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Patients with end stage renal disease (ESRD) commonly use nonabsorbable synthetic 

polymers to sequester excess phosphate on a large scale basis.  However, the cost of these agents 

at 10-15 pills/day/patient, and approximately $1 USD/pill, makes them an alternative not 

affordable to the greater general public.  Thus, the need to develop a low cost therapeutic 

alternative exists.  One way to achieve such a system is to design surface functionalized 

molecules with specific molecular targeting abilities that are capable of mimicking natural 

binding phenomena found in living organisms.  Thus, a technique for the synthesis of novel 

surface functionalized gelatin microparticles as oral phosphate binding agents was developed 

that employs the use of a modified general inverse emulsion schema, or a microwave-assisted 

synthetic technique, biocompatible crosslinking agents, and guanylating agents.  Furthermore, 

this unique template capturing phenomenon was maximized by creating highly stable 

molecularly imprinted polymers (MIPs) that possess selective binding properties due to 

recognition sites within the polymer matrix.  Highly crosslinked, surface tailored gelatin 

microspheres, on the order of 10 – 200 µm, were produced with high-affinity phosphate 

attracting functional groups at the polymer surface.  Serum phosphate uptake was evaluated 

using the modified microspheres in an in-vitro milieu which simulated an in-vivo physiological 
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environment.  Characterization of functionalized polymers was performed using FTIR, SEM, and 

ICP analytical techniques.  Potentially therapeutic polymers microspheres for oral ingestion were 

thus realized with an effective phosphate binding ability of 1-2 meq/g polymer.  This research 

suggests the feasibility of this novel low cost technology for the therapy of reducing phosphate 

levels in patients with acute renal disorders. 
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CHAPTER 1 
INTRODUCTION 

Rationale 

This body of work explores selective phosphate binding polymers and their potential use in 

treating dialysis-related hyperphosphatemia.  The ability to distinguish among molecules in 

solution is central to many areas of research and plays a vital role in technologies ranging from 

biotechnology to materials science.  Though there are many synthetic approaches to address this 

issue, surface functionalized polymeric molecules were investigated as a vehicle for these studies 

due to their well established synthetic routes and chemical understanding. 

Polymeric microspheres which are chemically tailored at the surface as a means to interact 

with specific molecules provide an elegant and efficient approach to achieve targeted molecular 

recognition.  Surface functionalization of polymeric particles with particular molecular groups 

has quickly become a requirement in the treatment of polymer particles for biotechnological 

applications.  The immobilization of a hydrophilic layer as well as the possibility of coating 

particles with specific ligands (e.g., saccharide moieties, lipids, proteins) provide very attractive 

possibilities.1  Particles can be created by a variety of methods which allow a vast array of 

microspheres to be developed with customized size, shape, and composition.  In addition, a 

broad selection of functionalities can be integrated onto the particle interface due to the 

availability of a large amount of functional molecular species and flexibility of manufacturing 

tools. 

Molecular imprinting technique (MIT) is a rapidly growing application that involves the 

design of molecularly imprinted polymers (MIPs) to produce recognition sites whose selectivity 

rivals that of natural antibodies.2  Target molecules for recognition include hormones,3 small-

molecule drugs, metal ions,4 proteins,5 nucleic and amino acids.6  Therefore, MIPs potential for 
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enhanced stability, lower cost, and selectivity at lower concentrations in comparison to their 

natural derivatives make them attractive materials.7  The creation of such “recognition sites” is 

based on the fundamental characteristics of a functional imprinted polymer such as: stiff 

structure, good accessibility of binding sites, reversible chemical binding, mechanical and 

thermal stability, and the ability to distinguish between molecules, even enantiomers.  These 

properties can be controlled through the way in which the MIP is synthesized, thus production 

parameters are significant.  A vast array of research has focused on the optimization of imprinted 

polymer synthesis conditions.  The reaction variables studied include the type and amount of 

print molecule, functional monomers, cross-linking agent, chemical initiator, porogen, and all 

other reaction conditions involved in polymerization.8  

A good deal of interest has been directed towards the field of MIT because of the 

significant role that they play in surface modification and stability.9  Extensive studies show that 

one way to successfully achieve stable formation of imprinted polymers is by means of non-

covalent imprinting.10-12  

Specific Aims 

Specific Aim 1:  Develop and Characterize Surface Functionalized Polymers for Phosphate 
Removal in Aqueous Systems. 

The explicit goals of this research require a logical progression of microsphere synthesis 

with surface immobilized species that provide potential phosphate binding in relevant aqueous 

milieus.  Gelatin microspheres were produced and tested under various conditions for phosphate 

capturing ability.  Assays were repeated with particles that have been crosslinked with different 

biocompatible agents for any positive change in phosphate sequestration.  Particles were then 

surface functionalized with a phosphate interacting ligand (Figure 1-1), and uptake was again 

examined. 
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Figure 1-1. Surface functionalized (white lines with pink ends) crosslinked gelatin microsphere 
(gold) interacting with phosphate molecules (green) (adapted from Adobe Stock 
Photos). 

Specific Aim 2:  Develop and Characterize Molecularly Imprinted Polymers for Phosphate 
Removal in Aqueous Systems. 

 Results from Specific Aim 1 were used to define parameters necessary to synthesize 

insoluble phosphate-imprinted polymers.  The role of each process parameter was determined, 

and a valid synthesis scheme was defined (similar to Figure 2).   

 
 

Figure 1-2. Formation of imprinted cavities for phosphate molecules in gelatin microsphere used 
to bind phosphate molecules (green).  Magenta regions denote the rigid cavities, both 
within and on the surface of the gelatin sphere (gold), created by the imprinting 
process (adapted from Adobe Stock Photos).  Surface attached functional groups are 
represented by the white lines with pink ends. 
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Specific Aim 3:  Determine the Efficacy of Phosphate Uptake with these Functionalized 
Polymers In-Vitro. 

Hyperparathyroidism, secondary to chronic kidney disease, has etiologic factors such as 

hyperphosphatemia, calcium balance, and 1,25 dihydroxyvitamin D deficiency as typical targets 

for intervention.13  By examining the effect that these surface tailored insoluble polymer particles 

have on the binding specificity of phosphate, their potential influence on hyperphosphatemia can 

be determined.   

To prevent hyperphosphatemia, the phosphate serum level should not exceed 400-800 

mg/dL, however the average patient intake is >1 g/day.14  Thus, the microsphere must be capable 

of binding and removing these excess amounts of phosphate in-vivo, without significant 

deleterious side effects, and subsequently excreted through the urinary tract and feces.  In-vitro 

studies were conducted in solutions that mimic a physiological environment, and phosphate-

binding efficiency was determined on a meq/ g polymer base.  Data from these experiments were 

used to investigate the therapeutic feasibility of this surface functionalized polymer system for 

patients with ESRD.   
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CHAPTER 2 
BACKGROUND 

Introduction 

Over the past 20 years there have been many advances in the development of MIPs, as 

their practical applications have far-reaching appeal.  These include non-covalent and covalent 

imprinting and catalysis using imprinted polymers.  Progression in the field has continued 

through the work of many researchers such as Wulff, Mosbach, and Shea.15  Collectively, these 

groups have come up with a basic reaction scheme for developing highly selective, imprinted 

polymers.  Extensive research has focused on the optimization of imprinted polymer synthesis 

conditions.2  This scheme concentrated on describing how surface modified polymers were 

prepared for targeting phosphate ions, and examined their potential applications in chronic renal 

failure patients with elevated serum phosphate levels.  

Emulsions 

Traditionally, some of the most common methods used to prepare surface modified 

polymeric materials have been emulsion technology,16 bulk,17 and precipitation 

polymerizations,18 each with its own advantages and disadvantages.  Bulk polymerizations are 

rather straight forward, however they require an aggressive grinding and sieving step prior to 

use, which can destroy the binding sites and reduces reproducibility from batch-to-batch.  With 

precipitation polymerization, there is more control over the final size and morphology of the 

resulting particle, which reduces the batch-to-batch variability, but they are restricted by slow 

kinetics and low yields.19 

The use of surface modified polymeric resins prepared using an emulsion method has been 

a long standing “industry standard” for producing microspheres due to the simplicity of the 

process, the multiple guest binding sites created as a result of this surface functionalization 
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technique, and elimination of the grinding and sieving process involved in other traditional 

techniques as a means to expose available binding sites.  The particle size and morphology are 

reproducible from batch-to-batch, and the monomer : template ratio can be manipulated to obtain 

the maximum number of template binding sited per microsphere.20  Microspheres in the range of 

1 – 200 µm will be targeted for development, Renagel® reports a 23 µm21 average product 

particle size to bind phosphate most effectively.  An inverse (water-in-oil) emulsion 

polymerization method was used to fabricate micron sized particles for investigation.  Since 

spherical microparticles can be produced with guest binding sites on the surface, and each 

particle has a significant surface area, phosphate-binding phenomena should be observed.22  

Phosphate Poisoning and Chronic Renal Failure 

 The irregularities of uremic bone disease are usually referred to as renal osteodystrophy, 

which occur in patients with chronic renal failure.  The two major types of bone disorders in 

renal osteodystrophy include: a low-turnover osteodystrophy characterized by osteomalacia of 

adults and rickets of children (or renal rickets), and a high-turnover osteodystrophy characterized 

by osteitis fibrosa and other bone changes of secondary hyperparathyroidism; osteopenia, and 

osteosclerosis.  Bone is a dynamic organ, constantly remodeled under the actions of the basic 

multicellular unit, a complex of osteoclasts and osteoblasts.23  Osteoclasts, the cells responsible 

for bone resorption, originate from haematopoietic stem cells.  They are recruited at a leading 

edge, dissolving the mineral and matrix alike, forming the Howship’s lacunae.  These cavities 

are then filled in by recruited osteoblasts, which are derived from local mesanchymal cells.  

However, patients with ESRD retain phosphorous, which disturbs the kidneys normal regulation 

cycle.  This condition is highly likely to occur in ESRD patients and effects about 90% (230,000 

US patients a year) of all patients on dialysis.23  
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Serum Ca2+ represents less than 1% of the total body calcium, however its concentration is 

extremely important to maintain regular cellular functions.  The average person filters 

approximately 250 mmol of ionized calcium through the kidneys daily.  Three major hormones 

help regulate serum Ca2+ metabolism: parathyroid hormone (PTH), which is excreted from 

parathyroid glands found in the neck, 1,25-dihydroxyvitamin D, and calcitonin.  Improper 

maintenance of calcium and phosphorous in the blood can cause the kidneys to fail.  When PTH 

levels decrease, calcium absorption in the gastrointestinal tract decreases, phosphate in the renal 

tubule increases, and stimulates 1,25-dihydroxyvitamin D production is adversely affected 

(Figure 2-1).14  This results in a decrease in serum Ca2+, which triggers a Ca2+ sensor that 

initiates the extraction of this mineral from the bones in an effort to raise the blood Ca2+ levels 

back to a normal concentration.  If this cycle continues for long periods of time, the decrease in 

the Ca2+ in the bones causes them to weaken,14  and also indirectly controls the excretion of 

urinary phosphate.24  Chronic renal failure also prevents the kidneys from making calcitrol, 

which prevents the body from absorbing dietary calcium into the blood and bones.23  Regulating 

the amount of blood serum phosphate levels in patients through the oral administration of 

phosphate binding polymers, can reduced or avoid the onset of hyperphosphatemia, which can 

lead to the regulation of a normal serum Ca2+ - PO4
3- equilibrium cycle. 

Current alternatives to treat hyperphosphatemia include aluminum, lanthanum, and calcium 

based binders, selected ion exchange resins, nonabsorbable synthetic polymers, and reduced 

dietary phosphate intake.23  Significant drawbacks of the products include aluminum toxicity, 

hypercalcemia, and poor binding efficiency.  Thus, a need exists for affordable, improved 

insoluble phosphate binders that can be orally administered in appropriate dosage amounts, with  

reduced side effects. 
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Figure 2-1.  Hormonal control loop for calcium metabolism.25  

Surface Functionalization of Polymeric Microparticles 

Surface modified microspheres have been proven to have great impact applications in 

regards to the synthesis of new and exciting biomaterials.  Characteristically, microspheres are 

superior materials due to their various tunable properties.  Their inherent high surface area 

provides an ideal platform for attaching specific site attachment of ligands, which can be used in 

various systems in which targeted molecular recognition is paramount.  Through this process, 

relatively inert microspheres can be altered to have precise interactions with other molecules. 

Molecular Imprinting 

The concept of using molecular imprinted polymers (MIPs) for chemical recognition 

actually originated from Linus Pauling’s template-and-cast theory.26  In the early 1940’s, Pauling 

speculated that when an antigen is introduced into a blood system, it is recognized as a foreign 

object.  The system creates antibodies that surround the antigen and form a rigid structure, thus 
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holding the antigen in place and rendering it ineffective.  He described possible bonding that 

allows the antibodies to encase the antigen in a 3-dimensional configuration, and proposed that 

the antigen can eventually dissociate from the antibody structure, thus leaving behind a well-

defined antigen-binding cavity.  When the antigen is re-introduced to the system, it can be 

selectively recognized and re-trapped by the same antibody structure.  Though Pauling’s theory 

was not correct for antibodies, his idea eventually found fulfillment in the synthesis of molecular 

imprints.27  

The challenge in molecular imprinting has been to determine which materials are best 

suited to be a molecular cast for desired template molecules and subsequent release of the 

template for future recognition.  In addition, the determinations of the optimal processing 

parameters for these reactions are not yet known.  Many researchers began to address this 

challenge in the 1970’s.  Gunter Wulff and his group were among the first to report the 

imprinting of cross-linked organic polymers as a method to synthesize molecular recognition 

sites in 1972 .4  

The overall concept is very simple, as shown in Figure 2-2.28  A template molecule is 

introduced into a solution containing functionalized monomer, and functional groups of the 

monomer bind to reactive sites on the template molecule.  A cross-linking agent is added to the 

solution and polymerization occurs around the template molecule.  When the template is 

removed, a well-defined cavity remains in the rigid cross-linked polymer.  Once re-introduced to 

the polymer, the template molecule is capable of selectively binding to the site and thus is 

“recognized “. 

Both non-covalent and covalent bonds can be formed between a MIP and a print molecule, 

which are usually the same as those that happen during the initial steps of polymer synthesis.  
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The major requirement in these interactions is that they be reversible.   

 

Figure 2-2.  Concept of molecular imprinting of polymers.28 

Covalent vs. Noncovalent Synthesis 

 For most applications, two methods are generally considered for the synthesis of 

imprinted polymers: the covalent and non-covalent technique (Figure 2-3).29  Each approach has 

its own set of advantages and disadvantages, and the overall choice ultimately depends on the 

type of template molecule targeted for imprinting. 

 In covalent imprinting, the functional monomer and template molecule are linked 

together through covalent binding, and subsequently polymerized.  Upon cleaving, the covalent 

bond is broken, and the template molecule is released from the polymer.  When the guest 

molecule (template molecule) is re-introduced to the polymer matrix, the imprint site will 

recognize the molecule and bind it through the same type of covalent bond.  In terms of template 

uptake, binding sites are only situated inside the cavity.  Upon removal of the template, the 

cavities usually swell, which ensure a high proportion (90-95%) of reuptake after the initial 

removal.  This concurrently facilitates a rapid mass transfer during equilibration of the template 

with the polymer.  Upon reuptake of the target molecule, the cavity shrinks to its original 

volume.  Advantages of using this scheme are that the monomer-template conjugates are stable 

and stoichiometric, which makes imprinting relatively straightforward.  In addition, many 
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different polymerization environments can be supported due to the use of such stable covalent 

bonds.  Disadvantages include difficult synthesis of the monomer-template conjugate, the limited 

number of available imprinted sites produced during synthesis, cleaving the guest molecule from 

the imprinted polymer can be destructive to the site, and the overall slow kinetics of the 

removal/binding process.30, 31 

 

Figure 2-3.  Simplified schematics of (a) covalent and (b) noncovalent imprinting procedures.29 

 With non-covalent imprinting (hydrogen bonding, electrostatic interaction, and 

coordination-bond formation), the functional monomer is first allowed to self-assemble around 

the template molecule, and then the mixture is polymerized.  The guest molecule is then 

extracted using either an acid or a base.  Once re-introduced, the guest molecule can be bound to 

the MIP through non-covalent interactions.  Noncovalent imprinting requires a four-fold excess 

of binding sites in order to guarantee good selectivity.  The binding sites are distributed among 

the entire polymer.  However, only 15% of the cavities are available for reuptake of the template 

molecule, with the rest being irreversibly lost for use.32   This is possibly due to the shrinking of 

the majority of the host sites.  Advantages include eliminating the monomer-template conjugate 

bonding process, as required by the covalent imprinting process, easy removal of the guest 
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molecule from the imprinted polymer, and the kinetics of the removal/binding process is fas

Disadvantages include a loosely defined process since the stoichiometry is not strict, reaction 

conditions have to be clearly defined in order to maximize the number of imprinting sites 

developed, and selectivity of these sites is reduced due to the excess functional monomer 

present.
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hate to produce the MIP, and fast binding of the molecule in-situ are paramount to

management of hyperphosphatemia in chronic renal failure patients. 

MIPs are often prepared via methods such as thermal initiation,

 polymerization techniques.33  Several advantages that thermal initiation has over the othe

methods are that it has faster enantiomeric separation times, thus the detection times are shorter.  

However, the other techniques provide slightly better adsorption capacities, which provide a 

medium that is more selective towards the template molecule.  MIPs are superior to antibodie

terms of their enhanced affinity towards a number of important analytes, higher loading 

capacities, reusability, reproducibility and stability. For this reason, thermal initiation wa

chosen. 

Radiatio

Polymerizations involv

ional chemical initiators due to their decreased dependency on external additives to in

polymerization.  This provides a process in which “green” polymerizations can occur, which can 

reduce the amount of byproducts produced during synthesis.  For imprinted polymers, using 

radiation initiation provides spatially controlled polymerization in situ, with rigid, clearly def

imprint sites. 34  Incorporation of this strategy into the imprinting regime may improve the 
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stability, thus the overall success, of the phosphate reuptake process with the functionalized 

microspheres.   

Polymerizations reactions were conducted using a simple countertop kitchen microwave, 

which was purchased from a local department store, with remarkably great efficiency.  The 

irradiation energy from the microwave is sufficient enough to promote radical or step growth 

initiation in many different polymer systems.  In this study, chain crosslinking is induced to an 

extent that is MIT compliant. 

Previous Related Work 

Many research groups31, 35, 36 have successfully developed imprinted polymers for a variety 

of applications in different areas of technology, which show promise for the probable success of 

fabricating a phosphate imprinted polymer.  One such use involves MIPs as stationary phases in 

chromatography for chemical detection.37, 38  Figure 2-4 shows the achievement of MIPs in 

enantiomeric chromatographic applications.29 

Another practical use of imprinted polymers is in the directed nucleation of calcite.  

Functionalized monomers that contain a crosslinking agent are introduced to a calcite structure, 

and subsequently polymerized.  The calcite is washed away leaving behind a well-defined 

imprinted polymer.  The resulting imprinted “cavities” serve as preformed nucleation sites for 

calcite, and upon exposure to a solution of calcium chloride and sodium carbonate, 

rhombohedral calcite crystals are formed (Figure 2.5).39   

MIPs have also found an interesting niche in many different bio-inspired applications, 

such as biomimetic glucose sensors.40  In this technological development, a molecularly 

imprinted poly (allylamine hydrochloride) hydrogel was synthesized with d-glucose 6-phosphate 

monobarium salt as the template molecule.  The resulting MIP displayed enhanced binding 

affinity towards glucose over fructose, indicating enantiomeric selectivity.   
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Figure 2-4.  Depiction of an HPLC column packed with a MIP stationary phase used for chiral 
separations.29 

 

 

Figure 2-5. Nucleation of calcite at the polymer surface. Scanning electron micrographs (Hitachi 
S570) showing: a, template calcite crystals; b, Calcite imprinted polymer (PI-1) as 
obtained; c, d, PI-1 after HCl/CH3OH wash; e, f, nucleation of calcite crystals on PI-
1; g, h, control polymers CP-1 and CP-2 respectively, after immersion in 
supersaturated CaCO3(aq.). 39 
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The hydrogels ability to demonstrate preferential template uptake in a replicated physiological 

environment prove its potential use in the development of a new hand held glucose sensor 

device. 
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CHAPTER 3 
RENAGEL CHARACTERISTICS 

Understanding Renagel® 

Phosphate binding remedies have been extensively used as a means to reduce the excess 

blood serum phosphate that is commonly found in individuals suffering with chronic renal 

failure.  Sevelamer HCl is a highly effective binder due to the cationic charge of protonated 

amine groups, removing phosphate in-vitro at approximately 3 meq (288 mg/g drug).41  Rigorous 

pharmacokinetics has not been published so as to describe the need for the rather high doses of 

this expensive medication in clinical practice.  This study was designed to examine the 

pharmaceutical success of Renagel®, which is one of the most successful phosphate sequestering 

agents in current circulation.  In order to provide an accurate and well-formed evaluation of the 

phosphate binding polymeric microspheres that have been developed for this project, a study of 

the effect of pH on swelling and phosphate uptake in Renagel® is presented.   

Structural Properties of Renagel® 

Renagel® is the trade name for the chemical Sevelamer Hydrochloride, an oral medication 

for patients on dialysis.  Its major binding mechanism reduces the amount of excess serum 

phosphate that is absorbed by the intestine in patients with hyperphosphatemia, thus lowering the 

overall serum phosphate concentration.  Sevelamer HCl is manufactured by GelTex 

Pharmaceuticals in Waltham, MA, and distributed by the Genzyme Corporation in Cambridge, 

MA.42  It is an extremely popular phosphate binding polymer due to its exclusion of calcium or 

aluminum as binding agents.   

Structurally, Renagel® is poly(allylamine hydrochloride) crosslinked with 

epichlorohydrin, containing about 40% forty percent of protonated amines separated by one 

carbon from the polymer main chain (Figure 3-1).  The amines are partially protonated and 
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interact with phosphate molecules through ionic and hydrogen bonding.43  Chemically, it is 

properly referred to as poly(allylamine-co-N,N'-diallyl- 1,3-diamino-2-hydroxypropane) 

hydrochloride.  Sevelamer hydrochloride is hydrophilic, and insoluble in water44 because of the 

crosslinking. 

      

Figure 3-1.  Chemical structure of sevelamer hydrochloride.45 

Renagel® Swelling Behavioral Studies 

  Polymer swelling studies were also performed to examine possible influences associated 

with phosphate uptake. 

Experimental Methods 

Particles for swelling analysis were obtained by placing a Renagel tablet in 100 mL of 

deionized water at pH=7 for 1 hour at room temperature.  This led to disruption of the tablet, and 

release of the smaller particles of polymer.  The solution was filtered, and the particles were air 

dried overnight.  Once dried, particles were spread over double-sided stick tape, and a flow cell 

was constructed (attach the tape to the middle of a microscope slide, place a bead of silicon 
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around the circumference of the slide, place another slide on top, and let dry for at least 24 

hours).  Solution flow was set to 100 mL/hr, which was regulated via a syringe pump, and 

attached to the flow cell through syringe needles.  Swelling was monitored with an optical 

microscope using Zeiss imaging software.  Particle swelling was analyzed after flowing solutions 

of 0.1M HCl at a pH level of 1, 2.5, or 7 for one hour over them.  Additional trials involved a 

combination of solution environments to determine the effect that changing pH conditions had 

on swelling.  This was apparent through flowing a solution of pH=7 through the cell for one 

hour, followed by a solution at pH=1 for an additional hour, and vice versa.  Careful attention 

was paid to the cell to insure that it was not allowed to dry during any part of the procedure, as to 

maintain true swelling for the analysis. 

Effect of pH on Phosphate Uptake 

Polymer-based drugs present unique challenges in that they may swell or dissolve in 

aqueous solutions.  Their efficacy can thus depend on the kinetics of ligands in solution 

interacting with moieties having varying degrees of hydration.  Conditions or medications that 

impair gastric acid might then partially explain the patient-to-patient variability in the number of 

tablets needed to control plasma phosphate levels with ostensibly similar dietary intakes.  To 

investigate this effect, we studied phosphate uptake by Renagel® at pH 7, after an initial 

incubation phase in solutions at different levels of acidity. 

Incubated solutions at pH of 1, 2.3 and 7 were created to simulate potential human gastric 
conditions:   

Renagel® 800mg tablets were each placed unaltered in 400 ml of the incubation solution, 
with an n=7 for each of the 3 pH levels for 1 hour, with agitation, at 37 °C.  The pH was 
adjusted to 7, and all fluid was removed by vacuum filtration.  Phosphate uptake was then 
tested using a pH 7 solution simulating a gastric environment (20 mM KH2PO4, 80mM 
NaCl and 30mM Na2CO3) for 3 hours, with agitation, at 37 °C, and filtered.  Phosphate 
content was assayed using atomic emission by ICP, to obtain a mean of 5 repetitions 
reported in this work. 
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Incubated solution at pH 0.3:    

Experiments at acidic levels outside of the normal human gastric range were conducted to 
examine maximal protonation.  Identical sampling and ICP measurements were performed 
at this pH. 

Statistics:  Descriptive and nonparametric statistics (2 tailed Kruskal-Willis test) were performed, 
with a p < 0.05 considered statistically significant.   

Uptake values were calculated as milliequivalents, meq, which describes moles of phosphate 
multiplied by its valency (1.8) in solution. 

Mean values were expressed to ± one SD.  

Figure 3-2 illustrates tablets in a pH 7 incubation demonstrated an average phosphate 

uptake level of 1.85 ± 0.46 meq/g drug.  This increased to 2.72 ± 0.35 meq/g with pH 2.3 

incubation, and 3.13 ± 0.21 meq/g with pH 1 incubation.  These changes were statistically 

significant: pH 7 versus either pH 2.3 (p=0.01) or pH 1 (p=0.0003); and pH 2.3 versus pH 1 

(p=0.01).  The difference between the pH 7 and pH 1 uptake was approximately 1.28 meq/g 

drug. This represents 123 mg phosphate/g of the medication, or an increase of 69% in binding. 

The dry polymer demonstrated significant swelling of 50-70%, upon 1-hour exposure to a 

aqueous pH solution ranging from 1 to 7.  However, not as much swelling (2-10%) occurred 

when a hydrated sample in a low pH acidic solution, was further exposed to a dilute HCl solution 

of pH 7.  The majority of phosphate uptake was concluded to occur within the first hour of 

exposure to an aqueous environment.  

Altering pH had a significant effect on the amount of phosphate uptake in our studies.  

Polymer swelling was examined at different solution pH levels, as to imitate small intestine 

conditions in-vivo.  Swelling was consistent with the literature, which reports an overall increase 

in swelling of various polymers as the pH falls below the pKb of the molecule.  Although 

Sevelamer’s phosphate binding has been characterized at different pH levels, it is speculated that 

transient pre-exposure to an acidic environment enhances hydration, which may lead to an 
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increase in phosphate uptake.  The hydrogels chains expand to their physical limit, but remain 

intact.   

 
 

Figure 3-2. Phosphate (P) uptake in Renagel®.  Solutions were at a pH of 1, 2.3 or 7, and 
incubated at 37 oC, to simulate human gastric conditions. 

At this point there is minimal interaction between the chains, which in turn is offset by the 

hydrogel matrix crosslinkers.  As a result, phosphate uptake is likely the result of binding to 

available protonated sites via diffusion of phosphate molecules into the network, from the 

aqueous environment, which creates an overall hydrating type effect of the polymer.  These 

results also indicated that it may be possible for the polymer particles to crosslink to an extent 

such that large-scale swelling is not physically attainable.   

Phosphate Binding Mechanism 

Computational techniques were used to determine molecular binding in the Renagel 

polymer system.  The established model defined the mechanism of phosphate ion capture, upon 

which a direct comparison was made to the expected binding phenomena in this surface modified 

microsphere system.  A relatively simple model was designed with a dimer of Sevelamer 

Hydrochloride and four phosphate ions for binding simulation, which was based on electrostatic  
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interactions.  Molecular dynamics and Monte Carlo simulations were used to determine average 

structure, intermolecular interaction regions, and the volume change associated with the 

phosphate capturing mechanism.  This computational study was performed and interpreted in 

conjunction with Dr. Reginald Parker, formerly of Florida State University, and Dr. Jesse 

Edwards III, Assistant professor of Chemistry at Florida A&M University. 

 

a b

c 

Figure 3-4. Observed swelling of dry particles (a) exposed to an acidic solution at pH = 1 for 1 
hour (b), followed by additional exposure to a pH = 7 solution (c), using an optical 
microscope. 

The amine groups in Sevelamer Hydrochloride are protonated by HCl, resulting in a set of 

positively charged “cages” in which phosphate anion capture occurs.  The hydroxyl groups serve 

as additional binding sites through hydrogen bond forming interactions.  Using these parameters 
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and a predictive model of 1.5 repeat units (Figure 3.5), molecular dynamics,46, 47 and Monte 

Carlo methods, 46, 48  insight into the interactions and bonding structure of this system were 

defined.  Monte Carlo simulations were specifically used to conduct volume calculations which 

can be compared to experimental swelling measurements by of this model.49   

Molecular Dynamics 

Vacuum system 

Sybyl 6.9 Software50 was used to perform minimization and molecular dynamics 

simulations on SGI Origin 2000 using a Tripos Forcefield.  The energy of a molecule derived 

from a Tripos force field is defined as the sum of energy contributions that extend over all bonds, 

bond angles, torsion angles, and non-bonded interactions between atoms not bound to each other 

or to a common atom.51  Energy minimization was calculated with Sybyl 6.9 force-field and 

Gasteiger-Huckel52 charges with a non-bond cutoff distance of 8 Å using the conjugate gradient 

method until the root mean square deviation (RMS) < 0.05 kcal/mole/Å.  An NVT ensemble46 

molecular dynamic simulation was conducted in vacuum with Gasteiger-Huckel53 charges 

assigned at 300 K for 400 ps, with a time step of 1 fs.  Data was collected at intervals of 200 fs.  

Solvated System 

The dielectric constant of the system was set to a value of 78 debye to simulate an aqueous 

solvated system with a homogenous field.  Gasteiger-Huckel charges were assigned to the atoms 

of the system.  Using this treatment, the large dielectric constant diminishes the coulombic 

interactions of the charged atoms, which allows the van der Waals interactions to be probed, 

absent strong coulombic effects.  Thus, the effect of the van der Waals attraction on phosphate 

capture is determined, and the overall binding event is elucidated. 
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Monte Carlo 

Monte Carlo simulations were used to determine the volume of each molecule.  The Monte 

Carlo method was broken into four parts:  First, a spherical shell was formed around the 

molecule.  Second, several random values were generated as points in space, bound by the 

dimensions of the sphere, which allowed all derived points to fall within the sphere without 

necessarily having to fall within the molecule.  Third, an algorithm was used to assess if the 

values actually fell within the molecule.  Lastly, the volume of the sphere was multiplied by the 

ratio of points falling within the molecule to the total number of available points.  The resultant 

product was assessed to be the aggregate volume of the molecule. 

 Determining the Shell Volume 

The molecular systems 3-D spatial coordinates are extracted from the molecular modeling 

program in the CSSR format (Cambridge Structure Search and Retrieval).  This layout was 

comprised of a numbering column, an atom identification column, spatial coordinates, 

connectivity matrix, the potential charge of each atom, and several other miscellaneous chemical 

information attributes that help define the system. 

The spatial location was given in terms of Cartesian coordinates.  The center of the 

molecule (x’,y’,z’) was determined by averaging the values in the coordinate space.  The 

molecule was then translated by spatial subtraction of each value by the origin.  This resulted in 

an origin of the molecules center being set to (0,0,0).  The coordinate space was subsequently 

transformed into spherical coordinates.  The largest value of r was determined, and 2 Å were 

added in order to determine rshell.   From this, the volume of the shell was calculated. 

 3

3
4

shellshell rV π=  (3-1) 
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Thus, the Monte Carlo method was used to extract the molecular volume based on the 

computationally derived shell volume. 

Generating Random Numbers  

 The stock random number generator of Matlab® was used to generate three random 

numbers for each point in the simulation.  The first two numbers were bound by (-π, π) with 

angles given in radians, and the last number was bound by the radius of the shell. 

Determining the Ratio 

 The solution technique was evaluated in iterative segments in order to maximize the 

efficiency of the treatment.  The first step assessed the generated radius of the molecule.  If the 

derived radius was larger than that on the existing molecule, the value was determined to be on 

the outside of the molecules spherical area and added only to the total count.  If the value was 

less than those found within the molecule, it was considered to contribute to the molecule itself.  

In addition, radii could also contribute to the molecule if one or more points have a radius greater 

than the determined angle, and are within 0.07 radians (~2 degrees) of any of those points.  This 

effective method was run several times until the ratio values (Equation 3-2) become relatively 

constant and reproducible. 

    
total

inside

count
countratio =           (3-2) 

Determining the Volume of the Molecule 

 The ratio of molecules determined using Equation 3-2 was then used to calculate the 

volume of each molecule, as set up in Equation 3-3.   

 ratioVV shellmolecule ×=  (3-3) 
 
The volume of the molecule was found by using a nested for-loop towards the average of several 

runs.  The first for-loop generated a ratio, while the second for-loop determined the stability of 
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the Monte Carlo method prediction for the volume of the molecule.  The method was deemed 

valid of it had a covariance less than 3%.                                                                                               

Results 

Results compared the actual experimental swelling measurements to calculated values obtained 

from running the simulations.  Molecular dynamic simulations were used to create a model of the 

average structure of the proposed system interacting with four triphosphate ions. The derived 

average structure was used in a Monte Carlo simulation to calculate the volume of the model 

system.  The percent change of volume (% swelling) was calculated by comparing the volume 

difference of the model system with and without the presence of phosphate ions. 

The space filled representation of the model system (Figure 3-4) suggested that 

approximately 75% of the phosphate ions were trapped in the amine cages found in the center of 

the system, and the remaining phosphate ions oriented at a surface amine site on the model 

molecule.  This was a strong indication that Van der Waals interactions were the primary binding 

forces for the phosphate ion capturing mechanism in this model system.  More specifically, these 

results supported the notion that this was a zwitterionic interaction.  Zwitterions carry both 

formal positive and negative charges that, in essence, compensate for each other making the 

overall molecule electrically neutral.  Their association was polar in nature.  

Further examination was performed by plotting the interatomic distances between various 

nitrogen and phosphate atoms, and evaluating the dynamic motion of the amine groups and 

sequestered phosphate ions.  

Interatomic distances were isolated choosing specific nitrogen (Nitrogen 126) and 

phosphorous (Phosphorous 237) atoms, which are listed in Figure 3-6.  The atom labels represent 

the atom type and number for the total selected system.  The data demonstrated that system 

stabilized and maintained a bond distance between 2.7 – 4 Å upon the resolution of the 
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reorganization energy.  In addition, the plot illustrates a system adjustment around 480 ps, which   

allows the Nitrogen - Phosphorous separation to fall below 3.5 Å.  Eventually the system 

adjusted back to an average separation of approximately 3.5 Å.  This provided a mechanism for 

hydrogen bonding between the phosphate ions and the hydrogen atoms on the amine groups 

through a zwitterion association.   

 
 

Figure 3-5. Van der Waals representation of the space filled model system with four phosphate 
ions bound to the polymer. The green spheres represent chloride ions (counter ions to 
amines), light blue spheres are hydrogen atoms, dark blue spheres are nitrogen atoms, 
red spheres are oxygen atoms, and the orange spheres are phosphate ions.  

 Figure 3-7 represents a similar type of plot, except the distances of Nitrogen 204 and 

Phosphorous 237 was calculated.  In this example the nitrogen group was bound to the end of the 

polymer, which allowed more freedom in the wagging motion in comparison to the previous 

calculation.  This allowed the phosphate motion to be held constant, thus the resulting motion 

was attributed to the amines ability to wag in and out of the proximity of the phosphate.  The 

periodic interatomic separation between the phosphate ion and the amine nitrogen were due to 
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the flapping motion of the amine on the polymeric tail and varied between a separation of 5 Å for 

200 ps to below 4.3 Å for 400 ps. 
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Figure 3-6.  Interatomic distance between Nitrogen (126) and Phosphorous (237) in the model 
system Renagel® and four triphosphate ions, with an N-P separation adjustment of 
the system at about 480 ps.

The reorganization and stabilization that occurred during the simulation was represented in 

Figure 3-8, which expressed the interatomic distance between Nitrogen (89) and Phosphorous 

(237), which display typical behavior for amine groups and phosphate ions in the central cages of 

the polymer.  After the reorganization of the polymer, the molecular separation was maintained 

at a distance which was roughly 3.5-4 Å.  

Tables 3-1 and 3-2 show values of various interatomic separations obtained from the 

results of a NVT ensemble simulation in vacuum for the four phosphate ion system.  Phosphate 

ions bound in the central region of the polymer exhibit nitrogen-phosphorous separations on the 

order of 3-4 Å, which indicated minimal movement of these sequestered phosphates.  
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Figure 3-7. Interatomic distance between Nitrogen (204) and Phosphorous (237) in the model 

system Renagel® and four triphosphate ions.  This figure shows the periodic motion 
of end amine group flapping in and out of the proximity of the Phosphorus 237 atom 
of a triphosphate ion.  
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Figure 3-8. The change of interatomic distance between N(89) and P(237).  Shown is the 

reorganization and stabilization that occurred during the simulation.  An interatomic 
separation of approximately 3.5-4 Å was maintained after the reorganization of the 
polymer. 
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Figure 3-9 shows the stable separation between Phosphorous 237 and Phosphorous 216 of 

about 6-7 Å when measuring the distances between a set of interior (captured) phosphate ions, 

which remained constant after the stabilization of the simulation.   
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Figure 3-9. The P(237)-P(216) interatomic separations versus simulation time. The plot shows a 
stable separation after about 100 ps between 6-7 Å.  

This separation was constant between all of the phosphorus atoms within the phosphate ions 

confined to the center of the polymer. 

Due to the large dielectric constant in the simulated solvated system, considerable 

reorganization takes place before being stabilized.  Equation 3-4 is used to compute the 

coulombic interactions, which significantly decrease.  

2
21

Dr
qq

U =   (where D is the dielectric constant)  (3-4) 

In Table 3-1 the standard deviation of the nitrogen - phosphorous separations for the 

centrally captured phosphate amines was relatively low, where as the deviations in Table 3-2 

were much higher due to the mimicked solvation using the change in dielectric from 1 to 78 

debye.  This was due to the fact that the binding of phosphate is attributed to van der Waals 
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interactions, which required structural rearrangement within the polymer to properly incorporate 

the phosphates in an amine cage. Table 3-2 summarizes such results. 

Table 3-1. Interatomic distance values (mean, standard deviation, high, and low) for the NVT 
ensemble simulation in vacuum for four phosphate system with dielectric 1 debye.  

 
NVT Ensemble 4 PO4 dielectric=1 

Interatomic Distances [Nitrogen - Phosphorous, Phosphorous - Phosphorous, Hydrogen - 
Chlorine] (Å) 

Atom Types 
and ID Number 

Mean Standard 
Deviation 

High Low 

N126-P237 3.35 0.28 4.21 2.82 
N39-P237 3.16 0.18 4.02 2.76 
N89-P237 3.66 0.19 4.27 2.96 
N30-P237 3.35 0.14 3.81 2.92 
N81-P237 3.13 0.12 3.73 2.69 
N204-P237 4.33 0.68 6.00 3.34 
N102-P2421 3.15 0.11 3.63 2.79 
N204-P242 3.36 0.16 4.00 2.78 
N165-P242 4.10 0.17 5.32 3.49 
N89-P226 3.44 0.42 5.12 2.86 
N165-P226 3.08 0.09 3.51 2.79 
N188-P226 3.19 0.13 4.03 2.81 
N139-P226 5.84 1.03 7.01 2.97 
N201-P216 3.03 0.14 3.82 2.71 
N16-P216 3.29 0.23 4.56 2.82 
N65-P216 3.18 0.17 4.30 2.74 
P237-P216 6.21 0.53 7.04 4.12 
P226-P242 5.90 4.09 0.19 4.88 

Cl106-H143 3.19 0.13 4.03 2.81 
 

The calculated average volume from the molecular dynamic simulation of the solvated four 

phosphate systems produced a percent swelling of 140% which was good agreement with some 

of the extreme values of the experimental results.   

Conclusions 

Molecular dynamic and Monte Carlo simulations were used to develop a simple model of 

phosphate binding events in the Renagel® polymer.  Our results showed an average swelling 

value of 25% in vacuum and over 140% in water during the simulations, which were relatively 

47 



 

consistent with experimental results of between 10-200%, with the average being approximately 

50-60%.  Data was also obtained using these simulations that support the view that the 

predominant molecular interactions in this system are via van der Waals forces, specifically 

zwitterionic in nature.   

Table 3-2. Interatomic distance values (mean, standard deviation, high, and low) for the NVT 
ensemble with dielectric 78 debye to mimic a solvated system (H2O). This system 
shows the capture of four phosphates internally and externally for several hundred 
picoseconds.  

   
NVT Ensemble 4 PO4 dielectric=1 

Interatomic Distances [Nitrogen - Phosphorous, Phosphorous - Phosphorous, Hydrogen - 
Chlorine] (Å) 

Atom Types 
and ID Number 

Mean Standard 
Deviation 

High Low 

N16-P223 10.22 2.23 21.41 6.72 
N131-P228 4.52 0.97 9.28 3.19 
N84-P228 4.59 1.06 9.40 3.37 
N96-P228 5.55 0.78 8.45 3.70 
N144-P228 9.19 1.04 13.67 4.06 
N155-P228 10.48 1.42 14.61 4.54 
N77-P228 7.82 0.89 12.33 6.01 
N77-P202 4.69 1.59 10.59 3.03 
N177-P202 5.66 2.28 12.81 3.19 
N62-P202 8.52 4.84 20.28 3.24 
N155-P202 5.92 2.70 14.42 3.39 
N119-P202 12.44 1.99 15.98 4.73 
N77-P223 6.40 3.49 20.10 3.15 
N119-P223 9.88 3.78 21.27 3.36 
N29-P212 4.99 1.12 11.35 3.42 
N37-P212 4.76 1.17 12.46 3.32 
P223-P212 9.80 2.77 18.99 5.73 
N77-P212 4.91 0.74 8.18 3.26 
N29-P223 8.00 3.72 17.18 3.40 
P228-P202 9.41 1.66 12.27 4.16 
P223-P228 8.47 1.96 17.60 4.91 

 
These results exemplify the capture mechanism of the phosphate ions with minimal 

electrostatic interactions, which will be used to envisage the various forms of the protonated 

phosphate ion available for uptake in the synthesized surface altered polymers.  The simulated 
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polymer model indicates that internally, amine cages form around the phosphate in the center of 

the polymer for binding events, while the external capture of the phosphates is accomplished 

through interactions about one of the P-O bonds with the amines on the exterior of the polymer.  

These results are used in subsequent chapters to structure the method of phosphate capture that 

occurs in the different MIPs that are produced, and to and support the use of molecular 

imprinting technology in this research. 
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CHAPTER 4 
POLYMERIZATION PARAMETERS 

Experimental Design and Material Selection 

  The main goal of this research was to develop a robust system in which a functionalized 

polymer could be synthesized for the selective binding of phosphate ions.  Upon modification of 

this polymer, and other process parameters, the polymer could be produced and applied to in-

vitro and in-vivo testing.  This novel technique may be especially valuable in the development of 

resorbable polymer technology in which highly selective chemical recognition is possible and, 

due to the highly crosslinked nature of the host polymer, the system degradation will be minimal.  

This is especially important for in-vivo applications, where the polymer must remain in tact 

while removing the molecule of interest in a gastrointestinal environment.  In-vivo processing of 

these polymers would include oral ingestion, processing through the digestive tract, binding of 

phosphate in the gastrointestinal tract to prevent phosphate from being absorbed, and eventual 

urinary and bowel excretion.  Gelatin was chosen as a potentially useful candidate. 

Granular gelatin was weighed and placed in a reaction vial with a predetermined amount of 

boiling water, whose pH had been adjusted to approximately 7.4, until it dissolved.  Potassium 

phosphate monobasic (KH2PO4) was added to the gelatin solution for phosphate containing 

samples only, otherwise the control sample was the viscous gelatin blend alone.  The gelatin 

mixture was slowly added to a round bottom flask containing common grade oil (vegetable, corn, 

etc.) at 60o C to create a water-in-oil emulsion, where no additional emulsifier was required.  The 

reaction flask was stoppered with a rubber septa, purged with a nitrogen stream, and allowed to 

stir for approximately 60 minutes to allow a stable emulsion to form.  10 – 50% w/v of the 

crosslinking agent was added, and the blend was mixed for an additional amount of time.  Upon 

visible formation of microspheres, the crosslinked mini emulsion was aggressively washed in  
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order to remove any residual amount of crosslinking agent.   

 The potassium phosphate monobasic, Type B (225 bloom) bovine gelatin, 50% w/v 

glutaraldehyde, D,L-glyceraldehyde (≥90%), and cottonseed oil all came from Sigma-Aldrich 

chemical company. The crosslinking agent, genipin, was ordered from Wako Chemicals.  All 

chemicals were used as received.  The common grade oil, either vegetable or olive, was 

purchased from the local grocery store.  

Synthesis Parameters 

Template Molecule 

 The choice of guest molecule depends on the use of the intended polymer.54, 55  However, 

studies show that imprinting of small molecules is more successful than that of larger biological 

molecules, such as proteins, because their size and fragility make it almost impossible to apply 

either of the two classical approaches using covalent or noncovalent binding approaches.56  With 

this in mind, careful consideration must be taken to ensure that the system chosen is compatible 

with a successful molecular templating strategy.  For targeting phosphate, potassium phosphate 

monobasic was chosen.    

According to well established polyprotic acid data based on phosphoric acid, the phosphate 

ion can exist in four different molecular forms (Figure 4-1), depending on the number of 

hydrogen atoms that are protonated.  This can be affected by the pH of the surrounding solution, 

as predicted by the Henderson-Hasselbalch Equation: 

        (4-1) 
which is the equivalent of: 

  (4-2) 

51 



 

 

Figure 4-1. Common polyprotic molecular structures of the phosphate ion.  There are three 
hydrogen atoms that dissociate at different pH values; thus, phosphoric acid has three 
pKa values.  

          

Figure 4-2. Titration curve for phosphoric acid. Phosphoric acid (H3PO4) has three hydrogen’s 
and therefore three midpoints at pH 2.1 (pK1), pH 7.2 (pK2), and pH 12.4 (pK3).57 

To generate in-vitro assays that mimic the human in-vivo gastric environment, phosphate 

uptake trials were run at pH = 7.4, which meant that the expected phosphate ion available for 

binding was primarily in the form of H2PO4
- (80%) with some HPO4

2- (20%).  These values were 

obtained from extrapolations using Figure 4-3.58  
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Figure 4- 3.  Relative fractions of the various forms of phosphate at different pH levels. 

Functional Monomer 

The monomer system was chosen based on its ability to remain intact with the other 

components (template, crosslinker, etc.) upon polymerization, and remain biologically inert.  The 

system varies with the intended use of the nonabsorbable polymer, as well as the type of 

imprinting or surface functionalization technique used.   

One of the major concerns with developing this type of polymer for in-vivo use was 

biocompatibility, which has been a major problem with traditional synthetic routes that use 

potentially toxic crosslinking agents.  The original plan was to develop the system which would 

be refined so that it was biocompatible, which led to the thought of simply starting with a known 

material that would suit this purpose.  Common monomers extensively used as recognition 

networks include methacrylic acid, itaconic acid, acrylamides, 4-vinyl pyridine, and 

acrylamide.59  After some consideration, gelatin was identified as a logical, well studied 

substance with over 100 years of biocompatible use in humans, which was used as the main 

functional monomer backbone that would provide enhanced rebinding selectivity.      
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 The industrial preparation of gelatin is through thermal denaturation of collagen from 

animal skin, bones, and  the less common fish scales.60  Its structure is mostly comprised of 

glycine (arranged every third residue) and proline.  Gelatin contains extended left-handed proline 

helix conformations incorporated with 300 to 4000 amino acids.  Gelatinous solutions undergo 

coil-helix transitions and then aggregate, causing the formation of higher level pyrrolidines, 

which results in the formation of stronger gels.   

The approximate amino acid (Figure 4-4) composition of gelatin is: glycine 21%, proline 

12%, hydroxyproline 12%, glutamic acid 10%, alanine 9%, arginine 8%, aspartic acid 6%, lysine 

4%, serine 4%, leucine 3%, valine 2%, phenylalanine 2%, threonine 2%, isoleucine 1%, 

hydroxylysine 1%, methionine and histidine <1% and tyrosine <0.5%. These values vary, 

depending on the source of the raw material and processing technique.61. 

There are two main types of gelatin; Type A, which is derived from porcine skin, and Type 

B, which is a bovine derivative.  Type A usually undergoes an acid pretreatment, while Type B is 

exposed to an alkaline pretreatment in which asparagines and glutamine residues are converted 

to their respective acids and results in higher viscosity.  Gelatin is amorphous and amphoteric, 

thus has a broad range of materials applications.   

Gelatin based materials have recently found biomaterial applications for use in 

bioadhesives, wound dressing material, and bone substitute.  Gelatin is a natural polymer which 

has a low antigenicity and is biodegradable.  However, gelatin is limited by the fact that it 

rapidly swells and dissolves in aqueous environments, which ultimately leads to rapid in-vivo  

degradation.62   
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Figure 4-4.  Molecular structures of common amino acids found in-vivo.  63

One way to address this issue is to treat the gelatin with crosslinking materials.  Chemical 

crosslinking can be achieved by creating bonds between functional groups of amino acids, such 
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as transglutaminase to link lysine to glutamine residues, and glutaraldehyde to link lysine to 

lysine.64   

The experimental design used for this work is based on the notion that phosphate groups 

will bind to the arginine groups on the gelatin chain.  Upon the addition of the crosslinking 

agent, there should be “spontaneous” reactions with the amino acids, which will hold the 

template in place.   
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Figure 4-5.  Structure of Gelatin 

Crosslinking density is obviously affected by the amount of crosslinking agent available, 

but it is believed that every possible crosslink site will not react.   

Initiator 

In developing templated microspheres for various applications, the viscosity of the product 

must be a tunable property.  Though a solid, rigid polymer may be desired, extraction and 

subsequent use may be more difficult than that of a more porous and flexible hydrogel-like 

product.  Temperature, duration of polymerization, stirring speed, and altering the type and 

amount of initiator all affect polymer rigidity.  The amount of initiator has an influence on the 

number of attachment sites and hence the amount of target molecule that is capable of binding to 

the polymer.65  This will also effect the rate in which polymerization is initiated and terminated, 

which assists in determining the final composition of the templated polymer.  
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For these reasons, thermal initiation was chosen to induce polymerization.  In this instance, 

the temperature at which polymers begin to crosslink depends on the physical properties of the 

crosslinking agent, and not the half-life, T½, of the potential initiator used.66  It is also important 

to note that the binding of monomers to templates can cause a reduction in chain termination, 

thus an overall increase in reaction rate.  Ultimately, the amount of crosslinked, imprinted 

polymer that produced is strongly affected by the polymerization temperature.   

Crosslinking Agent 

Gelatin microsphere swelling was dictated by the extent of crosslinking between the 

polymer chains.  The greater the degree of crosslinking, the shorter the bond distance of the 

chains, which causes a more dense spherical structure.67  Thus the type and amount of 

crosslinker used has a significant affect on the overall microstructure. 

 The major requirement for specific ion imprinting is that the host polymers possess rigid 

guest-binding sites that are stable under a host of chemical environments.  The crosslinking agent 

is primarily responsible for this feature in that it influences the solubility of the polymer in 

solvents,68 which allows the them to be used in many different technical applications.   

In molecular imprinting, selectivity is also mainly influenced by the type and amount of 

crosslinking agent used.  Below a certain amount of crosslinking in the polymer (≈10%), 

selectivity usually is not observed due to the unstable nature of the cavities.  Typically, 

selectivity steadily increases when crosslinking is greater than 10%, and between 50-60%, an 

unexpectedly high increase in selectivity occurs.69  Varying the type and amount of crosslinker 

used directly controls the structure and environment around the guest-binding site.  The 

crosslinking agent used should be similar in structure to the type of the host monomer in order to 

provide adequate random copolymerization, and evenly distribute functional sites throughout the 

polymer network.   
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 The molar stoichiometry of the crosslinking reagent to the functional monomer is also an 

important controlling property of the final templated structure.70  When the crosslinker is in great 

excess, the imprint sites become too close together and actually hinder receptor recognition.  In 

the other extreme, not enough imprint sites are formed, and specific template recognition is not 

possible.  The amount of cross-linker used is usually between 25 - 80% by weight, depending on 

the combined weight of crosslinking and monomer.  Glutaraldehyde, genipin, glyceraldehyde 

and dextran were thoroughly investigated as crosslinkers because they have been reported in 

literature as being effective crosslinking agents for proteins, especially gelatin.  The crosslinker 

used during synthesis should provide mechanical and thermal stability, good wettabity in most 

rebinding media, rapid mass transfer with good recognition properties, and be biologically 

compatible.   

Genipin crosslinked microspheres 

Genipin is a naturally occurring crosslinking agent used commonly for proteins, collagen, 

gelatin, and chitosan.  It is derived from geniposide, present in fruit of Gardenia jasmindides 

Ellis.  It has a low acute toxicity, and is significantly less toxic than many other commonly used 

synthetic cross-linking regents.71   

The structure of genipin (Figure 4-6) was discovered in the 1960’s by Djerassi.  It has a 

molecular formula of C11H 14O5, a molecular weight of 226.227 g/mol, and contains a 

dihydropyran ring.72  Genipin itself is colorless but it reacts spontaneously with amino acids to 

form blue pigments.  It is soluble in ethanol, methanol, acetone, and slightly soluble in water.71 

The components of the Gardenia fruit have been used in traditional Chinese medicine and as a 

blue colorant by food industries in East Asia.  It is also used for pharmaceutical purposes 

because it is a naturally occurring, biodegradable molecule with low cytotoxicity.  Recent 

explorations into the use of genipin crosslinked gelatin (Figure 4-7) for the use as a bioadhesive, 
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wound dressing, and as bone substitutes, have shown it to have potential as a new and safe 

crosslinking agent. 

 

Figure 4-6.  The molecular structure of Genipin (top) and Geniposide (bottom). 

Glutaraldehyde crosslinked microspheres 

Glutaraldehyde has a wide variety of industrial uses as a disinfectant, preservative, 

fixative, crosslinking agent, and as a chemical intermediate in the synthesis of pharmaceuticals 

and pesticides.  It is also used for industrial water treatment and as a chemical preservative.  

However, it can be toxic upon degradation, causing severe eye, nose, throat and lung irritation, as 

well as headaches, drowsiness and dizziness.73 

Glutaraldehyde is an oily liquid at room temperature (density 1.06 g/mL).  It has a 

molecular formula of C5H8O2, and a molecular weight of 100.11 g/mol.74  It is a colorless liquid 

with an overpowering smell. 

Glutaraldehyde is frequently used in biochemistry applications as an amine-reactive  
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homobifunctional crosslinker, and has been the gold standard used for crosslinking gelatin 

(Figure 4-9) for decades.  Crosslinking happens through the reaction of the aldehyde group of 

glutaraldehyde and the free amino groups of lysine or hydroxylysine amino acid residues75 on the 

gelatin chain.  The oligomeric state of proteins can be examined through this application.  It is 

miscible in water, alcohol, and benzene.  

 

Figure 4-7.  Crosslinked structures of genipin crosslinked gelatin microspheres76 

 

Figure 4-8.  The molecular structure of glutaraldehyde. 

Dextran 

Dextran is a branched polysaccharide composed of glucose, with the main chains being 

formed by 1α→6 glycosidic linkages and the side branches are attached by 1α→3 or 1α→4 

linkages (Figure 4-10).  Dextran is a bacterial product whose structure is dependent on its 

inherent source.  It is also used commercially as food additives, an anti-platelet, and increases the  

volume of blood in plasma.77 
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Figure 4-9.  Crosslinked structures of glutaraldehyde crosslinked gelatin microspheres76 

Dextran has a molecular formula of n(C6H10O5) , is water-soluble, and been found to have 

an average molecular weight of 75,000 in its purified form.  Lower weight dextrans display 

slightly less branching78, 79 and have a more narrow molecular weight distribution.  Dextrans 

with molecular weights greater than 10,000 have highly branched characteristics and as the 

weight increases, the dextran molecules attain greater symmetry.80  At molecular weights below 

2,000 dextran has a rod-like behavior,81  while those with 2,000≤ molecular weight ≥ 10,000 

exhibit the properties of an expandable coil. 

The primary crosslinking of gelatin by dextran occurs through a Schiff base formation 

between the ε-amino lysine groups and the hydroxylysine residues of gelatin and the free 

aldehyde.82 

D,L-glyceraldehyde 

Another nontoxic alternative to chemically crosslinking gelatin along the macromolecular 

chains is through the use of D,L-glyceraldehyde (Figure 4-12).  Recent studies show the 

successful crosslinking of chitosan microspheres using d,l-glyceraldehyde,83 and its proposed 
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broad application as a biocompatible crosslinking agent for protein microspheres.84  

Glyceraldehyde is also a metabolic product of fructose in the human organism, which indicates 

complete biocompatibility.  It has a crystalline appearance, chemical formula of C3H6O3, and a 

molecular weight of 90.08 g/mol.  As an aldehyde, crosslinking mainly occurs through lysine 

residues. 

  
Figure 4-10.  Molecular structure of dextran. 

   
gelatine + dextranaldehyde           gelatin crosslinked with dextran 

Figure 4-11.  Preparation of gelatine hydrogels crosslinked with partially oxidized dextrans.85 
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Figure 4-12.  Molecular structure of D,L-glyceraldehyde. 

It has been demonstrated that, on average, natural polymers crosslinked with glyceraldehydes do 

not swell as much as those using glutaraldehyde.83  The extent of crosslinking can vary, 

depending on the amount of crosslinking agent used and the crosslinking time period.   

Porogen 

The use of solvents in polymerization is central to the success of the imprinting process, 

and vary depending on the imprinting technique employed.  Though an important application of  

solvents is that they dissolve components for polymerization, greater significance is placed on 

the role that they play in creating porous structures.86, 87   

During polymerization, solvent molecules are incorporated into the polymer structure, 

and removed during the post-treatment process, leaving behind a porous space.  Without this, the 

polymer would be too rigid and dense, making template binding impossible due to too few 

accessible cavity sites.  The solvent used during polymerization affects the selectivity of template 

recognition in that it may either enhance or destabilize the specific interactions that lie at the 

center of the imprinting effect.   

Another role of porogens is that they disperse the heat of reaction associated with 

polymerization.88  Without this, the temperature of reaction for the polymerization would 

increase, which may create detrimental side effects that could impede or terminate the reaction.  

The porogen should be the least polar solvent capable of dissolving the components of the 
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mixture as to maximize the non-covalent interactions between the template and functional 

monomer.  Acetone and water will be used as porogens for microsphere synthesis. 

Determine the Efficacy of Phosphate Uptake with the Polymers in-vitro 

Once the polymer system was defined in Specific Aim 1, examination of the effect that the 

polymers had on the binding specificity of phosphate, and their possible influence on 

hyperphosphatemia, was determined.  This was accomplished by determining the amount of 

phosphate the surface modified microsphere could bind, and ascertaining if this was sufficient 

enough to reduce the excess amount of phosphate in patients with chronic renal failure. 

Assessment of the Reaction Parameters 

 The gelatin monomer system from specific aim 1 was modified until a functionalized 

polymer sphere was fabricated in which extraction and reuptake of the template was optimized.  

This included adjusting each of the parameters described for synthesis.  Success was established 

by identifying polymers that could bind solution phosphate at a minimal level of 1.00 mEq/ g 

polymer. 

Recovery 

 The success of polymer imprinting was determined through in-vitro analysis in an 

aqueous phosphate milieu.  Once synthesized, the polymer was washed with an acidic or basic 

solution in order to extract most of the phosphate present during synthesis.  The concentration of 

the phosphate ion in each successive wash was probed using ICP, UV/VIS, or a handheld 

phosphate meter.  Once extracted, the polymer was washed with deionized water to remove any 

excess solvents from the system, and dried in-vacuo overnight to eliminate excess moisture.   

In-Vitro Analysis of Phosphate Uptake in the Functionalized Polymer 

For in-vitro studies, 800 mg of the polymer were placed in 400 mL of a pH = 7 solution of 

20 mM phosphate, 80 mM sodium chloride, and 30 mM sodium carbonate, which mimicked the 
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conditions of the small intestine,89 for a period of 3, 24, and 48 hours.  An aliquot of the test 

solution was collected and the concentration analyzed using either ICP or a Hanna high range 

hand held phosphate meter.  The amount of phosphate bound to the polymer was calculated by 

subtracting the phosphate found in the filtrate solution from the original phosphate present. 

   [PO4
3-

Bound ] =  [PO4
3-

Initial ] - [PO4
3-

Final ] 

Instrumentation 

The instrumentation used for analysis were:  ICP and IR at the Particle Engineering 

Research Center (PERC), SEM at the Major Analytical Instrumentation Center (MAIC), UV in 

the Goldberg laboratory, and the phosphate meter in the Batich lab.  All facilities were located on 

the campus of the University of Florida. 

ICP 

Inductively coupled plasma was used to determine the concentration of phosphate in the 

collected aqueous washes of the test samples.  A calibration curve was constructed using a 

phosphorous standard, and the phosphate test samples were analyzed against this. 

UV/VIS 

Ultraviolet visible spectroscopy was also used with an EnzChek phosphate assay kit E-

6646 (Molecular Probes) to quantify the inorganic phosphate in solution.  The absorbance peak 

of the substrate appeared around 330 nm against a calibration curve prepared at a 360 nm 

absorbance. 

Phosphate meter 

A HI 93717 phosphate high range phosphate meter (Hanna Instruments), was used for the 

fast and direct analysis of phosphate concentrations in mediums inclusive of, but not limited to 

water.  The reagent sets for analysis were included with the instrument. 
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Characterization of bulk polymer 

Scanning Electron Microscopy (SEM) 

Due to the expected small size of the imprint sites, the polymer was imaged using scanning 

electron microscopy (SEM) with EDS capability, in order to examine the morphology and 

possible molecular content of the sample.  The particles were mounted on aluminum stubs, 

attached to the surface using double-stick tape, and coated with gold prior to imaging. 

Infrared (IR) 

Fourier transform infrared spectroscopy (FTIR) analysis, using a Perkin Elmer Spectrum 

100 Series FTIR spectrometer, was used to investigate the sample composition by determining 

the presence and type of bonds in the molecule using attenuated total reflectance (ATR).  ATR-

IR is used to probe the surface of materials.  Samples were measured at room temperature in the 

range of 4000 – 6000 cm-1 at a resolution of 4 cm-1.
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CHAPTER 5 
GELATIN MICROSPHERES VIA EMULSIFICATION 

Water in Oil Emulsions 

A water-in-oil emulsion system, commonly referred to as an inverse emulsion, was chosen 

due to its known ability to produce fast and relatively simple polymer particles of high molecular 

weights, and to allow a rapid transfer water laden spheres to the aqueous phase.90 

In water-in-oil emulsions, an aqueous solution of a water soluble monomer is emulsified in 

a hydrophobic medium (Figure 5-1).  Emulsification is dependent on the reaction temperature, 

concentration of the ingredients, and can be initiated through the introduction of either a water or 

oil soluble chemical.  The attraction of the synthetic scheme used in these experiments is that the 

reaction is thermodynamically driven, thus a chemical initiator is not required.  Instead, a water 

soluble crosslinking agent was used to control the extent of crosslinking, producing a dispersion 

of spheres.  In addition, an emulsifier free emulsion was carried out, which does not require the 

use of a surfactant.   

 

Figure 5-1.  An inverse emulsion system. 
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Reverse phase emulsions mainly transpire within the monomer swollen particles, contain a 

discontinuous aqueous phase which usually has two or more droplet size distributions,91 provide 

high polymer solids with reduced oil content, low bulk viscosity, and high physicochemical 

stability.  However, these particles are on average less stable than those prepared by the more 

common oil-in-water emulsion technique due to the electrostatic forces involved. 

In this formulation, the aqueous solution contains the phosphate and/or gelatin, and oil is 

the nonpolar phase, which is a simple hydrocarbon medium.  Smaller size drops can be affected 

by many different variables, such as the rate of stirring, duration of reaction, decreasing the 

interfacial tension, or by the concentration of the components in the water phase.  Some of these 

variables have a greater influence on the emulsion polymerization process more than others, 

however they can all be modified to achieve the best product characteristics.   

    To better understand the physicochemical formulation concerns of a water-in-oil 

emulsion system, a set of parameters are examined which are indicative of the nature of the 

components.  Although emulsions are not in equilibrium, the length of the reaction often leads to 

a physicochemical type equilibrium in which the formulation determines the properties and 

phase behavior92 of the mixture.  

In the past 50 years, researchers have made intensive efforts to characterize the physical 

and chemical behavior of emulsion polymerizations, resulting in the identification of the HLD 

(Hydrophilic Lipophilic Deviation), which is a measure of the relative affinity of the surfactant 

for the aqueous and oil phase.  At HLD = 0 the surfactant affinities are exactly matched, and a 

minimum interfacial tension is attained, as sought in enhanced oil recovery processes.93  Since 

surfactants are not used in this specific application, it was assumed that the system was 

functioning at the HLD = 0 level, thus the apparent performance was based on the features 
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provided in Figure 5-2,91 which summarizes a survey of data available in literature.94, 95 

 
Figure  5-2. Interfacial tension and emulsion variations versus formulation (as HLD) at near unit 

water-to-oil-ratio.  

Thus the interfacial tension of the particle, the emulsion viscosity, and the emulsion drop 

size should all be at their minimum values, which provide a state for maximum efficiency for the 

reaction.  It is important to recognize that as the emulsion stability concomitantly decreases, the 

drops coalesce instantly upon contact, which favors a larger particle size. Ultimately, this mixed 

phase phenomena results in a bimodal distribution of drops.  This effect can be addressed by 

increasing the stirring energy, which widens the area where the decreasing tension produces 

smaller drops, thus favoring the production of a decrease in microsphere size.    

Crosslinked Gelatin Microspheres 

Synthesis of Gelatin Microspheres 

A modified synthetic scheme96 was developed for gelatin microsphere fabrication.  

Dissolve 2.5g of 225 Bloom bovine gelatin in 10 mL of deionized water at 100 oC, whose pH has 

been adjusted to 7.4 using dilute NaOH or HCl solutions, and place in an ultrasonic water bath at 

60 oC.  The gelatin completely dissolved, resulting in a viscous solution.  10 mM of potassium 

phosphate monobasic is added to the sample for imprinting, while the sample that did not contain 

phosphate served as the control.  The solution was added dropwise to 20 mL of vegetable oil at 

60 oC, and the mixture was placed in an oil bath at 60 oC.  Stir for approximately 1 hour, upon 
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which a clearly defined gelatin emulsion was apparent.  The emulsion was placed in a water bath 

at 4-13 oC, while stirring, for 30 minutes.  Particles were dehydrated by adding 30 mL of cold (4 

oC) acetone to the solution, and allowed to stir for 30-60 minutes.  They were filtered, rinsed 

with precooled acetone, and vacuum dried overnight in order to remove any residual water or oil 

left on the particles. 

Some particles were crosslinked using different amounts of crosslinking agent in order to 

determine if the appropriate amount to use for microsphere formation concurs with the 

established parameters detailed earlier in Chapter 4.  Once the optimum amount of crosslinker to 

use was ascertained, it will be the standard for future experiments.   

Crosslinking Gelatin Microspheres with Genipin 

Genipin is a naturally occurring crosslinking reagent for gelatin with very low cytotoxic 

effects.97  For this reason, there has been a recent significant shift towards using it as an 

alternative to other crosslinking agents that are known to be cytotoxic. 

2.0 g of the gelatin microspheres were placed in 20 mL acetone/water (2:1, v/v) mixture at 

pH = 7.4., to which was added 300 mg of genipin to the mixture and stirred for 15 hours at 4-10 

oC, or until crosslinking was evident by a pigment change of the protein to a dark blue color.  

The solution was then allowed to stir at room temperature for 10 hours.  The resulting 

microspheres are filtered, rinsed with cold acetone, and dried under vacuum overnight.  The 

resulting product will be a rigid, dark blue microsphere. 

Genipin crosslinked gelatin microspheres were prepared using 2, 15, and 75% (w/w) 

genipin.  The samples were prepared using pure gelatin (control), and gelatin with phosphate 

microspheres.   

Crosslinking Gelatin Microspheres with Glutaraldehyde 

The most commonly used crosslinking reagent for gelatin is the synthetic reagent  
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glutaraldehyde due to its efficiency in crosslinking collagen based materials, and its relatively 

cheap cost.98  However, glutaraldehyde is often considered to be cytotoxic due to the release of 

formaldehyde upon degradation.  Nevertheless, many articles cite the use of glutaraldehyde 

crosslinked gelatin microspheres as being relatively safe in-vivo, providing that their synthesis 

includes a rather vigorous washing procedure to remove unreacted reactant.  Even so, there has 

been a widespread shift from its use to crosslinking agents that are known to have little to no 

cytotoxic side effect.   

Gelatin spheres can be crosslinked with glutaraldehyde during the emulsion process.  

Uncrosslinked particles were prepared, as described above, and stirred for an hour in the pre-

chilled acetone.  30 mL of 25% glutaraldehyde (w/v) in DI water was added, and allowed to  stir 

overnight.  The appearance of burnt orange colored spheres were present after several hours of 

mixing.  The particles were then be filtered, washed with 100 mL portions of ethanol to 

terminate crosslinking reaction, and washed with DI water.  The microspheres were then 

dehydrated by adding 30 mL of cold (4 oC) acetone to the solution, and allowed to stir for 30 

minutes.  The supernatant was filtered off, and the particles washed with precooled acetone.  The 

spheres were dried overnight in vacuo. 

Crosslinking Gelatin Microspheres with additional agents 

In an effort to provide a thorough analysis of crosslinked gelatin polymers that have 

potential in-vitro and in-vivo applications, dextran and glyceraldehyde were used as crosslinking 

agents with low toxicity. 

Dextran 

Oxidized dextran can form a cross-linked gelatin network through sugar mediated cross-

linking, which can reduce the dissolution of gelatin.99  Uncrosslinked gelatin microspheres were 

prepared using an inversion emulsion scheme, and crosslinked using 15% w/w dextran dissolved 
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in 3 ml of DI water.  Crosslinking was carried out 5 oC for 24 hours.  The resultant white 

powdery-like microspheres were rinsed several times with precooled acetone, and allowed to dry 

in vacuo for 24 hours. 

Glyceraldehyde 

Uncrosslinked gelatin microspheres were prepared in the usual fashion, and crosslinked 

using 2% w/v glyceraldehyde since a highly crosslinked polymer was desired.  Crosslinking was 

carried out in an acetone-water mixture (40:20, v/v) at 5 oC for 24 hours.  The resultant bright 

pumpkin colored microspheres (darker burnt orange if phosphate is used) were rinsed several 

times with precooled acetone, and allowed to dry in vacuo for 24 hours. 

Gelatin Microsphere Processing 

Removal of the Template 

After the spheres were crosslinked, extraction of the phosphate template molecule was 

performed with a simple washing procedure.  Assays were performed on acid washed and base 

washed microspheres to determine the most effect template extraction procedure to provide the 

most suitable polymeric microenvironment for the phosphate binding mechanism.  Since 100% 

crosslinking was not attained, there should be amines remaining from arginine groups on the 

gelatin chain on the surface and within the polymeric particle (Figure 5- 3), both of which should 

be available for phosphate uptake. 

Base Wash Extractions 

Approximately 200 mg of the gelatin polymer sample was measured, placed in 20 mL of a 1:1 

solution of 0.1 M NaOH: MeOH, and allowed to stir for 45 minutes.  The solution was decanted 

off, and the procedure was repeated two more times.  The solution was decanted, 20 mL of DI 

water was added, adjusted to pH = 7 and allowed stir for 30 minutes.  The particles were filtered, 
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rinsed with neutral DI water, and dried overnight in a vacuum oven at room temperature.  

Particles were then used for phosphate uptake trials. 
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Figure 5- 3.  Template removal from the active binding site. 

Acid Wash Extractions 

Measure approximately 200 mg of polymer sample.  Place sample in 20 mL of a 1:1 

solution of 1 M HCl: H2O.  Let stir for 30 minutes (agitate occasionally if a rotating apparatus is 

not available).  Decant off solution and take reading on the phosphate meter.  Repeat process two 

more times.  Add 20 mL of DI water.  Adjust to pH = 7. Let stir for 30 minutes.  Filter particles, 

rinse with neutral DI water, and dry particles overnight in a vacuum oven.  Particles are then 

used for phosphate uptake trials. 
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Results 

Water-in-oil emulsions have proven to be a relatively simple and straightforward method 

used to prepare crosslinked gelatin microspheres.  

Gelatin Inverse Emulsions  

Initially, gelatin microspheres prepared via w/o emulsions were synthesized and evaluated 

for compositional information using SEM and ATR-IR.  These non-crosslinked samples 

dissolved during the in-vitro testing at 37 oC, as expected.   

   

    

Figure 5-4.  SEM and corresponding EDS analysis of raw Type B (bovine) gelatin.   
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SEM analysis provided a sound survey of the change in the size and morphology of the 

gelatin as it was exposed to different processing conditions.  One noticeable feature was the 

decrease in particle size from the raw gelatin to the gelatin spheres.  This could be attributed to 

the fact that the gelatin was dissolved in a hot water medium and placed in hot oil under turbid 

stirring conditions.   

          

 

20 µm 250 µm 

 

Figure 5-5.  SEM and corresponding EDS analysis of gelatin microspheres prepared via water in 
oil emulsion. 
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250 µm 

  

 

20 µm 

  

Figure 5-6.  SEM and corresponding EDS analysis of gelatin microspheres containing phosphate, 

prepared via water-in-oil emulsion polymerization. 

 
This procedure allowed the formation of a “new” gelatinous material whose size could be 

altered.  Also, the microspheres that contained phosphate had several “puckered” looking 

spheres, which may have been the result of bound phosphate ions in the gelatin chain.   

EDS, while indicating the presence of phosphate in the gelatin containing polymer  
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particles, did little more than confirm the presence of a large amount of carbon and oxygen.  

Therefore, EDS analysis was discontinued. 

IR spectral analysis was used to monitor the change in the gelatin structure as it is 

processed.  In general, the amide bonds in protein α-helices absorb around 1660–1650 cm-1, β-

sheets at 1640–1620 cm-1 and near 1675 cm-1, β-turns in the range 1695–1660 cm-1, and 

unordered structures and α-helices at 1650–1640 cm-1.100  Therefore, the amide I band region (≈ 

1650 cm-1) was closely monitored for possible changes in the gelatin secondary structure as 

different processing methods and crosslinking agents were used.  The amide II band (≈1550 cm-

1) positions were analyzed to get information about the environment and hydrogen-bonding 

characteristics of the peptide CNH bonds.  The amide III band (≈1240 cm-1) intensity was 

monitored as an indication of intermolecular associations between the gelatin and the 

crosslinking agent. 
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Figure 5-8. FTIR spectrum of unprocessed Type B (bovine) gelatin. 
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The raw Type B (bovine) gelatin showed characteristic peaks at 3514 cm-1
, 3313 cm–1, and 

3071cm-1 due to -NH stretching of secondary amide.  The amide I band region contains amide 

carbonyl C=O stretching at 1680 cm–1 and 1630 cm–1, with some contribution of C-N stretching 

and C-C-N deformation.  The amide II region has -NH bending at 1526 cm–1 and C-N stretching 

at 1542 cm–1.  There is also -NH out-of-plane wagging at 670 cm–1, C-H stretching at 2924 cm–1 

and 2853 cm–1, C-C stretching and C=N ring stretching at 1452 cm-1 (Figure 5-8).   

  It can be observed from the spectrum of the processed gelatin spheres in Figure 5-9, that 

the peaks remain similar to those of the unprocessed particles, indicating no apparent change in 

structure. 

The gelatin microspheres containing phosphate in Figure 5- 10 illustrate the first noticeable 

difference in the increase of the peak intensity, and the peak at 1030 cm–1 confirms the presence 

of the phosphate ion.   
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Figure 5-9. FTIR spectrum of gelatin microspheres via water-in-oil emulsion. 
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Figure 5-10. FTIR spectrum of gelatin microspheres containing phosphate via water-in-oil 

emulsion. 

Figure 5-10 showed that there was a noticeable increase in the intensity of the spectral 

peaks when the phosphate was added to the gelatin.  This was rather unexpected since the 

presence of template molecules should have a minimal effect on a non-crosslinked structure.  

The gelatin content was anticipated to be similar.  This difference could simply be due to a 

difference in contact of the sample with the crystal on the IR. 

Genipin Crosslinked Gelatin Polymerization 

Gelatin was crosslinked with 2%, 15%, and 75% genipin in order to probe the stability of 

the particle.  The physical appearance of the resulting crosslinked spheres varied.  When using 

2% genipin, the particles were cloudy blue, semi-opaque, gel-like particles.  The 15% 

crosslinked particles were dark blue and spherical, and the 75% particles were dark blue, small, 
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and very rigid.  Upon washing with a 1:1 mixture of HCl : DI water, the 2% particles dissolved, 

while the 15% and 75% particles remained intact, though hydrated. 

      

      
  
Figure 5-11. Gelatin microspheres crosslinked with 15% genipin without phosphate (top): before 

(right) and after (left) phosphate testing, and with phosphate (bottom): before (right) 
and after (left) phosphate testing. 

100 µm 100 µm 

100 µm 20 µm 

Genipin crosslinked microspheres FTIR spectra indicated an increase of the ratio between the 

amide I (1627 cm-1) and amide II (1532 cm-1), and a C-O vibration around 1080 cm-1, which are 

all indicative of crosslinking in the sample.  Typical gelatin peaks remained, however the 

intensity of the spectra increase.  The peak at 1030 cm–1 confirmed the presence of the phosphate 

ion.   
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Figure 5-12. FTIR spectrum of genipin crosslinked gelatin microspheres. 
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Figure 5-13.  FTIR spectrum of genipin crosslinked gelatin microspheres containing phosphate. 

Glutaraldehyde Crosslinked Gelatin 

The glutaraldehyde crosslinked gelatin microspheres were confirmed by the presence of 

characteristic peaks at 2925 cm-1 and 1744 cm-1, which represent C-H stretching of methyl and 
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methylene groups, and C=O stretching101, respectively. The C-O vibration around 1080 cm-1 is 

indicative of crosslinking in the sample.  Typical gelatin peaks remained, however the intensity 

of the spectra increase.  The peak at 1030 cm–1 confirms the presence of the phosphate ion.   
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Figure 5-14. FTIR spectrum of glutaraldehyde crosslinked gelatin without phosphate (top), and 
with phosphate (bottom). 

Many of the subsequent spectra taken were very similar in appearance, due to the strong 

presence of the gelatin bands, with slight differences in characteristic peak appearance.  For this 

reason, the band appearance will be reported for each sample, but the FTIR spectra will not be 

presented. 

Dextran Crosslinked Gelatin 

Typical dextran spectra exhibit wide absorption bands in the region of vibrations of 

hydroxyl groups (3700-3000 cm-l), and a band of stretching vibrations of CH-groups with the 

main maximum at 2920 cm-1.  The dextran crosslinked gelatin microspheres were confirmed by 

the presence of hydroxyl groups around 3080 cm-1 and 3007 cm-1, and characteristic peaks of 
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gelatin, however the intensity of the spectra increase.  The presence of phosphate was indicated 

by a peak at 1015 cm-1. 

Glyceraldehyde Crosslinked Gelatin 

The typical spectra of glyceraldehyde display absorption bands in the region of 2956, 2924 

and 2855 cm-1 corresponding to C-H stretch vibration bands, and a C=O band at 1743 cm-l.  The 

glyceraldehyde crosslinked gelatin microspheres were confirmed by the presence of peaks at 

2925 cm-1 and 1744 cm-1, which represent C-H stretching of methyl and methylene groups, and 

C=O stretching, respectively. The C-O vibration around 1080 cm-1 is indicative of crosslinking 

in the sample.  Characteristic peaks of gelatin were displayed, however the intensity of the 

spectra increase.  The presence of phosphate was indicated by a peak at 1015 cm-1. 

Phosphate uptake trials were performed in the usual manner.  A stock solution of 20 mM 

phosphate, 80 mM NaCl, and 30 mM Na2CO3 was made to mimic conditions in the small 

intestine environment, and adjusted to pH = 7.4 to replicate physiological conditions.  

Microspheres were exposed to this solution for 3-48 hours at 37 oC.    

Table 5-1 displays results for phosphate uptake in the gelatin polymers.  Each reported 

value represents the average of 3 samples.  Overall, the results demonstrate no significant 

phosphate uptake by the polymers crosslinked using various reagents. 

Conclusions 

The 2% genipin crosslinked samples did not have enough crosslinker in them to remain 

intact for these studies.  Thus, upon heating, they simply became extremely hydrated and 

microsphere swelling occurred so much so, that the matrix formed a hydrogel like material, 

which hindered mixing during the phosphate uptake trials.  The 75% crosslinked samples were 

crosslinked at such a high degree, that the matrix is too closed in, which actually restricts the 

phosphate ion from entering.  Also, using such an excess of genipin makes the production of 
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these polymers cost prohibitive for the intended applications.  The results obtained using the 

15% genipin crosslinked structure appears to be a feasible line to continue.  Though appreciable 

phosphate uptake does not occur, the physical characteristics indicate that it may be possible to 

manipulate the surface of this polymer in future experiments. 

Table 5-1.  Phosphate uptake in gelatin crosslinked microspheres that have been either acid or 
base washed prior to trials. 

Sample Acid treatment Base treatment 48 hour uptake mEq / g 
polymer 

2% Genipin   swelled to a gel 
2% Genipin   swelled to a gel 
2% Genipin w/ Phosphate   swelled to a gel 
2% Genipin w/ Phosphate   swelled to a gel 
15% Genipin   0.15 ± 0.04 
15% Genipin   0.14 ± 0.06 
15% Genipin w/ Phosphate   0.41 ± 0.35 
15% Genipin w/ Phosphate   0.08 ± 0.07 
75% Genipin   0.23 ± 0.12 
75% Genipin   0.00 
75% Genipin w/ Phosphate   0.00 
75% Genipin w/ Phosphate   0.00 
25% Glutaraldehyde   0.45 ± 0.24 
25% Glutaraldehyde   0.43 ± 0.45 
25% Glutaraldehyde w/ 
Phosphate 

  0.73 ± 0.35 

25% Glutaraldehyde w/ 
Phosphate 

  0.83 ± 0.14 

Dextran   dissolved in wash 
Dextran   dissolved upon heating 
Dextran w/ Phosphate   dissolved in wash 
Dextran w/ Phosphate   dissolved upon heating 
Glyceraldehyde   0.00 
Glyceraldehyde   0.00 
Glyceraldehyde w/ Phosphate   0.90 ± .060 
Glyceraldehyde w/ Phosphate   0.68 ± 0.34 
 

Glutaraldehyde and glyceraldehydes crosslinked spheres expressed a trend towards 

increased levels of phosphate binding in the samples prepared with the phosphate “imprints”,  

thus, these materials will be further surface modified as well. 
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The dextran crosslinked samples most likely undergo hydrolysis during the base wash and 

heating of the acid treated samples, which is why they dissolve.  It is likely that this polymer is 

unsuitable for any type of heat processing, even if the surface could be favorably modified for 

binding phosphate ions. 
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CHAPTER 6 
MOLECULARLY IMPRINTED POLYMERS 

Microwave Fabricated Gelatin Microspheres as Phosphate Binding Agents 

Biomimetic sensors can be tailored for use in-vivo and in-vitro.  These mechanisms can be 

utilized in areas such as detecting the presence of cells that cause tumors cancer chemotherapy, 

or monitoring the amount of glucose in the blood stream in diabetic patients.40  The extensive list 

of in-vivo applications of MIPs, without significant patient side effects, show that it is feasible to 

design phosphate MIPs for oral administration for patients with chronic renal failure.   

A novel microwave-assisted technique has been developed for the synthesis of molecularly 

imprinted gelatin microparticles as oral phosphate binding agents on the order of 10 – 200 µm, is 

described.  After extraction of the template molecule, an imprint cavity of specific shape and 

memory remains in the polymer. 

Crosslinked Gelatin Microspheres via Microwave Radiation 

Thermal denaturation has been examined as a way in which proteins can be physically 

crosslinked.102  Extended dehydration of gelatin at elevated temperatures and reduced pressures 

have been known to induce the spontaneous formation of interchain amide links103 within the 

matrix.  Crosslinking occurs through a condensation reaction between a free carboxyl group on 

the gelatin backbone and an amino acid on an adjacent chain.  However, crosslinking can take 

more than 24 hours under ambient conditions, which can be accelerated by the use of microwave 

radiation. 

Previous studies have shown that gelatin can be thermally crosslinked after 10 minutes 

using a CEM microwave oven (model MAS 7000) with an inlet temperature of 250 oC .104  Such 

an oven was not available for experiments, so trials were simulated using a regular, department 

store purchased, small kitchen microwave   (1.2 kW Samsung Simply microwave oven, model 
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#MW5470W). 

This procedure was developed to investigate the synthesis of molecularly imprinted 

polymers via microwave treatment, in order to decrease the synthetic reaction time in 

comparison to standard step-growth or radical polymerization procedures.105  With success, an 

alternative synthetic route was provided that is cheaper, more time efficient, and can be 

performed under a gentler chemical environment as compared to traditional schemes.  A major 

benefit of this particular regime was that particles prepared this way may allow increased 

imprinted sites for binding.  However, in order to comply with the ideal of highly crosslinked 

MIPs, crosslinking agents will be used as well.  

Microwave Treatment 

500 mg of gelatin microspheres, produced as previously described, were placed in a glass 

vial containing 2 ml of a 1:1 (v/v) mixture of acetone : crosslinking agent (a polar medium was 

used to obtain uniformity of microwave energy during the trial).  The vial was placed in a 

microwave for the determined amount of time (≥2 minutes), with a glass microscope slide 

loosely placed on top, as to prevent total solvent evaporation.  The microspheres were collected 

and washed five times in 10 ml acetone, or until the supernatant was clear (cloudy indicates 

excess glutaraldehyde still being released).  The particles were then washed once with 1:1 

solution of 0.1 M NaOH: MeOH, three times with DI water, filtered, and rinsed with acetone.  

The spheres were dried at room temperature, in-vacuo, in order to remove any residual moisture. 

Results 

Gelatin Emulsion Microspheres 

Using plain gelatin spheres for the microwave treatment resulted in particles that appeared 

to have low crosslinking density character at about 25 minutes, and started to “cook” around 30 

minutes.  Spheres expanded, took on a ‘rice crispy’ like appearance, and had a pungent odor.  A 
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slight decrease in swelling was apparent after 40 minutes of microwave time, and a definite 

crosslinked form occurred around 50 minutes.  This was indicated by the slight darkening in 

color of the sphere which is associated with the slight reduction in particle diameter.  However, 

particles eventually swell upon long term exposure to water (≥ 24 hours).  Thus, it was apparent 

that, in order to accomplish the synthesis of this type of crosslinked gelatin without using a 

crosslinking agent, the microwave technique reported in literature should probably be used.  

Therefore, since crosslinking could not be established using the Samsung microwave, the overall 

feasibility of crosslinking gelatin particles without the use of a chemical crosslinking agent could 

not be determined at this time . 

Genipin and Glutaraldehyde Crosslinked Microspheres 

The experiment was repeated using genipin and glutaraldehyde as crosslinking agents.  

Noticeable crosslinking appeared to happen in less than 2 minutes using glutaraldehyde, which 

was associated by the change in color of the spheres to burnt orange, and the emergence of a 

pungent smell.  Visible crosslinking is notably minimal when microwaving genipin for as long as 

10 minutes, thus the production of these polymeric microspheres was discontinued.  

The glutaraldehyde crosslinked particles were processed using different amounts of 

crosslinking agent in order to determine if the appropriate amount to use for microsphere 

formation concurs with the established parameters detailed earlier in Chapter 4.  Once the 

optimum amount of crosslinker to use was ascertained, it was established as the standard for 

future experiments.   

SEM highlighted several interesting morphological features that suggest phosphate binding 

in the microspheres (Figure 6-1).  The microspheres synthesized without phosphate appeared to 

be relatively smooth on the surface, even after they had been tested for phosphate uptake.  This 

indicated minimal phosphate binding within the sample.  Conversely, microspheres created with 
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phosphate showed a “textured” surface prior to uptake trials, and an agglomeration of 

microstructures on the surface of particles after uptake testing. 

  

  

Figure 6-1. SEM of gelatin crosslinked microspheres via microwave processing without 
phosphate (top): before (left) and after (right) phosphate testing, and with phosphate 
(bottom): before (left) and after (right) phosphate testing. 

The mechanism for phosphate binding in the gelatin microspheres for this study was 

proposed in Chapter 4.  This could be further explained by comparing the SEM in Figure 6-2 to 

the modeled system.  Figure 6- 2 illustrates the way in which phosphate is bound by a protonated 

amine cage, and Figure 6-3 demonstrates multiple phosphates bound by the microsphere 

structure, which resemble the imprint sites for the template.  It was reasonable to conclude that 

there were recognition sites within the polymer as well as on the surface.  If phosphate was 
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bound at the surface, it could function as a nucleation site for additional phosphate ions to grow 

from.  Individual phosphate ions are too small to be visible through SEM, however phosphate 

clusters at the surface of the microsphere will appear mineralized.  This phenomena was seen in 

the images. 

 
 
Figure 6-2. Protonated amine cage (blue) surrounding a phosphate ion (red/orange).  

The glutaraldehyde crosslinked gelatin microspheres were confirmed by the presence of 

characteristic peaks at 2925 cm-1 and 1744 cm-1, which represent C-H stretching of methyl and 

methylene groups, and C=O stretching101, respectively. The C-O vibration around 1080 cm-1 is 

indicative of crosslinking in the sample.  Typical gelatin peaks at 1630 cm-1, 1535 cm-1, and 

1237 cm-1 (amide I, amide II, and amide III, respectively) were represented in the spectra, and 

the presence of phosphate is shown around 1030 cm-1. 

The microspheres that were acid washed prior to phosphate uptake testing had largely 

similar IR spectra, however there were small band shifts, which may be attributed to the presence 

of phosphate. 
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Figure 6-3. Modeled system of the phosphate binding polymer. 
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Figure 6-4. FTIR spectrum of glutaraldehyde crosslinked gelatin, via microwave irradiation: 
without phosphate (top), and with phosphate (bottom). 
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The microspheres that were base washed prior to phosphate uptake testing had largely 

similar IR spectra.  The peaks for the particles that did not contain phosphate appear less intense 

in comparison to those that did contain phosphate, however peak ratio analysis indicated that 

they there was no significant difference in the spectra. 

Phosphate uptake trials were performed in the usual manner.  A stock solution of 20 mM 

phosphate, 80 mM NaCl, and 30 mM Na2CO3 was made to mimic conditions in the small 

intestine environment, and adjusted to pH = 7.4 to replicate physiological conditions.  

Microspheres were exposed to this solution for 3-48 hours at 37 oC.   

Table 6-1. Phosphate uptake in microwave irradiated gelatin crosslinked microspheres that have 
been either acid or base washed prior to trials. 

Sample Acid treatment Base treatment 48 hour uptake  
mEq / g polymer 

10% Glutaraldehyde   0.20 ± 0.04 
10% Glutaraldehyde   0.61 ± 0.54 
10% Glutaraldehyde w/ Phosphate   1.05 ± 0.85 
10% Glutaraldehyde w/ Phosphate   0.62 ± 0.40 
25% Glutaraldehyde   0.23 ± 0.32 
25% Glutaraldehyde   0.39 ± 0.24 
25% Glutaraldehyde w/ Phosphate   1.98 ± 1.38 
25% Glutaraldehyde w/ Phosphate   0.95 ±0.38 
40% Glutaraldehyde   0.45 ± 0.24 
40% Glutaraldehyde   0.60 ± 0.13 
40% Glutaraldehyde w/ Phosphate   0.82 ± 0.68 
40% Glutaraldehyde w/ Phosphate   1.07 ± 0.24 

 
Table 6-1 displays results for phosphate uptake in the gelatin polymers.  Each reported 

value represents the average of 3 samples.   

Conclusions 

There were several noticeable trends that emerged for the microspheres after phosphate 

testing.  First, the phosphate binding capacity increased as the amount of crosslinking agent 

increases.  This was accurate in terms of information represented in the literature.  In order to 

produce an efficient MIP, a high degree of crosslinking must be present such that a non-
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destructible template cavity is formed that allows multiple binding and extraction events.  

However, polymers that are too highly crosslinked restrict template recognition, and crosslinking 

that is too low to not provide a mechanically stable enough environment for template 

sequestration.  The 40% w/w glutaraldehyde composition seemed to provide a feasible formula 

for creating MIPs via microwave irradiation.  Though there was a great degree of error 

associated with the 25% w/w acid treated sample, the uptake was so great, that it could not be 

ruled out as an insignificant result.  Second, the based washed microspheres displayed overall 

enhanced phosphate binding in comparison to their acid washed counterparts.  This indicated that 

the base wash provided an environment that was more conducive to removing the phosphate ions 

from the imprinted polymer, thus providing additional available binding sites for ion extraction 

from solution.
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CHAPTER 7 
GUANYLATED POLYMERS 

This chapter describes a technique for the synthesis of novel guanylated gelatin 

microparticles as oral phosphate binding agents.  Using modified processing schemes, various 

biocompatible crosslinking agents, and high affinity phosphate binding functional groups, highly 

crosslinked, tailored, gelatin microspheres on the order of 10 – 200 µm were produced.   

Previous experiments performed involving the use of gelatin, crosslinked with either 

genipin, glutaraldehyde, glyceraldehyde, or dextran have shown limited phosphate binding 

capacity during uptake trials.  Thus, the need for adding a functional group to the gelatin 

backbone to increase phosphate uptake became a forefront consideration.   

To address this issue, a guanidine derivative was chosen to structurally modify the gelatin 

microspheres.  Guanylating reagents are compounds that chemically transform a specific reactive 

group, in this case an amine, into guanidine.  This reaction can take place in organic solvents as 

well as water, and usually under relatively mild conditions.  One major set back with the use of 

guanidines is that they are highly basic, with a pKa of 12.5, and highly nucleophilic.106  

However, this same feature allows them to be fully protonated under physiological conditions107, 

which provides a foundation for its ligand-receptor interaction. 

Recent applications of guanidine derivates include biocidal polymers,108 bile acid 

sequestrants,109 and  potential gene delivery carriers.107  There has also been interest and some 

success in using amidinium based monomers in molecular imprinting110-113 for phosphonates.   

1-H-pyrazole-1-carboxamidine hydrochloride was chosen as the guanidinating reagent for 

the direct preparation a gelatin-guanidinium compound, which reacts with an amine group on the 

polymer according to the following general scheme in Figure 7-1.  The primary amines are 

readily converted, while secondary amines usually require heat to initiate guanylation.114  The 
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pyrazole byproduct is soluble in water, which allows the insoluble guanylated polymer to be 

easily removed. 

 

Figure 7-1.  Synthetic route used to obtain a guanylated polymer. 

   
In turn, the guanidine group can form a strong association with the external oxygen groups 

on the phosphate ion, which make binding possible.  The use of guanidinium groups for 

oxyanion recognition and binding115 has attracted a great deal of interest over the past years.  

Their ability to sequester these ions through cationic and hydrogen bonding through Zwitterionic 

interactions make them unique biocompatible binding agents. 

 
Figure 7-2.  Zwitterionic interaction of phosphate with a guanyl group. 

The synthesis of low molecular weight guanidinium compounds has been extensively 

reported in literature.  However, there is only a small body of work that has inspected the 

synthesis of polymeric guanidinium salts. 

Functionalized Gelatin Microspheres via Guanylation 

The first step in this synthetic route was to prepare previously described crosslinked gelatin 

microparticles for surface functionalization.  Due to the basic nature if the 1-H-pyrazole-1-
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carboxamidine, the spheres were first base treated – which resulted in a freebase surface 

environment that was more amenable to the high pKa of the guanylating agent.  There were two 

approaches to particle synthesis: noncrosslinked gelatin microspheres were prepared for 

guanylation modification and subsequently crosslinked for molecular imprinting, and the already 

crosslinked gelatin particles were surface guanylated.  SEM and IR were used for surface 

morphology and bond characterization.   

In the typical IR spectrum of guanine-HCl, bands at 2725 cm-1, 2520 cm-1, and 2485 cm-1 

represent N-H stretching of weak NH+-Cl- intermolecular hydrogen bonds.116  The absence of 

these characteristic peaks indicated molecular conversion. 

Imprinted Gelatin Microspheres 

Room Temperature Guanylation 

A freebase sample of uncrosslinked gelatin was prepared by placing 1.5 g of the 

microspheres in 30 mL of acetone, and NaOH was used to adjust the solution to a pH of 12.  The 

solution was stirred for 1 hour, rinsed 3 times with DI water, and dried overnight in vacuo.  A 

cloudy white solution of 20 mM 1-H-pyrazole-1-carboxamidine: 10 mM KH2PO4 in a water : 

acetone (1:2) mixture was adjusted to pH = 7.4, and stirred for 3 hours under nitrogen in order to 

form a complex between the guanidine and the phosphate.  The freebase gelatin particles were 

added to the guanidine mixture, which was purged with nitrogen and turned clear after 1 hour.  

The reaction was allowed to stir for 24 hours at room temperature, under a nitrogen stream, 

cooled to room temperature, filtered, and washed 3 times for 20 minutes in 25 mL acetone.  The 

sample was then washed with a 1:1 solution of 0.1 M NaOH: MeOH, neutralized with DI water, 

filtered, and dried in vacuo.  The final product was off white and spherical.  In addition, this 

sample was further processed by crosslinking.  
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Heat Assisted Guanylation 

A freebase sample of uncrosslinked gelatin was prepared by placing 1.5 g of the 

microspheres in 30 mL of acetone, and NaOH was used to adjust the solution to a pH of 12.  The 

solution was stirred for 1 hour, rinsed 3 times with DI water, and dried overnight in vacuo.  A 

cloudy white solution of 20 mM 1-H-pyrazole-1-carboxamidine: 10 mM KH2PO4 in a water: 

acetone (1:2) mixture was adjusted to pH = 7.4, and stirred for 3 hours under nitrogen in order to 

form a complex between the guanidine and the phosphate.  The freebase gelatin particles were 

added to the guanidine mixture, which was purged with nitrogen and turned clear after 1 hour.  

The reaction was allowed to stir for 24 hours at 60 oC, under a nitrogen stream, cooled to room 

temperature, filtered, and washed 3 times for 20 minutes in 25 mL acetone.  The sample was then 

washed with a 1:1 solution of 0.1 M NaOH: MeOH, neutralized with DI water, filtered, and dried 

in vacuo.  The final product was off white and spherical.  In addition, this sample was further 

processed by crosslinking.  

Surface Guanylated Gelatin Microspheres 

The surface guanylated gelatin microspheres were prepared both with and without the 

introduction of heat, as described in the previous section.  However, crosslinked spheres 

synthesized according to the descriptions in Chapters 5 and 6 were used instead of the 

uncrosslinked gelatin microspheres.  These guanylated moieties are further treated with an acid 

or base to remove the template as described in Chapter 5. 

Results 

Imprinted Polymers 

Uncrosslinked gelatin microspheres were prepared and guanylated so that they could be 

further crosslinked and processed as MIPs.  Batches of control gelatin microspheres, which did 

not contain phosphate, and spheres that contained the phosphate template molecule, were 
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synthesized.  Because the uncrosslinked microspheres are susceptible to hydrolysis and 

degradation under heat, these batches were guanylated at room temperature.  For this same 

reason, in-vitro phosphate uptake testing was not possible.  As a result, these materials were 

probed using SEM and FTIR instruments. 

 

20 µm 

250 µm 

Figure 7-3. SEM images of uncrosslinked gelatin, native (left), guanylated without phosphate 
(middle), and guanylated with phosphate (right).  Bottom images are magnified 
versions of top images. 

SEM analysis provided visual evidence concerning the modification of gelatin side chains 

using guanylating agents.  Raw, uncrosslinked gelatin spheres have relatively smooth surfaces in 

comparison to the gelatin microspheres that have been guanylated, which have rough and bumpy 

surfaces.  The guanylated particles that are supposed to have bound phosphate in them had a 

rough and bumpy surface as well, however the magnification of these samples clearly show the 

presence of crystal shaped rods on the surface, which were believed to be phosphate.  The SEM 

images are taken of microspheres that have been used in phosphate uptake trials, and 

subsequently air dried.  Thus, the bound phosphate in solution becomes more concentrated at the  
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Figure 7-4  and a 

guanine derivative self assembly into (a) G-ribbon, (b) G-quartet, and (c) G-

r-

artets 
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hich promote formation and increase stability, and the 

e G-rich moieties.  

Gluta

The uncrosslinked, guanylated gelatin microspheres were further processed by crosslinking  

e, which contributes to the amount of crystals that are imaged. 

This visual phenomenon can be explained by the suggested phosphate ion binding mod

proposed in Chapter 3.  With the proposed close proximities of all of the phosphate binding 

events (Figure 7-4) it is possible that there are template ion “cages” that stack on top of each 

other, thus promoting the nucleation and upward growth of phosph

that these cages can also orientate themselves to f rm G quartets. 

  

. Predicted proximity of 4 phosphate ions within the polymer structure (right),

quadruplex formed by stacking of G-quartets around a column of cations.117 

DNA and RNA are guanine rich, which allows them to form inter- and intramolecular fou

stranded structures, referred to as G-quartets.118, 119  G-quartets evolve from the association of 

four guanine bases into a cyclic Hoogsteen H-bonding arrangement (Figure 7-4).  The G-qu

stack on top of each other to give rise to tetrad-helical structures, which would explain the 

presence of the phosphate crystal structures.  The stability of G-quartet structures depends on 

presence of the monovalent cations, w

concentration of th

raldehyde 
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Figure 7- 5. Glutaraldehyde crosslinked gelatin microspheres prepared via microwave 

irradiation, room temperature surface guanylation: after guanylation (left), after 
template extraction (middle), and after phosphate uptake testing (right).  Without 
phosphate (top), and with phosphate (bottom). 

 

 

Figure 7-6.  Glutaraldehyde crosslinked gelatin microspheres prepared via microwave 
irradiation, heat initiated surface guanylation: after guanylation (left), after template 
extraction (middle), and after phosphate uptake testing (right).  Without phosphate 
(top), and with phosphate (bottom). 
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with glutaraldehyde according to the microwave irradiation proce

res.  The spheres hav

 the change in microsphere m

dure (Chapter 6).  Resultant 

polymeric particles were dark burnt orange sphe e a translucent off-white 

surface hue. 

We used SEM to visually confirm orphology as it is processed 

late extraction, and ultimately tested in a phosphate ion solution.  

ere the template was extracted, which suggested 

 was successful.  The visible crystals on the surface of the particles 

phosphate, which was most likely both bound by the gelatin polymer 

bed on the surface. 

Surface Modified Crosslinked Polymers 

Samp

without the section. 

ng 

ing to the reverse emulsion procedure that was thoroughly described in 

Chap

wed after template extraction had relatively 

was not a considerable change in the surface 

struct

phosphate. 

from guanylation to temp

Pitting is present in several of the samples wh

that phosphate ion binding

represented the presence of 

sphere as well as physisor

les of gelatin crosslinked microspheres were taken and guanylated either with or 

 use of heat, as detailed in the above 

Genipin 

The uncrosslinked, guanylated gelatin microspheres were further processed by crosslinki

with genipin accord

ter 5.  The resultant polymeric particles were dark teal, with either spherical or chunk like 

shapes. 

Glutaraldehyde 

SEM was used to visually confirm the change in microsphere morphology as it is 

processed from guanylation to template extraction, and ultimately tested in a phosphate ion 

solution.  Samples that were guanylated or vie

smooth surfaces, which indicated that there 

ure of the sample between processing steps.  The visible crystals on the surface of the 

particles after uptake testing represented the presence of 
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polymerization, room temperature surface guanylation: after guanylation (left), after 
esting (right).  Without 

phosphate (top), and with phosphate (bottom). 

 

Figure 7-7. Glutaraldehyde crosslinked gelatin microspheres prepared via emulsion 

template extraction (middle), and after phosphate uptake t

      

    

Figure 7-8. Glutaraldehyde crosslinked gelatin microspheres prepared via emulsion 
polymerization, heat initiated surface guanylation: after guanylation (left) and after 
template extraction (right).  Without phosphate (top), and with phosphate (bottom). 
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composition, the presence of the crystals was mo
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ed by the increase in intensity in 

the 2925 cm-1 peak, which represented C-H stretching of methyl and methylene groups, and C=O 

stretching, respectively. The C-O vibration around 1080 cm-1 is indicative of crosslinking in the 

sample.  Characteristic peaks of gelatin are present.  

Phosphate uptake trials were performed in the usual manner.  A stock solution of 20 mM 

phosphate, 80 mM NaCl, and 30 mM Na2CO3 was made to mimic conditions in the small 

intestine environment, and adjusted to pH = 7.4 to replicate physiological conditions.  

Microspheres were exposed to this solution for 3-48 hours at 37 oC. 

 

Figure 7-9. FTIR spectrum of surface guanylated gelatin crosslinked with glyceraldehyde.  

The typical spectra of glyceraldehyde display absorption bands in the region of 2924 and 

2855 cm-1 corresponding to C-H stretch vibration bands, and a C=O band at 1743 cm-l.  The 

glyceraldehyde crosslinked gelatin microspheres were confirm
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Conclusions 

Microspheres that were glutaraldehyde crosslinked using microwave irradiation were 

processed to produce a molecularly imprinted product.  Though phosphate uptake occurred in 

these samples, the variability in the heat treated trials was great, and the significant error 

associated with the standard deviations demonstrated that this procedure should be discontinued.  

However, room temperature guanylated microspheres indicate reasonable phosphate binding in 

the 25% crosslinked batch, even though uptake is below the previously established minimum 

“success” value.  This indicated that polymer imprinting is achieved through this synthetic 

pathway.  Template recognition may have been hindered by probable small size, buried position, 

lems 

with M

re 

 

The r

d 

ples support the data.  A 

markable physical feature of the samples after phosphate testing is that the 

impri re,  

and or spatially restricted position of the imprinted site, which are all reported common prob

IP rebinding studies.   

Glutaraldehyde crosslinked microspheres, prepared by an inverse emulsion process, we

surface guanylated and the phosphate binding capacity was measured.  Interestingly enough, the

heat treated microspheres were able to attract phosphate to a greater degree in comparison to the 

room temperature processed particles.  In addition, the heat processed samples containing 

phosphate had less phosphate uptake in them than did the samples that did not contain phosphate.  

everse trend was seen in the room temperature processed samples. 

Table 7-1 displays results for phosphate uptake in the gelatin polymers.  Each reporte

value represents the average of 3 samples.   

SEM images of the guanylated glutaraldehyde crosslinked sam

particularly re

nted microspheres appeared to have phosphate emanating from within the microstructu

and the surface modified spheres appeared to have phosphate attached onto the surface.  This 

 would verify the viability of imprinted and surface templated techniques. 
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 Table 7-1. Phosphate uptake in surface functionalized and molecularly imprinted gelatin 

Sample Room Heat 48 hour uptake  
crosslinked microspheres prepared by either emulsion or microwave irradiated. 

Temperature mEq / g polymer 
Emulsion Processed 

15% Genipin   0.62 ± 0.09 
15% Genipin   0.14 ± 0.14 
15% Genipin w/ Phosphate   1.19 ± 0.18 
15% Genipin w/ Phosphate   0.32 ± 0.05 
25% Glutaraldehyde   0.68 ± 0.26 
25% Glutaraldehyde   1.08 ± 0.02 
25% Glutaraldehyde w/ Phosphate   0.90 ± 0.23 
25% Glutaraldehyde w/ Phosphate   0.63 ± 0.17 

  0.73 ± 0.21 Glyceraldehyde 
Glyceraldehyde   0.34 ± 0.17 
Glyceraldehyde w/ Phosphate   0.79 ± 0.48 
Glyceraldehyde w/ Phosphate   0.11 ± 0.07 

Microwave Irradiated  
10% Glutaraldehyde   0.87 ± 0.42 
10% Glutaraldehyde   1.07 ± 0.16 
10% Glutaraldehyde w/ Phosphate   0.85 ± 0.29 
10% Glutaraldehyde w/ Phosphate   1.78 ± 1.62 
25% Glutaraldehyde   0.21 ± 0.15 
25% Glutaraldehyde   0.85 ± 0.55 
25% Glutaraldehyde w/ Phosphate   0.62 ± 0.11 
25% Glutaraldehyde w/ Phosphate   0.74 ± 0.09 
40% Glutaraldehyde   0.54 ± 0.42 

  0.29 ± 0.17 40% Glutaraldehyde 
40% Glutaraldehyde w/ Phosphate   0.69 ± 0.31 
40% Glutaraldehyde w/ Phosphate   1.21 ± 1.21 
 

d 

guanylated using heat.  

ot 

a difference between microspheres ntain the te e ion in co  

Though there was no appreciable phosphate uptake in the genipin samples guanylate

using heat, results indicate that gelatin spheres guanylated at room temperature show successful 

phosphate binding.   

There was minimal phosphate uptake in the glyceraldehyde samples 

The gelatin spheres guanylated at room temperature show phosphate binding, but there is n

much of  that co mplat mparison to those

105 



 

that do not.  Phosphate uptake is below the mi mum established value if signifi y 

his hypothesis wa  not tested. 
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CHAP ER 8 
DISCUSSION 

Synopsis 

Functionalized gelatin microspheres were designed to address the need for a cost effective 

alternative for phosphate removal in aqueous systems, specifically for patients with ESRD, 

where hyperphosphatemia is a common physiological encumbrance. 

To the best of this authors’ knowledge, previous work has not been reported in literature 

concerning the development of these novel polymers. 

Various synthetic mechanisms were proposed and evaluated in order to derive a method to 

develop a robust material that could effectively bind phosphate.  At the conclusion of each 

synthetic scheme, the attributes of the polymers that had the highest binding capacity were 

incorporated into the next design, as to develop a rigorous procedure for the development of 

tailored gelatin microspheres that utilized the best processing parameters. 

There were two hypothesis that were tested:  Could a surface functionalized gelatin 

polymer for phosphate removal in aqueous systems be developed and characterized, and could a 

molecularly imprinted polymer be developed and characterized for phosphate removal in 

aqueous systems.  Each synthetic route investigated is illustrated in Figures 8-1 and 8-2. 

The efficacy of phosphate uptake with these functionalized polymers was determined in-

vitro, and three samples were identified as a synthetic success due to their statistical significance 

verified at p ≤ 0.05.  These polymeric microspheres did not degrade in an artificial environment 

created to simulate the physiological conditions of the gastrointestinal tract, which indicated their 

possible success for in-vivo applications. 

Initial trials employed the use of genipin as a crosslinking agent.  While crosslinking was 

easily accomplished, phosphate uptake was minimal.  In an effort to establish the feasibility of 

T
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using gelatin polymers as phosphate binders, additional crosslinker were investigated.  These 

crosslinking agents chosen were glutaraldehyde, glyceraldehyde, and dextran, due to their 

biocompatibility and various applications in crosslinking gelatin. 

From these results, samples were selected for complete evaluation that represented the best 

of the acid washed, base washed, room temperature guanylated, and heat assisted guanylated 

trials. The samples assessed were as follows: 

1.  Acid Washed:   25% glutaraldehyde crosslinked gelatin, microwave treated, with  

and without phosphate 

    15% genipin crosslinked gelatin, with and without phosphate 

2.  Base Washed:   25% glutaraldehyde crosslinked gelatin, microwave treated, with  

and without phosphate 

15% genipin crosslinked gelatin, with and without phosphate 

  Guanylation:   and without phosphate 

3.  Room Temperature  25% glutaraldehyde crosslinked gelatin, microwave treated, with  

    15% genipin crosslinked gelatin, with and without phosphate 

4.  Heat Assisted  25% glutaraldehyde crosslinked gelatin, microwave treated, with  

  Guanylation:  and without phosphate 

      15% genipin crosslinked gelatin, with and without phosphate 

Each polymer set included a control, which was the crosslinked polymer, and a sample of 

the crosslinked polymer with phosphate as an initial reactant.  Samples were tested in triplicate, 

and the average and standard deviation values were calculated using a p = 0.05 statistical 

significance limit obtained from a statistical two tailed T-test. 
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The following figures summarize the body of data collected from all of the conducted 

experiments. 
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Figure 8-3.  Phosphate uptake  
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Figure 8-4. Phosphate uptake results for base washed polymeric samples synthesized without 
(left) and with (right) the phosphate template ion. 
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Figure 8-5. Phosphate uptake results for room temperature guanylated polymeric samples 
synthesized without (left) and with (right) the phosphate template ion. 

m

 

Figure 8-6. Phosphate uptake results for acid washed polymeric samples synthesized without 
(left) and with (right) the phosphate template ion. 
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Conclusions 

The 15% genipin crosslinked polymers showed minimal phosphate uptake in most 

samples, except for those guanylated at room temperature.  The room temperature guanylated 

polymeric microspheres reported values that were statistically significant, which indicate the 

successful guanylation of the arginine groups in the crosslinked polymer.   

 

Figure 8-7.  Phosphate uptake in surface functionalized polymers using genipin as a crosslinking 
agent. 

These microspheres prepared by a simple water-in-oil type emulsion process and surface 

functionalized with guanine groups if desired.  However, this did not account for the fact that, on 

average, the particles synthesized with phosphate as an initial component had a slightly higher 

phosphate ion concentration in comparison to their counterpart control particles.  Thus, this 

feature must be attributed to the fact that the phosphate in the sphere is extracted in a manner in 

which cavities are created in which phosphate can be subsequently bound.  The room 

 

 

temperature guanylated microspheres report significantly significant data. 
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The samples crosslinked with glutar icrowave irradiation are believed to be 

molec  in 

aldehyde via m

ularly imprinted polymer microspheres, which would explain the average difference

phosphate uptake between the samples containing phosphate, and those without.   

 

Figure 8-8. Phosphate uptake in surface functionalized polymers using glutaraldehyde as a 
crosslinking agent. 

Crosslinking may have created rigid pores that are amenable to binding phosphate in 

microwave treatment initiates crosslinking in a way in which many of the arginine groups on the 

gelatin structure are polymer bound, thus are not as available for subsequent guanylation at room 

temperature in comparison to the heat assisted process. 

Statistically significant results were calculated for both room temperature and heat 

processed guanylated polymers. 

The majority of the reported phosphate uptake success results evaluated were centered 

about the genipin and glutaraldehyde processed gelatin microspheres.  The different chemical 

crosslinking mechanisms with gelatin could explain the increased stability and capacity to 

structurally manipulate the samples within this subset.  

solution after an acid or base extraction of the initial phosphate molecule.  It is possible that the 
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The entire body of data collected indicated that, in most cases, an overall phosphate 

binding increase in samples that contained phosphate in comparison to their control counterpa

One possible explanation may be that the phosphate present during synthesis create

rts.  

s additional 

cavities that, once extracted, are available for phosphate binding.  Another reason may be that the 

phosphate acts as a “spacer” per se, which promotes polymer crosslinking to a greater extent than 

the control samples. 

Genipin typically sells for $20 USD/ g.  Using the microspheres prepared in these studies, 

it would require 250 mg of genipin to produce a product that would bind phosphate in-vivo as 

efficiently as Renagel®.  Including the price of gelatin and oil, the microspheres prepared during 

these trials were approximately $5.50 USD/ g.  Though the genipin particles were the most 

y 

preclude th alternatives for use by those with acute renal failure. 

uld be surpassed through aggressive 

washi ffective 

 acute renal failure. 

biocompatible polymer synthesized during these studies, the potential cost of production ma

em as cost effective 

Glutaraldehyde typically sells for $0.035 USD/ g.  Using the microspheres prepared in 

these studies, it would require 3.0 g of glutaraldehyde to produce a product that would bind 

phosphate in-vivo as efficiently as Renagel®.  Including the price of gelatin and oil, the 

microspheres prepared during these trials were approximately $0.25 USD/ g.  Although the 

glutaraldehyde particles had cytotoxic concerns, they co

ng procedures.  Thus, the cost of production makes them viable candidates as cost e

alternatives for use by those with

Comparative analysis of the two systems results in an overall recommendation of the 

genipin crosslinked microspheres as the more favorable system.  Though the glutaraldehyde  
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produ  the 

tion facilities, etc.  However, the cost summary does provide preliminary 

inform

er 

s 

ens, 

ent, and the effects that changing the 

amou nt of 

e 

identified. 

ced can be prepared at a cost that is significantly lower than their genipin alternative,

inherent biocompatibility of genipin make them far more appealing as a pharmaceutical 

alternative, and is in accord with engineering aspect.  

The potential cost analysis of the polymeric materials prepared during this research can not 

be directly compared to that of Renagel® because they do not include factors such as patent 

development, produc

ation about which MIT can possibly lead to the more low-cost technology. 

One very important aspect to consider is that, even though the cost of producing a polym

that binds phosphate in solution may be greater than that of Renagel®, the selective template 

binding may not disqualify their usefulness as potential therapeutic agents. 

Future Work 

Crosslinking Agent 

There are several suggestions for the future incorporation of different crosslinking agent

for these studies.  Glyceraldehyde and dextran should be further examined in greater 

compositional concentrations to establish their overall suitability for this application. 

EDC, which is a zero length crosslinker that is extensively used with gelatin and collag

may be investigated as a chemically efficient alternative. 

Free amino/carboxylic acid determination studies should be performed to identify the 

extent of crosslinking achieved with each different ag

nt of crosslinker used affects the overall gelatinous microsphere.  The maximum amou

each crosslinker required to provide the best gelatin microstructure for phosphate uptake can b
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Substrate Imprinting 

This scheme is used to imprint phosphate molecules via a surface grafted thin polyme

strategy.

r layer 

er film would be grafted 

from 

d particle 

size.  

rmed using NMR. 

The selectivity of the gelatin micro nvestigated using HPLC, which will 

on, height, width, and tailing, whether or not phosphate has been favorably 

bound

to the 

gelati

ined by incorporating ions that are 

comp

 of 

 

t of the gastrointestinal system.  This information would be instrumental in the 

development of an ideal set of polymer processing parameters, and should lend itself to the 

results obtained from the kinetic assays. 

36  The phosphate molecules are on a substrate, and a polym

this surface.  Once the substrate is removed, the guest molecule could be extracted from the 

host site, leaving behind a surface imprinted polymer, capable of recognition upon guest 

reintroduction.  This may ultimately increase the number of imprint cavities available for 

phosphate uptake.  The polymer could be ground and sintered to produce the desire

Instrumentation 

Structural elucidation studies for these novel polymers should be perfo

spheres can be i

show by peak separati

 to the gelatin microsphere in comparison to other ions that may be in the solution. 

Polymer Binding  

Kinetic studies should be performed that establish the rate of phosphate binding 

n microspheres. 

Binding selectivity of phosphate should also be exam

etitive in nature to phosphate into the solution to be tested for phosphate uptake. 

Swelling studies, as reported in Chapter 3 on Renagel, should be undertaken.  The pH

the uptake solutions should be varied, and polymer swelling and phosphate uptake evaluated at 

each level.  In particular, the pH of the testing solution should be lowered, as to mimic the acidic

environmen
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Enzyme Studies 

 

est 

Prior to actual in-vivo trials, which can be expensive, various enzymes which are known 

to exist in the gastrointestinal surroundings should be incorporated into the phosphate uptake t

solution.  Features such as polymer degradation and biocompatibility can be further investigated. 
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APPENDIX A 
CALIBRATION OF A PHOSPHATE MEASURING APPARATUS 

The process of determining phosphate (PO4 ) ion uptake in polymer samples has been well 

established and can be can be performed by methods such as ICP, UV/Vis, and other 

spectrophotometric techniques. 

We have chosen to use the Hannah HI 93717 High Range ISM phosphate meter for 

measuring phosphate ion concentration largely because it is cost effective in relation to the 

previously mentioned instruments and the mobile nature of this handheld meter allows it to take 

real time, in field measurements with minimal sample preparation.  The Hannah HI 93717 is a 

small, portable photometer that measures phosphate uptake in aqueous solutions upon exposure 

to an amino acid based developing reagent kit.      

3-

 
 
Figure A-1. Hannah HI 93717 handheld photometer. 

However, limited information was available concerning the robustness of using data 

obtained using the HI 93717 in comparison to that from traditional, well established analytical 

devices.  In an effort to address this, several calibration processes were tested in order to 

determine the efficiency, accuracy, and precision of the Hannah phosphate meter readings. 

Experimental Methods 

Initially, the Hannah HI 93717 meter was calibrated against a phosphate solution sample 

set of known concentrations (Table A-1). 
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Table A-1.  Phosphate calibration values using the Hannah HI 93717 meter. 
Sample C  onc. at 0 ppm Conc. at 5 ppm Conc. at 10 ppm Conc. at 20 ppm
 (mg/ L) (mg/ L) (mg/ L) (mg/ L) 
Trial 1 0.00 4.70 9.90 19.90 
Trial 2 0.00 5.20 10.10 19.80 

Trial 4 0.00 5.00 9.70 19.80 
0 9.80 19.80 

9.92 19.63 

Trial 3 0.00 4.90 10.10 19.20 

Trial 5 0.00 4.8
Average 0.00 4.92 
Stand
Devia

ard 
tion 

0.00 0.19 0.18   0.28 

 

Great care was taken in determining a sound set of testing parameters that would provide 

elapsed to reading were standardized until reproducible numbers were consistently obtained.  

repeatable data values.  Factors such as glassware treatment, reagent amounts used, and time 

The data was graphically examined (Figure A-2), and the R2 analysis obtained from the 

calibration curve (Figure A-3) showed very good agreement within the numbers. 

 

Figure A-2.  Actual vs. Theoretical concentrations for phosphate ion using the Hannah HI 93717 
phosphate meter. 

solutions were developed using a traditional ascorbic 

acid method.  The data obtained is presented in Table A-2. 

 

Next, standard solution sets were tested on Shimadzu UV-2401PC UV-Vis 

spectrophotometer.  The tested phosphate 
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Figure A-3.  Calibration curve for the Hannah HI 93717 phosphate meter. 

Table A-2.  Phosphate readings from the Hannah HI 93717 meter compared to those obtained 
from the Shimadzu UV/Vis. 

Phosphate meter vs. UV/Vis 
Sample  meter (ppm) UV/VIS (ppm) 
2.5 ppm 2.6 - 
5.0 ppm 5.5  5.8 
10.0 ppm 10.4 10.4 

20 ppm 20.6 20.2 

20 ppm  
(different phosphate source) 

19.9 19.7 

 
The data indicated reasonable, acceptable deviation between the techniques.  The use of 

the Hannah meter appeared to be an acceptable apparatus for phosphate determination. 

Finally, industry standard Renagel® samples were measured for phosphate uptake.  A set  

of 10 different 800 mg pills were dissolved in 300 mL of deionized water at a pH of 6.98.  The 

10 different 100 mg samples of the powder were measured and placed in 50 mL centrifuge tubes, 

to each of which was added 30 mL of a phosphate standard solution at a pH of 7.37.  The tubes 

were placed in a rotating incubator at 37 oC for 3 hours, removed, and phosphate uptake was 

slurry obtained was filtered, dried, and stored under vacuum to obtain a white, powder product.  
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measured using the HI 93717 meter and determined using equation A-1.  The results are found in 

Figure A-4.  

PO4
3- uptake = [PO4

3-]standard solution – [PO4
3-]sample after 3 hours   (A-1) 

0.00

1.50
2.00

 (m
E

0.50

1.00

 u
pt

ak 2.54  

2.50

3.00

3.50

4.00

1 2 3

PO
4

e
q/

 g
 p

ol
ym

er
)  

  

 

.  Phosphate uptake i agel® samples as measured by the Hannah HI 93717 
phosphate meter. 

Conclusions 

lative deviation in the results obtained using the HI 93717 meter 

and U

h meter 

will c

Uptake  
(mEq/ g polymer) 
  

3.54  
3.48  
2.88  
3.32  
3.03  
2.92  

3.00  
3.11  
3.03  

Average    STD 
3.08 0.30

4 5 6

Sample

7 8 9 10

Figure A-4 n Ren

Overall, the minimal re

V/Vis allowed us to establish the use of the meter for analysis as a sound technique 

capable of providing accurate results for phosphate analysis for our studies.  The Hanna

ontinue to be used as the initial, primary instrument for measuring phosphate in our 

experiments.
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