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CHAPTER 1

Literature Review

1.1 Fluorescence Sensors

A sensor can be defined as a device that responds to a physical property in order 

to measure or detect it.  The basic elements of a sensor device, as shown in Figure 1, 

include the sample to be tested for the specific property or substance of interest, the 

recognition element that responds in some fashion to the target property or substance, the 

transducer that functions to convert the response of the recognition element into a useable 

signal, and the detector or signal processor, which uses the transduction signal to produce 

appropriate and meaningful output information to the user (Eggins, 2007).

One of the most important aspects of a sensor is the transducer, which is largely 

responsible for the performance of a sensor.  When a sensor is exposed to the condition 

that it is designed to measure or respond to, such as a change in pH or temperature or the 

presence of a specific substance, it is the transducer that triggers a meaningful response 

from this otherwise unmeasurable event.  The most common transducers are 

electrochemical-based transducers, which utilize an electrical signal transduction such as 
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Figure 1:  Schematic describing the basic elements of a sensor device



a change in conductivity or voltage, and photometric-based transducers, which utilize 

light as the signal transduction method.  Within the field of photometric transduction are 

several sub-categories.  The most established of these are absorption spectroscopy and 

fluorescence spectroscopy.  Absorption spectroscopy is a technique that is often label-

free, meaning that the absorption of light by the sensor is changed directly by the 

property that you are trying to detect, negating the need for additional species to be 

introduced to the sensing element.  Fluorescence spectroscopy, on the other hand, 

requires the addition of one or more fluorescent species, and it is a change in the emission 

of the fluorescence by the property being detected that creates a useable signal.

Fluorescence is a process in which light energy is absorbed and subsequently re-

emitted.  This process is best depicted in the Jablonski diagram shown in Figure 2, which 

illustrates the molecular absorption of a photon, causing an electron be excited, jumping 

from the ground state to an excited energy state.  The electron then relaxes to the lowest 
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Figure 2:  Jablonski diagram depicting the process of fluorescence



unoccupied molecular orbital of the excited energy state band.  At this point, the electron 

can return to the ground state either with the emission of a photon, which results in 

fluorescence, or without the emission of a photon.  Alternatively, intersystem crossing 

can occur, resulting in an event known as phosphorescence, though this process is of little 

importance to the current research (Lakowicz, 2006).

When light is reemitted during the process of fluorescence, it does so from a 

lower energy state than that with which it was originally excited due to the electron’s 

relaxation to the lowest unoccupied molecular orbital.  This results in the fluorescent light 

having a lower energy and, therefore, a longer wavelength than the absorbed incident 

light.  This phenomenon is known as Stokes shift, and the consequence is a fluorescent 

substance having a photon absorption peak at a shorter wavelength than its mirror image 

emission peak, with the Stokes shift, or spectral distance, between the two peaks being 

dependent on the optical properties of the substance (Lakowicz, 2006).

While fluorescence sensors require the addition of a fluorescent species, they can 

be manipulated in ways that may give them far greater performance than label-free 

detection methods.  According to a review by de Silva et al. (1997), such enhancements 

in performance have given way to high sensitivity of detection down to the single-

molecule level, high spatial resolution, and submillisecond temporal resolution. 

Fluorescence sensors have been employed in a myriad of applications including water 

quality monitoring (He et al., 2003, Huang and Chang, 2006), studies of cell functions 

(Nikolaev et al., 2006), and glucose testing for medical purposes (James et al., 1994, 

Karnati et al., 2002, Marvin and Hellinga, 1998).  These examples do not even begin to 
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fully portray all of the uses that fluorescence sensors have found throughout their history.

1.2 Quantum Dots

In the past, most fluorescence-based photometric sensors have utilized organic 

fluorophores.  The field of nanophotonics, though, has broadened the available options 

for fluorescent species.  In particular, quantum dots have proven to be both useful and 

versatile in fluorescence sensing systems.  Quantum dots, unlike traditional organic 

fluorophores, are composed of inorganic semiconducting materials, such as CdSe, CdS, 

or ZnS.  In a bulk semiconducting material, the minimum energy required to cause an 

electron to jump from the valence band to the conduction band, referred to as the band 

gap, is constant and is considered a property of the material.  Along with the energy band 

gap, however, there is also a spatial distance that the electron must travel to reach the 

conduction band, which is called the exciton Bohr radius.  For quantum dots, the size of 

the semiconducting material approaches the Bohr radius, or 2-8 nm in diameter.  This 

process, called quantum confinement, produces two important electronic properties 

different from that of the bulk material.  First, the conduction band becomes separated 

into discrete sub-bands, resulting in emission of light from the material when an electron 

returns to the valence band from the conduction band.  Secondly, the band gap of the 

material is no longer constant, and instead increases as the size of the quantum dot 

decreases.  The size-dependent property of the band gap, then, causes a size-tunable 

property of the wavelength of emitted light.  As the diameter of the quantum dot 
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decreases, so does the wavelength of light that will be emitted when an electron returns to 

the valence band (Prasad, 2004).

Other than size-tunability of the fluorescence emission wavelength, quantum dots 

have several advantageous optical properties.  First, quantum dots can be capped by 

coating with several atomic layers of a semiconductor material with a wider band gap; 

often ZnS, which has a wider band gap than a cadmium-based core material such as 

CdSe.  The capping process gives the quantum dot greater photostability and a higher 

quantum yield.  Also, because of its nanocrystalline structure, the surface of the quantum 

dot can be functionalized for various applications and uses (Michalet et al., 2005). 

Among these applications are detection of explosives (Goldman et al., 2005, Freeman 

and Willner, 2008), monitoring of DNA hybridization (Peng et al., 2007, Robelek et al., 

2004, Zhang et al., 2005), and protease detection (Shi et al., 2006, Medintz et al., 2006, 

Yao et al., 2007).  Again, these examples are only a few of the many uses that quantum 

dots have seen in fluorescence sensing schemes.

1.3 Molecularly Imprinted Polymers

Because the field of sensors is extremely broad, it can be divided into three 

primary categories based on the type of recognition element that the sensor employs. 

These categories are physical, chemical, and biological.  Physical sensors measure 

physical quantities such as temperature, pressure, or weight.  Chemical sensors use 

chemical reactions to respond to a particular substance, wherein the substance of interest 
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is termed the analyte.  Biological sensors, which are often considered a subclass of 

chemical sensors, have the distinction of exclusively using biological elements for 

analyte response.  Many of the other subclasses of chemical sensors are eletrochemical-

based, such as potentiometric sensors, amperometric sensors, and conductometric 

sensors.  There are, however, many types of optical sensors with the field of chemical 

sensing, and fluorescence-based detection is a common method employed in chemical 

sensing schemes (Janata, 2009).

In general, chemical sensing is a process in which the chemical composition of a 

system is obtained.  This is normally accomplished through the use of a chemically 

selective surface that interacts either directly or indirectly with the sample and the analyte 

therein.  In the case of conductometric sensors, interaction of the analyte with a 

conductive surface yields a meaningful change in the conductivity of the surface, 

producing a sensor response.  In the case of biosensors, the analyte interacts with a 

biological element, such as an enzyme, nucleic acid, antibody, or some other receptor. 

Most of the biological recognition events take place via a catalytic effect, as is the case 

with an enzyme, or through the formation of a complex, as is the case with an antibody. 

This thermodynamic process in which a biological element forms a selective complex 

with the analyte of interest is a highly effective method of analyte recognition.  However, 

biomolecules are often fragile and are not viable for sensors that are exposed to harsh 

environments and therefore must be kept in a highly controlled, aqueous environment in 

order to function (Eggins, 2007).  In this manner, molecularly imprinted polymers are a 

suitable alternative to biological recognition elements.
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Molecular imprinting is a process by which analyte-specific recognition sites are 

prepared in a matrix using a molecular template.  This process can be equated to a sort of 

molecular mold-casting procedure.  There are two main types of molecular imprinting 

processes:  those that utilize covalent binding between the matrix and the analyte, and 

those that use a non-covalent approach.  Because the range of analytes that can be 

effectively imprinted using the covalent approach is relatively limited, the non-covalent 

method is the most common.  Another consideration in the molecular imprinting process 

is the matrix material that is used to form the molecularly imprinted material.  The 

individual building blocks of the matrix material must be carefully chosen so that they 

interact weakly with the molecular template.  However, when many of these weak 

interactions are combined in the matrix, a strong binding complex formation will occur. 

Although glassy, silica-based compounds have commonly been used as a matrix material 

for molecular imprinting, the focus herein will be on organic polymer matrices, which are 

more common (Yan and Ramström, 2005).
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Figure 3:  Diagram illustrating the process of molecular imprinting



The process of molecular imprinting is shown in Figure 3.  The template is 

distributed in a fluidic solution containing the functional monomer.  The monomer forms 

weak, non-covalent interactions with the template.  When the solution undergoes 

crosslinking, a solid polymer matrix is formed.  Because many individual monomers are 

able to form non-covalent interactions with a single molecular template, a strong bond is 

formed between the polymerized matrix and the template.  The rigid polymer matrix 

containing the bound template then undergoes a chemical extraction procedure, which 

removes the bound template by breaking the weak individual bonds between the 

monomer and the template.  After the template has been extracted, the cavities that are 

produced retain the specific three-dimensional shape of the molecular template as well as 

a chemical memory of the template.  Therefore, when the molecularly imprinted polymer 

(MIP) is re-exposed to a sample containing the template, the template molecule will 

undergo binding by fitting into the imprinted cavity via a lock-and-key mechanism and 

simultaneously form a non-covalent bond as the weak interactions between monomer and 

template are re-established (Yan and Ramström, 2005).

Most applications of molecularly imprinted polymers (MIPs) have been confined 

to separations of mixtures and enantiomeric separations.  Many of these applications have 

utilized MIPs in chromatographic separation methods, most notably 

electrochromatogrphy (Nilsson et al., 2004, Schweitz et al., 1998, Priego-Capote et al., 

2008).  Although separations of mixtures is the most often encountered implementation 

of MIPs, they have also been used as the recognition element in sensor schemes. 

Commonly, these schemes make use of mass-based signal transduction mechanisms, 
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often with quartz-crystal microbalances (QCM) or surface-acoustic wave (SAW) devices 

(Dickert and Hayden, 1999).  Such transducers, though, are delicate and usually require 

laboratory-based instrumentation and so the ability of these sensors to be deployed into 

practical use is limited.  A move towards field-deployabilty was realized when MIPs were 

introduced into electrochemical sensing systems (Thoelen et al., 2008).

MIP-based sensing systems were further enhanced when integrated into 

fluorescence transduction systems, by preparing the imprinted polymer using a 

fluorescent monomer (Tong et al., 2002, Turkewitsch et al., 1998).  These fluorescent 

monomers, however, suffer from poor photostability, and are thus of little use in sensor 

devices that must undergo long-term or repeated excitation.  As an alternative to 

traditional fluorophores, quantum dots have been utilized as the fluorescent species in a 

very small number of MIP sensing schemes.  The quantum dots are not easily suspended 

in a MIP matrix, though, due to their dissociating from the solution during 

polymerization, as well as their removal from the matrix during the template extraction 

procedure unless the quantum dot is covalently bound to the polymer.  Two notable 

methods for alleviating this problem and introducing quantum dots into the matrix of the 

imprinted polymer have been described.  The first method makes use of a pre-

polymerization step, in which the slow polymerization of a solution containing dispersed 

quantum dots is carried out.  This produces small, amorphous polymer particles that 

contain the entrapped quantum dots, which can then be distributed in the MIP solution 

during crosslinking (Pang et al., 2005).  This method does not entirely cure the problem 

of poor quantum dot dispersion, as the quantum dots are still likely to dissociate during 
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the pre-polymerization step.  In addition, the pre-polymerization method is difficult to 

repeat consistently.  The second method for introducing quantum dots into the MIP 

matrix utilizes a chemical functionalization method, in which the surface of the quantum 

dot is coated with a species that is capable of undergoing polymerization; more 

specifically, 4-vinylpyridine (Lin et al., 2004a, b).  Like the previous method, the even 

distribution of quantum dots within the polymer matrix of the MIP is not attained with 

this method.  Furthermore, the functionalized quantum dots degrade rapidly and must 

undergo polymerization immediately after functionalization and cannot be stored.  In this 

manner, a highly effective method for coupling quantum dot-based signal transduction 

with imprinted polymer analyte recognition has not been realized.

1.4 Nitroaromatic Explosive Compounds

Nitroaromatic compounds, most notably trinitrotoluene (TNT), are commonly 

used as high explosives throughout the world.  TNT has advantageous properties over 

other explosive compounds, with a particular emphasis on its insensitivity to heat, shock, 

friction, and spark, as well as its low melting point, which allows it to be melted and cast 

into molds for various munitions applications (Agrawal, 2010).

The detection of explosive compounds is key in the ability to sense landmines, 

roadside bombs, and other explosive devices.  Traditional methods for the detection of 

high explosives include chromatographic separation techniques, mass spectrometry, 

infrared absorption spectroscopy, and ion mobility spectrometry (IMS), just to name a 
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few (Moore, 2004).  And while these techniques are highly effective, they require delicate 

equipment that is normally confined to a laboratory environment and must be operated by 

a trained technician.

Other more recent methods for sensing explosives are considerably more practical 

for field-deployable use and potential portability.  A number of these technologies utilize 

biosensor systems, such as immunosensors, enzymatic sensors, and whole-cell biosensors 

(Smith et al., 2008).  And whether these sensors are biological, chemical, or physical, 

many of them utilize optical signal transduction mechanisms, due to optical sensors' high 

performance, portability, and cost-effectiveness.  Such optical sensing techniques include 

colorimetric assays, fluorescence quenching assays, and turn-on sensing methodologies 

(Germain and Knapp, 2009).  The sensors that utilize fluorescence quenching are notable 

in that they make use of the nitroaromatic compound's innate ability to act as electron 

acceptors.  When exposed a nitrated organic compound is exposed to an excited 

fluorescent species, the fluorophore undergoes a dynamic quenching event.  In this event, 

the nitroaromatic quencher collides with the excited-state fluorescent species, forming a 

transient complex during the excited-state lifetime of the fluorophore.  The complex then 

dissociates, leaving the fluorophore in the ground state, and effectively quenching its 

fluorescence (Goodpaster and McGuffin, 2001).

One particular type of fluorescence quenching assay that utilizes fluorescent 

conjugated polymers has shown promise as a method for detecting explosive compounds 

in the field (Chang et al., 2004, McQuade et al., 2000, Thomas et al., 2007).  Although 

conjugated polymers have enhanced quantum yields over traditional organic 

11



fluorophores, devices utilizing these materials as a fluorescent species still suffer from 

poor photostability over long time periods of excitation or repeated interrogation.  An 

enticing alternative to conjugated polymers are quantum dots, which do not suffer from 

photobleaching as organic fluorescent species do.  And while it has been illustrated that 

the fluorescence of quantum dots is effectively quenched by nitroaromatic compounds 

(Shi et al., 2008), their use in sensor devices for explosives remain largely unrealized.
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CHAPTER 2

Introduction to Research

2.1 Significance of Research

The need for accurate detection of explosive devices and explosive compounds is 

not only important for the safety and security of those who could be targeted by such 

attacks, but also for the well-being of those who live in areas affected by landmines and 

other unexploded ordinance, as the toxic compounds leak into groundwater and thus 

contaminate drinking water sources.  The demand for explosives detection capability is 

acutely urgent for military combat forces.  It is estimated that, between 2001 and 2008, 

70% of all American combat casualties in Iraq and 50% of those in Afghanistan were 

caused by improvised explosive devices (IEDs) (Wilson, 2008).  These devices include 

roadside bombs, car bombs, and suicide bombs, and are devastatingly effective. 

Although commercially available methods for detection of vapor-phase explosive 

compounds exist, their lack of effectiveness in the extreme conditions present in areas of 

combat reduce their viability for military applications.  In this way, a robust device for 

detecting explosive compounds is essential.

A proposed method for accurately detecting nitroaromatic explosive compounds is 

through the use of a fluorescence-based chemical sensor.  To extract the nitroaromatic 

analyte from the environment in a selective manner, a molecularly imprinted polymer 

(MIP) is utilized as the chemical recognition element. The selective binding of the 
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analyte to the MIP must then be converted into a usable signal.  This is accomplished 

with a fluorescence quenching process facilitated by the integration of quantum dots into 

the imprinted polymer using a post-processing method, in which the quantum dots are 

bound to the side-groups of the polymer after crosslinking of the MIP is complete.  Upon 

binding to the MIP, the nitroaromatic molecule quenches the fluorescence of proximal 

quantum dots.  An illustration of this process is shown in Figure 4, wherein binding of the 

TNT template to the fluorescently labeled MIP produces a local decrease in fluorescence 

emission.  This quenching effect can then be observed and quantified.
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Figure 4:  Illustration of the fluorescent MIP sensor 
scheme



The proposed fluorescent-labeled MIP sensor will provide an alternative to 

current best-practice methods for detecting nitroaromatic compounds, with a particular 

emphasis on conjugated polymer-based sensing and ion mobility spectrometry (IMS), as 

these are two of the leading technologies in portable explosives detection.  However, the 

MIP-based sensing scheme has several advantages over current methods.  The most 

prominent advantage is the MIP sensor's capability of binding and retaining the 

nitroaromatic analyte.  This is in contrast to conjugated polymers and IMS, which do not 

retain the analyte and rely on environmental concentration only.  Another advantage of 

the fluorescent-labeled MIP sensor over other methods is the integration of quantum dots, 

which have strong, stable fluorescence over time and are not susceptible to 

photobleaching.  The stable emission of the fluorescent species allows the MIP sensor to 

be interrogated continuously or repeatedly over long periods of time.

Along with the importance of the research to the application of detecting 

explosive devices, this project is also a significant advancement in the state-of-the-art of 

fluorescent chemical sensors.  The methods previously used to incorporate quantum dots 

into the matrix of imprinted polymers have had notable disadvantages, including poor 

shelf-life and nonuniform dispersion throughout the polymer.  By binding the quantum 

dots to the side-groups of the polymer chain after the MIP has been prepared, dispersion 

of the quantum dots in the polymer may be enhanced.

15



2.2 Research Objectives

The goal of this research is to develop a quantum dot-labeled MIP sensor that is 

capable of selectively binding to the nitroaromatic explosive TNT and its breakdown 

product dinitrotoluene (DNT), producing an observable decrease in fluorescence 

emission as nearby quantum dots undergo a dynamic quenching process, donating an 

excited-state electron to the nitroaromatic compound.  The sensor must specifically bind 

the nitroaromatic template molecule to avoid cross-reactivity with other molecules. 

Furthermore, the sensitivity of the sensor, determined by the binding efficiency of the 

MIP, the degree of quantum dot quenching by the analyte, and the limits of the 

instrumentation used to measure the fluorescence signal, must be sufficiently high so that 

trace detection of explosives is achieved.

The specific objectives that must be met in order to fulfill the overall goal of the 

project are as follows:

• Successfully synthesize and characterize MIPs using TNT and DNT as the 

template molecules.

• Integrate quantum dots into the MIP matrix, rendering the MIP fluorescent with 

measurable emission.

• Gather preliminary data on the capability of the quantum dot-labeled MIP to 

detect the presence of aqueous template.

• Examine alternative methods for preparation of the MIP for enhancement of 

template rebinding.
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• Study and compare the response of the fluorescent MIP sensors to aqueous 

template.

• Apply the most effective quantum dot-labeled MIP sensing scheme to a solid 

substrate platform for vapor-phase TNT detection.

The purpose of the project is to develop a feasible method for detecting 

nitroaromatic explosive compounds.  By completing the objectives stated above, such a 

method may be realized.  In addition, the performance of the sensor, particularly the 

sensitivity and lower limit of detection, will be compared to current best practices to 

verify that the quantum dot-labeled MIP sensor is competitive with these technologies.
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CHAPTER 3

Preliminary Results of Fluorescent MIP Sensor

3.1 Overview

The first task in the development of a quantum dot-labeled MIP sensing scheme 

was to devise a method for binding the quantum dot to the side groups of the imprinted 

polymer.  Based on the small size of the template molecules used in the study, 2,4-

dinitrotoluene (DNT) and 2,4,6-trinitrotoluene (TNT), a small molecular weight 

functional monomer was chosen so as to increase the number of binding sites between the 

monomer and template without steric hindrance of adjacent monomers.  Acrylic-based 

polymers are by far the most commonly used in MIP applications due to their high 

imprinting efficiency, and so the small acrylic molecule methacrylic acid was chosen as 

the functional monomer.  Upon crosslinking, poly(methacrylic acid) presents two side 

groups: a methyl moiety and a carboxylic acid moiety.  This carboxylic acid side group is 

also common in biomolecules such as a proteins and enzymes and so it was hypothesized 

that one of the many bioconjugation procedures would be effective at linking the polymer 

to the quantum dot whose surface was appropriately altered for such a procedure.  The 

bioconjugation procedure that was chosen for this task was a traditional coupling reaction 

utilizing aqueous carbodiimides.
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Carbodiimide-mediated coupling has been thoroughly studied (Gilles et al., 1990, 

Staros et al., 1986), and is highly effective at binding carboxyl groups to primary amines 

through a reaction that creates a zero-length amide bond linkage.  This coupling reaction 

is shown in Figure 5, in which the carboxyl-functional species is the MIP and the amine-

functional species is the quantum dot functionalized with an amine-terminated coating. 

One advantage of using this method is that, without exposure to a primary amine, the 

intermediate species re-hydrolyzes, leaving the carboxyl group intact.  Therefore, the 

alteration of potential template binding sites by the coupling reaction is minimized.  In 

addition, the zero-length nature of the linkage ensures that the quantum dot is as close to 

the template binding sites of the MIP as possible, producing a stronger quenching 

response upon binding of the nitroaromatic template.

Once a method for coupling of the quantum dot to the MIP was developed, the 

labeled MIP was characterized and optimized for maximum template binding efficiency. 

The response of the optimized sensing scheme was then studied by re-exposing the 

quantum dot-labeled MIP to the DNT or TNT template in a controlled manner and 

observing its response.   This preliminary development and characterization is vital for 
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Figure 5:  Binding of MIP carboxyl side groups (1) to aminated surface of quantum dots (2) by 
carbodiimide-mediated linkage



assessing the feasibility of the overall sensing scheme, ensuring that the quantum dot-

labeled MIP is capable of effectively detecting the nitroaromatic template.

3.2 Materials and Methods

All chemical reagents and solvents used were purchased from Sigma-Aldrich (St. 

Louis, MO).  Amine-functionalized CdSe quantum dots with a fluorescence emission 

wavelength of 605 nm were purchased from eBioscience (San Diego, CA).  For the 

fluorescent labeling procedure, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

hydrochloride (EDC) and N-hydroxysuccinimide (NHS) were purchased from Pierce 

Protein Research Products (Rockford, IL). Fluorescence measurements were taken using 

a Horiba Jobin Yvon Fluoromax-2 spectrofluorometer (Edison, NJ) or an Ocean Optics 

LS-LED 380 nm light emitting diode (Dunedin, FL) coupled with an Ocean Optics 

USB2000 hand-held spectrometer.  Electron microscopy imaging was carried out using a 

Joel-1400 transmission electron microscope (Tokyo, Japan).  Surface area measurements 

were conducted using a Quantachrome Autosorb gas adsorption system (Boynton Beach, 

FL).
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3.2.1 MIP Synthesis

During the course of the preliminary data, most of the characterization was carried 

out using an imprinted polymer prepared using DNT as the template, while both the 

DNT-imprinted and TNT-imprinted polymers were utilized for template rebinding 

studies.  Both polymers were prepared using the same procedure.  Synthesis of the MIP 

was carried out by combining 1.0 mmol methacrylic acid monomer, 4.0 mmol ethylene 

glycol dimethacrylate (EGDMA) crosslinker, and 0.025 mmol template in 50%(v/v) 

chloroform in a 4 ml glass vial.  To this solution, 0.05 mmol 1-hydroxycyclohexyl phenyl 

ketone photo-initiator was added.  The pre-polymerization solution was briefly bubbled 

with nitrogen, as the radical polymerization reaction is oxygen-sensitive.  This solution 

was then polymerized under 365 nm UV illumination for 5 minutes.  After 

polymerization, the bulk polymer was pulverized with a mortar and pestle and sieved to 

exclude any particles with a diameter above 20 microns using a nylon net filter.  Next, the 

particles were dispersed in 10 ml methanol and sonicated at 60˚C for approximately 2 

hours to extract the template, as well as any free monomer, crosslinker, or initiator.  The 

MIP particles were then centrifuged at 2,000 rcf for 10 minutes and the methanol was 

removed.  The particles were allowed to dry overnight at room temperature.  A non-

imprinted polymer (NIP) was used as a negative control sample and was synthesized 

similarly, but without the addition of the template.
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Nitrogen absorption measurements were used to examine the surface area of the 

crushed MIP and NIP polymers, allowing the degree of porosity of the polymers to be 

deduced.  The Quantachrome nitrogen sorption system was used with an outgas 

temperature of 26.0˚C and a bath temperature of 77.4˚C.

3.2.2 Quantum Dot Labeling

The dried MIP particles were dispersed in 0.5 ml phosphate buffered saline (PBS) 

and sonicated for approximately 1 hour at room temperature to ensure complete particle 

dispersion.  Once the particles were appropriately dispersed in PBS, 2.0 mM EDC and 

7.5 mM NHS were added to 5.0 mg/ml MIP.  In this reaction, the carboxylic acid side 

groups of the MIP particles were activated to allow binding to available amines.  After a 

30-minute incubation, 0.03 μM amine-functionalized CdSe quantum dots were added. 

Upon introduction of the quantum dots, the crosslinking reaction between the activated 

carboxyl groups of the MIP microparticles and the amine-functionalized surface of the 

quantum dot took place.  The result was a fluorescently labeled MIP microparticle 

solution.  The fluorescent MIP particles were then centrifuged at 10,000 rcf for 10 

minutes and the PBS was removed, along with any unbound quantum dot, EDC, or NHS. 

The particles were then dispersed in distilled water for use.  The NIP particles were 

fluorescently labeled in the same manner.
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3.2.3 Measurement of Sensor Response

The fluorescent MIP particles were diluted to a concentration of 2.0 mg/ml and 

then exposed to an aqueous solution containing the maximum concentration of 0.5 mM 

template, which is approximately the saturation limit of TNT in water.  The total reaction 

volume used for the template exposure was 0.5 ml.  After introduction, the template 

bound to the imprinted binding sites of the MIP.  This decreased the distance between the 

electron accepting template and the quantum dots conjugated to the MIP particles, 

causing fluorescence quenching of the quantum dots.  The quantum dot fluorescence 

spectrum was monitored both before and after introduction of the template.  For dose 

response experiments, the aqueous template concentration ranged from 0 to 0.5 mM and 

the quantum dot fluorescence spectra were captured after an exposure time of 10 minutes. 

Exposure of labeled MIP to template took place at a total volume of 100 μl, after which 

the solution was diluted to 1 ml and transferred to a cuvette for fluorescence 

measurement.

The excitation wavelenth of the Fluoromax spectrometer used for these studies 

was 400 nm, and an emission scan was taken from 550-650 nm.  Both the excitation and 

emission slit widths were set at the default setting of 5 nm.  The data was analyzed by 

comparing the peak fluorescence intensity at 605 nm of each solution, and plotting these 

intensity values with respect to the concentration of template or duration of exposure. 

For the solvent selection study, an Ocean Optics spectrometer was used to capture the 

quantum dot fluorescence.  This spectrometer was used with a 100 ms integration time 

and fluorescence was fed to the spectrometer from the sample using an optical fiber.
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3.3 Results and Discussion

3.3.1 MIP Characterization

An important aspect of the characteristics of the MIP particles, for both 

fluorescent labeling as well as template extraction and rebinding, is surface area.  Surface 

area analysis was conducted for both the MIP particles and the NIP negative control 

particles.  The surface area value measured by nitrogen adsorption analysis for the MIP 

particles was determined to be 10.59 m2/g, while the value for the NIP particles was 

determined to be 178.92  m2/g.  It was initially thought that the imprinted binding sites of 

the MIP would enhance the porosity of the microparticles.  However, surface area 

analysis of the MIP as compared to the NIP, which was synthesized without the presence 

of the template, illustrates that the opposite is true.  The decreased surface area of the 

microparticles with imprinted binding sites is likely due to the strong UV absorption of 

the template.  Because UV light is being absorbed by the template during polymerization, 

the crosslinking reaction will proceed slowly,decreasing the porosity.

After fluorescent labeling of the MIP particles was complete, TEM images of the 

microparticles were taken to ensure sufficient quantum dot dispersion and degree of 

labeling.  The aqueous MIP particles were drop-cast onto a standard TEM grid and 

allowed to dry.  The grids were then inserted into the microscope and imaged.    Quantum 

dot labeling was analyzed by comparing the particles before and after the bioconjugation 

procedure.  Both samples are shown in Figure 6.  The quantum dots are clearly 

observable as small dots distributed within the polymer matrix of the MIP particle in 
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Figure 6a, while the particles lack these features before quantum dot labeling, as shown 

in Figure 6b.  The TEM images also do not seem to show a higher density of quantum 

dots around the exterior, indicating consistent dispersion of the nanocrystals throughout 

the polymer matrix of the MIP particles.  It should also be noted that, according to the 

supplier of the quantum dots, the total hydrodynamic diameter of the particle is 

approximately 25 nm.  This diameter takes into account the proprietary hydrophilic 

protective coating.  However, this coating is not visible with TEM imaging.  This 

indicates that the quantum dots' coating is highly electron-transparent, and the wide 

diameter of the quantum dots could inhibit the ability of the nanocrystals to enter the 

polymer matrix.  Despite this potential issue, the fluorescence of the labeled MIP 

particles was relatively strong and so the conjugation procedure was considered a 

success.
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Figure 6:  TEM images of MIP microparticles before (a) and after (b) quantum dot labeling



A key factor determining the efficiency of molecular imprinting is the solvent 

selection.  The polymerization solvent facilitates the molecular interactions between the 

dissolved template and monomer and is a primary determinant of the strength of these 

interactions.  A limited number of solvents are available due to the characteristics that are 

desired for the polymerization reaction.  Most importantly, the solvent must readily 

dissolve all reagents, including monomer, crosslinker, template, and initiator.  Secondly, 

the solvent should be a poor solvent for the crosslinked polymer so that a porous matrix is 

created, allowing the template to be readily extracted.  Solvents that meet these criteria 

include acetonitrile, chloroform, toluene, and 2,4-dimethylformamide (DMF).  To 

determine the most appropriate solvent for imprinting of nitroaromatic template 

molecules, three of these solvents were examined:  chloroform, acetonitrile, and toluene. 

DMF was not considered due to a color change reaction that occurs when mixed with 

nitroaromtic compounds in high concentrations.  The labeled MIP microparticles were 

exposed to a saturated concentration of DNT in water and the peak fluorescence intensity 

was observed both before and after template introduction.  Additionally, these results 

were compared to a non-imprinted polymer control that was prepared using the same 

solvents.  The percent change in fluorescence intensity values, or degree of quenching 

values, are shown in Figure 7.
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The largest decrease in fluorescence occurred when the imprinted polymer was 

prepared using chloroform as the solvent.  Interestingly, this corresponded to the smallest 

decrease in fluorescence for the non-imprinted polymer control.  This indicates that  the 

imprinted polymer synthesized using chloroform as the polymerization solvent has the 

highest imprinting efficiency and is therefore the most suitable solvent for rebinding of 

nitroaromatic templates.  Chloroform was utilized as the solvent for preparation of the 

imprinted polymers in subsequent studies, unless otherwise noted.
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Figure 7:  Change in fluorescence intensity after addition of template for 
quantum dot labeled MIP samples prepared with various 

solvents as compared to NIP negative control



3.3.2 Response of Fluorescent MIP to Template

By exposing the labeled MIP sensor solution to a high concentration of template 

and examining the quench in fluorescence over time, the time response of the sensor was 

determined.  After addition of 0.5 mM aqueous DNT to the MIP sensor, an immediate 

decrease in fluorescence was observed, with an exponential trend over time, as shown in 

Figure 8.  This is in contrast to the non-imprinted polymer control, which produced a 

much smaller initial decrease in fluorescence intensity, which remained constant over 

time, indicating a lack of binding of the template to the polymer microparticles.  After 

only 1 minute of exposure, the p value of the means of the imprinted and non-imprinted 

polymers is 0.0121, showing a statistical significance between the sensor and the negative 

control with a confidence interval of 95%.  At 5 minutes after initial exposure to the DNT 

template, the p value increases to 0.0916 due to slightly larger error in these samples.  At 

all subsequent time points, however, the differences between means of the DNT 

imprinted and non-imprinted polymers are significant.  Because of the irregularly large 

error at a time of 5 minutes after addition of DNT, the response time of the sensor can be 

considered to be 10 minutes.
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The time response of the fluorescent MIP sensor when TNT is used as the 

template is shown in Figure 9.  After addition of TNT to the solution containing the MIP 

sensor, a time response curve similar to the DNT-imprinted polymer is observed.  This 

data is then compared to a non-imprinted polymer control, which showed negligible 

fluorescence quenching after addition of TNT.  The means of the imprinted polymer 

sensor and the non-imprinted polymer control were compared at the smallest time value, 

1 minute.  At this point, the p value of the two means is 0.0129 with a confidence interval 

of 95%.  The differences between the MIP sensor quenching and negative control 

quenching for all subsequent time points are also statistically significant, and so the 

response time of the TNT-imprinted sensor can be considered 1 minute.  However, no 

time values below 1 minute were studied, and so it is possible that the response time is 

lower than 1 minute.
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Figure 8:  Time response for DNT-imprinted MIP compared to non-
imprinted negative control
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The dose response curve of the MIP sensor provides valuable information on the 

sensitivity and lower limit of detection of the sensor.  To ascertain this information, the 

MIP sensor was exposed to concentration of aqueous template ranging from 0-0.5 mM 

and measurements were taken at 10 minutes.  The fluorescence of the DNT imprinted 

MIP, shown in Figure 10, decreases notably when exposed to increasing concentrations of 

template.  This quenching effect continues up to a saturation point, above which very 

little further fluorescence quenching is observed.  The decrease in fluorescence intensity 

of the non-imprinted negative control decreases nearly negligibly with increasing 

concentrations of DNT, illustrating that binding of the template to the MIP is 

overwhelmingly responsible for the observed quenching response, and not random 

interactions in the aqueous solution.  The maximum decrease in fluorescence intensity of 

the non-imprinted negative control was used as the benchmark for determining the lower 

limit of detection of the MIP sensor.  To do this, the lowest fluorescence intensity value of 
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Figure 9:  Time response for TNT-imprinted MIP compared to non-imprinted negative control
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the non-imprinted control was applied to the nonlinear regression curve of the imprinted 

polymer sensor.  The DNT concentration was calculated in this manner to be 30.1 μM, 

which may be considered the lower limit of detection of the fluorescent MIP sensor.

This study was repeated with the TNT imprinted polymer, with the results shown 

in Figure 11.  Again, a relatively large quenching response was observed for the MIP 

sensor as various concentrations of TNT were added, while negligible response was 

observed for the non-imprinted polymer negative control.  Using the largest quenching 

response of the negative control as the benchmark for determining the lower limit of 

detection of the TNT imprinted polymer, the lowest detectable concentration of TNT was 

calculated to be 40.7 μM.  While this value is comparable to the DNT imprinted polymer 

sensor, it was expected that the quenching response to TNT would be greater due to the 

increased electron accepting properties of the TNT.  This irregularity can be accounted 
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Figure 10:  Dose response for DNT-imprinted MIP compared to non-
imprinted negative control
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for by slight variations in imprinting efficiency between batches of polymer particles. 

Although the TNT should theoretically produce a stronger quenching response, less of it 

is being bound by the MIP particles due to a lower imprinting efficiency as compared to 

the DNT-imprinted polymer.  Regardless, the data indicates that the sensor is capable of 

not only detecting the presence of either nitroaromatic compound, but is able to do so in a 

concentration-dependent manner.
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Figure 11:  Dose response for TNT-imprinted MIP compared to non-
imprinted negative control
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3.4 Conclusions

The preliminary results for the fluorescent-labeled MIP sensor are indicative of a 

suitable system for detection of nitroaromatic compounds.  The sensor system had 

notable sensitivity, achieving a lower limit of detection of 30.1 μM for DNT and 40.7 μM 

for TNT.   Although the lower limit of detection of the sensor is currently too high for 

trace detection of these compounds, optimization of the microparticle size would increase 

the limit of detection.  The time response observed in the preliminary studies was as low 

as 1 minute for TNT detection.  With further optimization, a time response in the range of 

seconds could be achieved, which would make the sensing system adept for field 

detection.  Another noteworthy aspect of the results throughout the preliminary studies of 

the fluorescent MIP sensor is that the MIP quenching response was compared with a non-

imprinted polymer that acted as a negative control.  This negative control was exposed to 

the nitroaromatic analytes in an identical manner as the sensor solution.  While 

observable and distinct decreases in fluorescence occurred with the MIP sensor solution, 

negligible quenching was observed with the non-imprinted control.  What little 

quenching effect that was observed with the negative control can be attributed to random 

interactions of the nitroaromatic analyte with the fluorescent non-imprinted polymer 

microparticles in the aqueous solution.  This, in turn, illustrates that binding interactions 

between the template and fluorescent MIP were responsible for the observed quenching 

response.  In can be concluded, then, that the proposed fluorescent MIP-based sensor 

scheme is a potentially viable method for use in detection of high explosives.
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CHAPTER 4

Fluorescent MIP Microsphere Sensor

4.1 Overview

The preliminary findings were that the post-processing technique for coupling 

quantum dots to the MIP was an effective method for rendering the polymer fluorescent 

with a highly stable fluorescent species.  Additionally, it was concluded that the 

nitroaromatic-imprinted polymer was capable of detecting the presence of the template 

after re-exposure when rebinding of the template quenched the fluorescence of the 

quantum dots integrated within the polymer.  The next iteration of the sensing scheme 

involved decreasing the polymer particle size.  One of the most attractive methods for 

creating relatively small particles is with a procedure called precipitation polymerization.

The key difference between precipitation polymerization and the more traditional 

solution polymerization is the volume of solvent used during the reaction.  In the standard 

free radical solution polymerization reaction, approximately 50-60%  of the reaction 

solution volume is solvent.  The solvent is chosen so that it easily dissolves the monomer 

and other reagents but is a poor solvent for the crosslinked polymer.  When crosslinking 

is initiated, the solvent acts as a porogen and produces a polymer with a porous network 

that allows effective extraction of the template molecules.  In the precipitation 

polymerization reaction, the solvent volume is increased to approximately 98% of the 

total reaction volume.  The surface energy of the forming polymer is then minimized, 
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creating discrete particles with a spherical shape and a uniform size; usually in the range 

of 400-800 nm in diameter (Beltran et al., 2009, Ye et al., 2000).

Along with decreased particle size, which it was hypothesized would enhance 

template extraction and rebinding, the spherical shape of the polymer particles would 

enhance to optical properties of the sensor scheme by reducing scattering of excitation 

light and fluorescence emission.  Therefore, the MIP microsphere-based sensing system 

was tested with regard to its performance in rebinding the nitroaromatic template using 

the preliminary data gathered with the large amorphous MIP sensing element as a 

comparative benchmark. 

4.2 Materials and Methods

Unless otherwise noted, all chemicals, reagents, and equipment were identical to 

those used previously.  One notable change in procedure came in the use of N-

hydroxysulfosuccinimide (sulfo-NHS) to replace the less water soluble NHS, which was 

also purchased from Pierce Protein Research Products (Rockford, IL).  UV/Vis 

absorbance measurements were taken with a Beckman UV/Vis spectrophotometer (Brea, 

CA).  Fluorescence measurements were taken with a Horiba Fluorolog 

spectrofluorometer (Irvine, CA).  Morphology characterization of the MIP microspheres 

included electron microscopy imaging with a Hitachi S-4700 scanning electron 

microscope (Schaumburg, IL) and particle diameter measurements with a Horiba LB-550 

Dynamic Light Scatter (DLS) particle size analyzer.
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4.2.1 MIP Microsphere Synthesis

The imprinted polymer microspheres were prepared by combining 0.1 mmol 

methacrylic acid monomer, 0.1 mmol ethylene glycol dimethacrylate (EGDMA) 

crosslinker, and 0.01 mmol nitroaromatic template in 2.0 ml chloroform in a 4 ml glass 

vial.  Both DNT and TNT were used as template molecules for these studies and the same 

molar amount was added to the reaction mixtures.  To this solution, 0.01 mmol 2,2'-

azobis(isobutyronitrile) (AIBN) thermal initiator was added.  The photoinitiator used in 

the previous studies was replaced with the AIBN thermal initiator to slow the rate of 

polymerization.  The thermal initiators create free radicals at a much lower rate than the 

photoinitiators, which allows the growing polymer to coil effectively in the solvent.  This 

produces the spherical shape of the resulting particles.  The pre-polymerization solution 

was briefly bubbled with nitrogen, and polymerized in a hot water bath at 50°C for 

approximately 20 hours.  After polymerization, the resulting polymer microspheres were 

placed in a refrigerator at 20°C for 30 minutes to quench the crosslinking reaction.  The 

solution was centrifuged at 15,000 rcf for 10 minutes and the reaction solution 

supernatant was removed.  The polymer was then dispersed in 10 ml methanol and 

sonicated at 60°C for approximately 2 hours to extract the template, as well as any free 

monomer, crosslinker, or initiator.  After template extraction, the MIP microsperes were 

centrifuged at 3,500 rcf, the methanol was removed, and the particles redispersed in 2 ml 

distilled water.
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The quantum dot labeling procedure was identical to the protocol described 

previously, with the exception of sulfo-NHS, which was used in place of NHS due to its 

polarity and enhanced water solubility.  In addition, the concentrations of EDC and sulfo-

NHS were increased to 12.5 mM and 25 mM, respectively.  These concentrations of EDC 

and sulfo-NHS were combined with a 1 mg/ml solution of MIP microspheres and 

incubated for 30 minutes.  After activation, 0.03 μM quantum dots were added and 

incubation continued for 1 hour.  Once fluorescent labeling was complete, the 

microspheres were centrifuged at 15,000 rcf for 5 minutes.  The supernatant was removed 

and the labeled microspheres were redispersed in fresh distilled water.

Template extraction was ensured by examining the methanol extraction solvent 

with UV/Vis spectroscopy during the sonication process.  After each hour of template 

extraction, the polymer microspheres were centrifuged and the solvent removed.  The 

particles were redispersed in clean methanol and sonication resumed at 60˚C.  This was 

repeated over the course of 5 hours.  The UV/Vis absorbance spectrum was taken for 

each sample over a wavelength range of 200-350 nm, as DNT has strong light absorbance 

only in the UV range.

Electron microscopy imaging was used to study the morphology of the MIP 

particles, as well as to verify the diameter measurements obtained by DLS.  The MIP 

microspheres were pipetted onto a clean silicon wafer and allowed to dry.  The sample 

was then sputter coated with a 5 nm layer of platinum, inserted into the SEM tower, and 

images were taken at various magnifications.
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4.2.2 Measurement of Sensor Response

To examine the effectiveness of the microsphere-based sensing scheme, the 

fluorescent MIP microspheres were re-exposed to the template molecule.  A 0.01 mg/ml 

solution of fluorescent MIP microspheres was introduced to the DNT or TNT template, 

allowing the template to bind to the imprinted binding sites of the MIP microsphere.  The 

quantum dot fluorescence spectrum was monitored both before and after introduction of a 

0.1 mM concentration of the template molecule in water, with a total reaction volume of 

100 μl.  Once the template was added to the solution containing the labeled MIP, the 

fluorescence was measured over time to ascertain the time response of the sensor.  The 

labeled microspheres were then exposed to various concentrations of aqueous template, 

ranging from 0-0.1 mM, to determine the dose response of the microsphere sensing 

system.  Again, exposure to template took place at a total volume of 100 μl.  After 

exposure, the solution was diluted to 1 ml in a cuvette for fluorescence measurements in 

the spectrofluorometer.  The fluorescence was measured in a Fluorolog 

spectrofluorometer using an excitation wavelength of 350 nm.  The emission was 

captured over a wavelenth range of 550-650 nm.  Both excitation and emission slit widths 

were left at the default setting of 5 nm.  The data was analyzed as described previously, 

by graphing the peak fluorescence intensity at 605 nm with respect to the duration of 

analyte exposure or to the concentration of analyte introduced.
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4.3 Results and Discussion

4.3.1 MIP Microsphere Characterization

To decrease scattering loss of fluorescence emission by the quantum dot, the MIP 

microspheres must be synthesized with as small a diameter as possible.  It is also 

important to ensure that the particles are truly spherical, which will also diminish loss of 

fluorescence due to scattering within the particle.  To quantify the particle diameter, DLS 

measurements were used.  The particles were scanned in several concentrations and the 

results averaged to obtain an accurate measurement of particle size.  The DLS analyzer 

was zeroed using distilled water.  The results indicate a mean particle diameter of 615.5 + 

252.8 nm.

Scanning electron microscopy was used to study the MIP microsphere 

morphology, by visualizing the shape and size of the particles.  A representative SEM 

image is shown in Figure 12.  This image clearly shows the particles' spherical shape, and 

also corroborates the particle diameter results from DLS particle size analysis.  In 

addition, the image shows a fairly large degree of surface roughness, which indicates a 

degree porosity of the microspheres.  From this characterization it can be concluded that 

the particles are of uniform sub-micron size, spherical in shape, and made up of a porous 

matrix.  Although scattering losses will occur due to the particles' size being well above 

the lower threshold for Mie scattering, they are minimized by the morphological aspects 

of the particles.
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Like the characterization studies of the large amorphous particles in the 

preliminary examination of the MIP sensing system, the surface area of the MIP 

microspheres were examined using nitrogen adsorption measurements.  The 

experimentally obtained surface area value was 21 m2/g.  Although this value is slightly 

lower than that of the large amorphous particles, this was not completely unexpected 

considering that the MIP microspheres try to minimize their surface area during 

formation due to the chloroform acting as a poor solvent.  Along with the overall surface 

area measurement, an in-depth examination of pore size distribution was also carried out. 

The distribution, shown in Appendix I, features a sharp peak at a pore diameter of 

approximately 0.5 nm, which is likely due to the polymer matrix itself.  Porosity above 

this size is negligible, making it unlikely that the fluorescent quantum dots were able to 

bind deep within the microspheres.  However, with such small pore volumes, it is also 
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Figure 12:  SEM image of MIP microspheres at 50,000 
magnification



unlikely that extraction and subsequent re-exposure to template occurred deep within the 

microspheres and so the proximity between bound template and fluorescent species is 

low, enhancing the quenching effect.  It should be noted, however, that the nitrogen 

adsorption pore size analysis examines only nano-scale pore volumes and that larger, 

more meso- and macroporous networks may exist within the MIP microspheres.

The amount of template present in the extraction solvent was used as a measure of 

the amount of template being removed from the imprinted polymer microspheres.  The 

UV/Vis absorbance spectra for the extraction solvent after each hour of template 

extraction are shown in Figure 13.  These results indicate that template extraction was 

nearly complete within the first hour of sonication, as indicated by the substantial 

absorbance peak that occurs at approximately 210 nm.  After the first hour, the DNT 

absorbance peak was negligible, and it was determined that a template extraction duration 

of 2 hours was sufficient for removal of all available DNT.
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Figure 13:  UV/Vis spectra of template extraction solvents showing 
decreasing DNT absorbance peak over time as template 

is extracted from the MIP
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4.3.2 Response of Microsphere Sensor to Template

The fluorescent MIP microsphere sensor was first exposed to a 0.1 mM DNT 

solution and the quantum dot fluorescence intensity was measured over time.  To quantify 

the fluorescence intensity, the peak intensity at a wavelength of 605 nm observed.  These 

values were then plotted for the time after DNT exposure at which they were taken. 

Figure 14 shows the MIP sensor response over time after re-exposure to the template. 

After initial introduction of the labeled MIP to the DNT template, no change in 

fluorescence intensity takes place.  However, after an exposure duration of 10 minutes, an 

observable but statistically insignificant decrease in fluorescence occurs.  This 

continually decreasing trend, indicative of fluorescence quenching by binding of the 

template molecule, continues throughout the 1 hour duration.  It can therefore be 

concluded that, while sensitivity of the sensor is low, the quantum dot-labeled MIP 

microspheres respond by fluorescence quenching to the DNT template in an aqueous 

solution.
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Time response of the TNT-imprinted microsphere sensor was also examined.  The 

labeled TNT-imprinted polymer was exposed to a molar concentration of 0.1 mM TNT. 

The duration of exposure was varied from 0-60 minutes with the quantum dot 

fluorescence measured over this time range.  The time response curve for the TNT-

imprinted MIP microsphere sensor is shown in Figure 15.  These results show a 

pronounced decrease in fluorescent intensity within the first minute of TNT exposure 

with further quenching up until 10 minutes.  The p value of the fluorescence intensity 

means between time 0 and 1 minute is 0.0151, giving a statistically significant difference 

between these two data sets.   After a duration of 10 minutes, the fluorescence intensity 

remains stable over time, indicating that saturation of the microsphere binding sites is 

complete and that no subsequent TNT binding takes place.  Also, the continually 

decreasing fluorescence over the first 10 minutes of TNT exposure indicates a positive 
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Figure 14:  Fluorescence quenching response of MIP microsphere 
sensor over time after exposure to DNT template
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analyte binding response, rather than non-specific interactions of the TNT with the 

labeled microspheres within the aqueous environment.  Based on the statistically 

significant quenching that occurs between the 0-minute sample and the 1-minute sample, 

a response time of 1 minute can be inferred from the data.

The dose response of the microsphere  sensor was also examined.  The labeled 

DNT-imprinted MIP microspheres were exposed to concentrations of 0-0.1 mM that 

increased linearly beginning at 10 μM.  The dose response curve obtained from these 

measurements is shown in Figure 16.  The quenching response for all concentrations 

above the control value of 0 mM is statistically significant, with a p value between 0 mM 

and the lowest concentration of 0.01 mM of 0.0224, and so it can be concluded that the 

microsphere-based sensor responds in a concentration-dependent manner to DNT, albeit 

with relatively low sensitivity, and a lower limit of detection of 0.01 mM.
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Figure 15:  Response of labeled TNT-imprinted microsphere sensor to 
template over time
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Due to the strong quenching observed with the labeled TNT-imprinted 

microspheres from the time response data, this sensor solution was exposed to the same 

range of concentrations but in a serial dilution beginning at 0.1 μM.  The dose response 

curve is shown in Figure 17 with the raw fluorescence spectra for the dose response 

analysis shown in the inset.  The raw curves of the dose response are provided to 

illustrate the large change in fluorescence intensity from the control sample that was not 

exposed to TNT with respect to the sample exposed to the lowest concentration of 0.1 μM 

TNT.  Again the p value between 0 μM and the lowest tested TNT concentration of 0.1 

μM was calculated to be 0.0321, indicating that the means are statistically significant. 

Therefore, the lower limit of detection of the TNT-imprinted microsphere sensor to 

aqueous TNT can be considered 0.1 μM.  Based on this data, the quantum dot-labeled 

MIP microsphere sensor shows a dose-dependent response to the template and relatively 

high sensitivity.
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Figure 16:  Dose response curve for DNT-imprinted microsphere sensor
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4.4 Conclusions

Precipitation polymerization was used for synthesis of nitroaromatic-imprinted 

polymer microspheres.  This polymerization reaction successfully created uniformly 

sized spheres with a sub-micron diameter.  Such a shape and size minimizes the light 

scattering losses that occur for the fluorescence sensing measurements.  In contrast, a 

traditional method for preparing MIP particles wherein a bulk polymer is pulverized into 

a size range of 20 μm or less produces large amorphous particles that have substantially 

greater light loss due to scattering when applied in a fluorescence-based sensor. 

Additional characterization of nitroaromatic template extraction by sonication at 60°C 
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Figure 17:  Dose response curve and quantum dot fluorescence spectra (inset) of 
labeled MIP microspheres exposed to various concentrations of TNT 

template
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illustrated the effectiveness of template removal using this method.  From UV/Vis 

absorbance measurements, it was determined that nearly complete template extraction 

occurred within the first hour of the process. 

Upon re-exposure to the template molecule, the labeled MIP microspheres showed 

a decreasing fluorescence trend over time, indicating that binding of the template was 

occurring and thus causing quenching of the quantum dot fluorescence.  Despite an 

observable trend, however, the quenching effect was insufficient for significant decreases 

in fluorescence intensity when exposed to the DNT analyte.  It should be noted that the 

MIP sensor was exposed to a highly concentrated solution of 0.1 mM DNT, which is near 

the saturation limit of the nitroaromatic compound in water.  The dose response of the 

DNT-imprinted polymer showed a more pronounced quenching effect for various 

concentrations, with a lower limit of detection of 0.01 mM achieved.

The TNT-imprinted microsphere sensor, on the other hand, showed higher 

sensitivity when re-exposed to the template.  After introduction of the template, the 

fluorescence intensity of the labeled microspheres was studied over time, with all 

exposure durations producing significant quenching response beginning at 1 minute. 

Such a low response time is ideal for the sensing scheme's use in potential deployability 

for explosives detection, wherein samples must be analyzed quickly and accurately.  In 

addition to the time response of the TNT-imprinted MIP, the dose response also showed a 

high level of detection performance, with a measured lower limit of detection of 0.1 μM. 

Again, the sensitivity of this sensing system iteration provides evidence that it could 

potentially be employed for field detection of nitroaromatic explosive compounds
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The discrepancy between the high level of template extraction and low degree of 

template rebinding of the DNT-imprinted microspheres can likely be attributed to 

swelling of the polymer in the aqueous environment.  Water swelling of the MIP distorts 

the imprinted binding site, making them less effective at rebinding the template molecule. 

This would lower the overall template rebinding efficiency, which would explain the low 

sensitivity of the labeleld MIP sensor.  To alleviate swelling of the polymer, the most 

effective solution would be to synthesize the polymer using water as the polymerization 

solvent.  This would minimize distortion of the imprinted binding sites and increase the 

sensitivity of the fluorescent MIP sensor.  In general, though, the results illustrate the 

potential use of a quantum dot-labeled MIP sensing system for detection of explosive 

compounds.  This sensor scheme could become a viable method for explosives detection 

with continued optimization.
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CHAPTER 5

Fluorescent Water-Based MIP Particle Sensor

5.1 Overview

While the TNT-imprinted polymer microspheres prepared using precipitation 

polymerization were capable of detecting the template molecule at relatively high 

sensitivity, the DNT-imprinted microspheres performed much more poorly.  It was 

hypothesized that the lack of sensitivity could be accounted for by a low template 

rebinding efficiency caused by water swelling of the polymer spheres.  The MIP 

microspheres, prepared in chloroform, are acrylic-based and are therefore very similar to 

hydrogels.  These types of polymers undergo swelling in water and it was thought that the 

decreased concentration of crosslinker that was required for effective precipitation 

polymer was enhancing the water swelling of the polymer once they were dispersed in an 

aqueous environment.

One potential remedy for the swelling of the polymer in water was to synthesize 

the polymer using water as the solvent.  Therefore, water would be utilized as the solvent 

for the precipitation polymerization reaction.  To change the solvent from chloroform to 

water posed several problems.  The first problem was that the DNT and TNT 

nitroaromatic templates are poorly water soluble.  The only option was to use a saturated 

concentration of template in water, which would decrease the number of available 

imprinted binding sites.  Another problem was that many of the reagents utilized in the 
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synthesis of the MIP were not soluble in water.  To overcome this complication, water-

soluble polymerization reagents had to be used in lieu of the reagents that could not be 

dissolved in water.  The last major problem with using water as the polymerization 

solvent was that MIP template imprinting efficiency is highly dependent on the solvent 

selection.  This was the reason that a thorough study of the most effective solvent for 

imprinting of nitroaromatic templates was carried out during the preliminary 

characterization and optimization studies.  In this manner, using an alternative solvent 

was likely to decrease the template imprinting efficiency.  However, if this decreased 

imprinting efficiency was compensated for by the greater template rebinding efficiency 

brought about from the lack of water swelling, the overall performance of the sensor 

could still be enhanced over previous iterations of the quantum dot-labeled MIP sensing 

scheme.

Initially, the water-based precipitation polymerization procedure was 

intended for use in a parallel study on water toxin sensing.  Because multiple 

water toxins considered for use in this study are not water soluble, the 

precipitation polymerization reaction required the use of water as the solvent. 

When this study was underway and MIP particles for detection of nitrated water 

pollutants were successfully synthesized using the alternative water soluble 

polymerization reagents, the procedure was applied to nitroaromatic sensing, as it 

was hypothesized that the water-based MIP particles would have potential 

benefits over the microspheres synthesized in chloroform.  The quantum dot-

labeled MIP sensor for detection of organic water toxins was undertaken as a 
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possible first step in a battery-type sensor for detection of multiple target analytes. 

The analytes chosen for this study were taken from an evaluation of water 

toxicity sensors (van der Schalie et al., 2006).  Of all the toxins studied in this 

evaluation, only organic nitrated compounds were chosen since they were more 

viable candidates for fluorescence quenching templates.  The four potential 

templates chosen were aldicarb, methamidophos, nicotine, and paraquat 

dichloride.  The ability of these compounds to quench fluorescent quantum dots 

was first studied by adding various concentrations of the analyte to an aqueous 

solution of quantum dots.  The results of the fluorescence quenching study are 

shown in Figure 18.  In these results, the water toxin that brought about the largest 

decrease in fluorescence intensity was paraquat dichloride and so this was the 

compound that was used for preliminary studies of a quantum dot-labeled MIP 

sensor for detection of water toxins.
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Figure 18:  Quantum dot fluorescence quenching of organic water toxins 
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5.2 Materials and Methods

The water-based MIP synthesis procedure using precipitation polymerization 

utilized water soluble reagents which were purchased from Sigma-Aldrich (St. Louis, 

MO).  These reagents included ethylene glycol diacrylate (EGDA) and 4,4′-azobis(4-

cyanovaleric acid) (ACVA).  All equipment used during these experiments was identical 

to those used for the labeled MIP microsphere experiments.

5.2.1 Water-Based MIP Synthesis

The water-based imprinted polymer was prepared by combining 0.1 mmol 

methacrylic acid monomer, 0.1 mmol (EGDA) crosslinker, 1.0 μmol nitroaromatic 

template, and 0.01 mmol (ACVA) thermal initiator in 2.0 ml distilled water.  The 

additional methyl groups of EGDMA make it less soluble in water than the unmethylated 

crosslinker EGDA, and so EGDA was used for the water-based precipitation 

polymerization reaction.  The two molecules, however, are so similar that it was assumed 

that there would be no adverse effect on template imprinting.  The thermal initiator 

ACVA was used because the AIBN initiator is not soluble in water.  While the rates of 

free radical production differ for these two molecules, they are of the same class of free 

radical thermal initiators, and the extended polymerization duration would ensure that 

complete crosslinking was achieved.  After combining the water soluble reagents, the 

solution was bubbled briefly with nitrogen, sealed, and placed in a hot water bath for 20 

hours at 60ºC.  The solution was then cooled to 20°C to quench the reaction and the 
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resulting particles were centrifuged at 15,000 rcf, redispersed in 10 ml methanol, and 

sonicated at 60°C for 2 hours to extract the template as described previously.  The MIP 

particles were then centrifuged, again at 15,000 rcf, and redispersed in distilled water for 

use.

The MIP particles imprinted with paraquat dichloride water toxin were prepared 

in the same manner, with the exception of 10 μmol paraquat dichloride used as the 

template.  All other molar amounts of reagent were identical to the nitroaromatic 

imprinted polymers.

The particles were labeled with quantum dots using the protocol described for the 

MIP microspheres previously and all studies carried out using the water-based MIP 

particles were identical to the MIP microsphere studies.  In this manner, the 

characterization and results of the two particle types when applied to the quantum dot-

labeled MIP sensing system were able to be directly compared.  The paraquat dichloride 

imprinted polymer for water toxin sensing was labeled similarly.

5.3 Results and Discussion

5.3.1 Water-Based MIP Characterization

Electron microscopy imaging was used to study the morphology of the MIP 

particles synthesized in water, as it was expected that microspheres with a uniform 

diameter, though not necessarily the same diameter as the microspheres prepared in 
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chloroform, would be produced.  A representative SEM image is shown in Figure 19. 

From this image, it is clear that MIP microspheres were not being synthesized.  Instead, 

discrete particles that are made up of interconnected nano-scale spherical structures were 

being produced.  The nanospherical features appear to be connected to one another by 

either physical fusion between two or more spheres, or by short, spindly filaments.  The 

particle size varied greatly, but all discrete particles that were imaged had overall widths 

on the scale of several microns or less.  The likely cause of this particle morphology is 

that water acts as a somewhat better solvent for the forming polymer than the chloroform 

used to produce the microspheres.  As the surface energy of the polymer was not 

minimized to the degree that the microspheres were, they forming polymer did not coil 

into a sphere.  Instead, the polymer particles formed much smaller, nano-scale spheres 

that interconnected and formed larger amorphous shapes at random.  It was decided that 

although the particles were not spherical as had been expected, the open porous networks 

of the particles could potentially act as a mesh or filter, increasing surface area of the 

polymer particles and/or enhancing the ability of the MIP to rebind the template.
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As a comparison to the MIP microspheres, the surface area of the amorphous 

water-based particles were examined using nitrogen adsorption measurements.  The 

experimentally obtained surface area value was 34.52 m2/g.  From the SEM images, it 

appeared as though the water-based particles would have a much larger surface area than 

the microspheres, but this was not the case, as the amorphous particles' surface area was 

quite similar to the microspheres.  However, the nitrogen adsorption analysis measures 

pore size on the scale of angstroms, and it was clear from SEM images that the open 

porous network of the particles included pores that were as large as hundreds of 

nanometers.  The pore size distribution, shown in Appendix II, illustrates that the overall 

porosity of the water-based particle synthesis is notably greater.  Like the MIP 

microspheres, the amorphous water-based particles have a sharp initial peak due to the 

polymer matrix.  However, there is a greater percentage of larger pore volumes as 
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Figure 19:  SEM image of DNT-imprinted polymer prepared using 
water-based precipitation polymerization



compared to the MIP microspheres.  In addition, there is an upward slope to the pore size 

distribution, which indicates that larger macroporous structures may be prevalent. 

Because nitrogen adsorption analysis measures only small pore sizes, it cannot be 

determined whether or not this is the case.  In any case, it was therefore concluded that 

the amorphous water-based MIP particles were well suited for template rebinding due to 

their lack of water swelling and their porous, filter-like morphology.

5.3.2 Response of Water-Based MIP Sensor to Template

In an effort to compare the response of the water-based MIP sensor to the 

microsphere based sensor, the labeled water-based MIP particles were exposed to a single 

0.1 mM concentration of the nitroaromatic templates, DNT and TNT.  Once introduced to 

the template, the fluorescence of the quantum dots was measured over time.  The first 

data set examined the time response of the DNT-imprinted porous MIP microparticle 

sensor to template.  The graph depicting the fluorescence intensity of the sensor solution 

over time is shown in Figure 20.  From the time response graph, we find that there is a 

relatively large error between repetitions of the control sample at 0 minutes.  Despite this 

error, the p value comparing the means of the control sample at 0 minutes and the sample 

after 5 minutes of DNT exposure is 0.0412, meaning that the difference between means is 

statistically significant at a confidence interval of 95%.  This indicates that the response 

time of the sensor can assumed to be 5 minutes.  Like previous time response graphs, the 

continually decreasing trend indicates binding of the template occurring over time rather 
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than random interactions between the labeled MIP and template in the aqueous 

environment, which would be characterized by a single decrease in fluorescence intensity 

after addition of template that would be expected to stay constant over time.

When this experiment is repeated for the TNT-imprinted polymer, we again find 

similar results.  The time response graph for this polymer after exposure to the TNT 

template is shown in Figure 21.  The characteristic time response curve is again clear, 

illustrating the continuous binding of TNT to the porous MIP over time.  As opposed to 

the DNT-imprinted polymer, however, all time points after addition of the TNT template 

are significantly different from the control sample at 0 minutes.  This leads to the 

assumption that the TNT-imprinted porous polymer sensor has a response time of 1 

minute, with a potential for even lower response times.
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Figure 20:  Time response after introduction of DNT template of labeled 
water-based MIP particles
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By comparing the shapes of the time response curves of the porous water-based 

nitroaromatic sensor to those of the MIP microsphere sensor solution, it becomes 

apparent that the MIP microsphere-based sensor reached a saturation limit, at which point 

all available binding sites have bound the aqueous template and no subsequent binding 

occurs, much more quickly than the water-based MIP sensor.  However, the final 

decrease in fluorescence intensity for both sensing schemes was very similar.  This 

indicates that the MIP microspheres are capable of binding both the DNT and TNT 

template much more quickly and thus with a higher affinity than the water-based porous 

MIP.

The dose response of the water-based MIP sensing system was also studied.  The 

porous MIP sensor imprinted with DNT was exposed to a linear range of template 

concentrations, whereas like the microsphere-based sensing system, the TNT-imprinted 
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Figure 21:  Time response of TNT-imprinted porous water-based particle 
sensor to TNT template
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particles were exposed to a serial dilution of template.  Since these dose response studies 

were identical to the labeled MIP microsphere studies, a direct comparison between the 

two iterations of the sensing scheme could be conducted.  The dose response curve of the 

porous MIP particle sensor exposed to various concentrations of DNT is shown in Figure 

22.  Interestingly, the sensor solution exposed to the lowest concentration of 0.01 mM 

DNT had an average fluorescence intensity that was higher than the control sample of 0 

mM.  However, the next dose of 0.02 mM was signficantly lower than the control value, 

with a p value of 0.0271.  The limit of detection for the DNT-imprinted polymer, then, is 

0.02 mM.  The microsphere-based sensor on the other hand had an experimentally 

determined lower limit of detection of 0.01 mM, which leads to the conclusion that the 

DNT-imprinted porous water-based particles are less sensitive to the template than their 

microspherical counterparts.
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Figure 22:  Response of DNT-imprinted water-based particle sensor to 
various concentrations of DNT template
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Like the microsphere-based sensing system, it was assumed that the TNT-

imprinted water-based particles would respond with much greater sensitivity to the TNT 

template, as it is a more efficient electron acceptor.  Therefore, a serial dilution of TNT 

concentrations in the range of 0-0.1 mM were examined.  The averaged quantum dot 

intensities exposed to these concentrations of template are shown in Figure 23, with the 

raw fluorescence spectra shown in the inset to illustrate the difference between the 

samples exposed to 0 and 0.1 μM TNT.  Overall, the spectra for these samples exposed to 

various concentrations of TNT are strikingly similar to the spectra obtained from the MIP 

microsphere study, with the fluorescence of samples exposed to concentrations of 0.1, 

1.0, and 10.0 μM TNT being very similar.  The quenching of the quantum dots, however, 

is much less dramatic for the water-based porous particles.  It is not until a maximum 

exposure concentration of 0.1 mM that the fluorescence intensity decreases statistically 

significantly from the control sample of 0 mM, with a p value of 0.0067.  The lower limit 

of detection than can be drawn from this experiment is 0.1 mM aqueous TNT, which is 

very near the saturation limit of TNT in water of approximately 0.5 mM.
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Time and dose response studies were also undertaken with the water toxin sensing 

MIP imprinted with paraquat dichloride.  The water-based MIP particles labeled with 

quantum dots were re-exposed to a single concentration of 0.1 mmol paraquat dichloride 

and the quantum dot fluorescence was measured over time for a total duration of 1 hour. 

The time response results are shown in Figure 24.  From this data, we find an intense 

quenching response occurring immediately after introduction of the template.  Unlike the 

nitroaromatic imprinted MIP, the water toxin MIP responds rapidly and strongly to the 

fluorescence quenching paraquat dichloride.
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Figure 23:  Dose response curve and raw fluorescence spectra (inset) of 
quantum dots for TNT-imprinted water-based microparticles 

exposed to various concentrations of TNT template
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The dose response of the paraquat dichloride MIP sensor are shown in Figure 25, 

with the labeled MIP particles exposed to various concentrations of template ranging 

from 0-0.1 mmol in a serial dilution.  These results again illustrate the strong quenching 

response of the paraquat dichloride template and the enhanced affinity of the MIP 

particles to the template as compared to the nitroaromatic MIP.  This indicates that while 

water is an effective imprinting solvent for paraquat dichloride, this is not the case for the 

nitroaromatic compounds DNT and TNT.
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Figure 24:  Time response of labeled water-based MIP particles to 
paraquat dichloride water toxin
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5.4 Conclusions

The precipitation polymerization reaction to produce MIP microparticles using 

water as the polymerization solvent was successful in synthesizing polymer particles. 

However, the particles that were formed were not spherical in shape, nor were they 

uniform in size.  Instead of the microspheres that were expected, the reaction produced 

discrete particles that were micron-scale, consisting of interconnected nanospherical 

structures.  This morphology gave the particles an open microporous network and a filter- 

or mesh-like appearance.  The small size of the spherical shaped nanostructures that made 

up the particle structure were less likely to cause light loss than the large amorphous 

particles from the preliminary studies, but it was unclear as to how the scattering of 

incident and fluorescence light would compare to the microspheres produced previously. 

On the other hand, it was hypothesized that the open microporous network of the water-
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Figure 25:  Quantum dot fluorescence spectra of water-based MIP exposed to various 
concentrations of paraquat dichloride template
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based particles would enhance template rebinding by making binding sites more available 

than in the minimized surface area of the microspheres.  This effect would be 

counteracted by the increased imprinting efficiency of a MIP synthesized using 

chloroform rather than water as the polymerization solvent.

When re-exposed to the aqueous template, the porous water-based MIP sensor 

responded observably to the template with fluorescence quenching of the conjugated 

quantum dots.  The response to the nitroaromatic analyte was time-dependent, indicating 

that the decrease in fluorescence was due to binding of the template to the MIP and not 

random interactions between the two species in the solution, as well as dose-dependent.  

By comparing the results drawn from the sensing system that used porous 

particles produced in water with those from the system that used MIP microspheres, we 

find that the performance of the microspheres produced using chloroform as the solvent 

was noticeably greater than the water-based particles.  Using the TNT-imprinted particles 

as an example, both the microsphere sensor and the water-based particle sensor had 

response times of 1 minute, but the slope of the MIP microsphere time response curve 

was much greater, reaching saturation within 10 minutes.  This is in contrast to the water-

based MIP, which did not reach a point that could be considered a true saturation time, as 

even after 60 minutes of TNT exposure, the fluorescence of the MIP particles had 

decreased since the previous duration of 30 minutes.  The dose response data illustrates 

the large difference in sensitivity between the two sensing schemes imprinted with TNT 

as the template.  The fluorescent water-based MIP had an experimentally determined 

lower limit of detection of 0.1 mM, while the labeled MIP microspheres' lower limit of 
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detction was found to be 0.1 μM.  This three orders of magnitude difference in detection 

limits clearly illustrates the greater performance of the microsphere-based sensor.

Although it was hypothesized that the use of water as the solvent during 

precipitation polymerization would enhance the performance of the quantum dot-labeled 

MIP sensor, the experimental results lead to the conclusion that this is not the case. 

While water swelling may have been minimized when these particles were introduced 

into an aqueous solution, this effect was not enough to compensate for water not acting as 

an effective solvent for imprinting of nitroaromatic compounds.  It was therefore 

concluded that the performance of the water-based MIP particles was not sufficient for 

use as a sensing mechanism for nitroaromatic explosive compounds.  Thus, the 

microsphere particles were chosen for subsequent studies over the porous water-based 

MIP particles.

While the water-based MIP particles imprinted with nitroaromatic compounds 

were less effective at rebinding template and therefore produced poorer sensor response 

over the MIP microspheres, the water-based MIP synthesized using the water toxin 

paraquat dichloride was highly effective at binding to the template when it was 

introduced in solution.  This strong affinity between the MIP and template combined with 

the pronounced ability of the paraquat dichloride tempalte to quench the fluorescence of 

nearby quantum dots made the labeled MIP particles an ideal candidate as a sensing 

element for water toxin detection.  The preliminary data indicate that paraquat dichloride 

can be detected rapidly at very low concentrations, making this study a first step towards 

realization of a MIP-based sensor for detection of multiple water toxins.
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CHAPTER 6

Application of MIP Sensor Onto Substrate Platform

6.1 Overview

With the quantum dot-labeled MIP microspheres determined to be the most 

effective sensing element, the system was then applied onto a suitable platform.  Several 

options were considered for this step.  The most obvious was to directly immobilize the 

labeled MIP microspheres onto a substrate, most likely the surface of an optical fiber or a 

microscope slide.  Preliminary steps to realize such a system utilized an amine-terminated 

silane compound that binds covalently to the surface of the glass substrate.  The same 

amine-carboxyl binding mechanism using carbodiimide compounds that was used to 

conjugate the quantum dots to the MIP could then be used to bind the MIP to the 

substrate.  However, rapid loss of the MIP particles was observed and it was determined 

that the silane-facilitated binding mechanism was failing.  One possible reason for this 

failure is poor coupling of the silane compound to the glass surface.  Another reason is 

the large size and minimal surface contact area of the microspheres causing the individual 

covalent interactions that make up the immobilization scheme to fail.  Despite the exact 

reason for immobilization failure, it was decided that an alternative method should be 

used.  The method that was then considered was entrapment of the labeled MIP 

microspheres in a sol-gel matrix.
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Entrapment of the MIP microsphere sensing scheme into a sol-gel was carried out 

as described by Grant, et al. (2000).  The sol-gel is prepared using an orthosilicate 

compound, which undergoes hydrolysis and subsequent crosslinking in the presence of 

water.  The crosslinking reaction creates a porous silica matrix as the water in the solution 

evaporates.  By introducing the labeled MIP microspheres to the still-fluidic solution, 

after hydrolysis of the orthosilicate but before crosslinking is complete, the particles 

become physically entrapped by the forming solid.  The resulting porous glassy material 

allows the analyte to penetrate the matrix and reach the MIP microsphere sensing 

element.  This platform also provides the capability for detection of nitroaromatic 

analytes in air, as the MIP microspheres are no longer confined to an aqueous solution, 

they can be exposed to airborne analytes to examine the response to such compounds in a 

vapor phase.  This provides application-specific practical significance to the MIP sensing 

system for detection of explosive devices.

6.2 Materials and Methods

Synthesis of the MIP microspheres imprinted with the TNT template was 

conducted as described previously.  Labeling of the prepared MIP microspheres with 

amine-functionalized quantum dots was carried out in an identical fashion to the previous 

MIP microsphere studies.  Once labeling was complete, the microspheres were 

centrifuged at 15,000 rcf and the reaction solution was removed.  However, the sample 

was not redispersed in distilled water, but was instead stored very briefly in preparation 
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for sol-gel entrapment.  Fluorescence measurements of the entrapped MIP microspheres 

labeled with quantum dots were carried out using an Olympus fluorescent microscope 

(Center Valley, PA) set up with a 365 nm excitation bandpass filter and longpass emission 

filter, and coupled to an Ocean Optics USB4000 hand-held spectrometer.

6.2.1 Coupling of MIP to Substrate

The sol-gel material used to physically entrap the labeled MIP microspheres was 

prepared using tetraethyl orthosilicate (TEOS).  The precursor solution was prepared by 

combining 0.5 ml distilled water with 10 μl 0.04 M hydrochloric acid and 0.25 ml TEOS. 

This solution was sealed and sonicated in an ice bath for 30 minutes.  After sonication, 

the TEOS solution was buffered to a near-neutral pH using 0.5 ml phosphate buffered 

saline (PBS).  The quantum dot-labeled MIP microspheres that were prepared previously 

were dispersed the buffered TEOS solution and sonicated for an additional 1 minute. 

When dispersion of the labeled MIP microspheres was complete, the solution was 

dropcast onto a glass microscope slide, with each drop having a volume of 1 μl.  The 

dropcast sol-gel containing the MIP microspheres was allowed to cure overnight, after 

which the samples were ready for use.
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6.2.2 Measurement of Sensor Response

The response of the sensor was initially studied by examining the quenching 

response of the sol-gel entrapped MIP sensing element when exposed to aqueous 

solutions of TNT.  Like the previous work on the labeled MIP sensing system, the dose 

and time response of solution-phase TNT was examined.  The solution containing TNT 

was cast onto the microscope slide with an adequate volume to completely cover all sol-

gel MIP composite spots.  For time response experiments, the concentration of TNT 

introduced to all samples was 0.1 mM and the duration of exposure was varied.  For dose 

response studies, the concentration of TNT was varied and the duration of exposure was 

held constant at 1 hour.  After exposure, the sensing spots were rinsed with distilled water 

and dried using a clean dry air stream.

The response of the sensor to vapor-phase TNT was also studied.  To do this, the 

glass slides with the sol-gel entrapped MIP spots were inserted into a tube containing a 

small 20 μl volume of TNT is acetonitrile.  The concentration of TNT was varied so that 

after becoming airborne, the overall concentration of TNT that each sensing element was 

exposed to would be 100, 10, 1, or 0.1 parts per million (ppm).  A 20 μl solution of only 

acetonitrile was used as a control sample.  The tubes were held at 36°C overnight, 

allowing the TNT to evaporate, exposing the sensing sample within the tube to the TNT 

vapor at the intended overall concentration.  After exposure, the fluorescence of the sol-

gel entrapped MIP spots were examined.
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An additional study that was carried out examined the longevity of the sensor, 

ensuring that the fluorescence of the sol-gel entrapped MIP remained stable over time.  A 

slide with the dropcast sol-gel MIP composite was stored for a long duration in open air 

and the fluorescence of the composite spots were measured periodically.

All fluorescence measurements were taken by placing the sample under the 

microscope so that the entire sensing element spot was illuminated and could be clearly 

viewed in the microscope with a 40x magnification objective.  The emission was then 

directed through a 0.6 mm optical fiber to the Ocean Optics spectrometer.  The 

fluorescence spectra were then saved and analyzed by comparing the peak fluorescence 

intensity at 650 nm with respect to the duration of analyte exposure or concentration of 

analyte introduced.  In the case of the longevity study, the peak fluorescence intensities 

were plotted with respect to the storage duration.

6.3 Results and Discussion

6.3.1 Response of Substrate-Based Sensor to Template

The labeled MIP microspheres entrapped in a sol-gel matrix were first exposed to 

a single concentration of 0.1 mM aqueous TNT with various durations of analyte 

exposure in order to determine the time response of the sensor.  The time response data 

are shown in Figure 26.  Despite the promising results of the labeled MIP microspheres 

dispersed in an aqueous environment, the time response data of the sol-gel entrapped MIP 
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shows no observable response to analyte.  Even after an exposure duration of 1 hour, no 

significant quantum dot quenching is occurring.  The time response results indicate a 

quenching response over time is not taking place, which illustrates that the TNT template 

is not binding to the imprinted binding sites of the MIP microspheres.

The dose response data, shown in Figure 27, corroborates the time response 

results.  Although each of the sol-gel entrapped MIP samples that were exposed to the 

TNT template have a lower average fluorescence intensity than the control sample that 

was exposed to only water, none of these differences are statistically significant.  In 

addition, no overall trend emerges that indicates a concentration-dependent response.  A 

response that is dependent on the dose of template is indicative of analyte-specific 

response due to binding of the fluorescence quenching template to the binding sites of the 

MIP microspheres, and without this type of response it must be concluded that a 
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Figure 26:  Time response of sol-gel entrapped MIP sensor to aqueous 
TNT over time
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thermodynamic interaction is not occurring.

The reason behind the lack of template-specific response is likely the inability of 

the template to reach the entrapped MIP microspheres.  This could be due to a lack of 

porosity of the sol-gel matrix or possibly due to the pores collapsing from the relatively 

thick layer of the dropcast sol-gel.  Either reason for the loss of porosity would explain 

the hindrance of template from reaching the MIP for analyte-specific binding.  Despite 

the lack of response from the aqueous TNT template, the higher energy of a vapor-phase 

template could increase the ability of the analyte to enter the sol-gel matrix and reach the 

binding sites of the MIP microspheres.  Along with higher energy, the ability of the 

analyte to move more freely through air rather than water could also enhance the 

capability for template binding.
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Figure 27:  Dose response curve of sol-gel entrapped MIP sensor samples exposed to 
various concentrations of aqueous TNT
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6.3.2 Detection of Vapor-Phase Template

The airborne TNT template was sealed in a vial with the glass substrate onto 

which the sensing element was dropcast.  The vials were then held in an incubator 

overnight to allow the TNT solution to vaporize.  The concentration of the template was 

varied so that a range of vapor-phase TNT doses were exposed to the substrate-based 

sensor.  After approximately 24 hours of incubation with the vapor analyte, the substrates 

were removed and the fluorescence examined.  These fluorescence spectra obtained after 

exposure to TNT were then compared to spectra measured before exposure.  The 

difference in peak fluorescence intensity for each sample was converted to a percent 

change in fluorescence, which represents the amount of quenching observed after 

exposure to the airborne analyte.  The results showing the percent changes in 

fluorescence intensity for the various concentrations of vapor analyte are shown in Figure 

28.  A set of control samples, which were held in the incubator but were not exposed to 

the TNT analyte were used for comparison purposes.  The percent change in fluorescence 

intensity for the control sample is included as an inset in the figure.
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The vapor response for each sample exposed to TNT was not sufficient for a 

statistically significant difference from the control sample that was not exposed to 

analyte.  For this reason, no lower limit of detection can be discerned from these results. 

However, a small but observable increase in the quenching response for increasing 

concentrations of TNT is present in the data.  By fitting the data to a straight line using 

nonlinear regression, a positive slope with a value of 0.1217 is obtained.  When 

considering the large range of concentrations to which the substrates were exposed, this 

small slope value illustrates the very low sensitivity of the substrate-based labeled MIP 

sensor.  Combining this low sensitivity with the lack of significant difference between the 

control sample and the samples exposed to vapor-phase TNT, it can be concluded that 

response to the airborne analyte is not sufficient to consider this particular sensing 
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Figure 28:  Response of the substrate-based MIP to TNT vapor at 
various concentrations as expressed by the percent 

change in fluorescence intensity after exposure to analyte
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scheme suitable for detection of explosive compounds.

A final study examining the ability of the substrate-based sensor to retain its 

fluorescence over time during prolonged storage was carried out.  This type of longevity 

experiment is important not only to ensure a long storage shelf-life, but also to study 

whether the sensor is potentially capable of stand-off detection of airborne explosive 

compounds over extended periods of time.  The averaged fluorescence intensities were 

plotted with respect to the duration of storage, and these results are shown in Figure 29. 

From these data, we find that the photostability of the quantum dots is relatively poor 

when left bound to the polymer in an air environment.  After several days, the average 

fluorescence of the samples has decreased dramatically, and after one week of storage, 

very little residual fluorescence remains.  This indicates that the sensor has a relatively 

short shelf-life and would not be suitable for long-term monitoring for explosive devices.
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Figure 29:  Longevity study examining the fluorescence of the 
substrate-based sensor over long periods of time in 

storage
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6.4 Conclusions

The MIP microsphere-based sensing scheme was successfully entrapped into a 

sol-gel matrix.  Entrapment of the MIP sensing element onto a substrate platform gave 

the sensor the potential capability of vapor-phase nitroaromatic detection.  Initial studies 

that examined the response of the substrate-based sensor to aqueous solutions of TNT 

indicated that the sensor was unable to produce a quenching effect when exposed to 

solutions containing the analyte.  Both time response studies that observe the quenching 

effect of the sensor over time after initial introduction of template and dose response 

studies that examine the concentration dependence of the sensor illustrated the 

ineffectiveness of the sensor, with no significant decrease in quantum dot fluorescence 

taking place.  It was therefore tentatively concluded that the substrate-bound sensing 

platform was unable to detect the presence of the analyte, likely due to the sol-gel matrix 

physically inhibiting the availability of the TNT to the MIP microspheres entrapped 

within.  However, it was thought that the increased dispersive motion and higher energy 

of a vapor-phase analyte could allow the TNT to penetrate the sol-gel matrix and bind 

effectively to the quantum dot-labeled MIP microspheres.

Exposure of the substrate-based MIP sensing element to TNT vapor did not 

produce the results that were expected.  Like the studies that examined exposure of the 

sensor platform to aqueous template, the airborne template experiments resulted in 

decreases in fluorescence after exposure to analyte that were not statistically significant. 

Unlike the in-solution studies, however, the vapor-phase studies did produce an 

observable concentration-dependent trend.  This trend was barely discernible, with a 
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linear slope of 0.1217 over a very large range of TNT vapor concentrations.  It was 

therefore concluded that entrapment of the MIP microspheres in a sol-gel matrix was 

inhibiting availability of the template to rebind to the MIP to such a degree that no 

measurable response was detected.

In addition, the poor shelf-life of the sensing element indicates that the labeled 

MIP scheme for detection of airborne analytes is not feasible for monitoring for the 

presence of explosive devices.  The continued decrease in fluorescence intensity over 

time of the quantum dots can likely be attributed to drying of the quantum dot's protective 

coating.  This coating is closely held proprietary knowledge, and it is possible that the 

material is failing after it dries, allowing the core of the quantum dot to be attacked by 

water in the atmosphere.  This could potentially be remedied by using a quantum dot 

from another company with a known robust protective coating, or alternatively, some 

other type of fluorescent species altogether.
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CHAPTER 7

Future Work

Preliminary studies on the quantum dot-labeled MIP sensing scheme for detection 

of nitroaromatic compounds indicated that the overall sensing mechanism was a viable 

method for detecting high explosives.  This early work involved labeling of large 

amorphous particles that were prepared by crushing and sieving a bulk polymer 

precursor, and these in-solution studies showed the feasibility of the sensing scheme. 

Further optimization of the sensing scheme utilized a precipitation polymerization 

reaction to synthesize MIP particles that were spherical and uniformly sized in the sub-

micron range.  The labeled MIP microspheres showed enhance template-binding ability 

in studies of aqueous template rebinding.  However, when the fluorescent MIP 

microspheres were entrapped within a sol-gel matrix for vapor-phase detection, the 

response diminished drastically.  The two most likely causes for this lack of response are 

the inability of the template to reach the microspheres due to physical hindrance by the 

sol-gel matrix or poor template rebinding efficiency due to air acting as a non-ideal 

solvent for the rebinding reaction.  Because the in-soluiton data with the MIP 

microspheres indicated that the template was capable of effectively rebinding to the MIP 

in an aqueous environment, while the substrate-based MIP was unable to bind aqueous 

template, the rebinding solvent can be considered of secondary importance.  It is more 

probable that the template is unable to enter the sol-gel matrix and is thus being blocked 

from interacting with the labeled MIP sensing element.  To alleviate this problem, the sol-
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gel must be removed from the sensing system and an alternative method for MIP 

microsphere immobilization onto a substrate platform must be employed.

One possibility for direct immobilization of the MIP microsphere sensing element 

would be to use a silane surface modification for MIP attachment.  Although this method 

was studied before deciding upon the sol-gel entrapment technique, if the silanization 

problems encountered during these studies could be resolved, such an immobilization 

method would be highly effective.  Another method would be to use a thin film of 

adhesive.  If the film had a sufficiently small thickness, likely in the range of 50-200 

microns, the MIP microspheres could be embedded in the adhesive layer with enough 

area covered for the particles to be effectively immobilized while leaving a majority of 

the microspheres' surfaces open to the environment.  Such a scheme could possibly be 

employed with a sol-gel, though it might be necessary for some sort of additive to be 

combined with the sol-gel to enhance adherence to the MIP microspheres.  Alternatively, 

a commercially available glue or other type of liquid adhesive could be used.

Another option for sensing of nitroaromatic explosives would be to eliminate the 

MIP analyte recognition element altogether.  Despite the ability of the MIP to selectively 

bind the template molecule, the rebinding affinity of the polymer varied from batch to 

batch.  For the previous studies, this problem was eliminated by conducting all 

experiments using the same batch of imprinted polymer, but this is not convenient for 

large-scale studies or potential deployment of the sensor.  In addition to consistency 

issues, the acrylic-based polymers are prone to autofluorescence in a wide band of 

wavelengths in the visible spectrum when exposed to the high intensities of UV light 
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required for quantum dot excitation.  While this problem was overcome by ensuring that 

the autofluorescence of the polymer was sufficiently less intense than the quantum dot 

emission, the large amount of fluorescent material per polymer particle increased the 

initial intensity and thus the background fluorescence of the sensor solutions and 

substrates.  Such high initial intensity causes the quenching effects of the template to be 

difficult to detect, as the percent decrease in fluorescence intensity per electron-accepting 

event of the analyte is decreased drastically with a large initial background fluorescence.

An attractive alternative to imprinted polymers are other molecularly imprinted 

materials, namely xerogels.  These gels are glassy materials not unlike the sol-gels 

described previously.  By using a silica-based material for molecular imprinting, the 

sensing element will lack autofluorescence and will adhere to a glass substrate without 

the need for additional immobilization methods.  The nitroaromatic imprinted xerogels 

would have enhanced optical and physical properties over the acrylic-based polymers and 

could be used in a variety of sensing schemes, such as thin films or electrospun fibers.

Further deviating from the original sensing system, the imprinted polymer analyte 

recognition technique could be replaced with a more non-specific charge-transfer binding 

mechanism.  The electron accepting nature of nitroaromatic compounds cause the 

molecules to form complexes with negatively charged species.  One of the more notable 

species that nitroaromatics for strong charge-transfer complexes with are terminal 

amines.  The strong interaction of the nitroaromatic analyte with terminal amines, 

combined with an effective fluorescence quenching transduction signal could be an 

effective method for sensing TNT and its breakdown products.  One particular example 
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would be a system using an amine-functionalized quantum dot as the sensing element. 

Upon formation of the charge-transfer complex with a terminal amine on the surface of 

the quantum dot, the analyte would be directly bound to the fluorescent species, 

producing a much stronger quenching response due to the close proximity of fluorescent 

emitter and fluorescent quencher.  This system could be more easily be directly 

immobilized to a substrate than the much larger MIP microspheres, or could also be 

entrapped within a matrix such as a sol-gel.

Despite the seemingly large differences in these potential methods for detection of 

nitroaromatic explosives, the schemes are based on results from the quantum dot-labeled 

MIP sensing system.  Through the continued optimization and various iterations of the 

MIP sensor, it was determined that a fluorescence-based sensor implementing molecular 

imprinting for analyte recognition was potentially viable for detecting explosive 

compounds.  The results indicate that the current iteration of the MIP sensing system is 

not feasible for such applications, but continued optimization and improvement based on 

the data and results gathered throughout these studies could potentially lead to a sensing 

device that would be indispensable in stand-off detection of explosive devices.
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Appendix I.  Pore Volume Distribution of MIP Microspheres
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Appendix II.  Pore Volume Distribution of Water-Based MIP
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