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Molecular imprinting has proven to be a versatile approach to
the preparation of synthetic receptors with tailor-made
recognition sites.[1, 2] The ultimate goal of molecular imprint-
ing is to generate molecularly imprinted polymers (MIPs)
with affinity and specificity approaching those of the biolog-
ical receptors so that they can eventually replace such
biological entities in real applications. However, previously
developed MIPs that target small organic molecules are
normally only compatible with organic solvents, and they
mostly fail to show specific template binding in aqueous
solutions (whereas peptide- or protein-imprinted polymers
are intrinsically water-compatible),[3] which significantly
limits their practical application in such areas as molecularly
imprinted sorbent assays and biomimetic sensors.[4] Despite
some progress made in the development of MIPs applicable
for analyte detection in relatively simple aqueous media, such
as pure water,[5] surfactant-containing water,[6] aqueous buffer
solutions (mostly containing an organic solvent),[4b, 7] and beer
or solutions that mimic alcoholic beverages,[8] the design of
MIPs directly capable of specifically recognizing the targeted
small organic molecules in real biological samples remains
a formidable challenge owing to the complex nature of the
sample matrices.[4d,e,h]

Herein, we report the efficient synthesis of narrowly
dispersed hydrophilic MIP nanoparticles with excellent
specific molecular-recognition ability in real aqueous solu-
tions, including river water and biological samples (both
diluted and undiluted milk and bovine serum). Reversible
addition–fragmentation chain-transfer (RAFT) precipitation
polymerization (RAFTPP)[5a–c,g] mediated by hydrophilic
macromolecular chain-transfer agents (macro-CTAs) pro-
vided for the first time narrowly dispersed highly cross-linked
MIP (or polymer) nanoparticles with surface-grafted hydro-
philic polymer brushes in a facile one-pot approach
(Figure 1). The hydrophilic polymer brushes on the MIP
nanoparticles not only significantly improved their surface

hydrophilicity and led to their water compatibility,[5a–c,f,g] but
they also acted as a protective layer to prevent proteins in the
biological samples from accumulating on the nanoparticle
surface and blocking the imprinting sites[9, 10] and thus enabled
the MIP nanoparticles to function properly in such complex
matrices. Although studies on the use of MIPs in biological
media for specific molecular recognition have been dis-
closed,[11] either diluted biological solutions (containing
40 vol % of a mixture of ethanol/water (1:1 v/v) and a phos-
phate buffer) were used[11a] or the targeted molecule was
a highly water soluble 26 amino acid peptide (i.e., the bee
toxin melittin).[11b] In this context, there have been many
reports on the MIP-based solid-phase extraction of target
analytes in real matrices;[12] however, the selectivity of the
MIPs in this case is controlled by the choice of solvents in the
extraction procedure. The direct use of MIPs in real matrices
is more difficult, as the conditions used are mainly fixed by the
nature of the sample.[4e] To our knowledge, we report herein
the first successful example of the synthesis of MIP nano-
particles that can be used directly in undiluted biological
samples for the efficient specific recognition of small organic
molecules. This finding is a major breakthrough for molec-
ular-imprinting technology, since it opens the door to the
facile preparation of nanoscale MIPs (with good dispersion
and outstanding performance in real aqueous samples) that
are very attractive synthetic substitutes for biological recep-
tors in bioanalytical applications and many other fields.

Figure 1. Preparation and characterization of MIP nanoparticles.
a) Chemical structures of the RAFT agents used: hydrophilic macro-
CTAs and CDB. b) Schematic protocol for the one-pot preparation by
RAFTPP of MIP nanoparticles compatible with real aqueous solutions.
c) Characterization of MIP nanoparticles (Mn,NMR of PHEMA brushes:
4800) by SEM and DLS.
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To demonstrate the general principle, we first chose
a model noncovalent molecular imprinting system which used
2,4-dichlorophenoxyacetic acid (2,4-D; see Scheme S1 in the
Supporting Information), 4-vinylpyridine (4-VP), ethylene
glycol dimethacrylate (EGDMA), and a mixture of methanol
and water (4:1 v/v) as the template, the functional monomer,
the cross-linker, and the porogenic solvent, respectively. We
carried out RAFTPP to prepare 2,4-D-imprinted polymers
(2,4-D-MIPs) with azobisisobutyronitrile (AIBN) as the
initiator in the presence of a chain-transfer agent (RAFT
agent) and a large amount of the porogenic solvent (� 98 % of
the total reaction volume). Important features of our
approach were the compatibility of all reactants with both
RAFT polymerization and the molecular-imprinting process-
es, and the ability of 4-VP to form a hydrophobic interaction
and an ionic bond with 2,4-D in polar solvents.[7a]

Three hydrophilic poly(2-hydroxyethyl methacrylate)
(PHEMA) polymers with a dithioester end group and differ-
ent molecular weights (Mn) were readily synthesized by
RAFT polymerization and used as the macro-CTAs for
RAFTPP (Figure 1 a; see also Table S1 in the Supporting
Information). A series of 2,4-D-MIPs and their control
polymers (2,4-D-CPs) were readily obtained by RAFTPP
mediated by a mixture of one macro-CTA and a normal
RAFT agent (cumyl dithiobenzoate, CDB; see Table S2). In
such polymerization systems, the macro-CTAs acted as both
co-chain-transfer agents and steric stabilizers in the synthesis
of the desired MIP and CP particles with surface-grafted
hydrophilic PHEMA brushes.[13] Ungrafted 2,4-D-MIP and
2,4-D-CP were also prepared by RAFTPP by using only CDB
as the RAFT agent and were used as controls for the grafted
polymers in the following studies.

An SEM study revealed that the ungrafted 2,4-D-MIP and
2,4-D-CP were narrowly dispersed microspheres with
number-average diameters (Dn) around 2 mm (see Figure S2
and Table S2 in the Supporting Information), whereas the
grafted polymers were rather small nanoparticles (typically
Dn< 100 nm in the dry state; Figure 1c; see also Figure S2). A
further study by dynamic light scattering (DLS) showed that
the grafted MIPs and CPs were narrow or monodisperse
particles with hydrodynamic diameters (111–178 nm) in
solution that were somewhat larger than the Dn values
found by SEM (see Figure S3 and Table S2).

[14] The presence
of the characteristic peaks for the hydroxy O�H stretching
band around 3540 cm�1 in the FTIR spectra of the grafted
MIPs and CPs (Figure 2a), together with their significantly
reduced static water contact angles in comparison with those
of the ungrafted polymers (Figure 2b; see also Table S2) and
their high dispersion stability in water (Figure 2c; see also
Figure S5), was strong evidence for the successful grafting of
hydrophilic polymer brushes. Furthermore, the rather similar
grafting levels of hydrophilic polymer brushes on the grafted
MIP and corresponding CP nanoparticles were also revealed
by their FTIR spectra and rather close static water contact
angles.

The equilibrium binding properties of the ungrafted and
grafted 2,4-D-MIPs/2,4-D-CPs were first studied in an
organic-solvent-rich medium (methanol/water (4:1 v/v)) and
in pure water. Both the ungrafted and the grafted MIPs were

found to bind more of the template than their corresponding
CPs (see Figure S6a) and showed high selectivity towards the
template (see Figure S13a and Table S3) in methanol/water
(4:1 v/v). These results suggest the presence of specific
binding sites in the MIPs. As expected, the specific template
binding (i.e., the binding difference between the MIP and its
CP)[14] of the ungrafted MIP almost completely disappeared
in the pure aqueous solution owing to its high surface
hydrophobicity (see Figure S6 b).[7d] In sharp contrast, the
grafted MIPs showed specific template binding in pure
aqueous media rather close to that observed in methanol/
water (4:1 v/v) because of their greatly improved surface
hydrophilicity (see Figure S6b).[5a–c,f,g] Moreover, they also
exhibited clear selectivity towards the template in pure water
(see Figure S13b and Table S3).

We then performed the equilibrium binding experiments
in real aqueous solutions. In the first step, the template-
binding experiments were carried out in river water and some
diluted biological samples, including milk/water (1:1 v/v) and
bovine serum/water (1:1 v/v). The batch adsorption study
revealed that the grafted MIP bearing PHEMA brushes with
Mn,NMR = 4800 bound more of the template than its corre-
sponding CP in all aqueous media studied (Figure 3a), and its
specific template binding was rather close to that observed in
both pure water and methanol/water (4:1 v/v; Figure 3 b).
Moreover, the grafted MIP also showed high selectivity
towards the template in river water, milk/water, and bovine
serum/water (see Figure S14d and Table S3). These results
clearly demonstrated that the grafted MIP nanoparticles
bearing PHEMA brushes with Mn,NMR = 4800 had superior
molecular-recognition ability in these aqueous solutions.

The effect of the molecular weight of the hydrophilic
macro-CTA used (i.e., the chain length of the grafted polymer
brushes) on the equilibrium binding properties of the result-
ing MIPs and CPs in river water and diluted biological
samples was also investigated. It can be seen clearly that, in
contrast to the MIP nanoparticles grafted with relatively long
PHEMA brushes (Mn,NMR = 4800), those bearing shorter
PHEMA brushes (Mn,NMR = 2440 and 3250) could only

Figure 2. a) FTIR spectra of the ungrafted MIP (a1), the ungrafted CP
(a2), and the grafted MIPs (a3, a5, a7) and CPs (a4, a6, a8) bearing
PHEMA brushes with Mn,NMR = 2440 (a3/a4), 3250 (a5/a6), and 4800
(a7/a8). b) Profiles of a water drop on films of the ungrafted MIP (b1),
the ungrafted CP (b2), and the grafted MIPs (b3, b5, b7) and CPs (b4,
b6, b8) bearing PHEMA brushes with Mn,NMR = 2440 (b3/b4), 3250
(b5/b6), and 4800 (b7/b8). c) Photographs showing the dispersion of
the ungrafted MIP (c1, after standing for 1.5 h) and the grafted MIP
bearing PHEMA brushes with Mn,NMR = 4800 (c2, after standing for
5 days) in water at 25 8C (MIP template: 2,4-D).
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specifically recognize the template in river water, whereas
their specific template binding (Figure 3 b; see also Fig-
ure S7b,c) and selectivity towards the template (see Fig-
ure S14b,c and Table S3) almost disappeared in the diluted
milk and bovine serum. These results suggest that the chain
length of the hydrophilic polymer brushes played a decisive
role in the compatibility of the grafted MIP nanoparticles
with biological samples, and that only those polymer brushes
with a high enough molecular weight could act as an efficient
hydrophilic protective shield for the MIP nanoparticles to
prevent the accumulation of proteins on their surface and
enable them to function properly.[10b,c] As expected, the
ungrafted MIP hardly showed any specific template binding
in river water or diluted biological solutions (Figure 3b; see
also Figures S7 a and S14a and Table S3).

Next, equilibrium binding experiments were performed
with the best candidate in the above study (i.e., the grafted
2,4-D-MIP bearing PHEMA brushes with Mn,NMR = 4800) in
undiluted milk and bovine serum. The grafted MIP could
clearly bind more of the template than the corresponding CP
(Figure 4a). More importantly, its specific template binding
proved to be rather similar to that observed in methanol/
water, pure water, river water, and diluted biological media.
These results, together with the high selectivity of this grafted
MIP towards the template in milk and bovine serum (Fig-
ure 4b; see also Table S3), clearly confirmed its excellent
specific molecular-recognition ability in the real biological
samples.

Finally, narrowly dispersed hydrophilic propranolol-
imprinted polymer nanoparticles were also prepared by
RAFTPP mediated by a PHEMA macro-CTA (Mn,NMR =

4800; see Table S2 and Figures S2–S5). The resulting nano-
particles also showed excellent compatibility with river water,
undiluted milk, and bovine serum (see Figures S9 and S16 and
Table S4). This result, together with the total incompatibility
of ungrafted propranolol-MIP microspheres prepared by
RAFTPP (see Figures S9 and S16 and Table S4) as well as
conventional 2,4-D and propranolol-imprinted polymers (see
Figure S11) with such real aqueous solutions, definitively
verified the general applicability and high versatility of our
strategy in the solution of this long-standing problem in
molecular imprinting with the efficient specific recognition of
small organic molecules in complex aqueous media.

In conclusion, we have demonstrated for the first time the
efficient one-pot synthesis of narrowly dispersed hydrophilic
MIP nanoparticles that are fully compatible with a series of
real aqueous solutions (including river water, diluted and
undiluted milk, and bovine serum) by RAFTPP mediated by
hydrophilic macro-CTAs. The chain length of the polymer
brushes on the MIP nanoparticles had a significant influence
on the compatibility of the nanoparticles with biological
samples: only sufficiently long polymer brushes could act as
an efficient protective layer to prevent the accumulation of
proteins on the nanoparticle surface and thus enable the
nanoparticles to function properly in such a complex milieu.
Furthermore, we were able to confirm the general applic-
ability of our strategy. In view of the versatility of RAFT
polymerization in the field of molecular imprinting,[5a–c,g,15] the
ready preparation of these narrowly dispersed MIP nano-

Figure 3. a) Equilibrium binding of 2,4-D (0.02 mm) to different
amounts of the grafted MIP (filled symbols) and CP (open symbols)
bearing PHEMA brushes (Mn,NMR =4800) in river water (triangle),
milk/water (1:1 v/v; square), and bovine serum/water (1:1 v/v;
diamond) at 25 8C. b) Specific template binding to the ungrafted MIP
(i.e., Mn of the macro-CTA is 0) and grafted MIPs bearing PHEMA
brushes with Mn,NMR = 2440, 3250, and 4800 in solutions of 2,4-D
(0.02 mm) in different media at 25 8C (MIP template: 2,4-D; polymer
concentration: 16 mgmL�1).

Figure 4. a) Equilibrium binding of 2,4-D (0.02 mm) to different
amounts of the grafted MIP (filled symbols) and CP (open symbols)
bearing PHEMA brushes with Mn,NMR = 4800 in undiluted milk (square)
and bovine serum (diamond) at 25 8C. b) Selective binding of the
grafted MIP and CP bearing PHEMA brushes with Mn,NMR = 4800
towards a mixture of 2,4-D (0.02 mm) and POAc (phenoxyacetic acid,
see Scheme S1) (0.02 mm) in undiluted milk and bovine serum at
25 8C (MIP template: 2,4-D, polymer concentration: 12 mgmL�1).
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particles, and their excellent dispersion and binding proper-
ties in biological samples, we believe that such synthetic MIP
nanoparticles are highly promising alternatives to biological
receptors with great potential in many analytical applications
(e.g., for environmental, food, and clinical analyses) and other
areas.
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