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ABSTRACT: A simple method for the formation of molecular recognition sites in polymer nanofibers was
developed. Electrospun nanofibers were prepared from a solution mixture of poly(ethylene terephthalate) (PET)
and polyallylamine in the presence of a template molecule, 2,4-dichlorophenoxyacetic acid (2,4-D). The polyamine
was used to provide functional groups that interact with the template during the electrospinning process, and
PET acted as a major supporting matrix to ensure easy fiber formation and to minimize the conformational
change of the polymers when the nanofibers were subjected to different solvent treatments. When the template
was removed by solvent extraction, imprinted binding sites were left in the nanofiber materials that are capable
of selectively rebinding the target molecule. The molecularly imprinted nanofibers were characterized by SEM,
FT-IR, and radioligand binding analysis.

Introduction mentary to the template in shape and position of functional
The electrospinning process produces continuous polymergrouDs) that is selective for the original molecular template and

nanofibers with diameters ranging from a few nanometers to its structural analogu_es (Figure 1). The bond between_ the
several micrometers (usually between 50 and 500 nm) throughtemplz"teggOI the funchonalgmonomer or polymer can be either
the action of an external electric field imposed on a polymer covalent!-??or noncovalent: o

solution or melf.~8 At a voltage sufficient to overcome surface Con3|derab!e gdvantaggs of moleculgrly |mp.r|'nted polymers
tension, fine jets of liquid are formed and ejected toward a (MIPs) are their high chemical and physical stability. MIPs have

grounded target. The single jet initially formed is divided into been used as "%‘”“F’Ody _and enzyme m_imics in an incre_a_sing
multiple filaments by radial charge repulsion, a process known NUMPer of applications in which selective target recognition
as “splaying”, which results in the formation of solidified plays an important role. These include the use of MIPs in

nanodiameter fibers. By regulating the process parameters andiffinity-based separations, ligand binding assays, screening of

the feeding polymer composition, the electrospinning process combllnatorlal Ilprfi\glles, biomimetic sensors, and controlled
can be adjusted to control the fiber morphology (diameter, shape,2"9anic synthesi&! , , _
porosity) and the physical and chemical properties of the In this Wo_rk we attem_pted to cc_)mblne appropriate funct|o_nal
resulting nanofibergs.13 p_olyr_ners_wnh a supporting materlz_:ll to generate template-defmed
Electrospun nanofibers have very high surface area, mechan-b'nd'ng sites dlrec_tly by electrospinning. Th.e herbicide that hag
ical strength, and flexibility. When collected on a plain target been of some environmental concern, 2,4-dichlorophenoxyacetic

plate, they can easily form defined three-dimensional mats with E.C'ﬁl(z"l'D)’ ‘l’yaks lésed las a moo{el cokrrlpoupdb._ll_nste_ad O.f tus(;ng
well-controlled pore sizes. This makes electrospun nanofiber Ighly cross-iinkeéd polymer network 1o stabiiizé imprinte
mats ideal candidates for industrial filtration purpo¥es.is recognition sites, the present study exploited the relatively strong
highly desirable for selective molecular recognition sites to be dlpole—dlpole.|nteract|ons between theeleqtron systems of
able to be introduced into nanofiber materials as they may the be_nze_ne rngs and_the Ca!fbf’”y' groups in the PET backbone
provide highly efficient compound separation involving only a to maintain the recognition sites during the process of template

simple filtration step. In this work we investigated the possibility rerrllovall. TO o.u:. knowledg.(ta., th|§t |sbthe| flstrt e’.‘a”.‘p'e of
of preparing electrospun nanofibers that contain molecularly molecular imprinting recognition sites by electrospinning.
imprinted binding sites directly from a mixture of polymer Experimental Section

lution containing a molecular template. .
soution containing olecuiar template Materials. Poly(ethylene terephthalate) (PET) was from Wellman

Molgcular Imprinting is a fsynthetllc process thqt leads to the International Ltd. (Ireland). Analytical grade trifluoreacetic acid
formatlonlsgfo template-defined binding sites in synthetic (tpa) " dichloromethane (DCM), 2,4-dichlorophenoxyacetic acid
polymers:>~2° Typically, this involves free radical copoly- (2 4-D), 2,4-dichlorophenoxyacetic acid-carbd¥g- (14C-2,4-D,
merization of functional monomer and cross-linker in the specific activity 15.7 mCi mmoF), and poly(allylamine) (MW 65
presence of a target molecule that acts as a molecular templatekDa, 20% solution in water) were purchased from Sigma-Aldrich
Subsequent removal of the template molecule from the solid (Figure 2). The poly(allylamine) solution was concentrated to 50
polymer matrix reveals an imprinted recognition site (comple- Wt % in a 40°C oven prior to use. _ _

Electrospinning. PET was dissolved in a 1:1 mixture of DCM

* Authors for correspondence. I.S.C.: e-mail ioannis.chronakis@ifp.se; and TEA (v/v). This was mixed with polyallylamine solution (20
Tel + 46 31 706 63 00: Fax- 46 31 706 63 63. LY. email wt % of PET) ?nd stirred fio3 h until complete dlssolu_tlon. Flnall_y,
lei.ye@tbiokem.lth.se; Tet 46 46 222 95 60, Fax- 46 46 222 46 11.  2:4-D (20 wt % of PET) was added, and the solution was stirred

T Swedish Institute for Fiber and Polymer Research. overnight at room temperature. No phase separation was observed

* Lund University. for all the solutions tested prior to electrospinning.
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Figure 1. Schematic representation of molecular imprinting. Preassembly of functional monomers is driven by their molecular interactions with
the template. Copolymerization with a cross-linker “freezes” binding groups to form a template-defined “cavity”. Removal of the template by
solvent extraction or chemical cleavage affords binding sites specific to the original template.

0] 0] mL of ethanol. Samples were incubated at ambient temperature
[ [l for 4 h. After the incubation, a clear solution (0.65 mL) was taken
—OCH,CH,0—-C c _> from each vial, mixed with 10 mL of scintillation liquid Ecoscint
. A (National Diagostics, Atlanta, GA), and counted for 1 min using
Poly(ethylene terephthalate) a model 2119 Rackbefaradiation counter (LKB Wallac, Sollen-
tuna, Sweden). The amount of radioactive 2,4-D bound to the
nanofiber mats was calculated using the following equation:
<— CH, CH —)
H.N CH n bound (%)= 100 x [[CPM(total) — CPM(free)]/CPM(total)] (1)
2 2
Poly(allylamine) Competitive Binding Assays.The imprinted and nonimprinted

(reference) nanofiber mats were cut intox30.5 cm strips and
" “ placed in 2 mL polypropylene vials. To each vial was added 1.3
>/—\ >: mL of the following solvents: deionized water and 20 mM sodium
° o cl formate (pH 3.0) or 20 mM sodium phosphate (pH 6.0). Radioac-
tively labeled 2,4-D (360 pmol) dissolved in 0.2 mL of ethanol
2,4-Dichlorophenoxyacetic acid (2,4-D) was added to the above solution. Samples were incubated at room
Figure 2. Chemical structures of matrix polymer (PET), functional temperature for 4 h. A small portion (0.1 mL) of clear solution
polymer (polyallylamine), and templeate molecule (2,4-D) used in this was then withdrawn from each sample vial, mixed with 10 mL of
study. scintillation liquid, and counted for 1 min to measure the amount
of bound labeled 2,4-D. Following this, 0.1 mL of 30 mM unlabeled
2,4-D dissolved in ethanol was added to the remaining contents in
Capillary Taylor cone the sample vial. Samples were further incubated at room temperature
for 16 h. After this period, 0.1 mL of clear solution was taken from
each sample vial, mixed with 10 mL of the scintillation liquid, and
counted for 1 min to measure the amount of labeled 2,4-D still
bound to the fiber mats.

Results and Discussion

] Electrospinning of Nanofibers. PET was selected as the
supporting fiber matrix because it could be easily electrospun
to ultrafine nanofibers. The concentration (correspondingly
Figure 3. Scheme of the electrospinning equipment used. ViSCOSity) of PET solutions was one of the most effective
variables for controlling the fiber morphology. Electrospray took
The polymer solution was electrospun at room temperature using Place at a polymer concentration of 5 wt %, as chain entangle-
the setup shown in Figure 3, at a driving voltage of 30 kV (HV ments are insufficient to stabilize the jet and lead to a droplet
Power Supply, Gamma High Voltage Research, Ormond, FL). The spray that coalesces into ill-defined shapes (data not shown).
syringe used in this experiment had a capillary tip diameter of 0.8 However, continuous nanofiber structures were obtained by
mm that contained an attached copper wire used as the positiveg|ectrospinning from 10 wt % polymer concentration (Figure
electrode. A grounded aluminum foil used as the counter _electrode4a,b)_ The long, electrospun PET nanofibers were randomly
was placed 20 cm from the tip of the capillary. ContinuuoUS  yiqyiibyited in a fibrous mat with very uniform and dense

nanofibers were collected on the aluminum foil to form a nonwoven, truct The fib hibited cvlindrical hol ith
fibrous mat. The nanofiber mats were treated with methanol in a St Y€ ures: e .' ers ex .I ited cylindrical morphology with an
average fiber diameter in the range of 15050 nm. The

Soxhlet apparatus for 15 h to remove the template. The mats were ' !
then placed in a vacuum chamber for at teash and kept in a addition of polyallylamine or 2,4-D template molecule to the
desiccator until analysis. As a control, nonimprinted nanofiber was starting polymer solution caused no noticeable change in
prepared in the same way except that no template was used duringnorphology in the PET nanofibers (Figure 4a,b).
the electrospinning process. The imprinted composite nanofibers presumably contained
Scanning Electron Microscopy.The morphology and diameter  evenly blended structures of PET and polyallylamine. This is
of the PET nanofibers were determined with a scanning electron phased on the fact that our electrospinning started from a
microscope SEM (JEOL JSM-T300). A small section of the fiber homogeneous polymer solution containing PET, polyallylamine,
mat was placed on the SEM sample holder and sputter-coated with, 4 the 2,4-D template. As electrospinning produces structured
golld.f d Spect H . N d FT-IR polymer nanofibers on a millisecond time scale, it is unlikely
nirared Spectroscopy. The equipment used was an =1 to have phase separation during this extremely short period. The

microscope with the AutoIMAGE System supplied by Perkin- ) . .
Elmer. The measurements were made in triplicate. molecular interaction between polyallylamine and the template

Radioligand Binding Analysis. The imprinted and nonimprinted ~ €arboxyl group became dominant when the solvent completely
nanofiber mats were cut into8 0.5 cm strips and placed in 2 mL ~ €vaporated at the end of the electrospinning process. The PET
polypropylene vials. To each vial were added 1.3 mL of deionized moeity provided additional interpolymer chain interactions that
water and radioactively labeled 2,4-D (360 pmol) dissolved in 0.2 maintained the binding site fidelity, as well as good fiber ma&%v

Collector
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Figure 6. Microscopy FTIR spectra for (a) nonimprinted nanofiber

prepared from 10 wt % PET and 2 wt % polyallylamine in TFA/DCM

(1:1) and (b) imprinted nanofiber prepared from 10 wt % PET, 2 wt %

polyallylamine and 2 wt % 2,4-D in TFA/DCM (1:1). For clarity, only
(a) the spectra between 2000 and 1000 E@re presented.

10 pm

: (b) (a)
Figure 4. SEM micrographs of electrospun nanofibers onto aluminum
foil from a solution consisting of 10 wt % PET and 2 wt %
polyallylamine in TFA/DCM (1:1): (a) nonimprinted nanofiber, 1600
magnification; (b) nonimprinted nanofiber, 5000magnification.
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H,NCH, Figure 7. SEM micrographs of electrospun nanofibers onto aluminum
foil from a solution consisting of 10 wt % PET, 2 wt % polyallylamine,

i . i L and 2 wt % 2,4-D in TFA/DCM (1:1): (a) imprinted nanofiber after
Figure 5. Schematic represenatation of molecularly imprinted nano- template removal by solvent extraction, 160@nagnification; (b)
fibers with binding sites specific for 2,4-D template molecules. imprinted nanofiber after template removal by solvent extraction, 000

magnification.

strength. Figur_e 5 ericts a po_ssible binding site model for the change of morphology for the imprinted PET/poly(allylamine)
present 2,4-D imprinted nanofiber. nanofibers.

Template Removal.In the present system we utilized the  Molecular Recognition. For future applications, we were
noncovalent strategy to simplify template removal. This was interested in studying 2,4-D binding in an aqueous environment
easily achieved by a simple solvent extraction treatment. The at a low concentration level. Radioligand binding analysis was
FT-IR spectra in Figure 6 indicated that extraction with methanol used to characterize the target recognition property because of
using a Soxhlet apparatus could provide efficient removal of its high sensitivity. The sample strips used in the binding
the 2,4-D template. The characteristic peaks of the 2,4-D analysis contained-3.5 mg of nanofiber mats. In preliminary
molecule at 1769 and 1479 cf (as shown at spectra b) experiment, the imprinted nanofiber mat bound 75% of the
disappeared completely after the extraction treatment, and theadded 2,4-D (initial concentration 24 nM in water) within 4 h,
IR spectrum became identical to that of the nonimprinted PET/ whereas the nonimprinted nanofiber took up only 15% of the
poly(allylamine) nanofiber (spectra a). Moreover, as illustrated 2,4-D under the same conditions. Thus, the target binding with
in Figure 7, the solvent extraction did not cause any noticeable the imprinted nanofiber was 5-fold of that when the n%v
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would not observe the actual competition effect from the
unlabeled 2,4-D. These competitive binding results further
confirmed the presence of specific recognition sites in the
imprinted nanofiber mats.

Conclusions

The above results demonstrate for the first time that electro-
spun template directed molecular imprinting is a viable method
for creating robust, molecularly imprinted nanofibers that can
selectively rebind the target molecule. Molecular recognition
sites in polymer nanofibers were prepared with a simple
electrospinning method using a combination of structural and
functional polymers as the starting material. The 2,4-D imprinted
nanofibers displayed favorable binding characteristics in aqueous
solution. The imprinted nanofibers also had a well-defined
Figure 8. Radioligand binding analysis of imprinted and nonimprinted morphology and physical stability. Overall, the electrospun

nanofibers in buffer (pH 6.0 and 3.0) and in pure water. The amount : : g ; _
of 1“C-2,4-D bound to the nanofibers was measured with and without nanofibers provided a porous matrix with very high surface area

the addition of unlabeled 2,4-D. (A) columns stand for the imprinted {0-volume ratio, which is desirable for the selective rebinding
fibers in the absence of unlabeled 2,4-D, (B) columns stand for the of the target molecule. Considering nanofiber processing, the
imprinted fibers in the presence of unlabeled 2,4-D (2 mM), and (C) present electrospinnirgmprinting method is promising for its
columns stand for the nonimprinted fibers in the absence of unlabeled simple operation and high efficiency

2,4-D. .

Bound (%)

We expect that molecularly imprinted nanofibers will find
interesting applications in affinity-related separation areas. It
should be pointed out that the choice of the functional polymers
used for imprinting electrospinning must be made according to
the targeted compounds. It is also possible to use postspinning
cross-linking to further stabilize the imprinted sites by different
chemical means. Furthermore, the electrospun nanofiber itself
may be modified with an in situ generated MIP layer, for
example, via the grafting-from approach using a surface-
immobilized initiator system.

imprinted nanofiber was used. This indicated that the present
imprinting by the electrospinning method indeed generated high
affinity binding sites that were characteristically different from
the randomly distributed functional groups in the nonimprinted
nanofiber. It is possible that the amino groups from poly-
allylamine in the imprinted nanofiber were arranged in a
template-defined orientation during nanofiber formation, so that,
upon removal of the template, they remained in place to furnish
a complementary binding site for the original template. In
addition, PET may also contribute to assist the formation of
the defined binding site via— interaction with the aromatic
moiety of the template. The relatively high rebinding activity
may furthermore be explained in terms of the very high surface
area and porosity of the nanofiber mats. In contrary to the
conventional imprinted _pplymgrs cc_)ntaining highly cross-linked Reaferences and Notes
networks, the recognition sites in the present electrospun
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