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ABSTRACT: The wide usage and subsequent leakage of
nonsteroidal anti-inﬂammatory drugs (NSAIDs) into the
environment present an urgent need to create materials for
selective binding of NSAID drugs, which are highly similar to
one another in structure and functionality. Surface−core
double-cross-linking of cationic micelles containing Naproxen
or Indomethacin as the template yielded molecularly
imprinted nanoparticles (MINPs) for these drugs. The
nanoparticle receptors resembled water-soluble proteins in
their hydrophilic exterior and hydrophobic core with guesttailored binding pockets. Their binding selectivity for their
templates over other NSAID analogues rivaled that of antibodies prepared through much lengthier procedures.
KEYWORDS: molecular imprinting, micelles, cross-linking, binding, biomimetic, molecular recognition, hydrophobic interactions

■

INTRODUCTION
The immune system has remarkable abilities to generate
antibodies for virtually any molecule of biological interest. The
strong and speciﬁc recognition of antigens by their antibodies is
at the heart of immune response and vital to the biological
host’s survival. Their extraordinary molecular recognition also
makes antibodies powerful tools in diagnostics, therapeutics,
imaging, analysis, and elucidation of biological mechanisms.1
However, antibodies are expensive biomolecules requiring
lengthy procedures to produce. Immunization of animals itself
often takes weeks of time, even if the molecules readily elicit
immune responses. The (polyclonal) antibodies generated then
need to be isolated and puriﬁed. Monoclonal antibodies are
even more cumbersome to prepare, as they need to come from
a single cell line. Just like any proteins, antibodies are subject to
denaturation, whether by adverse temperatures, adsorption to
surfaces, or exposure to organic solvents, surfactants, or other
chemical entities.
Chemists for decades have tried to create receptors for
molecules of interest,2,3 in a way similar to what nature does
with antibodies. Although remarkable receptors have been
made, sometimes with biological kind of aﬃnity and
speciﬁcity,4−6 synthetic receptors tend to be limited to speciﬁc
classes of molecules or ions and a general method to create
strong and speciﬁc antibody-resembling receptors remains an
elusive goal.
Nonsteroidal anti-inﬂammatory drugs (NSAIDs) are one of
the most used over-the-counter drugs (see Chart 1 for selected
structures).7 Because of their wide usage and subsequent
leakage into the environment, there is high interest in
monitoring and detecting them in natural settings.8 In addition
to chemical methods, enzyme-linked immunosorbent assays
© 2015 American Chemical Society

Chart 1. Structures of Common NSAIDs

(ELISA), which rely on NSAID-speciﬁc antibodies for
operation, have been used for NSAID drug analysis.9,10 The
challenge in designing antibody-like receptors for these drugs
(1−5) lies in their structural similarity: all have a carboxylate
and a hydrophobic aromatic moiety. Naproxen and Ibuprofen
(or Ketoprofen) in particular resemble one another, even in the
size and shape of the aromatic group. Needless to say, to
recognize these drugs selectively, the receptor needs to have
remarkable precision in its binding. Ideally, one also needs the
receptors to function in water for drug monitoring or analysis.
Herein, we report that antibody-like polymeric nanoparticle
receptors can be created for NSAIDs through molecular
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form the ﬁnal binding pocket. To facilitate this process, we
solubilized 1 equiv. of divinylbenzene (DVB) and 5 mol % of
2,2-dimethoxy-2-phenylacetophenone (DMPA, a photolytic
radical initiator) in the very beginning of the preparation and
irradiated the surface-functionalized SCMs with UV light. UV
irradiation initiated free radical polymerization between the
methacrylate and DVB. Because the template molecule (1 or 2)
had neither alkyne nor methacrylate to participate in any crosslinking, it acted as a place holder throughout the preparation
while surface- and core cross-linking took place around the
template to aﬀord the binding pocket.
Molecularly imprinted polymers (MIPs)17−25 have been
reported in the literature for NSAID drugs.26−29 They are
typically prepared by polymerization of a functionalized
monomer such as 4-vinylpyridine that binds the carboxylic
acid of the NSAID and a large amount of a vinyl cross-linker.
The bulk polymerization normally yields insoluble cross-linked
polymers that need to be ground into smaller particles, sieved,
and washed. In contrast, because the core-cross-linking was
conﬁned with each SCM in our case, the ﬁnal molecularly
imprinted nanoparticles (MINPs) were water-soluble nanoparticles similar to water-soluble proteins in size, hydrophilic
exterior, hydrophobic interior, and a speciﬁc binding pocket in
the hydrophobic core.
The MINP synthesis was monitored by 1H NMR spectroscopy and dynamic light scattering (DLS). The SCMs had been
characterized earlier additionally by mass spectrometry (after
cleaving the 1,2-diol cross-linkages) and TEM.12 Upon surfacecross-linking, all the 1H NMR signals of surfactant 6 showed
characteristic broadening (Figure S1). The alkenic and aromatic
protons of both 6 and DVB remained clearly visible in the
SCMs but disappeared after the core-cross-linking. The
disappearance of the alkenic protons should be caused by
their consumption by the polymerization. The aromatic
protons disappeared most likely because the high cross-linking
density of the core restrained their movements in the core. DLS
showed that the alkynyl-SCM, the surface-functionalized SCM,
and the ﬁnal MINP-1 (i.e., MINP prepared with 1 as the
template) had an average size of 4.0, 6.3, and 5.0 nm,
respectively (Figure S2). The size change was consistent with
our previous results,16 suggesting that the nanoparticles became
larger upon surface decoration and shrank during core-crosslinking.
The MINPs were puriﬁed by precipitation from acetone and
repeated washing with water/acetone and methanol/acetic acid.
The yield of the ﬁnal MINPs was typically >80%. The
ﬂuorescence of Naproxen allowed us to monitor its removal
from MINP-1 by the disappearance of its characteristic
emission peak at 360 nm. The carboxylate of the template
served two strategic purposes in our imprinting: ﬁrst, its anionic
charge enabled it to interact with the cationic micelle and,
ultimately, the MINP, by electrostatic interactions in addition
to hydrophobic eﬀect; second, its hydrophilic nature ensured its
location on the micelle surface and thus prevented permanent
trapping of the template inside the MINP during polymerization. According to DLS, the ﬁnal MINP-1 averaged 5.0 nm
in diameter, which translated to a molecular weight of 51 000
Da (Figure S3). In the calculation of the molecular weight, the
DLS program assumed the power law for the dependency of
the MW on the size of the particle. Typical parameters for
proteins were used for the MINPs since both proteins and
MINPs were compact in the interior (see the Supporting
Information for details).30 Following the same procedures, we

imprinting in cross-linked micelles. The binding selectivity
displayed by our “synthetic antibodies” was comparable to that
found in biologically generated antibodies. Our materials,
however, can be produced in 2−3 days rather than weeks
without special techniques, provided that the building blocks
(the polymerizable surfactants and cross-linkers) are available.

■

RESULTS AND DISCUSSION
The synthesis of our nanoparticle receptors starts with
micellization of cationic surfactant 6 above its critical micelle
concentration (CMC) of 0.55 mM in water (Scheme 1).
Scheme 1. Preparation of MINP with Naproxen as the
Template

Because the headgroup of this surfactant is a tripropargylammonium cation, its micellization places a layer of terminal
alkynes on the surface of the micelle. In the presence of a
diazide cross-linker (7) and Cu(I) catalysts, the highly eﬃcient
copper-catalyzed alkyne−azide cycloaddition11 quickly crosslinks the surface of the micelles to aﬀord alkynyl-SCMs as
water-soluble nanoparticles.
In our previous work, we have shown that water- or organicsoluble azide-functionalized ligands could be easily installed on
the SCM surface if a suﬃcient number of alkyne groups are left
on the surface of the cross-linked micelles.12−15 This feature
was achieved by using a ratio of [6]/[7] = 1:1.2 during the
SCM preparation, as an excess of alkynes will be left after crosslinking. The alkynyl-SCMs were functionalized with sugarderived ligand 8 so that the resulting nanoparticles were highly
hydrophilic on the surface and completely soluble in water.
The details of the molecular imprinting procedure has been
reported previously.16 Brieﬂy, the anionic and hydrophobic
nature of the NSAID (e.g., 1 or 2) allowed it to be readily
incorporated into the cationic micelle and the resulting SCM.
After the surface cross-linking and functionalization, we
initiated core cross-linking of the methacrylate of 6 around
the template. This step is the key to the molecular imprinting to
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also prepared MINP-2 against Indomethacin and characterized
the materials similarly (Figures S4−S6).
In traditional MIPs, the insolubility of the receptors means
that binding needs to be determined indirectly, often by
measuring the amounts of guest absorbed by diﬀerent amounts
of polymer beads.17−25 Neither the number of binding sites on
a polymer bead nor their binding aﬃnity can be controlled, as
the polymer beads are obtained by grinding and sieving of
insoluble macroporous polymers. A heterogeneous population
of binding sites is typically obtained from such imprinting.
The water-solubility of MINP-1 and the ﬂuorescence of
Naproxen enabled us to directly study the binding of MINP-1
as a receptor by ﬂuorescence titration. Direct characterization
by spectroscopic methods is a highly desired feature for
molecular imprinted materials and is often diﬃcult in
traditional insoluble MIPs.31 Good solubility and spectroscopic
characterization could make our MINPs useful sensors for the
drugs to be studied. As shown by Figure 1, upon titration of

Figure 2. ITC titration curves obtained at 298 K for the binding of (a)
1 by MINP-1 and (b) (a) 2 by MINP-2. The data correspond to
entries 1 and 7 in Table 1. Additional ITC titration curves can be
found in the Figures S7 and S8.

Table 1. Binding Data for MINPs Obtained by ITCa
entry guest
1
2
3
4
5
6
7
8
9
10
11

Figure 1. (a) Fluorescence emission spectra of 1 (λex = 310 nm) upon
addition of diﬀerent concentrations of MINP-1. (b) Nonlinear leastsquares curve ﬁtting of the emission intensity of 1 at λ = 358 nm as a
function of MINP-1 concentration. [1] = 0.25 μM.

Naproxen by diﬀerent concentrations of MINP-1 in an aqueous
Tris buﬀer (50 mM Tris, pH 7.4),32 the emission peak of the
guest at 358 nm gradually decreased and a new peak at 430 nm
emerged. The data ﬁt nearly perfectly to a 1:1 binding isotherm
to aﬀord a binding constant (Ka) of (1.1 ± 0.2) × 106 M−1. The
binding constant translates to a binding free energy of −ΔG =
8.2 kcal/mol.
As mentioned earlier, a successful receptor for NSAIDs not
only needs to have strong binding but also low cross-reactivity
with its structural analogues. Because Naproxen is the only
ﬂuorescent molecule among the NSAIDs chosen, we turned to
isothermal titration calorimetry (ITC) to study the binding of
the other drugs by MINP-1. As shown by Figure 2a, the
titration data for Naproxen and MINP-1 yielded a Ka value of
(0.91 ± 0.04) × 106 M−1, experimentally the same as the value
obtained from the ﬂuorescence titration.
Having conﬁrmed the good agreement between the
ﬂuorescence and ITC binding data, we proceeded with the
ITC binding studies of the other NSAIDs (2−5) by MINP-1.
Recognizing the structural and functional-group similarity
between the template (Naproxen) and Ibuprofen or
Ketoprofen, we were apprehensive whether the MINP was
able to distinguish these structural analogues.
The Ka values for 2, 3, 4, and 5 were determined to be 8.0 ×
103, 8.7 × 104, 2.9 × 104, and 3.7 × 104 M−1, respectively
(Table 1, entries 3−6). Thus, the binding constants for these
other NSAIDs by MINP-1 were at least an order of magnitude
weaker than that for the Naproxen template. In the literature,
the speciﬁcity of an antibody is represented by its crossreactivity with ligands analogous to its antigen; the cross-

1
1
2
3
4
5
2
1
3
4
5

host
MINP-1
MINP-1
MINP-1
MINP-1
MINP-1
MINP-1
MINP-2
MINP-2
MINP-2
MINP-2
MINP-2

Ka
(× 104 M−1)

-ΔG
(kcal/mol)

±
±
±
±
±
±
±
±
±
±
±

8.2
8.1
5.6
6.7
6.1
6.2
8.2
−6.4
−6.7
−5.3
−6.8

112
91
0.8
8.7
2.9
3.7
98
5.2
8.0
0.8
9.4

20
4
0.1
0.5
0.4
0.2
5
1.2
0.1
0.1
1.0

CRRb
c

1
0.01
0.1
0.03
0.04
1
0.05
0.08
0.01
0.10

N
c

0.6
1.1
1.0
0.9
1.1
1.1
0.7
0.6
0.4
0.4

±
±
±
±
±
±
±
±
±
±

0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

a

The titrations were generally performed in duplicates in 50 mM Tris
buﬀer (pH 7.4) and the errors between the runs were <15%. bCRR =
cross-reactivity = binding constant of a given compound by a MINP
receptor normalized to that of the template by the same MINP. cThe
binding constant was obtained from ﬂuorescence titration and thus
was not compared with the ITC binding data.

reactivity may be obtained from either ITC binding data33 or
antibody-based assays such as ELISA.9 The binding constants in
our studies translate to cross-reactivity of 0.01, 0.1, 0.03, and
0.04 for 2 (Indomethacin), 3 (Ibuprofen), 4 (Ketoprofen), and
5 (Diclofenac), respectively.
In the literature, polyclonal antibodies have been prepared
for Naproxen.9 The immunization (of rabbits) was reported to
take 25 weeks. Competitive ELISA was then used to determine
the speciﬁcity of the antibody for both NSAID and other
analogues. The cross-reativity for Ibuprofen and Diclofenac was
0.09 and 0.04, respectively.9 Thus, the speciﬁcity displayed by
our plastic antibodies were essentially identical to that exhibited
by the antibodies generated through much lengthier and more
expensive procedures.
Because all the NSAIDs studied carry the identical
carboxylate, the selectivity of our MINP should derive from
the size/shape of the binding pocket. In other words,
hydrophobic matching between the host and the guest was
responsibile for the selectivity. We were delighted to see that
Ibuprofen and Ketoprofen, two extremely similar analogues of
Naproxen could be distinguished nicely by MINP-1.
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(Naproxen), 3 (Ibuprofen), 4 (Ketoprofen), and 5 (Diclofenac), respectively. Thus, similar to MINP-1, the highest crossreactivity for the nontemplated NSAIDs was 0.1, similar to
what was observed for the natural antibodies.
A close examination of our binding data suggests that a
smaller guest indeed can ﬁt into a larger pocket more easily
than a larger guest does a smaller pocket. For example, the
cross-reactivity of Indomethacin relative to Naproxen in MINP1 was 0.01, indicating that the large guest had diﬃculty ﬁtting
into the binding pocket generated by the small guest. The
cross-reactivity of Naproxen to Indomethacin in MINP-2,
however, was 0.05. Thus, although the pocket was quite
selective for the NSAIDs studied, relatively speaking, a small
guest indeed ﬁtted better to a larger pocket than vice versa.

Apparently, the binding pocket was so well formed that even an
insertion of a single ketone in the middle of the aromatic
moiety (in Ketoprofen) was not tolerated by the binding
pocket.
Another feature of our MINP is its controllable number of
binding sites. The ITC titration revealed that the number of
binding site per particle averaged 0.6−1.1. The number agreed
well with our prepration: since the micelle aggreation number
was ca. 50 and the [template]/[surfactant] ratio was 1:50 in our
MINP prepration,9 we anticipated a single binding site per
particle on average. The number of binding sites obtained also
compared favorably with typical numbers of protein/antibody
receptors, as inactive receptors, impurities, and inaccuracies in
the molecular weight of the materials frequently cause diviation
of the binding site from unity, even when the orignial
bioreceptor contains a single binding site.33 It should be
mentioned that the average number of binding sites per particle
could be easily tuned by the [template]/[surfactant] ratio, as
demonstrated by our previous work.16a
Indomethacin (2) was the largest NSAID drug in our study.
Because it is generally easier to ﬁt a smaller molecule in a larger
binding pocket than vice versa, we were especially curious
about the speciﬁcity of MINP-2 for these NSAIDs. As shown in
Table 1 (entry 7, see Figure 2b for the titration curve), the
binding constant of MINP-2 for the template itself was (0.98 ±
0.05) × 106 M−1, very similar to the value for Naproxen by
MINP-1. Because Indomethacin is signﬁcantly larger in size
than Naproxen, one would anticipate that the binding of the
larger ligand by its correspoinding MINP receptor should be
stronger, as a major driving force in the binding should be the
expulsion of the water molecules in the binding pocket by the
corresponding ligand and a larger guest should expel more
water molecules from the (larger) binding pocket.
There could be several possible reasons why the larger
Indomethacin did not display stronger binding than the smaller
Naproxen. First, Indomethacin contained an amide group in
the structure. The amide carbonyl oxygen is an excellent
hydrogen-bond acceptor and is expected to be solvated quite
well by water prior to its entrance into the binding pocket.
Desolvation of the guest costs free energy and is expected to
negatively impact the binding aﬃnity. Second, if the amide
group was hydrophilic enough to stay near the surface of the
micelle during molecular imprinting, the binding pocket
obtained from Indomethacin in MINP-2 could be shallower
than that obtained from Naproxen in MINP-1. If this is indeed
the case, the shallower binding pocket would reduce the
hydrophobic driving force for the binding, as part of the guest
molecule might still be exposed to water after the binding. In
contrast, a more deeply embedded binding pocket should bury
the hydrophobic guest more completely; thus, the smaller but
overall more hydrophobic aromatic group in Naproxen might
be better shielded from water by its binding pocket. Third, a
rigid aromatic group (of Naproxen and the top protion of
Indomethacin) has little conformational freedom, whereas the
tertiary amide bond of Indomethacin could adopt either trans
or cis conﬁguration prior to binding. Because binding will ﬁx
the conformation of the guest (by ﬁtting the guest into the
preformed binding pocket), the loss of conformaitonal entropy
will also lower the potential driving force for the binding.
Although the binding for Indomethacin was not signﬁicantly
stronger than for Naproxen by their corresponding MINPs, it is
encouraging to see that MINP-2 remained highly selective. The
cross-reactivity of this MINP was 0.05, 0.08, 0.01, and 0.1 for 1

■

CONCLUSIONS
Traditionally, chemists use molecular synthesis to create
discrete, well-deﬁned molecular receptors for molecules of
interest.2,3 However, building concave receptors with guestcomplementary binding surfaces require ingenious molecular
design, lengthy synthesis, and many times is simply impossible
for complex shaped/functionalized molecules or simple
molecules lacking proper functional-group handles. As shown
in this study, the great similarity and subtle diﬀerences among
the NSAIDs make it extremely challenging to create speciﬁc
molecular receptors for them. Although one could turn to
biological methods to generate antibodies for the drugs, the
procedures involve lengthy immunization and cumbersome
puriﬁcation and the resulting biomolecules are unstable under
many conditions. In contrast, our molecular imprinting in
cross-linked micelles readily yielded “synthetic antibodies” with
antibody-like speciﬁcity. Although higher binding aﬃnities
(than the current micromolar aﬃnities) would be even better,
the ease of the synthesis, the diversity of the MINP receptors
that can be created, the strong tolerance of the materials for
organic solvent and high temperatures because of their high
cross-linking density,16 and the excellent molecular recognition
of the materials suggest that MINPs could become attractive
substitutes for antibodies in appropriate applications.

■

EXPERIMENTAL SECTION

General. Methanol, methylene chloride, and ethyl acetate were of
HPLC grade and were purchased from Fisher Scientiﬁc. All other
reagents and solvents were of ACS-certiﬁed grade or higher, and were
used as received from commercial suppliers. Routine 1H and 13C NMR
spectra were recorded on a Bruker DRX-400 or on a Varian VXR-400
spectrometer. ESI-MS mass was recorded on Shimadzu LCMS-2010
mass spectrometer. Fluorescence spectra were recorded at ambient
temperature on a Varian Cary Eclipse Fluorescence spectrophotometer. ITC was performed using a MicroCal VP-ITC Microcalorimeter
with Origin 7 software and VPViewer2000 (GE Healthcare, Northampton, MA). Dynamic light scattering (DLS) was performed on a
PD2000DLS+ dynamic light scattering detector.
Typical MINP Synthesis. To a micellar solution of surfactant 6
(9.3 mg, 0.02 mmol) in D2O (2.0 mL), divinylbenzene (DVB, 2.8 μL,
0.02 mmol), 1 in D2O (10 μL of a solution of 10.1 mg/mL, 0.0004
mmol), and 2,2-dimethoxy-2-phenylacetophenone (DMPA) in DMSO
(10 μL of a 12.8 mg/mL, 0.0005 mmol) were added.34 The mixture
was ultrasonicated for 10 min. Compound 6 (4.1 mg, 0.024 mmol),
CuCl2 in D2O (10 μL of 6.7 mg/mL, 0.0005 mmol), and sodium
ascorbate in D2O (10 μL of 99 mg/mL, 0.005 mmol) were then added
and the reaction mixture was stirred slowly at room temperature for 12
h. Compound 8 (10.6 mg, 0.04 mmol), CuCl2 (10 μL of a 6.7 mg/mL
solution in D2O, 0.0005 mmol), and sodium ascorbate (10 μL of a 99
mg/mL solution in D2O, 0.005 mmol) were then added and the
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solution stirred for another 6 h at room temperature. The reaction
mixture was transferred to a glass vial, purged with nitrogen for 15
min, sealed with a rubber stopper, and irradiated in a Rayonet reactor
for 12 h. 1H NMR spectroscopy was used to monitor the progress of
reaction. The reaction mixture was poured into acetone (8 mL). The
precipitate was collected by centrifugation and washed with a mixture
of acetone/water (5 mL/1 mL) three times. The crude product was
washed with methanol/acetic acid (5 mL/0.1 mL) ﬁve times, and then
with methanol (2 mL), followed by excess acetone. The oﬀ-white
product was dried in air to aﬀord the ﬁnal MINPs (17 mg, 85%).
Determination of Binding Constants. For ﬂuorescence titration,
a stock solution of MINP-1 (4.0 × 10−4 M) in Tris buﬀer (50 mM
Tris, pH 7.4) was added to a solution of Naproxen in the same buﬀer
(0.25 μM). The excitation wavelength was 310 nm. The association
constant (Ka) was obtained by nonlinear least-squares curve ﬁtting of
the emission intensity of Naproxen at 358 nm following standard
procedures.35 The determination of binding constants by ITC also
followed standard procedures.36−38 Speciﬁcally, an aqueous solution of
compound 1 (1.20 mM) in Tris buﬀer (50 mM Tris, pH 7.4) was
injected in equal steps of 10 μL into 1.43 mL of a solution of MINP-1
(0.10 mM) in the same buﬀer at intervals of 120 s for a total of 30
injections. The heat of dilution for compound 1, obtained by injecting
an aqueous solution of compound 1 (1.20 mM) in Tris buﬀer (50 mM
Tris, pH 7.4) into the buﬀer, was subtracted from the heat released
during the binding. Curve ﬁtting was achieved using Microcal’s Origin
7 software (MicroCal VP-ITC, Northampton, MA) that autogenerates
the binding parameters.

■

ASSOCIATED CONTENT

■

AUTHOR INFORMATION

(8) Liu, Y.; Minami, T.; Nishiyabu, R.; Wang, Z.; Anzenbacher, P.
Sensing of Carboxylate Drugs in Urine by a Supramolecular Sensor
Array. J. Am. Chem. Soc. 2013, 135, 7705−7712.
(9) Meulenberg, E. P.; Peelen, G. O. H.; Lukkien, E.; Koopal, K.
Immunochemical detection methods for bioactive pollutants. Int. J.
Environ. Anal. Chem. 2005, 85, 861−870.
(10) Deng, A.; Himmelsbach, M.; Zhu, Q.-Z.; Frey, S.; Sengl, M.;
Buchberger, W.; Niessner, R.; Knopp, D. Residue Analysis of the
Pharmaceutical Diclofenac in Different Water Types Using ELISA and
GC−MS. Environ. Sci. Technol. 2003, 37, 3422−3429.
(11) Rostovtsev, V. V.; Green, L. G.; Fokin, V. V.; Sharpless, K. B. A
stepwise Huisgen cycloaddition process: Copper(I)-catalyzed regioselective ″ligation″ of azides and terminal alkynes. Angew. Chem., Int. Ed.
2002, 41, 2596−2599.
(12) Zhang, S.; Zhao, Y. Facile Synthesis of Multivalent WaterSoluble Organic Nanoparticles via “Surface Clicking” of Alkynylated
Surfactant Micelles. Macromolecules 2010, 43, 4020−4022.
(13) (a) Chadha, G.; Zhao, Y. Histidine-functionalized water-soluble
nanoparticles for biomimetic nucleophilic/general-base catalysis under
acidic conditions. Org. Biomol. Chem. 2013, 11, 6849−6855.
(b) Chadha, G.; Zhao, Y. Environmental control of nucleophilic
catalysis in water. Chem. Commun. 2014, 50, 2718−2720.
(14) (a) Li, X.; Zhao, Y. Protection/Deprotection of Surface Activity
and Its Applications in the Controlled Release of Liposomal Contents.
Langmuir 2012, 28, 4152−4159. (b) Li, X.; Zhao, Y. Tunable fusion
and aggregation of liposomes triggered by multifunctional surfacecross-linked micelles. Bioconjugate Chem. 2012, 23, 1721−1725.
(15) Peng, H.-Q.; Chen, Y.-Z.; Zhao, Y.; Yang, Q.-Z.; Wu, L.-Z.;
Tung, C.-H.; Zhang, L.-P.; Tong, Q.-X. Artificial Light-Harvesting
System Based on Multifunctional Surface-Cross-Linked Micelles.
Angew. Chem., Int. Ed. 2012, 51, 2088−2092.
(16) (a) Awino, J. K.; Zhao, Y. Protein-Mimetic, Molecularly
Imprinted Nanoparticles for Selective Binding of Bile Salt Derivatives
in Water. J. Am. Chem. Soc. 2013, 135, 12552−12555. (b) Awino, J. K.;
Zhao, Y. Molecularly Imprinted Nanoparticles as Tailor-Made Sensors
for Small Fluorescent Molecules. Chem. Commun. 2014, 50, 5752−
5755.
(17) Wulff, G. Molecular Imprinting in Cross-Linked Materials with
the Aid of Molecular Templates A Way towards Artificial
Antibodies. Angew. Chem., Int. Ed. Engl. 1995, 34, 1812−1832.
(18) Wulff, G. Enzyme-like Catalysis by Molecularly Imprinted
Polymers. Chem. Rev. 2001, 102, 1−28.
(19) Haupt, K.; Mosbach, K. Molecularly Imprinted Polymers and
Their Use in Biomimetic Sensors. Chem. Rev. 2000, 100, 2495−2504.
(20) Shea, K. J. Molecular imprinting of synthetic network polymers:
the de novo synthesis of macromolecular binding and catalytic sites.
Trends Polym. Sci. 1994, 2, 166−173.
(21) Sellergren, B. Molecularly Imprinted Polymers: Man-Made Mimics
of Antibodies and Their Applications in Analytical Chemistry; Elsevier:
Amsterdam, 2001.
(22) Sellergren, B. Imprinted Polymers with Memory for Small
Molecules, Proteins, or Crystals. Angew. Chem., Int. Ed. 2000, 39,
1031−1037.
(23) Komiyama, M. Molecular Iimprinting: from Fundamentals to
Applications; Wiley−VCH: Weinheim, Germany, 2003.
(24) Yan, M.; Ramström, O. Molecularly Imprinted Materials: Science
and Technology; Marcel Dekker: New York, 2005.
(25) Alexander, C.; Andersson, H. S.; Andersson, L. I.; Ansell, R. J.;
Kirsch, N.; Nicholls, I. A.; O'Mahony, J.; Whitcombe, M. J. Molecular
imprinting science and technology: a survey of the literature for the
years up to and including 2003. J. Mol. Recognit. 2006, 19, 106−180.
(26) Kempe, M.; Mosbach, K. Direct Resolution of Naproxen on a
Noncovalently Molecularly Imprinted Chiral Stationary-Phase. J.
Chromatogr. A 1994, 664, 276−279.
(27) Hung, C. Y.; Huang, Y. T.; Huang, H. H.; Hwang, C. C.
Synthesis and molecular recognition of molecularly imprinted polymer
with ibuprofen as template. J. Chin. Chem. Soc. 2006, 53, 1173−1180.

S Supporting Information
*

Characterization of MINPs and additional ﬁgures. The
Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsbiomaterials.5b00042.

Corresponding Author

*E-mail: zhaoy@iastate.edu.
Funding

We thank NSF (CHE-1303764) for ﬁnancial support of the
research.
Notes

The authors declare no competing ﬁnancial interest.

■

REFERENCES

(1) Janeway, C. Immunobiology: the Immune System in Health and
Disease, 6th ed.; Garland Science: New York, 2005.
(2) Atwood, J. L.; Lehn, J. M. Comprehensive Supramolecular
Chemistry; Pergamon: New York, 1996.
(3) Steed, J. W.; Gale, P. A. Supramolecular Chemistry: From Molecules
to Nanomaterials; Wiley: Weinheim, Germany, 2012.
(4) Rekharsky, M. V.; Mori, T.; Yang, C.; Ko, Y. H.; Selvapalam, N.;
Kim, H.; Sobransingh, D.; Kaifer, A. E.; Liu, S.; Isaacs, L.; Chen, W.;
Moghaddam, S.; Gilson, M. K.; Kim, K.; Inoue, Y. A synthetic hostguest system achieves avidin-biotin affinity by overcoming enthalpy−
entropy compensation. Proc. Natl. Acad. Sci. U. S. A. 2007, 104,
20737−20742.
(5) Hogben, H. J.; Sprafke, J. K.; Hoffmann, M.; Pawlicki, M.;
Anderson, H. L. Stepwise Effective Molarities in Porphyrin Oligomer
Complexes: Preorganization Results in Exceptionally Strong Chelate
Cooperativity. J. Am. Chem. Soc. 2011, 133, 20962−20969.
(6) Cao, L. P.; Sekutor, M.; Zavalij, P. Y.; Mlinaric-Majerski, K.;
Glaser, R.; Isaacs, L. Cucurbit[7]uril-Guest Pair with an Attomolar
Dissociation Constant. Angew. Chem., Int. Ed. 2014, 53, 988−993.
(7) Lewis, A.; Furst, D. E. Nonsteroidal Anti-Inﬂammatory Drugs:
Mechanisms and Clinical Uses, 2nd ed.; Marcel Dekker: New York,
1994.
429

DOI: 10.1021/acsbiomaterials.5b00042
ACS Biomater. Sci. Eng. 2015, 1, 425−430

Article

ACS Biomaterials Science & Engineering
(28) Chen, D.-M.; Fu, Q.; Du, W.; Sun, S.-J.; Huang, P.; Chang, C.
Preparation and evaluation of monolithic molecularly imprinted
stationary phase for S-naproxen. J. Pharm. Anal. 2011, 1, 26−31.
(29) Manesiotis, P.; Osmani, Q.; McLoughlin, P. An enantio-selective
chromatographic stationary phase for S-ibuprofen prepared by
stoichiometric molecular imprinting. J. Mater. Chem. 2012, 22,
11201−11207.
(30) Berne, B. J.; Pecora, R. Dynamic Light Scattering: with
Applications to Chemistry, Biology, and Physics; Dover Publications:
Mineola, NY, 2000.
(31) Zimmerman, S. C.; Lemcoff, N. G. Synthetic hosts via molecular
imprinting-are universal synthetic antibodies realistically possible?
Chem. Commun. 2004, 5−14.
(32) Other buﬀers such as citrate phosphate could be used. See:
Awino, J. K.; Zhao, Y. Water-soluble molecularly imprinted nanoparticles (MINPs) with tailored, functionalized, modifiable binding
pockets. Chem. - Eur. J. 2015, 21, 655−661.
(33) Mohan, S.; Kourentzi, K.; Schick, K. A.; Uehara, C.; Lipschultz,
C. A.; Acchione, M.; DeSantis, M. E.; Smith-Gill, S. J.; Willson, R. C.
Association Energetics of Cross-Reactive and Specific Antibodies.
Biochemistry 2009, 48, 1390−1398.
(34) D2O was used in the prepration to faciliate the monitoring of
the reaction progress by 1H NMR spectroscopy.
(35) Schneider, H.-J.; Yatsimirsky, A. K. Principles and Methods in
Supramolecular Chemistry; Wiley: New York, 2000.
(36) Wiseman, T.; Williston, S.; Brandts, J. F.; Lin, L. N. Rapid
Measurement of Binding Constants and Heats of Binding Using a
New Titration Calorimeter. Anal. Biochem. 1989, 179, 131−137.
(37) Jelesarov, I.; Bosshard, H. R. Isothermal titration calorimetry
and differential scanning calorimetry as complementary tools to
investigate the energetics of biomolecular recognition. J. Mol. Recognit.
1999, 12, 3−18.
(38) Velazquez-Campoy, A.; Leavitt, S. A.; Freire, E. Characterization
of protein-protein interactions by isothermal titration calorimetry.
Methods Mol. Biol. 2004, 261, 35−54.

430

DOI: 10.1021/acsbiomaterials.5b00042
ACS Biomater. Sci. Eng. 2015, 1, 425−430

