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A molecularly imprinted material was developed from hydrogels of chitosan (CS) cross-linked with genipin (GNP)
usingo-xylene as the template molecule. Gelling time, mechanical, and diffusion properties-@XIS hydrogels

were initially investigated to establish optimal conditions to prepare molecularly imprinted hydrogels (MIHSs).
The elastic modulus was found to be directly proportional to the degree of cross-lifikingr{oles of genipin/

moles of glucosamine) while the diffusion of water, as monitored by magnetic resonance imaging, decreased
with R. CS—GNP hydrogels of varying® were imprinted witho-xylene (MIHo.xyiend. The adsorption capacity of
o-xylene by MIH,xyieneWas greater than the corresponding control hydrogels, particulaRy=e.25. Freundlich
isotherms yielded a better fithess than Langmuir ones and afforded Qnawvalues of 2.55 and 103.3 mg/g,
respectively. The imprinted hydrogel showed the highest adsorption capacitkyjtene; however, the material

was not highly selective as it also exhibited the capacity to adsernd p-xylene isomers. In turn, the MIH

xylene Showed a low adsorption when 2-fluorotoluene was used in rebinding experiments, suggesting that molecular
recognition by the binding sites is influenced by the electronic and steric properties of the analyte molecule, thus
effectively confirming the imprinting effect within the Ml§3yiene Network. This work opens the possibility to
future development of materials with the capacity to adserylene analogue molecules such as contaminants
bearing chlorinated aromatic structures.

Introduction than traditional MIPs; hence they are more flexible and possess
a greater conformational freedd#?2 Gels’ inherent charac-
Molecular imprinting is a recently developed technique aimed teristics allow the prepararion of films, monoliths, beads, and
to prepare polymeric materials with specific recognition toward nanoparticles that can be used in the development of advanced
a specific moleculé-3 Molecularly imprinted polymer materials ~ materials for sensors, antibody replacements, chromatography
(MIPs) have been considered as artificial receptors, and theircolumns, and microextraction devices due to their better
main application area so far has been in analytical chemistry adhesion to sensor surfaces than traditional M4 At the
(separation processes, sensors, artificial antibodies, and coneutting edge of research in MIP gel systems are those that
trolled drug delivery} In its original conception, molecular  present analyte specificity and responsiveness to external
imprinting of polymers involves the formation of a prepoly- stimuli?!
merization compIeX between a functional monomer and a The use of natural p0|ymers for preparing mo]ecu|ar|y
template molecule through either covafénér noncovalerft® imprinted materials has prompted interest, particularly due to
interactions or by metal ion coordinati8n'' The complex is  their potential application in drug delive§.Chitosan is a
then polymerized using a cross-linking agent, and later the polysaccharide with a firmly established capacity to form

template is extracted from the polymer to free the created hydrogels under varying chemical or physical conditions to meet
molecular recognition sites. The resulting MIP has steric and different purposes in a wide range of applicatiéH=?

chemical memory toward the template and hence could be used
to rebind it121¥When the template molecule is toxic, unstable,
or expensive, the use of analogue compounds with a chemical

structure that shares_feeitzléres of the template molecule Seem%iodegradability, and biocompatibility properti@saltogether

to be a good alternative. o make it an interesting biopolymer for the development of
More recently, the molecular imprinting concept also has been aqyanced materials. Recently, a new natural cross-linking agent

applied to the development of materials in the gel state. Thes gptained from fruits ofGardenia jasminoideEllis andGenipa

types of materials are formed with lower cross-linking densities americana genipin, has been documentédnd successfully

used in the engineering of chitosan hydrogels for various
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Molecular imprinting of chitosan hydrogels has only just
started to be explored. In this regards, the well-advocated
advantages of chitosan, namely, its abundance, nontoxicity,
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As far as we are aware, only few very recent works, published The evolution of the mechanical properties during the course of the
by two independent groups, have addressed chitosan-basedel formation process was mo_nitored by measurements of stagage,
molecularly imprinted hydrogels, namely, those by Aburto et (1), and lossG"(t), moduli registered at 40C, » = 1.0 rad/s, and
al. at the Mexican Petroleum Institute, who developed a chitosan/strain values of = 0.10 (within the linear viscoelastic region) of the
gluteraldehyde hydrogel to selectively adsorb dibenzothiopheneSO|Uti0”5- The criterion to establish the rheological critical gel time,
sulfone (DBTS), an organosulfur compound that contributes to tser Was considered as the time elapsed for thedtaalue to be equal
catalyst poisoning and equipment corrosion during petroleum ' 1.0 (tano = G"/G). At the end of the gelation experiments,
refining2%4%and those by Guo et al. and Xia et al. at the Institute Mechanical spectra were registered= 0.1-100 rad s*, y = 10%).
of Polymer Chemistry, Nankai University, China, who had "¢ final value of¢’ at 1 rad/s was considered @&
developed molecularly imprinted hydrogel matrixes based on a Determination of the Extent of Cross-Linking. The extent of cross-

hitosan and acrvlamide semi-interoenetrating polvmer network”nking of chitosan by genipin was determined chemically by the
chito . ry 41 40 P g poly ninhydrin assay according with the protocol described else#hgsiag
to recognize hemoglobit:

. a standard curve af-glucosamine. The assay determines the percentage
In this work, we have selectesixylene as a model template o free amino groups remaining in the lyophilized chitosan hydrogels
due to its structural similarity to polychlorinated biphenyl (PCB)  fter cross-linking. The determination was made in triplicate.
congeners, well-known persistent organic pollutants. A similar  petermination of the Apparent Diffusion Coefficient by Magnetic
approach was adopted by Hosoya et®&f usingo-, m-, and Resonance ImagingMagnetic resonance imaging (MRI) experiments
p-xylene as porogenic templates to fabricate molecularly were performed on a BIOSPEC BMT 47/40 (Bruker, Ettlingen,
imprinted synthetic stationary phases for chromatography basedGermany) imaging spectrometer operating at 4.7 T. Magnetic field
on polystyrene cross-linked with ethylene dimethacrylate (EDMA) gradients for imaging in the three orthogonal directions were generated
monomers. Therefore, the aim of this work was to prepare and by a 12 cm actively shielded gradient set. Individual hydrogel samples
evaluate the adsorption capacity and selectivity of a molecularly were formed directly in NMR tubes (i.¢= 3 mm, height~ 30 mm)
imprinted hydrogel (MIH) with chitosan acting as the already truncated from the top. A total of six tubes (five with samples and one
available constituent polymer, genipin as a natural cross-linking with water) were placed in a home-built solenoidal coil (=d15 mm),
agent, ancb-xylene as the template. and the probe head was placed at the center of the magnet. For the
apparent diffusion coefficienfY) measurements a spiecho diffusion-
weighted sequence, with the diffusion gradients applied along the read
Experimental Section and phase directions, was used. Separate images were acquired at five
diffusion weightings by incrementing the diffusion gradient strength
Materials. Chitosan (CS) was a purified batch obtained from chitin  with b values between 100 and 8500 s/Anifhe acquisition parameters
isolated from shrimpl({ithopenaeus stilyrostrjsheadwaste in the pilot of the images were: time between gradiemd & 50 ms, time of
plant facility of the Laboratoty of Biopolymers of the Centro de pulse gradientd) = 10 ms, repetition time= 2000 ms, echo time=
Investigacim en Alimentacia y Desarrollo. The degree of acetylation 75 ms, number of accumulations 2, field of view = 2.56 cm, and
was 10% as determined Byl NMR in DCI/Dz0 on a Bruker AVANCE slice thickness= 1.0 mm. TheD mean values and standard deviation
400 MHz instrument at 70C. To this end, 10 mg of sample was  for 10 regions of interest (ROIs) on each gel were calculated using the
introduced ind a 5 mm indiameter NMR test tube to which 0.5 mL of  |mage Sequence Analysis utility of the ParaVision 3.0.1 program
2% DCI/DO (wiw) solution was added, and the tube was kept at (Bruker, Ettlingen, Germany). From these parametric maps, we obtained
70°C to fully dissolve the polymer. The viscosimetric molecular mass theD mean values and the standard deviation over all of the ROlIs that
(M) was estimated to be7.8 x 10" Da as determined by viscosimetry  represent all of the area of the gel in the imaavas calculated from
in 0.3 M acetic acid/0.2 M sodium acetate atZ5 using the Mark a series of diffusion-weighted images at different diffusion gradient
Houwink—Sakurada constants, anda, 0.074 and 0.76, respectively  strength.
([7] = 385.75 mL/g)* Genipin (GNP) was purchased from Challenge Preparation of CS—GNP—o-Xylene Molecularly Imprinted Hy-
Bioproducts, Ltd (Taiwan). Acetic acid, methanol, ethanol, and sodium drogels (MIH o.xyiens). To @ 1.5% (w/w) CS solution in 0.1 M acetic
hydroxide (99%) were supplied by Merck-Mexico S.A. (Mexico City, acid was added an aliquot ofxylene in a 1:10 (moles ab-xylene/
Mexico); silicone oil,0-, p-, andm-xylene & 98%), ninhiydrin & 98%), moles of glucosamine), and the mixture was homogenized at 10 000
ethylene glycol monomethyl ethee=09.5%), and citric acid were  rpm for 30 s. Genipin, previously dissolved in methanol at a concentra-
supplied by Fluka Sigma-Aldrich Chemie Gmbh (Steinheim, Germany); tion of 100 mg/mL, was added to the emulsified mixture such that the
SnCE2H,0 (98%) was from Panreac Quica S.A. (Barcelona, Spain);  cross-linking degreeR = moles of genipin/moles of glucosamine, was
DCl, D;O, and 2-fluorotoluenex99%) were from Aldrich Chemical 0,05, 0.1, 0.25, 0.5, or 1.0 in the different hydrogels. Then the mixtures
Co., Inc. (Milwaukee, WI). All reagents were of analytical grade. were homogenized again at the same conditions. Each sample was
Distilled water was used throughout. loaded into an airtight syringe, which was kept at 4D for 1 h,
Gelation Critical Time (tge) of CS—GNP Hydrogels A CS solution transferred to a glass Petri dish (50 mm in diameter), and left to react
at 1.5% (w/w) dissolved in 0.1 M acetic acid at room temperature under for 24 h at room temperature. The formed hydrogels were removed,
magnetic stirring for 12 h was prepared. Genipin (100 mg/mL) was washed in cold water (8C) until they attained a pH of 6.5, and freeze-
dissolved in methanol. A series of E&NP solutions were prepared  dried. Control hydrogels were prepared at identiBalvalues and
to investigate the role of molar stoichiometry on gel physical and processing protocols as the MIHs but without addmgylene.
chemical features. GNP was added to the chitosan solutigr=a0.05, Structural Analysis of MIH o.xyiene by Fourier Transform Infrared
0.1, 0.25, 0.5, and 1.0, wherR = moles of genipin/moles of Spectroscopy Lyophilized MIHo.yiene (R = 0.25) and its control were
glucosmine, the solutions were vigorously stirred, and a 1.7 mL aliquot ground and mixed with dry KBr (ratio 1:100). Pellets were formed
of each mixture was used in the rheological experiments. with the aid of a mechanical press at 10 tons of pressure. Spectra were
Rheological Determinations The rheological properties of the €S recorded on a Bruker IFS-66v (Bruker, Ettlingen, Germany) instrument
GNP system were investigated using a strain-controlled rheometerin transmission mode. A total of 32 scans were collected with a
(Rheometrics model RFSII fluids spectrometer, Piscattaway, NJ), fitted resolution of 4 cm?.
with a truncated cone-plate (cone angle, 0.0397 rad; diameter, 50 mm; Template Extraction. Approximately 50 mg of lyophilized MIil
gap, 53um) and a circulating environmental system for temperature xyiene and their corresponding controls were added to 100 mL of 1 M
control. To prevent drying of the samples during experiments with long acetic acid solution under mechanical stirring for 4 h, separated by
duration times, a60 mm glass ring was placed around the measuring filtering through filter paper, dried at room temperature, and ground
geometry, and the annulus was filled with silicone oil of low viscosity. into a fine powderA 1 mL aliquot from each solution was taken étDV
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time intervals of 30 min, 1, 2, 3, and 4 h, placed into a septum vial, In general, the gelation time of the various-©€SNP mixtures
and kept at 40C for 30 min. Subsequently 3@ from the headspace  at 40°C was approximately~2 h. At the early stages of the
volume was injected into a gas chromatograph coupled to a massreaction, the CSGNP mixture was colorless, clear, and viscous,
spectrometer (GC-MS) to detect tbexylene in the solution. A sample  \yhile with time it gradually turned slightly yellow or green-
of theo-xylene standard was also injected from the headspace volume.ye”OW and eventually adopted a blue coloration concomitant
The equipment used was a GC Varian 3400 coupled to a MS Satum 3., i+h the setting of a gel. AR decreased, the formed gels were
grz_) C;Ll;";r;w:: daOF245¢\r{nF-ifl f;ﬁ:l'ggsc)m;:dnt(hveagsg’n I?ecr'ﬁp?’;&re mechanically weaker and developed a pale blue color. While
: . ) ' at greatelR values, the formed gels were stiff and brittle and

program was: started at £C for 1 min, raised to 78C at 50°C/ d | dad bl lor th h d di f h
min, raised further to 118C at 94°C/min, and kept at this temperature eveloped a deep blue color that showed a gradient from the

for 2 min. The pressure of the carrier gas (helium) was set to 12 psi. SUrface in contact with air to the bottom.
The temperature of the injector was was IZD (splitless for 45 s), Blue color formation in CSGNP gels has been well-
and the transfer line was also operated at 120 The MS detector documented and attributed to the reaction between genipin and
worked at 70 eV in ion trap mode; the final trap temperature was 200 oxygen from air2%38 The formation of blue pigments in these
°C. The scan was made from 45 to 60 (6 scan s'). Xylene isomers  systems has been ascribed to the oxygen-radical-induced po-
of M* 106 and 91nz were monitored. lymerization of GNP and dehydrogenation of an intermediate
Scanning Electron Microscopy.The surface morphologies of dry - compound that could only occur once the first series of cross-
hydrogels of CS-GNP a”?jcs G'_\'P;‘}X_y'e”e before alnd afteracidic  inying reactions had taken plaé&lin turn, chemical cross-
agueous extraction were determine using scanning electron mlcroscop)ﬁnking in CS—-GNP gels in acidic media has been suggested
(JEOL, JSM 6400). Hydrogels were mounted on a brass mount and to take place through two distinct reacticid he first and faster

sputtered with At-Pd in a Balzers SCD 004 sputter coater. tion | | hilic attack on th inin C3 b ¢
Adsorption of o-Xylene on MIHSo.xyiene. Three milligrams of each reaction 1S a nucieophiliic attack on the genipin carbon atom

MIH oxyiene and its controls prepared at differéRivalues were placed ~ °Y @ Primary amine group causing the opening of the dihydro-
in Eppendorf vials to which 1.5 mL of a 1000 ppoaxylene diluted pyran ring of GNP and resultlng in the formation of a
aqueous solution were added. The tubes were shaken vigorously and€terocyclic compound of GNP linked to the glucosamine
left to stand for 24 h at room temperature; afterward the solutions were residue in chitosan. The second and slower one is the nucleo-
filtered, ard a 1 mL aliquot was used foo-xylene chromatographic ~ philic substitution of the ester group of genipin (C11) to form
analysis as described above. The concentratioomoflene adsorbed a secondary amide linkage with chitosan. The genipin interme-
by the tested materials was calculated by a comparison of the diate compounds could further associate to form cross-linked
chromatographic peak areas with a peak of a 1000 ppxylene networks with short chains of cross-linking bridges. The

standard solution. proposed general cross-linking mechanism for this reaction is
Binding Affinity Studies. o-Xylene aqueous diluted solutions were  ghown in Figure 1.

prepared at 1000, 900, 500, 200, 100, 10, and 1 ppm. Three milligrams . , " . . .
of MIHoxyiene at R = 0.25 or its control were placed each into an Evolution of G' and G" Moduli during Gelation and

Eppendorf vial to which 1.5 mL of each of the differeotxylene Dete_rm'_nat'on of the Critical Gel Time, tge Qontlnuou_s
solutions were added. The tubes were shaken vigorously and remainednonitoring of the storageG'(t), and lossG"(t) viscoelastic
standing for 24 h at room temperature; afterward the solutions were Mmoduli and of the loss tangent, tan by means of small-
filtered, and an aliquot of 1 mL was used for GC-MS analysis as deformation dynamic rheology allowed the investigation of the
described above. For each test, a standerylene solution of the evolution of the mechanical properties of €GNP hydrogels
corresponding concentration was also injected. The adsorbance assumeduring the course of the cross-linking reaction. A representative
to be in equilibrium,Q., was calculated based on the difference of result of the series of CSGNP hydrogels of varyin@R values

o-xylene concentration between the standard solution and the testis shown in Figure 2. Inspection of the plot reveals that initially
solution after adsorption at each concentration, the volume of agueousthe system behaves like a viscous liqui@'(> G') and,

solution, and the weight of the MiHy.ene according to gradually,G'(t) starts to increase to the point where it crosses
over and surpasses tl@'(t) trace, both traces describing a
Q.= (C, — CHVIW ) sigmoidal plot. These changes are accompanied by the pro-
nounced decrease of the tartrace. The rheological behavior
where C, is the initial o-xylene concentration (mg/mL)C. is the of the system with time has all of the typical hallmarks of a
o-xylene concentration (mg/mL) after 24Vijs the volume ob-xylene sol—gel transition process, occurring at a given critical time,

solution (mL), andw is the weight of the MIHyiene (9). Adsorption
was reported as the percentageoefylene bound by the Mibyiene.
MIH Selectivity. 0-Xylene,m-xylene,p-xylene, and 2-fluorotoluene

aqueous diluted solutions were prepared at 1000 ppm. Three milligrams : .
Of MiHoyene at R = 0.25 or its control were placed each into an the system or the percolation threshold (i.e., where the system

Eppendorf vial to which 1.5 mL of each of the different xylene or is assumed to have formed the first cluster of infinite molecular
2-fluorotoluene solutions were added. The filtrate was used for GC- Mass).

MS analysis as described for the procedure for the adsorption tests Precise measurementtgfi was of key importance to establish
above. A standard solution for each compound was injected, and all the best conditions to prepare Mjlgiene Several methods based

subsequently referred here to as the critical gel tirag).(
Theoretically, the critical gel point is identified with the
instant of the onset of incipient formation of a gel network in

determinations were conducted in triplicate. on the change of the mechanical properties have been proposed
for determiningtge for chemically and physically cross-linked
Results and Discussion gel network sys_tem"é‘.'45 Thf_e criterion a(_jopted in the present
study to determingye was given by the time elapsed up to the
General Properties of CS-GNP Hydrogels. Before at- point of crossover 06’ andG" .46 Critical gel times calculated

tempting to prepare GSGNP molecularly imprinted hydrogels,  under this condition in polymer gels are known to be dependent
the kinetics of gel formation and rheological properties of the on frequencyw, and hence a different criterion, based on the
CS—-GNP system were studied as a function of cross-linking determination of the crossover of tantraces registered at
degreeR, to establish suitable conditions to prepare the MIHs. variousw values, has been proposed to circumvent this prok&%lq/
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Figure 1. Schematic mechanism for chitosan cross-linking by genipin in acidic media proposed by Mi et al.3¢

by Winter and Chambotf. However, in many instances, the addressing the rheological behavior of ©@SNP gels. Knowl-
application of the Winter Chambon criterion is experimentally  edge of the critical gelling conditions of the EENP gels was
not feasible, and rheological measurements at the critical gel central to the control of the system to design optimal conditions
point cannot be warranted at the linear viscoelastic region. for the preparation of MIH matrixes.
Hence, in this worktye was identified as the instant of the . o o
incipient prevalence o€’ overG” (i.e., when tan = G"/G' Figure 3b shows the variation of the equilibrium storage
becomes just less than 1.08)This pragmatic approach has Mmoduli, G'eg values withR. In the same plot are also shown
been applied to determine critical gel point values in studies of the values of the extent of cross-linking determined by the
other polysaccharide gel systems such as pecticiunt® and ninhydrin reaction. It can clearly be appreciated that both
hydrophobically modified chitos&hsystems. parameters hold very close agreement in their dependence on

Influence of R on Gelation Kinetics and G'eq. Figure 3a R. This can be ascribed to the formation of a more dense gel
shows the variation oy versusR for CS-GNP hydrogels at  network as the stoichiometric amount of genipin increases up
a constant CS concentration (1.5% (w/w)). Data were fitted to tg 5 point R ~ 0.25) beyond which it seems that there is no
the model proposed by RosMurphy** using the nonlinear  frther formation of elastically active connections in the gel
least-squares Levenberilarquardt iterative procedure avail- ook The extremely close agreement between the rheological
able in OriginPro ,7.'5' In the model .(see inset in Figurelds) results and those of the chemical determination of free amino
the rate constanty is the true reaction order of the proceps, . . . . . .

groups by ninhydrin assay is consistent with this proposal. In a

is an exponent with values 8 p < 3, andRy is the critical . )
degree of cross-linking below which the system does not attain recently documented study on chitosan microsphere hydrogels
cross-linked with genipin, it was also found that the extent of

its percolation point. Restricting the values of the parameters oo X ; ;
as follows, 2.0< n' < 4.0,Ro = 0.008, and 0.2< p < 2, best the cross-linking reaction proceeds up to a maximum [#hit.

fit values of each wera' = 3.02,k = 20758.21 5%, Ry = 0.01, The pattern of behavior observed in €SNP gel formation
andp = 0.26. Critical gel time an'q values obtained in CS may stem from the cross-linking reaction mechanism between
GNP gels in this study were similar to the ones found by Butler chitosan and genipin that entails the formation of di-, tri-, and
et al38in the only other previous work of which we are aware tetramer cross-linking bridgé&of the polymerized genipin unit&DV
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Figure 3. (a) Variation of tyel (w0 = 1 rad s7%, y = 10%, T = 40 °C)
with R for CS—GNP gels at a constant chitosan concentration (1.5%
(w/w) in 0.1 M acetic acid) and the nonlinear best fit of Ross-Murphy's
model, (b) Dependence of G'eq at 1.8t (w = 1 rad s7%, y = 10%,
T = 40 °C) and extent of cross-linking on R for gels as in part a.

Figure 2. (a) Variation of the viscoelastic moduli, G' and G" (w =
1.0rad s, y = 10%), of a CS—GNP hydrogel formed from a chitosan
solution (1.5% (w/w) in 0.1 M acetic acid, R = 0.5, T = 40 °C). (b)
Frequency dependence of G', G, and the complex viscosity, n* (y
= 10%), of the gel in part a after 1.5 h.

(Figure 1) and, hence, also on the very complex multiplicity
and limited availability of the genipin monomer for cross-

of o-xylene into the CS solution followed by addition of genipin
linking.

methanolic solution, yielding a milky yellowish emulsion.
Yet another key aspect to investigate in the addressed CS Meanwhile, control CSGNP solutions had a translucent yellow
GNP hydrogels was the diffusion of water at varylRgalues. color. As gelation proceeded, a gradual color gradient was
To this end, pulsed field gradient magnetic resonance techniquesobserved from the gel surface inward, going from deep blue to
using strong field gradients (either in NMR or MRI) have yellow. Once fully set, the hydrogels were thoroughly washed,
proved, in previous studies, to be a very powerful tool in the lyophilized, and dried and invariably acquired a uniform deep
study of slow diffusion processes in polysaccharide gels, blue color.
including alginaté?°1 dextran®? gellan2® and agarosé! It was interesting to notice that whenxylene was present
The MRI results registered for the E&NP system shown  in the CS-GNP systemtye was delayed by~18 min with
in Figure 4a reveal that in general the apparent diffusion respect to the control gel (Figure 5). Also in Figure 5 it was
coefficient,D, decreases as the degree of cross-linking increases.noticeable that at times prior to the onset of gel formation (
Although at very low degrees of cross-linking € 0.05-0.1) tge) the CS-GNP—o-xylene solution mixture had lowes" and
there is an abrupt decreaselnthis is followed by a nonlinear G’ values than the corresponding €6NP control hydrogel.
monotonic decreasing trend. It is interesting to observe that the This is attributed to the presence of small droplets of emulsified
pattern exhibited byp does not follow the expected reciprocal o-xylene in a solution of lower viscosity than the chitosan
behavior ofG'¢q nor that of the ninihydrin assay data (Figure solution. The reduction of the volume fraction of chitosan and
3b), particularly at high extents of cross-linking where one genipin in presence af-xylene can also explain the longigg
would expect little further variation iD. To account for this, value found in these gels with respect to the control ones. Also,
we can argue that the molecular mobility of water does not seem G'¢q values revealed that CS5NP—o-xylene hydrogels formed
to be governed only by the net cross-linking density of the gel slightly weaker networks than those of €6NP control
network but perhaps also due to the entrapment of water in hydrogels, with values of 1526 and 1787 Pa, respectively. This
hydrophobic domains in the gel structure associated with the difference was not of practical significance as both materials
formation of the already mentioned genipin di-, tri-, and tetramer had a sufficiently firm structure so as to be handled perfectly
bridges. Figure 4b includes representafiveoronal images of during the preparation of the MIHs and control gels.
CS—-GNP hydrogels showing the ROIs considered in the  Structural Analysis of the CS—GNP—o0-Xylene Complex.
determinations. The formation of a complex between CS, GNP, anxylene
Gelation of CS—GNP—o0-Xylene. The first step of the was probed in the solid samples by transmission Fourier
experimental protocol used to prepare molecularly imprinted transform infrared (FTIR) spectroscopy. In Figure 6 are shown
CS—GNP hydrogels witho-xylene involved vigorous mixing FTIR spectra recorded for KBr pellets of a EGNP controICDV
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Figure 5. Variation of viscoelastic, G' and G' (y = 10%, o = 1.0 rad

Figure 4. (a) Dependence of the apparent diffusion coefficient on s71), moduli with time of (a) CS—GNP—o-xylene prepared with
the cross-linking degree of CS—GNP gels at a constant chitosan chitosan (1.5% (w/w) in 0.1 M acetic acid at 40 °C) cross-linked with
concentration (1.5% (w/w) in 0.1 M acetic acid) and (b) MRI coronal genipin at R = 0.05 and o-xylene (o-xylene/glucosamine molar ratio
slice images of the same gels as in part a showing the ROIs used in = 10) and (b) a control gel prepared in the same conditions as in
the calculations of D. part a but without adding o-xylene.

(Figure 6a), CSGNP—o-xylene complex (Figure 6b), and as demonstrated by the reduction in the width of the band
MIH o.xyiene (Figure 6c¢) obtained for dried hydrogels prepared centered at~2930 cn1? of v(O—H). The width of this band is
atR= 0.25 and a-xylene/glucosamine molar ratio of 10. Close well-known to be affected by hydrogen bonding in polysac-
inspection of the figure reveals that there are only subtle charides. In this respect, it is worth stressing that it is the specific
differences between the three spectra in the bands indicated bysteric arrangement adopted by the gel network when it interacts
the dashed lines. In particular, the band centered at 743 cm with the template that ultimately determines the subsequent
(000p and y characteristic of orthali-substitution on benzene  recognition capacity of the MIH toward the analyte. In principle,
derivatives) can be singled out in the spectra of the-G8IP— steric memory in the MIH network is the result of the creation
o-xylene analyte complex (Figure 6b). Also, the band located of specific arrangements in the covalently linked network of
at ~874 cnr! appears split into two sharp bands in this same the CS-GNP—o-xylene complex as it binds the template and
spectrum while appearing as a single band in the spectra of theattains its lowest-energy state.

CS—GNP control (Figure 6a) and Mifyene (Figure 6¢). A Once retention ofo-xylene in the CSGNP-o-xylene
third difference was found in the width of the large band whose complex was proven, the template was extracted in acidic media
maximal intensity is centered at3430 cn1?, characteristic of to releaseo-xylene from the binding sites and make them
v(O—H) vibration, because in the spectrum of the-G&NP— available for further selective rebinding. The FTIR spectra of
o-xylene complex it appears somewhat sharper3%0 cnr?! the solid material after extraction ofxylene is shown in Figure
than in the other two spectra. In the same interval spanned by6c. Close inspection of this spectrum reveals the absence of
the »(O—H) band it can also be appreciated that the signal the characteristic bands of thexylene at 743 cm!, which
centered at-2930 cm? (assigned ta(N—H)) also appeared  highlights the success of the extraction process. In addition to
sharper in the spectrum of the E&NP—o0-xylene complex the FTIR spectroscopic evidence, we also analyzed the con-
than in those of the control and Mlkene Altogether, these centration ofo-xylene at different time intervals in the aqueous
differences can be considered as providing evidence that theextraction solution by GC-MS, and it was also confirmed that
CS—GNP-o0-xylene hydrogel retained-xylene within its after 4 h of extraction noo-xylene peak was found in the
structure, possibly via cooperative weak noncovalent interactionschromatograms of any of the imprinted gels at varyiwglues
such ast—, van der Waals, and hydrophobic foré8S.hese (Supporting Information).

interactions seem to perturb the hydrogen bonding involving  To obtain further understanding of the microstructure of the
—OH and—NH groups in the CSGNP-o0-xylene hydrogel, developed materials scanning electron microscopy was L&SQ/



Molecularly Imprinted CS—GNP Hydrogels Biomacromolecules, Vol. 8, No. 11, 2007 3361

of great interest to study the adsorption capacity of Mijdne
prepared at varying cross-linking degrees. To this end, the
relative amount ob-xylene adsorbed by Mlkkyiene Of Varying
R values from an aqueous solution was measured. The results
in Figure 9 show that there were not major differences in the
o-xylene adsorption versus the corresponding-G8IP control
gels, except for the Mlkkyiene at R = 0.25, which adsorbed
33% of the template while its control adsorbed only 15%. This
difference can be attributable to the conformational memory
created in the gel during the complex formation, when specific
binding sites toward-xylene were generated at an optinkal
value. AtR values below such optimal value, the diffusivity of
o-xylene is expected to be high, because fewer cross-links in
the gel network will result in larger pore sizes. In contrast, at
high R values, the pore sizes decrease, and hence the diffusivity
of o-xylene is bound to be restricted. This is consistent with
previous studies in chitosan hydrogels cross-linked with glut-
araldehyde and loaded with centchroman, where the drug
loading was maximized at an optimal degree of cross-linRing.

When the cross-linking degree increased beyBrd 0.25,
no further increase in the template adsorption was observed.
This could be a consequence of the restriction to bulk water
mobility (hence, also to-xylene) and to diffusion imposed by
the high degrees of cross-linking, as was confirmed by the
apparent diffusion coefficient values (Figure 4).

However, notice that CSGNP hydrogels (control gels)
presented an inherent affinity towasekylene even though they

i i had not been molecularly imprinted. This is probably due to

S e hydrophobic interactions established betweetylene and the
4000 3500 3000 2500 2000 1500 1000 500 macromolecular network. However, the quantity mkylene

Wavenumber (cm'1) adsorbed by the control gels was in the range of 23%, which
Figure 6. FTIR spectra (in KBr pellets) of CS—GNP dried powders suggests that th? adsorptio.n in thege gels is jUSt_ ‘?‘ s.orp.tion
made from: (a) CS—GNP hydrogel (1.5% (w/w) chitosan in 0.1 M process that has little to do with the existence of specific binding
acetic acid, R = 0.25); (b) CS—GNP—o0-xylene template complex sites, as those present in Mjljiene particularly atR = 0.25,
hydrogel; and (c) similar material as in part b after template extraction where the highest adsorption was observed. All further experi-
in 1 M acetic acid (MIHo.xylene)- ments with MIH,yiene Were thus prepared & = 0.25.

Figures 7a and 7b show micrographs of lyophilized~GaNP In previous work conducted by Aburto and Le Bordfie,
and CS-GNP—o-xylene complexes, respectively, Rt= 0.25 molecularly imprinted hydrogels of chitosan cross-linked with
before the acidic aqueous extraction, while Figures 7c and 74 9/utaraldehyde were prepared toward DBTS; they found that
show the corresponding micrographs of the materials after the &S0 there was a cross-linking degree that presented the highest
extraction. It was very interesting to notice that the-GSNP— template adsorption and beyond it the adsorption decreased.
o-xylene complex (Figure 7b) revealed the presence of globular MIH Capacity. The binding performance of the Mislyiene
structures at the surface of the solid network. These structureswas characterized from the Langmuir and Freundlich adsorption
are absent in both the control and the extracted materials. Thisisotherms, according to the equations given in the insets of
gives physical evidence of the presenceofylene within the Figures 10a and 10b, respectively. From the slope and intercept
gel structure that remained trapped as emulsified droplets evenof the Langmuir isotherm, the values of and Qmax were
after the freeze-drying process. This result is consistent with calculated to be 3.43 g/mL and 136.15 mg/g, respectively. While
those obtained by FTIR and GC-MS that show thatahglene from the slope and intercept of the Freundlich linearized
is retained in the CSGNP—o-xylene complex and thereafter ~€quation (Figure 10b), theandQy values were 2.55 and 103.63
fully removed by the extraction process. mg/g, respectivelyQmax and Qs are directly related to the
Photographs of the macroscopic appearance of the materialg¢dsorption capacity of the Miyiene While biis the adsorption
shown in the scanning electron micrographs are included in equilibrium constant and dtepresents the adsorption intensity.
Figure 8. It can be appreciated that the final materials were easily The adsorption capacity parameters of our MIH system were
made into a fine dry powder, an advantage for the deve|0pment0f the same order of magnitude as those recently published for
of materials for various applications (e.g., chromatographic molecularly imprinted chitosan beads toward hemogldbin.
supports, adsorbent materials, filter beds, etc.). is worth mentioning that, in general, the range of documented
Adsorption Experiments. Once the general protocol for €S values for the adsorption parameters obtained from Langmuir,
GNP-o-xylene hydrogel preparation and template extraction Freundlich, and Scatchard treatments on MIPs is as wide as
was set up, molecularly imprinted and control hydrogels at the number of different pOlymer matrix and template molecules
varyingR values were prepared to find the optimal cross-linking used in their fabrication. Hilt and Byri&have published a
degree that would allow for greaterxylene adsorption. Itis ~ comparative list of adsorption parameters for a large number
known that an increase in cross-linking density makes chains of MIP systems.
more rigid, and this leads to an improvement in the stability of ~ The fact that the linear correlation coefficient of the Freun-
the system and to the creation of binding sitel$ was therefore dlich equation R = 0.962) was greater than that of the LangrrEfiSV
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c)
Figure 7. Scanning electron micrographs of dry CS—GNP hydrogels at R = 0.25: (a) control CS—GNP hydrogel; (b) CS—GNP—o-xylene

complex before extraction; (c and d) corresponding micrographs for the same materials as in parts a and b, respectively, after acidic agueous
extraction. (Magnification is as given in the scale bars.)
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c) d)::_:; A Figure 9. Variation of the relative adsorption of o-xylene from
aqueous solution (1000 ppm o-xylene) by CS—GNP MIHoxylene and

Figure 8. Photographs of the dry CS—GNP hydrogels at R = 0.25: their corresponding controls with cross-linking degree, R.

(a) control CS—GNP hydrogel; (b) CS—GNP—o0-xylene complex

before extraction; (c and d) corresponding micrographs for the same

materials as in parts a and b, respectively, after acidic aqueous

extraction.

the cross-linking reaction between CS and GNP where di-, tri-,
and tetrameric bridges are known to be formgd.

MIH Selectivity. To test in deeper detail the molecular
one R = 0.944) is consistent with the notion that adsorption gptw:lB%Zféiigégeosfeé?ﬁm%grf];hggﬂr:%g"ggsa;ﬁgmgiﬂe
by MIHoxyiene is controlled predominantly by heterogeneous ... .atR = 0.25 as compared to its control gel. Results
surface energy. This is in keeping with the well-documented incjuded in Table 1 show that the highest adsorption was found
pattern of behavior of molecularly imprinted polymers in which  for the MIH,.yiene (53.37%) when the template molecule itself
high and low affinity binding sites are commonly pres&hit was used in the rebinding experiment, whilefiorandp-xylene
is likely that heterogeneous binding sites are thus created inthe adsorptions were somewhat lower, 44.88% and 38.64%,
the MIHoxyiene the expected consequence of the complexity of respectively. Control CSGNP hydrogels showed invariabE(DV
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a) 107 but also by the inherent electronic properties of the molecular
: species involved. The high electronegativity of the fluorine atom
confers a permanent dipole momeny (0 2-fluorotoluene where
the charge density is directed toward fluorine. In line with this
argument, the dipole moment of 2-fluorotuolene, higher than
that of any xylene isomer, could account for the lowest
adsorption capacity observed in Mjkjiene to this molecule. In
addition, among xylene isomers, a decreasing trend was
observed in the recognition capacity by Milkjiene cONcomitant
with the decrease in dipolar moment tas & m- > p-xylene).
J Nevertheless, Mlklyene cannot distinguish unequivocally
04 among specific xylene isomers. This is in contrast with other
MIP materials that have proven to distinguish successfully even
0.0 0.2 0.4 0.6 0.8 between chiral moleculés.

As already pointed out, the control gel also showed adsorption
capacity for the xylene isomers tested and the for 2-fluorotoluene
b) s/ where the highest adsorption was observed. This affinity of CS
GNP for toward benzene derivatives can be attributed to
noncovalent interactions between the template molecules and
the cross-linked CSGNP gel network, involving hydrophobic,
Van der Waals, andr—x electronic interactions. In the
2-fluorotoluene case, weak hydrogen bonds with fluorine may
also account for the high adsorption by €SNP hydrogels.

But in this case, the recognition phenomenon is not due to the
formation of specific binding sites as in the Mjiiene

Hosoya et al. developed MIPs toward PCBs and dioxins
utilizing xylene isomers as the template; they found that the
positions of the substituent®-( p-, and mxylene) was very
i i : i i important to molecular recognitiofi:'° Their MIPs presented

-10 -8 -6 -4 -2 0 affinity toward xylene isomers, dichlorobenzenes, PCBs, and
InC, dioxins, but when dibromo-, dinitro-, or difluorobenzenes were
Figure 10. Adsorption isotherms of o-xylene on MIHyiene linearized used during recognition experiments, the adsorption decreased.
according to (a) Langmuir and (b) Freundlich equations: V= 1.5 mL, They attributed those differences to the molecular shape and
C = 1-1000 ppm, sample weight = 3 mg, T = 25 °C, adsorption electronic properties of the molecules, but their results proved
time = 24 h. that xylene isomers could be used as analogue templates for
molecular imprinting toward PCBs and dioxins.

Langmuir equation n

C.10,=C./ Qg +1/bQ,

C/Q, (10° g/mL)

C, (mg/mL)

Freundlich equation

Qe =0 fC:/n

InQ
@

Table 1. Adsorption of PCB Analogue Molecules by a MIHoxyiene
and Its Control Gel

Conclusions
adsorbed quantity (%)

The gelation process of chitosan with genipin is a slow

molecule control gel MIH -xylene . . ) .
reaction but allows for firm gels whose mechanical properties
‘}Xylfne 20.50 53.37 can be modulated by controlling the CS concentration and the
Z’Xfeen”ee ;g'gi gggi degree of cross-linking. This study demonstrates that this
Xyl . . . . . .
>-fluorotoluene 1716 1088 hydrogel system is suitable to develop a molecularly imprinted

material using xylene isomers as analogues of PCBs and dioxins.

lower adsorption capacities toward the three xylene isomers thanThese results open the possibility of using this type of material

MiHosyiene [N contrast, when a chemically different ortho- fofr |de|r_1t|f|t(_:at|on and/or separation purposes in various fields
substituted aromatic compound was tested in rebinding experi-0 application.
ments, namely, 2-fluorotuolene, the adsorption exhibited by  Acknowledgment. We are grateful to the Consejo Nacional
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between the hydrogel network and the template, “cavities” with
steric memory toward benzene derivatives with a methyl
substituent were created; hence MitkneWas able to recognize
the four tested molecules, as all of them share in common the
presence of a methyl group in their structure. In addition to
such steric effects, the low adsorption observed for 2-fluoro- References and Notes
toluene is consistent with the notion that the creation of binding (1) Haupt, K.Analyst2001, 126, 747.
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