesting CS structure. Moreover,
the obtained CS is decorated with abundant surface polar
oxygenated functionalities still remaining from the original
glucose, which can o� er e� cient sites for further functionaliza-
tion of chitosan.29 In the next stage, a layer of chitosan was
deposited onto CS through a facile, one-step, and green process
at room temperature in the vicinity of B-family vitamins as
templates. Chitosan was dissolved and protonated signi� cantly
in acidic media, whereas CS induced negative charge and
ultimately resulted in strong electrostatic interactions between
CS and chitosan.30 Then, additional NaOH solution (i.e., basic
condition) made chitosan precipitate onto the surface of CS to
form mt-MIBP.31Chitosan was chosen as the natural functional
monomer, based on its three unique merits: (1) It has
multifunctional structures (� OH, � NH2, � O� groups) which
could considerably interact with templates through hydrogen
bonds in aqueous solution and could ultimately eliminate the
by-e� ects of water as well as sustain the formation of a
monomer� template complex. (2) Chitosan can easily cross-
link with ionic interactions by a cheap inorganic agent (sulfuric
acid) in mild conditions over short time.32,33 (3) Chitosan is
hydrophilic in nature and is quali� ed as desirable material for
mass transfer of water-soluble analytes from sample solutions to
mt-MIBP. Meanwhile, B-family vitamins could be chosen as
proper template analytes in terms of their analysis necessity due

to proceeding the crucial metabolic reactions in the human
body, their multifunctional structures leading to versatile and
in� uential interactions with chitosan, and their large water
miscibility ensuring these analytes to become ideal candidates
for the proposed synthesis route. After templates removal by
rinsing with methanol� deionized water, the selective cavities
based on size, shape, and functional groups of templates were
produced in the mt-MIBP structure.

The factors possibly in� uencing the preparation of mt-MIBP
generally include types, amounts and ratios of template
molecules, functional monomers, porogens, and cross-linkers,
and preparation methods/strategies.6 A related optimization
process is described in theSupporting Information, and the
optimal preparation conditions are given insection 2.2.
Although optimizing yields in chemical synthesis is important,
other issues also need to be addressed, e.g., reducing the use of
organic solvents, thereby decreasing pollution, which is one
important goal of sustainable chemistry. There are several
procedures for synthesis of MIPs, but most of them are not
based on the green chemistry, so it is urgently demanded to
develop eco-friendly, e� cient, versatile, clean synthesis and less
polluting methods. The selection of biobased substance at the
service of imprinting technology is a suitable choice in
agreement with green chemistry. Therefore, herein, a novel
hydrophilic mt-MIBP with multiple recognition sites was
obtained by using the biosubstance of chitosan to form an
imprinting network on the CS surface in aqueous media
without organic solvent consumption. Then, the mt-MIBP was
well characterized as below.

Figure 3shows FT-IR spectra of CS and mt-MIBP. A strong
peak of hydroxyl at 3404 cm� 1 was possibly related to the
presence of O� H groups on the CS surface (curve b). Notably,
the characteristic bands at 1704 and 1619 cm� 1 (together with
the band at 1510 cm� 1) could be assigned to the C� O and
C� C vibrations,34 respectively. The bands around 1157 and
1398 cm� 1 could be, respectively, attributed to the C� O
stretching and O� H bending vibrations. The absorption peaks
at 1630 and 1154 cm� 1 in mt-MIBP were related to the
bending vibration of NH2 and C� N stretching vibration,35

respectively, demonstrating that chitosan was deposited onto
the CS.

The SEM/TEM images are considered as bene� cial tools for
identi� cation of shape and surface morphology. As seen from
Figures S1 and S2, the mt-MIBP had a relatively uniform
structure with a regular spherical morphology with nanoscale
diameter. And mt-MIBP possessed a low degree of
agglomeration (Figure S1) which facilitated mass transfer and
fast sorption kinetics. In addition, a velvety surface and low

Figure 2.Schematic illustration of mt-MIBP-d-SPE-HPLC-UV procedure.
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dimension of mt-MIBP (Figure S2) easily led to complete
template removal and subsequently large adsorption capacity.
As seen, several black CSs existed in the internal surrounded by
the chitosan layer, which revealed the CS particles were fully
coated by the chitosan network. The distinct core� shell
structure could account for rapid mass transfer and sorption/
desorption processes (Figure S2). Moreover, as shown in
Figure S3, the statistic hydration particle size distribution
further con� rmed the mt-MIBP had homogeneous size
distribution with a mean diameter of about 300 nm. These
observations provided powerful evidence of successful synthesis
of mt-MIBP beads.

BET analysis provides precise speci� c surface area evaluation
of prepared materials by nitrogen adsorption measured as a

function of relative pressure at� 196°C. As seen inFigure S4,
this kind of adsorption could be classi� ed as a typical type IV
isotherm which explained the formation of multilayer and also
showed large deviation from the Langmuir model. The speci� c
surface area of mt-MIBP was attained as 77.63 m2 g� 1, which is
much larger than that of NIP (27.82 m2 g� 1) and is easily
attributed to the template functioning, as well as, the average
pore diameter of mt-MIBP was 6.46 nm higher than that of
NIP (2.76 nm). Although the speci� c area of MIBP is lower
than that reported for traditionally prepared multitemplate
MIPs by Madikizela et al.36 and by Dai et al.,37 our synthesis
procedure is time-saving, simpler, more easily controllable, and
more importantly, organic solvent is free, which is superior to
the use of toluene.36,37

3.2. Adsorption Properties of the mt-MIBP for
Vitamins. The adsorption kinetics and isotherms of B2, B3,
and B6 onto the mt-MIBP and NIP were investigated. As
presented inFigure 4a, both imprinted and nonimprinted
composites displayed a fast adsorption rate, while raising the
extraction time had a positive trend with adsorption capacity
and almost reached equilibrium after 20 min for all of the three
di� erent templates. It took 7.5 times shorter to reach
adsorption saturation than that of acrylic-based surface
imprinting MIPs,38 which could be attributed to the fact that
the noticeable accessibility to the speci� c binding sites and
subsequently quick di� usion of target analytes into them. In
addition, adsorption equilibrium of analytes on NIP were faster
than that on mt-MIBP, most likely due to the di� erence in their
binding sites, while respective NIP only had one type of
nonspeci� c binding sites which completely di� ered from mt-
MIBP. The thin and uniform imprinted chitosan shells of mt-
MIBP and NIP o� ered superior mass transfer, overcoming

Figure 3.FT-IR spectra of (a) CS and (b) mt-MIBP.

Figure 4.Adsorption kinetics (a) and isotherms (b) and related Freundlich� tting model curves (c� e) of mt-MIBP and NIP for the three template
vitamins.
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some disadvantage of bulk imprinted polymers and nonthin
materials.39 The adsorption kinetic data of mt-MIBP and NIP
were � tted by pseudo-� rst-order and pseudo-second-order
models. Related parameters are listed inTable S1, along with
� tting curves inFigure S5. As seen, the pseudo-second-order
model yielded a better� t, with correlation coe� cients (R2)
above 0.96. Thus, the adsorption obeyed the pseudo-second-
order kinetics model.

The adsorption capacity is a substantial factor to evaluate the
selective binding and recognition ability of imprinting e� ect on
prepared materials. The adsorption isotherms of vitamins in the
mt-MIBP and NIP inFigure 4b revealed that the adsorption
capacities increased by elevating the initial concentration and
subsequently speci� c cavities became saturated at 500 mg L� 1.
The binding properties of the mt-MIBP and NIP were
estimated by the Langmuir, Freundlich, Temkin, and
Dubinin� Radushkevich isotherm models. According to related
� tting parameters listed inTable S2, the Freundlich model was
suitable. The estimation equation is as below

�= +Q m Clog log log

whereQ (mg g� 1) is the amount of analytes adsorbed per mass
unit of sorbents at the equilibrium state,C (mg L� 1) is the
equilibrium vitamins concentration in sample solution,� is the
Freundlich constant indicating a measure of capacity and
average a� nity, andm is the heterogeneity index which can
take values from 1 to 0, where the values of 1 and 0 refer to
homogeneous and heterogeneous systems, respectively.Figure
4c� d depicts the adsorption isotherms of three vitamins on the
mt-MIBP and NIP� tting their experimental data by the
Freundlich isotherm. As seen, linear correlation coe� cients
greater than 0.99 could strongly support the presence of
heterogeneous binding sites in both sorbents structure which
has good agreement with the results of the BET. In addition,
our present results could well con� rm the Freundlich isotherm
model with unique ability to supply information about binding
site homogeneity for most noncovalently imprinted polymers.40

The maximum adsorption capacities for B2, B3, and B6, were
attained of 17.4, 19.5, and 25.6 mg g� 1 by mt-MIBP,
respectively, while 5.4, 6.0, and 7.3 mg g� 1 by NIP, respectively.
These results demonstrated that the presence of all the
templates during synthesis played a vital role in formation of
speci� c cavities in the mt-MIBP skeleton. Furthermore, the
di� erence in maximum adsorption capacities for di� erent
templates is very likely owing to the di� erent structural
formulas and intermolecular competition.6,23,36 Also, the

phenomenon is generally present in multitemplate imprinting
researches.6,23,25,36,37

3.3. Selectivity Examination of mt-MIBP.In order to
verify that mt-MIBP was selective for the three template
vitamins, two di� erent analogues of ascorbic acid (vitamin C)
and thiamine (vitamin B1) were tested. As seen inFigure 5, the
adsorption capacities for three templates were much higher
than that for analogues, and experimental results suggested that
mt-MIBP had satisfactory anti-interference ability. In addition,
the variation in the molecular size and functional groups of
vitamin C and vitamin B1 compared to all of the three template
analytes hindered the accessibility of the imprinting sites, which
led to signi� cant reduction of sorption capacity. It should be
noted that the selectivity order was B6 > B3 > B2, which can be
ascribed to the di� erence in their structure formula.6,23,36 As
seen fromFigure S6, B6 has a more symmetrical molecular
structure and o� ers four possible binding sites, leading to the
preferential adsorption. Although B6 has more possible binding
sites, its large molecule size and steric hindrance will greatly
decrease its competitiveness among the three templates in one
MIPs format. Overall, the results revealed that the completely
matching in all the size, shape, functional groups, and
stereochemistry made a signi� cant contribution to the high
selectivity of the mt-MIBP.

3.4. Condition Optimization for d-SPE of Vitamins in
Orange Juice Samples.To attain maximum extraction
e� ciency of vitamins in orange juice samples, it was necessary
to investigate the preliminary in� uences of main factors
including sorbent dosage, initial pH of sample solution,
sonication time, and kinds and volumes of washing and eluting
solvents. A spiked concentration level of 200.0� g L� 1 of
individual vitamins B was used.

Orange juice has a complicated matrix in which some
interferents retained on mt-MIBP not only may have peaks
overlapped with analytes peaks but also can lead to serious
pollution of the analytical C18 HPLC column. To reduce such
encountered problematic interfering species, performing a
preliminary washing step has a crucial role to obtain clean
extraction. For this aim, di� erent solvents with various
polarities such as deionized water, methanol, acetonitrile,
acetone, and hexane were examined and their e� ects were
investigated. Among tested solvents, the cleanest extracts were
attained using hexane as washing solvent. Due to the
hydrophilicity of mt-MIBP and the high potential of hexane
to solve nonpolar interferents, the residuary of hydrophobic
matrix interference is avoided, while the interactions between

Figure 5.Adsorption capacity comparison of MIBP and NIP for the� ve vitamins. Experimental conditions: 40 mg of mt-MIBP or NIP,
concentration of vitamins at 250.0 mg L� 1 individually.
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analytes and sorbent do not change signi� cantly. In the next
step, the e� ect of solvent volume was evaluated in the range of
1.0� 5.0 mL, and experimental results showed that 2.0 mL of
hexane was su� cient to eliminate adverse matrix e� ects.

The selection of elution solvent is dependent on the
vitamins’ polarity since the target analytes should be completely
eluted. The hydrophilic nature of all analytes encouraged us to
apply di� erent polar solvents with strong elution strength as
well as changing their various volume ratios including
methanol, acetonitrile, deionized water, methanol/acetonitrile
(50:50, v/v), methanol/ammonium hydroxide (90:10, v/v),
acetonitrile/ammonium hydroxide (90:10, v/v), deionized
water/ammonium hydroxide (90:10, v/v), and methanol/
acetonitri le/deionized water/ammonium hydroxide
(30:30:30:10, v/v) were assessed. The results indicated that
methanol/acetonitrile/deionized water/ammonium hydroxide
(30:30:30:10, v/v) was an appropriate eluent, in which most of
analytes could be eluted from the mt-MIBP and the highest
extraction e� ciency was achieved, as shown inFigure S7.
Indeed, methanol and acetonitrile are polar solvents which are
able to break hydrogen bonds between vitamins and functional
groups of chitosan in mt-MIBP. Moreover, the evaluation of the
eluent volumes in the range of 1.0� 5.0 mL showed that 3.0 mL
of eluent was enough to desorb analytes completely.

3.5. Parameter E� ects Evaluation via CCD and
Response Surface.The optimization process has been often
ful� lled using e� ective multivariate techniques. Accordingly,
surface response methodologies (RSMs) have been adopted as
proper alternatives and resulted in empirically polynomial
relationships among target response and independent variables
by spending minimum time and expense.41,42 Second-order
models were more applicable, especially in the establishment of
parabolic curvatures by consideration of signi� cant quadratic
and interactive e� ects. Consequently, maximum information for
an intended process was easily achieved via these optimization
procedures.43 In the current study, statistical evaluation through
CCD for three main factors (initial sample pH, sonication time,
and sorbent dosage) a� ecting d-SPE of B-family vitamins from
orange juice sample was performed. It consisted of 4 fractional
factorial points, 6 axial points, and 5 central points (Table S3).
Investigation of their signi� cance was undertaken by analysis of
variance (ANOVA) based on rejection of the null hypothesis
via Fisher’s tests (F-test). According toTable S4, higherF-
values (orP-values lower than 0.05 at a speci� ed con� dence
level (� = 0.05) implied signi� cance of each term. Established
quadratic models with respect to the mentioned criteria for
evaluation of the extraction recovery (ER (%)) in terms of
actual factors are shown in theSupporting Information.

As seen, robustness of these� tted models was checked via a
lack-of-� t test;P-values higher than 0.05 con� rmed it was not
signi� cant, while also, reliability was assayed through the
multiple correlation coe� cients which were higher than 0.90,
indicating high accuracy of the constructed models. The main
parameters as well as their in� uential interactions were studied
in detail via response surface diagrams (Figure S8). The
existence of semicurvature in 3D plots illustrated signi� cance of
interactive e� ects.Figure S8displays the signi� cant interactive
e� ect of BC onto the extraction of B2 vitamin (namely, the
interaction in� uence between sample pH and sonication time).
As seen, by concurrent increment of initial pH medium and
sonication time (especially pH value), the preconcentration of
B2 vitamin was enhanced remarkably. The pH value played an
impressive role in the sorption process. In this sense, the

predominant forms of adsorbent/adsorbate and respective
interaction type were extremely in� uenced by pH. Chitosan has
a pKa value of� 6.5, which leads to a protonation in acidic to
neutral solution with a charge density dependent on pH. On
the other hand, the analyzed B-family vitamins have di� erent
acidic dissociation constant, i.e., 3.35 for B3, 10.2 for B2, and 5.6
and 8.6 for B6, which encourage researchers to select the proper
pH value for achievement of best extraction e� ciency.
Consequently, in pH below pKa, vitamins have positive charges,
and, in pH higher than pKa, they are in natural forms. On other
words, in acidic media, the N atoms incorporated in pyridine
rings established coordinative linkages with hydronium ions
and led to deteriorative interactions with the proposed sorbent
and subsequently poor extraction e� ciencies. However, the
molecularly dominant species formed in basic media had
e� ective a� nity to connect with included cavities via two ways,
viz. establishment of impressive hydrogen bonding (as shown
in Figure S6) and the memory e� ects elaborated in polymeric
network. As seen inFigure S8, the initial pH value had sharp
in� uence onto B2 recovery and maximum e� ciency was
achieved at pH 11.0 and moderate sonication time which
con� rm the above claim completely. In� uential turbulent
mixing induced by ultrasonic waves was also determinative in
the attainment of maximum extraction e� ciency (especially in
the middle region) due to� ne dispersion of solid phase in
aqueous media, which provided fast and e� ective mass transfer
of target analytes to sorbent within the cavitation phenomenon.
As well, the� gure shows the signi� cant interaction e� ect of
sonication time and adsorbent dosage (AB) onto the extraction
of B6 vitamin. As seen, with simultaneous increase of these
main parameters, the extraction e� ciency� rst enhances and
then it remains constant. Also, the general direction of
extraction recovery toward higher yields is in� uenced
equivalently by both variations of sonication time and
adsorbent dosage up to mediocre operational spans. These
constructive e� ects can be justi� ed by increment of the sorbent
amount which supplies more speci� c surface areas which are
applicable for trapping target analytes along� ne dispersion
induced via the cavitation phenomenon which total cause
considerable improvement in the uptake of analyte of interest.
The signi� cant interactive e� ect of AC onto the extraction of B6
vitamin (namely, the interaction impact between sample pH
and sorbent dosage) is also depicted inFigure S7. The e� ect of
initial pH value is more considerable then sorbent dosage onto
uptake of B6 vitamin. Diverse dissociation constants of B6
vitamin (5.6 and 8.6) encourage adjusting alkaline media to
obtain maximum extraction of B6 vitamin, because the target
analyte is uncharged and can form the considerable interaction
with the imprinted cavities via hydrogen bonding and van der
Waals forces. As shown, this positive e� ect is more signi� cant at
the relatively moderate values of sorbent dosage.

Consequently, the highest extraction recoveries (higher than
90%) were successfully obtainable at alkaline pH (11.0), 40 mg
of sorbent, and 20.0 min of sonication time. Desirability
function (DF) values for the mentioned conditions were close
to unit and replicate at the above speci� c conditions, which
were checked to examine pure error and also check applicability
of this optimum point for prediction of real behavior of the
system. These optimized conditions were repeated three times.
As seen fromTable S4, the satisfactory compatibility between
responses average and one predicted via DF certi� es high
adequacy of the developed models.
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3.6. Method Validation and Real Application of mt-
MIBP-d-SPE.It is well-known that detection at proper
maximum wavelengths can lead to improvements in� gures of
merit like accuracy and sensitivity during the simultaneous
determination of analytes by HPLC-UV. Deviation from
optimal detection wavelengths causes occurrence of non-
detected or false values in numerical value that correspond to
trace detection and lead to discrepancies and incomparability of
the results. Owning to respective characteristic structures of
three vitamins and di� erent absorptive intensity in UV, the
proper detection wavelength should be set for every analyte to
accurately quantify their contents. To overcome mentioned
pitfalls, the e� ects of wavelengths changing in the range of
265� 290 nm with 1 nm intervals on the peak area of the three
vitamins were investigated. The representative chromatograms
of the vitamin standards are shown inFigure S9. As can be
seen, the optimized wavelengths for ribo� avin, nicotinamide,
and pyridoxine were 270, 274, and 284 nm, respectively.
Wavelength-switching detection gave more peak area of
analytes to minimize the interferences from solvents and
impurities with respect to constant wavelength.

The mt-MIBP-d-SPE-HPLC/UV method for the determi-
nation of B-family vitamins in orange juice was validated in
terms of linearity range, limit of detection (LOD), limit of
quanti� cation (LOQ), robustness, and accuracy. The linearity
of the extraction method was measured by plotting peak area
versus analyte concentration to create the calibration curves.
Wide linearity was obtained, over the range of 0.01� 3.0 mg L� 1

for B2, 0.02� 2.0 mg L� 1 for B3, and 0.005� 5.0 mg L� 1 for B6,
with correlation coe� cients � 0.99, indicating excellent
linearity. The LODs and LOQs, de� ned as 3� /slope and 10

� /slope ratios, respectively, where� is the standard deviation
for 3 and 10 chromatograms obtained from the blank,44 were
2.8 and 9.3� g L� 1 for ribo� avin, 5.5 and 18.4� g L� 1 for
nicotinamide, and 1.2 and 4.0� g L� 1 for pyridoxine, which
con� rmed good operational condition and merit of the present
method. The precision, reproducibility, and repeatability (intra-
day and inter-day coe� cients of variation) of the method are
listed inTable S5. As seen, the values of RSDs� 4.2 of intra-
day and inter-day precisions were satisfactory, which supported
quali� ed reproducibility of the present method.

The accuracy and potential application of the mt-MIBP-d-
SPE-HPLC/UV method for selective puri� cation and pre-
concentration of vitamins in three orange juice samples were
checked. As shown inFigure 6, for direct injection of a crude
orange juice sample, quite wide and high impurity peaks
appeared while no vitamin peaks were found, which indicated
endogenous vitamins could not be detected by HPLC without
the sample preparation step because of the impurity
interferences. Happily, preconcentration and cleanup via mt-
MIBP-d-SPE led to dominant vitamins peaks in HPLC
chromatograms, while signi� cantly eliminating impurities signal
(Figure 6). Accuracy was determined through evaluation of the
recovery obtained at four di� erent concentrations using a
standard addition method. As listed inTable 1, the RR% values
were found to be in the range of 75.8� 92.7% for ribo� avin,
81.1� 92.5% for nicotinamide, and 84.7� 93.8% for pyridoxine
with relative standard deviations (RSDs, %) lower than 4.0, by
using three continuous injections of four concentrations. These
superior results con� rmed that the developed mt-MIBP-d-SPE
is suitable for e� cient enrichment and puri� cation of vitamins
from the complex orange juice samples.

Figure 6.Typical chromatograms of direct injection of orange juice sample and orange juice sample after mt-MIBP-d-SPE procedure. Spiked
concentrations: B2, 300� g L� 1; B3, 200� g L� 1; B6, 50� g L� 1.
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A typical comparison between di� erent methods for
determination of B vitamins is summarized inTable
S6.26� 28,45� 51 As seen, the obtained linear range and LOD
value of the present approach are comparable with those of
other research works. Comparing with the highly sensitive,
complex, and expensive MS-based methods, the LOD value is
satisfactory, proving that the pretreatment in this work was
much e� cient and highly selective, followed by the relatively
simple and cheap HPLC-UV technique. Furthermore, although
in ref50 � uorescence detection provides higher selectivity and
sensitivity in comparison with UV detection, the linear range of
the current work is wider, which is mainly attributed to unique
advantages of the present selective and sensitive sample
preparation step to eliminate matrix interferences. Through
the comparison, supreme capability of noble mt-MIBP in clean
preconcentration of water-soluble vitamins in orange juice
samples at trace level was certi� ed.

4. CONCLUSIONS

In summary, new mt-MIBP with good water compatibility and
multiple recognition sites was smartly prepared based on a
green synthesis strategy via the synergy of CSs and chitosan
with less consumption of organic solvents by combining surface
imprinting and multitemplate imprinting approaches. The mt-
MIBP was successfully applied for simultaneously selective d-
SPE of three applicable B-family vitamins from orange juice
samples, followed by HPLC determination. The synthesis route
possessed the impressive merits of no toxicity, less
consumption of organic solvent, a� ordability, biosource
reagents, waste prevention, at the least amount of glassware,
and environmentally friendly reaction conditions. By embed-
ding CSs into the imprinted chitosan shell, the mt-MIBP
acquired high binding capacity and fast kinetics, which
facilitated high detection sensitivity and excellent aqueous
applicability. Besides, an experimental design approach of CCD
with response surface proved a good alternative for multi-
variable optimization. Furthermore, high throughput mt-MIPs-
based eco-friendly platforms can be expected for selectively
concurrent quanti� cation of water-soluble compounds in
various complicated matrixes, by making more e� orts to
continuously improve the imprinting performances of mt-MIPs,
as well as by rationally utilizing diverse facile functionalization
and interactions (from CS (from glucose), chitosan, etc.) for
green synthesis to satisfy sustainable development.
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