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A photoresponsive molecularly imprinted polymer was prepared from a di(ureidoethylenemethacrylate)azobenzene monomer, using a methotrexate
analogue as template. Photoisomerization of the 3D crosslinked polymer matrix allowed switching the substrate affinity by altering the geometry
and spatial arrangement of the receptor binding sites. As a result, controlled release and uptake of the template (or analogous ligands) were
obtained.

Light offers many advantages as a means for manipulatingfor the design and synthesis of a large variety of photo-
systems of either microscopic or macroscopic size: photonsresponsive systenis® Incorporation of azobenzene moieties
can be applied with extreme spatial and temporal resolution into polymers creates materials with photocontrolled mechan-
using modern laser techniques. Photons are perfectly clean,
leaving no remaining contamination and, in contrast to (1) Willner, I.; Rubin, SAngew. Chem., Int. Ed. Endl996,35, 367—
i i 385.
matter, th? pho;qns do not interact V.V'th gach other (at (2) Willner, I. Acc. Chem. Red.997,30, 347—356.
moderate intensities) allowing for multiplexing. For these  (3) kumar, G. S.; Neckers, D. Chem. Re»1989,89, 1915—1925.
reasons molecular assemblies with optical triggers are ideal83é4) Shibaev, V.; Bobrovsky, A.; Boiko, Nerog. Polym. Sci2003, 729—
systems for studying molecular processes as well as for the™ ) natansohn, A.; Rochon, Rhem. Rev2002,102, 41394175,
construction of molecular machines. Azobenzene has been (6) Pieroni, O.; Fissi, A.; Angelini, N.; Lenci, Acc. Chem. Reg001,
; ; ; 34, 9-17.

the most widely used optical trigger over the last decades (7) Harada, AAcc. Chem. Re€001,34, 456—464.
(8) Rau, H. InStudies in Organic Chemistry: Photochromism, Molecules
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ical'~2 and optical properties and has also found extensive || NG

applications in the search for innovative photoresponsive
materials as well as for photomodulation of biological
properties of peptides, proteins, and lipfés’ This is

Scheme 1. Di(ureidoethylenemethacrylate)azobenzene
Monomer Synthesis

because of the pronounced changes in geometry and polarity

that result upon its light-induced cis trans isomerization,
leading to the high (photo)stability, the high isomerization,
and quantum yieldsas well as the high rate and full
reversibility of the isomerization. This process is complete
within 10 ps for the trans~ cis and within 1 ps for the cis
— trans? 13 At the photostationary states the trans and cis

isomers are formed, depending on the irradiation wavelength.

Conversely thermal cistrans relaxation is a slow process,
but leads to 100% trans isomeress explored is the
possibility of incorporating such stimuli-responsive receptors
into rigid polymer matrices for controllable chemical and

drug delivery, analyte separation, and extraction. Receptor

sites that are capable of recognizing specific molecular
species can be conveniently imprinted into rigid polymer
matrices via a template-directed polymerization technique
known as molecular imprintindf. With a suitable choice of

functional monomers, molecularly imprinted polymers (MIPS)
with a substrate affinity that can be switched by externally

applied stimuli should be possible. While azobenzene has
been frequently utilized as the backbone and in the side

chains of polymers and hydrogels for the fabrication of
photoresponsive material;!8 its application in photo-
responsive molecular recognition and hegtiest binding in
MIP materials has seldom been reportgd! To our
knowledge, all previously decribed MIPs contained photo-

responsive azobenzene side chains. Incorporation of the
azobenzene group in the MIP’s backbone may lead to higher

differences in hostguest recognition properties of the two

isomers. In this work, new reported azobenzene-derivatived
functionalized monomers, (Scheme 1) were used to fabricate

a bulk MIP material containing bis(TBAN-Z-L-glutamate,

a methotrexate analogue, as the molecular template. The

(9) Lednev, I. K.; Ye, T.-Q.; Hester, R. E.; Moore, J. N.Phys. Chem.
1996,100, 13338—13341.
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Lett.1998,290, 68-74. Natansohn, A.; Rochon, Bhem. Re»2002,102,
4139—-4175.

(11) N&agele, R.; Hoche, R.; Zinth, W.; Wachtveitl,Chem. Phys. Lett.
1997,272, 489—495.

(12) Fujino, T.; Arzhantsev, Y. S.; Tahara, I. Phys. Chem. 2001,
105, 8123—8129.
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thermodynamically less stable cis-form of the monomer was

used for the MIP preparation. Photoisomerization of azoben-
zene located in the backbone allowed the obtained material

to release the template most efficiently after irradiation at

440 nm and rebind the molecular template from solution after
irradiation at 365 nm.

The design of the novel functional mononiewas based
on the previously reported features that are relevant to the
creation of selective MIPs for oxyaniof&First are the
bisurea binding functionalities, which exhibit strong affinity

for dicarboxylate moietie® The second feature is the

selection of polymerizable end groups. We chose methacry-
late groups, commonly used in chemical cross-linking and
known for providing materials with good thermal stability.
The methacrylate group is placed two carbons away from
the H-bond donating ureas to prevent destabilization of the
template/monomer complex during the polymerization pro-
cess. The monomer was synthesized frompphenylene-
diamine with KQ by heating under reflux for 6 #. The
resulting azobenzene-4,diamine was treated in a one-pot
reaction byN-hydro-C-alkylamino addition on 2-ethyliso-
cyanatemethacrylate (Scheme 1. NMR titrations were
performed with both cis and trans isomers of monorher
using bis(TBA)N-Z--glutamate as guest compound. The
complexation-induced chemical shifA(d)) of the urea
protons of both isomers of was monitored. Addition of
increasing amounts of bis(TBAY-Z-+-glutamate (0—10
equiv) to DMSO-d solutions of1 allowed extraction of
monomer/guest interaction information for each isomer
(Table 1). Titration data fit well to 1:1 binding isotherms
and association constants.¢) were obtained by nonlinear
least-squares fitting? The competitive solvent DMS@s
prevented self-association of monomer and/or guest to occur
in the system. Although both inner and outer protons from
trans-1 are more acidic than those fromis-1, the cis
monomer gives rise to higheX(d) than the trans isomer.
This is compatible with the hypothesis that the cis isomer is
topologically complementary to the oxyanion substrate. A

(22) Gomy, C.; Schmitzer, A. Rl. Org. Chem?2006,71, 3121—-3125.

(23) Hall, A. J.; Manesiotis, P.; Emgenbroich, M.; Quaglia, M.; De
Lorenzi, E.; Sellergren, BJ. Org. Chem2005,70, 1732—1736.

(24) Crank, G.; Makin, M. I. HAust. J. Chem1984,37, 845—855.
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Table 1. ExtrapolatedH NMR Chemical Induced Shifts

(A(9))2 and Association ConstaniK{sy® a) =¥ ¢
A(d) (ppm) 2.0+ / \
inner 'H outer 'H Kass (M) 15 { II\
-2 f
cis-1 3.09 3.35 2800 E: \ val
trans-1 2.83 3.23 2200 1wl N li
2The monomer concentration was 1 mM and the solvent was DMSO- ‘ |l
ds. ° The association constants were determined from the experimental urea L *
proton chemical shifts by the nonlinear refinement method \ &/‘*\
0.0 T T T__ T F )
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Wavelength (nm)

600 M increase in binding constant is observed d@-1,
relative totrans-1(Table 1). Though the difference is not b)
overhelmingly impressive, it has an important meaning
considering the nature of the measurement which has beer
done in solution. It has been reported previously that similar
shorter receptors could form 2:1 assemblies, explaining the E:
possible association farans-1/guest in solution. Neverthe-
less, once contained in a preorganized cis conformer
polymeric network, this effect should be attenuated, leaving
place to a higher difference of affinity of the substrate for
the cis relative to the trans isomer. 50 400 450 500 550 600
A molar EDMA crosslinker /monomer/ bis(TBA)-N-iZ Wavelength (nm)
lutamate ratio of 8/4/1 was used for the '2a20bis-(2,4- . . . o
gimethylvaleronitrile) (ABDV) initiated crossﬁlzking p(olym- Figure 1. UV—vis spectra of the isomerization of mononieand
A . ) MIP: (a) trans— cis isomerization of monomet after 20 min
erization in DMSO as solvent. Higher and lower crosslinker/ jrradiation at 365 nm (52M in DMSO); (b) MIP toward irradiation
monomer ratios were tested, but the resulting polymeric at 365 nm (1 mg in 2 mL DMSO, 20 min of irradiation).
materials displayed no photoisomerization properties. It is
possible that at low crosslinker/monomer ratio, azobenzene
monomers tend to aggregate, leading to the reduction of freepolymer may be able to provide more free volume for the
volume necessary for the reorientation of the azobenzenephotoswitching of azobenzene chromophores (data not
chromophores during isomerization. The monomer is first shown).
irradiated at 365 nm and the polymerization mixture is  The ability of the empty MIP material to rebind bis(TBA)-
maintained under UV irradiation to maintain the thermody- N-Z4 -glutamate was studied using batch-type rebinding
namically less stable cis configuration throughout the po- assays in DMSO and is shown in Figure 2. The density of
lymerization process. For the MIP preparation, the monomer the imprinted receptor sites in the MIP was found to be 501
and the bis(TBA)-N-Z-glutamate solution were kept at 40 umol/g cis-MIP and 27Qumol/g trans-MIP.
°C for 30 min, to allow the monomer to bind the bis(TBA)- Figure 2 shows the change in free bis(TBR)Z--
N-Z+.-glutamate prior to addition of the crosslinker and the glutamate in DMSO in the presence of bulk MIP and control
polymerization initiator. The resultant bulk polymers were material under alternating irradiation at 365 and 440 nm.
ground using a combination of coffee grinder and ball mill, The addition of the empty MIP (10 mg) allowed binding of
then dry-sieved using a sieve shaker. Template removal was3.5umoles of bis(TBA)N-Z-L-glutamate from solution into
achieved by Soxhlet extraction and repeated methanolthe MIP material. Taking into account the Q/noles of
washing. The control polymer was prepared and treated inbis(TBA)-N-Z1.-glutamate that was bound by nonspecific
exactly the same way as the MIP, except that no templatesites in the polymer revealed from the control material and
was used in the polymerization procedure. from the amount that remain bound to MIP following release
Figure 1 shows the spectroscopic behavior of the resultantat 440 nm a total of amoles of bis(TBA)-N-Z=-glutamate
MIP, imprinted with bis(TBA)N-Z-L-glutamate, toward was bound by specific sites in 10 mg MIP, which is
irradiation at 365 and then 440 nm. Responses of the MIP equivalent to the uptake of 3Q@mol/g cis-MIP. This also
material to photoexcitation are similar to that of the impliesthat 60% of the receptor sites in itis-MIP material
monomer, indicating that the azobenzene chromophore ofare occupied by the imprint molecules. Irradiation at 440
the monomer still possesses its photoswitching propertiesnm caused a steady increase in the amount of bis(TBA)-
after incorporation into a 3D crosslinked polymer network. Z-_L-glutamate in the DMSO solution. A total of 2:8noles
Photoisomerization was also observed in the control polymer of bis(TBA)-N-Z-L-glutamate was released from the MIP
material (non-imprinted). Compared to the control material, material sites. This photoregulated release from the MIP
the relatively faster cis> trans isomerization rate of the MIP  material by 440 nm irradiation can be attributed to the
material suggests that the imprinted receptor sites in the bulkphotoinduced cis trans isomerization of the azobenzene
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Figure 2. Photoregulated release and uptake of bis(TBAY--
glutamate by the MIP and the control polymer. The initial amount
of ligands was 1Qumol for 10 mg MIP in 2 mL of DMSO.

chromophores in the MIP receptor sites, resulting in changes
in the receptor geometry. The heguest interaction is
therefore weakened and the imprint is released into the
solution, by the switch of substrate affinity of the MIP
receptor sites. The near-quantitative uptake of the imprint
molecule after the trans- cis isomerization is an evidence
of the reversibility of the receptor-site configuration and
imprint affinity, without loss of specificity after three
irradiation cycles.

To examine the substrate specificity of the MIP material,
we studied the photoregulated release and uptake of TBA-
N-Z4.-methylesterglutamate and triamterene, two substruc-

tural models of the methotrexate drug. At the same substrate

amterene. Irradiation of the MIP material at 365 and 440
nm also allowed the partial release (40%) and uptake of
TBA-N-Z-L-methylesterglutamate. In the case of triamterene
(Figure 2), no significative release/uptake was observed.
These results indicate that the receptor sites in the MIP
material possess a specific affinity for bis(TBA)}Z--
glutamate, and TBA-N-Z-methylesterglutamate is less
sensitive than its analogue to the change in receptor
geometry.

We have demonstrated the utility of a new di(ureidoeth-
ylememethacrylate)azobenzene monomer for the preparation
of photoregulated MIP. The photoisomerization properties
of the azobenzene chromophore are retained in the rigid
polymer. Photoinduced cis> trans isomerization of the
azobenzene-containing polymer backbone is able to regulate
the receptor sites’ geometry and can regulate the release and
uptake of a substrate. An important factor to consider is that
this new cross-linking monomer combines interactive mono-
mer functionality with a cross-linking format. This new cross-
linking agent is readily copolymerizable under mild condi-
tions and has been used for noncovalent MIPs preparation
with potential improved performance, that more functionality
can be introduced without suffering performance losses due
to reduced cross-linking. Development of stimuli-responsive
MIP is advantageous for the improvement of the imprint
molecule’s release and may find applications in smart drug
delivery systems.
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concentration, the MIP material bound only L#holes of
TBA-N-Z-L-methylesterglutamate and Oimoles of tri-
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