
1

Full  Paper
Macromolecular
Chemistry and Physics

wileyonlinelibrary.com© 2014  WILEY-VCH Verlag GmbH &  Co.  KGaA, Weinheim DOI:  10.1002/macp.201400260

 Molecularly Imprinted Polymer Waveguides 
for Direct Optical Detection of Low-Molecular-
Weight Analytes  

   Nityanand    Sharma     ,        Christian    Petri     ,        Ulrich    Jonas     ,        Monika    Bach     ,     
   Günter    Tovar     ,        Kateřina    Mrkvová     ,        Milan    Vala     ,        Jiří    Homola     ,    
    Wolfgang    Knoll     ,        Jakub    Dostálek*   

 New composite layer architecture of 3D hydrogel polymer network that is loaded with mole-
cularly imprinted polymer nanoparticles (nanoMIP) is reported for direct optical detection of 
low-molecular-weight compounds. This composite layer is attached to the metallic surface 
of a surface plasmon resonance (SPR) sensor in order to simultaneously serve as an optical 
waveguide and large capacity binding-matrix for imprinted target 
analyte. Optical waveguide spectroscopy (OWS) is used as a label-
free readout method allowing direct measurement of refractive 
index changes that are associated with molecular binding events 
inside the matrix. This approach is implemented by using a photo-
crosslinkable poly( N -isopropylacrylamide)-based hydrogel and 
poly[(ethylene glycol dimethylacrylate)-(methacrylic acid)] nano-
particles that are imprinted with  L -Boc-phenylalanine-anilide ( L -BFA, 
molecular weight 353 g mol −1 ). Titration experiments with the spe-
cifi c target and other structurally similar reference compounds show 
good specifi city and limit of detection for target  L -BFA as low as 
2 × 10 −6   M .    
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  1.     Introduction 

 Numerous label-free optical sensor platforms were com-
bined with molecularly imprinted polymers (MIP) [ 1 ]  for 
detection of chemical and biological analytes including 
those utilizing surface plasmon resonance (SPR), [ 2,3 ]  dielec-
tric optical waveguides, [ 4,5 ]  refl ection interference spectro-
scopy (RIFS), [ 6,7 ]  and diffractive structures. [ 8–10 ]  These optical 
sensors rely on the measurement of refractive index varia-
tions that are associated with a capture of target molecules 
by MIP on the sensor surface. With respect to established 
antibody recognition elements, the biomimetic MIP mate-
rials offer the advantage of superior stability and poten-
tially lower cost. MIPs have been most often synthesized 
on the sensor surface in situ in the form of bulk polymer 
fi lms by using thermal or photo-initiated polymerization 
in the presence of template molecules. [ 11,12 ]  However, 
this approach provides only limited density of accessible 
binding sites in close proximity to the outer surface of the 
MIP layer, which impedes the sensor sensitivity. In order 
to provide a more open structure, which can carry higher 
amounts of binding sites that are available for capture of 
diffusing target analyte, there were investigated MIP fi lms, 
which were structured by using sacrifi cial colloidal crys-
tals [ 9,13 ]  and optical lithography [ 12 ]  or formed by imprinting 
of loosely crosslinked hydrogels. [ 14 ]  These systems were 
reported to be capable of direct detection of small molec-
ular analytes at typically μM–mM concentrations; [ 3 ]  how-
ever, several works reported the limit of detection at as low 
as pM concentrations. [ 9,15 ]  

 Besides MIP layers, well-controlled synthesis of molec-
ularly imprinted polymer micro- and nanoparticles 
(nanoMIP) was carried out by using precipitation, emul-
sion, or miniemulsion polymerization with a template 
dispersed in solution [ 16 ]  or attached to particle or bead car-
riers. [ 17 ]  NanoMIPs represent versatile materials that can 
be further processed and, e.g., their affi nity purifi cation 
allowed selecting nanoMIP fractions with dissociation 
affi nity constants  K  d  as good as 10 −8 –10 −9  M  that makes 
them competing with regularly used antibodies. [ 17,18 ]  In 
optical sensor applications, nanoMIP monolayers were 
attached to the sensor surface by means of physisorp-
tion, [ 19 ]  affi nity reactions, [ 20 ]  or covalent binding [ 7 ]  for the 
capture of target analyte. 

 The present work reports on a new material that holds 
potential to improve the sensitivity of MIP optical sen-
sors. It is based on a composite fi lm architecture com-
prising a hydrogel polymer network that is loaded with 
nanoMIPs. Such 3D structure can accommodate increased 
amounts of nanoMIPs compared to a 2D monolayer sys-
tems and it exhibits an open structure through which 
target molecules can rapidly diffuse to the imprinted 
binding pockets. Moreover, swollen hydrogel nanoMIP 
composite fi lm can simultaneously serve as a waveguide, 

which confi nes probing optical fi eld in the region where 
specifi c molecular binding events occur. [ 21,22 ]   

  2.     Results and Discussion 

 As illustrated in Figure  1 , composite polymer fi lms were 
prepared by deposition from an ethanol solution with 
dispersed imprinted (nanoMIP) or control non-imprinted 
(nanoNIP) poly[(ethylene glycol dimethylacrylate)-
(methacrylic acid)] nanoparticles (diameter  D  ≈ 190 nm) 
that were mixed with a photo-crosslinkable poly( N -isopro-
pylacrylamide) (pNIPAAm)-based hydrogel. After the solu-
tion was spun over the sensor surface, the layer was dried 
and crosslinked by irradiation with UV light ( λ  = 365 nm). 
The density of nanoparticles embedded in the fi lm was 
controlled by the concentration of nanoMIP or nanoNIP 
( c  NP ) and photo-crosslinkable pNIPAAm polymer ( c  pp ) in 
ethanol.  

 The cross-section of dry composite layers with varied 
nanoMIP density was observed by scanning electron 
microscopy (SEM). The obtained results presented in 
Figure  2 a reveal that the amount of loaded nanoparticles 
increases with their concentration in solution ( c  NP  varied 
between 3 and 6 wt%) that was blended with pNIPAAm 
polymer at a fi xed concentration ( c  pp  = 1 wt%) and spun on 
the sensor surface. Thickness of the dry composite fi lms 
 d  h-dry  is increasing with polymer nanoparticle concentra-
tion  c  NP  and its morphology is changing. For high polymer 
nanoparticle concentrations  c  NP , the interstitial volume 
between the nanoparticles is mostly void and pNIPAAm 
hydrogel is present only at contact areas between the 
polymer nanoparticles. For small polymer nanoparticle 
concentration  c  NP , the volume of the fi lm is mostly occu-
pied by pNIPAAm hydrogel with sparsely distributed 
nanoparticles inside. Figure  2 b shows that the morpholo-
gies of composite fi lms loaded with same amounts of 
nanoMIP and nanoNIP are similar when using an iden-
tical protocol ( c  NP  = 6 wt% and  c  pp  = 1 wt%).  

 The characteristics of composite fi lms before and after 
their swelling in a working buffer (mixture of 80 × 10 −3   M  
phosphate buffer and methanol at 1:1 ratio, pH 7) were 
observed by optical waveguide spectroscopy (OWS) that 
was implemented as shown in Figure  3 a. In this optical 
setup, composite polymer fi lm attached to the gold sur-
face served as a waveguide, which confi nes light propaga-
tion by the highly refl ective metallic surface and by total 
internal refl ection at the interface between the composite 
fi lm and liquid medium. Such fi lms support multiple 
guided optical waves (OW - marked further as TM 1,2.  and 
TE 0,1. ) that can be coupled with far fi eld optical waves by 
using the Kretschmann confi guration of the attenuated 
total refl ection (ATR) method. The spectrum of guided 
waves was measured by using a laser beam with the 
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wavelength of  λ  = 632.8 nm that was launched into a high 
refractive index prism with optically matched glass sub-
strate carrying a stack of layers consisting of 47 nm gold, 
a thin SU-8 linker layer, and the composite fi lm. The angle 
of incidence  θ  of the light beam hitting the surface was 
varied by using a rotation stage and the refl ected beam 
intensity was detected by using a photodiode. In order to 
excite optical modes with transverse electric (TE) or trans-
verse magnetic (TM) polarization, a rotational polarizer 
was used.  

 Figure  4 a–d shows that the resonant excitation of 
guided waves in the composite polymer fi lm is mani-
fested as series of dips in the TM and TE angular refl ec-
tivity spectrum  R ( θ ). As described further, fi tting of these 
curves by a Fresnel refl ectivity-based model was used for 
the determining of (complex) refractive index  n  h  of pre-
pared layers as well as of their thicknesses in swollen  d  h  
or dry  d  h-dry  states. The real part of the refractive index 
Re{ n  h } relates to the density of the fi lm and allowed us 
determining the total polymer volume fraction of the 
fi lm  f . Let us note that the polymer volume fraction is 
inversely proportional to the swelling ratio  f  = 1/ SR,  which 

is defi ned as the ratio of thicknesses in the swollen and 
dry states  SR  =  d  h / d  h-dry . Imaginary part of the refractive 
index Im{ n  h } refl ects the damping of OW modes due to 
the scattering at nanoparticles embedded in the wave-
guide. In general, Re{ n  h } can be obtained by fi tting the 
angular position of the resonance (angle  θ  r  at which the 
minimum of refl ectivity dip occurs) and Im{ n  h } can be 
determined from the angular width of the resonance 
δ θ  r . Example of measured and fi tted refl ectivity curves in 
Figure  4  shows that studied fi lms supported at least two 
OW modes in TE and TM polarizations. The simultaneous 
analysis of multiple OW modes allowed for independent 
determining of thicknesses  d  h  and  d  h-dry  as well as respec-
tive refractive index  n  h . As can be seen in Figure  4 b, the 
resonant coupling to SP mode occurs at signifi cantly 
lower angle than model based on fi tting OW modes sug-
gests. The reason is that the average refractive index of 
the composite slice, which is probed by SPs (distance up 
to about 100 nm from the gold surface) comprises only 
a small portion of nanoparticles with the diameter  D  ≈ 
190 nm and thus obtained  n  h  is different from that deter-
mined by the analysis of OWs (that is averaged across the 
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 Figure 1.    a) Preparation of composite layer with embedded nanoMIPs and chemical structure of used materials, b) poly ( N -isopropylacryla-
mide- co -methacrylic acid- co -4-methacryloyloxy benzophenone) (pNIPAAm), c)  L -Boc-phenylalanine-anilide ( L -BFA), d)  L - Boc-phenylalanine 
( L -BPA), e)  L - Boc-tyrosine ( L -BTS), f)  L -Boc-tryptophan ( L -BTP), g) ethylene glycol (EG).
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 Figure 3.    Schematic of sensor surface architecture and optical setup used for optical waveguide spectroscopy utilizing a surface plasmon 
resonance spectrometer with: a) angular and c) wavelength interrogation. b) Detail of the sensor surface architecture with the polymer 
composite waveguide.

 Figure 2.    SEM cross-section images of dry a) nanoMIP composite fi lms prepared from a solution with  c  pp  = 1 wt% and  c  NP  = 3–6 wt% and 
b) comparison of nanoMIP (left) and nanoNIP (right) structures.
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whole, around micrometer thick, composite fi lm). There-
fore, only OW resonances TE 0,1  and TM 1,2  were fi tted and 
the SP resonance was omitted in further analysis.  

 The thickness of dry composite fi lm that was prepared 
from the solution with dissolved pNIPAAm at the concen-
tration of  c  pp  = 1 wt% and polymer nanoparticles with the 
concentration  c  NP  = 6 wt% was fi tted as  d  h-dry  = 587 nm 
(Figure  4 a), which is in accordance with SEM observations 
presented in Figure  2 . In working buffer, pNIPAAm in this 
composite layer swells, which leads to an increase in its 
thickness to  d  h  = 814 nm and corresponds to the swelling 
ratio of  SR  = 1.39 (see Figure  4 b). This value is much 
smaller than  SR  = 5.42 obtained for a fi lm, which was 
prepared in identical way from only pNIPAAm polymer 
( c  pp  = 3 wt% and  c  NP  = 0 wt%), see Figure  4 c,d. The reason 

for the hindered expansion of the composite fi lms is that 
the embedded nanoMIP (or nanoNIP) nanoparticles swell 
much weaker compared to pNIPAAm-based hydrogel. 
In addition, they react with the benzophenon groups 
and thus can serve as an additional “supercrosslinking” 
nodes as was shown by previous studies with other 
nanoparticles. [ 23 ]  As the overview in Table  1  presents, 
the imaginary part of fi tted refractive index Im{ n  h } is 
order of magnitude higher for dry composite fi lm than 
for a dry fi lm composed of only pNIPAAm-based polymer. 
However, Im{ n  h } of the composite fi lm with nanoMIP 
drops after the swelling in a working buffer and its value 
reaches Im{ n  h } for the fi lm without nanoMIP. The reason 
is that the fi lling of voids in the composite structure with 
working buffer decreases the refractive index difference 
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 Figure 4.    Angular refl ectivity spectra for dry (left a and c) and swollen (right b and d) layers prepared from a solution with concentration of 
nanoMIP  c  NP  = 6 wt% and pNIPAAm  c  pp  = 1 wt% (top a and b) compared to that prepared from a solution with  c  NP  = 0 wt% and  c  pp  = 3 wt% 
(bottom c and d). Measured and fi tted curves for transverse magnetic (TM) and transverse electric (TE) polarization are shown as indicated 
in graphs.

  Table 1.    Comparison of fi tted parameters for composite structures with and without nanoMIP.  

 c  NP/  c  pp  
[wt%]

 d  h  or  d  h-dry  
[nm]

Re{ n  h } Im{ n  h }  SR  f 

0/3 (Dry) 206 1.480 <10 −3 5.42 1.00

0/3 (Swollen) 1116 1.361 <10 −3 0.19

6/1 (Dry) 587 1.335 0.014 1.39 0.73

6/1 (Swollen) 814 1.420 0.002 0.59
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between nanoMIP ( n  p  = 1.48) and surrounding environ-
ment ( n  b  = 1 for air and ≈1.325 for working buffer), which 
reduces of the scattering losses of the waveguide.  

 For dry composite fi lms, the total polymer volume frac-
tion  f  (including both the nanoMIP and pNIPAAm poly-
mers) is decreasing with the nanoMIP concentration  c  NP  
due to the occurrence of void interstitial space (see Figure  2 ). 
However, an opposite behavior is observed when the 
fi lms are swollen in working buffer due to the restricted 
swelling. For example, swollen layer composed of only 
a pNIPAAm hydrogel (prepared with  c  NP  = 0 wt% and 
 c  pp  = 3 wt%) exhibited the polymer volume fraction of 
 f  = 19%. When nanoMIP were loaded into the pNIPAAm 
network (composite layer prepared from a solution with 
 c  NP  = 6 wt% and  c  pp  = 1 wt%), a signifi cantly higher total 
polymer volume fraction of  f  = 59% was determined. Let 
us note that SEM observations in Figure  2 b suggest that 
the majority of polymer volume in such composite fi lm is 
occupied by nanoMIPs and the polymer volume fraction 
measured by OWS approaches the value corresponding to 
maximum space fi lling for ordered colloidal crystals ( f  = 
74%). [ 24 ]  Assuming that the volume of spherical nanoMIPs 
is π D  3 /6, the average number of nanoparticles per volume 
can be estimated as 6( f π D  3 ) −1 , which yields ≈4 × 10 2  μm −3  
for the composite layer prepared from a solution with 
 c  NP  = 6 wt% and  c  pp  = 1 wt%. Such composite fi lms with 
high density of nanoMIP or nanoNIP were stable upon 
repeated swelling and drying cycles and we observed no 

changes in their binding characteristics when stored at 
ambient environment for over 4 months. 

 The prepared composite fi lms exhibit voids (with the 
relative volume [1− f ]) through which small molecules 
can rapidly diffuse. In order to prove this, refractive index 
changes induced by ethylene glycol (EG, molecular weight 
67 g mol −1 ) diffusing through the composite fi lm were 
observed by OWS. Figure  5 a shows measured angular 
refl ectivity spectra with TM 1  resonance on the sensor 
surface carrying composite fi lm loaded with nanoMIP 
(left) and nanoNIP (right). Both layers were prepared by 
identical protocol from a solution with  c  NP  = 6 wt% and 
 c  pp  = 1% and they were successively brought in contact 
with working buffer spiked with increasing concentra-
tion of EG. An increase in the refractive index of working 
buffer δ n  b  due to the spiking with EG is manifested as a 
shift in the critical angle  θ  c . In addition, as EG molecules 
diffuse from a solution into composite fi lm they change 
its (effective) refractive index  n  h  which leads to the shift 
in the resonant coupling angle  θ  r . Shifts of δ θ  r  = 0–0.12° 
were observed upon successive fl ow of working buffer 
spiked with EG at concentrations between 0 and 6 vol% 
(which corresponds to the buffer refractive indices of  n  b  
= 1.325–1.331 as determined from changes in  θ  c ). The 
TM 1  resonant angle shifts linearly with the refractive 
index sensitivity (slope) of  S  = δ θ  r /δ n  b  = 24.5° per refrac-
tive index unit (RIU) for both nanoMIP and nanoNIP com-
posite fi lms. This value translates to the fi gure of merit 
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 Figure 5.    Measured angular refl ectivity spectra for nanoMIP (left) and nanoNIP (right) composite fi lm ( c  NP  = 6 wt% and  c  pp  = 1 wt%) that 
were brought in contact with a buffer spiked with a) reference ethylene glycol and b) target analyte  L -BFA.
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in refractometric measurements of FOM = 52 (FOM =  S / θ  r  
– defi ned as the ratio of refractive index sensitivity  S  and 
the resonance full width at half minimum  θ  r ) taking into 
account the width of TM 1  resonant dip of  θ  r  = 0.47°. Such 
FOM is more than twofold better than that for regular 
SPR at the same wavelength (FOM = 20.8 RIU −1 ) but it is 
about 15 times lower than that observed for similar pNI-
PAAm hydrogel waveguide that was modifi ed with small 
biomolecules (FOM = 810 RIU −1 ). [ 21 ]  The reason is that the 
loading of nanoMIPs or nanoNIPs into the waveguide 
leads to the increased imaginary part of the refractive 
index Im{ n  h } (due to the scattering of the guided mode 
on nanoparticles) and subsequently to higher resonance 
width  θ  r  (increased by a factor of about fi ve). In addition, 
the presence of nanoMIP increases the total polymer 
volume fraction  f  and thus smaller volume accessible for 
diffusing of analyte (sensitivity  S  and accessible volume 
proportional to (1 −  f ) is decreased by a factor of 2–3 with 
respect to the structure without nanoMIP). [ 21 ]   

 In order to characterize the specifi city and binding 
capacity of imprinted cavities on the sensor surface, 
measuring (nanoMIP) and reference (nanoNIP) composite 
fi lms were probed by TM 1  resonance upon a fl ow of series 
of samples spiked with  L -BFA at concentrations between 0 
and 2 × 10 −3   M . As respective angular refl ectivity curves in 
Figure  5 b show, the fl ow of  L -BFA is accompanied with a 
shift of the resonant angle  δ θ r  due to the binding-induced 
refractive index changes, which are about nine times 
higher for the nanoMIP composite fi lm than for the ref-
erence surface with nanoNIPs. Such results indicate that 
the interaction of  L -BFA with imprinted cavities leads to 
effi cient accumulation of analyte in the fi lm and that the 
non-specifi c interaction of  L -BFA with used polymers is 
much weaker. The accumulation of target analyte in com-
posite fi lms was estimated from refractive index changes 
determined from measured shifts of the resonance cou-
pling angle δ θ  r  and critical angle δ θ  c  (we assumed that 
the change in the thickness  d  h  due to the swelling of 
nanoMIP or nanoNIP that is associated with the affi nity 
interaction with target  L -BFA molecules was negligible 
and that the composite fi lms change only their refractive 
index  n  h ). This analysis shows that the presence of target 
analyte at the 1 × 10 −3   M  concentration increases refrac-
tive index in the liquid sample by δ n  b  ≈ 7 × 10 −5  RIU and 
leads to the increase of refractive index of nanoMIPs com-
posite layer of δ n  h  ≈ 3 × 10 −  3  RIU. Assuming the refractive 
index increases linearly with the concentration of  L -BFA 
and the composite fi lm has slightly higher RI (so that the 
same amount of  L -BFA will cause about 10% less RI change 
δ n  h  than δ n  b ), these data indicate that the concentration 
of  L -BFA accumulated in the nanoMIP composite fi lm is 
increased by a factor of ≈46 with respect to that in the 
bulk sample solution. Much weaker accumulation was 
observed for the control nanoNIP fi lms (measured value 

of δ n  h  ≈ 2.7 × 10 −4  RIU corresponds to the factor of ≈4), 
which indicates successful imprinting. It should be noted 
that nanoMIP nanoparticles exhibited surface area that 
was larger only by a factor of 1.23 with respect to that of 
nanoNIP as determined by gas adsorption experiment. [ 25 ]  
Therefore, the 10-times stronger accumulation of  L -BFA in 
the nanoMIP composite fi lm compared to that on the ref-
erence nano-NIP surface cannot be explained by unspe-
cifi c interaction between the analyte and used polymers. 
Comparing the concentration of preconcentrated analyte 
inside the nanoMIP layer with the density of imprinted 
nanoparticles, the number of binding pockets per nano-
particle can be estimated as 10 2 –10 3 , which agrees with 
previous studies. [ 25 ]  

 For more detailed studies of affi nity interaction of spe-
cifi c  L -BFA and other structurally similar control analytes 
with the nanoMIP and nanoNIP composite fi lms, wave-
length spectroscopy of guided waves was employed. As 
Figure  3 c shows, a source of collimated polychromatic 
light beam was coupled to a glass prism and made 
incident at a fi xed angle of incidence on the optically 
matched sensor chip with nanoMIP or nanoNIP layers 
(let us note that identical waveguides as in previous 
angular modulation studies were used). The angle of 
incidence  θ  was adjusted in such a way that the reso-
nant excitation of TM 1  optical waveguide mode occurred 
in the vicinity to the wavelength of  λ  = 632.8 nm (the 
same as used in the previous angular modulation study). 
This TM 1  resonance is manifested as a narrow dip in 
the wavelength spectrum of refl ected beam intensity, 
which was measured by a spectrometer. The refractive 
index-induced variations in the resonant wavelength 
δ λ  r  were fi tted in real time from measured wavelength 
spectra. The standard deviation of the sensor signal 
was  σ λ   = 3 × 10 −3  nm and the bulk refractive index 
sensitivity was about  S  = δ λ  r /δ n  b  = 5 × 10 3  nm/RIU, 
which translates to the refractive index resolution of  σ λ  /S 
≈ 6 × 10 −7  RIU (this resolution was more than order of 
magnitude better than that for previously used setup uti-
lizing angular spectroscopy of guided waves). Prior to the 
measurement of resonance wavelength changes δ λ  r  due 
to the affi nity interaction of studied analytes, the sensor 
was calibrated in order to take into account small chip-to-
chip variations and inaccuracies in the optical alignment. 
First, the resonant wavelength change δ λ  r0  due to the fl ow 
of a working buffer with 0.5 vol% of EG was measured and 
the sensor output was determined as the ratio δ λ  r /δ λ  r0 . 

 As seen in Figure  6 a ,  a baseline in the sensor output 
was fi rstly established upon the fl ow of a working buffer. 
Afterwards, a series of samples spiked with  L -BFA was 
sequentially injected to the sensor and let interact with 
the composite fi lm for 10 min followed by rinsing for 
10 min. Measured data show that the  L -BFA binding 
results in a gradual shift in the sensor output  λ  r /δ λ  r0 , 
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which saturates at levels that increases with the  L -BFA 
concentration. Further, the sensor response was defi ned 
as the difference in the sensor output δ λ  r /δ λ  r0  before the 
injection of a sample and after the 2 min rinsing (indi-
cated as a dashed line in Figure  6 a). The 2 min rinsing 
time was suffi ciently long to replace the sample from the 
fl ow-cell by working buffer and thus eliminate the effect 
of the sensor output change due to the bulk refractive 
index change δ n  b . Obtained calibration curve presented 
in Figure  6 b reveals that the response increases with the 
 L -BFA concentration. From these data, limit of detection 
(LOD) of 2 × 10 −6   M  was determined as 3 σ λ  /(d λ  r /d c ).  

 The specifi city of the developed MIP OWS sensor for the 
detection of  L -BFA was tested by comparing the response 
of nanoMIP and nanoNIP waveguides to target  L -BFA 
and other structurally similar reference analytes sum-
marized in Figure  1 c–f:  L -Boc-Tryptophan ( L -BTP),  L -Boc-
phenyl alanine ( L -BPA), and  L -Boc -tyrosine ( L -BTS). First, the 
obtained data show that the response δ λ  r /δ λ  r0  to target  L -
BFA analyte at concentration of 0.2 × 10 −3   M  was around 14 
times higher for the nanoMIP waveguide (Figure  6 c) than 
for the control nanoNIP (Figure  6 d), which is consistent 
with previous angular modulation measurements pre-
sented in Figure  5 b. The interaction of structurally similar 
 L -BTP dissolved at same concentration of 0.2 × 10 −3   M  

resulted in around twofold lower response on nanoMIP sur-
face than the target analyte  L -BFA. On the control nanoNIP 
waveguide, the response to  L -BTP was below values that can 
be reproducibly measured. The other reference analytes 
 L -BPA and  L -BTS showed non-measurable response on both 
nanoMIP and nanoNIP surfaces. Let us note that for  L -BFA 
and  L -BTP, a rapid change in the kinetics is observed in Fig-
ures  6 c and d after injecting the sample ( t  = 0) and working 
buffer ( t  = 10 min). It is probably caused by a bulk refrac-
tive index change, which was caused by a small variation 
in the amount of methanol (added due to the weaker solu-
bility of these analytes). In general, the measured data on 
selectivity of  L -BFA imprinted nanoMIP are in line with pre-
vious studies and reveal that using of pNIPAAm hydrogel 
as a “glue” in the composite layer provided accessibility 
to MIP binding pockets, did not altered their affi nity with 
target  L -BFA analyte, and allowed improving sensitivity 
compared to other platforms for direct optical detection of 
small molecules that utilize 2D MIP coatings. For instance, 
the achieved limit of detection is about 30 times better 
than that reported for an optical sensor utilizing refl ecto-
metric interference spectroscopy (RIfS) with identically 
prepared  L -BFA-imprinted nanoparticles that were attached 
to the surface in form of 2D layer. [ 7 ]  This advancement can 
be attributed to the higher refractometric sensitivity of the 

 Figure 6.    a) Kinetics of affi nity binding of target  L -BFA to nanoMIP waveguide at concentrations indicated in the inset and b) corresponding 
calibration curve with the error bar showing standard deviation of the response measured in triplicate on different waveguide chips. 
Comparison of binding kinetics of target analyte  L -BFA and structurally similar reference analytes  L -BTP,  L -BPA, and  L -BTS on c) measuring 
nanoMIP and d) control nanoNIP waveguides.
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OWS readout format and large-binding capacity that is 
offered by the 3D composite fi lm architecture.  

  3.     Conclusion 

 A new MIP architecture and readout method that is attrac-
tive for direct optical detection of low-molecular-weight 
analytes is reported. It is based on molecularly imprinted 
polymer nanoparticles (nanoMIP) that are embedded in 
a photo-crosslinkable hydrogel in order to provide high 
density of easily accessible imprinted moieties. Such com-
posite fi lms effi ciently accumulate target analyte (about 
10-fold increased concentration was observed as compared 
to fi lms with non-imprinted nanoparticles – nanoNIPs) 
and at the same time can act as an optical waveguide. The 
spectroscopy of guided waves supported by the composite 
nanoMIP fi lm allowed for accurate readout of refractive 
index variations associated with the interaction of target 
analyte and MIP moieties. OWS can be performed using 
regular SPR optical setup and it enables direct label-free 
detection of a model low-molecular-weight analyte – 
 L -BFA – with an LOD as small as 2 × 10 −6   M . The presented 
approach is generic and the using of photo-crosslinkable 
hydrogel allows for lithography or inject printing prepara-
tion of MIPs patterns. For instance, sensor chips carrying 
arrays of measuring and reference pads with different 
MIP moieties can be prepared in a much more straightfor-
ward and simple way than in case of traditional surface 
synthesis of MIPs on planar fi lms. We believe that such 
advancements will allow harnessing current progress in 
the fi eld of synthesis of high affi nity MIP nanostructures 
(plastic antibody) and open a new door to development 
of next generation of sensitive and robust MIP sensors 
capable of multi-analyte and reference-compensated 
measurements.  

  4.     Experimental Section 

  4.1.     Materials 

  L -Boc-phenylalanine-anilide ( L -BFA) with the molecular weight of 
353 g mol −1  and reference non-target analytes including ethyl ene 
glycol (EG) with 62.07 g mol −1 ,  L -Boc -phenylalanine ( L -BPA) with 
265.3 g mol −1 ,  L -Boc-Tryptophan ( L -BTP) with 304.3 g mol −1 , and 
 L -Boc-tyrosine ( L -BTS) with 281.3 g mol −1  were obtained from 
Sigma–Aldrich. Methanol and ethanol of analysis grade was 
purchased from Merck Millipore. Sodium dihydrogen phosphate 
(NaH 2 PO 4 ) was purchased from Sigma–Aldrich. Working buffer 
was prepared from 80 × 10 −3   M  NaH 2 PO 4  aqueous solution (with 
the pH adjusted to 7 by titrating NaOH) that was mixed with 
methanol at volumetric ratio of 1:1. After adding the methanol 
and spiking the working buffer with specifi c and reference ana-
lytes, all salts in the solution were dissolved. SU-8 2000 and its 

thinner (SU-8 2000 thinner) was purchased from Micro Resist 
Technology GmbH, Germany.  

  4.2.     Synthesis of Polymers 

 Molecularly imprinted polymer nanoparticles were synthesized 
by thermal initiated miniemulsion polymerization as reported 
previously. [ 16,26 ]  Two sets of poly[(ethylene glycol dimethyl-
acrylate)–(methacrylic acid)] nanoparticles were prepared, one 
was imprinted with  L -BFA template molecule (nanoMIP) and the 
second was not imprinted with the template molecule (nanoNIP). 
 p -NIPAAm-based hydrogel (composed of  N -isopropylacrylamide, 
methacrylic acid, and 4-methacryloyloxy benzophenone at a 
ratio of 94:5:1, respectively, as seen in Figure  1 b) was synthesized 
as reported before. [ 27 ]   

  4.3.     Preparation of NanoMIP Composites 

 LSFN9 glass substrates were coated by vacuum thermal evapora-
tion with 1.1 nm thick chromium and 47 nm thick gold layers. 
On the top of the gold surface, an SU-8 polymer fi lm with a thick-
ness of about 10 nm was spin-coated from  c  = 4.8 vol% solution 
(dissolved by SU-8 thinner) at spin rate 6000 rpm in order to 
serve as a linker for the subsequent attachment of a composite 
fi lm. After the spin-coating of SU8, substrates were dried in a 
vacuum oven at 50 °C for 2 h. For the preparation of composite 
layers, an ethanol solution with nanoparticles ( c  NP  = 0–6 wt%) 
and pNIPAAm polymer ( c  pp  = 1 wt%) were spin-coated at the 
spin rate 2000 rpm for 2 min. Prior to the spin-coating, the par-
ticle solution was sonicated (Elmasonic S10) for 30 min in order 
to reduce aggregation. Composite polymer layers were dried in 
a vacuum oven overnight at 50 °C and cross-linked by UV light 
(λ = 365 nm) with the irradiation dose of 25 J cm −2 . Then, layers 
were extensively rinsed with ethanol in order to remove loosely 
bound polymer chains and polymer nanoparticles followed by 
drying in a stream of air.  

  4.4.     Imaging of NanoMIP Composites 

 The observation of morphology of prepared layers was per-
formed by using SEM (Carl Zeiss EVO, a low voltage of 5 kV was 
used). In order to image the cross-section of the prepared layers, 
a substrate was broken and an angular stage was used for SEM 
imaging of the exposed layer edge.  

  4.5.     Optical Setups 

 Angular refl ectivity spectra  R ( θ ) were measured by SPR spec-
trometer with Kretchmann confi guration that was described in 
our previous works. [ 21 ]  Briefl y, monochromatic laser beam from 
a He–Ne laser ( λ  = 632.8 nm) was coupled to a LASFN9 glass 
prism and refl ected from the base of prism for an angle of inci-
dence  θ . A sensor chip was optically matched to the prism base 
by using index matching immersion oil. The excitation of SP and 
OW waves by the laser beam hitting the gold layer was observed 
from the angular refl ectivity spectra  R ( θ ) measured by using 
a photodiode detector and a rotation stage with resolution of 
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coupling angle  θ  = 0.005°. The kinetics of affi nity binding reac-
tions was observed by using an another SPR spectrometer that 
utilized wavelength modulation of resonant coupling to guided 
waves. [ 28 ]  In this system, a polychromatic light from a super-
continuum source (WhiteLase micro, Fianium, UK) was colli-
mated and made incident on BK7 glass prism at a fi xed angle  θ . 
Refl ected light was coupled into a spectrometer (S2000, Ocean 
Optics, USA) to perform spectral analysis and wavelength shifts 
in resonant dips occurring in the wavelength refl ectivity spec-
trum  R ( λ ) were determined in time by a dedicated software 
SPR UP (developed at the Institute of Photonics and Electronics 
in Prague, Czech Republic). In both measurements with angular 
and wavelength modulation, identical composite layers were 
used. Against the sensor surface carrying composite waveguide 
with nanoMIP or nanoNIP, a fl ow cell was attached and analyzed 
samples prepared from a working buffer were pumped by using 
a peristaltic pump with a Tygon MHLL tubing (IDEX Health & 
Science SA, Switzerland).  

  4.6.     Optical Properties of the Composites 

 Thickness and refractive index of composite layers were deter-
mined by the fi tting angular refl ectivity spectra  R ( θ ) measured by 
an optical setup with angular modulation of SPR. These spectra 
were analyzed by using a Fresnel refl ectivity-based model imple-
mented in Winspall software (developed at Max Planck Institute 
for Polymer Research in Mainz, Germany). This tool allows fi tting 
of refractive indices and thicknesses of used stack of layers (in 
which we assumed that the birefringence is negligible) by least 
squares method. From the fi tted refractive index of the com-
posite fi lm that is swollen  n  h , the polymer volume fraction  f  in 
the swollen state was obtained from effective medium theory as:
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 where  n  b  is refractive index of the solvent (working buffer) and 
 n  p  = 1.48 is the refractive index of the used polymers. It should be 
noted that a “box” model was used as prepared composite fi lms 
were assumed to be homogeneous perpendicular to the surface. 
Prior to fi tting of  n  h ,  d  h , and  d  h-dry , parameters of other chromium, 
gold and SU-8 layers were determined on reference samples.  
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