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a b s t r a c t

17�-Estradiol (E2) molecularly imprinted and non-imprinted poly(methacrylic acid-co-ethylene glycol
dimethacrylate) submicron particles (MIP and NIP) have been synthesized in the presence and absence
of template E2 molecules. The sizes of MIP and NIP particles were determined via a nanoDLS particle
size analyzer to be 477 ± 11 and 373 ± 21 nm. After these naturally non-fluorescent MIP and NIP particles
bound with E2 molecules as a fluorophore, strong fluorescence at �em = 310 ± 1 nm was detectable when
excited by light of �ex = 280 ± 1 nm. Sodium nitrite and methacrylamide were selected as two fluorescence
quenchers with different ionic/molecular sizes. They both exhibited non-linear quenching behavior in
IP submicron particles
7�-Estradiol
luorescence quenching
orous structure

the Stern–Volmer plots. The smaller quencher (sodium nitrite) ionized in water to produce nitrite anions
that easily penetrated into the porous MIP particles and quenched the fluorescence emission from the
E2 molecules bound inside. It produced a dynamic quenching constant (Ksv) of 23.0 ± 1.3 M−1 when the
concentration of E2–MIP particles was 2.5 mg/mL in water. The larger quencher (methacrylamide) was
sterically hindered in penetrating the pores of MIP particles. Its dynamic quenching constant (Ksv) hence
became small, to be less than 1.0 ± 0.5 M−1. This approach enabled an investigation of the porous structure

opme
in MIP particles for devel

. Introduction

MIP is increasingly recognized as a selective separation mate-
ial ever since 1990s the growth in the number of published articles
1]. Every MIP consists of a highly cross-linked polymer matrix and
ne target compound as the template. After the template is eluted,
inding cavities become available in the MIP with high affinity for
he target compound as analyte. The advantages of MIP technol-
gy are high selectivity for the analyte, and hence low detection
imits due to less matrix interference effects. MIPs can be used in
ample solutions over a broad pH or temperature range. They can
lso be prepared at both high cost- and time-efficiencies. Nowadays
IPs are broadly benefiting the senor and separation technolo-

ies. They are commonly used in thermometric sensors for amino
cids and carbohydrates [2], optical sensors for biologically active

olecules [3], ionic sensor [4], biomimetic electrochemical sen-

ors [5], enantiomer separations [6] and solid phase extractions
7].
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nt of a novel E2 sensing scheme.
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Estrogens are naturally produced female sex steroid hormones.
They were first described by Stockard and Papanicolaou [8]. Then,
Allen and Doisy isolated estrogens and tested the estrogenic activ-
ities in 1923 [9]. As shown in Fig. 1, estrone (E1) is the primary
estrogenic hormone in the post-menopausal woman. �-Estradiol
(E2) is the primary estrogen of ovarian origin and the major estro-
genic hormone in the pre-menopausal woman. E2 has a relative
strength that is 12 times greater than E1 and 80 times higher than
estriol (E3). E3 is a relatively weak estrogen which yields from the
metabolism of estrone; it reaches the highest level in women only
during pregnancy.

Estrogens can cause major impact on reproduction, sex char-
acteristics and regulation of female development, and infertility
[10–15]. Moreover, estrogens are carcinogenic compounds espe-
cially toward women breast and endometrial cancers.

One sensing method for determination of the most naturally
abundant estrogen E2 in water by spectrofluorimetry is undergo-
ing rapid development in our laboratory. It involves (a) addition of
MIP particles to bind E2 in a water sample, (b) modification of the

water sample to release non-specifically bound E2 (and other com-
pounds) from MIP particles, (c) quenching of fluorescence emission
from E2 (and other compounds) in the water by methacrylamide,
(d) preconcentration of MIP particles into a small cell volume, (e)
measurement of fluorescence emission intensity from E2 specif-

dx.doi.org/10.1016/j.jphotochem.2010.05.010
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
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when using an excitation wavelength of 280 ± 1 nm. Note that the
Fig. 1. Molecular structures of estrone (E1), �-estradiol (E2) and estriol (E3).

cally bound inside MIP particles, (f) quenching of fluorescence
mission from E2 inside MIP particles by sodium nitrite and (g)
lank measurement of fluorescence emission intensity from MIP
articles. After subtracting (g) from (f), the concentration of E2
an be determined from a standard calibration curve. This E2
oncentration will be divided by the preconcentration factor to
btain a final result.

The objective of this work was to investigate the porous struc-
ure of MIP particles for non-linear fluorescence quenching of E2
bound inside them) by sodium nitrite and methacrylamide. Our
oal was to determine whether any larger quenchers would be
eeded to fulfill step (c) in the method described above.

. Experimental

.1. Chemicals

17�-Estradiol (E2) and sodium nitrite were purchased from
igma–Aldrich (St. Louis, MO, USA). Methacrylic acid and methacry-
amide were purchased from Aldrich (Milwaukee, WI, USA).
,2-Azobisisobutyronitrile (AIBN) was purchased from Pfaltz &
auer (Waterbury, CT, USA). HPLC grade methanol, HPLC grade ace-
onitrile and Spectro grade acetone were purchased from Caledon
Georgetown, ON, Canada). 18 M� cm distilled deionized water
DDW) was obtained from a Millipore Milli-Q water system (Bed-
ord, MD, USA).

.2. Preparation of E2–MIP and NIP submicron particles

The method for preparation of E2-molecularly imprinted
olymer (E2–MIP) and non-imprinted polymer (NIP) submicron
articles had previously been described [16]. The freshly prepared
IP and NIP particles in suspension were separately placed in five

5 mL polypropylene tubes (Greiner Bio-One, Frickenhausen, Ger-
any) and then spun by a centrifuge (Hamilton Bell VanGuard

entrifuge, Montvale, NJ, USA) for 60 min at 4000 rpm to help
emove the supernatants.

.2.1. MIP particles
The E2–MIP particles were washed in 15 mL of DDW with ultra-

onication (Branson 2510, Danbury, CT, USA) for 30 min to remove
ree E2 and pre-polymerization residues. After more than 25 times
f washing, the pH was 5.5 ± 0.1 in the supernatant and the free E2
oncentration was lower than 0.2 ppm (the detection limit of our
PLC-FD instrument).

.2.2. NIP particles
The NIPs particles were washed by methanol, acetonitrile and

DW, three times each, to obtain a final pH of 5.5 ± 0.1 in the super-

atant. 50 mg of NIP particles were then suspended in 15 mL of
.5 ppm E2 aqueous solution. The suspension was sonicated for 1 h,
llowing binding between the NIP particles and E2 to form E2–NIP
articles.
otobiology A: Chemistry 213 (2010) 123–128

2.3. Characterization of particles

2.3.1. Particle size measurements by dynamic light scattering
(DLS)

The washed MIP and NIP particles were suspended in 10 M KNO3
at a concentration of 40 �g/mL. The suspensions were sonicated for
15 min before measurement on a NanoDLS particle size analyzer
(Brookhaven Instruments, Holtsville, NY, USA). The instrument had
been calibrated by 92 ± 4 nm NanosphereTM size standards (Duke
Scientific, Palo Alto, CA, USA). A total of 10 measurements were run
after 30 s, and the laser beam intensity was automatically optimized
by the instrument before each run.

2.3.2. Fluorescence binding measurements
2.3.2.1. MIP particles. Fluorescence emission of the last washing
from Section 2.2.1 was measured by a fluorescence spectropho-
tometer (Varian Cary Eclipse, Palo Alto, CA, USA) using excitation
wavelength of 279 ± 1 nm and emission wavelength of 310 ± 1 nm
(or scanning from 290 to 450 nm). Both the excitation and emis-
sion slits were set at 5 nm. Fluorescence emission of the washed
E2–MIP particles suspension was measured using the same spec-
trophotometer settings. All fluorescence experiments were carried
out at room temperature (20 ± 1 ◦C).

2.3.2.2. NIP particles. Fluorescence emissions of the 3.5 ppm E2
aqueous solution and the supernatant after binding from Section
2.2.2 were measured using the same spectrophotometer settings
as in Section 2.3.2.1.

2.3.3. Fluorescence quenching measurements
Fluorescence emission spectra of 0.5–4.5 ppm E2 aqueous solu-

tions and 0.1–2.5 mg/mL E2–MIP and E2–NIP particles, suspended
in DDW, were measured using the same spectrophotometer set-
tings as in Section 2.3.2. All these fluorescence measurements were
carried out in a 3 mL quartz cuvette cell with a PTFE stopper. Next,
these E2 solutions and E2–MIP and E2–NIP particle suspensions
were successively spiked with 1 mg of quencher (sodium nitrite
or methacrylamide) before the fluorescence emission spectra were
measured again. The inner filter effect for right-angle illumination,
introduced by the absorption of exciting light (�ex = 280 ± 1 nm)
and absorption of fluorescence emission (�em = 310 ± 1 nm) by
quenchers, were corrected as described elsewhere [17]. All light
absorptions by quenchers were measured on a UV–visible spec-
trophotometer (Varian Cary 3, Palo Alto, CA, USA) by scanning from
250 to 350 nm at room temperature (20 ± 1 ◦C).

3. Results and discussion

3.1. Fluorescence property of E2–MIP and E2–NIP particles

The spherical MIP particles were determined by DLS to have
an average diameter of 477 ± 11 nm. The spherical NIP particles
were smaller, with an average diameter of 373 ± 21 nm. Accord-
ing to the general theory of molecular imprinting, MIP bound E2
via specific, semi-specific and non-specific interactions, whereas
NIP bound E2 via non-specific interaction only [18]. Both MIP and
NIP particles prepared with MAA and EGDMA were not naturally
fluorescent. However, once the MIP and NIP particles bound some
E2 molecules, the bound E2 was detectable by a fluorescence spec-
trophotometer. Fig. 2(a) and (b) shows the fluorescence emission
peak at 310 ± 1 nm from E2–MIP to E2–NIP particles, respectively
emission spectra from E2–MIP to E2–NIP particles were very sim-
ilar to that obtained from 3.5 ppm E2 in aqueous solution (Fig. 2c)
except for two light scattering peaks at 380 ± 1 and 423 ± 1 nm from
the particles.
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Fig. 2. Fluorescence determination of E2 binding with MIP and NIP particles
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�ex = 280 ± 1 nm): (a) fluorescence emission of E2–MIP particles suspended in DDW,
b) fluorescence emission of E2–NIP particles suspended in DDW and (c) fluores-
ence emission of 3.5 ppm E2 in aqueous solution.

The detection sensitivity for E2–MIP/NIP fluorescence was not
ignificantly decreased by the physical and chemical properties
f particles. The fluorescence emission intensity of 3.5 ppm E2
as 65 ± 1 a.u. before binding with NIP particles. After binding
ith 50 mg of NIP particles the fluorescence emission intensity in

he same solution (supernatant) decreased to 5 ± 1 a.u. Apparently
2 ± 1% of E2 (48.4 ± 0.1 �g) in the original aqueous solution was
ound by NIP particles.

.2. Fluorescence quenching analysis

Fluorescence quenching of the E2 molecules bound inside MIP
nd NIP particles is significant to study for clarifying the binding
ite environment between E2 and MIP/NIP. The results, as detailed
elow, will show some essential differences between MIP and NIP
hen they bound with E2 molecules.

The process of fluorescence quenching is described by the
tern–Volmer equation:

F0

F
= 1 + KSV[Q ] (1)

here F0 and F are the fluorescence emission intensities from E2
etected in the absence and presence of a quencher, respectively.
sv is Stern–Volmer florescence quenching constant (dynamic
r collisional quenching constant) and [Q] is the concentration
f quencher. Sodium nitrite and methacrylamide were selected
or comparison of their quenching properties [3,4]. These two
uenchers represent different types of chemical species. One is an

onic quencher; sodium nitrite exists in aqueous solution in the
orm of (positively charged sodium ions and) negatively charged
itrite ions. This nitrite anion interacted with E2 to result in flu-
rescence quenching. The other one is a molecular quencher;
ethacrylamide with specific functional groups (acryl and amide)

as good water solubility for fluorescence quenching. No attempt
as made in this study to analyze these two factors (size and ionic

harge) separately.
Fig. 3(a) shows the fluorescence emission spectra of 4.5 ppm E2

queous solution progressively quenched by titration with sodium
itrite. The concentration of sodium nitrite titrated into 3 mL of
.5 ppm E2 aqueous solution increased from 0.00 to 0.19 M, with
ach titration increment amounting to 1 mg (10 �L of 100 ppm) of
odium nitrate. The fluorescence emission intensity was obviously
ecreased, after 45 titration increments, by 99% from the initial
ntensity. During the quenching titration, the fluorescence peak
hape changed from sharp to broad. Fig. 3(b) and (c) shows how
rogressively the fluorescence emissions of 2.5 mg/mL E2–MIP and
2–NIP particles in aqueous suspensions were quenched by titra-
ion with sodium nitrite. The lower fluorescence intensity scale in
Fig. 3. Fluorescence emission spectra of (a) 4.5 ppm E2 aqueous solution, (b)
2.5 mg/mL E2–MIP particles in aqueous suspension and (c) 2.5 mg/mL E2–NIP par-
ticles in aqueous suspension, during titration with sodium nitrite up to a final
concentration of 0.19 M (without causing any significant dilution effects, ∼6%).

Fig. 3(c) was dictated by a lower E2 binding capacity of the NIP par-
ticles. According to our previous results, the MIP/NIP submicron
particles scattered the excitation light (at 279 ± 1 nm) [19]. The flu-
orescence emission peaks (at 310 ± 1 nm) from E2–MIP to E2–NIP
particles were slightly disturbed by the tail of this Mie scattering
peak, but the fluorescence emission intensities after background
subtraction were still valid for constructing Stern–Volmer plots
(in Fig. 4). Two Raman scattering peaks were found at wave-
lengths around 380 and 425 nm; these light scattering peaks had
no significant effects on the fluorescence emission intensities at
310 ± 1 nm.
Stern–Volmer (S–V) plots for fluorescence quenching usually
exhibit a linear relationship between F0/F and [Q] (see Eq. (1)). If
the S–V plots show an upward-curving trend as evidenced by the
date points in Fig. 4, the positive deviations from linearity repre-
sent a combined result from both static and dynamic (or collisional)
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Fig. 5. Fluorescence emission spectra of (a) 4.5 ppm E2 aqueous solution, (b)
2.5 mg/mL E2–MIP particles in aqueous suspension and (c) 2.5 mg/mL E2–NIP par-
ig. 4. Stern–Volmer plots of F0/F versus concentration of sodium nitrite for (a)
.5 ppm E2 aqueous solution, (b) 2.5 mg/mL E2–MIP particles in aqueous suspension
nd (c) 2.5 mg/mL E2–NIP particles in aqueous suspension. The solid lines indicate
he best fittings from non-linear regression.

uenching [20]:

F0

F
= (1 + KSV[Q ]) exp(v[Q ]) (2)

here V is the static quenching constant.
The black line (a) is a non-linear regression curve for the S–V plot

f 4.5 ppm E2 aqueous solution. The quenching constants were sim-
lated with Matlab® (R2008b) to obtain Ksv = 23.0 ± 1.3 M−1 and
= 4.7 ± 2.5 M−1. The quenching constants for 2.5 mg/mL E2–MIP
articles were Ksv = 21.8 ± 1.3 M−1 and V < 1.00 M−1. For E2–NIP
articles, Ksv = 19.4 ± 1.2 M−1 and V < 1.00 M−1. The static quench-

ng constant of E2 (without any particles) shows a higher value than
hose for E2–MIP and NIP particles. Apparently, the MIP/NIP parti-
les disturbed the static quenching process. This may be attributed
o the binding mechanisms between E2 and MIP/NIP particles. As
roposed by Zhongbo and Hu, non-specific interaction (called sur-
ace binding) occurred between MIP particles and E2 molecules
specially in water due to their hydrophobic nature, via hydrogen
onding [18]. The static quenching constant for E2 aqueous solu-
ion was larger than those for E2–MIP/NIP particles. This means
he E2 molecules were protected inside the particles. Some func-
ional groups of the E2 molecule were no longer available to interact
ith the quencher and form a non-fluorescent complex. The Ksv

nd V results for E2–MIP and E2–NIP particles were not very dis-
inguishable due to the small size of nitrite anions. These small
ons could easily infiltrate the porous MIP/NIP particles and quench
he fluorescence of E2 molecules inside. Another disadvantage of
sing sodium nitrite as a quencher to investigate the porous struc-
ure of MIP particles by fluorescence quenching of E2 bound inside
as that sodium nitrite exhibited a fluorescence emission peak (at

35 ± 1 nm) that interfered with the E2 fluorescence peak, espe-
ially at lower concentrations of E2 inside the particles.

Fig. 3(a) shows the fluorescence emission spectra of 4.5 ppm E2
queous solution progressively quenched by titration with sodium
itrite.

Unlike the ionic quencher (sodium nitrite), the molecular
uencher methacrylamide has a larger size and more steric con-
ormation. Fig. 5(a) shows the fluorescence emission spectra of
.5 ppm E2 aqueous solution progressively quenched by titration
ith methacrylamide. After 0.07 M of methacrylamide was titrated

nto 3 mL of the E2 aqueous solution, approximately 86% of flu-
rescence emission from E2 was quenched. A broad fluorescence
mission peak from methacrylamide was observed at 418 ± 3 nm
but of low intensity (even for 0.07 M). Fig. 5(b) and (c) shows

he fluorescence quenching spectra of E2–MIP and E2–NIP parti-
les, respectively. The increasing intensity at wavelengths below
00 nm was caused by Mie scattering (of the 279 ± 1 nm excitation

ight) from the particles. This Mie scattering peak did not cause any
ticles in aqueous suspension, during titration with methacrylamide up to a final
concentration of 0.07 M (without causing any significant dilution effects).

significant interference with the measurement of E2 fluorescence
emission intensity in this study. Apparently, 76% of fluorescence
emission from the E2–MIP particles (in aqueous suspension) was
quenched by 0.07 M of methacrylamide, as well as 54% of fluores-
cence emission from the E2–NIP particles.

The S–V plots for fluorescence quenching by methacrylamide
are shown in Fig. 6. Non-linear regression fitting, presented as
solid lines through the data points had correlation coefficients as
high as 0.9914. The dynamic and static quenching constants for
4.5 ppm E2 aqueous solution were 24.5 ± 2.4 and 4.0 ± 1.0 M−1,
respectively. In comparison with sodium nitrite, methacrylamide
exhibited quite similar dynamic and static quenching abilities.
Both E2–MIP and E2–NIP particles exhibited very low dynamic
quenching constants (<1.00 M−1 for both E2–MIP and E2–NIP) but
strong static quenching constants (V = 9.9 ± 2.0 M−1 for E2–MIP
and 4.1 ± 1.1 M−1 for E2–NIP). One plausible explanation is that

methacrylamide molecules are too large in size to be an effective
dynamic quencher for collision with E2 molecules, bound inside the
particles, under diffusion control. In this situation, static quenching
became the dominant quenching mechanism for the E2. No sig-
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ig. 6. Stern–Volmer plots of F0/F versus concentration of methacrylamide for (a)
.5 ppm E2 aqueous solution, (b) 2.5 mg/mL E2–MIP particles in aqueous suspension
nd (c) 2.5 mg/mL E2–NIP particles in aqueous suspension. The solid lines indicate
he best fittings from non-linear regression.

ificant steric hindrance existed for methacrylamide molecules to
nfiltrate the porous structure of MIP/NIP particles.

The MIP particles had a porous structure consisting of imprinted
avities to selectively bind with E2 molecule. These cavities were
nique in size, shape and functional groups that matched the
-D molecular structure of E2. Other molecules would not be
ble to bind with the MIP, or to disrupt the E2–MIP binding of
trong affinity. For quenching of the fluorescence emission from
2 (bound inside the imprinted cavities), methacrylamide might
ot suitable because it is sterically hindered in penetrating the

mprinted cavities of MIP particles. However, the nitrite anions have
small size and planar 2-D structure, which facilitated their infil-

ration of MIP particles and get into the imprinted cavities with
inimal resistance. This allowed the nitrite anions to penetrate

he imprinted cavities and collide with the bound E2 molecules
which resulted in dynamical quenching of the fluorescence emis-
ion from E2 molecules). Contrarily, the methacrylamide molecules
re too large to have this penetration capability for dynamically
uenching the fluorescence emission from E2 inside the MIP cav-

ties. The dynamic quenching constants of methacrylamide for
2–MIP particles (in aqueous suspension) were reasonably small
Ksv < 1.0 M−1). In fact, E2 aqueous solutions exhibited decreasing
ynamic quenching constant values, with lower concentrations of
2 aqueous solution because the chance of collision between E2
olecules and quenchers would become smaller. Low E2 concen-

rations also caused decreasing static quenching constant values
or both quenchers. The static quenching constant is based on the
ormation of 1:1 dark complex. When the concentration of E2 got
ower, the rate of complex formation would be reduced and thus
he static quenching constant values would decrease concomi-
antly. The static quenching constants for different concentrations
f E2–MIP particles are interesting to examine. The quenching
onstant values for methacrylamide decreased with decreasing
2–MIP concentrations, which was the same with E2 aqueous solu-
ions. For nitrite, the increasing static quenching constants with
ecreasing E2–MIP concentrations were caused by the artifact of
uorescence emission interference by the nitrite anion (around
35 nm). This presents a major disadvantage of using sodium nitrite

n step (f) of the method described in Section 1, especially during
he sensing of E2 at trace levels.

The NIP particles had similarly a porous structure like the MIP
articles. A major difference was that, during the NIP preparation,
2 was not present as template molecules in the polymerization.
ue to the absence of template molecules, the NIP particles lacked
he 3-D imprinted cavities for selective binding with E2. However,
he observed quenching constants for E2–NIP were remarkably
ifferent from those of E2 aqueous solution. The dynamic quench-

ng constant for E2–NIP particles with sodium nitrite decreased
otobiology A: Chemistry 213 (2010) 123–128 127

its value from 19.4 to less than 1.0 M−1 when the concentration
of particles was reduced from 2.5 to 0.1 mg/mL. This also can be
explained with the less opportunity to have collision between
E2–NIP particles and nitrite ions. When methacrylamide was used
to quench the fluorescence emission from E2–NIP particles, the
dynamic quenching constant values were mostly less than 1.0 M−1.
This phenomenon may be explained by the interaction between
the MAA-based NIP particles with methacrylamide due to similar-
ity in molecular structure. Nonetheless, this interaction prevented
collision between the bound E2 and methacrylamide.

4. Conclusions

Several interesting physico-chemical results were obtained
from our experiments: (1) the particle sizes of MIP and NIP are
477 ± 11 and 373 ± 21 nm in diameter, respectively possibly as
the result of adding E2 as a template in the former, (2) the flu-
orescence emission peaks of E2–MIP and E2–NIP are both found
at �em = 310 ± 1 when using �ex = 280 ± 1 nm. No difference is
observed between the excitation and emission spectra of E2–MIP
and E2–NIP and (3) the non-linear fluorescence quenching model is
properly elucidating the porous structure of MIP and NIP particles.
The small 2-D planar nitrite ions penetrate the pores and quench
the fluorescence emission from E2 inside by collision; a significant
decrease of the dynamic quenching constant is obtained. Contrar-
ily, the large 3-D stearic methacrylamide molecules are hindered in
penetrating the pores, resulting in much smaller dynamic quench-
ing constant values than those for the nitrite ion. Further research
will be carried out in our laboratory to find a larger quencher
molecule (than methacrylamide) to fulfill step (c) in the method
described in Section 1. Metal nano-particles with a size hundreds of
times larger than organic quenchers will be adopted in our further
E2–MIP/E2–NIP fluorescence quenching research. For instance, Au
nano-particles with a diameter ranging from 5 to 50 nm are an ideal
large-size quencher for step (c) [21–23]. A better quencher ion (than
nitrite) will also be needed for step (f) of the method, especially
during the sensing of E2 at trace levels.

Nevertheless, methacrylamide is a functional monomer that has
previously used to prepare MIP particles [24]. All methacrylamide-
based MIP particles have a fluorescence quencher built in them.
It can directly quench the fluorescence emission from any E2
molecules bound inside each particle. These particles can serve in
the quick monitoring of E2 concentration in a water sample, by
easily measuring the reduction of fluorescence emission from the
sample (due to quenching) after E2 molecules bind with the par-
ticles with strong affinity and high selectivity. In our future work,
an E2 biochemical sensor will be constructed of methacrylamide-
based MIP. It can quickly determine the unknown E2 concentration
in environmental water samples, or the E2 level in pre-menopausal
woman’s body fluids for her health care.
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