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ABSTRACT

Molecular imprinting is a rapidly developing technique for the preparation of
polymeric materials that are capable of molecular recognition for selective separation
and chemical identification. To prepare molecularly imprinted polymers (MIPs), a
functional monomer and a crosslinker are polymerized in the presence of a template
molecule. Then the template is extracted leaving sites which are complementary in
both shape and chemical functionality to those of the template. This resin then
becomes capable of selectively absorbing the template species. Because of MIPs’
stability, predesigned selectivity, and easy preparation, they have been used for
separation, sensor, drug development and directed synthesis.

In this study, we focused on characterizing and understanding the mechanism
underlying formation and recognition of MIPs. Three resins imprinted with 4-
hydroxybenzoic acid, 3-hydroxybenzoic acid and 6-methoxy-a-methyl-2-
napthaleneacetic acid ((S)-naproxen) were prepared in a free radical polymerization.
Hydrogen bonding between the template and functional monomer is the main
interaction: it not only controls the template molecules in and out of the binding sites,
but also contributes a high concentration of specific binding sites in the resulting
polymer resin. After polymerization, the amount of template that can be effectively
removed during each extraction was quantified in the naproxen imprinted system. For
comparison, another resin was prepared under the same condition without the
presence of the template, which was designated as NIP.

The binding experiments were performed for the affinity and selectivity tests.
The MIP showed a special affinity for the template, but not for other analytes, which
1S consistent with the principle that an imprinted resin’s recognition ability is
dependent on the analyte’s size, shape, and functionality. The NIP had similar
affinities for the analytes and thus it could not differentiate among them. The binding
behavior of the MIP is characterized by an association constant and the density of
each kind of site using a simple two-binding-site model with one kind of sites special
for the template and the others being more general with similar affinities as the NIP.
The binding sites common to both the imprinted resin and the non-imprinted resin
were found to have higher affinity but are less numerous than the sites unique to the
imprinted resin.

XV
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CHAPTER 1. INTRODUCTION

1.1. Molecular recognition and molecular imprinting

Molecular recognition is essential for the existence bf life. For example, the
receptors in the cell membranes bind only a specific hormone; each enzyme exclusively
chooses a specific substrate; some amino acid residues of antibodies are oriented
complementarily to the functional groups of the target antigens, etc. It has been found
that in the substrate-binding sites of enzymes, several functional groups like OH, NH,,
COOH, main-chain amide groups, etc., precisely interact with the complimentary
functional groups of a specific substrate.

Although such biological recognition involves simple interactions, they are
always in short Supply and also unstable when they are not in their native environment.
So, the challenge of synthesizing “artificial receptors” that are capable of molecular
recognition has drawn special attention. Artificial receptors can be designed freely
according to any molecule of interest; they generally possess excellent stability,
flexibility and other properties according to need. Cram, Lehn and Pedersen have done
some pioneering work in this area and established the following factors which are

e 2
necessary for accurate molecular recognition”:
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1) Functional residues of ligand and receptor are complementary to each other;

2) Conformational freedom of both components are minimized;

3) Chemical circumstances should be appropriately regulated.

Preparation of the molecular receptor is usually complex and requires multi-step
preparative routes, so the overall yield of the final product is low.? An attractive simple
approach to generate artificial macromolecular receptors is through molecular imprinting.
In this method, neither complicated organic synthesis nor precise molecular design is
necessary. The only requirements are functional monomers, templates, solvents and
crosslinking agents. Polymerization and the subsequent template removal can result in a
molecular “memory” imprinted on the polymer, which is capable of selectively binding
the template.

Molecular imprinting has attracted wide interests in the scientific community. In
1972, Wulff* and Klotz’ independently reported the preparation of organic polymers with
predetermined' ligand selectivities, which marked the start of molecular imprinting

technology as we know it today.

1.2. Scheme to make molecularly imprinted polymers (MIPs)

The procedure of making MIPs is usually described by making an artificial “lock”
for a molecular “key” (Figure 1.1). The “lock and key” hypothesis6 is often used to
explain the catalytic behavior of enzymes. The enzyme has clefts and depressions
complementary to the shape of the substrate. Thus, the substrate fits like a key into the

lock of the enzyme's active sites.
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Figure 1.1. “Lock and key” analogy for making MIPs.

A. The selected “key” molecule is mixed with a variety of “lock” building blocks; B. The
building blocks and the key are allowed to, either firmly or loosely, attach to each other;
C. The formed complexes between the key and the building blocks are subsequently
"glued" together in order to fix the building block positions around the key; D. After

removing the molecular key, the remaining construction will be selective for the original

key and will not recognize any other key.

Following the “lock-and-key” analogy, the general procedure of making MIPs has
three steps (see Figure 1.2): |

Step 1. Formation of the complex of a template molecule and a functional
monomer. The functional monomer is defined as the monomer molecule having the
functional groups responsible for the complex formation with the template molecule;

Step 2. Polymerization of such complex with crosslinking agent;

Step 3. Removal of the template from the polymeric matrix.
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Il‘/ + ‘ — Step 1
‘:% Template

Tl Polymerization
- Template
—
_—
Step 3 |j\ + Template Step 2

Figure 1.2. Scheme of making MIPs.

1.2.1. Principle of making MIPs

There are two basic approaches to make MIPs based on the interactions between
the template molecules and the functional monomers. One is the pre-organized approach
mainly developed by Wulff and his colleagues.” The template and monomer species are
bonded together covalently and this template-monomer complex remains intact during
the polymerization. Such covalent bonds need to be reversible in order to control the
template in and out of the MIPs.

Another approach is the self-assembly approach mainly developed by Mosbach
and coworkers.®® Instead of covalent bonds, non-covalent bonds are used, such as
hydrogen bonds, hydrophobic interactions, van der Waals interactions, and Coulomb
interactions between ionized groups. In these cases, the template-monomer complex can

be obtained simply by adding the components to a reaction mixture.
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In covalent imprinting, although the polymerization conditions are not restricted
and the structures of imprinted sites can be probed in detail, the synthesis of a monomer-
template complex is necessary. The ligand binding and release are relatively slow due to
the formation and cleavage of the covalent linkage. The resulting covalent system lacks
flexibility because of the limits of the choices of monomers and templates. The non-
covalent imprinting system is simple and convenient. Monomer-template complex
formation and the template removal can be performed easily. But the non-covalent
interaction is weak, so an excess of the functional monomer is needed, sometimes
resulting in the formation of multiple types of binding sites with different affinities.

The above two approaches can be combined to take advantage of the favorable
aspects of both. In this “hybrid approach”lo, the MIPs are designed by covalent
imprinting but the ligand binding takes place by non-covalent interactions.

The superior advantages of non-covalent imprinting methodology significantly
broaden the scope of molecular imprinting, and it is this approach that will be discussed

in detail.

1.2.2. Non-covalent imprinting preparation of MIPs

Most MIPs are prepared by free radical polymerization of functional monomers
and crosslinking agents which have vinyl or acrylic groups. Depending on the template,
the functional monomers can be complementarily designed to have appropriate functional
groups, such as carboxyl, amino, pyridinyl, hydroxyl and amide groups, etc., for the non-

covalent linkage.
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To preserve the integrity of the cavity in the resultant MIP, a very high degree of
crosslinking (70-90%) is necessary. Ethylene glycol dimethacrylate (EGDMA) is one of
the most widely used crosslinking agents. The reactivity of the crosslinking agent should
be similar to that of the functional monomer to ensure the functional monomer and the
crosslinking agent’s sufficient copolymerization. In addition, by choosing an appropriate
crosslinking agent and the suitable mole ratio of crosslinking agent to functional
monomer, the functional groups, which are responsible for the monomer-template
complex formation, can be distributed in the polymer network.

The solvent used in the reaction is also called porogen. It plays an important role
in the molecular imprinting process especially in the self-assembly system. Besides
helping to dissolve the agents for polymerization and dispersing the heat generated during
the reaction, most importantly, the solvent provides a macroporous structure to determine
the polymer morphology and affects the strength of non-covalent interactions.'’ In the
recognition step, similar questions about the choice of solvent exist. Since all non-
covalent interactions are influenced by the properties of the solvent, non-polar solvents
normally lead to the best recognition. Also, the solvent affects the resin’s morphology
since swelling of the polymers is dependent on the medium. For many systems, swelling
is pronounced in chlorinated solvents, such as chloroform and dichloromethane, as
compared to solvents like acetonitrile and tetrahydrofuran.'? This swelling behavior may
lead to changes in the three-dimensional configuration of the functional groups taking
part in the recognition in the sites resulting in poorer binding capability. So, in order to
avoid any swelling problems, the best choice of recognition solvent is generally either the

imprinting porogen or similar solvent although this is not necessarily a prerequisite.
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Free radical polymerization is most commonly used in the preparation for MIPs
not only because of its versatile applicability and experimental ease, but also for
economic reasons. Currently it is most widely used in industry."® The polymerization can
be initiated by thermal decomposition of radical initiators, such as 2,2’-

azobis(isobutyronitrile) (AIBN) (Equation (1-1)).

(|:N CN CN
H3C——(|3—-N N—C—CH, —— 2HC—C- + N, -1
CH, CH, CHy

The initiating radical (e.g., alkyl radical from AIBN’s decomposition) formed by the
decomposition attacks the monomer, producing the propagating radicals. As mentioned
above, ideally, the reactivity of the monovinyl functional monomer and the divinyl
crosslinking agent should be close, which means the possibility of those two kinds of
propagating radicals formation is close. This will ensure the random copolymerization.
At the beginning of polymerization, the primary polymer chains are still soluble; as the
reaction proceeds, chain growth and cross-linking cause the polymer to separate from the
solution. It is important to control the rate of the radical production. If the rate is too high,
a large concentration of reactive centers is generated leading to early termination and low
molecular weight; if the rate is too low, the polymerization will not be complete within a
practicable time frame.

A second method of getting free radicals is through photo initiation. It is used
especially in cases where a non-covalent complex between the template and functional

monomer is unstable at higher temperatures. In the photochemically initiated
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polymerizations, the intensity of the UV light, the distance from the light source and the
penetration depth affect the rate of radical production.

In the free-radical polymerization, it is very important to remove oxygen because
oxygen can add to the initial free radical to form a hydroperoxy radical (Equation (1-2)
(a)). This new formed radical can be a chain transfer agent or a polymerization retardant
by either initiating polymerization to form a relatively unstable peroxidic end group
(Equation (1-2) (b)) or showing an enhanced tendency to abstract hydrogen from
polymer, monomer, or other components in the system (Equation (1-2) (c)).14 Degassing
with nitrogen or argon as well as freeze-and-thaw procedures under reduced pressure are
very helpful. In some cases, the low temperature employed in polymerization initiated by

UV light helps to stabilize the functional monomer — template complex.

CN CN
| O,
H3C C * » H3C C - O O °
CH3 X CH3 (a)
H,C=C RH
’ (1-2)
Y
CN X CN
H, |
HC—C—0—0—C—C: H3C C—O0—O0O—H + R-
CHj Y (b) CHy (o)
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1.2.3. Characteristics and applications of MIPs

Besides the obvious recognition properties of MIPs, their physical and chemical
characteristics are highly appealing.15 Because of their highly crosslinked nature, they
exhibit high physical and chemical resistance towards various external-degrading factors.
They are typically very stable against mechanical stress, elevated temperatures and high
pressures, resistant against treatment with acid, base or metal ions and stable in a wide
range of solvents. They can be stored for several years at ambient temperature without
apparent reduction in performance. They can be used repeatedly, sometimes in excess of
100 times, without loss of the "memory effect". In comparison with natural biological
recognition sites, such as proteins, these properties are highly advantageous.

The preparation of molecular imprinting resins can be simple and inexpensive and
MIPs are very stable, which make MIPs ideal for molecular recognition prepared through

the rational design. A great variety of chemical compounds have been imprinted

20 1

16,1 . . 2
17 18,19 , mmiIcro-organism ,

successively, including drugs ™ ', herbicides’™ ", metal ions
proteins22 B steroids*?, amino  acids?®?, sugarszs’zg, nucleic acids and their
derivatives®®, and polynuclear aromatic hydrocarbons®".

Four main areas of applications for MIPs''*? have been developed: (1) separation;
(2) sensors; (3) drug development and screening and (4) directed synthesis. Since MIPs
possess molecular memory, a Swedish startup company has commercialized them as
solid-phase extraction (SPE) materials. MIPs’ superior stability makes MIPs candidates
for element recognition in sensors’ application. Sensors usually consist of a chemically

sensitive layer, a transducer and an electronic data collection and processing system. The

main components of the MIP sensors are an imprinted sensitive layer and a transducer
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which can convert the chemical information into an electrical or optical signal. The
selective enrichment of the analyte in the sensitive MIP layer alters the properties of the
coating physicochemcially so that it changes the sensor response in mass, fluorescence,
absorbance, resistance or capacitance. In particular, the quartz crystal microbalance, an
acoustic transducer, has become very popular due to its comparatively low price,

3 A high-performance MIP-based assay using

robustness and ease of use.
chemiluminescence-imaging format as a screening tool was reported, which broadens the
drug development and screening.>* In the study of some enzyme-catalyzed reactions, the
enzymes needed to be isolated. The use of MIPs might help to eliminate this step by
having MIPs be employed as synthetic receptors or molecular-scale reaction vessels to

direct the synthesis.”’35

1.3. Properties of binding sites in MIPs
1.3.1. Experimental methods for the characterization of MIPs

The purpose and glamour of molecular imprinting technique are that after
imprinting, the formed polymeric materials contain recognition sites of the predetermined
specificity. With hundreds of reports of specific rebinding of the template in MIPs, the
properties of binding sites are worthy of study. Basically, there are two experimental
methods to study the ligand binding activity of the MIPs, liquid chromatography and

batch binding experiments. (Figure 1.3)
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—HELC , \——w\
evaluah on

batch ™1 incubation concentrat on
analysis % filtration *  analysis

Figure 1.3. Two experimental methods to evaluate the binding sites of MIPs.

In the chromatographic method, bulk MIPs are prepared, ground and size
selected. Then, the MIPs particles are packed into a stainless steel column and used as the
stationary phase for high performance liquid chromatography (HPLC). The binding
strength and selectivity of MIPs toward ligand molecules are analyzed in terms of their
chromatographic behavior. Successful imprinting selectively promotes the binding of
template molecules, increasing their retention time.

In the batch method, the ligand-binding activity of MIPs can be directly
determined in terms of the amount of ligand bound by MIPs. After the extraction of the
templates from MIPs, some amount of MIPs is incubated in a ligand solution at various
concentrations until the binding reaches equilibrium. After filtration, the concentration of
ligand in the liquid phase can be determined by chromatographic, spectroscopic or other
analytical methods. By comparing the amounts of different ligands bound in the polymer,

the selectivity of the MIPs can be studied. This method was used in this research.
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1.3.2. Models used for b;'nding evaluation on MIPs

From batch analysis results, adsorption isotherms can be obtained, which provide
the information about the number and properties of binding sites. The isotherms can be
fitted by some kind of model under different assumptions. Those models are reviewed

here.

1.3.2.1. Scatchard analysis

The substrate’s binding process is an equilibrium and can be described as:

M+T «—«——* MT.

Define [M] to be the concentration of empty sites in the resin (mmol of empty
sites / g of resin); [T], the concentration of substrate in solution (mmol/L); and [MT], the
concentration of substrate bound in the resin at equilibrium (pmol/g of resin), with the
latter calculated from the difference between the moles of the free substrate and the initial
substrate.

At equilibrium, the equilibrium binding constants can be defined either as an

association constant or affinity constant ( K, ) for MT

_ v
* = [MIT]

or as a dissociation constant (K, )

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



14

Another property of template-binding site interactions is saturability; that is, only
a finite number of specific binding sites exist per unit of resin. The maximum number of
the binding sites per unit mass of the resin is designated as [ MT1]__,
[MT]_.. = [M]+[MT].

Combining this with the definition of K, yields

Ty _ i
7 K [MT]+ K, [MT),,,. (1-3)

This is the Scatchard equation.’® Thus, plotting the [MT}/[T] against [MT] should yield

the equilibrium binding constant (K,) and the maximum number of binding sites
([MT1],,,) from the slope and intercept. The Scatchard equation assumes that all of the

binding sites in an MIP are independent and identical, i.e., each with the same intrinsic
binding properties.

Not all binding studies reported in the literature yield linear Scatchard plots over
the range of concentrations studied. Some data are better represented by a broken line
(Figure 1.4 (b)). The binding reported in 17 different systems is summarized in Table 1.1.
The Scatchard plots for last eight systems are linear, consistent with only one kind of
binding site in the MIP. In the rest of the systems, the Scatchard plots are not linear, but
rather have two distinct sections within the plot which can be regarded as two straight

lines.
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[MTV/[T] [MTV[T]

[MT] (MT]

(@) (b)

Figure 1.4. Two kinds of Scatchard plots shown in literature: (a) and (b).
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Table 1.1. Summary of Scatchard analyses from the literature.

‘uoissiwiad noyum papqiyosd uononpoidas Jayung Jaumo ybuAdoo sy} Jo uoissiwiad yum paonpolday

MIPs Synthesis Exiracti Rebinding High Affinity Low Affinity
XIractlion
Template Mono.” Xiink® | MX:T° | Solvent’ Solvent® Solvent, Ka [MT] max Ka [MT] max
conc (mM) | (L/mmol) (umol/g) (L/mmol) (umol/g)
4-aminopyridine maa egdma | 4:20:1 dmf ma/aa I‘Llegnl;jn; ; 1.85 49 0.3 50 37
4-hydr(;)g(li)enzo1c a egdma | 6:30:1 acn ma/aa acn, 0-2.5 5.6 9 0.7 22 #
cefalexin tfmaa egdma | 4:20:1 ma ma/aa w, 0.1-4.5 7.1 30 0.4 130 >
cefalexin tfmaa+4vp | egdma | 12:30:1 ma ma/w w, 0-4.5 7.1 28 0.36 157 i
norfloxacin maa egdma | 6:30:1 c/dmf ma/aa Z/Cslmf’ 0- 11.1 23 0.5 128 4
GR)-5- a egdma | 4:20:1 acn ma/aa acn, 0-30 20 40 7.7 48 2
benzylhydantoin
4-aminopyridine maa egdma | 4:30:1 c ma/aa acn, 0-4.5 161 78 2.3 223 i
/© bpadma | egdma | 1:29:/ c NaOH/HCI/MeOH | ¢, 0-1.0 172 10.7 n/a n/a “
5,5- an. acn, 0.05- 45
diphenylhydantoin a egdma | 4:20:1 thf ma/aa 40 476 17 0.6 104
cortisol maa egdma | 13:65:1 thf ma/aa tht, 0.03-20 1.7 0.2 0.6 280
mg/mL 46
corticosterone maa egdma | 13:65:1 thf ma/aa thf, 0.03-20 0.8 0.4 1.3 130
mg/mL
2-aminopyridine maa egdma | 4:30:1 c ma/aa acn, 0-4.0 0.4 136 -- -- il
paracetamol a egdma | 4:40:1 acn ma/aa acn, 0-4.5 0.4 126 -- -- i
0.9 (UV), | 0.6 (UV),
testosterone maa egdma | 8:25:1 c acn acn, 0-1.5 1.3 0.4 -- -- “
(HPLC) | (HPLO)
trimethoprim maa egdma | 6:30:1 c acn/aa ¢, 0.5-9.0 5 202 -- -- >
trimethoprim maa trim 4:4:1 acn acn membrane; 20 290 - -- 3t
acn, 0-4.5
maa egdma | 2.5:75:1 c acn/ma dem; 0-2.0 6.7x10° 4.0 -- -
75, - 0- 3 - -
(-)-cinchonidine zp egdma | 2.5:75:1 c acn/ma dem; 0-2.0 1.4x10 3.8 52
T:; egdma | 3.5:75:1 c acn/ma dem; 0-2.0 | 1.1x10* 5.3 - --

91



‘uoissiwiad noyum paugiyosd uononpoidas Joyund “saumo ybuAdos ayy jo uoissiuiad yim paonpoJiday

Table 1.1. Summary of Scatchard analyses from the literature. (Continued)

* Monomer abbreviations: a, acrylamide; maa, methacrylic acid; tfmaa, 2-(trifluoromethyl)acrylic acid; bpadma, bisphenol A dimethacrylate; 4vp, 4-vinylpyridine;
zp, zinc porphyrin.

® Crosslinker abbreviations: egdma, ethylene glycol dimethacrylate; trim, tris(hydroxymethyl) propane trimethacrylate.

° Molar proportions of monomer:crosslinker:template.

4 Solvent abbreviations: aa, acetic acid; acn, acetonitrile; c, chloroform; dmf, dimethyl formamide; decm, dichloromethane; ma, methyl alcohol; thf,
tetrahydrofuran; w, water.

¢ In this paper, covalent imprinting was used in which bisphenol A dimethacrylate was the monomer. Bisphenol A was used for rebinding.

Ll
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1.3.2.2. Model of multiple independent classes of binding sites

Zhou et al. firstly used a multisite binding model in a binding study on 5,5-
diphenylhydantoin imprinted polymer in which acrylamide was the functional monomer
and ethylene glycol dimethacrylate was the crosslinker.*® From their Scatchard plot,
similar to Figure 1.4 (b), two classes of binding sites were postulated for MIPs. To permit
quantitative characterization of the polymer, they wrote the equilibrium binding equation

as Equation (1-4)

Ka,l[MT]max,l[T] + Ka,2[MT]max,2[T]
I+ K, ,[T] 1+ K,,[T]

[MT]=[MT], +[MT], = (1-4)

where [MT],, and [MT],,,, are the apparent maximum numbers for two kinds of
binding sites, respectively, and K,, and K, , are the related equilibrium association

constants.
The initial binding parameters were obtained in two different concentration ranges

by Scatchard analysis (Equation (1-3)) respectively: K, = 476 L/mmol, [ MT]

1 =

max,

17.2 pmol/g; K,, = 0.6 L/mmol, [MT] = 104 pmol/g. Using these binding

max,2
parameter values as initial estimates in Equation (1-4), the fitting curve was in a good
agreement with the experimental points. The final estimates for the binding parameters

were K, ,’ = 110 L/mmol, [MT]_,,” =10.0 umol/g; K ,’ = 0.5 L/mmol, [MT],,," =

max,l max,2

94.6 umol/g. Zhou and his colleagues thought the values obtained by this model are more

reasonable because this method overcame the limit of the ligand concentration used in the

experiment.
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1.3.2.3. Affinity spectrum (AS) method

Other models have been proposed to try to account for the nonlinearity found in
many Scatchard plots. The heterogeneity among the binding sites in the MIP resins is

3,54 :
>3 use a continuum

presumed. One such method, introduced by Shimizu and coworkers
of affinity constants. Their approach is described next.
Shimizu et al. started from the Langmuir-Freundlich (LF) isotherm (Equation (1-

5)), also known as the Sips equation®>*®

_ NI

T all]" (-

[MT]

to describe the relationship between the equilibrium concentration of bound [MT] and

free ligand [T] in heterogeneous systems with three fitting coefficients: »,, the total
number of the binding sites; a, a variable related to the median binding affinity (K ,) via

K, =a""; m, the heterogeneity index which varies from 0 to 1. For a homogeneous

system, m =1; for a heterogeneous system, m <1. When m =1, the LF equation (1-5)
changes into the Langmuir isotherm (Equation (1-6))

_ Na[T]
144}

(1-6)

In this case, when a = K, it is similar to the Scatchard equation:

| K,[MT1,,[T]

1+ K,[T] (-7

[MT]

So the Scatchard analysis (see section 1.3.2.1) is an application of the Langmuir

isotherm.
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When either [T] or a approaches 0, the LF equation reduces to the Freundlich

isotherm (Equation (1-8)):
[MT]=a[T]". (1-8)

The Freundlich isotherm is known to be an excellent approximation of the binding
behavior of many heterogeneous solid surfaces,’” provided that the concentration of the
ligand is not too high or too low. The Freundlich isotherm fails as the surface approaches
saturation because the Freundlich isotherm is a power function and increases indefinitely.

By combining the ability of the Freundlich isotherm modeling heterogeneity with
that of the Langmuir isotherm modeling homogeneity, the LF isotherm (Equation (1-5))
is expected to model both homogeneous and heterogeneous systems. The LF model has
been successfully used to describe the adsorption behavior of many heterogeneous
systems, including gas adsorption onto surfaces,”® ligand affinity to polyclonal
antibodies®® and adsorption of metal ions to environmental samples.*

For heterogeneous binding systems such as the MIP resins that do not exhibit
Scatchard behavior, the corresponding affinity distribution N(K), for the number of sites
having an association K, was needed. Shimizu et al. found this function from the integral

of the Langmuir adsorption:

)= [ %aogm . (1-9)

There are many numerical approximation techniques to calculate N(X). Shimizu et al.

selected Hunston’s numerical approximation technique to solve the integral.®' The result

was
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N =|(B~1—Bz)_a[(B3‘B4)"2(B1_B2)]§ ) (1-10)

i

| 2loga 2(a-1)’loga
This equation calculates the number of binding sites ( NV, ) having an association constant

of K, by using the concentration values of bound template molecule interpolated from

four points on the experimental isotherm Bj, By, B3, B4. They can be calculated from the

following relationships, in which the B;, B, Bs, B4 values are obtained by taking four [T']
values back into the LF isotherm equation:

a =constant > 1.0 (typically a =10°%);

at [T']=—,B, =[MT];

4
Ki

ot [T]=——, B, =[MT];

i

a2

at [T]=——>B, =IMT1;

i

at [T]=ﬁ,B4 =[MT].

So the affinity distribution function can be resolved as
N
(—)

N, = Ntam——ﬁ—[l+2a(—l—)’" +a2(i)2'" +4a(i)'"m2 —az(l)z”'m2 -m?].
1IN K K, K. K,
[1+a(7<—) ] !

i i i

(1-11)
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Equation (1-11) is a general function for the affinity distribution for the LF binding

model. It calculates the number of binding sites ( V, ) having association constant ( K,) by
using the LF fitting parameters a, m and N, .

An affinity distribution obtained from the AS method is a plot of the number of
binding sites (V) against those binding sites’ association constant (K). Shimizu pointed
out that this method can more appropriately model heterogeneity as a continuous
distribution of binding affinities. The resulting affinity distribution could give not only a
quantitative measure of the number of binding sites with respect to binding affinity, but
also a measure of the breadth of the heterogeneity for comparison.

The AS method does not require any change on the experimental procedure of
batch analysis. Shimizu also mentioned that the AS method is limited by the analytical
window due to the ligand solubility, sensitivity of the concentration measurement, etc., as
well as the Scatchard analysis®* while calculating the concentration of binding sites. It
should be noted that, in the numerical approximation, only four points are selected in the
whole initial ligand concentration range. Hopefully they can best approximate the result
besides simplifying the whole resolving process. In addition, the selection for the value of

a is arbitrary.

1.4. Motivation for this work from previous studies

In summary, many studies of molecular imprinting have been reported in the

literature. Most have focused on the utility of the method, addressing its effectiveness as
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a tool for separation and identification'®*?. There have been occasional attempts to
understand the phenomenon of molecular imprinting by modeling45’53’54’62. Most
commonly, these approaches have employed the Scatchard method, either the simple
form in which only one kind of binding site is identified*’>* or a Scatchard-like treatment
of two independent classes of binding sites®” . In the second case, the analyses have
treated one kind of binding over one range of concentration and the second kind of
binding over a different range of concentration, rather than both over the continuum of
concentrations. In another attempt to model molecular imprinting, the affinity-spectrum
approach by Shimizu heavily emphasizes the distribution of binding affinities among the
sites in an MIP resin and results in a complex mathematical model employing parameters
that do not have obvious relationships to the chemical system being examined*>*>*%2,
Finally, notwithstanding the important fact that the nonimprinted resins (NIPs) also bind
solute species, only rarely have investigators included the NIP as a reference in their
binding studies of imprinted systems63'65 . One study® that recognized binding at NIP
sites reported only binding isotherms for MIP and NIP without further analysis. Other

research®+®

that considered NIP sites divided the concentration range into two distinct
regions. In each region the NIP isotherm was subtracted from the MIP isotherm to yield
separate K, values for binding in each concentration range without a clear explanation for
why the equilibrium constant might differ at different concentrations.

The studies conducted for this dissertation incorporate the effects of binding that
are found in NIP as well as in MIP resins. They also correct the Scatchard-like treatment

of two independent classes of binding sites so that both classes of binding sites are

operative over the full range of concentrations.
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1.5. Proposal for this study

The molecular imprinting technique has been widely accepted in various
disciplines for a long period with most of the research mainly focused on the synthesis
and more practical purposes. However, in the recognition-based applications of MIPs, a
notable difficulty is the low yield of high affinity binding sites. Other difficulties reside in
the understanding and characterization of the binding sites in MIPs. The selectivity and
affinity of MIPs are mainly affected by the properties of the monomers and templates and
the interactions between them. Therefore, an understanding of the physical and chemical
processes governing the formation of monomer-template complexes in the imprinting
process and the subsequent recognition is fundamental for the design of MIPs.

In this study, three template molecules 4-hydroxybenzoic acid, 3-hydroxybenzoic
acid and 6-methoxy-a-methyl-2-napthaleneacetic acid ((S)-naproxen) were imprinted
respectively. Based on the different functional groups attached to the template molecule,
either 4-vinylpyridine or acrylamide was selected as the functional monomer to
noncovalently bond with the template. In order to understand the mechanism underlying
the formation and recognition of MIPs, the monomer-template complexes before each
polymerization were characterized by different spectroscopic analyses. The behavior of
the binding in each MIP was studied by batéh analyses between the template itself and its
structure related molecules. A summary of the principle components of the experiments

1s shown in Figure 1.5.
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polymerization with (MIP)

or without (NIP) template

NMR analysis of template-
monomer association

A 4

resins grinding and sieving

y

FTIR analysis of

template extraction  [¢
from MIP resin

equilibrium kinetics

y
rebinding of template

template-resin association

.| binding of non-template

molecules to MIP and NIP

"| molecules to MIP and NIP

Figure 1.5. The experimental scheme used in this study to make MIPs and NIPs.
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CHAPTER 2. BINDING STUDIES ON RESINS IMPRINTED WITH
HYDROXYBENZOIC ACID ISOMERS

2.1. Hydroxybenzoic acid isomers

MIPs have been widely used to identify and separate optical and positional
isomers. The research described here includes an investigation of molecular imprinting
using resins imprinted with isomers of hydroxybenzoic acid and related compounds.

The ortho isomer of hydroxybenzoic acid is salicylic acid (SA), whose structure is
shown in Figure 2.1. SA has considerable commercial importance. Its major use is for the
preparation of its ester derivative, such as aspirin, fragrance of wintergreen, food
flavorings, antiseptic and antipyretic medicines etc.! SA is synthesized by heating sodium
phenolate with carbon dioxide in an organic phosphine oxide solvent to form sodium
salicylate, followed by the treatment of sulfuric acid. An undesirable byproduct of this
synthesis is the para isomer, 4-hydroxybenzoic acid (4HBA). Thus, it is important to be
able to separate the isomers. The manufacturing process controlling the ratio of SA and
4HBA involves varying the mole ratio of the organic phosphine oxide to the alkali metal

_phenolate from 1 to 4, with the higher ratio favoring 4HBA 2
4-Hydroxybenzoic acid (4HBA), 3-hydroxybenzoic acid (3HBA), salicylic acid

(SA) and benzoic acid (BA) (Figure 2.1) are a series of structure-related molecules. They
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have a broad range of applications from paper coatings and liquid crystal preparations to
drugs.? They are also a class of preservatives, commonly used as antimicrobial agents in
cosmetics and hygiene products.> They also are found in fruits such as grape, apple,
orange, plums and berries etc. They may possess anticarcinogenic and other health-
promoting effects as antioxidants.*

Because of MIPs’ easy preparation and low cost, they have potential applications

in these areas.

OH
OH OH
COOH HOOC COOH
Salicylic acid 4-Hydroxybenzoic acid 3-Hydroxybenzoic acid
(SA) (4HBA) (3HBA)
COOH COOH
OCCH,
Benzoic acid (BA) Aspirin

Figure 2.1. Chemical structures of the structural related molecules.

There is a strong intramolecular hydrogen bonding in the SA molecule (Figure

2.2), which affects the imprinting procedure. In the 4HBA molecule, the distance
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between the hydroxyl group and the carbonyl group makes such intramolecular hydrogen
bonding impossible. Although there is intermolecular hydrogen bonding in 4HBA
molecules, it does not play a significant role in dilute 4HBA solutions. Ideally, resins
imprinted with 4HBA should have the highest selectivity and absorption capacity for

4HBA instead molecules structurally related to it.

Figure 2.2. Intramolecular hydrogen bonding in SA.

For our study, 4HBA and 3HBA were selected as the template molecules
respectively; acrylamide (AA) was selected as the functional monomer. An NMR
titration technique was used to study the interaction in monomer-template complex in
order to attain insight into molecular recognition. Acetonitrile was selected as the
porogen for polymerization because some studies showed that the surface area of MIP
made in acetonitrile was 23 times that of the same MIP made in chloroform.” The higher

the surface area is, the higher the binding capacity is.
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2.2. Experimental
2.2.1. Materials

4-Hydroxybenzoic acid (4HBA), 3-hydroxybenzoic acid (3HBA), benzoic acid
(BA), ethylene glycol dimethacrylate (EGDMA) and 2,2’-azobisisobutyronitrile (AIBN)
were purchased from Aldrich. Acrylamide (AA) was purchased from Bio-Rad
Laboratories. Acetonitrile used in the polymerization was of HPLC grade. All the other
reagents were of analytical grade.

In order to remove inhibitor, EGDMA was washed three times with 15% aqueous
sodium hydroxide solution and then washed with saturated sodium bicarbonate solution.
After it was dried over calcium chloride for 12 hours and subsequently with calcium
hydride for 24 hours, the EGDMA was distilled in a vacuo from calcium hydride. The
purity was checked by gas chromatography / mass spectroscopy (GC/MS) (Appendix A),
using a Hewlett-Packard 5890 Series II GC instrument in c\onjunction with a 5971 A Mass
Selective Detector.

AIBN was recrystallized from methanol and acetonitrile was dried over 4A

molecular sieves before use.

2.2.2. Preparation of molecularly imprinted polymer with 4HBA (MIP4HBA) and non-

imprinted polymer (NIP)

2.2.2.1. Interaction study between 4HBA and AA by titration experiment via 'H-NMR
Stock solutions of 4HBA (0.1 mol/L) and AA (1.6 mol/L) were prepared in

deuterated acetonitrile (CD3CN). 0.40 mL of the 4HBA solution was pipetted into NMR
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tubes, and different volumes of AA and CD3CN were added to yield ratios of AA (varied
concentration) to 4HBA (0.05 M) ranging from 2 to 16 in a total volume of 0.80 ml. Also
for controls, the proton spectra were obtained from a series of solutions containing only
AA in CD5CN at the same concentrations as the ones in the 4HBA-AA solutions. All 'H-
NMR spectra were obtained at normal probe temperature through a Gemini NMR 400

and the chemical shifts were reported in ppm (8) with TMS as an internal reference.

2.2.2.2. Preparation of MIP4HBA and NIP

After 4HBA (the template; 0.1380 g, 1.0 mmol) had been dissolved in 5.00 mL
acetonitrile, AA (the monomer; 0.4260 g, 6.0 mmol), EGDMA (the crosslinker; 5.70 mL,
30.0 mmol), and AIBN (the initiator; 0.0301 g, 0.18 mmol) were combined in a 50-mL
flask. Then another 5.00 mL acetonitrile was added. The mixture was transferred into an
18 mm OD x 180 mm long borosilicate glass tube containing a small Teflon coated
magnet. After it was sparged with nitrogen for 20 minutes, the sample was degassed three
times by alternately submerging the tube in liquid nitrogen, holding it at 0.06 Torr for at
least 15 minutes and then thawing. While thawing, a magnetic rod was used to move the
small magnet up and down for the removal of bubbles from the solution. Following the
above treatments, the tube was sealed at low pressure.

Another tube was prepared according to the same procedure but without the
4HBA template. The resulting resin is designated NIP. The amount of functional
monomer used for synthesis of NIP was the same as that for the MIP to ensure that the
differences in selectivity would not result from differences in functional groups

concentrations.
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The two sealed tubes were _cooled to 4°C, agitated for 20 minutes, and then
irradiated simultaneously for 48 hours with UV light from an ACE 7825-34 mercury
vapor UV lamp (450 watts). During this period, the tubes were kept at 4°C and rotated
slowly.

After polymerization, the tubes were opened and the bulk polymer that formed
was ground in short repeated cycles using an electric mill. Between each grinding cycle,
the products were dry sieved through a 38-um screen. The particles which passed through
the sieve were collected and added to acetonitrile. The mixture was sonicated. After 30
minutes of sitting undisturbed, the component which remained suspended in the liquid
was decanted and discarded while the sediment was saved. This was repeated three times.
The sedimented particles were dried in a vacuo at room temperature for 8 hours.

A thin layer of fine MIP particles was spread on the top of a stub, then a sputter
coater machine produced a gold coating by the argon plasma under vacuo. The scanning
electron micrographs of MIP particles were obtained from an Amray model 1810

scanning electron microscope.

2.2.2.3. Template extraction by Soxhlet extraction

The MIP was transferred to a cellulose Soxhlet thimble, and the template and a
small amount of other soluble residue were extracted from the resin for 24 hours using
100.00 mL acetonitrile-acetic acid (4:1, v/v). A second Soxhlet extraction with 100.00
ml acetonitrile was performed for another 24 hours. The washing solutions were saved

for analyses by a Perkin-Elmer Lambda 35 UV/VIS spectrophotometer and the polymers
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were obtained for further study after drying in vacuo at room temperature for 10 hours.

This procedure was then repeated for the NIP resin.

2.2.2.4. 4HBA, 3HBA and BA binding experiments

Portions of the MIP4HBA after extracting the template were added one at a time
to acetonitrile solutions of 4HBA, 3HBA and BA at various concentrations. The phase
ratio was a commonly used one: 0.01 g solid / mL solution.®® This process was repeated
with NIP for comparison. In separate experiments, pure solvent was also added to
MIP4HBA and NIP to determine the (trace) amount of any template remaining after the
extraction. Each resin mixture was stirred for 24 hours at room temperature. After
centrifugation for 20 minutes at 3500 rpm, the supernatant was transferred into a
scintillation vial through a 0.45-um syringe filter. Because 4HBA, 3HBA and BA
acetonitrile solutions have the maximum UV absorbance (Amax) at 251 nm, 294 nm and
225 nm respectively (Appendix B), the concentration of free 4HBA in the supernatant
was determined by measuring its UV absorbance at 251 nm; 3HBA, at 294 nm; and BA,

at 225 nm.

2.2.2.5. Kinetic study of 4HBA binding experiment

In each of eight centrifuge tubes, 0.1g MIP4HBA or NIP was mixed with 10.00
mL, 0.1 mM 4HBA acetonitrile solution. All the solutions were stirred at room
temperature. After 0.5, 1, 2, 4, 6, 8, 10, 20, 22, 24 and 36 hours, a different tube was

centrifuged. The supernatant which formed on centrifugation was transferred into a
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scintillation vial through a 0.45-um syringe filter and its concentration of free 4HBA in

the supernatant was determined by measuring its UV absorbance at 251 nm.

2.2.3. Preparation of molecularly imprinted polymer with 3HBA (MIP3HBA) and non-
imprinted polymer (NIP’)
2.2.3.1. Preparation of MIP3HBA and NIP’

3HBA (the template; 0.0690 g, 0.5 mmol) was dissolved in 2.50 mL acetonitrile.
Before another 2.50 mL acetonitrile was added, AA (the monomer; 0.2133 g, 3.0 mmol),
EGDMA (the crosslinker; 2.85 mL, 15.0 mmol), and AIBN (the initiator; 0.0150 g, 0.09
mmol) were combined. The mixture was transferred into a 14 mm OD x 180 mm long
borosilicate glass tube containing a small Teflon-coated magnet. Following the previous
treatments of MIP4HBA (see section 2.2.2.2. Preparation of MIP4HBA and NIP), the
tube was degassed and sealed at low pressure. Another tube was prepared according to
the same procedure but without template. This resin is designated NIP’. The two sealed
tubes were slowly rotated in a 4°C water bath and the solutions were polymerized under
the UV light for 48 hours.

After polymerization, the bulk polymer was repeatedly ground and dry sieved
through a 38-um screen. The template molecules were removed by Soxhlet extraction
following the same procedure as the one used in MIPAHBA treatment (see section

2.2.2.3. Template extraction by Soxhlet extraction).
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2.2.3.2. 4HBA, 3HBA and BA binding experiments

Portions of the MIP3HBA extracting the template were added one at a time to
acetonitrile solutions of 3HBA, 4HBA and BA at various concentrations for binding
experiments according to the same procedure as the one used in NIP and MIP4HBA
binding experiments (see section 2.2.2.4. 4HBA, 3HBA and BA binding experiments).
The concentration of free 3HBA in the supernatant after binding was determined by

measuring its UV absorbance at 294 nm; 4HBA, at 251 nm; and BA, at 225 nm.

2.3. Results and discussion
2.3.1. Binding studies on 4HBA imprinted polymer system
2.3.1.1. Interaction between 4HBA and AA before polymerization

Although the preparation of MIP by the non-covalent method is technically
simple, it relies on an association between the template and the functional monomer.
Liibke and coworkers proposed'’ that the structure of this complex existing in solution
prior to polymerization remains unchanged during polymerization and the resulting sites
are not modified by shrinkage upon the template removal.

Comparing the dielectric constant values, the dipole moment values, the boiling
points and the heats of vaporization (AHy,p) of acetamide and acetic acid (Table 2.1), we
found large differences which suggest that the amide group may contribute to stronger
intermolecular forces than the carboxylic acid group. Also some MIP studies have shown

that in a polar solvent, an amide group is capable of stronger hydrogen bonding than an
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acid group.”*!* So AA was selected instead of methacrylic acid as the functional

monomer when using acetonitrile as the porogen in this study.

Table 2.1. Physical constants of acetamide and acetic acid.!!!?

dielectric constant  dipole moment boiling point (°C) AHvap* (kJ/mole)

acetamide 67.6 3.76 D 222.0 56

acetic acid 6.20 1.70D 118.1 24

* AHyap, enthalpy of vaporization at boiling point in kJ/mole.

A 'H-NMR titration experiment was used to study the hydrogen bonding15 -16
between the template and the monomer before the polymerization. A series of 4HBA and
AA solutions were diluted according to the desired ratios (Table 2.2). The 4HBA
concentration was fixed at 0.05 M and the AA concentration was varied from 0.1 to 0.8

M in deuterated acetonitrile.
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Table 2.2. Composition in each NMR tube.
The total volume of 4HBA and AA solution is 0.80 mL.

Conc. ratio of 4HBA : AA 4HBA® AAY
in NMR tube (L)  (mmoly (M) @L  (mmoly’ (M)
1:2 0.40 0.04 0.05 0.05 0.08 0.1
1:4 0.40 0.04 0.05 0.10 0.16 02
1:6 0.40 0.04 0.05 0.15 0.24 0.3
1:8 0.40 0.04 0.05 0.20 0.32 0.4
1:12 0.40 0.04 0.05 0.30 0.48 0.6
1:16 0.40 0.04 0.05 0.40 0.64 0.8

a, a’. The initial concentrations of the 4HBA and AA stock solutions were 0.1 M and 1.6 M,
respectively.

b, b’>. Volume of 4HBA or AA stock solution pipetted into each NMR tube.

¢, ¢’. Mmol of 4HBA or AA in each NMR tube.

d, d’. Final concentration of 4HBA or AA in each NMR tube.

"H-NMR spectra of AA, 4HBA and 4HBA-AA (concentration ratio of 4HBA:AA
= 1:6) are shown in Figure 2.3, Figure 2.4 and Figure 2.5, respectively. The hydrogens
attached to AA and 4HBA were analyzed and marked in each spectrum. In Figure 2.3,
broadening of the two amide protons (Hp) of AA by proton exchange is evident. In
addition, in the spectrum of 4HBA-AA mixture, neither new hydrogen peak appears nor

any existed hydrogen peak disappears (Figure 2.5).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



41

He Py Hy He

,x_.,_’—) L‘_h.) - N A
% [
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Figure 2.5. "H-NMR spectrum of 4HBA and AA in acetonitrile-d; in which the
concentration ratio of 4HBA : AA = 1:6.
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The chemical shifts of AA’s two amide protons are shown in Figure 2.6 for
varying concentrations of AA in deuterated acetonitrile. The full spectra can be found in
Appendix C. The increases in the chemical shifts of the amide protons with increasing
concentrations of AA are attributed to the increasing amount of hydrogen bonding as the
AA solutions become more concentrated. (The reduction in electron density at the proton
— a consequence of hydrogen bonding — results in the deshielding of the proton and it
resonates at a higher field.)

When 4HBA was added to these solutions (Appendix D and Figure 2.7), the
effect is heightened as would be expected if 4HBA hydrogen bonded to the amide
protons of AA. Figure 2.8 shows a comparison of the two sets of NMR spectra.
Consistent with the conclusion that the 4HBA also forms hydrogen bonds with AA, the
effect of adding 4HBA to AA solutions is greatest in dilute solutions where the fraction
of hydrogen bonds with 4HBA would be the greatest. Possible hydrogen bonds are shown

in Figure 2.9.
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Figure 2.6. NMR signals from AA’s two amide protons at varying concentrations in d-
acetonitrile. The concentrations of AA were from top to bottom, 0.1, 0.2, 0.3, 0.4, 0.6, and
0.8 M (see Table 2.2). 4HBA was not present (but see Figure 2.7). These spectra were
processed by the software NUTS and zoomed in the same scale from 5.66 ppm to 6.8 ppm.
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Figure 2.7. NMR signals from AA’s two amide protons at varying concentrations in the
presence of 4HBA in djs-acetonitrile. The solvent was ds-acetonitrile. The concentration of
4HBA was constant at 0.05 M and the concentration of AA was adjusted to achieve the
desired ratio (see Table 2.2 and Figure 2.6). The spectra were processed by the software
NUTS and zoomed in the same scale from 5.75 ppm to 6.8 ppm. The ratio indicates the
concentration ratio of 4HBA to AA.
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Figure 2.8. Chemical shifts for the two amide protons in AA as a function of the
concentration of AA. The upper curve (a) for “Proton #1” obtained for 0.05 M 4HBA is
compared with the lower curve (b) obtained for AA in the absence of 4HBA. Curves (c)

and (d) are the corresponding shifts for “Proton #2”. The lines were drawn arbitrarily

through the data points.
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Figure 2.9. Probable hydrogen bonding between 4HBA and AA by (a) Serena Software,
PC Model (Version 5.13), in which the energy of 4HBA and AA has been minimized and
(b) ChemDraw.
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2.3.1.2. Preparation of MIP4HBA

The MIP resins were prepared using a free-radical polymerization initiated with
UV light. A white solid first appeared after the reactants had been irradiated for three
hours. In the case of MIP4HBA, 90% of the template that was initially present in the
reaction mixture was extracted from the resulting resin, as determined by UV/Vis
spectrometry.

Scanning electron micrographs reveal the size and texture of MIP4AHBA particles.
The particle sizes were controlled by sieving and sedimentation. Their shapes were
irregular (Figure 2.10. (a)). MIP4HBA showed a rough surface, the darker areas being

pores (Figure 2.10. (b)).

(@ (b)

Figure 2.10. Scanning electron micrographs of MIP4HBA particles at

(a) 380x and (b) 10,000x magnification.
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2.3.1.3. Binding analyses of MIP4HBA and NIP resins

The affinity for the template species and the site selectivity of the sites were
studied using batch analysis. The activity of MIP was compared with the corresponding
activity of a non-imprinted resin, which had been prepared under the same conditions as
the MIP except for the absence of the template.

The substrate’s binding process can be described as an equilibrium:

M+T &——» MT

where [M] is defined as the concentration of empty sites in the resin (mmol of empty
sites / g of resin); [T], the concentration of substrate in solution (mmol/L); and [MT], the
concentration of substrate bound in the resin at equilibrium (umol/g of resin), with the
latter calculated from the difference between the moles of the free substrate and the initial
substrate.

The relationship among these quantities can be expressed as the Scatchard
equation'”:

%=—Ka[MT]+Ka[MT]W @-1)

with the assumption that all the substrate-binding sites in an MIP are identical.

[MT]

a= M and [MT]_,, represent the association constant for MT and the maximum

number of binding sites per unit mass of the resin, respectively.
2.3.1.3.1. Comparison of different polymerizations’ binding analyses

In accord with common practice, the porogen acetonitrile used in the

polymerization was used as the solvent for the batch analyses.'®! After the imprinted
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(MIP) and non-imprinted (NIP) resins had been subjected to the extraction, they were
immersed in 4HBA-acetonitrile solutions whose concentrations were varied over the
range 0-2.5 mM. The binding isotherms for 4HBA in both resins, as determined from the
UV-absorbance of the solutions, are compared in Figure 2.11, where the numbers

following MIP or NIP represent the date on which the polymerization was performed.

25.00

20.00

_
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o
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10.00

[MT] (umol/g)

5.00

0.00

0.00 0.50 1.00 1.50 2.00 2.50 3.00
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& MIP080602 ANIP091302 €MIP091302 Xliterature @ MIP100202 + NIP100202

Figure 2.11. Binding isotherms for 4HBA on different batches of MIP4HBA and NIP.

[MT], concentration of 4HBA bound in 0.1 g resin at equilibrium (umol/g of resin); t =
25 °C; incubation time: 24 hours. The numbers following MIP or NIP symbolized the

date on which the polymerization was performed. The result from Zhang’s study® is

identified as “literature”.
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In Figure 2.11, the plots for MIP091302 and MIP100202 show high absorbances
of 4HBA compared to the two reference resins NIP091302 and NIP100202. Even
concentrations of 4HBA as great as 2.5 mM apparently did not result in saturation of
these two MIPs. These two resins were also 15-80% more absorbent than the resin
described by Zhang® (vide infra).

As is apparent from Figure 2.11, the resin MIP080602 was less effective than
MIP091302 and MIP100202 in binding 4HBA from solution. However, the preparation
of MIP080602 was different from that of the other two. Its polymerization was carried
out in a 125-mL flask which was stationary with respect to the UV source, whereas the
other two were synthesized in the sealed small-diameter tubes that were rotated in the UV
radiation. It took less than an hour for the MIP091302 and MIP100202 reaction mixtures
to become turbid indicating the formation of polymer, while 4 hours had elapsed before
the polymer was seen in the MIP080602 preparation.

The data from Zhang’s study® (identified as literature) were plotted in the same
figure for comparison. Although the mole ratio of each component was kept the same in
each synthesis, the experimental conditions were different. The polymerization in
Zhang’s study was performed in a 18 mm OD x 180 mm long borosilicate glass test tube
in a 60°C water bath for 24 hours. The template was extracted using acetic acid-methanol
(1:4, v/v), then the residual acetic acid was removed using methanol. In the rebinding
step, 30 mg MIP was incubated in 3.0 mL. 4HBA acetonitrile solution in a 10 mL conical
flask for 10 hours at 25°C.

The polymerization MIP080602 was performed in a 125-ml flask and initiated by

UV in a 4°C bath for 24 hours. After the first hour’s initiation, the solution became more
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viscous but still transparent. A white polymer appeared in four hours. Acetic acid-
acetonitrile (1:4, v/v) and acetonitrile were used for the template removal in consecutive
Soxhlet extractions. In the binding step, 100 mg MIP was mixed in 10 mL 4HBA
acetonitrile solution for 24 hours at room temperature. Although MIP080602 showed
binding properties similar to the experiment in the literature, its binding capacity is only
about 30% of the one in literature. One reason for the low binding capacity might be
incomplete polymerization or particle morphology because, unlike the other
polymerizations of MIP, some liquid remained in the polymerization flask after the
reaction was stopped.

Based on the MIP080602 polymerization, in the next experiments the components
for both MIP and NIP were sealed in borosilicate glass tesf tubes. They were placed near
the UV source such that two tubes were equidistant and at the same angle with respect to
the UV lamp. The tubes were turned slowly under the control of a motor to ensure that
the samples received the UV light evenly. In the polymerizations of MIP091302 and
NIP091302, both solutions started to change from clear to turbid after 45 minutes and
form the gels in another hour. The stir bar in the MIP091302 tube rotated in the same
plane but the one in the NIP091302 tube only vibrated. Also MIP showed less opacity
than NIP. Two and half hours later, the stir bar in NIP could not move any more, but the
stir bar in MIP continued to vibrate. Both samples were completely opaque by this time.
It seemed from the observations that NIP polymerized faster than MIP. In MIP091302°s
binding analysis, its binding capacity was significantly improved and even more template

4HBA molecules were rebound than what the literature showed.
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In the polymerizations of MIP100202 and NIP100202, a smaller OD borosilicate
glass tube (14 mm) was used instead of an 18 mm OD tube for the further completion of
the reaction. There was a concern that reactants in the interior of the larger tube were
receiving significantly less radiation than the material near the surface. After a half hour,
both solutions turned white and the stir bars ceased to move; after another half an hour,
white solid formed. MIP100202’s binding performance was getting improved over that of
MIP091302. As will be discussed below, the binding capacity of NIP100202 was
significantly less than that of the NIP091302.

To recapitulate, several steps to improve the properties of binding sites in MIP
and NIP have been implemented, such as reducing the diameter of the reaction tubes,
rotating the tubes during the reaction and modifying the scheme used for the
sedimentation of polymerized particles to narrow the distribution of particle sizes. It is
apparent from the binding isotherms in Figure 2.11 that the binding capacities of
MIP091302 and MIP100202 were improved compared the one in Zhang’s study and they
were consistent with one another. So those MIPs were selected for the further studies and

no additional refinement was attempted.

2.3.1.3.2. Reproducibility of rebinding experiment on MIP4HBA and NIP resins

Upon finishing the first rebinding of 4HBA, 4HBA molecules were extracted
again from MIP091302 and NIP091302 resins, and then the dried resins were stored in
the cabinef at the room temperature. After two months, the second rebinding was done

with the same resins and under the same experimental conditions for comparison. From
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Figure 2.12, two batch analyses on the same resin showed very similar results, showing

MIP’s stability and robustness.

25.00
20.00
§ 15.00
[o]
E
2
=
2 10.00
5.00
0.00 =
0.00 0.50 1.00 1.50 2.00 2.50
initial concentration (mM)
ANIP091302 & MIP091302
& RNIP091302 = RMIP091302

Figure 2.12. Reproducibility of 4HBA rebinding on MIP091302 and NIP091302. The
second rebinding is shown as RNIP091302 and RMIP091302. [MT], concentration of
4HBA bound in 0.1 g resin at equilibrium (umol/g of resin); t = 25 °C; V= 10.0 mL;

incubation time: 24 hours.

2.3.1.3.3. Binding analyses of MIP4HBA and NIP resins

For the later study and comparison, MIP091302 and NIP091302 were selected as
the examples for MIPAHBA and NIP. Their first binding isotherms are shown in Figure

2.13. The MIP absorbed more 4HBA than did an equal mass of NIP with the difference

increasing with increasing concentrations.
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Figure 2.13. Binding isotherms for 4HBA on MIP4HBA and NIP. [MT], concentration

of 4HBA bound in 0.1 g resin at equilibrium (umol/g of resin); t = 25 °C; incubation
time: 24 hours. The dashed line at [MT] = [MT],, ,;» = 6.7 pmol/g is the asymptotic

limit for NIP as explained in the text.

As shown in Figure 2.14, the percentage uptake from the solution, calculated as
the percentage of 4HBA in solution absorbed in the resin while the equilibrium is
reached, for the MIP is higher than that for the NIP at the same concentration, but both

decrease with an increase of 4HBA’s initial concentration.
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Figure 2.14. Percentage uptake from MIP4HBA and NIP binding solutions.

The data in Figure 2.13 are re-plotted in Figure 2.15 with [MT]/[T] graphed as a
function of [MT] as suggested by Equation (2-1). For the NIP, the ratio [MT]/[T] is a
linear function of [MT] over the range from [MT] = 0 to the saturation of the resin. The
slope and intercept of the line representing these data were determined by the method of
least squares, with each point weighted in proportion to the inverse square of its
experimental uncertainty?® (Appendix F). The results yield the equilibrium association

constant K, ,,= 4.4 + 0.2 mM™"' and the maximum number [MT lnax e = 6.7 £ 0.3

umol/g. The data in Figure 2.15 for MIP4HBA solutions are not linear, but concave
upwards. The large uncertainties in [MT]/[T] shown in Figure 2.15 are a consequence of

taking the difference between pairs of small concentrations.
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Figure 2.15. Scatchard plots of MIPAHBA and NIP for 4HBA.

To take account of the nonlinearity of the MIP4HBA data in Figure 2.15, the
MIP4HBA resin was treated as having two kinds of binding sites with different affinities:
“general” sites that in this system dominate the behavior at low concentrations of
template species and “special” binding sites, dominant at high concentrations. The
general binding sites were comparable to those found in the NIP resin. Accordingly, they

are assigned the same affinity constant K, ,= K and the same site density [MT
gn Yy a,g a,NIP max, g

= [MT ] ot -
In this model, some of the bound template is adsorbed on the general sites while

the remainder of the bound template is found on the special sites. Thus,
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[MT ]y =[MT], +[MT], 2-2)
The concentration of occupied general binding sites for a given [7] can be

calculated from K,, and [MT] using the results of measurement in NIP and

max,g
Equation (2-3).

Ko g [(MT ]y (7]
1+K,,[T]

[MT], = (23)

The concentration of occupied special sites [MT], is the difference between [MT],,,,

obtained from measurement on MIP, and [MT], .

Ka,g [MT]max,g [T]
1+K,,[7]

[MT), =[MT], ~[MT}, =[MT ) ~ 2-4)

According to the Scatchard plot of the special-site data determined from Equation
(2-4) (Figure 2.16), the behavior of the special binding sites is also assumed to follow the

Scatchard model so that

[MT], _ _
il K, ,[MT], + K, ,[MT]

(2-3)

max,s °
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Figure 2.16. Scatchard plot for the special binding sites with [MT]s determined using
Equation (2-5).

From its slope and intercept, K, = 0.15 4+ 0.01 mM™ and [MT Jnaxs = 72 £ 2 pmol/g were

found. These values and those determined from the NIP resin have been substituted in

Equation (2-6):

Koo lMT Ly s [T] | Koo [MT Iy 171

(2-6)
1+K,,[T] 1+K,,[T]

[MT ) o =[MT], +[MT], =

and the results are plotted as the solid line in Figure 2.17 for comparison with the

experimental results. The agreement is very good.
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—— [MT]tot
o MP
T (experiment)
A NP
(experiment)

Figure 2.17. Representation of the observed binding data using Equation (2-6). [MT], or

[MT],: the concentration of 4HBA absorbed in the general or special binding sites

: the concentration of 4HBA

total *

calculated from its related K, and [MT] [MT]

max ?

absorbed in all binding sites calculated from Equation (2-6); MIP (experiment) or NIP
(experiment): the experimental data from binding analysis of MIP or NIP.
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2.3.1.4. Kinetic study of 4HBA binding procedure

Batch analyses in these studies were conducted on systems at equilibrium (in
contrast to many chromatographic studies reported elsewhere that involve solutions
flowing past a stationary resin). The rate of approach to equilibrium was studied by
measuring the concentration of 4HBA in the supernatant after 0.5, 1, 2, 4, 6, 8, 10, 20, 22,
24 and 36 hours. Initially, the sorption of 4HBA by MIP increases at a decreasing rate
leading to equilibrium after 24 hours (Figure 2.18). On the other hand, 4HBA
equilibrated with the NIP resin after 8 hours. Apparently, 4HBA molecules are rapidly
adsorbed at the general binding sites until the NIP is saturated. In the MIP resin, besides
the general binding sites, there are numerous sites containing functionalities positioned to

complement those of the template molecules, and it takes longer for the binding to reach

the equilibrium.

binding of 4HBA (mg/g)

0.17 Il 1 i 1 | H { i ]
0 4 8 12 16 20 24 28 32 36 40

time (hours)

e MIP4HBA o NIP

Figure 2.18. Kinetic study of 4HBA binding on MIP4HBA and NIP resins.

m (MIP or NIP) = 0.1 g; C (4HBA) = 0.1 mM; V= 10.0 mL; t = 25 °C.
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2.3.1.5. Substrate selectivity of MIP4HBA and NIP

The selectivity of MIP4AHBA for different substrates was studied by measuring
the resin’s capacity for absorbing 3HBA and BA, both of which are related structurally to
the 4HBA template (see Figure 2.19). In carrying out this particular study, batch analyses
were performed on MIP4HBA and NIP resins using the same experimental conditions

that were employed in the binding of 4HBA by the MIP4HBA resin.

OH

OH

COOH
HOO COOH :::

(2) (b) (c)

Figure 2.19. Structures of the substrates used in this study:

(a) 4HBA; (b) 3HBA and (c) BA.

The effects of molecular structure on binding affinities in MIP are apparent in a
comparison of the binding of the three species in Figure 2.19 to NIP and to MIP. 4HBA,
3HBA, and BA bind almost equally to NIP as shown in Figure 2.20 (a). Their saturation
concentration on the NIP is about 4 pmol/g. However in experiments with MIP as shown
in Figure 2.20 (b), 4HBA (the template) was bound to a greater extent than either 3HBA
or BA, with greater binding by BA compared to 3HBA. The MIP was not saturated by
any of the three analytes over the ranges of solution concentrations used. The reason for
the lower sorption of BA (and 3HBA) by the MIP compared to the NIP is not apparent.

For further understanding of the selectivity mechanism of the MIPs, other substrates, for
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example, phenol (one hydroxyl group), salicylic acid (the hydroxyl group and the
carboxyl group are ortho to one another and hydroquinone (para-substituted hydroxyl

groups) could also be used for the binding experiments.

16.00
14.00
12.00
gﬂ.ﬂﬂ
2 8.00
EG.DU
4,00

200 |

0.00 0.5 1.00 1.50 2.00 000 &=
iritial concentration (ra) 0.00 0.50 1.00 150 200

* BANIP © 4HBANIP 4 JHBANIP initial concentration (mM)
¢ BAMIP4HBA o© 4HBAMIP4HBA 4 3HBAMIP4HBA

(a)
(b)

Figure 2.20. Binding isotherms of 4HBA, 3HBA and BA on (a) NIP and (b) MIP4HBA.

Concentration of resin in solution: 0.01g / 1.0 mL; binding time: 24 hours; t =25 °C.

2.3.1.6. Comparison of batch analyses and chromatographic evaluation

Zhang et al.® used 4HBA imprinted resin for the stationary phase in a liquid
chromatographic separation of 4HBA, 3HBA and BA. This column not only separated
4HBA from the structurally similar compounds, but also had a higher capacity and
greater relative retention for 4HBA than for 3HBA and BA (Table 2.3). Values for

selectivity and imprinting efficacy from the current equilibrium binding experiments are
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compared in the same table. We find evidence for greater selectivity in our equilibrium
binding measurements than Zhang et al.® This is because, in the chromatographic
analysis, the absorption-adsorption between the analyte and the binding sites does not
reach equilibrium; whereas, in the batch experiment, the binding is an equilibrium
process. However, both experiments showed MIP has a significant imprinting

performance.

Table 2.3. The selectivity factors from MIP4HBA binding experiment and

its chromatographic evaluation.®?

Binding Chromatographic
4HBA 3HBA BA 4HBA 3HBA BA
evaluation evaluation
O MIPAHBA. 1 10.71° 242 O MIPAHBA® 1 2.23 7.26
o N, 1 1.08 3 o NP 1 094 229
B® 1 9.92  0.81 p® 5.51 232 174

2 Experimental conditions: for comparison, the concentration for the binding solution of
0.1 mmol/mL was selected as the same as the injected solution’s concentration used for
HPLC. 0.1 g MIP or NIP was incubated in 10 mL of 0.1 mM binding solution.

® In the binding evaluation, the selectivity factor a is defined as o = (amount of 4HBA

absorbed)/(amount of analyte absorbed) and the molecular imprinting efficacy factor [

is defined as f# = oy / anip; in the chromatographic evaluation, the capacity factor

] . . .
k = % , where g and 7, are the retention time of the sample and the void marker,
0
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. : . .k : :
respectively; the relative retention value o = P the ratio of capacity factors for any two

i

Y .k,
substances on the same column; and the molecular imprinting factor g = —4£
NIP

¢ The value o = 10.7 is, by coincidence, the same as the ratio [MT]maxs/[MT]maxg using
the values reported above in section 2.3.1.3.3. This coincidence is accidental as follows
when it is recognized that the ratio of site densities is independent of the concentration of

the solution, whereas o is not.

2.3.2. 3HBA imprinted polymer system

After a thorough study of the 4HBA imprinted system, 3-hydroxybenzoic acid,
the meta isomer of hydroxybenzoic acid, was selected as the template molecule. A
similar methodology was used to study 3HBA imprinted polymer as was used in 4HBA

system.

2.3.2.1. Interaction study of 3HBA and A4

As with the 4HBA system, a 'H-NMR titration experiment was used to study the
hydrogen bonding between 3HBA and AA before polymerization. In the spectra (Figure
2.21), both amide proton peaks in AA were shifted downfield as the ratio of AA to 3HBA
increased compared with shifts for solutions of AA at the same concentrations (Figure
2.22). So both amide protons in AA are involved in hydrogen bonding formation with
3HBA besides AA’s intermolecular hydrogen bonding. The template-monomer complex
in acetonitrile can be described in Figure 2.23 by using Serena Software, PC Model

(Version 5.13) in which the energy of 3HBA and AA has been minimized.
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Figure 2.21. NMR signals from AA’s two amide protons at varying concentrations in the
presence of 3HBA in ds-acetonitrile. The concentration of 3HBA was constant at 0.05 M and
the concentration of AA was adjusted to achieve the desired ratio (similar as shown in Table
2.2). The spectra were processed by the software NUTS and zoomed in the same scale from
5.75 ppm to 6.8 ppm. The ratio indicates the concentration ratio of 3HBA to AA.
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Figure 2.22. Chemical shifts for the two amide protons in AA as a function of the
concentration of AA. The upper curve (a) for “Proton #1” obtained for 0.05 M 3HBA is
compared with the lower curve (b) obtained for AA in the absence of 3HBA. Curves (c)
and (d) are the corresponding shifts for “Proton #2”. The lines were drawn arbitrarily

through the data points.
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Figure 2.23. Probable hydrogen bonding between 3HBA and AA by (a) Serena Software,
PC Model (Version 5.13), in which the energy of 4HBA and AA has been minimized and
(b) ChemDraw.
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2.3.2.2. Preparation of MIP3HBA

The same methodology was employed in the preparation of 3HBA imprinted
polymer (MIP3HBA) as was employed for MIP4AHBA. In MIP3HBA'’s preparation, a 14
mm OD x 180 mm long borosilicate glass tube was used instead of the 18 mm OD x 180
mm long one used in MIP4HBA’s synthesis. Each component used in this set of
polymerization is listed in Table 2.4 and compared with the MIPAHBA set. NIP” was
prepared as a control without the template. All the other treatments were same as the ones

used in the MIP4HBA system.

Table 2.4. Composition of each polymerization imprinted with 3HBA and 4HBA.

Monomer Crosslinker Porogen Initiator
Template
(AA) (EGDMA) (AN) (AIBN)
3-HBA: 0.0690 g, 0.2133 g, 2.85 mL, 0.0150 g,
MIP3HBA 5.00 mL
0.5 mmol 3 mmol 15 mmol 0.09 mmol
0.2133 g, 2.85mL, 0.0150 g,
NIP’ none 5.00 mL
3 mmol 15 mmol 0.09 mmol
4-HBA: 0.1380 g, 0.4260 g, 5.70mlL, 0.0310 g,
MIP4HBA 10.00 mL
1 mmol 6 mmol 30 mmol 0.18 mmol
0.4260 g, 5.70 mL, 0.0310 g,
NIP none 1000 mL
6 mmol 30 mmol 0.18 mmol

2.3.2.3. Binding analyses of MIP3HBA and NIP’
After the template had been extracted, the imprinted (MIP3HBA) and non-
imprinted (NIP’) resins were immersed in 3HBA-acetonitrile solutions whose

concentrations were varied over the range of 0-1.2 mM. The binding isotherms for 3HBA

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



67

in both resins, as determined from the UV-absorbance of the solutions, are plotted in

Figure 2.24. The MIP3HBA absorbed more 3HBA than the NIP’ with the difference

increasing with increasing concentration.

10.00
8.00 oo e
;::D 6.00 - Saturation line for NIP at 4.9 umol/g.
[ Y A A
S 4.00 oo o e o
200 [y
000 i 1 t 1 L 1 J

0.00 020 040 060 0.80 1.00 1.20 1.40
initial concentration (mM)

¢ MIP3HBA o NIP'

Figure 2.24. Binding isotherms for 3HBA on MIP3HBA and NIP’. [MT], concentration
of 3HBA bound in the resin at equilibrium (umol/g of resin); t = 25 °C; absorption time:
24 hours. The dashed line at [MT] = 4.9 umol/g is the asymptotic limit for NIP’, as

explained in the text.

The data in Figure 2.24 were re-plotted in Figure 2.25 with [MT]/[T] graphed as a
function of [MT] as suggested by the Scatchard equation. For the NIP’, the ratio
[MTV/[T] is a linear function of [MT] over the range studied, from [MT] = 0 to 4.9
umoles / gram of resin. The slope and intercept of the line representing these data were

determined by the method of least squares, with each point weighted in proportion to the
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inverse square of its experimental uncertainty.”’ The results yield the equilibrium

association constant X ,...= 3.3 = 0.1 mM™" and the maximum number [MT =49
a,NIP max, NIP

+ (0.2 pmol/g.
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Figure 2.25. Scatchard plot of MIP3HBA and NIP’ for 3HBA.

Following the previous MIP4HBA study, two kinds of binding sites with different
affinities were classified: “general” sites that in this system dominate the behavior at low
concentrations of template species and “special” binding sites, dominant at high
concentrations. The general binding sites were treated as being the same kind as those

found in the NIP” resin. Accordingly, they are assigned the same affinity constant X, ,=

K, yp- and the same site density [MT],,, , = [MT],,, x» - The concentration of template
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at the special sites [MT], is calculated by subtracting the amount attributed to the general
sites from the total amount bound [MT],, according to Equation (2-4) in section
23.1.3.3.

A Scatchard plot of the special-site results based on the Equation (2-5) is shown
in Figure 2.26. From the slope and the intercept, K, ;= 0.04 £ 0.01 mM™ and [MT s =
131 £+ 40 pumol/g were found. These values and those determined from the NIP’ resin

have been substituted in equation (2-6) in section 2.3.1.3.3 and the results are plotted as

the solid line in Figure 2.27 for comparison with the experimental results.
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0.0 } | | 1 |
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Figure 2.26. Scatchard plot for the special binding sites with [MT] determined using
Equation (2-5).
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Figure 2.27. Representation of the observed binding data using Equation (2-6). [MT], or
[MT],: the concentration of 3HBA absorbed in the general or special binding sites

calculated from its related K, and [MT] [MT],..: the concentration of 3HBA

absorbed in all binding sites calculated from Equation (2-6); MIP (experiment) or NIP
(experiment): the experimental data from binding analysis of MIP or NIP.
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2.3.2.4. Substrate selectivity of MIP3HBA and NIP’

were

The selectivities of MIP for 3HBA and its related compounds 4HBA and BA

compared. Batch analyses were performed on MIP3HBA and NIP’ resins

respectively under the same experimental conditions. From Figure 2.28, conclusions can

be drawn, similar to those in the MIPAHBA case. NIP’ showed similar binding capacity

for those three analytes. However, in the MIP3HBA binding, 3HBA was bound to a

greater extent than both 4HBA and BA, with greater binding by BA compared to 4HBA.

The MIP was not saturated by any of the three analytes over the ranges of solution

concentrations used.
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Figure 2.28. Binding isotherms of 4HBA, 3HBA and BA on (a) NIP’ and (b) MIP.

Concentration of resin in solution: 0.01g / 1.0 mL; binding time: 24 hours; t = 25 °C.
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2.4. Summary

4HBA and 3HBA were imprinted on the resins respectively and the binding and
selectivity properties of 4HBA, 3HBA and BA were studied on each resin in equilibrium
binding experiments. Both resins showed better binding performance only on the
template molecules which were used in the polymerization. The results were described
with a two-site model, the binding sites being designated general and special, in which
the general binding sites have very similar binding behavior as is found in NIP. The
simulated data from the modified Scatchard equation (Equation (2-6)), which considered

both binding sites, fit the experiment results well.
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CHAPTER 3. EXTRACTION AND BINDING STUDIES ON (S)-
NAPROXEN IMPRINTED POLYMER

3.1. Literature review

(S)-naproxen is a 2-arylpropionic acid, one of the non-steroidal, anti-
inflammatory drugs which can be used to control pain caused by inflammation of
muscles, joints and bones. This category of medications includes both prescription and
common over-the-counter painkillers such as ibuprofen. Due to the different effects of
(R)- and (S)-naproxen, it is necessary to separate the enantiomers in order to avoid the
undesirable side effects.

Several groups have researched MIP with (S)-naproxen since 1994. Mosbach’s
Swedish group was the first to report an MIP study of (S)-naproxen.' Then between 1997
and 2001 a Japanese group studied the similar system but used a different method to
prepare the MIP of (S)-naproxen.>”

The Swedish group prepared the MIP by a traditional imprinting method, which
was followed by crushing, grinding, and sieving the polymer to produce the packing
material for HPLC.

The goal of the Japanese group was to develop an MIP for simultaneous trapping

of (S)-naproxen and its metabolites in biological fluids. They developed a multi-step

swelling and thermal polymerization method with water as the suspension medium
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followed by hydrophilic surface modification techniques to make uniformly sized MIP
particles.* Also, they employed aqueous-rich mobile phase for HPLC. In their multi-step
swelling thermal polymerization method, uniform-sized polystyrene (PS) seed particles
were prepared as the shape template by emulsifier-free emulsion polymerization. The
seed particles, which were about 1 pm in diameter, were swollen in a good solvent that
contained the template, EGDMA and 4-vinylpyridine (4VP). Then the polymerization of
EGDMA and 4VP was carried out in the swollen PS seed at 50°C under argon with slow
stirring following the hydrophilic surface modification. The template was extracted from
the resin with THF and methanol. An HPLC column was packed by the traditional slurry
packing method, and the retentivity and enantioselectivity of MIPs were studied. By their
method, a separation factor of 1.74 for the enantioselectivity of (S)-naproxen was
obtained, an improvement over the 1.65 of Mosbach.

Here, we focused on understanding how the template molecule (S)-naproxen is
captured by and released from the MIP during the prearrangement procedure before the
polymerization, during the extraction and the rebinding procedures. An outline of the
scheme is presented in Figure 3.1. Although it has previously been shown that 4VP is
efficient in the preparation of MIPs selective for N-protected amino acids,’ we had some
difficulty getting a decent binding isotherm for (S)-naproxen. From the previous
experience with MIPAHBA and MIP3HBA systems, acrylamide (AA) was chosen for the
functional monomer and other improved experimental techniques were adopted. The two-
site model proposed in Chapter 2 was used in this case to simulate (S)-naproxen
rebinding. It was found that the classification of binding sites, “general” and “special”, is

also applicable in this case.
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Figure 3.1. Scheme of making MIP for (S)-naproxen while 4VP was the monomer.
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3.2. Experimental
3.2.1. Materials

(8)-(+)-6-methoxy-a-methyl-2-napthaleneacetic  acid  ((S)-naproxen)  was
purchased from Aldrich and TCI America. 4-Vinylpyridine (4VP), ethylene glycol
dimethacrylate (EGDMA) and 2,2’-azobisisobutyronitrile (AIBN) were from Aldrich.

Acrylamide (AA) was purchased from Bio-Rad Laboratories. All organic solvents were

of analytical or HPLC grade.
(1) template: (2) functional monomers:
CH=CH,
OH X Q H
H c\0 0 N HoN CH,
(a) (b)
3) crossllnker (4) initiator:

(|3H3 CH3
/\/ cI:—-N—N—CI:—C =N
CHs CHs;

Figure 3.2. Structures of the compounds used in the experiment.

(1) template: (S)-naproxen; (2) functional monomers: (a) 4VP; (b) AA; (3)
crosslinker: EGDMA and (4) initiator: AIBN.

The polymerization inhibitor hydroquinone was removed from 4VP and EGDMA.

4VP was purified by fractional distillation over KOH pellets under reduced N, pressure.
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EGDMA was distilled under vacuo from calcium hydride. AA was used without any

pretreatment. AIBN was recrystallized from ethanol.

3.2.2. 4VP used in the preparation of non-imprinted polymer (NIP1) and molecularly
imprinted polymer with (S)-naproxen (4VPMIP °)
3.2.2.1. UV study of the interaction between 4VP and (S)-naproxen

A series of solutions were prepared with a fixed concentration of (S)-naproxen
(0.04 pmol/L) and varying concentrations of 4VP in THF (0.032; 0.16; 0.24; 0.32
umol/L). The UV/VIS absorption spectra of these solutions were attained with a Perkin-

Elmer Lambda 35 UV/VIS spectrophotometer at a scan speed of 240.0 nm/min.

3.2.2.2. Preparation of NIP1 and 4VPMIP

0.4600 g (S)-naproxen (2 mmol), 1.30 mL 4VP (12 mmol) and 11.32 mL
EGDMA (60 mmol) were dissolved in 8 mL tetrahydrofuran (THF). The solution was
stirred in a 4°C bath for 1 hour. Then 0.1150 g AIBN dissolved in 8 mL. THF was added.
This mixture was immediately purged with nitrogen for 15 minutes and then irradiated
for 48 hours with UV light from an ACE 7825-34 mercury vapor UV lamp (450 watts).
The resulting polymer was ground in a ball mill (SPEX 8000) and dry sieved to sizes
between 63 and 125 pm. A reference non-imprinted polymer (NIP1) was prepared using

the same procedure without addition of the template.

? 4VPMIP, an abbreviation for the (S)-naproxen imprinted polymer in which 4VP was the functional
monomer.
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3.2.2.3. Extraction analyses of NIP1 and 4VPMIP

Approximately 1 g 4VPMIP was stirred with 20 mL THF for 24 hours, thereby
removing some template from the resin to THF. After centrifuging, the supernatant was
filtered through a 0.45 pm syringe filter. Its UV absorbance was measured at 260 nm.
Washing was repeated three more times. The UV absorbance for the solutions was
measured after calibrating the absorbance as a function of (S)-naproxen concentration
over the range for 0.02 to 0.25 mg/mL. A background absorbance was determined in
washings of a resin that had been prepared in the absence of template. This correction,
which in no case exceeded 4%, was subtracted from the absorbance of the washings in
order to eliminate the effects of any non-template UV-absorbing material. These washing

experiments were performed on three different 4VPMIP samples.

3.2.2.4. Fourier transformation infrared spectra (FT-IR) of 4VPMIP and NIP1

Infrared spectra were obtained for resins 4VPMIP and NIP1. The ground 4VPMIP
powders before and after (S)-naproxen extraction were dried in a vacuo oven at about
70°C to remove the solvent. After 2-3 mg of powder sample was finely ground in a
mortar, 150 mg of ground and dried KBr was added to the mortar and quickly mixed with
the polymer. Then the mixture was transferred to a die and pressed into a solid disk. After
about 1.5 minutes, the two bolts attached to the die were removed, leaving the KBr disk
which was mounted in a Perkin-Elmer Spectrum 1600 FT- IR instrument.
1

The IR spectra were measured between 1000 and 4000 cm™” with a 4 cm’

resolution using a Perkin-Elmer Spectrum 1600 FT- IR instrument.
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3.2.3. AA used in the preparation of non-imprinted polymer (NIP2) and molecularly
imprinted polymer with (S)-naproxen (AAMIP 5
3.2.3.1. Preparation of NIP2 and AAMIP

After (S)-naproxen (the template; 0.2301 g, 1.0 mmol) had been dissolved in 3.00
mL THF, AA (the monomer; 0.1893 g, 2.7 mmol), EGDMA (the crosslinker; 1.26 mL,
6.7 mmol), and AIBN (the initiator; 0.0334 g, 0.2 mmol) were combined in a 50-mL
flask. Then another 3.00 mL THF was added. The reaction was performed in a 14 mm
OD x 180 mm long borosilicate glass tube. Following the same procedures as MIP4AHBA
polymerization, the tube was sealed at low pressure. Another tube was prepared
according to the same procedure but without template and the resulting resin is
designated NIP2.

After UV initiated polymerization for 48 hours, the tubes were broken. The bulk
polymer that formed was ground in short repeated cycles using an electric mill. Between
each grinding cycle, the products were dry sieved through a 38-um screen. With the same
size-selecting technique (refer to the procedure in section 2.2.2.2.), only a small part of
qualified particles were saved and dried in a vacuo at room temperature for 8 hours.

The template (S)-naproxen and a small amount of other soluble residue were
extracted from the resin in a cellulose Soxhlet thimble for 24 hours using 100 mL. THF-
acetic acid (7:3, v/v). A second Soxhlet extraction with 100 mL THF was performed for
another 24 hours. The washing solutions were saved for analysis by UV and the polymers

were obtained for further study after drying in vacuo at room temperature for 10 hours.

® AAMIP, an abbreviation for the (S)-naproxen imprinted polymer in which AA was the functional
monomer.
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3.2.3.2. (S)-naproxen binding experiment

Around 0.04 g AAMIP (after the extraction) was added to 4.0 mL of (S)-naproxen
THF solutions at differing concentrations. This was repeated with NIP2 for comparison.
In separate experiments, 'pure solvent was also added to AAMIP and NIP2 to determine
the (trace) amount of any template remaining after the extraction. Each resin mixture was
stirred for 24 hours at room temperature. After centrifugation for 20 minutes at 3500 rpm,
the supernatant was transferred into a scintillation vial through a 0.45-pum syringe filter.
The concentration of free (S)-naproxen in the supernatant was determined by measuring

its UV absorbance at 260 nm.’

3.3. Results and discussion
3.3.1. 4VPMIP system
3.3.1.1. Interaction between monomer and template

The interactions between (S)-naproxen and 4VP are important for understanding
imprinting and recognition phenomena in MIPs. (S)-Naproxen molecule has the carboxyl
group, which is the most commonly used hydrogen bonding functional group in
molecular imprinting. For amides and carboxylic acids, a number of different hydrogen-
bonding complexes have been studied in the gas phase; it was found that O—— H--O
and N—— H-- O hydrogen bonds are the strongest among all kinds of hydrogen bonding
complexes containing only one hydrogen bond.®

The absorption of ultraviolet or visible radiation generally results from excitation

of bonding electrons; as a consequence, the wavelengths of absorption peaks can be
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correlated with the types of bonds in the species. The UV spectra in Figure 3.3 show the
prearrangement interaction between 4VP and (S)-naproxen. As the concentration of 4VP
was increased, the wavelength Apa of maximum absorption by (S)-naproxen shifted to
greater A, and the maximum absorbance at the maximum wavelength increases with the

addition of 4VP.

Absorbance

200 240 280 320 360

Wawelength (nm)
.. - 4VP —Al10 - - B:1:.0.8
e G2 14 —D: 16 e—F: 18

Figure 3.3. UV absorption spectra of (S)-naproxen and 4VP in THF. Concentration of
(S)-naproxen is 0.04 pmol/L; concentration of 4VP (umol/L): B, 0.032; C, 0.16; D, 0.24;
E, 0.32.

This result can be explained as the interaction between 4VP and (S)-naproxen
(Figure 3.4). Due to the addition of 4VP, & electrons of the carbonyl group in (S)-
naproxen are further delocalized by conjugation. The effect of this delocalization is to

lower the energy level of the n orbital and give it less antibonding character. As a result,
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the absorption maxima associated with n —» @ transitions are shifted to longer

wavelengths.
HaC\O
/}i
g
HC——Ch,

Figure 3.4. Delocaliztion of & electrons in (S)-naproxen with the addition of 4VP.

A previous FT-IR study® showed that when 4VP was added to (S)-naproxen in a
THF solution, the stretch absorption of the OH group in (S)-naproxen FT-IR spectrum
was shifted from 3501 cm™ to 3040 cm’™; the carbonyl stretch absorption was shifted
from 1736 cm™ to a much more broadened band centered around 1733 cm™.

In addition, the interaction of template with the solid polymer was tested by FT-
IR. The spectra were collected upon resins (A) in the absence of (S)-naproxen, (B) with
the (S)-naproxen in place after polymerization, and (C) after extraction of (S)-naproxen.
(Figure 3.5) The carbonyl stretch absorption V n.x moves from (A) 1739 to (B) 1726 to

(C) 1734 cm™.
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Figure 3.5. FT-IR Spectra for (A) NIP1; (B) 4VPMIP before (S)-naproxen extraction;

(C) 4VPMIP after (S)-naproxen extraction. Wave numbers are reported in cm™.

Usually, the carbonyl peak is composed of contributions from both ester (1735 —
1750 cm'l) and dimerised or hydrogen bonded carboxylic acid functionalities (1700 —
1725 cm™) with the apparent, cumulative, absorbance maximum lying between these,
1730 cm™.” The dimerisation can be ignored in this case because of the use of a dilute
solution. So the hydrogen bonding is responsible for lowering the carbonyl frequency
shift by weakening the carbonyl bond and lowering the electron withdrawing potential
together with the stretching force constant. This suggests that the template molecule may
interact through hydrogen bonding in this 4VPMIP network and the hydrogen bonding

may be more responsible for the selectivity of the template.
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3.3.1.2. Extraction analyses of 4VPMIP resins

Our original study® concentrated on a quantitative analysis for (S)-naproxen in
four successive washings of the 4VPMIP resin to remove the template after
polymerization: first with THF, then the following three with a THF-acetic acid solution.
The washings were performed in a capped flask with stirring. The concentration of (S)-
naproxen in each washing was determined by high performance liquid chromatography
(HPLC). A 0.025-mL sample was injected and went through a C18-silica reversed phase
column (Alltech, econosphere C18 3, 50 mm x 4.6 mm) at a flow rate 1.0 mL/min of
mobile phase THF/ H,O (60:40, v/v). The elution was monitored by UV at 260 nm. The
HPLC chromatograph is depicted in Figure 3.6. There was no (S)-naproxen in the control
experiment; consequently there is no (S)-naproxen peak in its HPLC chromatograph. The
amount of (S)-naproxen washed out was calculated from the peak area and the
standardization equation. With successive washings, the amount of (S)-naproxen
extracted decreased. After the fourth washing, at least 70% of the (S)-naproxen had been

washed out from the resin. However, some (S)-naproxen still remained.
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Figure 3.6. HPLC chromatograph of four consecutive washings of MIP

and its control experiment.

Washing the template from the resin is an important step in preparing MIP system
for analytical applications. In the later trials, Soxhlet extraction was used for the
continuous washings of (S)-naproxen from the template-containing resins with THF.
There was no difference found between the treatments with THF / acetic acid and with
THF alone. A 90-94% recovery of the template initially present could be reached after
four successive THF washings. Small amount of template was apparently trapped in the
resin and could not be washed out completely from the MIP.

It is assumed that after each washing, the cavities left have the same properties
and only these cavities are considered during each washing procedure. Then the

reversible model reaction can be expressed as is shown in Figure 3.7.
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Figure 3.7. The reversible model reaction for washing analyses.

Let MT symbolize the (S)-naproxen in the MIP, M symbolize the empty sites for
(S)-naproxen in the polymer fesin and T symbolize the template (S)-naproxen in the
washing solution. The molar concentration of template [T] in the wash solutions was
measured directly from the UV absorbance of those solutions. The amount of (S)-
naproxen remaining in the resin, [MT] measured in mmoles per gram of resin, was
determined by difference from the amount of (S)-naproxen initially present in the

polymerizing mixture. The data were fit to the two-site Scatchard Equation

nmax,H [T] + nmax,L [T]
Kn+[T] K, +[T]

using an iterative spreadsheet procedure that minimized

[MT]=

the sum of the squares of the difference between the measured and calculated
concentrations [MT] of bound (S)-naproxen by adjusting the parameters for the
maximum number of binding sites #may, y and #y,q, ;. and dissociation constants Ky and

K. Here the subscripts H and L refer to the high- and low-affinity binding sites.
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Two of these sets of four washings yielded good fits. The third required a
negative K,y to fit the four data points to the four parameters. The mean values and their
spreads for the two good data sets are #u,, y =13+1 pmoles of sites per gram of resin,
Pmax,1=110£30 pmol/g, K; 5=0.003+0.002 mmol/L, and K;;=14+5 mmol/L. The data for
one set of washings are depicted in Figure 3.8. The two-site Sactchard analysis shows the
strong binding sites to be saturated at solution concentrations [T]>0.4 mmol/L. A more
precise value for Ky would require more data at concentrations below saturation than

were obtained in these washing experiments.

[MT] (umol/g)

[T] (mmol/L)

Figure 3.8. Two-site Scatchard plot showing the quantity of (S)-naproxen absorbed at the
weak (dashed line) and strong (dotted line) binding sites. Measured values for the four

washings are shown. The solid line is the calculated fit for the total amount bound.
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3.3.2. AAMIP System

In the MIP extraction procedure, the template molecules should be able to
dissociate from the binding sites; in the binding experiment, they should also have the
ability to associate into those binding sites. Although the previous UV and FTIR
experiments showed that 4VP is a good monomer candidate to imprint (S)-naproxen,
4VPMIP did not show significant binding capacity for (S)-naproxen. In the interaction
study between 4HBA and AA (see section 2.3.1.1), AA formed a stable complex with
4HBA by hydrogen bonds because the acid group in 4HBA plays an important role. From
the success of binding experiments in MIP4HBA and MIP3HBA systems, AA was

selected as the monomer for (S)-naproxen imprinted resin.

3.3.2.1. Preparation of AAMIP

The scheme to use AA as the monomer to prepare MIP is described in Figure 3.9.

Besides the improved techniques, such as sealing the components in the glass tube
under vacuo, selecting fine particles by a 38-um screen and extracting template from the
resin continuously with a Soxhlet device, etc., the ratio of template to monomer to
crosslinker was selected as 3:8(AA):20 instead of 1:6(4VP):30 (Table 3.1). Using a
higher monomer concentration has been found to promote high selectivity and affinity in
the rebinding step.® Also by using a more concentrated pre-polymerization solution, more
stable AA-(S)-naproxen complexes were expected to form, which will ensure more

effective binding sites formed in the later polymerization.
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Figure 3.9. Scheme of making MIP for (S)-naproxen while AA was the monomer.
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Table 3.1. Composition of each polymerization imprinted with (S)-naproxen.

Template Crosslinker Porogen Initiator
Monomer
((S)-naproxen) (EGDMA) (THF) (AIBN)
0.2301 g, AA: 0.1893 g, 1.26 mL, 0.0334 g,
AAMIP 6.00 mL
1.0 mmol 2.7 mmol 6.3 mmol 0.2 mmol
AA: 0.1893 g, 1.26 mL, 0.0334 g,
NIP2 none 6.00 mL
2.7 mmol 6.3 mmol 0.2 mmol
0.4600 g, 4VP: 1.30 mL, 11.32 mL, 0.1150 g,
4VPMIP 16.00 mL
2 mmol 12 mmol 60 mmol 0.67 mmol
4VP: 1.30 mL, 11.32 mL, 0.1150 g,
NIP1 none 16.00 mL
12 mmol 60 mmol 0.67 mmol

3.3.2.2. Binding analyses of AAMIP and NIP2 resins

After the extractions of the imprinted (AAMIP) and non-imprinted (NIP2) resins,

they were immersed in (S)-naproxen-THF solutions whose concentrations were varied

over the range of 0-2.5 mM. The binding isotherms for (S)-naproxen in both resins, as

determined from the UV-absorbance of the solutions, are plotted in Figure 3.10. The

AAMIP absorbed more (S)-naproxen than the NIP2 with the difference increasing with

increasing concentrations. The NIP2 appeared to be close to saturation when the initial

concentration of (S)-naproxen was [T]o> 1.0 mM.
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Figure 3.10. Binding isotherms for (S)-naproxen on AAMIP and NIP2. [MT],
concentration of (S)-naproxen bound in the resin at equilibrium (umol/g of resin); t = 25

°C; absorption time: 24 hours. The dashed line at [MT] = 7.7 umol/g is the asymptotic

limit for NIP2, as explained in the text.

The data in Figure 3.10 were re-plotted in Figure 3.11 with [MT]/[T] graphed as a
function of [MT] as suggested by the Scatchard equationg. For the NIP2, the ratio

[MTYJ/[T] is a linear function of [MT] over the range from [MT] = 0 to the saturation of
the resin. The slope and intercept of the line representing these data were determined by

the method of least squares, with each point weighted in proportion to the inverse square
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of its experimental uncertainty.'® The results yield the equilibrium association constant

K, ypr=53+03 mM™! and the maximum number [MT ) o yip2 = 7.7 £ 0.5 pmol/g.

70.00
60.00 -
5000 T
0 % N
E 4000 | \
£ 30.00 +
S $
20.00 - |4 } § %
10.00 | % -3
0.00 1 ' '
0.00 5.00 10.00 1500  20.00
[MT] (umol/g)
» NIP2 o AAMIP

Figure 3.11. Scatchard plot of AAMIP and NIP2 for (S)-naproxen.

Following the previous MIP4HBA and MIP3HBA study, two kinds of binding
sites with different affinities were classified: “general” sites that in this system dominate
the behavior at low concentrations of template species and “special” binding sites,
dominant at high concentrations. The general binding sites were treated as being the same
kind as those found in the NIP2 resin. Accordingly, they are assigned the same affinity

constant K, = K, ., and the same site density [MT] = [MT), o np2- The

max,g
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concentration of template at the special sites [MT], is calculated by subtracting the
amount attributed to the general sites from the total amount bound [MT],,,, according to

Equation (2-4) in section 2.3.1.3.3.

30.00

25.00

20.00 +

15.00 + ---}_.

[MT]s / [T] (ml/g)

10.00 E\“‘\ ~~~~~

5.00 - {

0.00 ’ - :
0.00 2.00 4.00 6.00 8.00

[MT]s (umol/g)

Figure 3.12. Scatchard plot for the special binding sites with [MT] determined using
Equation (2-5).

A Scatchard plot of the special-site according to Equation (2-5) in section 2.3.1.3.3 is

shown in Figure 3.12. From the slope and the intercept, K, = 0.84 £+ 0.04 mM™" and

[MT] = 15 = 1 pmol/g were found. These values and those determined from the NIP’

resin have been substituted in Equation (2-6) in section 2.3.1.3.3 and the results are

plotted as the solid line in Figure 3.13 for comparison with the experimental results.
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Figure 3.13. Representation of the observed binding data using Equation (2-6). [MT], or
[MT1], : the concentration of (S)-naproxen absorbed in the general or special binding sites

calculated from its related K, and [MT1]__ ; [MT],..: the concentration of (S)-naproxen

absorbed in all binding sites calculated from Equation (2-6); MIP (experiment) or NIP
(experiment): the experimental data from AAMIP’s binding or NIP2’s binding.
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3.4. Summary

(S)-naproxen imprinted polymers have been successfully prepared by using two
different kinds of functional monomers 4VP and AA. The monomer-template interaction
was proved by UV-Vis and FTIR. The template removal analysis was quantified by
HPLC study.!! In addition, a simple two-binding-site model proposed in hydroxybenzoic
acid isomers imprinted resins’ study can also be applied in explaining the binding

isotherm about (S)-naproxen imprinted polymer.
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CHAPTER 4. DISCUSSION

4.1. Anatomy of binding sites in MIPs

The glamour of MIPs is that this kind of material is tailor made so that it has the
special selectivity and affinity for the template. But when and how do the binding sites
form? A closer look at the copolymerization of monovinyl monomers (functional
monomers) and divinyl monomers (crosslinking monomers) initiated by free radicals is
needed. At the beginning of the reaction, the primary chains form upon the radicals’
attack. The pendant double bonds can either remain unreacted or react with another
growing chain to form a crosslink or intramolecular cycles.! Although the pendant double
bonds are half as reactive as the monomeric double bonds on average, only a few percent
of the pendant double bonds react by cyclization in bulk polymerization.1 After a certain
number of crosslinks are formed, the polymer’s viscosity increases, and then a gel starts
to form. In the later stages of the polymerization, the remaining double bonds become
less reactive due to the poor accessibility within the highly crosslinked domains of the
polymer. So far, the main chain’s structure in MIPs is still unknown, because the
reactivity of monomers has many influencing factors such as the solvent, the reaction
temperature and the presence of template molecules, etc.

Based on the review of the free radical polymerization, two possible mechanisms

for the formation of binding sites in MIPs were proposed: “frozen-in” and “step-by-step”.
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Suppose there are two functional groups A and B attached on the functional monomer M,
which have the ability to form a complex with the template molecule in a pre-
polymerization solution. If the rate of chain propagation is high, instead of having time to
dissociate with the monomer, the template remains assembled with the monomer. As a
result, the template-monomer complexes are “frozen” in the polymer matrix. In this case,
the amount of crosslinker should be excessive and the formed polymer resin is very rigid
(Figure 4.1. (a)). However, if the template has time to dissociate from the monomer
before the formation of the three-dimensional sites, the functional group A or B on the
monomer will interact with the template step by step while the polymer chain propagates
(Figure 4.1. (b)). The majority of the binding sites might form according to this “step-by-
step” mechanism. Sellergren gave a similar discussion in the MAA-EGDMA MIP
system.2

In addition, for the formation of the defined recognition sites, the structural
integrity of the monomer-template complexes must be preserved during polymerization
to allow the functional groups to be fixed in space in a stable arrangement
complementary to the template. This can be achieved by the use of extensive
crosslinking. The formed polymer matrix is not only to contain the binding sites in a
stable form, but also to provide porosity to allow easy access for the analytes. The
concentrations of the functional monomer and template, the temperature and pressure for
the polymerization, and the choice of porogen will also affect the recognition properties

of MIPs related to the monomer-template complexes.3
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Polymerization
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Figure 4.1. Mechanisms for the formation of the binding sites in MIPs: (a) “frozen™-in ;

(b) step-by-step.
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4.2. Analyses of the binding sites parameters in MIPs

MIPs with 4HBA were studied previously by Zhang’s research groupf"'6 They
prepared two main systems based on the functional monomers: 4-vinylpyridine (4VP)
and acrylamide (AA). When 4VP was the functional monomer, 4HBA and SA were
imprinted separately. Because the complex SA-4VP formed in the pre-polymerization
solution is more stable than the complex 4HBA-4VP, SA imprinted polymer showed a
higher molecular recognition ability.® In another system, AA was the functional
monomer. MIPs with SA did not show the imprinting effect because SA-AA cannot form
a sufficiently stable complex,’ but MIP with 4HBA showed selectivity.*

In our study, AA was selected as the functional monomer with the template
4HBA or 3HBA. NMR showed that both AA’s amide protons were involved in the
hydrogen bond interaction with 4HBA or 3HBA. The stability of such interactions played

a major role in the later recognition procedure.

CH=CH,

OH OH
| : ' | : ’ X 0, H
/
COOH HoOC N HZN/\‘ /\CHz

Salicylic acid 4-Hydroxybenzoic acid 4-Vinylpyridine Acrylamide

(SA) (4HBA) (4VP) (AA)

Figure 4.2. Structures of templates and functional monomers used in Zhang’s research.
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When Zhang et al. estimated the binding parameters, the equilibrium association
constant and the number of the affinity binding sites, they used the traditional Scatchard
analysis. From a plot, similar to the one in Figure 1.4. (b) with two distinct sections, two
kinds of binding sites were assigned over the range of concentrations studied: one with
high affinity dominating the lower concentration of the ligand bound in the MIP ([MT])

and the binding was described with a larger value for K, ; the other with low affinity
dominating the higher [MT] and the binding was described with a smaller K, . Based on

those two distinct sections within the Scatchard plot, they were regarded as the straight
lines and the binding parameters could be calculated according to the Scatchard equation.

The results were listed in Table 4.1.

Table 4.1. Binding parameters derived from the Scatchard analysis.*’

MIP Synthesis High Affinity Low Affinity

template

. . J% [ MT] K, | [MT]
Mono. Xlink? M:X:T° | Solvent’ a max y e
one i o | mdM) | umotg) | (mMY) | umolg)

4HBA® AA EGDMA | 6:30:1 AN 5.7 9 0.7 22

SA’ 4VP | EGDMA | 6:30:1 | AN 13.2 26.5 0.3 168.7

SA’ MAA | PETRA | 4:4:1 AN 114 18.5 0.5 150.4

*Monomer abbreviations: AA, acrylamide; MAA, methacrylic acid; 4VP, 4-vinylpyridine.
®Crosslinker abbreviations: EGDMA, ethylene glycol dimethacrylate;

PETRA, pentaerythritol triacrylate.
“Molar proportions of monomer:crosslinker:template.

dSolvent abbreviations: AN, acetonitrile.

When the Scatchard plot with a broken line is analyzed, as Zhang has done, the

contribution of the lower affinity binding sites to the binding capacity of MIPs at lower
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concentrations of substrate is not considered in the determination of higher affinity
binding parameters. Similarly, at a high concentration of substrate, the binding capacity
of higher affinity binding sites is ignored in the determination of lower affinity binding
parameters. The binding behavior of the control polymer, prepared without a template
(i.e., NIP), is not considered either in Zhang’s study.

In our study, the binding behaviors of both MIP and NIP resins were considered
and compared. From the binding isotherms, a simple two-binding-site model with one
kind of sites special for the template and the other kind being more general with similar
affinities as the control polymer is proposed. Instead of classifying the binding sites based
on two different concentration ranges, the whole derivation of the simple two-binding-
site model considers the whole concentration range. From the similar binding behavior of
the control polymer and MIPs at the lower concentration range, they were treated as
having similar affinities and defined as the “general” binding sites. The other type was
defined as the “special” binding sites. The properties of “general” and “special” binding
sites were found quite similar to what Zhang et al. described as the “high” and “low”
affinity binding sites respectively (Table 4.2). In another words, the general sites, which
are treated here as existing in both the MIP and NIP resins, have a greater binding

affinity than the special sites. That is, Kag> Kaj.
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Table 4.2. Comparison of binding parameters in three MIP systems.

High Affinity Low Affinity
MIP4HBA?® | K, IMT Jmax Ka MTJmax
(Zhang) (mM') | (umolig) | (M) | (umolig)
5.7 9 0.7 22
General Binding Special Binding
MIP4HBA Ka IMT Jmax Ka IMT Jmax

(This work) (mM™ (umol/g) (mM™) (umol/g)
44+02 6.7£0.3 | 0.15+£0.01 72+ 2

General Binding Special Binding

MIP3HBA K, [MT]max Ka [MTJmax
(This work) (mM™) (umol/g) (mM™) (umol/g)
3.3+0.1 49+02 | 0.04+0.01 | 131+40

a. results of Zhang et al.®

The special sites are viewed as molecular sized cavities usually with two or more
functional groups that can participate in strong intermolecular interactions such as
hydrogen bonding. Special sites exist because a template was present during the
polymerization and then subsequently removed. For an analyte molecule to bind to a
special site, it must have a unique combination of size, shape and correctly positioned
functionalities that are complementary to the resin’s functionalities at that site. This
accounts for the selectivity which is characteristic of MIPs. Because the analyte
molecules must also be positioned and orientated within very strict limits in order to bind
at a special site, there is a large loss of entropy associated with the transfer of molecules

from solution to special binding sites.
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To get a sense of entropy loss, we consider the thermodynamics of the binding of
a template species T with a site in the matrix M
M+ T & MT (AH <0, exothermal).
The equilibrium constants reported in Table 4.2 for both 3HBA and 4HBA correspond to

a greater decrease in free energy —AG, = RTInK,, when the template binds to the

general sites than when it binds to the special sites. That is, for the equilibrium shown
above
—-AG, >-AG,.

For 4HBA, the free energy of binding at the general sites is 8 kJ/mol less than at the
special sites; for 3HBA, it is 11 kJ/mol less.* This is an unexpected result, since the
presumption is that binding is favored at the special sites where there apparently are more
polar units such as carbonyl groups in the correct position for binding. If the attractive
energy of binding is stronger for the special sites, then for the binding “reaction” above

AH, > AH,
Consequently,

AS, > AS,
or the entropy loss in transferring analyte from the liquid solution to the binding sites is
greater for the specific sites than for the general sites. This is consistent with the

understanding that the analyte molecule has greater freedom at a general site than at a

special site.

* The free energy difference at room temperature between 4HBA or 3HBA’s binding at the special sites
and the general sites is calculated according to

K
AG, -G, = (-RTlnK,,)~(-RTInK, )= ~RTIn—**.

a.g
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If there were no energetic difference between the two sites, i.e., AH, = AH, then
the difference in the entropy loss, (AS, —AS )/ R ® would be 3 for 4HBA and 4 for

3HBA.® Since it is expected that AH, > AH _, these values would be the lower limits.

The number of special binding sites was found to be greater than the number of
general sites. [t may be that a majority of the potential sites for hydrogen boding, ete. is
inaccessible owing to the rigidity of the structure and other sites that might otherwise be
accessible are already interacting (e. g., hydrogen bonding) with units in the resin.

These [MT|max and K, values can be compared with other data. For example, the
potential density of the binding sites in the MIP’s resin ([M7T]max, igea) i 163 pmol/g
based on the quantities of starting material, compared to 72 (MIP4HBA) and 131
(MIP3HBA) umol/g calculated from the two-binding-site-model. Also the calculated K,
can be compared with the K, derived from the NMR binding studies.’ Whitecombe and

coworkers'® found K = 0.03 + 0.01 mM" from the chemical shift of acrylamide N-H

® From AGg -AG, = (—-RTana’g)— (—RT'In Ka’s) and AG = AH -TAS,

(AH, ~TAS,)—(AH, ~TAS,)=-RTIn(K,, /K,) canbe derived.
When AH, =AH,, (AS, —AS,)/R=In(X,, /K,.).
° A ﬁuH is defined as the enthalpy change at equilibrium between the liquid phase and the most stable
solid phase at the transition temperature which is normally the melting point £,,. A fmS (J/molK) at ¢,
can be calculated as A , S'=A, H/t, atthe equilibrium (A ;G = 0). From Table 4.3, the entropy

values of fusion (A ﬁuS / R) of water, acetic acid and benzoic acid are comparable with the entropy

change for 4HBA and 3HBA.
Table 4.3. The thermophysical properties® of water, acetic acid and benzoic acid at the equilibrium of solid
and liquid.
name t, ®) Ay H Kmol) A,S (JmolK)at?, AgS/Ratt,
water 273 6.01 22.01 2.6
acetic acid 290 11.73 40.50 4.9
benzoic acid 396 18.02 45.58 5.5
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resonance against the concentration of added butyric acid in an NMR titration
experiment. This is the same order of magnitude as K, = 0.15 + 0.01 (MIP4HBA) and
0.04 + 0.01 (MIP3HBA) mM as derived from the two-binding-site-model.

Other models have been employed to analyze binding by MIPs. For example,
Shimizu et al. proposed a heterogeneous binding model based on the Freundlich
isotherm'! assuming a continuous distribution of binding sites (see section 1.3.2.3). The
data from 4HBA binding on MIP4HBA resin were re-plotted in Figure 4.3. (a) according
to the Freundlich equation:

log[MT] = mlog[T]+loga.
From the linear regression fit of the isotherm, two parameters a and m can be derived,
which were used to generate the corresponding affinity distribution
N =23am(l-m*)K™".
It relates the number of binding sites (V) for each class of binding sites having an
association constant (K). Although 4HBA binding on MIP4HBA could be fitted to the
affinity distribution well (Figure 4.3. (b)), unlike the proposed two-binding-site model,

the heterogeneous binding model is complex and involves arbitrary parameter.
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Affinity Distribution
N=2.3am{1-m*2)k4(-m)

\
3\_ y = 11.723¢ 18777
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Q.\
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log K (1/mM)
(b)

Figure 4.3. Binding isotherm (a) for MIP4HBA and the corresponding affinity

distribution (b) according to Shimizu."!

4.3. MIPs in the bulk format

The molecular imprinting studied here takes place in the bulk of the resin rather

than on its surface.”'? Several pieces of evidence from this study support that conclusion.

(1) Each analyte species (4HBA, 3HBA, and (S)-naproxen), when used as the template in

the synthesis of MIPs, was dispersed uniformly throughout the resin when the resin was

prepared. Yet the template was removed by solvent extraction with recovery efficiencies

in excess of 90%. In the case of surface phenomena, only a much smaller fraction of the

template would be recovered. (2) The number of special binding sites was determined

from the uptake of the template molecule in rebinding studies. This number is

comparable to the number of template molecules in the polymerization, i.e., 163 pmol/g
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for both MIP4HBA and MIP3HBA. (3) Equilibration in the binding experiments (Figure
2.18) from a well stirred solution required at least 8 hours in the case of NIP and a day for
MIP. These times are comparable to the times used for equilibration in swelling equilibria
experimeﬁts on lighﬂy crosslinked polymers (24 hours for 1-mm thick butyl‘ rubber

swollen by xylene)”’> and in other MIP systems’ studies™'*"

. The longer time for
equilibration of the MIP compared to the NIP in the binding studies of 4HBA depicted in
Figure 2.18 can be attributed to the greater difficulty of the analyte molecule in situating

itself in the special sites than in the general sites.
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CHAPTER 5. SUMMARY AND CONCLUSIONS

In this study, 4HBA, 3HBA and (S)-naproxen imprinted resins were successfully
prepared. Based on the functional groups on the template molecule, a suitable monomer,
either acrylamide or 4-vinylpyridine, was selected to form the template-monomer
complex by non-covalent bonding. 'H-NMR, UV-Vis and FTIR spectroscopies provided

evidence for hydrogen bonding, which is the key for the whole imprinting.

After polymerizing monomer and crosslinker in the presence of template, the
template was recovered with a greater than 90% yield. The binding results for template
molecule and its structure related molecules showed the MIPs possess the predesigned

affinity and selectivity.

Although some studies reported the results in terms of a simple Scatchard plot
(Equation (1-3) and Figure 1.4 (a)) and Shimizu recognizes that there can be a
distribution function that sheds little light on the nature of the MIP system, with rare
exception, the capacity of the control polymer (NIP) was not taken into account. The
studies described here incorporate effects of binding that are found in NIP as well as in
MIP resins. From the template’s binding isotherms, a simple two-binding-site model is

proposed based upon the Scatchard equation. Upon considering the binding behavior of
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NIP, it successfully describes the binding behavior of three different MIPs studied in this
thesis. Two kinds of binding sites are defined as “general” and “special”. The binding to
general sites, which are common to both NIP and MIP, was found to have similar affinity
to the analytes. They are stronger than the binding to the “special” imprinted sites in the
MIP. However, the “special” imprinted sites are more numerous than the “general” sites,
which determined the selectivity of MIPs. Compared with other models reviewed in
section 1.3.2, this model corrects the Scatchard-like treatment of two independent classes
of binding sites so that classes of binding sites are operative over the full range of
concentration and its format is simple with no arbitrary parameters involved for the

derivation.
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APPENDICES
Appendix A. GC-MS spectra of EGDMA.
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Figure A.1. GC-MS spectra of EGDMA which was purified under vacuum distillation.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



115

Appendix B. UV spectra of 4HBA, 3HBA and BA in acetonitrile.
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Figure B.1. UV spectrum of 4HBA acetonitrile solution.
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Figure B.2. UV spectrum of 3HBA acetonitrile solution.
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Figure B.3. UV spectrum of BA acetonitrile solution.

Appendix C. 'H-NMR spectra of AA in acetonitrile-d;.
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Figure C.1. "H-NMR spectrum of AA in acetonitrile-d; and the concentration of AA is

same as the one in which the concentration ratio of 4HBA : AA = 1:2.
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Figure C.2. "H-NMR spectrum of AA in acetonitrile-d; and the concentration of AA is

same as the one in which the concentration ratio of 4HBA : AA = 1:4.
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Figure C.3. "H-NMR spectrum of AA in acetonitrile-ds and the concentration of AA is

same as the one in which the concentration ratio of 4HBA : AA = 1:6.
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Figure C.4. "H-NMR spectrum of AA in acetonitrile-ds and the concentration of AA is

same as the one in which the concentration ratio of 4HBA : AA=1:8.
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Figure C.5. "H-NMR spectrum of AA in acetonitrile-d; and the concentration of AA is

same as the one in which the concentration ratio of 4HBA : AA = 1:12.
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Figure C.6. '"H-NMR spectrum of AA in acetonitrile-d; and the concentration of AA is

same as the one in which the concentration ratio of 4HBA : AA =1:16.

Appendix D. "H-NMR spectra of 4HBA and AA in acetonitrile-d.
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Figure D.1. 'H-NMR spectrum of 4HBA in acetonitrile-ds.
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Figure D.3. 'H-NMR spectrum of 4HBA and AA in acetonitrile-d3 in which the

concentration ratio of 4HBA : AA=1:2.
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Figure D.4. '"H-NMR spectrum of 4HBA and AA in acetonitrile-ds in which the

concentration ratio of 4HBA : AA = 1:4.
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Figure D.5. 'H-NMR spectrum of 4HBA and AA in acetonitrile-ds in which the

concentration ratio of 4HBA : AA = 1:6.
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Figure D.6. 'H-NMR spectrum of 4HBA and AA in acetonitrile-d; in which the

concentration ratio of 4HBA : AA =1:8.
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Figure D.7. "H-NMR spectrum of 4HBA and AA in acetonitrile-ds in which the

concentration ratio of 4HBA : AA = 1:12.
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Figure D.8. "H-NMR spectrum of 4HBA and AA in acetonitrile-ds in which the

concentration ratio of 4HBA : AA =1:16.

Appendix E. "H-NMR spectra of 3SHBA and AA in acetonitrile-d;
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Figure E.1. '"H-NMR spectrum of 3HBA in acetonitrile-d;

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



124

o ¥ K LML AR ]
&a 05 a4 02 a0 PPN

-
i
-
LIy g
Ao,
[
Al
-

-
3

Figure E.2. "H-NMR spectrum of 3HBA and AA in acetonitrile-d; in which the

concentration ratio of 3HBA : AA=1:2.
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Figure E.3. '"H-NMR spectrum of 3HBA and AA in acetonitrile-ds in which the

concentration ratio of 3SHBA : AA=1:4.
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Figure E.4. '"H-.NMR spectrum of 3HBA and AA in acetonitrile-d3 in which the

concentration ratio of 3HBA : AA =1:8.
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Figure E.5. "H-NMR spectrum of 3HBA and AA in acetonitrile-d; in which the

concentration ratio of 3HBA : AA=1:12.
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Appendix F. Uncertainty analysis by least-squares fitting procedure.

1. Estimate the uncertainty of the calculated concentrations from the UV absorbance
measurements of the standard solutions. In this standard solutions’ calibration
experiment, we suppose that there were no experimental errors in the preparation
of solutions and in their UV absorbance measurements.

1) The UV absorbance of a series of concentrations of the standard solutions
was measured in 5 different days. There were 63 sample data in total.

2) Use “Linear Best Fit” function in Excel to get the best linear equation
which can describe the relationship between the concentration and its UV

absorbance:
[cl=a*UV +b.

The result is shown in Figure F.1 and for each UV measurement, its

concentration can be calculated by the estimated slope 4 and intercept b

following the equation

[cluy = G*UV + b = (79057 x 107)- UV + 56684 x 107, (F-1)
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Figure F.1. Calibration graph for the standard solutions.

3) For each measurement, the error e is

e =[Clypus ~[Clses =[Clons —(@*UV +b)  (F-2)

and the standard deviation § for the calculated concentration is

in which (n- 2) is the degrees of freedom.
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4) The uncertainty for the calculated concentration used in the later

procedures is defined as twice that of the standard deviation in the

measurements, i.e., 0.000375 mg/mL.
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2. The Scatchard equation [—][W#=—Ka [MT]+K,[MT],, describes the

relationship between the concentration of substrate in solution [T] (mmol/L) and
the concentration of substrate bound in the resin at equilibrium [MT] (umol/g of
resin). So from 4HBA batch analysis results of NIP, its association constant X,
and the maximum number of binding sites per unit mass of the resin [MT]max and
their uncertainties can be calculated respectively.
1) Based on the uncertainty of the concentration from step 1, the uncertainty
of ([MT]/[T]) for each measurement can be calculated. During this
procedure, two kinds calculations for uncertainty and relative uncertainty

are used. Define J,, 6, and J, as the uncertainty for x, y and z

respectively, the basic rules to calculate J, are:

a) If xty=z,then 8, = [(6,)% + (5,)? ; (F-3)

\

5) 1)
b) f xxy=zorx+y=2z,then s, = z- (-xi)2+(7y)2. (F-4)

In addition, the relative uncertainty can be calculated as, for example, x

divided by 4, .
2) A weight (w,) for each measurement’ can be calculated by

1000
wi = 52

(F-5)

and its relative weight (w*) is
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W.R = —i——. (F-6)

The calculation results are shown in Table F.1.

3) The Scatchard equation [][\f]w] =-K [MT]+K,[MT],, canbe simplified

as y = cx+d . From the slope and the intercept, X, and [ MT] , can be

calculated. By using the least squares method, i.e., minimizing the sum of

the squares of the errors, we want to find the estimates of the slope ¢ and
the intercept d (i.e, ¢ and d) so that y = éx+ d can best describe the

data.

In the batch analyses, e, = y, - (cx, + d) is the difference between the
observed value y, at x; and the value as calculated from the linear fit.

According to the least squares method,

z

N
G(c,d) = Z el =), (y,-cx,-d)’
i=] i=1

should be minimized. The minimum of a function is specified by the

vanishing of its derivative, leading to two conditions
oG oG
—), =0, (—=—),=0.
( a d )c ( 60 )d

Then
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<—%§—)c =320, —ex,~d) = 0;

i=1

oG u
(E)d = “Zz(J’i —cx;—d)x; =0.
i=1

Define

N
xf‘,Sy:Zy,.,andey

i=

ka.J

i
M=
X

th
&

]
M=

-
Il
—
-~
|
—
ot

the above two equations can be written as

dN +cS, =S,
as.+cS,. =S,.
So ¢ and d can be solved as
s NS, - S,S,
NS_-S?
. SxxSy - SxSxy
NS, -S2 °

Taking the weight of each point into account,

N
= Z X YVis
i=1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

130



131

L wx LWy Lw Zw

X wa—(Z

—(Zw)(Z(wx)/Zw)(Z(wy,)/Zw)+Zw(xy,
Lol = Xow' (L on'x) [X wi?

o>
1l

F-7)

X 2wy, Zwa
d= ZW -C- ZW (F-8)

The standard deviations in the intercept and slope can be estimated from

N | =
M|~

S el
SO ST -y | | S 2 &2

N | -
0| =

Zfo,. Zeiz
3(d) = i i : -10
S S -y | | S -2 °-10)

The uncertainties of & and d are defined as their standard deviations.
Thereafter, NIP’s K, and [MT]_ and their standard deviations are

calculated (Table F.2).

K, p=44£02mM’
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[MT ] o jp = 6.7 £ 0.3 pmol/g

These values are also used to describe the properties of the general binding

sites in MIP, ie., K, .= K

a

NIP and [MT ]max,g =[MT ]max,NIP'

3. In this study, MIP4HBA resin is regarded as having two kinds of binding sites:
“general” and “special”. So, we will use the same method in the calculation of
general binding sites to calculate the constants for the special binding sites.

1) The concentration of substrate bound in the general binding sites in MIP

resin [ MT], is calculated by taking the concentration of the substrate in

solution [7] into the equation

Ko g [MT ) [ 1]

[MT], = —; K, IT]

Its uncertainty and relative uncertainty can be calculated following

Equation (F-3) and Equation (F-4).

2) The concentration of substrate in the special binding sites [MT], is

calculated by subtracting the amount attributed to the general sites [ MT],

from the total amount bound [MT],,,,, i.e., [MT],,, , (Since the volume is

exp.?

the same, the amount difference is same as the concentration difference.)

Ko gl MT ) g [T]

[MT], = [MT),, - [MT]g - [MT]eXP' - 1+ K, [T]
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Following the method in STEP 2, K, and [ MT],,, for the special binding

sites and their uncertainties are calculated:

K,,=0.15£0.01 mM";

[MT],,,,= 72 + 2 pmol/g.
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Table F.1. Binding analysis of NIP.

No.1| No.2  &"“ 5. | No.3 3 S, No. 4 3 5 | No.5 3 5,
UV, 0.000 | 0.740 1.543 1.789 0.326
Dilution factor 1 1 1 1 11
[T]o* (mg/mL) 0.0000 | 0.0059 0.0004 0.064 | 0.0122 0.0004 0.0307 | 0.0141  0.0004 0.0265 | 0.0284 0.0004 0.0132
mg’ (mg) 0.0000 | 0.059  0.004 0.122  0.004 0.141 0.004 0284  0.004
uv? 0207 | 0.798 1.502 1.714 0.289
Dilution factor 1 1 1 1 11
[T]° (mg/mL) 0.0016 | 0.0063 0.0119 0.0136 0.0252
[T]® (mg/mL) 0.0000 | 0.0047 0.0004 0.0802 | 0.0102 0.0004 0.0366 | 0.0119  0.0004 0.0314 | 0.0236 0.0004 0.0159
[T] (mM) 0.0000 | 0.0339 0.0742 0.0863 0.1707
m’ (mg) 0.0000 | 0.0467  0.0037 0.1024  0.0037 0.1191  0.0037 0.2355  0.0037
my’ (mg) 0.0000 | 0.0118 0.0053 0.4476 | 0.0197 0.0053 02694 | 0.0224  0.0053 02370 | 0.0486 0.0053 0.1090
[MT]’ (umol/g) | 0.0000 | 0.8577 0.4476 | 1.4248 0.2694 | 1.6132 0.2370 | 3.5181 0.1090
[MT)/[T] (mL/g) |0.0000 | 253288 13.5186 0.4547 | 19.2059 7.2219 02719 | 18.6855 64675 02391 | 20.6132 4.2708 0.1102
w;!? 5472 19.173 23.907 54.826
wik 11 1 4 4 10

"'UV,: UV absorbance of the binding solution.
% [T)o: Calculated concentration of the binding solution (mg/mL) according to Equation (F-1).
3 my: Mass of analyte in 10 mL binding solution (mg).
“UV: UV absorbance of the solution after binding.
S[T]: Calculated concentration of the solution after binding (mg/mL).
% [T]: Adjusted concentration of the solution after binding (mg/mL).

7 m: After binding, mass of analyte left in the binding solution (mg).

8 my: After binding, mass of analyte bound in the resin (mg).

? [MT]; Concentration of the analyte bound in the resin (umol/g).
19 wi: Weight of [MT]/[T] according to Equation (F-5).

' wiR: Relative weight of [MT})/[T] according to Equation (F-6).
12 5. Uncertainty.

13 §,: Relative uncertainty according to Equation (F-3) and Equation (F-4).
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Table F.1. Binding analysis of NIP. (Continued)

No.6 &% 3” |No.7 & & |No.8 3§ & [No.9 & & [No.10| 3§ &
UV, 1.420 0.845 1.022 1415 1.469
Dilution factor 3 16 16 16 21
[T]o? (mg/mL) | 00562 00004 00067 | 01070 00004 0.0035 | 01294 00004 00029 | 01791 00004 00021 | 02444 | 00004 | 0.0015
mg’ (mg) 0.562  0.004 1070 0.004 1294  0.004 1791 0.004 2.440 0.0037
uv? 1309 0.806 0.994 1394 1431
Dilution factor 5 16 16 16 21
[T]® (mg/mL) | 00518 0.1020 0.1258 0.1764 0.2377
[T]® (mg/mL) 0.0501  0.0004 0.0075 | 0.1004  0.0004 0.0037 | 0.1242 00004 0.0030 | 01748  0.0004 00021 | 02361 | 00004 | 0.0016
[T] (mM) 0.3633 0.7275 0.8999 12665 17105
m’ (mg) 0.5013  0.0037 1.0040  0.0037 12170 0.0037 17128 0.0037 23605 | 0.0037
my® (mg) 0.0603  0.0053 0.0879 | 00658 00053 0.0806 | 00767 00052 0068 | 00779 00052 0.0673 | 00795 | 0.0053 | 0.0666
[MT]® (umol/g) | 43520 0.0879 | 4.7600 0.0806 | 5.5396 0.0684 | 5.6478 0.0673 | 5.7558 0.0666
[MT)/(T] 11.9807 3.0564 0.0882 | 65425 25277 0.0807 | 6.1560 24215  0.0685 | 4.4594 23002 00673 | 33649 | 22243 | 0.0666
(mL/g)
w;!° 107.051 156.516 170.543 18783.99 1883.997
w1 20 29 31 35 35
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Table F.2. Calculation of ¢, d and their standard deviations o(¢) and a(c?) based on Table F.1.

% yooow %2 xxy wix(MD) wix(nxy) wixx, wixy, e wix(eh2)
0.8577 253328 1 0.7356  21.7278 0.7356 21.7278 0.8577 25.3328 0.2765 0.2765
1.4248 19.2059 4  2.0302 27.3654 8.1207 109.4617 5.6994 76.8238 17.1592 68.6369
1.6132 18.6855 4  2.6023 30.1428 10.4092 120.5714 6.4527 74.7420 14.6631 58.6523
3.5181  20.6132 10 123767 725184  123.7670 725.1841  35.1805 206.1322 42.6393  426.3929
43520 119807 20 18.9401 52.1401 378.8016 1042.8021  87.0404 239.6133 2.5237 50.4746
47600  6.5425 29 22.6572 31.1422  657.0576 903.1229  138.0387 189.7336 4.1776 121.1497
5.5396  6.1560 31 30.6867 34.1016 951.2862 1057.1481 171.7262 190.8363 1.0409 32.2666
5.6478 4.4594 35 31.8980 25.1859 1116.4303 881.5070 197.6741 156.0788 0.0389 1.3601
57558 33649 37 33.1288 19.3677 1225.7661 716.6064 212.9632 124.5024 0.6624 24.5081

Sum 171 44723744  5578.1316 855.63291283.7953 4.6374
Mean 5.0037 7.5076

According to Equation (F-7) and (F-8), ¢ and d can be calculated as é = —4.426 and d = 29.655.

According to Equation (F-9) and (F-10), o(¢) and 0'(0;’ ) can be calculated as o(¢) =0.156 and o(d)=0.797.

From the Scatchard equation,

They are K, y,,=4.4% 02 mM " and [MT]_,. ,»= 6.7 + 0.3 pmol/g.

MT] =-~K [MT)+ K, [MT),, , NIP’s K, and [ MT]_, and their standard deviations are calculated.
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