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  1. Introduction 

 The development of label-free chemical sensors is very attrac-
tive for application in industrial, biomedical, environmental, 
and food analysis. Opto-chemical sensors are of particular 
interest due to their potentially high sensitivity and easy inte-
gration into multisensors for multiplexed read-out, especially if 
no labeling of the analyte is required. Here, we report for the 

fi rst time the combination of molecularly 
imprinted polymers (MIPs) for selective 
analyte recognition with silver halide holo-
grams for optical signal transduction. 

 Holographic sensors are a novel, low-
cost, and mass-producible family of 
sensing devices. Their confi guration is 
highly fl exible and both transmission and 
refl ection holograms can be used. While 
a wide range of optical components, such 
as appearing/disappearing images, can be 
envisioned, most work to date has focused 
on simple Bragg refl ectors (holograms 
of plane mirrors), which refl ect a narrow 
band of wavelengths when illuminated 
with white light. The wavelength of the 
refl ected light  λ  peak  is given by the Bragg 
equation, where   θ   is the angle of inci-
dence of the incoming light.

8peak = 2 n d cos2   (1)      

The wavelength of the refl ected light 
(  λ   peak ) is dependent on  d , the distance 
between two consecutive holographic 
layers, and on  n , the average refractive 

index. Changes occurring in the hologram causing modifi ca-
tions of the refractive index and/or  d , due to swelling/shrinking, 
will cause optical changes of the refl ected light   λ   peak , easily 
detectable instrumentally or even with the naked eye if sub-
stantial changes occur. Refl ection holograms as sensing devices 
have already been explored for analytical applications, in dif-
ferent formats such as optical fi bers, [  1  ]  mesoporous thin fi lms, [  2  ]  
or combined with a Fabry-Perot fi lter as a demodulator. [  3  ]  In the 
middle of the 1990s, Lowe’s group developed a new approach 
to label-free sensor fabrication based on silver-halide refl ection 
holograms. These are built from alternating layers (also called 
fringes) of silver-nanoparticles (AgNPs) obtained by photore-
duction of silver-halides stabilized into a gelatin or custom-
designed polymer matrix, and acting as Bragg refl ectors, [  4  ]  and 
are based on the technology used in photography. [  5  ]  When light 
is absorbed by the silver-halide crystal, it causes local disruption 
of some of the atomic bonds holding the crystalline structure 
together freeing some metallic silver atoms within the body of 
the crystal. Above a certain critical energy, enough silver atoms 
are released to form a stable speck of metallic silver, also called 
a latent image. [  6  ]  Consequently, only the illuminated areas 
where the latent image was formed contain metallic silver-clus-
ters. A development step has to be performed to convert the 
metallic silver crystals into silver grains a few tens of nanom-
eters in diameter. Spatially controled photoreduction is 
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obtained by colloidal templating, [  22,23  ]  since 
they allow the rapid fabrication of macroscale 
fi lms with homogeneous optical properties 
over a large surface area and also offer fl ex-
ibility to produce virtual optical elements and 
other types of indicators (bar graphs, images 
etc.) that are useful in visual sensing. The 
multiscale structuring of MI-SHRH offered 
by i) the macroscale of the polymer fi lm, 
ii) the microscale of the polymer pores to 
provide access to the binding sites, iii) the 
nanoscale of holographic fringe spacing, 
and iv) the molecular imprints, make MI-
SHRH completely innovative hierarchically-
structured functional materials having the 

potential to give rise to inexpensive, mass-producible label-free 
sensing devices.   

  2. Results and Discussion 

 The optical response of MI-SHRH upon specifi c molecular 
binding depends on the effi ciency of the molecular imprinting, 
the polymer fl exibility and the accessibility to the binding sites. 
Therefore, prior to the fabrication of MI-SHRH, the MIP mate-
rial that would host the holographic element was optimized 
in bulk format. Testosterone, which is known for its ana-
bolic effects, was chosen as an imprinting target. According 
to previous studies carried out on testosterone imprinting 
by self-assembly, [  19,20  ]  methacrylic acid (MAA) was chosen 
as the complexing functional monomer, and ethylene glycol 
dimethacrylate (EGDMA) as bifunctional cross-linker. The 
optimal solvent:monomers ratio, providing a good porosity of 
the polymer network but still yielding a continuous fi lm, was 
found to be 133%. The challenge of developing a MIP formula-
tion for MI-SHRH lies mainly in providing suffi cient freedom 
to the polymer network to allow subtle changes in the mor-
phology, and hence the volume, of the polymer upon analyte 

achievable by using a standing wave resulting from interfer-
ence between two coherent laser beams. Since the fi rst exam-
ples of silver-halide holographic sensors developed by Lowe’s 
group, [  7  ]  gelatin-stabilized refl ection holograms prepared for 
the detection of different analytes, [  4,8  ]  some synthetic polymer 
hydrogels were also shown to be suitable for the fabrication of 
analyte-selective silver halide refl ection holograms (SHRH), [  9–14  ]  
though in general it is very challenging to generate hydrogel 
materials with high levels of analyte specifi city. One approach to 
induce a pronounced analyte specifi city in a synthetic polymer 
is molecular imprinting, and indeed MIPs, also referred to as 
tailor-made antibody mimics, have been used in opto-chemical 
sensors. [  15,16  ]  MIPs are obtained by a templating process at the 
molecular level. Polymerization is performed in the presence 
of functional monomers complexed with a template molecule 
of interest, driving the formation of a cross-linked polymer net-
work containing cavities that are complementary to the tem-
plate in terms of size, shape, and position of functional groups. 
These cavities allow the polymer to bind target analytes with 
high affi nity and specifi city. [  17,18  ]  The strategy used to develop 
molecularly imprinted silver-halide refl ection holograms (MI-
SHRH) is pictured in  Figure    1  , and comprises two steps: fi rst 
a MIP fi lm is synthesized by using testosterone as a model 
template, [  19,20  ]  and covalently attached to a glass substrate. 
Afterwards, in a second step, silver bromide (AgBr) is infused 
into the MIP fi lm with a photosensitizer, and refl ection holo-
grams are recorded by passing a collimated 532 nm laser beam 
through the fi lm backed by a mirror. [  6  ]  The resulting layers of 
silver nanoparticles (AgNPs) periodically distributed within the 
MIP matrix give rise to a green refl ection signal. This can be 
used for label-free sensing by monitoring MIP fi lm swelling 
and/or refractive index changes upon molecular recognition 
and specifi c binding of testosterone molecules. The key-point 
of the work presented here was to develop MIP matrices com-
bining molecular specifi city, fabrication of SHRH, and struc-
tural/optical changes upon analyte binding, thus providing a 
rapid generic method to build metal colloid-based holograms 
in MIP materials. Unlike the development of MIP-based trans-
mission holograms recently reported by our group, [  21  ]  the 
route described here is independent of the MIP formulation’s 
properties (monomer viscosity, initiating systems, presence of 
porogenic solvent) since the MIP fi lm synthesis and the holo-
gram construction are separated. Holograms also show dis-
tinct advantages over molecularly imprinted photonic crystals 

      Figure 1.  Schematic view of the strategy used to fabricate molecularly imprinted silver-halide 
refl ection holograms. The left part of the fi gure was reproduced with permission from. [  21  ]  

 Table 1.   Chemical composition of MIPs S1 to S4, cross-linking density 
(CLD), uptake capacities (K 50 ) and imprinting factors (IF). 

   S1  S2  S3  S4  

Testosterone [eq.]  1  1  1  1  

MAA [eq.]  8  8  8  8  

EGDMA [eq.]  40  24  8  4  

DMPA [mol%] a)   1  1  1  1  

Toluene [%] b)   133  133  133  133  

CLD [%] c)   83  75  50  33  

K 50  [mg mL −1 ] d)   0.38  0.34  0.75  N.A.  

IF e)   5  5  37  17  

    a) The photoinitiator concentration is given in molar percentage of the polymeriz-

able groups in the system;  b) The solvent concentration is relative to the volume of 

monomers;  c)  molar ratio of functional monomer to cross-linker;  d)  MIP concentra-

tion required to bind the half of the target analyte;  e)  Imprinting factors IF were 

obtained for a fi xed polymer concentration of 0.6 mg mL −1  by calculating the ratio 

of the MIP uptake to the NIP uptake.   
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 MIP fi lms were prepared by casting the pre-polymerization 
mixture between glass substrates and aluminized poly(ethylene 
terephthalate) (PET) sheets. The glass slides were previously 
treated with 3-(trimethoxysilyl)propyl methacrylate in order to 
covalently bond methacrylate groups to the substrate and avoid 
the peeling of the polymer fi lm after synthesis. 2,2-Dimethoxy-
2-phenylacetophenone (DMPA) was employed as UV-photoini-
tiator, [  24  ]  and toluene was used as porogenic solvent to create 
porosity within the polymer network and favor binding site 
accessibility. After 30 min of photopolymerization, the PET 
sheets were taken off, and the fi lms thoroughly washed to 
extract the molecular template from the MIP and remove the 
residual chemicals. The fi lms appeared highly diffusing, even 
when immersed in toluene ( Figure    3  A). Topographic anal-
ysis by atomic force microscopy (AFM) revealed macropores 
with diameters greater than 1  μ m, explaining the light scat-
tering effects. A materials-related challenge for the fabrication 
of MI-SHRH is that the MIP fi lm must be as transparent as 
possible to allow the laser beam to pass through it (Figure  1 ), 
while retaining porosity to give access for the analyte to the 
binding sites distributed in the fi lm. Depending on the sol-
vent used during polymerization (good or bad solvent for the 
growing polymer chains), the morphology of the fi lm will vary 
and result in gel-like transparent materials (good solvent) or 
opaque macroporous networks (bad solvent), although the 
refractive index difference between polymer and solvent will 
also play a role for apparent transparency or opacity. Besides, 
protic solvents will compete with functional monomers and 
templates through H-bonding and affect the imprinting effi -
ciency. For the fabrication of MI-SHRH, the dilemma between 
a homogeneous and transparent fi lm (gel-like) and low resist-
ance to diffusion for access to the binding sites (macroporous) 
had to be overcome, and different aprotic solvents were com-
pared with toluene. Acetonitrile was fi nally found to be the 
best suited solvent to obtain quasi-transparent porous fi lms 

(Figure  3 B). Topographic measurements per-
formed by AFM on an acetonitrile-based fi lm 
revealed the presence of small pores with 
diameters below 200 nm. Besides, MIP syn-
thesized in bulk with acetonitrile (with the 
same composition as polymer S3) showed 
a smaller K 50  (0.44 mg mL –1  compared to 
the 0.75 mg mL –1 ), and higher IFs (78 com-
pared to 38 at a polymer concentration of 
0.6 mg mL –1 ) than the MIP synthesized with 
toluene, which indicates that acetonitrile 
is particularly favorable for effi cient testos-
terone imprinting (Supporting Information, 
Figure SI.1). MIP fi lms were then fabricated 
with the S3 formulation with acetonitrile as 
porogen, and their molecular selectivity was 
studied. Three series of seven fi lms were 
incubated in acetonitrile with 210 pmol of 
[4– 14 C]testosterone, and with increasing 
concentrations of non-labeled molecular 
competitors, ranging from 21 p M  to 21 m M . 
The three competitors were i) testosterone, 
ii) ß-estradiol, which bears a hydroxyl 
group in C3, as well as a phenyl A-ring, and 

binding, while preserving enough network rigidity to main-
tain the integrity of the MIP binding cavities. The impact of 
the cross-linking degree on the molecular recognition proper-
ties was therefore studied, and four different polymers ( S1  to 
 S4 ) were prepared in bulk format with respectively 83%, 75%, 
50%, and 33% of cross-linker relative to the total monomer 
concentration. However, while decreasing the EGDMA concen-
tration, the molar ratio of MAA to testosterone was kept con-
stant ( Table   1 ). Binding experiments performed with the four 
MIPs in the presence of radiolabeled testosterone showed that 
the decrease of cross-linking strongly affected the molecular 
recognition and binding properties of the functional polymer 
( Figure    2  ). A decrease of cross-linking from 83% (Figure  2 A) to 
75% (Figure  2 B) caused an increase in both specifi c and non-
specifi c binding, probably due to the simultaneous increase of 
testosterone and MAA in the system. The imprinting factors 
(IF = binding to the MIP/binding to the non-imprinted control 
polymer NIP), however, did not change and the K 50  (concentra-
tion of polymer that binds half of the added radioligand) were 
similar for both systems, leading to no real improvements. By 
further decreasing the cross-linking to 50% (Figure  2 C), the 
specifi c interactions were affected, probably due to the increase 
in network fl exibility, which is assumed to result in a lower 
imprinting effi ciency due to polymer chain mobility, mani-
fested as an increase in K 50 . However, non-specifi c interactions 
between the non-imprinted control polymer (NIP) and testos-
terone were also strongly decreased, resulting in a higher IF. By 
cross-linking the MIP at 33% only (Figure  2 D), the imprinting 
effect disappeared, and no K 50  could be measured. We assume 
that this level of cross-linking is not suffi cient to conserve the 
integrity of the testosterone specifi c cavities. The polymer with 
50% cross-linking was thus found to be the most suitable for 
the fabrication of holographic MIP matrices, since it simultane-
ously allows for moderate polymer fi lm fl exibility and specifi c 
testosterone recognition and binding.   

      Figure 2.  Binding isotherms for radiolabeled testosterone binding in toluene to different MIP 
(full symbols) and NIP (empty symbols) synthesized in bulk format with different cross-linking 
degrees: A) 83%, B) 75%, C) 50%, D) 33%. 
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obtain a bright green-refl ecting hologram visible by the naked 
eye ( Figure    5  A). Sections of MI-SHRH analyzed by scanning 
electron microscopy (SEM) showed the presence of AgNPs in 
the polymer fi lm, and confi rmed the effi ciency of silver-halide 
photoreduction (Figure  5 B,C). The majority of AgNPs are 
concentrated close to the fi lm surface, presumably as a con-
sequence of the silver and halide ion infusion that is limited 
by the cross-linked polymer matrix and small pore size. Nev-
ertheless, AgNPs were present in about 60% of the total MIP 
fi lm thickness (Figure  5 B), which was suffi cient for recording 
a strong refl ection hologram (Figure  5 A). Transmission elec-
tron microscopy (TEM) measurements were further performed 
to observe the distribution of AgNPs in the MIP matrix. Since 
the MI-SHRH was covalently attached to the glass substrate, 
its cross-section was diffi cult to image. The fi lm was therefore 
scraped off the substrate, and TEM analyzes of the fragments 
revealed the presence of small AgNPs (diameter < 25 nm) with 
a narrow size distribution in the polymer matrix (Figure  5 D), 
although the periodic layer structuring was not observable in 
this way. To verify that the MIP fi lms containing the AgNPs 
could still bind their target, MIP and NIP silver-halide refl ec-
tion holograms were incubated with 210 pmoles of [4– 14 C]
testosterone. Analysis using a phosphorimager showed a fi ve 
times higher binding to the MIP compared to the NIP (Sup-
porting Information, Figure SI.3). This confi rmed that the 
silver-halide fabrication process did not eliminate the specifi c 
recognition properties of the MIP.  

 Prior to analyte sensing experiments, the holographic 
response to structural changes in the fi lm and the sensor 
response time were studied. A MI-SHRH was wedged in a spec-
troscopic cell (polymer face inwards) in such a way as to isolate 
the holographic refl ection peak from the specular refl ection 
(Supporting Information, Figure SI.4). The MI-SHRH was then 
sequentially incubated in solvents with varying polarity, and 

iii) 4-androstene-3,17-dione, which has a keto group at C17 
(Supporting Information, Figure SI.2). After 12 h incubation, 
rinsing and drying, the fi lms were analyzed with a Cyclone 
phosphorimager, where the presence of radiolabel gave rise to 
dark coloration (Supporting Information, Figure SI.2). Finally, 
competitive binding curves could be plotted ( Figure    4  ). When 
testosterone, the imprinting template, was used as a compet-
itor, the binding of [4– 14 C]testosterone was strongly displaced, 
and a dissociation constant K D  of 5.4  μ  M  could be determined. 
When 4-androstene-3,17-dione was present with radiolabeled 
testosterone, competition was less effi cient, resulting in a K D  
of 53.8  μ  M  (cross-reactivity of 10%). This may be a consequence 
of the absence of the C17-hydroxyl group, already reported 
by Karube’s group as dominant in determining the affi nity of 
the substrate for the receptor through H-bonding. [  25  ]  ß-estra-
diol was a poor competitor, showing a cross-reactivity < 0.1%. 
Owing to the low cross-reactivities experimentally determined 
with structurally analogues, the MIP fi lms prepared from S3 
in acetonitrile showed high specifi city and selectivity for testos-
terone, and were found suitable for use as matrices for the fab-
rication of silver-halide holographic transducers. 

   The development of refl ection holograms is based on the 
infusion of silver-halides into the polymeric matrix. The infu-
sion protocol was therefore optimized for the MIP matrix, and 
performed in two steps. First, silver perchlorate (AgClO 4 ) was 
dissolved in toluene and infused into the MIP fi lm. Toluene is 
a reasonable solvent for AgClO 4  and also an excellent swelling 
agent for the MIP, facilitating the infusion process. In a second 
step, lithium bromide (LiBr) was infused into the silver ion-
loaded MIP fi lms to form silver-bromide (AgBr). The LiBr 
infusion was found to be a critical step for the fabrication of 
MI-SHRH, since the time had to be tightly controled. An infu-
sion time longer than 30 s resulted in the growth of large silver 
halide grains, giving rise to a white fi lm in which no hologram 
could be recorded. After silver-halide infusion, the MIP fi lms 
were exposed to a 532 nm standing wave to record holograms. 
The laser power was set to 25 mW, with a spot size of 1 cm, 
and irradiation times ranging from 5 s to 60 s were tested. It 
was found that irradiation times longer than 20 s led to over-
exposure of the fi lm, while 10 s of irradiation was optimal to 

      Figure 3.  Optical images and surface topography measured by atomic 
force microscopy (AFM) for polymer fi lms synthesized with A) toluene, 
or B) with acetonitrile as a porogenic solvent. 

      Figure 4.  Competitive binding isotherms plotted after incubation of 
molecularly imprinted fi lms in different steroid solutions containing 
210 pmoles of [4– 14 C]testosterone and increasing concentrations of 
competitors (testosterone, 4-androstene-3,17-dione, and ß-estradiol). 
 B / B  0  corresponds to the ratio of the signal obtained in the presence of 
competitor ( B ) for different concentrations, to the signal measured in the 
absence of competitor ( B  0 ). 
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      Figure 6.  Wavelength position of the refl ection peak after incubation of the MI-SHRH in A) 
ethanol, B) acetonitrile, C) butyronitrile, and D) toluene. Continuous line:  t  = 0, small dashed 
line:  t  = 20 min, bold dashed line:  t  = 1 h, alternating dashed line:  t  = 10 h). 

was systematically vacuum dried for 12 h between tests. Incu-
bation of the MI-SHRH in ethanol for 10 h caused a refl ection 
peak shift (  δ  λ  ) of 2.3 nm, though the optical signal was already 
stabilized after only 30 min ( Figure    6  A). In the aprotic acetoni-
trile, the holographic refl ection peak was shifted by 5.5 nm, but 
optical signal stability was reached more slowly (Figure  6 B). 
Increased refl ection peak shifts were measured with butyroni-
trile (Figure  6 C) and toluene (Figure  6 D), which also increased 
equilibration time. Taking into account the Bragg equation 
(Equation  1 ), non-polar solvents seem to swell better the 
hydrophobic polymer matrix of the MI-SHRH, resulting in 
larger increases of the AgNP fringe spacing ( d ), thus resulting 
in larger optical shifts of the holographic refl ection peak and 
validating the working principle of this opto-chemical sensor. 
Although toluene caused more swelling of the polymer fi lms, 
acetonitrile was employed as incubation medium since it was 
already used as porogen for the MIP fi lm synthesis.  

 Subsequent to solvent swelling, a specifi c volume of testos-
terone solution was introduced into the spectroscopic cell, and 
the position of the holographic refl ection peak was monitored 
over time. Testosterone binding assays were conducted with 
both MI-SHRH and the corresponding non-imprinted control 
hologram (NI-SHRH), and by using two different testosterone 
concentrations, 10  μ  M  and 1  μ  M . After incubation in 10  μ  M  tes-
tosterone solution, the MI-SHRH showed a wavelength shift 
of the refl ection peak of   δ  λ   MIP-10 µ M  = 3.65 nm, while the non-
imprinted control NI-SHRH gave rise to a wavelength shift 
of only   δ  λ   NIP-10 µ M  = 2.38 nm. Likewise, after incubation in 
1  μ  M  testosterone, the MI-SHRH showed a wavelength shift of 
  δ  λ   MIP-1 µ M  = 2.82 nm, but the shift with the NI-SHRH was only 
  δ  λ   NIP-1 µ M  = 1.43 nm. From these results, it is obvious that the 
wavelength shifts induced in the molecularly imprinted holo-
graphic fi lm upon incubation in steroid solutions is bigger than 
the shifts induced in the non-imprinted holographic fi lms used 
as control, and confi rms the molecular specifi city of the MIP 
matrix, which is capable of taking up testosterone molecules 
specifi cally in its binding cavities. Optical changes measured 
upon binding are, however, relatively small. This may be the 

consequence of only small structural changes 
in the polymer matrix upon analyte binding 
by non-covalent bonds. Nevertheless, the sta-
bility of the optical setup employed for the 
label-free binding assays, and the spectro-
scopic resolution (0.50 nm for the particular 
confi guration used, which could be increased 
with more sophisticated signal analysis) 
still allow for reliable measurements.The 
holographic sensor response time upon 
molecular binding was relatively long, which 
means that 50% cross-linking is still high for 
this application and limits the polymer fi lm 
swelling and delays the strain relaxation in 
the 3D network, which had also been found 
for MIP-based transmission holographic sen-
sors. [  21  ]  Nevertheless, after 8 h of incubation, 
a good difference between MI-SHRH and NI-
SHRH was obtained, resulting in imprinting 
factors of 18.6 (10  μ  M  testosterone) and of 
19.4 (1  μ  M  testosterone).  

      Figure 5.  Multiscale characterization of a molecularly imprinted silver-
halide refl ection hologram. A) Macroscale view of the silver-halide holo-
graphic fi lm refl ecting green light. B) Microscale view of the section of a 
MI-SHRH observed using a scanning electron microscope. Zone 1: MIP 
fi lm; zone 2: glass substrate. C) Zoom into microscale view presented 
in (B) and showing the presence of AgNPs (white dots) in the polymer 
fi lm. D) Nanoscale view of a MI-SHRH observed using a transmission 
electron microscope. Light-grey areas correspond to the MIP and black 
dots are the AgNPs. 

the position of the holographic refl ection peak was monitored 
over time. In order to allow for an accurate measurement of 
the hologram swelling upon solvent incubation, the MI-SHRH 
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  3. Conclusions 

 The combination of silver-halide refl ection holograms as an 
optical transducer and molecularly imprinted polymers as 
recognition elements gave rise to a new type of opto-chemical 
sensor. MI-SHRH were fabricated in a two-step process, con-
sisting of i) fabricating the MIP fi lm, and ii) creating the holo-
graphic element inside the polymer matrix. For the fabrication 
of the MIP fi lm, the choice of the porogenic solvent was a key 
parameter to obtain a both transparent and porous fi lm. The 
fabrication of a silver-halide refl ection hologram in the MIP 
matrix was then achieved by photo- and chemo-reduction of 
silver halides and chemical fi xation of the holographic latent 
image. This holographic signal was used for label-free binding 
assays, in which the specifi c recognition and binding of testos-
terone molecules to the MIP molecular cavities led to structural 
changes in the polymer matrix of the holographic element, 
leading to a wavelength shift of the refl ection peak. Specifi c 
testosterone recognition and binding could be measured for 
relatively low analyte concentrations down to 1  μ  M . We also pre-
pared silver-halide holographic MIP sensors for another target 
analyte, the beta antagonist (S)-propranolol. Similar results con-
cerning molecular imprinting and sensing properties as with 
testosterone were obtained (not illustrated). The integration of 
silver-halide holograms in MIP matrices is highly reproducible 
and inexpensive, yielding a new type of label-free sensor, and 
since the integration of silver-halide holograms is possible in 
any type of MIP fi lm, the method is very versatile and can be 
applied to sensors for the detection of a large range of analytes 
including biomolecules such as peptides and proteins.  

  4. Experimental Section 
  Materials : Methacrylic acid (MAA), ethylene glycol dimethacrylate 

(EGDMA), 3-(trimethoxysilyl)propyl methacrylate (TMSPMA, 98%), 
2,2-dimethoxy-2-phenylacetophenone (DMPA), testosterone (≥98%) 
 β -estradiol, 4-androstene-3,17-dione, 1,1′-diethyl-2,2′-cyanine iodide, 
anhydrous silver perchlorate, lithium bromide, hydroquinone, and 
sodium hydroxide were all purchased from Sigma-Aldrich. Monomers 
were all used as received, without purifi cation. Sodium thiosulfate 
pentahydrate was from Merck (Germany). The radiolabelled derivative 
[1,2,6,7– 3 H]testosterone (73 Ci mmol −1 ) was obtained from Amersham 
Pharmacia Biotech, and [4– 14 C]testosterone (45–60 mCi mmol −1 ) was 
obtained from PerkinElmer. Acetonitrile and toluene were anhydrous 
and of HPLC grade, and methanol and ethanol were of absolute grade. 
Water was purifi ed with a RiOs Progard 2 Silver and a Milli-Q Q-Guard 
1 system from Millipore (18.2 M Ω  cm −1 ). 

  Synthesis of Molecularly Imprinted Polymers in Bulk Format : The MIP 
precursor mixture was placed in a 4 mL transparent glass vial, which 
was sealed with a septum cap covered with Parafi lm, and the mixture 
was purged with N 2  for 1 min. Polymerization was carried out by 
placing the vials on a UV light box emitting at 365 nm. After 2 h of 
irradiation, the polymer was recovered by breaking the glass vial, and 
the monolith was manually crushed in a mortar. The polymer particles 
were then transferred to micro-centrifuge tubes, suspended in methanol 
and fi nely ground with 2.8 mm-diameter ceramic beads in a Precellys 
24 homogenizer (Bertin Technologies, Montigny le Bretonneux, France). 
The particles were subsequently washed four times using 10 mL of 
a methanol/acetic acid (9:1 v/v) solution for template extraction, 
followed by two washes with 10 mL of ethanol and one fi nal wash using 
10 mL of methanol. Each washing step was performed for 1 hour in 
centrifuge tubes under gentle agitation at room temperature. After 

washing, the particles were separated from the solvent by centrifugation 
at 25 000 rpm. Finally, the polymer particles were vacuum-dried 
overnight. The binding assays were performed by suspending 
increasing concentrations of polymer (ranging from 0 to 9 mg mL −1 ) in 
organic solvent (toluene or acetonitrile) in microcentrifuge tubes, and 
adding 50  μ L (0.2 pmoles) of a [1,2,6,7– 3 H]-testosterone solution at 
300 nCi mL −1  (fi nal volume of 1 mL 3 ). The micro-centrifuge tubes were 
placed on a rotation wheel overnight. The samples were then centrifuged 
at 15 000 rpm to sediment the polymer particles. 500  μ L of supernatant 
were subsequently mixed with 3 mL of scintillation liquid (Ultima Gold, 
PerkinElmer) and  3 H counting was performed on a Beckmann LS-6000 
IC liquid scintillation counter. The percentage of  3 H-labeled testosterone 
bound to the polymer  B (%) relative to the total amount initially 
introduced could be calculated as follows:  B (%) = ( S  B  –  S  P )/ S  B , where  S  B  
corresponds to the luminescence intensity of a blank solution including 
the radiolabeled analyte and the solvent, and  S  P  to the intensity of the 
supernatants after incubation of the radiolabeled target analyte with a 
precise amount of polymer in solution. 

  Fabrication of Molecularly Imprinted Polymer Films : Microscope glass 
slides were placed in a ceramic box and incubated for 10 min in a 2.8% 
aqueous NH 3  solution at 80 °C. The glass slides were then rinsed with 
water and incubated in a 3% solution of H 2 O 2  in H 2 O at 80 °C for 
10 min. After rinsing with water, the slides were fi nally incubated for 
10 min in a solution containing HCl (37%), H 2 O 2  (30%), and H 2 O (1 : 
1 : 8 v/v/v) at 80 °C. The substrates were rinsed with distilled water and 
with acetone. The microscope glass slides were then incubated overnight 
in a solution of 3-(trimethoxysilyl) propyl methacrylate in dry toluene 
(1 : 90 v/v). Finally, the glass substrates were rinsed several times with 
acetone, and dried under a stream of nitrogen. MIP fi lms were prepared 
by casting 3  μ L of the freshly made MIP precursor solution on an 
aluminized polyester fi lm (1 cm × 1 cm), which was then covered with 
a silanized microscope glass slide (1 cm × 0.5 cm) to form a uniform 
fi lm. The fi lms were polymerized for 30 min at room temperature 
by irradiation at 365 nm on a UV light box (VL-6.LC, 4 × 6 W, Fisher 
Bioblock Scientifi c). After polymerization, the aluminized polyester 
was peeled off and the fi lms were rinsed with ethanol. The fi lms were 
fi nally washed using the same procedure as described above for bulk 
polymers. For binding assays the fi lms were placed face-up in 20 mL 
plastic scintillation vials and covered with 2700  μ L of anhydrous solvent. 
300  μ L (210 pmol) of [4– 14 C]-testosterone solution at 40 nCi mL −1  were 
then introduced in the plastic vials, and gentle agitation was performed 
overnight on a rocking table. Afterwards, the fi lms were rinsed for 10 s 
with the same solvent as the one used for incubation and allowed to dry 
under ambient conditions. Substrates were placed fi lm side down on a 
phosphor storage screen for 12 h. The screen was analyzed in a Cyclon 
Plus system, signal accumulation resulting in dark areas. Subsequent 
image analysis using ImageJ software [  26  ]  allowed the quantifi cation of 
the radiolabel. 

  Fabrication of Molecularly Imprinted Silver-Halide Refl ection Holograms : 
Silver halide holograms were recorded in previously fabricated MIP 
fi lms. The fi lms were fi rst incubated for about 24 h in a silver perchlorate 
solution prepared in toluene (0.15  M ). They were then dried under a 
gentle stream of warm air from a hair-drier, and soaked for a few seconds 
in a 0.15  M  lithium bromide solution prepared in a mixture of methanol 
and water (3:1 v/v), containing 140  μ  M  of 1,1′-diethyl-2,2′-cyanine iodide 
(Sigma) as a photosensitizer. The samples were rinsed with distilled 
water and placed face down in a holographic exposure bath on a mirror 
with at an angle of approximately 3° with the help of a glass spacer. The 
angle of 3° allowed the hologram to be recorded in such a way that the 
refl ected holographic signal was separated from the specular refl ection. 
The fi lm was exposed for a few seconds to the beam of a green laser 
(doubled Nd:YAG,   λ   = 532 nm, 50 mW), removed from the exposure 
bath, and immersed for a few tens of seconds in a freshly prepared 
developer solution made of sodium hydroxide in water (1.25  M ) mixed 
with hydroquinone in methanol (1.18  M ) (1:1 v/v). The fi lm was then 
thoroughly washed with water, fi xed for 10 min under gentle agitation 
in sodium thiosulfate solution (0.63  M  in methanol/water 1:1 v/v), and 
fi nally rinsed with distilled water. 
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  Label-Free Sensing with Molecularly Imprinted Silver-Halide 
Refl ection Holograms : Binding assays were performed with silver-
halide holographic MIP fi lms placed in an optical setup that enabled 
the real-time monitoring of the holographic refl ection signal. The 
optical setup included a tungsten-halogen light source emitting in 
the visible range (300–1050 nm), a fi ber optic spectrometer (Ocean 
optics USB 2000+), and a bifurcated optical fi ber assembly. The 
holographic fi lm was wedged polymer fi lm inwards in a 4 mL quartz 
cell, and incubated in pure solvent for about 24 h in order to ensure 
that polymer swelling by the solvent was completed. Afterwards, the 
target molecule was introduced into the cell, and magnetic stirring 
was performed. The holographic fi lm was illuminated by a tungsten-
halogen source through a Y-shaped optical fi ber bundle, and the 
refl ection signal was collected by the same fi ber and transmitted 
to the spectrometer. The initial position of the refl ection peak   λ    t  = 0  
was recorded after solvent swelling before introduction of the target 
molecule. Then, the position of the holographic refl ection peak 
was monitored over time, and the wavelength shift   δ  λ   induced by 
molecular recognition and binding was recorded as a function of 
the polymer swelling and/or refractive index change. The single 
pixel resolution enabled measurements of the peak wavelength with 
a resolution below 0.35 nm to be achieved with this setup, though 
this can be improved at the expense of wavelength range using 
spectrometers with different slit and grating options.  
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