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Abstract

A Monte Carlo model was developed to analyze the sensitivity and the performance of a fluorescence-based molecularly imprinted
polymer (MIP) sensor. The MIP sensor consisted of highly cross-linked polyurethane containing anthracene binding sites coated on a
transparent substrate. The optical properties of MIPs, the quantum yields of anthracene within MIPs, and the fluorescence of MIPs were
measured. The rebinding capacity of the MIPs was abquinal/g or roughly seven times binding rate of non-imprinted polymers.

The MIP fluorescence emission at 404 nm was measured for thicknesses ranging from 100pum2@8@aining templated anthracene
concentrations ranging from 60 to 600 ppm for excitation at 358 nm. The emission agreed with model predictions within 15%. This sensing
system could only distinguish anthracene down to 15 ppm due to fluorescence from the polymer matrix. To make a fluorescence-based
MIP sensor that is capable of detecting one part per billion analyte concentration withpar2®ick MIP film, our model suggests that
imprinted polymers would need to have an absorption coefficient less than 0.081arhave a quantum yield 2@imes lower than that

of the analyte at the detection wavelength.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction cross-linking monomers are copolymerized in the presence
of a target analyte (the imprinted molecule) that acts as
Biochemical sensors are used in clinical diagnostics, a molecular template. The monomers are chosen for their
the pharmaceutical industry, environmental pollutant mon- ability to interact with the functional groups of the template
itoring, food analysis, and detection of biological warfare molecule. Polymerization/cross-linking yields a network
agents. A biochemical sensor incorporates a biochemicalpolymer with the template molecules incorporated. After
recognition element along with a physical or chemical the extraction of template molecules, the resulting cavities
transducer. The recognition element must be specific toretain their “memory” for the target analyf8]. MIPs are
the target analyte and stable in a wide variety of environ- robust, stable, and resistant to a wide range of pH, humidity,
ments. Recognition elements using immunosensors (e.g.,and temperaturgl1]. MIPs are also relatively inexpensive

antibodies) have excellent specificity and sensitiyity6], to produce and can be synthesized for analytes for which
but require specific antibody synthesis, may have steriliza- no natural antibody exisfd2].
tion problems, and may suffer from stability iSSU&5]. Several groups have integrated MIPs with optical fibers

Various biomimetic sensors that alleviate one or more of [13,14]or waveguide$15—17] Dickert et al.[15,17]used a
these drawbacks have been develofged 0] In this paper, guartz planar waveguide coated with a several-micron thick
sensors based on molecularly imprinted polymers (MIPs) layer of MIP imprinted with various fluorescent polyaro-
are examined. matic hydrocarbons. Fluorescence emission of trapped ana
The recognition properties of MIPs arise from the lytes in the polymer matrix was used to detect analyte con-
way they are prepared. During synthesis, functional and centrations down to severph/l [18,15,19]
To create practical sensing devices, the complex interplay
of the factors affecting detection needs to be understood.
* Corresponding author. Tel+1-503-216-2197. Some studies have attempted to build a theoretical model
E-mail addressprahl@bme.ogi.edu (S.A. Prahl). for the sensitivity of an optical sensf20—22] A ray optics
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A Na In our Monte Carlo model, excitation photons were
launched normally to the MIP layer. The photons were
NV z=d propagated, according to Beer's law, a random distance
T S* to the depth at which they were absorbesf (=
z=0 _In(s/('u)tjrethane"i_ “gnthracenp’ where £ is a random
/4 number uniformly distributed between 0 and 1). The
/ fraction of photons absorbed by the polyurethane was
Mg I /R(69) /’Lﬁrethane((/‘ﬁrethane'l' Mgnthraoeng and the fraction absorbed
- by anthracene Waﬁgnthracené(/"ﬁrethane—}_ 'U“gnthraceng' Both
Air e produced fluorescent light with different quantum vyields,
Na ! P04 e for polyurethane andpidt for anthracene.
Fluorescent photons were emitted uniformly in all direc-
Ax tions. The emission photons had three possible fates: (1)
to be absorbed by polyurethane, (2) to be reflected at the
MIP-glass boundary, or (3) to propagate through MIPs to
the glass plate. The conditions for reflection depended on
the unpolarized Fresnel reflection at the particular angle of
model was used to calculated to the detection limit of a incidence[23]_ Photons entering the glass were either re-
total internal reflection fluorescence (TIRF)-sensing system flected at the glass—air boundary or transmitted into the air
[20,21]} Although ray optics method might provide some (which again depended on the Fresnel reflection). Photon
accuracy for TIRF spectrometf0,21] the equation de-  paths were corrected for refraction angles at all bound-
rived was an approximation and is limited to a particular aries. Finally, those fluorescent photons transmitted from
sensor design. In this work, we examined three issues thatthe MIPs through the glass go into the air. Only some pro-
affect the Sensitivity of a fluorescence-based MIP sensor: portion of these transmission photons can be collected by
the fluorescence collection efficiency, the optical properties the concave mirror, reflected by the mirror, and then sent
of the MIP, and the rebinding performance of the MIP. to the sensing system (s&&. 2). These fractions were all
With further analysis, we are able to select optimal design counted into the geometry factag, since this depends on
parameters for a MIP sensor. The optical properties of the the geometry of the setup, and the relative positions of the

MIP samples were measured to provide the backgroundmirrors in the fluorimeter. Fluorescent photons arising from

information for the theoretical model. Th rption f- m m
ormation for the theoretical model. The absorption coef- polymer NT.,_ _or anthraceneVT,. . were recorded

fici'e'nt, the refractive index, and the fluores'cence qu'antum separately. With total oV, ;. excitation photons launched
efficiency of the MIPs were measured while the original in the model, the fluorescence collection efficieriywas

MIP
Nmip

N
N

Glass 1 |

Fig. 1. The schematic representation of light path of our sensing system
consisting of MIP coated on the flat bottom of a glass vial.

template molecules were still present in the matrix. The 204 m 204

. . + @ évm
effects of the thickness of the MIP film, the background g, — “urethane urethane ™ ~anthracen€anthraceng; (1)
absorption, and the background fluorescence on the sensor Niodel

sensitivity were analyzed theoretically in a Monte Carlo g renresents the ratio of the collected fluorescence photons
simulation. Finally, the rebinding capacities of the imprinted 4 the input excitation photons. The valuekfis between 0

polymers were examined by extracting the original template 5,4 1. Experimentallyg; was equal td,io“/léxp, Wherelr‘]‘q?g

: o per ip
mo!ecules from the polymer matrix and.subsequently Mea- ic the emission from MIPs at 404 nm am@(p the absorbed
suring the rebound analyte concentrations when polymer

excitation light. If 139%/1%, is equal toEq. (1) then

samples were exposed to the analyte solutions. mip
404 404 m 404 m
Imlp — ¢urethanév urethane+ CDanthracenéV anthracene (2)
. IX G NX
2. Theoretical model exp model

SinceG was unknown, and difficult to be determined accu-
Our sensor consists of a layer of MIP on a transparent rately, we calculated the terrfgxpG, by comparing the result
substrateFig. 1 illustrates the schematic representation of of the Monte Carlo simulation with the experimental result
the light path. The excitation was perpendicular to the layer of the fluorescence emission of a standard anthracene cyclo-
surface and the emission was collected on the same sidéhexane solution. The simulation of anthracene cyclohexane
as the excitation. The absorption coefficients of MIPs at solutions in a quartz cuvette was the same as the simulation
the excitation and emission wavelength were . - and described above, except we replaced MIPs by cyclohexane

Iirethane @nd the absorption coefficient of anthracene was solutions. IfNgy, is the total emission photons from the stan-
Manthracenedt the excitation wavelength. The refractive in- dard solution andpsq is the quantum yield of the standard

dices of MIPs, glass plate and air wekgp, ng andna, solution, then the theoretical fluorescence collection effi-

respectively. For simplicity, all elements were assumed ho- ciency for the standard solutiofisq iS qﬁsthgt‘dG/N;;]odel.

mogeneous and isotropic. Again, experimentallyFyq is equal tolgt‘d/lgxp, wherelZ,
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Fig. 2. The optical setup of MIP fluorescence measurement consists of a glass container (diathdtem, height=5cm) coated with MIPs as the
sensing layer on the flat bottom and a collecting concave mirror. As shown here, only some proportions of the emissiorbe collected by the
concave mirror, reflected by the mirror, and then sent to the sensing system. These proportions are all counted into the geométry factor,

is the total emission of the standard solution measured ex-Merck-Schuchardt (Hohenbrunn, Germany) and stored un-

perimentally. Therefore, der nitrogen after use. Dimethylformamide (DMF) was dis-
m, PN, tilled over MgSQ, under reduced pressure and was stored
G N 3 over 4A molecular sieves. Toluene was purchased from
exp model Fisher and was used as received.

Since NJiy/NX .4e CaN be calculated from the mode[},

can be measured from the experiment, @ng is known, 3.2. Fabrication of MIP samples

ngpG can then be calculated and substituted tp (2)

In our simulations, the following values were used. The sensing element of our sensor was polyurethane im-
The background absorption coefficients of cyclohexane, printed with anthracene following the procedure of Dickert
18y ctohexane@Nd UGy cionexane WeTe @ssumed to be 0.01thy [15,18,24] Imprinting solutions were made by adding an-
while the absorption coefficient of MIPs was 15cthifor thracene to the mixture of 1.25M solutions of monomers
excitation and 3.5 cm' for emission (se&ection 4. The (0.375mmol bisphenol A and 0.455mmai, p’-diiso-
refractive index of MIPnpp, cyclohexaneicyciohexane the cyanatodiphenylmethane) and cross-linkers (0.250 mmol
quartz cuvetteq, and the glass vialg were 1.47,1.43,1.47,  trihydroxybenzene and 0.195 mmplo, p'-triisocyanatodi-
and 1.54 respectively. Two million photons were launched phenylmethane) in the porogen (DMF). Control solutions
for each simulation set. Two free parameters, the thicknesswere prepared in a similar manner as the imprinting solution
of the sensing layer, and the concentration-dependent ab- with the absence of the template anthracene. Each mixture
sorption coefficient of anthracengy i, acene WEre varied. contained a 1:1 mole ratio of hydroxy to isocyanate func-
Finally, we compared the model results, the right hand side tional groups and a 35 mol% of cross-linking monomers.
of Eq. (2) with the experimental results, the left hand side  Polymer films with various thicknesses were formed by
of Eq. (2) filling identical glass vials (1.4 cm diameter) with volumes

ranging from 150 to 40Q. of the freshly prepared mix-
tures of the imprinting or non-imprinting solutions. Since

3. Materials and methods the polymer shrinks during polymerization, about.l3of
a catalyst (tetramethylethylene diamine) was added to each
3.1. Materials polymer sample to increase the polymerization rate and to

retain the initial shape of polymers. The polymerization was

Bisphenol A, phloroglucinol, and anthracene were completed within seconds, forming a yellow polymer on the
purchased from Aldrich and were used as received. A bottom of the glass vials. All the procedures were carried
mixture of p,p’-diisocyanatodiphenylmethane and 30% out at room temperature in air. MIP samples with different
p,0,p’-triisocyanatodiphenylmethane was purchased from thicknesses (0.15, 0.22, 0.5, 1.16, 1.45, 1.76, and 2.2 mm)
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and with different imprinted anthracene concentrations (0, light was absorbed. Third, the geometry factor of the sens-
0.32, 0.64, 3.2, 12.8, and 25.5 mM) were synthesized. ing system should be the same for all the samples. The ge-
To prepare thin films for absorbance measurements, mi- ometry factor was affected by the penetration depth of exci-
croscope cover slips were used as spacers between two glagstion light and the refractive index of solutions. Since rel-
microscope slides. A MIP film of 150m was formed in the  atively high concentrations of anthracene were used for all
space between the glass slides. In this way, the thickness othe measurements, the variation of penetration depth was
the MIP was controlled by the height of the cover slip. Be- less than 0.6 mm, for MIP samples with anthracene con-
cause the MIP shrank from the sides, the thickness of thecentrations between 0.16 MM = 17 cn1) and 25 mM
MIP remained constant. To make samples for the quantum(uf,,1 = 317cntl). As for the refractive index mismatch be-
yield measurement, the polymer solution with anthracene tween different solvents, arf term was included ifEgs. (4)
was polymerized directly in a standard 1 cm quartz cuvette. and (5) [26]below.
These same samples were used to make refractive index A spectrofluorimeter (SPEX Fluorolog model 112) was
measurements with an Abbé refractometer. After 1 day of used to produce excitation lighty = 3584+ 1 nm) and to
polymerization, the MIPs shrank and could be removed from collect the emission spectra of the samples. Fluorescence of

the cuvette. MIPs formed in quartz cuvettes and anthracene in cyclohex-
ane were measured. Since polyurethane itself fluoresces at
3.3. Optical characterization an excitation wavelength 358 nm, the fluorescence from an-

thracene is only a fraction of the total emission. In this case,

L ; 404
The absorbance of 0.15mm thick films of control and the quantum yield of polyurethane at 484 nm, @4, - o

imprinted samples were measured with a HP-8452A diode was calculated usingqg. (4)below[25]. Then, the quantum
array spectrophotometer. The absorption coefficients of theyield of anthracene in MIPs at 4841 nm, @238 was
MIP were obtained from the absorbance valuegiA) = calculated using th&q. (5)
A(X) In(10)/¢, wherer is the thickness of the MIP film. Since 7404 L2
the optical properties of the polymers changed over time ¢%04  _ g_  ‘urethane( "mip (4)
. L. urethane std™ otal
as the solvent evaporated, the absorption coefficients were g std
measured daily until the solvents evaporated completeBy ( 204
days for 0.15 mm thick samples). Manthracene ¢'4th
. . 204 404 anthracene
The re_fractlve index of MIP bulk samples was mea- [ynhracenst Hurethane
sured using an Abbé refractometer (model ABBE-3L). The 404 404 N2
measurement became more difficult as the polymer dried + — s Ufema”im o0 = q)std% <ﬂ)
and darkened over several days. The refractive index of Manthracené™ Hurethane Igg \ Mstd
polyurethane bulk samples was4T + 0.01 for the first 3 (5)
days.

where &gy is the quantum yield of the standard solution;
3.4. Quantum yield measurement 1594 the emission of polyurethane alone at 494 nm;

1,‘:1?5‘ the emission of MIPs at 404 1nm; 7% the total

In our characterization of the single-wavelength quantum emission of the standard solutiop%, . ;4% the

yields of anthracene in MIPs, the excitation wavelength was absorption coefficients at 404 nm of polyurethane alone and
358 nm, while the emission at 4841 nm of anthracene in  anthracene in MIPs; angkq, nmip the refractive indices of
MIPs was compared to the total emission from 368 to 550 nm the standard solution and MIPs, respectively.
of a standard solution (0.3 g/l anthracene in cyclohexane),
which has a quantum yield of 0.385,26] Several condi- 3.5. Fluorescence collection efficiency measurement
tions need to be satisfied following Parker's meth2#].
First, to minimize the effect of variation in the intensity of The test system consisted of a glass vial (diameter
the excitation light as a function of wavelength, we chose = 1.4cm, height= 5cm) coated with a MIP as the sensing
358 nm as the excitation wavelength for all the measure- layer on its flat bottomKig. 2). Only a fractionG (the “ge-
ments. Second, we assumed all the excitation photons wereometry factor” discussed earlier) of the emitted light was
absorbed. We chose anthracene in cyclohexane with 0.3 g/lcollected by the system. Fluorescence was measured while
concentration as our standard solution based on Berlman’santhracene was still imprinted in the polymers. Different
method26]. At this concentration, the absorption coefficient anthracene concentrations and different thickness of MIP
is 31 cnmt, which allows<10-1% of light to be transmitted  films (those vial samples made 8ection 3.2 were tested.
through the 1.cm cuvette sampl€ & exp(—31)), thereby A mechanical fixture constrained the position of the vial
ensuring all light was absorbed. The total absorption coef- samples for each measurement. This fixture was adjusted
ficient for our MIP samples was the sum of the absorption so that the & mm x 10 mm rectangular excitation beam
coefficient of the polymers (15cm) and the anthracene. would focus on the middle of the sample. For excitation at

This high total absorption coefficient value also ensured all 358 nm, the emission spectrum was recorded from 370 to
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480 nm (1nm bandpass, 2s/nm). The telﬁ;?,;‘/lgxpG, in 50
the Eq. (2)could then be calculated. 45!

3.6. Rebinding characterization o1

35

To study the rebinding performance of the imprinted poly- 30
mers, extraction of anthracene and subsequent rebinding
experiments were performed. MIP samples imprinted with
25mM anthracene were compared with non-imprinted sam-
ples.

The imprinted anthracene was removed by soaking the
films in toluene. For better extraction, the samples were
shaken continuously and the toluene was replaced every 2 25100
days. The fluorescence signal of the toluene solution was 90 3%0 360 390 380 390 400 410
used to check if imprinted anthracene had been extracted. Wavelength [nm]

Because the prepared vial-samples were thick, it took 2

weeks to Complete most of the extraction. After extractlpn, ion of wavelength over 3 days. The absorption coefficient wasli&m 1

the samples were placed under vacuum to remove residua t the excitation (358 nm) wavelength of anthracene aBd3.8 cmt
solvent. The fluorescence signal of the polymer itself was at emission (404 nm) wavelength on day 1 (the first day). The error bar
then measured using the same setupii 2 is the standard deviation of 5 measurements.

Rebinding solutions were made by dissolving anthracene
in DMF. Calibration curves were derived by measur-
ing the fluorescence intensity of different concentrations
(0.01-0.22 mM) of anthracene/DMF solutions in standard The simulation result (right hand side &q. (2) was

quartz cuvette using a fluorimeter (Fluorolog 112). Then, compared with the experimental result (left hand side of

2.5ml of 1mM anthracene solution was added to each of g, 5y iy Fig. 6 Assuming that the input excitation energy
thel imprinted ?n(;j nprr:—ml"nprmted ;])copl)/meé s:;mli)les.f The g 1J, the output fluorescence is representeg.hsThese
vials were sealed wit aluminum 1ol ‘and shaxen tor 2 measurements had a 14% standard deviation from the model.
days. Subsequently, the rebinding solution was diluted to To understand how the thickness of a MIP layer and

1/15 of its ongmal_concentratlon in a standard cuvette. background absorption properties of MIPs affect an-
The fluorescence signal was measured and the anthracenfﬁracene fluorescence signats’

4 m X
i i i i aEthracenév anthracenéN model
concentration was derived from the calibration curve. in Eq. (2), several other simulations were constructag. 7

shows the anthracene fluorescence energy versus the thick-
ness of MIP films ranging from 0.01 to 1 mm and for an-
thracene concentrations ranging from 30 ppm to 3 ppb (as-

. X 0 m _ =1 404 —
SUMING Myrethane = V“urethane_l cm =, and d)anthracene_

25}

20+

15t

absorption coefficient [cm '1]

10+

5t

Fig. 3. The background absorption coefficients of polyurethane as a func-

4.2. Model results and experimental verification

4. Results
4.1. Optical characterization

Polyurethane changes its optical properties as it dries,
making the definition of background absorption coefficient
time dependent-ig. 3 shows the absorption coefficients of
polyurethane over 3 days.

The absorption coefficients of 1 mM anthracene in cyclo-
hexane, DMF, and polyurethane on day 1 (the first day) are
compared irFig. 4. The absorption coefficient of anthracene
in polyurethane decreasedl0% as the MIPs dried. The ab-
sorption coefficient was.%+ 0.2 cmi1 at 358 nm on day 1.
The spectrum of anthracene in polyurethane shows a 6 nm
Stokes shift compared to the spectrum of anthracene in cy-
clohexane.

The single wavelength (40& 1 nm) quantum yield of ‘ ‘ ‘ ‘
polyurethane was calculated to b®0050+ 0.00004. The 320 340 360 380 400
single wavelength (40# 1 nm) quantum yield of anthracene Wavelength [nm]
in MIPs as a function of anthracene concentration is plotted Fig. 4. Anthracene (1 mM) absorption coefficients in cyclohexane, DMF,

in Fig. 5. As can be seen, the quantum yield decreases withand polyurethane. Anthracene in polyurethane showed a 6 nm stokes shift
increasing concentration. from anthracene in cyclohexane.

10

in cyclohexane

in DMF

in polyurethane -

Absorption coefficient [cm '1]
N
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Fig. 5. The quantum yield of anthracene in MIPs at 404nm as a Fig. 7. Simulation result of the fluorescence emission versus MIP thickness
fun;:tio.n of anthracene concentration at different anthracene concentrations for a background absoyptieRane

of 1cn ! and input energy of 1J.

0.01). Typically, a thicker sensing layer yields higher fluo-

rescence signals. This prediction agrees with the observatio influence on thicker MIP samples (0.5mm and 1 mm). The

. 0 .
of other researchef48]. Observe that the fluorescence sig- r}l\l/lulgrizcrﬁglc;e;r:%n:é)gjtcrz%%ze% ragogl t55rr(1)n/10 tff?ircI? Slar;g]léh;sk

nal increases dramatically with thickness over 0.1 mm, and the background absorption increases from 1 to 10%cihe
increases moderately above 0.3 mm. Also note that 3 ppb an-

thracene concentrations yield only 5nJ fluorescence ener model also shows that the background absorption does not
NS y y Wmake much difference for thinner MIP samplesD(2 mm).
for 1J excitation light.

Fig. 8is a simulation of anthracene fluorescence for differ- The fluorescence signal of a 0.1mm thick, 30ppm fluo-

. rophore concentration sample ig.3 for 1J of excitation
ent background absorptions;, . ane@Nd 4 1ethane fOF four P ple 13

thicknesses. Note that the background absorption has greatelrIght

4.3. Rebinding
120 ] o
Table 1 summarizes the results of rebinding study on
25 mM anthracene imprinted polymer and on non-imprinted
S 107 control polymer samples. Generally, the imprinted poly-
= mers showed about six times more rebinding than the
X
o 801
o
c
§ 50
0 60+
o
=
LL —~
T 40t E
5 8
E g
S 20f g
i :
w T
2
)2 : : ' ' ' g
l +
0 20 40 60 80 100 120 8 5 t=0.2mm
Monte Carlo Fluorescence (x10'6 J) § 10 e, ]
t=0.1mm
Fig. 6. The experimental results versus the Monte Carlo simulation. S T T T
Error in experimental values are the standard deviation of five sample 0= — = )
measurements. Errors in Monte Carlo values are the standard deviation 10 10 10 10
of three simulations and the quantum yield. Markers with the same shape MIP background absorption coeff (cm %)

represent the same concentration group of anthracene in MIPs. For the

same concentration group, each marker represents different thickness ofFig. 8. Simulation result of the fluorescence emission versus MIP back-
MIP films. These measurements showed 14% standard deviation in the ground absorptionu ,ne@Nd/ieiane for MIP thickness= 1, 0.5, 0.2,
model. and 0.1 mm at fluorophore concentration of 30 ppa}, i, acene= 2 e ).
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Table 1

Results of rebinding study

MIP sample MIP volume Fluorescent signal Bound Molecule bound Bound % of theoretical

(#) () before rebinding concentration density ftmole/g) imprinted sites (%)
(AU) (ppm)

Ca 400 420+ 8 42+04 0.18+0.02

Cb 350 430+ 20 35+0.3 0.17+0.01

Cc 300 430t 20 24+0.2 0.14+0.01

Cd 250 440+ 20 17+0.1 0.12+0.01

Ce 200 400t 20 17+0.1 0.15+0.01

Cf 150 370+ 10 19+0.1 0.23+0.01

Ada 400 500+ 30 286+ 0.8 123+0.03 37+01

Adb 350 1070t 20 134+0.2 0.66+ 0.01 20+0.03

Adc 300 1890+ 60 a - -

Add 250 360+ 20 174+0.3 119+ 0.02 36+ 0.05

Ade 200 320t 5 152+ 0.6 130+ 0.05 39+0.2

A4f 150 300+ 6 124+ 04 142+ 0.04 43+01

Ada—-A4f represent 4 mol% imprinted polymers, while Ca—Cf represent non-imprinted polymers. The third column is the fluorescence signals from the
MIP layer detected after extraction but before rebinding. All the errors are the standard deviation of four concentration measurements.

aThe concentration of rebinding solution forA4c sample was 1.66 mM after rebinding test, which was higher than the starting concentration 1 mM.
This is because the anthracene molecules were not extracted completely before the rebinding, which also agreed with the strong fluorescence signals
(1890) from the MIP layer before rebinding.

non-imprinted control polymers. Note that samples A4b and Another possible explanation is that the absorption coef-
Adc still exhibited fluorescence at 404 nm after 2 weeks of ficient may be responsible for the decrease in anthracene
extraction. These two samples did not have the templatedfluorescence and therefore lower apparent quantum yields.
analytes extracted completely because the MIPs were stuckHowever, the absorption coefficient did not change over the
to the bottom of the vials. Consequently, A4b only rebound concentration ranges from 0.1 to 25.5 mM.
0.66 &+ 0.01wmol/g, while Ad4c would have had a negative The rebinding performance of MIPs was examined. The
rebinding density (because residual anthracene in the MIPresults of rebinding studyTéble ) showed that the bind-
would be extracted by the rebinding test solution). ing capacity was-1.2pmol/g (about 180 ppm in MIP) for

the 4mol% imprinted polymers, while nonspecific bind-

ing was ~0.15umol/g for non-imprinted polymers. Al-
5. Discussion though the overall rebinding capacity was modefa@g31],

the imprinted polymers bound six times more than the

The quantum yield of anthracene in MIPs decreases non-imprinted polymers, indicating an imprinting effect that

as the concentration of anthracene increases from 0.1 towas comparable with other published studj&8,19,32]
25 mM. This result is possibly due to the aggregation of an- Dickert et al.[18,19] had about 100 times greater response
thracene molecules since the concentrations we used werdrom anthracene-imprinted polyurethane than control sam-
relatively high[15,27-29] A similar result was found in  ples. One possible reason for our relatively low binding
Rhodamine 6G and Rhodamine B at concentrations greatercapacity was that polymer films we fabricated were much
than 0.05mM by Bindhu et a[27,28] Dickert et al. also thicker (=100wm) than those prepared by Dickert (several
observed that a linear relationship between the fluorescencemicrons). Since the rebinding of analyte molecules to the
emission and the analyte (polycyclic aromatic hydrocarbon recognition sites is diffusion controllg@3], the molecules
(PAH)) concentration was only valid when the quantum may not be able to access the sites that are buried inside the
yield did not change with increasing analyte concentration highly cross-linked polymer matrix. It is possible that only
(up to severalgl~1) in the MIP layer[29]. To check if this those imprinted cavities on the outer layer of the polymers
condition occurs in a different medium, we measured the were bound. However, we did not use thinner MIP films
quantum yield of anthracene in DMF. The result showed for two reasons: (1) thin films broke and had inconsistent
a fairly constant quantum yield when anthracene concen-thicknesseses, and (2) thinner MIP films have correspond-
tration ranged from 0.05 to 0.8 mM. As the concentration ingly weak fluorescence signals as shownFig. 7. The
increased, the quantum yield decreased quickly. More- number of fluorescent analytes trapped by a MIP can be
over, the quantum vyield of another fluorescent molecule, monitored either from the loss of the fluorescence of the
7-carboxymethoxy-4-methyl-coumarin (in methanol), was analyte solution or from the increase of the analyte flu-
also measured as a comparison. The quantum yield re-orescence of the MIP. Detecting the fluorescence signals
mained constant in the concentration range of 0.02—-0.5 mM. directly from the MIPs instead of the solution provides a
Above 0.5mM, the quantum yield of coumarin decreased. convenient way to follow either extraction or rebinding of
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10° : : . 580 nm, yet polyurethane still has absorption up to 0.5tm
at 550 nm and has fluorescence emission at this wavelength
range as well. An additional problem with imprinting
tetracene was that the imprinting capacity of this molecule
was lower than that of imprinting with anthracene due to the
lower solubility of tetracene in DMF. Alternatively, reducing
the quantum yield of polymer can decrease the noise from
polymer self-fluorescence. According Eg. 9, polymers
have about 5000 times fluorescence signal of anathracene
at uX ehane= 1CM L. To reach a signal-to-noise ratio of
10:1, the quantum vyield of the polymer must be reduced by
a factor of 50,000 assumingX . censf€Mains constant.
This means the ratio of the quantum yield of fluorescence
analyte to the quantum yield of polymers at the detection
1010.4 o o o 0 wavelength needs to be about 100,000.

X cm™ Although our model shows that this particular polyuret-

urethane hane imprinted system may not be optimal for optical sen-
Fig. 9. Simulation of the fluorescence emission at 404nm from sors, polyurethane can be incorporated with a quartz crystal
polyurethane, and anthracene versus polyurethane absorption coefficienimicrobalance (QCM) device for better quantitative measure-
Irethane @t eXcitation wavelength 358 nm. ments as originally studied by the Dickert and Tortschanoff

[15]. To optimize a fluorescence-based MIP sensor, one

analytes. The following parameters affect the sensitivity of should use polymers that have lower background absorption

this type of MIP sensors: (1) the thickness of a MIP sens- and fluorescence emission.
ing layer, (2) the background absorption of excitation light,
and (3) the fluorescence yield of the polymers. According
to our model Fig. 7), a 0.2mm thick film will maximize
fluorescence signals, and the background absorption of
excitation light by the polymersyy| .iane N€€S to be re-
duced. Although our model shows thaf, ..,.do€es not

have strong influence on the fluorescence emission from a b d | h o dd ion limi
0.2mm thick MIP Fig. 8), high i epanewill increase the M2y be use to ana yze the Se.gs'“"'ty and detection limit
polymer self-fluorescence emission. of an optical system and to provide an optimization strategy

To further examine the effect of polymer background ab- f]?réhe sgalnsor design. Tdh's S|mu_lat|on m.EITOd can %e mOd'
sorption on the fluorescence Signa@gmracené\’glmhracené ified easily to accommodate various optical sensor designs.

< 404 " N . We have evaluated one MIP design by varying the thick-
Ninoder .and Purethandurethand Nmodel I Eq.. 2), anoth_er ness of MIP sensing layers, background absorptions, back-
simulation was constructed as shown Fig. 9. In this L
. . . ground fluorescence, and rebinding performance. We found
simulation, the MIP thickness was 0.2 mm, the anthracene . . o
. o < 1 that thicker MIP sensing layers tend to be more sensitive. To
absorption coefficientuy was 0.0002cm-, the . : )
. “anthracene o improve signal-to-noise, both background polymer absorp-
polyurethane absorption coefficient at emission wavelength .
1 . 204 tion and fluorescence need to be reduced. Our model may
was lcnT+, and quantum yields@, ... and . o i
iz} 4 urethane ~= be used to improve the sensitivity of other sensor designs.
D nihracene WEre 5x 1077, and 0.01 respectively. Notice
) R X
that as the absorption coefficienty, ... increased from
0.0002 to 1 cm?, the anthracene fluorescence decreased 10Acknow|edgements

times; in contrast, the polymer fluorescence increased more

than 1000 times. Also, note that whesf ..ciS greater This work was supported by the National Institute of
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fluorescence) to noise (polymer fluorescence) ratio of 10:1,
polymer should have an absorption coefficient less than
0.001 cnt! (assuming the quantum yields remain the same R
over the concentration ranges). An alternative is to imprint a
diﬁerept PAH molecule thatﬂuoresce,s at Iongeryvayelengths [1] R.C. Jorgenson, S.S. Yee, A fiber-optic chemical sensor based on
to minimize the background absorption and emission by the = syrface-plasmon resonance, Sens. Actuators B: Chem. 12 (1993)
polymers. Tetracene has fluorescence ranging from 480 to  213-220.

Polyurethane self-fluorescence
107}

10°}

Fluorescence (x10 N J)

10°}
Anthracene fluorescence
(3 ppb)

6. Conclusions

We have developed a theoretical model for the fluores-
cence collection efficiency of a MIP sensor that consists of
a MIP sensing layer on a transparent substrate. This model

m
Myrethane
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