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contrast to the work reported by Spivak et. al., the authors concluded that only a 1:1
molecular complex was formed, based on the fact that no more observable shifts in the IR
spectrum occurred with the addition of additional monomer.'®

Recently, IR spectroscopy was utilized to optimize an imprinted polymer for
Indinavir, shown in Fig. 3-3, an HIV protease inhibitor.'>® By determining the free
amount of MAA in solution at vartous ratios, the authors were able to construct a
Scatchard plot that allowed for the determination of the optimal amount of MAA needed
to generate maximum selectivity. This predicted ratio correlated well with the order of
selectivity for polymers prepared using various monomer-template ratios.'”

These results are significant compared to the above studies for several reasons.
The previous studies discussed above were done utilizing fairly simple templates with
one or two chiral centers, contrasted to Indinavir, which possess five chiral centers and a
variety of functional groups. The presence of multiple functional groups increases the
complexity of the imprinting process as it is possible that some functional groups will not
interact with a given monomer. An examination of the Scatchard plot, Figure 3-4, yields
significant qualitative information about the strength and independence of the hydrogen
bonds. The authors observed that there was one very strong interaction between the
template and monomer, with the other interactions being very weak in nature. This is
supportive of the proposed enantioselective mechanism in which a strong leading
interaction occurs between the template and polymer binding sites followed by the
formation of weaker stabilizing interactions. Additionally, the authors noted that each

successive addition of monomer resulted in a decreased ability of MAA to interact with
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Figure 3-3. Structure of Indinavir. Adapted from Reference #153
Numbers denote chiral centers.
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Figure 3-4. Scatchard plot for an Indinavir-MAA system. Adapted from Reference
#153.
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the template, indicative of negative cooperativity. Lastly, this study was the first to
directly correlate polymer selectivity to a predicted concentration of monomer present
prior to polymerization. The authors, upon further examination, divided the scatchard
plot into two linear portions, representing the regions of strong and weak interactions.'>
By fitting a trend line through the weak portion of the plot, the number of binding sites on
Indinavir was calculated to be 7, which the authors expressed as the optimal ratio of
MAA needed to achieve a successful imprint.'> Finally, the authors prepared several
polymers with different monomer-template ratios, shown in Table 3-1, and evaluated
their selectivity by HPLC. The results clearly illustrate the effect of monomer
concentration on polymer performance. A comparison between the 2:1 and 7:1 polymer
reveals a large jump in the retention factor for Indinavir compared to a minimal increase
for its enantiomer. This gain in retention factor reflects the increase in the number of
specific sites formed with in the polymer matrix caused by the formation of a complete
monomer-template complex. Conversely, the addition of excessive monomer did not
yield any chromatographic advantage. While Indinavir and its enantiomer both exhibited
increases in capacity factor on a 21:1 M/T polymer as compared to the 7:1 polymer, the
overall polymer selectivity did not change.'>

Overall, the above method represents a significant improvement in the design and
synthesis process of imprinted polymers. However, there are two concerns that this
method posses. One, since this technique is spectroscopy based, the possibility of
spectral overlap between the MAA stretches and that of a different template are a very
real possibility. Additionally, instrument sensitivity is an issue as well. As stated before,

the authors noted that the technique was not sensitive enough observe very weak
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Table 3-1. Selectivity of an Indinavir imprinted polymers prepared with different
amounts of MAA. Adapted from Reference #153

MAA
Polymer 1:1° 2:1° 2:1° 7:1° 7:4° 21:1°
K'enantiomer 0.21 34 0.4 0.97 0.39 1.9
k'lngmvir 0.71 10.7 0.7 144 33 15.4
a 3.4 3.1 1.8 14.8 8.5 8.1

a). Mobile Phase Composition: 1% Acetic Acid in Chloroform
b). Mobile Phase Composition: 2% Acetic Acid in Chloroform
c¢). Mobile Phase Composition: 3% Acetic Acid in Chloroform
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interactions,'>* however, in situations of very strong hydrogen bonding, where a majority
of the monomer is interacting with the template, the possibility of undetectable levels of
monomer in solution is very likely. The second concern is that this method has been only
evaluated on one MIP system. It is unclear if this technique would allow for the
characterization and most importantly, the optimization of the monomer-template
complex for other polymer systems.

The goal of this research was to examine this technique on a different system and
compare the predicted results with the results determined chromatographically. The
system chosen for this experiment utilizes cinchonidine as the template. Cinchonidine is
member of the cinchona alkaloid family, several of which are shown in Figure 3-5. They
are found in the bark of a tree in South America, and are commonly used in the treatment
of malaria. A prior published method reported that a cinchonidine based imprinted
polymer demonstrated a selectivity of 31 versus its diastereomer, shown in Table 3-2, as
well as significant selectivity with other closely related alkaloids.?’ Thus any changes in
the system should result in observable changes in selectivity. These compounds are

161

highly soluble in organic solvents, ~ an advantage as the effects of organic solvents on

imprinted polymers is well documented. It is believed that this system will provide an

excellent case for evaluating this method.
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Figure 3-5. Structures of several cinchona alkaloids.
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Table 3-2. Reported retention factors for various cinchona alkaloids on three different
alkaloid imprinted polymers. Adapted from Reference #20

Column (-) cinchonidine | (+) cinchonine | Non-imprinted
Analyte k' a K a K a
(-)cinchonidine  34.24 1.46 0.29
31.70 23.05 1.17
(+) cinchonine  1.08 33.65 0.34
quinine 5.35 0.97 0.34
345 4.85 2.0
quinidine 1.55 4.70 0.17
quinoline 0.19 - 0.15 - 0.08 -
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Experimental
Reagents

Methacrylic acid (MAA), ethylene glycol dimethacrylate (EGDMA), 4-vinyl pyridine
(4-VP), methyl methacrylate (MMA), and 2,2’-azobisisobutyronitrile (AIBN) were
obtained from Aldrich Chemical Company (Milwaukee, WI). Cinchonidine and
Cinchonine were obtained from Spectrum Chemicals (New Brunswick, NJ), while
Quinine and Quinidine were obtained from Fluka (Milwaukee, WI). Indinavir free base
was supplied by Merck Research Laboratories (Rahway, NJ). All solvents were HPLC
grade with acetonitrile and methanol obtained from Aldrich (Milwaukee, WI),
chloroform (optimo grade) obtained from Fisher (Milwaukee, WI), and acetic acid
obtained from Pharmco (Brookfield, CT). Nitrogen gas was obtained from AGL

Industries (Clifton, NJ).

Instrumentation

The HPLC system consisted of either a Perkin Elmer (San Jose, CA) ISS 200
system with Diode Array Detector using Turbochrom Software or an Agilent (Palo Alto,
CA) 1100 system with Chemstation software. Polymer synthesis was performed in a
Haak A80 (Germany) water bath. Columns were packed with an Isco (Lincoln, NE) 250
syringe pump (Lincoln, NB). IR studies were done using a Nicolet Nexus 870 FTIR with
an attenuated total reflectance attachment. ITC experiments were performed on a
Calorimetry Sciences Corporation 420 ITC (American Fork, UT) with data analysis

performed with Origin Software (OriginLab Corp., Northhampton, MA).
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Polymer Synthesis, Column and Sample Preparation

Eight polymers (4 sets of two) were prepared, adapted from a previous method for
al:l,3:1,4:1,and 6:1 M/T ratio.?’ In a 25 mL borosilicate glass scintillation vial,
cinchonidine (1.9 mMol), MAA (1.9, 5.7, 7.6, 11.3 mMol respectively), EGDMA (53
mMol), and AIBN initiator (4.3 mMol) were placed into optimo chloroform (128.3
mMol). Structures of materials are shown in Figure 3-6. The vial.was sparged with
nitrogen gas for 25 minutes in a 4 °C water bath before being capped and placed under
UV light for 17% hours. Finally, the hood window was closed and covered over with
newspaper, followed by extinguishing the laboratory lights.

The resulting polymers were taken out and roughly ground with an electric coffee
grinder followed by grinding with a mortar and pestle. The ground polymer was sieved
between 38 and 25 pm sieves. Approximately 1 gram of particles was collected from the
25 pm sieve, slurried in acetonitrile and packed into 10 x 0.46 cm stainless steel HPLC
columns. Figure 3-7 is a schematic of the packing system employed. A high speed/high
pressure syringe pump was operated at a constant pressure of 5000 psi, and used
acetonitrile as the driving solvent. An empty stainless steel preparatory HPLC column
was attached to the standard HPLC column to form the column assembly. The slurried
polymer was poured into the assembly and the remaining volume filled with acetonitrile.
The assembly was then capped, attached to the syringe pump and the pump turned on.

The resulting columns were washed with a mixture of methanol/acetic acid (7:3) until a

stable baseline was achieved.
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Figure 3-6. Structures of materials used in polymer synthesis.
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Figure 3-7. Schematic of column packing system.
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Standard samples were prepared by dissolving each component in a mixture of optimo
chloroform/acetic acid (95:5) to achieve a concentration of 1.0 mg/mL. A 10 pL sample

was injected resulting in 10 pg of each component being introduced onto the column. A
mixture containing each component (1.0 mg/mL) was prepared to test column selectivity
and utilized a 10 pL injection as well.

ATR-IR Studies

Binding Studies

In non-polar solvents, at concentrations greater than 0.01 M, carboxylic acids will
predominately exist as hydrogen-bonded dimers, although this dimer form is in

equilibrium with the solvated or ‘free’ monomeric form.'*

‘Free’ (solvated) ‘H-Bond Dimer'

CH,

(o] Te) H-O
o)
O-H + O-H —=—— VL o
H:C H,C . O-H
HC

Upon introduction of cinchonidine, the monomeric MAA will interact with the
cinchonidine, causing the equilibrium to shift away from the dimer as it compensates for
the loss of the monomer.

The IR spectrum of a 0.1 M solution of MAA in chloroform, Figure 3-8, clearly
show the two solution forms of MAA, with the dimer having a carbonyl stretch of 1695
cm’ and the monomer having a carbonyl stretch of 1735 cm™. Furthermore, O’Brien et.
al. noted that the dimer stretch in the presence of Indinavir, decreased, thus it is possible

to calculate the effective loss of MAA from solution due to hydrogen bonding with the
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Figure 3-8. ATR-FTIR spectra of methacrylic acid. Adapted from Reference #153
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template.1 '8 This is accomplished by measuring the dimer stretch intensity of several
concentrations of MAA in chloroform to generate a calibration curve:' '8 153
1=RC [3-6]
Where:
I = intensity of dimer stretch at 1695 cm™.
R = slope of calibration curve
C = concentration of “free” MAA in solution.
Finally, the intensities of several MA A-template solutions are measured and the decrease
in MAA due to hydrogen bonding, [MAA-cinconidine bound’] 18 calculated:
I/R=C [3-7]
C = [MAAadded] ~ [MAA cinconidine bound’] ~ [3-8]
[MAA cinconidine bowna’] = @/V [3-9]
where I, R, and C are described above and,
q = effective amount of MAA bound to cinchonidine.
V = the volume of the solution

[MAA,44e4] = total concentration of MAA added to solution

Binding Studies: Sample Preparation

Standard solutions of MAA were prepared by preparing a stock solution of MAA
in chloroform (10.0 mL of MAA to 50.0 mL with Chloroform). Appropriate volumes
were pipeted and diluted to 10.0 mL with chloroform to give a range of concentrations
from 0.012 M to 2.36 M. Several different monomer-template ratios were prepared by
placing 0.201 g of cinchonidine into a 2.0 mL vial along with 1.0 mL of an appropriate

standard MAA solution. Table 3-3 lists the range of ratios analyzed. All samples were
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analyzed by ATR-FTIR using 200 scans with lcm™ resolution and the peak height of the

1695cm™ stretch recorded.

Isothermal Titration Calorimetry

A standard solution of MAA (6.5 M) was prepared by diluting 5.51 mL MAA to
10.0 mL with chloroform. A standard solution of MMA (6.5 M)was prepared by
dissolving 6.97 mL into 10.0 mL of chloroform. A standard solution of 4-VP (6.5 M)
was prepared by dissolving 5.85 mL into 10.0 mL of chloroform. A standard solution of
cinchonidine (0.10 M) was prepared by dissolving 0.294 g into 10.0 mL chloroform. A
standard solution (0.01 M) of Indinavir was prepared by dissolving 0.061 g into 10.0 mL
of chloroform. Prior to analysis, 1.0 mL of each standard solution, except for Indinavir,
was diluted to 10.0 mL to give concentrations of 0.65 M and 0.01 M respectively. The
ITC sample and reference cells (1300 pL each) were filled with the 0.01 M template
solution and the injection syringe was filled with the 0.65 M monomer solution. The
instrument was equilibrated to 4.0 °C. before the titration began and was held constant

throughout the course of the experiment.

Results and Discussion
ATR-IR Studies: Evaluation of IR method

Cinchonidine possess three key structural features. First, the fused aromatic ring
system containing a nitrogen heteroatom, will be expected to yield characteristic stretches
for both aromatic C=C bonds around1500-1600 cm™ as well as for the C-N bond at 1200-
1360 cm™. The alcohol present in th(;, middle of the molecule will yield stretches for the

C-O bond 1050-1300 cm™. Lastly, it possesses a tertiary amine within a bridged carbon
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Table 3-3. Monomer-template ratios used for ATR-FTIR binding studies.

M/T Ratio MAA (M)| Cinchonidine (M)

351 | 0.236 0.682

52:1 | 0.354 0.682
71 | 0472 0.682
.81 | 0531 | 0682

1:1 0.708 | 0.682

351 | 2.360 0.682 |
431 | 2950 0.682

5.2:1 3.540 0.682

10:1 7.080 0.682
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skeleton that would be expected to yield stretches for another C-N bond.'®? Based on this
it is anticipated that there would be no spectral overlap with the MAA dimer and
monomer carbonyl stretches. Figure 3-9 is a FTIR spectrum of a 0.1 M solution of
cinchonidine in chloroform. Examination of this spectrum reveals that cinchonidine has
no major spectral peaks present between 1600 and 1800 cm™ and based on this it was
hypothesized that ATR-FTIR binding studies would yield successful quantitative data.

Figure 3-10 represents the overlay of several ATR-FTIR spectra obtained for the
standard MAA solutions. The decrease in both the dimer and monomer stretches are
visible and it is readily apparent that good sensitivity is possible as we were able to
achieve detection as low as 0.012 M MAA, which is approxiametly 2% of the template
concentration used in this study. The peak intensity of the dimer stretch was recorded
and then plotted against the concentration of the MAA solution to generate a calibration
curve, shown in Figure 3-11. The calibration curve is linear, as expressed by a
correlation coefficient of 0.9942, and is characterized by a slope of 0.9169.

The second part of this experiment attempted to characterize the hydrogen bond
created during the formation of the cinchonidine-MAA complex as well as to calculate
the optimal amount of MAA needed to generate maximum selectivity. Figure 3-12
represents ATR-FTIR spectra obtained for several solutions containing cinchonidine and
MAA. It was surprising to observe that no detectable amount of ‘free” MAA was
achieved until almost equal molar concentrations of cinchonidine and MAA were
achieved. This lack of ‘free” MAA indicated that first interaction occurring with
cinchonidine is exceptionally strong, since the disappearance of the carboxylic acid

stretch suggests near stoichiometric binding with cinchonidine. Further attempts were
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Figure 3-9. FTIR spectra of cinchonidine.
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Figure 3-10. Several ATR-FTIR spectra of methacyrlic acid solutions.

Absorbance

0.60 .

0.55 ]

0.50

0.45 ]

]
0.40 5

0.35

0.30

025

o,2o-:
, 0.118 M
0.15{

0.10_:

| 2K

0.00

-

-0.05

]
-0.10—_1

1

< 0422 M

0.035 M

- .-

1720 1700 1680
Wavenumbers {cm-1)

1800 1780 1760 1740

1660 1640 1620

142




Figure 3-11. Calibration curve constructed by plotting peak intensity versus
concentration.
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Figure 3-12. ATR-FTIR spectra of several cinchonidine-MAA solutions.
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tried in an effort to increase the concentration of ‘free’ MAA above the method’s limit of
detection, however, these attempts were not successful and as a result, the amount of
‘free’ MAA cannot be determined experimentally until the molar ratio of MAA to
cinchonidine reaches 0.8:1. It was concluded that one very strong hydrogen bond exists
between MAA and cinchonidine. It is reasoned that the functional group on cinchonidine
responsible for this interaction is the tertiary amine which is expected to act as strong H
bond acceptor.

In the case of complex formation, MAA can be considered a ligand capable of
forming multiple hydrogen bonds with cinchonidine. In general, if each binding site on
the template is considered independent and identical, then all the equilibrium constants
governing the binding of one MAA ligand, will be equivalent. Statistically, this can be
represented as:''®

q = (bnC)/(1+bC) [3-10]
where:

q = amount of MAA bound to cinchonidine.

b = equilibrium constant for the binding process.

n = number of binding sites on cinchonidine.

C = concentration of ‘free’ MAA remaining after q moles become bound.

Traditionally, this equation has been rearranged into the following expression, commonly

known as a Scatchard plot:''®

¢/C=-bq+bn [3-11]
If the template’s binding sites are identical and independent, then the scatchard plot will -

be linear with a slope of —b and an abscissa of n.''®

145



If the Scatchard plot is curved, this indicates that the binding sites are not
identical and or independent. Non-independent binding sites exist when the binding of a
ligand to one site affects the binding of another ligand to another site. If b increases with
the additional ligand equivalents, then this is considered to be “positive cooperitivity”
and the plot will be concave downward. Ifb decreases with increasing ligand
equivalents, then this is considered to be “negative cooperitivity” and the plot is concave
upwards.118

When the ATR-FTIR data is cast as a Scatchard plot, as shown in Figure 3-13, the
strong interaction observed in the ATR-FTIR spectra is clearly exhibited. The very sharp
concave upward curve signifies that the sites of interaction on cinchonidine are not
identical. Thus, the equilibrium constants for the formation of the cinchonidine-MAA
complex are not equivalent. The decreasing slope, b, signifies that the cinchonidine
binding sites are not independent of one another and given the magnitude that that b
decreases, it is obvious that significant negative cooperativity among the binding sites is
being expressed.

The large drop of ¢/C from 0.8:1 to 1:1 clearly illustrates that the majority of
MAA is engaged in a very strong hydrogen bond, leaving no detectable amounts of ‘free’
MAA in solution. As additional equivalents of MAA are added a smaller drop in ¢/C is
observed until eventually leveling off. This indicates that there are additional interactions
occurring beyond the addition of one mole equivalent MAA. More than one MAA
molecule is interacting with one mole cinchonidine, albeit very weakly, indicating that

higher order multi-molecular complexes are being formed.
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Figure 3-13. Scatchard plot constructed for a cinchonidine-MAA system.
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An attempt was made to use the Scatchard plot to determine n for the complex, which
represents the optimum amount of MAA for this system. The plot was divided into two
approximate linear portions and an attempt was made to determine the binding constants
and number of binding sites determined for each. For the strong portion representing 0.8
to 1 mol equivalents, only two points were successfully determined, however the general
slope of this portion indicates a large binding constant, do to the sharp decrease in ¢/C
from 0.8 to 1mol equivalents added. The second portion, from 3 to 10 mol equivalents,
which is expected to be heterogeneous, can be assessed as the weaker interactions will
possess similar strengths. Analysis of this portion (R’=0.93, y=-0.1874x + 2.7123) yields
a binding constant of 0.2 M, which is reasonable given that the interactions expected at
these monomer concentrations are anticipated to be weak in nature. However, the
number of binding sites was determined to be approximately 14.5, a value that is large,
given that cinchonidine possesses only three functional groups that are likely to engage in
appreciable hydrogen bonding. This would suggest that MAA is forming a multi-layered
complex with cinchonidine, which may not be desirable for molecular imprinting.

Based on these results it was determined that for this particular system, the IR
technique described above, while providing insightful qualitative information concerning
the strengths of the hydrogen bonds, could not readily determine the optimal ratio for a
cinchonidine-MAA system. It was observed that the ATR-IR instrument does not
possess adequate sensitivity to detect very low concentrations of MAA, a situation that
occurs in the presence of strong non-covalent interactions. More importantly, this
technique cannot accurately determine the endpoint for the weak interactions occurring

directly with the template and when any multi-layering begins. It is possible to examine
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the various functional groups spectra for several different MAA concentrations and
observe shifts resulting from hydrogen bonding, however, the shifts associated with
weaker interactions may be difficult to observe. While this technique may be applicable
to other polymer systems, it stands to reason that other molecules possessing similar
functional groups or structures will likely encounter the same situation. Therefore it is
necessary to develop techniques that do not require assumptions to be made concerning

the strength of hydrogen bonds in order to fit data to a line.

Isothermal Titration Calorimetry: Cinchonidine-MAA System

Isothermal Titration Calorimetry (ITC) is a microcalorimetry technique that is
commonly utilized in biochemistry to study the energy of DNA-drug or protein-protein
interactions. I'TC simply measures stepwise changes in the energy of a system, thus there
is no need to isolate a spectral peak to observe and quantify these changes. Furthermore,
ITC instruments typically have minimum detectable heat values in the pcal range,'®?
thereby ensuring adequate sensitivity for measuring weak hydrogen bonding interactions.
With these advantages, it was proposed that ITC would be a good method for optimizing
monomer-template interactions for the formation of MIP's. In this study, we used ITC to
predict the ideal monomer - template stoichiometry for the preparation of a MIP for
cinchonidine.

Figure 3-14 is a schematic of the system utilized for this experiment. In this
setup, the reference and sample cell are filled with a solution containing cinchonidine at a
- known concentration. The injection syringe is loaded with the MAA solution and the

instrument is equilibrated to the correct temperature. This particular instrument utilizes a
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Figure 3-14. Schematic of Isothermal Titration Calorimetry Instrument. (Adapted from
Reference 163)
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power compensation system for measuring heat release or intake. Upon addition of
MAA into the sample cell, the sample cell temperature will either increase (exothermic)
or decrease (endothermic) in relation to the reference cell. The microprocessor measures
this change and calculates the amount of energy it needs to either add or subtract from the
reference cell in order to regain equilibrium. Thus ITC plots showing positive peaks
represent exothermic processes, while plots with negative peaks are indicative of
endothermic processes.

Figures 3-15 and 16, with the experimental conditions listed, represent the
titration of cinchonidine with % and % incremental mole equivalents of MAA
respectively. For these experiments, the template and MAA were separately dissolved in
chloroform at the specified concentrations. The top portion of each figure is a plot of heat
released for each increment of MAA added versus time. The bottom portion of each
figure gives the amount of energy released per mole of MAA added. From this, the AHg
for the cinchonidine-MAA complex was calculated. The values obtained for each
titration are shown.

For both titrations, the data plots begin with large positive peaks that gradually get
smaller and eventually become negative. This indicates that large exothermic processes
are occurring initially and gradually becoming smaller until they cease to occur. This is
reasonable as hydrogen bonding is an exothermic process, so it would be expected that as
cinchonidine becomes saturated with MAA, the strengths of the hydrogen bonds formed
would gradually become smaller. Also, this indicates that the total energy needed to

break the MAA dimer and reform hydrogen bonds with cinchonidine is a favorable

process.
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Figure 3-15. ITC plot for titration with 2 MAA mole equivalents.
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Figure 3-16. ITC plot for a titration with ¥4 MAA mole equivalents.
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Additionally, it was observed that a large amount of heat is released up through
the addition of the first mole equivalent of MAA, indicating the presence of one very
strong interaction between the template and the monomer, which agrees with the IR data.
Upon addition of further equivalents of MAA, the amount of energy released was small,
indicating relatively weak interactions of cinchonidine with the additional MAA. The
point at which the addition of MAA produced no further binding with the template was
determined, by measuring when the slope became zero, to be four mole equivalents.
Based on these data, it was hypothesized that the optimum monomer-template ratio for
the formation of a MIP for cinchonidine was 4:1.

Polymer Selectivity

To correlate the observed binding interaction of MAA and cinchonidine to the
selectivity of MIP's prepared for cinchonidine, four polymers were prepared using 1, 2, 4,
and 6 mole equivalents of MAA relative to the template. The selectivity of these
polymers was then compared by using them as HPLC stationary phases to separate
cinchonidine from its isomer, cinchonine. The polymer synthesis and preparation of the
HPLC columns were similar to those described previously.”” The results for each
polymer are presented in Table 3-4. Figures 3-17 through 3-20 are representative
chromatograms for the 1:1, 3:1, 4:1, and 6:1 polymers respectively.

The 1:1 polymer was prepared in order to evaluate the influence of the strong
hydrogen bond, occurring between MAA and the tertiary amine, on selectivity. Since
only one equivalent was added, the MAA should only associate with the functional group
responsible for the strong interaction. The results in Table 4 reveal the polymer

demonstrates a minimal selectivity of 1.2, which could only be determined by injecting
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Table 3-4. Selectivity of cinchonidine imprinted polymers containing various equivalents
of MAA. For all separations, a mobile phase of 5 % acetic acid in chloroform
was utilized with a flow rate of 0.5 mL/min. Retention factor (k’) determined by
(tr-to)/to and selectivity (o) calculated by Kk’ cinchonidine/K cinchonine-

MAA Polymer 1° 3 4 6
avg. k'Cinchonine 0.41 1.21 1.51 3.30
avg. k'Cinchonidine 050 16.38 37.38 54.90
Avg. a 1.21 13.59 2438 16.00
a RSD % 3.83 8.13 16.27 27.20

a). Selectivity determined by individually injecting 10 pg of each component.
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Figure 3-17. Representative chromatogram obtained using a 1:1 MAA-Cinchonidine
polymer. Mobile phase is 5% acetic acid in chloroform with a flow rate of 0.5

mL/min. Approxiametly 10 pg of each component was injected individually with
acetone as void volume marker.
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Figure 3-18. Representative chromatogram obtained using a 3:1 MAA-Cinchonidine
polymer. Mobile phase is 5% acetic acid in chloroform with a flow rate of 0.5
mL/min. A 10 pL injection of a mixture was used resulting in the introduction of
10 pg of each component onto the column with acetone used as a void volume

marker.
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Figure 3-19. Representative chromatogram obtained using a 4:1 MAA-Cinchonidine
polymer. Mobile phase is 5% acetic acid in chloroform with a flow rate of 0.5
mL/min. A 10 pL injection of a mixture was used resulting in the introduction of
10 pg of each component onto the column with acetone used as a void volume

marker.
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Figure 3-20. Representative chromatogram obtained using a 3:1 MAA-Cinchonidine
polymer. Mobile phase is 5% acetic acid in chloroform with a flow rate of 0.5
mL/min. A 10 pL injection of a mixture was used resulting in the introduction of
10 ng of each component onto the column with acetone used as a void volume

marker.
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each component separately. This is reasonable, even though the ITC data suggests that
the first MA A-template interaction is the strongest interaction. This is perhaps due to the
fact that both isomers possess the same functional groups, so both would be expected to
have a similarly strong interaction with the polymer.

The 3:1 ratio was selected because cinchonidine possesses three functional groups
capable of hydrogen bonding and all should be actively engaged with the MAA. The
results demonstrate that the polymer possesses very good selectivity as shown by the
value of 13.6. A comparison between the retention factors for 1:1 and 3:1 shows that the
retention factor for cinchonine increased only minimally from 0.41 to 1.21, while the
retention factor for cinchonidine increased by an order of magnitude going from 0.50 to
16.38. This may be explained by the differences in orientation of the three hydrogen-
bonding functional groups on each isomer. Since the MAA groups are incorporated in
the polymer in a manner that is complementary to cinchonidine, strong, selective re-
binding of cinchonidine relative to its isomer occurs with this polymer.

The 4:1 polymer was prepared in order to assess the significance of the fourth
interaction on polymer selectivity. As discussed above, cinchonidine possesses only
three functional groups capable of hydrogen bonding with MAA. However, the ITC
results clearly indicate that binding, while very weak relative to the firsts strong
interaction, was occurring up through the addition of four equivalents of MAA. The
results, when compared to the 3:1 polymer, show that this interaction, while weak in
nature, is an important stabilizing interaction within the polymer binding sites. Upon
addition of the extra equivalent of MAA, the retention factor for cinchonine changes

negligibly, increasing from 1.21 to 1.51, while the retention factor for cinchonidine
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doubles from 16.38 to 37.38. This translates into an increase in polymer selectivity from
13.59 to 24.38. Most importantly though, is that this observation agrees with the optimal
ratio predicted by ITC. This is intriguing, since the template only has 3 hydrogen
bonding functional groups. Nevertheless, it is evident that the fourth equivalent gives the
complex a stabilizing interaction that results in a polymer with greater selectivity.

Finally, an examination of the 6:1 polymer illustrates that excess monomer is not
beneficial since its selectivity is markedly less than that of the 4:1 polymer. In this
instance, the excess monomer in solution has been incorporated into the solid polymer,
generating non-specific sites of interaction as shown by comparing retention factors to
that of the 4:1 polymer. The retention factors on the 6:1 polymer are 49 for Cinchonidine
and 3.6 for Cinchonine, versus 33.6 and 1.4 respectively on the 4:1 polymer. While both
retention factors increased, indicating greater interaction with the polymer, the selectivity
exhibits a decrease from 24.38 down to 16.

Isothermal Titration Calorimetry: Indinavir-MAA system

Given the successful correlation between the ITC and chromatographic results, it
was proposed that the Indinavir-MAA system should be examined with ITC. This would
allow ITC to be evaluated on a separate system that utilizes a sophisticated template
molecule and if the result correlated with the polymer selectivity, then it would be strong
evidence that ITC could be used as a universal technique for the design of imprinted
polymers.

The first part of this ex’periment evaluated ITC’s ability to measure the binding

between three different monomers and the template molecule. These results were then
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correlated with prior published results.''® Figures 3-21, 3-22, 3-23 are the results for the
titration of Indinavir with MMA, 4-VP, and MAA respectively.

For the titration of Indinavir with MMA and 4-VP, the overall results show that
neither of these monomers experiences significant interactions with Indinavir. In the case
of MMA, the binding of MMA to Indinavir is an endothermic process as illustrated by
the negative peaks at the start of the titration and gradually becoming positive as the
titration increases. Thus the AHy= 0.15 kcal/mol is a positive value. This, as well as the
low AHj, suggests that the formation of a MM A-Indinavir complex is energetically
unfavorable and that the complex is not formed, resulting in a polymer with poor
selectivity as previously shown.'*

The titration of Indinavir with 4-VP, reveals that some interactions are occurring,
albeit very weakly. The positive peaks illustrate that the overall process is exothermic,
thus the formation of the complex is energetically favorable. However, the AH;=-0.13
kcal/mol suggests that any interactions are energetically small. This is reasonable, given
the structure of Indinavir, which does not possess any functional groups that should be
capable of interacting strongly with a basic monomer. It is noted that the endpoint for
this titration was around 9 equivalents of monomer, which suggests that the monomer is
either forming a multi-layered complex or is associating with itself to give a multi-
molecular assembly in solution. This agrees with the polymers formed with VP, which
show measurable, but very small selectivity.'*

For the titration of Indinavir with MAA, better results are obtained than with the

other monomers. A larger exothermic process is observed as indicated by the large
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Figure 3-21. Titration of Indinavir with % mol equivalents of MMA.
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Figure 3-22. Titration of Indinavir with % mol equivalents of 4-VP.
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Figure 3-23. Titration of Indinavir with ¥4 mol equivalents of MAA.
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positive peaks, indicating that the process of forming the template-monomer complex is
energetically favorable. A AH¢=-25.7 kcal/mol indicates that MAA is significantly
interacting with Indinavir and that the complex being formed is fairly stable. It is
interesting to note that the endpoint value was determined to be approximately 10 mol
equivalents of MAA. Prior work utilizing the ATR-IR method suggested that 7 mol
equivalents was necessary to achieve optimum selectivity as it was observed that all
functional groups on Indinavir were engaged in hydrogen bonding, however it was noted
that additional interactions were occurring up to 21 equivalents.'> As demonstrated with
the cinchonidine-MAA system, weak energetic interactions can result in a significant
gain in selectivity as these interactions serve to stabilize the template molecule within the
polymer binding cavity. Therefore, further chromatographic analysis will be needed to
assess the influence of these weak interactions on polymer selectivity.

Table 3-5 compares the AH¢ obtained for each monomer with the
chromatographic selectivity obtained in prior work. It is shown that a good correlation
between the ITC and chromatographic results exists. Both MMA and 4-VP polymers
exhibited very poor selectivity, 1.0 and 1.1 respectively, between Indinavir and its
enantiomer, while the polymer prepared with MAA displayed a selectivity of 6.0 between
Indinavir and its enantiomer. This suggests that ITC can not only be used to selectively
optimize the functional monomer for an imprinted polymer system, but also can
determine the optimal amount of monomer needed in a single experiment. Thus this

technique would represent a significant improvement in the design and synthesis process

of imprinted polymers.
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Table 3-5. ITC results for Indinavir compared to prior chromatographic results.

Monomer AH; (kcal/m()l) Kenantiomer | Kindinavir SeleCtiVitya
Methyl Methacrylate 0.15 0.8 0.8 1.0
4-Vinyl Pyridine -0.13 1.5 1.6 1.1
Methacrylic Acid -25.7 4.6 27.8 6.0

a). Adapted from Reference # 153
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Chromatographic Evaluation of Indinavir

In order to assess the influence of the weak interactions, three new Indinavir
polymers, with 7, 10, and 15 equivalents of MAA were prepared using a prior published
method.'® The resulting polymers were ground, washed and packed into HPLC columns
for chromatographic analysis using methods described previously. Figure 3-24 is a
representative chromatogram for the 7:1 polymer. As with the cinchonidine imprinted
polymer, acetone was used a column volume marker and the selectivity was determined
using the epi-carboxyamide isomer of Indinavir and Indinavir. Analysis of the
chromatographic data reveals that all components are not significantly retained as evident
by the low retention factors, 0.49 and 0.91 for epi-carboxyamide and Indinavir
respectively, resulting in a observed selectivity of 1.86. Prior published literature
reported retention factors of 0.6 and 3.3 for epi-carboxyamide and Indinavir respectively,
which results in a selectivity of 5.5.'*> Further analysis of the 10:1 polymer revealed the
same results, which suggests that during the synthesis process the formation of the
monomer-template complex was disrupted.

A possible explanation for these results may be due to Indinavir high affinity for
water. Analysis of the chloroform, MAA, and EGDMA by Karl Fischer titration,
revealed that water had accumulated within the solvents, around 300 pg/mL. A
calculation revealed that during synthesis, the template:water mol ratio was
approxiametly 4:1, indicating that significant amounts of water were present while the
polymerization reaction was occurring. The presence of high amounts of water would
serve to disrupt any interaction between Indinavir and MAA preventing the formation of

a stable monomer-template complex. This would translate into very poor selectivity for
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Figure 3-24. Chromatographic results for a 7:1 MAA:Indinavir polymer.
Mobile phase is 3% acetic acid in chloroform (v/v) with a flow rate of 1.0 mL/min.
Detection is at 260 nm with 50 pg of each component injected.
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the resulting polymer as the polymer would be expected to possess only weak and non-

specific sites of interaction.

Conclusions

A cinchonidine-MAA system was utilized to test and validate an IR spectroscopy
method for the characterization of the pre-polymerization solution. Previously research
had suggested that ATR-FTIR spectroscopy could be used to rapidly evaluate molecular
imprinted polymer systems utilizing MAA as the functional monomer and to determine
the optimal amount of MAA needed to generate maximum selectivity, while minimizing
the formation of non-specific sites of interaction. Our results showed that ATR-FTIR
spectroscopy is not sensitive enough to detect low levels of MAA that result from strong
interactions with the template molecule. Additionally, an attempt was made to determine
the correct MA A-cinchonidine stoichiometery, however, this method was not sensitive
enough to determine the endpoint at which MAA and cinchonidine were interacting to
form a mono-layer or a multi-layer, within the weak binding region of the scatchard plot.

ITC, a microcalorimetry technique primarily used in biochemistry, was proposed
as a possible alternative to conventional spectroscopic techniques. The results from these
experiments revealed that formation of the cinchonidine-MAA complex has a AHf of 40
kcal/mol. Furthermore, the ITC data suggested that the optimal ratio of MAA to
cinchonidine was 4:1.

This predicted ratio was evaluated by preparing a series of polymers containing
different amounts of MAA and chromatographically determining their selectivity. The

selectivity values obtained for the 4:1 polymer (o = 24.4) was significantly higher than
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that of the polymer prepared with three equivalents (o = 13.6), equaling the number of
functional groups, of MAA. Additionally it was noted that adding higher amounts of
MAA did not improve polymer selectivity as the polymer prepared with six equivalents
of MAA demonstrated a selectivity of 16.0, even though both compounds demonstrated
larger capacity factors. This reconfirms the idea that excess monomer is incorporated
into the solid polymer as non-specific binding sites.

Finally, ITC was used to re-evaluate an Indinavir-MAA polymer system that had
been previously studied. The ITC results for several different titrations of Indinavir with
other monomers, correlated directly with the observed selectivity for polymers prepared
with the respective monomers. It was also shown that the ITC detected three possible
weak interactions that were occurring between MAA and Indinavir, which were not
observed using ATR-FTIR. However, further chromatographic analysis will be needed
to assess the impact of these interactions on polymer selectivity as it is believed that
significant amounts of water present during polymer synthesis resulted in the disruption

of hydrogen bonding between MAA and Indinavir.
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Chapter 4. Investigation of Molecular Imprinted Polymer-Solid Phase Extraction

Introduction

Developed in the early 1970’s as a sample pretreatment process for the analysis of
pollutants in water, solid phase extraction (SPE) has become a popular choice for use in sample
pretreatment for liquid and gas chromatography. Solid phase extraction is defined as the process
by which an analyte in a liquid mobile phase will become retained by a solid adsorbent that is
packed into a short cartridge. Figure 4-1 shows the basic components to a SPE cartridge.'®*

SPE may be considered a four-step process, which is outlined in Figure 4-2. The first
step is the conditioning of the adsorbent by passing a small volume of solvent through the
cartridge prior to the application of the sample solution.'® This serves to maximize the surface
contact between the quuid and solid phases, ensuring good mass transfer of the analyte. The
second step is the application of the sample solution to the cartridge. Analytes, as well as
impurities, will become adsorbed onto the stationary phase, effectively becoming trapped inside
the cartridge.'® The third step involves washing the cartridge with a small volume of solvent that
will cause the impurities trapped within the cartridge to elute, leaving behind only the analyte.'®*
Finally, the fourth step, elution, is performed. Here, a solvent that is compatible for use in the
desired instrumental method, is passed through the cartridge and elutes the analyte of interest.

Thus in order to achieve high preconcentration factors, the elution solvent volume should be as

small as possible.'s*

While predominately used, by chromatographers as HPLC stationary phases for chiral

separations, molecular imprinted polymers have become popular choices as stationary phases for
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Figure 4-1. Schematic of a solid phase extraction cartridge. A typical cartridge will usually
contain 300, 600, or 900 mg of sorbent with an average particle size of 40-50 pm. Adapted from
Reference # 164
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Figure 4-2. Ilustration of the four basic steps in solid phase extraction. Adapted from Reference
#164
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SPE. As previously shown in Table 1-11, MIPs have been used to extract many different
analytes from a variety of matrixes. This increase in usage is in part because SPE is not greatly
affected by the broad peaks that are a major problem with MIP-HPLC. Additionally, MIPs offer
a couple of advantages over conventional SPE phases. First, the pre-determined selectivity
allows for the potential of a highly efficient sample clean up, particularly from complex matrices,
such as biological fluids.®® Second, it was reported that greater sensitivity could be achieved
because straightforward extraction from large sample volumes would be possible."

However, several fundamental questions concerning MIP-SPE remain unanswered.
Specifically, we are concerned about understanding the relationship between MIP selectivity and
SPE cartridge efficiency and the resulting impact on practical MIP-SPE method development.
Failure to understand this basic relationship and its impact on overall performance, will lead to
erroneous interpretation and conclusions of MIP-SPE experiments. The relationship between
selectivity and efficiency comes from basic chromatographic theory. In column
chromatography, there are two basic concepts that are actively governing the separation process,
retention and band broadening. For this discussion, an SPE cartridge can be considered
analogous to a liquid chromatography column.

In liquid chromatography, the analyte is injected onto the stationary phase and moved
through the column by pumping a liquid mobile phase through the column. At some point, the
analyte will emerge from the column as a peak. The volume at which the highest detector
response occurs is denoted as the retention volume (V;).'** Commonly, a non-retained marker is
also injected at the same time, and its retention volume is reflective of the column dead volume

(Vo).'® Historically, the parameter most commonly associated with the description of analyte
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retention is the ‘capacity factor’ or ‘retention factor’, k. The retention factor is related to the
retention volume by the relationship:
k=(VeVoVo  (4-1)'®
or
Vi=Vo(1+k) (4-2)"*

The shape of the peak as it emerges from the column is controlled by the efficiency of the
column. Efficiency is a measure of the analyte band broadening as it moves through column and
is dependent upon various physical parameters such as particle size, column length, and flow
rate. High band broadening translates into low efficiency, or a broad peak, while low band
broadening translates into higher efficiency, or a sharp peak.15 ® Efficiency can be expressed as
the number of theoretical plates (IN) within the column and can be calculated from the
chromatogram using the relationship:

N =16 (t/wp) (4-3)'®
Where, t; is the retention time and wy, is the width at the base of the peak. Since the number of
plates is dependant on column length, the term plate height or height equivalent to a theoretical
plate (%) is more commonly used to describe column efficiency and is calculated by dividing the
column length by the number of theoretical plates.'*®

The term resolution (R) is used to describe the overall separation process between two
components and is used to indicate the degree that two components are separated. Two
components are considered completely separated, or resolved, if the resolution is greater than 1.
This term incorporates both the influence of retention and efficiency and is described below:

R=(N2)[(ka—k)/(ko +k; +2)]  (4-4)'S°
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With these basic relationships in mind, we can now try to understand these affects on
MIP-SPE. First, consider how the cartridge efficiency will impact the extraction process. The
Van Deemter equation is well recognized for describing the band broadening process by relating
height equivalent to a theoretical plate (#) to mobile phase velocity.'® 1t consists of three terms:
multiple path of an analyte through the column packing (eddy diffusion), molecular diffusion

(longitudinal band broadening), and effects of mass transfer between phases.'® Its general form

is written as
H=A+Bu+Cu (4-5)'%
or
H = 2Ad, + 2(yDp)/u Hod,2Dpyu  (4-6)'%
Where

A = coefficient dependent on the particle sized distribution

d, = average particle diameter

y = factor which is related to the diffusion restriction by column packing

Dp, = analyte diffusion coefficient in the mobile phase

® = coefficient determined by the pore size distribution, shape, and particle size

distribution

u = mobile phase velocity

As shown, the A term represents the influence that the particle diameter and particle size
distribution have on efficiency. Within the cartridge, there are channels between the particles,
thus each analyte molecule can take a different path as it travels through the column. By using
smaller diameter particles, coupled with a narrow distribution range in size, this will translate

into more even spacing between particles, reducing the magnitude of A and d; and consequently
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lowering the overall plate height.’71% However, for use with MIP materials, this term will play
a significant role in reducing efficiency. As stated before, the common method for preparing
MIPs for use in chromatography is by grinding and sieving. This method creates irregular
shaped particles whose size distribution is large (25-38 pm) compared to traditional silica
phases, resulting in a large value for d, as well as for L. Also, there is poor control over the
ability to pack SPE cartridges, which will ensure uneven packing of the particles and further
increase A. Overall this will translate in very uneven spacing between particles, resulting in
significant differences in column path length. Therefore it is reasonable to conclude that this
term will significantly impact the cartridge efficiency.

The B term or longitudinal diffusion refers to the diffusion that the analyte will undergo
along the column axis. This term is impacted primarily on the diffusion coefficient of the
analyte in the mobile phase (Dy,) and the mobile phase velocity.'®® For standard HPLC phases,
molecular diffusion is approximately five orders of magnitude lower than that in the gas phase,
thus Dy, can be considered negligible for conventional flow rates. For an MIP-SPE cartridge, it
would be expected that this would be true as well. The very short cartridge length coupled with
the speed at which the mobile phase is pulled through the cartridge should not allow molecular
diffusion to be a dominate force in the band broadening process.

The C term or kinetics of mass transfer refers to the process by which the analyte will
diffuse from the mobile phase and interact with the stationary phase, either through adsorption
onto the surface or diffusion inside the particle pores.'® For MIP-SPE it is expected that o and
the particle diameter will play a significant role. As stated before, the MIP-SPE cartridge will be

expected to have irregular shaped particles along with a large distribution in size. Thus it will be
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expected to have a larger o value compared to other SPE stationary phases, and consequently a
larger overall plate height.

Thus it is expected that the overall efficiency of the extraction cartridge will be very poor,
resulting in significant decreases in the amount of time as well as the surface area with which an
analyte will have time to interact. Therefore resolution must be achieved by very high
selectivity, through strong interactions between the analyte and polymer phase. As shown
earlier, large retention factors are possible for MIP based systems. However, these retention
factors are the result of a precise steric and chemical fit within the polymer binding sites, rather
than general non-specific interactions. Additionally, it was also demonstrated that kinetics of
these interactions are much slower than other non-specific interactions as demonstrated by the
very broad peaks observed in HPLC. Therefore, it is logical to assume that with such a poor
efficiency, there may not be enough time in SPE, for the selective interactions to occur. Thus a
theoretical limit must exist as to the specificity of the MIP interactions. If the interactions are
very selective it will take longer for them to fully occur and therefore can’t overcome the poor
efficiency. On the other hand less selective interactions may occur fast enough that the poor
efficiency may be overcome.

As demonstrated in the prior set of experiments, less selective interactions will result in
decreased enantioselectivity between other structurally related compounds. 1t is to be expected
that the sample matrix will contain other similar components, such as metabolic products, and
that there presence would cause a competition for binding sites. If the quality of the available
binding sites is reduced, a greater competition between analytes for the binding sites will occur,

further reducing the ability to generate a selective interaction.
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The goal of these experiments was to evaluate an MIP-SPE method for cinchona
alkaloids on several different polymers, each of which possesses different degrees of selective
interactions, in an attempt to understand the relationship between the efficiency and selectivity.
As demonstrated in the prior sets of experiments, by changing the amount of monomer within the
polymer system in relation to the amount of the template, several polymers were made that
possessed poor enantio-recognition (1:1) as well as very good enantio-recognition (4:1). By
using these polymers, for which the retention factors of different components are known, a much

better understanding of the fundamental processes occurring during the extraction may be better

understood.

Experimental
Reagents

Methacrylic acid (MAA), ethylene glycol dimethacrylate (EGDMA), and 2,2°-
azobisisobutyronitrile (AIBN), sodium dihydrogen phosphate, phosphoric acid (85%), and
sodium perchlorate were obtained from Aldrich (Milwaukee, WI). Cinchonidine and Cinchonine
were obtained from Spectrum Chemicals (New Brunswick, NJ), while Quinine and Quinidine
were obtained from Fluka (Milwaukee, WI). All solvents were HPLC grade with Acetonitrile
and Methanol obtained from Aldrich (Milwaukee, WI), chloroform (optimo grade) obtained
from Fisher (Milwaukee, WI), and acetic acid obtained from Pharmco (Brookfield, CT).

Purified water was obtained using a Millipore filtration system.
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Instrumentation

Gas Chromatography

All gas chromatography experiments were carried out using an Agilent (Palo Alto) 5890 Series 11
Gas Chromatography equipped with an Agilent 7673 A auto sampler and an Agilent 5972 mass

selective detector. Data analysis was done using Chemstation software (Agilent, Palo Alto, CA).

The following instrument parameters were used:
1. Inlet Temperature: 280°C

2. Transfer Line Temperature: 250°C

3. Temperature Program: 200°C with a rate of 20°C/min until a final temperature of
280°C was reached. The temperature was then held for two minutes.
4. Detection Mode: Detector was operated in single ion monitoring (SIM) mode at a
m/z ratio of 136.
5. Injection Volume: An injection volume of 1pul. was used.
HPLC Analysis
The HPLC system consisted of either a Perkin Elmer (San Jose, CA) ISS 200 system with Diode
Array Detector using Turbochrom Software or an Agilent (Palo Alto, CA) 1100 system with
Chemstation software and utilized a phenomenex Spm C18 (4.6 mm x 150 mm) column
(Torrence, CA) as the stationary phase. The mobile phase was an 85% aqueous phosphate buffer
(10 mM sodium dihydrogen phosphate) with 25 mMol of sodium perchlorate dissolved in it.
Phosphoric acid was used to adjust the pH to 2.4. The organic modifier was 15% HPLC grade

acetonitrile. The mobile phase was pumped at a flow rate of 1.0 mL/min and the diode array

detector set to 280 nm.

181



Polymer Synthesis

Polymers were prepared according to the procedures described elsewhere.

Molecular Imprinted Polymer-Solid Phase Extraction

Preparation of MIP-SPE Cartridges

Prior to extraction, approximately 0.7 g of polymer particles, with a size of 25-38 uM,
was slurried packed into a stainless steel HPLC column and washed on an HPLC system using
the following method:

1. 5 hrs of 7:3 Methanol/Acetic Acid (1 mL/min)

2. 5 hrs of 7:3 Acetonitrile/Acetic Acid (1 mL/min)

3. 5 hrs of 7:3 Chloroform/Acetic Acid (1 mL/min)

4. Methanol until constant baseline (1 mL/min)

After washing, the particles were removed from the column and dried under vacuum.
Approximately 0.5 g of material was then slurried in Acetonitrile and packed at —20 psi into an
empty solid phase extraction tube containing an inert frit. After the solvent had been suctioned
away another inert disk was placed on top of the polymer and then compressed evenly using a
glass stirring bar to form the final cartridge.

Breakthrough Volume

As previously discussed, in column chromatography, the analyte is injected onto the
stationary phase and moved through the column by pumping a liquid mobile phase through the
column. At some point, the analyte will emerge from the column as a peak possessing a
Gaussian distribution shape. The volume at which elution occurs is denoted as the refention

volume (V;) and is related to the retention factor by the relationship
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Ve=Vo(l+k) (4-2)'%
where V, is the volume of liquid within the system from the injector to the detector.

In the case of SPE, the sample solution itself is the mobile phase and upon elution from
the column will exhibit a peak shape similar to that in column chromatography. However, rather
than achieving a maximum followed by a constant decrease, as is the case with column
chromatography, more sample solution will continue to flow into the cartridge until the amount
of analyte entering the column is equal to the amount of analyte eluting from the column. This
process is illustrated in Figure 4-3.'” The point at which the analyte first elutes from the packed
column is called the breakthrough volume. (Vi) Larger breakthrough volumes will allow for
greater sample volumes to be applied to the cartridge.'”” The shape of this of this peak is
dependent upon the efficiency, or number of theoretical plates (N), that are generated by the
stationary phase. If N is large, then the peak will be sharper, which is advantageous for SPE
because the breakthrough volume will occur later.'®* However, most conventional SPE phases
do not generate high numbers of theoretical plates due to the inefficient packing process and
larger sized particles. Therefore in order to develop a strong extraction for a particular analyte
such that it has a large breakthrough volume, a large retention factor is necessary.'®

For an imprinted polymer, the retention factor is dependent upon the quality of the
imprinted sites and the selective recognition that they have for a particular analyte. This should
translate into increased breakthrough volumes for the imprinted analyte, while other analytes
should have smaller breakthrough volumes. However, with MIP based phases, the interactions
are not general interactions, such as hydrophobic interactions, but rather are based on the precise
steric fit of an analyte into the binding cavities. These hindered interactions may not occur

kinetically fast enough relative to the flow rate of extraction. Thus by measuring the
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Figure 4-3. Theoretical breakthrough volume curve for a SPE cartridge. Adapted from
Reference # 164
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breakthrough volumes for different analytes on several selective polymers, an estimation as to
the relationship between efficiency and retention can be made.
Breakthrough Volume: Sample Preparation

Standard solutions of cinchonidine and cinchonine were prepared by dissolving 0.01 g
into 10 ml of chloroform to yield a stock solution of 1000 pg/mL. Volumetric pipets were used
to prepared 10 ml standards from the stock solution so that a range from 1-500 pg/mL. For
breakthrough volume determinations, 0.05 g of analyte was dissolved into 100 mL of chloroform
to yield a final concentration of 500 pg/mL. A 2.0 mL portion was passed through the column
using only gravity to generate a flow. This fraction was collected in a clean test tube, placed in a
sample vial, and analyzed using GC/MS. This was repeated for each analyte four times.
Batch Binding Studies

Batch binding experiments were performed by placing 0.150 g of either a blank imprinted
polymer or a 4:1 imprinted polymer into a 4.5 mL vial with 4.0 mL of a chloroform solution,
with a known analyte concentration, to yield the initial amount of template at the start. A stir bar
was added to the vial, followed by tightly capping it and allowed to stir for 30 minutes. After
stirring, the vial was uncapped and secured using a clamp and a 1.0 mL volumetric pipet was
slowly inserted into the vial. After 10 minutes, a 1.0 mL aliquot was pulled out and placed into a
clean vial and evaporated to dryness, using a heating block. 1.0 mL of a suitable solvent was
then added to the vial to reconstitute the sample and the vial was capped and placed in a

sonicator for 10 min. After sonication the sample was transferred with a clean glass pipet to an

auto sampler vial and analyzed by HPLC.
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Results and Discussion

Molecular Imprinted Polymer-Solid Phase Extraction

Cartridge Inertness

Prior to packing the MIP material, the components of the extraction cartridges were fitted
together and analyzed to ensure that they were inert and that non-specific adsorption was not
occurring. Separate samples of cinchonidine and cinchonine, 2 mg/mL, in chloroform were
prepared and extracted according to the procedure above. The peak areas were recorded and
compared to the peak area of a control (2 mg/mL) sample. The results indicated that nearly all of
the analyte passes through the cartridge, indicating that the components are not exhibiting any

interactions with the analytes.

Breakthrough Volume Curves

As discussed previously, HPLC was used to determine the retention factor for
cinchonidine, cinchonine, quinine, and quinidine on a 4:1 imprinted polymer and these are listed
in Table 4-1. Based on this it would be expected that cinchonidine should possess a higher
breakthrough volume than its diasteromer cinchonine. This is due to the fact that the retention
factor for cinchonidine (37.38) is significantly larger than that of cinchonine (1.51), indicating
that cinchonidine has significant interactions with the stationary phase. Based on equation 4-2, it
is expected that cinchonidine should exhibit a larger breakthrough volume compared to
cinchonine.

Breakthrough volume curves were generated by plotting the concentration of analyte
present versus the total volume of sample passed through the cartridge. Figurés 4-4 and 4-5 are

representative breakthrough volume curves for cinchonidine and cinchonine respectively. Based
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Table 4-1. Retention factors obtained on a 4:1 methacrylic acid/cinchonidine imprinted polymer.

Analyte Retention Factor
Cinchonidine 37.38
Cinchonine 1.51
Quinine 6.47
Quinidine 0.62
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Initial breakthrough volume curve for cinchonidine.
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Figure 4-5. Initial breakthrough volume curve for cinchonine.
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on initial examination, it appeared that cinchonine has a larger breakthrough volume, 22 mL,
than that of cinchonidine, 20 mL, which would be opposite the anticipated results. To evaluate
this further, the experiment was repeated three more times and all of the results are displayed in
Figures 4-6 and Figures 4-7, which show the breakthrough volume curves obtained for
cinchonidine and cinchonine. Examination of the data suggests that cinchonine has a larger
breakthrough volume than that of cinchonine, although given the experimental error, both
experimental breakthrough volumes can be considered identical indicating that it is interacting
The may be explained by two possible causes. The first cause may be attributed to the fact that
chloroform is less polar than the functional groups on the polymer. This would cause both

analytes to engage in non-specific adsorption interactions with the surface, thus retention is

simply governed by the surface area exposed to the analyte. This could be corrected by the
addition of a mobile phase competitor, such as acetic acid, which would help increase the
polarity of the mobile phase, eliminating the non-specific adsorption. The second possible
explanation is that the kinetics governing the formation of the interaction between cinchonidine
and the polymer are too slow compared to the speed at which the extraction is occurring. As
demonstrated in prior HPLC work, cinchonidine has significantly broad peaks, suggesting that

these interactions may not be kinetically favorable for solid phase extraction.

Mobile Phase Competitor

By adding a weak competitor, such as acetic acid, in low percentages, it is possible to
disrupt the non-specific interactions, such as surface adsorption, and allow the selective
interactions to dominate the retention process. Additionally, the addition of a competitor may

help to properly balance the relative polarities of the sample solvent and polymer, facilitating the
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Figure 4-7. Complete set of breakthrough volume curves for cinchonine.
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formation of selective interactions. Therefore, different percentages of acetic acid were studied,
through batch binding analysis, as a possible solution to generating selective binding.

The results of these experiments, Table 4-2, show that the addition of a small amount of
acetic acid to the sample solution does indeed allow for selective interactions to occur. A
comparison between the recovery for the blank polymer and the recovery for the imprinted
polymer, shows that there is a difference in analyte concentration especially with very low
percentages. The largest difference occurred around 0.35% acetic acid, as the blank polymer
exhibited a recovery of 61% while, the imprinted polymer yielded a recovery of 5%. Based on
this it was determined that all further batch binding analysis would utilize a 0.35% Acetic Acid
in chloroform solution. Analysis of solutions that contained no acetic acid, showed low recovery
as well as significant non-specific interactions occurring with the polymer phase.

The next set of experiments was aimed at understanding the poor recovery of
cinchonidine. Cinchonidine dissolves most easily in chloroform and in most alcohols such as
methanol, ethanol, and isopropanol. The above experiments utilized a 50/50 methanol/water
(v/v) solution, which should easily dissolve the low levels of cinchonidine. However, as the data

shows, recovery of control samples are still very low and not very reproducible, two factors that

must be corrected in order for further analysis to proceed.

Recovery Studies

Initial studies of elution solvents focused on methanol solutions that were spiked with glacial
acetic acid and concentrated hydrochloric acid so that each acid represented 1% of the total
volume. Recovery analysis was performed by placing a 1.0 mL sample so‘lution, whose

concentration was 72 pg/mL, into a vial and sealing it. Using a heating block, the sample was
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Table 4-2. Results from acetic acid studies.

Sample pg Recovered| % Recovered
0.20 % ACA (Control) 47.89 63.85
020 % ACA (Blank) 145.86 48.62
0.20 % ACA (Control) 46.58 62.11
0.20 % ACA (4:1) 20.88 6.96
Sample ng Recovered| % Recovered
0.35 % ACA (Control) 44.68 59.57
0.35 % ACA (Blank) 183.43 61.14
0.35 % ACA (Control) 57.16 76.22
0.35 % ACA (4:1) 16.07 5.36
Sample pug Recovered | % Recovered
0.50 % ACA (Control) | 58.53 78.04
0.50 % ACA (Blank) 217.57 72.52
0.50 % ACA (Control) 58.98 78.64
0.50 % ACA (4:1) 156.78 52.26
Sample ng Recovered | % Recovered
1.00 % ACA (Control) 56.71 75.61
1.00 % ACA (Blank) 21337 71.12
1.00 % ACA (Control) 55.49 73.98
1.00 % ACA (4:1) 167.18 55.73
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evaporated to dryness. In all cases recovery was very low, between 30-50%.

The next choice for a recovery solvent was tetrahydrofuran (THF). A 50/50 THF/Water
mixture (v/v) and a 100% THF solution were used in an attempt to generate sufficient recovery
of cinchonidine. The results in Table 4-3 reveal that 90% or better recovery is obtained, which
was the desired minimum target for these studies. However, evaluation of the HPLC
chromatograms revealed that a new component was now present. After determining that the
peak was not the result of a contaminated solvent or compound, further studies were performed
using varying percehtages of THF as a diluent. As shown in Figure 4-8, a diluent using 20/80
THF/water (v/v) shows significant fronting indicating some secondary equilibria occurring on
the column. Upon increasing the THF to 30%, the emergence of the second peak in front of the
analyte is observed, as shown in Figure 4-9. Finally, upon increasing the THF to 50%, the two
peaks are baseline resolved as shown in Figure 4-10. This effect, which is attributed to
mismatched polarities between the diluent and mobile phase, significantly decreased sensitivity

as the limit of detection increased an order of magnitude from 1 pg/mL using methanol/water as

a diluent to 10 pg/mL. Since, it was anticipated that future experiments would require the lowest
possible detection limit, coupled with the fact that at least 50% THF was needed to get a 90%
recovery, THF was eliminated as a possible elution solvent.

Finally, several different acetonitrile/water mixtures were examined, even though the
solubility of cinchonidine is not large in acetonitrile. Two acetonitrile/water mixtures were tried
along with pure acetonitrile as possible recovery solvents. Surprisingly, the problem of

mismatched diluent:mobile phase polarities that was present for THF was also present for

acetonitrile.
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Table 4-3. Recoveries obtained using THF as the reconstitution solvent.
Top: Quantitation from first peak
Bottom: Quantitation from second peak

Sample pg Recovered | Recovery %
50/50 THF/Water 88.12 91.79
50/50 THF/Water 88.11 91.78

100% THF 104.11 108.45
100% THF 107.89 112.38

Sample ng Recovered | Recovery %
50/50 THF/Water 75.60 78.75
50/50 THF/Water 75.12 78.25
100% THF 41.59 43.32
100% THF 42.11 43.87
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Figure 4-8. HPLC chromatogram obtained using a 20/80 THF/Water mix as the sample diluent.
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Figure 4-9. HPLC chromatogram obtained using a 30/70 THF/Water mix as the sample diluent.
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Figure 4-10. HPLC chromatogram obtained using a 50/50 THF/Water mix as the sample diluent.
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However, this effect did not begin to appear until the diluent acetonitrile percentage reached
50%. An examination of recoveries for a 30/70 acetonitrile/water mixture (v/v), Table 4-4,
revealed that this mixture was capable of recovering approximately 98 % of the cinchonidine
from the standard sample. Additionally, no problems with solvent polarities (Figure 4-11) were
observed when analyzed by HPLC and a limit of detection of 1pg/mL was achieved (S/N=6.5)
for quantitative analysis. Therefore all further experiments will utilize a 30/70 acetonitrile/water

mixture (v/v) as the recovery solvent.

Comparison between Blank and Imprinted

Upon optimizing solvent conditions for both binding and recovery, a set of batch binding
experiments were performed on both the 4:1 and blank imprinted polymer to examine the extent
of selective interactions. A series of solutions containing cinchonidine were prepared ranging
from 125 pg/mL to 750 pg/mL and 4.0 mL of each solution was added to vials containing 0.15 g
of the desired polymer, representing a range of 500 to 3000 pg. As described previously, the
amount of cinchonidine remaining in solution was quantitated and the amount bound to the
polymer calculated. Table 4-5 shows the results achieved on the 4:1 imprinted polymer and the
results achieved on the blank polymer. As shown, it appears that selective interactions are now
occurring as demonstrated by the differences in the amount of cinchonidine bound to the
imprinted polymer. A simple binding isotherm was constructed for each polymer by plotting
amount of cinchonidine bound versus the amount of free cinchonidine and is shown in Figure 4-
12. The blank polymer demonstrates a decreased ability to bind cinchonidine compared to the
imprinted polymer. Additionally, the isotherm of the imprinted polymér shows that the

maximum binding occurs around the addition of 3000 pg, suggesting that the imprinted polymer
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Table 4-4. Recovery results using acetonitrile and water.

Sample ng Recovered | Recovery %
50/50 ACN/Water (88 ng) | 91.01 104 45
50/50 ACN/Water (88 pug) 93.08 105.77
30/70 ACN/Water (80 pg) | 77.63 97.04
30/70 ACN/Water (80 pg) | 78.36 97.96
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Figure 4-11. HPLC chromatogram obtained using a 30/70 ACN/Water mix as the sample
diluent.
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Table 4-5. Batch binding results obtained for several concentrations.
Top: Imprinted Polymer
Bottom: Blank Polymer

Sample | ug Recovered | ug Bound
500 ug 71.58 428.42
1000 pug 364.96 635.04
2000 g | 585.05 1414.95
2500 g | 866.55 1633.45
3000 pg 1297.67 1702.33

Sample | ug Recovered | pg Bound
500 g | 341.45 158.55
1000 g | 680.80 319.20
1500 pug 1182.10 317.90
2000 pg 1683.53 316.47
2500 pg 2108.58 391.42
3000 ug 2550.93 449.07
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Figure 4-12. Initial cinchonidine binding isotherms generated for both a 4:1 imprinted and blank
polymer.
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has a maximum capacity of approximately 33 umoV/g of polymer. Based on the above results,
further batch binding experiments were performed under these optimal conditions and through
scatchard plot analysis, an understanding as to the binding occurring within the polymer system

was made.

Scatchard Plot Analysis

In order to properly construct the Scatchard Plot, a wider range of concentrations needed
to be used. It was found that unbound template could be detected in solutions whose starting
amount was 60 png. Based on this, a series of ten solutions, resulting in a range of 60-3000 pg of
cinchonidine in solution was used to evaluate the 4:1 and the blank polymer. A calibration curve
from 1.0 pg/mL to 3000 pg/mlL was prepared for cinchonidine and is shown in Figure 4-13.

A binding isotherm was constructed for each polymer and is shown in Figure 4-14. As
observed in earlier studies, the 4:1 polymer demonstrates an increased ability to selectively bind
cinchonidine compared to the blank polymer. It is observed that the imprinted polymer has a
maximum binging capacity of approximately 25 pmol/g polymer versus 7 pmol/g polymer, for
the blank polymer which suggests that selective interactions are occurring. The data was also
cast as a Scatchard Plot, which is shown in Figure 4-15. For the 4:1 polymer two distinct
classes of binding sites are present as shown by the downward curve of the plot. These two
regions are reflective of the heterogeneous nature of the imprinted polymer cavities. The steep
downward portion of the plot represents the selective sites of interactions that are present in the
polymer, while the flat portion represents the weak and non-specific sites of interaction.

However, for the blank polymer it appears that only one class of binding sites are present as

indicated by the near
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Figure 4-13. Calibration curve for cinchonidine.
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Figure 4-14. Cinchonidine binding isotherms for a 4:1 and a blank imprinted polymer.
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Figure 4-15.

Scatchard plot analysis for cinchonidine binding.
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linear curve. This is reasonable, as the blank polymer would be expected to only possess non-
specific sites of interactions. Finally, each portion of the scatchard plot was analyzed and the
binding constants as well as the number of selective sites were determined for both polymers and
are presented in Table 4-6.

A comparison between the two binding constants for the 4:1 polymer shows that the
selective interactions occurring in the strong region, q =4.42 x 10° mol™, are approximately 200
times larger than those of the weak portion, g = 2.36 x 10* mol™, indicating that the polymer
does possess strong, selective binding cavities. This is also supported by the fact that the binding
constant is approximately 20 times larger than that of blank polymer, q = 2.36 x 10° mol™". The
number of selective binding cavities was determined to be 13.9 pmol/g polymer, which is
roughly 1% of the total number possible. The number of weak and non-specific sites was
determined to be 222 pmol/g polymer, which is approximately 18.5% of the theoretical
maximum. All together, the total number of binding sites present account for 20% of the
theoretical maximum possible, which is consistent with other literature publications.

In order to further assess the selective nature of the imprinted polymer, the above studies
were repeated with cinchonine, the diastereomer of cinchonidine. Cinchonine solutions, used in
analysis as well as those for the calibration curve, were prepared over the same range as those
used in the cinchonidine studies, with the cinchonine calibration curve shown in Figure 4-16.

Again, the data was cast as a simple binding isotherm, shown in Figure 4-17. Itis
observed that the imprinted polymer does demonstrate some interaction with cinchonine as
shown by the difference in binding between the imprinted and blank polymers. It was calculated
that the imprinted polymer had a binding capacity of approximately 20.4 pmol/g polymer versus

4.5 nmol/g polymer for the blank. This can be attributed to the imprinted polymer containing
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Table 4-6. Scatchard plot analysis results for cinchonidine.

Strong Binding Region
Polymer b (mol™) n (umol/g) Theoretical n
(nmol/g)*
4:1 4.42x10° 13.9 1200
Blank Na Na Na
Weak Binding Region
Polymer b (mol™) n (Lmol/g) Theoretical n
(nmol/g)”
4:1 236 x 10" 222 1200
Blank 2.36x10° 10.9 Na
a. Represents the total number of binding sites possible based on the moles of MAA added
to polymer system
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both weak sites of interactions as well as non-specific sites of interaction, where as the blank
polymer would only possess non-specific sites of interaction. It is important to note that the
imprinted polymer demonstrated a higher binding capacity for cinchonidine, 25 pmol/g polymer
compared to the binding capacity of cinchonine, 20.4 pmol/g polymer, proving that the polymer
does indeed possess binding sites selective only for cinchonidine.

Analysis of the scatchard plots prepared from the binding data, Figure 4-18, shows that
for both polymers, only one class of binding sites are present for cinchonine further proving that
selective interactions are occurring. Table 4-7 lists the binding constants and number of sites of
interactions for both polymers. When compared to the data obtained from the cinchonidine
studies, the binding constants are similar as the imprinted polymer had an observed binding
constant of 2.06 x 10° mol™ for cinchonine versus 2.36 x 10* mol™ for cinchonidine. However,
the number of weak interacting sites for the imprinted polymer is significantly different for
cinchonidine than for cinchonine. Based on the cinchonine data, it was determined that the
imprinted polymer possesses approximately 42.98 pmol/g polymer of weak interacting sites,
while using the cinchonidine data the number of weak interacting sites was calculated to be 222
pumol/g polymer. This would seem reasonable as cinchonidine is the template molecule, so it
would be expected that the majority of the weaker sites would more readily bind cinchonidine
than cinchonine. Overall though, the data conclusively proves that a selective extraction is

possible, provided that the experimental conditions are optimized to facilitate binding.
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Figure 4-18. Scatchard plots for cinchonine binding.
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Table 4-7. Scatchard plot analysis results for cinchonine.

Strong Binding Region
Polymer b (mol™) n (Lmol/g) Theoretical n
(pmol/g)*
4:1 Na Na 1200
Blank Na Na Na
Weak Binding Region
Polymer b (mol™) n (Lmol/g) Theoretical n
(nmoV/g)*
4:1 2.06 x 10 42.98 1200
Blank 8.83x 10° 158.51 Na

a). Represents the total number of binding sites possible based on the moles of MAA added

to polymer system
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Conclusion

A discussion concerning basic theoretical parameters relating to solid-phase extraction
was presented. From this discussion, it was shown that there are two competing forces in
generating a selective extraction, specifically cartridge efficiency and analyte retention. By
using the Van Deetmer equation, it was shown that the MIP-SPE cartridge would have very low
efficiency and that any selective extraction would have to be generated by high selective
interactions.

Breakthrough volumes were determined for both cinchonidine and cinchonine on a
cinchonidine imprinted polymer. It was predicted that cinchonidine would have the higher
breakthrough volume, based on previously calculated retention factors. However, experimental
results showed that cinchonine had a higher breakthrough volume, opposite of the predicted
results. This raised the possibility that the kinetics of the interactions were too slow compared to
the overall speed of extraction and that any retention was the result of non-specific interactions
with the polymer.

In response to this, batch binding analysis was performed in order to remove any kinetic
effects from the extraction process. Initial results suggested that the solvent conditions were not
optimized to facilitate a selective extraction. In addition, it appeared that solvent conditions were
not fully optimized to generate a large recovery. A mobile phase competitor, acetic acid, was
investigated as a possible solution to the problems occurring during binding. Several solutions
containing small percentages of acetic acid were examined and it was found that the addition of
0.35% acetic acid (v/v) resulted in noticeable differences in recoveries between a blank and
imprinted polymer, providing the first evidence that selective interactions were occurring.

Additionally, many different solvents were investigated for use in reconstitution, It was
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discovered that both Tetrahydrofuran and acetonitrile in combination with water allowed for
recoveries greater than 90%, however, the use of these mixtures in HPLC analysis caused for the
diluent and mobile phase polarities to be mismatched, resulting in the analyte peak being split,
the degree depending upon what percentage the solvent was mixed in with water. After careful
analysis, it was discovered that a mixture of 30/70 acetonitrile/water gave close to 100%
recovery as well as good chromatographic stability in the resulting quantitative analysis.

Finally, batch binding analysis using different amounts of cinchonidine as well as
cinchonine was performed on both the blank and imprinted polymer. Scatchard plots were used
to assess the binding occurring within each polymer and allowed for the determination of both
the binding constant as well as the number of binding sites present. Analysis of the scatchard
plots for both cinchonidine and cinchonine conclusively prove that selective extractions are
possible. This was demonstrated as the cinchonidine scatchard plot revealed the presence of two
distinct classes of binding sites, while the cinchonine plot showed the presence of only one class
of binding sites. It was found that the imprinted polymer possesses 13.9 pmol/g polymer of
these selective sites, which have a binding constant of 4.42 x 10° mol™. Overall, these results
show that selective interactions are occurring, which will allow for a selective extraction,

assuming the extraction conditions are correctly optimized.
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Chapter 5. Overall Conclusions

The origins of molecular imprinting were discussed and two general types of
imprinting were presented. Covalent imprinting uses covalent bonds between the
monomer and the template to provide a stable monomer-template complex, which results
in a small distribution of binding sites. However, this technique is limited by the kinetics
that are associated with the formation of different covalent bonds, thus only certain
molecules may be imprinted. Non-covalent imprinting utilizes intra-molecular
interactions, such as hydrogen bonding, to create the monomer-template complex. This
allows for many different types of molecules to be used as templates, however, the
resulting polymer will posses a large distribution of binding sites. Lastly, several
different applications were examined and the impact and future potential of imprinted
polymers was discussed.

A cinchonidine-MAA system was utilized to test and validate an IR spectroscopy
method for the characterization of the prepolymerization solution. Previously research
had suggested that ATR-FTIR spectroscopy could be used to rapidly evaluate a molecular
imprinted polymer systems utilizing MAA as the functional monomer and to determine
the optimal amount of MAA needed to generate maximum selectivity, while minimizing
the formation of non-specific sites of interaction. QOur results showed that ATR-FTIR
spectroscopy is not sensitive enough to detect low levels of MAA that result from strong
interactions with the template molecule or discern very weak bonding interactions that
have a dramatic effect on polymer selectivity. As shown with the ATR-FTIR spectra,
detectable amounts of MAA were not observed below equal mole equivalents, indicating

that a strong interaction was occurring between the template and monomer. It was
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reasoned that this interaction was occurring between the tertiary amine of cinchonidine
and the MAA in solution. Additionally, a scatchard plot was used to evaluate the binding
occurring within the system. Analysis of the weak binding region revealed that 15
equivalents of monomer were needed to ensure optimal complex formation. This
suggested that the IR method could not accurately determine the endpoil;t at which direct
template-monomer binding had ended.

ITC, a microcalorimetry technique primarily used in biochemistry, was proposed
as a possible alternative to conventional spectroscopic techniques. The results from these
experiments revealed that formation of the cinchonidine-MAA complex has a AHyof -
43.9 kcal/mol (RSD=3.19%), which indicates that the formation of the monomer-
template complex is energetically favorable. The data also showed that the presence of
two strong hydrogen-bonding interactions that accounted for the majority of energy
released. It was suggested that the tertiary amine and aromatic amine were responsible
for these interactions, based on their basicity. Furthermore, the ITC data suggested that
the optimal ratio of MAA to cinchonidine was 4:1, as there were two weak interactions
that were observed during the titration. This was surprising given that the template
possesses only three functional groups capable of engaging in hydrogen bonding.

This predicted ratio was evaluated by preparing a series of polymers containing
different amounts of MAA and chromatographically determining their selectivity. The

| selectivity values obtained for the 4:1 polymer (o = 24.4) was significantly higher than
that of the polymer prepared with three equivalents (a = 13.6), equaling the number of
functional groups, of MAA. This is significant as this additional interaction, while

energetically small, provides a significant contribution to the enantioselective recognition
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mechanism. Thus we have demonstrated conclusively the importance of determining the
correct amount monomer for an imprinted polymer system as very small interactions play
a significant role in the resulting polymer selectivity. Additionally it was noted that
adding higher amounts of MAA did not improve polymer selectivity as the polymer
prepared with six equivalents of MAA demonstrated a selectivity of 16.0, even though
both compounds demonstrated larger capacity factors. This reconfirms the idea that
excess monomer is incorporated into the solid polymer as non-specific binding sites.

Finally, ITC was used to re-evaluate an Indinavir-MAA polymer system that had
been previously studied. The ITC results for several different titrations of Indinavir with
other monomers, correlated directly with the observed selectivity for polymers prepared
with the respective monomers. It was also shown that the ITC detected three additional
weak interactions that were occurring between MAA and Indinavir, which were not
observed using ATR-FTIR. Given the results from the cinchonidine-MAA system,
further chromatographic analysis will be needed to assess their impact. However, a new
set of polymers that had been prepared, demonstrated minimal selectivity between
‘Indinavir and one of its isomers. It is believed that significant amounts of water present
during polymer synthesis resulted in the disruption of hydrogen bonding between MAA
and Indinavir.

A discussion concerning basic theoretical parameters relating to solid-phase
extraction was presented. From this discussion, it was shown that there are two
competing forces in generating a selective extraction, specifically cartridge efficiency and

analyte retention. By using the Van Deetmer equation, it was shown that the MIP-SPE
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cartridge would have very low efficiency and that any selective extraction would have to
be generated by high retention factors.

Breakthrough volumes were determined for both cinchonidine and cinchonine on
a cinchonidine-imprinted polymer. It was predicted that cinchonidine would have the
higher breakthrough volume, based on previously calculated retention factors. However,
experimental results showed that cinchonine had a higher breakthrough volume, opposite
of the predicted results. This raised the possibility that the kinetics of the interactions
were too slow compared to the overall speed of extraction and that any retention was the
result of non-specific interactions with the polymer.

In response to this, batch-binding analysis was performed in order to remove any
effects due to the extraction flow rate. Initial results suggested that the solvent conditions
were not optimized to facilitate a selective extraction. In addition, it appeared that
solvent conditions were not fully optimized to generate a large recovery. A mobile phase
competitor, acetic acid, was investigated as a possible solution to the problems occurring
during binding. Several solutions containing small percentages of acetic acid were
examined and it was found that the addition of 0.35% acetic acid (v/v) resulted in
noticeable differences in recoveries between a blank and imprinted polymer, providing
the first evidence that selective interactions were occurring. Additionally, many different
solvents were investigated for use in reconstitution. It was discovered that both
tetrahydrofuran and acetonitrile in combination with water allowed for recoveries greater
than 90%, however, the use of these mixtures in HPLC analysis caused for the diluent
and mobile phase polarities to be mismatched, resulting in the analyte peak being split,

the degree depending upon what percentage the solvent was mixed in with water. After
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careful analysis, it was discovered that a mixture of 30/70 acetonitrile/water gave close to
100% recovery as well as good chromatographic stability in the resulting quantitative
analysis.

Finally, batch binding analysis using different amounts of cinchonidine as well as
cinchonine were performed on both the blank and imprinted polymer. Scatchard plots
were used to assess the binding occurring within each polymer and allowed for the
determination of both the binding constant as well as the number of binding sites present.
Analysis of the scatchard plots for both cinchonidine and cinchonine conclusively prove
that selective extractions are possible. This was demonstrated as the cinchonidine
scatchard plot revealed the presence of two distinct classes of binding sites, while the
cinchonine plot showed the presence of only one class of binding sites. It was found that
the imprinted polymer possesses 13.9 pmol/g polymer of these selective sites, which
have a binding constant of 4.42 x 10° mol”'. Overall, these results show that selective
interactions are occurring, which will allow for a selective extraction, assuming the
extraction conditions are correctly optimized.

The use of MIP materials in analytical methods has brought forth new and
exciting developments. However, several challenges still remain unfulfilled in fully
understanding the importance of these materials. The work presented in this dissertation
provides a significant contribution in the design of imprinted polymers as we have shown
microcalorimetry to be a valuable technique for understanding the formation of the
monomer-template complex. It is our hope that this work provides guidance to other

researchers and helps facilitate a greater understanding of these materials.
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