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Limiting undesired interactions of proteins with surfaces is a vital task for 

implementation of many technologies that require direct exposure to protein media. This 

includes sensors, single molecule spectroscopy studies, and nanoparticles that would 

act as vehicles for therapeutic agents or diagnostic agents. Current technology relies on 

the resistive properties of poly(ethylene glycol), PEG, to protein adsorption. PEG has 

been therefore the subject of thorough studies to decipher the mechanism involved in 

protein resistivity.  The latter has been mainly attributed either to chain mobility, that 

would suffer from entropic penalty upon protein adsorption, or due to a hydration layer 

that prevents close encounter of proteins to the surface. Regardless of the mechanism, 

PEG has been reported to suffer from performance degradation in biological media due 

to oxidation, and its properties have been reported to differ with temperature. Given 

their biocompatibility, zwitterions have been proposed as a viable alternative mimicking 

the cell membrane. Polymeric zwitterions, the most commonly studied alternatives, 

result in an increase in the hydrodynamic size of particles upon grafting to surfaces. 

Control over size is essential as it controls the distribution of particles in the body. This 

work attempts to provide a different approach to nanoparticle stabilization against 

different aggregating factors to alleviate some of the above mentioned shortcomings of 

PEG and other polymers. A monomeric zwitterion siloxane was synthesized. The 

zwitterion siloxane covalently bonds to the oxide surface of nanoparticles without 

significantly changing their hydrodynamic size. The “zwitterated”1 particles remain stable 

even when challenged with high salt solutions or incubated with serum; two factors that 

are known to induce aggregation.  

The efficacy of the zwitterionic coating was compared head8to8head with a PEG 

coating for its ability to prevent protein adsorption to silica nanoparticles. The same 

siloxane coupling chemistry is employed to yield surfaces with similar coverages of both 

types of ligand on two geometrically different surfaces (nanoparticles versus planar). 

While both types of surface modification are highly effective in preventing protein 

adsorption and nanoparticle aggregation, the zwitterion provided monolayer8type 
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coverage with minimal thickness whereas the PEG appeared to yield a more three8

dimensional coating.  

A mechanism is proposed to explain the resistive properties of passivating 

ligands such as PEG and other neutral surfaces. The role of the passivating ligand is 

broken down to ion8coupled and ion8decoupled processes. The ion8decoupled process 

minimizes intermolecular interactions, whereas the ion8coupled mechanism prevents ion 

pairing between protein and surface charges which releases counterions and water 

molecules, an entropic driving force enough to overcome a disfavored enthalpy of 

adsorption.   

Finally, the synthesis of zwitterated iron oxide nanoparticles by co8precipitation of 

iron salts in presence of zwitterion siloxane as the stabilizing ligand is reported. This 

procedure yields superparamagnetic maghemite nanoparticles whose polydispersity 

varies as a function of the amount of zwitterion siloxane present during synthesis. The 

latter has the effect of changing the effective hydrodynamic radius of the particles from 

5.4 nm to 35 nm. The presence of zwitterions on the surface is validated with 

thermogravimetric analysis and Diffuse Reflectance Infrared Fourier Transform. 

Magnetization versus applied field data shows the absence of coercive field and low 

magnetization values attributed to the decreasing particle size as well as the 

diamagnetic coating. The particles are tested for their possible use as MRI contrast 

agents. The calculated relaxation rates are low indicating that a high concentration of 

iron is needed for good contrast.  
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Over the past few decades the scientific community has witnessed an explosion 

in the field of nanoscience that has propagated into the common population. The ability 

to miniaturize equipment, explore new boundaries, and advance current technologies is 

the main reason behind the nanotechnology fever. In practice, nanoscience is at the 

heart of interfacial chemistry where precise control over the surface is needed to 

minimize particle8particle interaction, accomplish stability in certain media, and tailor 

interaction with a complex environment, all of which affect the properties and behavior 

of the system. Put in this way, a nanosystem is a miniaturized primitive design of the 

more complex animal cell.  

	�	�� "�# $�%���#��� #��#&�'�����(�)� �*��

A nanosystem is defined as an object having at least one dimension in the 18100 

nm regime. A nanoparticle is then defined as a zero dimensional object composed of a 

small number of molecules and possessing a spherical shape. The properties of these 

particles are different from their bulk counterpart due to quantum confinement.283 

Different terminologies are usually used to better describe the system. Clusters are 

widely used to refer to particles 1–10 nm in diameter (the redundant term “nanocluster” 

is also used), nanocrystals refer to crystalline particles, while Qdots are used to 

describe a system with discrete electronic energy levels composed usually; but not 

always, of semiconductors.4 Other terminologies like nanorods or nanodisks are also 

used to refer to the geometrical shape and the higher dimensionality. In all cases, the 

size criterion is not strictly respected as particles with diameter up to 500 nm have been 

considered nanoparticles.3 

The reduction in size increases the specific surface area of these particles 

causing the exposure of more atoms on the surface thus changing the properties of the 

material. This increase in area is highly desired for catalysis and is strongly taken 
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advantage of in the field of biomedicine for inclusion of targeting ligands, proteins, DNA, 

and drugs among others on the surface of these particles.2 

Nanoparticles have been known for centuries, especially silver and gold, which 

have been used through ages for artistic as well as medicinal purposes.587 For example, 

gold nanoparticles are responsible for the colors of the Lycurgus cup, the latter 

changing from red to green depending on whether light is transmitted or reflected.889 

Although early reports in the field appeared in the late 19th century, current 

nanotechnology can be said to have its root in the ideas discussed by the Nobel Prize 

laureate Richard Feynman in his famous talk in 1959, “There’s plenty of room at the 

bottom”.10 Feynman proposed a monetary prize for two challenges involving 

miniaturizing equipment and reducing the Encyclopedia Britannica to fit on the head of a 

pen. Both challenges were met recently after, by William McLellan in 1960 who 

constructed a tiny motor, and by Tom Newman in 1985, a Stanford graduate student 

who successfully reduced the first paragraph of A Tale of Two Cities by 1/25 000.11 

Over the next few years, interest in semiconductor nanoparticles grew with the 

success in reducing the particle size and controlling polydispersitiy by different groups 

like Brus, Herron, and Bawendi combined with the distinctive size dependant optical 

properties of these systems.12816 

	���"�# �����+���,�������*�

Before proceeding further it is essential to define what is meant by nanoparticle 

stability (or colloidal stability). One must distinguish between kinetic stability and 

thermodynamic stability.2 Thermodynamic stability can be best illustrated by considering 

micelles. The spontaneous arrangement of surfactants above a certain critical 

concentration is a perfect example of a spontaneous nanosystem formation that 

remains stable as long as a minimum concentration is maintained. In this sense, the 

micelles are said to be thermodynamically stable. 

Kinetic instability on the other hand refers to the coarsening process of an 

unstable thermodynamic system. This leads to either coalescence or aggregation (or 

coagulation). The two terms must be differentiated here. Coalescence is an irreversible 
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process caused by the fusion of two or more particles to produce one body with a 

resultant reduction in the surface area. The individual particle identity is lost in favor of 

the new larger particle. Aggregation; however, occurs when the particles come in 

contact with each other but do not completely fuse together. It is similar to the formation 

of a cluster of grapes. The individual grapes are touching however their identity is 

conserved. In this case, the surface area is not reduced even though some of the 

available surface is blocked and is not longer accessible. The aggregate now behaves 

as a unit and its diffusion is determined by the final state of aggregation. The process of 

coalescence and aggregation is schematically shown in ������	�	-.  

It should be noted however that an unstable thermodynamic system can be 

kinetically stable depending on the energy of interaction between the particles. This is 

illustrated in ������ 	�	'. The dashed curve corresponds to a kinetically unstable 

system. Particles can initially reside in a low energy well (secondary minimum). If the 

energy barrier is low then thermal energy can be enough to overcome this barrier and 

drive the particles into the primary minimum causing aggregation and coalescence of 

the system. However, if the energy barrier is high enough (solid curve) then the particles 

will be stuck in the secondary minimum unable to cross over. The particles are 

kinetically trapped and stable even though they are thermodynamically unstable. In this 

context, nanoparticle stability most often refers to kinetic rather than thermodynamic 

stability. It should be noted here that the secondary minimum in this case was given as 

an example to acknowledge its presence in certain cases but it may not be present in 

other systems even if the particles are thermodynamically unstable. Particle residing in 

the secondary minimum are said to be flocculated. The attraction in this case is minimal 

and can be overcome simply by shaking. 

Two main approaches are utilized to stabilize nanoparticles, steric hindrance and 

electrostatic repulsion.17819 Steric stabilization is based on having a dense polymeric 

capping agent around the nanoparticle acting as a physical barrier and inhibiting 

aggregation due to osmotic repulsion.20 As discussed in section 1.3, the capping agent 

also plays a role in controlling the shape and polydispersity of the nanoparticles and 

ensures favorable interaction with the solvent to maximize dispersion. Electrostatic 

shielding on the other hand takes advantage of the electrical double layer due to the 
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presence of surface charges that would result in columbic repulsion and hence 

unfavorable interaction.21 Two main mechanisms contribute to surface charging. These 

include: (1) ionization or dissociation of surface groups such as silanols, carboxylates, 

and amines and (2) adsorption of ions on an initially neutral surface.2 

In the following section we present the theory of colloidal stabilization and 

discuss the different parameters that can affect stability. 

 

 

 

 

 

������	�	 (A) Diagram elucidating the loss of particle stability through aggregation 
and coalescence. Aggregation blocks some surface sites but does not reduce the 
surface area, whereas coalescence results in a reduced surface area due to particle 
fusion. (B). Thermodynamic unstable particles can be kinetically stable (solid curve) or 
kinetically unstable (dashed curve). The kinetic stability is due to the high energy barrier 
preventing the particles from aggregating. d is the separation distance between 
particles. 
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Developed in 1940 by Derjaguin and Landau, Verwey and Overbeek, the theory 

describes the interaction of charged surfaces in a liquid medium.22824 It combines into 

one equation the opposing interacting forces acting on two surfaces, i.e. Van der Waals 

forces and electrostatic repulsion.  The total interaction energy between two planar 

surfaces is therefore the result of the summation of attractive and repulsive forces as 

given by equation 1.1.2  
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Where VT is the total potential energy, VA is the Van der Waals potential energy and is 

always attractive, and VR is the electrostatic potential energy which is repulsive for like8

charged particles. A is the Hamaker Constant representing the strength on Van der 

Waals interaction between two bodies separated by a medium. κ is the Debye 

Parameter, ψ is the surface potential, r is the particle radius, d is the separation 

distance, k is Boltzmann constant, T is the absolute temperature, n is the bulk ion 

concentration, z is the ion valency, and e is the electron charge.  

������	�� illustrates the effect of the attractive and repulsive contribution to the 

overall potential. In ������	��-, the attraction is stronger than repulsion especially at 

large distance. The result is a net attractive energy and hence an unstable system. In 

������ 	��4, the opposite is observed resulting in a stable system. ������ 	��' 

represents a somewhat different scenario where attraction dominates at certain 

separation distance (large distance) and repulsion at others (small distance), as a result 

a secondary minimum is formed causing the flocculation of the system as discussed 

earlier. In this scenario, even though attraction dominates at small distances resulting in 

a net attractive force, access to the absolute minimum is restricted by the energy 

barrier. The system is said to be metastable where aggregation is prohibited by the slow 

kinetics. 
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������	�� Potential energy curves depicting the effect of the attraction and repulsion 
on the net interaction potential of two colloidal particles as a function of the separation 
distance. (A) Attraction dominates, (B) Attraction and repulsion have similar range and 
magnitude, (C) Repulsion dominates. 

 

 

It can be seen from Equation 1.1 that there are three variables that affect the 

overall interaction. These are the Hamaker constant, the surface potential, and the 

Debye parameter (electrolyte concentration). 

Hamaker Constant. The Hamaker constant depends on the chemical properties 

of the interacting bodies and the medium in which they are dispersed.25 It is barely 

affected by changes in pH and ionic strength of the medium and therefore it is the least 

accessible parameter. For similar particles (denoted type 2) interacting through a 

medium (denoted type 1), an effective Hamaker constant can be calculated from the 

individual constants of the particles and the solvent as follows:2 

��(�
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�(�
����� �# AAA −=             [1.3] 

Where the subscript 212 indicates that the solvent is separating the two particles. 

As can be seen from equation 1.3, this constant will be always positive for like 

particles separated by a liquid regardless of the value of the individual constants and 

hence the interaction potential is always favorable. 

������	�
 shows the effect of varying the Hamaker constant on the net potential 

energy while keeping the electrolyte concentration (Debye parameter) and the surface 

potential constant. Decreasing the effective Hamaker constant leads to an increase in 

the height of the energy barrier and vice8versa.  
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������	�
 The individual effects of the Hamaker constant, surface potential, or 
Debye length on the net interaction potential.  

 

 

Surface Potential. The surface potential on the other hand can be adjusted in 

certain systems by specific adsorption of certain ions on the surface of the particles. 

Consider an AgI surface for example, silver ions or iodide ions can adsorb to this 

surface and by doing so they can change the value of the surface potential. The ions in 

this case are termed potential8determining ions.2 Increasing the surface potential while 

maintaining the Hamaker constant and the Debye parameter fixed leads to an increase 

in the height of the barrier as the particles experience increased repulsion from adjacent 

particles as they approach each other (������	�
). It should be noted here that one can 

never measure the exact value of the surface potential. Instead we can measure the 

zeta potential, located at the shear plane in the electrical double layer (see section 

2.4.3), which establishes a lower limit for the surface potential. 

Debye Parameter. The last parameter one needs to consider is the Debye 

parameter. In practice it is easier to speak of Debye length which is the inverse of κ. 

Debye length is a measure of the thickness of the electric double layer next to the 

particle surface. This layer arises from the distribution of ions near the charged surface. 

The Debye length, κ81 is given by Equation 1.4.2 
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Where εr is the dielectric constant of the solvent, εo is the permittivity of free space, k is 

Boltzmann constant, T is the temperature, NA is Avogadro’s number, e is the elementary 

charge, ci is the molar concentration of ion i, and zi is the valence of the ion. 

As shown by Equation 1.4, the Debye length depends on the concentration of 

ions presents in the solution as well as their valence, and is therefore the easiest 

parameter to manipulate. Increasing either the electrolyte concentration or their charge 

can reduce the value of κ81. This in turn leads to a reduction in the electrostatic potential 

term in Equation 1.1 and decreases the net potential energy (������ 	�
). Hence by 

varying the concentration of the ion or their type (multi8valence vs. single valence) one 

can start to tune the stability of the nanoparticles. This has been observed 

experimentally with striking agreement between theory and experiments.2,26 

To summarize, DLVO theory predicts the stability of a colloidal system based on 

attractive and repulsive forces between surfaces. The theory can be summarized by 

three main points: 

1. Increasing the Hamaker Constant increases the magnitude of attraction. 

2. Increasing the surface potential increases the repulsion forces. 

3. Decreasing electrolyte concentration increases the distance over which 

repulsion occurs. 

	�����" #/%�01�� �+�)�

DLVO theory is based on continuum theories regarding the solvent such as 

dielectric constant, refractive index, and density. Hence the theory is very powerful in 

relating stability to the long range interactions presented above (Van der Waals and 

electrostatic repulsion), however, it fails to predict how surfaces interact as the distance 

between them becomes very small (few nanometers).27 This deficiency arises from the 

discrete size, shape, and chemistry of the individual molecules that are different from 

bulk properties when geometrical constraints are imposed by the approaching surfaces. 

The interaction at small distances; which may become strictly attractive or repulsive, or 
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simply oscillatory, is related to non8DLVO forces whose origins are still obscure.28 

These forces can be much stronger than those predicted by DLVO theory, and can be 

broken down into three parts: solvation forces, hydrophobic forces, and steric forces.27  

Solvation Forces. Solvation forces refer to the strong short range forces 

observed between two surfaces separated by some solvent molecules. In the case of 

water, these forces are termed hydration forces. Near an interface, solvent molecules 

are ordered with a density profile that oscillates periodically around the bulk density over 

a few molecular diameters.29 These water molecules are forced to be expelled out of the 

region of approaching surfaces and are thought to be responsible for the observed 

effect. On studying the interaction of two mica surfaces in different electrolytes, the 

short range repulsive force was in contrast to that expected by DLVO theory and 

stronger. The force decayed exponentially with characteristic length of 1 nm and was 

independent of electrolyte nature or concentration. Hence, the interaction at this short 

distance was related to the water structure (hydration) forces.30 Grabbe and Horn, on 

studies on silica surfaces, related this observation to hydrogen bonding between the 

silica surface and water molecules leading to hydration repulsion.31 This was questioned 

in later reports by Israelachvili who proposed that these forces are due to protruding 

silanol and silicilic acid groups forming at the interface and giving rise to steric 

repulsion.32 Some of the other proposed mechanisms for this force are attributed to the 

polarization of water near an interface33834 or change in the dielectric constant of the 

medium between two surfaces.35 

Hydrophobic Forces. Hydrophobic forces involve the strong attraction between 

two hydrophobic surfaces over surprisingly long range. The attraction is stronger than 

Van der Waals forces and extends to around 80 nm,36 decaying exponentially in the 

range 0810 nm with a characteristic length of 182 nm followed by gradual decay further 

out.27 There is no unifying explanation for these forces, although some have been 

reported like the existence of an air bubble between two hydrophobic surfaces creating 

additional attraction.37839 The presence of a water layer near a hydrophobic surface is 

entropically unfavorable causing the water molecules to cluster together by hydrogen 

bonding in the bulk. When sandwiched between two hydrophobic surfaces, the water 

cluster is not allowed to grow and its structural tendency is restricted. This gives rise to 
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an increased free energy of the restricted water in comparison to the bulk which 

reduced only by transferring into the bulk thus causing the attractive forces between the 

hydrophobic surfaces to increase.27  

Steric Forces. Finally, steric forces are caused by the repulsion induced by 

molecules dangling from surfaces as they approach each other.27 Steric stabilization of 

nanoparticles makes use of this property to avoid coagulation.40 Polymers are either 

chemically grafted to the surface or physically adsorbed.41 In a good solvent, a good 

portion of this polymer extends into the solution. An approaching surface will compress 

the chain causing it to lose conformational freedom. The result is an entropic or “steric” 

repulsion greater than either Van der Waals or electrostatic forces. As with the other 

forces, no complete theory is available. The interaction is complex and depends on 

many factors including type of coverage, its density, and solvent.41842  

	�
�,*#�����+�5��� &)��#&�6� ������)�

Different synthetic approaches have been utilized for the production of stable 

monodisperse nanoparticles. These include sol8gel processes,43846 microemulsions,47850 

electrochemical methods,51854 hydrothermal methods,55859 and microwave strategies60864 

to name a few. Regardless of the method, control over size, homogeneity, and 

crystallinity is dictated by successfully separating the nucleation from the growth step as 

reported by LaMer and Dinegar.65 Nucleation corresponds to the outburst of seeds due 

to the unfavorable change in the thermodynamics of the system. This can be achieved 

by supersaturating a reaction medium by increasing the reactant concentration or by 

adding a nonsolvent. Following this seeding step, diffusion of species to the nucleus 

surface takes place. If diffusion and nucleation are not separated, particle growth and 

seed formation will proceed simultaneously giving a polydisperse system. The use of 

certain passivating agents (polymers,66868 Lewis bases or chelators14,16,69) can then be 

used to separate these steps by impeding growth and lowering the surface energy. 

These capping agents also stabilize the particles against aggregation by increasing 

steric repulsion in the case of polymers, or surface charge in the case of monomeric 

stabilizers like carboxylates,70872 or phosphates.73 In the next sections we briefly discuss 
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some of the synthetic approaches involved in the preparation of silica and iron oxide 

nanoparticles, two systems whose surface chemistry was manipulated in this 

dissertation. 

	�
�	�,���+��"�# �����+��)�

Stöber synthesis,74875 a sol gel technique depending on the hydrolysis and 

condensation (polymerization) of a silica precursor, is the most famous method for 

preparation of silica nanoparticles or for the formation of a silica shell on other 

nanoparticles. It was initially reported by Stöber in 1968 and involves the hydrolysis of 

tetraethylorthosilicate (TEOS) in ethanolic ammonia to produce monodisperse spherical 

particles.74 The size of the particles can be varied from 10 nm to 200 nm and is affected 

by the alcoholic solvent used,74 the concentration of TEOS, water, or ammonia, in 

addition to temperature.75 The general reaction steps are demonstrated by Equations 

1.581.7: 

1) Hydrolysis 

ROHOHSiROOHORSi +−→+ ��� �#�#          [1.5] 

2) Condensations 

ROHSiOSiSiOHSiOR +−−−−→−+−          [1.6] 

Or 

OHSiOSiSiOHSiOH �+−−−−→−+−          [1.7] 

With the net reaction presented in Equation 1.8 for TEOS: 

OHHCSiOOHHOCSi ������ ���# +→+          [1.8] 

The introduction of functional groups onto the surface can be easily achieved by 

using water soluble alkoxysilanes such as aminopropyltriethoxysilane (APTES) that 

covalently bonds with surface silanols through a siloxane bond.76877 Alternatively, 

APTES can be added to the reaction mixture during synthesis, directly incorporating it 

into the forming silica matrix as shown by Equations 1.581.7.78880 This results in amine 

functionalized silica coated nanoparticles that are easily dispersed in water.  

Microemulsions are another approach used to prepare silica nanoparticles. The 

water8in8oil emulsion (W/O); also known as reverse microemulsion, takes advantage of 

water nanodroplets formed within an organic solvent to trap the forming particle.81 A 
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typical system is made by introducing a small amount of water into the continuous 

organic solvent. The water droplets are stabilized by the presence of surfactants that 

lower the interfacial tension of the system inhibiting their coalescence (������ 	��). 

TEOS is then added to the reaction medium that then diffuses to the nanodroplets 

where it undergoes hydrolysis and condensation. A catalyst, such as ammonium 

hydroxide, is used to facilitate the process. The size of the silica nanoparticle is affected 

by the amount of TEOS used and most importantly by the size of the nanodroplet which 

is in turn affected by the organic solvent and surfactant used as well as the ratio of 

water to surfactant.82884  

 

 

 

������	�� Reverse microemulsion approach for the synthesis of silica nanoparticles. 
 

 

Many studies have focused on the use of silica nanoparticles, mesoporous silica, 
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Unlike silica, synthesis of iron oxide nanoparticles can be achieved in many 

different ways. Some of these approaches are discussed here with focus on magnetite 

(Fe3O4) and maghemite (γ8F2O3), since they are deemed biocompatible and are 

approved for biomedical applications. Before discussing the synthetic methods, a small 

introduction about these oxides and their properties is needed.  

General Properties. Magnetite, found in natural rocks, is a black mineral having 

an inverse spinel crystal structure. The unit cell is composed of 32 oxygen anions that 

form a face centered unit cell. The tetrahedral sites in this unit cell are occupied only by 

Fe3+ ions whereas the octahedral sites are equally shared between Fe2+ and Fe3+ in an 

alternating matter. The unit cell is chemically represented by (Fe8
3+)tet(Fe8

3+Fe8
2+)octO32 

or simply Fe3+(Fe3+Fe2+)O4.
85 Magnetite has near metallic properties due to the overlap 

of the d orbitals between adjacent Fe3+ and Fe2+ ions in the octahedral layer.86 Due to 

the superexchange oxygen8mediated coupling, the magnetic moments of Fe3+ ions in 

the octahedral and Fe3+ ions in the tetrahedral sites are oppositely aligned and cancel 

each other, leaving only Fe2+ ions in the octahedral sites to contribute to the magnetic 

moment. This results in a ferrimagnet.87  

The presence of Fe2+ in the crystal lattice makes magnetite susceptible to 

oxidation in presence of oxygen to produce maghemite as shown in Equation 1.9.88889 

OHFeOFeHOOFe �
�

����� ��
�

�
� ++→++ ++ γ

        
[1.9] 

Pure magnetite is difficult to produce in aqueous medium as oxidation is believed 

to take place at the surface facilitated by the movement of interstitial Fe2+ from the 

interior of the particle to the surface to maintain electroneutrality.88890 This diffusion and 

oxidation cycle continues to occur until magnetite is completely oxidized.85 The 

oxidation of Fe2+ leaves the previously occupied octahedral sites vacant, and the new 

unit cell is expressed by Fe3+(Fe3+
5/3 V1/3)O4 where V represents a cation vacancy.87 

The crystalline structure of maghemite is very similar to magnetite, hence they both 

exhibit similar physical properties. They do however possess different bulk saturation 

magnetization where magnetite saturates between 92 to 100 emu g81 with a Curie 
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Temperature of 850 K in contrast to maghemite that saturates between 60 to 80 emu g81 

and has a Curie Temperature of 948 K.91892 

The interest in these oxides arises from the interesting property that they exhibit 

as the size is reduced to a few nanometers i.e. superparamagnetism; an area of 

research that finds great interest in biomedicine. 

Superparamagnetism is a behavior similar to paramagnetism where a magnetic 

moment is observed only in the presence of an externally applied field and it reduces to 

zero when the field is removed.93894 The term super comes from the large magnetic 

moment, thousands of �B, which is observed as a result of single domain formation. 

This single domain is the direct result of reducing the particle size below a critical 

value.93 In a typical ferromagnet, the magnetic moments are arranged in domains called 

Weiss domains. Within a domain, the magnetic moments are aligned parallel to each 

other due to the exchange interaction energy giving rise to a net magnetization. This 

exchange energy weakens over long distances in favor of the natural tendency of 

neighboring dipoles to align in opposite directions. The system thus responds to this by 

the formation of domain walls, Bloch walls, over which the magnetization flips direction 

in an attempt to occupy a lower energy configuration (������	�� ����). As the size of 

the magnetic system is reduced, the particle hits a critical limit below which wall 

formation is no longer energetically favorable. Hence the system transforms into a 

single domain with a supermagnetic moment (������	�� ����).95 The critical diameter 

below which this is observed varies from one system to another,96 and is calculated to 

be below 100 nm and 60 nm for magnetite and maghemite respectively.93,97  

In general a particle can be classified as superparamagnetic if two criteria are 

met:98 (1) no hysteresis is observed when magnetization (M) is plotted versus 

magnetization field (H) meaning the magnetization value should spontaneously go back 

to zero when the field is removed (no coercivity or remanence, ������	��'), and (2) 

plots of H versus H/T (field/temperature) should superimpose on each other at the 

different temperatures. 
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������	�� Effect of size reduction on: (A) Domain formation and (B) Magnetization 
behavior. ����: Multi8domain configuration is observed in a bulk ferromagnet and results 
in a hysteresis curve. ����: Single domain is observed as the size is reduced below a 
critical limit (no hysteresis). 

 

 

Synthesis. Classical synthesis of magnetic nanoparticles include the co8

precipitation and peptization method pioneered by Massart in 1981.99 It includes the 

addition of a base to a stoichiometric solution of Fe3+/Fe2+ under inert atmosphere 

(Equation 1.10). This results in a black precipitate (magnetite) that is peptized using 

alkaline or acidic agents such as tetramethylammonium hydroxide or perchloric acid.99  

OHOFeOHFeFe ���
�� �)� +→++ −++       [1.10] 

Oxidation of this mixture in air, as discussed above, yields maghemite although 

oxidation under different conditions can also be achieved. This includes acidic 

anaerobic conditions where ferric ions are desorbed as hexa8aqua complexes.19 The 
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size and composition of these nanoparticles is dependent on many factors including the 

concentration of iron salts and their corresponding ratio, stirring rate, ionic strength, pH, 

and temperature.  

Alternative techniques involve high temperature reactions or hydrothermal 

reactions. The former case takes advantage of the decomposition of iron organic 

precursors such as Fe(Cup)3,
100 Fe(CO)5,

1018102 or Fe(acac)3
69,103 in organic solvents 

and surfactants, or the use of polyol solvents that provide a wide temperature range for 

synthesis and can act as reducing agents as well as stabilizers. Reactions in organic 

solvents provide control over size and monodispersity, in addition to shape in certain 

cases,104 but results in hydrophobic surfaces that must be properly processed either by 

silanization102,105, PEGylation,1068107 or through bipolar surfactants,69,108 to yield 

biocompatible nanoparticles. Polyols on the other hand,1098111 such as ethylene glycols, 

have the advantage of producing hydrophilic particles in situ that are highly crystalline 

and thus possess higher magnetization.110 In a similar approach, decomposition of 

organometallic precursors can be accomplished by sonolysis in presence of polymeric 

capping agents that help stabilize the generated nanoparticles.1128114 Finally, for 

aqueous reactions higher temperatures can be achieved through hydrothermal 

reactions that utilize autoclaves that can attain very high pressure (> 2000 psi) and 

temperatures (>150 oC).1158117 These reactions involve mainly metal hydroxides that 

undergo either hydrolysis or oxidation. In all cases, solvent, temperature, and time play 

an important role in determining the final properties of the particles. The last two 

parameters directly affect the nucleation and growth steps previously discussed.  Higher 

temperatures promote nucleation and therefore result in smaller particles whereas 

longer times favor diffusion and growth.118  

In addition, sol8gel techniques44845 and reactions in confined geometries such as 

micelles, protein cages, or dendrimers have been also reported.49,1198121  

Finally, electrochemical techniques have been employed to prepare magnetite 

and maghemite nanoparticles. One approach involves the electrooxidation of a 

sacrificial iron electrode by varying either the applied potential or the current density 

thus altering the particle size and polydispersity.51,53 A different approach involves 
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cathodic electrodeposition of maghemite from FeCl3 solution onto a steel electrode by 

varying the current density and thus the size.52 

	���"�# �����+��)�� ��'� 9�&�+���-����+��� #)�

Owing to their unique properties, a lot of research has focused on utilizing 

nanoparticles to answer some questions of relevance in biology or to address some 

medicinal problems. In this section, a brief survey on the use of nanoparticle in the bio8

field is presented. 

Perhaps the most reported application of nanoparticles relates to identification 

and targeting of cancer cell lines through active or passive targeting. Passive targeting 

takes advantage of the hypervascularization in tumors that allows nanoparticles to 

accumulate in the tumor mass through the mechanism of enhanced permeation and 

retention (EPR).1228123 For small molecules, diffusion from the blood stream to the tumor 

mass is easily achieved both ways making it difficult for the drug to accumulate in the 

tumor, accompanied by the fast clearance of the molecules from the blood stream 

through renal filtration. The use of drug loaded nanoparticles ensures delayed clearance 

from the blood stream and enhanced accumulation in the tumor mass as particles 

diffusing into the tumor are less readily transported back to the blood vessel.1248125 

Maeda et al. were the first to introduce this concept and take advantage of it through the 

delivery of anti8cancer drugs using lipids or polymers as vehicles.1268128 In addition to 

drug delivery, the EPR mechanism has been used for in vivo imaging of cancer through 

the delivery of polymer coated Qdots such as CdSe/ZnS and InAs/InP/ZnSe.1298130 

Active targeting includes the presence of specific ligands on the surface of 

nanoparticles that would bind with overexpressed cancer cell markers on the cell 

membrane.131 For example, Creixell et al. have recently reported the preparation of 

magnetic iron oxide nanoparticles that are conjugated to epidermal growth factor (EGF) 

to target the EGF receptor that is overexpressed in certain cancer cell lines.132 Upon 

uptake of these nanoparticles, an alternating magnetic field was applied resulting in 

intracellular heating and cell death. In a similar approach, Chen et al. prepared hollow 

magnetic nanoparticles loaded with the anticancer drug doxorubicin.133 The 
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nanoparticles exhibited aptamers on their surfaces that can specifically bind to target 

cancer cells. Lysosomal degradation of the magnetic pores following uptake then leads 

to the release of the drug and consequent death of the cell.  

Photothermal therapy is another active area in nanomedicine that relies on the 

ability of certain metallic nanoparticles, like gold and iron oxides, to generate heat upon 

exposure to electromagnetic radiation of the proper wavelength. Kogan et al.134 utilized 

gold nanoparticles functionalized with β8sheet breaker peptide sequence to remotely 

and locally heat aggregated amyloids, associated with neurodegenerative diseases, by 

applying weak microwaves forcing the dissolution of the aggregates. Wijaya et al.135 

demonstrated the selective release of different DNA strands from different gold 

nanorods upon matching the laser wavelength to the longitudinal surface plasmon 

resonance peak of the two nanorods. The absorption of light caused local heating of the 

nanorods inducing their melting and releasing the DNA strand. Hribar et al.136 reported 

the controlled release of doxorubicin from a polymer8gold nanocomposite. The chosen 

polymer had a glass transition temperature (Tg) near body temperature. Heating of the 

gold nanorod, due to exposure to near IR radiation, increased the local temperature 

beyond Tg causing the polymer to undergo transformation from glassy to rubbery thus 

releasing the encapsulated drug.  

When the nanoparticle is magnetic, the hyperthermia effect is augmented by the 

ability to image tissues using magnetic resonance imaging (MRI). Towards this effect, 

Hayashi et al. prepared cysteine modified Fe3O4 nanoparticles that can act as 

hyperthermia and contrast agents.137 Similarly, Yallapu et al. developed a multi8purpose 

system based on dextran coated superparamagnetic iron oxide nanoparticles. The 

prepared system showed improved drug delivery, enhanced hyperthermia effect, and 

acted as a contrast agent.138  

Aside from targeting, detection and sorting based on magnetic methods have 

been reported. El8boubbou et al. have synthesized magnetic glyco8nanoparticles for 

detection and differentiation of bacterial strains as well as cancer cells. Magnetic 

nanoparticles coated with different carbohydrates were used to profile the different 

strains of E.coli based on their binding affinity, and their removal from an aqueous 

medium was demonstrated.139 Similarly, normal cells can be differentiated from 
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malignant cancer cells or cells with different metastatic potential through their “MRI 

signature”, which reflects their affinity towards the different carbohydrates presents on 

the nanoparticle surface.140   

In a different approach, nanoparticles have been proposed as molecular beacons 

or rulers to follow biological processes of relevance. The concept is based on energy 

transfer from a molecule donor to a nanoparticle surface and is hence termed 

nanometal surface energy transfer (NSET); a process similar to FRET but with R84 

dependence instead of R86, hence extending the measurable distance.1418143 NSET was 

thus used by Jennings et al. to follow the conformational changes of a ribozyme and its 

kinetics in the presence of magnesium ions.144 
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The feasibility of using nanoparticles as vehicles for drug delivery as discussed in 

section 1.4 requires proper control over their properties. The surface chemistry has to 

be conditioned to impart biocompatibility, reduce toxicity, and prevent non8specific 

interaction with biological components, all while maintaining their size and stability. Most 

of the synthetic approaches discussed in section 1.3 produce surfaces that require 

further functionalization, especially those prepared in organic media. Silanization is one 

approach to achieve biocompatibility and to prime the surface for further chemistry at 

the same time. For example, Ma et al. altered the biodistribution of CdTe Qdots by 

capping it with a silica shell. The shell helped reduce the toxicity of the Qdots by 

preventing the release of toxic metallic ions, and the coated particles were stable in 

serum.145  

When administered into the body, nanoparticles, like any other foreign entity, will 

trigger the immune system to protect the host. The defense mechanism is based on the 

adsorption of a number of proteins onto the particle surface forming what is known as 

the “plasma corona.”146 It has been shown that the composition of the corona evolves 

with time as the initially adsorbed proteins, which are usually present in high 

concentrations in the blood, are replaced by proteins with higher affinity to the surface in 

what is referred to as the Vroman effect.1478148 Regardless of the final composition, the 
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corona contains certain components, opsonins, which tag the surface for uptake by the 

reticuloehtothelial system (RES) and thus early clearance from the bloodstream.149 The 

net result is accumulation of the nanovehicles in non8targeted organs such as the liver 

or spleen.146 The adsorption of proteins on surfaces has been attributed to a number of 

parameters such as size, shape, and surface charge and chemistry of the nanoparticle 

that affect the affinity of proteins to the surface.1508156 These have been reported to play 

different roles; for example, surface charge has been found to affect the rate of 

opsonization,153,155 whereas size and shape affect the amount of protein adsorbed with 

no effect on protein identity,150,152,154,157 yet surface chemistry (hydrophilic vs. 

hydrophobic) affects the identity of proteins adsorbed as well as their amount.157 

Polymer coating is one approach to reduce the amount of proteins non8

specifically adsorbed on the surface. In addition to being biocompatible, Whitesides 

proposed that the coating has to be neutral and hydrophilic to be effective in minimizing 

adsorption.158 Among the different polymers studied, polyethylene glycol (PEG) receives 

the lion’s share in coating technology.146,155 The ability of PEG to prevent adsorption has 

been studied intensively and many mechanisms have been proposed. Steric hindrance, 

the presence of a hydration layer that prevents close encounter of proteins to the 

surface, entropically non8favored compression of PEG chains, or chain conformation or 

mobility have been reported.1598164 All of these models have been argued for and 

against by different groups, and no consensus has been reached so far.  

Regardless of the underlying mechanism, recent studies have shown that PEG 

suffers from inherent limitations when exposed to biological media, such as oxidation 

which limits its resistive properties, in addition to being ineffective when the temperature 

exceeds 35oC.1658166 This has shifted the research to other surfaces, mainly zwitterionic 

polymers which mimic the animal cell membrane. However, polymers usually result in 

an increase in particle size, an effect that is undesired when renal clearance is 

preferred, for example. 

This dissertation is therefore directed towards alternative stabilization of 

nanoparticles in biological media using a small zwitterion siloxane. The zwitterionic part 

ensures minimal interaction with proteins whereas the siloxane part allows covalent 

attachment to the surface through simple siloxane chemistry. It is also the aim of this 
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dissertation to study the interaction of proteins with surfaces and provide an alternative 

mechanism for the ability of neutral molecules to prevent adsorption based on 

counterion release as the driving force in contrast to the “steric hindrance” model.  

	���%�))������ #�1����#��

This chapter has provided a general introduction regarding nanoparticles, their 

stability, and their applications in the biomedical field. In addition, a general discussion 

of the factors affecting protein adsorption on surfaces and the driving force has been 

presented. A more detailed introduction is provided at the beginning of every chapter 

highlighting the main points of interest discussed in that chapter. 

Chapter 2 details the instruments used in this dissertation. Major focus is given to 

the theory and techniques involved in measurements. A brief explanation where each 

technique was used and what kind of information was extracted is presented. These 

mainly include synthesis of zwitterion siloxane, stability tests, and surface 

characterization techniques. Detailed explanation of experimental design, however, is 

presented in each chapter. 

Chapter 3 discusses the covalent attachment of zwitterion siloxane to a silica 

nanoparticle surface. The effect of temperature and a catalyzing agent, ammonia, on 

the extent of the reaction and surface charge is presented. The zwitterion surface 

concentration as a function of solution concentration is studied, as well as the coverage 

needed to impart stability in presence of salt; a well known colloidal destabilizer. Finally, 

the ability of the zwitterated surface to prevent the adsorption of lysozyme is followed by 

dynamic light scattering. 

Chapter 4 presents a direct head8to8head comparison of the efficacy of a 

zwitterionic versus a poly(ethylene glycol), PEG, coating in preventing protein 

adsorption to silica surfaces. The same siloxane coupling chemistry was employed to 

yield surfaces with similar coverages of both types of ligand. Nanoparticle and planar 

surfaces were challenged with salt, serum, lysozyme and serum albumin at 25 and 37 
oC to deduce the effect of surface geometry and temperature of adsorption. A detailed 

survey of protein8surface interaction is presented, and the mechanisms of PEG in 
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preventing adsorption are discussed. A new mechanism based on counterion release 

as the driving force is then presented. This extends the resistive mechanism not only to 

PEG surfaces but also to the other neutral surfaces including zwitterions. 

In chapter 5, the synthesis of stable aqueous iron oxide nanoparticles of different 

sizes is presented. The synthesis is based on the precipitation of iron salts in presence 

of the zwitterion siloxane whose amount controls the final particle size. TEM, dynamic 

light scattering, and X8ray diffraction were used to characterize the nanoparticles in 

terms of size and phase. Superconductive quantum interference device (SQUID) was 

used to prove the formation of superparamagnetic nanoparticles and to measure their 

magnetization behavior. The synthesized nanoparticles were stable in pH 689, and were 

effective in preventing the adsorption of albumin. The potential of using these particles 

as MRI contrast agents was assessed by measuring the water proton relaxation rate.  

Chapter 6 includes a general conclusion for the research presented in this 

dissertation and discusses prospective work and future directions. 
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Ludox® TM840 colloidal silica (surface area reported by manufacturer: 140 m2 g81) 

40 wt % suspension in water was used as received from Sigma8Aldrich. Methyl 

terminated PEG siloxane, 28[methoxy(polyethyleneoxy)propyl]trimethoxy silane (tech8

90, 689 ethylene oxide repeat units as reported by the manufacturer, 4608590 g mol81), 

and (N,N8dimethyl838aminopropyl)trimethoxy silane were purchased from Gelest, stored 

under Ar, and used as received. Fetal bovine serum (VWR), and lysozyme (from 

chicken egg white, protein ≥90%, Sigma Aldrich) were stored at 820 oC. Bovine albumin, 

fraction V (BSA, Sigma8Aldrich, 99%) was stored at 4 oC. Sodium phosphate monobasic 

(ACS grade), sodium phosphate (ACS grade), NaCl (ACS grade), and acetone (HPLC 

grade) were from Fisher Scientific. Propane sultone was obtained from TCI America. 

Spectra/Pro dialysis tubing (MWCO 3 500) was from VWR. 18 M�  deionized water 

(Barnstead, E8pure, Milli8Q) was used to prepare all buffers and aqueous solutions. 
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The synthesis of zwitterion siloxane, or sulfobetaine siloxane (SBS), was adapted from 

Litt et.al.167 Equimolar amounts of propane sultone and the siloxane precursor were 

reacted in 1 M acetone under dry conditions to avoid hydrolysis of the product. In detail, 

7.5 g of (N,N8dimethyl838aminopropyl)trimethoxy silane was added to 4.45 g of propane 

sultone in 37 mL of acetone under Ar with vigorous stirring. A white precipitate was 

observed within minutes. The reaction was allowed to proceed for 6 hours after which 

the product was collected by vacuum filtration and washed twice with acetone. The 

white solid was dried and stored under Ar. The final yield was 90%. The reaction is 

illustrated in ��������	. 
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��������	 Room temperature synthesis of zwitterion siloxane SBS. 

 

 
1H solution NMR and 13C solid state NMR were used to verify the formation of the 

sulfobetaine siloxane. For solution the sample was dissolved in deuterated DMSO and 

an AC300 Bruker spectrometer operating at 300 MHz was used. For solid state NMR, 

CP/MAS experiments were performed at 125 MHz at an angle of 54.74o and 15 kHz 

spinning rate using a Varian INNOVA 500 MHz wide bore spectrometer. 

Tetramethylsilane was used as an external standard. ������ ��	 shows the 

corresponding data. 

 

 

��������	� Solution 1H 300 MHz DMSO86D and 13C CP/MAS solid state peak 
assignments and chemical shifts for the sulfobetaine siloxane, SBS. Tetramethylsilane 
was used as an external standard. 

 

(CH3O)3 Si CH2 CH2 CH2 N
+ CH3CH3 CH2 CH2 CH2 SO3

8 

        A          B     C     D               E         F     G     H 

 
1H NMR (DMSO86D, 300 MHz): δ 0.480.6 (B, t, 2H), 1.681.8(C, m, 2H), 1.982.0 

(G, m, 2H), 2.482.5 (D, t, 2H), 3.0 (E, S, 6H), 3.183.3 (F, m, 2H), 3.383.4 (H, m, 2H), 3.5 

(A, s, 9H). 

 
13C NMR (MAS 15 KHz, 125.8 MHz): δ 49 (A), 13.8 (B), 2.78 (C), 59.25 (D, F), 58 

(E), 16.55 (F), 46 (G). 
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Turbidimetry is a technique used to measure the cloudiness of finely divided 

particles dispersed in a continuous liquid medium. The technique is similar to absorption 

spectroscopy but differs in the mechanism of intensity reduction. In a typical experiment, 

a beam of light is passed through the sample and the intensity of the scattered light is 

measured. The turbidity of the solution is therefore dependent on the concentration of 

the suspended particles in addition to their size and state of aggregation. Larger 

particles or concentrated solutions scatter light more efficiently and therefore the 

intensity of the incident light is reduced as it exits the sample.  

To study the stability of the particles under increased ionic strength or under bio8

mimetic conditions, a UV8vis spectrophotometer was used to look at the turbidity of the 

solutions. Nanoparticles were dispersed in phosphate buffer saline at a certain 

concentration and either salt or fetal bovine serum was added. The absorbance was 

recorded as a function of time where increased absorbance was taken as an indication 

of aggregation in case of salt and/or adsorption in case of proteins. 

��
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The interaction of light in the electromagnetic region of 2.5 �m to 25 �m, typically 

referred to as the mid infrared region, with molecules results in the absorption of specific 

frequencies. The energy is absorbed at a resonant frequency corresponding to the 

vibrational mode (bending, stretching, scissoring, etcb) of a specific chemical 

functionality.168 The vibrational frequency (υ) of a specific bond is dependent on the 

strength of interaction between the constituent atoms and their atomic masses 

expressed, respectively, in terms of a spring constant (k) and their reduced mass (�) as 

given by Equation 2.1. 

�π
υ

k

�

�
=               [2.1] 

With the reduced mass calculated as: 
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Where mA and mB are the corresponding masses of atoms A and B making the 

chemical bond. 

Fourier transform IR spectroscopy allows rapid identification of the different 

functional groups present in a compound with high sensitivity and resolution by 

employing a Michelson interferometer. The interferometer uses a half8silvered mirror to 

split and direct the incoming coherent light into a static and a moving mirror (������

���). The light reflected from the mirrors is then combined before reaching the detector. 

This results in an interference pattern due the constructive and destructive interference 

of the reflected light as a function of the position of the moving mirror. The interference 

patterns for each position, known as interferograms, are in the time domain and hold 

information about the different frequencies and their intensities. A Fourier transform is 

then used to convert the time domain signal to a frequency domain.  

 

 

 

��������� Michelson interferometer with a resulting interferogram. 
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Analysis of powders and rough surfaces is better achieved by using the Diffuse 

Reflectance Technique. In this technique, the sample of interest is prepared in the 

powder form by mixing it with excess KBr. The sample is introduced into a cup onto 

which an IR radiation is focused. The IR beam is then reflected in one of two modes 

from the sample; (1) specular reflectance where the beam is reflected off the surface of 

the sample at an angle equal to that of the incidence, and (2) diffuse reflectance where 

the beam penetrates into the sample and is scattered in all directions. The instrumental 

design helps minimize specular reflectance, which complicates and distorts the 

spectrum, and maximizes the diffuse scattering by collecting and refocusing using large 

ellipsoidal mirrors (��������
).169  

 

 

 

��������
 DRIFT scheme. The scattered diffuse light is collected at the ellipsoidal 
mirror and refocused onto the detector. 

 

 

DRIFT was used to follow the addition of zwitterion siloxane to the silica surface. 

Dried nanoparticles were gently ground and mixed with KBr powder. Spectra were 

collected under N2 using a Nicolet Avatar 360 FTIR with a DTGS8KBr detector. 1000 

scans were performed on each sample at 4.0 cm81 resolution, and spectra were 

referenced against a KBr background. 

IR source
Sample cup

Detector
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Ellipsometry is an optical technique used to characterize the dielectric properties 

of a material as well as its thickness in a non destructive manner.170 A sample is 

illuminated with a monochromatic light at a fixed angle of incidence. The wavelength of 

the incident light as well as its polarization is known. The reflected light from the sample 

surface, at the same angle as of incidence, is then analyzed at the detector which 

determines the amplitude ratio (Ψ) and phase difference (�) of the reflected light. The 

latter is elliptically polarized when the phase difference is neither 0o nor 180o and is 

described by the following equation: 

�Ψ== ie

s
r

p
r

$%&ρ              [2.3] 

Where rp is the light component oscillating parallel to the plane of incidence, and rs is 

the light component oscillating perpendicular to the plane of incidence, both normalized 

to their initial values. This allows the calculation of the optical constants of a bare 

surface, and the film thickness and refractive index in case of coated substrates. 

Gaertner Scientific L116S ellipsometer was used for determining the thickness of 

the silicon wafer after PEGylation or zwitteration, and after immersion of the wafer in 

protein solution. An increase in thickness was taken as indication of adsorption of 

proteins onto the surface. The instrument used a red He8Ne laser with 632.8 nm 

wavelength set at 70o incident to the wafer surface. The detector was a StokesMeter, a 

four8detector photopolarimeter, consisting of 4 specularly reflecting photodectors that 

receive the reflected light at the same angle of incidence. Thickness measurements 

were calculated using LGEMP software.  
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Dynamic light scattering is a very useful technique for elucidating the size of a 

solvated particle in its natural environment. The technique is based on measuring the 

fluctuation in the intensity of scattered light with time. Scattering is the result of the 

interaction of light with particles. The electric component of light will induce an 

oscillating dipole in the particles that acts as a secondary light source. The amount of 

interaction in the latter case depends on the polarizability of the material which is related 
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to the refractive index of the scattering center. Scattering can, therefore, only occur in a 

heterogeneous medium arising from local density fluctuation or from optical 

heterogeneity of the dispersed scatters in the medium.1718172  

In dynamic light scattering (or quasi8elastic light scattering, ������ ���), the 

intensity of light scattered from an illuminated volume is measured at a certain distance 

from the detector at an angle θ as a function of time. Light hitting the detector (a 

photodiode) is a result of constructive or destructive interference of the scattered light 

from the particles in the scattering volume. The intensity of this light varies as particles 

move in solution due to Brownian motion. The latter arises from the random thermal 

motion. The diffusion constant can thus be calculated from the timescale of those 

intensity fluctuations. Since the diffusion of the particle is related to its hydrodynamic 

radius via Stokes Einstein equation (Equation 2.4), information about size can thus be 

obtained assuming a spherical geometry.  

D

T
Rh

πη

κ

�
=               [2.4] 

   
Where Rh is the hydrodynamic radius, k is Boltzmann constant, T is the absolute 

temperature, η is the solvent viscosity, and D is the diffusion coefficient. 
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��������� (A) Schematic diagram of dynamic light scattering setup. The incoming 
light hit a sample and is scattered in different directions. The QELS detector is fixed at a 
certain angle where the scattering signal can be collected. (B) The intensity of the 
registered signal at the QELS detector varies with time as particles undergo Brownian 
motion. 
 

 

The diffusion coefficient is obtained from the decay time that is in turn calculated 

by solving the second order correlation function g2(t) assuming a monodisperse sample  

as shown in the following equations: 
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Where I(t) is the intensity of scattered light at time t averaged over all t, τ is the delay 

time, B is the baseline of the correlation function at infinite delay, β is the correlation 

function amplitude at zero delay, Γ is the decay constant, q is the magnitude of the 

scattering vector, no is the refractive index of the solvent, and θ is the scattering angle. 

Dynamic light scattering was employed to measure the hydrodynamic radii of the 

synthesized or zwitterated particles, and to study the interaction of proteins with the 

nanoparticles. In the latter case, an increased hydrodynamic size was taken as an 

indication of non8specific adsorption of a certain protein onto the surface. In a typical 

experiment, particles and proteins were dispersed in phosphate buffer saline at a 

concentration of 0.1% w/w. The solutions were pre8filtered to eliminate dust that can 

significantly contribute to the measurement. For some experiments, dilution of the final 

mixture was needed when aggregation was observed. 
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A liquid droplet placed on a solid surface will assume a shape that is dependent 

on the magnitude of the interfacial forces. Strong attraction between the liquid and the 

surface will cause the droplet to spread across the latter, whereas a spherical shape will 

be retained in the case of unfavorable interaction. The three interfaces; solid8liquid, 

solid8vapor, and liquid8vapor with their corresponding surface tension are shown in 

������ ���. The angle formed between solid8liquid and liquid8vapor is defined as the 

contact angle (Equation 2.7) and is taken as a measure of the interaction between the 

droplet and the surface.2  

θγγγ 702LVSLSV +=             [2.7] 

Where γ is the surface tension between solid and vapor (SV), solid and liquid (LV), or 

liquid and vapor (LV), and θ is the angle at the solid8liquid8vapor interface. 
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Hence, small angles for water droplet across the interface refer to favorable 

interaction and the surface is said to be hydrophilic, whereas large angles correspond to 

hydrophobic surfaces.173 

 

 

 

��������� Schematic diagram of the solid8liquid8vapor interface during contact angle 
measurment. The surface tension across an interface is represented by a vector. 

 

 

Contact angles were recorded on a KSV Cam 200 instrument by dispensing 10 

�L of water on the silicon wafer. 

����������9���=��2�9����+�-#��*)�)�

This analytical technique is based on accurately measuring the weight of the 

sample as the temperature is varied, and thus can provide information about the 

amount of the inorganic and organic components in a material. The precision of this 

technique is determined by three factors: weight, temperature, and temperature change. 

The sample is placed in a platinum pan inside a furnace whose temperature is 

accurately controlled by a thermocouple. The measurement can be done under 

oxidizing or inert conditions by choosing the flow gas (air, O2, or N2). Information about 

the percent mass of a species can be obtained from the mass loss over a certain 

temperature range. 

In our case, the organic coating of the modified inorganic solid core was 

quantified by measuring the remaining mass of the sample under N2 atmosphere. The 

organic shell response to temperature was also measured to quantify the amount left 

under the same experimental conditions. The results were then used to calculate the 

amount of the material on the nanoparticle core by using the surface area of the 

particle.1748176 
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The zeta potential is a reporter of colloidal stability as it contributes to particle8

particle interaction. A particle in solution acquires surface charge as described in 

section 1.2.1 that spans the diffuse layer as illustrated in ���������. The ions near the 

surface are divided into two parts: those firmly attached to the surface constituting the 

Stern layer, and those loosely bound to the surface forming the outer diffuse layer. The 

presence of those firmly attached ions prevents direct measure of the surface potential. 

Instead the potential at the shear plane is measured as explained below.177 This 

corresponds to the actual charge felt by other approaching surfaces and is therefore a 

useful property in describing how particles “feel” each other. 

 When a particle moves under the effect of an electric field, some of the more 

strongly bound ions will move with the particle while the less firmly associated ions will 

remain in the dispersant medium. The plane separating these two layers is termed the 

slipping plane or the plane of hydrodynamic shear and the potential at the boundary is 

termed the zeta potential (ζ). The zeta potential is highly dependent on pH and ionic 

strength and its magnitude is an indication of particle stability. Generally, values larger 

than 30 mV (whether positive or negative) indicate stable suspensions. 

The zeta potential is calculated by measuring the electrophoretic mobility of the 

particle under the effect of an applied field. The electrophoretic mobility refers to the 

velocity of the particle in a unit electric field and is dependent on the strength of the 

applied field, the viscosity and dielectric constant of the medium, and of course the zeta 

potential.   
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��������� Schematic illustration for the electric potential profile of a charged surface 
as a function of distance from the surface. Measured potential refers to the zeta 
potential at the hydrodynamic shear plane. 

 

 

The zeta potential was measured in this dissertation for silica nanoparticles 

before and after zwitteration. Measurements were performed on Malvern Instruments 

Zetasizer ZEN 3600 at low ionic strength and at different pHs.  

����6 !&���?/��*�%�����+�� #�

Powder X8ray diffraction pattern is a powerful technique to illustrate the 

crystalline nature of a material as well as its phase and the cell lattice parameters. It is 

based on the constructive and destructive interference of light as it is diffracted from the 

different lattice planes of a crystalline compound. The spacing in the latter case is on 

the same order of magnitude as that of X8rays.178  

In a crystalline structure, there is a periodic arrangement of atoms. These 

arrangements can be described in terms of lattice planes and are defined by three 
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indices: h, k, and l, referred to as Miller indices. Consider for example the array 

described in ���������. The lattice plane is parallel to the a axis, intersects b at position 

0.5, and parallel to the c axis. Hence to assign hkl to this plane the reciprocals are taken 

in a,b, and c respectively. This then corresponds to the (020) plane. A number of 

parallel (020) planes can exist within a crystal with a corresponding distance d defined 

by the type of the unit cell.  

 

 

 

��������� Representation of a (020) plane. The plane is parallel to a and c, and 
intersects b at mid8distance. 

 

 

A beam of X8rays hitting the sample will thus be reflected from the different 

planes as shown in ���������. The interference pattern is governed by Bragg’s Law 

that relates the angle of incidence to the interplanar spacing (Equation 2.8).  

θλ 2,&�dn =              [2.8] 

Where n represents the order of the diffraction pattern, λ is the wavelength of incident 

ray, d is the distance between two consecutive planes and θ is the angle of incidence. 

This interference pattern is detected at the scintillation detector and displayed as 

intensity versus diffraction angle graph. Comparing this pattern to a library allows 

identification of the compound. Moreover, the interplanar distance can be calculated 

using the wavelength of the X8ray. 
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��������� Representation of pXRD setup. The X8ray beam hits the sample at an 
angle θ. The diffracted light undergoes constructive or destructive interference based on 
the interplanar distance and produces a diffraction pattern at the collecting screen. 

 

 

An X8ray diffractometer consists of an X8ray source maintained under vacuum. 

Production of X8rays is attained by heating the filament in the tube by application of 

current thus generating electrons. The electrons are then accelerated by a high voltage 

toward a metallic target (usually copper). This causes the electron in the K shell of the 

metal to be ejected followed by transition of an electron from the L shell to the K shell. 

This transition radiates X8rays of slightly different energies that are then filtered using 

certain elements to produce monochromatic radiation. The characteristic wavelength of 

the X8ray depends on the metal used and is 1.54 Å for copper. The beam is then 

collimated and focused onto the sample powder. The diffracted beam is collected at the 

detector, at different angles, and analyzed to give the diffraction pattern. 

The crystallite size can be calculated from the peak width using the Scherrer 

equation: 
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θ

λ

702B

K
L =                  [2.9] 

Where L is the crystallite size, K is the crystallite shape factor with a value of 0.8980.94, 

λ is the X8ray wavelength, B is the full width at half maximum (FWHM) of the X8ray 

diffraction peak in radians, and θ is the Bragg angle.  

In this work powder X8ray diffraction was used to identify the phase of the 

synthesized iron oxide nanoparticles. Samples were ground to a fine powder and 

dropped onto a sample holder. Rigaku Ultima III pXRD instrument equipped with Cu8Kα 

tube and Ni filter was used. The XRD pattern was collected for 2θ values between 0o 

and 80o and the phase was indentified using the JCPDS database. 

�������#)9�))� #�:��+�� #�5�+� )+ �*�

Transmission electron microscopy (TEM) is a very important tool for the 

structural characterization of materials in science. It is an imaging technique similar to 

optical microscopy with the exception being the nature of illumination.1798181 In the 

former case, electrons are used because of their small wavelength which translates into 

higher resolution as defined by the equation: 

α

λ
ρ

2,&

��68
=             [2.10] 

Where ρ is the microscope resolution, λ is the wavelength of light, and α is the angle 

between the incident and deflected beam. 

For imaging, electrons are generated from an electron gun and are accelerated 

to the anode by an electric field. Electric and magnetic fields are used to focus the 

electron beam onto the sample. The position of the objective aperture in the back focal 

plane then defines the mode of imaging. The bright field mode is obtained when the 

aperture is set to pass transmitted electrons whereas the dark field mode is obtained 

when diffracted electrons are allowed to pass (���������-). In both cases, referred to 

as conventional illumination, regions that diffract electrons appear dark in bright field 

mode and bright in dark field mode.  
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Selected area diffraction (SAED) can be also use to image a certain area. In this 

case, a second aperture is positioned in the image plane of the objective lens and only 

diffracted rays of interest are allowed to pass.  

If information about the point group of the crystal structure is needed, convergent 

beam electron diffraction can be used in which the incident rays hit the specimen at 

different angles and the diffracted beams leave the specimen in a set of divergent cones 

(������ ���'). This results in a disk formation at the viewing screen from which 

symmetry information can be obtained.  
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��������� (A) Bright field (left) and dark field (right) imaging modes in TEM. (B) 
Conventional (left) versus convergent beam illumination (right).  

 

 

Similar information about the crystal structure can be obtained from high 

resolution TEM (HRTEM), where columns of atoms are imaged as a result of 

constructive and destructive interference between the diffracted or incident electrons. 
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Samples for TEM are usually prepared by dispensing a liquid suspension onto a 

grid. Grids are ca. 3 mm in diameter with extremely fine surface, manufactured by 

electro8deposition of a non8magnetic metal on a template. Different grids are 

commercially available, the use of each depends on the specimen to be viewed. 

TEM images of magnetic nanoparticles were obtained by dispensing 1 �L of 

dilute colloidal solution onto copper coated mesh. Images were obtained with JEOL 

2010 operating at 200 KeV.  

����,����+ #&�+��#�@��#��9�7#�������#+��%�2�+��

Measurement of very small magnetic fields is achieved by using SQUID, a 

sensitive magnetometer. SQUID takes advantage of the Josephson junction consisting 

of two superconducting materials separated by a very thin layer of insulator. The 

instrumental setup is described in Figure 2.8.182 The sample is allowed to move through 

the superconductive coils and its magnetic moment induces a current in the latter that is 

transmitted to the SQUID detector. The induced current changes the bias current in the 

SQUID in a manner proportional to the change in the magnetic flux. This variation in 

current is translated to an output voltage that is in turn proportional to the magnetic 

moment of the sample. The voltage8magnetic moment response can be calibrated using 

a small piece of material with a known mass and magnetic susceptibility. 
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��������	� SQUID setup based on the Josephson junction.  
 

 

SQUID measurements were performed on zwitterated iron oxide nanoparticles to 

obtain their magnetic moment as a function of applied magnetic field (hysteresis loop), 

or as a function of temperature (Field cooling and zero field cooling). The former 

provides information about saturation magnetization and remnant magnetization, while 

the latter provides information about the blocking temperature if the sample is 

superparamagnetic.  

Samples were gently ground and the powder was introduced into a pre8weighed 

gelatin capsule and weighed again. Measurements were performed on Quantum Design 

instrument with MPMS software capable of operating in the temperature range from 2 K 

to 400 K and of varying the magnetic field from 87 T to +7 Tesla. The magnetic moment 

of the sample is defined as the magnetic moment in A m2 per mass of sample in kg or 

equivalently as emu g81. 
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Nuclear magnetic resonance is a physical phenomenon that takes advantage of 

the magnetic properties of certain nuclei to derive information about the structural 

properties of a chemical compound (NMR spectroscopy) as well as to visualize different 

tissue inside an animal body (MRI).1838184  

Elements containing an odd number of protons or neutrons possess a non8zero 

spin and therefore display a magnetic moment. The most commonly observed element 

is 1H due to its high gyromagnetic ratio followed by 13C. 

In the absence of a magnetic field the hydrogen nucleus has two degenerate spin 

states labeled α and β. A Boltzmann distribution of atoms will be observed in this case, 

with both states equally occupied at thermal equilibrium. Application of a magnetic field 

will cause these two states to arrange either parallel or anti8parallel to the field and 

therefore two non8degenerate spin states are observed. The splitting of these states is 

dependent on the magnitude of the applied field with an energy difference given by 

Equation 2.10. 

oBE γ=�             [2.11] 

Where γ is the gyromagnetic ratio of the element and B0 is the applied magnetic field. 

Transition between the allowed states requires absorption of electromagnetic 

radiation equivalent to energy difference. This corresponds to the radiofrequency 

region.  

����	�"�+�����5�#���+���) #�#+��,��+�� )+ �*�

NMR spectroscopy takes advantage of the different local environments of the 

proton in a molecule. The resonance frequency in the latter case is affected due to 

shielding which results from the opposing magnetic field produced by nearby electrons. 

Increased shielding reduces the amount of energy required to achieve resonance and 

introduces the concept of chemical shift where the signal is said to be shifted upfield. To 

account for variability arising from different applied magnetic fields, the chemical shift is 

normalized to the frequency of the magnetic field using a reference sample. 

Tetramethylsilane (TMS) is thus used as a standard against which all chemical shifts 
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are calculated and reported. The chemical shift of the reference is assigned a value of 

zero and the difference between the resonant frequency of the atom and that of the 

standard is normalized to the frequency of the applied magnetic field as shown in 

Equation 2.11. 

erspectrometoffrequency

referenceoffrequencyresonantsignaloffrequencyresonant
ppm

−
=�#δ   [2.12] 

 

The chemical shift is therefore independent of the value of the applied field and is 

a reporter of the electronic environment around the atom. 

In this work, 1H NMR was used to verify the synthesis of sulfobetaine siloxane as 

well as to follow its hydrolysis in water and that of PEG siloxane.�Measurements were 

performed at rt in D2O with a Bruker Ultrashield 600 MHz NMR. 13C solid state NMR 

was also used to follow the addition of the sulfobetaine siloxane onto the surface of 

silica nanoparticles. CP/MAS experiments were performed at 125 MHz at an angle of 

54.74o and 15 kHz spinning rate using a Varian INNOVA 500 MHz wide bore 

spectrometer. 

������5�#���+���) #�#+��79��#�

Magnetic resonance imaging is used in medicinal chemistry to generate images 

of the different organs in the body. It takes advantage of the large number of hydrogen 

molecules present (mainly water) and the different local environments that affect the 

way “energized” protons relax to generate an image.185  

In a magnetic field, a net magnetization in the direction of the field is achieved. If 

a proper rf radiation is applied, this net magnetic moment is tipped by 90o from the 

longitudinal to the transverse plane. The field is removed and the magnetic moment is 

allowed to relax going back to its equilibrium state. Two processes can take place, T1 

relaxation and T2 relaxation. T1 relaxation, or spin8lattice relaxation, describes the time 

needed to regain longitudinal magnetization. It is affected by thermal interactions and 

involves energy transfer to the surroundings. T2 relaxation, or transverse relaxation, is 

the time it takes the resonating protons to lose coherence and become out of phase 



 44 

with each other. It does not involve energy transfer but is dependent on the presence of 

static internal fields. These processes are illustrated in ��������		. 

Contrast agents can be used to further enhance the image quality by reducing 

either T1 relaxation time or the T2 relaxation time (i.e. enhancing relaxation Rate R1 or 

R2). The former is referred to as positive contrast agent whereas the latter is termed 

negative contrast agent. Common contrast agents include Gd8based complexes or 

superparamagnetic iron oxide nanoparticles. 
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��������		 Schematic diagram of the two relaxation processes involved in MRI. (A) 
Application of a 90o pulse tips the magnetization vector from the longitudinal to the 
transverse plane. (B) The magnetization relaxes to equilibrium through either T1 or T2 
process.  

 

 

Iron oxide nanoparticles prepared in this work were tested for their ability to 

enhance the relaxation rate and act as contrast agents. MR images were acquired with 
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an 11.75 T vertical magnet having a bore diameter of 89 mm and equipped with a 

Bruker Avance console and Micro2.5 gradient system (Bruker Biospin, Billerica, MA). A 

10 mm Bruker birdcage coil, tuned to a proton (1H) resonance frequency of 500 MHz, 

was used to image all samples. Measurements were performed to quantify R1 and R2 

relaxation for each sample. 
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Nanoparticles show promise for selective in vivo targeting of cancer cells in 

addition to their use in contrast agents and diagnosis.1868187 In the case of cancer, nano 

dimensions permit enhanced transport across the fenestrated endothelial cell lining of 

tumor vascular tissue to access tumor masses.128 For efficient and targeted 

nanoparticle transport, the surface chemistry must provide both targeting ligands and 

passivation against nonspecific uptake.146 The latter property requires minimal 

cytotoxicity of the nanocarrier while it evades the immune system by avoiding 

opsonization (the process of tagging nanoparticles with proteins for destruction by 

phagocytes), and thus early clearance from blood circulation.146,188  

Biocompatibility and reduced cytotoxicity are often achieved by core/shell or 

core/shell/shell geometries. Numerous core compositions, tailored to the application, 

have been described, such as fluorescent II8VI or III8V quantum dots including 

CdSe/CdS or CdSe/ZnS,1898190 metallic nanoparticles like Ag or Au,1918193 or magnetic 

materials such as Fe3O4.
1948195 The shell is often a layer of silica, which offers relative 

biocompatibility (bio8inertness) and a broad palette of well8understood surface 

chemistry, allowing further functionalization.196 In addition to reducing cytotoxicity, silica 

shells also play a broad role in stabilizing nanocrystals such as Pd,197 improving 

photoluminescent stability of fluorescent sensors and biomarkers,1988199 and in hybrid 

organic/inorganic materials.200  

In a physiological environment, non specific adsorption of proteins to the surface 

of nanoparticles controls their fate.146,155 For example, it has been reported that the 

adsorption of IgG and fibrinogen promotes phagocytosis by the reticuloendothelial 

system, resulting in rapid clearance of the particles from blood circulation and 

concentration in the liver and spleen.146 The adsorption of ApoE, on the other hand, 
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enhances transport across the blood8brain barrier.146 In all cases, adsorption has been 

found to depend on many factors, including size, surface charge, and surface 

chemistry.146,188,201 Protein adsorption increases the hydrodynamic radius of the particle, 

a factor that must be avoided if the effect of size on uptake is under study.146 Thus, in 

engineering a new particle, minimizing nonspecific protein adsorption is required in 

order to achieve increased serum half8life and to avoid delivery to non8targeted tissues.  

The most widely used method to prevent opsonization is via grafting the 

nanoparticle surface with poly(ethylene glycol), PEG, or a PEG derivative,187 though 

other polymers such as poly(vinyl alcohol), polyethyloxazoline, and 

poly(vinylpyrrolidone) have been reported.202 However, PEG does not completely 

eliminate protein adsorption, as fibrinogen, apolipoprotein E, and IgG adsorption have 

been reported on surfaces coated with PEG moieties.2038204 In addition, the stability of 

PEG is compromised in the presence of oxygen and transition metal ions due to 

oxidation,165 and although it is able to resist protein adsorption at room temperature, its 

repulsive properties are diminished above 35 oC.166 Another disadvantage is the 

increase in hydrodynamic size upon PEGylation. For example, in an attempt to study 

the renal cutoff size for the filtration of nanoparticles, Choi et al.205 reported that they 

were unable to synthesize a PEG8coated CdSe/ZnS quantum dot smaller than 10 nm. 

Zwitterions, which make up the majority of typical mammalian cell surfaces, are 

known to be effective in reducing protein adsorption.206 Holmlin et al. reported that self 

assembled thiol monolayers terminated with zwitterions were able to resist protein 

adsorption onto gold.207 Recently, Matsuura et al.208 and Jia et al.209 have separately 

reported water soluble, aggregation resistant, gold and silica colloids respectively 

having a carboxybetaine polymer on the surface. However, the grafting of the polymer 

onto the surface resulted in an increase in the hydrodynamic diameter by a factor of two 

in the case of silica nanoparticles.209 Our laboratory has previously reported the 

stabilization of gold nanoparticles with a zwitterion disulfide ligand.210 The water soluble 

gold colloids showed a minor increase in size (around 1 nm) before and after 

exchanging the citrate ligand with the zwitterion disulfide, and were stable in protein 

solutions and at high salt concentration with no evidence of protein adsorption. In a 
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similar approach, Muro et.al. reported the synthesis of a bidentate sulfobetaine for in 

vitro stabilization  of quantum dots.211 

In the present work, the synthesis of a small sulfobetaine siloxane and the 

stabilization of silica nanoparticles through straightforward aqueous siloxane chemistry 

is reported. Adding a dense zwitterion coating to silica nanoparticles did not measurably 

increase their size, yet exceptional stability in solutions of concentrated salt or protein 

was observed.� 
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Ludox® TM840 colloidal silica, 40 wt. % suspension in water was used as 

received from Sigma8Aldrich. Fetal bovine serum (VWR) and lysozyme (from chicken 

egg white, protein ≥90%, Sigma Aldrich) were stored at 820 oC. Sodium phosphate 

monobasic (ACS grade), sodium phosphate (ACS grade), acetone (HPLC grade), and 

NaCl (ACS grade) were from Fisher Scientific. (N,N8dimethyl838aminopropyl)trimethoxy 

silane was purchased from Gelest, and stored under nitrogen. Propane sultone was 

obtained from TCI America. 


�����,*#���)�)� ��
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The synthesis of zwitterion siloxane, SBS, was adapted from Litt et.al.167 To 4.45 g of 

propane sultone in 37 mL of acetone under Ar was added 7.5 g of (N,N8dimethyl838

aminopropyl)trimethoxy silane (������ ��	). The reaction was stirred vigorously for 6 

hours. The white precipitate was collected by vacuum filtration and washed twice with 

acetone. The white solid was dried and stored under Ar. Yield 90%. 

 1H NMR and 13C solid state NMR confirmed product formation (��������	). 
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The appropriate amount of zwitterion siloxane previously dissolved in water was 

added, under vigorous stirring, to Ludox® nanoparticles previously diluted in water to get 

a 15 g final solution 10 wt% Ludox® . The pH remained at approximately 9. The mixture 
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was stirred for 6 h either at room temperature or at 80 ± 5 oC. The solution was then 

centrifuged at 13,000 rpm (Avant J825, Beckman Coulter centrifuge) for 15 min. The 

precipitate was collected, redispersed in 10 mL H2O and washed again twice. The final 

precipitate was collected and dried under vacuum at 20 oC. 

The reaction was also performed in the presence of ammonia. 0.5 mL of 

ammonia was added prior to heating at 80 ± 5 oC. 


�����"�# �����+���4����+����<��� #�

The hydrodynamic radius of the prepared zwitterionic silica was measured by 

dynamic light scattering at 690 nm (DAWN EOS, Wyatt Technology). Approximately 100 

�L of the 10% silica solution was dispersed in 10 mL of PBS (10 mM, 0.14 M NaCl, pH 

7.4). Samples were injected into the flow cell using a syringe pump at a flow rate of 10 

mL h81 and measurements were recorded for 1 min at a collection interval of 2 seconds. 

Results are shown in ������
�	. 

The addition of the zwitterion siloxane to the silica surface was confirmed with 
13C solid state NMR. CP/MAS experiments were performed at 125 MHz at an angle of 

54.74o and 15 kHz spinning rate using a Varian INNOVA 500 MHz wide bore 

spectrometer. Samples were carefully washed by centrifugation three times at 13,000 

rpm for 30 min and dried under vac.  

The amount of zwitterion siloxane on the silica surface was followed qualitatively 

using Diffuse Reflectance Infrared Fourier Transform (DRIFT) spectroscopy. Dried 

nanoparticles were gently ground and mixed with KBr powder. Spectra were collected 

under N2 using a Nicolet Avatar 360 FTIR with a DTGS8KBr detector. 1000 scans were 

performed on each sample at 4.0 cm81 resolution, and spectra were referenced against 

a KBr background.  

Quantitative determination of zwitterion siloxane on silica surface was performed 

via thermogravimetric analysis, TGA (TA Instruments Q50). Approximately 10 mg of 

dried nanoparticles were placed in a platinum cup inside an oven continuously purged 

with N2 at a flow rate of 100 mL min81. The temperature of the oven was ramped to 105 
oC, where it was held constant for 20 min to ensure the desorption of adsorbed water. 



 51 

Finally, the temperature was ramped to 800 oC at 10 oC/min. An empty sample cup was 

run as a background. 

Zeta potential measurements were performed on Malvern Instruments Zetasizer 

ZEN 3600 instrument by measuring the electrophoretic mobility of 0.25 w/v % aqueous 

dispersions in 0.01 M NaCl as a function of pH. Malvern MP2T titrator was used to 

gradually change the pH from 10 down to 2 by the addition of HCl solution over 150 

min. Zeta potentials were averaged over a minimum of 35 runs.  


�����(*&� �*)�)� ��>!������ #�,�� 8�#��

The hydrolysis rate of the zwitterion siloxane in water was followed with 1H NMR. 

Measurements were performed at room temperature in D2O with a Bruker Ultrashield 

600 MHz NMR. ������
�� shows NMR spectra collected at different intervals for 35 mg 

of zwitterion siloxane in 600 �L of D2O. A few seconds after the addition of the 

zwitterion siloxane to water, the spectrum shows a prominent peak at δ 3.6 ppm 

attributed to the methoxy groups. As time proceeds, this peak starts to decrease and 

another peak appears at δ 3.3 ppm from free methanol. In addition, an upfield shift, from 

δ = 0.8 ppm to 0.66 ppm, is observed for the methylene group directly bonded to the 

silicon atom. This upfield shift is another indication of the Si8O8CH3 hydrolysis. The rate 

of hydrolysis was followed by monitoring the decrease in peak area for the methoxy 

group and the appearance of the methanol, as well as by monitoring the change in the 

signal of the methyl group connected to the silicon atom as it shifts upfield. All 

integrated signals were normalized to the theoretical 9 methoxy hydrogens. As shown in 

������
��, the half8life for hydrolysis is about an hour, indicating efficient hydrolysis in 

water at room temperature. 
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Turbidimetry was used to study the effect of salt or protein on the aggregation of 

zwitterated nanoparticles. Turbidimetry was collected using a Varian Cary 100 UV/vis 

double beam spectrophotometer. Samples were placed in disposable cuvettes and 

measurements were collected at 500 nm. In all experiments, nanoparticle concentration 

was 2% w/v. The setup was temperature controlled and samples were magnetically 

stirred.  
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For stability in salt solutions, nanoparticles were first dispersed in 10 mM 

phosphate buffer pH 7.4 at 25 oC. NaCl stock solution was then added to samples, 

including the blank solution.  

For stability in FBS, nanoparticles were dispersed in PBS (10 mM, 0.14 M NaCl, 

pH 7.4) at 37 oC. FBS was then added to the sample cuvette and to the reference cell. 

The final FBS concentration was 50% v/v. 

The effect of lysozyme on the hydrodynamic diameter of the particles was 

assessed using dynamic light scattering. Experiments were performed on DynaPro 

instrument (Wyatt Technology). 1 mL of 3.5 mg mL81 of lysozyme solution was added to 

3.8 mg of nanoparticles in 2.5 mL PBS (10 mM, pH 7.4), and the final solution was 

measured with DLS at 37 oC and compared to the original sample with no lysozyme. 

In the case of untreated silica nanoparticles, the solution became milky upon 

incubation with lysozyme. The signal from this solution oversaturated the detector and 

therefore a set of dilutions were performed until proper signal was obtained. The laser 

power was adjusted to 10% and the acquisition time was set to 30 seconds. No turbid 

solution was observed for the zwitterion treated silica nanoparticles which had 1.8 �mol 

Zwitterion m82 (or �mol Zwi m82). The solution was left at room temperature for 6 hours 

followed by heating at 80 oC for 6 hours. The final solution was extensively dialyzed 

against nanopure water for 3 days. The final concentration of the dialyzed sample was 

measured to be 7.55% w/w.  Following the above procedure, the hydrodynamic radius 

was measured before and after lysozyme addition. The laser power was set to 100% 

and the acquisition time was 10 seconds. 


�
���)���)��#&�%�)+�))� #�

Ring opening addition of propane sultone by aminoalkylsiloxane was used to 

synthesize the highly water8soluble sulfobetaine siloxane (SBS), 38(dimethyl(38

(trimethoxysilyl)propyl)ammonio)propane818sulfonate. 

Ludox® TM840, a widely available and commonly used silica colloid, was 

employed as a model nanoparticle to study the effect of the zwitterion coating. SBS was 

added to the silica nanoparticles in various amounts to determine the minimum surface 
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coverage needed to confer stability on the particles in salt and protein media. Coverage 

was determined using the surface area reported by the manufacturer (140 m2 g81), and 

4.9 silanol groups per nm2  of silica surface,212 or 8 �mol m82.213 With three methoxy 

groups, approximately 2.7 �mol m82 of the zwitterion (12.5 g unhydrolyzed zwitterion per 

100 g SiO2) is needed to achieve full coverage, as depicted in ������
�	. 

 

 

 

������
�	 Cartoon of a silica nanoparticle decorated with sulfobetaine siloxane 
(zwitterion). 

 

 

Zwitterion dissolved in a minimum of water was added directly to stirred 10 wt% 

solutions of 17 nm (hydrodynamic radius) silica at room temperature. The mixture was 
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zwitterion was removed by centrifugation. To confirm the presence of the zwitterion 

siloxane on the surface, 13C solid state NMR (SSNMR) was collected before and after 

surface treatment as well as for the free zwitterion siloxane (��������	 and ������
��). 

No signals were observed for the untreated silica colloids, consistent with the absence 

of any adsorbed ligands or surfactants. The zwitterion siloxane showed a set of broad 

peaks that are assigned in ������
��. The most relevant signal is at δ 49 ppm with a 

shoulder at δ 46 ppm. These correspond to the methoxy carbons directly attached to the 

silicon atom and the methylene carbon attached to the sulfonate group, respectively. 

The SSNMR of the zwitterated silica (SiZwi) nanoparticle resembles that of the  

zwitterion reagent with the major exception being the disappearance of the methoxy 

peak at δ 49 ppm in favor of the methylene group at δ 47 ppm, consistent with zwitterion 

hydrolysis. 

Different amounts of zwitterion siloxane were added to the silica and the addition 

was followed using spectroscopic and thermogravimetric (TG) techniques. Previous 

work on the addition of siloxanes to silica2148215 has shown the hydrolysis of 

organosiloxane in aqueous medium is fast and thus dimers and polymers may form in 

solution before deposition on the surface, which leads to a polymeric network, or 

blanket, on the silica. ������
�� represents various monolayer modes of attachment of 

a trialkoxysiloxane. 
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������
�� ������� 13C CP/MAS solid state NMR of bare silica nanoparticle (A); free 
zwitterion siloxane SBS (B); and zwitterated silica nanoparticle (C). The methoxy peak 
in the free SBS at δ 49 ppm (peak 1) is not present in the zwitterated silica nanoparticle 
indicative of its hydrolysis. Inset shows the structure of the unhydrolyzed zwitterion 
(SBS). �� !��� Different possible associations of the zwitterion siloxane to the silica 
surface, with one, or two feet down, or horizontal polymerization. 
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The hydrodynamic radii, Rh, of treated and bare nanoparticles were compared 

using quasi8elastic light scattering (QELS) in PBS at pH 7.4 at 20 oC. No measurable 

change in Rh was observed on surface silylation (������ 
�	). Jia et al. reported an 

increase in the hydrodynamic diameter by a factor of two for silica nanoparticles 

decorated with a zwitterion polymer,209 which was attributed to the bulk of the grafted 

polymer. In our case, the 1.3 nm length of the SBS was clearly insufficient to produce a 

measurable increase in nanoparticle radius, making this molecule an attractive 

alternative for passivating surfaces without perturbing dimensions. 

 

 

������
�	 Hydrodynamic radii of untreated SiO2 and SiZwi with different amounts of 
zwitterion on the surface measured in water at 25oC. All coverages are actual 
coverages as obtained from TGA. 

 

SiZwi (�mol Zwi/m2)   Hydrodynamic Radius ( ± 0.5 nm) 

�� 0.00     16.8  

0.16     17.3  

0.35     17.5  

0.51     17.5 

1.0     17.5  

1.4     17.2  

1.7     17.3  

 

 

The amount of zwitterion siloxane deposited on the silica surface was followed 

qualitatively by diffuse reflectance IR spectroscopy (DRIFT) and quantitatively by TG. 

The bulk Si8O8Si combination band at 1870 cm81 served as an internal reference.214,216  

������
�
- compares the DRIFT spectrum of bare silica nanoparticles and 1.0 �mol 

Zwi m82 SiZwi. The untreated silica shows a set of peaks characteristic of a silica 

surface. These are 1100 and 1870 cm81 attributed to Si8O8Si absorption, the broad band 

at 3500 cm81 and the medium band at 1630 cm81 corresponding to the stretching and 
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bending vibrations of OH groups, the absorption band at 3660 cm81 assigned to two 

vicinal silanol groups involved in H8bonding, and the sharp band at 1740 cm81 attributed 

to the isolated non8hydrogen bonded Si8OH groups. The SBS treated surface shows all 

of the above peaks in addition to 8CH2 bending at 725 cm81, Si8O8C at 1420 cm81, 8CH2 

scissoring at 1485 cm81, and 8CH2 stretching vibrations between 2900 and 3000 cm81. 

The 1485 cm81 band was ratioed to the internal Si8O8Si reference (A1485/A1870) to follow 

the extent of surface reaction. ������ 
�
' shows that the surface concentration of 

zwitterion increases as the amount of zwitterion added to the solution increases, 

saturating as the amount of zwitterion added approaches 2.7 �mol Zwi m82. The fact that 

the surface coverage plateaus while excess zwitterion siloxane is added to solution 

suggests an absence of polymeric networks of siloxane implied in other organosilane 

reagents.215 
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������
�
 (A) DRIFT spectra of bare SiO2 nanoparticle (solid line) and 1.0 �mol m82 
SiZwi (dashed line). (B) Extent of reaction of zwitterion siloxane with surface silanols as 
a function of zwitterion added to silica nanoparticles as calculated from DRIFT by 
normalizing the area ratio of –CH2 scissoring at 1485cm81 to Si8O8Si combination band 
(1870 cm81). 
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TGA provided more quantitative data on surface coverage. A trend similar to that 

obtained with DRIFT was observed, where the surface amount increased with an 

increase in the added amount and then saturated at 2.7 �mol Zwi m82 (������ 
��). 

Assuming all methoxy groups hydrolyze before addition to the surface and that each 

zwitterion binds to one surface silanol and one other zwitterion siloxane as depicted in 

������ 
�	, the amount of zwitterion loaded onto the surface may be calculated. As 

seen in ������ 
��, all zwitterion added to solution ends up on the surface of the 

nanoparticle at low coverage, but deviation from stoichiometry (solid line in ������


��') occurs above about 1 �mol Zwi m82 and the surface concentration saturates at 

about 2 �mol Zwi m82. 

 Classical variables in the coating of silica surfaces with siloxanes include 

temperature and the presence of base. For example, heating is reported to increase the 

amount of bound siloxanes.217 We thus heated some reaction mixtures at 80 oC for six 

hours following the addition of SBS. While heating does not seem to have a significant 

effect on coverage (������ 
��'), it does improve long8term stability and reduce the 

zeta potential, as shown below. This is consistent with earlier findings where better 

stability was observed in aqueous media upon in situ heating due to enhanced 

horizontal polymerization and reduced hydrolytic cleavage.2188219 
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������
�� (A) From top to bottom, TGA of untreated and zwitterion surface treated 
silica colloids with 0.00, 0.16, 0.35, 0.51, 1.0, 1.4, and 1.7, and 1.8 �mol Zwi m82 run 
under inert atmosphere. All samples were first held at 105 oC to remove adsorbed water 
and then heated to 800 oC at a rate of 10 oC/min. (B) Surface coverage from TG for the 
addition at: room temperature (▲); at 80 oC (○); and at 80 oC with NH3 added (□). Solid 
line represents a stoichiometric reaction of SBS with surface silanols. 
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Some of the nanoparticles were heated at 80 oC with ammonia, which is known 

to catalyze surface condensation reactions resulting in higher coverage.215,220 In the 

present case, base addition proved to be counterproductive: the zwitterion surface 

coverage decreased (������ 
��'), probably due to the fact that siloxane hydrolysis 

was sufficiently fast in aqueous media, compared to organic solvents.215 NMR 

hydrolysis experiments were performed to check the hydrolysis rate of SBS in D2O. 

������ 
�� shows that the peak at δ 3.6 ppm, attributed to the methoxy groups, 

decrease with time in favor of the free methanol peak at δ 3.3 ppm indicative of 

hydrolysis. In addition, an upfield shift, from δ = 0.8 ppm to 0.66 ppm, is observed for 

the methylene group directly bonded to the silicon atom. A plot of the decrease in signal 

at δ 3.3 ppm or the increase in signal at δ 0.66 ppm normalized to the theoretical 9 

methoxy hydrogens (������
��) revealed the kinetics of hydrolysis of SBS at rt which 

was found to proceed with a half8life of about an hour.  
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������
�� NMR spectra of zwitterion siloxane in D2O taken 30 seconds (lower) and 
14 hours (upper) after the addition of the silane to D2O. The peak at 3.6 ppm attributed 
to the methoxy group disappears and a new peak at 3.3 ppm related to methanol 
formation appears. Also, an upfield shift is observed for the methylene carbon attached 
to the silicon atom from 0.8 ppm to 0.66 ppm. 

3.003.353.70

1.702.002.30

0.600.750.90
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������
�� Hydrolysis of zwitterion siloxane SBS in D2O measured by 1H NMR. 
Disappearance of the methoxy groups attached to the silicon atom at δ 3.6 ppm (♦); 
Appearance of methanol peak at δ 3.3 ppm (▲). The decrease in the methylene signal 
at δ = 0.80  (■). 
 

 

The fast hydrolysis rate of the zwitterion monomer did not yield particle formation 

in water or in buffer. In fact, electrospray ionization mass spectrometry of zwitterion 

siloxane hydrolyzed in water for six hours showed only minute dimerization products 

with the majority of peaks corresponding to the monomeric hydrolyzed product clustered 

together by sodium ions (������ 
��). This result was also supported by DLS data 

where no detectable particle formation was observed. Nanoparticles prepared from a 

pre8hydrolyzed zwitterion siloxane solution were indistinguishable from those produced 

by adding SBS. Thus, the reaction of silica surface appears to be exceptionally well 

behaved, requiring no catalyst, producing an approximate monolayer and yielding no 

oligomeric or polymeric byproduct. 
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������
�� ESI/MS of hydrolyzed zwitterion siloxane.  Major peaks correspond to 
monomeric hydrolyzed product and its clusters indicating that dimerization or 
polymerization of product is minimal. 

 

 

The effect of zwitteration on the surface charge was assessed by measuring the 

zeta potential in 0.01 M NaCl solution at different pH values (������
��). The surface 

potential profile for untreated silica nanoparticles agreed well with the large body of 

literature where a reduction in zeta potential is observed from ca. 840 mV at pH 9 to 

almost 0 near the isoelectric point, pH 283.221 SiZwi prepared at r.t. shared a similar 

profile to that of the parent silica. In contrast, no surface charge was measured for the 

heat prepared SiZwi over the entire pH range. The latter system, however, showed no 

sign of aggregation and remained stable despite the absence of electrostatic 

stabilization. Steric repulsion or the presence of a strong hydration layer, non8DLVO 

interaction forces,222 can be responsible for the observed stability. 
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������
��� Zeta potential measurement of 0.25% w/v aqueous dispersion in 0.01 M 
NaCl as a function of pH. (□) Untreated silica, (∆) 1.8 �mol Zwi/m2 SiZwi prepared at 
room temperature, and (○) 1.8 �mol Zwi/m2 SiZwi prepared at 80 oC. 

 

 

Silica nanoparticles are known to aggregate in the presence of salt.221 We 

therefore studied the aggregation behavior of 2% w/v nanoparticles with different 

coverage of zwitterion siloxane in 0.5 M NaCl in pH 7.4 phosphate buffer at 25 oC over 

a period of 15 days. As seen in ������ 
��-, in the absence of zwitteration, the 

absorbance, indicating aggregation, reached a plateau after 3 days. Aggregation was 

delayed, but not suppressed, by 0.16 and 0.35 �mol Zwi m82. Above 0.51 �mol Zwi m82 

aggregation was no longer observed, even after 15 days. As a severe salt challenge, 

the stability of nanoparticles coated with 1.0 �mol Zwi m82 was evaluated in 3 M NaCl. 

Untreated silica nanoparticles aggregated in minutes whereas the zwitterated 

nanoparticles showed no increase in absorbance for the full period of study (������


��') reflecting the high stability of the latter system even under harsh salt conditions. 

Our results are in agreement with the data of Rouhana et al.210 and Muro et.al.,211 

where sulfobetaine8capped nanoparticles were found to be stable in high saline media. 
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������
��� Turbidimetry study at λ= 500 nm showing the stability of untreated and 
SBS8treated silica colloid at 25 oC in (A) 0.5 M NaCl and (B) 3 M NaCl, buffered at pH 
7.4. Untreated silica (◊), SiZwi corresponding to 0.16 (♦), 0.35 (▲), 0.51 (□), and 1.0 
�mol Zwi/m2 (●). Nanoparticle concentration 2% w/v. Error bars are of the same scale 
as the points. Solid lines are a guide to the eye. 
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The stability of zwitterated nanoparticles was also studied in 50% FBS, which 

was selected to more closely approximate the complexity of the environment to which 

the nanoparticles would be exposed in an in vivo circulating study. ������ 
�	� 

compares turbidimetry of untreated and treated (1.0 �mol Zwi/m2) silica nanoparticles in 

50% buffered FBS. Untreated silica nanoparticles aggregated rapidly, while zwitterated 

nanoparticles showed almost no evidence of aggregation for days, even in these high 

levels of serum. 

 

 

        

������
�	�� Turbidimetry study at λ= 500 nm showing the stability of untreated and 
SBS8treated silica colloid in 50% v/v FBS in PBS (pH 7.4) at 37 oC: untreated SiO2 (■), 
and 1.0 �mol Zwi m82 SiO2  (♦). Nanoparticle concentration 2% w/v. 

 

 

After heating, the stability of the nanoparticles was improved when tested in the 
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heated sample resists aggregation over longer periods, especially when the system 

contained elevated serum levels. We believe that heating transforms surface binding 

from 1 foot down (������ 
��) to polymerized thus preventing hydrolytic cleavage as 

discussed earlier.  

 

 

   

������
�		� Turbidimetry study at λ= 500 nm showing the effect of heat and ammonia 
on the stability of dialyzed and undialyzed SiZwi samples in the presence 50% FBS in 
PBS (dashed lines) and 3 M NaCl in phosphate buffer pH 7.4 (solid lines). Sample 
prepared by simple addition of zwitterion to silica at r.t with no dialysis step after (■,□); 
sample dialyzed after r.t. zwitterion addition (▲,∆); sample prepared with heating at 80 
oC in the presence of ammonia with no dialysis step (♦,◊); sample prepared by heating 
at 80 oC in presence of ammonia and dialyzed (●,○). Nanoparticle concentration is 2% 
w/v. The initial dip in absorbance is due to the addition of the colloids to the FBS or 
NaCl solution. The absorbance of untreated silica is similar to that shown in ������

�	�. All data refer to zwitterion surface concentration of 1.7 �mol Zwi m82. 
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In a final test, DLS was used as a sensitive probe of the adsorption of lysozyme, 

a positively charged “sticky” protein (3.0 x 3.0 x 4.5 nm3),223 which adsorbs readily to 

negatively charged silica surfaces. The adsorption was followed by measuring the 

hydrodynamic radius of the particle on incubation with lysozyme. On addition of the 

protein to the untreated silica colloids, the solution turned white. The hydrodynamic 

radius increased dramatically and the particles precipitated within minutes (������
�	�, 

inset). Jia et al. reported a similar increase in size for untreated nanoparticles in 

presence of lysozyme.209 Zwitterated nanoparticles, in comparison, maintained a 

constant hydrodynamic size for 30 h, after which the hydrodynamic radius grew by ca. 

20 nm as seen in ������ 
�	� (see ������ 
�	
 and ������ 
�	� for correlation 

functions and size distributions, respectively). He et al.224 studied the in vivo 

biodistribution of fluorescent silica nanoparticles with a particle diameter of 45 nm and 

different surface functionalities. Surfaces terminated with PEG had the longest blood 

circulation half8life of 3 ± 0.7 hrs and were successively delivered to different organs. 

Our results indicate that the zwitterated nanoparticles resist protein adsorption up to 30 

h, suggesting potentially long circulation times in vivo. Similar results were observed 

with polymeric zwitterions,2088209 however, to our knowledge, stabilization of silica 

nanoparticles using non8polymeric, small organosiloxane zwitterion has not been 

reported.  

�
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  �

������
�	�� Hydrodynamic radius of 1.7 �mol Zwi m82 zwitterated silica nanoparticle in 
the presence of lysozyme in PBS (pH 7.4). 3.8 mg of nanoparticles were added to 1 mL 
of 3.5 mg mL81 lysozyme dispersed in 2.5 mL of PBS. Inset shows the hydrodynamic 
radius for untreated silica nanoparticles under the same conditions (values above 1000 
nm are beyond the upper size limit of the instrument and are not to be taken as absolute 
numbers here but as an indication of particle aggregation). 
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 ��
������
�	
� Correlation function for 1.7 �mol Zwi m82 SiO2 measured in PBS at 37 oC 
in the presence of lysozyme at different times after incubation: (○) 50 s after (18.6 ± 0.3 
nm); (∆) 30 h after (17.9 ± 0.4 nm; (□) 43 h after (40.5 ± 4.3 nm). The correlation 
function for SiZwi before lysozyme addition (not shown here) is similar to the one 
collected after 50 s of lysozyme addition. 
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�

������
�	�� The hydrodynamic distribution of 1.7 �mol Zwi m82 SiO2 (as determined 
from TGA) as a function of time in presence of lysozyme. Prior to lysozyme addition (a); 
after incubation with lysozyme for: 50 s (b); 17 h (c), 30 h (d); and 43 h (e). Experiments 
were performed in 10 mM PBS at 37 oC. 1mL of 3.5 mg/mL lysozyme was added to 3.8 
mg of nanoparticles in 2.5 mL PBS. 
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���4 #+��)� #�

Silica nanoparticles were stabilized by treating the surface with a zwitterionic 

organosiloxane molecule. The addition of the zwitterion did not significantly change the 

hydrodynamic radius of the nanoparticles, in contrast to conventional surface 

stabilization using polymers, where an increase in particle size is observed on grafting 

to the surface. The zwitterated nanoparticles were found to be stable under challenging 

conditions, such as 3 M NaCl, in 50% FBS, and in the presence of lysozyme, which is 

positively charged. This surface passivation approach offers an alternative to polymeric 

stabilization when preserving particle size, especially of nanomaterials in the 3850 nm 

range, is so important to in vivo uptake, targeting, and circulation behaviors. 
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Exposure of surfaces to proteins in solution triggers a set of adsorption steps that 

controls subsequent surface interactions.146,155,225 For biosensors, non8specific 

adsorption degrades the performance of the device or leads to false positives in some 

cases.2258227 In nanomedicine, the adsorption of plasma proteins onto the nanovehicle 

dictates its residence time in blood and its ultimate destination.146,155 Thus, passivating 

surfaces against non8specific interactions has been an active field for the last few 

decades. The term “PEGylation” refers to the widespread practice of attaching 

oligomeric or polymeric ethylene glycol units (polyethylene glycol) to surfaces or 

molecules for the purpose of enhancing biocompatibility and biodistribution. For the 

suppression of protein adsorption to surfaces, PEG has been the standard against 

which new materials are judged.163,187,228 However, the temperature dependence of 

PEG,166 and its autooxidation catalyzed by transition metals present in most biological 

systems,165 have directed the search towards new classes of biocompatible surfaces, 

wherein zwitterions are promising candidates.158,207,211,2298230  

Various models have been proposed to explain the ability of PEG to repel 

proteins. Jeon et al. related the resistive properties to steric repulsion with an elastic 

and an osmotic component.1598160 In their model, repulsion was attributed to the 

entropically disfavored compression of polymer chains and the presence of a strong 

hydration layer that prevents close encounter with proteins. This model was challenged 

by Harder et al. and Wang et al., who argued that it does not explain the resistive 

properties of small oligomeric chains.1618162 Instead, the conformation of the oligomeric 

ethylene glycol on the surface, helical vs. “all8trans”, which affects the interfacial water 

layer, was proposed to influence protein adsorption. Water molecules were suggested 

to be loosely bound to the all8trans form and were thus easily replaced with the 
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approaching protein molecule in contrast to the helical conformation where a strong 

hydration layer prevents close contact.1618162 In discussing the role of packing density, Li 

et al. argued that hydration and conformational flexibility of chains are important to 

resistive properties.164 Regardless of the model, protein adsorption studies on PEG 

grafted surfaces have been contradicting in certain cases, either with respect to the 

effect of molecular structure on adsorption, or in terms of its temperature 

dependence.164,166,2318232 While these theories capture, within constraints, the repulsive 

origin of PEG, they do not provide an explanation for other known protein repellent 

surfaces. In an alternative approach, Kane et al., after screening a number of protein 

resistive molecules, concluded that osmolytes are preferentially excluded from protein 

surfaces and thus hypothesized that kosmotropes form the basis of protein repellent 

surfaces.158 Although such a classification is consistent, it still does not give a molecular 

description of the mechanism of protein resistance. Some characteristics are widely 

agreed upon, however, for all protein repellent surfaces, such as electrical neutrality, 

hydrophilicity, and the ability to accept, but not donate, a hydrogen bond.207 

Adsorption can only occur if the total free energy is negative (∆Gads = ∆Hads 8 

T∆Sads < 0). Endothermic heats of adsorption, often reported, lead to the conclusion that 

the driving force for adsorption must be entropic in nature, attributed to the release of 

water molecules (hydrophobic dehydration) or counterions, or alterations in the structure 

of the protein molecule (conformational entropy).2338235 For example, the adsorption of 

BSA, a “soft” protein, on negatively charged silica is thought to be governed by an 

entropically favored conformational change that offsets the endothermicity of 

interactions.2368237 For hydrophobic surfaces, such as polystyrene, hydrophobic 

dehydration is responsible for the adsorption.238 On the other hand, hydrophobic 

dehydration cannot be the answer when hydrophilic surfaces are involved, nor can the 

minute conformational changes in “hard” proteins rationalize the interaction when the 

endothermic penalty is too high.  

Inspired by the zwitterionic character of most cell membranes, we recently 

reported on the stabilization of gold and silica nanoparticles using small zwitterionic 

disulfide and siloxane molecules respectively.210,239 The nanoparticles showed excellent 

stability in solutions of high salt concentration – classical colloid destabilizers 8 and in 
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media representing the chemical complexity of an in vivo environment. These results 

led us to question, in the present work, whether there are any significant differences or 

advantages to the use of short8chain PEGs versus zwitterions in the stabilization of 

surfaces, in particular nanoparticles, and to propose a mechanism for protein resistance 

that would be consistent with both types of surface modification. The aggregation of 

nanoparticles was tested in solutions of different salt concentrations or in protein 

solutions. The adsorption of two model proteins: BSA, a large protein with same net 

charge sign as that of the native silica, and lysozyme, a small “sticky” positive protein, 

was followed using ellipsometry on planar surfaces. Because the repulsive properties of 

PEG have been questioned above 35 oC studies were carried out at 25 and 37 oC. 

����:8����9�#����,�+�� #�
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Ludox® TM840 colloidal silica (surface area reported by manufacturer: 140 m2 g81) 

40 wt % suspension in water was used as received from Sigma8Aldrich. Methyl 

terminated PEG siloxane, 28[methoxy(polyethyleneoxy)propyl]trimethoxy silane (tech8

90, 689 ethylene oxide repeat units as reported by the manufacturer, 4608590 g mol81), 

and (N,N8dimethyl838aminopropyl)trimethoxy silane were purchased from Gelest, stored 

under Ar, and used as received. Fetal bovine serum (VWR), and lysozyme (from 

chicken egg white, protein ≥90%, Sigma Aldrich) were stored at 820 oC. Bovine albumin, 

fraction V (BSA, Sigma8Aldrich, 99%) was stored at 4 oC. Sodium phosphate monobasic 

(ACS grade), sodium phosphate (ACS grade), and NaCl (ACS grade) were from Fisher 

Scientific. Propane sultone was obtained from TCI America. Spectra/Pro dialysis tubing 

(MWCO 3 500) was from VWR. 

������:8����9�#����5��� &)��

The zwitterion siloxane 38(dimethyl(38(trimethoxysilyl)propyl)ammonio)propane818

sulfonate (sulfobetaine siloxane or SBS, 329.5 g mol81) was synthesized as described in 

section 1.1 using (N,N8dimethyl838aminopropyl)trimethoxy silane and propane sultone (�

������ ��	).239 The structures of SBS and PEG siloxane are shown in ������

��	. �
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��������	� Structure of SBS (left) and PEG siloxane (right). 
 

 
1H NMR was used to calculate the average number of ethylene glycol repeat 

units in PEG siloxane. In this case the signal from the terminal methoxy ether 1H at 

δ 3.37 ppm was fixed to three and the total signal from the ethylene ether 1H at δ 3.69 

ppm was divided by the theoretical four 1H of the ethylene glycol (EG) unit. The 

experimental average number of repeat units was 9. 

The hydrolysis rate of the two siloxanes in water was followed with 1H NMR. 

Measurements were performed at rt in D2O with a Bruker Ultrashield 600 MHz NMR.  35 

mg of the siloxane was dissolved in 600 �L of D2O at rt and the decrease in the peak 

area for the methoxy signal at δ 3.6 ppm normalized to the theoretical 9 methoxy 1H was 

monitored versus time.  
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�"�# �����+���5 &���+��� #��

Different amounts of methoxy PEG siloxane or SBS were added to 10 wt % final 

concentration Ludox® silica (17 nm hydrodynamic radius) at rt. After 3 h, the reaction 

mixture was heated at 80 oC for an additional 3 h. The solution was then allowed to cool 

to rt and then dialyzed against 18 Md H2O for 12 h. The final solution wt % was 

calculated by drying 1 mL of the solution at 25 oC under vac.  

The amount of siloxane bonded to the silica surface was determined from 

thermogravimetric anaylsis, TGA (SDT Q600, TA Instruments). A few mg of the dried 

nanoparticles were placed in a platinum cup inside an oven under N2 at a flow rate of 

100 mL min81. The temperature of the oven was ramped to 105 oC and held for 20 min 

to ensure the desorption of adsorbed water, after which the temperature was ramped to 

800 oC at a rate of 10 oC min81. Bare silica nanoparticles and hydrolyzed siloxanes were 
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run in the same way to aid in translating the TG results to calculated surface coverage. 

The siloxanes were first hydrolyzed in water and then freeze dried in order to mimic the 

reaction conditions. 

The stability of the modified silica nanoparticles was assessed with turbidimetry 

by monitoring the increase in absorbance (indicative of aggregation) at 500 nm using a 

Varian Cary 100 UV/vis double beam spectrophotometer. Nanoparticles were dispersed 

in the buffer at a final concentration of 1 wt % and the absorbance recorded following 

the addition of salt (0.5 or 3.0 M NaCl in phosphate buffer) or protein (10 % v/v FBS in 

PBS). Experiments were performed at 25 or 37 oC to assess the effect of temperature 

on the properties of the modified nanoparticles.  

   Dynamic light scattering (DLS) was used to measure the size of silica 

nanoparticles. Approximately 100 �L of dialyzed nanoparticles were dispersed in 10 mL 

of 10 mM PBS (140 mM NaCl, pH 7.4) pumped through the flow cell at a flow rate of 10 

mL h81. The adsorption of protein onto modified and bare silica nanoparticles was 

assessed by monitoring the increase in particle size in the presence of BSA (10 x 4 x 4 

nm3) 240 and lysozyme (approximate dimensions 3.0 x 3.0 x 4.5 nm3)223 in PBS. The 

concentration of protein in the buffer was fixed at 0.1 wt % and that of nanoparticles was 

0.5 wt % and 0.1 wt % for BSA and lysozyme respectively. Samples were prepared in a 

microcuvette and introduced into a temperature controlled cell holder. Readings were 

collected as a function of incubation time at 25 or 37 oC. DLS measurements were 

performed with a Wyatt QELS instrument collecting at 108o to the incident 690 nm laser 

beam in a Wyatt DAWN EOS instrument with a 20 s collection interval and analysis with 

ASTRA 5.3.4 software. 

������6��#���,����+�)��

Adsorption of protein onto planar surfaces was also measured to illustrate the 

effect of the substrate geometry on the behavior of the grafted surface towards protein 

adsorption. Silicon wafers were cleaned with RCA solution (28% NH4OH: 30 % H2O2: 

H2O 1:1:5) for 10 min followed by extensive rinsing with 18 Md H2O. The wafer was 

then treated with cold piranha (concentrated H2SO4 : 30 % H2O2 7:3. Warning: do not 

store in closed containers) for 10 min followed by rinsing with fresh water. This resulted 
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in a hydrophilic oxide layer with near zero contact angle, and a thickness of ~ 20 Å. The 

silicon wafers were then placed in 0.1 M aqueous solution of methoxy PEG or SBS at 

80 oC for 15 h. After rinsing the wafer with water, contact angle and thickness 

measurements were taken.  

The adsorption of proteins, 0.1 wt % BSA or lysozyme, from PBS buffer was 

studied on untreated and siloxane treated silicon at 25 and 37 oC. Wafers were 

immersed in a temperature controlled cell and then removed at different time intervals; 

1, 2, 4, 8, 16, 32, and 64 min, followed by quick rinsing steps in PBS and water 

respectively, and gentle drying with a stream of N2. The thickness after dipping was 

subtracted from that measured after PEGylation or zwitteration. Increase of thickness 

was taken as indication of adsorption. Contact angles for the 30 min immersion time 

samples were also measured. Results are the average of 3 trials. Contact angles were 

recorded on a KSV Cam 200 instrument by dispensing 10 �L of water on the silicon 

wafer. Thickness was measured with ellipsometry (Gaertner Scientific) with a 632.8 nm 

He8Ne laser fixed at 70o angle incident to the sample.  
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The addition of siloxane to silica nanoparticles was validated by DLS and TGA 

measurements. No major change in hydrodynamic radius was observed with either 

silylation agent; however, the PEGylated nanoparticles were consistently larger than the 

zwitterated and bare silica nanoparticles by about 1 nm (���������). The amount of 

surface siloxane per square meter of silica as a function of solution siloxane 

concentration was calculated from TGA assuming complete hydrolysis of the methoxy 

groups and that each siloxane molecule anchors to one surface silanol and two 

neighboring siloxanes resulting in surface polymerization.241 As shown in Figure 1, 

increasing SBS solution concentration beyond that theoretically needed for a coverage 

of ca. 3 �mol m82 does not result in additional increase in surface concentration, which 

saturates at around 1.5 ± 0.2 �mol m82 consistent with our previous report, indicating the 

absence of 3D network polymerization.239 In contrast, PEG surface concentration 
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increases with the amount of siloxane added with no apparent surface saturation. This 

can be related to the formation of polymeric network where condensation occurs in 

solution or with surface siloxane instead of surface silanol consistent with the large body 

of literature on the modification of silica surfaces.215,220,242 Monitoring the hydrolysis rate 

of the two siloxanes in water revealed that the observed higher PEG surface 

concentration is not the result of faster hydrolysis (��������
). In fact, the half8life of 

SBS in water was short (ca. 1 h) in comparison with that of PEG siloxane (ca. 12 h) 

suggesting that some of the PEG might have deposited on the surface with partial 

hydrolysis of its methoxy groups. It thus seems that silylation using SBS is more 

controlled, yielding monolayer coverage, and condensing only with the surface. For 

subsequent studies we choose the zwitterated silica nanoparticles with SBS surface 

coverage of 1.25 �mol m82 (reported hereafter as 1.25 �mol Zwi m82) and the PEGylated 

silica nanoparticles with PEG surface coverage of 1.61 �mol m82 (reported as 1.61 �mol 

PEG m82). These samples were a result of the addition of the same amount of siloxane 

in solution (������ ���) that would yield what is believed to be about monolayer 

coverage for both.  
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��������� Surface coverage of silica nanoparticles from TGA (solid symbols) and 
hydrodynamic radii from DLS (open symbols) as a function of amount of siloxane added 
to solution: zwitterion siloxane (●,○); PEG siloxane (■,□). The hydrodynamic radius of 
the untreated SiO2 is also shown (♦). 
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��������
 Hydrolysis rate of zwitterion siloxane, SBS (●), and PEG siloxane (■), 
obtained by monitoring the disappearance of the methoxy silane signal in 1H NMR. 
 

 

The stabilities of PEGylated versus zwitterated nanoparticles were compared 

head8to8head at two temperatures in different salt concentration and in 10% v/v FBS 

solution by turbidimetry at 500 nm. Bare silica nanoparticles showed expected DLVO 

theory behavior in salt solutions where aggregation was observed at higher 

concentrations of salt (���������- and ���������).221 Aggregation of the bare silica 

nanoparticles was also rapidly induced by FBS due to adsorption of proteins from the 

serum medium (���������'). In contrast to the bare silica surface, both zwitterated and 

PEGylated nanoparticles showed no sign of aggregation over 24 h, regardless of the 

temperature when studied in FBS or in 0.5 M NaCl (������ ��� and ������ ���). 

However, increasing the salt concentration to 3 M and raising the temperature to 37 oC 

(���������') results in rapid aggregation of the PEGylated nanoparticles in agreement 

with the behavior of PEG in aqueous salt solutions.243 This is attributed to the loss of the 

hydration layer at elevated temperature resulting in exposure of its hydrophobic 

character and causing its precipitation. This behavior is not observed for zwitterated 
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silica nanoparticles consistent with the increased solubility of zwitterions at higher ionic 

strength.244 

 

 

   

��������� Turbidimetry at 500 nm and 37 oC showing the effect of: (A) 0.5 M NaCl in 
10 mM phosphate buffer (pH 7.4), and (B) 10% v/v FBS in 10 mM PBS (140 mM NaCl, 
pH 7.4) on the behavior of untreated SiO2 (♦); 1.61 �mol PEG m82 SiO2 (■); and 1.25 
�mol Zwi m82 SiO2 (●). Nanoparticle concentration is 1 wt %.  
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���������� Turbidimetry vs. time at 500 nm showing the effect of temperature on the 
aggregation of: Untreated SiO2 (♦); 1.61 �mol PEG m82 SiO2 (■); and 1.25 �mol Zwi m82 
SiO2 (●) in 3 M NaCl buffered in 10 mM phosphate buffer at pH 7.4. Experiment was 
performed at: (A) 25 oC; and (B) 37 oC. Nanoparticle concentration is 1 wt %. 
 

0.0

0.5

1.0

1.5

2.0

0 4 8 12 16 20 24

A
b

so
rb

a
n

ce

Time (h)

A

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0 4 8 12 16 20 24

A
b

so
rb

a
n

ce

Time (h)

B



 85 

 

���������� Turbidimetry study at 500 nm and 25 oC showing the effect of: (A) 0.5 M 
NaCl in 10 mM phosphate buffer (pH 7.4), and (B) 10% v/v FBS in 10 mM PBS (140 
mM NaCl, pH 7.4) on the behavior of untreated SiO2 (◊),1.61 �mol PEG m82 SiO2 (□), 
and 1.25 �mol Zwi m82 SiO2 (○). Nanoparticle concentration is 1 % w/v. 

 

The in situ adsorption of proteins from a single component medium was followed 

by DLS. Serum albumin, the major component in blood serum, was incubated with 
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nanoparticles at 37 oC. BSA has been reported to adsorb nonspecifically on silica 

surfaces.238,2458246 This adsorption is said to increase circulation time in blood.146 ������

��� shows the hydrodynamic radius of the untreated silica nanoparticles steadily 

increased to ca. 40 nm after 24 h, whereas the size of the coated silica remained 

constant. The DLS showed a small instantaneous drop of about 2 nm in the observed 

Rh due to the contribution of the protein to the overall scattering. Although scattering 

intensity is a strong, nonlinear function of size, DLS is unable to resolve the BSA/silica 

bimodal particle size distribution here with the result that the correlation function is 

interpreted as a slightly smaller particle. A slight increase of radius in the zwitterated 

silica, seen after about 10 h, may reflect adsorption of some BSA after this time. Prior 

work on the adsorption of BSA to bare silica NPs have shown that about half a 

monolayer accumulates irreversibly.246 The Rh for bare NPs drifts up to values 

considerably more than a monolayer, suggesting multilayer adsorption and/or partial 

aggregation for this system. 

Single8component protein systems are not good predictors of protein coverage in 

the blood environment. It has been shown that the composition of the “corona” of 

proteins attaching to nanoparticles does not at all match the plasma composition.148 For 

example, despite the overwhelming prevalence of serum albumin, its surface 

composition on silica NPs immersed in 10% plasma is only 2 % of the total protein 

corona, due to weak interactions, relative to other plasma proteins, with silica.148 Thus, 

lysozyme, a protein known to adsorb strongly to silica, was employed here as an 

example of a strong challenge to the surface passivation chemistry. Silica, negatively 

charged at physiological pH, interacts electrostatically with the positively charged 

lysozyme.  
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��������� DLS study of untreated SiO2 (∆); 1.61 �mol PEG m82 SiO2 (□); and 1.25 
�mol Zwi m82 SiO2 (○) in presence of negatively charged BSA and positively charged 
lysozyme in 10 mM PBS (140 mM NaCl, pH 7.4) at 37 oC. (A) 0.5 wt % nanoparticle 
concentration and 0.1 wt %  BSA, (B) 0.1 wt % nanoparticles and 0.1 wt % lysozyme. 
Error bars are of the same size as the symbols. 
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As expected, the addition of lysozyme to bare silica nanoparticles resulted in a 

rapid increase in measured hydrodynamic radius within minutes, supporting turbidimetry 

measurements and in agreement with previously reported results (Insets in ������

���', and ������ ���).209,239 Functionalization of the silica surface with PEG or 

zwitterion enhanced the particles’ ability to resist protein adsorption. This behavior was 

more prolonged with the PEGylated nanoparticles where adsorption was not observed 

within the experimental time frame, whereas zwitterated nanoparticles increased in size 

about 20 h after lysozyme addition (������ ��� and ������ ���). It should be noted 

however that although the hydrodynamic radius for the zwitterated nanoparticles 

increased after 20 h, their corresponding number distribution revealed that the majority 

of the particles were still in the 17 nm range (���������). The corresponding increase in 

observed size is due to a small fraction of aggregates resulting in higher scattering due 

to the dependence of the intensity of scattered light on the sixth power of size thus 

skewing the reported hydrodynamic radius. For drug delivery, prolonged circulation of 

the vehicle in the blood is desired in order for it to reach its desired target. However, an 

efficient clearing mechanism is also needed in order to avoid any side effects that might 

arise due to the presence of the nanovehicle.247 A delicate balance between the above 

factors is hence required to ensure safe application of nanomaterials. The increase in 

size after 20 h may therefore be beneficial for the clearance of the particles from the 

system after desired targeting has been achieved. Such delayed destabilization is a 

(fortuitous) example of “programmed” loss of biocompatibility or circulation.  
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��������� DLS study of 1.61 �mol PEG m82 SiO2 (□); and 1.25 �mol Zwi m82 SiO2 (○), 
in the presence of 0.1 % v/v lysozyme in 10 mM PBS (140 mM NaCl, pH 7.4) at 25 oC. 
Inset shows the hydrodynamic radius of untreated silica nanoparticle under the same 
conditions. Nanoparticle concentration is 0.1% v/v. 
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��������� Hydrodynamic radius distribution of 0.1% w/v nanoparticle in the absence 
(a,c,e) and presence (b,d,f) of 0.1% w/v lysozyme in 10 mM PBS (140 mM, pH 7.4) at 
37 oC. (a,b) Untreated SiO2, (c,d) and 1.25 �mol Zwi m82 SiO2, and (e,f) 1.61 �mol PEG 
m82 SiO2. Distribution data corresponds to 30 min, 23h, and 24h after lysozyme addition 
for untreated, zwitterated, and PEGylated SiO2 respectively. 
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Finally, we compared the two siloxanes on planar substrates in a more classical 

protein adsorption experiment. Silicon wafers treated with either SBS or PEG siloxane, 

were immersed in 0.1 wt % BSA or lysozyme at 25 or 37 oC for different time intervals. 

As a control, a clean unmodified wafer was used. At both temperatures studied, the 

untreated silicon wafer showed rapid increase in thickness of around 20 Å after 1 min of 

dipping and either continued to gradually increase in thickness or remained constant 

depending on the temperature. PEGylated and zwitterated surfaces on the other hand 

showed little to no increase in thickness (��������	� and ��������		) indicating no 

adsorption or sub monolayer coverage. These are in agreement with previous 

adsorption studies on similar surfaces where less than 3% of monolayer coverage has 

been reported.158,248 The contact angle before and 30 min after dipping was also 

measured to detect any changes. The untreated silicon wafer showed an increase from 

0o to 35 ± 5o in BSA and 45 ± 5o in lysozyme, whereas that of PEGylated and 

zwitterated surface remained unchanged (< 5o for zwitterated and 40 ± 3o for 

PEGylated). Contact angle thus correlates well with the results obtained from 

ellipsometry confirming the absence of adsorption on PEGylated or zwitterated 

surfaces. 
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��������	� Adsorption of BSA (A), and lysozyme (B), from 0.1 wt % solution in 10 mM 
PBS (140 mM NaCl, pH 7.4) at 37 oC onto untreated (♦), PEGylated (■), and 
zwitterated (●) silicon wafer. 
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��������		 Adsorption of BSA (A), and lysozyme (B), from 0.1% w/v solution in 10 
mM PBS (140 mM NaCl, pH 7.4) at 25 oC onto untreated (◊), PEGylated (□), and 
zwitterated (○) silicon wafer. 
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Adsorption occurs if the total free energy of the system is reduced. The enthalpic 

contribution to the adsorption of lysozyme or BSA onto silica has been reported to be 

positive indicating that the process is driven by entropy.2368237,249 Hydrophobic 

dehydration of the sort reported for polystyrene cannot be adopted for the hydrophilic 

silica surface, and thus other factors should come into play to account for adsorption. 

BSA is a “soft” protein and its adsorption is thus facilitated, to a certain extent, by 

conformational changes.250 The extent of conformational changes in lysozyme, a “hard” 

protein, is reported to be low223,251 and the entropy gain due to this process cannot be 

enough to drive the adsorption process. The adsorption is thus mainly explained in 

terms of electrostatic attraction between the oppositely charged surfaces, a process that 

should be exothermic. 

In order to explain the highly effective resistance to protein adsorption for both 

PEG8 and zwitterion8 modified surfaces we adapt some of the ideas behind the 

complexation of proteins with charged polymers, where the driving force for association 

has been proposed by some to be the release of counterions.233,2528254 The negative 

surface charge of silica surface is counterbalanced by cations (e.g. Na+). While the net 

charge of the protein can be positive or negative, different charged patches, with their 

corresponding counterions, exist within the protein and are thought to play a role in the 

adsorption of a protein to a surface baring the same net charge.2558256 As shown in 

������ ��	�, the adsorption of a positive protein, or positive patch of a net negative 

protein, results in the formation of an ion pair and the release of counterions. Each ion 

pair formed releases two counterions. As we described recently,257 ion pair formation as 

the driving force for an athermal or net endothermic complexation between polymers of 

opposite charge also involves the release of water molecules. Roughly speaking, the 

net entropy gain would be kT for each ion or water molecule released. For a neutral 

surface, such as a zwitterion or PEG moiety, the surface charge is internally balanced 

(zwitterion) or neutral (PEG) and the formation of an ion pair with the adsorbate is 

unlikely since no ions are available for release from the surface.   

Kane et al. reported that zwitterionic surfaces adsorb little protein at low salt 

concentration but are completely repellent at high salt concentration.158 They also 



 95 

reported that zwitterionic surfaces made of mixed SAMs were resistive at all ionic 

strengths studied. For SAMs carrying the zwitterionic character on the same molecule, a 

slight variation of charge ratio due to impurities will lead to charge accumulation on the 

surface and consequent adsorption at low ionic strength, as supported by Chen et al. 

who observed the effect of charge imbalance of phosphorylcholine SAMs on the 

adsorption behavior.258 A similar rationale applies for PEG surfaces. Pasche et al., who 

studied the interfacial forces between PEG8g8PLL adlayers on a Nb2O5 surface and 

proteins using colloidal8probe AFM,2598260 found that at low surface density the surface 

charges “shine through” the PEG layer and strongly repel the probe. Only when the 

PEG surface density and its thickness were large enough to completely encompass the 

electrostatic double layer did the steric effect come into play. 

We believe the major driving force for the resistance of protein on PEGylated 

surfaces is mainly due to the lack of ion release and not to entropy from chain 

compression or restricted mobility. Adsorption is a complex process that involves many 

different interactions contributing to the total net energy. These interactions can be 

divided into two main categories, an ion+coupled and an ion+decoupled interaction. An 

ion exchange process like the one described above is basically an ion8coupled 

mechanism that involves the entropic release of ions and their corresponding water 

molecules. On the other hand, the ion8decoupled mechanism is a non8ionic interaction 

dictated by other kinds of molecular forces such as hydrogen bonding, dipole8dipole, 

and Van der Waals interactions. “Hydrophobicity” is a complex process that should be 

analyzed in terms of the ion8coupled interaction that involves the loss of water 

molecules as a result of ion pair formation, and the ion8decoupled process that involves 

restructuring of the water molecules to reduce the interfacial free energy as the 

hydrophobic portion of the protein adsorbs to the hydrophobic surface. The latter 

interaction should be exothermic.  

There is a “steric” component to ion8coupled adsorption. This is best observed for 

zwitterated particles that still possessed a negative surface (i.e. particles prepared at 

room temperature as shown in ������
��). In this case, zwitteration of the particles did 

not suppress the negative surface charge, however, effective resistance to protein 

adsorption was still observed.239 We believe that the surface charge in this case is 
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blocked for steric reasons, and therefore the protein is unable to effectively approach 

the surface ions to form an ion pair and induce the entropic release of counterions. 

 

 

 

��������	� Cartoon for the ion8coupled adsorption mechanism of a protein with a net 
positive charge onto a negatively charged hydrophilic substrate. Upper: The adsorption 
of protein is facilitated by the release of counterions and formation of ion pairs between 
the sorbent and the adsorbate. Lower: Neutral surface (zwitterion or PEG) has no 
surface ions associated with it. The binding of protein to the surface will not result in a 
net increase in entropy due to counterion release and thus adsorption is not preferred. 
Note that some of the charge is still associated with the original surface but is 
inaccessible due to a steric barrier. 

 

 

The diagram in ��������	� illustrates this concept. In other words, the “steric” 

role of adsorbed neutral barriers is to prevent access to, and release of, surface8bound 

counterions by ion pair formation. The final role of neutral, hydrophilic protein8resistant 

coatings is to minimize ion8decoupled hydrophobic interactions. PEG fails to prevent 

aggregation at 37 oC (���������) probably because the chains are dehydrated due to 
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the higher temperature (PEG exhibits a LCST) and the dehydrating effect (via osmotic 

pressure) of the 3 M NaCl. 

Some rough estimates of ion8coupled driving forces available for protein 

adsorption may be made, starting with the condition that T∆S must be larger than ∆H for 

adsorption. Focusing on one adsorption site; each ion pair formation results in an 

entropy gain of kT for each ion or water molecule released. While the number of ions 

released is 2 for Na+ and Cl8 as participating counterions, the number of water 

molecules released, OHz �
, is less clear. In the association of sulfonate and amino or 

quaternary ammonium sites on polyelectrolytes we found OHz �
 to be about 4.257 The 

total energy available per m2 is  

Ψ+=� kTzST OH ��#
�             

[4.1] 

where Ψ is the charge density of the surface (m82).  

Equation 4.1 can be compared to data on BSA adsorption. Typical coverages for 

BSA adsorbed on silica at 25 oC and pH 7 are in the range of 0.8 – 1.5 mg m82 

depending on the buffer and ionic strength.238,245,261 Assuming 1 mg m82 and an enthalpy 

of +47 J g81 protein as reported by Kulikova et al.237, the enthalpic contribution per m2 is 

+47 mJ m82. If we assume 2 ions and 4 water molecules are released on adsorption to a 

site, the entropic gain is 6 kT per site or 119 mJ m82 assuming a surface charge density 

for silica of 8 �mol m82 at pH and 25 oC.212 Thus the adsorption of a positive patch of 

BSA onto the negatively charged silica surface is favorable with an adsorption free 

energy of –72 mJ m82. If we assume that the zwitterion or PEG gives monolayer 

coverage (a better assumption for the zwitterion siloxane than for the PEG siloxane, see 

���������) and we define critical coverage Γc as the fraction of a full monolayer needed 

to prevent adsorption via an ion8coupled mechanism, then 

adscOH HkTz �=Γ−Ψ+ ��#��#
�

           [4.2]  

Equation 4.2 assumes no contribution from solution ions to the overall energy 

balance. While the ionic strength of the medium is usually maintained at physiological 

conditions (e.g. 0.15 M NaCl), additional salt works to decrease the adsorption driving 

force (or to lower the amount of siloxane surface coverage required) via the ion8coupled 

mechanism. This effect has been observed.254 
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A comparison between PEGylated and zwitterated surfaces was performed at 25 

and 37 oC in different salt concentrations using two model proteins. At planar surfaces 

no evidence was seen for protein adsorption at either surface. For nanoparticles, 

PEGylation stabilizes the particles in salt solutions as long as the temperature is below 

a lower critical solution temperature. In contrast, zwitterated surface are stable 

regardless of the temperature and salt concentration. Both zwitterated and PEGylated 

nanoparticles were also found to resist aggregation in the presence of serum. DLS 

showed that, when exposed to lysozyme, zwitterated nanoparticles are stable for ~20 h 

after which the hydrodynamic radius starts to increase, whereas PEGylated 

nanoparticles resist adsorption for longer periods.  As with oligomeric PEGs, zwitterions 

are short molecules which cannot suffer the reduction of degrees of freedom on protein 

adsorption (“entropic penalty”). The mechanism of protein resistivity is believed to be 

due to the absence of counterion release which would otherwise result in an entropy 

gain. If the enthalpy of adsorption is positive, only a fraction of the charge on the surface 

needs to be removed to decrease the entropic gain enough to prevent adsorption. 
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Interest in iron oxide nanoparticles stems from their unique properties and their 

applications in the different fields of science. By selectively tuning their size, shape, or 

aspect ratio, one can successfully control the magnetic susceptibility as well as the 

coercivity of the system.2628264 This fine tuning finds mass applications in data storage, 

catalysis, and in biotechnology and biomedicine.2658270 Detection, cell sorting, and 

diagnosis using iron oxide nanoparticles have been reported viable in 

biotechnology.132,1398140,2718272 However, their potential use as contrast agents in 

magnetic resonance imaging (MRI) or as magnetic fluids for hyperthermia treatment 

continues to be the driving force for their miniaturization and surface chemistry 

manipulation.273  

Superparamagnetic nanoparticles enhance contrast in MRI by reducing T1 and T2 

water proton relaxation times.87,2748275  Gadolinium based complexes are most widely 

used as positive contrasts (T1 weighted images) due to their favorable electronic 

properties.2768277 On the other hand, iron oxides are better suited as negative contrast 

agents as they have a much greater effect on T2 relaxation, although a few have been 

reported with better T1 contrast.2788280 Some of the major drawbacks of current contrast 

agents are associated with toxicity; in the case of Gd ion, and size limitation in the case 

of iron oxides, making the later good for lymph node imaging but not useful for specific 

targeting.273 

Iron oxides are deemed biocompatible and relatively non8toxic, and certain 

formulations have been approved for in vivo applications by the FDA.268,273 The latter 

requires excellent control over the surface chemistry to avoid opsonizaiton and 

subsequent early elimination from the body by the reticuloendothelial system 

(RES).146,155,273 In addition, binding of ligands for specific targeting is also desired. 
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Ultrasmall nanoparticles (< 5 nm) provide the added advantage of eliminating the 

particles through renal filtration, thus reducing toxicity arising from prolonged 

exposure.201,205,273,281 An adequate balance between circulation and clearance times is 

thus achieved by controlling the physicochemical properties of the nanoparticle.146,282 

Synthesis of aqueous iron oxide nanoparticles involves the co8precipitation of iron salts 

in the presence of a base.99,283 A peptization step then follows to obtain the colloidal 

solution. This involves the addition of certain ligands or counterions such as 

tetramethylammonium chloride or perchloric acid resulting in aqueous magnetic sols in 

the size range of 10 to 40 nm (depending on the initial concentration of Fe2+ to Fe3+) to 

make them stable in basic or acidic media respectively.99,283 These sols, however, lack 

stability in the pH range 5 to 9,99,284 thus making them unsuitable for biological 

applications without further modification. Of the different synthetic approaches reported 

to control size and polydispersity, hydrolysis of metal precursors in organic solvent is 

the most popular.69,1008101,103 Transfer to aqueous media, however, requires 

cumbersome procedures where the hydrophobic ligands are exchanged or a proper 

coating is implemented.102,1058107 Current marketed MRI contrast agents use polymeric 

materials, such as dextran, to alleviate some of the problems and achieve 

biocompatibility. However, this is always accompanied by an increase in particle size 

from 15 nm to more than 50 nm.268,273 Alternative coatings such as PEG,107,2858286 

peptides,2878288 proteins,2898290 or other biocompatible molecules have been reported,2918

292 yet silica remains the most suitable system as it provides known surface chemistry, 

biocompatibility, as well as colloidal stability by reducing interparticle interactions.195,2938

295  

Silica shell formation is performed ex+situ either through the well known Stober 

method involving the hydrolysis of tetraethylorthosilicate (TEOS) and its subsequent 

condensation onto the iron core,279,2958297 or through the addition of silylating agents 

such as aminopropyltriethoxysilane (APTES) that provides a functional moiety for 

further conjugation.294,2988299 In both cases, the final size of the particle is defined by the 

core size, dictated through synthesis, and the shell thickness adjusted by the amount of 

silane added. To the author’s knowledge, only Mohapatra et.al. reported the concurrent 

core/shell iron oxide/silica synthesis by controlling the ratio of the APTES to iron salts 
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during synthesis.300 In the latter case, the hydrodynamic size of the nanoparticles varied 

from 80 to 330 nm. 

In chapters 3 and 4, the synthesis of sulfobetaine siloxane, SBS, which reduces 

non8specific adsorption of proteins onto solid interfaces in biomemtic media was 

presented. In this chapter SBS is utilized to synthesize silica coated iron oxide 

nanoparticles of effective size ranging from 5.8 to 35 nm in hydrodynamic diameter by 

changing the concentration of SBS added prior to iron salts precipitation. The current 

method has the advantage of producing small, stable, and biocompatible monodisperse 

iron oxide nanoparticles in one easy step. 

����:8����9�#����,�+�� #�

����	�5�������)�

(N,N8dimethyl838aminopropyl)trimethoxysilane from Gelest was stored under Ar, 

and used as received. Ferric chloride hexahydrate (ACS grade) was from EMD 

chemicals. Iron (II) chloride tetrahydrate, 98% was from Alfa8Aesar. Fetal bovine serum, 

FBS (VWR), was stored at 820 oC. Bovine albumin, fraction V (BSA, Sigma8Aldrich, 

99%) was stored at 4 oC. Ammonia 28830% (ACS reagent) was from Sigma Aldrich. 

Sodium phosphate monobasic (ACS grade), sodium phosphate (ACS grade), sodium 

acetate tryihdrate (certified ACS crystal), formic acid 89% (certified ACS), acetic acid 

glacial (ACS reagent), sodium bicarbonate (certified ACS), NaCl (ACS grade), and 1810 

phenanthroline monohydrate were from Fisher Scientific. Propane sultone was obtained 

from TCI America. Spectra/Pro dialysis tubing (MWCO 3 500) was from VWR. 

������,*#���)�)� ��>!������ #�,�� 8�#��

The zwitterion siloxane 38(dimethyl(38(trimethoxysilyl)propyl)ammonio)propane818

sulfonate (sulfobetaine siloxane or SBS, 329.5 g mol81) was synthesized as described in 

chapter 2 using (N,N8dimethyl838aminopropyl)trimethoxy silane and propane sultone 

under inert conditions.  

Nanoparticle Synthesis. Iron oxide nanoparticles were synthesized according to a 

modified Massart method as described below.99  Zwitteration of the nanoparticles was 



 102 

achieved either in situ or post8synthesis. In both cases, peptization steps were 

eliminated and particles were directly stabilized by the sulfobetaine siloxane. 

Post+synthesis zwitteration. 4 mmol of FeCl3 in H2O and 2 mmol FeCl2 dissolved 

in 2 M HCl were mixed with a magnetic stir bar, followed by the addition of 50 mL of 0.7 

M NH4OH. Addition of ammonia resulted in a black precipitate. 5 mmol of SBS solution 

was added directly into the reaction flask and stirred vigorously. The latter step reversed 

the precipitation process allowing the particles to redisperse into the solution. The whole 

mixture was then heated at 80 oC for 6 h. After cooling to rt, ethanol was added to the 

aqueous reaction medium (EtOH:H2O 3:1), and the particles were collected 

magnetically. Several washing and collecting steps were followed using ethanol. The 

particles were dried under N2 and stored. 

In situ zwitteration. In situ zwitteration was performed in a similar manner to post8

synthesis zwitteration with few adjustments. To the iron salts mixed according to the 

above ratio, 50 mL of different molar concentrations (50 mM 8 250 mM) of freshly 

prepared sulfobetaine siloxane solution was added as the stabilizing ligand. The 

solution was mixed manually, and 50 mL of 0.7 M NH4OH added in one portion to yield 

a black solution. The latter was covered with a watch glass and immersed into a pre8

heated water bath at 80 oC for 1 h. The effect of increasing the solution heating time on 

the properties of the particles was also studied by heating the solution for 8h at 80 oC. 

All experiments were performed at least three times and results were reproducible. 

Particles prepared under these conditions were very stable. Magnetic collection 

was difficult to achieve as the effective size decreased. Particles were therefore 

dialyzed against salt solution to remove unreacted siloxane. The presence of salt was 

essential to prevent particle aggregation. This behavior has been reported for 

zwitterated gold nanoparticles and for zwitterionic polymers.167,301 Particles were first 

dialyzed against 0.1 M NaCl for 24 h, followed by 10 mM NaCl for 2 days, lyophilized 

and stored. For phase identification and magnetization measurements, particles were 

further dialyzed against 18 M� H2O for an additional 2 days. For comparison purposes, 

untreated nanoparticles were prepared in a similar manner without SBS. In this case, 50 

mL of water was used instead of the SBS solution. The precipitate was then collected 

magnetically, washed 3 times with water then dried under N2. 
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Particle Characterization. Dynamic light scattering (DLS) was used for particle 

sizing. Dried particles were dispersed in 10 mM PBS (140 mM NaCl, pH 7.4) and 

pumped through the flow cell at a flow rate of 10 mL h81. Sizing was performed with 

Wyatt QELS collecting at 108o to the incident 690 nm laser beam in a Wyatt DAWN 

EOS instrument with a 2 s collection interval and analyzed with ASTRA 5.3.4 software. 

All data are reported as hydrodynamic diameter unless otherwise mentioned. 

Diffuse Reflectance Infrared Fourier transform (DRIFT) and Thermogravimetric 

analysis (TGA) were used to verify the presence of sulfobetaine siloxane on the surface. 

DRIFT spectra were collected on ground nanoparticles mixed with KBr under N2 using a 

Nicolet Avatar 360 FTIR with a DTGS8KBr detector. 1000 scans were performed on 

each sample at 4.0 cm81 resolution, and spectra were referenced against a KBr 

background. TGA was performed with SDT Q600 (TA Instruments) under N2 flow rate of 

100 mL min81. The temperature of the oven was ramped to 105 oC and held for 20 min 

to ensure desorption of adsorbed water, after which the temperature was ramped to 600 
oC at a rate of 10 oC min81. TGA was performed on hydrolyzed SBS, zwitterated iron 

oxide nanoparticles, and control (non8zwitterated) sample. 

Powder X8ray diffraction was performed with Siemens D500 diffractometer with a 

Ni8filtered non8monochromated source and a graphite diffracted beam monochromator. 

1o divergence apertures and 0.15o receiving apertures were used. Data were analyzed 

with Jade 7 software. The crystallite size was calculated by fitting the data to a 

Gaussian distribution and applying the Scherrer equation for the (311) diffraction peak. 

TEM images were acquired on a JEOL82010 high resolution TEM operated at 

200 kV. Particles were dispersed in water at a concentration of 5 mg mL81 and 5810 �L 

were dispensed on carbon coated 300 mesh Cu grids (CF3008Cu from Electron 

Microscopy Sciences).  

Magnetic characterization of the different iron oxide nanoparticles was performed 

in a Quantum Design MPMS SQUID magnetometer. Magnetization versus applied field 

(B vs H) curves were conducted at 298 K under a maximum applied field of  ± 70 kOe. 

Zero8field8cooling (ZFC) and field8cooling (FC) magnetization curves were measured at 

100 Oe in the temperature range 58300 K. All magnetization values were normalized to 

the mass of the iron oxide core calculated from TGA. 
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MR images were acquired with an 11.75 T vertical magnet having a bore 

diameter of 89 mm and equipped with a Bruker Avance console and Micro2.5 gradient 

system (Bruker Biospin, Billerica, MA). A 10 mm Bruker birdcage coil, tuned to a proton 

(1H) resonance frequency of 500 MHz, was used to image all samples. Measurements 

were performed to quantify R1 and R2 relaxation for each sample. Common acquisition 

parameters for all sequences included: matrix = 128 x 128, BW = 75 kHz, FOV = 8.5 x 

8.5 mm, slice thickness = 1.0 mm and 2 averages. For R1 and R2 measurements, a 

single slice 2D spin8echo (SE) sequence was used with eight incrementing repetition 

times (TR = 25815000 ms) and 13 incrementing echo times (TE = 88104 ms) for each 

respective contrast weighting.  Magnitude images were analyzed using Regions of 

Interest (ROIs) drawn to cover each individual sample as well as a noise ROI for 

baseline corrections. The ROI signal intensities were fitted by non8linear regression 

using the Levenburg8Marquadt algorithm in SigmaPlot 7.101 (SPSS Inc, Chicago, IL). 

For R2, a single exponential decay function with baseline adjustment was employed 

while a single exponential growth with baseline adjustment was applied for R1. All 

regressions are fitted with a noise baseline to account for the rectified noise of 

magnitude images. Relaxation data then were plotted against the iron concentration and 

fitted with a linear algorithm to calculate the slope of linear regression to provide the 

effective relaxivity (r1 andr2) of each measurement. 

Iron concentration was determined spectrophometrically. Nanoparticles were 

digested in 1 M HCl. Aliquots were then reduced with 10% w/v hydroxylamine 

hydrochloride and complexed with 0.3% w/v o8phenanthroline. The pH of the solution 

was adjusted with 2 mL of 10% w/v sodium acetate to yield a red solution that absorbs 

at 510 nm.168 A calibration curve was constructed from pure Fe metal pieces.  

The effect of pH on the stability of the particles was studied with turbidimetry by 

dispersing the particles in the proper buffer at a final concentration of 0.5 mg mL81 and 

measuring the absorbance as a function of time. 10 mM acetate, formate, carbonate, 

phosphate, or ammonia buffer were used for pH 4,5,6,7, and 9 respectively. All buffers 

were prepared with 150 mM NaCl. Measurements were performed at 25 oC. In a 

separate experiment, 1 mg mL81 zwitterated iron oxide nanoparticles were incubated 
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with 50% v/v FBS in 10 mM PBS (140 mM NaCl, pH 7.4) at 37 oC to check for stability 

under biomimetic conditions. All turbidity measurements were performed at 700 nm. 

Lack of protein adsorption on the surface of zwitterated nanoparticles was 

followed with DLS. 1% w/v of 6.6 nm particles were incubated with 10% w/v BSA (14 x 4 

x 4 nm3)240 in 10 mM PBS at 37 oC for 3 h. Measurements were then conducted as 

explained earlier for particle sizing. 

��
���)���)��#&�%�)+�))� #�

The synthesis of zwitterated iron oxide nanoparticles was achieved by a modified 

Massart method99 by the addition of sulfobetaine siloxane either post8synthesis or 

before co8precipitation of iron salts (in situ). The dried zwitterated nanoparticles were 

easily dispersed in phosphate buffer (140 mM NaCl, pH 7.4). Dynamic light scattering 

was used to characterize the size of these particles and polydispersity. Post8synthesis 

addition of zwitterion siloxane resulted in a polydisperse system with particle size 

varying from batch to batch and ranging from 28 to 48 nm in hydrodynamic diameter 

(������ ��	�). Alternatively, particle size for samples zwitterated in situ varied as a 

function of added sulfobetaine siloxane. The “effective” hydrodynamic diameter of the 

particles decreased as the concentration of sulfobetaine siloxane increased (������

��	�A�). At lower sulfobetaine siloxane concentrations (508100 mM), the hydrodynamic 

radius decreased rapidly with increasing concentration. This decrease becomes less 

apparent as the concentration approaches 100 mM where the hydrodynamic radius 

changes from 8.2 nm to 5.8 nm (± 0.2 nm) over the 1008200 mM region.  A closer look 

at the size distribution of these samples shows that the increase in the effective 

hydrodynamic size of these particles is a result of the polydispersity of the system as 

can be inferred from the intensity distribution and number distribution (��������	+/�). 

As the sulfobetaine siloxane concentration increases, the distribution becomes 

narrower. Decreasing the sulfobetaine siloxane has a more pronounced effect on the 

intensity distribution thus leading to a higher effective hydrodynamic size since the 

former scales with the sixth power of size. This has been supported by TEM images 

where some fusion of particles is observed (���������). Decreasing the concentration 
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of sulfobetaine siloxane solution below 50 nm resulted in aggregation and precipitation 

of particles, whereas increasing the concentration beyond 200 mM did not result in 

further reduction in particle size. In fact, in certain cases, further increase in added 

sulfobetaine siloxane concentration beyond 250 mM resulted in increasing the 

polydispersity of the system. 

 

 ��������	 (a) Hydrodynamic diameter for particles prepared in the presence of 

different molar concentrations of sulfobetaine siloxane. (b) Collected and fitted 

correlation function for the measured sizes in (a); 5.8 nm (circles), 12.6 nm (diamonds), 

and 35 nm (triangles). (c8e) Intensity distribution (black) and number distribution (grey) 

for the correlation function shown in (b). (f) Intensity distribution (black) and number 

distribution (grey) for iron oxide nanoparticles zwitterated post8synthesis. 
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For samples prepared in situ, the initial solution was black. However, a brown8red 

color started to develop as the reaction cooled to rt. This is attributed to magnetite 

oxidation to yield maghemite. Inert conditions (deoxygenated solutions) did not slow 

down this transformation.  

 

 

  

���������� TEM images for iron oxide nanoparticles zwitterated in situ in the 
presence of 50 mM sulfobetaine. Scale bar: 20 nm (left) and 5 nm (right).� Few �L were 
dispensed on carbon coated 300 mesh Cu grids and imaged with JEOL82010 operating 
at 200 kV.  

 

 

Powder X8ray diffraction was used to validate the formation of maghemite. A non8

zwitterated sample was prepared in this case to act as a control and a reference. pXRD 

of non8zwitterated sample (������ ��
�) shows a set of peaks in the 30880o range 

indexing to the inverse spinel structure of maghemite or magnetite. Peak broadening is 

observed in this case due to the small size of these nanocrystals as particles prepared 

according to this method are reported to have an average diameter of 12 nm,85,99 in 

agreement with the 12 ± 2 nm crystallite size calculated using Scherrer equation from 

(311) diffraction peak. 



 108 

The addition of sulfobetaine siloxane solution to particles precipitated according 

to the Massart method (post8synthesis zwitteration) resulted in a similar diffraction 

pattern as the non8zwitterated sample (��������
�). However, the peaks suffered from 

further broadening and noisier background due to the amorphous silica layer. This has 

prohibited accurate calculation of the crystallite size. The Scherrer equation in this case 

is used to get a rough estimate of the crystallite size which is calculated to be ca. 3.3 

nm. This is much smaller than the size calculated from DLS (Dh = 28 to 48 nm) due to 

the large polydispersity of the system which skews the hydrodynamic size. The 

broadening effect was also observed for in situ samples indicating their nano8crystalline 

nature (��������
+A&�. In the latter case, the crystallite size was roughly calculated to 

be 3.0 nm and 1.6 nm for particles prepared with 50 mM sulfobetaine siloxane (Dh = 35 

nm) and 200 mM sulfobetaine siloxane (Dh = 6.6 nm) respectively. Although such 

differences between the hydrodynamic size and the crystallite size have been 

reported,137,300 the absence of clear crystalline features in TEM suggests that the 

particles in this case consist of a very small crystalline maghemite core surrounded by 

an amorphous shell of iron oxide and silica. This is further supported by SQUID data 

(see below) where increasing the heating time during synthesis increases the 

magnetization value which can be attributed to iron oxide annealing.3028303 The 

diffraction pattern along with the color of the particles suggests the formation of Fe2O3 

particles. 
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��������
� Powder X8ray diffraction of: (a) Non8zwitterated iron oxide nanoparticles, 
(b) Post8synthesis zwitterated, (c) In situ zwitterated (50 mM sulfobetaine siloxane), and 
(d) In situ zwitterated (200 mM sulfobetaine siloxane). The diffraction pattern indexed to 
the inverse spinel structure of maghemite. 
 

 

DRIFT spectra and TGA proved the presence of sulfobetaine siloxane on the 

surface of these particles. FTIR spectrum of the control sample shows a set of broad 

and unresolved peaks in the range 5008640 cm81 with a shoulder at 725 cm81 which are 

attributed to Fe8O lattice vibrations of magnetite or maghemite (������ ���).304 The 

presence of sulfobetaine siloxane was confirmed by the absorption bands at 1040 cm81 

and 1200 cm81 which are attributed to the sulfonate stretching vibrations, in addition to 

the peaks at 1420 cm81 corresponding to Si8O8C, 1490 cm81 attributed to –CH2 

scissoring, and the 8CH2 stretching vibrations in the 290083050 cm81 region (���������). 

For comparison purposes, the FTIR spectrum of sulfobetaine siloxane monomer is also 

shown.  
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���������� DRIFT spectra of (a) Non8zwitterated, (b) Post8zwitterated, and (c) In situ 
zwitterated (200 mM sulfobetaine siloxane) iron oxide nanoparticles. (d) FTIR spectrum 
of non8hydrolyzed SBS. Spectra were at 4.0 cm81 resolution. 
 

 

TGA runs on zwitterated samples show a weight loss in the temperature range 

2208400 oC in agreement with the weight loss for the hydrolyzed sulfobetaine siloxane 

monomer in this region (���������). The percent weight loss varied from one sample to 

another depending on the size of the particle, and ranging from 27% loss for 5.8 nm 

particles, to 20% loss for 35 nm particles. The percent loss for particles zwitterated post8

synthesis was ca. 26%, whereas a minimal weight loss was observed for the non8

zwitterated sample over the entire temperature range. Taking into account the small 

weight loss of non8zwitterated sample, and the fact that 31.5% of the monomeric 

sulfobetaine siloxane remains intact after TGA, one can estimate the size of the iron 

oxide core and the thickness of the sulfobetaine siloxane shell for spherical particles 
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with a size obtained from DLS.  Assuming the density of the iron oxide core to be similar 

to bulk maghemite (4.88 g cm83), and a density of 1.1 g cm83 for the sulfobetaine 

siloxane shell, a particle with a hydrodynamic diameter of 5.8 nm should have a core 

diameter of 3.8 nm and a shell thickness of 1.0 nm. The shell thickness is slightly less 

than the calculated length of sulfobetaine siloxane (1.3 nm) suggesting that the siloxane 

does not branch out from the surface. 

 

 

   

���������� TGA of (a) Non8zwitterated, (b) In situ zwitterated with 50 mM sulfobetaine 
siloxane (“35 nm”), (c) Post8synthesis zwitterated, and (d) In situ zwitterated with 250 
mM sulfobetaine siloxane (5.8 nm). TGA for the hydrolyzed sulfobetaine siloxane 
monomer is also shown (dashed line, right axis). 

 

 

The magnetic properties of the zwitterated iron oxide nanoparticles were tested 

with SQUID.���������� shows the field dependent magnetization at rt of the different 

iron oxide nanoparticles. The absence of hysteresis confirms the formation of 

superparamagnetic nanoparticles. Non8zwitterated samples reach a saturation 

magnetization of 78 emu g81 in agreement with that reported for bulk maghemite.85 Upon 
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zwitteration, a drop in the magnetization values are observed, but the samples do not 

seem to saturate even at high applied field. Interesting enough, the magnetization 

behavior of the post8zwitterated iron oxide is similar to that zwitterated in situ with 50 

mM sulfobetaine siloxane (corresponding to the largest effective hydrodynamic 

diameter) with a magnetization value of 41 ± 1 emu g81 at 70 kOe. On the other hand, 

further reduction in the magnetization value to ca. 15 emu g81 at 70 kOe is observed for 

the smallest particle zwitterated in situ with the sample being still far from saturation. 

The drop in magnetization value is attributed to the diamagnetic coating on the surface 

of the particles and to the reduction in particle size due to a non8collinear spin 

arrangement at or near the surface.262,3058306 It has been argued that the distribution of 

cationic vacancies in the maghemite structure becomes less ordered as the particle size 

decreases leading to some degree of spin canting across the particle volume 

accompanied by a spin glasslike surface whose contribution becomes more apparent as 

the particle size is decreased, causing the saturation magnetization to decrease (see 

���������).262 A zwitterated nanoparticle of 5.8 nm hydrodynamic diameter consists of 

3.8 nm iron oxide (see TGA analysis above). Assuming a spin canted layer of 0.9 nm,306 

then 89.4% of the spins is canted resulting in reduced magnetization.  Such effect has 

been observed in maghemite nanoparticles.174,262,3078308 

The effect of heating on magnetization is also shown in ����������. Although 

the hydrodynamic size of the particle does not increase, increasing the solution heating 

time to 8 h during synthesis increases the magnetization value for the smallest particle 

from 15 to 21 emu g81 indicating annealing of the iron oxide core. 

Zero field cooling (ZFC) and field cooling (FC) for samples zwitterated post8

synthesis or in situ is shown in ���������. The irreversibility temperature at which the 

ZFC and FC curves diverge (Tirr) corresponds to the blocking temperature (TB) of the 

largest particle, whereas the maximum in ZFC curve (Tm) corresponds to the average 

blocking temperature through the sample.265,309 In both cases, it can been seen that Tm 

and Tirr are close, occurring at 23 K and 8 K for post8synthesis zwitteration and in situ 

zwitteration respectively. This can be taken as a reporter of interparticle interaction. In 

strongly interacting particles, there is a distinct separation between Tirr and Tm.265,310 

Such a separation is absent in our particles suggesting weak interparticle interactions. 



 113 

This is also supported by the continuously increasing magnetization value of FC curve 

below Tm that would otherwise remain constant in strongly interacting particles.265,311 

The broadening around Tm in ZFC has been attributed to sample polydispersity.265,278,312 

As can be seen in ������ ����, a much narrower distribution is observed for in situ 

zwitteration in comparison to post8synthesis zwitteration in agreement with DLS data. 
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���������� (a) Magnetization data for iron oxide nanoparticles at 298 K: Non8
zwitterated (∆, left axis), Post8synthesis zwitterated (□), In situ zwitterated “35 nm” 
sample (◊), In situ zwitterated 5.8 nm sample (○), and in situ zwitterated 5.8 nm sample 
heated at 80 oC for 8 h (●). (b) Magnetization data from (a) in the range +1 to 81 kOe 
confirming the absence of coercive field in accordance with superparamagnetic 
behavior. 
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���������� Illustration of the spin canting effect in the zwitterated iron oxide 
nanoparticle due to the presence of spin glasslike layer leading to decreased 
magnetization. Canted spins are in bold. The graph is not to scale. 
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���������� (a) FC8ZFC magnetization curves at H = 200 Oe for iron oxide 
nanoparticles zwitterated post8synthesis (right axis) and in situ (5.8 nm, left axis). (b) 
FC8ZFC data in the range 0850 K. 
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contrast agents. T1 and T2 weighted images were collected in solution and in agarose to 

extract the corresponding relaxation rates. Agarose was chosen to mimic human tissue. 

��������� shows the corresponding weighted images. As can be seen, a good contrast 

is observed at a relatively high concentration of iron. Relaxation rates (r1 and r2) are 

obtained from the corresponding slope of 1/T vs. Fe concentration. The calculated r1 

and r2 are shown in ��������	�. While the relaxation rates are similar in solution or 

agarose (0.4 mM81 s81 for r1 and ca. 5.5 mM81 s81 for  r2), it can be inferred that the 

zwitterated iron oxide nanoparticles act more efficiently as T2 contrast agents. However, 

the relaxation rate is very small in comparison to current marketed contrast agents 

(such as Feridex and Resovist) and other reported iron oxide nanoparticles where r2 

values in the range 100 to 300 mM81 s81 has been observed.19,87,313 This can be directly 

attributed to the low magnetization which is in turn affected by the particle size as 

previously discussed.  
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���������� T18 and T28weighted images of 5.8 nm in situ zwitterated samples in 
solution (upper) and agarose (lower) taken at 11.75 T. A to G correspond to decreasing 
concentration of iron oxide nanoparticles measured in terms of Fe. H and I correspond 
to the buffer and background signals respectively.  
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��������	�� Relaxation rates, r1 (a) and r2 (b), of 5.8 nm zwitterated iron oxide 
nanoparticles in solution (circles) and in agarose (diamonds). 
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latter was achieved by addition of sodium hydroxide to the sample originally buffered at 

pH 5 raising the pH to ~ 9, or by increasing the concentration of sodium chloride to ca. 2 

M in the sample initially buffered at pH 4 (��������		 at t ≈ 44 h). No aggregation was 

observed at pH ≥ 6. Iron oxide is reported to have a pI close to 7 making them unstable 

in neutral pH.99,284 The presence of the zwitterion on the surface of the nanoparticles 

apparently masks the surface hydroxides reducing the surface charge and imparting 

stability in the pH range 689. In addition to being stable under physiological conditions 

the particles also showed enhanced stability in bio8mimetic environment when 

incubated with 50% v/v FBS as shown in ������ ��		. The stability in presence of 

proteins is further supported by DLS where 0.1% w/v of 6.6 nm zwitterated iron oxide 

nanoparticles (chosen to closely match the hydrodynamic diameter of the protein) were 

incubated with 1% w/v BSA in PBS at 37oC for 3 h. ������ ��	� shows the DLS 

intensity distribution and number distribution of the incubated nanoparticles. No 

aggregates were observed after incubation in line with previously published data on 

zwitterated nanoparticles.209,230,239,3148315 A slight increase in the width of the distribution 

was observed, however, and is related to albumin itself as the protein was slightly larger 

than the particles. 
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��������		� Stability study of 5.8 nm zwitterated iron oxide nanoparticles at λ = 700 nm 
as a function of pH or in FBS. (○) 1 mg mL81 of nanoparticle in 50% v/v FBS in 10 mM 
PBS (140 mM NaCl, pH 7.4) at 37 oC. 0.5 mg mL81 of nanoparticle in 10 mM buffer (150 
mM NaCl) at 25 oC: (●) formate pH 4, (▲) acetate pH 5, (□) carbonate pH 6, (∆) 
phosphate pH 7, and  (◊) ammonia pH 9. Increasing the ionic strength or the pH at t ≈ 
44 h reverses particle aggregation. 
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��������	�� DLS intensity distribution (black) and number distribution (grey) of 6.6 nm 
zwitterated iron oxide nanoparticles before (a) and after (b) incubation with 1% w/v BSA 
at 37 oC for 3 h. Nanoparticle concentration was 0.1% w/v in 10 mM PBS (140 mM 
NaCl, pH 7.4). 
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����4 #+��)� #�

The synthesis of bio8compatible zwitterated iron oxide nanoparticles has been 

presented. The synthesis is based on base precipitation of iron salts in presence of 

sulfobetaine siloxane as the stabilizing ligand to yield maghemite nanoparticles. The 

amount of sulfobetaine siloxane was found to affect the polydispersity of the samples 

with the effective hydrodynamic diameter decreasing from 35 ± 4 nm to 5.8 ± 0.2 nm as 

the concentration of zwitterion siloxane increased. The synthesized nanoparticles 

showed low magnetization response with no saturation even at high applied field 

attributed to their small size. Relaxation rates show that the particles can act as T2 

contrast agents at high concentrations. The particles were stable in the pH range 689 

and in bio8mimetic conditions as observed by turbidimetry and DLS in presence of FBS 

and albumin making them suitable candidates for many biomedical applications. 
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This work focused on the preparation of “non stick” surfaces by modifying silica 

nanoparticles with a zwitterion (sulfobetaine) siloxane. TGA and DRIFT confirmed the 

presence of zwitterion siloxane on silica nanoparticles where coverage increases 

initially as the amount of added siloxane increases and eventually saturates at about 2 

�mol zwitterion m82. The addition of zwitterion siloxane to silica surface did not increase 

the hydrodynamic size measured by DLS, and enhanced its stability in high ionic 

strength media. When challenged with lysozyme, a “sticky” protein, zwitterated 

nanoparticles resisted non8specific adsorption and did not aggregate. Direct comparison 

with PEG siloxane revealed that silylation reaction was more controlled with zwitterion 

siloxane yielding monolayer8like coverage in contrast to 3D PEG blanket on the surface. 

While both surfaces were stable at physiological conditions and in serum, increasing the 

salt concentration to 3 M caused aggregation of PEGylated nanoparticles at 37 oC. Non8

specific adsorption studies on PEGylated and zwitterated silica of two different 

geometries (nanoparticle vs. planar) showed that PEG was able to resist adsorption for 

longer periods of times, when tested with albumin and lysozyme, whereas the zwitterion 

adsorbed protein on the nanoparticle surface after ~ 22 h. The short chain of PEG and 

sulfobetaine rules out the entropic penalty associated with chain compression proposed 

for the interaction of proteins with surfaces. Instead, the driving force for adsorption is 

believed to be an ion8exchange process that would liberate surface counterions, an 

entropic factor enough to offset the endothermicity of interaction. The internally charge8

balanced zwitterion and the neutral PEG chain, in addition to reducing the ion8

decoupled interaction (dipole8dipole and hydrogen bonding among others), lack the 

necessary counterions needed to drive the adsorption. 

The resistive property of the sulfobetaine siloxane was also utilized to prepare 

biocompatible and stable iron oxide nanoparticles. Iron oxide nanoparticles were 

zwitterated either post8synthesis or in situ. Post8synthesis zwitteration was based on 
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redispersing iron oxide precipitate without a peptization step, whereas in situ 

zwitteration allowed for the generation of stable iron oxide nanoparticles in the presence 

of sulfobetaine siloxane. While the former case produced a polydisperse system with 

less control over particle size, the latter system resulted in decreased polydispersity with 

increasing concentration of sulfobetaine. The effective hydrodynamic size was also 

dependant on the sulfobetaine concentration used varying from 5.8 to 35 nm in 

diameter. The prepared iron oxide nanoparticles were stable in pH 689, serum, and 

albumin without the need for further modification. Magnetization data confirmed the 

superparamagnetic behavior of the particles but showed low magnetization even at high 

field due to the decreased particle size. This has affected their ability to act as T2 

contrast agents, at low iron concentration, where a low relaxation rate was observed 

from MRI studies.  

�����������%���+�� #)�

This dissertation has focused on zwitteration of nanoparticles for potential use in 

biomedical application such as drug delivery. Successful implementation, however, 

requires detailed studies about the cytotoxicity of zwitterated nanoparticles in 

comparsion to PEGylated ones, the effect of surface chemistry on uptake by different 

cells and tissues, cellular response, and eventually biodistribution and clearance 

mechanism. In the case of magnetic nanoparticles, the low magnetization and 

relaxation rate observed for the zwitterated iron oxide nanoparticles indicate that good 

contrast can be achieved at a relatively high concentration. This then requires a dose8

dependent study to elucidate the minimal concentration that can used to obtain contrast 

without inducing a toxic response. Alternatively, the performance of zwitterated iron 

oxide nanoparticles can be improved by the inclusion of manganese ions during or post8

synthesis to enhance the proton relaxation rate.  

Magnetic nanoparticles are used as hyperthermia agents where heat generation 

can be generated in the vicinity of surface upon exposure to electromagnetic 

radiation.2698270 This can be used in cancer treatment to locally heat and destroy the 

tumor mass, or in neurodegenerative diseases treatment to induce dissolution of 
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amyloid fibrils whose aggregation is believed to be responsible for Alzheimer’s 

disease.3168317 It is therefore of interest to study the hyperthermia effect of the 

zwitterated nanoparticles. In one approach, a cancer drug can be loaded onto the 

surface of the zwitterated iron oxide nanoparticles in addition to a targeting ligand. Upon 

reaching its desired target, the drug can be released into the media by hyperthermia 

effect thus locally killing abnormal cells. 

Spatial organization of nanoparticles over multiple length scale is an attractive 

field for the generation of nanoparticle based functional devices.318 The non8interacting 

nature of the prepared nanoparticles can be used for the preparation of nanostructured 

materials. For example, composite materials of polymer complexes with inorganic 

nanoparticles homogenously dispersed in the polymer matrix can find applications in 

sensors, photovoltaics, and plasmonics among others. The absence of interaction 

between the zwitterated nanoparticles and the oppositely charged polymers, in addition 

to their stability under different ionic strength, would avoid aggregation of these 

particles. The aggregation causes the particles to be either distributed inhomogenously 

in the complex or segregated, therefore preventing precise control over the properties of 

the material from batch to batch. Zwitterated nanoparticles can avoid this 

inhomogeneity, allowing controlled variation of loading into the complex and thus 

varying the mechanical properties of the composite in a systematic way. 
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