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The first demonstration of fabrication of submicron lateral resolution molecularly imprinted polymer (MIP)

patterns by photoinduced local polymerization within metal subwavelength apertures is reported. The size

of the photopolymerizedMIP features is finely tuned by the dose of 532 nm radiation. Rhodamine 123 (R123)

has been selected as a fluorescent model template to prove the recognition capability of the MIP

nanostructures, which has been evaluated by fluorescence lifetime imaging microscopy (FLIM) with

single photon timing measurements. The binding selectivity provided by the imprinting effect has been

confirmed in the presence of compounds structurally related to R123. These results pave the way to the

development of nanomaterial architectures with biomimetic artificial recognition properties for

environmental, clinical and food testing.

Introduction

Polymerization at the nanoscale is a subject of considerable

interest in the eld of molecularly imprinted polymers (MIPs).

MIPs are tailor-made materials showing selective recognition to

a template molecule present during the polymerization

process.1 These materials can be used as synthetic receptors in

(bio)molecular sensing applications. Structuring MIPs at the

micro- and nano-scale increases the recognition surface avail-

able, greatly improving the site accessibility of imprinted

materials.2 Implementation of MIP-based nanosensor archi-

tectures requires the formation of MIP micro- and nano-

features with well-dened morphologies onto the surface of

particular devices (e.g. transducers) and/or planar substrates

(e.g. Si wafers). In this regard, different methods for MIP micro/

nanostructuring have been demonstrated. For example, UV,3

evanescent wave4 and microstereo lithographic techniques5

were used to synthesize MIP features with microscale lateral

resolution. To achieve sub-micron lateral resolution, nano-

imprint lithography was shown to be successful;6 however, it

requires a mould or stamp contacting the pre-polymerization

mixture, which may contaminate the resulting MIP surface. We

have recently reported the application of electron beam lithog-

raphy (EBL) to the direct patterning of MIP nano-features on

silicon substrates using a cross-linkable linear copolymer which

behaves as both, a functional recognition material and an EBL

resist.7

Nanophotonic devices offer a powerful means to achieve high

optical connement at the nanoscale. Some of them are capable

to conne and enhance the optical eld within low refractive

index nanoregions, a feature that is particularly useful in appli-

cations such as biochemical sensing and nanolithography. For

instance, plasmonic nanostructures such as metal nanoparticles

and optical antennas can produce enhanced optical elds highly

localized at their surfaces. This effect has been successfully

applied to ultrahigh sensitivity optical biosensing8,9 and nano-

meter-scale photopolymerization.10–12 Metallic subwavelength

apertures (MSAs)13 are particularly appealing because of their

geometrical simplicity and the possibility of being reliably and

uniformly mass-produced through lithographic means,14,15

allowing massive parallelism. An outstanding demonstration of

light connement inside MSAs was the achievement of single

molecule detection by uorescence correlation spectroscopy at

biologically relevant concentrations.16

In this paper, we demonstrate for the rst time the fabrica-

tion of MIP patterns with sub-micrometer lateral resolution by
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photoinduced local polymerization within MSAs. The MSAs

consist of small holes in an aluminum lm deposited onto a

microscope coverslip. The employed polymerizable formulation

includes a photoinitiator that enables polymerization at 532

nm, and rhodamine 123 (R123) as a model template molecule,

the uorescence of which allows sensitive detection of the

binding event. The size of the photopolymerized MIP features is

determined and controlled by the dose of green radiation. The

fabricated MIP nanostructures are structurally characterized as

a function of the irradiation dosage and their recognition

capability is evaluated through uorescence lifetime imaging

microscopy (FLIM) with single photon timing measurements of

the bound R123 uorescence.

Experimental
Reagents and materials

Rhodamine 123 (R123), rhodamine 6G (R6G) and uorescein

(FLU) (Fig. SI.1†) were supplied by Acros (Geel, Belgium).

Methacrylic acid (MAA) and triuoroacetic acid (TFA) (HPLC

grade, 99%) were from Fluka (Buchs, Switzerland). The sensi-

tizer dye Eosin Y (EY), 20,40,50,70-tetrabromouorescein diso-

dium salt, methyldiethanolamine (MDEA), ethylene glycol

dimethacrylate (EDMA) and HEPES buffer were obtained from

Sigma-Aldrich (St. Louis, MO, USA). HPLC grade acetonitrile

(AcN) and methanol (MeOH) were purchased from SDS (Peypin,

France) and water was puried with a Milli-Q system (Millipore,

Bedford, MA). All solutions prepared for HPLC were passed

through a 0.45 mm nylon lter before use.

HPLC-UV analysis

The chromatographic system consisted of a HP-1200 series high

performance liquid chromatograph (HPLC) from Agilent Tech-

nologies (Palo Alto, CA, USA) equipped with a quaternary pump,

on-line degasser, autosampler, automatic injector, column

thermostat, and diode-array (DAD) detector. HPLC quantica-

tion of the dyes was performed on an Excel 2 C18-PFP (2) (100 �

2.1 mm, 2 mm) column from ACE (Aberdeen, Scotland). The

mobile phase consisted of a mixture of 40% AcN (by volume)

and 60% water containing 0.1% TFA. The analyses were per-

formed at a ow rate of 0.4 mL min�1 and the column

temperature was kept at 40 �C. The injection volume was 10 mL

and all the dyes were eluted within 10 min. The UV-VIS

absorption detector was set at 510 nm. For quantication

purposes, calibration standards were prepared by diluting in

the mobile phase an adequate amount of the 200 mg L�1 dye

stock solution in DMSO. All measurements were carried out in

triplicate.

Equilibrium rebinding experiments

A series of MIP and non-imprinted polymer (NIP) samples

(10 mg each) were weighed separately and taken into 1.5 mL

HPLC glass vials. Then, 1 mL acetonitrile solutions containing

increasing concentrations of R123 (0.003 mM to 2 mM) were

added to each vial and the vials were shaken for 24 h at room

temperature. Aer incubation, the amount of free R123 (F)

remaining in the supernatant was determined by HPLC using

the method described in the section LC-UV analysis. The

amount of bound analyte to the polymer (B) was calculated by

subtracting the non-bound amount (F) from the initial

concentration in the solution.

For cross-selectivity evaluation the polymers (10 mg, MIP or

NIP) were incubated with 1 mL acetonitrile solutions containing

increasing concentrations of R6G or uorescein (0.003 mM to

2 mM). Aer 24 h shaking, the concentration of dye in the

supernatant was determined by HPLC-FLD and the experimental

data were tted to a Freundlich isotherm model (see ESI†).

Fabrication of metallic subwavelength aperture arrays

Glass substrates 1 mm thick were thoroughly washed with

detergent in an ultrasonic bath and cleaned at 130 �C using

piranha solution (H2SO4 96%–H2O2 30% 3 : 1 v/v), then rinsed

with deionized water (DIW) and isopropyl alcohol, blown-dry

with N2 ow and heated at 100 �C for 10 min. Then, aluminum

was deposited on the glass substrates by electron-beam evapo-

ration at a deposition rate of 1 nm s�1. The nal lm thickness

was determined to be 92 nm using an Alpha-Step IQ surface

prolometer. Next, a ZEP-520 positive tone EBL resist was spin-

coated on the Al lm at 5000 rpm and immediately baked for 10

min at 120 �C, resulting in a resist thickness of approximately

100 nm. 5 mm-period dot arrays were patterned in the resist lm

by e-beam single-shot exposure using a Crestec CABL-9000C

high resolution EBL system (50 keV acceleration voltage, 1 nA

beam current, 200 ms exposure time). The exposed resist was

developed at 0 �C for 40 s and then dried under a N2 ow.

Inductively coupled plasma (ICP) chemical dry etching was used

to drill holes in the Al layer down to the glass substrate using the

patterned ZEP-520 lm as a mask. The ICP etching was carried

out with BCl3 (20 sccm) and Cl2 (10 sccm) gases and RF and ICP

power of 100 W for 40 s. The etch selectivity of Al over the resist

is 1.18 : 1, leading to an almost complete removal of the mask

aer etching. Immediately aer the ICP treatment, the samples

were rinsed in DIW for 5 min to dissolve residual chloride ions.

The residual resist was removed from the surfaces with O2

plasma at an RF power of 50 W and oxygen ow of 15 sccm for

10min. The diameter of the fabricated holes wasmeasured with

a scanning electron microscope and resulted to be equal to

approximately 250 nm.

Fabrication of submicron polymer structures at nanoholes

The template molecule (R123, 0.029 mmol), the functional

monomer (MAA, 0.23 mmol) and 85 mL of a 60 : 40 (v/v) mixture

of AcN/DMSO were placed in a 1.5 mL HPLC vial and shaken for

15 min. Aer addition of EDMA (0.23 mmol), 2 mg of EY and

20 mL of MDEA, the vial was capped with a rubber septum and

the mixture was purged with argon for 5 min. Then 3 mL drops

of the mixture were deposited on the fabricated Al nanohole

arrays to allow photopolymerization in the metal nanoholes

as shown schematically in Fig. 1. A 532 nm-wavelength laser

source [5 mW CW532-04 from Roithner Lasertechnik (Vienna,

Austria)] was used and the polymerizing light was incident

perpendicularly on the metal–glass interface from the bottom
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glass substrate. Various exposure times (0.5–16 h) and laser

powers (0.72–2 mW) were used. Incident light power was set

using different neutral density lters (21 mm dia., Edmund

Optics, York, UK) and monitored by a photodetector and a

power meter.

Bulk polymers were also synthesized by placing a 300 mL

aliquot of the mixture in a 1.5 mL HPLC vial and exposed

directly to the laser beam. Aer polymerization within nano-

holes the samples were cleaned with acetone to remove the

unreacted solution. Template extraction was achieved by gentle

shaking of the polymers, prepared by both polymerization

methods, for 2 h in ethanol.

NIPs were prepared as described for MIPs without the pres-

ence of the template molecule R123.

Template rebinding studies based on the uorescence

intensity and lifetime

The aluminum samples containing photopolymerized submi-

cron polymer structure arrays were incubated in 25 mL of a 1.0

mM solution of R123 in acetonitrile for 3 h at room temperature.

Aer incubation, the sample was washed twice by dipping it

into 5 mL of acetonitrile to eliminate the non-specically

adsorbed R123 and was subject to microscopy investigation. A

Horiba (Piscataway, NJ) dynamic uorescence lifetime imaging

microscope (FLIM) was used to characterize the MIP/NIP spots.

The setup includes an epiuorescence confocal microscope

(Olympus BX51, NY) equipped with three objectives (10�, 20�

and 40�) and a trinocular head. The latter is tted with a 1.4

Mpixel Innity-3 1UC uorescence-grade color CCD camera

(Lumenera, Ottawa, ON), a thermoelectrically-cooled TBX-04-D

single photon detector (Horiba) and a 1600 � 1200 pixel CCD

camera (uEye IDS UI-1460, Obersulm, Germany) for bright eld

image recording. A laser diode (Horiba NanoLED-470LH) was

used as an excitation source (463 nm, 900 ps pulse width,

500 kHz repetition rate) together with a 470 nm interference

lter (Chroma HQ470/20x, Rockingham, VT) and a 490 nm

dichroic mirror (Olympus Q490DCXR)/HQ 500LP band-pass

interferential lter combination placed in the cube turret.

All uorescence decays were measured with a 1000-channel

40 ns window during a xed time of 5 min. The emission life-

times were obtained from bi-exponential curve ttings, using

the proprietary Horiba hybrid grid-search minimization algo-

rithm (without deconvolution) for stable chi-squared minimi-

zation. Measurements (40� objective) were carried out on nine

different 20 mm2 points over the 0.01 mm2 sampled surface. The

pre-exponentially weighted uorescence lifetimes (eqn (1)) were

calculated from the double exponential t of the decay kinetics

prole to eqn (2) and reported throughout the manuscript.

sm ¼

X

i

Bi
X

i

Bi

si (1)

log I(t) ¼ A + B1e
�t/s1 + B2e

�t/s2 (2)

Atomic Force Microscopy (AFM) measurements

Topographic images of the nanoholes before and aer photo-

polymerization were acquired with a Bruker AFM IIIa multi-

mode nanoscope (Camarillo, CA). Its FESP probe (Bruker)

was made to oscillate at 75 kHz with an elongation constant of

2.8 Nm�1. In all cases the images were collected in scan tapping

mode.

Optical simulations

Finite-difference time-domain (FDTD) simulations of the

optical intensity inside a metallic subwavelength circular hole

were carried out using Rso soware for 532 nm linearly

polarized light. The simulation grid encompassed 1 mm in the

lateral dimension and 1.5 mm in the vertical dimension, with

5 nm grid spacing in the vicinity of the waveguide. The

refractive indexes at 532 nm of glass, aluminum and the

photopolymerizable mixture were taken to be 1.523, 0.886–

i6.253 and 1.381–i0.0096, respectively. The real and imaginary

parts of the pre-polymerization mixture refractive index were

experimentally determined with the aid of a 2WAJ Abbe

refractometer (Selecta, Barcelona, Spain) and a Cary 3-Bio

(Varian, Palo Alto, CA) spectrophotometer, respectively. A

perfectly matched layer boundary condition was used along all

three dimensions.

Results and discussion

Subwavelength indicates the use of dimensions below the

length of the waves used. Therefore, in order to consider the

fabricated Al holes as subwavelength apertures, their diameter

(250 nm) should be smaller than the propagation wavelength in

the holes (l/npol), where l is the polymerization wavelength and

npol is the refractive index of the medium lling the hole. For

polymer mixtures, npol is typically around 1.4. We chose a

polymerization wavelength of 532 nm because (i) the above

subwavelength condition is met, (ii) inexpensive solid-state

lasers can be employed, and (iii) there exists a well-known

photoinitiating system consisting of a mixture of eosin Y (EY)

and methyldiethanolamine (MDEA), previously used in holog-

raphy, laser writing self-guiding polymerization, and plasmon-

assisted near eld polymerization on Ag nanoparticles,12,17 that

shows good sensitivity at 532 nm.

Fig. 1 Scheme of the set up for submicron MIP/NIP structures

formation on Al nanohole arrays.
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The pre-polymerization mixture deposited in the nanoholes

includes, besides the aforementioned photoinitiating system,

ethylene glycol dimethacrylate (EDMA) as a cross-linker (CL)

and methacrylic acid (MAA) as a functional monomer (FM).

MAA interacts by non-covalent interactions with key functional

groups of the model template (R123) allowing generation of

high affinity binding sites within the polymer network. As

described in the ESI,† the polymer composition was optimized

to (i) provide selective recognition of R123 by the imprinted

material and (ii) achieve removal of the uorescent template

aer polymerization by washing with ethanol, a solvent in

which R123 is highly soluble (Table SI.1†). In this way, a mole

ratio of 0.5 : 4 : 4, T/FM/CL, was selected for MIP fabrication in

the nanoholes. In agreement with the literature reports, such a

composition is adequate to maintain the structural integrity of

the template-imprinted binding sites in EDMA–MAA systems.18

The affinity constants and binding capacity of the imprinted

and non-imprinted polymers prepared by bulk polymerization

were assessed in equilibrium rebinding assays. The experi-

mental data were tted to a Freundlich isotherm (Table 1 and

Fig. 2), as described in the ESI,† resulting in higher values of the

weighted average affinity of R123 for the MIP than for the NIP

(KMIP ¼ 21 � 3 mM�1 and KNIP ¼ 8 � 1 mM�1), together with a

higher number of binding sites (NMIP ¼ 41 � 3 mmol g�1 and

NNIP ¼ 17 � 1 mmol g�1).19

Other dyes structurally related to R123 such as rhodamine 6G

and uorescein showed a markedly lower retention in the MIP

(KMIP values of 12 � 2 mM�1 and 11 � 1 mM�1, respectively),

lending further support to the success of the imprinting process.

In the case of uorescein the apparent weighted average affinity

in the MIP (11 � 1 mM�1) was not signicantly different from

that of R6G (12� 2 mM�1) but the total number of binding sites

was signicantly lower than for this dye (Table 1).

Fig. 3 shows AFM topographic images of the MIP nano-

structures generated by photopolymerization on 5 mm-period Al

nanohole arrays for different polymerization times. It is clear

that local polymerization occurs selectively at the nanohole

sites. The nanoholes are almost entirely lled with the polymer

aer 1 h exposure time at 1.22 mW laser power, as demon-

strated by the AFM data. Fig. 4 plots the height (measured from

themetal surface) of the polymerized region in the nanoholes as

a function of the irradiation time for different incident power

values. For each incident light power, the variation of height as

a function of the exposure time can be tted to a h-root func-

tion, where h is around 2 (h equals 1.96, 1.85 and 2.17 for 0.72,

1.22 and 2 mW, respectively). This dependence can be theo-

retically explained through optical numerical simulations as

follows.

An array period of 5 mm allows nanoholes to behave optically

as isolated MSAs because the distance among holes is larger

than the propagation length of surface plasmon polaritons at

the Al/mixture interface at 532 nm-wavelength (see ESI†). Fig. 5a

shows the calculated intensity distribution of 532 nm light

impinging on a 250 nm-diameter Al nanohole, fully covered

with the pre-polymerization mixture, from the bottom glass

substrate. A fraction of the incident light propagates through

the aperture – which acts as a metal-clad circular waveguide

with a pre-polymerization mixture core – and the transmitted

light is diffracted at the aperture edge and radiated to the pre-

polymerization medium. The intensity (I) of the diffracted light

decays along the distance (z) from the hole output, as shown in

Fig. 5b for amix ¼ 0.227 mm�1, where amix is the absorption

coefficient of the pre-polymerization mixture.

This decay results from light radiation from the hole,

which leads to an intensity variation as an inverse power of

Table 1 Freundlich fitting parameters, weighted average affinity �KK1�K2
and number of sites (�NK1�K2

) for the selected analyte in theMIP and the NIP

(13 data points per isotherm).19

Analyte/

polymer

Affinity constant,
�KK1�K2 (mM�1)

Krange

(mM �1)

Total number of

binding sites
�NK1�K2

(mmol g�1)

Heterogeneity

parameter, m

Binding capacity,

a (mmol g�1 (mM�1)m)

Regression

coefficient, r2

R123/MIP 21 � 3 0.7–981 41 � 3 0.57 � 0.06 51 � 3 0.999

R123/NIP 8 � 1 0.6–307 17 � 1 0.66 � 0.05 21 � 1 0.997

R6G/MIP 12 � 2 0.6–420 26 � 2 0.54 � 0.04 29 � 2 0.996
R6G/NIP 8 � 1 0.6–275 14 � 1 0.68 � 0.07 17 � 1 0.995

Fluorescein/MIP 11 � 1 0.6–315 21 � 2 0.56 � 0.05 22 � 2 0.993

Fluorescein/NIP 7 � 1 0.6–297 13 � 1 0.71 � 0.07 18 � 1 0.998

Fig. 2 Equilibrium binding isotherms for the uptake of R123 (blue

circles), R6G (red diamonds) and fluorescein (green squares) in the

imprinted polymer (solid line) and the non-imprinted polymer (dashed

line). Experimental data have been fitted to the Freundlich (FI) isotherm

model.
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z (amix ¼ 0 curve in Fig. 5b), and the medium absorption

(intensity decays exponentially with z). According to Fig. 5b, for

z $ 200 nm, I(z, amix ¼ 0.227 mm�1) z I(z, amix ¼ 0) � I0/z
2,

where I0 is the intensity at z ¼ 200 nm. Polymerization occurs

when the irradiation dose D(z) ¼ I(z) � t (where t is the irradi-

ation time) is larger than a threshold value Dth ¼ D(zth).

Therefore, the height of the polymerized volume, zth, should

vary as zth � (I0t/Dth)
1/2, that is, as the square root of t, in

agreement with Fig. 4.

A key issue when investigating the affinity and selectivity of the

analyte for a tailored MIP material is to nd a sensitive tool to

interrogate the binding event.20 In our case, the problem is

aggravated by the small size of the fabricated structures for

molecular recognition. The microenvironment of the polymer

binding site can alter the photophysical properties of some dyes

(e.g. rhodamine 6G (ref. 21)) compared to those displayed in

solution. In this regard, the selective recognition of the R123

molecule (template) by the imprinted material can be tested by

monitoring both the R123 uorescence intensity and the emis-

sion lifetime. Fig. 6 shows a uorescence image of an array of MIP

nanostructures aer incubation with 1 mM R123 in acetonitrile.

Fig. 3 AFM images and cross-sectional profiles across the corre-

sponding lines of the MIP nanostructures fabricated by photo-

polymerization, using 1.22 mW 532 nm laser power for different times,

on 5 mm-period Al nanohole arrays: (a) 0.5 h; (b) 1 h; (c) 2 h; (d) 16 h

irradiation.

Fig. 4 Effect of the incident light power and exposure time on the

height (measured from the Al surface) of the polymerized regions in

the nanoholes. Incident power: (a) 2.00 mW (yellow squares), (b) 1.22

mW (blue triangles) and, (c) 0.72 mW (red circles). Polymer heights

were measured by AFM (n ¼ 20). Experimental data are fitted to a

equation of the form: height ¼ A(exposure time)1/h, where A and h are

fitting parameters.

Fig. 5 (a) Calculated intensity distribution of 532 nm light impinging

on a 250 nm-diameter Al nanohole, fully covered with the pre-poly-

merization mixture, from the glass substrate. (b) Intensity profile along

the hole axis (z) from the glass surface into the prepolymerization

mixture. Inset: logarithmic ordinate–axis representation.
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The uorescence lifetime (s) of R123 was rst measured

under well-dened conditions, shown in Table 2. The expo-

nential decay (s¼ 3.9 ns) in acetonitrile becomes bi-exponential

when the dye is dissolved in the pre-polymerization mixture,

displaying two components with lifetimes of 6.4 (26%) and 3.3

(74%) ns due to (partial) protonation of the uorophore by the

methacrylic acid monomer. Actually, when triuoroacetic acid

(TFA) is added to the solution of R123 in acetonitrile, the

emission decay of the uorophore becomes bi-exponential

(Table 2), with lifetime components of 6.1 (76%) and 2.8 (24%)

ns. Moreover, the R123 emission decay acquired immediately

aer bulk polymerization shows also two components of 6.8

(83%) and 2.1 (17%) ns, pointing out to an increase of the

protonated form of R123 due to important hydrogen bonding

with the pending methacrylate groups. This interaction is

important in the imprinting effect and determines the future

recognition of the target analyte in the sample.

To assess the specicity and capacity of the polymer nano-

structures to re-bind the R123 molecule, polymer nanostructure

arrays of different heights (30, 85, 150 and 420 nm) were tested

for their uorescence decay aer various treatments. The

results are collected in Fig. 7 (R123 uorescence intensity) and

Table 3 (R123 uorescence lifetime). Thorough washing of the

raw MIP with ethanol leads to a signicant decrease of its

uorescence intensity together with a dramatic increase of the

contribution of the shorter-lived component (up to 88%). The

latter is due to the efficient removal of the R123 dye, leaving the

excitation light scattering (and possibly some residual amount

of the EY initiator) as the main contribution to the decay. The

emission decay parameters observed for the empty nanohole

(Table 2) and the NIP (before incubation with R123, Table 3)

also support this conclusion. Nevertheless, the emission

intensity and lifetime of the largest MIP spots (420 nm high),

compared to those observed in the bulk polymer (Table 2),

indicate that removal of R123 with ethanol is not complete in

this case.

The R123 uorescence decay parameters demonstrate effi-

cient rebinding of the dye to the MIP. Aer incubation of the

polymer nanostructures with a 1 mM solution of R123 in

acetonitrile for 3 h, the emission lifetimes and relative contri-

butions of the dye (Table 3) are similar to those measured in the

bulk MIP (Table 2). Again, the contribution of the scattered

excitation light to the uorescence decay slightly reduces the

Fig. 6 Fluorescence micrograph of a matrix of submicron MIP

structures synthesized on a 5 mm-period Al nanohole array after

incubation with R123 (1 mM) in acetonitrile. Polymerization conditions:

laser power ¼ 1.22 mW and exposure time ¼ 2 h.

Table 2 Fluorescence lifetimemeasured under different experimental

conditionsa

Medium si s (ns)

MIP (bulk) aer polymerization

in the presence of R123

s1 6.8 � 0.3 (83 � 3)

s2 2.4 � 0.1 (17 � 4)
NIP (bulk) aer 3 h incubation

with R123 in AcN

s1 5.0 � 0.2 (78 � 3)

s2 1.1 � 0.2 (22 � 2)

R123 in the pre-polymerization mixture s1 6.4 � 0.2 (26 � 4)

s2 3.3 � 0.1 (74 � 1)
Empty nanohole s1 4.2 � 0.2 (8 � 2)

s2 0.9 � 0.1 (92 � 1)

Al surface (i.e. between
the nanoholes) aer

incubation with R123 in AcN

s1 4.3 � 0.1 (78 � 3)
s2 2.0 � 0.1 (22 � 4)

R123 in AcN s1 3.9 � 0.1 (100)

R123 in AcN
containing 200 mM TFA

s1 6.1 � 0.3 (76 � 3)
s2 2.8 � 0.1 (24 � 2)

a
lem > 500 nm; si and the values in parenthesis (%) represent the

emission lifetimes and relative contributions
�

%i ¼ Bisi

�

X

i

Bisi

�

,

respectively, of the two components of the uorescence decay t
(log I(t) ¼ A + B1e

�t/s1 + B2e
�t/s2); 100% indicates a single-exponential

decay. The uncertainty of the measurements is given as the 95%
condence limit, n ¼ 5.

Fig. 7 Fluorescence intensity (IF) of R123 bound to MIP nanostructures

of different heights and to a 85 nm-high NIP, after template extraction

(washing) and incubation (re-binding) in acetonitrile (RSD: 2.6–16.8%,

n ¼ 9).
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observed lifetime and relative contribution of the longest-lived

component for the smallest (30 nm-high) polymer spot. Further

incubation of the MIPs with the template for an additional

hour demonstrates that a higher amount of the latter can still

be hosted: the emission intensity doubles that of the 3 h incu-

bated samples (Fig. 7), but their corresponding emission

lifetimes do not change regardless of the polymer spot size

(Table 3).

The measured uorescence intensity increases with the

height of the polymer regions generated at the nanoholes. This

fact is due to a larger amount of polymer-bound R123 aer

incubation in the higher MIP spots. Moreover, the emission

intensity of the 85 nm-high MIP aer incubation for 3 h (7000�

1000 a.u.) is twice as large as that observed for the NIP incu-

bated with R123 under the same conditions (3700 � 400 a.u.),

demonstrating a stronger binding of the template to the

molecularly imprinted material.

The preference of R123 for binding to the MIP over the NIP

is also demonstrated by comparison of the uorescence

decay of the polymer-bound dye and that of the green light

collected by the confocal microscope focused on the

aluminum surface between the nanohole patterns. The

measured bi-exponential emission decay parameters in the

latter case (4.35 ns, 78%, and 2.01 ns, 22%, Table 2) show that

indeed some amount of highly uorescent dye becomes

attached to the metal surface aer the 3 h incubation;

however, its uorescence decay is faster than that observed

for the MIP-bound dye (6.39 ns, 90%, and 2.68 ns, 10%,

Table 3). This lifetime shortening might be due to a metal-

induced effect.22 The aluminum-bound R123 emission decay

parameters are identical to those measured for the smallest

MIP spot (30 nm, Table 3) due to the fact that the microscopy

observation spot (10 mm diameter) is larger than the polymer-

lled hole (250 nm-diameter); in this situation, the vast

majority of the collected uorescence comes from the dye

molecules outside the hole. A similar situation (5.0 ns, 73%,

and 0.9 ns, 27%, Table 3) occurs when measuring the NIP

spot aer incubation with R123, demonstrating that it has

not re-bound a signicant amount of the dye.

Conclusions

We have fabricated for the rst time sub-micron lateral reso-

lution MIP patterns by photoinduced local polymerization

within MSAs. The size of the photopolymerized MIP features

can be controlled by the dose of 532 nm radiation. By using

R123 as the uorescent model template, we have demonstrated

the recognition capability of the MIP nanostructures, which has

been evaluated by FLIM with single photon timing measure-

ments. Lifetime measurements allow elucidating the affinity

of the uorescence template rebinding to imprinted nano-

materials. The presented MIP nanostructure fabrication

method is simple and particularly suitable for mass production

of biomimetic sensor arrays that might be used in the future for

cost-effective, selective, sensitive lateral-ow assays with hand-

held devices in environmental, clinical and food analysis.
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