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Abstract 

An investigation of light scattering of non-imprinted PMAA-co-EGDMA particles (NIP) 

in aqueous suspension after 17P-estradiol (E2) binding was conducted by 

spectrofluorimetry. This light scattering from NIP particles in aqueous suspension was 

increased by spiking E2 from 0.1 to 1.0 ppm. Thus, a new alternative method was found 

to determine 17P-estradiol (E2) by measurement of light scattering from NIP particles. 

Molecularly imprinted PMAA-co-EGDMA particles (MIP) were synthesized in the 

presence of template E2 molecules. Fluorescence emission from E2 non-specifically 

bound onto the MIP particles was quenched by gold nanoparticles. The S-V plot was 

linear, with Ksv=2.9xl04 M"1. Fluorescence emission from E2 specifically bound inside 

the MIP particles was quenched by nitrite anions. The S-V plot became non-linear, with 

Ksv=2.1xl0" M" and V<1.0 M" . The difference between these two emission intensities 

varied with the initial E2 concentration in water, generating a Scatchard calibration curve 

from 0.1 to 10 ppb. 
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Chapter 1 

Introduction 

Spectrofluorimetry is a highly sensitive instrumental method of analysis that is widely 

applied in chemistry, biochemistry, environmental science and forensic science [''2'" ]. 

The spectrofluorimeter has frequently been employed to determine molecules and 

S ft 7 8 

particles by their fluorescence emission and light scattering properties [ ' ' ' ] . 

Fluorescence occurs when an excited molecule emits photons, accompanying its 

relaxation from excited state (Si) to ground state (So)- Light scattering is based on another 

physical property how light interacts with particles or large molecules [9]. Both 

fluorescence and light scattering are denoted as direct detection methods. Indirect 

detection by fluorescence quenching is another valuable method to quantitative chemical 

analysis. 

1.1 Molecular sensors based on fluorescence quenching 

Fluorescence quenching refers to any event which decreases the fluorescence intensity of 

a given chemical compound or particle. This decrease in fluorescence intensity is 

described as loss of energy from Si to non-radiative pathways instead of So- Two 

pathways are predominantly due to collision (dynamic quenching) and complexation 

(static quenching) between the fluorophore and quencher molecules. Based on these 

essential non-radiative pathways, molecular sensors can successfully be designed and 

developed. 
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By using fluorescence quenching, molecular sensors are widely used in analytical 

chemistry. Nitro-aromatic compounds were detected by an optical sensor involving 

benzo-fluoranthene fluorescence quenching [' ]. A sensitive lead ion sensor based on 

Pb2+-induced quenching of fluorescent PPE polymers [n] . In biochemistry, fluorescent 

polyanionic conjugated polymer biosensor for ultrafast (650 fs) detection of avidin and 

streptavidin via amplified fluorescence quenching [ ]. Proteins (rubredoxin) were 

successfully detected by a water-soluble cationic ammonium-functionalized polymer [13]. 

In medicine, gold nanoparticles were used as a fluorescence quenching probe to detect 

anticancer drug 5-fluorouracil [14]. In environment science, mercury(II) was detected in 

water samples by using functionalized gold nanoparticles with a rhodamine 6G-based 

fluorescent sensor [15]. Essentially, each molecular sensor has an analyte responsive unit 

consisting of a fluorophore. This fluorophore acts as a transducer that converts the 

presence of analyte into an optical signal due to changes in fluorescence characteristics 

[16]. Three fluorescence quenching mechanisms have utility as molecular sensors: i) 

collision between fluorophore and quencher [1718'19]5 ii) interaction (complexation) 

between fluorophore and quencher [ ' ' ], iii) conduction between fluorophore and 

quencher via a fluorophore linked receptor [23>24>25]. 

During the last decade, many scientific papers have been published about molecularly 

imprinted polymer (MIP) materials as molecular sensors for the detection of non-

fluorescent analytes (quencher) by fluorescence quenching [26]. These MIPs were used 

as artificial biomimetic receptors with high affinity to bind analytes. These materials are 

easier to prepare and more stable than natural receptors (antibodies) in solution. They can 

be produced in different formats (beads, films, wires) to facilitate integration into various 
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types of sensing devices [" ]. Once the quencher analyte specifically or non-specifically 

bind with the fluorescent MIP, the emission intensity is significantly decreased. The main 

advantages of this technology are good selectivity, high sensitivity and minimal 

interference by other compounds. However, one major limitation is that analytes with 

strong fluorescence emission are hard to detect by this quenching technology. In addition, 

the specific binding between MIP and analyte is difficult to investigate by this method. 

Theoretically, both specific and non-specific interactions between MIPs and analytes all 

cause of fluorescence quenching which is limited further investigation on newly 

synthesized MIP material. 

In this thesis research, a new molecular sensor was specifically designed with non-

fluorescent MIP submicron particles binding with a fluorescent analyte. A unique two-

step fluorescence quenching method with different quencher sizes will benefit specific 

analyte detection, with no side effects due to non-specific binding. 

1.2 Scope of this work 

Highly selective MIPs for estrogenic compounds had been successfully developed in our 

research group [ ]. These MIPs demonstrated over 90% binding efficiency for selective 

9Q 

removal of 17p-estradiol in water [" ]. Binding between MIPs and E2 was observed via 

capillary electrophoresis (CE) with UV detection, and verified by high performance 

liquid chromatography (HPLC) with fluorescence detection. A key advantage of MIP is 

that many imprinted cavities are built during the polymerization process. These imprinted 

cavities contribute significantly to the selectivity of analyte recognition. However, it was 
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hard to find a method that quantifies E2 binding in the MIP cavities. So far this quantity 

was estimated by subtracting the amount of E2 binding with NIP from that with MIP. 

This is, however, not an accurate determination of E2 binding with imprinted cavities 

because the particle size and porosity could be very different between MIP and NIP. 

Different particle size and porosity would affect the specific surface area (and hence 

change the binding percentage). For instance, if MIP particles are 100 nm larger in 

diameter than NIP particles, the high binding capacity of MIP is due to a larger surface 

area but not the imprinted cavities. A clear and unequivocal verification of specific 

analyte binding with imprinted cavities is crucial for MIP characterization. Hence, the 

aim of this thesis was to develop a two-step fluorescence quenching method that would 

demonstrate E2 binding with the imprinted cavities of MIP particles. Furthermore, a 

quenching scheme was also designed to benefit trace level detection of fluorescent E2 

with non-fluorescent MIP as a promising molecular sensor material. 

Original contributions of this thesis: 

• A new method was developed for the determination of E2 in a water sample by 

measuring the intensity of light scattering (after NIP particles are added to bind with E2) 

on a spectrofluorimeter. (Chapter 2) 

• The sizes of MIP and NIP particles were determined by a nano-dynamic light 

scattering (DLS) analyzer. The spectral characteristics of E2 bound with naturally non-

fluorescent MIP and NIP were determined. (Chapter 2, 3 and 4) 

• The fluorescence quenching of E2, bound with MIP and NIP particles, by two 

different ionic/molecular quenchers was investigated thoroughly. The hypothesis of a 
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porous structure in MIP particles was tested for the development of a novel E2 sensing 

scheme. (Chapter 3) 

• Gold nano particles (AuNPs) were synthesized and used as a large-size quencher. 

These AuNPs were characterized by spectrometric techniques, in particular UV-visible 

absorption, fluorescence excitation/emission, and nanoDLS. (Chapter 4) 

• An E2 fluorescence sensing scheme was established by a two-step fluorescence 

quenching of E2 bound with MIP using first AuNPs and next sodium nitrite as quenchers. 

(Chapter 4) 

This thesis is organized as follows: 
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Optimal ^ (Chapter 2.2.2) 

Chapter 2.3 

E2 

NIPs binding 
with E2 

Chapter 3.3 

Two steps of FQ 

Aex and Aem 

Quenchers 

Chapter 4.3 

± 

Two steps of FQ i 

ttfe 

1. Polymerization 
2.Washing 
3. Particle size 
(Chapter 2.2) 

1. Polymerization 
2 Template extraction 
3 Rebinding 
4. Particle size 
(Chapter 3.2 & 4 2) 

1. Reactions 
2. Particle size 
(Chapter 4.2) 

Figure 1.1 Organization of this thesis in Chapters 1-4. 
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Chapter 2 of this thesis describes an investigation of light scattering by NIP submicron 

particles in aqueous suspension before and after E2 binding using a spectrofluorimeter. A 

feasibility study of this new method for rapid E2 detection is discussed. The reverse 

effect of NIP particles on E2 fluorescence emission was investigated. 

Chapter 3 focuses on utilizing the porous structure in MEP particles for the development 

of a novel E2 sensing scheme. The strong fluorescence intensity from E2-MIP particles 

was quenched with two quenchers of different sizes. Fluorescence quenching abilities of 

these quenchers were successfully analyzed by Stern-Volmer (S-V) plots. The calculated 

fluorescence quenching constants demonstrated the exact fitting of imprinted cavities for 

E2. The larger quencher was sterically hindered in penetrating the porous MIP particles. 

Furthermore, the fluorescence of E2 bound inside an imprinted cavity was observed after 

fluorescence quenching of E2 bound outside with the larger quencher. 

Chapter 4 proposes a rapid method for the determination of trace E2 based on the 

sensing scheme established in Chapter 3. The fluorescence quenching efficiency of 

carefully selected large and small quenchers were determined by S-V plots. The 

fluorescence emission intensity from E2 specifically bound with the imprinted cavities in 

MIP particles was probed (or examined) by two quenching steps. Moreover, the 

normalized percentage binding of E2 with the imprinted cavities was computationally 

analyzed. Experimental conditions, such as MEP concentration and binding time, were 

optimized. Finally a Scatchard calibration curve was constructed for monitoring trace 

levels of E2 in water. 
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Chapter 5 summarizes the contributions of the present studies, and provides an outlook 

for future investigations. 
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Chapter 2 

Spectroscopic Analysis of Poly (Methacrylic Acid-co-Ethylene 
Glycol Dimethacrylate) Submicron Particles by Fluorescence 
Emission and Light Scattering upon Binding with 17(3-Estradiol in 
Water Treatment 

2.1 Introduction 

MIP and NIP particles of all sizes have been adopted for cleanup or preconcentration of 

environmental pollutants [']. The advantages of using these functional polymers are 

excellent efficiency on capture of organic pollutants at trace concentration levels, and 

cost effectiveness, allowing for the fast processing of wastewater effluent in large 

volumes or at high flow rates [ ]. The polymers are synthesized from monomers bearing 

functional groups (or functional monomers), such as methacrylic acid (MAA), acrylic 

acid (AA), pyrrole (Py), 4-vinylpyridine (4-VP), and 3-(2-aminoethylamino) 

propyltrimethoxysilane (APTMS) f2'3'4-5-6]. The most commonly used cross-linkers in 

MIP and NIP synthesis are EDMA, EGDMA, TRIM, PETRA, TEOS and DVB 

j-2,v,8,9,io,ii-j ^ n ultrahigh specific surface area is a major characteristic of the three 

dimensional (3-D) cross-linked structure that has become especially important to the 

development of MIP and NIP submicron particles [ "]. 

Endocrine disrupting contaminants (EDCs) have a significant impact on ecological 

systems in the global environment [ ' ' ]. Due to their ability to disrupt the central 

regulatory functions in humans [16], EDCs have been seen as highly carcinogenic, 

especially causing breast cancer and human infertility [ ]. Among EDCs, estrogenic 
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compounds are mainly natural steroids and synthetic compounds with biological 

metabolisms. Estrone (El), 17P-estradiol (E2), 17a-ethinylestradiol (EE2) and bisphenol 

A (BPA) are among the most potent estrogenic compounds found in environmental water 

sources. 

Estrone 17beta-estradiol 
(El) (E2) 

OH 

17alpha-ethinylestradiol Bisphenol A 
(EE2) (BPA) 

Figure 2.1 Molecular structures of estrogenic compounds 

Selective removal of one model estrogenic compound, E2, by using functional MIPs and 

NIPs has been investigated by several research groups [ ' ' " ' " ] . The binding between 

functional MIPs and E2 involves non-covalent molecular interaction [7] via H-bonding 

between the carboxyl groups specifically arranged in template cavities and hydroxyl 

groups in the E2 molecule. The binding of NIPs with E2 molecule is envisaged as non

specific interaction of its hydroxyl groups with independent carboxyl groups distributed 

throughout the 3-D structure [5]. 
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In the present study, we have used poly (MAA-co-EGDMA) particles to non-covalently 

bind with E2. As the E2 molecules randomly bound on the surface of NIP particles (in 

aqueous suspension), an opportunity to preconcentrate them together becomes available. 

Is the signal coming from free E2 molecules in the sample solution or from E2 molecules 

bound on NIP particles in aqueous suspension? Our careful investigation of this 

challenging issue is reported in details below. 

2.2 Experimental 

2.2.1 Chemicals and reagents 

17(3-Estradiol and bisphenol A were purchased from Sigma-Aldrich (St. Louis, MO, 

USA). HPLC grade methanol was purchased from Caledon (Georgetown, ON, Canada). 

18-MQ.cm distilled deionized water (DDW) was obtained from a Millipore Milli-Q 

water system (Bedford, MD, USA). The procedure for synthesis of polymethacrylic acid 

NIP submicron particles was based on a previously established method, in the absence of 

any template molecule [22]. A stock E2 solution was prepared in HPLC grade methanol 

at a concentration of 1000 ppm. A stock aqueous suspension of NIP submicron particles 

was prepared in DDW at a concentration of 20 ppm. All aqueous suspensions of NIP 

particles were treated by an ultrasonic system (Branson 2510, Danbury, CT, USA) for 10 

min before use. 

2.2.2 Determination of the optimal Mie scattering excitation wavelength for NIP 
submicron particles in aqueous suspension 

r*s J ZL /-»»• 



Mie scattering spectra of 0.5 ppm NIP particles in aqueous suspension was measured by a 

fluorescence spectrophotometer (Varian Cary Eclipse, Palo Alto, CA, USA) using 

excitation wavelengths in the range from 200±1 nm to 750±1 nm, with both excitation 

and emission slits equal to 5 nm. 

2.2.3 Determination of light scattering and fluorescence emission intensities of 
various concentrations of E2 spiked into aqueous suspension of NIP submicron 
particles 

2.0 uL of 100 ppm E2 methanol solution was added into a quartz cuvette which contained 

2.0 mL of 0.1 ppm NIP particles in aqueous suspension. The light scattering and 

fluorescence emission spectra of this mixture, after thorough shaking, was measured at 

excitation wavelengths of 700±1 nm, 725±1 nm and 750±1 nm to obtain three light 

scattering spectra, and at 279±1 nm to obtain one fluorescence emission spectrum. 

Another nine measurements were performed similarly by adding 4.0-20 uL of 100 ppm 

E2 methanol solution. Similarly, light scattering spectra were acquired for a mixture of 

0.1 ppm NIP particles and 0.5 ppm BPA. 

2.2.4 Determination of light scattering and fluorescence emission intensities of 
various concentrations of NIP submicron particles in aqueous suspensions spiked with 
E2 using excitation wavelengths of279±l nm and 725±1 nm 

2.0 uL of 20 ppm stock NIP particles in aqueous suspension was transferred into a quartz 

cuvette which contained 2.0 mL of 1.0 ppm E2 aqueous solution. The light scattering and 

fluorescence emission spectra of this mixture, after thorough shaking, were measured 

using excitation wavelengths of 279±1 nm and 725±1 nm. Another five measurements 
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were performed similarly by transferring 4.0-12.0 uL of 20 ppm stock NIP particles in 

aqueous suspension. 

2.2.5 FTIR analysis 

All infrared spectra were measured using a Varian 1000 Scimitar Series FTIR 

spectrometer with Varian resolutions software. Samples were prepared by pressing 1.7-

2.0 mg of solid sample and 100 mg of dehydrated KBr in a die to make transparent 

pellets. 

2.3 Results and Discussion 

2.3.1 Optimal Mie scattering wavelength for PMAA-co-EGDMA NIP submicron particles 
in aqueous suspension 

Two types of light scattering are usually observed in spectroscopic analysis of a sample 

solution containing organic compounds. One type is Rayleigh scattering, which has the 

same wavelength as the incident light [ ' ] . The other type is Raman scattering which 

appears at longer wavelengths than the incident light [24]. In addition, Mie scattering can 

show up on top of Rayleigh scattering if the solution contains suspending particles. 
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Figure 2.2 Mie scattering spectra of 0.5-ppm NIP particles in aqueous suspension, by 
scanning the incident light from 750±1 nm to 200±1 nm. 

Mie scattering is a perfect method to measure light scattering from spherical submicron 

particles. The peak intensity can be used to determine the concentration of NIP particles 

in aqueous suspension [ ]. The best excitation wavelength for Mie scattering from NIP 

particles needed to be found in our research. Figure 2.2 shows that Mie scattering of 

visible light by NIP submicron particles in aqueous suspension was observed as sharp 

spectral peaks. All the Mie scattering peaks had the same wavelengths as the incident 

lights. From 700±1 nm to 750±1 nm, this wavelength range exhibited the most intense 

Mie scattering (725±1 nm > 700±1 nm > 720±1 nm > 730±1 nm > 710±1 nm > 740±1 

nm ~ 750±1 nm) than all lower wavelengths. The best wavelength for strong Mie 

scattering from the NIP particles was 725±1 nm which gave the highest intensity of 

783±1 arbitrary units (a.u.). It would provide optimal sensitivity for determining the 

concentration of NIP particles in aqueous suspension. One plausible explanation for this 

best wavelength is the size of submicron particles. Another factor is incident light 

intensity from the spectrofluorometer and spectral response of its detector, which can 
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vary with the excitation wavelength setting. Note that Mie scattering has the highest 

intensity at a detection angle of 180 degrees with respect to the incident light [26]. Using 

a spectrofluorimeter to measure the Mie scattering from NIP submicron particles permits 

only the detection of scattering light at 90 degrees to the incident light. Therefore, the 

most intense Mie scattering from NIP submicron particles was not recorded by the 

spectrofluorimeter. 

2.3.2 Light scattering from NIP particles in aqueous suspension upon binding with E2 

The best excitation wavelength to determine Mie scattering from our NIP submicron 

particles in aqueous suspension using the spectrofluorimeter was 725±1 nm. The 

wavelength range from 700 nm to 750 nm provided nearly optimal results for Mie 

scattering. Next the effect on light scattering after E2 addition into the NIP particles was 

further investigated. Figure 2.3 shows the light scattering spectra of 0.1-ppm NIP 

particles in aqueous suspension, before and after binding with E2 in the concentration 

range from 0.1 ppm to 1.0 ppm. At all three wavelengths of incident light, the scattering 

peak intensities were distinctly increased by E2 addition. For instance, the peak intensity 

observed after binding with 0.3-ppm E2 was higher than those with 0.2, 0.1 and 0.0-ppm 

E2. Note that the wavelengths 725±1 nm and 750±1 nm exhibited irregularity in peak 

intensities upon binding with 1.0-ppm E2. Even though the enhancement of light 

scattering from NIP particles due to E2 binding was of unknown nature until further 

investigation, its significance could be three-fold. First, the peak intensity was no longer 

determined by the concentration of NIP particles only. Second, the increase in peak 

intensity provided a new analytical parameter for the determination of E2 down to 0.1 
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ppm or lower. Third, it would not be straightforward any more to determine, by light 

scattering measurement, the amount of NIP particles that could pass through a syringe 

filter (after a binding experiment with E2). 

0.9ppm E2 spiked NIP 

685 695 705 715 725 735 745 755 765 
Wavelength (nm) 

Figure 2.3 Light scattering spectra from 0.1-ppm NIP particles in aqueous suspension 
upon binding with E2 (from 0.1 ppm to 1.0 ppm), by scanning the incident 
light around 700 nm, 725 nm and 750 nm. 

In the standard calibration curves of light scattering intensities versus concentration of E2 

added to 0.1-ppm NIP particles in aqueous suspension, the 700±1 nm wavelength gave 

the best correlation coefficient of 0.9862. The sensitivity of light scattering measurement, 

based on the slope of each calibration curve, increased from 132.6 a.u./ppm at 700±1 nm 

to 160.7 a.u./ppm at 750±1 nm. Thus, measuring the light scattering intensity is a new 

alternative method that can be used to determine the concentration of E2 (down to 0.1 



ppm or less) in unknown samples. This method would be valuable especially for organic 

compounds which do not exhibit strong molecular fluorescence or UV-visible absorbance. 

In Figure 2.4, a non-fluorescent organic compound, bisphenol A (BPA), was successfully 

observed to exhibit enhancement in light scattering from the NIP particles after binding 

BPA and NIP particles together. Fluorescence analysis of 35-ppm BPA using excitation 

wavelengths of 190, 200, 250, 280, 300, 350 and 400 nm did not detect any emission 

intensity in the wavelength range from 190-800 nm. Now, using this new method, BPA 

was detectable at 0.5 ppm with good sensitivity. The only requirement to determine these 

target molecules is addition of 0.1-ppm NIP particles to all unknown samples and 

standard solutions. It is probably the sharp profile of the light scattering peak (with a full 

width at half maximum of 7.9±0.1 nm) that renders this method much more sensitive than 

conventional UV-visible spectrophotometry. 

Blank 3 mL of 0.1 ppm NIP (700 
nm) 
Blank 3 mL of 0.1 ppm NIP (725 
nm) | 
Blank 3 mL of 0.1 ppm NIP (750 i 
nm) ' 
0.5 ppm BPA spiked in 3 mL of 0.1 j 
ppm NIP (700 nm) ! 
0.5 ppm BPA spiked in 3mL of 0.1 I 
ppm NIP (725 nm) j 
0.5 ppm BPA spiked in 3 mL of 0.1 
ppm NIP (750 nm) 

J 

Figure 2.4 Light scattering spectra from 0.1-ppm NIP particles in aqueous suspension 
upon binding with bisphenol A (0.5 ppm), by scanning the incident light 
around 700 nm, 725 nm and 750 nm. 
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2.3.3 Comparison of fluorescence emissions from E2 added to NIP particles in aqueous 
suspension and E2 in aqueous solution 

After E2 was found to significantly enhance the light scattering by NIP particles in 

aqueous suspension, the reverse effect of NIP particles on E2 fluorescence emission was 

investigated. Figure 2.5 shows the fluorescence emission spectra of E2 added in various 

concentrations to 0.1-ppm NIP particles in aqueous suspension, using a fluorescence 

excitation wavelength of 279±1 nm. The fluorescence emission intensity at 310±2 nm 

increased successively when the concentration of E2 was raised from 0.1 ppm to 1.0 ppm. 

A standard calibration curve was constructed to verify a high correlation coefficient of 

0.9824 and a sensitivity slope of 25.3±0.1 a.u./ppm E2. 
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Figure 2.5 Fluorescence emission spectra of 0.1 to 1.0-ppm E2 added to 0.1-ppm NIP 
particles in aqueous suspension, using excitation wavelength = 279±1 nm. 

Figure 2.6 shows the fluorescence emission spectra of E2 added in various concentrations 
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to distilled deionized water (DDW), using a fluorescence excitation wavelength of 279±1 

nm, without any NIP particles. Similarly to Figure 2.5, the fluorescence emission 

intensity at 310±2 nm increased with higher concentration of E2. A standard calibration 

curve of fluorescence emission intensity vs. concentration of E2 added to DDW was 

constructed to indicate a higher correlation coefficient of 0.9907 and better sensitivity 

slope of 29.8±0.1 a.u./ppm E2 (in comparison to 25.3±0.1 a.u./ppm from 0.1- to 1.0-ppm 

E2 spiked 0.1-ppm NIP suspension). Such a decrease in sensitivity of -15% was 

attributed to the diminution of excitation light and attenuation of fluorescence emission 

by the presence of NIP particles in each sample. Note that the fluorescence emission 

intensities from various concentrations of E2 when added to NIP particles in aqueous 

suspension were larger than added to DDW merely due to a larger background (or blank). 
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Figure 2.6 Fluorescence emission spectra of 0.1 to 1.0-ppm E2 added to DDW, using 
excitation wavelength = 279±1 nm. 
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Concentration of E2 
spiked DDW (ppm) 

0.1 
0.2 

0.3 
0.4 

0.5 
0.6 

0.7 
0.8 

0.9 
1.0 

Fluorescence emission 
intensity (blank 

subtracted) 
(a.u.) 
3.60 
6.98 

10.16 
13.62 

13.88 
16.99 

20.84 
23.69 

27.42 
31.65 

Concentration of 
E2 (ppm) spiked 

0.1-ppm NIP 

0.1 
0.2 

0.3 
0.4 

0.5 
0.6 

0.7 
0.8 

0.9 
1.0 

Fluorescence emission 
intensity (blank 

subtracted) 
(a.u.) 
3.58 
6.30 

7.18 
8.41 

10.88 
14.13 

16.85 
20.03 

23.15 
26.73 

Table 2.1 Net fluorescence intensities of E2 spiked DDW and 0.1-ppm NIP submicron 
particles aqueous suspension 

Table 2.1 shows the net (or blank subtracted) fluorescence emission intensities of E2 

added to either DDW or 0.1-ppm NIP submicron particles in aqueous suspension. For 

instance, the fluorescence emission intensity of 0.1-ppm E2 spiked DDW was 3.60±0.05 

a.u. while the fluorescence emission intensity of 0.1-ppm E2 spiked 0.1-ppm NIP 

submicron particles in aqueous suspension was 3.58±0.05 a.u. Generally, the 

fluorescence emission intensities in water (the second column) are higher than the 

fluorescence emission intensities of E2 spiked NIP particles in aqueous suspension (the 

fourth column). In other words, the NIP particles (0.1 ppm) distinctly decreased the 

fluorescence emission intensity of E2 by 15±1% (= 1 - ratio of slopes in the standard 

calibration curves) due to diminution of the excitation light and attenuation of the 

fluorescence emission. Nonetheless, this spectroscopic property (15% lower 

fluorescence emission intensity) of poly (MAA-co-EGDMA) sub-micron particles is 

acceptable, or tolerable, for environmental monitoring and remediation applications. 

Most importantly, they can bind E2 molecules on an impressively fast time scale of 
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seconds (data not shown) [ ]. After using NIP particles to remove trace E2 from a large 

volume of contaminated water, it would still be possible to estimate the total amount of 

E2 (bound on suspending NIP particles) by measuring increase of fluorescence emission 

intensity from the E2 bound on NIP particles. 

2.3.4 Fluorescence emission and light scattering from various concentrations of NIP in 
aqueous suspension affixed E2 concentration 

The enhancement of light scattering from NIP particles due to E2 binding (as discussed in 

Section 2.3.2) was further investigated, by varying the concentration of NIP particles in 

aqueous suspension with a fixed E2 concentration. Figure 2.7 shows their fluorescence 

emission and light scattering spectra obtained using two excitation wavelengths, 279±1 

nm and 725±1 nm. The intensities of light scattering at both excitation wavelengths 

increased with each increment of NIP particles. Two standard calibration curves were 

constructed for both light scatterings, which showed a better correlation of 0.96±0.01 for 

725±1 nm than 0.89±0.01 for 279±1 nm. The longer wavelength, 725±1 nm, is obviously 

better for the determination of NIP particle concentrations by light scattering. Figure 2.7 

also shows that, when the concentration of NIP particles increased, the fluorescence 

emission intensity from E2 stayed essentially constant. Whereas this constant 

fluorescence emission was totally expected, the enhancement of light scattering (as 

discussed in Section 2.3.2) became even more fascinating to comprehend because the 

light scattering intensity produced by 1.0 ppm E2 at excitation wavelength = 725±1 nm 

was only 15-20 a.u. in the standard calibration curve. 
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Figure 2.7 Fluorescence emissions and light scattering spectra of 1.0-ppm E2 aqueous 
solution spiked with various concentrations of NIP submicron particles, using 
excitation wavelengths of 279±1 nm and 725±1 nm 

2.3.5 Spectroscopic characterization of NIP and E2 bound NIP submicron particles 

The interaction between NIP submicron particles and E2 was characterized by FTIR 

spectroscopy. In Figure 2.8, spectrum (a) represents NIP submicron particles before E2 

binding, spectrum (b) shows NIP submicron particles after binding with E2, spectrum (c) 

shows NIP submicron particles in mixture with E2 particles, and spectrum (d) shows E2 

particles. These FTIR spectra show detailed information on the interaction between the 

NIP submicron particles and E2 molecules via H-bonding. In the FTIR spectrum of E2 

bound NIP submicron particles, the -OH stretching vibration peak has shifted (from the 

3436.7 cm"1 for NIP submicron particles before E2 binding) to a lower wavenumber of 

3423.7 cm"1 after binding. To confirm this -OH stretching vibration shift phenomenon, 

spectrum (c) was measured for a mixture of NIP submicron particles and E2 particles. 
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The -OH stretching vibration peak is observed at 3439.7 cm"1 which is very close to that 

for NIP submicron particles (before E2 binding) at 3436.7 cm"1. As no hydrogen bonding 

can occur between NIP submicron particles and E2 particles, the -OH stretching vibration 

peak is expected to undergo very limited shift. In general, the spectrum (b) of E2 bound 

NIP submicron particles shows a C=0 peak (which belongs to the NIP submicron 

particles) at a wavenumber of 1729.6 cm"1 and a couple of aromatic C=C peaks (which 

belong to E2) between wave numbers 1610.4 to 1451.5 cm" . 
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Figure 2.8 FTIR spectra of (a) poly MAA-co-EGDMA particles before E2 binding, (b) 
poly MAA-co-EGDMA particles after binding with E2, 
(c) poly MAA-co-EGDMA and E2 particles in mixture, and (d) E2 particles. 
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2.4 Conclusion 

Mie scattering of PMAA-co-EGDMA non-imprinted polymer submicron particles (300±5 

nm) in aqueous suspension has been studied systematically using various excitation 

wavelengths from 200 nm to 750 nm. The optimal excitation wavelength was 725±1 nm, 

which provided a sharp peak with the highest intensity for sensitive determination of 

NEPs in aqueous suspension. The light scattering peak also allowed accurate 

determination of trace E2 (as low as 0.1 ppm) in water samples spiked with NIP particles. 

This new E2 determination method can be attributed to binding between E2 molecules 

and NIP particles, as characterized by using FTIR spectroscopy. It is also applicable for 

the determination of bisphenol A (BPA) which is not naturally fluorescent. 700-750 nm 

is truly an optimal wavelength range for light scattering measurements because laser 

diodes of high power are commercially available at a reasonable price. NIP submicron 

particles have one more advantage of being optically transparent (at least translucent). As 

such, binding of organic contaminants with these particles will allow on-line 

spectroscopic monitoring by molecular fluorescence and possibly UV-visible 

spectrophotometry. This is of great importance because the absorbance value and 

emission intensity can readily indicate when the particles are saturated with contaminants 

and hence should be regenerated. Automation of these two steps, monitoring and 

regeneration, are in principle easy to implement from the engineer's perspective for water 

treatment applications. 

Further investigation will be performed by measuring fluorescence emission and light 

scattering intensities from molecular imprinted polymer (MIP) submicron particles, 

before and after binding with E2. MIP particles have a porous structure which can do 
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more specific and semi-specific binding with E2 than NIPs. One big challenge is that the 

fluorescence emission and light scattering from E2 molecules bound inside the cavities 

can be changed (in intensity and wavelengths) by MIPs porous structure. Future study 

will examine spectroscopically the mechanisms of competitive binding of E1/E2/EE2/E3 

mixture to MIP submicron particles, as previously proposed in the framework of the 

NICA-Donnan model [28]. The evolution of time-resolved laser-induced fluorescence 

spectra of MIP with bound E2, for instance, could show two strikingly different 

environments for the binding. Release into the bulk solution as free E2 could be 

evidenced both by the shapes of the spectra and by the decrease in the luminescence 

decay times. 
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Chapter 3 

An investigation of porous structure in molecularly imprinted 
polymer for sensor development: non-linear fluorescence 
quenching of 17p-estradiol bound inside MIP submicron particles 
by sodium nitrite and methacrylamide 

3.1 Introduction 

MIP is increasingly recognized as a selective separation material ever since 1990s the 

growth in the number of published articles [ ]. Every MIP consists of a highly cross-

linked polymer matrix and one target compound as the template. After the template is 

eluted, binding cavities become available in the MIP with high affinity for the target 

compound as analyte. The advantages of MIP technology are high selectivity for the 

analyte, and hence low detection limits due to less matrix interference effects. MIPs can 

be used in sample solutions over a broad pH or temperature range. They can also be 

prepared at both high cost- and time- efficiencies. Nowadays MIPs are broadly 

benefiting the sensor and separation technologies. They are commonly used in 

thermometric sensors for amino acids and carbohydrates ["], optical sensors for 

biologically active molecules [ ], ionic sensor [4], biomimetic electrochemical sensors [5], 

enantiomer separations [ ], and solid phase extractions [ ]. 

Estrogens are naturally produced female sex steroid hormones. They were first described 

by Stockard and Papanicolaou in 1917 [ ]. Then, Doisy and Allen isolated estrogens and 

tested the estrogenic activities in 1923 [ ]. As shown in Figure 3.1, estrone (El) is the 

primary estrogenic hormone in the post-menopausal woman. 17(3-estradiol (E2) is the 
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primary estrogen of ovarian origin and the major estrogenic hormone in the pre

menopausal woman. E2 has a relative strong estrogenic effect that is twelve times greater 

than El, and eighty 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 characteristics and regulation of 

female development, and infertility j10-"-12 '13 '14-15]. Moreover, estrogens are carcinogenic 

compounds especially toward women breast and endometrial cancers. 

E 1 ^2 E 3 

Figure 3.1 Molecular structures of estrone (El), (3-estradiol (E2) and estriol (E3) 

One sensing method for determination of the most naturally abundant estrogen E2 in 

water by spectrofluorimetry is undergoing rapid development in our lab. 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 compounds) 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 specifically bound inside MIP 

particles, (f) quenching of fluorescence emission from E2 inside MIP particles by sodium 

nitrite, and (g) blank measurement of fluorescence emission intensity from MEP particles. 

After subtracting (g) from (f), the concentration of E2 can be determined from a standard 
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calibration curve. This E2 concentration will be divided by the preconcentration factor to 

obtain a final result. 

The objective of this work was to investigate the porous structure of MIP particles for 

non-linear fluorescence quenching of E2 (bound inside them) by sodium nitrite and 

methacrylamide. Our goal was to determine whether any larger quenchers would be 

needed to fulfill step (c) in the method described above. 

3.2 Experimental 

3.2.1 Chemicals 

17p-Estradiol (E2) and sodium nitrite were purchased from Sigma-Aldrich (St. Louis, 

MO, USA). Methacrylic acid and methacrylamide were purchased from Aldrich 

(Milwaukee, WI, USA). 2,2-Azobisisobutyronitrilc (AIBN) was purchased from Pfaltz 

& Bauer (Waterbury, CT, USA). HPLC grade methanol, HPLC grade acetonitrile and 

Spectro grade acetone were purchased from Caledon (Georgetown, ON, Canada). 18-

Mflcm distilled deionized water (DDW) was obtained from a Millipore Milli-Q water 

system (Bedford, MD, USA). 

3.2.2 Preparation ofE2-MIP and NIP submicron particles 

The method for preparation of E2-molecularly imprinted polymer (E2-MIP) and non-

imprinted polymer (NIP) submicron particles had previously been described [16]. The 

freshly prepared MIP and NIP particles in suspension were separately placed in five 15-

mL polypropylene tubes (Greiner Bio-One, Frickenhausen, Germany), and then spun by a 

centrifuge (Hamilton Bell VanGuard Centrifuge, Montvale, NJ, USA) for 60 min at 4000 

rpm to help remove the supernatants. 
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3.2.2.1 MIP particles 

The E2-MIP particles were washed in 15 mL of DDW with ultrasonication (Branson 

2510, Danbury, CT, USA) for 30 min to remove free E2 and pre-polymerization residues. 

After more than 25 times of washing, the pH was 5.5±0.1 in the supernatant and the free 

E2 concentration was lower than 0.2 ppm (the detection limit of our HPLC-FD 

instrument). 

3.2.2.2 NIP particles 

The NIPs particles were washed by methanol, acetonitrile and DDW, three times each, to 

obtain a final pH of 5.5±0.1 in the supernatant. 50 mg of NIP particles were then 

suspended in 15 mL of 3.5 ppm E2 aqueous solution. The suspension was sonicated for 1 

hr, allowing binding between the NIP particles and E2 to form E2-NIP particles. 

3.2.3 Characterization of particles 

3.2.3.1 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, New York, USA). 

The instrument had been calibrated by 92±4 nm Nanosphere™ size standards (Duke 

Scientific, Palo Alto, CA, USA). A total of 10 measurements were run after 5 min, and 

the laser beam intensity was automatically optimized by the instrument before each run. 

~ 3 5 ~ 



3.2.3.2 Fluorescence binding measurements 

3.2.3.2.1 MIP particles 

Fluorescence emission of the last washing from Section 3.2.2.1 was measured by a 

fluorescence spectrophotometer (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 nm to 450 nm). Both the excitation and emission slits were set at 5 nm. 

Fluorescence emission of the washed E2-MIP particles suspension was measured using 

the same spectrophotometer settings. All fluorescence experiments were carried out at 

room temperature (20±1°C). 

3.2.3.2.2 NIP particles 

Fluorescence emissions of the 3.5 ppm E2 aqueous solution and the supernatant after 

binding from Section 3.2.2.2 were measured using the same spectrophotometer settings 

as in Section 3.2.3.2.1. 

3.2.3.3 Fluorescence quenching measurements 

Fluorescence emission spectra of 0.5-4.5 ppm E2 aqueous solutions and 0.1-2.5 mg/mL 

E2-MIP and E2-NIP particles, suspended in DDW, were measured using the same 

spectrophotometer settings as in Section 3.2.3.2. 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 (kex = 280±1 nm) and absorption of 

fluorescence emission (kern = 310±1 nm) by quenchers, were corrected as described 
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elsewhere [17]. All light absorptions from quenchers were measured on a UV-visible 

spectrophotometer (Varian Cary 3, Palo Alto, CA, USA) by scanning from 350 nm to 250 

nm at room temperature (20±1°C) 

3.3 Results and Discussion 

3.3.1 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. According 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 spectrophotometer. Figure 

3.2(a) and (b) shows the fluorescence emission peak at 310±1 nm from E2-MIP and E2-

NIP particles, when using an excitation wavelength of 280±1 nm. Note that the emission 

spectra from E2-MIP and E2-NIP particles were very similar to that obtained from 3.5 

ppm E2 in aqueous solution (Figure 3.2c) except for two light scattering peaks at 380±1 

nm and 423±1 nm from the particles. 
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Figure 3.2 Fluorescence determination of E2 binding with MIP and NIP particles (A x̂ = 
280±1 nm): (a) fluorescence emission of E2-MIP particles suspended in 
DDW, (b) fluorescence emission of E2-NIP particles suspended in DDW, (c) 
fluorescence emission of 3.5 ppm E2 in aqueous solution. 

The detection sensitivity for E2-MIP/NIP fluorescence was not significantly decreased by 

the physical and chemical properties of particles. The fluorescence emission intensity of 

3.5 ppm E2 was 65±1 a.u. before binding with NIP particles. After binding with 50 mg of 

NIP particles the fluorescence emission intensity in the same solution (supernatant) 

decreased to 5±1 a.u. Apparently 92±1% of E2 (48.4±0.1 jig) in the original aqueous 

solution was bound by NIP particles. 

3.3.2 Fluorescence quenching analysis 

Fluorescence quenching of the E2 molecules bound inside MIP and NIP particles is 

significant to study for clarifying the binding site environment between E2 and MIP/NIP. 

The results, as detailed below, will show some essential differences between MIP and 

NIP when they bound with E2 molecules. 
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The process of fluorescence quenching is described by the Stern-Volmer equation: 

F0/F = 1 + KSV[Q] (1) 

Where Fo and F are the fluorescence emission intensities from E2 detected in the absence 

and presence of a quencher, respectively. Ksv is Stern-Volmer florescence quenching 

constant (dynamic or collisional quenching constant) and [Q] is the concentration of 

quencher. Sodium nitrite and methacrylamide were selected for comparison of their 

quenching properties [3'4]. These two quenchers represent different types of chemical 

species. One is an ionic quencher; sodium nitrite exists in aqueous solution in the form 

of (positively charged sodium ions and) negatively charged nitrite ions. This nitrite anion 

interacted with E2 to result in fluorescence quenching. The other one is a molecular 

quencher; methacrylamide with specific functional groups (acryl and amide) has good 

water solubility for fluorescence quenching. No attempt was made in this study to 

analyze these two factors (size and ionic charge) separately. 
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3.3 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 
particles in aqueous suspension, during titration with sodium nitrite up to a 
final concentration of 0.19 M (without causing any significant dilution effects, 
-6%). 
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Figure 3.3(a) shows the fluorescence emission spectra of 4.5 ppm E2 aqueous solution 

progressively quenched by titration with sodium nitrite. The concentration of sodium 

nitrite titrated into 3 mL of 4.5 ppm E2 aqueous solution increased from 0.00 to 0.19 M, 

with each titration increment amounting to 1 mg (10 uL of 100 ppm) of sodium nitrate. 

The fluorescence emission intensity was obviously decreased, after 45 titration 

increments, by 99% from the initial intensity. During the quenching titration, the 

fluorescence peak shape changed from sharp to broad. Figure 3.3(b) and (c) show how 

progressively the fluorescence emissions of 2.5 mg/mL E2-MIP particles and E2-NIP 

particles in aqueous suspensions were quenched by titration with sodium nitrite. The 

lower fluorescence intensity scale in Figure 3.3(c) was dictated by a lower E2 binding 

capacity of the NIP particles. According to our previous results, the MIP/NIP submicron 

particles scattered the excitation light (at 279±1 nm) [19]. The fluorescence emission 

peaks (at 310±1 nm) from E2-MIP and 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 Figure 3.4). Two 

Raman scattering peaks were found at wavelengths around 380 nm and 425 nm; these 

light scattering peaks had no significant effects on the fluorescence emission intensities at 

310±lnm. 
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Figure 3.4 Stern-Volmer plots of Fo/F versus concentration of sodium nitrite for (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 particles in aqueous suspension. The 
solid lines indicate the best fittings from nonlinear regression up to 0.025M. 

Stern-Volmer (S-V) plots for fluorescence quenching usually exhibit a linear relationship 

between Fo/F vs. [Q] (see equation 1). If the S-V plots show an upward-curving trend as 

evidenced by the data points in Figure 3.4, the positive deviations from linearity represent 

a combined result from both static and dynamic (or collisional) quenching [20]. 

F0/F = (1 4- Ksv[<2])exp^]) ( 2) 

where V is the static quenching constant. 

The S-V plots for fluorescence quenching by sodium nitrite are shown in Figure 3.4. 

Nonlinear regression fitting, presented as solid lines through the data points, had 

correlation coefficients as high as 0.9836. The black line (a) is a non-linear regression 
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curve for the S-V plot of 4.5 ppm E2 aqueous solution. The quenching constants were 

simulated with Matlab® (R2008b) to obtain Ksv= 23.0 ± 1.3 M"1 and V = 4.7 ± 2.5 M"1. 

The quenching constants for 2.5 mg/mL E2-MIP particles were Ksv = 21.8 ± 1.3 M"1 and 

V <1.00 M"1. For E2-NIP particles, Ksv = 19.4 ± 1.2 M"1 and V <1.00 M"1. Apparently, 

the MIP/NIP particles disturbed the static quenching process. This may be attributed to 

the binding mechanisms between E2 and MIP/NIP particles. As proposed by Hu and co

worker, non-specific interaction (called surface binding) occurred between MIP particles 

and E2 molecules especially in water due to their hydrophobic nature, via hydrogen 

binding [18]. The static quenching constant for E2 aqueous solution was larger than those 

for E2-MIP/NIP particles. This means the E2 molecules were protected inside the 

particles. Some functional groups of the E2 molecule were no longer available to interact 

with the quencher and form a non-fluorescent complex. The Ksv and V results for E2-MIP 

and E2-NIP particles were not very distinguishable due to the small size of nitrite anions. 

These small ions could easily infiltrate the porous MIP/NIP particles and quench the 

fluorescence of E2 molecules inside. Another disadvantage of using sodium nitrite as a 

quencher to investigate the porous structure of MIP particles by fluorescence quenching 

of E2 bound inside was that sodium nitrite exhibited a fluorescence emission peak (at 

335±1 nm) that interfered with the E2 fluorescence peak, especially at lower 

concentrations of E2 inside the particles. 
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Figure 3.5 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 
particles in aqueous suspension, during titration with methacrylamide up to a 
final concentration of 0.07 M (without causing any significant dilution 
effects). 
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Unlike the ionic quencher (sodium nitrite), the molecular quencher methacrylamide has a 

larger size and more steric conformation. Figure 3.5 (a) shows the fluorescence emission 

spectra of 4.5 ppm E2 aqueous solution progressively quenched by titration with 

methacrylamide. After 0.07 M of methacrylamide was titrated into 3 mL of the E2 

aqueous solution, approximately 86% of fluorescence emission from E2 was quenched. A 

broad fluorescence emission peak from methacrylamide was observed at 418±3 nm (but 

of low intensity (even for 0.07 M). Figures 3.5(b) and (c) show the fluorescence 

quenching spectra of E2-MIP and E2-NIP particles, respectively. The increasing intensity 

at wavelengths below 300 nm was caused by Mie scattering (of the 279±1 nm excitation 

light) from the particles. This Mie scattering peak did not cause any 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 fluorescence 

emission from the E2-NIP particles. 
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Figure 3.6 Stern-Volmer plots of F0/F versus concentration of methacrylamide for (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 particles in aqueous suspension. The 
solid lines indicate the best fittings from nonlinear regression. 

The S-V plots for fluorescence quenching by methacrylamide are shown in Figure 3.6, 

nonlinear 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 M"1 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 significant steric hindrance existed for 
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methacrylamide molecules to infiltrate the porous structure of MIP/NIP particles. 

The MIP particles had a porous structure consisting of imprinted cavities to selectively 

bind with E2 molecule. These cavities were unique in size, shape and functional groups 

that matched the 3-D molecular structure of E2. Other molecules would not be able to 

bind with the MEP, or to disrupt the E2-MEP binding of strong affinity. For quenching of 

the fluorescence emission from E2 (bound inside the imprinted cavities), methacrylamide 

might not suitable because it is sterically hindered in penetrating the imprinted cavities of 

MEP particles. However, the nitrite anions have a small size and planar 2-D structure, 

which facilitated their infiltration of MEP particles and get into the imprinted cavities with 

minimal resistance. This allowed the nitrite anions to penetrate the imprinted cavities and 

collide with the bound E2 molecules (which resulted in dynamical quenching of the 

fluorescence emission from E2 molecules). Contrarily, the methacrylamide molecules 

are too large to have this penetration capability for dynamic quenching the fluorescence 

emission from E2 inside of MEP cavities. The dynamic quenching constants of 

methacrylamide for E2-MEP particles (in aqueous suspension) were reasonably small (Ksv 

<1.0 M"1). In fact, E2 aqueous solutions exhibited decreasing dynamic quenching 

constant values, with lower concentrations of E2 aqueous solution because the chance of 

collision between E2 molecules and quenchers would become smaller. Low E2 

concentrations also caused decreasing static quenching constant values for both 

quenchers. The static quenching constant is based on the formation of 1:1 dark complex. 

When the concentration of E2 got lower, the rate of complex formation would be reduced 

and thus the static quenching constant values would decrease concomitantly. The static 

quenching constants for different concentrations of E2-MEP particles are interesting to 



examine. The quenching constant values for methacrylamide decreased with decreasing 

E2-MIP concentrations, which was the same with E2 aqueous solutions. For nitrite, the 

increasing static quenching constants with decreasing E2-MIP concentrations were 

caused by the artifact of fluorescence emission interference by the nitrite anion (around 

335 nm). This presents a major disadvantage of using sodium nitrite in step (f) of the 

method described in the Introduction section, especially during the sensing of E2 at trace 

levels. 

The NIP particles had similarly a porous structure like the MIP particles. A major 

difference was that, during the NIP preparation, E2 was not present as template molecules 

in the polymerization. Due to the absence of template molecules, the NIP particles lacked 

the 3-D imprinted cavities for selective binding with E2. However, the observed 

quenching constants for E2-NIP were remarkably different from those of E2 aqueous 

solution. The dynamic quenching constant for E2-NIP particles with sodium nitrite 

decreased its value from 19.4 M"1 to less than 1.0 M~' when the concentration of particles 

was reduced from 2.5 mg/mL 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 similarity in molecular structure. Nonetheless, this interaction 

prevented collision between the bound E2 and methacrylamide. 

3.4 Conclusion 

Several interesting physico-chemical results were obtained from our experiments: (1) the 
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particle sizes of MIP and NIP are 477±11 nm and 373±21 nm in diameter, possibly as the 

result of adding E2 as a template in the former; (2) the fluorescence emission peaks of 

E2-MIP and E2-NIP are both found at A.em= 310±1 when using Xex= 280±1 nm. No 

difference is observed between the excitation and emission spectra of E2-MIP and E2-

NIP; (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. Contrarily, the large 3-D stearic 

methacrylamide molecules are hindered in penetrating the pores, resulting in much 

smaller dynamic quenching constant values than those for the nitrite ion. Further research 

will be carried out in our lab to find a larger quencher molecule (than methacrylamide) to 

fulfill step (c) in the method described in the Introduction section. 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 5-50 nm are an ideal large-size quencher for step (c) [- •- • ]. 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 

template molecules bound inside imprinted cavities [ ]. 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 
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molecules bind with the particles 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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Chapter 4 

Molecularly Imprinted Polymer Particles for Rapid Determination of 
17p-Estradiol in Water by Fluorescence Quenching 

4.1 Introduction 

MIPs exhibiting high selectivity and affinity to the target molecule are well recognized as 

a fast growing research field [12]. They have been successfully applied in various novel 

methods of chemical analysis [3'4], including potentiometric sensors [5' '7], amperometric 

detection [8] and differential pulse cathodic stripping voltammetry [9]. An optical sensor 

was fabricated with a MEP film for the determination of formaldehyde molecules that 

induced measurable optical reflectivity shifts [ ]. For surface plasmon resonance 

spectroscopy, MIP particles were spin-coated onto a gold surface to detect theophylline 

['']. MIP fibers were used in a sensing device to determine folic acid ['"]. 

A novel sensing scheme based on non-linear fluorescence quenching of 17P-estradiol (E2) 

was recently developed in our lab [ ]. Small nitrite ions penetrated the porous structure 

of MIP particles and quenched the fluorescence emission from E2 molecules inside 

imprinted cavities. On the contrary, large methacrylamide molecules (3-D stearic 

diameter = 0.536 nm) were hindered when penetrating the pores to access the imprinted 

cavities, resulting in low dynamic quenching. Research was continued in our lab to 

evaluate larger quenchers, such as gold nano-particles (AuNPs) that could readily be 

synthesized with a diameter of 43±5 nm [14'15, ]. Their effectiveness was studied with 

regard to quenching the fluorescence of only non-specifically bound E2 molecules 

throughout the porous MIP particles, but not those specifically bound inside the 

imprinted cavities, as illustrated in Scheme 4.1. The objective of this work was to 
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develop a rapid method (hopefully under 5 min) for the determination of trace E2 in 

water (down to 0.1 ppb). 

© Q 

Scheme 4.1: Larger AuNPs were used in the first step of fluorescence quenching to 
quench E2 molecules non-specifically bound throughout the porous MIP 
particle, while small nitrite anions were easily penetrate the MIP particle 
to quench the fluorescence emission from E2 molecules specifically bound 
inside imprinted cavities in the second step of fluorescence quenching. 
The attenuated fluorescence emission intensity between step 1 and step 2 
varies as a function of E2 concentration. 

4.2 Experimental Section 

4.2.1. Chemicals. 

Sodium citrate tribasic dihydrate, gold (III) chloride trihydrate, sodium nitrite and E2 

were purchased from Sigma-Aldrich (St. Louis, MO, USA). Methacrylic acid and 

methacrylamide were purchased from Aldrich (Milwaukee, WI, USA). 2,2-
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Azobisisobutyro-nitrile (AIBN) was purchased from Pfaltz & Bauer (Waterbury, CT, 

USA). Methanol (HPLC grade), acetonitrile (HPLC grade) and acetone (spectro grade) 

were purchased from Caledon (Georgetown, ON, Canada). Acetic acid (reagent grade) 

was purchased from Anachemia (Montreal, QC, Canada). 18-M£Xcm distilled deionized 

water (DDW) was obtained from a Millipore Milli-Q water system (Bedford, MD, USA). 

4.2.2. Preparation ofMIP submicron particles andAuNPs. 

The method for preparation of E2 MIP submicron particles had previously been described 

[17]. These particles (80 mL) were washed with 15% acetic acid in methanol (v/v), 

methanol, acetonitrile and DDW three times. Each washing was combined with 1 hr of 

sonication and 1 hr of centrifugation to completely extract template E2 molecules from 

the particles and remove polymerization reagent residues. After the last washing with 

DDW, the pH was 5.5 ± 0.1 in the supernatant and the free E2 concentration was below 

the detection limit of HPLC-FD instrument. These washed MIP submicron particles were 

dried at 70 °C. Another batch of freshly prepared MIP submicron particles was washed 

only with DDW for 25 times. These washed E2-MIP particles would contain the 

maximum E2 loading [13]. AuNPs were synthesized by adapting a previously reported 

1 Q 

method [ ]. No washing was applied to these AuNPs. 

4.2.3. Particle size analysis. 

The AuNPs, MIP and E2-MIP particles were suspended in 10 M KNO3 at a concentration 

of 40 mg/mL. The suspensions were sonicated for 15 min before measurement on a 

NanoDLS particle size analyzer (Brookhaven Instruments, Holtsville, New York, USA). 
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The instrument had been calibrated by 92±4 nm Nanosphere size standards (Duke 

Scientific, Palo Alto, CA, USA). A total of 10 measurements were run after 5 min of 

quiescence time, and the laser beam intensity was automatically optimized by the 

analyzer before each run. 

4.2.4. Fluorescence quenching. 

3.5 ppm E2 (2 mL) and 2.5 mg/mL E2-MIP particles (2 mL) were added into two 3-mL 

quartz cuvette cells, each equipped with a polytetrafluoroethylene (PTFE) stopper. Then 1 

mL of AuNPs aqueous suspension with elemental concentrations from 0 M to 5.88x10"4 

M was used to quench the E2 and E2-MIP particles fluorescence emission intensities. All 

emission intensities were measured at room temperature (20±1°C) by a 

spectrofluorometer (Varian Cary Eclipse, Palo Alto, CA, USA) using excitation 

wavelength of 280±1 nm and emission wavelength of 310±1 nm (or scanning from 290 

nm to 450 nm). Both the excitation and emission slits were set at 5 nm. To test for inner 

filter effect, 1 mL of 1% (w/w) trisodium citrate dihydrate was used instead of AuNPs. 

Similarly, E2 and E2-MIPs fluorescence quenching experiments with sodium nitrite were 

accomplished under exactly the same experimental conditions. 

Two-step fluorescence quenching by first AuNPs and then sodium nitrite was performed. 

7.7±0.1mg, 5.5±0.1 mg, 3.3±0.1 mg and 1.1±0.1 mg of template-removed MIP 

submicron particles were added into 2.2 mL of E2 aqueous solution with concentrations 

from 0.0001 ppm to 3.5 ppm. The blank and E2-templated MIP particles were prepared 

by using the same amount of template-removed MIPs and E2-MIP particles suspended in 

2.2 mL of DDW. All of these suspensions were incubated under sonication for 5-35 min 
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at room temperature (20±1°C). Then, 2.0 mL of E2-bound NIP or E2-MIP submicron 

particle suspension was transferred into a 3-mL quartz cuvette cell and spiked with 1 mL 

of 5.88* 10"4 M AuNPs aqueous suspension. After the fluorescence emission intensity was 

recorded, 100 uL of 150±1 mg/mL sodium nitrite was added to perform the second step 

of fluorescence quenching. 

All light absorption spectra by quenchers were measured on a UV-visible 

spectrophotometer (Varian Cary 3, Palo Alto, CA, USA) by scanning from 250 nm to 350 

nm at room temperature (20±1°C) to investigate the inner filter effect. The absorption of 

both exciting light (Xex = 280±1 nm) and fluorescence emission (kem = 310±1 nm) by 

quenchers was corrected, for right-angle illumination, as described elsewhere [19]. 

4.3 Results and Discussion 

4.3.1. Fluorescence quenching. 

E2 is a naturally fluorescent compound. After it interacts with non-fluorescent MIP 

particles both specifically and non-specifically [20], the bound E2 molecules can be 

determined by spectrofluorimetry (X,ex=280 nm and ?iem=310 nm) [21]. Figure 1 shows the 

fluorescence emission spectra of E2, E2-MIP particles and E2-bound NIP particles during 

their quenching by AuNPs. Without particles, a 3.5 ppm E2 aqueous solution exhibited 

decreasing fluorescence intensities when AuNPs were added stepwise as shown in Figure 

4.1(a). The fluorescence intensity decreased by almost 82% from the initial level as the 

concentration of AuNPs reached 5.88* 10"4 M. Similarly, the quenching effects of 

AuNPs on E2-MIP particles and E2-bound NIP particles are evidenced in Figures 4.1(b) 

and 1(c), decreasing the fluorescence intensity by 76% and 77%. The strong Mie 
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scattering peak (at 280 nm) from particles slightly enhanced all E2 fluorescence emission 

peaks at 310 nm, which can be considered meritorious for the determination of E2 at 

trace levels. Two Raman scattering peaks (at 380 nm and 425 nm) were characteristic of 

particles when an excitation wavelength of 280 nm was used. Luckily, they did not have 

any significant impact on the fluorescence quenching results. 
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Figure 4.1 Fluorescence emission spectra of (a) 3.5 ppm E2 aqueous solution, (b) 2.5 
mg/mL E2-MIP particles in aqueous suspension, and (c) 2.5 mg/mL E2-
bound NIP particles in aqueous suspension, during fluorescence quenching 
by AuNPs from 0 M to 5.88X10"4 M. (^x = 280 nm) 

~ 6 0 ~ 



The fluorescence properties of AuNPs were studied before they were used as a large 

fluorescence quencher in all subsequent experiments. When 5.88X10"4 M of AuNPs were 

examined by scanning the excitation wavelength in Figure 4.2(a) and using an emission 

wavelength of 310 nm, only one Mie scattering peak was observed at 310 nm. When the 

emission wavelength was scanned in Figure 4.2(b) using an excitation wavelength of 280 

nm, only two Mie scattering peaks were found at 280 nm (1st order) and 570 nm (2nd 

order). Therefore the AuNPs were non-fluorescent, making them ideal for use as 

fluorescence quencher in this work. Figure 4.2(c) shows the fluorescence emission 

spectrum of 3.5 ppm E2 aqueous solution while Figure 4.2(d) shows the same spectrum 

after addition of trisodium citrate dehydrate (1% w/w). No significant inner filter effect 

was observed from 1% trisodium citrate dihydrate, which was present in the synthesis of 

AuNPs. 
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mo 

Figure 4.2 (a) Fluorescence excitation spectrum of AuNPs aqueous suspension (kem = 
310 nm), (b) fluorescence emission spectrum (1st and 2nd orders) of AuNPs 
aqueous suspension (A,ex = 280 nm), (c) fluorescence emission spectrum of 
E2 aqueous solution (X,ex = 280 nm), and (d) fluorescence emission spectrum 
of E2 aqueous solution in presence of trisodium citrate dihydrate (1% w/w) 
(Xex = 280 nm). 
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In our previous study [ ], sodium nitrite was able to quench the fluorescence emissions 

from E2 aqueous solution, E2-MIP aqueous suspension, and E2-bound NIP aqueous 

suspension. Hence, it was used in this work to finish the fluorescence quenching job after 

AuNPs quenched only the fluorescence emission from E2 that were non-specifically 

bound inside particles. As shown in Figure 4.3, the residual fluorescence emission from 

2.5 mg/mL E2-MIP particles in aqueous suspension, after quenching with 5.88><10"4 M 

AuNPs, was an intensity of 14.2±0.2 arbitrary units (a.u.) coming from E2 specifically 

bound inside the MIP cavities. Sodium nitrite was then titrated, stepwise from 0 M to 

6.5xlO"2 M, into the mixture of E2-MIP particles and AuNPs. Due to its small size, the 

nitrite anion penetrated through the porous MIP particles and quenched the fluorescence 

emission from the specifically bound E2 molecules. At the end of titration, the emission 

intensity was reduced to 5.5±0.2 a.u. This result clearly demonstrated how simple it was 

to determine the amount of specifically bound E2 molecules. 

290 310 330 350 370 390 410 430 450 

Wavelength (nm) 

Figure 4.3 Fluorescence emission spectra during titration of sodium nitrite (up to a final 
concentration of 6.5x10" M) into a mixture of 2.5 mg/mL E2-MIP particles 
and 5.88* 10"4 M AuNPs. The titration consisted of fifteen 10-uL spikes of 
100 mg/mL sodium nitrite to minimize any dilution effect (-6%). 
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Figure 4.4 plots all the fluorescence emission intensities measured (at 310 nm) from 

Figure 4.1 and Figure 4.3. Intuitively, both free E2 molecules in aqueous solution and 

non-specifically bound E2 molecules in NIP particles (which had no imprinted cavities) 

in aqueous suspension were all accessible by AuNPs to undergo collisional quenching. If 

there were no imprinted cavities in MIP particles to protect the specifically bound E2 

molecules (from quenching by AuNPs), the final emission intensity in 4.4(a) would 

probably be as low as the -10 a.u. in 4.4(b) and 4.4(c) plots when the AuNPs quencher 

concentration reached 38.7 ppm (= 5.88xl0"4 M). In reality, the E2-MIP particles 

contained some inaccessible E2 molecules that contributed to a higher final emission 

intensity of-18 a.u. 
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Figure 4.4 Fluorescence emission intensity at 310 nm versus concentration of quencher: 
(a) 2.5 mg/mL E2-MIP particles in aqueous suspension quenched with AuNPs, 
(b) 3.5 ppm E2 aqueous solution quenched with AuNPs, (c) 2.5 mg/mL E2-
bound NIP particles in aqueous suspension quenched with AuNPs, (d) 2.5 
mg/mL E2-MIP particles in aqueous suspension going through two steps of 
fluorescence quenching, first with AuNPs and next with sodium nitrite. 
(Standard error bars, approximately three times the size of each data point 
symbol, are omitted here for the sake of clarity). 

4.3.2. Quencher sizes and efficiencies. 

The MIP and NIP particles studied in this work had diameters, as measured by a 

nanoDLS particle size analyzer, of 477±11 nm and 373±21 nm, respectively. E2 

molecules were specifically bound inside the MIP cavities that were complementary in 

size, shape and arrangement of functional groups. Small nitrite anions could easily 

penetrate the porous MIP particles and quench the fluorescence from the E2 molecules by 

r+*s r ) 4 '"'*•' 



dynamic collisions. The large AuNPs used in this study had a diameter of 43±5 nm. 

Figure 4.5 shows the correlation of light scatting intensity with time, as obtained for 

AuNPs during a particle size measurement. Over 10 runs, the particle size readings 

varied between 33 nm and 85 nm with a polydispersity of 0.3 (moderate dispersion). The 

size range seemed to be suited for fluorescence quenching of E2 molecules that were 

non-specifically bound to MIP particles. 

CCt) 

> 

• K 

1 10 

1 

X: 
i 

i 

• 

102 103 

x(ps) 

Run K Oiem {onS 

i 39 e 
2 30 0 
3 -trf i 

S 42 c 
j 4 , ; 
8 

te : ; ' 

Mean i5 5 
SWEnH i S 
CcittwietJ *2 : 

1 

• 

1 

10* 

22 S 
21 2 
23 4 

^4 T 

25 S 
2 5 

£4 -

1 

1 

I 

10s 

G 330 
a 312 

C 328 

a cos 

1 

1 

* 

106 

Figure 4.5 Correlation of light scatting intensity with time for measuring the size of 
AuNPs on a nanoDLS particle size analyzer. 

Figure 4.6 plots the fluorescence quenching efficiency ( 0 = 1 - F/Fo, where F and Fo are 

the fluorescence emission intensities measured in the presence and absence of quencher) 

versus the concentration of quencher. With AuNPs, similar quenching efficiencies were 

observed for both particles and E2 in figure 4.6(a), (b) and (c). By comparison, sodium 

nitrite exhibited significantly lower quenching efficiency in figure 4.6(d) and (e). 

Approximately 4500 ppm sodium nitrite was needed in figure 4.6(e) to quench 80% of 

fluorescence emission from E2-MIP particles although only 38.7 ppm AuNPs was needed 

in figure 4.6(b). Interestingly a lesser amount of sodium nitrite was needed in the 
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presence of AuNPs in figure 4.6(d) to quench E2-MIP particles, from 80% to 90%, than 

in figure 4.6(e). 
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Figure 4.6 Quenching efficiency (9) versus concentration of quencher: (a) 2.5 mg/mL 
E2-bound NIP particles in aqueous suspension quenched with AuNPs, (b) 2.5 
mg/mL E2-MIP particles in aqueous suspension quenched with AuNPs, (c) 
3.5 ppm E2 aqueous solution quenched with AuNPs, (d) 2.5 mg/mL E2-MIP 
particles in aqueous suspension quenched first with AuNPs and next with 
sodium nitrite, (e) 2.5 mg/mL E2-MIP particles in aqueous suspension 
quenched with sodium nitrite (up to 0.128 M). 

4.3.3. Stem-Volmer plots. 

All fluorescence quenching data were analyzed further by applying the Stern-Volmer (S-

V) equations that examine different quenching mechanisms [18'22]: 

%=1 + K„[Q] (4.1) 
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%=(l + Ksv[Q])exp(V[Q]-) (4.2) 

Fo and F are the fluorescence emission intensities in the absence and presence of 

quencher. Ksv denotes the dynamic quenching constant, and V denotes the static 

quenching constant. [Q] is the concentration of quencher. Equation 4.1 represents a 

linear function between dynamic quenching and quencher concentration, where quencher 

collision with the excited fiuorophore (E2 ) returns it to the ground state without 

fluorescence emission [ ]. Figure 4.7 shows the linear S-V plots for AuNPs, which were 

best analyzed using equation 4.1. The Ksv for E2 is 2.6(±0.1)xl04 M"1 (R2 = 0.9478), the 

Ksv for E2-MIP particles is 2.9(±0.1)xl04 M"1 (R2=0.9566), and the Ksvfor E2-bound NIP 

particles is 3.3(±0.1)xl04 M"1 (R2=0.9678). Due to their large size, AuNPs could hardly 

penetrate the porous structures of E2-MIP and E2-NIP particles. Consequently, their Ksv 

values were in the same order of magnitude as that obtained for E2 in aqueous solution. 
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Figure 4.7 Stern-Volmer plots of Fo/F versus concentration of AuNPs for 3.5 ppm E2 
aqueous solution, 2.5 mg/mL E2-MIP particles in aqueous suspension, and 
2.5 mg/mL E2-bound NIP particles in aqueous suspension. Each solid line 
indicates the best possible linear regression. 
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The S-V plots for sodium nitrite was found to be non-linear (with an upward-curving 

trend), as shown in Figure 8. Non-linear S-V plots had been discussed by Zhao and 

Swager [ ] as a combined result from dynamic and static quenching. In contrast to 

dynamic quenching, the mechanism of static quenching involves interaction between the 

quencher and fluorophore to form a non-fluorescent complex [ ]. Analysis using 

9 1 1 

equation 4.2 obtained Ksv=2.1xl0 M" and static quenching constant (V) below 1.0 M" 

(R2=0.9220) for 2.5 mg/mL E2-MIPs in aqueous suspension containing 5.88x10^ M 

AuNPs. Since MIP cavities did not facilitate complex formation between E2 molecules 

and nitrite anions due to space constraints, the V value turned out to be very small. A 

higher V value of 4.7 M_1 was obtained for 4.5 ppm E2 in aqueous solution, which 

signifies the complexation of E2 molecules with nitrite anions in the absence of steric 

hindrance. 

0.00 0.02 0.04 0.06 0.08 
Concentration of sodium nitrite (M) 

Figure 4.8 Stern-Volmer plots of Fo/F versus concentration of sodium nitrite. Sodium 
nitrite was titrated stepwise into 2.5 mg/mL E2-MIPs in aqueous suspension 
containing 5.88* 10"4 M AuNPs. Each solid line indicates the best possible 
linear regression. 
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4.3.4. Determination ofE2 in water. 

Various concentrations (from 0.1 ppb up to 3.5 ppm) of E2 in aqueous solution were used 

to validate MIP particles for rapid E2 determination by fluorescence quenching. MIP 

particles were added in these E2 solutions to form 0.5-3.5 mg/mL suspensions. Two 

incubation times (5 min and 35 min) were tested to investigate binding equilibrium 

between E2 molecules and MIP particles. The fluorescence emission intensity from E2 

specifically bound with MIP particles was determined by measuring the fluorescence 

emission intensities after two quenching steps, as summarized by: 

'E2 inside MIP cavities ~ 'After quenching with AuNps ~ ^ After quenching with sodium nitrite \*-J) 

Essentially, the first quenching with AuNPs would eliminate the fluorescence emission 

from E2 molecules on non-specific binding sites throughout the porous MIP particles. 

Then, sodium nitrite would quench the fluorescence emission from E2 molecules inside 

the specific imprinted cavities. The normalized % binding of E2 with imprinted cavities 

was determined as: 

Normalized % E2 binding = (4.4) 
Imax 

where I is the fluorescence intensity from E2 bound specifically inside imprinted cavities 

for an E2 standard solution, and Imax is the maximum fluorescence intensity from E2 

bound specifically inside all imprinted cavities. Both I and Imax were calculated 

according to equation 4.3, in parallel measurements. To determine Imax, E2-MIP particles 

were prepared by washing only with DDW to remove all non bound E2 molecules. 

Normalization was deemed necessary because Imax is not linearly dependent on the 

concentration of E2-MIP particles in aqueous suspension, as shown in Figure 4.9, due to 
s 
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inner filter effects. 

Concentration of E2-MIP Particles (mg/mL) 

Figure 4.9 lmax for 3.5 mg/mL, 2.5 mg/mL, 1.5 mg/mL and 0.5 mg/mL E2-MIP particles 
in aqueous suspension. 

Figure 4.10 shows % E2 binding (with imprinted cavities) as a function of E2 

concentration after incubation for (a) 5 min and (b) 35 min. A comparison of figure 

4.10(a) with (b) indicates that % E2 binding exhibited no significant difference. This 

suggests that binding equilibrium was reached in 5 min or less, in agreement with the ~2 

min previously reported [24]. As 0.5 mg/mL E2-MIP particles had the smallest number 

of imprinted cavities and hence the lowest Imax value, it produced the highest % E2 

binding among the three concentrations studied. As the method involved binding of the 

analyte with MIP particles for the best possible selectivity (only second to natural 

antibodies), Scatchard plots were constructed in accordance with the following equation 

[25]: 

% E binding = 
[E2] 

(4.5) 
(Kd+[E2]) 

where Kd is the equilibrium binding constant. The best calibration curves, fitted using 
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Graphpad Prism , are shown as solid lines in Figure 4.10. The best correlation 

coefficients were obtained for 2.5 mg/mL MIP particles, being R2=0.9716 for 5 min of 

incubation and 0.9937 for 35 min of incubation. Table 4.1 shows that the equilibrium 

binding constant (Ka) for 2.5 mg/mL of MIP particles, using 5 min of incubation, was the 

highest among the three MIP concentrations studied as expected. 
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Figure 4.10 % E2 binding (with imprinted cavities) as a function of E2 concentration 
after incubation for (a) 5 min, and (b) 35 min. (Standard error bars, 
approximately three to five times the size of each data point symbol, are 
omitted here for the sake of clarity). 
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Incubation time (min) 

5 min 

Concentration of MIP particles (mg/mL) 

0.5 

1.5 

2.5 

Kd (ppm) 

0.7 

1.4 

2.9 

Table 4.1 Equilibrium binding constant (Kd) values determined for three concentrations 
of MIP particles in aqueous suspension, after 5 min of incubation. 

4.4 Conclusion 

AuNPs (43±5 nm) were efficient in quenching the fluorescence emission from E2 

molecules in aqueous solution, or non-specifically bound with porous particles. For E2 

molecules specifically bound inside imprinted cavities, fluorescence quenching by 

sodium nitrite was successful. A rapid method has been developed for E2 determination 

by measuring the change in fluorescence emission intensities between these two 

fluorescence quenching steps, using first AuNPs and then sodium nitrite. One major 

advantage of this method is the high selectivity of MIP particles for E2, as previously 

demonstrated using molecules with similar structures (estrone, ethynylestradiol) [*"'] and 

dissimilar structures (bisphenol A) [ ]. Other fluorescent molecules would not interfere 

with the E2 determination because they can only bind non-specifically to be readily 

quenched by AuNPs. Highly correlated Scatchard plots (R2 >0.97) serve well as a 

standard calibration curve. The detection limit for E2 is low, at the ultra-trace level of 0.1 

ppb. The method is also promising for use on a portable spectrofluorimeter in field 

studies. Further work is underway to verify that no potential interference by common 
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anions (CO32", NO3", PtCU2", SCN", N3" present in environmental waters) exists after an 

extra centrifugation step is added (to precipitate the MIP particles out for transfer into a 

cuvette of deionized water) before the two fluorescence quenching measurements. 
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Chapter 5 

Conclusion and Future work 

Spectrofluorimetry for trace chemical analysis has been successfully demonstrated in this 

thesis, using NIP and MIP particles as potential sensor materials for basic research in 

light scattering and fluorescence quenching. The intensity of NIP light scattering was 

correlated with the concentration of E2 in water down to 0.1 ppm. Advantages of this 

method include easy operation of the instrument, rapid steps in a simple procedure, and 

low costs of the NIP particles. A consentaneous explanation of the increase in light 

scattering from fine particles is increasing particle size [']. However, the NIP particle size 

did not change significantly after binding with different concentrations of E2 (appendix I). 

The real reason is still under investigation in our lab. One limitation of this method is that 

NIP does not have selectivity and an extra sample preparation step will be needed to 

separate the target analyte in real-sample applications. 

The second spectrofluorimetric method, based on fluorescence quenching, provides a 

useful two-step scheme for the investigation of specific binding between E2 molecules 

and MIP imprinted cavities. Determination of trace E2 levels is selective by judicious 

choices of the quencher size. Sodium nitrite due to its small size is used to penetrate the 

porous MIP particle to quench the fluorescence emission intensity from E2 molecules 

bound inside the MEP imprinted cavities. Methacryl amide was tested as a large quencher 

that would be sterically hindered in penetrating the pores of MIP particles. However, the 

S-V plots indicated that methacryl amide still could penetrate the porous MIP matrix. 

AuNPs, which is -120 times larger than methacrylamide, can be used as a large-size 

quencher to eliminate fluorescence emission from non-specifically bound E2 molecules 
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located on both the surfaces of MIP particles and inner walls of their porous matrices. 

Delightfully, the S-V plots indicated there AuNPs could not reach the E2 molecules 

bound inside MIP imprinted cavities. Thus, sodium nitrite and AuNPs are a good 

combination of fluorescence quenchers for two-step fluorescence quenching to determine 

trace levels of E2. The advantages of this method are selective, sensitive, simple and 

rapid. This analytical approach is also valuable in examining the specific binding sites in 

newly developed MIP materials. 

In the future work, this robust sensing method to detect E2 by using two steps of 

fluorescence quenching with AuNPs and sodium nitrite will use in real sample analysis. 

The samples from environment (fresh water and sea water) and health care (urine and 

other body fluid) are major targets to apply with this E2 sensing method. Depending on 

the rapid E2 binding characteristic, MIPs can be applied directly into the real sample and 

then testing the E2 level. The real samples with lower E2 concentration (less than 0.1 ppb) 

also can be performed by this sensing method due to the excellent preconcentration 

ability of MIPs [ ' ]. Further studies would examine the possible interferences from real 

sample matrix. The interference from fluorescent compounds in real sample can be 

avoided by the specific binding cavities. Further in real samples, the interferences from 

potential small size ionic quenchers need our careful investigation. 

The fluorescence quenching properties of sodium nitrite has shown in fluorescence 

quenching of E2 in this research. Sodium nitrite is used widely as a preservative in the 

processing of cured meat products mainly for its antimicrobial properties against 

Clostridium botulinum [4'5]. The risk of sodium nitrite consumption from cured meat 

products are incidence of childhood leukemia and brain tumors. In the future work, a 
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fluorophore modified membrane sensor will be designed to determination of sodium 

nitrite in cured meat product. Theoretically, this sensor is based on two results from 

chapter 3 and 4. First, a fluorophore bound substrate is a valuable fluorescent molecule 

sensor material. Second, sodium nitrite is a remarkable fluorescence quencher. 

Nylon filter membrane will be an excellent carrier for chemosensory applications in ultra-

trace analysis. Due to nylon filter membrane shows stronger relative fluorescence after 

binding with fluorophore and better retention with analyte than other type of filter 

membranes (i.e. cellulose acetate, immobilon, teflon, mixed esters and filter papers) [ ]. 

Proflavine was used for fluorescence quenching by nitrite in hydrochloric acid [7]. The 

diazotation of proflavine (fluorophore) by using sodium nitrite is rapidly produce 

acridine-3,6-diol and fluorescence quenching the proflavine fluorescence. 

Ideally, in the future, we can build a fluorescent sensing substrate by using nylon filter 

membrane binding with proflavine (fluorophore). The optimal conditions to making the 

fluorescent sensing substrate will be carefully tested by fluorescence quenching via 

Stern-Volmer plots and fluorescence quenching efficiency plots. Further studies would 

specially focus on proflavine concentration, contact time and pH. A calibration method 

will built on Stern-Volmer plots to detection sodium nitrite in real cured meat samples. 

This fluorescent sensing substrate can sense sodium nitrite by direct contact with meat 

juice and it also can be attached into the packing material of cured meat product. 
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Appendix 

Effective diameter of E2 bound NIPs vs. weight of E2 used for 
binding 
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Appendix I. Influence of E2 concentration (0 - 60000 ng or 0 - 20 ppm) on NIP particle 
size after binding. 
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