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Thermally-responsive interpenetrating polymer network (IPN) nanoparticles, 

composed of polyacrylamide, poly(acrylic acid), poly(methacrylic acid), poly(2-

ethylacrylic acid), and poly(2-propylacrylic acid), were synthesized using a sequential 

inverse emulsion polymerization technique.  These materials were shown to exhibit a 

positive sigmoidal swelling response upon heating in solution.  The positive swelling 

response of these nanoparticles serves as an ideal on/off trigger for controlled release of 

an encapsulated agent and could be used as a platform technology in a variety of 

applications.  Solid gold nanoparticles (diameter ~ 40-50 nm) as well as gold nanoshells 

(diameter ~ 200 nm) were also synthesized using standard citrate reduction and core-shell 

synthesis methods, respectively.  These materials were shown to absorb light in the 

visible to near infrared region and converted that energy to heat locally.  The prepared 

gold nanoparticles were then incorporated within the IPN polymer particles by in situ 

polymerization during the first step of the sequential inverse emulsion polymerization. 
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These novel metal-polymer nanocomposite particles were then grafted with linear 

poly(ethylene glycol) polymer chains to increase their biocompatibility and mononuclear 

phagocytic recognition avoidance or stealth characteristics.  Swelling and imaging of the 

complete nanocomposite system in solution with only laser light activation was then 

achieved, making these an ideal system for a non-invasive externally-triggered controlled 

drug delivery device. 
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Chapter 1 

INTRODUCTION 

Research in the field of biomaterials and drug delivery is moving toward 

individually tailored intelligent therapeutic systems which are capable of responding to 

and correcting undesirable conditions, on a molecular level, in the body (1-3).  These 

systems mimic natural biosystems in their size, structure, and function, and therefore 

need to be miniaturized using advanced nanofabrication techniques.  However, 

significant biological and technological barriers exist to successfully developing 

intelligent therapeutic systems for in vivo applications.  This dissertation explores and 

addresses these barriers via the synthesis and characterization of novel thermally-

responsive polymer nanoparticles and metal-polymer nanocomposite materials for use as 

intelligent therapeutic systems.   

Nanotechnology, or the study of materials with a characteristic length scale on the 

order of 100 nanometers or less, is a rapidly growing multidisciplinary field of research 

that examines the unique properties of materials on this scale (4).  Because of their 

relatively small size, the percentage of surface atoms to bulk atoms is orders of 

magnitude greater in nanomaterials than in macroscopic materials.  Since surface atoms 

exist in a different molecular environment than bulk atoms, unique and unexpected 

properties can result in nanomaterials as this ratio is increased.  A macroscopic sample of 

a material defined principally by the properties of bulk atoms can be very different from a 

nanoscopic sample of the same material whose properties are now dependent on a 

combination of both bulk and surface atom properties.  For instance, bulk gold in its 

natural state displays a yellowish color.  However, nanoparticles of gold in solution 

display a range of colors from blue to red and even beyond the visible spectrum 
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depending on their scattering and absorption characteristics, which are in turn related to 

their size, shape, and other factors affected by the ratio of surface to bulk atoms (5) 

The development of nanoscale polymer systems is of interest in current drug 

delivery research because there exists the possibility to combine the advantages of 

traditional macroscale polymer properties, such as swelling, with nanoscale properties, 

such as lower characteristic diffusion times due to shorter characteristic lengths and 

localized heating effects.  Furthermore, due to the size limitations imposed by the body’s 

natural defense mechanisms, such as the reticuloendothelial system, polymer systems of 

0.3 µm in diameter and smaller will be required for the development of effective in vivo 

intelligent therapeutic systems (6-9). 

Over the last few years, a variety of parenteral synthetic stimuli-responsive 

polymer systems (i.e. biodegradable, osmotic, pH responsive, ultrasound, temperature, 

and others) and medical devices (i.e. insulin pumps) have been developed in the hope of 

achieving intelligent therapeutic function (1, 10-16).  However, to date none of these 

systems has been able to successfully combine the aspects of molecular recognition, 

biocompatibility, intelligent response, and non-invasive external therapeutic control.  

Therefore, novel nanocomposite systems comprised of thermally-responsive polymers 

and light activated gold particles, such as the one schematically illustrated in Figure 1.1, 

represent one type of intelligent therapeutic system that is capable of achieving these 

goals.   

The small size and unique properties of these intelligent therapeutic systems make 

them ideal in vivo delivery systems for the treatment of a wide variety of diseases 

including cancer, diabetes, and multiple sclerosis.  However, the most likely initial 

application of these systems is in the area chemotherapeutic treatment.  By the end of 

2006, nearly 570,000 people will die of cancer, and 1.4 million new cases will be 
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diagnosed in the United States alone (17).  That means that roughly 1 out of every 200 

Americans will be diagnosed with cancer this year.  Of these cancer related deaths, 

160,000 or about 28% will be due to lung cancer (17).  Lung cancer is the most fatal form 

of cancer in both men and women and its occurrence rate is expected to continue 

increasing throughout the world over the next 10 years.   

Traditional chemotherapy is currently the preferred method of treatment for lung 

cancer.  For the past 50 years, this form of treatment has remained relatively unchanged 

even though it causes severe side effects due to its use of high levels of potent drugs or 

chemotherapeutic agents systemically throughout the body.  These systemic levels of 

chemotherapeutic agents can, in some cases, be so damaging to the body that individuals 

with weakened immune systems, such as AIDS patients, patients with weakened heart 

tissue, such as the elderly, individuals with heart conditions, and many other physical 

ailments can not survive the chemotherapeutic treatment itself (18). 

Intelligent therapeutic systems based on stealth temperature-sensitive metal-

polymer nanocomposites have the ability to revolutionize cancer and other disease 

treatment.  These systems will move traditional chemotherapeutics into the 21st century 

by addressing and solving many of the problems associated with traditional 

chemotherapy.  At the same time these systems will improve the quality of life and 

increase the rate of survival for cancer patients.  These intelligent therapeutic systems are 

able to eliminate the problems associated with traditional chemotherapy by incorporating 

the aspects of molecular targeting, intelligent response, therapeutic control, and imaging 

synergistically into a single nanocomposite system.  Therefore, rather than dosing the 

entire body with potent levels of drug, these systems will be able to seek out and target 

tumors inside the body where they can then be used to externally and non-invasively 

control the release of chemotherapeutic agents locally; image affected tissue and monitor 
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changes in tumor size and shape; and, at the same time, minimize systemic damage to 

healthy body tissue. 
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Figure 1.1 A schematic illustration of a typical stealth nanocomposite particle drawn 
to scale (gold nanoshell diameter of 40 nm and polymer layer 150nm 
thick) with a section removed to reveal the inner layers of the composite. 
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Chapter 2 

BACKGROUND 

  

THERMALLY RESPONSIVE POLYMERS 
 

Thermally responsive polymers are a very versatile and important class of stimuli-

responsive polymers which have been utilized in a wide variety of biomedical and drug 

delivery applications (1-5).  This type of thermally responsive behavior in polymer 

systems is typically achieved in one of two ways.  First, standard 

hydrophobic/hydrophilic interactions such as those attributed to poly(N-isopropyl 

acrylamide) (PNIPAAm) can be used to create a polymer system that is immiscible in 

water at higher temperatures and miscible at lower temperatures.  Depending on the 

degree of polydispersity in the molecular weight of the polymer system, this change in 

miscibility can occur gradually over a broad temperature range (i.e. an exponential or 

linear response for polydisperse molecular weights) or nearly instantaneously over a 

narrow temperature range (i.e. a sigmoidal response for monodisperse and block-

copolymers).  In the latter case, this change in miscibility occurs at what is known as the 

lower critical solution temperature (LCST) of the material.  PNIPAAm in an aqueous 

environment is a well characterized system that exhibits this type of transition at around 

32˚C (3, 6).   

On the other hand the exact opposite change in miscibility with temperature can 

also be seen in certain polymer-solvent systems whereby a polymer is immiscible at 

temperatures below a certain upper critical solution temperature (UCST) and miscible 

above.  Although at first glance these transitions in polymer-solvent miscibility with 
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temperature for UCST and LCST polymers seem similar with only opposite miscibility, 

the mechanisms that cause this behavior can be quite different.   

From a thermodynamic standpoint, when the Gibbs free energy of mixing, ∆Gmix, 

is negative at a given temperature and pressure, mixing is spontaneous and will result in 

one homogenous phase, hence the polymer is miscible with the solvent.  However, if 

∆Gmix is positive, the polymer will be immiscible with the solvent and two phases, 

namely the polymer phase and the solvent phase, will co-exist.   

From the Gibbs free energy equation of mixing, ∆Gmix = ∆Hmix - T∆Smix, we can 

immediately determine that for LCST polymers, ∆Hmix and ∆Smix must be negative.  

Therefore, as temperature increases, the second term in the equation eventually cancels 

out and then increases beyond the value of the first term, changing the overall ∆Gmix of 

the polymer-solvent system from an initial negative value, corresponding to a miscible 

system, to a positive value, corresponding to an immiscible two phase system (7).  This 

also makes sense from a physical standpoint when one considers a polymer that exhibits 

LCST behavior such as PNIPAAm.   

At temperatures below its LCST, PNIPAAm is hydrophilic in nature and miscible 

with water.  As temperature is increased PNIPAAm becomes increasingly hydrophobic in 

nature and this causes polymer chains free in solution to associate more readily with 

themselves rather than the aqueous solvent, which leads to the development of two 

separated pure phases.  This separation from a homogenous mixture into two pure 

components represents a decrease in the entropy of mixing and hence a positive increase 

in ∆Gmix.  Therefore, the underlying mechanism driving this transformation is the 

hydrophobic/hydrophilic nature of PNIPAAm. 

Since crosslinked polymer networks can never fully dissolve, miscibility with a 

solvent manifests itself in the form of a swollen gel for miscible states and a collapsed 
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solvent free polymer for immiscible states.  For UCST polymer systems it is evident that 

both ∆Hmix and ∆Smix are positive so that as temperature is increased, the exact opposite 

behavior of LCST materials is observed.  However, for the case of certain polymer 

networks, such as interpenetrating polymer networks or IPNs, the underlying mechanism 

that drives this UCST behavior is very different from that of PNIPAAm and is based on 

the presence of secondary intermolecular hydrogen bonding complexes.  For example, 

Figure 2.1 graphically illustrates the intermolecular hydrogen bonding complexes that 

can form in a representative poly(acrylic acid)/polyacrylamide (PAA/PAAm) IPN.   

Hydrogen bonds, because of their relatively weak interactions, are stronger at 

lower temperatures and their strength decreases with increasing temperature (8).  

Therefore, at lower temperatures the hydrogen bonding complexes between polymer 

chains within the IPN are the dominate force and the polymer remains in a collapsed and 

dry state.  However, as temperature is increased above the UCST, these bonds become 

weaker and the hydrophilic nature of the PAA and PAAm polymer dominates, which 

leads to a rapid hydration and swelling of the particles.  This change from an ordered and 

collapsed immiscible state to a swollen miscible state clearly represents an increase in the 

entropy of mixing and hence a decrease in ∆Gmix to a negative value or spontaneous 

mixing. 
 

INTERPENETRATING POLYMER NETWORKS 
 

Interpenetrating polymer networks or IPNs are a unique type of polymer structure 

that is comprised of two or more independent polymer networks that are not chemically 

crosslinked with one another but are physically entangled or interpenetrating, as 

illustrated in Figure 2.2 (9, 10).  Because of their unique chemical structure, IPNs exhibit 

desirable and enhanced characteristics as compared to other more common polymer 
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structures such as random copolymers and homopolymers (11, 12).  More specifically, 

IPNs are able to exhibit a relatively sharp transition with temperature without requiring 

the use of highly ordered block-copolymers or polymers with very monodisperse 

molecular weights, which are both typically expensive and difficult to synthesize.  IPNs 

that form secondary hydrogen bonding complexes are also one of the few polymer 

systems that exhibit a positive sigmoidal swelling transition with temperature (11).  The 

type of structure that is created in these systems is also extremely flexible and allows for 

the two or more independent networks that comprise the system to be composed of any 

number of different monomers and crosslinkers in a wide variety of combinations or even 

the same polymer as is the case of homo-IPN systems.  Finally, different methods can 

also be used to create an IPN system including sequential-, simultaneous-, latex-, and 

gradient-IPNs (13).  However, latex IPN synthesis, which utilizes an emulsion 

polymerization of the second monomer together with the crosslinker and activator inside 

the original seed latex of the first polymer, is the most common method used to create 

IPN polymer nanoparticles (10).  This method allows for greater control of the particle 

size, morphology, and final size distribution than other methods, such as 

solution/dispersion polymerizations or crushing and sieving methods.  

One of the unique properties of IPN polymers is their rapid swelling transition 

with temperature, termed the “zipper effect” by Okano and associates (5, 8, 11, 14), 

which is due to the long range hydrogen bonding order that occurs in IPN structures as 

opposed to standard random co-polymers.  This rapid sigmoidal swelling response with 

temperature makes these polymers an ideal system for on/off controlled release 

applications.  Under certain conditions this effect can also be reversed, as illustrated in 

Figure 2.3, which would allow these polymers to be used in pulsatile release applications 

as well (8, 15). 
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EMULSION POLYMERIZATIONS 
 

An emulsion polymerization is a polymerization that is carried out in a system 

comprised of monomer and a dispersant medium (typically aqueous) in which the 

monomer is either virtually insoluble, or only sparingly soluble (16).  The materials that 

comprise an emulsion system typically exist in one of three distinct phases.  The 

continuous or dispersant phase makes up the majority of the solution and is typically the 

phase in which the initiator is present.  The remainder of the emulsion material is 

dispersed in large monomer droplets (diameter = 20-500 nm) and small micelles 

(diameter = 5-10 nm).  Initiation predominately occurs in the micelle particles due to 

their large surface to volume ratio and increased likelihood for free radical capture.  Once 

initiation and particle formation within the micelle begins, the reaction will proceed until 

all the available monomer within the micelle is exhausted.  At this point diffusion of 

monomer from the large monomer droplets to the growing micelle particles occurs until 

the remaining unreacted monomer is exhausted (17-19). 

Advantages to using emulsion polymerizations as compared to bulk 

polymerizations include improved heat removal and control during polymerization due to 

the presence of a large dispersant phase (20), the ability to obtain high molecular weight 

polymers and high polymerization rates (21, 22), and the ability to directly synthesize 

polymers on the submicron- and nano-scale (23-25).  There are, however, some 

disadvantages that limit the applications of emulsion polymerizations, although the 

majority of these disadvantages have to do with processing limitations such as the need to 

remove the continuous phase and any emulsifiers that are present after polymerization 

and the typically small polymer content per batch that is required to ensure latex 
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formation (18, 26).  However, in most cases, these issues would not be a major hindrance 

to industrial scale processing. 

When utilizing hydrophilic monomers, an inverse-emulsion polymerization is 

required.  For the most part this system can be thought of as an almost mirror image of 

the standard emulsion polymerization system, except for the fact that conventional 

systems rarely contain an additive like water in the dispersed phase (20, 21).  Most of the 

same advantages and disadvantages that apply to standard emulsion systems apply to 

inverse-emulsion systems, with the added benefit that hydrophilic polymer particles can 

be prepared using these systems and conversely the added challenge that water must be 

removed from the particles after synthesis (20-22, 27). 

Finally, depending on the application and size of the final particle that is required, 

it is sometimes necessary to use a microemulsion technique.  Microemulsions can exist as 

either conventional oil in water emulsions or as inverse emulsions.  The main difference 

between standard emulsions and microemulsions is the concentration of emulsifier that is 

used to stabilize the system.  By increasing the emulsifier concentration to a high enough 

level, large monomer droplets can be almost completely eliminated, thereby leaving only 

micelles.  This results in the formation of much smaller particles typically in the range of 

10-50 nm (18).  Figure 2.4 schematically illustrates the shift in composition as well as the 

different types of emulsion systems that are formed based on the relative emulsifier 

concentration and water to oil ratio. 
 

STEALTH NANOPARTICLES  
 

Conventional, non-stealth polymeric nanoparticles, when injected into the 

bloodstream, are quickly recognized and removed by the body’s natural defensive 

systems, such as the mononuclear phagocytic system (MPS) (28-31).  The process by 
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which this occurs is known as opsonization and typically involves the absorption of 

opsonin proteins present in the bloodstream onto the surface of the polymeric 

nanoparticle.  Immunoglobulins and components of the complement system such as C3, 

C4, and C5 are known to be common opsonins, as well as other blood serum proteins 

such as laminin, fibronectin, C-reactive protein, type I collagen and many others (32, 33).  

The binding of opsonins then allows for the recognition and binding of macrophages, 

which are typically Kupffer cells, or macrophages of the liver, to the opsonin covered 

surface of the particle (32, 34).  Once recognition and binding has occurred, the particles 

are then engulfed and removed from the bloodstream by the macrophages of the 

mononuclear phagocytic system via the process of endocytosis.  Finally, particles that can 

not be degraded are primarily sequestered in the MPS organs including the liver, spleen, 

and bone marrow (35-38). 

In order to overcome this significant biological barrier, several methods have been 

developed to mask or camouflage nanoparticles from the MPS, thereby rendering them 

“stealth” or undetectable (31, 39-41).  Of these methods, the most preferred is the 

adsorption or grafting of poly(ethylene glycol) (PEG), known as PEGylation, to the 

surface of nanoparticles.  The addition of PEG and PEG-containing copolymers to the 

surface of nanoparticles has been shown to increase the blood circulation half-life of the 

particles by several orders of magnitude (28, 42, 43).  These results are achieved by the 

creation of a hydrophilic protective layer around the nanoparticles that is able to repel the 

absorption of opsonin proteins via steric repulsion forces, thereby blocking and delaying 

the first step in the opsonization process (44-46).  However, the effectiveness of this 

surface coating layer is very dependent on the density and length of the PEG chains that 

are used to protect the nanoparticle and the method used to anchor them to the particle 

surface (28, 30, 42, 47, 48).   
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For instance, surfaces with non-optimal coating densities, such as the one shown 

in Figure 2.5, can leave holes or spaces available for the adsorption of opsonin proteins.  

Furthermore, research has shown that high surface densities of PEG lead to the formation 

of extended or “brush” like PEG surface coatings (Figure 2.6) that are typically more 

effective at blocking the opsonin (49).   Therefore, in order to achieve specific MPS 

avoidance characteristics, all these factors need to be addressed and optimized when 

developing a specific stealth nanoparticle system. 
 

METAL NANOPARTICLES 
 

The chemistry, optical properties, and physical characteristics of metal 

nanoparticles make them unique and important materials for use in the field of 

nanotechnology (50, 51).  Specifically, the optical absorbance properties of certain metal 

nanoparticles can be utilized in a wide variety of applications including thermal ablation 

(52), actuation or triggering mechanisms (53, 54), and contrast agents (55).  Depending 

on the type of laser light (pulsed verse continuous) utilized, some particles can even have 

multiple applications. For instance, gold nanoparticles that are irradiated with a 

continuous wave laser source typically absorb and convert the light energy to heat locally 

that can then be used to ablate cancerous tissue (52, 56).  However, these same particles 

when exposed to the same wavelength of laser light, only now as a nanosecond pulsed 

wave, will exhibit rapid density fluctuations that will result in the production of broad 

band ultrasound waves that can now be detected and used in a technique known as 

photoacoustic imaging (57).  Two specific types of metal nanoparticles that are used 

extensively in biomedical and drug delivery applications are solid gold nanospheres and 

gold nanoshells (51, 52, 56, 58-60).  Both types of nanoparticles have inherent 
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advantages and disadvantages; therefore, depending on the application, one type of 

system may be preferred to the other. 

Aqueous suspensions of solid gold nanospheres are typically created by the 

reduction of aqueous gold onto a predetermined number of nucleation sites, such as 

sodium citrate ions.  The final size and number of gold nanoparticles is determined 

stoichiometrically by the concentration of aqueous gold in solution and the concentration 

of nucleation sites (61, 62).  The advantages of using aqueous solid gold nanoparticles are 

that they are relatively simple to make and give a consistent absorption peak at around 

530 nm over a wide range of particle sizes, ~ 10 nm diameter up to ~ 100 nm diameter.  

The main disadvantage of these systems is that their absorption peak can not be easily 

tuned, thus if the application requires a wavelength of absorption other than in the visible 

region, these particles can not be used. 

Gold nanoshells typically consist of a spherical core of dielectric material (such as 

SiO2 or Au2S) which is surrounded by a thin layer of conducting gold (Figure 2.7).  The 

properties of these nanoshells can be well characterized by Mie theory, which is based on 

a rigorous solution to Maxwell’s equations in spherical coordinates with boundary 

conditions appropriate for a sphere.  Mie scattering theory requires that the dielectric 

function of the particle and embedding medium be specified.  Therefore, for solid gold 

particles the optical properties of the system can be fully described by specifying the 

nanoparticle radius and using the bulk frequency dependent dielectric constant є(ω).  

However, for core shell particles, changes in the dielectric constant throughout the 

particle must be taken into account by the use of a position dependent dielectric function 

є(ω,r).   

Applying the Mie scattering theory with this new position-dependent dielectric 

function reveals the exciting result that the plasmon absorption peak location depends 
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only upon the ratio of the shell thickness to the total radius.  Therefore, for a given shell 

thickness, the larger the total radius of the particle the further the peak is red shifted and, 

in the limit of an infinitely thick shell, the absorption tends toward that of a solid gold 

particle at approximately 530 nm.  This result suggests that metal nanoshells can be tuned 

to absorb a specific wavelength of electromagnetic radiation over a wide range of 

wavelengths by simply controlling the size of the particle and thickness of its shell. 

The advantage of this reaction is that, in theory, any dielectric core material that 

can be functionalized with amine groups can be used, such as a biodegradable polymer.  

Also, the final size of the particle can be controlled to some extent by choosing the size of 

the core.  The main disadvantages of this reaction are its experimental complexity and 

numerous stages.  It is also hard to make very small sized tunable nanoshells (< 50 nm) 

using this technique due to the difficulty in producing well defined monodisperse silica or 

other cores this size and the minimum thickness (4-5 nm) required to create a complete 

gold shell layer verses the very small shell to core ratio that is required to achieve good 

near infrared absorption. 
 

FUTURE DIRECTIONS AND CONCLUSIONS 
 

The field of stimuli-responsive polymeric nanoparticle research is rapidly 

evolving to aid the development of the next generation of intelligent therapeutic systems 

that will be capable of combining molecular recognition, intelligent response, therapeutic 

control, and imaging synergistically together in one device that can thereby enhance 

disease treatment and quality of life (2, 63, 64).  However, to create these systems, there 

are significant biological and technological barriers that must be addressed.  

Effectiveness and biocompatibility in vivo will require the miniaturization of these 

systems to the nanoscale to avoid recognition and removal by the body’s natural 
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defensive systems, such as the mononuclear phagocytic system.  Non-invasive, and 

preferably non-ionizing, imaging and activation of these systems requires the use of high 

penetration and low absorption techniques including near infrared laser light activation 

and ultrasound.  Finally, intelligent response mechanisms will need to overcome the 

highly controlled and buffered environment of the blood serum and will therefore likely 

need to use localized effects like heating for actuation. 

The successful incorporation and synergistic combination of these aspects 

together into a single intelligent therapeutic system will have a profound impact on 

disease treatment and quality of life.  These systems could be used as a platform to treat a 

variety of diseases including cancer, diabetes, multiple sclerosis, and many others.  

Temporal and spatial delivery of therapeutics via intelligent therapeutic systems will 

greatly increase the quality of life of patients by lowering overall systemic doses, 

lowering side effects, and extending the release time of effective dose concentrations, 

thus allowing fewer administrations. 

 

 
 



 19

REFERENCES 
 
1. Kushida A, Yamato M, Konno C, Kikuchi A, Sakurai Y, and Okano T, Decrease 

in culture temperature releases monolayer endothelial cell sheets together with 
deposited fibronectin matrix from temperature-responsive culture surfaces, J. 
Biomed. Mater. Res., 45:355-362, 1999. 

 
2. Peppas NA, Hilt JZ, Khademhosseini A, and Langer R, Hydrogels in biology and 

medicine: From molecular principles to bionanotechnology, Adv. Mater., 
18:1345-1360, 2006. 

 
3. Gil ES and Hudson SA, Stimuli-responsive polymers and their bioconjugates, 

Prog. Polym. Sci., 29:1173-1222, 2004. 
 
4. Sershen S and West J, Implantable, polymeric systems for modulated drug 

delivery, Adv. Drug Deliv. Rev., 54:1225-1235, 2002. 
 
5. Bae YH, Okano T, Hsu R, and Kim SW, Thermosensitive polymers as on-off 

switches for drug release, Makromol. Chem-Rapid., 8:481-485, 1987. 
 
6. Zhang J and Peppas NA, Morphology of poly(methacrylic acid)/poly(N-isopropyl 

acrylamide) interpenetrating polymeric networks, J. Biomater. Sci.-Polym. Ed., 
13:511-525, 2002. 

 
7. Cheon JB, Jeong YI, and Cho CS, Effects of temperature on diblock copolymer 

micelle composed of poly(gamma-benzyl L-glutamate) and poly(N-
isopropylacrylamide), Polymer, 40:2041-2050, 1999. 

 
8. Okano T, Molecular design of temperature-responsive polymers as intelligent 

materials, Adv. Polym. Sci., 110:179-197, 1993. 
 
9. Yoshida R, Sakai K, Okano T, and Sakurai Y, Pulsatile drug-delivery systems 

using hydrogels, Adv. Drug Deliv. Rev., 11:85-108, 1993. 
 
10. Athawale WD, Kolekar SL, and Raut SS, Recent developments in polyurethanes 

and poly(acrylates) interpenetrating polymer networks, J. Macromol. Sci.-Polym. 
Rev, C43:1-26, 2003. 

 
11. Katono H, Maruyama A, Sanui K, Ogata N, Okano T, and Sakurai Y, 

Thermoresponsive swelling and drug release switching of interpenetrating 
polymer networks composed of poly(acrylamide-co-butyl methacrylate) and 
poly(acrylic-acid), J. Control. Release, 16:215-227, 1991. 

 



 20

12. Bouillot P and Vincent B, A comparison of the swelling behaviour of copolymer 
and interpenetrating network microgel particles, Colloid Polym. Sci., 278:74-79, 
2000. 

 
13. Chen L and Chen S, Latex interpenetrating networks based on polyurethane, 

polyacrylate and epoxy resin, Prog. Org. Coat., 49:252-258, 2004. 
 
14. Aoki T, Kawashima M, Katono H, Sanui K, Ogata N, Okano T, and Sakurai Y, 

Temperature-responsive interpenetrating polymer networks constructed with 
poly(acrylic acid) and poly(N,N-dimethylacrylamide), Macromolecules, 27:947-
952, 1994. 

 
15. Kikuchi A and Okano T, Pulsatile drug release control using hydrogels, Adv. 

Drug Deliv. Rev., 54:53-77, 2002. 
 
16. Blackley DC, Emulsion polymerization: theory and practice, 1975, John Wiley & 

Sons: New York, NY. p. 6. 
 
17. Blackley DC, Emulsion polymerization: theory and practice, 1975, John Wiley & 

Sons: New York, NY. p. 36-90. 
 
18. El-Aasser MS and Sudol ED, Eds. Emulsion polymerization and emulsion 

polymers. John Wiley and Sons: New York, NY.  1997. 
 
19. Schork FJ, Luo YW, Smulders W, Russum JP, Butte A, and Fontenot K, 

Miniemulsion polymerization, in Polymer Particles. 2005. p. 129-255. 
 
20. Barton J, Free-radical polymerization in inverse microemulsions, Prog. Polym. 

Sci., 21:399-438, 1996. 
 
21. Capek I, Inverse emulsion polymerization of acrylamide initiated by oil- and 

water-soluble initiators: Effect of emulsifier concentration, Polym. J., 36:793-803, 
2004. 

 
22. Atik SS and Thomas JK, Photochemical studies of an oleate oil in water micro-

emulsion, J. Am. Chem. Soc., 103:7403-7406, 1981. 
 
23. Landfester K, Miniemulsions for nanoparticle synthesis, in Colloid Chemistry II. 

2003. p. 75-123. 
 
24. Stoffer JO and Bone T, Polymerization in water-in-oil micro-emulsion systems. 

Part 2. SEM investigation of structure, J. Dispersion Sci. Technol., 1:393-412, 
1980. 

 



 21

25. Kawaguchi H, Functional polymer microspheres, Prog. Polym. Sci., 25:1171-
1210, 2000. 

 
26. Stoffer JO and Bone T, Polymerization in water-in-oil micro-emulsion systems.  

Part 1, J. Polym. Sci. Pol. Chem., 18:2641-2648, 1980. 
 
27. Saunders BR and Vincent B, Microgel particles as model colloids: theory, 

properties and applications, Adv. Colloid Interface Sci., 80:1-25, 1999. 
 
28. Gref R, Minamitake Y, Peracchia MT, Trubetskoy V, Torchilin V, and Langer R, 

Biodegradable long-circulating polymeric nanospheres, Science, 263:1600-1603, 
1994. 

 
29. Stolnik S, Illum L, and Davis SS, Long circulating microparticle drug carriers, 

Adv. Drug Deliv. Rev., 16:195-214, 1995. 
 
30. Peracchia MT, Stealth nanoparticles for intravenous administration, S.T.P. 

Pharma Sci., 13:155-161, 2003. 
 
31. Owens DE and Peppas NA, Opsonization, biodistribution, and pharmacokinetics 

of polymeric nanoparticles, Int. J. Pharm., 307:93-102, 2006. 
 
32. Frank M and Fries L, The role of complement in inflammation and phagocytosis, 

Immunol. Today, 12:322-326, 1991. 
 
33. Johnson RJ, The complement system, in Biomaterials Science: An introduction to 

materials in medicine, B.D. Ratner, Hoffman A.S., Schoen, F.J., Lemons J.E., 
Editor. 2004, Elsevier Academic Press: Amsterdam. p. 318-328. 

 
34. Singer L, Colten HR, and Wetsel RA, Complement C3 deficiency - human, 

animal, and experimental-models, Pathobiology, 62:14-28, 1994. 
 
35. Illum L, Hunneyball IM, and Davis SS, The effect of hydrophilic coatings on the 

uptake of colloidal particles by the liver and by peritoneal-macrophages, Int. J. 
Pharm., 29:53-65, 1986. 

 
36. Peracchia MT, Fattal E, Desmaele D, Besnard M, Noel JP, Gomis JM, Appel M, 

d'Angelo J, and Couvreur P, Stealth PEGylated polycyanoacrylate nanoparticles 
for intravenous administration and splenic targeting, J. Control. Release, 60:121-
128, 1999. 

 
37. Plard JP and Bazile D, Comparison of the safety profiles of PLA(50) and 

Me.PEG-PLA(50) nanoparticles after single dose intravenous administration to 
rat, Colloid Surf. B-Biointerfaces, 16:173-183, 1999. 

 



 22

38. Illum L and Davis SS, The organ uptake of intravenously administered colloidal 
particles can be altered using a non-ionic surfactant (Poloxamer-338), FEBS Lett., 
167:79-82, 1984. 

 
39. Moghimi SM and Szebeni J, Stealth liposomes and long circulating nanoparticles: 

critical issues in pharmacokinetics, opsonization and protein-binding properties, 
Prog. Lipid Res., 42:463-478, 2003. 

 
40. Roser M, Fischer D, and Kissel T, Surface-modified biodegradable albumin nano- 

and microspheres. II:  Effect of surface charges on in vitro phagocytosis and 
biodistribution in rats, Eur. J. Pharm. Biopharm., 46:255-263, 1998. 

 
41. Kaul G and Amiji M, Long-circulating poly(ethylene glycol)-modified gelatin 

nanoparticles for intracellular delivery, Pharm. Res., 19:1061-1067, 2002. 
 
42. Bazile D, Prudhomme C, Bassoullet MT, Marlard M, Spenlehauer G, and Veillard 

M, Stealth Me.PEG-PLA nanoparticles avoid uptake by the mononuclear 
phagocytes system, J. Pharm. Sci., 84:493-498, 1995. 

 
43. Harper GR, Davies MC, Davis SS, Tadros TF, Taylor DC, Irving MP, and Waters 

JA, Steric stabilization of microspheres with grafted polyethylene oxide reduces 
phagocytosis by rat Kupffer cells-in vitro, Biomaterials, 12:695-704, 1991. 

 
44. Peracchia M, Harnisch S, Pinto-Alphandary H, Gulik A, Dedieu J, Desmaele D, 

d'Angelo J, Muller R, and Couvreur P, Visualization of in vitro protein-rejecting 
properties of PEGylated stealth (R) polycyanoacrylate nanoparticles, 
Biomaterials, 20:1269-1275, 1999. 

 
45. Jeon SI, Lee JH, Andrade JD, and De Gennes PG, Protein-surface interactions in 

the presence of polyethylene oxide, J. Coll. Interface Sci., 142:149-158, 1991. 
 
46. Storm G, Belliot SO, Daemen T, and Lasic DD, Surface modification of 

nanoparticles to oppose uptake by the mononuclear phagocyte system, Adv. Drug 
Deliv. Rev., 17:31-48, 1995. 

 
47. Neal JC, Stolnik S, Schacht E, Kenawy ER, Garnett MC, Davis SS, and Illum L, 

In vitro displacement by rat serum of adsorbed radiolabeled poloxamer and 
poloxamine copolymers from model and biodegradable nanospheres, J. Pharm. 
Sci., 87:1242-1248, 1998. 

 
48. Leroux JC, De Jaeghere F, Anner B, Doelker E, and Gurny R, An investigation on 

the role of plasma and serum opsonins on the internalization of biodegradable 
poly(D,L-lactic acid) nanoparticles by human monocytes, Life Sci., 57:695-703, 
1995. 

 



 23

49. Stolnik S, Daudali B, Arien A, Whetstone J, Heald CR, Garnett MC, Davis SS, 
and Illum L, The effect of surface coverage and conformation of poly(ethylene 
oxide) (PEO) chains of poloxamer 407 on the biological fate of model colloidal 
drug carriers, BBA-Biomembranes, 1514:261-279, 2001. 

 
50. Daniel MC and Astruc D, Gold nanoparticles: assembly, supramolecular 

chemistry, quantum-size-related properties, and applications toward biology, 
catalysis, and nanotechnology, Chem. Rev., 104:293-346, 2004. 

 
51. Barnes WL, Dereux A, and Ebbesen TW, Surface plasmon subwavelength optics, 

Nature, 424:824-830, 2003. 
 
52. O'Neal DP, Hirsch LR, Halas NJ, Payne JD, and West JL, Photo-thermal tumor 

ablation in mice using near infrared-absorbing nanoparticles, Cancer Lett., 
209:171-176, 2004. 

 
53. Loo C, Lin A, Hirsch L, Lee MH, Barton J, Halas N, West J, and Drezek R, 

Nanoshell-enabled photonics-based imaging and therapy of cancer, Technol. 
Cancer Res. Treat., 3:33-40, 2004. 

 
54. Kim JH and Lee TR, Thermo- and pH-responsive hydrogel-coated gold 

nanoparticles, Chem. Mat., 16:3647-3651, 2004. 
 
55. Wang YW, Xie XY, Wang XD, Ku G, Gill KL, O'Neal DP, Stoica G, and Wang 

LV, Photoacoustic tomography of a nanoshell contrast agent in the in vivo rat 
brain, Nano Lett., 4:1689-1692, 2004. 

 
56. Lapotko DO, Lukianova E, and Oraevsky AA, Selective laser nano-thermolysis of 

human leukemia cells with microbubbles generated around clusters of gold 
nanoparticles, Lasers Surg. Med., 38:631-642, 2006. 

 
57. Xu MH and Wang LHV, Photoacoustic imaging in biomedicine, Rev. Sci. 

Instrum., 77:2006. 
 
58. Tkaczyk TS, Rahman M, Mack V, Sokolov K, Rogers JD, Richards-Kortum R, 

and Descour MR, High resolution, molecular-specific, reflectance imaging in 
optically dense tissue phantoms with structured-illumination, Opt. Express, 
12:3745-3758, 2004. 

 
59. Maxwell DJ, Taylor JR, and Nie SM, Self-assembled nanoparticle probes for 

recognition and detection of biomolecules, J. Am. Chem. Soc., 124:9606-9612, 
2002. 

 
60. Dujardin E and Mann S, Bio-inspired materials chemistry, Adv. Mater., 14:775-

788, 2002. 



 24

 
61. Chow MK and Zukoski CF, Gold sol formation mechanisms - role of colloidal 

stability, J. Colloid Interface Sci., 165:97-109, 1994. 
 
62. Turkevich J, Stevenson PC, and Hillier J, A study of the nucleation and growth 

processes in the synthesis of colloidal gold, Disscuss. Faraday Soc., 11:55-75, 
1951. 

 
63. Heller A, Integrated medical feedback systems for drug delivery, AIChE J., 

51:1054-1066, 2005. 
 
64. Langer R and Peppas NA, Advances in biomaterials, drug delivery, and 

bionanotechnology, AIChE J., 49:2990-3006, 2003. 
 
 
 



 25

 
 
 
 

 
 

Figure 2.1 A schematic illustration of intermolecular hydrogen bonding occurring 
between a polyacrylamide polymer chain (shown as red) and a 
poly(acrylic acid) polymer chain (shown as yellow) in a PAA/PAAm 
interpenetrating polymer network. 
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Figure 2.2 A schematic representation of the structure of a typical polyacrylamide 
(shown as red)  and poly(acrylic acid) (shown as yellow) interpenetrating 
polymer network where the networks are physically entangled but not 
covalently bound to one another. 
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Figure 2.3 An illustration of the hydrogen bonding mechanism that controls swelling 
and deswelling with temperature in certain interpenetrating polymer 
networks referred to as the “Zipper Effect.” 

 
 

Collapsed State 
Increased Temperature

Collapsed State
Decreased Temperature 

Swollen State 

Swollen State 



 28

 
 
 
 
 

 
 

Figure 2.4 A schematic illustration of the shift in composition of emulsifier systems 
with emulsion concentration, as well as the different types of emulsion 
systems that are formed based on the relative emulsifier concentration and 
water to oil ratio. 
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Figure 2.5 A schematic illustration of a non-optimal surface PEG coating in what is 
known as the mushroom configuration.  This configuration leaves spaces 
open for the possible adsorption of opsonin proteins and would therefore 
not impart good MPS avoidance or stealth characteristics to the particle.  
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Figure 2.6 A schematic illustration of an optimal surface PEG coating in what is 
known as the brush configuration.  This configuration forces the PEG 
chains into an extended confirmation and leaves little to no spaces open 
for the adsorption of opsonin proteins, thus imparting excellent MPS 
avoidance or stealth characteristics to the particle.  
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Figure 2.7 A schematic illustration of a typical gold nanoshell.  The ratio of the shell 
thickness to core diameter determines at what wavelength the absorption 
maximum will occur.  The core itself can theoretically be made of any 
dielectric material but is typically comprised of either Au2S or SiO2.  
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Chapter 3 

RESEARCH OBJECTIVES 

The main goals of this research were to (i) synthesize various thermally-

responsive polymers in the form of nanoparticles, (ii) characterize the chemical structure 

and environmentally-responsive properties of these materials, (iii) synthesize solid gold 

and gold nanoshell particles, (iv) characterize the structure and absorption and heating 

properties of these materials, (v) synthesize novel metal-polymer nanocomposite 

materials from these polymer and gold nanoparticles, and (vi) evaluate the light activated 

swelling and imaging capabilities of these unique systems. 

The aim of the study presented in Chapter 4 was to synthesize and characterize 

various stimuli responsive polymer nanoparticles.  The objective was to study the type of 

polymer nanoparticles (i.e. interpenetrating polymer network, random co-polymers, and 

homopolymers) that would achieve a positive sigmoidal swelling response with 

temperature and at what pH these responses would be achievable.  Acrylamide, acrylic 

acid and its analogs (methyl-, ethyl-, and propyl-) were utilized for this analysis.  The 

effects of crosslinking, monomer ratio, type of monomer, initiator concentration, and 

specific polymer structure on swelling properties were all examined. 

The aim of the study presented in Chapter 5 was to synthesize and characterize 

the structure, morphology, and absorption properties of solid gold and gold nanoshell 

particles.  The objective was to examine the applicability and ease of use of these 

particles as imaging contrast agents and thermal triggering mechanisms within a 

nanocomposite system.  The importance of surface charge and emulsion stability 

characteristics of metal particles solutions was elucidated. 
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The aim of the study presented in Chapter 6 was to synthesize novel metal-

polymer nanocomposite materials comprised of gold nanoparticle cores surrounded by 

thermally-responsive polymer shells.  The objective was to examine if and how gold 

nanoparticles could be entrapped within larger polymer particles, and once entrapped, if 

they could be used as an imaging contrast agent and light activated trigger for swelling 

response.  A method to prepare successful metal-polymer nanocomposites was 

determined and the light activated triggering and imaging of these systems was 

demonstrated. 
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Chapter 4 

DEVELOPMENT OF THERMALLY-RESPONSIVE POLYMER 

NANOPARTICLES 

 

INTRODUCTION 
 

Stimuli-responsive polymer particles capable of responding to changes in their 

environment such as pH (1-3), osmotic strength (4-6), or temperature (7-10) have 

received growing attention in recent years for applications in a wide variety of areas 

including controlled drug delivery (11-17).  Under certain conditions, these stimuli-

responsive polymer networks exist in a collapsed state where diffusion or release of an 

encapsulated agent is limited or prevented by the small size of openings, or mesh size, ξ, 

in the polymer that is the carrier of the drug delivery device.  However, upon activation 

by a change in a specific environmental factor, these particles swell, thereby increasing 

their mesh size and allowing for the release of any encapsulated agents.   

Due to the highly buffered nature of blood serum, thermally responsive 

nanoparticles appear to be the most likely candidates for use in injectable systems 

because this environmental factor is much easier to change and control locally within the 

systemic circulation.  Furthermore, miniaturization of these systems to the nanoscale is 

required in order to avoid recognition and removal by the body’s natural defensive 

systems such as the mononuclear phagocytic system (18-23).   Therefore, a free radical 

inverse emulsion polymerization technique was used to create thermally-responsive 

polymer particles at or below 300 nm in diameter. 

The aim of this work was to synthesize various interpenetrating polymer network 

(IPN), random copolymer, and homopolymer nanoparticles from polyacrylamide and 
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poly(acrylic acid) and its (methyl-, ethyl-, and propyl-) analogs, and characterize the 

structural, thermal, and pH responsive properties of these materials. 
 

MATERIALS AND METHODS 
 

Materials 
 

Acrylic acid (AA, inhibited with 200 ppm hydroquinone monomethyl ether), 

methacrylic acid (MAA, inhibited with 250 ppm hydroquinone monomethyl ether), 2-

ethylacrylic acid (EAA, inhibited with 150 ppm butylated hydroxytoluene), 2-

propylacrylic acid (PAA, inhibited with 150 ppm butylated hydroxytoluene), N,N’-

methylenebisacrylamide (MBAAm), polyethylene glycol laurylether (Brij 30), 

cyclohexane, and sodium bis(2-ethylhexyl) sulfosuccinate (AOT) were obtained from 

Sigma Aldrich (Milwaukee, WI), acrylamide (AAm) and ammonium persulfate (APS) 

were obtained from Fisher Scientific (Hampton, NH), and acryl-poly(ethylene glycol)-N-

hydroxysuccinimide (MW = 5,000) was obtained from Nektar Therapeutics (San Carlos, 

CA).  All materials were used as received. 
 

Synthesis of Polymeric Nanoparticles 
 

PAAm/P(AA, MAA, EAA, and PAA) IPN polymer nanoparticles were 

synthesized by a two stage sequential inverse emulsion polymerization method.  Unless 

otherwise stated, the inverse emulsion solution consisted of an 81 wt% cyclohexane 

continuous phase, with a 13 wt% surfactant phase (AOT and Brij 30 in a 2:1 ratio), and a 

6 wt% aqueous phase.  The exact composition of the aqueous phase was varied 

depending on the type of monomer system used and the final polymer structure that was 
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desired.  However, a typical aqueous phase consisted of approximately 11.7 wt% 

monomer, 2 wt % crosslinker, 5.3 wt% initiator, and 81 wt% water. 

In a standard experiment, a 3-neck round bottom flask equipped with a condenser, 

nitrogen purge line, and overhead mechanical stirrer was first charged with the entire 

volume of cyclohexane to be used in the polymerization.  To this the entire emulsifier 

phase was added and dissolved under vigorous stirring.  For the first stage of the 

sequential IPN polymerization one-half of the total aqueous phase was added containing 

only the acrylamide monomer along with crosslinker, initiator, and deionized distilled 

water (ddH2O).  This mixture was then purged with nitrogen gas for 30 minutes to 

remove oxygen and homogenized (Ultra-Turrax T25, IKA, Wilmington, NC) at 24,000 

rpm for 5 minutes.   

After homogenization, the polymerization was then initiated thermally by 

immersion of the reaction vessel in a 60˚C bath and allowed to react to completion 

(typically 2 hours).  Upon completion of the first stage of the IPN synthesis, the second 

stage was then started by adding the other half of the aqueous phase, consisting of 

additional crosslinker, initiator, and the second monomer to be used in the IPN (AA, 

MAA, EAA, or PAA), to the same 3-neck round bottom flask as before.  The vessel was 

again purged with nitrogen gas, homogenized, and allowed to react at 60˚C for two hours, 

thus resulting in the formation of the final PAAm/PAA IPN nanoparticles.   

PAAm and PAA crosslinked homopolymer nanoparticles, P(AAm-co-AA) 

crosslinked copolymer nanoparticles, and linear PAAm polymer chains were all also 

made using the same inverse emulsion polymerization system as the IPN particles except 

that the aqueous phases were combined and added in just one step.  In the case of the 

copolymer nanoparticles, both aqueous phases (containing both AAm and AA 

monomers) were polymerized together in one step.  In the case of the homopolymer 
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nanoparticles, both phases were again combined, but only contained AAm monomer in 

the case of PAAm homopolymer nanoparticles and AA monomer in the case of the PAA 

nanoparticles.  In the case of the linear polymer chains, monomer and initiator were 

added together and polymerized as usual in the absence of crosslinker.  

All of the various polymer batches were then collected and purified by removal of 

the cyclohexane phase with elevated temperature and reduced pressure (40˚C/50 mmHg) 

in a rotary evaporator (RE-121, Buchi, Flawil, Switzerland).  This was followed by 

precipitation of the particles or linear polymer chains out of the emulsifier phase with the 

addition of excess ethanol and subsequent pelting and washing (three times) by 

centrifugation (Centra CL3R, Thermo IEC, Waltham, MA) at 3200 rcf for 60 minutes.  

The purified polymer pellet was then resuspended in deionized water in preparation for 

dialysis cleaning, lyophilization, and/or PEGylation depending on the experimental 

requirements. 

Polymeric nanoparticles were also PEGylated to increase their biocompatibility 

and colloidal stability.  For these experiments, the resuspended polymer nanoparticles 

were PEGylated using standard N-hydroxysuccinimide (NHS) chemistry to covalently 

bind linear PEG chains to the primary amine groups of the polyacrylamide portion of the 

IPN (24).  Typically, the pH of an aqueous suspension of polymer nanoparticles, at a 

concentration of approximately 1 mg of polymer per ml of ddH2O, was raised to the 

range of 7.5-8.5.  A heterofunctional acryl-poly(ethylene glycol)-NHS (Figure 4.1, MW = 

5,000) was then added at a concentration of 1 mg/ml and allowed to react overnight at 

room temperature. 

All prepared polymeric materials, including both PEGylated and bare 

nanoparticles and linear polymers, were then placed in dialysis bags (molecular weight 

cutoff = 14,000 Da) and washed in a ddH2O reservoir replenished twice daily for five 



 38

days to remove any unreacted materials.  The washed polymeric materials were next 

frozen overnight and lyophilized, and finally examined in dried powder form or 

resuspended in the appropriate buffer for further analysis. 
 

Characterization 
 

 The kinetics of the polymerization and final conversion achieved by the various 

monomers used in the polymerization were determined using a differential scanning 

calorimeter (DSC 7, Perkin Elmer, Wellesley, MA).  To obtain this data batches were 

prepared using the standard method described above; however, before initiating the 

polymerization, 60 µl of solution were transferred from the 3-neck round bottom flask to 

a large volume (60 µl) hermitically sealed DSC pan under an inert atmosphere.  The pan 

was weighed before and after addition of the sample using a high accuracy analytical 

balance to determine the exact weight of the added DSC sample.  The polymerization 

kinetics and conversion were then determined using the standard isothermal method 

previously described in the literature (25).   

Briefly, the samples were heated from 25 ˚C to 60 ˚C at a rate of 100 ˚C/min and 

held at 60 ˚ C for 3 hours, during which time the thermal energy evolved by the 

polymerization was measured and recorded.  After 3 hours the sample was then heated to 

120 ˚C at a rate of 10 ˚C/min and held for 15 minutes and then cooled at a rate of 10 

˚C/min back to 25 ˚C.  This same ramp was then applied a second time, to establish a 

baseline heating profile, and the difference in thermal energy evolved between the two 

ramps was used as a measure of the unreacted monomer present in the system.  Finally, 

the experimentally measured total energy evolved was also compared to theoretical total 

energy available based on the weight of monomers added to the DSC pan and heat of 

polymerization values found in the literature for the various monomers that were 
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polymerized.  Each monomer was run in triplicate to ensure the reproducibility of the 

calculated final conversion. 

The morphology of the polymeric nanoparticles was examined using a field 

emission scanning electron microscope (FE-SEM, 1530, LEO, Oberkochen, Germany) 

operating at 10 kV.  Purified samples were first frozen overnight and then lyophilized in a 

4.5 liter manifold lyophilizer (Freezone, Labconco, Kansas City, MI).  To prepare the 

samples for imaging, the polymeric nanoparticles in powder form were then mounted on 

an aluminum SEM stage using double-sided conductive carbon tape and coated with gold 

for 30 seconds using a sputter-coater (Model 3, Pelco, Redding, CA) in an argon 

atmosphere at a deposition rate of 10 nm/min. 

The polyethylene glycol equivalent molecular weight and polydispersity index of 

the various linear polymer batches was determined using a HPLC (Waters, Milford, MA), 

equipped with Waters Ultra-Hydrogel 2000, 1000, 500, and 250 GPC columns 

maintained at 40˚C and a Waters 2414 refractive index (RI) detector, using a 4:1 by 

volume mixture of 0.1 molar NaNO3 aqueous solution to acetonitrile mobile phase (26).  

Measurements were made by resuspending washed and dried linear polymer samples to a 

concentration of 15 mg/ml of mobile phase solution.  The samples were then filtered with 

a 0.22 micron filter and injected into the GPC, along with poly(ethylene glycol) Mp 500-

491,000 standards, using a 50 µl injection volume at a flow rate of 1 ml/min. 

The hydrodynamic diameter of the particles in solution as a function of 

temperature and pH was determined using a dynamic light scattering (DLS, ZetaPlus, 

Brookhaven, Holtsville, NY) instrument operating at a 90˚ scattering angle with a 635 nm 

35 mW diode laser source.  To obtain this data, washed and dried particles were 

resuspended in an aqueous buffer and their hydrodynamic diameter was measured every 
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2 ˚C from 25 ˚C to 55 ˚C.  For pH studies the hydrodynamic diameter was measured at 25 

˚C across a range of pHs from 2-9. 

The surface charge of the PAAm/PAA IPN nanoparticles before and after 

PEGylation was examined using a laser doppler velocimeter (LDV, ZetaPlus, 

Brookhaven, Holtsville, NY) instrument operating at a 90˚ scattering angle with a 635 nm 

35 mW diode laser source and equipped with a dip-in Uzgiris type electrode system. 

The infrared spectra of the polymeric nanoparticles was obtained in the 

wavenumber range of 400-4000 cm-1 using a Fourier transform infrared 

spectrophotometer (FT-IR, Thermo Mattson Infinity, Thermo Electron Corp., Waltham, 

MA) in transmission mode equipped with a KBr beamsplitter and DTGS detector. To 

obtain this data, 1 mg of lyophilized polymeric material in powder form was thoroughly 

mixed with 150 mg of KBr and pressed into a pellet for analysis using a Carver 

laboratory press operating at 15,000 lbs compression force for 5 minutes. 
 

RESULTS AND DISCUSSION 
 

Particle Size and Morphology 
 

All of the monomers, the crosslinker, and the initiator that were used in the 

preparation of the various polymeric nanoparticles were soluble in water and were 

therefore present in small aqueous droplets and micelles spread throughout the 

cyclohexane continuous phase of the inverse emulsion.  Upon heating the reaction 

mixture to the polymerization temperature of 60 ˚C, initiation typically occurred within 

the smaller and more prevalent micelles; however, initiation can also occur in the larger 

monomer droplets leading to a higher degree of polydispersity in the final particle size 

distribution (27).  As the reaction progressed, the smaller aqueous micelles exhausted 
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their supply of monomer and crosslinker and diffusion away from the larger droplets to 

the growing micelles began to occur.  As this happened the overall size of the particles 

began to increase and the solution became cloudy due to the increased size of the 

particles, which were now on the order of the wavelength of visible light.  The reaction 

then continued to completion, typically within 2 hours of initiation of the polymerization. 

Scanning electron microscopy was utilized to determine the morphology of the 

particles which was spherical as shown in Figure 4.2 and 4.3.  The particles also appeared 

to be monodisperse in size which was confirmed by examination of the particles size 

distribution using dynamic light scattering (Figure 4.4).  The final average particle size as 

function of emulsifier concentration was also examined and is listed in Table 4.1.  The 

range of 19 wt% to 8 wt% emulsifier was explored due to the solubility limit of AOT in 

the cyclohexane phase at concentrations above 19 wt%.  Also from experimental 

observation, it was apparent that emulsifier concentrations below 8 wt% no longer 

yielded discrete polymeric particles, but rather a discontinuous fragmented polymer film 

as shown in Figure 4.5.  From Table 4.1 it is apparent that as the amount of emulsifier in 

the system is decreased, the size and polydispersity of the particles prepared using this 

method tended to increase.  Therefore, the particle size can be easily adjusted over a 

range of approximately 50 - 5000 nm diameter by controlling the percentage of 

emulsifier that is used in the emulsion system. 
 

Polymerization Kinetics and Conversion 
 

It has been shown (28) that the ratio of acrylamide repeat units to acrylic acid (or 

other analog) repeat units in the final IPN structure is critical to achieving enhanced 

thermally responsive properties.  Specifically, the ability to obtain a sharp transition with 

temperature as well as a large volume change from the collapsed to swollen state is 
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decreased as the final IPN structure moves further away from the ideal situation of a 1 to 

1 molar ratio of repeat units (29, 30).  Therefore, it is critical to know the exact 

conversion rate of the various monomers in this specific emulsion system and adjust the 

feed ratios accordingly to ensure that the final IPN structure will exhibit a one to one 

monomer ratio. 

In order to ensure that this requirement was met, the various monomers were 

analyzed individually both with (1 mol% relative to the total amount of added monomer 

and crosslinker) and without added crosslinker using a differential scanning calorimeter 

to determine their reaction rate and final percentage conversion within the inverse 

emulsion polymerization system.  Figures 4.6, 4.7, and 4.8 are representative of the heat 

flow profiles, reaction rates, and percentage conversions, respectively, that were 

measured and calculated during the course of the polymerization.  The results of this 

analysis are summarized in Table 4.2.  Theoretical conversions were calculated using the 

mass of added monomer in a given experiment and the heats of polymerization values: 

81.5 kJ/mol for AAm (25), 82.7 kJ/mol (of double bonds) for MBAAm (31), 77.5 kJ/mol 

for AA (32), and 66 kJ/mol for MAA (33).  Values for EAA and PAA were not available 

in the literature.  From Table 4.2, it is apparent that the first step of the IPN synthesis 

reaction involving the formation of the polyacrylamide portion of the network goes 

nearly to completion as evidenced by the high final percentage conversion of 94.52 ± 

0.45.  Furthermore, it is also apparent that as the hydrophobicity of the monomer used in 

the polymerization structure is increased the overall percentage conversion decreased, 

which was most likely due to an increased partitioning of the monomer in the non-

reactive continuous cyclohexane phase.  These conversion results were then used to 

determine the feed ratios of the various monomers necessary to ensure as close to a one to 

one ratio of the monomer repeat units in the final IPN structure. 
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Molecular Weight Characterization 
 

 Inverse emulsion polymerization usually yields a relatively high molecular weight 

polymer.  The polydispersity and molecular weight of polymers synthesized using this 

technique (27) are also almost completely independent of the concentration of initiator 

used.  Therefore, to examine these effects, GPC analysis was performed on a series of 

linear polyacrylamide samples that were prepared using the inverse emulsion 

polymerization technique described previously with varying amounts of initiator.   

Figure 4.9 shows the refractive index (RI) trace for a representative sample of 

linear polyacrylamide polymers that were synthesized with varying initiator 

concentrations.  From this graph it is clear that even changing the initiator concentration 

by an order of magnitude from 1 wt% up to 10 wt%, relative to the total amount of added 

monomer and initiator, had little effect on the observed molecular weight and 

polydispersity of the linear polyacrylamide samples that were synthesized.  Furthermore, 

Table 4.3 quantifies the actual changes in the PEO equivalent number average molecular 

weight (Mn, kg/mol), weight average molecular weight (Mw, kg/mol) and polydispersity 

index (PDI) of the various linear polyacrylamide samples that were synthesized.  From 

this table there appears to be no discernable trend in molecular weight with initiator 

concentration; however, this data does show a slight increase in polydispersity with 

increasing initiator concentration.   This trend is most likely due to the increased 

occurrence of initiation within the larger aqueous droplets due to the higher initiator 

concentration.  Figure 4.10 shows a typical PEO standard curve that was used to calculate 

the PEO equivalent molecular weight and PDI of the various linear polyacrylamide 
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samples that were measured.  New PEO standards were prepared and analyzed to 

calibrate each individual GPC analysis experiment. 
 

Swelling Studies 
 

Dynamic light scattering was used to confirm the thermally-responsive upper 

critical solution temperature (UCST) behavior of the interpenetrating polymer network 

(IPN) nanoparticles.  Figure 4.11 illustrates the thermally responsive UCST behavior of a 

sample of polyacrylamide/poly(acrylic acid) IPN nanoparticles (0.1 mol % crosslinked) 

suspended in an aqueous pH 3 buffer solution.  Figure 4.11 shows the change in relative 

swelling volume (RSV), defined as the average volume of the swollen particles over the 

average volume of the collapsed particles, versus temperature.  These results clearly 

illustrated the UCST like response of the IPN nanoparticles, as well as the very large final 

swollen volume that was achieved.  Error bars in the graph represent one standard 

deviation, n=10, and generally tend to increase as the diameter of the particles increased.  

This trend was due to an overall decrease in the optical density and scattering efficiency 

of hydrogel particles in the swollen state, which leaded to higher variability in the 

measured hydrodynamic diameter.   

The effect of crosslinker concentration on the thermally-responsive swelling 

properties of a series IPN nanoparticle samples, suspended in an aqueous pH 3 buffer 

solution, is clearly illustrated in Figure 4.12.  The monomer ratios and molar percentages 

of crosslinker used to prepare these IPN nanoparticles, as well as the maximum RSV 

achieved, are listed in Table 4.4.  All the IPN particles described in this table were 

synthesized with an initiator concentration of 7 wt% with respect to the total weight of 

the monomer and crosslinker.  The molar feed ratios listed in Table 4.4 were based on the 

ratio of the combined total of AAm to AA added to the emulsion system in both the first 
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and second steps of the IPN nanoparticle synthesis procedure.  The monomer conversion 

rates, determined previously using DSC, were then utilized to calculate the theoretical 

ratio of AAm to AA repeat units present in the final IPN nanoparticle structure.  The 

molar percentages of crosslinker were based on the total moles of both monomer and 

crosslinker used to prepare an individual polymer network and were always maintained at 

the same level in both networks for any given IPN system.  For instance, a PAAm/PAA 

IPN crosslinked at 0.1 mol%, would be comprised of a polyacrylamide network that was 

prepared with 0.1 mol% crosslinker as well as a poly(acrylic acid) network that was also 

prepared with 0.1 mol% crosslinker.  From this analysis it is clear that PAAm/PAA IPN 

nanoparticles prepared with a 50/50 AAm to AA ratio of repeat units in the final IPN 

polymer structure were able to achieve UCST-like swelling behavior.  It is also evident 

from this graph that increased molar percentage of crosslinker lead to a decrease in the 

final volume swelling ratio of the IPN particles. 

The effect of pH on the thermally-responsive properties of these systems is 

critical because as the pH is increased above the pKa of the poly(acrylic acid) or 

poly(acrylic acid) homolog portion of the IPN the carboxyl groups of that polymer 

become deprotonated.  Once this occurs, a strong charge repulsion force will drive the 

immediate swelling of the polymer network.  Furthermore, the deprotonation of the 

carboxylic acid group limits the hydrogen bonding capabilities of the IPN system and, in 

effect, destroys its thermally-responsive behavior.   

Therefore, the effect of pH on the swelling properties of IPN nanoparticles 

comprised of polyacrylamide and poly(acrylic acid) and its homologs was investigated 

using DLS.  Table 4.5 lists the various IPN nanoparticles that were investigated, the 

maximum RSV that was obtained for each system, and the monomer ratios and molar 

percentage of crosslinker used to prepare the various IPN nanoparticles.  All particles 
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used in this study were also prepared with 7 wt% initiator as described previously.  

Figure 4.13 shows the trend in the RSV with pH that was observed for the PAAm/PAA 

IPN nanoparticles.  From this graph it is clear that the particles began to become 

deprotonated and swell in the pH range of 4-5 and were fully swollen, and hence fully 

deprotonated, at a pH of 6.  This corresponds well with what is expected based on a pKa 

of 4.8 for PAA as reported in the literature (34).  Figure 4.14 shows the trend in RSV 

with pH that was observed for PAAm/PMAA IPN nanoparticles.  From this graph it is 

clear that the pH of initial deprotonation was shifted to a value in the pH range of 5-6.  

This also corresponds with the literature value of 6.15 for the pKa of PMAA (35).  The 

pKa of PEAA is listed as 7.2 in the literature (35) and Figure 4.15 confirms that the initial 

deprotonation and swelling of PAAm/PEAA IPN nanoparticles occurred in the pH range 

of 6-7 as expected.  PAAm/PPAA IPN nanoparticles were also investigated and showed 

an even further initial deprotonation shift in the pH range of 7-8 (Figure 4.16).  Although 

no exact PPAA pKa value was available in the literature; articles have shown a 

significant increase in the pH required for the deprotonation of PPAA as compared to 

PEAA (36). 

In order to be effective in vivo, IPN nanoparticles will need to be able to swell in 

response to heating in physiological conditions (i.e. at pH 7.4 and 150 mM ionic 

strength).  To test these conditions a sample of the same PAAm/PPAA IPN nanoparticles 

tested in the previous pH study were resuspended in a pH 7.4 Phosphate Buffered Saline 

(PBS) solution at an ionic strength of 150 mM.  The system was then heated as before 

from 25 ˚C – 55 ˚C with the hydrodynamic radius measured every 2 ˚C.  The results of 

this analysis are shown in Figure 4.17.  From this graph it is clear that the particles were 

able to exhibit a UCST-like swelling transition even in the much higher pH and ionic 
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conditions of the PBS buffer system with a maximum volume swelling ratio of 3.98 ± 

0.19. 

The effect of polymeric structure on the swelling properties of various 

polyacrylamide and poly(acrylic acid) nanoparticles, suspended in a pH=3 aqueous 

buffer, was also investigated using DLS.  The monomer ratios and molar percentages of 

crosslinker used to prepare these polymer nanoparticles, as well as the maximum RSV 

achieved, are listed in Table 4.6.  In this study homopolymer nanoparticles of both 

polyacrylamide and poly(acrylic acid) were compared to a random copolymer of 

polyacrylamide-co-poly(acrylic acid) as well as polyacrylamide/poly(acrylic acid) IPN.  

Furthermore, in the case of the random copolymer and IPN, both were prepared in such a 

way to ensure that the ratio of AAm to AA repeat units in the final polymer structures 

was one to one.  The results of the study are shown graphically in Figure 4.18.  From this 

graph it is clear that the IPN polymer structure yielded a much large maximum RSV as 

well as a sharper UCST-like swelling transition.  The random copolymer, as well as the 

poly(acrylic acid) homopolymer, exhibited some swelling with temperature and the 

homopolymer polyacrylamide particle exhibited almost no swelling with increased 

temperature. 
 

Zeta Potential Analysis 
 

Research has shown that bare polymeric nanoparticles when injected in vivo are 

quickly recognized and removed by the body’s natural defensive systems (22, 23, 37).  

However, the successful PEGylation of polymeric nanoparticles can dramatically 

increase their biocompatibility and blood circulation half life (18, 21).  Furthermore, the 

covalent attachment of PEG chains on the surface of polymeric nanoparticles creates a 

steric repulsive layer around the particles, thereby increasing their stability in solution.  
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Therefore, to increase the stability and biocompatibility of the polymeric nanoparticles, 

large molecular weight poly(ethylene glycol) chains were covalently bound to their 

surface using a N-hydroxysuccinimide functionalized PEG chain.  Zeta potential was 

used to confirm the successful PEGylation of the IPN nanoparticles.  Figure 4.19 is a 

representative Zeta potential analysis of an as-prepared batch of PAAm/PAA IPN 

nanoparticles showing a negative surface charge, due to the ionization of carboxylic acid 

groups present in the poly(acrylic acid) portion of the IPN, of -19.16 ± 3.89 mV (n=10).  

Figure 4.20 is a representative Zeta potential analysis of the PEGylated PAAm/PAA IPN 

nanoparticles showing an approximately neutral to slightly positive surface charge, due to 

charge masking by the neutral PEG surface layer, of 2.77 ± 1.08 mV (n=10). 
 

FT-IR Spectroscopy of IPN Polymer Nanoparticles 
 

The molecular structure of the IPN polymeric nanoparticles was investigated 

using FT-IR.  Figure 4.21 and 4.22 show the FT-IR spectrum of crosslinked 

homopolymer nanoparticles of PAAm and PAA respectively.  In Figure 4.21 the 

characteristic absorption bands of polyacrylamide were present at 3360 and 3210 cm-1 

corresponding to the asymmetric and symmetric NH2 stretching vibrations, 2945 cm-1 

corresponding to the stretching of CH2 group, and 1665 cm-1 corresponding to the 

stretching of the C=O group.  There were also weaker bands at 1455 and 1420 cm-1 

associated with scissor and bending vibrations of CH2 and CH-CO groups, respectively. 

Finally, the weak bands in the range of 1050 to 1350 cm-1 and 750 to 850 cm-1 

corresponded to the stretching vibrations of C-N and the out-of-plane bend of NH2, 

respectively (38).   

In Figure 4.22 the characteristic absorption bands of poly(acrylic acid) were 

present at 1720 cm-1 corresponding to the stretching of the C=O group, the broad band 
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between 1180 and 1260 cm-1 corresponding to the stretching of C=O coupled with the 

bending of O-H groups, and the broad band from 3100 to 3500 corresponding to the 

stretching of the O-H group with a peak at 3200 cm-1, and the free O-H group with a peak 

at approximately 3450  cm-1.  There were again weaker bands at 1456 and 1415 cm-1 

associated with scissor and bending vibrations of CH2 and CH-CO groups, respectively.  

Finally, the weak bands at 2960 and 2635 cm-1 corresponded to the stretching vibrations 

of CH2 and O-H bonded groups, respectively (38, 39).   

In Figure 4.23 a mixture of absorption bands from both the PAAm and PAA 

portions of PAAm/PAA IPN nanoparticles was evident.  A broad and shifted C=O band 

at 1680 cm-1 was due to the combined stretching vibrations of the C=O groups of both 

PAAm and PAA as well as the effects of hydrogen bonding present in the IPN structure.  

Absorption bands at 1455 and 1416 cm-1 were again associated with scissor and bending 

vibrations of CH2 and CH-CO groups in both PAAm and PAA.  Furthermore, the 

absorption band at 2950 cm-1 corresponded to the combined stretching of CH2 groups in 

both PAAm (2945 cm-1) and PAA (2960 cm-1).   Finally, the broad absorption bands in 

the 3100 to 3500 cm-1 regions were due to the overlapping absorption bands of O-H and 

NH2 stretching vibrations, while the absorption bands in the 1150 to 1300 cm-1 region 

were due to the overlap of the stretching C-N, and C=O coupled with the bending of O-H 

groups (38, 40).  Therefore, the results of this analysis further confirmed the presence of 

both poly(acrylic acid) and polyacrylamide in the final IPN structure, which was 

expected based on previous DLS swelling studies and DSC conversion studies of these 

materials. 

The FT-IR absorption spectrum of the IPN nanoparticles after PEGylation (Figure 

4.24) showed similar absorption bands to the IPN nanoparticles before PEGylation 

including the broad bands from 3100 to 3500 cm-1 and the bands at 1456 and 1415 cm-1.  
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However, two new strong bands were present at 1588 cm-1, corresponding to the shift in 

the C=O band of polyacrylamide portion of the IPN, due to the selective binding of high 

molecular weight PEG to the primary amine group in this polymer, and 1115 cm-1 

corresponding to the characteristic asymmetric stretching vibration of the C-O-C group of 

the grafted PEG (38).  Therefore, the results of this analysis further confirmed the 

presence of PEG in the final PEGylated IPN structure, which was expected based on 

previous Zeta potential studies of these materials. 
 

CONCLUSIONS 
 

 Thermally-responsive polymeric nanoparticles comprised of polyacrylamide and 

poly(acrylic acid) and its various (methyl-, ethyl-, and propyl-) analogs were successfully 

synthesized using an inverse microemulsion polymerization technique.  SEM and DLS 

confirmed the spherical morphology and monodisperse size distribution of polymeric 

nanoparticles prepared using this method. 

DSC studies were conducted to determine the percentage conversion obtained for 

each monomer polymerization using this method.  From this analysis it was evident that 

increasingly hydrophobic monomers achieved lower rates of conversion due to a higher 

partitioning in the non-reacting cyclohexane continuous phase.  Furthermore, the results 

of these studies were used to formulate IPN and random copolymers in such a way that 

the final polymer structures would contain a one to one ratio of acrylamide to acrylic acid 

(or other acrylic acid analogs) repeat units. 

DLS was used to confirm the UCST-like behavior of the IPN nanoparticles and 

the increased maximum relative swelling volume obtained by this polymer structure 

compared to random copolymer and homopolymer structures of similar size and 

composition.  The effect of crosslinker on the UCST and maximum relative swelling 
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volume of these systems was also elucidated.  The effect of pH on various poly(acrylic 

acid) and poly(acrylic acid) homolog based IPNs was investigated and illustrated the 

dependence of the thermally-responsive swelling properties of these systems on the pKa 

of the polymer system utilized.  Furthermore, it was also illustrated that a PAAm/PPAA 

IPN nanoparticle can obtain UCST-like swelling behavior in physiologically relevant (i.e. 

pH 7.4 and 150 mM ionic strength) conditions. 

Finally, FT-IR analysis was used to further confirm the presence of PAAm and 

PAA groups in the final PAAm/PAA IPN nanoparticles, and FT-IR and Zeta potential 

analysis were both used to confirm the successful PEGylation of PAAm/PAA IPN 

nanoparticles using a heterofunctional acryl-poly(ethylene glycol)-NHS (MW = 5,000). 
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Table 4.1 Change in the average particle diameter and polydispersity as a function of 
the emulsifier concentration used in the inverse emulsion polymerization 
system.   

 
Average Hydrodynamic  

Diameter (nm) 
Half Width (nm) Emulsifier Concentration 

(wt %) 
52.3 ± 0.1 6.6 ± 1.5 19 
77.1 ± 1.2 8.1 ± 2.7 17 
215.9 ± 3.7 13.2 ± 4.2 15 
248.5 ± 4.5 15.1 ± 5.0 13 

2012.7 ± 70.8 242.1 ± 44.3 10 
6132.8 ± 668.5 1212.4 ± 171.2 8 
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Table 4.2 DSC analysis of the experimental and theoretical conversion of the various 
monomer systems utilized in this work.  Samples were run in triplicate and 
the average of all runs ± one standard deviation is recorded.  Theoretical 
values of conversion are not listed for EAA and PAA due to the lack of 
heat of polymerization values for these materials in the literature. 

Monomer Polymer Structure Experimental 
Conversion (%) 

Theoretical 
Conversion (%) 

AAm Only Linear 96.92 ± 1.13 96.15 ± 0.25 
AA Only Linear 85.72 ± 0.83 87.48 ± 4.20 

MAA Only Linear 76.05 ± 1.62 73.94 ± 1.26 
AAm + Crosslinker Nanoparticle 94.52 ± 0.45 92.25 ± 0.71 
AA + Crosslinker Nanoparticle 81.36 ± 0.38 79.19 ± 2.66 

MAA + Crosslinker Nanoparticle 72.62 ± 2.12 70.91 ± 3.22 
EAA + Crosslinker Nanoparticle 60.41 ± 3.96 N/A 
PAA + Crosslinker Nanoparticle 47.71 ± 3.07 N/A 
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Table 4.3 Calculated PEO equivalent molecular weights (kg/mol) and polydispersity 
indices for the various linear polyacrylamide samples examined in this 
work.  The initiator concentration is expressed as a weight percentage of 
the entire amount of added initiator and monomer.  Samples were prepared 
and tested in triplicate with data showing the average of three 
measurements ± one standard deviation. 

Initiator wt% Mn ± STD Mw ± STD PDI ± STD 
1 316.23 ± 6.01 522.25 ± 16.77 1.65 ± 0.02 
2 340.15 ± 1.69 576.73 ± 9.38 1.70 ± 0.02 
5 330.34 ± 4.93 541.45 ± 5.78 1.64 ± 0.01 
7 335.50 ± 7.02 606.41 ± 6.67 1.70 ± 0.01 
10 332.14 ± 3.06 668.85 ± 5.68 2.03 ±0.02 
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Table 4.4 The monomer ratios and molar percentages of crosslinker used to prepare 
the IPN nanoparticles examined in Figure 4.12.  The maximum relative 
swelling volume (RSV) ± one standard deviation (STD), n=10, achieved 
by each system is also listed.  The molar ratios of AAm to AA repeat units 
in the final IPN structure were calculated using the feed ratio of each 
monomer and their experimentally determined percentage conversion. 

 Molar Feed  
Ratio (%) 

Final IPN Molar 
Ratio (%) Crosslinker Maximum 

Polymer System AAm AA AAm AA (mol%) RSV ± STD 
PAAm/PAA IPN 46 54 50 50 10 1.12 ± 0.10 
PAAm/PAA IPN 46 54 50 50 1 1.85 ± 0.11 
PAAm/PAA IPN 46 54 50 50 0.5 12.14 ± 1.24 
PAAm/PAA IPN 46 54 50 50 0.25 32.35 ± 1.48 
PAAm/PAA IPN 46 54 50 50 0.1 86.85 ± 8.23 
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Table 4.5 The monomer ratios and molar percentages of crosslinker used to prepare 
the IPN nanoparticles examined in Figures 4.13 - 4.16.  The maximum 
relative swelling volume (RSV) ± one standard deviation (STD), n=10, 
achieved by each system is also listed.  The molar ratios of AAm to ((M,E, 
or P)AA) repeat units in the final IPN structure were calculated using the 
feed ratio of each monomer and their experimentally determined 
percentage conversion. 

 Molar Feed  
Ratio (%) 

Final IPN Molar 
Ratio (%) Crosslinker Maximum 

Polymer System AAm AA AAm AA (mol%) RSV ± STD 
PAAm/PAA IPN 46 54 50 50 1 13.01 ± 0.35

PAAm/PMAA IPN 43 57 50 50 1 14.12 ± 0.67
PAAm/PEAA IPN 39 61 50 50 1 10.89 ± 0.40
PAAm/PPAA IPN 34 67 50 50 1 9.97 ± 0.48 
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Table 4.6 The monomer ratios and molar percentages of crosslinker used to prepare 
the IPN nanoparticles examined in Figure 4.18.  The maximum relative 
swelling volume (RSV) ± one standard deviation (STD), n=10, achieved 
by each system is also listed.  The molar ratios of AAm to AA repeat units 
in the final IPN structure were calculated using the feed ratio of each 
monomer and their experimentally determined percentage conversion. 

 
 Molar Feed  

Ratio (%) 
Final IPN Molar 

Ratio (%) Crosslinker Maximum 
Polymer System AAm AA AAm AA (mol%) RSV ± STD 

PAAm 100  100  0.1 1.13 ± 0.04 
PAA  100  100 0.1 13.00 ± 1.99 

P(AAm-co-AA) 46 54 50 50 0.1 35.22 ± 2.55 
PAAm/PAA IPN 46 54 50 50 0.1 86.85 ± 8.23 
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Figure 4.1 A schematic illustration of the chemical structure of acryl-poly(ethylene 
glycol)-N-hydroxysuccinimide used to PEGylate the surface of the 
polymer nanoparticles by covalently binding to the surface functional 
amine groups of the polyacrylamide portion of the IPN structure.  
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Figure 4.2 A representative low magnification SEM micrograph of polymeric 
nanoparticles prepared by an inverse microemulsion polymerization and 
subsequent dialysis and lyophilization.  The dried nanoparticles were 
mounted onto an aluminum SEM stage using double sided carbon tape and 
gold sputter coated for 30 seconds prior to imaging. 
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Figure 4.3 A representative high magnification SEM micrograph of polymeric 
nanoparticles prepared by an inverse microemulsion polymerization and 
subsequent dialysis and lyophilization.  The dried nanoparticles were 
mounted onto an aluminum SEM stage using double sided carbon tape and 
gold sputter coated for 30 seconds prior to imaging. 
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Figure 4.4 A representative dynamic light scattering analysis of the distribution of 
hydrodynamic diameters present in a sample of polymeric nanoparticles 
prepared by an inverse microemulsion polymerization after dialysis, 
lyophilization, and subsequent resuspension for analysis. 
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Figure 4.5 A representative SEM micrograph of a discontinuous fragmented polymer 
film prepared by an inverse microemulsion polymerization with low (~7 
wt%) emulsifier concentration. 
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Figure 4.6 A representative diagram of the DSC measured heat flow with time for the 
inverse emulsion polymerization of polyacrylamide.  Time zero is set at 
the point when the reaction begins during the 60 ˚C isothermal phase of 
the DSC polymerization analysis. 
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Figure 4.7 A representative diagram of the rate of polymerization for the inverse 
emulsion polymerization of a sample of polyacrylamide. 
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Figure 4.8 A representative diagram of the theoretical and experimental conversion 
as a function of time for the inverse emulsion polymerization of a sample 
of polyacrylamide.  Time zero is set at the point when the reaction begins 
during the 60 ˚C isothermal phase of the DSC polymerization analysis.   
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Figure 4.9 A representative GPC analysis showing the RI trace of a series linear 
polyacrylamide polymers prepared by an inverse emulsion polymerization 
technique with varying initiator concentrations. 
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Figure 4.10 A typical PEO standards calibration curve used to calculate the PEO 
equivalent molecular weight and polydispersity index of the linear 
polyacrylamide polymers studied in this work.  
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Figure 4.11 Thermally responsive UCST behavior of a sample of 
polyacrylamide/poly(acrylic acid) IPN nanoparticles (0.1 mol % 
crosslinked) suspended in an aqueous pH 3 buffer solution.  Error bars 
represent one standard deviation, n=10. 
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Figure 4.12 The effect of crosslinker concentration on the thermally-responsive 
swelling properties of a series IPN nanoparticle samples, suspended in an 
aqueous pH 3 buffer solution.  Error bars represent one standard deviation, 
n=10. 
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Figure 4.13 This graph shows the trend in the RSV verses pH that was observed for 
PAAm/PAA IPN nanoparticles.  As expected the initial deprotonation and 
swelling of the nanoparticles began in the pH range of 4-5, which 
corresponds well with the literature value of 4.8 for the pKa of PAA.  
Error bars represent one standard deviation, n=10. 
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Figure 4.14 This graph shows the trend in the RSV versus pH that was observed for 
PAAm/PMAA IPN nanoparticles.  As expected the initial deprotonation 
and swelling of the nanoparticles began in the pH range of 5-6, which 
corresponds well with the literature value of 6.15 for the pKa of PAA.  
Error bars represent one standard deviation, n=10. 
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Figure 4.15 This graph shows the trend in the RSV versus pH that was observed for 
PAAm/PEAA IPN nanoparticles.  As expected the initial deprotonation 
and swelling of the nanoparticles began in the pH range of 6-7, which 
corresponds well with the literature value of 7.2 for the pKa of PAA.  
Error bars represent one standard deviation, n=10. 
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Figure 4.16 This graph shows the trend in the RSV versus pH that was observed for 
PAAm/PPAA IPN nanoparticles.  As expected the initial deprotonation 
and swelling of the nanoparticles was shifted to a higher pH in the range 
of 8-9.  Error bars represent one standard deviation, n=10. 
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Figure 4.17 Thermally responsive UCST behavior of a sample of PAAm/PPAA IPN 
nanoparticles (1 mol % crosslinked) suspended in phosphate buffered 
saline at a pH of 7.4 and an ionic strength of 150 mM.  Error bars 
represent one standard deviation, n=10.  Error bars represent one standard 
deviation, n=10. 
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Figure 4.18 DLS study of the thermally responsive swelling properties of 
homopolymer nanoparticles of both polyacrylamide and poly(acrylic 
acid), a random copolymer of polyacrylamide-co-poly(acrylic acid), and a 
polyacrylamide/poly(acrylic acid) IPN, suspended in a pH=3 aqueous 
buffer.  Error bars represent one standard deviation, n=10. 
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Figure 4.19 A representative Zeta potential analysis of a sample of PAAm/PAA IPN 
nanoparticles showing a negative surface charge, due to the ionization of 
carboxylic acid groups present in the poly(acrylic acid) portion of the IPN 
structure, of -19.16 ± 3.89 mV (n=10).   
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Figure 4.20 A representative Zeta potential analysis of PEG surface grafted 
PAAm/PAA IPN nanoparticles showing an approximately neutral to 
slightly positive surface charge of 2.77 ± 1.08 mV (n=10). 
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Figure 4.21 FT-IR absorption spectrum of polyacrylamide (PAAm) showing the 
characteristic absorption bands of this material located at approximately 
3360, 3210, 2945, 1665, 1455, 1420, 1345, 1330, and 1117 cm-1. 
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Figure 4.22 FT-IR absorption spectrum of poly(acrylic acid) (PAA) showing the 
characteristic absorption bands of this material located at approximately 
3450, 3200, 2960, 2635, 1720, 1456, 1415, 1255, and 1180 cm-1. 
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Figure 4.23 FT-IR absorption spectrum of PAAm/PAA IPN nanoparticles before 
PEGylation showing the characteristic absorption bands of this material 
located at approximately 3430, 3215, 2950, 1680, 1455, 1416, 1284, and 
1180 cm-1. 
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Figure 4.24 FT-IR absorption spectrum of PAAm/PAA IPN nanoparticles after 
PEGylation showing the characteristic absorption bands of this material 
located at approximately 3410, 3210, 2895, 1675, 1590, 1456, 1413, 1343, 
1282, and 1115 cm-1. 
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Chapter 5 

PREPARATION OF SOLID AND CORE-SHELL GOLD 

NANOPARTICLES 

 

INTRODUCTION 
 

Due to their unique chemistry, optical properties, and physical characteristics, 

metal nanoparticles have been extensively studied and utilized in a wide variety of 

applications in various fields of research (1-3).  Specifically their ability to absorb, heat, 

and scatter light has made them ideal candidates for use in medical applications ranging 

from imaging (4), sensing (5), and thermal therapeutic treatment (6-8).  Furthermore, 

particle properties can be tailored to suit a desired application or functionality by 

modifying the size (9, 10), type (i.e. gold (10, 11), silver (12, 13), iron oxide (14, 15), 

etc.) and shape (sphere (16, 17), plate (18, 19), cube (20, 21), shell (22, 23), rod (24, 25), 

etc.) of particles that are utilized.  This level of variety and flexibility in particle synthesis 

methods is one of the reasons these materials have received so much attention and study 

in recent years.   

The aim of this work was to synthesize and examine the properties of these gold 

nanoparticles and determine which system or systems would be best suited for use in an 

intelligent therapeutic metal-polymer nanocomposite system.  To achieve this goal, three 

different types of metal nanoparticles were prepared and examined in this work: solid 

gold, gold sulfide core-gold shell nanoshells, and silicon dioxide core-gold shell 

nanoshells. 
 



 87

MATERIALS AND METHODS 
 

Materials 
 

Tetrakis(hydroxymethyl)phosphonium chloride (THPC), 3-

aminopropyltriethoxysilane (APTES), sodium sulfide, and sodium citrate tribasic 

dehydrate were obtained from Sigma Aldrich (Milwaukee, WI), potassium carbonate and 

formaldehyde were obtained from Fisher Scientific (Hampton, NH), chloroauric acid was 

obtained from Acros Organics (Geel, Belgium), methoxy poly(ethylene glycol) (MW = 

5,000) thiol was obtained from Nektar Therapeutics (San Carlos, CA) and 0.2 µm 

monodisperse silica microspheres were obtained from Bangs Laboratories (Fishers, IN).  

All were used as received for the preparation of solid gold nanospheres and gold-silica 

nanoshells. 
 

Synthesis 
 

Solid gold nanospheres (~50 nm diameter) were prepared via the common 

technique of citrate reduction, which has been previously described in detail (10).  

Briefly, a 50 ml solution of 0.25 mM chloroauric acid was prepared in a round bottom 

flask and dark aged overnight.  The chloroauric acid solution was then brought to a boil 

under reflux and 0.5 ml of 40 mM sodium citrate was injected into the round bottom flask 

under vigorous stirring.  This solution was allowed to react for 1 hour at room 

temperature and then capped with the addition of enough mPEG-SH to achieve a final 

concentration of 1 µM. 

Non-semiconductor colloidal gold sulfide core-gold shell nanoshells were 

synthesized using a one step reaction scheme first described in the literature by Zhou et 
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al. (26).  In a typical experiment, equal volumes of aqueous solutions of 2 mM gold 

chloride (HAuCl4) and 1 mM sodium sulfide (Na2S) were added together at room 

temperature under vigorous stirring, resulting in the spontaneous nucleation and growth 

of solid Au2S nanospheres, which quickly plateau at approximately 40nm in diameter.  

After the synthesis of solid Au2S nanoparticles had occurred, the reaction entered a gold 

shell growth phase where S2- ions present in solution began to diffuse into and reduce the 

surface layers of the Au2S solid particles, creating a thin gold shell (26).  When left 

undisturbed, this process went to completion whereby all solid Au2S particles were 

reduced to solid pure gold particles.  Therefore, the progress of this phase of the reaction 

was monitored in the UV-Vis-NIR spectrophotometer and a capping agent, methoxy 

poly(ethylene glycol) thiol (mPEG-SH) (Figure 5.1), was added to halt the growth of the 

gold shell at the desired thickness and absorbance wavelength.   

Non-semiconductor colloidal silicon dioxide core-gold shell nanoshells were 

synthesized using a multi-step reaction scheme first described in the literature by Halas et 

al. (27).  In a typical experiment, a suspension of solid silica particles of a desired 

diameter were synthesized using the Stöber or other relevant processes (28).  The surface 

of these particles, which are inherently functionalized with OH groups, was then reacted 

with excess 3-aminopropyltriethoxysilane (APTES, Figure 5.2) in ethanol, which 

covalently bonds to the particles via a condensation reaction between the oxysilane 

groups of APTES and the OH groups on the surface of the SiO2 particle.  Specifically, 1 

mg of dry SiO2 nanoparticles, 4 ml of APTES, and 200 ml of ethanol were mixed and 

brought to a boil for 4 hours under reflux in a 250 ml round bottom flask.  These amine 

functionalized silica particles were then pelleted out and washed 3 times using 

centrifugation (3000 rcf for 30 min) to remove any unreacted APTES.   
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The washed and pelleted amine functionalized silica nanoparticles were then 

placed in solution with 2 nm gold seeds, which were previously synthesized using the 

method described by Duff et al. (11) or other appropriate methods.  Specifically, 0.5 mg 

of amine functionalized SiO2 nanoparticles were added to 5 ml of 2 nm gold colloid 

solution and mixed overnight at room temperature.  During this time the gold seeds 

associated with, and bonded to, the amine groups on the surface of the silica particles to 

create a gold seed decorated silica particle.  These seeded particles were then pelleted out 

and washed three times under mild centrifugation (< 1000 rcf for 30 min) to remove any 

excess gold colloid.   

Next, 5 ml of seeded gold silica nanoparticles in aqueous solution (0.2 mg seeded 

particle/ml ddH2O) were mixed with 10 ml of a 0.4 mM aqueous gold solution.  Aqueous 

gold was then reduced onto the surface of the gold seeds with the addition of 0.5 ml of a 

2 wt% aqueous formaldehyde solution.  As the aqueous gold deposited on the gold seeds, 

they grew in size until they were large enough to coalesce into a solid continuous shell.  

Once this shell was completed, the particles began to absorb electromagnetic radiation in 

the near infrared region, and as thickness of the shells increased, the absorption 

maximum shifted to lower wavelengths.  Therefore, the progress of this phase of the 

reaction was also monitored in the UV-Vis-NIR spectrophotometer and a capping agent, 

methoxy poly(ethylene glycol) thiol (mPEG-SH), was added to halt the growth of the 

gold shell at the desired thickness and absorbance wavelength.  
  

Characterization 
 

The size and relative shape of solid gold nanospheres and gold nanoshells were 

determined using both a JOEL 2010F high resolution transmission electron microscope 

(HR-TEM, Tokyo, Japan) operating at 200kV, and a LEO 1530 field emission scanning 
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electron microscope (FE-SEM, Oberkochen, Germany) operating at 10 kV.  Samples 

were prepared for HR-TEM examination by drop drying of aqueous particle suspensions 

directly onto carbon coated 300 mesh copper TEM grids.  Typically 10 µl of sample was 

allowed to dry over night before examination in the HR-TEM.  The same method was 

used to prepare samples for FE-SEM examination, however in this case, aqueous particle 

suspensions were drop dried onto aluminum SEM stages.  Since the particles themselves 

were comprised of conductive gold, no gold sputter coating was required or used.  The 

atomic composition of the prepared gold particles was also confirmed using an Oxford 

INCA (Concord, MA) energy dispersive spectroscopy (EDS) detector with 136 eV 

resolution attached to the JOEL 2010F TEM and a Gresham (Buckinghamshire, UK) 

Sirius 10 EDS detector with 133 eV resolution attached to the LEO 1350 FE-SEM. 

The absorption spectrum of the solid gold particles, across the range of 200 – 800 

nm in wavelength, was examined using a microplate UV-Vis spectrophotometer 

(Synergy HT, BioTek, Winooski, VT) operating at a 1 nm/sec scanning rate.  An 

identical volume of distilled and deionized (ddH2O) was placed in the same microplate as 

the sample and used as a baseline absorbance spectrum or blank for these measurements.  

The absorption spectrum of the gold nanoshell particles, across the range of 400 – 1300 

nm in wavelength, was monitored throughout the reaction using a UV-Vis-NIR 

spectrophotometer (Cary 5000, Varian, Palo Alto, CA) operating at a 10 nm/sec scanning 

rate.  An identical volume of distilled and deionized (ddH2O) was placed in an optically 

matched cuvette and used as a baseline absorbance spectrum or blank for these 

measurements.   

Finally, the surface charge of the gold particles before and after PEGylation was 

examined using a laser doppler velocimeter (LDV, ZetaPlus, Brookhaven, Holtsville, 
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NY) operating at a 90˚ scattering angle with a 635 nm 35 mW diode laser source and 

equipped with a dip-in Uzgiris type electrode system. 
 

RESULTS AND DISCUSSION 
 

Particle Size and Composition 
 

The relative particle size and shape of all the various solid gold and gold 

nanoshell batches were determined using TEM imaging.  Of the various batches 

prepared, the solid gold particles were found to be the easiest to reproducibly prepare 

experimentally as a monodisperse particle suspension as shown by the TEM micrographs 

in Figures 5.3 and 5.4.  The atomic composition of these particles was also determined 

using single particle energy dispersion spectroscopic (EDS) analysis.  Figure 5.5 is a 

representative EDS analysis of an individual solid gold nanoparticle.  The carbon and 

copper peaks in the spectrograph are due to the carbon coated TEM grid on which the 

sample is mounted and the gold peak is due to the gold particle.  The atomic composition 

of an individual solid gold particle as determined by single particle EDS spectroscopy is 

listed in Table 5.1. 

Gold sulfide core-gold shell nanoshell particle batches were also prepared and 

examined and, while the method of preparation is experimentally relatively simple, 

control of the particle morphology and hence absorption characteristics were found to be 

incredibly difficult to predict.  This issue is well documented in the literature and would 

make the use of this method very challenging to implement due to its inherent batch to 

batch variability (29).  Figure 5.6 is an SEM micrograph of an individual gold sulfide-

gold batch that shows the presence of gold spheres, triangles, pyramids and multisided 

plates that were synthesized using this method.   
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The atomic composition of these particles was determined using single particle 

EDS spectroscopic analysis.  Figure 5.7 is a representative EDS analysis of an individual 

gold sulfide-gold nanoparticle.  The carbon and aluminum peaks in the spectrograph are 

due to the double sided conductive carbon tape and aluminum SEM stage on which the 

sample is mounted, and the gold and sulfur peaks are due to the gold sulfide-gold 

particle.  The atomic composition of an individual gold sulfide-gold particle as 

determined by single particle EDS spectroscopy is listed in Table 5.2. 

Finally, silicon dioxide-gold nanoshell particles were also prepared and examined 

in the TEM.  Images were taken at various stages of the synthesis process to elucidate the 

structure of these materials through their preparation.  Figure 5.8 shows a TEM 

micrograph of the neat 200 nm diameter SiO2 nanoparticles before functionalization.  

Figure 5.9 is a TEM micrograph of gold seeded SiO2 core nanoparticles, and finally 

Figure 5.10 shows the final complete silicon dioxide-gold nanoshell particles.  The 

composition of these particles was also determined using single particle EDS 

spectroscopic analysis.   

Figure 5.11 presents the results of a representative EDS analysis of an individual 

complete silicon dioxide-gold nanoparticle.  The carbon and copper peaks in the 

spectrograph are due to the carbon coated TEM grid on which the sample is mounted and 

the gold silicon and oxygen peaks are due to the silicon dioxide-gold particle.  The 

atomic composition of an individual silicon dioxide-gold particle as determined by single 

particle EDS spectroscopy is listed in Table 5.3.  These particles are by far the most 

experimentally complex and expensive to prepare, requiring multiple steps to synthesize, 

but they typically give fairly consistent and predictable morphologies and absorption 

characteristics. 
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Absorption Characteristics 
 

Solid gold nanoparticles within the size range of ~10-100 nm exhibit a 

characteristic absorption maximum at an electromagnetic wavelength of approximately 

530 nm, which is within the visible region of the electromagnetic spectrum.  This 

characteristic absorption in the visible region results in the distinct reddish color that is 

commonly associated with gold nanoparticle colloid systems and is also used as a quick 

and simple visual indication of whether or not a gold nanoparticle synthesis reaction has 

been successful.  Therefore the successful synthesis and absorption characteristics of 

solid gold nanosphere batches were confirmed using both visual inspection and UV-Vis 

spectrophotometeric analysis.  Figure 5.12 is a representative UV-Vis absorption 

spectrum of ~50 nm diameter solid gold colloid nanoparticles, with a ddH2O blank 

subtraction, which clearly illustrates the characteristic 530 nm absorption peak seen in 

these systems.  

The electromagnetic absorption peak of gold nanoshells can be shifted to any 

value within the visible and near infrared region simply by varying the ratio of the 

thickness of the gold shell relative to the radius of the dielectric core.  This allows for 

greater degree of flexibility when designing systems that utilize the absorption of 

electromagnetic radiation because their absorption is not limited to just one wavelength 

of light.  In a typical silicon dioxide core-gold shell particle synthesis procedure, the 

silicon dioxide core of the particle is held at a fixed radius and a thin continuous layer of 

gold is deposited from solution onto the core in the form of a shell as described 

previously.  At the instant when a continuous gold shell is first created, the nanoshell will 

achieve its highest wavelength absorption peak, typically in the near infrared region, 

because the ratio of the shell thickness to core radius is at its minimum.  As the thickness 
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of this shell continues to grow, the peak absorption of the nanoshell particle will shift 

from a higher wavelength value in the near infrared region back toward the lower 

wavelength visible region of the electromagnetic spectrum.  In principle this process will 

continue until the thickness of the shell is so large relative to the radius of the core that 

the particle will essentially behave as a solid gold nanoparticle with a peak absorption of 

approximately 530 nm.  Figure 5.13 is a representative time resolved UV-Vis-NIR 

absorption spectrum study of ~200 nm diameter silicon dioxide core-gold shell 

nanoparticles, with a ddH2O blank subtraction, which clearly illustrates the characteristic 

shift in absorption of the gold nanoshells that occurs as the shell thickness increases over 

time. 
 

Zeta Potential Analysis 
 

Aqueous gold nanoparticles, prepared using the methods previously described, 

exhibit an inherent negative surface charge, which prevents their aggregation thereby 

allowing them to remain suspended in solution.  Hence, the addition of salt or other small 

molecules that interfere with this charge repulsion effect leads to the immediate 

aggregation and precipitation of the gold colloid from solution.  Research has also shown 

that in certain biological applications, charged particle surfaces can have a detrimental 

impact on the performance of biomaterials (30, 31).  Therefore, to increase the stability 

and biocompatibility of gold colloids, large molecular weight poly(ethylene glycol) 

chains were covalently bound to the surface of the gold nanoparticles using a thiol 

functionalized PEG chain.  These PEG chains imparted increased colloid stability via 

steric repulsive forces and enhanced biocompatibility by the masking of the negative 

surface charge with a neutral PEG hydration layer.  Figure 5.14 is a representative Zeta 

potential analysis of an as prepared batch of gold nanoparticles showing a characteristic 
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negative surface charge of -53.80 ± 3.02 mV (n=10).  Figure 5.15 is a representative Zeta 

potential analysis of PEG surface grafted gold nanoparticles showing a characteristic 

neutral surface charge of 0.18 ± 0.48 mV (n=10). 
 

CONCLUSIONS 
 

Aqueous solid gold nanoparticles, silicon dioxide core-gold shell, and gold sulfide 

core-gold shell nanoparticles were all successfully synthesized using the methods 

previously described in this chapter.  TEM analysis confirmed the quasi-spherical shape 

and size of both the solid gold and silicon dioxide core-gold shell nanoshell particles.  

However, SEM analysis revealed a mixture of particle morphologies including spherical, 

plate, and pyramidal for the gold sulfide core-gold shell nanoparticles.  EDS analysis in 

both the TEM and SEM also confirmed the atomic composition of the three different 

types of nanoparticles that were synthesized.  UV-Vis spectrophotometer analysis of the 

solid gold nanoparticles revealed a characteristic absorption maximum in the visible 

range centered at a wavelength of 530 nm.  Time resolved UV-Vis-NIR 

spectrophotometer analysis was used to monitor the shift in absorption peak of the silicon 

dioxide core-gold shell nanoshell systems during the shell growth phase of the reaction.  

Zeta potential analysis was used to confirm the presence of a net negative surface charge 

on the as prepared solid gold nanoparticles.  Finally, zeta potential analysis was also used 

to confirm the successful PEGylation of the solid gold nanoparticles and shielding of the 

negative surface charge. 
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Table 5.1 Atomic composition of an individual solid gold nanoparticle as 
determined by single particle EDS analysis.  The gold peak is due to the 
presence of the solid gold nanoparticle, and the carbon and copper peaks 
are due to the carbon coated copper TEM grid used to support the sample 
during imaging and analysis.   

 
Element Signal Intensity (counts/s) Atomic Concentration (%) 

Carbon (C) 839 5.05 
Copper (Cu) 24428 32.83 
Gold (Au) 36480 62.11 

 



 100

Table 5.2 Atomic composition of an individual gold sulfide core-gold shell 
nanoshell particle as determined by single particle EDS analysis.  The 
sulfur and gold peaks are due to the presence of the gold nanoshell 
particle.  The sodium is due to residual sodium sulfide, and the carbon and 
aluminum peaks are due to the double sided conductive carbon tape and 
aluminum SEM stage used to support the sample during imaging and 
analysis.   

 
Element Signal Intensity (counts/s) Atomic Concentration (%) 

Carbon (C) 8.21 7.77 
Gold (Au) 21.71 34.61 

Sodium (Na) 26.79 17.00 
Aluminum (Al) 41.57 28.39 

Sulfur (S) 12.91 12.23 
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Table 5.3 Atomic composition of an individual silicon dioxide core-gold shell 
nanoshell particle as determined by single particle EDS analysis.  The 
silicon, oxygen, and gold peaks are due to the presence of the gold 
nanoshell particle, and the carbon and copper peaks are due to the carbon 
coated copper TEM grid used to support the sample during imaging and 
analysis.   

 
Element Signal Intensity (counts/s) Atomic Concentration (%) 

Carbon (C) 314 9.86 
Oxygen (O) 3377 38.09 
Silicon (Si) 2079 18.83 
Copper (Cu) 7127 23.76 
Gold (Au) 458 9.47 
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Figure 5.1 A schematic illustration of the chemical structure of methoxy 
poly(ethylene glycol) thiol (mPEG-SH) a typical capping agent used to 
halt the growth of the shell in a gold nanoshell synthesis. 
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Figure 5.2 A schematic illustration of the chemical structure of 3-
aminopropyltriethoxysilane a linking molecule used to covalently attach 
small gold seeds to the surface of a SiO2 particle. 
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Figure 5.3 Low magnification TEM micrograph of (~ 50 nm diameter) solid gold 
nanoparticles prepared by the aqueous reduction of chloroauric acid by 
sodium citrate. 
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Figure 5.4 High magnification TEM micrograph of (~ 50 nm diameter) solid gold 
nanoparticles prepared by the aqueous reduction of chloroauric acid by 
sodium citrate. 
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Figure 5.5 Representative EDS spectrograph analysis of a single solid gold 
nanoparticle.  The carbon and copper peaks in the spectrograph are due to 
the carbon coated TEM grid on which the sample is mounted and the gold 
peak is due to the particle. 
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Figure 5.6 SEM micrograph of an individual gold sulfide-gold batch that shows the 
presence of gold spheres, triangles, pyramids and multisided plates that 
were synthesized using this method. 
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Figure 5.7 Representative EDS spectrograph analysis of an individual gold sulfide-
gold nanoparticle.  The carbon and aluminum peaks in the spectrograph 
are due to the double sided conductive carbon tape and aluminum SEM 
stage on which the sample is mounted and the gold and sulfur peaks are 
due to the gold sulfide-gold particle. 
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Figure 5.8 TEM micrograph of the bare 200 nm diameter SiO2 nanoparticles before 
functionalization 
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Figure 5.9 TEM micrograph of 2nm gold seeded SiO2 core nanoparticles. 
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Figure 5.10 TEM micrograph of silicon dioxide-gold nanoshell particles with a 
continuous shell. 
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Figure 5.11 Representative EDS spectrograph analysis of an individual complete 
silicon dioxide-gold nanoparticle.  The carbon and copper peaks in the 
spectrograph are due to the carbon coated TEM grid on which the sample 
is mounted and the gold silicon and oxygen peaks are due to the silicon 
dioxide-gold particle. 
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Figure 5.12 A representative UV-Vis absorption spectrum of ~50 nm diameter solid 
gold colloid nanoparticles, with a ddH2O blank subtraction, which clearly 
illustrates the characteristic 530 nm absorption peak seen in these systems. 
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Figure 5.13 A representative UV-Vis-NIR absorption spectrum of silicon dioxide-gold 
nanoshell illustrating the shift in peak absorbance with time.  A ddH2O 
blank used to quantify and remove the background signal in these studies. 
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Figure 5.14 A representative Zeta potential analysis of a sample of gold nanoparticles 
showing a characteristic negative surfaces charge of -53.80 ± 3.02 mV 
(n=10).     
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Figure 5.15 A representative Zeta potential analysis of PEG surface grafted gold 
nanoparticles showing a characteristic neutral surface charge of 0.18 ± 
0.48 mV (n=10). 
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Chapter 6 

DEVELOPMENT OF METAL-POLYMER NANOCOMPOSITES 

 

INTRODUCTION 
 

Thermally responsive polymers are very versatile stimuli-responsive polymers 

which have been utilized in a wide variety of biomedical and drug delivery applications 

(1-5).  Specifically, their use in combination with photoactive materials, such as metal 

nanoparticles, has received a great deal of attention in the field of drug delivery due to the 

ability of these systems to provide a possible means of externally controlled drug delivery 

and imaging that is both specific and non-invasive (6-9).  However, to date none of the 

systems studied in the literature thus far have been able to successfully combine 

photothermally induced UCST swelling behavior, imaging, and therapeutic control 

together in a nanocomposite particle system.  Currently, systems are typically prepared as 

a bulk film system, which are then either implanted subcutaneously or crushed to 

microparticle size (4, 10-12).  Furthermore, the vast majority of these systems utilize 

lower critical solution temperature (LCST) responsive polymer systems which are not the 

ideal thermally responsive mechanism for injectable controlled drug delivery systems (4, 

6, 10-12).  Hence, there is a need to design intelligent therapeutic systems that can 

synergistically incorporate the aspects of intelligent response, imaging, and non-invasive 

externally triggered therapeutic control into one complete nanocomposite system, which 

could thereby lead to a higher standard of disease management and quality of life for 

patients undergoing treatment. 
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The aims of this work were to synthesize, PEGylate, and photoacoustically image 

metal-polymer nanocomposite particles capable of absorbing electromagnetic radiation 

from an external laser source and subsequently swell in response to localized heating 

effects driven by the absorbed light energy.  To achieve these goals, an inverse emulsion 

polymerization technique was utilized to encapsulate a solid gold nanoparticle within a 

thermally responsive poly(acrylamide)/poly(acrylic acid) interpenetrating polymer 

network nanoparticle.  This nanocomposite particle was then further surface 

functionalized using a heterofunctional acryl-PEG-N-hydroxysuccinimide linear 

polymer. 
 

MATERIALS AND METHODS 
 

Materials 
 

Acrylic acid (AA, inhibited with 200 ppm hydroquinone monomethyl ether), 

N,N’-methylenebisacrylamide (MBAAm), polyethylene glycol lauryl ether (Brij 30), 

cyclohexane, sodium bis(2-ethylhexyl) sulfosuccinate (AOT), and sodium citrate tribasic 

dehydrate were obtained from Sigma Aldrich (Milwaukee, WI), acrylamide (AAm) and 

ammonium persulfate (APS) were obtained from Fisher Scientific (Hampton, NH), 

chloroauric acid was obtained from Acros Organics (Geel, Belgium), and acryl-

poly(ethylene glycol)-N-hydroxysuccinimide (MW = 5,000) was obtained from Nektar 

Therapeutics (San Carlos, CA).  All were used as received for the preparation of gold 

metal-polymer nanocomposite particles. 
 

Synthesis 
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Solid gold nanoparticles (~50 nm diameter) were prepared via the common 

technique of citrate reduction, which has been previously described in detail (13).  

Briefly, a 50 ml solution of 0.25 mM chloroauric acid was prepared in a round bottom 

flask and dark aged overnight.  The chloroauric acid solution was then brought to a boil 

under reflux and 0.5 ml of 40 mM sodium citrate was injected into the round bottom flask 

under vigorous stirring.  This solution was allowed to react for 1 hour at room 

temperature and then capped with the addition of enough mPEG-SH to achieve a final 

concentration of 1 µM.  These PEG functionalized gold nanoparticles were then pelleted 

out and washed three times using centrifugation (3000 rcf for 30 min) to remove any 

excess chloroauric acid or mPEG-SH. 

Polymer-gold nanocomposites were then formed using a two-step, sequential IPN 

synthesis method.  First, gold nanoparticles were encapsulated inside of polyacrylamide 

nanoparticles via an in situ inverse emulsion polymerization method with the gold 

nanoparticles located in the aqueous monomer droplet phase.  This inverse emulsion 

solution consisted of an 81% cyclohexane continuous phase, with a 13% surfactant phase 

(AOT and Brij 30 in a 2:1 ratio), and a 6% aqueous phase.  In a typical experiment, 1 ml 

of previously prepared PEGylated gold nanoparticles suspended in aqueous solution at a 

concentration of ~1 x 1012 particles/ml were added directly to a 3-neck round bottom 

flask containing the entire cyclohexane continuous phase and equipped with a condenser, 

nitrogen purge line, and overhead mechanical stirrer.  To this, the entire emulsifier phase 

was added and dissolved under vigorous stirring.  For the first stage of the sequential IPN 

polymerization, only the acrylamide monomer along with crosslinker, imitator, and 

deionized distilled water (ddH2O) was added.  This mixture was then purged with 

nitrogen gas for 30 minutes to remove oxygen and homogenized (Ultra-Turrax T25, IKA, 

Willmington, NC) at 24,000 rpm for 5 minutes.  After homogenization the 
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polymerization was then initiated thermally by immersion of the reaction vessel in a 60˚C 

bath and allowed to react to completion (typically 2 hours).  Upon completion of the first 

stage of the IPN synthesis method, the second stage was then started by the addition of 

the other half of the aqueous phase, consisting of additional crosslinker, initiator, and 

acrylic acid, to the same 3-neck round bottom flask as before.  The vessel was again 

purged with nitrogen gas, homogenized, and allowed to react at 60˚C for two hours, thus 

resulting in the formation of the complete gold core- PAAm/PAA IPN shell metal-

polymer nanocomposite particles.   

These metal-polymer nanocomposite particles were then collected and purified by 

removal of the cyclohexane phase with elevated temperature and reduced pressure 

(40˚C/50 mmHg) in a rotary evaporator (RE-121, Buchi, Flawil, Switzerland).  This was 

followed by precipitation of the particles out of the emulsifier phase with the addition of 

excess ethanol and subsequent pelting and washing (three times) by centrifugation 

(Centra CL3R, Thermo IEC, Waltham, MA) at 3200 rcf for 60 minutes.  The purified 

metal-polymer nanocomposite pellet was then resuspended in deionized water for 

PEGylation. 

The resuspended metal-polymer nanocomposite particles were then PEGylated 

using standard N-hydroxysuccinimide (NHS) chemistry (14).  In a typical experiment, 

the pH of an aqueous suspension of metal-polymer nanocomposite particles, at a 

concentration of approximately 1 mg of composite material per ml of ddH2O, was raised 

to the range of 7.5-8.5.  A heterofunctional acryl-poly(ethylene glycol)-NHS (Figure 6.1, 

MW = 5,000) was then added at a concentration of 1 mg/ml and allowed to react 

overnight at room temperature. 

After PEGylation overnight, the PEGylated metal-polymer nanocomposite 

particles were then placed in dialysis bags (molecular weight cutoff = 14,000 Da) and 
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washed in a ddH2O reservoir replenished twice daily for five days to remove any 

unreacted materials.  The final washed PEGylated metal-polymer nanocomposite 

particles were then refrozen and lyophilized, and examined in dried powder form or 

resuspended in the appropriate buffer for further analysis.  
 

Characterization 
 

The morphology of the metal-polymer nanocomposite particles was examined 

using a LEO 1530 field emission scanning electron microscope (FE-SEM, Oberkochen, 

Germany) operating at 10 kV.  Aqueous samples were first frozen overnight and then 

lyophilized in a 4.5 liter manifold lyophilizer (Freezone, Labconco, Kansas City, MI).  

The nanocomposite particles in powder form were then mounted on an aluminum SEM 

stage using double-sided conductive carbon tape and coated with gold for 30 seconds 

using a sputter-coater (Model 3, Pelco, Redding, CA) in an argon atmosphere at a 

deposition rate of 10 nm/min. 

The internal structure and atomic composition of the metal-polymer 

nanocomposite particles was examined using a JOEL 2010F high resolution transmission 

electron microscope (HR-TEM, Tokyo, Japan) operating at 200kV, with an attached 

Oxford INCA (Concord, MA) energy dispersive spectroscopy (EDS) detector with a 136 

eV resolution.  Samples were prepared for HR-TEM and EDS examination by drop 

drying of aqueous particle suspensions directly onto carbon coated 300 mesh copper 

TEM grids.  Typically 10 µl of sample was allowed to dry overnight before examination 

in the HR-TEM. 

The surface charge of the metal-polymer nanocomposite particles before and after 

PEGylation was examined using a laser doppler velocimeter (LDV, ZetaPlus, 
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Brookhaven, Holtsville, NY) instrument operating at a 90˚ scattering angle with a 635 nm 

35 mW diode laser source and equipped with a dip-in Uzgiris type electrode system. 

The relative size distribution of metal-polymer nanocomposite particles was 

determined using a dynamic light scattering (DLS, ZetaPlus, Brookhaven, Holtsville, 

NY) instrument operating at a 90˚ scattering angle with a 635 nm 35 mW diode laser 

source.  This same instrument was also used to examine the change in hydrodynamic 

diameter of the nanocomposite particles as a function of both time and external laser 

excitation.  To obtain this data metal-polymer nanocomposite particles were suspended in 

an acidic (pH=3) buffer solution and placed inside a quartz cuvette that was then loaded 

into the DLS instrument.  A 5 ns pulsed Q-switched Neodymium-doped Yittrium 

Aluminum Garnet (Nd-YAG) laser (Polaris II-20, New Wave, Fremont, CA) operating at 

the second harmonic of 532 nm was then used to excite the sample at 20 Hz.  An optical 

diffuser was utilized to uniformly irradiate the cuvette from above, providing a fluence of 

20 mJ/cm2.  The hydrodynamic diameter of the metal-polymer nanocomposites was then 

measured for 30 minutes with a 10 minute excitation laser off-period at the start followed 

by a 10 minute excitation laser on-period, and finally another 10 minute excitation laser 

off-period at the end. 

The metal-polymer nanocomposite particles were also photoacoustically imaged 

in solution using the same Nd-YAG laser as in the swelling studies operating at 20 Hz 

and at the second harmonic of 532 nm to excite the sample and a 128 element linear array 

ultrasound transducer (Sonix, Ultrasonix Medical Corp, Burnaby, Canada) with a 5 MHz 

center frequency to detect the photoacoustic sound waves produced by the excited metal-

polymer nanocomposite particles.  Photoacoustic signal was collected by the ultrasound 

transducer over 75 µs and converted into a digital image based on the signal’s intensity 

and speed of propagation.  
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RESULTS AND DISCUSSION 
 

Nanocomposite Particle Size and Morphology 
 

The size and morphology of the metal-polymer nanocomposite particles were 

examined using DLS and SEM imaging.  Figure 6.2 is an SEM micrograph of dried and 

gold-sputter coated nanocomposite particles which clearly illustrates their spherical 

morphology.  It is also apparent from this image that the nanocomposite particles are 

somewhat polydisperse in size due to the random nature of the gold encapsulation 

process, whereby some polymer particles contain one or more encapsulated gold particles 

while others contain none.  This polydispersity is apparent as well in the DLS analysis of 

the distribution of hydrodynamic diameters present in the metal-polymer nanocomposite 

particles shown graphically in Figure 6.3.   
 

Nanocomposite Composition 
 

The internal structure and atomic composition of these particles was examined 

using TEM imaging analysis and single particle EDS spectroscopic analysis.  Figures 6.4 

and 6.5 clearly illustrate the presence of small solid gold nanoparticles encapsulated 

inside of larger polymeric nanoparticles.  Specifically, in Figure 6.4 red arrows indicate 

the presence of smaller gold nanoparticles which appear darker because they are more 

electron dense and hence block more of the electron beam during imaging than the larger 

light grey spheres which are the polymeric particles.  Figure 6.5 is a higher magnification 

TEM micrograph of the metal-polymer nanocomposite particle in the center of Figure 

6.4.  Figure 6.6 is a representative EDS analysis of the same metal-polymer 
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nanocomposite particle in the center of Figure 6.4.  A small part of the carbon signal and 

all of the copper signal in the spectrograph are due to the carbon coated TEM grid on 

which the sample is mounted, the remainder of the carbon signal as well as all of the 

oxygen signal are due to the polymer portion of the nanocomposite particle, and the gold 

peak is entirely due to the gold particle encapsulated inside of the nanocomposite.  The 

atomic composition of this metal-polymer nanocomposite particle as determined by 

single particle EDS spectroscopy is listed in Table 6.1. 
 

Zeta Potential Analysis 
 

Research has shown that bare polymeric nanoparticles when injected in vivo are 

quickly recognized and removed by the body’s natural defensive systems (15-17).  

However, the successful PEGylation of polymeric nanoparticles can dramatically 

increase their biocompatibility and blood circulation half life (18, 19).  Furthermore, the 

covalent attachment of PEG chains on the surface of the metal-polymer nanocomposite 

materials creates a steric repulsive layer around the particles, thereby increasing their 

stability in solution.  Therefore, to increase the stability and biocompatibility of metal-

polymer nanocomposite particles, large molecular weight poly(ethylene glycol) chains 

were covalently bound to the surface of the gold nanoparticles using an N-

hydroxysuccinimide functionalized PEG chain.  Figure 6.7 is a representative Zeta 

potential analysis of an as prepared batch of metal-polymer nanocomposite particles 

showing a negative surface charge, due to the ionization of carboxylic acid groups 

present in the poly(acrylic acid) portion of the IPN, of -23.54 ± 4.15 mV (n=10).  Figure 

6.8 is a representative Zeta potential analysis of PEG surface grafted metal-polymer 

nanocomposite particles showing an approximately neutral surface charge, due to charge 

masking by the neutral PEG surface layer, of 3.01 ± 1.32 mV (n=10). 
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Laser Induced Swelling 
 

The effect of excitation by a laser light source on the hydrodynamic diameter of 

the metal-polymer nanocomposite particles was examined using a dynamic light 

scattering instrument coupled with an external 532 nm Nd-YAG laser.  The DLS 

instrument utilizes a 635 nm laser light source to measure the hydrodynamic diameter of 

particle suspensions.  The instrument also has built-in optical filters to ensure that only 

wavelengths of electromagnetic radiation at 635 nm are used in the determination of the 

particles diameter.  The external laser source was also directed into the sample from 

above, rather than the side where the imaging laser is oriented, to further ensure that the 

external laser source would not artificially influence the particle size measurement.  

Additionally, control experiments were conducted to ensure that the external laser was 

not affecting the particle sizing measurements nor simply heating the entire aqueous 

sample.   

In the control experiments 3ml of an aqueous suspension of blank IPN 

nanoparticles (i.e. particles containing no gold nanoparticle core) where placed in a 

quartz cuvette and loaded into the DLS instrument.  An external laser source was also 

aligned above the cuvette to allow for even illumination of the entire aqueous suspension.  

The average hydrodynamic diameter of the particles was then measured continuously for 

30 minutes with each individual average measurement taking 2 minutes to complete.  For 

the first 10 minutes of this experiment the external 532 nm laser source was not activated 

then, at exactly 10 minutes, the laser was activated and irradiated the sample evenly for 

10 minutes until it was again deactivated at exactly 20 minutes after the start of the 

experiment.  Finally, measurements were collected for the remaining 10 minutes with the 
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external laser source deactivated.  The results of this experiment, shown in Figure 6.9, 

clearly demonstrate that the external laser had no effect on the measured particle size of 

the blank IPN nanoparticles.  The temperature of the aqueous suspension was also 

monitored through out the experiment using a digital needle point thermocouple and 

remained constant at 25.0 ± 1.0 ˚C. 

The response of the metal-polymer nanocomposite particles to an external laser 

source was also examined using the same method and setup described above for the blank 

IPN nanoparticles.  The results of this experiment are shown in Figure 6.10.  It is clear 

that the external laser source is having an effect on the hydrodynamic diameter of the 

metal-polymer nanocomposite particles; however, based on the measured average 

hydrodynamic diameter of the system, it appears that the laser source is causing the 

particles to collapse rather than swell.  In reality, the external laser source is driving the 

swelling of the metal-polymer nanocomposite particles.  Unfortunately, the opposite 

trend is observed due to a combination of the limitations of the DLS instrument and the 

fact that only a portion of the IPN polymer particles have an encapsulated gold core. 

Taking these two factors into account; the reason for the measured decrease in 

particle size is apparent.  First, DLS relies on the scattering of light caused by the 

refractive index difference between the particles and their aqueous medium.  As 

illustrated in Figures 6.2, 6.4, and 6.5, those nanocomposite particles which contained an 

encapsulated metal nanoparticle core were on average 50-100 nm in diameter larger than 

blank polymer nanoparticles which did not contain a metal nanoparticle core.  Therefore, 

when sized together in the collapsed state these particles tended to exhibit an average 

particle diameter somewhere between 280-380 nm, typically centered around 330 nm 

diameter.   
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However, as hydrogel nanoparticles become swollen with water they become 

more and more transparent and do not scatter light as intensely.  Since a large portion of 

the particles in the measured sample do not contain encapsulated metal nanoparticles they 

did not swell when the external laser source was turned on at the 10 minute mark and 

remained in the collapsed state.  Therefore, when taking the average of the very large 

contribution of scattered light from the collapsed particles and the very small contribution 

from the swollen particles, the measured average was weighted heavily in favor of the 

smaller collapsed particles, in effect making the larger swollen metal-polymer 

nanocomposite particles invisible to the DLS instrument.   

Because of this, when the laser light is turned on at the 10 minute time point the 

average diameter of the sample appears to instantaneously (within less than 2 minutes) 

drop to a value of approximately 285 nm diameter.  This indicates that the metal-polymer 

nanocomposite particles are able to swell very rapidly as would be expected due to their 

small size and short characteristic diffusional length.  Also, once the laser light is again 

turned off at the 20 minute time point, the particles are able to collapse back to their 

original size, and this is evident by the apparent increase in the average particle diameter 

of the sample driven by the increased scattering of the larger collapsed metal-polymer 

nanocomposite particles.  The temperature of the aqueous suspension was again also 

monitored throughout the experiment using a digital needle point thermocouple and 

remained constant at 25.0 ± 1.0 ˚C. 
 

Photoacoustic Imaging 
 

The final metal-polymer nanocomposite particles were also photoacoustically 

imaged utilizing the experimental setup schematically illustrated in Figure 6.11.  A 

standard ultrasound image of the dialysis tubing that was used to hold the nanocomposite 
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particles during photoacoustic imaging was collected and is shown in Figure 6.12.  In this 

image, a yellow circle was added to illustrate the location of the dialysis tubing whose 

long axis is oriented into the plane of the image.  The white area indicates the detected 

ultrasound signal that was produced by sound waves reflecting back to the transducer 

from the top and bottom of the dialysis tubing. 

Control experiments were also conducted on a blank sample of pure ddH2O to 

determine the amount of photoacoustic signal produced by the absorption of laser light by 

the dialysis tubing without the presence of nanocomposite particles.  The results of this 

experiment are shown in the photoacoustic image in Figure 6.13.  As before, the dialysis 

tubing was oriented with its long axis into the plane of the image.  Since a point source 

laser was used for imaging, only a small portion of the contents of the dialysis bag, that 

were in the optical path of the laser beam, were irradiated during an individual 

experiment.  In this case, the laser source was directed into the bottom of the dialysis 

tubing from the right side with respect to the plane of the image.  From this image, it is 

apparent that a small amount of the incident laser beam is absorbed by dialysis tubing and 

produces a small amount of photoacoustic signal as shown by the slight measured signal 

intensity. 

A sample of metal-polymer nanocomposite particles was photoacoustically 

imaged as well, using the same setup as described previously for the blank pure ddH2O 

photoacoustic imaging experiment.  The results of this experiment are shown in Figure 

6.14.  As before, the dialysis tubing was oriented with its long axis into the plane of the 

image, and the laser source was directed into the bottom of the dialysis tubing from the 

right side.  From Figure 6.14 it is apparent that a much larger portion of the laser beam 

was absorbed leading to a greatly enhanced photoacoustic signal when compared to the 

blank signal.  This enhanced signal production arises from the presence of the metal-
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polymer nanocomposite particles which absorb the 532 nm excitation laser source, to a 

much larger degree than the dialysis tubing alone, and dissipate that absorbed light 

energy in the form of broadband ultrasound waves and heat.  The difference in signal 

intensity is also apparent in Figure 6.15, which compares the photoacoustic signal 

intensity down the center of the dialysis tubing for both the blank ddH2O sample and the 

metal-polymer nanocomposite sample.  
 

CONCLUSIONS 
 

Metal-polymer nanocomposite particles comprised of a solid gold nanoparticle 

core and a thermally responsive poly(acrylamide)/poly(acrylic acid) interpenetrating 

polymer network (IPN) shell were successfully synthesized using an inverse 

microemulsion encapsulation technique.  These metal-polymer nanocomposite particles 

were also surface functionalized with heterofunctional acryl-PEG-N-hydroxysuccinimide 

linear polymer chains using standard NHS chemistry to covalently bind to the primary 

amine groups of the polyacrylamide portion of the IPN shell.  SEM imaging confirmed 

the spherical morphology of the nanocomposite particles.  TEM and EDS analysis 

confirmed the successful encapsulation of gold nanoparticles within a portion of the as 

prepared nanocomposite particles.  Zeta potential analysis was also used to confirm the 

successful covalent grafting of a charge shielding layer of linear PEG chains to the 

surface of the nanocomposite particles based on the shift in surface charge from a 

negative surface charge before PEGylation to a neutral or slightly positive surface charge 

after PEGylation.   

The photothermally responsive swelling properties of these nanocomposite 

particles were examined using a dynamic light scattering instrument coupled with an 

external 532 nm laser excitation source.  Although the results of this experiment showed 
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a decrease in hydrodynamic diameter with laser activation, the opposite effect is actually 

occurring.  When taking into account the limitations of the DLS instrument and the fact 

that only a portion of the IPN polymer particles have an encapsulated gold core, it is 

apparent that the laser is actually triggering the near instantaneous swelling of the 

polymer particles making them in effect invisible to the DLS instrument, thus resulting in 

a measured decrease in the average hydrodynamic diameter of the nanocomposite system.  

Finally, metal-polymer nanocomposite particles were also successfully excited using a 

532 nm external laser source and subsequently imaged with a standard ultrasound 

transducer to produce a photoacoustic image of the nanocomposite particles. 
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Table 6.1 Atomic composition of an individual metal-polymer nanocomposite 
particle as determined by single particle EDS analysis.  A small part of the 
carbon signal and all of the copper signal in the spectrograph are due to 
the carbon coated TEM grid on which the sample is mounted, the 
remainder of the carbon signal as well as all of the oxygen signal are due 
to the polymer portion of the nanocomposite particle, and the gold peak is 
due to the gold particle encapsulated inside of the nanocomposite. 

 
Element Signal Intensity (counts/s) Atomic Concentration (%) 

Carbon (C) 11862 41.73 
Oxygen (O) 8681 34.11 
Copper (Cu) 17435 12.39 
Gold (Au) 9059 11.78 
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Figure 6.1 A schematic illustration of the chemical structure of acryl-poly(ethylene 
glycol)-N-hydroxysuccinimide used to PEGylate the surface of the metal-
polymer nanocomposite particles by covalently binding to the surface 
functional amine groups of the polyacrylamide portion of the IPN 
structure.  
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Figure 6.2 An SEM micrograph of dried and gold sputter coated metal-polymer 
nanocomposite particles which clearly illustrates their spherical 
morphology.   
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Figure 6.3 A dynamic light scattering analysis of the distribution of hydrodynamic 
diameters present in a sample of as-prepared metal-polymer 
nanocomposite particles.   
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Figure 6.4 Low magnification TEM micrograph of metal-polymer nanocomposite 
particles.  Red arrows indicate the presence of solid gold nanoparticles 
encapsulated inside larger polymer nanoparticles.  Dried buffer salt 
crystals are also present in the image. 
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Figure 6.5 High magnification TEM micrograph of an individual metal-polymer 
nanocomposite particle.  The smaller darker circle is a solid gold 
nanoparticle and the surrounding lighter circle is a polymeric particle. 
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Figure 6.6 Representative EDS spectrograph analysis of an individual metal-polymer 
nanocomposite particle.  A portion of the carbon peak and all of the 
copper peaks in the spectrograph are due to the carbon coated TEM grid 
on which the sample is mounted, the remainder of the carbon peak as well 
as the oxygen peak are due to the polymer portion of the nanocomposite 
particle, and the gold peak is due to the gold particle encapsulated inside 
the nanocomposite. 
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Figure 6.7 A representative Zeta potential analysis of a sample of metal-polymer 
nanocomposite particles showing a negative surface charge, due to the 
ionization of carboxylic acid groups present in the poly(acrylic acid) 
portion of the IPN, of -23.54 ± 4.15 mV (n=10).   
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Figure 6.8 A representative Zeta potential analysis of PEG surface grafted gold-
polymer nanocomposite particles showing an approximately neutral 
surface charge of 3.01 ± 1.32 mV (n=10). 
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Figure 6.9 Results of the effect of an external laser source on the measured 
hydrodynamic diameter of a sample of blank IPN nanoparticles.  Vertical 
lines at the 10 minute and 20 minute time point indicate the activation and 
deactivation of the external laser source, respectively. 

 



 143

 

 

250

260

270

280

290

300

310

320

330

340

350

0 5 10 15 20 25 30 35

Time (min)

H
yd

ro
dy

na
m

ic
 D

ia
m

et
er

 (n
m

)

Laser Off Laser OffLaser On

 
 

Figure 6.10 Results of the effect of an external laser source on the measured 
hydrodynamic diameter of a sample of as-prepared metal-polymer 
nanocomposite particles.  Vertical lines at the 10 minute and 20 minute 
time point indicate the activation and deactivation of the external laser 
source, respectively. 
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Figure 6.11 Schematic illustration of the experimental setup used to photoacoustically 
image a sample of metal-polymer nanocomposite particles. 
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Figure 6.12 Standard ultrasound image of the dialysis tube used to contain the aqueous 
particle suspension during imaging.  A yellow circle is used to represent 
the location of the dialysis tubing whose long axis is oriented into the 
plane of the image.  The white area indicates detected ultrasound signal 
that was produced by sound waves reflecting back to the transducer from 
the top and bottom of the dialysis tubing. 
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Figure 6.13 Photoacoustic image of a blank sample of pure ddH2O used to determine 
the amount of photoacoustic signal produced by the absorption of laser 
light by the dialysis tubing without the presence of nanocomposite 
particles.  Bright spots in the image indicate the presence and intensity of 
the photoacoustic signal while dark blue represents a lack of signal. 
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Figure 6.14 Photoacoustic image of a sample of metal-polymer nanocomposite 
particles created by the excitation of the particles with an external 532 nm 
laser source.  Bright spots in the image indicate the presence and intensity 
of the photoacoustic signal while dark blue represents a lack of signal. 
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Figure 6.15 Comparison of the photoacoustic signal intensity down the center of the 
dialysis tubing for both the blank ddH2O sample and the metal-polymer 
nanocomposite sample, clearly indicating a large increase in signal 
intensity for the metal-polymer nanocomposite sample. 
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Chapter 7 

CONCLUSIONS 

Research in the field of biomaterials and drug delivery is moving toward 

individually tailored intelligent therapeutic systems which are capable of responding to 

and correcting undesirable conditions, on a molecular level, within the body.  These 

systems will mimic natural biosystems in their size, structure, and function, and will 

therefore need to be synthesized using advanced nanofabrication techniques.  The 

development of these and other nanoscale polymer systems is of interest in modern 

research as well, due to the possibility of combining the advantages of traditional 

macroscale polymer properties, such as swelling, with nanoscale properties, such as faster 

drug release rates due to shorter characteristic lengths and spatially localized heating 

effects.  Also, due to the size limitations imposed by the body’s natural defense 

mechanisms, such as the reticuloendothelial system, polymer systems 0.3 µm in diameter 

and smaller will be required for the development of effective in vivo intelligent 

therapeutic systems.   

In recent years a variety of parenteral synthetic polymer systems (i.e. 

biodegradable, osmotic, pH responsive, and others) and medical devices (i.e. insulin 

pumps) have been developed in the hopes of achieving intelligent therapeutic function.  

However, to date none of these systems has been able to successfully combine the aspects 

of intelligent response, imaging, and non-invasive external therapeutic control.  

Therefore, there is a need to design intelligent drug delivery modalities that can 

synergistically incorporate all of these capabilities into one complete system.  Intelligent 

therapeutic systems based on thermally responsive metal-polymer nanocomposites have 
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the ability to achieve these goals and thereby revolutionize drug delivery and disease 

treatment. 

Hence, the synthesis and characterization of thermally-responsive polymeric 

nanoparticles and metal-polymer nanocomposite particles were evaluated in this work to 

understand their application in advanced drug delivery and intelligent therapeutic 

systems.  The structural properties, swelling characteristics, and photothermal capabilities 

of these systems were investigated.  Novel intelligent therapeutic systems which 

combined aspects of molecular recognition, imaging, and therapeutic control were also 

developed. 

Inverse emulsion polymerization of thermally-responsive interpenetrating 

polymer network (IPN) nanoparticles was investigated.  The structure property 

relationships of these materials were evaluated.  The effect of initiator, emulsifier, and 

crosslinker concentration on the structure and properties of the prepared polymeric 

nanoparticles was elucidated utilizing gel permeation chromatography, scanning electron 

microscopy, and dynamic light scattering analysis.  The swelling response of various IPN 

nanoparticle systems as a function of pH, temperature, and structure was also examined 

using dynamic light scattering studies.  Differential scanning calorimetry, Zeta potential, 

and Fourier transform infrared analysis were also used to examine the molecular structure 

of prepared polymeric nanoparticles.  From these results it was evident that the unique 

structure of the IPN nanoparticles enabled them to achieve UCST-like swelling as well as 

larger final volume swelling ratios than other polymer particles of similar composition 

and size.  Furthermore, PAAm/PPAA IPN nanoparticles were capable of achieving 

UCST-like swelling response in biologically relevant conditions. 

The synthesis and characterization of a variety of metal nanoparticle systems was 

explored.  These systems included solid gold nanoparticles and both silicon dioxide core- 
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and gold sulfide core-gold shell nanoshells.  The absorption characteristics of these 

materials were examined using standard UV-Vis for the solid gold particles and UV-Vis-

NIR for the gold nanoshell systems.  Furthermore, the shape, structure, and morphology 

of the various particle systems were elucidated using both scanning electron microscopy 

and transmission electron microscopy as well as single particle energy dispersion 

spectroscopy.  Finally, the successful PEGylation of these systems was confirmed by 

Zeta potential analysis. 

Novel photothermally active metal-polymer nanocomposite particles were 

explored.  PEGylated solid gold nanoparticles were encapsulated by within thermally-

responsive IPN polymer nanoparticles via an in situ inverse emulsion polymerization 

technique.  The size, morphology, and structure of these nanocomposite particles was 

investigated using scanning and transmission electron microscopy, dynamic light 

scattering, and single particle energy dispersion spectroscopy.  The photoacoustic 

imaging and laser induced swelling capabilities of these systems were then tested using 

an external excitation laser coupled with a standard ultrasound transducer for 

photoacoustic imaging experiments and a dynamic light scattering instrument for laser 

induced swelling studies.  These studies demonstrated for the first time the successful 

incorporation of intelligent response, imaging, and non-invasive external therapeutic 

control together in a single nanocomposite device comprised of a gold nanoparticle core 

and thermally-responsive IPN polymer shell covalently surface functionalized with PEG.  

To summarize, this work contributed to the understanding of UCST like 

thermally-responsive nanoparticle polymer systems and their use in intelligent 

therapeutic systems.  The successful encapsulation light absorbing gold nanoparticles 

within thermally-responsive polymeric nanoparticles to create novel metal-polymer 

nanocomposite particles was demonstrated.   Furthermore, the imaging and therapeutic 
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control capabilities of these novel metal-polymer nanocomposite particles were also 

demonstrated. 
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Abstract 

The process of opsonization is one of the most important biological barriers to 

controlled drug delivery.  Injectable polymeric nanoparticle carriers have the ability to 

revolutionize disease treatment via spatially and temporally controlled drug delivery.  

However, opsonin proteins present in the blood serum quickly bind to conventional non-

stealth nanoparticles, allowing macrophages of the mononuclear phagocytic system 

(MPS) to easily recognize and remove these drug delivery devices before they can 

perform their designed therapeutic function.  To address these limitations, several 

methods have been developed to mask or camouflage nanoparticles from the MPS.  Of 

these methods, the most preferred is the adsorption or grafting of poly(ethylene glycol) 

(PEG) to the surface of nanoparticles.  Addition of PEG and PEG-containing copolymers 

to the surface of nanoparticles results in an increase in the blood circulation half-life of 

the particles by several orders of magnitude.  This method creates a hydrophilic 

protective layer around the nanoparticles that is able to repel the absorption of opsonin 

proteins via steric repulsion forces, thereby blocking and delaying the first step in the 

opsonization process. 

 

Keywords:  Opsonization; poloxamer; poloxamine; poly(ethylene glycol); PEGylation; 

stealth nanoparticles 
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Introduction 

Through spatial and temporal controlled drug delivery, injectable nanoparticle 

carriers have the ability to revolutionize disease treatment.  Spatially localizing the 

release of toxic and other potent drugs only at specific therapeutic sites can lower the 

overall systemic dose and damage that these drugs would otherwise produce.  Temporally 

controlling the release of a drug can also help decrease unwanted side effects that might 

otherwise occur due to the natural circadian fluctuations of chemical levels throughout 

the body (Hermida et al., 2001).  The overall benefit of these improvements in disease 

treatment would be an increase in patient compliance and quality of life.  In order for a 

drug delivery device to achieve these desired benefits it must be present in the 

bloodstream long enough to reach or recognize its therapeutic site of action.  However, 

the opsonization or removal of nanoparticulate drug carriers from the body by the 

mononuclear phagocytic system (MPS), also known as the reticuloendothelial system 

(RES), is a major obstacle to the realization of these goals.   

The macrophages of the MPS have the ability to remove unprotected 

nanoparticles from the bloodstream within seconds of intravenous administration, 

rendering them ineffective as site-specific drug delivery devices (Gref et al., 1994).  

These macrophages, which are typically Kupffer cells, or macrophages of the liver, 

cannot directly identify the nanoparticles themselves, but rather recognize specific 

opsonin proteins bound to the surface of the particles (Frank and Fries, 1991).  Broadly 

speaking, opsonins are any blood serum component that aids in the process of phagocytic 

recognition, but complement proteins such as C3, C4, and C5 and immunoglobulins are 

typically the most common.  Several methods of camouflaging or masking nanoparticles 

have been developed, which allow them to temporarily bypass recognition by the MPS 
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and increase their blood circulation half-life (Illum and Davis, 1984; Gref et al., 1994; 

Kaul and Amiji, 2002).  Many of these systems make use of surface treatments that 

interfere with the binding of opsonin proteins to the particle surface as a means of 

imparting stealth, or MPS-avoidance characteristics to nanoparticles.  This review 

focuses on those systems that utilize poly(ethylene glycol) and PEG-containing surface 

treatments because these systems seem to hold the most promise and show the lowest 

occurrence of harmful effects in vivo. 
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Opsonization and Phagocytosis 

Opsonization is the process by which a foreign organism or particle becomes 

covered with opsonin proteins, thereby making it more visible to phagocytic cells.  After 

opsonization, phagocytosis can occur, which is the engulfing and eventual destruction or 

removal of foreign materials from the bloodstream.  Together these two processes form 

the main clearance mechanism for the removal of undesirable components larger than the 

renal threshold limit from the blood.  In the case of polymeric nanoparticles, which can 

not normally be destroyed by the phagocytes, sequestration in the MPS organs typically 

occurs.  If the polymeric nanoparticle is non-biodegradable, then accumulation of 

particles in these organs, most commonly the liver and spleen, can occur leading to 

toxicity and other negative side effects (Illum et al., 1986; Peracchia et al., 1999b; Plard 

and Bazile, 1999).   

Opsonization typically takes place in the blood circulation and can take anywhere 

from a matter of seconds to many days to complete.  The exact mechanism through which 

this process is activated is very complicated and not yet full understood, but the important 

components involved are, for the most part, well known.  Immunoglobulins and 

components of the complement system such as C3, C4, and C5 are known to be common 

opsonins as well as other blood serum proteins such as laminin, fibronectin, C-reactive 

protein, type I collagen and many others (Frank and Fries, 1991; Johnson, 2004).  The 

importance of these proteins in the clearance process has been indirectly demonstrated in 

many in vivo animal studies of inherited and induced C3 deficient animal models.  For 

instance, research has shown that these animal models are often times more susceptible to 

certain diseases which are easily controlled by phagocytosis in non-C3 deficient animal 

models (Singer et al., 1994).  The opsonins, which are present throughout the blood, are 
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thought to come into contact with injected polymeric nanoparticles typically by random 

Brownian motion.  However, once sufficiently close to the surface of a particle, any of 

several attractive forces including van der Walls, electrostatic, ionic, 

hydrophobic/hydrophilic, and others can be involved in the binding of opsonins to the 

surface of the nanoparticle.   

After opsonization has occurred, the next step in the clearance process is the 

attachment of the phagocyte to the nanoparticle via surface bound opsonins.  Without the 

presence of surface bound or adsorbed opsonin proteins, the phagocytes will typically not 

be able to bind or recognize the foreign particles.  One method of attachment occurs 

when the bound opsonin proteins undergo conformational changes from an inactive 

protein present in the blood serum to an activated protein structure that can be recognized 

by phagocytes.  Phagocytic cell surfaces contain specialized receptors that interact with 

the modified conformation of these various opsonins thus alerting them to the presence of 

a foreign material.   

A second method of phagocyte attachment is the non-specific adherence of 

phagocytes to surface adsorbed blood serum proteins which can result in the stimulation 

of phagocytosis as well (Frank and Fries, 1991).  This process is typically due to the 

association of opsonin proteins with a more hydrophobic particle surface.  The third 

significant method of phagocyte attachment is complement activation.  The complement 

system can be activated by one of several mechanisms including the classical, alternative, 

and lectin pathway.  The exact details of these mechanisms are beyond the scope of this 

review, but several excellent sources are available on this subject (Frank and Fries, 1991; 

Singer et al., 1994; Morgan, 1995; Johnson, 2004).  Regardless of the pathway of 

complement activation, the final result is the binding and phagocytosis of the foreign 

particle by the mononuclear phagocytes.    
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The third and final step in the clearance process is the ingestion of foreign 

materials by phagocytes.  This step in the process typically involves the endocytosis of 

the particle or foreign material by a phagocyte.  Following endocytosis of the particle, the 

phagocytes will begin to secret enzymes and other oxidative-reactive chemical factors, 

such as superoxides, oxyhalide molecules, nitric oxide, and hydrogen peroxide, to break 

down the phagocytosed material (Mitchell, 2004).  Unfortunately, most non-

biodegradable polymeric nanoparticles cannot be degraded significantly by this process 

and, depending on their relative size and molecular weight, will either be removed by the 

renal system or sequestered and stored in one of the MPS organs.  As a first 

approximation, removal by the renal system occurs only for particles with a molecular 

weight of around 5,000 or less, but can be as high as 100,000 for more dense polymers 

such as dendrimers.  For particles with a molecular weight higher than the renal 

threshold, sequestration in the MPS organs typically occurs.  The final biodistribution of 

this sequestration depends on several factors and is discussed in more detail in the 

biodistribution and pharmacokinetics section of this paper. 

Since the initial opsonization of particles is so critical to the process of phagocytic 

recognition and clearance from the bloodstream, most research in the area of stealth drug 

delivery has focused on trying to stop or block this step of the process.  There are no 

absolute rules or methods available to completely and effectively block the opsonization 

of particles, but research over the last 30 years has found some trends and methods that 

can be effective at slowing this process, thus increasing the blood circulation half-life and 

effectiveness of stealth devices.  As a general rule, the opsonization of hydrophobic 

particles, as compared to hydrophilic particles, has been shown to occur more quickly 

due the enhanced adsorbability of blood serum proteins on these surfaces (Carstensen et 

al., 1992; Muller et al., 1992; Norman et al., 1992).   
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A correlation between surface charge and opsonization has also been 

demonstrated in vitro, with research showing that neutrally charged particles have a much 

lower opsonization rate than charged particles (Roser et al., 1998).  Therefore, one widely 

used method to slow opsonization is the use of surface adsorbed or grafted shielding 

groups which can block the electrostatic and hydrophobic interactions that help opsonins 

bind to particle surfaces.  These groups tend to be long hydrophilic polymer chains and 

non-ionic surfactants.  Some examples of polymer systems that have been tried in the 

literature as shielding groups include polysaccharides, polyacrylamide, poly(vinyl 

alcohol), poly(N-vinyl-2-pyrrolidone), PEG, and PEG-containing copolymers such as 

poloxamers, poloxamines, polysorbates, and PEG copolymers.  Of all the polymers tested 

to date, the most effective and most commonly used are the PEG and PEG-containing 

copolymers.  These polymers are typically very flexible and highly hydrophilic, which 

can help shield even hydrophobic or charged particles from blood proteins.  They are also 

typically charge neutral, which lessens the effect of electrostatic interactions.   
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PEGylation 

As previously mentioned, the preferred method of imparting stealth, or sterically 

stabilized properties to nanoparticles is through the PEGylation of these particles.  

PEGylation simply refers to the decoration of a particle surface by the covalently 

grafting, entrapping, or adsorbing of PEG chains.  Also, in the case of biodegradable 

nanoparticles, PEG chains can be incorporated as copolymers throughout the particle so 

that some surface PEG chains are always available even after the degradation of surface 

layers.  The purpose of these PEG chains is to create a barrier layer to block the adhesion 

of opsonins present in the blood serum, so that the particles can remain camouflaged or 

invisible to phagocytic cells.  Experimental research using freeze-fracture transmission 

electron microscopy (TEM) has even been able to demonstrate visually the protein 

rejecting capabilities of PEGylated surfaces (Peracchia et al., 1999a).   

Many different types of PEG-containing polymers have been tested for their 

ability to impart stealth characteristic to polymeric nanoparticles. The basic repeating 

units of poly(ethylene glycol) and poly(propylene glycol) are shown in Figure A.1. 

Because of the chemical structure of the repeating units, these polymers are also known 

as poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO).   

Tables A.1 and A.2 contain a representative listing of PEG-containing polymers 

for adsorbed and covalently attached surface coatings, (adapted from Storm et al., 

(1995)).  From Table A.1, it is evident that the vast majority of research in PEG surface 

coatings has involved surface adsorbed poloxamers and polaxamines (Figure A.2).   

These polymers are amphiphilic block copolymers consisting of blocks of 

ethylene oxide (EO) and propylene oxide (PO) monomer units, which are typically 

formed by anionic polymerization.  
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The important difference between these structures is the additional methyl group 

of the PO unit, which makes it more hydrophobic, while the EO unit is more hydrophilic.  

Therefore, the hydrophobic sections of the polymer which contain PO units can be used 

to adsorb and anchor the surfactant molecule to the nanoparticle surface, while the 

hydrophilic EO containing polymers or PEG sections can extend into solution and shield 

the surface of the particle.  This method has the advantage of being fairly simple to 

achieve and can impart increased MPS-avoidance characteristics to the particles.  

Conversely, it has the draw back that surface adsorbed PEG polymers can also desorb, 

leaving holes in surface coverage where opsonins can bind (Neal et al., 1998).  The 

situation is even worse when PEG polymers are surface adsorbed on biodegradable 

polymer nanoparticles.  In this case, not only can desorption occur, but biodegradation of 

the particle can also increase the loss of surface bound PEG moieties.  Because of these 

issues, several different methods have been developed in the literature, see Table A.2, to 

covalently attach PEG chains to the surface of nanoparticles.  Some research has directly 

shown that particles with covalently bound PEG chains achieve longer blood circulation 

half-lives than similar particles with only surface adsorbed PEG (Harper et al., 1991; 

Bazile et al., 1995).  Nevertheless, there are some disadvantages to this method as well.  

It is sometimes hard to ensure that covalently binding of the PEG chains occurs at the 

surface and not in the bulk of the material, if surface coverage is the goal.  Also, as a 

result of this, it can be much more difficult to control and optimize the surface coverage 

density and conformation.  On the other hand, the covalent bonding of PEG chains 

throughout the particle maybe preferred for biodegradable particles, due to the 

availability of surface exposed PEG chains during the entire degradation and erosion 

process.   



 163

To create these types of nanoparticle systems, most researchers use a copolymer 

of PEG with another biodegradable polymer, such as poly(lactic acid), poly(lactic acid-

co-glycolic acid), or poly(isobutyl 2-cyanoacrylate).  In this case, a surface PEG layer is 

typically created by addition of PEG containing copolymers to the reaction mixture prior 

to polymerization.  Since these reactions typically employ an emulsion or dispersion 

polymerization in aqueous media, the PEG portion of the copolymer is able to orient 

itself within the non-reacting water phase, while the biodegradable portion of the 

copolymer is covalently bonded or physically entangled inside the polymerizing 

nanoparticle matrix.  Alternatively, PEG moieties might also be covalently bonded to 

fully formed nanoparticles after polymerization by various “living” polymerization 

techniques, such as ATRP and iniferter, or through traditional surface functional group 

chemistry.  However, their has only been a small number of stealth nanoparticle systems 

studied that utilize these more difficult methods of PEGylation (Bergstrom et al., 1994; 

Dunn et al., 1994). 

Several theories have been proposed to explain the apparent protein resistance and 

stealth characteristics imparted to materials by the incorporation of surface bound PEG.  

Alternatively, some theories have implied that PEGylated nanoparticles, added in excess, 

simply overload the opsonization and clearance systems of the body, thereby giving the 

particles the false appearance of stealth properties (Moghimi and Szebeni, 2003).  

However, the most widely accepted of these theories is one based on the interactions 

between proteins and PEGylated surfaces, which supports the hypothesis that PEGylation 

can add protein resistant (i.e. opsonization resistant) properties to materials (Jeon et al., 

1991).   

This theory makes the argument that the hydrophilic and flexible nature of the 

surface PEG chains allows them to take on a more extended conformation when free in 
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solution.  Therefore, when opsonins and other proteins are attracted to the surface of the 

particle, by van der Waals and other forces, they encounter the extended surface PEG 

chains and begin to compress them.  This compression then forces the PEG chains into a 

more condensed and higher energy conformation.  This change in conformation creates 

an opposing repulsive force that, when great enough, can completely balance and/or over 

power the attractive force between the opsonin and the particle surface.  It is important to 

note that for effective blocking or repulsion of opsonins to occur, the surface coating 

layer needs to exceed a minimum layer thickness.  The exact thickness of the layer 

required can vary depending on the situation and is sometimes hard to control.  

Therefore, layer thickness is usually correlated to other factors such as PEG molecular 

weight, surface chain density, and conformation.   

Most research indicates that a surface PEG chain molecular weight of 2,000 or 

greater is required to achieve increased MPS-avoidance characteristics.  This minimum 

MW is most likely due to the loss in flexibility of shorter PEG chains.  Also, it has been 

shown that as molecular weight is increased above 2,000, the blood circulation half-life 

of the PEGylated particles is also increased, which may be due in part to the increased 

chain flexibility of higher MW PEG polymers (Gref et al., 1994; Leroux et al., 1995; 

Peracchia et al., 1997; Peracchia, 2003).  In addition to chain molecular weight, surface 

chain density and conformation are also critical factors to achieving improved stealth 

characteristics, although these two aspects are much more interrelated.  For instance, at 

low surface coverage, the PEG chains have a larger range of motion and will typically 

take on what is termed a “mushroom” configuration, where on average they will be 

located closer to the surface of the particle.  Very low surface coverage can also lead to 

gaps in the PEG protective layer where opsonin proteins can freely bind to the 

nanoparticle surface.  On the other hand, at high surface coverage the PEG chains range 
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of motion will be greatly restricted and they will most often exhibit a semi-linear or 

“brush” configuration.  Although a high surface coverage ensures that the entire surface 

of nanoparticle is covered, this method also decreases the mobility of the PEG chains and 

thus decreases the steric hindrance properties of the PEG layer (Storm et al., 1995).   A 

3D schematic diagram of the PEG “brush” and “mushroom” configurations is illustrated 

in Figure A.3.   

Therefore, the optimal surface coverage is located somewhere in between the 

“mushroom” and “brush” configurations, where most chains are in a slightly constricted 

configuration, but are present at a high enough density to ensure that no gaps or spaces on 

the particle surface are left uncovered.  As a general guideline, researchers have pointed 

to a minimum effective hydrodynamic layer thickness of roughly 5% of the particle’s 

diameter, or one that is greater than twice the hydrodynamic radius of the polymer coil in 

its dilution solution conformation (Stolnik et al., 1995; Storm et al., 1995).  It should also 

be noted that this analysis of surface coverage was developed primarily for solid surfaces, 

which is not always the case in drug delivery systems.  For instance, when the surface 

PEG chains of swollen hydrogel materials are compressed, there is a finite probability 

that these chains will penetrate back into the hydrogel matrix itself, instead of being 

compressed into a higher energy conformation, thereby making the surface coating layer 

less effective (Huang et al., 2001).  Currently, this effect has not been fully studied in 

stealth nanoparticles and should therefore be taken into consideration when designing 

stealth hydrogel systems. 
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Biodistribution and Pharmacokinetics 

Typically once a polymeric nanoparticle is opsonized and removed from the 

bloodstream, it is sequestered in one of the MPS organs.  In the case of “naked” 

nanoparticles, or nanoparticles that have not been PEGylated and lack stealth properties, 

sequestration in the MPS organs is very rapid, typically a matter of minutes, and usually 

concentrates in the liver and spleen (Illum et al., 1987a; Gref et al., 1995; Panagi et al., 

2001).  However, for PEGylated stealth nanoparticles the speed of clearance and final 

biodistribution is dependant on many factors.   

Research has shown that particle size plays a key role in the final biodistribution 

and blood clearance of stealth particles.  As discussed earlier, particles that have a 

molecular weight less than 5,000, or even higher for dense polymers such as dendrimers, 

can be removed from the body via the renal system.  For particles that can not be 

removed by the renal system, research has shown that particles over 200 nm in 

hydrodynamic diameter are typically cleared from the blood much more quickly than 

particles smaller than 200 nm, regardless of whether they are PEGylated or not (Moghimi 

et al., 1993b).  In other words, a 250 nm PEGylated nanoparticle would be cleared from 

the blood stream much more rapidly than a 70 nm PEGylated particle.  Likewise a 250 

nm “naked” nanoparticle would be removed more quickly than a 70 nm “naked” 

nanoparticle, but both “naked” nanoparticles and the 250 nm PEGylated particle would 

be removed orders of magnitude more quickly than the 70 nm PEGylated nanoparticle.  

Besides blood clearance rate, the final biodistribution is also affected by particle size.  In 

the case of PEGylated nanoparticles, a hydrodynamic radius of less than 150 nm was 

shown to produce an increased uptake of particles in the bone marrow of rabbits, where 
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as particles of 250 nm in diameter where mostly sequestered in the spleen and liver, with 

only a small fraction of uptake by the bone marrow (Porter et al., 1992b). 

Researchers have hypothesized that differences in the uptake and biodistribution 

of stealth particles indicates the presence of opsonins that are specific to only a certain 

type of phagocyte.  For instance, Moghimi and Patel (1988) hypothesized that an 

increased accumulation of cholesterol-rich liposomes in the spleen was due to the 

presence of opsonins specific to splenic phagocytes, which exhibited stronger binding on 

cholesterol-rich surfaces than Kupffer cell specific opsonins.  Also, opsonins specific to 

the Kupffer cells may have large binding regimes that require the presence of larger 

particles in order to achieve binding, thus leading to the preferential sequestration of large 

particles in the liver.  Another possible explanation is that size-dependent biodistribution 

might have more to do with a simple filtering effect, whereby larger particles are 

removed by the spleen and liver more rapidly while smaller particles are directed to the 

bone marrow (Moghimi et al., 1993b).  Though the exact reason for these size 

dependencies has not yet been fully elucidated. 

Besides particle size, another important factor in determining the final 

biodistribution and clearance rate of nanoparticles is the PEG layer itself.  The 

characteristics of this layer such as its thickness, charge, surface density, functional 

groups, and conformation all impact the way in which it interacts with opsonins.  Failure 

to adequately address and optimize anyone of these variables can lead to a dramatic 

increase in the rate of opsonization and clearance of nanoparticles from the bloodstream.   

However, the final biodistribution of these opsonized nanoparticles is not as easily 

predicted.  Currently, there is a large amount of conflicting data in the literature, and due 

to the lack of a comprehensive study of these factors across various animal models, intra- 

and inter-species variations in animal models, and the variability observed in the raw 
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materials and polymers used to perform these studies, very few definite trends can be 

developed concerning how these parameters affect the final biodistribution of sequestered 

particles (Porter et al., 1992a; Hunter and Moghimi, 2002).   

Despite these discrepancies, there seems to be at least two general trends that are 

consistent throughout most biodistribution studies.  First, most researchers found that the 

use of larger molecular weight PEG polymers led to longer blood circulation half-lives 

for the particles in vivo (Gref et al., 1995).  The second common trend showed that 

uncoated nanoparticles concentrated most heavily in the liver and spleen, but with the 

addition of PEGylation this final biodistribution was shift toward the spleen.  One 

specific example showed that 24 hours after injection 40% of PEGylated particles were 

found in the liver, while 90% were found in the liver after only 3 minutes for “naked” 

particles.  On the other hand, after 60 minutes of blood circulation the concentration of 

PEGylated particles in the spleen was 12% while it was only 2% for “naked” particles 

(Peracchia et al., 1999b). 

Several different methods are available to study the final biodistribution and 

clearance rates of these particles both in vivo and in vitro.  In vitro methods typically 

make use of techniques such as flow cytometry and cell-associated fluorescence 

measurements (De Jaeghere et al., 2000; Jaulin et al., 2000).  The typical cell lines used 

for these studies are human monocytes, murine macrophages, non-parenchymal liver 

cells, and neutrophilic granulocytes (Neal et al., 1998; De Jaeghere et al., 2000; Jaulin et 

al., 2000; Zambaux et al., 2000).  For in vivo studies, the most popular methods for 

tracking particle uptake involve the use of radio labeled 14C or encapsulated indium 

histology studies (Leu et al., 1984; Troster and Kreuter, 1992; Troster et al., 1992; Gref et 

al., 1994; Bazile et al., 1995).  In these studies, the animal model used is typically broken 

into several groups and injected with radio labeled particles.  Then each group is 
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sacrificed at a different predetermined times and histology slices of each animal are 

prepared and examined using autoradiography.  The intensity of radiation form various 

sections of the histology slice are then correlated to the final biodistribution and rate of 

particle clearance.  The most popular animal models for these studies are rat, rabbit, and 

guinea pig. 
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Conclusions 

The summarized work above demonstrates that the study of stealth nanoparticles 

and their opsonization by the mononuclear phagocytic system remains a very active and 

developing area of research.  Although the proteins and blood serum components 

involved in this process are fairly well known, the mechanism by which they activate 

specific cellular responses and interact with stealth nanoparticles is still not fully 

understood.  Also, the lack of a comprehensive study of these responses across multiple 

cell lines and animal models and the inherent variability in these systems has hindered 

our understanding of these mechanisms and produced conflicting results.  However, 

despite these issues, great strides have been made over the past several decades at 

improving the overall MPS-avoidance characteristics and stealth properties of PEGylated 

polymeric carriers.  While this and other research has led to exciting discoveries in the 

field of stealth nanoparticles, a significant amount of work remains before these systems 

can be considered safe for use in humans.  Hopefully, with more characterization and 

understanding of the factors that affect stealth materials, long circulating stealth 

nanoparticle drug delivery in humans will soon become a reality.  

Acknowledgements 

This work was supported in part by grant No DGE-0333080 from the US National 

Science Foundation through the IGERT Program on Cellular and Molecular Imaging for 

Diagnostics and Therapeutics, Nicholas A. Peppas, Director. 

 



 171

References 
 

Ameller, T., Marsaud, R., Legrand, P., Gref, R., Barratt, G., Renoir, J.M., 2003a. 

Polyester-poly(ethylene glycol) nanoparticles loaded with the pure antiestrogen 

RU 58668: Physicochemical and opsonization properties. Pharm. Res. 20, 1063-

1070. 

Ameller, T., Marsaud, W., Legrand, P., Gref, R., Renoir, J.M., 2003b. In vitro and in vivo 

biologic evaluation of long-circulating biodegradable drug carriers loaded with 

the pure antiestrogen RU 58668. Int. J. Cancer 106, 446-454. 

 

Avgoustakis, K., Beletsi, A., Panagi, Z., Klepetsanis, P., Livaniou, E., Evangelatos, G., 

Ithakissios, D.S., 2003. Effect of copolymer composition on the physicochemical 

characteristics, in vitro stability, and biodistribution of PLGA-mPEG 

nanoparticles. Int. J. Pharm. 259, 115-127. 

 

Ayhan, H., Cicek, H., Tuncel, S.A., 2003. Investigation of surface properties of 

biodegradable albumin microspheres via phagocytosis phenomena. J. Bioact. 

Compat. Polym. 18, 273-282. 

 

Bazile, D., Prudhomme, C., Bassoullet, M.T., Marlard, M., Spenlehauer, G., Veillard, M., 

1995. Stealth Me.PEG-PLA nanoparticles avoid uptake by the mononuclear 

phagocytes system. J. Pharm. Sci. 84, 493-498. 

 

Bergstrom, K., Osterberg, E., Holmberg, K., Hoffman, A.S., Schuman, T.P., Kozlowski, 

A., Harris, J.M., 1994. Effects of branching and molecular-weight of surface-

bound poly(ethylene oxide) on protein rejection. J. Biomater. Sci.-Polym. Ed. 6, 

123-132. 



 172

 

Blunk, T., Hochstrasser, D.F., Sanchez, J.C., Muller, B.W., Muller, R.H., 1993. Colloidal 

carriers for intravenous drug targeting - plasm-protein adsorption patterns on 

surface-modified latex-particles evaluated by 2-dimensional polyacrylic-gel 

electrophoresis. Electrophoresis 14, 1382-1387. 

 

Carstensen, H., Muller, R.H., Muller, B.W., 1992. Particle-size, surface hydrophobicity 

and interaction with serum of parenteral fat emulsions and model-drug carriers as 

parameters related to RES uptake. Clin. Nutr. 11, 289-297. 

 

Chawla, J.S., Amiji, M.M., 2002. Biodegradable poly(epsilon-caprolactone) 

nanoparticles for tumor-targeted delivery of tamoxifen. Int. J. Pharm. 249, 127-

138. 

 

Davis, S.S., Illum, L., 1988. Polymeric microspheres as drug carriers. Biomaterials 9, 

111-115. 

 

De Jaeghere, F., Allemann, E., Feijen, J., Kissel, T., Doelker, E., Gurny, R., 2000. 

Cellular uptake of PEO surface-modified nanoparticles: Evaluation of 

nanoparticles made of PLA: PEO diblock and triblock copolymers. J. Drug 

Target. 8, 143-153. 

 

Douglas, S.J., Davis, S.S., Illum, L., 1986. Biodistribution of poly(butyl 2-cyanoacrylate) 

nanoparticles in rabbits. Int. J. Pharm. 34, 145-152. 

 

Dunn, S.E., Brindley, A., Davis, S.S., Davies, M.C., Illum, L., 1994. Polystyrene-

poly(ethylene glycol) (PS-PEG2000) particles as model systems for site-specific 

drug-delivery.2. The effect of PEG surface-density on the in-vitro cell-interaction 

and in-vivo biodistribution. Pharm. Res. 11, 1016-1022. 

 



 173

Dunn, S.E., Coombes, A.G.A., Garnett, M.C., Davis, S.S., Davies, M.C., Illum, L., 1997. 

In vitro cell interaction and in vivo biodistribution of poly(lactide-co-glycolide) 

nanospheres surface modified by poloxamer and poloxamine copolymers. J. 

Control. Release 44, 65-76. 

 

Frank, M., Fries, L., 1991. The role of complement in inflammation and phagocytosis. 

Immunol. Today 12, 322-326. 

 

Gbadamosi, J.K., Hunter, A.C., Moghimi, S.M., 2002. PEGylation of microspheres 

generates a heterogeneous population of particles with differential surface 

characteristics and biological performance. FEBS Lett. 532, 338-344. 

 

Gref, R., Domb, A., Quellec, P., Blunk, T., Muller, R.H., Verbavatz, J.M., Langer, R., 

1995. The controlled intravenous delivery of drugs using PEG-coated sterically 

stabilized nanospheres. Adv. Drug Deliv. Rev. 16, 215-233. 

 

Gref, R., Luck, M., Quellec, P., Marchand, M., Dellacherie, E., Harnisch, S., Blunk, T., 

Muller, R.H., 2000. 'Stealth' corona-core nanoparticles surface modified by 

polyethylene glycol (PEG): influences of the corona (PEG chain length and 

surface density) and of the core composition on phagocytic uptake and plasma 

protein adsorption. Colloid Surf. B-Biointerfaces 18, 301-313. 

 

Gref, R., Minamitake, Y., Peracchia, M.T., Trubetskoy, V., Torchilin, V., Langer, R., 

1994. Biodegradable long-circulating polymeric nanospheres. Science 263, 1600-

1603. 

 

Ha, J.C., Kim, S.Y., Lee, Y.M., 1999. Poly(ethylene oxide)-poly(propylene oxide)-

poly(ethylene oxide) (pluronic)/poly(epsilon-caprolactone) (PCL) amphiphilic 

block copolymeric nanospheres - I. Preparation and characterization. J. Control. 

Release 62, 381-392. 



 174

 

Harper, G.R., Davies, M.C., Davis, S.S., Tadros, T.F., Taylor, D.C., Irving, M.P., Waters, 

J.A., 1991. Steric stabilization of microspheres with grafted polyethylene oxide 

reduces phagocytosis by rat Kupffer cells-in vitro. Biomaterials 12, 695-704. 

 

Hermida, R.C., Fernandez, J.R., Ayala, D.E., Mojon, A., Alonso, I., Smolensky, M., 

2001. Circadian rhythm of double (rate-pressure) product in healthy normotensive 

young subjects. Chronobiol. Int. 18, 475-489. 

 

Huang, Y.B., Szleifer, I., Peppas, N.A., 2001. Gel-gel adhesion by tethered polymers. J. 

Chem. Phys. 114, 3809-3816. 

 

Hunter, A.C., Moghimi, S.M., 2002. Therapeutic synthetic polymers: a game of Russian 

roulette? Drug Discov. Today 7, 998-1001. 

 

Illum, L., Davis, S.S., 1983. Effect of the non-ionic surfactant Poloxamer-338 on the fate 

and deposition of polystyrene microspheres following intravenous administration. 

J. Pharm. Sci. 72, 1086-1089. 

 

Illum, L., Davis, S.S., 1984. The organ uptake of intravenously administered colloidal 

particles can be altered using a non-ionic surfactant (Poloxamer-338). FEBS Lett. 

167, 79-82. 

 

Illum, L., Davis, S.S., Muller, R.H., Mak, E., West, P., 1987a. The organ distribution and 

circulation time of intravenously injected colloidal carriers sterically stabilized 

with a blockcopolymer - Poloxamine 908. Life Sci. 40, 367-374. 

 

Illum, L., Hunneyball, I.M., Davis, S.S., 1986. The effect of hydrophilic coatings on the 

uptake of colloidal particles by the liver and by peritoneal-macrophages. Int. J. 

Pharm. 29, 53-65. 



 175

 

Illum, L., Jacobsen, L.O., Muller, R.H., Mak, E., Davis, S.S., 1987b. Surface 

characteristics and the interaction of colloidal particles with mouse peritoneal-

macrophages. Biomaterials 8, 113-117. 

 

Jackson, J.K., Springate, C.M.K., Hunter, W.L., Burt, H.M., 2000. Neutrophil activation 

by plasma opsonized polymeric microspheres: inhibitory effect of Pluronic F127. 

Biomaterials 21, 1483-1491. 

 

Jaulin, N., Appel, M., Passirani, C., Barratt, G., Labarre, D., 2000. Reduction of the 

uptake by a macrophagic cell line of nanoparticles bearing heparin or dextran 

covalently bound to poly(methyl methacrylate). J. Drug Target. 8, 165-172. 

 

Jeon, S.I., Lee, J.H., Andrade, J.D., De Gennes, P.G., 1991. Protein-surface interactions 

in the presence of polyethylene oxide. J. Coll. Interface Sci. 142, 149-158. 

 

Johnson, R.J., 2004. The Complement System. In: Ratner, B.D., Hoffman A.S., Schoen, 

F.J., Lemons J.E. (Eds.), Biomaterials Science: An introduction to materials in 

medicine, Elsevier Academic Press: Amsterdam, pp. 318-328. 

 

Kaul, G., Amiji, M., 2002. Long-circulating poly(ethylene glycol)-modified gelatin 

nanoparticles for intracellular delivery. Pharm. Res. 19, 1061-1067. 

 

Kaul, G., Amiji, M., 2004. Biodistribution and targeting potential of poly(ethylene 

glycol)-modified gelatin nanoparticles in subcutaneous murine tumor model. J. 

Drug Target. 12, 585-591. 

 

Leroux, J.C., De Jaeghere, F., Anner, B., Doelker, E., Gurny, R., 1995. An investigation 

on the role of plasma and serum opsonins on the internalization of biodegradable 

poly(D,L-lactic acid) nanoparticles by human monocytes. Life Sci. 57, 695-703. 



 176

 

Leu, D., Manthey, B., Kreuter, J., Speiser, P., Deluca, P.P., 1984. Distribution and 

elimination of coated poly(methyl [2-C-14] methacrylate) nanoparticles after 

intravenous-injection in rats. J. Pharm. Sci. 73, 1433-1437. 

 

Meng, F.H., Engbers, G.H.M., Feijen, J., 2004a. Polyethylene glycol-grafted polystyrene 

particles. J. Biomed. Mater. Res. Part A 70A, 49-58. 

 

Meng, F.H., Engbers, G.H.M., Gessner, A., Muller, R.H., Feijen, J., 2004b. Pegylated 

polystyrene particles as a model system for artificial cells. J. Biomed. Mater. Res. 

Part A 70A, 97-106. 

 

Mitchell, R.N., 2004. Innate and adaptive immunity: The immune response to foreign 

materials. In: Ratner, B.D., Hoffman A.S., Schoen, F.J., Lemons J.E. (Eds.), 

Biomaterials Science: An introduction to materials in medicine, Elsevier 

Academic Press: Amsterdam, pp. 304-318. 

 

Moghimi, S.M., 2002. Chemical camouflage of nanospheres with a poorly reactive 

surface: towards development of stealth and target-specific nanocarriers. Biochim. 

Biophys. Acta-Mol. Cell Res. 1590, 131-139. 

 

Moghimi, S.M., 2003. Modulation of lymphatic distribution of subcutaneously injected 

poloxamer 407-coated nanospheres: the effect of the ethylene oxide chain 

configuration. FEBS Lett. 540, 241-244. 

 

Moghimi, S.M., Gray, T., 1997. A single dose of intravenously injected poloxamine-

coated long-circulating particles triggers macrophage clearance of subsequent 

doses in rats. Clin. Sci. 93, 371-379. 

 



 177

Moghimi, S.M., Hedeman, H., Christy, N.M., Illum, L., Davis, S.S., 1993a. Enhanced 

hepatic-clearance of intravenously administered sterically stabilized microspheres 

In zymosan-stimulated rats. J. Leukoc. Biol. 54, 513-517. 

 

Moghimi, S.M., Hedeman, H., Muir, I.S., Illum, L., Davis, S.S., 1993b. An investigation 

of the filtration capacity and the fate of large filtered sterically-stabilized 

microspheres in rat spleen. Biochin. Biophys. ACTA 1157, 233-240. 

 

Moghimi, S.M., Muir, I.S., Illum, L., Davis, S.S., Kolbbachofen, V., 1993c. Coating 

particles with a block-copolymer (Poloxamine-908) suppresses opsonization but 

permits the activity of dysopsonins in the serum. Biochin. Biophys. ACTA 1179, 

157-165. 

 

Moghimi, S.M., Patel, H.M., 1988. Tissue specific opsonins for phagocytic-cells and 

their different affinity for cholesterol-rich liposomes. FEBS Lett. 233, 143-147. 

 

Moghimi, S.M., Pavey, K.D., Hunter, A.C., 2003. Real-time evidence of surface 

modification at polystyrene lattices by poloxamine 908 in the presence of serum: 

in vivo conversion of macrophage-prone nanoparticles to stealth entities by 

poloxamine 908. FEBS Lett. 547, 177-182. 

 

Moghimi, S.M., Porter, C.J.H., Muir, I.S., Illum, L., Davis, S.S., 1991. Non-phagocytic 

uptake of intravenously injected microspheres in rat spleen - influence of particle-

size and hydrophilic coating. Biochem. Biophys. Res. Commun. 177, 861-866. 

 

Moghimi, S.M., Szebeni, J., 2003. Stealth liposomes and long circulating nanoparticles: 

critical issues in pharmacokinetics, opsonization and protein-binding properties. 

Prog. Lipid Res. 42, 463-478. 

 



 178

Morgan, B.P., 1995. Physiology And pathophysiology of complement - progress and 

trends. Crit. Rev. Clin. Lab. Sci. 32, 265-298. 

 

Mosqueira, V.C.F., Legrand, P., Gulik, A., Bourdon, O., Gref, R., Labarre, D., Barratt, 

G., 2001. Relationship between complement activation, cellular uptake and 

surface physicochemical aspects of novel PEG-modified nanocapsules. 

Biomaterials 22, 2967-2979. 

 

Muir, I.S., Moghimi, S.M., Illum, L., Davis, S.S., Davies, M.C., 1991. The effect of block 

copolymers on the uptake of model polystyrene microspheres by Kupffer cells - 

invitro and invivo studies. Biochem. Soc. Trans. 19, S329-S329. 

 

Muller, R.H., Wallis, K.H., 1993. Surface modifications of IV injectable biodegradable 

nanoparticles with Poloxamer polymers and Poloxamine-908. Int. J. Pharm. 89, 

25-31. 

 

Muller, R.H., Wallis, K.H., Troster, S.D., Kreuter, J., 1992. Invitro characterization of 

poly (methyl-methacrylate) nanoparticles and correlation to their invivo fate. J. 

Control. Release 20, 237-246. 

 

Neal, J.C., Stolnik, S., Schacht, E., Kenawy, E.R., Garnett, M.C., Davis, S.S., Illum, L., 

1998. In vitro displacement by rat serum of adsorbed radiolabeled poloxamer and 

poloxamine copolymers from model and biodegradable nanospheres. J. Pharm. 

Sci. 87, 1242-1248. 

 

Norman, M.E., Williams, P., Illum, L., 1992. Human serum-albumin as a probe for 

surface conditioning (opsonization) of block copolymer-coated microspheres. 

Biomaterials 13, 841-849. 

 



 179

O'Mullane, J.E., Petrak, K., Hutchinson, L.E.F., Tomlinson, E., 1990. The effect of 

absorbed coats of Poloxamers 237 and 338 on the in vitro aggregation and in 

vivio distribution of polystyene latex (PSL) particles. Int. J. Pharm. 63, 177-180. 

 

Panagi, Z., Beletsi, A., Evangelatos, G., Livaniou, E., Ithakissios, D.S., Avgoustakis, K., 

2001. Effect of dose on the biodistribution and pharmacokinetics of PLGA and 

PLGA-mPEG nanoparticles. Int. J. Pharm. 221, 143-152. 

 

Park, Y.J., Nah, S.H., Lee, J.Y., Jeong, J.M., Chung, J.K., Lee, M.C., Yang, V.C., Lee, 

S.J., 2003. Surface-modified poly(lactide-co-glycolide) nanospheres for targeted 

bone imaging with enhanced labeling and delivery of radioisotope. J. Biomed. 

Mater. Res. Part A 67A, 751-760. 

 

Peracchia, M., Harnisch, S., Pinto-Alphandary, H., Gulik, A., Dedieu, J., Desmaele, D., 

d'Angelo, J., Muller, R., Couvreur, P., 1999a. Visualization of in vitro protein-

rejecting properties of PEGylated stealth (R) polycyanoacrylate nanoparticles. 

Biomaterials 20, 1269-1275. 

 

Peracchia, M.T., 2003. Stealth nanoparticles for intravenous administration. S.T.P. 

Pharma Sci. 13, 155-161. 

 

Peracchia, M.T., Fattal, E., Desmaele, D., Besnard, M., Noel, J.P., Gomis, J.M., Appel, 

M., d'Angelo, J., Couvreur, P., 1999b. Stealth PEGylated polycyanoacrylate 

nanoparticles for intravenous administration and splenic targeting. J. Control. 

Release 60, 121-128. 

 

Peracchia, M.T., Vauthier, C., Passirani, C., Couvreur, P., Labarre, D., 1997. 

Complement consumption by poly(ethylene glycol) in different conformations 

chemically coupled to poly(isobutyl 2-cyanoacrylate) nanoparticles. Life Sci. 61, 

749-761. 



 180

 

Plard, J.P., Bazile, D., 1999. Comparison of the safety profiles of PLA(50) and Me.PEG-

PLA(50) nanoparticles after single dose intravenous administration to rat. Colloid 

Surf. B-Biointerfaces 16, 173-183. 

 

Porter, C.J.H., Moghimi, S.M., Davies, M.C., Davis, S.S., Illum, L., 1992a. Differences 

in the molecular-weight profile of Poloxamer-407 affect its ability to redirect 

intravenously administered colloids to the bone-marrow. Int. J. Pharm. 83, 273-

276. 

 

Porter, C.J.H., Moghimi, S.M., Illum, L., Davis, S.S., 1992b. The polyoxyethylene 

polyoxypropylene block copolymer Poloxamer-407 selectively redirects 

intravenously injected microspheres to sinusoidal endothelial-cells of rabbit bone-

marrow. FEBS Lett. 305, 62-66. 

 

Roser, M., Fischer, D., Kissel, T., 1998. Surface-modified biodegradable albumin nano- 

and microspheres. II:  Effect of surface charges on in vitro phagocytosis and 

biodistribution in rats. Eur. J. Pharm. Biopharm. 46, 255-263. 

 

Shenoy, D.B., Amiji, M.A., 2005. Poly(ethylene oxide)-modified poly(epsilon-

caprolactone) nanoparticles for targeted delivery of tamoxifen in breast cancer. 

Int. J. Pharm. 293, 261-270. 

 

Singer, L., Colten, H.R., Wetsel, R.A., 1994. Complement C3 deficiency - human, 

animal, and experimental-models. Pathobiology 62, 14-28. 

 

Stolnik, S., Daudali, B., Arien, A., Whetstone, J., Heald, C.R., Garnett, M.C., Davis, S.S., 

Illum, L., 2001. The effect of surface coverage and conformation of poly(ethylene 

oxide) (PEO) chains of poloxamer 407 on the biological fate of model colloidal 

drug carriers. BBA-Biomembranes 1514, 261-279. 



 181

 

Stolnik, S., Dunn, S.E., Garnett, M.C., Davies, M.C., Coombes, A.G.A., Taylor, D.C., 

Irving, M.P., Purkiss, S.C., Tadros, T.F., Davis, S.S., Illum, L., 1994. Surface 

modification of poly(lactide-co-glycolide) nanospheres by biodegradable 

poly(lactide)-poly(ethylene clycol) copolymers. Pharm. Res. 11, 1800-1808. 

 

Stolnik, S., Illum, L., Davis, S.S., 1995. Long circulating microparticle drug carriers. 

Adv. Drug Deliv. Rev. 16, 195-214. 

 

Storm, G., Belliot, S.O., Daemen, T., Lasic, D.D., 1995. Surface modification of 

nanoparticles to oppose uptake by the mononuclear phagocyte system. Adv. Drug 

Deliv. Rev. 17, 31-48. 

 

Tan, J.S., Butterfield, D.E., Voycheck, C.L., Caldwell, K.D., Li, J.T., 1993. Surface 

modification of nanoparticles by PEO PPO block-copolymers to minimize 

interactions with blood compontents and prolong blood-circulation in rats. 

Biomaterials 14, 823-833. 

 

Troster, S.D., Kreuter, J., 1992. Influence of the surface-properties of low contact-angle 

surfactants on the body distribution of C-14 poly(methyl methacrylate) 

nanoparticles. J. Microencaps. 9, 19-28. 

 

Troster, S.D., Muller, U., Kreuter, J., 1990. Modification of the body distribution of 

poly(methyl methacrylate) nanoparticles in rats by coating with surfactants. Int. J. 

Pharm. 61, 85-100. 

 

Troster, S.D., Wallis, K.H., Muller, R.H., Kreuter, J., 1992. Correlation of the surface 

hydrophobicity of C-14 poly(methyl methacrylate) nanoparticles to their body 

distribution. J. Control. Release 20, 247-260. 

 



 182

Vittaz, M., Bazile, D., Spenlehauer, G., Verrecchia, T., Veillard, M., Puisieux, F., 

Labarre, D., 1996. Effect of PEO surface density on long-circulating PLA-PEO 

nanoparticles which are very low complement activators. Biomaterials 17, 1575-

1581. 

 

Watrous-Peltier, N., Uhl, J., Steel, V., Brophy, L., Meriskoliversidge, E., 1992. Direct 

supperssion of phagocytosis by amphipathic polymeric surfactants. Pharm. Res. 9, 

1177-1183. 

 

Zambaux, M.F., Faivre-Fiorina, B., Bonneaux, F., Marchal, S., Merlin, J.L., Dellacherie, 

E., Labrude, P., Vigneron, C., 2000. Involvement of neutrophilic granulocytes in 

the uptake of biodegradable non-stealth and stealth nanoparticles in guinea pig. 

Biomaterials 21, 975-980. 

 

 

 
 



 183

Table A.1. Studies of the opsonization of polymeric nanoparticles with surface 
adsorbed PEG and PEG containing polymer layers. 

 
Nanoparticle Surface Coating Reference 

Poly(butyl 2-cyanoacrylate) Poloxamer-338 (Douglas et al., 1986) 
(PBCA) Poloxamine-908 (Douglas et al., 1986) 
   
Poly(ε-caprolactone) PEG (6,000  20,000) (Leroux et al., 1995) 
(PCL) Poloxamer-407 (Jackson et al., 2000) 
   
Poly(β-hydroxybutyrate) Poloxamer (338, 407) (Muller and Wallis, 1993) 
(PHB) Poloxamine-908 (Muller and Wallis, 1993) 
   
Poly(lactic acid) (PLA) PEG (6, 20 kDa) (De Jaeghere et al., 2000) 
 Poloxamer-188 (Vittaz et al., 1996) 
                   -338 (Muller and Wallis, 1993) 
                   -407 (Muller and Wallis, 1993; 

Jackson et al., 2000) 
 Poloxamine-908 (Muller and Wallis, 1993) 
   
Poly(lactic-co-glycolic acid) 
(PLGA) 

PEG (2,000 or 5,000)-
b-PLA 

(Stolnik et al., 1994) 

 Poloxamer (184, 188, 
388) 

(Muller and Wallis, 1993) 

 Poloxamer-407 (Muller and Wallis, 1993; 
Dunn et al., 1997; Neal et al., 
1998; Park et al., 2003) 

 Poloxamine-904 (Muller and Wallis, 1993; 
Dunn et al., 1997; Neal et al., 
1998) 

  Poloxamine-908 (Stolnik et al., 1994; Dunn et 
al., 1997) 

   
Poly(lactic acid) : 
Poly(ethylene-co-vinyl 
acetate) (PLA:EVA) 50:50 

Poloxamer-407 (Jackson et al., 2000) 

   
Poly(methyl methacrylate) Poloxamer-184 (Troster et al., 1990) 
(PMMA) Poloxamer-188 (Leu et al., 1984; Troster et 

al., 1990) 
 Poloxamer-338 (Troster et al., 1990; Troster 

and Kreuter, 1992) 
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 Poloxamer-407 (Troster et al., 1990; Jackson 
et al., 2000) 

 Poloxamine-904 (Troster and Kreuter, 1992) 
 Poloxamine-908 (Troster et al., 1990; Troster 

and Kreuter, 1992; Troster et 
al., 1992) 

 Poloxamine-1508 (Troster and Kreuter, 1992; 
Troster et al., 1992) 

 Polysorbate (20, 60, 
80) 

(Troster et al., 1990) 

 Polyxyethylene (23) 
lauryl ether (Brij 35) 

(Troster et al., 1990; Troster 
and Kreuter, 1992) 

   
Polystyrene (PS) PEG (2,000) (Harper et al., 1991) 
 PEG (22,000) (Tan et al., 1993) 
 PEG (550)-b-BSA 

(Bovine Serum 
Albumin) 

(Moghimi, 2002) 

 PEG (5,000)-b-BSA 
(Bovine Serum 
Albumin) 

(Gbadamosi et al., 2002; 
Moghimi, 2002) 

 PEG (5,000)-b-IgG 
(Rat) 

(Moghimi, 2002) 

 PEG (2,000 or 5,000)-
b-PLA 

(Stolnik et al., 1994) 

 Poloxamer-184 (Illum et al., 1987b; Blunk et 
al., 1993; Muller and Wallis, 
1993) 

 Poloxamer-188 (Illum et al., 1986, 1987b; 
Blunk et al., 1993; Muller 
and Wallis, 1993) 

 Poloxamer-235 (Norman et al., 1992) 
 Poloxamer-237 (Illum et al., 1987b; 

O'Mullane et al., 1990; 
Norman et al., 1992) 

 Poloxamer-238 (Illum et al., 1987b; Harper 
et al., 1991; Norman et al., 
1992) 

 Poloxamer-338 (Illum and Davis, 1983, 
1984; Illum et al., 1986, 
1987b; O'Mullane et al., 
1990; Watrous-Peltier et al., 
1992; Muller and Wallis, 
1993; Tan et al., 1993) 

 Poloxamer (401, 402) (Moghimi, 2003) 
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 Poloxamer-407 (Davis and Illum, 1988; 
Moghimi et al., 1991; 
Norman et al., 1992; Porter 
et al., 1992a,b; Blunk et al., 
1993; Muller and Wallis, 
1993; Moghimi and Gray, 
1997; Neal et al., 1998; 
Stolnik et al., 2001; 
Moghimi, 2003) 

 Poloxamine-904 (Muir et al., 1991) 
 Poloxamine-908 (Illum et al., 1987a,b; Davis 

and Illum, 1988; Moghimi et 
al., 1991; Muir et al., 1991; 
Norman et al., 1992; 
Watrous-Peltier et al., 1992; 
Moghimi et al., 1993a,c; 
Muller and Wallis, 1993; 
Tan et al., 1993; Dunn et al., 
1994; Stolnik et al., 1994; 
Moghimi and Gray, 1997; 
Neal et al., 1998; Moghimi et 
al., 2003) 

 Poloxamine-1508 (Muir et al., 1991; Tan et al., 
1993) 
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Table A.2. Studies of the opsonization of polymeric nanoparticles with covalently 
bonded or entangled surface PEG and PEG containing polymer layers. 

 
Nanoparticle Surface Coating Reference 

Albumin (BSA) PEG (1750) (Ayhan et al., 2003) 
   
Gelatin (Type-B) PEG (5,000) (Kaul and Amiji, 2002, 

2004) 
   
Polyalkylcyanoacrylate 
(PACA) 

PEG (2,000)-b-polyhexa 
decylcyanoacrylate 

(Peracchia et al., 1999a,b) 

   
Poly(ε-caprolactone) (PCL) PEG (5,000)-b-PCL (Gref et al., 1994, 2000; 

Mosqueira et al., 2001; 
Ameller et al., 2003a) 

 PEG (12,000  20,000)-b-
PCL 

(Gref et al., 1994) 

 Poloxamer-188 (Chawla and Amiji, 2002; 
Shenoy and Amiji, 2005) 

 Poloxamer-338 (Shenoy and Amiji, 2005) 
 Poloxamer (188, 237, 238, 

407)-b-PCL 
(Ha et al., 1999) 

   
Poly(isobutyl 2-
cyanoacrylate) (PIBCA) 

PEG (4,500)-PIBCA (Peracchia et al., 1997) 

   
Poly(lactic acid) (PLA) PEG (2,000)-b-PLA (Bazile et al., 1995; Vittaz 

et al., 1996; De Jaeghere 
et al., 2000; Gref et al., 
2000) 

 PEG (5,000)-b-PLA (Bazile et al., 1995; De 
Jaeghere et al., 2000; Gref 
et al., 2000; Mosqueira et 
al., 2001; Ameller et al., 
2003a,b) 

 PEG (10,000 or 15,000)-b-
PLA 

(Gref et al., 2000) 

 PEG (20,000)-b-PLA (Gref et al., 2000; 
Zambaux et al., 2000; 
Mosqueira et al., 2001; 
Ameller et al., 2003a,b) 

 PLA-b-PEG (6,000 or (De Jaeghere et al., 2000) 
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20,000)-b-PLA 
 Poloxamer-188 (Bazile et al., 1995) 
   
Poly(lactic-co-glycolic acid)  PEG (2,000 or 5,000)-b-

PLA 
(Stolnik et al., 1994) 

(PLGA) PEG (5,000)-b-PLGA (Gref et al., 1994, 2000; 
Mosqueira et al., 2001; 
Panagi et al., 2001; 
Ameller et al., 2003a; 
Avgoustakis et al., 2003) 

 PEG (12,000 or 20,000)-b-
PLGA 

(Gref et al., 1994) 

 Poloxamer-407 (Dunn et al., 1997) 
 Poloxamine-904 (Dunn et al., 1997) 
 Poloxamine-908 (Stolnik et al., 1994; 

Dunn et al., 1997) 
   
Polystyrene (PS) PEG (1,500)-PS (Meng et al., 2004b) 
 PEG (3,400 or 5,000)-PS (Meng et al., 2004a,b) 
 PEG (2,000)-PS (Harper et al., 1991; Dunn 

et al., 1994) 
 PS-NH-CH2-(CHOH)2-

PEG (linear 250, 500, 
1,000, 1,500, 4,000, 
19,000) 

(Bergstrom et al., 1994) 

 PS-NH-CH2-(CHOH)2-
PEG (branched 1,000, 
1,700, 6,000) 

(Bergstrom et al., 1994) 
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   poly(ethylene glycol)        poly(propylene glycol)  
 
 

Figure A.1.  A schematic representation of the chemical structure of the basic repeating 
units that comprise poly(ethylene glycol) and poly(propylene glycol) which 
are also known as poly(ethylene oxide) (PEO) and poly(propylene oxide) 
(PPO), respectively. 
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Figure A.2.  A schematic representation of the chemical structure of Poloxamers and 
Poloxamines, which are amphiphilic block copolymers consisting of blocks 
of ethylene oxide (EO) and propylene oxide (PO) monomer units. 
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Figure A.3.  Schematic diagrams of PEG configurations on the upper hemisphere of a 
polymeric nanoparticle.  In (a) the low surface coverage of PEG chains leads 
to the “mushroom” configuration where most of the chains are located 
closer to the particles surface.  In (b) the high surface coverage and lack of 
mobility of the PEG chains leads to the “brush” configuration where most of 
the chains are extended away from the surface. 
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