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ABSTRACT 

 Polylactide homopolymers with pendent carboxylic acid functional groups have been 

designed and synthesized to be studied as magnetite nanoparticle dispersion stabilizers.  

Magnetic nanoparticles are of interest for a variety of biomedical applications including 

magnetic field-directed drug delivery and magnetic cell separations.  Small magnetite 

nanoparticles are desirable due to their established biocompatibility and superparamagnetic (lack 

of magnetic hysteresis) behavior.  For in-vivo applications, it is important that the magnetic 

material be coated with biocompatible organic materials to afford dispersion characteristics or to 

further modify the surfaces of the complexes with biospecific moieties.  The acid-functionalized 

silane endgroup was utilized as the dispersant anchor to adsorb onto magnetite nanoparticle 

surfaces and allowed the polylactide to extend into various solvents to impart dispersion 

stability.  The homopolymers were complexed with magnetite nanoparticles by electrostatic 

adsorption of the carboxylates onto the iron oxide surfaces, and these complexes were dispersible 

in dichloromethane.  The polylactide tailblocks extended into the dichloromethane and provided 

steric repulsion between the magnetite-polymer complexes.  The resultant magnetite-polymer 

complexes were further incorporated into controlled-size nanospheres. The complexes were 

blended with poly(ethylene oxide-b-D,L-lactide) diblock copolymers to introduce hydrophilicity 

on the surface of the nanospheres with tailored functionality.  Self-assembly of the PEO block to 
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the surface of the nanosphere was established by utilizing an amine terminus on the PEO to react 

with FITC and noting fluorescence.   
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1.0   INTRODUCTION 

Biomagnetic separations are essential in biomedical research with substantial efforts 

devoted to developing methods for separation of specific cells, sub-cellular organelles and 

specific molecules.
1
 Separation techniques use paramagnetic and superparamagnetic particles 

with ligands that have specific affinities for choice targets. Biomagnetic separations have already 

proven to be important for several diagnostic techniques.
2-10

  

For decades, polylactides have been of enormous interest in biomedical applications 

because of their biocompatibility and biodegradability.
11-16

 Specific desirable characteristics 

include:
14

 i) their decomposition into naturally occurring metabolites, ii) their capacity for 

derivatization with a wide range of monomer derivatives to obtain specific properties, iii) tunable 

degradation rates through changes in chemical compositions and morphologies, and iv) their 

safety to humans.
15,17-20

  

Magnetic magnetite nanoparticles can be complexed with the carboxylate-functional 

polylactides described herein to yield dispersible magnetite-polymer complexes. Magnetic 

nanoparticles can be incorporated into various supramolecular structures such as nanospheres, 

microspheres, or ferrofluids and they can be applied in biology and medicine.  Various 

applications include protein and enzyme immobilization, immunoassays, cell isolation, and drug 

targeting.
21-26

  Magnetic polymer nanospheres pose many potential applications.  

Nanosphere research has gained much interest in the biomedical field especially for 

applications such as drug delivery and biomagnetic separations.
27

  It is desirable for these 

nanosphere formulations to be administered intravenously.  A major drawback of these systems 

is the rapid sequestration by mononuclear phagocyte systems, a widely distributed system of free 

and fixed macrophages derived from bone marrow, that lead to short in vivo lifetimes.  One 
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possible remedy to this problem is the surface modification of these nanoparticles with a 

hydrophilic coating such as poly(ethylene oxide) (PEO).  PEO has proven to be an efficient 

polymer to limit adsorption of plasma proteins and cells.
28-31

  

Overall objectives for this research entail developing methods for synthesizing surface 

functionalized nanospheres.  Desirable properties include biodegradability for in vivo 

applications, hydrophilic surfaces to afford stabilization in biological fluids, surfaces tailored 

with different functional groups for targeting cells or biomolecules, and incorporated magnetic 

properties.  Target diameters for these nanospheres are 100-500 nm.  The hypothesis for this 

work includes developing biodegradable nanospheres directly from magnetite-polymer 

complexes to afford high concentrations of magnetite.  Another hypothesis is that surface 

functionality can be incorporated through the blend of a diblock copolymer and magnetite-

polymer complex prior to nanosphere formation. 

This dissertation describes the synthesis and characterization of poly(D,L-lactide)s and 

their derivatization with carboxylic acid groups for complexation to magnetite nanoparticles.  

The resultant magnetite-polymer complexes have been incorporated into nanospheres.  

Functionalized poly(ethylene oxide-b-D,L-lactide) diblock copolymers have been incorporated 

into the nanospheres to achieve hydrophilic surfaces with tailored functionality.  Fluorescent 

tagging of the amino functional groups is used to determine the degree of self-assembly of the 

poly(ethylene oxide) block to the surface.   
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2.0  LITERATURE REVIEW 
 

2.1  Overview 

 

This chapter will discuss areas directly related to the research topic and is divided into 

two main sections.  The first section will discuss the different components for preparing 

biodegradable polymer spheres, including the polymer systems, surface modification of 

polymeric biomaterials with poly(ethylene oxide), and polymer nanospheres.  The biodegradable 

polymers used for biomedical applications include polylactides, polycaprolactone, poly( -

hydroxybutyrate)s, polycarbonates, polyamides, poly(phosphate esters), polyphosphazenes, 

poly(orthoesters), and polyanhydrides.  The discussion of polymer nanosphere preparation will 

include nanoprecipitation, dispersing solvents, polymer systems, nanoparticle purification and 

introduction of hydrophilic surfaces.  The next section of this review will explore the general 

modifications of nanospheres for biomedical applications.  This includes surface modification for 

biomagnetic separation, introduction of biosensors, and bulk modification.  Bulk modifications 

will specifically discuss the formation of magnetic nanoparticles and spheres with a special 

emphasis on magnetite and its incorporation into nanospheres. 
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2.2 Biodegradable Polymer Spheres 

2.2.1.  Polymer Systems 

2.2.1.1 Polylactides 

For decades, polylactides have been of enormous interest due to their biocompatibility 

and biodegradability that lead to applications in biotechnology.  Desirable characteristics include 

their decomposition into naturally occurring metabolites via hydrolysis or enzymatic processes, 

and the wide range of monomer derivatives that provide verstility.
32

  These polymers can be 

utilized for applications spanning medical and pharmaceutical fields, and they have potential for 

use in composite blends where biodegradability is desirable.  In the 1960s, American Cyanamid 

introduced poly(glycolic acid) (PGA) as synthetic, degradable sutures.
32

  Ethicon developed 

similar materials containing both poly(lactic acid) (PLA) and PGA.  Drug delivery applications 

were not developed until the early 1970s, when DuPont was awarded patents for polylactide/drug 

mixtures.
33,34

  These first drug delivery systems were used to deliver antimalarial drugs in mice, 

and they reportedly provided at least 14 weeks of protection.
32

  Utilization of polylactides for 

controlled release of small and large molecules has greatly advanced in the last 15 years.
17,35,36

  

One recent example of this technology includes Lupron  (TAP Pharmaceutical Products, Inc.) 

(leuprolide acetate) for treating endometriosis and prostate cancer.
37

 

After decades of research and development, the literature describing the synthesis and 

characterization of these biomedical polymers is vast.  This chapter includes four sections.  The 

first will discuss and compare the preparation and characterization of different lactide monomer 

derivatives.  The second section will discuss the mechanisms and conditions by which lactides 

are polymerized via ring-opening polymerizations.  The third section will discuss studies that 
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have been conducted utilizing a variety of catalysts for ring-opening polymerization of lactides.  

Finally, the biocompatibility and biodegradation of polylactides will be discussed. 

Lactic acid is one of the simplest chiral molecules and exists as two stereoisomers, D- 

and L-lactic acid (Figure 2.1).
38

  L-lactic acid rotates the plane of polarized light in a counter-

clockwise (laevo) direction, whereas the D form rotates the plane in a clockwise (dextro) 

direction.     

OH

OH

O

CH
3

H

OH

OH

O

H CH
3

D-lactic acid L-lactic acid 
 

Figure 2.1  Lactic acid stereoisomers 

 

Lactic acid can be produced by a petrochemical route as a mixture of L and D isomers.
38

  

In contrast, fermentation-derived lactic acid is almost exclusively the L-lactic acid enantiomer.
38

  

The ability to produce the L-isomer in high purity is important for the process since it can lead to 

stereoregular polymers.  By controlling factors such as time and temperature along with catalyst 

type and concentration, it is possible to prevent racemization of D- and L-lactic acid units in the 

final polymers.
38

   

Lactide, the cyclic dimer of lactic acid is prepared by heating lactic acids under 

controlled conditions.  Giling et al. synthesized both lactide and glycolide monomers in the same 

manner.
39

  Glycolide was synthesized by heating 1000 g of glycolic acid under nitrogen, adding 

1 g of Sb2O3, and raising the temperature to 120 ºC.  Once the water was removed, the 
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temperature was increased to 180 ºC and the pressure reduced gradually over 4 to 6 hours.  

Glycolide was subsequently sublimed and distilled.  White crystalline glycolide was obtained by 

washing the product to remove the yellow color and recrystallizing from ethyl acetate.  Lactide 

was prepared by a similar procedure.
39

   

L-lactic acid can be controllably racemized to D-lactic acid.  Hence, three isomers of the 

lactide monomer are possible (Figure 2.2). The L,L and D,D isomers of the 6-membered lactide 

monomers are optically active; the meso form is optically inactive.  One can tailor the molecular 

architecture of the polylactides through polymerization of the lactide cyclic monomers.  

 

Figure 2.2  Three stereoisomers of lactide  

 

 The stereochemical composition of the lactide monomer stream can determine the 

stereochemical composition of the resulting polymer since bonds to the chiral carbons are not 

broken in the polymerizations.  The melting points of the polymers and their rates and extents of 

crystallization depend on the isomer composition and sequence in the polymers.
40

  A higher-

melting stereocomplex comprised of a 1:1 mixture of poly(L-lactide) and poly(D-lactide) is also 

known.
41

  The maximum “practical” obtainable melting point of stereochemically pure 

poly(lactide) (either L or D) is around 180 ºC with an enthalpy of melting of 40-50 J/g.
40

  

Introducing stereochemical defects into the poly(L-lactide) by incorporating controlled amounts 

of meso-lactide or D-lactide reduces the melting point, rate of crystallization, and extent of 
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crystallization, but has minimal effect on the glass transition temperature (Figure 2.3).
40

  

Polylactides containing more than 93% of L-lactic acid are semi-crystalline while those 

containing 50-93% of L-lactic acid are amorphous.
40

  The presence of either meso- or D-lactide 

units in PLLA leads to imperfections in the crystalline structure, thus reducing the percent of 

crystallinity.  The glass transition temperature of polylactides range from 50 to 80 ºC while the 

melting temperature ranges from 130 to 180 ºC.
40

   The optimum temperature range for 

crystallization of poly(L-lactide) is 105-115 ºC.
40

  Crystallization under these conditions is 

relatively slow with a half-time of about 2.5 min.
40

  The crystallization half-time increases 

approximately 40% for every 1% of meso-lactide incorporated into the polymer.  Nucleating 

agents have been shown to effectively increase the nucleation density and decrease 

crystallization times.
40
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Figure 2.3  Peak melting temperature of poly(L-lactide-co-meso-lactide)
40

 

 

 

Low molecular-weight polylactides can be synthesized directly from the different isomers 

of lactic acid.  For higher molecular weight polymers, ring-opening polymerization of the 6-

membered lactide rings is favored to produce polylactides.  The following section will focus on 

the ring-opening of lactides to produce high molecular weight polylactides.  The polymerization 

of lactides can be induced by four different classes of initiators and reaction mechanisms:  1) 

cationic polymerizations, 2) anionic polymerizations, 3) coordination-insertion mechanisms, and 

4) enzymatic polymerizations.  Focus will be given to the three non-enzymatic polymerization 

methods.   
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Anionic polymerization of lactides are most often initiated by alkali metal alkoxides.
42,43

  

However, phenoxides and carboxylates are also active at higher temperatures.  Initiation and 

propagation consist of nucleophilic attack of the anion onto the carbonyl group of the lactide, and 

this is followed by cleavage of the acyl carbon-oxygen bond (Figure 2.4).  Chain growth 

proceeds via an alkoxide reactive species.
42

  This reaction can involve side reactions, such as 

abstraction of the methine proton from a monomer or chain.  This can result in racemization as a 

result of the planarity of the delocalized anion during deprotonation and reprotonation.  The 

deprotonated anionic species from these side reactions can initiate new chains and thus 

deprotonation of the monomer may also lead to chain transfer, thus leading to low to moderate 

molecular weights.   
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Figure 2.4  Anionic polymerization of lactides 
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Extensive studies from two research groups have shown that strong acids can initiate cationic 

polymerization of lactides.
44,45

  However, this is not the most widely used method since it only 

yields low to moderate molecular weights slowly below 50 ºC.  The mechanism (Figure 2.5) 

involves protonation or alkylation of the carbonyl oxygen, resulting in electrophilic activation of 

the O-CH bond.  This bond is then cleaved by nucleophilic attack of another monomer.  This 

step is propagated until a nucleophile such as water terminates the chain.  Nucleophilic 

substitution at the chiral carbon results in optically pure poly(L-lactide) at temperatures equal to 

or less than 50 ºC.
45

 At higher temperatures, cationic polymerization results in racemization, 

which changes the physical and mechanical properties of the resulting polylactide. 
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Figure 2.5  Cationic polymerizations of lactides 
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Polymerization is often conducted via a coordination-insertion mechanism.  Catalysts for such 

reactions are typically metal alkoxides or esters having a covalent metal-oxygen bond and the 

character of weak Lewis acids.
46

  The most commonly used tin initiator is stannous(II) 

ethylhexanoate (SnOct2).  The catalyst reportedly binds with the alcohol initiator prior to 

polymerization.
47-51

  Lactide also coordinates with the metal via the carbonyl oxygen, enhancing 

the electrophilicity of the carbonyl group so that insertion of the lactone into the metal-oxygen 

bond ensues (Figure 2.6).  High molecular weight polymers with low levels of racemization are 

observed with tin-catalyzed reactions.  The tin catalysts in conjunction with alcohol initiators 

lead to stereoregular polymers
52,53-56

 of narrow molecular weight distribution and controllable 

molecular weight with well-defined endgroups.
57,58-60

  Typical conditions for melt 

polymerization are 180-210 ºC with tin octoate concentrations ranging from 100-1,000 ppm.  

These polymerizations are first order in both catalyst and lactide.  Frequently, initiators such as 

1-octanol are utilized to control both molecular weight and endgroup structure.
46
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Figure 2.6  Coordination-insertion chain growth mechanism of lactide to form polylactides; R 

represents a  growing polymer chain. 

  

 Aluminum and tin alkoxides are also commonly used catalysts for the polymerization of 

lactides.  A major difference between the tin and the aluminum-based catalysts is that tin 

catalysts are good transesterification catalysts, whereas aluminum catalysts are not.  Extensive 
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experimental investigations of polylactide polymerizations utilizing different aluminum catalysts 

have been performed by a number of groups.
58,61-63

   Tin catalysts have the advantage of being 

more hydrolytically stable than those of aluminum and can be easier to handle and use in 

polymerizations.  After several years of research on tin alkoxides, controlled polymerizations of 

advanced structures are possible.
64

  Under mild reaction conditions, the undesirable 

transesterification reactions are less pronounced and structures like triblocks, macrocyclics, 

multiblocks, resorbable networks and star-shaped structures can be prepared.
64

     

 The reaction mechanisms with SnOct2 as the catalyst are not fully understood. Stannous 

octoate was believed to catalyze polymerization of lactide monomers by a cationic 

polymerization mechanism as presented by Nijenhuis, et al., but little experimental evidence was 

provided.
65

  On the other hand, it has been shown that both anionic and cationic polymerizations 

of L-lactide involve strong racemization above 50 ºC, whereas SnOct2 can yield optically pure 

poly(L-lactide) even at 180 ºC when the reaction time is short.
42,45

   This evidence supports the 

coordination-insertion mechanism.  SnOct2 does not contain alkoxide (or hydroxide) groups, and 

it was also previously demonstrated that lactones do not insert into Sn-carboxylate bonds under 

normal polymerization conditions, whether or not Sn(II) or Sn(IV) carboxylates are involved.
66

   

Alcohol initiators lead to control over the molecular weights and functionality of the 

polymerizations.
50

  Proton NMR spectroscopy was used to reveal that SnOct2 combined with an 

alcohol establishes a rapid complexation equilibrium and that this interaction is stronger than the 

interaction between SnOct2 and lactide.  This suggests that the interaction of SnOct2 with the 

alcohol (when added as a co-initiator) proceeds by a chain growth step.  On the basis of these 

results, chain growth via reaction between coordinated alcohol (or chain end) and a lactone was 

hypothetically formulated.   
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Zhang, et al. postulated that the reaction of SnOct2 with alcohols yields a tin alkoxide 

(OctSnOR) that initiates the polymerization of lactide and lactones via the classical coordination-

insertion mechanism.
67

  Initiation was suggested to occur by monomer insertion into the metal 

alkoxide active center.  MALDI-TOF mass spectroscopy was used to confirm this mechanism 

with Sn(Oct)2 with either water or an alcohol as the initiator.
49

  Another slightly different 

proposed coordination-insertion mechanism involves a hydroxyl group from an alcohol and a 

monomer coordinating with the Sn(Oct)2.  This, in turn, initiates the polymerization of lactide.  

Sn(Oct)2 at high concentrations and temperatures produces transesterification.
68-71

  High catalyst 

concentrations increase the number of sites for ester interchange reactions, while high 

temperatures have been reported to result in some alkyl-oxygen bond cleavage, leading to 

racemization (Figure 2.7).
71
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Figure 2.7  Two points where ester bond can break:  a) if this bond is broken during 

transesterification, no racemization is observed and b) if this bond is broken, racemization 

occurs. 

 

Polymerization of six-membered cyclic esters such as lactides is accompanied by an 

entropy decrease and therefore the only driving force of the monomer-polymer conversion is the 

negative enthalpy of polymerization ( HP = -22.9 kJ/mol at 100 °C).
72

  Other tin based 

compounds have been successfully used as catalysts for the ring-opening polymerization of 
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lactides.  Examples include cyclic tin-based catalysts,
55,60,73-75

 divalent tin(II) alkoxides such as 

tin(II)butoxide (Sn(OBu)2),
76

 and Bu3SnOMe or Bu2Sn(OMe)2,
77-80

 BuSnCl3,
81,82

 and tetraphenyl 

tin.
47,83  

One of the most appealing characteristics of polylactides is their biocompatibility, 

allowing for a vast array of biomedical applications.  Aliphatic polyesters can degrade in contact 

with living tissues or under environmental conditions.  Research conducted over the last two 

decades has led to several applications in surgery and pharmacology.  Outdoor applications 

include packaging or mulch films and plant therapy, whereby controlled delivery of pesticides or 

insecticides in agriculture have sparked interest.  Emphasis in this chapter will be placed on the 

medical applications and properties of interest for such applications.  It was not long after their 

introduction that interest was generated in this class of biomedical polymers for temporary 

therapeutic applications in surgery and pharmacology.  

The term “biodegradable polymer” has been widely used for polymers that undergo in 

vivo degradation.
84

  Williams defined biodegradation as a biological breakdown.
84

  Graham and 

Wood defined biodegradable materials as those that can degrade in vivo, but extended the 

definition to denote materials that form soluble products that can be easily removed from the 

implantation site and excreted from the body.
84

  A consensus was reached on the following terms 

at the Second International Scientific Workshop on Biodegradable Polymers and Plastics 

(Montpellier, France):
84

  

• Polymer degradation is a deleterious change in the properties of a polymer due 

to a change in the chemical structure; 

• Biodegradable polymer is a polymer in which the degradation is mediated at 

least partially by a biological system 
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• Bioabsorbable polymer is a polymer that can be assimilated by a biological 

system; 

• Erosion reflects the process of dissolution or wearing away of a polymer from the 

surface.   

Most of the attractive biodegradable polymers discovered thus far contain hydrolyzable 

linkages such as amide, ester, urea and urethane along the polymer chains.
84

  Aliphatic polyesters 

such as polylactides are attractive due to their physical, chemical and biological properties.  

Biodegradation of polylactides involves chemical cleavage of the polymer backbone, which 

results in a reduction in mechanical properties.  Cleavage may result from either enzymatic 

attack or hydrolysis of the ester bond or a combination of both.
85

 

There is physical and chemical evidence of enzymatic attack on polylactides.
35,85

 

Williams and Mort examined the role of 15 enzymes in the in vitro degradation of Dexon  

(polyglycolic acid) sutures and found that four of them increased the hydrolytic rate.
84

  

Polylactides were also investigated and it was shown that proteinase K caused polylactide 

hydrolysis.
84

  Reed reasoned that there could be considerable enzymatic involvement in 

polylactide degradation since there was a substantial difference between in vitro and in vivo 

molecular weight changes.
84

  Later, work by Williams showed that lactate dehydrogenase 

produced ambiguous results with polylactides, but proteinase K, pronase and bromelain had 

significant effects, as shown by the detection of lactic acid in solution.
84

  Schakenraad, et al. 

investigated tissue reactions toward polylactide implants by studying the activity pattern of seven 

enzymes as a function of time.
84

  The authors concluded that the main degradation mechanism of 

the polylactide implants was hydrolysis which took place in tissue fluids.  The conclusion that 

the process is not enzyme-mediated is supported by another study which showed that the 
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degradation rates measured in-vivo (sheep, dogs, and rats) were essentially the same as measured 

in-vitro.
84

  Younes, et al. also claimed the absence of enzymatic activity in the course of 

poly(lactide-b-ethylene oxide) copolymers.
84

  Makino, et al. examined effects of plasma proteins 

on the degradation characteristics of polylactide homopolymers and showed the degradation 

rates in aqueous media were accelerated by the addition of albumin, -globulins and fibrinogen.   

Polylactide degradation can also occur hydrolytically.  Ester hydrolysis is a well-known 

reaction: 

RCOOR' + H
2
O RCOOH + R'OH

 

This reaction can be catalyzed by either acids or bases.  The reaction product, RCOOH, is able to 

accelerate ester hydrolysis.  In the case of aliphatic polyesters, chain cleavage at the ester bond 

can be autocatalyzed by carboxyl endgroups initially present or generated by the degradation 

reaction: 

~COO~ + H
2
O ~COOH + HO~

~COOH

 

The kinetics of the hydrolytic reaction can be expressed by the following rate equation: 

d[E]/dt = -d[COOH]/dt = -k[COOH][H2O][E] 

where [COOH], [H2O] and [E] represent carboxyl endgroup, water, and ester concentrations in 

the polymer matrix, respectively.
84

  By using the following relationships: 

                       _                _ 

[COOH] = W/(Mn*V) = /Mn, 

                    __ 

[COOH] = [E]/(DP-1), 

                                                                       __ 

                                                                    Mn = m*DP 
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where W is the polymer molecular weight, V is volume,  is density, Mn the number average 

molecular weight, and DP the number average degree of polymerization and m the repeat unit 

weight, one obtains the following equation: 

d(1/DP)/dt = k( /m)[H2O](DP-1)DP
-2 

Integration of this equation leads to the following: 

Ln{(1-DP)/(1-DP0)} = k’t 

where k’ = k[H2O]( /m) and DP0 is the average degree of polymerization at time zero.  This 

kinetic expression is valid provided there is no weight loss.  If DP >> 1, this equation can be 

simplified: 

Ln(DP)/DP0) = Ln(Mn/Mn0) = -k’t 

According to this expression, semilog plots of DP or Mn versus time of hydrolysis are linear 

prior to the onset of weight loss.
84

   

Degradation of aliphatic polyesters can occur by homogeneous (bulk erosion) or surface 

erosion.  Bulk hydrolysis of the ester bonds in the polymer chains follows a two-stage 

degradation profile for semicrystalline aliphatic polyester bioabsorbable polymers.
86

   

Hydrolysis of aliphatic polyesters initially involves water uptake followed by random 

hydrolytic chain scission.  However, a growing amount of chain ends leads to an increased 

probability of chain scission at the chain ends over time.
87

  The initial degree of crystallinity of 

the polyesters influences the rate of hydrolytic degradation as the crystal segments decrease the 

rate of water permeation into the matrix.  The amorphous domains of the polyesters have been 

shown to undergo hydrolysis before the crystalline regions due to a higher rate of water 

absorption.  The first stage of hydrolytic degradation occurs in the amorphous regions.  The 
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remaining undegraded chain segments, therefore, obtain more space and mobility, which leads to 

reorganization of the polymer chains and increased crystallinity.
87

    

The second stage commences when most of the amorphous regions are exhausted and the 

crystalline regions are attacked.
87

  Work by Li examining the degradation of PDLA conclusively 

showed that degradation could be more rapid in the center than at the surface.
88

  This 

phenomenon is known as heterogeneous degradation and is widely accepted as occurring in both 

lactide and glycolide polymers.
87

  The extent of degradation is dependent upon both polymer 

geometry and pH of the degradation medium.
87

  Heterogeneous degradation and autocatalysis 

result from hydrolytic cleavage of the ester bonds forming a new carboxyl endgroup.  It was 

reasoned that as degradation progressed, soluble oligomers produced close to the surface could 

escape, while those in the center could not diffuse out of the polymer.  It was reasoned that this 

could lead to a higher internal acidity, with carboxyl endgroups catalyzing ester hydrolysis and a 

differentiation between surface and interior degradation rates.   

Degradation of polylactides is generally regarded as a bulk hydrolysis process.  The 

polymer retains its volume for a considerable time throughout degradation with a loss of 

molecular weight observed, and this is followed by loss of mechanical strength and finally 

mass.
87

  The degradation rate and mechanical properties of PLLA are highly dependent upon 

different material properties such as crystallinity, orientation, molecular weight and molecular 

weight distribution, as well as the presence of impurities and unreacted monomer.
89

   

While poly(L-lactide) has been regarded as outstanding for its non-toxicity and 

biodegradability, it is relatively hydrophobic.  Poly(ethylene oxide) (PEO) is also an attractive 

biopolymer due to its non-toxicity and biocompatibility.  Terminal hydroxyl groups of PEO can 

react with a variety of compounds, thus allowing copolymerization with lactones such as chiral 
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lactides, glycolide and -caprolactone to yield block copolymers.  PEO segments are often 

introduced into PLLA chains to increase their hydrophilicity and reduce the crystallinity of the 

PLLA.  Diblock and triblock copolymers of PLLA/PEO can be prepared via ring-opening 

polymerization of L-lactide in the presence of hydroxyl-functional PEO and certain catalysts.
90

  

Co-initiators such as Zn metal or CaH2 can be utilized in addition to stannous octoate.
91,92

  The 

increasing degree of hydrophilicity of the copolymers correlates directly with the increase in 

PEO composition.  High molecular weight copolymers can be obtained by incorporating long 

PEO blocks, but this increases the likelihood of accumulation of polymer fragments in the body 

when utilized in vivo.  It has been suggested that multiblock copolymers constructed with short 

blocks might overcome this limitation.
93,94

   

2.2.1.2  Polycaprolactone 

 Poly( -caprolactone) (PCL) was identified as a biodegradable polymer by scientists at 

Union Carbide who studied polymers degraded by microorganisms in the environment.
95

  The 

successful use of polymers of lactic acid and glycolic acid as biodegradable drug delivery 

systems and sutures led to investigation of other aliphatic polyesters and thus, the discovery of 

the in vivo degradability of PCL.
95

  The PCL homopolymer degrades much slower than 

polyglycolide, polylactide, and poly(glycolide-co-lactide) copolymers.  Lactones are formed 

from hydroxycarboxylic acids.
96

  High permeability to many drugs and lack of toxicity makes 

PCL advantageous for drug delivery.  PCL forms compatible blends with a variety of other 

polymers allowing for more versatility in drug delivery systems.   

 Polycaprolactone can be synthesized by anionic, cationic, or coordination-insertion 

polymerization methods (Figure 2.8).  Each method provides different degrees of molecular 
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weight control and distribution, end-group composition, and chemical structure and composition 

of copolymers.     

 

Figure 2.8  Polymerization of -caprolactone using (a) anionic, (b) cationic, and (c) coordination 

catalysts.   

  

 Tertiary amines or alkali metal alkoxides in tetrahydrofuran, toluene, or benzene can 

provide anionic reaction systems.
36

  Anionic polymerization is useful for synthesis of low 

molecular weight hydroxy-terminated oligomers and polymers.  Protic acids, Lewis acids, 

acylating agents, and alkylating agents are cationic catalysts for polymerization of caprolactone.  

FeCl3, BF3, Et2O, alkyl sulfonate, and trimethylsilyl triflate in 1,2-dichloroethane at 50 °C 

afforded polymers with molecular weights ranging from 15,000 to 50,000 g/mole.   

 Coordination catalysts such as di-n-butyl zinc, stannous octoate, and alkoxides and 

halides of Al, Sn, Mg, and Ti afford high molecular weight homopolymers and random 
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copolymers with lactides and other lactone derivatives.
36

  Narrow molecular weight distributions 

(~1.1) and high molecular weights (~50,000 g/mole) result from polymerization at approximately 

120 °C under argon.  

 Polycaprolactone is soluble in a number of solvents at room temperature, including 

tetrahydrofuran, chloroform, methylene chloride, carbon tetrachloride, benzene, toluene, 

cyclohexanone, dihydropyran, and 2-nitropropane.  It is poorly soluble in acetone, 2-butanone, 

ethyl acetate, acetonitrile, and DMF, and insoluble in alcohols, petroleum ether, and diethyl 

ether.
95

  Thermal properties include a Tg of -60 °C and a Tm of 59-64 °C.  The Tg increases with 

copolymerization with lactide.  Crystallinity of polycaprolactones decrease with molecular 

weight increase.
36

  A 5000 Mn polymer was reported to be 80% crystalline as compared to a 

60,000 Mn polymer being 45% crystalline.
36

   

 Block copolymerization of -caprolactone with lactides affords the combination of the 

permeability of PCL to many drugs with the relatively rapid biodegradation of the polylactide 

block.
36,97

  Block copolymers of caprolactone with lactides were synthesized by ring-opening 

polymerization using aluminum isopropoxide as the iniator.
97

  Feng and Song utilized bimetallic 

(Al, Zn, µ-oxo alkoxides) initiators for block copolymerization of caprolactone and lactides.
98,99

  

Caprolactone was polymerized first followed by lactide.   

  Polycaprolactone and its copolymers with lactide degrade both in vitro and in vivo by 

bulk hydrolysis.
100

  Polycaprolactone degrades in two stages.  Random hydrolytic chain cleavage 

first occurs thus reducing the molecular weight.  Subsequently, low molecular weight fragments 

and small polymer particles are carried away from the site of implantation by solubilization in 

body fluids or by phagocytosis.  Complete homopolymer degradation of polycaprolactone may 

require up to two to four years.  Copolymerization of caprolactone with lactides and glycolides 
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significantly increases the degradation rate.  Addition of oleic acid or tertiary amines further 

increases the degradation rate by catalyzing chain hydrolysis.
101

  

2.2.1.3  Poly( -hydroxybutyrate) 

 Poly( -hydroxybutyrate) is synthesized through controlled bacterial fermentation.  

Optically active copolymers of 3-hydroxybutyrate and 3-hydroxyvalerate have been produced 

from propionic and pentanoic acid by Alcaligenes eutrophus.
102

  The composition of the carbon 

sources control the copolymer compositions.  Random copolymers of 3-hydroxybutyrate and 4-

hydroxyvalerate were produced from 4-hydroxybutryic acid and butyric acid by Alcaligenes 

eutrophus.
103

   

 

Figure 2.9  Poly( -hydroxybutyrate) copolymers  

 Poly( -hydroxybutyrate) characteristically has high molecular weight (>100,000 g/mole) 

with narrow molecular weight distribution and approximately 50% crystallinity.  Melting points 

depend on the polymer composition.  The poly( -hydroxybutyrate) homopolymer has a Tg of 9 

°C and a Tm of 177 °C.  A 91:9 copolymer with 4-hydroxybutyrate has a Tm at 159 °C.  A 1:1 
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copolymer with -hydroxybutyrate (3HV) has a Tm at 91 °C.  X-ray and variable-temperature 

carbon NMR relaxation studies determined the properties of poly( -hydroxybutyrate) in living 

cells of Alcaligenes eutrophus.
104

  Native intracellular poly( -hydroxybutyrate) is amorphous but 

crystallizes readily when isolated.
105

  Brandl et al. studied its hydrolytic degradation.  Results 

showed copolymers with higher percentages of 3-hydroxybutyrate and low molecular weights 

were susceptible to hydrolysis.
106,107

  

 

2.2.1.4  Polycarbonates 

 Polycarbonates are linear thermoplastic polyesters of carbonic acid with aliphatic 

dihydroxy compounds.  Kawaguchi et al. studied poly(ethylene carbonate) and poly(propylene 

carbonate) as biodegradable carriers for the delivery of 5-fluorouracil.
108

 

 Polycarbonates are synthesized by a number of different methods including reacting 

dihydroxy compounds with phosgene or bischloroformates of aliphatic dihydroxy compounds.  

They are also synthesized by polymerization of cyclic carbonates (Figure 2.10).
109

  Reacting 

carbon dioxide and corresponding epoxides in the presence of organometallic compounds as 

initiators is yet another polymerization method.
110

 

 

 

Figure 2.10  Ring-opening polymerization of aliphatic polycarbonates   
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 Biodegradability of polycarbonates has been studied by monitoring the relative stabilities 

of implants.
108,110

  Kawaguchi et al. implanted poly(ethylene carbonate) and poly(propylene 

carbonate) pellets into the peritoneal cavity of rats and noted the weight loss of the polymers 

over time.  Poly(ethylene carbonate) and poly(propylene carbonate) lasted 15 and 60 days post-

implantation respectively.  Both polymers lasted longer than 40 days when the pellets were 

incubated at pH 7.4 and 37 °C.   

 Copolymers of aliphatic carbonates and lactide afford excellent biocompatibility and 

mechanical properties.  Block copolymers of trimethylene carbonate (TMC) and lactide were 

synthesized with stannous octoate as a catalyst at 160 °C.  The resultant polymer was soluble in 

organic solvents and had a molecular weight of 90,000 Mn.  The polymer degraded in vivo 

within a year.
111

 

2.2.1.5  Polyamides 

 Polyamides such as natural proteins have been extensively utilized in preparing 

biodegradable matrices.  Three naturally occurring poly(amino acid)s are poly( -L-lysine), 

poly( -glutamic acid), and cyanophycin (multi-L-arginyl-poly(L-aspartic acid)).
112

  Their 

poly(anionic) or poly(cationic) nature and their affinity for water affords various biological 

functions.  The biocompatibility and complete biodegradability of poly(amino acid)s makes them 

ideal candidates for many biomedical applications.  In this context, poly(amino acid)s are 

distinguished from proteins mainly by four aspects.
112

  The poly(amino acid)s under discussion 

typically contain only one monomer (mostly one amino acid).  Secondly, protein synthesis takes 

place on a template (i.e. mRNA) involving highly complex ribosomal translation apparatus 

wherein the amino acids are sequenced corresponding to the genetic code.  Poly(amino acid)s are 
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bio-synthesized by a relatively simple enzymatic template-dependent method.  Their synthesis is 

performed by enzymes grouped in the class of carbon-nitrogen binding enzymes which belong to 

the acid-amino acid ligases (or peptide synthetases).  Peptide synthetases are not ribosomal 

proteins and thus do not use RNA.  They serve as ligases forming the peptide bond.  Poly(amino 

acid)s are not affected by inhibitors of translation such as chloramphenicol which specifically 

acts on the ribosomal process.  Thirdly, poly(amino acid)s are generally polydisperse whereas 

proteins are monodisperse.  Fourth, in addition to ( -amino- -carboxyl linkages, peptide 

linkages), other types of amide linkages are also sometimes present that involve - and -

carboxylic groups as well as pendant -amino groups along the backbone of the polymer.   

 Poly( -L-lysine) is a homo-poly(amino acid) consisting of L-lysine monomers linked via 

-amino- -carboxyl peptide bonds.  This polymer was discovered by Shima and Sakai in 1977 as 

a Dragendorff-positive substance in a culture filtrate of the soil bacterium, Streptomyces 

albulus.
113

  The lysine-condensing enzyme has not been purified yet, and the respective gene 

coding for the enzyme that polymerizes poly( -L-lysine) still remains to be identified.  The 

linkages between the L-lysine monomers are different from the -linkages occurring in proteins, 

and the polymerization reaction is independent of ribosomal peptide synthesis.  The synthesis has 

been studied employing different poly( -L-lysine)-producing strains (mutants) of Streptomyces 

albulus.
112

 Poly( -L-lysine) has rather low degrees of polymerization (25-35 amino acids) in 

comparison to most poly(amino acid)s.
112
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 Poly( -glutamic acid) is synthesized by various members of the genus Bacillus including 

B. licheniformis.
114,115

  The degrees of polymerization and molecular weight distributions of 

poly( -glutamic acid) vary greatly.  Molecular weight often ranges from 10,000 to more than 

1,000,000 g mol
-1

.  Analysis reveals that poly( -glutamic acid) is actually a copolymer 

containing varying concentrations of L- and D-glutamic acid enantiomers.
112

   

 Poly( -glutamic acid) absorbs large amounts of water even if the polymer is produced 

under high saline conditions.  It can serve as an extracellular reservoir for cells thus preventing 

dehydration in halophilic organisms.  

 

 

 

 Poly( -glutamic acid) and poly( -L-lysine) hydrogels were prepared by  irradiation and 

are partially degradable.  These hydrogels have high water binding potential along with high 
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metal ion binding capacity.  Thus, several applications for poly(glutamic acid) include 

wastewater treatment, drug delivery, and substitutes for poly(acrylic acid)s in disposable 

diapers.
112

  

 Poly(aspartic acid), unlike poly(glutamic acid), is not a naturally-occurring poly(amino 

acid) and is synthesized via thermal polymerization of aspartic acid.
112

  Aspartic acid is 

synthesized from either maleic anhydride or through bacterial fermentation of glucose and 

fumaric acid.  

 Peptidases and proteinases efficiently degrade peptide bonds in poly( -amino acid)s.
116

  

Degradation solely by chemical hydrolysis is too slow when considering biomedical 

applications.  Copolymerization with poly(lactic acid), poly(glycolic acid), and poly( -

caprolactone) significantly increases degradation rates via a random hydrolytic mechanism.
116

  

Unlike the poly(amino acid)s that have been discussed, the absence of functionalized pendant 

groups in these polyesters limits the capacity for chemical modification.  Chemical modification 

poses advantages when functionalized side chains are needed for binding biologically active 

substances.   

2.2.1.6  Poly(phosphate esters) 

 Poly(phosphate ester)s are potential biodegradable matrices for drug delivery systems.
117

  

Reacting ethyl or phenyl phosphorodichloridates and various dialcohols produces polymers with 

varying properties.  Examples of dialcohols that have been utilized include poly(ethylene oxide) 

and bisphenol A (Figure 2.11).  A method of polymerization involves interfacial condensation 

using a phase transfer catalyst to react bisphenol A with phenyl phosphorodichloridate.
118
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Figure 2.11  Synthesis of poly(phosphate ester) with bisphenol A and phenyl 

phosphorodichloridate 

 

Leong et al. incorporated phosphoester groups in polyurethanes.
119

  Polyurethanes have been 

used for biomedical applications including blood-contacting materials with physical properties 

ranging from hard and brittle to soft and tacky.  The introduction of a phosphate ester into a 

polyurethane affords inert biomaterials for controlled drug delivery.  Poly(phosphoester-

urethanes) are synthesized from polydiols and diisocyanates with phosphates serving as chain 

extenders.
119
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Figure 2.12  Synthesis of poly(phosphoester-urethanes)   

 

 Phosphoester bonds readily degrade via hydrolysis in poly(phosphoester-urethanes), thus 

producing biocompatible products such as phosphates, alcohols, amines, and carbon dioxide.
119

  

Varying sidechain functionality affects the release kinetics in drug delivery applications.  

Release kinetics depend on diffusion, swelling, and degradation of the polymer.   

 

2.2.1.7  Polyphosphazanes 

 Polyphoshazenes have (N=P) in their backbones with two variable side groups attached 

to each phosphorus.  Select examples of these side groups can be hydrolyzed to yield phosphate 

and ammonia.  The prepolymer can be a highly reactive macromolecular intermediate such as 

poly(dichlorophosphazene).
35

  The monomer for this polymer is a cyclic trimer prepared from 

phosphorus pentachloride and ammonium chloride.  A thermal ring-opening polymerization 

yields a highly reactive polymeric intermediate, which then reacts in solution with a wide variety 

of nucleophiles such as amines, alkoxides, and organometallic molecules (Figure 2.13). The 
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reaction of polyphosphazenes generally occurs at room temperature in either tetrahydrofuran or 

aromatic hydrocarbon solutions.  The degrees of polymerization may reach approximately 

15,000.ref  The properties vary depending on the side group functionality.  Fluoroalkyl side 

groups produce hydrophobic polymers that are candidates for biomedical applications such as 

heart valves, heart pumps, blood vessel protheses, or coating materials for pacemakers.
35

   

 

 

Figure 2.13  Polyphosphazenes: a) general structure, b) synthesis and typical reactions 

 

  

 Polyphosphazenes are degradable products that can be excreted or naturally metabolized, 

depending on the nature of the side groups.  Biodegradable polymers containing amino acid ester 

side groups were prepared by reacting poly(dichlorophosphazene) with ethyl esters of amino 

acids and dipeptides.  Hydrolytic degradation yields ethanol, glycine, phosphate, and ammonia.  
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Reports show that this partially crystalline polymer does not induce cell toxicity or tissue 

inflammation.
35

 Polyphosphazenes can be used for drug delivery matrices with the 

incorporation of different functionalities.
35,36

  Amino acid ester-substituted polyphosphazenes 

have been used for controlled release of a covalently-bound anti-inflammatory agent naproxen.
35

  

Polydi(ethylglycinato)phosphazene, polydi(ethylalanato)phosphazene and 

polydi(benzylalanato)phosphazene are three different poly(amino acid ester) phosphazenes used 

for drug delivery vehicles.
120,121

  Imidazole-4-methylphenoxy substituted polyphosphazene 

matrices can release progesterone and bovine serum albumin both in vitro and in vivo.
122

  

Polyphosphazene matrices functionalized with 50%  ethyl glycinato groups and 50% p-

methylphenoxy groups can generally release macromolecules.
122

  Both the pH and drug loading 

are used to tailor the release of macromolecules.  Poly(bis(carboxylatophenoxy) phosphazene) 

forms hydrogels when treated with aqueous salt solutions of di- (Ca
2+

, Mg
2+

, Zn
2+

) or tri- (Al
3+

) 

valent metal cations.
35

  Hydrogels made with polyphosphazenes can be used to encapsulate 

drugs, enzymes, living cells, antigens, and proteins.  Other phosphazene-based biodegradable 

materials for drug delivery include macromolecules functionalized with glycolic acid esters and 

lactic acid esters.   

 Polyphosphazenes with amino acid side groups are prepared as membranes and 

microcapsules for treating peridontal diseases.
123

  Polyphosphazene membranes can encapsulate 

antibacterial and anti-inflammatory drugs for peridontal tissue regeneration and be released both 

in vitro and in vivo at rates for optimal concentrations surrounding tissue.  

2.2.1.8  Poly(orthoesters) 

 Poly(orthoesters) are hydrophobic polymers containing hydrolytically-labile linkages that 

are acid-sensitive.
124

  They were first developed as a bioerodible polymer for release of 
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contraceptive steroids.
124

  Another property of poly(orthoesters) is that drug release and polymer 

erosion occur readily leaving no polymer remnants when the drugs are released. 

  Poly(orthoesters) are prepared by reacting a diol with a diethoxy substituted 

tetrahydrofuran (Figure 2.14).
36

  The reaction mixture is typically heated to 110-115 °C for about 

1.5-2 hours, then the temperature is raised to 180 °C and the pressure reduced to ~0.01 torr for 

24 hours.  The polymers degrade by surface erosion due to the hydrophobicity of the matrix.  

Hydrolysis of poly(orthoester)s produces diols and -butyrolactones.
124

  The  -butyrolactone 

converts to -hydroxybutyric acid, and this can accelerate polymer degradation via autocatalysis.  

Hydrolysis of orthoester linkages is sensitive to acid and alkaline media.  Preferential sensitivity 

towards one medium is used to incorporate acid anhydrides to accelerate hydrolysis rates and a 

base is used to stabilize the interior of the matrix. 

 

 

Figure 2.14  Synthesis of polyorthoesters by a) reaction of diols with an orthoester monomer, 

and b) addition of a polyol to a diketene acetal 

  

 The type of diol and the catalyst used for synthesis can affect the molecular weight of the 

poly(orthoester).  For example, 1,6-hexanediol with minimal steric hindrance yields high 



 33

molecular weights of ~200,000 g/mole, while bisphenol A with a catalyst yields low molecular 

weights of ~10,000 g/mole.
125

  One method of synthesizing poly(orthoester)s is without forming 

condensation by-products.  A diketene acetal (3,9-bis(ethylidene-2,4,8,10-

tetraoxaspiro[5,5]undecane) is derived from pentaerythritol and 1,6-hexanediol.  Different diol 

compositions in linear polyorthoesters yield various mechanical properties.  The Tg of the 

polymer derived from (3,9-bis(ethylidene-2,4,8,10-tetraoxaspiro[5,5]undecane) can be increased 

from 25 to 110 °C by decreasing the concentration of 1,6-hexanediol relative to trans-1,4-

cyclohexane dimethanol from 100 to 0%.
126

   

 Crosslinked polyorthoesters are synthesized from triols or a mixture of diols and triols 

(Figure 2.15, Figure 2.16).  The prepolymer is a viscous liquid at room temperature.
127

  A 

compound of interest can be incorporated into a prepolymer along with a triol, and then the 

mixture can be crosslinked at low temperatures (~40 °C).
127

  Thermosensitive agents such as 

drugs can be incorporated into the matrix.
127

  In the hydrolysis of crosslinked polyorthoesters, the 

first hydrolysis step occurs at the orthoester bond with the formation of a hydroxyester, whose 

hydrolytic cleavage is much slower, and hence the overall reaction is not autocatalytic.
128

  The 

degradation products include triols with either acetic or propionic acids.  Orthoester linkages are 

unstable to water.  However because of their highly hydrophobic nature, polyorthoesters can be 

stored without careful exclusion of moisture.  Even though the polymer is relatively stable in 

minimal amounts of moisture, polyorthoesters are unstable to heat and undergo thermal 

degradation.
128
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Figure 2.15  Synthesis of crosslinked polyorthoesters 

 

 

Figure 2.16.  Synthesis of polyorthoesters by reacting a triol with two vicinal hydroxyl groups 

   

2.2.1.9  Polyanhydrides 

 Syntheses and characterization of polyanhydrides have been investigated, principally for 

use in drug delivery with controlled degradation.  They are one of the most hydrolytically 

unstable classes of polymers.  Most of these materials exhibit relatively low water sorption due 

to the designed relative hydrophobicity of their chemical structures.
129

  Aromatic polyanhydrides 
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are more resistant to hydrolysis than aliphatic polyanhydrides.  Polyanhydrides typically degrade 

by surface erosion.
130,131

  Because of the surface erosion characteristics, polyanhydrides have 

been used in controlled release of drugs with zero-order drug release kinetics.
130,131

 

 Polyanhydrides can be prepared by melt polycondensation (Figure 2.17).
36

   This involves 

reacting a dicarboxylic acid with an anhydride such as acetic anhydride to form a prepolymer, 

usually under refluxing conditions.  After the prepolymer is formed, high molecular weight is 

achieved by heating under vacuum to remove acetic anhydride.  The molecular weight of the 

polyanhydride depends on the monomer purity, reaction time, temperature, and efficiency of 

removing byproducts such as acetic anhydride.  High molecular weights (~125,000 g/mole) were 

obtained by isolating prepolymers and heating them at 180 °C for 90 min with a vacuum of 10
-4

 

mm Hg.
132

 

 Another method of synthesizing polyanhydrides is solution polymerization.
35

  While melt 

polymerization results in high molecular weight polymers, the method is inappropriate for 

monomers that are thermo-labile.
35

 

 One ambient-temperature general method for synthesis of polyanhydrides is the Schotten-

Baumann technique (Figure 2.17).
36

  Diacid chloride can be added dropwise into an ice-cooled 

solution of the dicarboyxlic acid, and  an acid acceptor such as triethylamine can be utilized to 

maintain a neutral pH.  
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Figure 2.17  Synthesis of polyanhydrides by polycondensation in melt and in solution 

 

 Ring-opening polymerization is another synthetic method to produce 

polyanhydrides.
133,134

  This is a two-step reaction with the first entailing preparation of the cyclic 

monomer and the second is polymerization of the cyclic monomers (Figure 2.18 and Figure 

2.19).  One example is the preparation of adipic acid polyanhydride from cyclic adipic anhydride 

using cationic, anionic, and coordination-type inhibitors such as stannous-2-ethylhexanoate and 

dibutyltin oxide.
133,135,136
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Figure 2.18  Synthesis of Adipic Anhydride monomer 

 

 

Figure 2.19  Synthesis of poly(adipic anhydride) 

 

 While polyanhydrides experience hydrolysis in aqueous solutions, aliphatic 

polyanhydrides and their copolymers can also depolymerize in the solid state and organic 

solution.
137

  Aromatic homopolymers do not experience depolymerization in anhydrous 

conditions.
137
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 Injection is the preferred method of incorporating drugs and polyanhydrides into drug 

delivery systems.  This entails developing microspheres and microcapsules with the drug.  Hot-

melt microencapsulation and solvent removal are a few techniques developed for preparing 

microspheres from polyanhydrides.
138,139

  Microspheres were prepared from polyanhydride 

copolymer of poly[bis(p-carboxy phenoxy propane anhydride] with sebacic acid.  The polymer is 

first melted and then mixed with solid particles of the drug that have been sieved to less than 50 

µm.  The mixture is suspended in a non-miscible solvent such as silicone oil, continuously 

stirred, and heated to 5 °C above the melting point of the polymer.  Once the emulsion is 

stabilized, it is cooled until the polymer particles solidify.  The resulting microspheres are 

washed with petroleum ether, then the ether is decanted.  The primary objective was to develop a 

microencapsulation process suitable for hydrolytically-labile polymers such as polyanhydrides.   

2.2.2 Surface Modification of Polymeric Biomaterials with Poly(ethylene oxide) 

 Surface-bound hydrophilic polymers have been used to stabilize various colloidal 

dispersions.
140

  Repulsion between the two overlapping polymer brush layers provides steric 

stabilization of dispersions of such materials in aqueous media.
141

  A hydrophilic polymer in the 

diffuse layer must satisfy at least three requirements for effective steric repulsion.  The polymer 

must be tightly bound to the surface.  A segment of the polymer must extend into the bulk 

aqueous environment.  The degree of extension and flexibility determines the dominance of 

steric repulsions of colloidal particles over van der Waals attractive forces.  Block copolymers 

having hydrophobic and hydrophilic segments are often more effective for imparting steric 

stablization of colloidal particles than homopolymers such as poly(vinylacetate) dispersion 

stabilized by poly(ethylene oxide).
140

  Homopolymers can effectively provide steric stabilization 



 39

if they are grafted to the surfaces of the colloids.  Another requirement for effective steric 

stabilization is that the polymers must cover the surface completely.   

 Terminally attached poly(ethylene oxide) can interact with water molecules when they 

extend into the bulk aqueous medium at the solid-water interface.  PEO-rich surfaces have been 

prepared by physical adsorption of PEO homopolymers (~20,000 g mol
-1

 HO-(CH2CH2O)n-CH2-

CH2-OH).
142

  High molecular weight PEO homopolymers (~100,000 g mol
-1

) effectively adsorb 

on hydrophobic surfaces such as controlled-pore glass.
142

  Chromatographic supports 

(polyacrylamide) for separation of proteins and cells have been treated by physical adsorption of 

high molecular weight PEO.
142

  

PEO homopolymers can be displaced on the surface by other macromolecules (viruses, 

enzymes, proteins) that have a high affinity such as proteins and cells in the blood.
142

  Surface 

modification of biomaterials with PEO has improved the blood compatibility.
143

  PEO layers are 

effective in preventing plasma protein adsorption, platelet adhesion, and bacterial adhesion by 

steric repulsion.  Covalent grafting is one approach for introducing a permanent layer of PEO on 

a biomaterial surface for long-term applications involving blood contact.
143

  Examples include 

polyurethanes as hard segments  with PEO grafted side chains and PEO chains coupled to 

glycidyl methacrylate-bound polyethylene surfaces.
143

  There are some practical limitations to 

this approach including multiple steps needed and limited choices of functional groups for 

modification.  There is great potential for simplifying the process and developing more 

biocompatible polymers.  
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2.2.3 Polymer Nanospheres 

2.2.3.1 Introduction 

The focus of this chapter is the incorporation of polylactides into controlled size 

nanospheres.  Nano-sized drug delivery systems from biodegradable polymer nanoparticles offer 

suitable means of delivering small molecular weight drugs, proteins, or genes to a targeted tissue 

or organ.
144,145

  Nanoparticles sizes typically range 10-1000 nm in diameter.  The drug can be 

entrapped, adsorbed, or chemically coupled onto the polymer nanoparticle matrix.
146

 

 

2.2.3.2 Nanoprecipitation 

Nanospheres are commonly synthesized through nanoprecipitation with a solution of 

polymer by displacing the solvent with a non-solvent.
147

 This technique is desirable because it is 

facile from a fabrication standpoint, but in many cases the science of the process has not been 

considered adequately.  The procedure requires two miscible solvents where the polymer is 

soluble in one, but insoluble in the precipitation solvent mixture.  Nanoprecipitation occurs by 

rapid desolvation of the polymer when the polymer solutions is added to the non-solvent.
147

 The 

polymer precipitates when the solvent diffuses into the non-solvent.  Nanoparticles are rapidly 

generated by the interfacial turbulence occurring at the interface of the solvent and the non-

solvent resulting from flow, diffusion, and surface tension variations.
147

 Such processes can 

afford small nanoparticles (100-300 nm) with narrow size distributions.  Other advantages of this 

procedure include the absence of extended shearing/stirring rates, sonication, or very high 

temperatures as well as the absence of oily-aqueous interfaces.  
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2.2.3.3 Dispersing Solvents 

Bilati et al. found that the final mean particle size was clearly dependant on the nature of 

the dispersing solvent.
147

 The polymers used were poly(D,L-lactide-co-glycolide) copolymers 

(~34kDa) and poly(D,L-lactide) (~28kDa).  The polymer was dissolved in an organic solvent at 

concentrations from 50 to 100 mg / mL to form the diffusing phase (0.5 to 6 mL).  This phase 

was added to a dispersing phase (5-20 mL) by means of a syringe positioned with the needle 

directly in the medium under moderate magnetic stirring.
27

  The dispersing phase constituted a 

liquid (nonsolvent) in which the polymer was insoluble.  The freshly formed nanoparticles were 

then centrifuged four times for 15 min. cycles and washed with distilled water to gradually 

remove the dispersing medium. 

Results show that methanol led to smaller nanoparticles than ethanol, while n-propanol or 

isopropanol afforded even larger particles.  Nanoparticle suspensions were obtained with high 

reproducibility and low polydispersity indices (PI) (expressed using a 0-1 scale).  Methanol had a 

PI of 0.14 ±0.03, ethanol was 0.11 ± 0.05, and isopropanol was 0.06 ± 0.08.  Particle size 

gradually increased in a homologous alcohol series while maintaining the solvent/non-solvent 

volume ratio and polymer concentration.  Research shows that higher rates of solvent diffusion 

into non-solvent produces smaller nanoparticles and vice versa.  Ethyl ether and n-butanol 

caused polymer solutions to immediately form a viscous gel when in contact with the non-

solvent.  Diffusion of the solvent into the non-solvent was impeded and nanoparticles did not 

form.  This nanoprecipitation failure is caused by elevated differences in dielectric constants of 

the solvent and non-solvent.   

 Generally, alcohols are used as non-solvents due to their low dielectric constants.  The 

lower the dielectric constant, the less likely the non-solvent will dissolve hydrophilic 
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compounds, preventing drug leakage.
147

  Ethanol and n-propanol exemplify this concept with 

their relatively low dielectric constants of 24.6 and 20.3 respectively in comparison to water 

(80.1).  One of the most important advantages for using alcohols as non-solvents is that they are 

non-toxic with the exception of methanol.   

The concentration of the polymer in the solvent is important while the choice of non-

solvent is important for the ability to properly form nanoparticles.  High polymer concentrations 

induce high viscosity and thus hinder the solvent diffusion into the non-solvent.  High polymer 

concentrations afford large aggregates and this can be partially attributed to the viscosities and 

interaction constants.
148

   

The overall interaction between the solvent and the non-solvent can be expressed with the 

following equation:  

=
VNS
RT ( S NS )

2
                                 (Eq. 1) 

 

In Equation 1,  is the interaction parameter, and VNS is the molar volume of the non-solvent.  S 

and NS are the Hildebrand solubility parameters of the solvent and non-solvent respectively.  

Lower solvent/non-solventinteraction parameters lead to larger nanoparticles.  The equation does 

not take into account the choice of polymer for nanoprecipitation.  PLA and PLGA have very 

similar   values with these solvent and non-solvents.  Results obtained with nanoparticles from 

PLA and PLGA were similar and this was attributed to the similarities in their interaction 

parameters.
149

   

Choi et al. demonstrated that the higher the interaction parameter between the solvent and 

non-solvent, the smaller the nanoparticles.
149

  Stronger interactions between the solvent and the 
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polymer lead to more solvent remaining in the polymer region of the nanoparticle suspension.  

The solvent will tend to diffuse more into the non-solvent if there is less of an affinity for the 

polymer and greater interaction for the non-solvent.
149

 Solubility parameters have been used to 

predict the compatibility and affinity between the solvent and the polymer.  A derivative of the 

equation 1 can be derived for the polymer-solvent interaction parameter:
149

 

 

 

=
VS
RT ( S P )

2
                                 (Eq. 2) 

 

S and P are the Hildebrand solubility parameters of the solvent and polymer respectively.  VS is 

the molar volume of the solvent.  This solvent-polymer interaction is often affected by polymer 

molecular weight, molecular structure, molar volume of the solvent and temperature.  As the 

difference between the solubility parameters increases, the tendency towards dissolution 

decreases.
149

 The polymer and solvent will be soluble when the quantity ( S - P)
2
 is as small as 

possible.  The nanoparticles decrease in size as polymer-solvent interactions increase. 

  Polar aprotic solvents such as DMSO and MeCN can often be utilized for 

nanoprecipitations of peptides and proteins.
27

  DMSO has a dielectric constant of 46.6 at 25 °C 

and is a good solvent for many polyamides.  MeCN has a dielectric constant of 37.5 at 20 °C.  

Methyl acetate and ethyl formate have much lower dielectric constants, and are good solvents for 

PLGA copolymers.  Common solvents for PLA homopolymers include ketones.  They have low 

dielectric constants and produce particle sizes up to 560 nm (methyl propyl ketone).
27

  However 
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as the particle size increases, the ability to form stable suspensions with these nanoparticles 

decrease.
27

   

 This research utilizes a binary mixture of DMSO/methanol (solvent/non-solvent) and 

PLA as the polymer. The interaction parameter, , for this particular system is 0.43.  DMSO and 

methanol have dielectric constants of 46.6 and 32.7 at 25 °C respectively. 

 

2.2.3.4 Polymer Systems 

Bilati et al. discovered that the type of polymer was integral to nanoprecipitation.
27

  They 

discovered that more hydrophobic polymers such as poly(lactic acid) (PLA) in comparison to 

poly(D,L-lactic-co-glycolic acid) (PLGA), produced larger nanoparticles when the solvent was 

diffused into methanol and ethanol.   

 

2.2.3.5 Nanoparticle Purification 

 Nanoparticles are purified by washing and re-suspending in distilled water when 

nanoprecipitation is complete.  Once purified, nanoparticles are isolated either through freeze-

drying or in the case of large particles, through centrifugation.  If the non-solvent is organic then 

centrifugation sometimes leads to “caking” of the nanoparticles, and redispersion is not 

possible.
27

 If centrifugation was performed at lower speeds then low yields may result.  

Consequently, replacing the non-solvent by water is necessary.  However, progressive 

replacement of the non-solvent with water affords visible flocculation.  Nanoparticle suspensions 

becomes turbid and can be easily centrifuged and resuspended.  The dielectric constant of the 

dispersing medium should be considered when incorporating water to destabilize the suspension.  
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2.2.3.6 Nanospheres with Hydrophilic Surfaces 

A major drawback of many materials in nanosphere form for use as drug delivery 

vehicles is their rapid sequestration by mononuclear phagocyte systems, a widely distributed 

system of free and fixed macrophages derived from bone marrow, and hence short in vivo 

lifetimes.  One established remedy to this problem is the surface modification of these 

nanoparticles with a hydrophilic coating such as PEO.  PEO has been widely studied and proved 

to be an efficient polymer to limit adsorption of plasma proteins and cells.
28-31

  

Methods for introducing hydrophilicity onto nanoparticle surfaces include adsorption of 

water-soluble amphiphilic copolymers onto pre-formed hydrophobic paticles.
150,151

 Another 

method is based on emulsion/solvent evaporation or nanoprecipitation procedures, and requires 

the self-assembly of amphiphilic copolymers.
152-155

 Chognot et al. strived to show that an 

emulsion could afford poly(lactic acid) PLA nanospheres covered with -methoxy- -hydroxyl 

poly(ethylene oxide) (MPEO) where PLA is in the organic phase and biocompatible water-

soluble MPEO-b-PLA diblock copolymers were employed as surfactants in the aqueous phase.
31

 

These diblock copolymers had relatively low molecular weights with PLA chains being between 

1100 to 1700 g/mol and PEO chains being relatively high (between 5000 and 20000 g/mol).  The 

use of these diblock copolymers enabled control of the surface properties of the particles.   

PLA nanospheres were made with a double w/o/w emulsion using a biocompatible and 

biodegradable MPEO-b-PLA diblock copolymer as the surfactant in the secondary emulsion.  

Chognot et al. characterized the final particles in terms of size, zeta potential, and MPEO layer 

thickness and concentration.
30

   

 MPEO-b-PLA were synthesized by a ring-opening polymerization of D,L-lactide by the 

MPEO terminal hydroxy group catalyzed by stannous octoate.
31

 Molecular weight was 
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determined by 
1
H NMR and multi-angle laser light scattering (MALLS) and coupled to size 

exclusion chromatography (SEC).
31

  

The copolymers were used to prepare nanospheres by double emulsion/solvent 

evaporation.  A primary w/o emulsion was prepared by mixing a PLA solution in ethyl acetate 

with the aqueous internal phase containing bovine serum albumin (BSA).
30

 After sonication, the 

emulsion was poured into another aqueous phase containing the MPEO-b-PLA copolymer.  The 

final w/o/w emulsion was obtained by sonication.  Chognot et al. evaporated the organic phase 

under vacuum, collected the resulting solid nanospheres, and resuspended them in water.  The 

nanospheres were centrifuged to remove excess MPEO-b-PLA in the supernatant.   

 Chognot et al. investigated nanosphere precipitation with three different molecular 

weights of the MPEO-b-PLA copolymers with MPEO blocks being approximately 5 kg mol
-1

, 10 

kg mol
-1

, and 20 kg mol
-1

 and the PLA block being 45 kg mol
-1

.
31

  The objective of the study was 

to examine the influence the size of the MPEO molecular weight had on the properties of the 

coated nanospheres.  Nanospheres were characterized once the ethylacetate was evaporated 

forming the double emulsion as described above.  Results indicated that nanospheres with 

average diameters of approximately 200 nm could be obtained with a low dispersity index.
30

 The 

 potential of these nanospheres was close to zero at low ionic strength, where that of the bare 

nanospheres were much lower under similar conditions.  This indicates that the MPEO chains on 

the surface shielded the pendant COOH groups on the PLA block.  Studies also showed that 

MPEO chains adopted a brushlike conformation on the surfaces of the nanospheres.
30

 

 Chognot et al. established that the MPEO layer thickness decreased with decrease of the 

molecular weight of the MPEO block.  This had little effect on the  potential and hence the 

overall surface properties of the nanosphere.   
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 The coated nanoparticles were isolated by freeze-drying, and this resulted in aggregation 

of the nanoparticles leading to an increase in the particle diameter.  To avoid this aggregation, 

sucrose was added to the particle suspension prior to freeze-drying.
30

 Studies showed that the 

sucrose prevented aggregation during the freeze-drying procedure and this was attributed to the 

propensity of this disaccharide to inhibit crystallization of MPEO.
30

  

 At low ionic strength, bare nanoparticles without a hydrophilic MPEO coating repeal 

each other due to the PLA carboxylic acid groups at the surface.
30

  Van der Waals attractions 

dominate the interparticle forces when the ionic strength is increased.  When MPEO blocks 

coated the surface of the nanospheres, then flocculation is diminished and no aggregation occurs.  

PEO has a low critical solution temperature that depends on molecular weight and the 

concentration of electrolytes in the water solutions.  Nanoparticles coated with MPEO could 

flocculate at temperatures between 45 °C and 55 °C. 

 In general, Chognot et al. found that PLA nanoparticles incorporating MPEO-PLA were 

amphiphilic and the copolymers served as surfactants during formation of the secondary 

emulsion.
30

 

 Zweers et al. studied the in vitro degradation rate of PLGA-based nanoparticles as well as 

PDLLA and PEO-PLGA compositions.
28

  Nanoparticles were prepared by dissolving the 

polymer in acetone, then adding it to a water-soluble poly(vinyl alcohol) solution containing a 

high salt concentration.  The high concentration of salts prevented mixing of the two phases.
28

  

Pure water in sufficient quantity was charged to the mixture after emulsification causing the 

acetone to diffuse into the aqueous phase. This resulted in the formation of the nanoparticles and 

is referred to as the salting-out method. 
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Studies showed that PDLLA nanoparticles gradually degraded over the course of 2 years 

while faster degradation rates were observed for PLGA, 10 weeks.
28

  Both PDLLA and PLGA 

nanoaparticles maintained their size and uniformity throughout the degradation process.
28

 PEO-

PLGA nanoparticles experienced preferential cleavage of the ester bond between the PEO and 

PLGA blocks.  This lead to a decrease in molecular weight and partial aggregation, thus 

affording multimodal size distributions.  Studies indicated a slightly higher degradation rate for 

PEO-PLGA nanoparticles than PLGA nanoparticles due to increased hydrophilicity and water 

uptake.
156-158

 

 The water solubility of PLA-PEO and PLGA-PEO block copolymers depends on the 

relative molecular weights of the hydrophobic and hydrophilic blocks.
29,159

 Copolymers with 

shorter hydrophobic PLA blocks self-disperse in water forming micelles.
160

 While studies show 

that these systems can readily solubilize hydrophobic drugs, they result in poor blood circulation 

times with micelles quickly dissociating in the blood stream.  Large hydrophobic blocks do not 

dissolve in aqueous solutions and hence, afford nanoparticle formation.
161,162

  Riley et al. 

synthesized a series of poly(D,L-lactic acid)-poly(ethylene glycol) (PLA-PEO) diblock 

copolymers with a fixed PEO block length (5 kg/mol) and varying PLA molecular weights.
29

  

The series of copolymers were assembled into nanoparticles and the effects of the PLA block 

lengths on particle size and micellar aggregation were examined.   

 PLA-PEO nanoparticle dispersions were prepared with the nanoprecipitation method 

with the exception of the PLA-PEO (2k-5k) which self-dispersed in water to form micelles 

(Figure 2.20).  The rest of block copolymers formed aqueous dispersions.  The copolymer was 

dissolved in acetone and then added dropwise to deionized water while stirred with a magnetic 

stir bar.
29

  The particle morphology and size were examined with transmission electron 
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microscopy (TEM) and photon correlation spectroscopy (PCS).  The presence of aggregates 

were quanitified by static light scattering (SLS). 

 

 

 

Figure 2.20  Micelle formation from PEO-PLA block copolymers. 

 

 TEM of the nanoparticles prepared via precipitation formed spherical particles for all the 

various molecular weights of the PLA block of the copolymer.  Riley et al. observed a low 

polydispersity index and a clear trend of increasing particle size with increasing molecular 

weight of the PLA block.
29

  It was interesting to note that the size of the particles were 

independent of the concentration of the polymer in the organic phase during the precipitation.  

This behavior is characteristic of block copolymer micelles.  
1
H NMR studies of the PLA-PEO 

nanoparticles in D2O confirmed their core-shell structure, with negligible penetration of the PEO 

shell into the hydrophobic PLA core.   

 The PLA-PEO assemblies with weight ratios of 2:5 and 3:5 had a low aggregation 

number and high surface curvature.
29

  The aggregation number of the particles increased as the 

molecular weight of the PLA in the hydrophobic core increased, allowing for the outer PEO shell 
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to have a more random coil configuration.  PLA hydrophobic cores with high molecular weight 

behaved similarly as determined by the aggregation characteristics of the nanoparticles 

assembled with and without the PEO shell and their behavior depended on the concentration of 

the polymer in the organic phase during nanoprecipitation.  

 Ren et al. studied relationships of various nanoprecipitation conditions and the properties 

of nanoparticles of PLA-PEO.
163

 The PLA-PEO copolymers were first dissolved and added 

dropwise into the nonsolvent phase.  After nanoparticle formation, the solvent was evaporated 

over 2 days.  Various solvent-nonsolvent systems were employed including acetone-water, 

dichloromethane-ethanol, dichloromethane-n-heptane, chloroform-ethanol, ethyl acetate-n-

heptane, ethyl acetate-water, ethyl acetate-ethanol, and ethyl acetate-methanol.  Effects of the 

nonsolvent-solvent volume ratio and the copolymer concentration were studied.  Results 

indicated that acetone-water, dichloromethane-ethanol, chloroform-ethanol, and ethyl acetate-

ethanol were suitable for PLA-PEO nanoparticle formation.  The use of acetone-water resulted in 

smaller nanoparticles with narrow particle size distributions.
163

 This was partially attributed to 

polar interactions between the solvent, non-solvent, and polymer.  Acetone/water produced 

particles with a mean size of 0.130 ± 0.018 µm.  Dichloromthane/ethanol produced a mean size 

of 3.343 ± 2.235 µm, chloroform/ethanol produced a mean size of 0.0942 ± 0.088 µm, and ethyl 

acetate/ethanol produced a mean size of 0.0933 ± 0.106 µm. 

 Varying volume ratios of the organic and water phases were examined.  Ren et al. 

observed increasing particle size with decreasing organic/water ratios.
163

  As the organic 

solvent/water ratio was increased, the PLA-PEO copolymers became more soluble in the system.  

When the ratio of the organic solvent/water was 2.0 or higher, nanoparticles could not be formed 

and this was attributed to due to lack of phase separation of the polymer from the solvents.  
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Effects of concentrations of the PLA-PEO copolymers in acetone on nanoparticle formation were 

observed (after evaporation of the acetone).  Ren et al. discovered that increasing concentration 

led to an increase in particle size.
163

  Possible explanations for this phenomenon are that the 

increased polymer concentration in every drop increased the viscosity of the solvent phase.  This 

higher viscosity induced a poor dispersion and increased conglutination.
163

  

 

2.3 Modifications for Biomedical Applications 

2.3.1 Surface Modification of Nanospheres for Applications in Biomagnetic Separation 

2.3.1.1 Introduction  

Biomagnetic separations are utilized extensively in biomedical research for fractionation of 

specific cells from mixed cell populations and specific molecules.
164

 Separation techniques 

utilize superparamagnetic particles with ligands that have a particular affinity for targeted 

substrates.  Monoclonal antibodies can provide specific affinities for these particles making 

immunomagnetic separation a versatile technique.  Biomagnetic separation has proved to be an 

important diagnostic technique.   

Magnetic particles for separations are available in a variety of types and sizes but the 

principle of the technique is similar.
165

 The magnetic particle is coated with a hapten, which is a 

small molecule that when combined with a larger carrier such as a protein, can elicit the 

production of antibodies that bind specifically to it.  The basic method of cell separation involves 

mixing a cell suspension with magnetic particles that have been labeled with haptens with 

allowing time for incubation (Figure 2.21).
165

 This time allows reaction with all the target cells 

without nonspecific cell attachment.  The suspension is then placed in a magnetic field to 
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concentrate the magnetic particles.  With the magnetic force in place, the remainder of the 

suspension can be removed.  The magnetic field-targeted cells can often be purified by washing 

them with a biocompatible buffer solution.    

 

 

 

Figure 2.21  Purification of target cells using a magnetic particle-based separation technique.
6
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All commonly used magnetic particles are typically superparamagnetic meaning that their 

magnetic moments randomize after the removal of an external magnetic field.  The polymer-

coated magnetic particles are distributed within a matrix and have final diameters of a few 

micrometers.  These particles, in turn, provide reactive groups for labeling and lower the total 

surface area of the particle suspension.  Colloidal particles (40-100 nm) with very large surface 

areas require stronger magnetic forces for concentration.
165

 Such strong forces can be generated 

with neodymium magnets
166

 or high-gradient magnetic technology.
167

  

Large magnetic particles allow several cells to bind to each particle while multiple colloidal 

particles bind to each cell for separation.  Both methods effectively concentrate the target cells 

with minimal stress.  Some cases suggest that the use of larger magnetic particles may affect 

mammalian cell viability.
6
  Multiple binding sites of the larger magnetic particles to the 

mammalian cells could be potentially problematic if further cell detachment is required.  

Bacterial cell viability does not seem to be adversely affected by the magnetic particles.
6
  

However, larger particles could result in nonspecific entrapment of cells within pore spaces 

between beads during concentration.
165

 Colloidal particles would minimize this entrapment and 

have less effect on the cell properties.  Cells more rapidly bind to colloidal particles than to large 

particles however require longer time for separation under identical conditions.
6
   

Magnetic cell separations are rapid and facile methods for processing large cell numbers as 

well as accurately detecting rare cells.
6
  The presence and attachment of the magnetic particles to 

the cells do not interfere with the specific properties for study.  For example, the application of 

magnetic particles does not affect cells studied for tissue typing and the subsequent 

microcytotoxic typing.
165

  Bacteria will continue to multiply and remain viable without any 

apparent effect on their growth while attached to the magnetic particles. 
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Whole-cell extractions require target receptors expressed on the cell wall under the 

appropriate conditions.  When targeting specific molecules, choices can be extended to include 

intracellular markers such as nucleic acids or proteins.  Specificity of the hapten must be 

established before performing magnetic separation.   

Magnetic particles will typically detach from cells after 10 to 20 h incubation in culture 

media containing serum at 37 °C and can then be isolated by a magnet, leaving free cells in 

suspension.
168

  This approach can be effective for the cases of T cells and B cells.
169

 

 

2.3.1.2 Methods of Analysis 

Advances in magnetic particle synthesis affords immunomagnetic cell separation.  

Colloidal immunomagnetic particles with narrow size distributions enable magnetic labeling 

proportionate to the number of expressed antigens.
170

 Antigens are any foreign substance that 

induces an immune response in the body especially the production of antibodies. The distribution 

in molecule expression gives rise to a proportional distribution in cell mobility when the 

suspension of cells is exposed to a magnetic field gradient.
171

 The principal concept involves 

continual sorting of cells into multiple fractions.
172

 

It is necessary to measure cell mobilities for continuous magnetic cell-sorting methods to 

characterize the efficacy of immunomagnetic labeling.  Cell tracking velocimetry (CTV) was 

measures cell (or particle) mobilities by computing their velocities as they migrate in a magnetic 

field of constant energy gradient.
170

  This technique is semi-automated and capable of tracking 

hundreds to thousands of cells (or particles) on an individual basis.  The resulting data generate 

frequency versus mobility histograms of immunomagnetically labeled cell populations. 
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Calibration of this instrument against known standards is essential.  Immunomagnetically 

labeled cells are unsuitable due to variations from one sample to another.  To calibrate this 

instrument, standards should have the following properties:
170

   

 

1. They should consist of spheres with a high degree of sphericity, monodisperse in size 

with diameters similar to the cell models.   

2. They should consist of a pure homogeneous material that is stable in aqueous media. 

3. The constituent material should be paramagnetic with no saturation magnetization up 

to about 2 Tesla. 

4. The magnetic susceptibilities should be accurately known, and the range of 

susceptibilities should roughly coincide with that of the labeled cell populations.   

5. They should have densities similar to water, preventing the problems of rapid 

sedimentation in the CTV system.   

 

Magnetic microspheres with narrow size distributions have met many of the above criteria.
173

 

These microspheres have several advantages for these purposes:
173

 

 

1. The microspheres have narrow distributions in diameter, in density, and in 

magnetization, reducing the dispersions in migration and sedimentation velocities. 

2. The velocities range from approximately 0.001 to 1 mm/s, comparable to the range 

observed for labeled cells.   

3. The size and refractive indices of the microspheres make visualization easy, without 

any modification of the CTV apparatus.   
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Bamnolker et al. have found that the CTV method predicts particle magnetizations within 

good agreement.
2
  The stability and reproducibility of the magnetic microspheres provides a 

means of routine evaluation by CTV.   

The ability to differentiate a heterogeneous cell population based solely on a surface-

expressed marker has become a significant analytical technology alongside numerous other cell-

based therapies.
5
  Much emphasis has been placed on antibody-fluorescent label conjugates for 

specific cell surface markers and fluorescent activated cell sorting (FACS) systems.
171

  

The primary advantage of FACS is the possibility of multidimensional gating based on 

differences in cell size, granularity, and type or degree of fluorescence.
174

  The main 

disadvantages of this technique are the relatively slow sorting rate (typically 1x10
3
 to 1x10

4
 

cells/s) and color compensation issues that arise when multicolored fluorescent antibodies are 

utilized.  

 

2.3.2 Biosensors 

Biosensors and bio-receptors have been of great interest in the medical field for isolating 

target biological molecules.
175,176

  Immobolization of target biomolecules on a solid surface can 

be efficiently achieved without loss of biological activity and minimization of nonspecific 

adsorption of protein or cell debris.
175

 Immobilization of biomolecules has been widely applied 

to the detection of biospecific interactions with growing demands in the pharmaceutical, 

diagnostic, and biomedical fields.
175

 Non-covalent interactions are a major characteristic of these 

biochemical systems.
177

  One of the most extensively studied non-covalent binding systems is 

represented by the coordination of biotin (vitamin H) to the proteins avidin and streptavidin.
178

 

Incorporation of biotin-streptavidin (SA) ligand-protein interactions increase the efficiency and 
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sensitivity of biospecific interactions by developing an interfacial layer enabling the 

immbobilization of biomolecules in a controlled orientation with minimized lateral steric 

hindrance.
179

  Biospecific interactions of surfaces include self-assembled monolayers 

(SAMs),
180-183

 dendrimer monolayers,
176,184

 and entangled polymeric layers.
185

  

 One approach to immobilizing biomolecules for applications such as biosensors is 

utilization of water-soluble, biocompatible spacers (oligomers and polymers) connected to biotin 

moieties.
178

 PEO is commonly employed for this purpose.
186,187

  Hofmeier et al. studied the 

synthesis and characterization of -amino-functionalized terpyridyl-PEO for complex formation 

with iron(II), nickel(II), and ruthenium(II) ions.
178

  The biocompatibility and water-solubility of 

the PEO was well-suited for connection to a biotin-terpyridine combination.
178

  

Different functional groups at the chain ends allow binding to both terpyridine and 

biotin.
178

  N,N’-carbonyldiimidazole was added to a solution of biotin in DMF and stirred for 2 

hours at room temperature, yielding a white precipitate.  N-hydroxysuccinimide was 

subsequently added with continued stirring for one hour.  The residue was crystallized from 2-

propanol and DMF/diethyl ether consecutively after the solvent was evaporated.  This reaction 

yielded a biotin-N-hydroxysuccinimide ester (Figure 2.22). 
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Figure 2.22  Synthesis of biotin-N-hydroxysuccinimide ester. 

 

Hofmeier et al. then charged a solution of -amino- -methoxy-PEO in DMF with the 

activated biotin-N-hydroxysuccinimide ester dissolved in DMF.  The reaction was stirred for 24 

h at room temperature yielding -Biotinyl- -methoxy-PEO (Figure 2.23).
178
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Figure 2.23.  Synthesis of -Biotinyl- -methoxy-PEO.  

 

A solution of -amino- -(2,2’:6’,2’-terpyrid-4’-yl) PEO in DMF charged with activated biotin-

N-hydroxysuccinimide ester dissolved in DMF provides an alternate route to incorporate PEO 

yielding -biotinyl- -(2,2’:6’,2’-terpyrid-4’-yl)-poly(ethylene glycol) (Figure 2.24). 
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Figure 2.24. Synthesis of -biotinyl- -(2,2’:6’,2’-terpyrid-4’-yl)-PEO  

 

The biotin moiety could lead to biosensor building blocks.  Replacing PEO by 

hydrophobic polymers could afford large amphiphile formations through the connection of biotin 

units to avidin or streptavidin.
178

 These systems could possibly form micelles and be used for 

nanoreactors or for drug delivery. 
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2.3.3 Bulk Modifications: Magnetic Nanoparticles and Spheres 

2.3.3.1 Introduction 

Magnetism is a property that changes as size decresases from bulk to nanoscopic.  

Materials that demonstrate this property are separated into domains with specific magnetic spins, 

whose orientations can be altered by an external magnetic field.  The magnetic spins will align 

with the external field, thus inducing an overall magnetic moment.  If there is complete 

randomization of the orientations of the particle magnetic moments when the applied magnetic 

field is removed, the material is considered to be superparamagnetic.
96

 

 

 

Figure 2.25. Behavior of superparamagnetic particles with and without an applied external 

magnetic field. 

 

2.3.3.2  Magnetite Nanoparticles 

Magnetite is a ferromagnetic iron oxide, Fe3O4, with an inverse spinal crystalline 

structure in which some of the iron atoms are octahedrally coordinated to oxygen and the rest are 

tetrahedrally coordinated to oxygen.
96

  Advantages that magnetite has over other magnetic 

particles are that it is less susceptible to oxidation and loss of magnetization than the magnetic 
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metals.  However, one potential disadvantage is that it has a lower specific saturation 

magnetization when compared to the magnetic transition metals.   

At neutral pH, the surface of magnetite primarily consists of hydroxyl groups.  This 

surface can be altered by adjusting the pH of the medium.
96

 At low pH, surface hydroxyl groups 

become protonated and at high pH they are deprotonated.  At low pH, it is also possible for water 

to leave, thus forming cations on iron (Figure 2.26).   

 

 

 

Figure 2.26  Surface chemistry of magnetite as a function of pH.  

 

Counterions balance positive or negative surface charges at any particular pH to maintain 

electro-neutrality, resulting in an electrostatic double layer.
96

 This double layer promotes 

repulsion of the magnetite particles resulting from the decreased entropy of counterion 

distribution as the two surfaces approach each other.  The isoelectric point of magnetite is at a 

pH of 6.8; that is, there is an equal number of positive and negative surface charges.
96

 

Surfactants on the surface of magnetite nanoparticles are desirable to stabilize dispersions of 

such materials via a steric mechanism (Figure 2.27). 
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Figure 2.27  Steric repulsive forces between particles. 

 

Polymeric surfactants can be used to overcome attractive forces between the 

nanoparticles producing stabilized magnetite dispersions.  These surfactants must be prepared 

with a functionalized portion that can bind to the surface of magnetite with the rest of the 

polymer being solvated in a dispersion medium or carrier fluid.  When the magnetite particles 

approach each other, they encounter repulsive forces caused by the presence of polymer chains, 

losing their conformational entropy.  This process is known as entropic, or steric, stabilization.
96

 

Research has shown that the functional portion of a polymer that can bind to the surface of 

magnetite can be comprised of organic ligands (carboxylic acids) or inorganic ligands 

(phosphates).  
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2.3.3.3 Magnetic Nanospheres 

Magnetic nanoparticles are further incorporated into various supports such as 

nanospheres, microspheres, or ferrofluids and all of these can be applied in biology and 

medicine.  Various applications include protein and enzyme immobilization, immunoassays, 

RNA and DNA purification, cell isolation, and drug targeting.
21

 Magnetic polymer nanospheres 

are usually dispersed in a carrier fluid.  Natural and synthetic polymers have been incorporated 

into these magnetic nanopsheres.  Furthermore, the nanospheres often incorporate functional 

groups on the surface to enable selective separations.   

Basic criteria for biomedical applications of magnetic polymer nanospheres include no 

sedimentation, uniform size, narrow size distribution, high and uniform concentrations of the 

magnetic component, biocompatibility, and high densities of reactive surface groups.
21

 Contact 

between water-soluble components and magnetite can be prevented by encapsulation in 

hydrophobic polymers.  There are many methods of magnetic nanosphere preparation including 

emulsion polymerization, seed polymerization, miniemulsion polymerization, and silanization.
21

  

There are a few difficulties when considering highly-magnetic support systems for 

biomedical applications.  The particles must be small enough for the magnetic core to have 

sufficient surface area for hydrophobic polymers to afford nanospheres.  However, particles that 

are too small may not carry enough magnetite and thus not retain enough magnetization for the 

desired applications.  The nanoparticle surface should have sufficient surface functionality for 

optimal coupling efficiency of ligands.  Characterization of surface group functionality may be 

seriously hampered by the fact that the amounts of both surface groups and elements are close to 

the limit of detection owing to the relatively large contribution of the polymer core.
21

 



 65

Poly(D,L-lactide) is often a shell for the magnetite.  It is completely amorphous and 

widely used in medical and pharmaceutical applications, either as such or copolymerized with 

glycolide.
188

  This polymer has been applied in hormonal or cancer therapies and in anesthetic 

medication.
188

  Bulk hydrolysis of the ester bonds in polylactides generally follows a two-stage 

degradation profile for semicrystalline aliphatic polyester bioabsorbable polymers.
189

  

Experiments performed in vivo on the toxicity of magnetite or magnetite-loaded 

polymeric particles indicate that the latter is less cytotoxic than pure magnetite.
188

    Magnetite 

itself reveals little adverse effects.
188

 Magnetite-polylactide complexes, nevertheless, must be 

less than ~5 µm in diameter so to avoid capillary blockage.
188

 

A common method for magnetic polymer particle formation involves the monomer 

polymerization in the same liquid phase as the magnetite particle dispersion.  Zheng et al. 

synthesized magnetic polymer nanospheres with high and uniform magnetite content via 

miniemulsion polymerization.
190

 The authors first synthesized magnetite particles coated with 

oleic acid and then dispersed them in octane.  The dispersion was then mini-emulsified into 

water using sodium dodecyl sulfate (SDS) as a second emulsifier.
190

  The octane was evaporated 

leaving a water-based SDS/oleic acid bilayer on the magnetite.  The magnetite dispersion was 

mixed with a styrene monomer miniemulsion and sonicated.  Magnetite was fully encapsulated 

in the subsequent polystyrene polymerization.  Zheng et al. studied the effect of weight ratio of 

magnetite to monomer on properties of magnetic polymer particles.  Weight ratios of magnetite 

to styrene included in the study were 1:3, 1:2, 1:5, and 1:1.  Transmission electron microscopy 

(TEM) and a particle size analysis were used to analyze the size and morphology of the particles.  

Thermogravimetric analysis (TGA) was used to determine the weight percent of magnetite in the 
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nanoparticles.  The magnetic properties of the particles were measured using a vibrating sample 

magnetometer (VSM).   

Zheng et al. found a slight decrease in the hydrodynamic diameter with an increase in the 

weight ratio of magnetite to monomer.
191

  Magnetite: monomer weight ratios of 1:3, 1:2, 1:1.5 

and 1:1 had particle diameters of 128 nm, 114 nm, 110 nm, and 102 nm respectively.  

Subsequently, there was an expected increase in the magnetite content with increasing weight 

ratio of magnetite that was charged.
190

  TEM of the nanospheres showed uniform spherical 

shapes.  All of the spheres contained magnetite and there was not any evidence of magnetite 

outside of the spheres.  TEM showed that the magnetite nanoparticles remained discrete and 

homogeneous within the nanospheres at high resolutions.    

TGA measurements of the magnetic nanospheres showed a two-step decay between 200 

and 300 °C and then another one between 350-450 °C revealing the final weight of the magnetite 

contained in each nanosphere.
190

 The magnetic properties of the nanospheres were also 

characterized by VSM noting the saturation magnetization per gram of sample (40.5 emu/g 

magnetite).  The samples were superparamagnetic and displayed no magnetic hysteresis.   
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3.0  SYNTHESIS AND CHARACTERIZATION OF SURFACE-

FUNCTIONALIZED MAGNETIC POLYLACTIDE NANOSPHERES  

 

3.1 Synopsis 

 Polylactide homopolymers with pendent carboxylic acid functional groups have been 

designed and synthesized to be studied as magnetite nanoparticle dispersion stabilizers.  

Magnetic nanoparticles are of interest for a variety of biomedical applications including 

magnetic field-directed drug delivery and magnetic cell separations.  Small magnetite 

nanoparticles are desirable due to their established biocompatibility and superparamagnetic (lack 

of magnetic hysteresis) behavior.  For in-vivo applications, it is important that the magnetic 

material be coated with biocompatible organic materials to afford dispersion characteristics or to 

further modify the surfaces of the complexes with biospecific moieties.  The acid-functionalized 

silane endgroup was utilized as the dispersant anchor to adsorb onto magnetite nanoparticle 

surfaces and allowed the polylactide to extend into various solvents to impart dispersion 

stability.  The homopolymers were complexed with magnetite nanoparticles by electrostatic 

adsorption of the carboxylates onto the iron oxide surfaces, and these complexes were dispersible 

in dichloromethane.   The polylactide tailblocks extended into the dichloromethane and provided 

steric repulsion between the magnetite-polymer complexes.  The resultant magnetite-polymer 

complexes are further incorporated into the formation of controlled-size nanospheres. The 

complexes are also blended with poly(ethylene oxide-b-D,L-lactide) diblock copolymers to 

introduce hydrophilicity on the surface of the nanospheres with tailored functionality.   
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3.2 Experimental 

3.2.1 Materials 

 D,L-lactide monomer (Purac) was recrystallized in ethyl acetate (Fisher Scientific).  

Stannous octoate (Aldrich) was used and received.  Iron acetylacetonate (Fe(acac)3, Aldrich, 

99.9+%), benzyl alcohol (Sigma-Aldrich, 99%), ethanol (AAPER Alcohol, 200 proof), hexane 

(Omnisolv), diethyl ether (VWR), chloroform (EMD), acetone (Burdick and Jackson), methanol 

(Fisher Scientific) and dimethylsulfoxide (Burdick and Jackson) were also used as received.  

Tetrahydrofuran (THF, EM Science 99.5%) was dried over calcium hydride and refluxed over 

sodium with benzophenone until the solution was deep purple.  It was fractionally distilled into a 

flame-dried, round bottom flask just prior to each reaction.  Vinylmagnesium chloride (Aldrich, 

1.6M in THF) was used as received. 3-Chloropropyltrichlorosilane and 3-

chloropropylchlorodimethylsilane (both from Gelest, Inc.) were fractionally distilled prior to use.  

NaI (Aldrich) was dried under vacuum at 110 °C overnight.  Hexamethylphosphoramide 

(HMPA, Aldrich) was used as received.  Sodium bicarbonate (Aldrich, 99 %) was used as 

received.  Potassium metal was purchased stored in mineral oil (Aldrich, 98 %).  Naphthalene 

(Aldrich, >99%) was sublimed at 35 
o
C at approximately 500 mTorr.  Ethylene oxide (Aldrich, 

99.5 %), in pressurized 227 g stainless steel lecture bottles, was vacuum distilled into the Parr 

reactor for polymerizations.  Toluene (Burdick and Jackson, 99.9 %) was stirred over calcium 

hydride, distilled, and deoxygenated by sparging with nitrogen through the solution prior to use 

for 2 h.  Mercaptoacetic acid (Aldrich, 97 %) and 2,2’-azobisisobutyronitrile (AIBN, Aldrich, 98 

%) were used as received.  Dichloromethane (Aldrich, 99.6 %), acetone (Aldrich, 99.6%), 

chloroform (Aldrich, 99.5 %), and acetic acid (Aldrich, 99.99%) were used as received.   
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3.2.2 Synthesis of hydroxypropylvinylsilane initiators
192

   

 The following is a representative procedure for the preparation of 3-

chloropropyltrivinylsilane (CPTVS) (Figure 4.5).  Vinylmagnesium chloride (0.064 mol, 100 mL 

of 1.6 M vinylmagnesium chloride in THF) was transferred via cannula to a flame-dried, septum-

sealed round bottom flask equipped with a condenser and magnetic stir bar.  3- 

Chloropropyltrichlorosilane (0.033 mol, 0.099 eq chlorosilane, 7.4 mL, 10.3 g) was added via 

glass syringe in two equal aliquots to the reaction vessel.  The reaction was conducted at 60 
o
C 

for 24 h.  The product was concentrated by removing the THF via distillation.  The remaining 

reaction mixture was dissolved in dichloromethane (140 mL).  The salt by-products were 

removed by vacuum filtration.  The dichloromethane was evaporated and the product was 

vacuum distilled at 100 °C at 0.8 Torr.  The reaction had approximately 3.85 X % yield and the 

final product was a clear, colorless liquid. 
1
H NMR  (CDCl3):  0.83 ppm (2 H),  1.82 ppm (2 

H),  3.5 (2 H), and  5.8-6.2 ppm (9 H).  

 The preparation of 3-chloropropylvinyldimethylsilane (MW 162 g mol-1) follows the same 

procedure as for CPTVS (Figure 4.1).  Vinylmagnesium chloride (0.064 mol, 40.0 mL of 1.6 M 

vinylmagnesium chloride in THF), and 3-chloropropylchlorodimethylsilane (0.058 mol, 0.058 eq 

chlorosilane, 10 g, 9.59 mL) were reacted at 60 °C for 24 h.  The product was vacuum distilled 

60 °C at 0.8 Torr and analyzed via 
1
H NMR.  The reaction had approximately a 21 % yield and 

the final product was a clear, colorless liquid.  
1
H NMR (CDCl3):  0.7 ppm (2 H),  1.8 ppm (2 

H),  3.4 (2 H), and  5.6-6.2 ppm (3 H).  

 The preparation of 3-iodopropyltrivinylsilane is provided (Figure 4.5).  A two-fold excess 

of NaI (0.045 mol, 6.8 g) was charged to a round bottom flask equipped with a magnetic stir bar.  

The reaction vessel was sealed with a septum and flame-dried. Acetone (35 mL) was added via 
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syringe to the flask. 3- Chloropropyltrivinylsilane (0.030 mol, 5.7 g) was charged to the reaction 

vessel via syringe.  The reaction was stirred at 60 °C for 48 h.  The acetone was removed by 

rotary evaporation and the reaction mixture was dissolved in chloroform (150 mL).  The excess 

NaI and the NaCl salt by-products were removed by vacuum filtration.  The product was vacuum 

distilled at 90 °C at 0.8 Torr.  The reaction had a yield of 72 % and the final product was a clear, 

colorless liquid.  
1
H NMR  (CDCl3):  0.8 ppm (2 H),  1.9 ppm (2 H),  3.2 (2 H), and  5.7-6.2 

ppm (9 H).  

 The preparation of 3-iodopropylvinyldimethylsilane (MW 253.905 g mol-1) follows the 

same procedure as described for IPTVS (Figure 4.1).  A 1.5-fold excess of NaI (0.016 mol, 2.41 

g) and 3-chloropropylvinyldimethylsilane (0.011 mol, 1.73 g) were utilized. The reaction was 

stirred at 60 °C for 24 h. The acetone was removed by rotary evaporation and the reaction 

mixture was dissolved in chloroform. The excess NaI as well as the NaCl salt by-product were 

removed by vacuum filtration. The product was vacuum distilled at 70 °C at 0.8 Torr.  The 

reaction had a yield of 78 % and the final product was a clear, colorless liquid.  
1
H NMR  

(CDCl3):  0.60 ppm (2 H),  1.72 ppm (2 H),  3.21 (2 H), and  5.6-6.2 ppm (3 H).  

 A method for synthesizing 3-hydroxypropyltrivinylsilane is provided (Figure 4.5).  HMPA 

(15 mL) was added to a round bottom flask equipped with a condenser and magnetic stir bar.  

Sodium bicarbonate (0.023 mol, 2 g) was added to the HMPA solution.  One should note that the 

majority of the sodium bicarbonate remains undissolved.  3-Iodopropyltrivinylsilane (0.024 mol, 

6 g) was added to the reaction vessel via syringe.  De-ionized water (0.25 mol, 4.5 mL) was 

added via syringe. The reaction was stirred at 100 °C for 24 h.  The product was extracted twice 

with water in a separatory funnel.  The product was vacuum distilled at 90 °C at 0.8 Torr.  The 

reaction had a yield of 67 % and the final product was a clear, colorless liquid.  
1
H NMR  
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(CDCl3):  0.8 ppm (2 H),  1.6 ppm (2 H),  3.6 (2 H), and  5.7-6.2 ppm (9 H).  

 The preparation of 3-hydroxypropylvinyldimethylsilane (HPVS) follows the same 

procedure that was described for HPTVS (Figure 4.1). 3-Iodopropylvinyldimethylsilane (0.009 

mol, 2.27 g), sodium bicarbonate (0.018 mol, 1.51 g), and de-ionized water (0.17 mol, 3 mL) 

were reacted at 100 °C for 24 h.  The product was extracted twice with water in a separatory 

funnel.  The product was vacuum distilled at 90 °C at 0.8 Torr.  The reaction had a yield of 46 % 

and the final product was a clear, colorless liquid.  
1
H NMR  (CDCl3):  0.55 ppm (2 H),  1.58 

ppm (2 H),  3.60 (2 H), and  5.6-6.2 ppm (3 H).  

 

3.2.3 Synthesis of poly(D,L-lactide) with a trivinylsilylpropoxy group at one end and a 

hydroxyl group at the other end (TVSP-PDLA)  

 

A procedure for preparing a 20,000 g mol
-1

 polymer is provided (Figure 4.9). D,L-lactide 

(11.92 g, 0.083 mol), and toluene (30 mL) were charged to a flame-dried, nitrogen-purged, round 

bottom flask equipped with a magnetic stir bar.  The flask was placed in an oil bath at 65 ºC to 

dissolve the lactide monomer. 3-hydroxypropyltrivinylsilane (0.101 g, 5.96 x 10
-4

 mol) was 

added to the reaction.  Stannous octoate (16.6 mg) was charged to the flask and the temperature 

of the oil bath was increased to 100 ºC.  The polymer was isolated by precipitation into cold 

methanol followed by washing several times with methanol.  The polymer was vacuum dried at 

40 ºC for 18 h. 
1
H NMR showed a Mn of 19,560 g mol

-1
 after isolation.   
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3.2.4 Functionalization of TVSP-PDLA with mercaptoacetic acid 

A 19,560 g mol
-1

 TVSP-PDLA (3.093 g, 3 eq. vinyl groups) polymer was weighed into a 

round bottom flask equipped with a magnetic stir bar (Figure 4.9).  Toluene (35 mL) was added 

via syringe and the solution was deoxygenated by bubbling dry nitrogen through the reaction 

mixture.  AIBN (2.0 mg, 1.16 x 10
-5

 mol) was added and the reaction mixture was purged with 

nitrogen.  Mercaptoacetic acid (0.198 mL, 2.85 x 10
-3

 mol) was added via syringe and the 

reaction flask was placed in an oil bath at 80 °C.  The polymer was isolated by precipitation into 

a mixture of 3:1 hexanes/ether.  Additional solvent was used to wash the filtered polymer, which 

was then vacuum dried at 40 ºC for 18 h. 

 

3.2.5 Preparation of a potassium naphthalate standard base solution in THF  

 An exemplary procedure to prepare a 0.95 M solution of potassium naphthalene in THF is 

provided.  Naphthalene (0.095 mol, 12.16 g) was weighed into the flame-dried flask, sealed with 

a septum and flushed heavily with nitrogen.  THF (100 mL) was added to the flask via a glass 

syringe.  Potassium (0.095 mol, 3.7 g) was cut, the oil was removed by blotting on a Kimwipe, 

and was added to the flask quickly.  The flask was resealed and flushed heavily with nitrogen. 

The reaction flask was covered with aluminum foil and stirred for 24 h.  The final solution was a 

green liquid.  It was titrated against a standardized HCl solution to obtain exact concentrations.    
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3.2.6 Synthesis of poly(ethylene oxide) with a vinyldimethylsilylpropoxy group at one end and 

a hydroxyl group at the other end (VSP-PEO)  

 

 The synthesis of a 5000 g mol
-1 

vinyldimethylsilylpropoxy-terminated poly(ethylene oxide) 

is provided (Figure 4.11).  A 300-mL Parr pressure reactor equipped with a mechanical stirrer, 

thermocouple, and valve controlled gas inlets and outlets was cooled to -50 
o
C utilizing an 

isopropanol-dry ice bath.  Ethylene oxide (0.227 mol, 10 g) was distilled into the Parr reactor 

from a lecture bottle using a pressure and temperature gradient.  It was weighed by difference by 

weighing the lecture bottle on an analytical balance before and after addition.  3-

Hydroxypropylvinyldimethylsilane initiator (0.002 mol, 0.29 g) followed by 10 mL of THF was 

charged to a flame-dried, septum-sealed round bottom flask via syringe.  All THF utilized during 

the polymerization had been deoxygenated with nitrogen.  Potassium naphthalate (0.002 mol 

base, 1 mol initiator : 0.95 mol base, 1.95 mL of a 0.98 M solution of potassium naphthalene in 

THF) was added to the flask containing the silane initiator to form the alkoxide initiator.  The 

color changed from colorless to yellow.  The initiator solution was added to the Parr pressure 

reactor (while the reactor was stirring) via syringe.  THF (10 mL) was added to the Parr reactor 

via syringe.  The reactor was allowed to warm to room temperature and the reaction was stirred 

at room temperature for 24 h.  The reaction was monitored by noting a drop in pressure from 40 

to 30 psi.  The polymerization was quenched with acetic acid (0.002 mol, 0.9 mL of a 2.5 M 

solution of acetic acid in THF) under nitrogen.  The poly(ethylene oxide) was precipitated into 

cold diethyl ether.  It was dried under vacuum and dissolved in 200 mL of dichloromethane and 

filtered.  The PEO/dichloromethane solution was washed twice with water and the water layer 

was extracted twice with dichloromethane to ensure product retention.  The polymer solution in 
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dichloromethane was concentrated via rotary evaporation.  The PEO was precipitated into cold 

diethyl ether and dried under vacuum at 40 °C overnight.  The reaction yielded 92 % by weight 

and GPC showed the polymer had a Mn of 4800 g mol-1 with a PDI of 1.04.  
1
H NMR showed 

the polymer had a Mn of 6050 g mol
-1

 after isolation. 

 

3.2.7 Synthesis of poly(ethylene oxide)-b-(D,L-lactide) with a vinyldimethylsilylpropoxy group 

at one end and a hydroxyl group at the other end (VSP-PEO-PDLA) 

 

The copolymerizations were conducted according to the following representative 

procedure for preparing a diblock copolymer with a 6050 g mol
-1

 VSP-PEO block and a 40,000 g 

mol
-1 

PDLA block (Figure 4.11).  D,L-lactide (27.88 g, 0.193 mol), and toluene (70 mL) were 

charged to a flame-dried, nitrogen-purged, round bottom flask equipped with a magnetic stir bar.  

The flask was placed in an oil bath at 65 ºC to dissolve the lactide monomer. VSP-PEO (4.21 g, 

6.96 x 10
-4

 mol) was added to the reaction.  Stannous octoate (16.6 mg) was charged to the flask 

and the temperature of the oil bath was increased to 100 ºC.  The polymer was isolated by 

precipitation into cold ether followed by washing several times with ether.  The copolymer was 

vacuum dried at 40 ºC for 18 h.  
1
H NMR showed the copolymer had a Mn of 50,150 g mol

-1
.  

GPC showed the copolymer had a Mn of 49,000 g mol
-1

.  

 

3.2.8 Functionalization and neutralization of the vinyldimethylsilylpropoxy-functional PEO-b-

PDLA with cysteamine hydrochloride.  

 

A vinyldimethylsilylpropoxy-functional PEO-b-PDLA (Mn ~50,150 g mol
-1

) (5.188 g, 

~1.2 x 10
-4

 mol) was charged into a roundbottom flask equipped with a magnetic stir bar (Figure 
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4.15). DMF (30 mL) was added via syringe. AIBN (0.1501 g, 9.14 x 10
-4

 mol) was added and the 

reaction was purged with nitrogen. Cysteamine hydrochloride (2.77 g, 0.024 mol) was added and 

the reaction was allowed to stir at 70 °C in an oil bath for 18 h. The solution was cooled to room 

temperature and the polymer was isolated by precipitation into cold water and filtered. 

Additional water was used to wash the polymer, and then the polymer was freeze-dried at -45 °C 

for 18 h. The ammonium-functionalized block copolymer (1.3349 g, ~2.7 x 10
-5

 mol) was 

charged into a roundbottom flask and DMF (8 mL) was added via syringe. NaHCO3 (2.8 mg, 

3.33 x 10
-5

 mol) was added and the reaction flask was shaken for 10 min. The neutralized 

aminofunctional polymer was isolated by precipitation into cold water and filtered. Additional 

water was used to wash the filtered polymer, which was then freeze-dried at -45 °C for 18 h.   

 

3.2.9 Functionalization of the amino-functional PEO-b-PDLA block copolymer with 

fluorescein isothiocyanate (FITC) to use as a standard for calibrating fluorescence. 

 

 The aminofunctional copolymer was utilized to modify the surfaces of the PDLA 

nanospheres, and the amount of PEO that self-assembled onto the nanosphere surfaces was 

quantified with fluorescence studies (Figure 4.17). Thus, the aminofunctional copolymer was 

derivatized with fluorescein isothiocyanate (FITC) so that it could be utilized as a standard for 

calibrating the fluorescence measurements. A ~50,150 g mol
-1

 aminofunctional PEO-b-PDLA 

(0.1354 g, ~2.7 x 10
-6

 mol) was charged into a roundbottom flask equipped with a magnetic stir 

bar and wrapped in aluminum foil. DMSO (3 mL) was added via syringe. FITC (3.0 mg, 7.69 x 

10
-6

 mol) was added and the reaction was stirred at room temperature for 18 h. The reaction 

mixture was diluted with H2O (15 mL) and transferred to a dialysis bag and dialyzed for 5 days 
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to remove remaining FITC, exchanging the water daily. The polymer was isolated by freeze 

drying the solution at -45 °C for 18 h. 

 

3.2.10 Synthesis of magnetite (Fe3O4)  

Benzyl alcohol (40 mL) was added to a 3-neck round bottom flask with an overhead stir 

rod and deoxygenated for 30 minutes.  Iron acetylacetonate (Fe(acac)3) (2.12 g, 6 mmol) was 

added to the flask and the reaction was stirred until a homogeneous mixture was obtained (Figure 

4.20).  The reaction was heated to 100 ºC and maintained for 10 min.  The reaction temperature 

was then increased by increments of 10 ºC, and each temperature was maintained for 10 min 

until 200 ºC.  The reaction was maintained at 200 ºC for 4 h.  A final black solution was 

observed.  The reaction was allowed to stir under nitrogen at room temperature overnight.  The 

reaction mixture was centrifuged and the solvent was decanted.  The magnetite centrifugate was 

redispersed in hexane (20 mL) and collected by a magnet, and washed with ethanol (20 mL).  

The ethanol was removed via nitrogen purge.  The product was a black powder.   

 

3.2.11 Synthesis of a magnetite-PDLA complex 

The following is a representative procedure for preparing a magnetite-PDLA complex 

(Figure 4.21).  Fe3O4 (336.4 mg) was dispersed in CHCl3 (13 mL).  Acid functionalized TVSP-

PDLA (144.0 mg) was dissolved in CHCl3 (2 mL).  The PDLA solution was syringed into a 20 

mL vial containing dispersed Fe3O4.  The mixture was sonicated at 50 ºC for 4 h and stirred at 50 

ºC for 48 h. The complex was then vacuumed dried overnight.  A black powder was observed.     
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3.2.12 Formation of nanospheres comprised of either PDLA homopolymer/ PEO-PDLA 

copolymer blend or magnetite-PDLA complex via confined impingement jet mixing 

 

The confined impingement jet mixer consists of two separate liquid streams, one powered 

by a Harvard Apparatus PHD 4400 programmable syringe pump and the other by a KD 

Scientific 200 syringe pump.  Each stream is fed at room temperature into the mixing chamber 

through 1/8 inch PTFE tubing that is connected to a blunt-tipped 20-gauge stainless steel needle 

that is inserted into the mixing chamber. A pressure relief valve from Swagelok is set at a relief 

pressure of 50 psi and pressure measurements can be taken with an in-line Omegadyne pressure 

transducer, whose signal is fed into a computer and recorded.   

A 27,860 g mol
-1

 PDLA homopolymer blended with a ~50,150 g mol
-1

 VSP-PEO-b-

PDLA copolymer dispersed in DMSO as a solvent at a concentration of 50 mg  mL
-1

. The flow 

rate for the solvent was 3.25 mL min
-1

 for 30 sec yielding a total of 1.625 mL. The nonsolvent 

was methanol and the flow rate was 60 mL min
-1

 for 30 sec yielding a total of 30 mL. 

A 27,860 g mol
-1

 PDLA homopolymer blended with a ~50,150 g mol
-1

 NH2-PEO-b-

PDLA copolymer dispersed in DMSO as a solvent at a concentration of 50 mg  mL
-1

. The flow 

rate for the solvent was 3.25 mL min
-1

 for 30 sec yielding a total of 1.625 mL. The nonsolvent 

was methanol and the flow rate was 60 mL min
-1

 for 30 sec yielding a total of 30 mL. 

A 70 wt % magnetite- 27,860 Mn PDLA complex blended with an ~50,150 g/mol NH2-

PEO-PDLA copolymer dispersed in DMSO at a concentration of 50 mg mL
-1

.  The flow rate for 

the solvent was 3.25 mL min
-1

 for 30 sec yielding a total of 1.625 mL. The nonsolvent was 

methanol and the flow rate of 60 mL min
-1

 for 30 sec yielding a total of 30 mL. 
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3.2.13 Formation of nanospheres comprised of a magnetite-PDLA complex via 

homogenization 

 

The following is a representative procedure for preparing a magnetite-PDLA complex.  A 

magnetite-PDLA complex containing 70 wt.% magnetite was dispersed in DMSO with a 

concentration of 50 mg complex/ mL DMSO.  Methanol / Water (45 mL / 25 mL) was stirred at 

12,000 rpm.  The dispersed magnetite-PDLA complex was syringed into the methanol over 30 s 

and stirred for an additional 30 s.  The solution was transferred to a dialysis membrane and 

placed in approximately 500 mL of deionized water.  The water was exchanged every day for 

five to seven days. 

 

3.2.14 Functionalization of the amino-functional nanospheres with fluorescein isothiocyanate 

(FITC) 

 

 Aminofunctional nanospheres were precipitated from a separate process into a 

roundbottom flask wrapped in aluminum foil. A 5 % mol excess of FITC was syringed into the 

roundbottom flask and allowed stir at room temperature for 18 h. The mixture was dialyzed in 

methanol for 5 days, exchanging the solvent daily. The nanospheres were freeze-dried at -45 °C 

for 18 h. 
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3.3 Characterization 

1
H NMR spectra were obtained on either a Varian Unity 400 or a Varian Inova 400 NMR 

spectrometer operating at 400 MHz.  The NMR parameters included a pulse width of 28.6º and a 

relaxation delay of 1.000 s at ambient temperature.  The samples were dissolved in d-CHCl3 for 

obtaining the spectra. 
 

Gel permeation chromatography was employed to investigate the molecular weights and 

molecular weight distributions of the PDLA and PEO-PDLA copolymers.  A Waters 2690 GPC 

equipped with four Waters Styragel HR columns (HR4 7.8x300 mm, HR3 7.8x300 mm, HR2 

7.8x300 mm, and HR0.5 7.8x300 mm) was used for chromatographic analysis.  ACS grade THF 

was employed as the mobile phase at 40 °C and a flow rate of 1.0 mL min
-1

.  Polystyrene 

standards were used to construct a universal calibration to determine absolute molecular weights.  

Samples were filtered prior to all runs through a 0.2 micron PTFE filter. 

Thermogravimetric analyses were performed on a TGA Q1000 from TA Instruments, 

Inc.  TGA samples were ramped from 50 to 700 ºC at 10 ºC/min in a N2 environment. 

A Philips 420T TEM operated at 400kV was used to obtain photomicrographs of the 

magnetite-copolymer complexes.  The polymer-magnetite complexes were dispersed in 

chloroform, then deposited on carbon-coated copper grids and allowed to air dry. 

A LEO 1550 Field Emission Scanning Electron Microscope (FESEM) was employed to 

analyzed the morphologies of the nanospheres.  A 5 kV electron beam accelerating voltage was 

used with an in-lens detector.  SEM samples were prepared by first applying copper-nickel tape 

to metal stubs.  A drop of the sample dispersion was placed on the tape and then vacuum dried to 

remove excess solvent.  The sample was then sputter-coated with a 10-nm gold layer using a 

Cressington 208 HR Sputter Coater. 
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A Perkin Elmer Model LS50B fluorimeter was used to analyze fluorescence of FITC-

tagged materials.  Samples were dried and then dispersed in DMSO.   

Magnetic properties were measured in the solid state using a Standard 7300 Series 

Lakeshore Vibrating Sample Magnetometer.  The reported magnetizations were determined from 

the plateau region of the magnetic flux density of a solid sample at 8000 Oe applied field with a 

sensitivity of 0.1 emu.  Magnetic properties were also measured using a 7-Tesla Quantum Design 

MPMS SQuID magnetometer.  Hysteresis loops on dried samples of magnetite, magnetite-

polylactide complexes, and surface-functional magnetite-polylactide nanospheres were 

performed in fields of up to 2 Tesla at 300K. 
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4.0  RESULTS AND DISCUSSION 
 

4.1 Synthesis of 3-chloropropylvinylsilanes 

Functional organosilanes may be prepared via a variety of synthetic methodologies.  The 

chemistry of these molecules parallels that of organic compounds; however, the silicon atom 

leads to some distinct differences. In particular, silicon is more electropositive than carbon, and 

therefore nucleophilic substitution on silicon is often facile. Chlorosilanes often serve as 

intermediates for the preparation of organosilanesThey can react with Grignard reagents or other 

organometallics yielding substitution on silicon. 

The poly(ethylene oxide) initiators were prepared utilizing Grignard reactions. Two 3-

chloropropylchlorosilanes served as the precursors containing one and three chlorine groups 

directly bonded the silicon atom. Vinylmagnesium chloride was utilized as the Grignard reagent 

and the reactions proceeded through nucleophilic substitution of the chlorines on silicon.  The 

Grignard reactions exhibited an exotherm as the vinylmagnesium chloride was charged. 

Stochiometric amounts of vinylmagnesium chloride relative to silylchloride were utilized.  

Reactions with excess Grignard reagents lead to unwanted substitution at the 3-chloropropyl 

position. The reactions proceeded with immediate precipitation of MgCl2, but were allowed to 

continue for 24 hours to ensure complete substitution of the silylchlorides.  After the reaction 

was complete, it was important to quantitatively remove the THF prior to decomposing 

unreacted Grignard reagent.  Otherwise, it was observed that the THF polymerized and 

substantially decreased product yields.    

 The molecular structures of the chloropropylvinylsilanes were examined by 
1
H NMR.  

For comparison 
1
H NMR of the starting material were examined.  The methylene directly 

adjacent to the silicon atom was observed at 1.6 ppm and the adjacent methylene protons were 
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observed at 2.0 ppm. However, the methylene directly attached to the chlorine substituent 

resonated at 3.5 ppm. These proton assignments were utilized in comparison to the final products 

and were useful in defining the final products’ molecular structures.  For both products, the 

methylene proximal to the silicon atom shifts to ~0.8 ppm after substitution of the vinyl group 

occurs. 

 

4.2 Synthesis of 3-iodopropylvinylsilanes 

 The transformation of an alkyl chloride to an alkyl iodide is a well known reaction in 

organic chemistry.
193

 This reaction occurs via SN2 nucleophilic substitution on primary alkyl 

chlorides where iodine functions as the nucleophile. This reaction is hindered by the nucleophilic 

strength of the leaving group: chloride anion. Nucleophilic strength can be compared to basicity 

where chloride anion has a pKb of 6.3 x 10
-17

 and iodide anion has a pKb of 6.3 x 10
-20

. Thus 

chlorine is a stronger nucleophile than iodine. In addition, the C-I bond (bond strength – 53 kcal 

mol
-1

) is much weaker than that of a C-Cl bond (bond strength – 80 kcal mol
-1

) making the 

iodine atom a better leaving group.
193

 

 This SN2 equilibrium, however, may be shifted to the iodine substitution by choosing a 

reaction medium in which the by-product is insoluble such as acetone. The counter ion is also of 

great importance in this reaction. Lithium halides are all soluble in acetone whereas sodium 

halides decrease in solubility from NaI > NaBr > NaCl where sodium chloride is virtually 

insoluble. The precipitation of the sodium chloride results in an equilibrium shift towards 

complete conversion of primary alkyl chlorides to primary alkyl iodides.
193

  A two-fold excess of 

NaI was utilized in their preparation to ensure the presence of iodide anions. These reactions 

were conducted at 60 °C where precipitation of NaCl was apparent within 1 h for both reactions.  
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 The substitution reaction was monitored by 
1
H NMR.  The peak at 3.2 ppm corresponding 

to the methylene directly attached to the iodine and a decrease in the peak at 3.6 ppm 

corresponding to the peak directly attached to the chlorine. 

 The resulting products from the iodine substitution reactions include 3-

iodopropylvinyldimethylsilane and 3-iodopropyltrivinylsilane. These 3-iodopropylvinylsilanes 

were examined via 
1
H NMR to confirm their molecular structure.  

 

4.3 Synthesis of 3-hydroxypropylvinylsilanes 

 The 3-iodopropylvinylsilanes were all subsequently converted to their corresponding 

alcohols via SN2 reaction conditions. There have been several approaches to converting 

functional groups to oxygen species.
194

 These approaches involve increasing the nucleophilicity 

of the poor displacing anions by phase-transfer techniques or introducing rate enhancing polar 

aprotic solvents. Hutchins et al. probed the synthesis of alcohols from alkyl halides, specifically 

alkyl chlorides and alkyl iodides. They discovered that a combination of a polar aprotic solvent 

such as NMP or HMPA served as a good source of nucleophilic oxygen. They observed 

successful conversions of alkyl chlorides and iodides to their corresponding alcohols. The 

research showed that primary 1-iodooctane were converted to alcohols with high yield (> 90 %) 

in HMPA whereas the 1-chlorooctane did not reach these conversions (< 50 %) (below 30 % was 

converted in NMP). 

 Therefore, it is necessary to convert the original 3-chloropropylvinylsilanes into their 

iodine counterparts before transformation into the alcohol species.  These reactions were 

conducted in HMPA at 100 °C. The sodium bicarbonate was added in a ratio of 1 mol iodine : 1 

mol sodium bicarbonate. The sodium bicarbonate acted as an acid scavenger to neutralize HI by 
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products. An excess of water (10 mol %) was added to these reactions and they were conducted 

at 100 °C. It is important to note that the sodium bicarbonate in these concentrations is not 

soluble in the reaction medium. However, the sodium bicarbonate solubilizes as the reaction 

proceeds which is likely due to the production of HI in situ. The reaction is complete within 24 h. 

 

 

Figure 4.1 Synthesis of a) 3-chloropropylvinyldimethylsilane, b) 3-

iodopropylvinyldimethylsilane, and c) 3-hydroxypropylvinyldimethylsilane 
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Figure 4.2 
1
H NMR of chloropropylvinyldimethylsilane 

 

Figure 4.3 
1
H NMR of iodopropylvinyldimethylsilane 
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Figure 4.4 
1
H NMR of Hydroxypropylvinyldimethylsilane 

 

 

Figure 4.5 Synthesis of a) 3-chloropropyltrivinylsilane, b) 3-iodopropyltrivinylsilane, and c) 3-

hydroxypropyltrivinylsilane 
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Figure 4.6 
1
H NMR of chloropropyltrivinylsilane 

 

 

Figure 4.7 
1
H NMR of iodopropyltrivinylsilane 
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Figure 4.8 
1
H NMR of 3-hydroxypropyltrivinylsilane 

 

4.4 Synthesis of trivinylsilylpropoxy-poly(D,L-lactide) 

The primary alcohol on the 3-hydroxypropyltrivinylsilane initiates the polymerization of 

lactide at 65 °C through a coordination-insertion mechanism in the presence of stannous octoate.  

1
H NMR was employed to monitor the propagation of the lactide chain with the disappearance of 

the peak corresponding to the methine proton on the lactide monomer.  The vinylsilane-

functional poly(D,L-lactide)s were isolated by precipitation from chloroform into methanol to 

remove residual lactide monomer.  

The molecular weights of the polylactides were analyzed by 
1
H NMR and GPC (Table 

4.1).  The integrals corresponding to the methine protons in the linear lactide repeat unit 

resonating at ~5.2 ppm were compared to the terminal vinyl protons resonating at ~6.0 ppm, and 

utilized to calculate the molecular weights.  The data shows reasonable correlation between the 

targeted and experimental molecular weights.  
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Table 4.1  Molecular weights of a series of trivinylsilylpropoxy-poly(D,L-lactide) 

Mn (g mol
-1

)
  

1
H NMR 

Mn (g mol
-1

)  

GPC 

PDI 

19560 18800 1.4 

27200 25000 1.7 

27860 28500 1.6 

 

 

4.5 Functionalization of trivinylsilylpropoxy-poly(D,L-lactide) with mercaptoacetic acid 

It was desirable to functionalize the polylactide with multiple carboxylate groups so that 

these would bind strongly to the surfaces of the magnetite nanoparticles.  The thiol of 

mercaptoacetic acid was added across the vinyl double bonds in a free radical initiated chain 

reaction to obtain the desired functional polymers.  An excess of mercaptoacetic acid of six times 

the stoichiometric concentration was utilized to avoid any propagation of the double bonds. The 

reactions were monitored by following the disappearance of resonances associated with the vinyl 

proton sets in the 
1
H NMR spectra at ~6 ppm (Figure 4.10).  
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Figure  4.9 a) Polymerization of D,L-lactide initiated by 3-hydroxypropyltrivinylsilane followed 

by b) functionalization with mercaptoacetic acid 
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Figure 4.10 
1
H NMR Reveals Molecular Weight and Carboxylic Acid Functionalization of 

Poly(D,L-lactide) 

 

4.6  Synthesis of vinyldimethylsilylpropoxy-poly(ethylene oxide-b-D,L-lactide) 

 PEO is typically polymerized via anionic ring opening polymerization techniques.  These 

reactions proceed by nucleophilic attack of the anionic initiator on the ethylene oxide 

methylenes. Initiators include hydroxides, alkoxides, oxides, and metal alkyls/aryls such as 

potassium naphthalene.  These reactions are considered living polymerizations, which are 

characterized by great control over the molecular weight and molecular weight distributions. 

These polymerizations have the ability to impart functionality such as vinyl moieties on one 

chain end. In this particular case, the PEO will be difunctional with a vinyl terminus and a 

hydroxyl terminus.  

 These reactions are performed under 40 psi at room temperature. As the reaction proceeds, 
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the pressure drops to approximately 30 psi indicating that nearly all of the EO has been 

consumed or polymerized. The PEO is quenched with acetic acid and washed twice with water to 

neutralize the resulting potassium acetate. In addition, these polymerizations were conducted 

utilizing a slight deficiency of base in preparing the initiator solution. This ratio served to 

preserve the vinyl groups during the initiator alkoxide formation and during the polymerization. 

It was observed that 1 mol initiator : 0.95 mol base functioned well in preserving the vinyl 

moieties.  End group analysis was performed via 
1
H NMR to ensure that the end groups 

remained intact during the polymerization and that proper molecular weight could be targeted 

and controlled.  

 The vinyldimethylsilylpropoxy-poly(ethylene oxide) is used as a macroinitiator to 

polymerize lactide monomers in the same synthetic scheme for preparing trivinylsilylpropoxy-

poly(D,L-lactide).  Utilizing the end group resonances, number average molecular weight was 

also calculated.  In addition, GPC was utilized to examine the molecular weights and molecular 

weight distributions of both the vinyldimethylsilylpropoxy-poly(ethylene oxide) macroinitiator 

(Table 4.2) and the subsequent vinyldimethylsilylpropoxy-poly(ethylene oxide-b-D,L-lactide) 

copolymer (Table 4.3).  

 

Table 4.2  Molecular weights of a series of vinyldimethylsilylpropoxy-poly(ethylene oxide) 

Mn (g mol
-1

)
  

1
H NMR 

Mn (g mol
-1

)  

GPC 
PDI 

3210 3000 1.1 

4850 3000 1.1 

6050 6900 1.1 
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Table 4.3  Molecular weights of a series of vinyldimethylsilylpropoxy-poly(ethylene oxide-b-

D,L-lactide) 

Target Mn (g mol
-1

)
  

PEO-b-PDLA 

Mn (g mol
-1

)
  

1
H NMR 

Mn (g mol
-1

)  

GPC 
PDI 

3210-40000 42310 46900 1.4 

6050-40000 50150 49000 1.5 

4850-40000 60170 60600 1.8 

 

 

Figure 4.11  a) The ring opening polymerization of ethylene oxide initiated by 3-

hydroxypropyldimethylvinylsilane, followed by b) polymerization of D,L-lactide 
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Figure 4.12  End group analysis was performed by 
1
H NMR to obtain molecular weights and 

analyze molecular structure of both VSP-PEO (6050 g mol
-1

) and VSP-PEO-PDLA (50150 g 

mol
-1

). 

 

 

Figure 4.13  GPC of VSP-PEO (Mn ~6900 g mol-1 with a PDI of 1.1) shows monomodal 

narrow molecular weight distribution. 
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Figure 4.14  GPC of VSP-PEO-PDLA  (~49000 g mol
-1

 with a PDI of 1.5)  shows monomodal 

narrow molecular weight distribution. 

 

4.7  Functionalization and neutralization of the vinyldimethylsilylpropoxy-functional PEO-

b-PDLA with cysteamine hydrochloride and subsequent derivatization with FITC 

 Both 
1
H NMR and GPC confirmed successful derivation of VSP-PEO-PDLA with 

cysteamine hydrochloride as seen below (Figures 4.15 and 4.16).  The amino-functional 

copolymer was utilized to modify the surfaces of the PDLA nanospheres and the amount of the 

PEO that self-assembled onto the nanosphere surfaces as quantified with fluorescence studies.  

The amino-functional PEO-PDLA copolymer was derivatized with fluorescein isothiocyanate 

(FITC) so that it could be utilized as a standard for calibrating the fluorescence measurements 

(Figure 4.17).  End group analysis was performed via 
1
H NMR to confirm that FITC had reacted 

with the amino terminus of the PEO-b-PDLA copolymer (Figure 4.18).  As will be described 
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later in this paper, a fabrication procedure for magnetite-PDLA nanospheres utilizes the blends 

of the copolymer surface modifiers, and the PEO that assembles onto the nanosphere surfaces 

forms a brush layer that allows the nanospheres to disperse in aqueous physiological media.  The 

self-assembly process is quantified with the amino-functional copolymers and reacting the 

surfaces with FITC after the nanospheres were formed.   

 

 

Figure 4.15  Functionalization of the vinyldimethylsilylpropoxy-functional PEO-b-PDLA with 

cysteamine hydrochloride 
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Figure 4.16  GPC of Amino-functional PEO-PDLA (~51,600 g mol
-1

 with a PDI of 1.5) shows 

monomodal narrow molecular weight distribution while the precursor was 49,000 g mol
-1

 

 

 

Figure 4.17  Derivation of amino-functional PEO-PDLA with FITC 
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Figure 4.18  
1
H NMR confirms the functionalization of NH2-PEO-PDLA (50,150 g mol

-1
) with 

FITC 
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Figure 4.19  Polymer-FITC calibration to quantify the self-assembly of PEO to the surface of the 

nanospheres 

 

4.8 Magnetite-polymer Complexes 

 Magnetite nanoparticles are commonly produced via coprecipitation of ferrous (Fe
2+

) and 

ferric (Fe
3+

) ions by a base, usually NaOH, or NH3 H2O, in an aqueous solution.
195

  The 

disadvantage of this procedure is that the pH value of the reaction must be adjusted both in the 

synthesis and the purification and thus, leading to limited yields of small (<20 nm) monodisperse 

nanoparticles. The synthesis of magnetite used in this particular research comprised of iron(III) 

acetylacetonate in benzyl alcohol providing a versatile reaction system for the nonaqeuous 

preparation of iron oxide nanoparticles.  This synthetic procedure resulted in the formation of a 



 100

magnetic black powder.  Vibrating sample magnetometry (VSM) was used to determine the 

magnetization of the magnetite at 8000 Oe. 

 Displacement of the benzyl ligands on the surface magnetite by acid-functional poly(D,L-

lactide) dispersants is necessary for successful complexation.  Resultant complex compositions 

were determined by VSM and TGA.  The benzyl ligands from the preparation of magnetite 

yielded an 81% char.  The magnetite nanoparticles were coated with a 19,560 g mol
-1

 acid-

functionalized PDLA.  The polylactide stabilizer alone yields a very low char yield (~0.7 %).  

Complexes where 50% and 70% magnetite had been charged contained approximately 51% and 

65% respectively based on the char yields.  The magnetizations of the complexes were measured 

by VSM and compared to magnetite.  Benzyl-coated magnetite had a magnetization at 8000 Oe 

of 40 emu g
-1

.  The magnetization of pure magnetite can be calculated based on the char yield of 

81%.  Thus, pure magnetite would have a magnetization of approximately 50 emu g
-1

 from the 

nonaqeous preparation.  The complexes charged with 50 and 70 wt.% magnetite yielded 

magnetizations of 26 and 37 emu g
-1

 respectively thus yielding 52 and 74 wt% magnetite.  These 

values correlate well with the weight percent magnetite determined by TGA (Figure 4.22).        

  

 

Figure 4.20  Synthesis of magnetite nanoparticles 



 101

 

Figure 4.21  Synthesis of magnetite-polylactide complexes.  TEM shows discreet nanoparticles 

 

 
Figure 4.22 Thermogravimetric analysis shows targeted weight percent magnetite reached in 

complexes 
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4.9 Formation of nanospheres comprised of either PDLA homopolymer/ PEO-PDLA 

copolymer blend or magnetite-PDLA complex via confined impingement jet mixing 

 Desirable particle sizes can be achieved utilizing a continuous particle precipitation 

process within a confined impingement jet (CIJ) mixer that yields controlled particle sizes with 

low polydispersity.
196-201

  In the CIJ mixer, liquid jets collide under highly-turbulent conditions 

in a confined mixing chamber where particle nucleation and precipitation occur (Figure 4.23). 

The particle size decreases as the jets’ flow rates increase, i.e. as the characteristic mixing time 

mix decreases, until mix becomes smaller than the nuclei aggregation time, at which point the 

size stops changing.  The hydrophilic PEO component of the diblock copolymer surface-

segregates on the nanospheres and providees the required steric repulsive barrier.  The CIJ 

process was used to make polylactide particles. 

The figure below shows an illustration of the CIJ mixing head, whose dimensions can be 

used to calculate critical parameters, such as mixing or residence times. The product stream exits 

out the bottom of the mixing head and is collected in 50 mL volumetric flasks.  Each 

experimental run is 30 seconds long to minimize any variation due to start-up or shut-down 

conditions. 



 103

 

Figure 4.23  Schematic of the confined impingement jet mixer for preparing magnetite-PDLA 

nanospheres with narrow size polydispersity (adapted from B. K. Johnson, R. K. Prud’homme, 

Aust. J. Chem, 56, 1021-1024)
202

 

 

 Scanning electron micrographs show that nanoprecipitation via confined impingement jet 

mixing affords discreet nanospheres.  Dimethylsulfoxide served as a suitable solvent to disperse 

the polymeric material with a weight concentration of 50 mg mL
-1

.  A flow rate of 3.25 mL min
-1

 

for 30 seconds yielded 1.625 mL (5 vol.%) of DMSO while the nonsolvent flow rate was 60 mL 

min
-1

 for 30 seconds yielding 30 mL (95 vol.%).  Methanol served as a suitable nonsolvent to 

precipitate the nanospheres (2.6 mg mL
-1

 total liquid).  Dialysis (3500 g mol
-1

 MWCO bag) 

allowed for the DMSO to diffuse into the methanol due to similar dielectric constants. 

 Vinyl-functional (Figure 4.24), amino-functional nanospheres (Figure 4.25) and amino-

functional magnetic nanospheres (Figure 4.26) were precipitated into a roundbottom flask 

directly from the CIJ mixer and wrapped in aluminum foil.  FITC was syringed into the 

roundbottom flask and allowed stir at room temperature for 18 h.  Dialysis was used to remove 
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excess FITC.  Degree of self-assembly was determined by noting percentage of FITC tagged on 

the surface as confirmed by the polymer-FITC calibration curve against theoretical number of 

functional groups per sample.  Vinyl-functional nanospheres yielded only 2.9% of the theoretical 

moles of FITC.  Amino-functional nanospheres yielded 84.1% of the FITC on the surface.  The 

amino-functional magnetic nanospheres yielded 63.7% of the FITC on the surface.  These results 

indicate that the amine terminus on the PEO block of the copolymer is integral to the covalent 

bonding to FITC on the surface of the nanospheres.   

 

 
 

Figure 4.24  SEM shows discreet intact nanospheres prepared from 27,860 g mol
-1

 PDLA 

homopolymer / 5 wt.% 4850 g mol
-1 

vinyl-functional PEO – 55,320 g mol
-1

 PDLA blend and 

reacted with FITC 
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Figure 4.25  SEM shows discreet intact nanospheres prepared from 27,860 g mol
-1

 PDLA 

homopolymer / 5 wt.% 6050 g mol
-1 

amino-functional PEO – 44,100 g mol
-1

 PDLA blend and 

reacted with FITC 
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Figure 4.26  SEM shows discreet intact nanospheres prepared from 70 wt% magnetite-27,860 g 

mol
-1

 PDLA complex / 5 wt.% 6050 g mol
-1 

amino-functional PEO – 44,100 g mol
-1

 PDLA 

blend and tagged with FITC  

 

 The thermal and magnetic properties of the magnetite-PDLA nanospheres (Figure 4.26) 

were compared to the magnetite and magnetite-PDLA complex from which they were prepared. 

The benzyl ligands from the preparation of magnetite yielded an 85% char.  The magnetite 

nanoparticles were coated with a 27,860 g mol
-1

 acid-functionalized PDLA.  The polylactide 

stabilizer alone yields a very low char yield (~0.7 %).  Complex with 70% magnetite had been 

charged contained approximately 69% based on the char yields.  The subsequent amino-

functional magnetic nanosphere yielded 82% char.  The magnetizations of the complex and the 

subsequent amino-surface functional magnetic nanospheres were measured by SQUID and 

compared to magnetite.  Benzyl-coated magnetite had a magnetization at 0.8 T of 42.1 emu g
-1

.  
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The magnetization of pure magnetite can be calculated based on the char yield of 85%.  Thus, 

pure magnetite would have a magnetization of approximately 50 emu g
-1

 from the nonaqeous 

preparation.  The complex charged 70 wt.% magnetite and the subsequent amino-functional 

magnetic nanosphere yielded magnetizations of 35 and 42 emu g
-1

 respectively thus yielding 71 

and 85 wt% magnetite.  These values correlate well with the weight percent magnetite 

determined by TGA.    

 

4.10  Formation of nanospheres comprised of a magnetite-PDLA complex via 

homogenization 

The nanoprecipitation method of preparing nanospheres using a homogenizer proves 

advantageous because it is straightforward, rapid, and easy to perform in one step.  As found in 

the previous method discussed above, DMSO proved to be the choice solvent to disperse the 

polymer and / or magnetite-polymer complex.  Nanoprecipitation readily occurs once the organic 

dispersion is added to the non-solvent, a mixture of methanol and water.  Once the nanospheres 

are generated, the solvent diffuses into the nonsovlent through dialysis.  This method afforded 

nanoparticles in the range of 100-300 nm in diameter.  SEM proved to be a useful tool to 

determine formation of discreet intact nanospheres.  Some of the other advantages of 

nanoprecipitation include the absence of extended shearing rates, sonciation, or use of high 

temperatures  as well as the absence of oily surfactants.   

Due to the similarity in dielectric constants, nanospheres were prepared with DMSO as 

the solvent and varying mixtures of methanol and water as the nonsolvent.  The DMSO easily 

dispersed the polymeric material at a concentration of 50 mg mL
-1

.  Below are SEMS of 

nanospheres prepared utilizing a blend of 27,860 g mol
-1

 PDLA with a 5 wt.% of a 6,050-44,100 

g mol
-1

 PEO-PDLA copolymer.  Two sets of nanospheres were prepared.  The first set of 



 108

nanospheres utilized 100% MeOH as the nonsolvent.  The second set utilized 25% H2O / 75% 

MeOH as the nonsolvent.   

 

 

 

Figure 4.27  Nanospheres from a blend of 27,860 g mol
-1

 PDLA with a 5 wt.% of a 6,050-

44,100 g mol
-1

 PEO-PDLA copolymer precipitated into 100% MeOH 

 

 The nanospheres precipitated into 100% MeOH appeared to have a large size 

distribution, ranging from ~200 nm to ~1.5 µm.   

 Nanospheres precipitated into 25% H2O / 75% MeOH showed better control of size 

distribution as seen in the figure below with average sizes between ~200 nm and ~400 nm in 

diameter. 
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Figure 4.28 Nanospheres from a blend of 27,860 g mol
-1

 PDLA with a 5 wt.% of a 6,050-44,100 

g mol
-1

 PEO-PDLA copolymer precipitated into 25% H2O / 75% MeOH with 93% of the FITC 

on the surface 

 

 A mixture of the water and methanol showed better control over size distribution and was 

utilized when precipitating nanospheres prepared from a blend of 70 wt% magnetite-27,860 g 

mol
-1

 PDLA complex and 6,050 – 44,100 g mol
-1

 PEO-PDLA copolymer dispersed in DMSO at 

a weight concentration of 50 mg mL
-1

.  A SEM of the nanospheres (Figure 4.28) shows relatively 

good control over size distribution.  
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5.0  CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER 

RESEARCH 

 Acid-functional poly(D,L-lactide) dispersants for magnetite were prepared by first 

synthesizing 3-hydroxypropyltrivinylsilane then initiating the ring-opening polymerization of 

lactide monomers with the hydroxyl group.  The silane endgroup was then derivatized with 

carboxylic acids.  Thus the approach is to utilize the acid-functionalized silane endgroup as the 

dispersant anchor to adsorb onto magnetite nanoparticle surfaces, and allow the polylactide to 

extend into various solvents to impart dispersion stability.  The magnetite-polymer complexes 

are excellent candidates for applications in biotechnology since both the polymer and the 

magnetite are biocompatible.  The magnetite-polylactide complex comprise the base nanosphere 

material while retaining their magnetic properties during preparation as confirmed by SQUID 

studies.   

 Poly(ethylene oxide) with terminal vinyl groups serve as a macroinitiator for 

polymerization of lactide.  The PEO-PDLA block copolymer is then functionalized with a 

terminus that can covalently bond targeting moieties onto the nanosphere surface after they are 

fabricated.  Two methods, discussed below, have been developed for preparing nanospheres.  

Magnetite-polymer complexes were blended with the functionalized PEO-PDLA copolymer and 

dispersed in DMSO.  This organic dispersion was precipitated into a nonsolvent, mainly 

alcohol/water mixtures to form nanospheres.  Nanospheres were fabricated with the first method, 

syringing the organic dispersion into rapidly stirring nonsolvent using a homogenizer.  The 

second method used a confined impingement jet mixer (CIJ) for fabricating the nanospheres 

through a controlled nucleation and growth nanospheres, low concentrations of the organic 

dispersion in one jetstream of the mixer.  The other stream comprised the nonsolvent.  The 



 111

nanopsheres are fabricated and the block copolymer self-assembles at the nanosphere-nonsolvent 

interface as confirmed by fluorescence studies utilizing FITC as a tag.  Fluorescence studies 

indicate that the amine terminus on the PEO block of the copolymer is integral to the covalent 

bonding to FITC on the surface of the nanospheres. 

 Magnetic separation of both magnetite and subsequent magnetite-polymer complexes 

serves as a potential avenue of study.  This may potentially afford more uniform materials for 

nanosphere preparation.  Further study will be required to optimize magnetite synthesis to 

maximize the magnetization per gram of sample.     

 Magnetic nanospheres have vast potential for various biotechnological applications.  

Further study will also be required to explore and optimize surface functionality.  One potential 

avenue is the incorporation of maleimide functionality.  Maleimide termini could potentially 

bind to thiol-functional peptides among other biologically active molecules.   The incorporation 

of poly(ethylene oxide) blocks promotes surface hydrophilicity.  Further study will be required to 

optimize molecular weights of the PEO block and weight percent of the PEO-PDLA block 

copolymers.   
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