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ABSTRACT 

 

Primarily concerned with manipulation and study of matter at the nanoscale, the 

concept of nanoscience encompasses ideas such as nanomaterial synthesis, 

characterization, and applications to modern scientific and societal problems. These 

problems encompass a broad range of issues such as energy storage and conversion, 

medical diagnostics and treatment, environmental remediation and detection, carbon 

economy and as well as many others. Silica nanoparticles of porous morphology have 

broad application to many of these issues. In particular, the utility of silica nanoparticles 

is facilitated by their large intrinsic surface area, tunable surface chemistry, and synthetic 

variability in both their size and morphology. This facilitates applications to these 

problems. However, extensive characterization and deeper understanding is needed 

before full implementation in key applications can be realized. 

 The work described in this thesis aims to explore fundamental and applied 

characterization of silica nanoparticles that might be used in biomedical and 

environmental applications. Fundamental studies of functionalized nanomaterials using 

NMR spectroscopy reveal complex, dynamic phenomena related to-and ultimately 

deriving from-the intrinsic and/or modified surface chemistry. Applied studies of 

nanomaterial-biological interfaces demonstrate free radical chemistry as dominating the 

toxic response of the materials when exposed to biological systems of interest. 

Characterization of protein adsorbed on the interface reinforces the ubiquitous nature of 

protein adsorption on nanomaterial surface in biological and environmental media. 

Overall, this work illuminates and highlights complex changes that take place in aqueous 

solution for silica nanoparticles of varied morphology and surface chemistry.  
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PUBLIC ABSTRACT 

 

Nanoscience and nanotechnology are emergent interdisciplinary areas of research 

and development. Nanoscience is concerned with materials that have dimensions on the 

order of 1 to 100 nanometers, which is a billionth of a meter. These materials are 

manipulated on the smallest scale currently possible. The ability to design, synthesize, 

and manipulate matter on this scale gives us the capability to fundamentally control the 

properties of matter at a high level of precision. This ability enables nanoscientists to 

design and manufacture materials for various applications of interest to the public 

including energy storage for better, longer-lasting batteries, and stronger, enhanced 

materials for use in everyday lives. However, the growth of nanoscience has only taken 

off in the last decade or so to become a field of immense scientific and creative 

endeavors. Silica nanoparticles are small particles of the amorphous glass we commonly 

encounter and use every day. 

 The applications of silica nanoparticle are wide-ranging and broad in application. 

However, there is still a great deal of fundamental understanding lacking to modern 

nanoscientists. The work reported in this thesis seeks to explore and expand this 

fundamental understanding in terms of how these particles react and behave when placed 

into environmental or biological aqueous compartments. By using advanced chemical 

characterization, this thesis advances knowledge about how we can design better 

materials to be less toxic to humans and animals, to be safer for the delivery of drug 

molecules to specific sites, and how to understand modifications to the materials that 

occur when the materials are exposed to biological solutions. The outlook for these 

materials is very positive, but studies like these are needed for a complete understanding.  
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CHAPTER 1  
INTRODUCTION 

 

1.1 Silica Structure and Physicochemical Properties 

 Mesoporous silica is a porous, amorphous material composed of silica tetrahedra 

covalently bonded to generate a solid network.
1
 The material can be synthesized as a 

nanomaterial through controlled synthetic conditions.
2
 Silica nanoparticles are currently 

in development for biological, environmental, and catalytic applications, among others.
3
 

The pores of the material manifest through controlled reaction conditions involving a 

surfactant. In the general reaction to prepare nanoscale silica, a silicon source such as 

tetraethylorthosilicate (TEOS) is hydrolyzed under aqueous conditions and then 

condensed to form the material. This can be represented schematically in the reactions 

given below: 

Hydrolysis: Si(OCH2CH3)4(aq) + 2H2O(l)  Si(OH)4(aq) + 4CH3CH2OH(aq)  

Condensation: (HO)3Si-OH(aq) + HO-Si(OH)3(aq)  (HO)3Si-O-Si(OH)3(s) + H2O(l) 

The size of the synthesized silica particles depends on the solution conditions, primarily 

concentration of the relevant species.
2
 The general hydrolysis reaction is catalytically 

accelerated by addition of acid or base. To generate materials of a controlled porosity, a 

surfactant molecule such as cetyltrimethylammonium bromide (CTAB) is added to the 

solution. In a process that is still not completely understood, the surfactant molecules first 

self-assemble into micelles, then the micelles self-associate to generate rod-like 

structures.
2
 The silica condenses around these surfactant molecules as the reaction 

proceeds. The surfactant is then removed via calcination in air, or by using a solvent 

extraction procedure. This affords the porous silica material after the templated surfactant 
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molecules have been removed. A typical synthesis for the mesoporous silica known as 

MCM-41 is shown below.  

Figure 1.1 Mesoporous silica synthesis proceeds by the formation of micellar rods of  

the surfactant. The silicon source condenses around the rods and is removed, giving the 

mesoporous material. The image on the right is an actual TEM image of MCM-41. 

[Reproduced with permission from Reference 3. Copyright 2014, Royal Society of 

Chemistry.] 

 Mesoporous silica, by definition, has pores of 2-50 nm in diameter.
4
 The size and 

exact arrangement of the pores in the material is controlled by the synthesis conditions. 

The porosity of the material gives rise to unique and advantageous properties such as a 

very large surface area (≥ 1000 m
2
 g

-1
). This large surface area facilitates heterogeneous 

processes such as adsorption or catalysis. Due to the structure consisting of SiO4 

tetrahedra covalently-bonded to each other, the surface terminates in silanol (Si-OH) 

moieties.  

 These moieties are chemically similar to alcohol moieties, although the silanol is 

orders of magnitude more acidic (pKa(Si-OH) ≈ 3.0 vs. pKa(C-OH) ≈ 15). Surface 

silanols are also quite nucleophilic, due to the oxygen atom, which enables a high 

reactivity for chemical modification. In the general reaction scheme, the surface silanols 

are reacted with a trialkoxysilane molecule ((RO)3-Si-X) to install the X group onto the 

surface of the molecule. A wide variety of functionalities have been implemented 

including amine, thiol, carboxylic and sulfonic acids, amide, aldehyde, and others.
5
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The most commonly employed functionality is a propylamine such as 

aminopropyltriethoxysilane. More recently, even large polymeric functionalities such as 

polyethylene glycol (PEG) have been added to the surface of silica nanoparticles through 

multi-step cross-coupling approaches. Silica itself is quite stable in most aqueous 

solutions, is stable against acid and dilute base, and is mostly chemically inert in and of 

itself. These favorable chemical and physical properties, coupled with the rapid growth 

and development of nanotechnology and silica nanoparticles makes it a material worthy 

of many research efforts as can be currently seen in the rapid pace of publications on it. 

 Before the advent of mesoporous silica, Werner Stöber synthesized the nonporous 

variant known as Stöber silica over 40 year ago.
6
 This synthetic procedure enables the 

preparation of solid silica nanoparticles of high homogeneity through controlled 

hydrolysis and condensation reactions identical to the chemical reactions described 

above. In this synthesis, no surfactant is utilized to give solid spherical silica particles. 

The synthesis is carried out in aqueous conditions using ammonia as a base, and silyl 

ethers such as TEOS are used as the silicon source. Varying types and amounts of short-

chain alcohols are added to control the reaction, enabling a wide range of sizes to be 

prepared through controlled reactions.
7
  

1.2 Nuclear Magnetic Resonance (NMR) Spectroscopy 

 This section describes fundamental aspects and the theory of NMR spectroscopy. 

This spectroscopic technique is widely used in modern chemical analysis to investigate 

every phase of matter including solids, liquids, and gases. This technique probes the local 

electronic structure of matter by using radiofrequency radiation in a static magnetic field. 

Several key aspects of the technique are described, including aspects that are directly 

related to the reporting of experimental data contained in later chapters of the thesis.  
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1.2.1 The NMR Experiment 
 

 NMR spectroscopy is a spectroscopic technique that principally depends on the 

presence of magnetic nuclei in chemical species. In nuclei with a non-zero spin angular 

momentum (spin), a magnetic moment manifests in the nucleus of the atom. This 

magnetic moment is then probed by the NMR experiment. A list of commonly 

encountered nuclei is shown below in Table 1.1 including their NMR-relevant properties. 

Table 1.1 Selected Properties of Common Nuclei in NMR Spectroscopy. 

Isotope Spin Natural 

Abundance 

(%) 

Magnetogyric 

Ratio (MHz T
-1

) 

Larmor 

Frequency 

(MHz) 

[B0 =11.75 T] 

Sensitivity 

(Relative to 
1
H) 

1
H ½ 99.9885 42.58 500.00 1.000 

2
H 1 0.0115 6.54 76.75 9.65 x 10

-3
 

13
C ½ 1.07 10.71 125.75 1.59 x 10

-2
 

14
N 1 99.63 3.09 36.14 1.01 x 10

-3
 

15
N ½ 0.368 -4.32 50.70 1.04 x 10

-3
 

17
O 5/2 0.038 -5.77 67.81 2.91 x 10

-2
 

19
F ½ 100 40.08 470.34 8.32 x 10

-1
 

29
Si ½ 4.68 -8.47 99.41 7.86 x 10

-3
 

31
P ½ 100 17.25 202.59 6.65 x 10

-2
 

The magnetic moment (μ) and the spin angular momentum (I) are related by a 

fundamental physical constant known as the magnetogyric ratio (γ) in the relation: 

       𝜇 =  𝛾𝐼       (1) 

These are all nuclei-dependent properties and for the most commonly-interrogated 

nucleus, the proton (
1
H), and the magnetogyric ratio is 267.5 rad s

-1
 T

-1
 or more 
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commonly given as 42.6 MHz T
-1

. In the NMR experiment, a strong static magnetic field 

is applied in a single direction. In the presence of the magnetic field the degeneracy of the 

spin states of the nucleus is lifted. The proton (I=1/2), for example, has only two spin 

states in the presence of a magnetic field: 

Figure 1.2 Energy splitting diagram for magnetic nuclei in the presence of a magnetic 

field. 

 The energy separation of the spin states is proportional to: 

𝛥𝐸 = ℎ𝜈 =  𝛾ħ𝐵0      (2) 

Herein, γ is the magnetogyric ratio as described above, ħ is the reduced Planck’s 

constant, and B0 is the applied magnetic field strength (SI unit, Tesla). The population of 
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the spin states in the presence of the magnetic field is given by the Boltzmann population 

equilibrium: 

𝑁𝛽

𝑁𝛼
=  𝑒−𝛥𝐸/𝑘𝐵𝑇        (3) 

Here N gives the population of the spin states, ΔE is the energy separation, kB is 

Boltzmann’s constant, and T is absolute temperature. As the energy separation between 

the nuclear spin states is quite small, the population of the lower energy state is only 

slightly in excess of the higher energy state, such that the population ratio is ≈ 0.99995 at 

298 K and moderate magnetic field strengths (B0 = 7.05 T, 300 MHz).  

In modern NMR spectroscopy, it is exclusively executed as Fourier transform (FT-

NMR). In the presence of the magnetic field, the nuclei precess about the field at a 

frequency proportional to the magnetic field strength. In a field of 9.40 T, for example, 

protons resonate around 400 MHz. This is given in terms of the angular frequency, ω0: 

𝜔0 =  −𝛾𝐵0     (4) 

Different nuclei will resonate at different frequencies due to their different magnetogyric 

ratios. For 
13

C nuclei, the resonance frequency is closer to 100 MHz in an applied field of 

9.4 T. Due to local electronic effects, the protons have different exact resonance 

frequencies depending on their local electronic structure. This dependence on the local 

electronic structure is referred to as the chemical shift.  

In an NMR experiment, a pulse of radiofrequency (rf) radiation is used to induce 

transitions between the spin states. As the population of the lower energy state is in 

excess, this results in a net absorption of radiation. In the classical regime, the excess of 

nuclei in the lower energy state (which is aligned with the field) gives rise to a net bulk 

magnetization upon summation of the individual magnetic moments of the nuclei. 
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Application of the rf field perpendicular to the applied magnetic field shifts the bulk 

magnetization from its equilibrium value. Irradiation with a so-called 90 ° pulse (also 

referred to as a π/2 pulse) equalizes the spin states and-in Cartesian space-tilts the bulk 

magnetization into the xy plane. This gives rise to a transverse magnetization that is 

spectroscopically detectable.  

Once the magnetization is perturbed from its initial value then the molecules undergo 

relaxation processes, which restore the Boltzmann equilibrium. This then tilts the bulk 

magnetization back to align with the magnetic field. However, the nuclei continue to 

precess about the field as relaxation through various mechanisms. The net effect is that 

the bulk magnetization wraps into a spiral that decays back to the equilibrium position of 

alignment with the static magnetic field. When a magnetic moment is moved through a 

static field it fundamentally generates a current. A coil wrapped around the sample in the 

NMR spectrometer is used to detect this current. However, the intrinsic resistance of the 

coil modulates the current, which is ultimately detected as a voltage (via Ohm’s Law). 

The voltage is an oscillating sinusoidal wave, which is damped due to relaxation. This 

can be given a generic mathematical form using both the real and imaginary parts as: 

𝑆(𝑡) =  𝑆0 (cos 𝛺𝑡 + 𝑖 sin 𝛺𝑡) ∗ 𝑒−𝑡/𝑇2      (5) 

S is the observed signal at time t, S0 is the initial maximal signal (corresponding to the 

initial amount of magnetization in the xy plane), Ω is the frequency offset from the exact 

Larmor frequency, and T2 is a characteristic transverse relaxation time of the system, 

which will be described in the next section. The exponential in the second portion 

describes the damping effect of relaxation on the observed signal. In this case, the signal 

is detected as a time-domain signal as the Boltzmann population is restored through 
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relaxation processes. Fourier transformation of the time-domain signal gives rise to a 

frequency-domain signal that is the NMR spectrum. This gives spectral intensity as a 

function of energy. Due to the small shifts in frequency from the Larmor frequency of 

each nucleus, the signal is often given in relative units by calculating thus: 

𝛿 (𝑝𝑝𝑚) =  
𝜈𝑠𝑎𝑚𝑝𝑙𝑒−𝜈𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

𝜈𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
∗ 106    (6) 

In this case the measured frequencies are referenced to a standard material’s resonant 

frequency agreed upon (commonly tetramethylsilane, TMS) and then multiplied by the 

factor of 10
6 
to give the frequencies in field-independent units of ppm chemical shift.  

1.2.2 Spin-Lattice (Longitudinal) Relaxation 

 Once the magnetization is perturbed from the equilibrium value, by a π/2 pulse for 

example, the magnetization in the z-direction (Cartesian coordinates) is zero. However, it 

immediately begins to be restored through the process known as spin-lattice relaxation. 

This can be described by a Bloch equation, which is a differential equation given as: 

𝑑𝑀𝑧

𝑑𝑡
 =  −

𝑀𝑧−𝑀0

𝑇1
        (7) 

In this, Mz is the magnetization in the z direction, M0 is the equilibrium magnetization, 

and T1 is the characteristic time for the process known as the spin-lattice relaxation time. 

This is given in its integrated form to describe the magnetization as a function of time: 

𝑀𝑧(𝑡) =  𝑀0(1 −  𝑒
−

𝑡

𝑇1)      (8) 

For protons in fluid solution, T1 is around a few seconds whereas for 
13

C it can be tens or  

even hundreds of seconds depending on the molecular structure. Many mechanisms 

contribute to this process, but the primary cause in NMR is dipole-dipole coupling. In 

fluid-solution, the molecules move rapidly (translation) on the timescale of the NMR 

experiment. This rapid motion generates a local magnetic field that fluctuates rapidly in 
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time. The field fluctuations induce transitions of the nuclei between spin states, and thus 

the Boltzmann population is restored through these fluctuations. The efficiency of this 

process is maximized when the frequency of the molecular motion is very close to the 

frequency at which the nuclei are precessing in the NMR experiment.  

1.2.3 Spin-Spin (Transverse) Relaxation 

 

 Upon the initial irradiation of the nuclei by the π/2 pulse, the nuclear magnetic 

moments are aligned and in-phase in the xy plane. This phase coherence only exists for a 

short time before it is broken. The sample of nuclei probed in the NMR experiment has a 

finite volume, but the magnetic field, which passes through this volume, is not perfectly 

homogeneous. Therefore, each nucleus experiences a slightly different frequency as it 

moves through the solution. This in turn causes nuclei in different parts of the probed 

volume to experience a different local magnetic field, which causes dephasing to occur. 

Thus, as the spin packet evolves in time, the initial phase coherence is lost. This can be 

similarly described by a differential equation similar to that given in the previous section: 

𝑑𝑀𝑦

𝑑𝑡
=  −

𝑀𝑦

𝑇2
          (9) 

Here My is the magnetization in the y-plane and T2 is the characteristic spin-spin 

relaxation time. The practical effect of the spin-spin relaxation is that the dephasing of 

the nuclear spins causes the magnetization in the xy plane to decay in time. Since the 

only detectable portion of the magnetization is that which is in the xy plane, this causes 

the measured induced voltage to decay exponentially as the experiment proceeds. The 

ultimate consequence of this is that the decay time is directly related to the spectral 

linewidth. In an analogous fashion to Heisenberg’s uncertainty principle, the more 

quickly the dephasing takes place (i.e. the shorter the spin-spin relaxation time) the larger 
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the spectral linewidth will be in the final spectrum. This can be given in terms of the full-

width at half-max (FWHM): 

𝐹𝑊𝐻𝑀 =  
1

𝜋𝑇2
∗       (10) 

In this case, the time T2
*
 is the observed spin-spin relaxation time, which is given as the 

sum of two factors: homogenous broadening which arises by spin-spin relaxation as 

dephasing occurs, and inhomogeneous broadening caused by the intrinsic heterogeneity 

of the applied static magnetic field.  

1.2.4 Two-Dimensional NMR Techniques 

 

 The standard NMR experiment described above allows for the determination of a 

wealth of chemical information. However, this 1D experiment is unable to probe higher-

order effects of interest in modern chemical science. In order to probe things like ligand 

binding and exchange or spatial relationships in molecules, 2D NMR spectroscopy has 

been developed. The general scheme involves an expansion of steps from the 1D 

experiment. The approach is to wait for a period of time known as the preparation phase 

(d1), then use an initial pulse of radiation to perturb the nuclei (p1), allow the system to 

undergo an evolution phase for a time t1 (not the same as T1) and then apply another 

pulse of radiation (p2). After the second pulse an amount of time is allowed to pass 

known as the mixing time (Tmix). Following the mixing time, the signal is directly 

collected. This can be represented as: 

𝑑1 − 𝑝1 − 𝑡1 − 𝑝2 − 𝑇𝑚𝑖𝑥 − 𝐹𝐼𝐷(𝐷𝑒𝑡𝑒𝑐𝑡𝑖𝑜𝑛)     (11) 

In a given experiment, Tmix is held constant, and t1 is incremented. Thus a FID is 

collected for each value of t1. By Fourier transformation of each individual FID, and then 

the collected t1 values, a 2D plot of the data can be generated. A common use of this is to 
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measure a 2D spectrum looking at the Nuclear Overhauser Effect (NOE). This NMR 

experiment is referred to as 2D NOESY (Nuclear Overhauser Effect SpectroscopY). The 

NOE manifests as an interaction between nuclei that lie close to each other in space. This 

interaction can also be used to probe phenomena such as ligand exchange or binding. 

1.3 Electron Paramagnetic Resonance (EPR) Spectroscopy 

 The following section discusses fundamental aspects of the analogous magnetic 

spectroscopy experiment for species containing an unpaired electron. The general 

principles remain similar, although the experiment is different for fundamental physical 

reasons. The primary fundamental theory behind EPR is described to provide a 

framework for discussion of the spectral features and their relation to chemical structure 

and insight. A brief description of spin trapping is given to provide a general overview of 

strategies to detect and obtain EPR spectra of radical species with short lifetimes. 

1.3.1 The EPR Experiment 
 

 In chemical species containing at least one unpaired electron, an analogous 

experiment to NMR is possible. The type of spectroscopic interrogation of the unpaired 

electron spin is known as electron paramagnetic resonance or electron spin resonance. 

The interaction of the magnetic field with the magnetic moment of the electron lifts the 

degeneracy of the two spin states. Thus, transitions are possible when the correct 

combination of magnetic field and irradiation occurs. This can be given by: 

𝛥𝐸 = ℎ𝜈 = 𝑔𝑒𝜇𝐵𝐵0     (12) 

Here ge is the electronic g-factor, a constant of proportionality, μB is the physical constant 

known as the Bohr magneton, and B0 is the applied magnetic field strength. In the EPR 

experiment, it is commonly executed as a continuous wave (CW) experiment. In CW-
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EPR, the sample is irradiated under a constant frequency, and the magnetic field is swept 

through a range of values. Changes in the absorption of the applied radiation are 

measured as the resonant absorption on a spectroscopically detected line or lines. Due to 

the much larger magnetic moment of an electron compared to nuclei, the frequency/field 

combination is much higher than that used in NMR. In a typical EPR experiment, the 

applied radiation is around 9.7 GHz, and thus the applied magnetic field is around 0.3 

Tesla (T). The electronic g-factor for a free electron is given as 2.0023193043618(5) as 

the currently accepted value. The Bohr magneton has a currently accepted value 

927.400999(6) x 10
-26 

J T
-1

. Organic radicals typically have electronic g-factors near the 

free electron, but for transition metal complexes the g-factor is highly variable. 

1.3.2 Spectral Parameters: Electronic g-Factor and Hyperfine Coupling 

 

 The most important spectral parameters for EPR spectroscopy are the electronic 

g-factor and the hyperfine coupling constants. The electronic g-factor, as described 

above, is directly related to the structure of the complex that contains the unpaired 

electron. The magnitude of the g-factor is primarily dependent on the spin-orbit coupling 

the electron experiences. This is dependent on the atom on which the electron localizes, 

and is ultimately characteristic of the complex involved.  

 The hyperfine interaction manifests due to the interaction of the magnetic moment 

of the free electron with non-zero spin nuclei it is located on. In effect, this causes a 

further splitting of each of the energy levels of the electron into several energy levels. In 

general, the splitting of the electron can be represented in the diagram below (Figure 1.3). 

In this you see the initial splitting of the spin states by the application of the magnetic 

field, then the further splitting into sublevels by the interaction with a nearby nuclear 
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spin, in this case of I = ½. In general the splitting of a single electron gives rise to 2NI+1 

sublevels, where I is the nuclear spin and N is the number of equivalent nuclei: 

Figure 1.3 Energy level diagram of EPR spectroscopy. The application of the magnetic 

field first splits the lines into two energy levels corresponding to the two spin states of the 

electron. Upon interaction with a single I = ½ nucleus, each level is split into sublevels. 

The allowed transitions are shown between the sublevels, which result in two lines in the 

EPR spectrum upon meeting the resonance condition. 

The hyperfine coupling gives direct structural information about the nuclei and 

their location of the unpaired electron in the molecule. The hyperfine couplings are 

directly measured off the spectrum and are typically given in units of gauss (G) or 

milliTesla (mT). The SI unit of magnetic field strength is tesla (T), and 10,000 G = 1 T. 

However, hyperfine couplings are quite small, on the order of 10 G in most cases, so it is 

impractical to give them in units of T, which is why gauss or mT are used instead. 
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1.3.3 Spin-Trapping Experiment 

 

 Transition metals and many types of organic radicals form temporally-stable 

complexes in that can be detected using EPR. However, many types of radicals are 

transient on the timescale of the EPR experiment and so cannot be directly detected. 

Therefore, the approach implemented if solution-phase measurements are desired is to 

spin-trap them. In this technique, the radical of interest is allowed to react with an organic 

molecule that can generate a so-called spin adduct that has a long enough lifetime in 

solution for spectral detection: 

𝑅 + 𝑆𝑇  𝑅 − 𝑆𝐴       

In this reaction, the species containing the free radical (R) reacts with the spin trap (ST) 

and forms the spin adduct (SA). A covalent bond forms between the free radical species 

and the spin trap, giving rise to a covalently-bonded complex with a sufficient lifetime 

for spectroscopic detection. The most common of these are the nitrone spin traps such as 

DMPO and PBN. These spin adducts localize the free electron onto a more 

electronegative atom such as nitrogen or oxygen and generally possess a large amount of 

steric bulk which gives them substantial lifetimes in solution.  

1.4 State-of-the-Art on Silica Nanomaterial Toxicity 

Mesoporous silica has seen great strides in recent years as a possible drug 

delivery vehicle due to increased cellular uptake of nanoscale materials.
8
 However, an 

associated concern that has risen concomitantly is the concern of physiological toxicity.  

One of the primary themes that has emerged is that physical structure plays a decisive 

role in mesoporous silica toxicity with specific emphasis placed on the external surface 

area.
9
  Crystallinity of silica also plays a key role in toxicity. When compared to 



15 
 

crystalline materials such as quartz, mesoporous silica, with its amorphous structure 

exhibits greatly attenuated toxicity against in vitro cell lines.
10

 In vitro studies involving 

various cell lines demonstrate a very low (below detection limit) amount of silica 

hydrolysis.  Recent work in nanotoxicity has revealed a profound effect of the release of 

chemically modified species from nanoparticles.
11

 Not surprisingly, this matches up well 

with the low levels of toxicity of mesoporous silica, even in comparison with other 

amorphous silicas, such as fumed silica.
12

  

 Haynes and co-workers further clarified the immune response of mesoporous silica 

using a highly innovative amperometric assay to visualize release events of mast cell 

granules following uptake of silica and titania (TiO2).
9
 The outcome of this work 

demonstrated that even though mesoporous silica exhibits increased cellular uptake, 

lower toxicity seems to result from less reactive surfaces for particle-cell interactions.
9
 

Other work has focused on hemolytic activity of mesoporous silica and confocal imaging 

of in situ particles to assess distribution in human liver cells.
13,14

 This is important in 

terms of the viability as a drug delivery vehicle as previous work in this area has 

demonstrated that mesoporous silica can be shunted from the systemic circulation, 

accumulating in the liver and spleen.
15

 Any positive effects of a drug delivery-type 

application would be negated while negative effects of bioaccumulation in these organs 

would naturally increase. 

 Silica toxicity is directly correlated to the surface silanol functionality (Si-OH). These 

moieties participate in hydrogen-bonding interactions and have well-documented acid-

base properties arising from the acidity of the silanol proton (pKa ≈ 3.0).  At 

physiological pH (≈ 7.4), silanol groups are uniformly deprotonated across the surface as 
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silicate anions (Si-O
-
). This uniformly negative charge at the surface can interact with 

positively-charged tetraalkylammonium (N-R4)
+
 phospholipids in cellular membranes. 

These interactions can entropically disrupt the membranes leading to cellular lysis and 

expulsion of intracellular fluid and contents into the surrounding tissue. Work from just 

the last few years has elucidated the correlation between surface silanol density and 

toxicity. This was used to explain the decreased toxicity of MCM-41 type silica in 

comparison to other similar mesoporous silica materials, like SBA-15.
16

 Due to the 

different ways the silicon is hydrolyzed and ultimately condenses around the surfactant 

constructs, the intrinsic amounts of free silanols on the surfaces of MCM-41 and SBA-15 

are quite different. This difference leads to differences in observed toxicity, even between 

these different forms of mesoporous silica. The toxicity attributed to surface silanols can 

be directly mitigated by functionalization of the surface, but the overall surface charge 

must also be considered. Mesoporous silicas have lower surface silanol densities, and 

thus provoke a lower toxic response than nonporous silicas.
13

 Zhang et al. used Raman 

spectroscopy to identify three-membered siloxane rings in fumed silica samples that are 

not observed in mesoporous silica.
17

 Homolytic cleavage of these strained siloxane rings 

can ultimately give rise to different types of radicals including hydroxyl radicals via the 

proposed scheme shown in Figure 1.4.
12, 18

  

 As expected, in vivo studies are much less prevalent, even in the recent literature. One 

surprising finding is that even though mesoporous silicas show very little tissue toxicity, 

they do appear to invoke a systemic response. Hudson and associates revealed that death 

of mice subjects exposed to mesoporous silica was possibly due to thrombosis, the 

formation of blood clots within the circulatory system.
19

 This is not apparent from the 
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multitude of in vitro studies. This is further enhanced by work carried out by Yu et al. 

which demonstrated that mesoporous silica accumulated in lung tissue to a greater degree 

than nonporous silica of a very similar size.
20

 One caveat of this is that previously 

established work has shown lower accumulation by phagocytic mechanisms, implying 

that truly nanoscale materials may have decreased clearance in vivo.
21 

Figure 1.4 Proposed reaction of six-membered strained siloxane rings to form hydroxyl 

radicals. Reprinted with permission from Reference 11. Copyright 2012, American 

Chemical Society. 

A major theme that has emerged is that toxicity is associated with formation of reactive 

oxygen species (ROS), such as •OH radicals. ROS have been linked to oxidative stress in 

vivo and studies suggest this may be a paradigm for nanoparticle toxicity. The method by 

which ROS causes damage leading to programmed cell death (apoptosis) or membrane 

disruption (necrosis) is not new. These destructive processes are the end product of 

cascade events triggered and proliferated by ROS. The formation of ROS in silica has 

been attributed to Fenton-like chemistry from the presence of trace iron. In vivo, the 

cellular concentration of free iron is kept very low due to tight binding to the transferrin 

protein. In fact, transferrin binds Fe
3+

 with overall formation constant β = 1.1 x 10
31 

M
-2

, 

but this low level of iron may still result in generation of toxic ROS species.
22

 Work by 

Ahmad and coworkers reveals that nanoparticle-derived ROS can overcome the natural 

cellular defense mechanism, glutathione-mediated redox chemistry.
23

 Classically, species 

Homolytic 

Cleavage 
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like hydroxyl radicals can proliferate in free-radical reactions leading to oxidation of 

lipids, DNA damage, and production of even more damaging species such as highly 

reactive organic peroxynitrite (R-ONOO
-
).

18
 The reactions that produce such species 

have been previously described.
24

 Recent developments detect ROS in amorphous silica, 

in the absence of iron, and ROS production has been linked to highly strained three-

membered siloxane rings which can undergo cleavage leading to radical generation at the 

particle surface.
12

 

 Free radicals have been implicated as the possible ultimate toxicant in these sorts of 

complex systems. Reactions at the surface of the silica nanoparticles may generate 

dangerous ROS, which can cause cellular havoc in biological systems. The mechanism of 

damage is well-described and can lead to cell death, programmed or otherwise. Work on 

nonporous silicas seems to suggest that the production of these species arises from a 

Fenton-like chemistry associated with trace amounts of heavy metal ions.
25

 This was 

believed to have been the case with mesoporous silica, but has since been disproved. 

Instead, what appears to be the primary mechanism by which these ROS species are 

formed from mesoporous silica is from differential chemistry ultimately stemming from 

the surface silanols.
12

 

 The ultimate question that arises is how this apparent toxicity can be mitigated. 

The overarching answer seems to be surface differentiation. Strategies vary from 

functionalization by alkylamine or other organic functional moieties to gross PEG-ylation 

by larger polymeric molecules. The literature has established a marked decrease in 

toxicity with amine functionalization of the surface.
26

 This seems to be a convergent 

effect between the addition of the functional moiety with an overall change in effective 



19 
 

surface charge in aqueous media. Yet some new work in the field has demonstrated that 

the linkage is perhaps not as direct as once thought.
27

 Polymeric functionalization of the 

surface is clearly complicated by any adjoining functionalities. In this case, a PEG-

quaternary ammonium (R-N-Me3)
+
 cation (whose charge is pH-independent) showed a 

significantly different response from a PEG-tertiary amine (R-N-R2).
27

  One 

interpretation of this is that the surface chemistry plays perhaps the most critical role in 

determining toxic response. Reducing the free silanols, whether through surface 

functionalization or physical modification of the surface, are simply different means to 

the same end. The chemical nature of the surface ultimately controls interactions, 

reactions, and biological fate. 

[The material contained in this chapter was reproduced with permission from Reference 

3. Copyright 2014, Royal Society of Chemistry.] 

 

1.5 Thesis Overview 

 The work contained in this thesis describes fundamental and applied spectroscopic 

studies of silica in aqueous and biological environments. Spectroscopy was used to 

interrogate native and functionalized materials to obtain an enhanced understanding of 

how these materials behave in aqueous solution and how they interact with biological 

systems. Chapter 1 describes the fundamental physical and chemical properties of 

mesoporous silica nanoparticles. Chapter 1 also provides necessary background and 

theory on the magnetic resonance spectroscopy (NMR and EPR) used to probe the 

nanomaterials in various ways. Finally, Chapter 1 gives a brief overview of the current 

state on silica nanomaterial toxicity.  
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 Chapter 2 describes the experimental methodology used to synthesize and 

functionalize the silica nanoparticles used in this study. Three different types of materials 

including MCM-41 and WO-type mesoporous silicas, and a nonporous silica material 

were used in the studies reported here. Chapter 3 describes the traditional physical and 

chemical characterization methods used to study and understand fundamental materials 

properties such as surface area. A general overview of each technique is given, as well as 

the fundamental theory behind how each methodology facilitates measurement and 

understanding of material properties. 

 Chapter 4 describes the first set of studies, which is based on the application of 

NMR spectroscopy to probe ligands covalently bonded to the nanoparticle surface. These 

ligands are bonded in a supramolecular fashion, and their stability and dynamics were 

studied using solution-phase NMR. A variety of different solution-phase 
1
H NMR 

methods were employed to provide a complete picture of the aqueous stability and 

dynamics of these surface ligands. Overall, a model of chemical dynamics on the surface 

of the nanoparticle was developed, which arises from molecule-dependent chemistry. 

 Chapter 5 is primarily concerned with understanding toxicological responses of 

engineered silica nanoparticles and relating this to surface phenomena. The primary 

method used was EPR spectroscopy to detect and confirm free radical species produced 

from the silica nanoparticle surface. The EPR was complemented with in vitro 

measurements to obtain a meaningful correlation between observed toxicity and 

measured ROS.  

 Chapter 6 is an expansion and extension of Chapter 5, and fundamentally 

discusses and describes changes that take place at the nanomaterial surface upon exposure 
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to biological growth media. Protein adsorption was measured and quantified using variety 

of optical spectroscopic methods including infrared and circular dichroism spectroscopy. 

This was complemented with thermogravimetric measurements to quantify the adsorption 

onto the nanoparticle surfaces. Overall this data enables a quantitative understanding of 

the silica nanoparticle surface upon exposure to biological environments. 

 Chapter 7 is an extension and application of the initial work described in Chapter 

6. Smaller silica (~20 nm) was used to understand if there is a size-dependent effect. The 

same suite of solution-phase NMR methods was used to probe the structure and dynamics 

of ligands on the nanoparticle surface. Systematic studies of glycine adsorption were also 

carried out to provide molecular-level understanding of the interaction of silica 

nanoparticles with small organic molecules such as the amino acid glycine.  

 Chapter 8 provides an overall summary of the studies described in the thesis. In 

addition, they are put into the broader context and their impact on the field is estimated. 

The thesis concludes with a few suggestions for expanding the work contained herein to 

other systems or to obtain new knowledge that would build on the studies described in 

this work. 
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CHAPTER 2  
SYNTHESIS AND SURFACE FUNCTIONALIZATION  

OF SILICA NANOPARTICLES 

 

2.1 Synthesis of MCM-41-type Mesoporous Silica 

The silica of MCM-41-type is characterized by amorphous silica condensed 

around hexagonally-ordered pore-voids. MCM-41 type silica was prepared following a 

modified procedure from the literature.
28

 In this synthesis, cetyltrimethylammonium 

bromide (CTAB) was used as the surfactant and combined with NaOH in aqueous 

solution. This solution was allowed to stir overnight at RT before being heated to 80 °C. 

TEOS was again used as the silicon source and was added rapidly. After stirring for two 

hours at the same temperature, the reaction mixture was cooled to room temperature. The 

products were centrifuged, the solid re-suspended in water, and washed repeatedly to 

remove reactants. The solid product was then dried at 80 °C and calcined at 550 °C in a 

stream of air for six hours to give the porous material, which was then utilized in the 

experiments. 

 

2.2 Synthesis of WO-type Mesoporous Silica 

A different type of silica is wormhole (WO) silica. This is a porous silica material 

with pores that are less ordered than that of a material such as MCM-41. In this material, 

the pores are randomly interconnected and interrupt each other throughout the material. 

Mesoporous silica nanoparticles with a particle size of approximately 50 nm were 

synthesized according to the procedure described previously.
29

 In the synthesis of 

wormhole-type mesoporous silica, cetyltrimethylammonium chloride (CTAC), ethanol, 

and water were combined and stirred at room temperature for approximately 10 min. 
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Triethanolamine (TEA) was added and the solution was allowed to stir for approximately 

one hour before being heated to 60 °C.  Tetraethylorthosilicate (TEOS) was then added to 

the rapidly stirring solution at a rate of about 2 mL/min and the solution was stirred at 60 

°C for 2.5 hours. The material was then isolated by centrifugation and washed with water 

and ethanol in triplicate. The obtained solid was dried overnight to give the silica.  

2.3 Synthesis of Nonporous (Stöber) Silica 

Stӧber-type silica (NPS) was prepared following a modified procedure from the 

literature.
6
 In this synthesis no surfactant was used, and 120 mL absolute ethanol was 

mixed with 6.0 mL of 28% aqueous ammonia and stirred for 5 minutes. TEOS was again 

used as the silicon source and 4.0 mL was added at room temperature. The reaction 

mixture was stirred at room temperature for 24 hours and then centrifuged to obtain the 

products, which were washed in triplicate with water and dried at 60 °C overnight to give 

the Stöber silica material.  

2.4 Covalent Surface Modification via Post-Synthesis Grafting 

2.4.1 Amine Surface Functionalization 

 

Functionalization with amine groups was carried out by refluxing a mixture 4 g of 

aminopropyltriethoxysilane (APTES, Sigma) with 1.00 g of MSNs in 60 mL of toluene 

for 48 h.  Then, the reaction mixture was centrifuged, washed with dichloromethane three 

times and dried overnight at 80
o 
C.  

2.4.2 Carboxylic Acid Surface Functionalization 

 

The carboxylic acid group was attached to the surface by reacting 500 mg MSNs with 4.0 

g tri(ethoxysilyl)-propionitrile (Sigma) overnight under reflux in 40 mL toluene. The 

toluene was removed, and the material was washed with water in several rounds of 
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centrifugation. The particles were dried overnight at 80 °C before hydrolysis under reflux 

conditions in 9 M HCl for 12 hours to convert the nitrile to a carboxyl group 

(carboxyethylsilane, CES). 

2.4.3 Polyethylene Glycol Surface Functionalization 

 

In order to functionalize the nanoparticle surface with polyethylene glycol (PEG), first 

PEG-APTES was synthesized by adapting a literature procedure.
30

 The PEG terminal-

hydroxyl moiety was oxidized using Jones reagent to the carboxylic acid. The carboxy-

functionalized PEG was condensed with APTES to afford the amide using a Dean-Stark 

apparatus to remove the water formed. The solvent used for the condensation reaction 

was 50 mL toluene. Residual solvent was removed using rotary evaporation to give a 

yellow residue. This material was then verified to be the PEG-APTES molecule via 
1
H 

NMR. The conversion to the amide was confirmed via 
13

C NMR by observation of a 

characteristic peak at δ = 169.6 ppm. To functionalize the surface, 200 mg of silica 

nanoparticles were dehydrated under reflux in 30 mL toluene for 24 hours. Then, 200 mg 

of PEG-APTES (0.26 mmol) was suspended in 10 mL THF, and added to the 

nanoparticle suspension. The reaction was further maintained under reflux for 48 hours. 

The solution was cooled to room temperature, the solvent was removed by rotary 

evaporation, and the materials were washed with 50:50 (v/v) water/ethanol in triplicate, 

centrifuging at 11,300 g for 20 min to sediment the nanomaterials. The materials were 

dried overnight at 70 °C.  
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CHAPTER 3  
PHYSICAL CHARACTERIZATION OF SILICA NANOPARTICLES 

 

 

3.1 Electron Microscopy 

 Electron microscopy is the premier methodology for obtaining information on the 

primary particle size, shape, and morphology of silica nanoparticles. The method 

employed is transmission electron microscopy (TEM), which uses an electron beam in 

vacuo to spatially resolve the physical structure of the silica nanoparticles. From the 

image collected, the size can be directly calculated for a sample of particles giving a 

number-average size and its relevant standard deviation. The shape of the particles can 

also be easily visualized from the TEM image. The general morphology can be seen as 

well under excellent imaging conditions. It is thus possible to directly visualize the pore 

structure of a mesoporous material using electron microscopy, which would otherwise be 

impossible using optical microscopy due to the diffraction limit. In the case of truly 

nanodimensional silica particles, electron microscopy is the method of choice for 

measuring size, shape and morphology.  

3.2 Powder X-ray Diffraction 

The silica nanoparticles commonly in use have an amorphous structure, so they do not 

have any features when probed by typical powder X-ray diffraction. However, in 

materials such as MCM-41, the pores are ordered enough to give rise to characteristic 

peaks in an X-ray diffraction pattern. Monochromatic X-ray radiation at 1.54 Å (Cu Kα 

line) is used to probe the structure of the material. The X-ray beam is focused onto the 

sample and the scattered (diffracted) beam is detected after the interaction occurs. 

Deflections occur in accordance to Bragg’s Law, which is given by:  

𝑛𝜆 = 2𝑑 sin 𝜃      (13) 
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Here in n is an integer, λ is the X-ray wavelength, d is the characteristic spacing between 

the lattice planes in the material, and θ is the scattering angle. The peaks, which appear at 

certain values of θ, can thus be indexed to certain crystal planes in the material.  

3.3 Nitrogen Adsorption Isotherm 

 One of the characteristic properties of mesoporous silica nanoparticles is their 

inherently high surface area, typically on the order of 1000 m
2
g

-1
. Due to the structure of 

the material, almost the entirety of the surface area is contained within the porosity, i.e. 

almost none (<2%) is on the external surface of the particle. The pores also give rise to a 

characteristic pore volume and have a pore diameter, which strongly depends on the 

conditions under which the material was synthesized. All of these properties can be 

conveniently measured by using a gas adsorption isotherm. In this experiment, the sample 

is held at an isothermal point (typically 77 K, boiling point of N2(l)) and a gas of interest 

(generally pure gaseous nitrogen) is added to the sample. The amount of adsorbed gas is 

carefully measured and this is plotted as a function of the saturation partial pressure (x = 

P/P0). Based on whether a partial isotherm in a certain regime or a full isotherm is 

implemented, the surface area, pore volume, and pore diameter can be measured 

following fitting/calculations on the measured data. The surface area is measured by only 

using x = 0.05-0.35 where the adsorption isotherm is linear and fitted to the BET 

(Brunauer-Emmett-Teller) equation: 

1

𝑣(𝑥−1)
 =  

𝐶−1

𝑣𝑚𝐶
∗ 𝑥 +

1

𝑣𝑚𝐶
     (14) 

𝐶 =  𝑒𝛥𝐻𝑎𝑑𝑠−𝛥𝐻𝑐𝑜𝑛/𝑅𝑇     (15) 

In the BET equation, v is volume of adsorbed gas, C is the BET constant, x is the 

saturation partial pressure defined above, and vm is the volume corresponding to single 
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monolayer of adsorbate on the material surface. The C constant depends on the absolute 

temperature, as well as the enthalpy change of the first adsorption layer (ΔHads) and the 

enthalpy change associated with the phase change from gas to liquid for subsequent 

layers (ΔHcon).
31

  

The determination of the pore volume and diameter involve application of the 

BJH (Barrett-Joyner-Halenda) methodology. This requires a full isotherm across the 

range of the saturation partial pressure. The first branch of the isotherm is the adsorption 

branch, and then the adsorbed gas is removed by applying a vacuum. The total number of 

points is typically 50, 25 points each for adsorption and desorption. Either branch of the 

isotherm may theoretically be used in the calculation, but it is typical for mesoporous 

silica to use the desorption branch. The pore volume is calculated near unity for the 

pressure term (i.e. P/P0 ≈ 1). In this limit, it is assumed that the pores are all filled with 

liquid adsorbate. Then, the volume of adsorbed nitrogen (Vads) gas can be used to 

calculate a liquid volume of nitrogen in the pores (Vliq): 

𝑉𝑙𝑖𝑞 =  
𝑃𝑎 𝑉𝑎𝑑𝑠 𝑉𝑚

𝑅𝑇
     (16) 

In this calculation, Pa is the actual gas pressure and Vm is the molar volume of the 

adsorbate, R and T are the usual gas constant and absolute temperature. In terms of the 

pore diameter, a distribution of sizes is calculated, for which the numerical average is 

reported to be the sample pore diameter. This calculation is employed using a modified 

form of the Kelvin equation and depends on the pore morphology. For cylindrical pores, 

such as in MCM-41 silica, the calculation is straightforward and can be given as:  

𝑟𝐾 =  
−2 𝛾 𝑉𝑀

𝑅𝑇𝑙𝑛(𝑃
𝑃0

⁄ )
     (17) 
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Here, rK is the Kelvin radius of the pore, γ is the surface tension of the adsorbate at the 

temperature of the experiment, and the other parameters are described as above. In this 

analysis of the isotherm, the Kelvin radius is the radius of a pore before condensation of 

the gas to liquid takes place. Since a monolayer of nitrogen will already be adsorbed at 

this point, the Kelvin radius is less than the true pore radius. For nitrogen, the thickness of 

a statistical monolayer (t) is known to be 3.54 Å. This thickness is then added to give the 

true pore radius. Written in a different form, the desired quantity, the pore radius (rp), can 

be given as:  

𝑟𝑝 =  𝑟𝐾 + 𝑡     (18) 

In the BJH approach, stepwise desorption or adsorption is considered in regards to the 

effect on the pore thickness. By derivation, it is possible to generate a mathematical 

expression for the calculation of the pore diameter as originally described by Barrett, 

Joyner, and Halenda.
32

 In its full mathematical form, the analytical expression is:  

𝑉𝑝𝑛 =  (
𝑟𝑝𝑛

𝑟𝐾𝑛+ 
𝛥𝑡𝑛

2⁄
)

2

(𝛥𝑉𝑛 − 𝛥𝑡𝑛 ∑ 𝐴𝐶𝑗
𝑛−1
𝑗=1 )     (19) 

Herein, Ac is the area exposed by the desorption step, Δt is the change in the statistical 

thickness due to the change in pressure, rpn is the radius of the pore at step n, and Vpn is 

the volume of the pore filled at step n. This calculation is done at each step to give a pore 

size distribution. 

3.4 Zeta (ζ) Potential Measurements 

 In solution, the surfaces of nanoparticles are not isolated and are modified by ions 

and molecules in solution. A way to probe this is by taking a zeta potential measurement. 

For example, in solution, silica nanoparticles typically have a very negative charge at the 

surface. This is due to the deprotonation of the surface silanols at all pHs above ~3. 
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Therefore, a total net negative charge is in place on the surface of the material. This is an 

unstable configuration, and so positively-charged ions such as sodium cations associate 

with the surface through electrostatic interactions. This forms a layer of sodium cations 

on the surface that is very static in that it does not easily exchange, known as the Stern 

layer. Then, a layer of cations and anions associates with this layer that can undergo 

change. The zeta potential is then measured at this outer layer, known as the diffuse layer. 

The experiment is carried out by applying a small potential across the sample, which is 

the particles dispersed in a conductive liquid. As charged entities migrate in an applied 

electric field, they will move in accordance with the surface charge. The particles are 

tracked during this by means of a laser. The scattered radiation from the particles is 

altered in phase by interaction with the particles and is strongly dependent on their 

velocity. The fluctuations in the phase are extracted to give the electrophoretic mobility. 

The electrophoretic mobility is directly related to the zeta potential (ζ) by: 

𝜁 =  
𝜂𝜇𝐸     (20) 

Here η is the sample viscosity and ε is the relative permittivity. Once the mobility is 

measured, it can then be directly used to calculate the zeta potential at the surface. The 

magnitude and sign of the zeta potential is directly related to the charge at the surface.  

3.5 Thermogravimetric Analysis 

Silica nanoparticles are commonly functionalized with an array of organic moieties for 

various applications. It is of general interest to understand how much of a given organic 

moiety is grafted onto the silica nanoparticle surface. To approximate this, 

thermogravimetry is used. In this experiment, the sample is heated, generally in a linear 

fashion up to a specified temperature. During the heating process, any organic 
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compounds become volatile at a characteristic temperature as they thermally degrade. 

Through the use of an extremely sensitive microbalance, mass changes are detected as a 

function of the temperature. A flow of inert gas such as nitrogen sweeps away molecules 

liberated from the surface during the heating process. The overall mass loss during the 

run can then be used to directly calculate the organic loading of the functional moiety. 

3.6 Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR) 

 Infrared spectroscopy is a commonly employed technique, which probes the 

fundamental vibration of molecules upon the interaction of light with matter. A general 

infrared spectrometer has a light source capable of generating broadband infrared 

radiation, which interacts with the sample. In the ATR configuration, the beam does not 

directly pass through the sample, but is instead directed to a solid-state element of an 

optically useful material such as germanium or zinc selenide (ZnSe) commonly referred 

to as the ATR crystal. The beam is directed into the crystal such that it exceeds the 

critical angle of the interface between the material and the air. The beam of radiation 

undergoes total internal reflection (TIR) and passes through the crystal and out the other 

side. When the beam reaches the interface it generates a decaying evanescent wave at the 

surface. This can be seen in Figure 3.1 below for the schematic of the experimental setup. 
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Figure 3.1 ATR-FTIR configuration for solution-phase adsorption measurements. 

Reproduced with permission from Reference 146. Copyright 2014, Royal Society of 

Chemistry. 

This wave decays exponentially from the surface and so is able to probe short-range 

distances (~1 μm) from the interface of the crystal with any solution or material on the 

surface. Nanomaterials can be deposited onto the crystal in a thin film, and then solutions 

are flowed over the surface. Any spectral changes taking place over time can then be 

monitored to provide insight into processes such as adsorption that occur at the liquid-

solid interface.  

3.7 Solid-State NMR Spectroscopy 

 Modern NMR spectroscopy is typically used to study molecules dissolved in 

solution. Due to rapid molecule motion on the timescale of the NMR experiment, narrow 

linewidths are observed. In a solid sample, molecular motion is negligible. Therefore, 

attempting to obtain an NMR spectrum of a solid in a similar fashion to that employed for 

liquids results in a very broad spectrum with individual components that cannot be 

spectrally resolved. However, it is possible to remove a large amount, if not all, of the 

intrinsic anisotropy by spinning the sample at the magic angle (Magic Angle Spinning, 

MAS). The magic angle is found to be ΘM = 54.74° with respect to the static magnetic 
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field. This angle is selected as it reduces the dipolar coupling Spin Hamiltonian term to 

zero, ex: 

ℋ𝐷
(1)

= −
𝜇0𝛾𝑃𝛾𝑆

4𝜋𝑟𝐼𝑆
3

(3cos2 𝛩−1)

2
     (21) 

The sample is spun at a very high rotational rate, generally 10-50 kHz and a spectrum of 

the nucleus of interest is collected in a very similar fashion to that of solution-phase 

NMR. It is also possible to use the static nature of the solid to carry out a cross 

polarization (CP) experiment in which a more abundant nucleus (such as 
1
H) is initially 

irradiated, and then the magnetization on this nucleus is transferred through a series of 

pulses to a less abundant nucleus (such as 
13

C). By doing so, experimental time can be 

greatly reduced as the spectral intensity can be enhanced by up to several orders of 

magnitude.   
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CHAPTER 4  
SOLUTION-PHASE CHARACTERIZATION OF  

FUNCTIONALIZED MESOPOROUS SILICA USING 1H NMR 

 

4.1 Abstract 

 Mesoporous silica materials are undergoing rapid development for numerous 

environmental and biomedical applications. These materials are commonly 

functionalized with small organic molecules through a reaction between an 

organosiloxane and the surface silanols. Despite widespread use and implementation of 

these materials, ligands on their surfaces are challenging to characterize, particularly in 

aqueous environments. Employing traditional physicochemical characterization methods 

such as adsorption isotherms, X-ray diffraction, and electron microscopy; as well as 

solution-phase 1H NMR methods including 1D NMR, Diffusion Ordered Spectroscopy 

(DOSY) and 2D Nuclear Overhauser Effect Spectroscopy (NOESY), the labile nature of 

several different surface ligands on mesoporous silica nanoparticles is revealed. The data 

presented indicate a dynamic model of organosilane release from the surface, and 

adsorption of the released molecules is ultimately dependent on the nature of the binding 

of the functional group to the particle surface. A new paradigm for understanding 

chemical changes that take place at the liquid-solid interface is described, which 

incorporates a model of chemical dynamics in aqueous solution. Covalently-

functionalized nanomaterials are widely used and the characterization of the ligands on 

their surfaces is of paramount importance, particularly when they are implemented in 

biomedical and environmental applications.  
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4.2 Introduction 

Mesoporous silica is a porous amorphous silicate material with pores between 2-

50 nm in diameter.
33

 The structure consists of amorphous silica condensed around pore-

voids, in which the silicon atoms are surrounded by tetrahedrally-bonded oxygen atoms.
1
 

Mesoporous silica nanoparticles (MSNs) have a sub-100 nm particle size and are 

undergoing rapid development for applications such as drug delivery, contaminant 

remediation, and heterogeneous catalysis, among others.
34-37

 These materials benefit from 

unique and advantageous physicochemical properties such as extremely high surface 

areas (~1000 m
2
/g), tunable surface chemistries, and low observed toxicity.

38-40
 Overall 

this has led to great advances of these materials, especially for biomedical applications 

such as drug delivery.
41-43

  

Despite these many advantageous properties, there are some drawbacks including 

inherent particle heterogeneity resulting from the nature of the synthetic process.
44

 Due to 

the difficulties associated with synthetic variability, extensive batch-wise characterization 

is required to verify the chemical composition and specific properties. Confirmation of 

the surface functionalization is typically achieved using FTIR spectroscopy. While this 

will show characteristic group frequencies of the functional group, it does not generally 

reveal the chemical nature of the interaction with the surface. Thermogravimetric analysis 

is the quantitative method of choice when ascertaining how much functional group has 

been loaded onto the particle surface by measuring mass loss as the sample is heated in a 

stream of air or nitrogen. Yet this method is only suggestive, unless coupled with a 

spectroscopic technique such as FTIR spectroscopy to determine what is being released 

from the surface during the heating process.   
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Another method for characterizing functionalized MSNs is solid-state NMR, 

which is commonly used to investigate nanomaterials and functionalized nanomaterials in 

particular. Application of solid-state NMR involves implementing cross polarization 

magic angle spinning (CP-MAS) and/or high resolution magic angle spinning (HR-MAS) 

experiments. 
29

Si NMR can reveal the local electronic environment and thus the local 

structure of the silicon tetrahedra, and using 
13

C CP-MAS NMR, spectra of the 

nanomaterial-bonded functional groups can be obtained.
45

 By implementing solid-state 

NMR methods it is possible to obtain narrow lineshapes that can approach the resolution 

of solution-phase spectra.
46-48

 These methods enable chemical characterization of the 

framework material and any ligands bonded to the surface. However, an important caveat 

with these methods is that they are generally carried out on the dried powders. This is 

useful in some respects but when considering the desired applications, i.e. drug delivery 

and environmental remediation, molecular-level information for these materials in an 

aqueous environment is needed. Recent work has probed the structure of functionalized 

nanomaterials using solid-state NMR enhanced by dynamic nuclear polarization (DNP), 

revealing unique insight into the structure of surface-condensed organosiloxanes.
49

 

However, it is important to consider that complex chemical changes can occur in aqueous 

environments that do not occur in a dried state.
50

 This is why solution-phase 

characterization methods are critical to understanding structural and dynamic 

characteristics of functionalized nanomaterials. 

Solution NMR methods are utilized in a wide variety of applications, and have 

recently been applied to colloidal nanomaterials to probe both the structure and dynamics 

of these materials in solution.
51-52

 These methods are attractive due to the ability to 
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provide molecular-level information about systems that are intrinsically complex. 

Solution NMR methods can be used to characterize and quantify ligand binding and 

release, ligand exchange, and structural motifs in bound ligands.
53-54

 In this report, we 

describe the application of a solution-phase NMR toolbox, as first described by Hens and 

Martins, to the characterization of MSNs functionalized with small organic groups of 

different types.
55

 Generally, these organic functional groups have been viewed as 

covalently bound and so have been assumed to be effectively static on the nanoparticle 

surface.
56

 Employing advanced methods, such as diffusion ordered spectroscopy (DOSY) 

and nuclear Overhauser effect spectroscopy (NOESY) as part of an NMR toolbox 

approach; we provide new insight into the nature of these ligands. Results are indicative 

of complex, labile ligand systems capable of dynamic chemical change, dependent on the 

nature of the ligand and its intrinsic siloxane bond-forming moieties. The data gives rise 

to a new model for understanding binding and release of supramolecular-bound ligands in 

an aqueous environment, and suggests the possibility of full chemical release from the 

surface. In some cases, these ligands can adsorb onto the surface in a complex chemical 

binding event, giving rise to possible free-solution kinetic binding events in a likely 

chemical exchange regime.  

4.3 Experimental Methods 

4.3.1 Silica Nanoparticle Synthesis and Functionalization 

 

 Mesoporous silica nanoparticles of MCM-41 and WO morphology utilized for the 

experiments in this Chapter were synthesized using methods described in Chapter 2 

above, Sections 2.1 and 2.2, respectively. Functionalization with APTES and CES 

functional groups was carried out using the procedure described in Chapter 2, Sections 

2.4.1 and 2.4.2, respectively. 
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4.3.2 Sample Preparation 

 

Samples were prepared for solution 
1
H NMR experiments by dispersing 

approximately 10 mg of MSNs in 600 μL of D2O via sonication for 30 min. Sample pH 

was adjusted using HCl or NaOH in D2O and corrected using a known isotopic correction 

calculation.
57

 The pH was measured before and after the NMR experiment using a 

Corning 320 pH meter and the average of the two values was taken as the pH for the 

experiment. Generally the pH reading obtained before and after each NMR experiment 

differed by <0.1 pH units. The samples were sonicated for approximately 30 minutes 

immediately before the NMR measurements.  

4.3.3 Solution NMR Experimental Setup 

 

One-dimensional (1D) NMR experiments were conducted on either a Bruker 

DRX-400 or a Bruker Avance III spectrometer operating at 400 MHz; all DOSY 

experiments were conducted on the Bruker Avance III 400 MHz spectrometer. Two-

dimensional (2D) NOESY experiments were conducted on a Bruker Avance 500 MHz 

instrument. All 
1
H chemical shifts were referenced to the residual solvent proton signal 

(for HDO this is a broad singlet peak centered at 4.69 ppm). All one-dimensional 
1
H 

NMR experiments were performed using a single-pulse sequence (Bruker zg pulse 

sequence). Pulse widths were optimized as necessary. The relevant experimental 

parameters were as follows: TD = 64k, NS= 16-128, and D1=1-10s. TD, NS and D1 refer 

to the time-domain data points, number of scans, and relaxation delay, respectively. The 

data were processed using Topspin 2.1 software with a 64k zero-filling and a 0.3 Hz 

exponential line broadening parameter. Quantitative measurements were carried out using 

an appropriately selected internal standard (acetone, acetonitrile) added at a similar 
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concentration to the species of interest. The longitudinal relaxation (T1) for the molecules 

of interest were determined using the inversion recovery method (t1ir1d or t1ir pulse 

sequences) and the relaxation delay was set to be 5*T1 of the slowest relaxing group of 

protons. Following processing steps including phasing and baseline correction, peaks of 

interest were integrated to enable quantitative calculations. 

4.3.4 Diffusion Ordered Spectroscopy (DOSY) Parameters 

 

DOSY experiments were conducted using an automatic tuning and matching 

BBFO probe equipped with a z-gradient coil. Samples were thermally equilibrated at 25 

°C for 15 min before data collection.  All diffusion measurements were made using the 

stimulated echo pulse sequence with bipolar gradient pulses (stebpgp1s pulse sequence). 

The diffusion delay (∆) varied from 20 to 40 ms, and the gradient pulse duration (δ) from 

1.5 to 5 ms and were optimized in order to obtain 1-5% residual signal at 95% of the 

maximum gradient strength. The recycle delay varied between 5-10 s. Rectangular shapes 

were used for the gradients and a linear gradient ramp with 16 increments between 2% 

and 95% was applied. The gradient strength (56.0 Gauss/cm at a current of 10 A) was 

calibrated by measuring the self-diffusion of the residual HDO signal in a pure D2O 

(99.98 % D) sample at 298K (1.90 x 10
-9 

m
2
/s). Diffusion coefficients were calculated by 

integrating the peaks of interest and direct curve-fitting to the Stejskal–Tanner equation:  

𝐼 = 𝐼0 ∗ exp [−𝛾2𝐺2𝛿2 (𝛥 −
𝛿

3
) 𝐷]     (22) 

where I, I0, γ, and G are the observed intensity, signal intensity in the absence of the 

gradient, the proton magnetogyric ratio and the gradient strength, respectively. The T1/T2 

analysis program in Topspin 2.1 was used to carry out the processing and curve-fitting 

for all peaks/nuclei. 
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4.3.5 Nuclear Overhauser Effect Spectroscopy (NOESY) Parameters 

 

2D nuclear Overhauser effect spectroscopy (NOESY) experiments were 

performed on a Bruker Avance 500 spectrometer that was equipped with a 5 mm BBFO 

z-gradient probe (noesyph pulse sequence). The experimental parameters are as follows: 

SW2 = SW1~3500 Hz, TD2 = 2048, TD1 = 150, NS = 16, DS = 32, D1 = 4s. SW1 and 

SW2 refer to spectral widths in the first and second dimension, respectively; DS refers to 

the number of dummy scans. 
1
H spectral widths and π/2 pulse widths were optimized for 

each sample. The range of mixing times used was estimated by using the one-

dimensional version of the inversion recovery pulse sequence (t1ir1d). Samples were 

prepared in D2O in a manner similar to the 1D experiments. 2D NOESY spectra were 

collected using a 
1
H spectral width of 7.00 ppm. Typically 150 t1 increments, consisting 

of 16 scans of 2048 sampled data points each, were recorded with a 4 s relaxation delay. 

1
H spectral widths and 90

o
 pulse widths are optimized for each sample.  A recycle delay 

(d1) of 4.0 s was used in all the 2D experiments. A range of mixing times for NOESY 

experiments was determined using an approximated T1 (spin-lattice) relaxation time. 

Mixing times of 200, 500, 1000, 1200 and 1500 ms were utilized. All NMR data were 

processed with TOPSPIN 1.3 or 2.1 programs. The 2D NMR data were processed with 

zero-filling to 2,048 points and 1,024 points in t2 and t1 dimensions, respectively. The on-

diagonal peaks were phased to be negative, following standard conventions for small 

organic molecules.  
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4.4 Results and Discussion  

4.4.1 Material Images and Characterization 

 

 The silica nanoparticles were analyzed using transmission electron microscopy 

imaging to determine the size and morphology of the silica nanoparticles. The images of 

the materials and size histograms are shown below (Figures 4.1-4.4). 

 
Figure 4.1 TEM image of wormhole-type (WO) mesoporous silica used in this study and 

functionalized with APDMMS or APTES.  
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Figure 4.2 Histogram for WO mesoporous silica with a Gaussian fit. The particle 

diameter is 53 ± 7 nm based on the Gaussian fit to the data.  

 
Figure 4.3 TEM image of MCM-41 type mesoporous silica that was subsequently 

functionalized with CES.  
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Figure 4.4 Histogram for MCM-41 mesoporous silica with a Gaussian fit. The particle 

diameter is 80 ± 16 nm based on the Gaussian fit.  

All materials were characterized using nitrogen adsorption-desorption isotherms. 

The surface area was calculated using the Brunauer-Emmett-Teller (BET) methodology 

using a seven-point isotherm. The pore diameter and pore volume were calculated using 

the Barrett-Joyner-Halenda (BJH) methodology using the desorption branch of a 50 point 

adsorption-desorption isotherm. The samples were characterized both pre- and post-

functionalization of the silica nanoparticles (Table 4.1). This data shows characteristic 

decreases in the surface area and pore volume upon the functionalization of the material. 

The pore diameter, as measured, does not appear to change. It is hypothesized that the 

reason this does not change is due to the fact that the average pore diameter is reported 

from the calculation. Therefore, even though the distribution is probably broader, the 

average value remains relatively unchanged. 
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Table 0.1 Nitrogen Adsorption-Desorption Isotherm Data. 

Sample 
Pre/Post 

Functionalization 

Surface 

Area (m
2
/g) 

Pore 

Volume 

(cm
3
/g) 

Pore 

Diameter 

(nm) 

MSN@APDMMS Pre 1090 (± 44) 0.47 (± 0.03) 
3.160 (± 

0.007) 

MSN@APDMMS Post 440 (± 18) 0.29 (± 0.02) 
3.100 (± 

0.006) 

MSN@APTES Pre 1090 (± 44) 0.47 (± 0.03) 
3.160 (± 

0.007) 

MSN@APTES Post 260 (± 10) 0.30 (± 0.02) 8.39 (± 0.02) 

MSN@CES Pre 1260 (± 51) 0.70 (± 0.04) 
3.070 (± 

0.007) 

 It is also common to employ X-ray diffraction to measure the structure of the 

pores inside the material. The silica itself is amorphous and therefore is not related to the 

observed X-ray diffraction patterns in the material (Figures 4.5 and 4.6). The pore-voids 

themselves, however, do give rise to characteristic diffraction peaks around 2Θ = 2.2 as 

the main peak of interest in mesoporous silica. The WO-type material does not show this 

ordering as it is an intrinsically less ordered material due to the random organization of 

the pores inside the silica.  
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Figure 4.5 Diffraction pattern for WO type silica used in this study. Due to the non-

ordered nature of the pores within the material, only the greatly broadened diffraction 

peak centered around 2Θ = 2.2 can be seen. This is consistent for this type of less-ordered 

mesoporous silica. 

Depending on the type of silica, other peaks such as those around 4.4 and 5.5 2Θ 

for the MCM-41 type material. The diffraction peaks observed at 2.2, 4.4, and 5.2 2Θ can  

be indexed to the (100), (110), and (200) crystal planes, respectively. 
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Figure 4.6 Diffraction pattern for MCM-41 type silica used in this study.  

  

4.4.2 Solution-Phase 1D 
1
H NMR 

Signals of the mesoporous solid nanoparticles functionalized with APDMMS, 

APTES or CES were detected using 1D solution-phase proton NMR. 
1
H NMR spectra 

and associated molecular structures are shown in Figures 4.7 and 4.8. In particular, it is 

important to note the loss of the methoxy group (for APDMMS) and the loss of up to 

three ethoxy groups, for APTES and CES, during the coupling of the molecules to the 

surface. 
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Figure 4.7 Organosilicon molecules used in surface functionalization. These are the 

structures of the free molecules prior to bonding to the surface. L to R: 

aminopropyldimethylmethoxysilane (APDMMS), aminopropyltriethoxysilane (APTES), 

(2-cyanoethyl)-triethoxysilane) (CETS).  

An additional aspect to consider is how the nitrile is converted to the free 

carboxylic acid for the putative CES molecule via hydrolysis. Two equivalents of water 

are required to hydrolyze the nitrile to the CES molecule, which proceeds through an 

amide intermediate. All peaks have been assigned and correlated with the structures of 

the functional group molecules. 
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Figure 4.8 Solution-phase 1D 
1
H NMR spectra of functionalized MSNs, with functional 

group structures included and peaks assigned. Putative surface silicon atoms are shown in 

the structures. Samples are MSNs functionalized with: WO@APTES (Top), 

WO@APDMMS (Middle) and MCM-41@CES (Lower). The samples were at pH values 

of: 11.6 (APDMMS), 4.3 (CES), and 10.6 (APTES). Residual ethoxy group (-OCH2CH3) 

protons in the APTES sample are denoted by (#). [APTES and APDMMS data from Y. 

Tataurova.] 

Proton NMR spectra of the free molecules were also collected to serve as a 

reference (not shown). Note the residual signals of the ethoxy group protons at ~1.0 and 

~3.6 ppm for the APTES-functionalized sample. These peaks were not observed in the 

CES sample due to the vigorous hydrolysis procedure used to prepare it from the nitrile. 

The APTES sample did not undergo a hydrolytic procedure, so it is plausible that some of 

the ethoxy groups remain on the molecule bound to the surface. In the CES sample, a 

broad peak centered at 1.6 ppm can be seen. This is most likely due to surface silanol (Si-

OH) protons on the nanoparticle surface, which are exchanging with protons in the bulk 

solvent. 
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4.4.3 Diffusion Measurements 

 

Diffusion ordered spectroscopy (DOSY) is a pseudo-2D experiment, which is an 

application of the pulsed field gradient (PFG) experiment. DOSY has previously been 

used for characterizing ligands bound to functionalized nanocrystals and has also been 

used to characterize alkylammonium-silica mixtures to provide insights into zeolite 

crystallization.
55,58-62

 In order to apply this methodology, the functionalized materials 

were suspended in solvent and then the experiment is carried out. Initially the diffusion 

time (Δ) and pulsed gradient length (δ) must be optimized by initial 1D experiment. Then 

the 2D experiment is carried out with the optimized parameters, as the gradient strength 

is systematically incremented. The peaks of interest are integrated and the intensity is 

plotted as a function of the gradient strength. The data is directly fitted to the Tanner-

Stejskal equation to extract the molecular diffusion coefficient for each peak. The 

individual values are averaged to give an average value for the molecule. An example 

data set and its fit are shown below in Figure 4.9 for the MCM-41@CES system. In this 

case, the fit is excellent, showing that the calculated diffusion coefficients are accurate 

for the molecular systems studied herein. 
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Figure 4.9 DOSY data for the peak at ~0.85 ppm in the MCM-41@CES molecule; the 

methylene protons located nearest to the central silicon. The experimental integrated 

intensity for the peak is shown as a function of the gradient strength. The red line 

represents the calculated curve fit based on direct fitting to the Tanner-Stejskal equation.  

Table 4.2 lists the measured diffusion coefficients for each of the three samples 

given as the molecular diffusion coefficient averaged from the individual peaks across the 

entire molecule. Diffusion coefficients of the free molecules were also obtained and are 

reported as well. As a means of comparison, the self-diffusion coefficient for water 

(HDO) is reported. Note the smaller diffusion coefficients for the free molecules 

(APTES/CES) relative to the bound, indicative of possible dimerization in solution. 
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Table 0.2 Molecular Translational Diffusion Coefficients from DOSY NMR, in m
2
/s. 

Sample 
Average  

(± SD) 
Water Sample 

Average  

(± SD) 
Water 

APDMMS 
6.25 (± 0.01) 

x 10
-10

 
2.06 x 10

-9
 CES 

2.05 (± 0.02) x 

10
-10

 
1.16 x 10

-9
 

MSN@ 

APDMMS 

6.5 (± 0.2) 

x 10
-10

 
2.10 x 10

-9
 

MSN 

@CES 

6.39 (± 0.04) x 

10
-10

 
2.05 x 10

-9
 

APTES 
3.04 (± 0.06) x 

10
-10

 
1.78 x 10

-9
 

MSN@CES 

+ Free CES 

5.22 (± 0.02) x 

10
-10

 
2.04 x 10

-9
 

MSN@ 

APTES 

6 (± 1) 

x 10
-10

 
2.11 x 10

-9
 

  
 

 

Evaluating the calculated diffusion coefficients by using the Stokes-Einstein 

relation (Eq. 23), a hydrodynamic diameter can be approximated. In many cases, the 

hydrodynamic diameter is much more desirable than a physical size as it takes into 

account the interaction of the solvent with the particle or molecule. Engineered 

nanomaterials such as mesoporous silica nanoparticles are most likely to be found in an 

aqueous environment rather than in a dried state.  In Eq. 23 dH is the hydrodynamic 

diameter, kB is Boltzmann’s constant, T is absolute temperature, η is sample viscosity, 

and D is the molecular translational diffusion coefficient given in m
2
/s.  

𝑑𝐻 =  
𝑘𝐵𝑇

3𝜋𝜂𝐷
      (23) 

For these measurements, the viscosity of the nanoparticle dispersion was determined 

using an Ostwald viscometer with pure H2O as the reference. The determined viscosity 

was used to calculate the hydrodynamic diameters. Calculation of the hydrodynamic 

diameter from the diffusion coefficients yields values of 0.54 (APDMMS), 0.59 
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(APTES), and 0.55 (CES) nm. These values correlate well with small organic molecules 

and demonstrate the inverse relationship between diffusion coefficient and hydrodynamic 

diameter. If these functional groups were bound to the surface, they would then be forced 

to diffuse along with the particle. Theory predicts, then, that the diffusion coefficients of 

the protons in the functional groups bound to the MSN surface would be roughly 7.7 x 

10
-12 

m
2
/s. This calculation is based on approximating the hydrodynamic diameter of 

these materials as 50 nm, using 25 °C as the absolute temperature and using the 

nanoparticle dispersion viscosity as measured at 25 °C. 

These results indicate that either the ligand molecules have come off the surface, 

or that the observed diffusion coefficients are the weighted average of the free and bound 

ligands under a fast exchange regime, and a large proportion of the detected molecules 

are in the “free” form. A 2D plot of the DOSY data (
1
H chemical shift vs. log[diffusion 

coefficient]) for the APDDMS functionalized material is shown in Figure 4.10.  
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Figure 4.10 2D DOSY plot of APDDMS functionalized mesoporous silica. The residual 

water peak can be seen at around 4.7 ppm while the four signals corresponding to 

APDDMS can be seen further upfield in the spectrum. Dashed lines indicate the averaged 

molecular diffusion coefficient for ADPMMS and the diffusion coefficient for water, 

respectively, as reported in Table 4.2. The ordinate is the logarithm, base ten of the 

diffusion coefficient. 

 

This type of processing of the data has the potential to identify hidden molecular 

components under favorable solution conditions. As can be seen, only one set of 

diffusion coefficients is observed which corresponds to the free molecule. Similar results 

were also observed for the other two systems supporting similar conclusions.  

In the case of chemical exchange occurring during DOSY measurements, the 

diffusion delay (Δ) can be used to place a lower limit on desorption of molecular species. 

Work by Hassinen et al. reveals that for a bimolecular exchange system, the lower limit is 

the inverse of the diffusion delay.
63

 Using the smallest diffusion delay utilized in these 

experiments, a desorption constant of at least 50 s
-1

 can be estimated. The desorption rate 

probably exceeds this limit by a large margin due to the small nature of the ligand and the 
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free accessibility of silanol moieties and/or exchange sites on the surface of the 

nanoparticles, for the APDMMS system.  

4.4.4 Nuclear Overhauser Effect Spectroscopy 

 

2D NOESY NMR utilizes the nuclear Overhauser effect, which is a through-space 

correlation, as opposed to the through-bond correlations like that in J-coupling. The 

nuclear Overhauser effect (NOE) occurs between protons that exhibit dipolar coupling 

and in a classic small-molecule regime the NOE intensity is governed by the internuclear 

distance (~1/r
6
). The sign of the NOE depends on the rotational correlation time τc, which 

for a rigid spherical molecule is given by: 

𝜏𝑐 =  
4𝜋𝜂𝑟3

3𝑘𝐵𝑇
      (24) 

Here r is the molecular radius and the other parameters are identical to those in Equation 

23. If τcω0<<1, where ω0 is the NMR spectrometer frequency, the sample is in the 

extreme narrowing region and exhibits small molecule behavior and weak positive NOEs.  

If τcω0>>1, then the sample is in the spin-diffusion limit and strong negative NOEs are 

observed.  For the spectrometer used in these experiments, ω0
 
is 500 MHz. Calculating 

the rotational correlation times for both the spherical nanoparticles and the free small 

molecules gives values of around 200 μs and 410 ps, respectively. For molecules bound 

to the nanoparticle surface, τcω0 is ~10
5
 whereas for free small organic molecules it is 

~0.2. This indicates that a small positive NOE is expected for free molecules and a large 

negative NOE is expected for bound molecules. This is relative to the diagonal peaks in 

the NOESY spectrum, following conventions, such that cross peaks with the same sign 

are observed with a negative NOE and for a positive NOE, cross peaks have the opposite 

sign, relative to the peaks along the diagonal.
55
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In order to understand further the structure of the functional groups on the 

nanoparticle surface, 2D NOESY spectra were collected for MSN@APDMMS, 

MSN@APTES, and MSN@CES (Figures 4.11-4.13). These spectra are phase-corrected 

such that the diagonal peaks are negative (red). MSN@APDMMS showed NOE cross 

peaks with the same sign as the diagonal, whereas MSN@APTES and MSN@CES 

revealed NOE cross peaks with opposite signs with respect to the diagonal.  
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Figure 4.11 2D NOESY spectrum of APDMMS functionalized mesoporous silica (τmix = 

0.2 s). All peaks in this spectrum have the same sign (negative), indicating APDMMS 

molecules bound to the surface. Sample pH = 11.6. [Data from Y. Tautarova.] 

Figure 4.12 2D NOESY spectrum of APTES functionalized mesoporous silica (τmix = 1.5 

s). The cross peaks observed in the spectrum have the opposite sign (positive), indicating 

presence of the free molecule. Sample pH = 10.6. [Data from Y. Tautarova.] 
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Figure 4.13 2D NOESY spectrum of CES functionalized mesoporous silica (τmix = 1.2 s). 

The two peaks observed from the methylene protons have the opposite sign (positive) as 

the diagonal, indicating free molecules detected in solution. Sample pH = 4.3. 

Additionally, MSN@APTES and MSN@CES showed very weak or no NOEs at 

mixing times up to 1.5 s, whereas MSN@APDMMS showed very strong NOEs-even at a 

short mixing time of 0.2 s. In accordance with NOE theory and standard display 

conventions, the NOE cross peaks of small molecules in the extreme narrowing limit 

(τcω0<<1) are expected to be in opposite sign to the diagonal peaks, whereas large 

molecules in the spin-diffusion limit (τcω0<<1) show NOE cross peaks of the same sign 

with respect to the diagonal peaks.
64-65

  

The NOE characteristics of a small molecule tightly bound to a large 

macromolecule irrespective of the nature of binding (covalent or non-covalent) are 

similar to that of large molecules, since the effective isotropic tumbling correlation time 

of the small molecule is the same as that of large molecules. NMR is frequently used to 

probe the structure and dynamics of very large molecules such as protein-protein 
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complexes. Even for these large macromolecular complexes, NOESY signals can be 

seen.
66

 It can be inferred from these kinds of studies that even though functionalized 

nanoparticles are large compared to protein-protein complexes, the inherent mobility of 

surface-bound ligands can give a rationale for expecting NOESY results that, when 

evaluated carefully, show spin-diffusion like characteristics for large molecules. 

The observation of strong NOEs with the same sign as the diagonal peaks for 

MSN@APDMMS is clearly consistent with a strong binding of APDMMS to the 

nanoparticle surface.  In addition, chemical exchange between free and bound forms 

contributing to the NOE cannot be ruled out, as NOESY cannot distinguish between 

dipolar and chemical exchange mechanisms. Chemical exchange is the most likely cause 

for the observed NOESY results. Furthermore, the observation of medium NOEs at 

longer mixing times for MSN@CES and MSN@APTES with the opposite sign relative 

to the diagonal peaks suggests that CES and APTES may be detached from the MSN 

framework and tumble freely in solution or bind very weakly with the equilibrium 

heavily shifted toward the “free” state.   

Though it appears that the NOESY and diffusion data are contradictory, they do 

both support the binding of organic functionalities on the nanoparticles and an exchange 

between their free and bound forms.  The difference primarily arises in defining the 

extent to which the binding occurs.  For the APDMMS system, the NOESY data suggests 

strong binding and an equilibrium highly shifted to favor the bound state.  The diffusion 

coefficients of MSN@APDMMS and APDMMS, on the other hand, are almost the same 

and within the experimental error, suggesting a free state for APDMMS in 

MSN@APDMMS.  For the APTES system, an increase in diffusion coefficient is 
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observed for MSN@APTES, the opposite of what is expected assuming a much larger 

hydrodynamic radius. This is possible, if APTES is in a polymeric form when it is free, 

and in the presence of MSN (MSN@APTES), APTES is almost in the “free” state, but in 

a monomeric form.  The NOESY data is also consistent with this interpretation, since 

NOEs support an extreme narrowing condition for MSN@APTES. For the CES system, 

the diffusion coefficients of CES and MSN@CES imply that the free molecule is a larger 

chemical species. This is consistent with possible dimerization of the molecules, which is 

well-noted in the literature to occur with carboxylic acids.
67-68

   

Similar results have also been reported previously in the literature. Work done by 

Hassinen et al. on CdSe quantum dots (QDs) in which octylamine ligands bound to the 

surface revealed somewhat similar results.
63

 The octylamine ligands appeared to be 

bound based on the NOESY results, yet the DOSY data gave a larger diffusion 

coefficient than would be expected for fully bound molecules. This is similar to the 

results presented here, except that in our case the molecules seem to exhibit either pure or 

close-to-pure free behavior for all three cases based on the diffusion data. Other work by 

Gomes et al. on a similar CdSe QD system revealed complete displacement of oleic acid 

ligands by alkylphosphonic acids.
69

 These chemical systems are quite different from the 

systems studied here, as the reported results herein seem highly indicative of complex 

chemical equilibria between the free and bound states of organosilane moieties as a result 

of physisorption, chemisorption, or some combination of both.  

4.4.5 Ligand Quantitation and Comparison 

 

In order to further characterize these chemical systems quantitative NMR 

(qNMR) was used to determine quantitatively the amount of ligands observed in solution. 
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The results of the qNMR experiments were then compared to the standard method, 

thermogravimetric analysis. The comparison between these two methods can be seen in 

Table 4.3. Both the APTES and CES samples give a very small amount of ligand 

detected in solution by qNMR, whereas effectively all of the APDMMS is observed by 

qNMR.  

Table 0.3 Comparison of Functional Group Quantification Using TGA and qNMR.  

Sample qNMR (mmol/g) TGA (mmol/g) Detected by NMR 

MSN@APDMMS 1.20 1.15 ~100% 

MSN@APTES 0.00499 0.607 ~1% 

MSN@CES 0.0733 1.53 ~5% 

 

These results suggest two different types of supramolecular binding of ligands to 

the surface. The APTES and CES ligands appear to be bound to the surface via a 

tridentate mode of bonding. Examining the ligand structures, it becomes apparent that 

tridentate binding to the surface can result from the formation of up to three siloxane 

bonds between the ligand and the surface. In order to release the molecule into free 

solution, all of these bonds must be broken. The APDMMS molecule, on the other hand, 

seems to be completely released from the surface. APDMMS can only form one siloxane 

bond due to the di-methylated status of the central silicon atom; thus only this single 

siloxane bond needs to be hydrolyzed to release the free molecule into solution.  

4.4.6 Model of Supramolecular Ligand Release and Binding 

 

Overall, the data presented here enable a new paradigm for understanding the 

labile nature of ligands bound to mesoporous silica surfaces in solution. The data is 
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indicative of hydrolysis of the single siloxane bond between APDMMS and the 

mesoporous silica surface, facilitating its release into solution (Figure 4.14).  

 

Figure 4.14 Overall reaction schemes for the hydrolysis of organosiloxanes from the 

MSN surface, depicted for the two amines used in the study. The upper panel shows the 

reactions for which only a single siloxane bond can form between the surface and the 

organosilane (as for APDMMS). The lower panel describes hydrolytic reactions that 

release molecules capable of forming multiple siloxane bonds with the surface (such as 

APTES and CES).  

 Upon release into solution, these molecules can sorb onto the surface in a 

dynamic equilibrium. It seems likely these molecules are in different spheres around the 

nanoparticle and are capable of undergoing dynamic chemical exchange. A multi-shell 

model (Figure 4.15) was developed in which APDMMS and similar ligands can 

exchange between the shells through several mechanistic processes including lateral 

diffusion and inner sphere-outer sphere exchange. The DOSY results then arise from the 

ligands in the inner and outer shells that can easily exchange with molecules in the bulk 
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solvent. The bound molecules in the inner sphere are what then give rise to the strongly 

bound result seen in the NOESY spectrum.  

 

 

Figure 4.15 Proposed model of supramolecular ligand dynamics. Two cases present 

themselves based on the data. The left diagram describes molecules (like APDMMS) that 

are capable of forming a single siloxane bond with the surface. The molecules are rapidly 

hydrolyzed from the surface and then partition into shells of binding to the surface. The 

inner shell (blue) contains strongly bound ligands while the outer shell (green) contains 

weakly bound ligands. Ligands can freely exchange through several processes described 

in the main text. The right diagram describes molecules (like CES and APTES) in which 

partial hydrolysis leads only to a small amount of ligand released from the surface; this 

does not involve chemical ligand exchange dynamics. The MSN core is the same 

diameter in both diagrams. 

The mechanisms by which the molecules may exchange include lateral diffusion 

across the surface either in the inner sphere (A) or the outer sphere (B), ligand 

displacement wherein an inner sphere ligand is displaced by a nearby outer sphere ligand 

(C), or inner sphere-outer sphere exchange in which nearby ligands cross-exchange with 

each other across the inner sphere-outer sphere boundary (D). We suggest that the 

observed data most likely results from a combination of these ligand exchange processes. 

Previous work in the literature shows similar chemical exchange mechanisms for thiol 

MSN 

B 

A 

C 

D 

MSN 
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ligands on gold nanoparticles.
70

 The Au-S bond formed from thiol-gold NP interactions is 

fairly strong relative to strength of the sorption indicated for the mesoporous materials 

investigated here. It can therefore be expected that the mechanisms of exchange are quite 

different in this case as no true covalent bond can be expected to form between 

hydrolyzed molecules and the surface, as it does for gold-thiol systems.  

 The APTES and CES molecules, however, appear from the NMR data presented 

here to be strongly bound to the surface, with only a small amount (~5%) hydrolyzed into 

solution. These molecules, in contrast to APDMMS, seem to be free in solution, with 

little to no exchange post-hydrolysis with bound molecules. Two effects seem to be 

responsible for the observed data. First, the amount of released ligand in the APTES and 

CES cases is very small. Even if dynamic equilibrium is occurring, the amount of free 

molecule that would be detected during NMR experiments is very small. Further, the 

amount of free exchange sites (surface silanols without a covalently-bound molecule) on 

the surface are rather small, approximately on the order of the amount released (~10%). 

This provides few, if any, sites for adsorption to occur. Thus, even if there is exchange 

happening in these two cases, the NMR experiment may be unable to detect it. Therefore, 

it can be expected that the signal-limited spectra may not show the true behavior if in fact 

the molecules are exchanging, but are simply not above the detection limit. This is 

particularly true for the NOESY experiments as there is a major loss of signal in 2D 

experiments. The DOSY experiments, however, are only a pseudo-2D experiment and do 

not suffer from this limitation.  

The second issue is that, based on SPARTAN calculations for these molecules, 

the molecular geometry and the overall molecular dipole moment around the central 
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silicon atom seems to dictate the ability of free ligands to adsorb to the surface. In the 

APDMMS case, the two methyl groups attached to the silicon are diverted away from the 

O-H of the APDMMS silanol moiety, allowing enough steric headspace for it to bind to 

the surface through a combination of hydrogen bonding and polarity interactions. The 

APTES and CES molecules, however, have all three silanol O-H moieties effectively in a 

plane with the silicon atom. This generates enough steric hindrance that the molecules 

may not be able to effectively bind. Perhaps, more realistically, they do in fact bind to the 

surface but due to the steric hindrance they bind very weakly and are easily displaced by 

solvent molecules. 

As a means of evaluating the ligand dynamics, an equimolar amount of free 

ligand was added to the CES-functionalized material and the diffusion coefficients were 

measured using DOSY NMR. The result of this experiment, also given in Table 4.2, 

gives diffusion coefficients that are smaller than that of just the functionalized material. 

This difference of 20% is significant; considering experimental errors due to fluctuations 

in temperature and signal-to-noise limitations give errors around ten percent, as well-

described in the literature.
71

 These results suggest that the protons, and thus the molecule 

itself, are moving less rapidly in this sample. The implication of this result is that the 

molecule may be in a dynamic exchange regime similar to the APDMMS system, but it is 

not very tightly bound. Otherwise, the NOESY spectra should have revealed spin-

diffusion effects arising from bound molecules. Alternatively, the amount of bound 

molecule could be very low at any time and so only the truly free molecules are observed 

by NOESY, or the exchange is so rapid that the weighted-average result indicates only 

molecules that are in a free state. Both of these are viable options for why the APTES and 



64 
 

CES samples appear only to be free in solution. As stated previously, the molecules in 

solution may dimerize which would result in a smaller diffusion coefficient due to their 

increased size.  

The results presented here are surprising in that the organosiloxanes commonly 

employed as ligands have generally not been viewed as labile. One thing that remains 

unclear is precisely how the ligands are released from the surface. It seems likely that 

since these functional groups have acid-base properties the moieties will self-catalyze 

release from the surface through acid- or base-catalyzed hydrolysis of the siloxane 

bond(s). Future efforts should address the effect of pH on these materials because a 

strongly pH-dependent effect is expected if this hypothesis is correct. Another aspect that 

needs to be addressed is the precise mechanism by which the APDMMS molecules 

exchange with the surface. We have envisioned a multi-shell model with molecules 

rapidly equilibrating throughout these shells. However, the exact mechanistic details, 

particularly conformational changes in the ligands would be very useful for 

understanding how these molecules adsorb onto the surface of the nanoparticles. 

Thermodynamic parameters would be of particular interest in assessing, ideally, both 

exact structure as well as dynamics of these molecules, which seem to be adsorbed onto 

the nanoparticle surface and seem capable of undergoing dynamic exchange in aqueous 

solution at the solid-liquid interface. 

4.4.7 Conclusions 

 

This study represents the first case of applying solution-phase NMR toolbox 

methods to covalently-functionalized mesoporous silica nanoparticles. The results 

indicate a dynamic system as opposed to the long-held concept of static surface 
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chemistry, and that the mode of bonding to the surface determines the extent to which the 

ligands are labile. These results suggest that in any application of these materials, the 

surface chemistry may present dynamic exchange equilibria dependent on the nature of 

the functional group and its solution environment. This can be considered either a 

positive or a negative characteristic depending on the desired application; but it must be 

considered for implementation of these materials into drug delivery, environmental 

remediation, and catalytic applications of these materials in aqueous, solvated 

environments.  

[The material contained in this chapter was reproduced with permission from Reference 

92. Copyright 2014, American Chemical Society.] 
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CHAPTER 5  
ROS GENERATED FROM SILICA NANOPARTICLES 

AND ITS RELATION TO CELLULAR TOXICITY 

 

5.1 Abstract 

Evaluating toxicological responses of engineered nanomaterials such as silica 

nanoparticles is critical in assessing health risks and exposure limits. Biological assays 

can be used to evaluate cytotoxicity of individual materials, but specific nano-bio 

interactions—which govern its physiological response—cannot currently be predicted 

from materials characterization and physicochemical properties. Understanding the role 

of free radical generation from nanomaterial surfaces facilitates understanding of a 

potential toxicity mechanism and provides insight into how toxic effects can be assessed. 

Size-matched mesoporous and nonporous silica nanoparticles in aminopropyl-

functionalized and native forms were investigated to analyze the effects of porosity and 

surface functionalization on the observed cytotoxicity. In vitro cell viability data in a 

murine macrophage cell line (RAW 264.7) provides a model for what might be observed 

in terms of cellular toxicity upon an environmental or industrial exposure to silica 

nanoparticles. Electron paramagnetic resonance spectroscopy was implemented to study 

free radical species generated from the surface of these nanomaterials and the signal 

intensity was correlated with cellular toxicity. In addition, in vitro assay 

of intracellular reactive oxygen species (ROS) matched well with both the EPR and cell 

viability data. Overall, spectroscopic and in vitro studies correlate well and implicate 

production of ROS from a surface-catalyzed reaction as a predictor of cellular toxicity. 

The data demonstrate that mesoporous materials are intrinsically less toxic than 

nonporous materials, and that surface functionalization can mitigate toxicity in nonporous 
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materials by reducing free radical production. The broader implications are in terms of 

safety by design of nanomaterials, which can only be extracted by mechanistic studies 

such as the ones reported here. 

5.2 Introduction 

Evaluating the toxicity of nanomaterials, commonly referred to as nanotoxicity, is 

a rapidly growing field of research.
72-73

 As engineered nanomaterials diversify in type 

and synthetic complexity, exposures to these materials will increase in both direct 

(biomedical) and indirect (environmental) pathways. Porous nanomaterials such as 

mesoporous silica are undergoing rapid development for a variety of applications such as 

drug delivery, catalysis, biomedical imaging, and environmental remediation.
74-77

 There 

is a growing body of literature aimed at assessing risks of nanomaterials. However, 

correlations between specific nanomaterial properties and toxicity in biological systems 

remain lacking. 

 Current research focuses on in vitro methodologies to determine the biological 

impact of nanomaterials. In the case of silica nanomaterials, current studies focus on 

different types of silica, such as fumed silicas, porous silicas, and nonporous materials. 

Porous silica nanomaterials exhibit very low cytotoxicity against a variety of cell lines.
78

 

The synthesis of each material gives it a unique chemical surface that influences how it 

interacts with biological systems. These nano-bio interactions ultimately control the 

reactions, interactions, and fate of these materials. Despite the lack of systematic studies, 

several themes have emerged that appear to be central paradigms for understanding and 

predicting silica nanoparticle toxicity. Two of these factors are the surface silanol density 

and the production of reactive oxygen species (ROS).
9, 79-80
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 The primary structure of silica nanoparticles consists of tetrahedrally-bonded Si-O 

moieties that are amorphously condensed into a network. Porous materials possess pore-

voids around which the tetrahedra are condensed, but in the nonporous variant there are 

only amorphous silica tetrahedra present. On the surface of the material there are free 

silanol moieties (Si-OH), which are analogous to alcohol functionalities. Work in the 

field has shown that these surface silanols are important factors that control interactions 

with biological systems.
81

 Surface silanols are negatively charged at physiological pH (as 

silicate anion Si-O
-
), and thus can interact with biological components such as cell 

membranes via electrostatic interactions.
82

 Furthermore, the silanol oxygen is 

nucleophilic, which means it is mechanistically viable to attack electrophilic carbonyl 

groups, which are present in protein molecules. Due to the nature of the hydrolysis and 

condensation of the precursor molecules, each type of material has different densities of 

surface silanols, as well as different types in terms of their coordination at the surface.
83

 

While surface silanols are important in understanding toxicity, their reaction with 

biological macromolecules can screen them from interacting with other molecules in 

biological compartments.  

 Generation of ROS from the silica surface has long been held to be a dominating 

factor in toxicity. For some time, it was believed that ROS were produced via Fenton-like 

chemistry.
84

 More recent work implicates ROS production at the nanoparticle surface as a 

factor. In the case of fumed silica, Zhang et al. showed that the cleavage of strained 

siloxane rings were responsible for the production of ROS from the silica nanoparticle 

surface.
79

 It has been shown that nanoparticle-derived ROS can overcome the natural 

cellular defense mechanism, glutathione-mediated redox chemistry. Production of species 
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such as hydroxyl radical results in destructive chemical modification of lipids and DNA, 

as well as conversion to organic peroxynitrite (R-ONOO
-
) via reaction with nitric oxide, 

as previously described.
24

  

Increased intracellular ROS leads to oxidative stress in the cell. Oxidative stress 

has deleterious effects if sustained for extended periods of time or at high levels for acute 

periods. Damage to the cellular machinery can result in apoptosis, or programmed cell 

death. This has been observed to happen upon exposure to nanomaterials. This has been 

investigated, and oxidative stress has been measured through a variety of methodologies. 

Some work has suggested there is a band gap-redox potential relation that correlates with 

oxidative stress upon exposure to metal oxide nanoparticles.
85

 Some work has shown that 

some nanoparticles like ceria (CeO2) actually protect against oxidative stress, and that 

materials such as titania (TiO2) do not seem to have any oxidative effect in certain cell 

lines.
86

 As mentioned above, the cellular defense against oxidative stress is redox 

chemistry mediated by glutathione, which the cell keeps reserves of and regenerates as 

necessary. When cells are exposed to nanoparticles that induce oxidative stress, these 

glutathione reserves can be depleted, as has been measured. Once the reserves are 

depleted, the ROS generated can damage cellular components ultimately leading to cell 

death.
87

  

 In terms of sustainable nanotechnology, a natural extension of these insights is 

that chemical modification of the surface may be able to mitigate the toxicity of silica 

nanomaterials by reducing ROS formed. This has been verified experimentally, and 

overall functionalization of the surface does seem to decrease cellular toxicity in in vitro 

models.
88-89

 Surface functional groups added to the surface vary widely, from small 
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alkylamine groups to large non-ionic molecules such as polyethylene glycol (PEG). It has 

been postulated, but not clearly demonstrated, that this decrease in cytotoxicity arises 

from a decrease in total surface silanol density, as well as modification of the overall 

particle surface charge. However, investigation into the mechanism by which surface 

modification mitigates toxicity is still ongoing, as it is not fully understood.
90

  

The study presented here explores the fundamental relationship between surface 

properties and the toxicological response of engineered silica nanoparticles, and how this 

insight can be used to inform and guide “safety by design” approaches for nanomaterials. 

Particles used were size-matched at approximately 50 nm in diameter. In terms of 

biological applications (such as drug delivery/biomedical imaging), the size of less than 

100 nm is critical to prevent rapid clearance from the systemic circulation by the 

reticuloendothelial system.
91

 Wormhole-type mesoporous silica and nonporous silica 

were synthesized to examine the effects of porosity on cytotoxicity and free radical 

production. The materials were further functionalized with a small organic amine, which 

is commonly used to increase the overall surface charge as well as enable further 

chemical modification. Thus, the synergistic effects of porosity and surface functionality 

could be evaluated for amorphous silica nanoparticles, with the goal of correlating the 

physicochemical properties to observed, in vitro cellular toxicity.  

5.3 Experimental Methods 

5.3.1 Silica Nanoparticle Synthesis and Functionalization 

 

Mesoporous silica nanoparticles of WO morphology and nonporous silica utilized 

for the experiments in this Chapter were synthesized using methods described in Chapter 

2 above, Sections 2.2 and 2.3, respectively. The nanoparticles were functionalized with 

APTES using the methodology described in Chapter 2, Section 2.4.1. 
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5.3.1 Electron Paramagnetic Resonance (EPR) Spectroscopy 

 

EPR was employed to measure reactive oxygen species released from the 

nanoparticle surface, adapting a previously published method.
79

 Samples were prepared 

at 5% weight dispersion in 500 µL final volumes. A solution containing hydrogen 

peroxide at 200 mM final concentration and the spin-trap 5,5-dimethyl-1-pyrroline N-

oxide (DMPO) at a final concentration of 25 mM was added to the powdered materials, 

mixed, and then equilibrated at room temperature for 15 min prior to measurement on a 

Bruker EMX CW EPR spectrometer operating at a Larmor frequency of 9.76 GHz (X-

band). A flat TE102 quartz (Suprasil) cell was used to hold the samples and four scans 

were co-added to give the final spectra. Quantification was facilitated by using 3-

carboxy-PROXYL as an external standard. Double integration of the standard and sample 

spectra gave areas that were used to calculate the concentration of each radical species.  

5.3.2 Cell Culture and Viability Assay 

 

Murine leukemia macrophage cells (RAW264.7) were maintained in RPMI-1640 

medium (Gibco, Life Technologies) supplemented with 10% fetal bovine serum (Atlanta 

Biologics), 10 mM HEPES (Gibco), 1 mM sodium pyruvate (Gibco), 1 mM Glutamax 

(Gibco), and 50 µg/mL gentamycin sulfate (Cellgro). Cells were incubated at 37 °C and 

5% CO2.  

RAW264.7 cells were seeded in 96-well plates at 1.0 × 10
4
 cells per well and 

incubated for 24 hours at 37 °C and 5% CO2. The medium was removed from the wells 

and replaced with 200 µL of particle suspension in fresh RPMI medium. Cells were 

exposed to particle treatments for 4, 24 or 48 hours after which the treatments were 

removed and fresh medium was added. MTS reagent (3-(4,5-dimethylthiazol-2-yl)-5-(3-
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carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) or CellTiter 96 Aqueous One 

Solution reagent (Promega) was then added to the medium in the wells and incubated at 

37 °C for 1-4 hours depending on the rate of formazan production. Before 

spectrophotometry, the 96-well plates were centrifuged at 500 x g for 20 minutes; the 

supernatant of each well was removed and added to a new 96-well plate. This step was 

performed to avoid any unwanted scattering from the particles during the absorbance 

measurement. The absorbance of the supernatant was collected at 420 nm using a 

SpectraMax Plus 384 microplate reader (Molecular Devices). Percent relative cell 

viability was calculated by normalizing treated cells to an untreated control sample. 

Medium and MTS reagent without cells served as a method blank for all samples.  

5.3.3 In Vitro ROS Assay in RAW 264.7 Cell Line 

 

RAW264.7 cells were seeded in 60 mm culture dishes at a density of 2 × 10
5
 cells 

per dish and incubated at 37 °C and 5% CO2 for 24 hours. After the initial incubation, the 

medium was aspirated and replaced with fresh medium. Then, 200 µL of particle 

suspension in medium were added at a final concentration of 50 µg/mL. After 24 hours of 

treatment, the medium was aspirated and the cells were removed from the culture dish 

using trypsin.  After five minutes fresh medium was added to the trypsinized cells; the 

cells were washed several times from the dishes and collected in centrifuge tubes. The 

cells were washed twice with PBS (Gibco) containing 5 mM sodium pyruvate (Gibco) 

and centrifuged at 230 g for 5 minutes in between washes. Then, each sample was 

resuspended in 1.00 mL of the PBS/pyruvate solution and stained with dihydroethidium 

(DHE) (Molecular Probes, Life Technologies) dissolved in dimethyl sulfoxide (Aldrich). 

The final concentration of DHE was 10 µM. To account for any background 



73 
 

fluorescence, a negative control sample consisted of untreated cells with the same volume 

of DMSO added as in the DHE stained samples. Antimycin A (Aldrich) was added to 

untreated cells at a final concentration of 10 µM to serve as a positive control followed 

by immediate staining with DHE using the exact same conditions as in the nanoparticle 

treated samples. All samples were incubated for 40 minutes after the addition of DHE (or 

DMSO for the negative control) at 37 °C after which they were placed on ice and 

analyzed for DHE fluorescence using a FACScan flow cytometer (Becton Dickinson 

Immunocytometry Systems) using 488 nm excitation and measuring the emission at 585 

nm. The mean fluorescence intensity of three samples was used to compare the relative 

generation of intracellular superoxide.  

5.4 Results and Discussion 

5.4.1 Material Design and Physical Characterization 

 

 The materials used in this study were wormhole-type (WO) mesoporous silica and 

nonporous silica nanoparticles, approximately 50 nm in diameter. The WO mesoporous 

silica material has a network of pores that is less ordered than that of other mesoporous 

silica materials, such as MCM-41 and SBA-15. The pores of WO-type silica form a 

network of voids that interconnect and interrupt each other throughout the material. The 

materials were characterized using traditional physical characterization methods. Electron 

microscopy images and physical characterization data can be seen in Figure 5.1 and 

Table 5.1, respectively.  
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Figure 5.1 Transmission electron microscopy images of materials used in this study. 

Wormhole-type (WO) mesoporous silica (L) and nonporous (Stöber) silica (R). The scale 

bar in each image is 50 nm. 

Table 0.1 Physical Characterization of Nanomaterials.  

Sample 
Diameter 

(nm) 

Surface 

Area 

(m
2

/g) 

Pore 

Volume 

(mL/g) 

Pore 

Diameter 

(nm) 

Functional 

Group 

Loading 

(mmol/g) 

 

ζ Potential (mV) 

pH = 7.4, 10 mM 

Sodium Phosphate 

Mesoporous 

Silica (MS) 

49 (± 5) 

TEM 

1100  

(± 44) 

0.56  

(± 0.03) 

3.100 (± 

0.007) 

4.283 

(0.009) 

-39 (± 2) 

MS@APTES - 
700  

(± 28) 

0.152  

(± 0.009) 

3.100 (± 

0.007) 
N/A 

1.9 (± 0.2) 

Nonporous 

Silica (NPS) 

47 (± 7) 

TEM 
66 (± 3) N/A N/A 

0.582 

(0.001) 

-49 (± 3) 

NPS@APTES - 42 (± 2) N/A N/A N/A 
9.6 (± 0.7) 

Min-U-Sil 

(α-Quartz) 

270 (± 21) 

DLS 

7.7  

(± 0.3) 
N/A N/A N/A 

-67 (± 3) 

 

The surface area and pore volume decreases upon functionalization, as previously 

observed and reported in the literature.
92

 The nonporous and mesoporous silica 

nanomaterials were size-matched so that variations in porosity and surface 

functionalization could be correlated with cytotoxicity.   
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5.4.2 In Vitro Cellular Toxicity 

 

The toxicity of these materials was evaluated using a cell viability assay against a 

murine macrophage cell line (RAW 264.7). As immune cells, macrophages respond to 

the presence of nanomaterials in a biological system. Macrophages mitigate inflammation 

responses via cytokine induction and other pathways.
93

 Additionally, previous work has 

demonstrated a clear ability of these cell types to uptake nanoparticles by phagocytosis 

increasing the local concentration inside the cellular compartment.
94

 In order to assess the 

time- and concentration-dependent effects, an array of dosages were implemented 

ranging from 10-200 µg/mL. Cell viability was monitored as a function of time at 

intervals of 4, 24, and 48 hours. The results at 48 hours can be seen in Figure 5.2.  

Figure 5.2 Cell toxicity data in RAW 264.7 cells, 48 h post-exposure. Min-U-Sil data, 

also at 48 h, is shown as the positive control for comparison. [Data from A. S. Morris.] 
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viability for the bare nonporous silica. At the highest concentration tested (200 µg/mL) 

effectively all cells for that dosage were no longer viable at 48 hours post-exposure. 

There is also some slight concentration-dependent effect on cell viability from the bare 

mesoporous silica, but not nearly as apparent as that for the nonporous material. The two 

functionalized materials showed very little observed toxicity at the concentrations tested. 

This is consistent with previous studies which implicate that surface functionalization 

lowers toxicity by modification of surface charge and reduction in the number of free 

surface silanols.
95

 The only clear time-dependent effect was again observed in the 

nonporous silica, which showed a clear trend over time in terms of cell viability. 

Previous work in the field has looked at effects of porosity in the interaction of 

silica nanoparticles with RAW 264.7 macrophage cells. Yu, et al., for example, observed 

similar trends, with the functionalized porous and nonporous materials showing mitigated 

toxicological responses across the dosage range evaluated.
96

 Using propidium iodide 

staining, it was observed that nonporous silica nanoparticles instigated an approximately 

four-fold larger disruption to the macrophage cell membrane than the mesoporous 

nanoparticles. A caveat is that the materials used in the previous study were slightly 

larger than 100 nm, and so their size regime effects cannot be directly compared to our 

data. Still, Maurer-Jones, et al. have shown elevated hemolytic activity for smaller 

nonporous particles  (~25 nm) across a similar concentration range.
9
 The particles in our 

study, which are of intermediate size, then fit directly into this previous work but with an 

added dimension of the effects of functionalization on the observed toxicity.  
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5.4.3 EPR Spectroscopy and Quantification of Free Radical Species 
 

As a means of assessing ROS produced from the surface, electron paramagnetic 

resonance (EPR) spectroscopy was employed. EPR has been used previously to assess 

radical formation in many different systems of interest, including in vivo studies. Here, it 

has been used to detect and quantify hydroxyl radical (HO
●
) produced from the 

homolytic cleavage of hydrogen peroxide: 

 H2O2 → 2 
•
OH                   

This has been previously carried out in a study by Zhang et al. in which they looked at 

the processing pathway dependence of the material on its toxicological effects.
79

 Zhang’s 

work focused primarily on fumed silica, whereas our study focuses instead on colloidal 

silica prepared via hydrothermal synthesis. In Zhang’s work, the observed toxicity was 

attributed to the formation and cleavage of strained siloxane rings on the surface, leading 

to ROS formation. Due to the hydrothermal nature of the synthesis of the materials used 

in this study, any strained rings would have been broken during the synthetic process and 

subsequent washing steps. However, it is still reasonable to expect that ROS may form 

from surface-catalyzed homolytic cleavage of hydrogen peroxide.  

In these EPR studies, H2O2 was implemented to mimic a cellular reserve of 

molecules that may undergo chemical modification by interaction with the nanoparticle 

surface. Furthermore, work in the field has elucidated the effect nanoparticle exposures 

can have on oxidative stress in biological systems. Natural redox-active protection 

mechanisms can quickly be overcome by an influx of ROS species via uncontrolled 

chemical reactions in intracellular or extracellular compartments. Due to the reactive 

nature of the hydroxyl radical, direct detection, even using highly sensitive EPR 

spectroscopy, is not feasible. 
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However, a common method to observe and quantify free radical species that 

evade direct detection is enabled by using a spin-trap. These are commonly utilized and 

have great application to studying complex biological systems. The spin traps most 

commonly used are nitrone spin traps like 2,2,6,6-tetramethyl-1-piperidinyloxy 

(TEMPO) which form a spin adduct with the hydroxyl or other radical species:  

Figure 5.3 Reaction between DMPO molecule and free hydroxyl to give DMPO-HO• 

spin adduct which is detectable by EPR spectroscopy. The unpaired electron primarily 

localizes on the oxygen atom.  

The half-life of these spin adducts is quite long, on the order of tens of minutes to 

hours.
97

 Therefore, detection and quantification of the radical signals is possible by 

implementing a spin trap. EPR spectra for the detected hydroxyl radical spin adduct for 

the materials can be seen in Figures 5.4 and 5.5. As a standard convention, these are 

reported as the derivative of the signal with respect to the magnetic field strength (in 

Gauss). The DMPO-HO• spin adduct gives a characteristic 1:2:2:1 spectrum centered at 

approximately 3490 Gauss in the X-band (νL = 9.79 GHz) region. This four line spectrum 

arises from splitting of the peaks via coupling of the unpaired electron to the nearby 

nitrogen as well as the hydrogen at the beta position, with measured hyperfine coupling 

constants of aN = 14.9 G and aH = 14.9 G, matching those reported in the literature.
98
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Figure 5.4 EPR spectra of the materials to quantify hydroxyl radical (HO
•
) produced by 

surface-catalyzed decomposition of H2O2. The DMPO-HO
•
 spin adduct is characterized 

by the four line spectrum shown of intensity 1:2:2:1, and the asterisk (*) indicates 

aminoxyl radical generated by oxidation of the amine functionality.  
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Figure 5.5 EPR spectrum of Min-U-Sil in water with added peroxide. 

It is of particular interest that additional peaks are present in the amine-

functionalized samples. The peaks in between the four signals corresponding to the 

DMPO spin adduct have been assigned to aminoxyl (IUPAC recommended name for 

[R2N–O
.
]  [R2N

.+
–O

−
]) radical. This is not surprising, as it is easy to imagine that due 

to the high peroxide concentration the amine has become oxidized to form an aminoxyl 

radical, which is more stable than free hydroxyl radical. The structure of the molecule 

would arise from oxidation of the APTES such that it has the structure similar to R-NHO
•
 

with the unpaired electron on the oxygen being detected by the EPR measurement. This 

type of aminoxyl radical formation is noted in the literature to occur under oxidizing 

conditions.
99

 From the EPR spectrum of the functionalized materials, hyperfine coupling 
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constants of aN = 17.1 G are calculated for the 1:1:1 aminoxyl, which match well with 

other aminoxyl radicals (aN = 16.9 G) observed in aqueous solution by others.
100

 The 

aminoxyl radical has been simulated using the EasySpin simulation package and 

compared to the experimental data, which is shown in Figure 5.6.
101

 This comparison 

shows agreement between the simulated and experimental aminoxyl EPR spectrum. 

Figure 5.6 Comparison of experimental MS@APTES EPR spectrum with a calculated 

EPR spectrum for the proposed aminoxyl radical calculated using EasySpin (garlic). The 

spectral intensity of the calculated spectrum has been matched to that of the experimental 

spectrum.   

Double integration followed by comparison with an external standard, in this case 

2-carboxy-PROXYL, facilitates quantification of the hydroxyl species in solution. The 

signals were integrated twice to give first an absorption lineshape and then finally an 

integrated intensity, which was compared to a 2-carboxy-PROXYL solution of known 
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concentration to calculate the absolute radical concentration. A plot of the absolute 

radical concentration for both the hydroxyl and aminoxyl radical species for each 

material is given in Figure 5.7.  

Figure 5.7 Absolute radical quantification from EPR spectroscopy conducted in water 

with DMPO spin trap and added H2O2. The type of radical is differentiated by color 

according to the legend.  

Mostly notably the concentration of hydroxyl radical in the bare nonporous silica 

is the highest of all measured samples, and is significantly higher when compared to its 

mesoporous analogue. This is surprising when you consider the approximate 20-fold 

difference in their surface areas. One would expect much more radical to form on the 

mesoporous silica surface, yet the opposite is observed, with a seven-fold larger 

concentration from the nonporous compared to the porous material. Additionally, due to 

an approximate 60% pore void volume in the mesoporous material, there are many more 

particles per same unit of mass. In the case of the bare materials, a volumetric calculation 
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based on assumptions of silica density from the literature gives values of 1.9 x 10
16

 

particles/g for the mesoporous material, and 6.9 x 10
15

 particles/g for the nonporous 

material.
102

 This is approximately a factor of three difference in particles per gram, yet 

the nonporous material shows an almost seven-fold larger concentration of radicals based 

on the EPR measurement.   

The surface area of the material is expected to dictate the total amount of radical 

produced, with materials having larger surface area capable of producing more free 

radicals than materials of lower surface area. It can therefore be assumed that materials 

such as mesoporous silica will generate more free radicals than nonporous materials on 

the same mass unit basis. In order to account for this trend, the absolute concentration has 

been converted to radical production in terms of the pmol radical per m
2
 surface area. 

This radical production can be seen in Figure 5.8, showing the radical production as a 

function of radical type and material.  
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Figure 5.8 Radical production as a function of material and radical type. These values are 

obtained by normalizing for the different surface areas of each material as determined by 

BET adsorption isotherm.  

Due the very high surface area of the mesoporous material, the radical production per 

unit area is very low. Comparing the bare materials, a two orders-of-magnitude difference 

between mesoporous and nonporous silica was observed. Also of note is that amine-

functionalization decreases hydroxyl radical production in the nonporous silica. One 

result that remains puzzling is that functionalization of the mesoporous material results in 

an increase in total radical production. This is not expected, and is the opposite of the 

trend observed in the nonporous silica samples.  

A final issue of note is that normalization of the radical concentration to radical 

production gives the positive control, Min-U-Sil, a large production of radical per surface 

area. Min-U-Sil, or α-quartz, is very toxic as a crystalline material which is thoroughly 
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noted in the toxicological literature, and why it was implemented in these studies as a 

positive control.
103

 The EPR data demonstrate that a large amount of radicals can arise 

from a very small surface area of the material (~7 m
2
/g) for quartz. This implies that 

perhaps it is its capability to produce large amounts of free radicals that results in such 

potent toxic effects in biological systems. A caveat is that the quartz used in these studies 

is approximately five times the size of the other materials, which were deliberately size-

matched. Thus, the toxicological effect of the quartz cannot be isolated as separate from 

its larger physical size.  

The experiments in aqueous solution provide great insight into the quantitative 

nature of free radical production at the nanoparticle surface. However, this is clearly in a 

simplified chemical environment when compared with the toxicity assay. As an extension 

of this, the EPR experiments were repeated, but this time the RPMI culture medium was 

used as the solution of interest. DMPO and H2O2 were added and the EPR spectra were 

collected. The same quantification and conversion to radical production values was 

applied to give the EPR spectra (Figure 5.9) and the calculated radical production (Figure 

5.10). Overall the signals are much attenuated. This makes sense as from a collision 

theory perspective the produced radicals are much more likely to interact with one of the 

many other molecules (amino acids, vitamins, etc.) in the culture medium rather than 

with the spin trap. The general trend is overall the same, although the absolute intensity 

of the NPS@APTES sample is actually higher than in the EPR experiments conducted in 

water. This is puzzling and counter to the other results. However, a caveat with this data 

is that the absolute concentrations (~10 nM) are close to the detection limit so the 

quantification must be interpreted conservatively due to possible technical limitations. 
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Figure 5.9 EPR spectra of the materials measured in RPMI culture medium. DMPO and 

H2O2 were added to the culture medium and the same methodology was implemented. 
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Figure 5.10 Calculated radical production for the EPR experiments conducted in the 

RPMI culture medium. Note the orders of magnitude decrease; the units of the ordinate 

are now fmol/m
2

 as opposed to pmol/m
2

. 

5.4.4 In Vitro Assessment of ROS Species in RAW 264.7 Cell Line 

 The EPR spectroscopic measurements, while quantitative and informative, are 

somewhat limited by the fact that they are carried out in a simplified chemical 

environment. While it enables extraction and isolation of radical production as a surface 

catalyzed-process, a toxicological response occurs in the complex chemical environment 

of the cell. This is why an in vitro assay was carried out to quantify intracellular ROS 

species, using intracellular superoxide (O2
-) concentration as an estimate of total 

intracellular ROS, and ultimately as a measure of oxidative stress. Cellular metabolic 

processes, generate ROS as a by-product of ATP production. In the terminal step of the 
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electron transport chain, cytochrome c oxidase reduces molecular oxygen to water. In a 

small proportion of these reactions, the oxygen is partially reduced to give the superoxide 

radical, which reacts to give other ROS species like hydroxyl radical and peroxynitrite 

(ONOO
-
). Nature has evolved mechanisms to deal with this source of superoxide radical 

via the superoxide dismutase family of enzymes which are among the most efficient 

enzymes known, being diffusion-limited in their catalytic capacity.
104

 Immune cells also 

implement oxidative bursts as a means of destroying foreign pathogens. The key is to 

extract the increase in intracellular ROS that arises from the nanoparticles rather than 

endogenous species. The results of this experiment are shown in Figure 5.11. 

Figure 5.11 In vitro ROS assay for each material, negative control, and the antimycin A 

positive control. The mean fluorescence intensity is proportional to total intracellular 

ROS. [Data from A. S. Morris.] 
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The negative control in this case is cells in the absence of nanoparticles, which 

gives the baseline response of physiological superoxide concentration. Antimycin A 

served as a positive control, as it inhibits cytochrome c oxidase, uncoupling the electron 

transport chain and leading to a buildup of intracellular superoxide. The silica 

nanomaterials, as seen in the data, show very little increase in intracellular ROS, with the 

exception of the bare nonporous silica material. The nonporous silica nanoparticles seems 

to induce intracellular formation of ROS in the RAW 264.7 macrophage cells. The other 

materials show very little elevation in intracellular ROS, which correlates with the cell 

viability results.  

 By using particle cell uptake values reported in the literature, and using the 

calculated radical productions for each material obtained via the EPR measurements, the 

true intracellular concentration of hydroxyl radical from the mesoporous and nonporous 

silica nanomaterials can be approximated. Typical values for these size silica 

nanoparticles give uptake values of around 15,000 particles per cell for the RAW 264.7 

cell line.
105

 Using this uptake value, the calculated radical production (Figure 5.8), and 

the typical cellular volume (~ 2 pL), the intracellular concentration of [HO
•
] the bare 

mesoporous and nonporous materials can be calculated to be approximately 800 and 

16000 pM, respectively. Since the concentration of hydrogen peroxide used in the EPR 

experiments is much higher than a true in vivo concentration, this can be used to correct 

the above concentrations to give realistically expected values (assuming no reaction with 

other molecules). The values obtained when this correction is employed are 4.2 x 10
-16

 

and 7.9 x 10
-15 

M [HO•] for the mesoporous and nonporous material, respectively. 

Compared to the typical in vivo concentration (~1 x 10
-15

 M) this gives a calculated 
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[HO•]/in vivo [HO•] ratio of 0.42 for the mesoporous and 7.9 for the nonporous 

material.
106

  

An elevation of eight times the normal concentration of hydroxyl radical can 

certainly cause oxidative damage and induce apoptosis. This is especially true if the 

radicals are generated rapidly, thereby overcoming natural ROS defense mechanisms 

such as glutathione-mediated redox chemistry.
95

 Increased cellular concentrations of ROS 

results in increased oxidative stress for the cell.
107

 We implicate increased intracellular 

ROS measured here as leading to oxidative stress in the cells. It is well-known from 

literature that increased oxidative species (i.e. ROS) results in oxidative modifications to 

biological macromolecules, such as lipid oxidation and protein degradation.
108

 Cellular 

response to this is to initiate signaling cascades that result in apoptosis.
109

 Therefore, 

increased ROS can result in observed cell death via a cascade of biological signaling 

pathways, which destroy cells damaged by excessive oxidative reactions.   

5.4.5 Integration of Cell Viability, EPR Spectroscopy, and Intracellular ROS 

Taken together, the data suggests that the elevated toxic response of the bare 

nonporous silica as understood from the cell viability assay is directly correlated to the 

high level of intracellular ROS produced upon exposure. This correlates well with the 

quantitative EPR results, while the other materials show very low cytotoxicity by cell 

viability as well as low intracellular ROS. In the case of the nonporous silica, the data are 

strongly suggestive that the observed toxicity can be directly correlated to the ROS 

produced. The data also strongly suggest that functionalization of nonporous silica 

reduces its toxicological response by reducing the number of free radicals formed at the 

surface of the material. This can be attributed to two factors. First, that the number of 
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surface silanols is reduced due to surface functionalization, through addition of the 

APTES moiety. The second factor is due to the presence of the functional group sterically 

blocking the approach of the hydrogen peroxide molecules to the surface-silicon atoms. 

In the functionalized material, the free molecular motion of the APTES molecule likely 

restricts the approach of the hydrogen peroxide oxygen, which is required for the surface-

catalyzed reaction to occur. Certainly some peroxide molecules will be able to begin the 

homolytic reaction via the initial rate-determining step (RDS) of the bonding and/or 

coordination of the peroxide oxygen to the surface silicon. However, the overall rate of 

this step can be assumed to be much lower in the functionalized material as the APTES 

moiety hinders the approach of the peroxide molecules, since the APTES is relatively 

larger in size.   

 A blank EPR experiment carried out on just a solution of DMPO with added H2O2 

(in the absence of the nanomaterials) gives a very small signal, which leads to the 

conclusion that the production of the radicals is surface-catalyzed. Furthermore, other 

experiments carried out on the nanomaterials in water without H2O2 demonstrates no 

measurable signal of hydroxyl radical. Thus, we suggest that the reaction to generate 

hydroxyl radical is surface-catalyzed, and that it proceeds without the siloxane ring-

breaking mechanism suggested by Zhang, et al. (vide supra). There has been some other 

work in the field investigating free radical production in titania (TiO2) from cleavage of 

hydrogen peroxide.
110

 The nanoparticle surface thus enhances the rate of homolytic 

cleavage of the hydrogen peroxide molecule. A proposed mechanism for the homolytic 

reaction at the silica nanoparticle surface is given in Figure 5.12. The surface sites of the 

silica are free silanol (Si-OH) moieties. As mentioned previously, silanol moieties are 
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fairly acidic functional groups (pKa ≈ 3.0). At physiological pH (7.4) these groups are 

uniformly deprotonated to give the silicate anion, possessing negative charge.  

Figure 5.12 Proposed mechanism for homolytic cleavage of H2O2 via surface-catalyzed 

reaction with silica nanoparticle surface. Surface catalysis leads to formation of two 

hydroxyl radicals (HO
●
). The reaction is initiated by the partial positive charge on the 

central silicon atom due to the withdrawing effect of the attached oxygen atoms.  

Modification of these groups via functionalization can change both the surface 

charge and the total acidity. In the case of the APTES functionalization utilized in this 

study, addition of the amine functionality serves to increase the surface charge through 

the ammonium cation formed at physiological pH; yet the functionalized material is also 

more basic in nature as some of the silanols have been removed via functionalization and 

the amine itself is fairly basic (pKa = 10.6). This would produce a more basic solution 

when compared to the bare materials. It is a well-established phenomenon that hydrogen 

peroxide is more stable in acidic than basic solutions. Therefore, the EPR data here shows 
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the opposite trend from the expectation in that the bare nonporous material shows greater 

degree of the breakdown of H2O2 to products (i.e. hydroxyl radical) than the 

functionalized equivalent. The mechanism proposed here is that surface-coordination of 

the hydrogen peroxide lowers the activation energy and provides a more stable transition 

state, enhancing the rate for the homolytic reaction. If this hypothesis is correct, then the 

predominant mechanism for production of the hydroxyl radical is not in the bulk solvent 

(which would result from acid- or base-catalyzed homolysis) but is dominated by 

interactions between the hydrogen peroxide molecules and the silica surface.  

 In the mesoporous silica, the functionalized material seems to, at least from the 

EPR measurements, give rise to more free radicals in its functionalized form. This is 

perhaps due to different coordination of the hydrogen peroxide to the silica surface. It is 

possible that the amine functionality (which will be positively charged at most pH values) 

is better able to electrostatically interact with the hydrogen peroxide molecule in the 

pores of the mesoporous material. In contrast, in the nonporous material, only the 

external surface is available for bonding. The proposed model (Figure 5.12) idealizes 

bonding between the peroxide oxygen and the silica silicon atom as an initial step. 

Overall, more of these atoms are freely accessible in the nonporous silica as they are all 

at the external surface. Most of the surface area of the mesoporous material is located 

within the pores themselves.  

The hydrodynamic diameter reported in literature for hydrogen peroxide is 0.5 nm 

which is small enough to fit into the pores of the mesoporous silica (dpore ~3 nm).
111

 

However, flux through the pores is limited due to the nature of the porous material 

structure. Molecular flux (J) in one dimension is given by Fick’s First Law: 
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𝐽 =  −𝐷 ∗
𝜕𝐶

𝜕𝑥
 (25) 

 Here D is the molecular diffusion coefficient in units of m
2
/s, C is the concentration and 

x is distance. This applies to bulk systems but in the case of the inner pores of the 

mesoporous silica one must employ an effective diffusion coefficient, Deff, which 

accounts for the flux through the porous network. This can be reasonably approximated 

by:  

𝐷𝑒𝑓𝑓 =
𝐷𝑏𝑢𝑙𝑘𝛿

𝜏
     (26) 

For this Dbulk gives the bulk diffusion coefficient, δ is a constrictivity factor, ε is the 

porosity, and τ is a tortuosity factor.
112

 The bulk diffusion coefficient can be calculated 

using the Stokes-Einstein relation to be ~9.7 x 10
-8

 m
2
/s. The porosity is the fraction of 

the total spherical volume occupied by the pores, which for mesoporous silica systems is 

approximately 60% (τ ≈ 0.60). Constrictivity can be approximated as the ratio of the 

molecular hydrodynamic diameter to the pore diameter (δ = 0.16). The tortuosity factor 

can be assumed to be 1 (as if it were a material with parallel pores like MCM-41) to give 

Deff ≈ 9.39 x 10
-9 

m
2
/s, which is an order of magnitude smaller than the bulk diffusion 

coefficient. The tortuosity in this case is larger than one due to the random-walk path of 

the pores throughout the material due to the less ordered wormhole-type structure in the 

material used. Therefore the true Deff must be even smaller than the above value. 

The system then becomes diffusion-limited as the molecules are forced to 

undergo flux through the pores to react at the liquid-solid interface. The motion of the 

molecules is isotropic, so only a concentration gradient drives them through the porous 

network. This gives rise to decreased mass transport, and perhaps explains why the 

mesoporous material gives so much lower ROS than that of the nonporous material. The 
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approximated effective diffusion coefficient described above can account for the 

sevenfold difference in concentration between the bare porous and nonporous materials. 

Even though total surface area is larger, the effective surface area “seen” per unit time by 

the H2O2 molecules is much lower in the porous material. In addition, due to the 

physically constrained nature of the pore diameter, one can envision that the 

recombination rate of initially formed hydroxyl radicals is much higher than in free 

solution as their residence time in the total porous network must be much longer than the 

bulk analogue. The diffusion rate inside the pores ultimately controls the amount radical 

generated per unit time as almost all (>95%) of the surface area is contained within the 

porous network. The porosity then has a direct and dramatic effect on the total amount of 

ROS (hydroxyl radical) generated and thus measured by the EPR spectroscopy described 

above. This observation supports the working hypothesis of a surface-catalyzed reaction 

generating free hydroxyls in solution, which is again matched well by the measurement 

of in vitro ROS shown here.   

As stated previously, the observation that functionalization of the mesoporous 

material seems to increase radical production is very puzzling. A possible explanation for 

the overall increase in radical production for the functionalized mesoporous silica is 

through a combination of diminished diffusion through the pore and the nature of the 

functionalized surface. The silica-water interface is an important and often studied area. 

These studies implicate a Stern layer that shows little change due to the highly 

hydrophilic surface. This exploration in interfacial water structure and dynamics leads to 

the presence of an increased viscosity near the interface that manifests as a viscosity 

gradient.
113

 In effect this gives a layer of adsorbed water that only slowly exchanges with 
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bulk solvent. This could also limit diffusion of the hydrogen peroxide to the surface. If 

the surface is functionalized, however, one can imagine that the addition of the 

aminopropyl moieties can disrupt this Stern layer, enhancing flux across the surface. This 

would then result in an increase in the amount of hydrogen peroxide that is cleaved by 

interaction with the surface. Furthermore, inside the constrained pores of the mesoporous 

silica this effect would be further enhanced due to the diminished flux, as described 

above. Perhaps it is a combination of diminished diffusion and a fairly rigid Stern layer 

on the silica surface that accounts for these results. However, the source of this effect is 

unclear at the present time. 

5.5 Conclusions 

Combined, the data enable a strong correlation between ROS derived from surface-

catalyzed reactions and observed cellular toxicity. Porosity has a major effect on the 

production of ROS from the surface and amine-functionalization in the nonporous 

material decreases the amount of free radical generated at the solid-liquid interface. We 

conclude that the mesoporous material shows less toxicity than the nonporous material 

due to decreased the amount of free radicals generated at the solid-liquid interface; and 

that this ultimately derives from the total porosity of the material influencing radical 

production and diffusion to the surface. We invoke a flux-based argument to account for 

the observed differences, as the surface appears to dictate the radical production. Surface 

amine-functionalization seems to mitigate radical production by steric hindrance 

(primarily in the nonporous material) and perhaps also by producing a more rapidly 

exchanging Stern layer at the interface (in the mesoporous material). Finally, we imply 

that safety by design can be implemented when the nanomaterials surface effects are 

considered in synthesis, chemical modification and application. 
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[The material contained in this chapter was reproduced from Ref. 169 with permission 

from the Royal Society of Chemistry.] 
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CHAPTER 6  
NANO-BIO INTERACTIONS OF RPMI CULTURE MEDIUM WITH  

POROUS AND NONPOROUS SILICA OF VARIED SURFACE CHEMISTRY 

 

6.1 Abstract 

Understanding complex chemical changes that take place at nano-bio interfaces is of 

great concern for being able to sustainably implement nanomaterials in key applications 

such as drug delivery, imaging, and environmental remediation. Typical in vitro assays 

use cell viability as a proxy to understanding nanotoxicity, but often neglect how the 

nanomaterial surface can be altered by adsorption of solution-phase components in the 

medium. Protein coronas form on the nanomaterial surfaces when incubated in 

proteinaceous solutions. Herein, we apply a broad array of techniques to characterize and 

quantify protein corona formation on silica nanoparticle surfaces. The porosity and 

surface chemistry of the silica nanoparticles have been systematically varied. Using 

spectroscopic tools such as FTIR and circular dichroism, structural changes and kinetic 

processes involved in protein adsorption were evaluated. Additionally, by implementing 

thermogravimetric analysis, quantitative protein adsorption measurements allowed for the 

direct comparison between samples. Taken together, these measurements enabled the 

extraction of useful chemical information on protein binding onto nanoparticles in 

solution. Overall, we demonstrate that small alkylamines can increase protein adsorption 

and that even large polymeric molecules such as polyethylene glycol (PEG) cannot 

prevent protein adsorption in these systems. The implications of these results as they 

relate to further understanding nano-bio interactions are discussed.  

6.2 Introduction 

 Due to the growth in nanotechnology, the interaction of nanomaterials with 

biological and environmental systems is an area of great interest. When nanomaterials are 
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exposed to biological environments, components within the biological matrix modify the 

nanomaterial surface. These specific interactions between nanomaterials and biological 

macromolecules have the potential to change how nanomaterials interact with biological 

systems, such as the immune system. As proteins readily adsorb to surfaces, much effort 

in the literature has been focused on specifically understanding protein adsorption onto 

nanomaterial surfaces. In fact, there is a great deal of evidence for the formation of a 

“protein corona” when a nanomaterial is exposed to a protein-containing solution.
114-116

 

The protein corona modifies the surface of nanomaterials and changes their modes of 

interaction with cellular components, as well as their biological and environmental 

fate.
117

 In the complex chemical environment of serum, for example, multiple proteins 

compete for binding onto nanoparticles. This binding is primarily mediated by protein 

size and charge.
118-119

 Recent work focuses on characterizing the protein corona and its 

influence on chemical properties.  

Other studies have demonstrated that the protein corona forms extremely rapidly, 

in less than 30 seconds, but changes can take place over longer time scales in the number 

of adsorbed protein molecules.
120

 Conformational changes occur as the protein molecules 

sample various conformational states, ultimately achieving the lowest energy 

conformation.
121

 Computational studies seek to relate protein corona formation with 

changes in observed nanomaterial properties.
122

 Other computational and experimental 

work implies that a series of conformational changes occurs as the protein molecules 

sample various conformational states.
123

 In many cases, denaturation occurs as the 

proteins adsorb to the nanoparticle surface. The literature makes a distinction between 

“soft” adsorbed proteins, which can still undergo further conformational change, and 
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“hard” adsorbed proteins that have undergone irreversible conformational changes on the 

surface.
124

 In many cases “hard” proteins are also irreversibly bound to the nanoparticle 

surface, giving rise to a permanent protein corona that modifies interactions with various 

other systems.
125

  

 A recent perspective on this topic by Murphy et al. describes the intrinsically 

multi-faceted and complex nature of nano-bio interactions.
126

 Protein corona formation is 

now understood to occur at all liquid-solid interfaces in biological systems, but other 

work finds this not to be the case when the nanomaterial size is very close to that of the 

protein molecules themselves.
127

 Current work is now strongly focused on specific, 

highly-controlled studies of the nano-bio interface to understand quantitatively what 

happens when nanomaterials come into contact with biological systems.
128-130

 The 

ultimate goal is to be able to understand and predict changes that will take place when a 

nanomaterial is exposed to a biological medium such as serum.
131-132

 Many chemical 

processes occur at the interface such as dissolution, aggregation, and generation of 

chemical species such as free radicals.
133-134

 However, at this time, accurate prediction of 

chemical modifications and ultimately how they affect biological disposition are not yet 

possible.
126

  

 Silica nanoparticles are currently under development for a wide variety of 

applications including corrosion protection, catalysis, and biomedical imaging.
135-137

 

Silica nanoparticles have widespread applicability in various biomedical, catalytic, and 

environmental applications due to their attractive physicochemical properties.
138-141

 A 

highly interesting application is as a drug delivery vehicle. This drug delivery vehicle is 

high feasible due to the properties previously mentioned, and recent literature highlights 
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outcomes based on these properties.
142

 Measuring biocompatibility of silica nanoparticles 

is critical to evaluate their efficacy in key environmental and biomedical applications.
143

 

Not only that, but changes in the material structure and surface chemistry via protein 

corona formation must also be assessed. The amount of work on understanding protein 

corona formation on silica nanoparticles has grown substantially in recent years. The 

current understanding is complicated by variation based on size, shape, charge, surface 

chemistry and other relevant nanomaterial properties. However, some agreement has 

been reached in terms of the irreversible adsorption of proteins, and therefore the 

irreversible formation of protein coronas.
144

 Furthermore, it has been observed that 

complex chemical equilibria result in “soft” and “hard” coronas as described above.
145

 

Recent work by Shahabi, et al. highlights the deeply complex effects of surface chemistry 

which dictates corona formation and ultimately cellular uptake.
146

 Others have described 

the intrinsically complex phenomena that modify the surface in terms of biological and 

environmental ligands.
147

 As predictive power is still relatively low in these systems, 

each nanomaterial must be investigated on an individual basis in order to build up a 

database of generalizable and useful chemical information about this intrinsically 

interfacial process.  

 In the complex environment of serum, the quantitative amount of each serological 

protein on the silica does not directly correlate with their relative abundance in the serum 

itself.
148

 A variety of literature has demonstrated that the exposed solution (and the 

protein(s) it contains), as well as the nanomaterial size, are of importance in corona 

formation. In the adsorption of lysozyme onto silica nanoparticles, smaller particles (~20 

nm) show only monolayer coverage, whereas larger particles (~100 nm) demonstrate 
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multilayer surface adsorption.
149

 By far the largest component of serum, and in fact most 

biological media is serum albumin, commonly bovine serum albumin (BSA). As one 

imagines, many factors impact the structure and kinetics of BSA adsorption onto silica 

surfaces including pH, concentration, and surface chemistry.
150-152

 Due to the complex 

nature of the adsorption process, however, the materials of interest must be evaluated 

rigorously and individually, which is the purpose of our study. 

 The porous and nonporous amorphous silica nanomaterials investigated in this 

study were systematically varied in their porosity and surface chemistry. These 

nanomaterials were then fully characterized using traditional physicochemical methods. 

As a means to more clearly understanding nano-bio interactions, the adsorption of protein 

molecules from a common cellular culture medium onto a series of size-matched 

amorphous silica nanoparticles was studied. RPMI (Roswell Park Memorial Institute) 

culture medium supplemented with fetal bovine serum (FBS) contains a myriad of 

chemical components that can interact with the nanoparticle surface. It is commonly used 

as a culture medium for the growth of cells for various assays and analyses. In our study 

RPMI supplemented with FBS was used in all studies and experiments. The effects of 

systematically varied porosity and surface chemistry on adsorption of protein from this 

culture medium were investigated. The materials were also characterized with 

conventional physical characterization methods. Infrared spectroscopy in the attenuated 

total reflectance configuration (ATR-FTIR) was used to study adsorption kinetics and 

thermodynamics. The infrared spectroscopic measurements were complemented with 

quantitative thermogravimetry, circular dichroism spectroscopy, and zeta potential 

measurements. This suite of techniques was implemented and integrated to facilitate a 
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more complete understanding of adsorption of proteins onto the silica nanoparticle 

surface from RPMI culture medium. The overarching goal of this study was to fully 

understand the adsorption of culture medium protein onto ~50 nm amorphous silica 

nanoparticles with systematically varied porosity and surface chemistry. 

6.3 Experimental Methods 

6.3.1 Silica Nanoparticle Synthesis and Functionalization 

 

Mesoporous silica nanoparticles of WO morphology and nonporous silica utilized 

for the experiments in this Chapter were synthesized using methods described in Chapter 

2 above, Sections 2.2 and 2.3, respectively. The nanoparticles were functionalized with 

APTES and PEG using the methodology described in Chapter 2, Sections 2.4.1 and 2.4.3, 

respectively. 

6.3.2 Zeta Potential Measurements in Different Media 

 

Zeta potential measurements were conducted on a Malvern ZS Zetasizer 

DLS/Zeta Potential instrument. A small amount of the material on the order of a few 

milligrams was incubated in the medium of interest at 4 °C for 48 hours to allow changes 

in surface chemistry to take place. After this time, the materials were dispersed in the 

medium of interest by sonication for 30 min immediately prior to measurement. All 

samples were equilibrated at 25 °C for five minutes before measurements. Measurements 

were conducted in triplicate, taking the standard deviation as the error.  

6.3.3 Quantitative Protein Adsorption by Thermogravimetric Analysis 

 

Protein adsorption was quantified using TGA as well. Samples (~25 mg) were 

exposed to RMPI culture medium containing FBS for several days at 4 °C to allow 

adsorption to proceed to completion. The samples were then centrifuged using a tabletop 
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centrifuge (11000 xg) for 30 min to separate them from the solution-phase. The 

supernatant was removed and the samples were washed three times with water, 

centrifuging each time, to remove any weakly bound adsorbates. The samples were 

subjected to thermogravimetry using a 5 °C/min linear heating rate up to 800 °C with 

pure nitrogen as the purge/flow gas, taking the mass loss from 100-550 °C as the loss of 

proteinaceous material adsorbed onto the nanomaterial. This was determined 

experimentally by initial TGA of pure BSA subjected to the same methodology. The 

proteinaceous samples contain a high amount (up to ~60%) of adsorbed water. The 

contribution of the adsorbed water was subtracted from the total mass to give an effective 

“dry” weight for analysis. This was applied to all samples. In the functionalized samples, 

the mass fraction of each functional group was subtracted to give a weight that only 

contains a contribution from the adsorbed protein. This was employed for all 

functionalized samples. 

6.3.4 ATR/FTIR Spectroscopy of Protein Adsorption on Nanoparticle Surfaces 

 

Adsorption of growth medium components was assessed using FTIR spectroscopy in the 

ATR configuration. Silica nanoparticles were deposited (5 mg each) onto a clean ZnSe 

ATR crystal after dispersion by sonication in 1.00 mL deionized water. Samples were 

allowed to dry overnight under nitrogen flow and then water was introduced and flowed 

over the sample for 15 min prior to data collection. A Nicolet FTIR instrument equipped 

with a liquid nitrogen-cooled MCT detector was used for all data collection. A total of 

128 scans were averaged for each spectrum. A water/film spectrum was collected to serve 

as a blank for spectral correction. RPMI culture medium with 10% (v/v) FBS was then 

introduced to the sample and spectra were recorded immediately. Data collection 
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continued for approximately 4 hours at 5 minute intervals to monitor adsorption. After 

this time the sample was changed to pure water and data collection was immediately 

restarted for 12 further hours using the same delay to monitor possible desorption of 

components from the materials.  The volumetric flow rate was 800 µL/min for all 

solutions applied to all samples, and 128 scans were averaged for each spectrum. All 

experiments were conducted at ambient room temperature. Peak heights were corrected 

for background drift using a 200 cm
-1

 region from 1800-2000 cm
-1

 where no vibrational 

peaks appear in the spectra, and plotted as a function of time for kinetic analysis.  

6.3.5 Circular Dichroism Spectroscopy 

 

 Approximately 2 mg of nanomaterial was incubated in 1.5 mL of RPMI culture 

medium containing 10% (v/v) FBS at 4 °C for 48 hours to achieve maximum adsorption. 

After this time, the materials were centrifuged in a tabletop centrifuge at 10,000 RPM for 

20 min to sediment the nanomaterials. The RPMI supernatant was removed and replaced 

with 10 mM sodium phosphate, pH = 7.4 (chloride-free buffer). The materials were 

washed with the phosphate buffer solution five times, then resuspended in 1.500 mL of 

phosphate buffer and held at 4 °C for analysis. This was done to give final protein 

concentrations around 0.2 mg/mL, which is ideal for CD spectroscopy.
153

 A Jasco J-815 

Circular Dichroism Spectrometer was used to collect CD spectra from 190 to 260 nm, 0.5 

nm/step. Immediately before collecting the spectra, each sample was sonicated for 15 

minutes then transferred into a 1.00 mm path length quartz cuvette. Five scans were co-

added to give a sample spectrum. The instrument was purged with nitrogen gas, and all 

spectra were collected at 25 °C. Analysis was carried out using the CONTIN algorithm 

via the online Dichroweb server administered by University of London.
154-155
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6.4 Results and Discussion 

6.4.1 Nanomaterial Characterization and Surface Charge 

 

The size of the silica nanoparticles was ~50 nm for the materials used in this 

study. The porous silica nanoparticles were of the wormhole-type (WO), consisting of an 

interconnected network of pores that are less ordered than materials such as MCM-41 or 

SBA-15. The nonporous silica is a solid colloidal material synthesized via base-catalyzed 

hydrolysis of the silicon source. The surface chemistry was varied via the covalent 

bonding of aminopropyltriethoxysilane (APTES) or polyethylene glycol (PEG) to the 

nanoparticle surface. The APTES moiety provides an amino functionality for surface 

modification and also tends to increase the surface charge. PEG is non-ionic and 

therefore tends to move the surface towards zero net surface charge. Both moieties 

increase biocompatibility, and the PEG, in particular, is becoming a popular approach for 

improving biocompatibility.
156

 Six different nanomaterials were evaluated including bare 

mesoporous and nonporous silica (MS and NPS), and mesoporous and nonporous silica 

functionalized with APTES or PEG (MS@APTES, MS@PEG, NPS@APTES, 

NPS@PEG). A representation of the materials is shown in Figure 6.1.  
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Figure 6.1 Schematic representation of the materials used in this study. The porosity and 

the surface chemistry variations can be seen in these materials. 

Traditional physical characterization methods were employed including transmission 

electron microscopy, gas adsorption isotherms, and thermogravimetric analysis. The 

physical characterization data can be seen in Table 6.1 for the materials. Accompanying 

transmission electron microscopy images can be seen in Figure 6.2.  
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Table 6.1 Physical Characterization Data for Silica Nanomaterials. 

 Sample Size 

(nm)
 

Surface 

Area 

(m
2

/g)
 

Pore 

Volume 

(mL/g)
 

Pore 

Diameter 

(nm)
 

Functional 

Group 

Loading 

(mmol/g)
 

Mesoporous 

Silica (MS) 

49 (± 5) 1100 (± 44) 0.562 3.1 N/A 

MS@APTES - 700 (± 28) 0.152 3.1 4.28 

MS@PEG - 250 (± 10) - - 0.314 

Nonporous 

Silica (NPS) 

47 (± 7) 66 (± 3) N/A N/A N/A 

NPS@APTES - 42 (± 2) N/A N/A 0.582 

NPS@PEG - 52 (± 2) N/A N/A 0.146 

 

Figure 6.2 Transmission electron microscopy images of the as-synthesized nanomaterials, 

the mesoporous on the left, and the nonporous on the right. Scale bar is 50 nm in both 

images.  

To confirm the presence and identity of the functional groups on the surface, solid-state 

NMR was employed. Cross-polarization NMR was used to confirm the identity of the 

functional group, and the 
13

C spectra are shown below in Figures 6.3-6.6 for the four 

functionalized materials. Overall the spectra match well with expected peak positions for 
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the functional groups. The nonporous silica, however, shows additional peaks from the 

three expected in its 
13

C spectrum. These have been assigned to a carbonyl containing 

impurity, either ethyl acetate or acetamide. The other materials all show the expected 

peaks at characteristic chemical shift values for each of the materials. 

 
Figure 6.3

 13
C CP Solid-State NMR Spectrum of MS@APTES. Structure of surface-

bonded APTES moiety is shown. The peaks at 6.9, 19.6, and 40.6 ppm correspond to the 

SiCH2CH2CH2NH2, SiCH2CH2CH2NH2, and SiCH2CH2CH2NH2 carbon atoms, 

respectively. 
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Figure 6.4

 13
C CP Solid-State NMR Spectrum of MS@PEG. Structure of surface-bonded 

PEG-APTES moiety is shown. The peaks at 7.4, 20.8, and 40.9 ppm correspond to the 

SiCH2CH2CH2NH2, SiCH2CH2CH2NH2, and SiCH2CH2CH2NH2 carbon atoms of the 

APTES moiety, respectively. The peaks at 56.2, 68.6, and 168. 9 ppm correspond to the 

H3C[OCH2CH2]nCON, H3C[OCH2CH2]nCON, H3C[OCH2CH2]nCON carbon atoms of 

the PEG moiety, respectively.  
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Figure 6.5

 13
C CP Solid-State NMR Spectrum of NPS@APTES. Structure of surface-

bonded APTES moiety is shown. The peaks at 8.4, 22.2, and 41.6 ppm correspond to the 

SiCH2CH2CH2NH2, SiCH2CH2CH2NH2, and SiCH2CH2CH2NH2 carbon atoms, 

respectively. The remaining peaks in the spectrum are assigned to a carbonyl-containing 

impurity, either ethyl acetate or acetamide.  
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Figure 6.6

 13
C CP Solid-State NMR Spectrum of NPS@PEG. Structure of surface-

bonded PEG-APTES moiety is shown. The peaks at 7.7, 21.1, and 40.4 ppm correspond 

to the SiCH2CH2CH2NH2, SiCH2CH2CH2NH2, and SiCH2CH2CH2NH2 carbon atoms of 

the APTES moiety, respectively. The peaks at 58.0, 68.4, and 168.9 ppm correspond to 

the H3C[OCH2CH2]nCON, H3C[OCH2CH2]nCON, H3C[OCH2CH2]nCON carbon atoms 

of the PEG moiety, respectively. 
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 In order to quantify and detect changes in the surface charge, zeta potential 

measurements were collected for all materials under different solution conditions (Figure 

6.7).  

Figure 6.7 Zeta potential data of the nanomaterials in different media. The samples were 

incubated and then measured in the indicated media, all at pH = 7.4.  

All solutions were at pH 7.4 to mimic physiological conditions, which is also the solution 

pH of RPMI culture medium. The first solution is phosphate-buffered saline (PBS), 

which is a typical solution to mimic physiological pH and ionic strength conditions. The 

results are as expected, with the bare nanomaterials in PBS showing negative zeta 

potentials, indicative of deprotonated silanols (as silicate anion) on the surface. The 

APTES-functionalized material demonstrates positive zeta potential due to the 

functionalization process; functionalization modifies free silanols to add a covalently-
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bonded propylamine moiety, which is positively charged at pH 7.4. This tends to shift the 

zeta potential to a more positive value. The PEG moiety also leads to a more positive 

value in the zeta potential, but not as strongly as the APTES moiety as it chemically 

converts silanols to a non-ionic functionality.  

 In the RPMI culture medium, the zeta potential of all the materials in this study 

becomes very similar, ~-5 to -10 mV. Overall, serum albumin is negatively charged at 

physiological pH, and so this observation can be interpreted to mean that differing 

amounts of albumin from the RPMI medium have adsorbed onto the material surface. A 

qualitative check of this is given by the BSA (prepared in PBS) sample, which contained 

bovine serum albumin at the same concentration as that of the RPMI culture medium 

(~40 μM). This result is very similar to that of the RPMI, suggesting that the bovine 

serum albumin is the primary modulator of surface charge in this system. This finding 

suggests that upon adsorption of serum albumin protein, the adsorbed serum albumin 

molecules have negated the initial surface charge of the material present prior to exposure 

and adsorption.  

 Further explorations of the surface charge were carried out by incubating the 

samples in a medium of interest, then washing and transferring them to another solution 

for measurement. The results of this experiment can be seen in Figure 6.8. Here, the two 

experiments were incubated in RPMI, then transferred to either PBS or pure water. The 

first sample transferred to PBS looks altogether not too different from the RPMI sample 

above in Figure 6.7. Here, the change can be attributed to the removal of any associated 

molecules that are near the surface in the RPMI, but are washed away by PBS. The 

second case of the sample washed in and transferred to water looks very different. This 
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dramatic shift in the zeta potential is likely due to the low ionic strength environment of 

the water, which would disrupt any salt bridges in bound protein molecules on the 

surface. 

Figure 6.8 Zeta potential measurements in different media. The (x,y) notation describes 

how the sample was incubated in solution x, then washed in and transferred to solution y 

for zeta potential measurement. 

6.4.2 Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy 

 

In order to characterize the adsorption of the components of the RPMI culture 

medium, ATR-FTIR spectroscopy was carried out to monitor and quantitatively observe 

adsorption processes. Nanomaterials were deposited onto a ZnSe ATR element and 

allowed to dry. RPMI solution was introduced in the ATR-FTIR system through a flow 

system. After subtraction of the water contribution from the spectrum, the adsorption of 

RPMI, PBS RPMI, H2O
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other solution-phase components can then be monitored spectroscopically. This 

methodology was applied to all of the materials. An initial spectrum of just the thin film 

of the WO-type mesoporous silica on the ZnSe element is shown in Figure 6.9 below. 

Here, the framework vibrations of the particles are shown around 1000 cm
-1

 in the data.  

Figure 6.9 ATR-FTIR spectrum of the WO-type mesoporous silica on the ZnSe crystal. 

Peaks corresponding to the mesoporous silica framework are assigned. 

Across the mid-IR range, signals appearing around 1600 cm
-1

 were indicative of 

surface-bound species. These peaks (see Figure 6.10) have been assigned to the Amide I 

and Amide II peaks of adsorbed protein molecules. The RPMI culture medium contains 

over 50 components, and the added fetal bovine serum adds many more.
157

 While RPMI 

medium does contain a variety of amino acids, they are all in their free form. Free amino 
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acids do not possess an amide moiety, and thus would not be expected to give peaks in 

the amide region. Therefore, we assume that the observed signals come only from serum 

proteins, primarily BSA. The Amide I peak primarily arises from the carbonyl C=O 

stretching motion, whereas the Amide II peak primarily occurs due to the N-H bending 

motion. However, the motions are coupled to each other, and so the vibrational modes are 

more complex than the isolated fundamental vibrations.  

 

Figure 6.10 ATR-FTIR adsorption of protein from RPMI culture medium onto the 

mesoporous silica material collected as a function of time at a constant volumetric flow 

rate. The solution-phase spectrum of the RPMI is given by the dotted line near the 

bottom. Based on this, the solution-phase does not significantly contribute to the signal. 

 From the ATR-FTIR, the kinetics can be measured and rate constants for the 

adsorption process extracted. When the peak height is corrected for the background drift 
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and then plotted as a function of time, a classic kinetic curve takes shape (Figure 6.11). 

The Amide II peak (at ~ 1548 cm
-1

) was selected for this analysis, as the Amide I peak is 

highly sensitive to the secondary structure of the protein, whereas the Amide II peak is 

not. Furthermore, the Amide I peak is at the same frequency as the water-bending mode 

near 1640 cm
-1

. Although we subtract the water-bending mode contribution from the 

spectra, the Amide II peak is best used for kinetic analysis. 

Figure 6.11 Kinetic analysis of the adsorption of RPMI culture medium protein onto the 

bare wormhole-type silica. The peak heights have been background corrected using a 200 

cm
-1

 region from 1800-2000 cm
-1

 to give a corrected peak height, plotted above.  

There are a multitude of models for these adsorptive processes. A recent review by 

Mudunkotuwa, et al. provides a framework for the fitting and analysis of this type of 

kinetic data.
158

 The data presented in Figure 4 has been subjected to a bi-exponential 

expression corresponding to a two-site model, which can be given in full mathematical 
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form as the following:  

𝐴(𝑡) =  
𝐴𝑚𝑎𝑥𝑘1−𝑜𝑛

′ (1−𝑒
−(𝑘1−𝑜𝑛

′ +𝑘1−𝑜𝑓𝑓
′ )∗𝑡

(𝑘1−𝑜𝑛
′ +𝑘1−𝑜𝑓𝑓

′ )
+

𝐴𝑚𝑎𝑥𝑘2−𝑜𝑛
′ (1−𝑒

−(𝑘2−𝑜𝑛
′ +𝑘2−𝑜𝑓𝑓

′ )∗𝑡

(𝑘2−𝑜𝑛
′ +𝑘2−𝑜𝑓𝑓

′ )
    (27) 

A(t) is the measured absorbance at time t, Amax is the approached maximum value for the 

absorbance as it reaches saturation, and 𝑘1−𝑜𝑛
′ , 𝑘1−𝑜𝑓𝑓

′ , 𝑘2−𝑜𝑛
′ , and 𝑘2−𝑜𝑓𝑓

′  represent the 

forward and reverse rate constants for the first and second binding steps, respectively. 

The tick (´) represents that these are the apparent first-order rate constants obtained from 

the curve fit. As the process is an equilibrium process, there are both forward and reverse 

rate constants for the equilibration step, which can be written in a fundamental way:  

𝑘𝑜𝑛

𝑃(𝑎𝑞) ⇌ 𝑃(𝑎)

𝑘𝑜𝑓𝑓

 

This describes how a protein molecule (P) can go from the aqueous (aq) phase into the 

adsorbed state (a) in the equilibrium process governed by the forward and reverse rate 

constants. Since the data were fit to a two-site model, this equilibration occurs twice. This 

follows logically when one considers the surface silanols to be the binding sites when 

compared to the significantly larger protein molecule. One can imagine that the protein 

molecule initially interacts with the surface via one silanol as it interacts with the outer 

exposed protein surface. This is the initial step, which is probably the rate-limiting step; 

upon which the second binding step can occur giving rise to a protein molecule that 

becomes adsorbed on the nanoparticle surface. We revisit this binding later in our 

discussion of thermodynamic considerations.  

 In the ATR experiments, the adsorption was performed in the RPMI culture 

medium with FBS added. To determine any losses, pure water at the same pH was used 
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to facilitate desorption from the nanoparticle surface. The total experimental data for the 

bare WO silica sample is given in Figure 6.12. The color marking denotes where the 

experiment was under adsorption conditions and when it was under desorption 

conditions. As can be seen, the change to the water causes a small change in signal. 

Overall this is indicative of irreversible adsorption to the surface. The loss of signal most 

probably arises from the removal of weakly-bound molecules that are associated with the 

proteinaceous coating on the nanoparticle surface at the liquid-solid interface. These 

molecules are likely only weakly electrostatically interacting with exposed domains of 

the protein and are thus washed away by the influx of water during the desorption step. 
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Figure 6.12 Total experimental ATR/FTIR data for the WO-type silica sample. The blue 

panel represents the adsorption of proteinaceous components from the RPMI culture 

medium. The red panel represents a change from RPMI to water to promote desorption of 

bound molecules. The small loss of signal is indicative of irreversible adsorption onto the 

nanomaterial surface.  

 

The rate constants calculated for the two-site kinetic fit for all of the silica nanoparticle 

samples are shown in Table 6.2.  The same model was applied to all of the samples, as a 

simple one-site model does not correctly fit to the measured kinetic curves. Desorption 

data for all of the materials are similar to that shown in Figure 6.12. Since this indicates 

irreversible adsorption, desorption data were not fit to a kinetic model as it was not 

indicated to take place for the observed adsorbed protein. Therefore, only adsorption rate 

constants are reported here, matching with the two-site equilibration model described 

above. 
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Table 6.2 Summary of Rate Constants Derived from Kinetic Fits of ATR-FTIR Data. 

Sample 𝒌𝟏−𝒐𝒏
′  

(min-1) 

𝒌𝟏−𝒐𝒇𝒇
′   

(min-1) 

𝒌𝟐−𝒐𝒏
′   

(min-1) 

𝒌𝟐−𝒐𝒇𝒇
′   

(min-1) 

R2 from 

fit 

Mesoporous 

Silica (MS) 

0.80 ± 0.06 0.52 ± 0.05 0.0061 ± 0.0004 0.0065 ± 0.0004 0.995 

MS@APTES 0.88 ± 0.03 0.23 ± 0.02 0.0068 ± 0.0007 0.022 ± 0.001 0.997 

MS@PEG 0.61 ± 0.02 0.37 ± 0.02 0.0057 ± 0.0004 0.013 ± 0.007 0.998 

Nonporous 

Silica (NPS) 

0.48 ± 0.02 0.37 ± 0.03 0.0080 ± 0.0005 0.0090 ± 0.0005 0.998 

NPS@APTES 0.46 ± 0.02 0.38 ± 0.03 0.0097 ± 0.0006 0.0115 ± 0.0006 0.998 

NPS@PEG 0.56 ± 0.06 0.26 ± 0.04 0.0039 ± 0.0004 0.009 ± 0.002 0.975 

6.4.3 Thermodynamics of Protein Adsorption 

 

 Due to the fundamental relation between kinetic and thermodynamic quantities, 

the observed rate constants from the ATR/FTIR spectroscopic measurements can be used 

to derive thermodynamic parameters for the nanoparticle-protein chemical system. The 

equilibrium constant for the adsorption process as written above in Equation 1 can be 

given by:  

𝐾𝑎𝑑𝑠 =  
𝑘𝑜𝑛

′

𝑘𝑜𝑓𝑓
′ ∗[𝐿]0

    (28) 

In this calculation, the on and off rate constants are those derived from the kinetic 

analysis given in Figure 6.10. The equilibrium constant depends also on the total initial 

ligand concentration [L]0. In the case of RPMI culture medium containing 10% FBS the 

total BSA concentration is 40 µM. In the case of the bare wormhole-type silica, 

employing this calculation gives equilibrium constants of 35,000 and 17,600 for the first 

and second binding steps, respectively. This is not surprising considering other work in 

the field which has experimentally verified the thermodynamically favorable adsorption 
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of proteins from solution.
159

  

 From the equilibrium constants, binding free energies can be calculated via: 

𝛥𝐺 =  −𝑅𝑇 ln 𝐾𝑎𝑑𝑠     (29) 

Since these experiments were conducted at room temperature, T = 298 K, and R takes the 

usual value of 8.314 J*mol
-1

*K
-1

. From the measured adsorption equilibrium constants 

for the wormhole-type system, the free energies are determined to be -25.9 and -24.2 

kJ/mol for the first and second binding step, respectively. The thermodynamic data 

calculated for all six samples is given in 6.3.  

 

 

 

 

 

 

Table 6.3 Summary of Thermodynamic Parameters Derived from ATR-FTIR Data. 

Sample Binding Step K
ads 

(AU) ΔG (kJ/mol) 

MS 1 (2) 35300 (17600) -25.9 (-24.2) 

MS@APTES 1 (2) 93800 (7500) -28.4 (-22.1) 

MS@PEG 1 (2) 40600 (10700) -26.3 (-23.0) 

NPS 1 (2) 31900 (21900) -25.7 (-24.8) 

NPS@APTES 1 (2) 29800 (20700) -25.5 (-24.6) 

Several key findings come from these data. First, these data show that 

mesoporous materials generally have lower free energies compared to nonporous 
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materials, which implies that protein adsorption onto mesoporous silica is generally more 

thermodynamically favorable. The APTES-functionalized mesoporous silica, in 

particular, has an adsorption equilibrium constant that is two to three times larger than all 

of the other samples for the first binding step. This indicates that initial binding of 

solution protein onto the surface is quite favored and perhaps explains why these 

materials tend to accumulate protein in biological media of any kind. The second step for 

the MS@APTES sample, however, is much lower in thermodynamic favorability than the 

other samples, implying that for this sample, the first step is an important step in the 

adsorption of proteinaceous molecules onto the nanoparticle surface. The highly 

favorable nature of the adsorption process is revealed by these data. In all cases, the 

second step is less thermodynamically favorable. This suggests that the adsorption 

process has an a potential energy curve with a well in which the system initially 

equilibrates, but then molecules fall into a second well that results in an overall 

irreversible process.    

6.4.4 Quantitative Protein Adsorption via Thermogravimetric Analysis  

 

 The FTIR studies provide unique insight into the kinetics and thermodynamics of 

protein adsorption onto the nanoparticle surface. However, due to the nature of the 

experiment, in which solution flows over the sample on the ATR crystal, there is some 

sample loss over the course of the total experiment. This can be spectroscopically 

observed as the loss of signal at around 1000 cm
-1

, which corresponds to the Si-O 

stretching motion of the silica nanoparticle framework. Due to this, quantification of the 

total amount of adsorbed protein is very difficult. However, thermogravimetric 

measurements can be used to calculate the equilibrium protein adsorption. This has been  
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employed for these samples to obtain a saturation protein adsorption measurement for all 

six materials in this study. The results of the quantification are given in Figure 6.13. 

Figure 6.13 Quantitative protein adsorption via thermogravimetric analysis for samples 

incubated in RPMI. Differences between each sample were subjected to t-test (assuming 

equal or unequal variance depending on F-test results) at the α = 0.05 level to determine 

statistically significant differences between samples.   

The data represents the average of three replicate measurements, and were 

examined using a series of pairwise t-tests to determine if differences were statistically 

significant at the α = 0.05 level. The results of the statistical analysis are also included in 

Figure 6.13. Within each porosity category (porous or nonporous) all of the differences 

observed are statistically significant with the exception of the porous functionalized 

materials (APTES vs. PEG). In this case, the p-value was 0.055, indicating the difference 

was almost statistically significant. In all the cases, an F-test was initially implemented to 
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determine if the variances were equal or not. Then this result was used to determine if the 

t-test was performed assuming equal or unequal variances. Furthermore, the data was 

subjected to a two-way analysis of variance (ANOVA), which results in the porosity and 

functionalization being significant variables affecting protein adsorption (porosity, p = 4 

x 10
-13

; functionalization, p = 3 x 10
-8

). However, the interaction term between porosity 

and functionalization was not significant, nor was it expected to be. This further 

reinforces that nanomaterial porosity and surface chemistry strongly controls adsorption 

of protein at liquid-solid interfaces. 

 Overall, the porous materials adsorb much more protein per gram than the 

nonporous variants (~100% increase). This suggests that the effective surface that can 

adsorb protein is not just the external surface area but that some portion of the outer pores 

must also contribute to the adsorption surface area. A recent report in the literature 

implies that this observation arises from improved deposition of lower molecular weight 

molecules via a size exclusion effect.
160

 Also, in both the porous and nonporous silica, the 

APTES-functionalized materials adsorb more protein than the bare materials. This 

indicates that the APTES moiety can enhance the extent of adsorption. This likely occurs 

due to the nucleophilic nature of the amine moiety and the flexibility of the aminopropyl 

moiety due to the aliphatic chain in the molecule.  

 The PEG-functionalized samples actually show more protein adsorption than the 

bare materials, but yet less than the APTES-functionalized materials. This result is 

unexpected as extensive literature suggests that PEG can diminish or completely block 

protein adsorption.
161-164

 The only conclusion that can be drawn from this is that the PEG 

does interfere with protein adsorption when compared to the APTES, but still must have 
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some effect on the uptake and bonding. One possibility is that the PEG used in this study 

is of 550 average molecular weight (Mn). Differing work in the literature describes that 

the molecular weight as well as the brush density are important for limiting protein 

adsorption. From TGA measurements, the PEG loading can be approximated to be 0.314 

and 0.146 mmol/g for the porous and nonporous samples, respectively. These loadings 

are relatively small, and can be interpreted to mean that-for the mesoporous silica-some 

PEG is bonded at the pore opening, but does not fully fill the porosity, as one would 

expect for PEG considering its large size and molecular flexibility. For complete protein 

blocking, the literature suggests molecular weight of several kDa for the PEG. Based on 

the TGA results, the nonporous silica, for example, has a density of ~1.71 PEG/nm
2
, 

based on BET surface area and number of particles per gram (NPS = 6.9 x 10
15

 

particles/g, via the method of Lin and Haynes).
102

 This is a higher density than others 

reported in the literature, but the repeat unit is not of sufficient length to prevent protein 

adsorption.
165

 Thus the molecules do not form a dense enough layer on the material 

surface to prevent adsorption, especially considering the highly favorable 

thermodynamics of that process.  

 Quantification of adsorbed protein has not been widely reported in the literature. 

Some studies by Clemments, et al. measured protein binding in terms of organic weight 

percent.
166

 In that work, the protein loading is extracted as a difference between the 

protein-exposed material and the as-synthesized functionalized material. That work 

reports the loading of unfunctionalized mesoporous silica as 10.1% and amine-

functionalized as 14.4%. The functionality was propylamine in that case. In our study, if 

the protein loading is simply considered as weight percent for the bare mesoporous 
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material, it gives a value of 8.2%; whereas for the amine-functionalized it is 13.3%. Thus 

the result that functionalization increases protein adsorption concurs with other results 

that have been previously reported in the literature.   

6.4.5 Structural Characterization Using Circular Dichroism Spectroscopy 

 

 Infrared spectroscopy can be used to measure thermodynamic and kinetic 

parameters, but other complementary spectroscopic methods such as circular dichroism 

(CD) are often used to characterize secondary structure in proteins. The secondary 

structure is probed by ultraviolet radiation that has been circularly polarized. The alpha 

helical and beta sheet structures are sensitive to changes in their structure, and this can be 

monitored spectroscopically using CD spectroscopy. The alpha helical structure is 

particularly sensitive around 210 nm and is often used monochromatically to probe 

secondary structure. More often the secondary structure is characterized in free solution, 

but here it has been used to probe the secondary structure of adsorbed protein on the 

nanoparticle surface.  

 Numerous algorithms are available for the processing and analysis of CD 

spectroscopic data. The raw data is given in units of ellipticity, typically in mdeg. The 

protein concentration must be known precisely, as well as its molecular weight. For the 

analysis given here, the protein concentration was calculated based on the 

thermogravimetric analysis data. The protein identity was assumed to be entirely bovine 

serum albumin, so the molecular weight of BSA was used in the analysis. Herein, 

CONTIN has been applied to the data. This results in its conversion to units of mean 

molar ellipticity, deg*cm
2
*dmol

-1
 (see Figures 6.14 and 6.15 for the solution-phase BSA 

and protein-exposed nanoparticle CD spectra, respectively).  
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Figure 6.14 Circular dichroism spectrum of bovine serum albumin standard in chloride-

free sodium phosphate buffer.  
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Figure 6.15 Circular dichroism spectra of the silica nanoparticle materials with adsorbed 

protein as measured in chloride-free buffer.  

By using a fitting algorithm, the secondary structure contributions to the total CD 

spectrum can be extracted. The results of the CONTIN analysis and fitting are given in 

Table 6.4. This breaks down the secondary structure into intact and deformed alpha helix, 

intact and deformed beta sheet, turns, and random coils. The quantitative parameter for 

fitting is given as the NRMSD (normalized root-mean-square deviation). Typically, 

analysis requires a NRMSD value less than 0.05, which is not observed for most of the 

data. However, one must consider that the samples used in this measurement are solids 

dispersed in solution, and so there could be some interference. Measurements on the 

nanoparticles dispersed in solution do not give substantial spectra, so one can conclude 

that the particles themselves do not significantly contribute to the observed signals.  
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Table 6.4 Circular Dichroism Spectrum Fitting Results: Secondary Structure 

Characterization. 

Sample
 α-Helix 

(intact) 

α-Helix 

(distorted) 

β-Sheet 

(intact) 

β-Sheet 

(distorted) 
Turns 

Random 

 Coil 
NRMSD 

MS 5% 7% 18% 10% 18% 43% 0.08 

MS@APTES 4% 6% 22% 11% 18% 40% 0.36 

MS@PEG 1% 5% 24% 12% 19% 39% 1.03 

NPS 4% 6% 21% 11% 19% 38% 0.24 

NPS@APTES 4% 6% 21% 11% 19% 39% 0.27 

NPS@PEG 2% 5% 23% 12% 20% 39% 0.73 

BSA 

(Solution) 
38% 19% 0% 3% 14% 27% 0.02 

 Previously reported results in the literature suggest that BSA is highly alpha 

helical in nature (~68%) with some substantial fraction of beta sheet (~18%) with the 

remainder consisting of random coils.
167

 However, other reports suggest that the amount 

of beta sheet structure is significantly less than this (~3%).
168

 As our pure solution 

spectrum of BSA matches more closely with the latter of these measurements, this has 

been used as our standard in this study (see Table 6.4 for solution-phase BSA CD 

secondary structure). The fitted secondary structure contributions then result in several 

important phenomena. First, all samples lose a great deal of alpha helical content upon 

adsorption onto the nanoparticle surface. This is consistent with the work of others, 

which demonstrates irreversible conformational changes that take place upon adsorption 

(vide supra). Secondly, a large amount of beta sheet (intact or distorted) structure appears 
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across the nanoparticle-containing samples. This suggests, then, that as the protein 

denatures, the alpha helices unfold to give beta sheet-like structures. In addition, some 

substantial fraction (~20%) of alpha helices unfold completely, resulting in an increase of 

total random coils in the protein structure.  

Qualitatively the secondary structure contributions look very similar. The CD data 

imply that neither porosity nor the surface chemistry has a substantial effect on the 

secondary structure of the adsorbed protein molecules. One would expect that the 

different interactions between the surface moieties and the protein molecules as the 

adsorption process occurs would result in different structures. However, this is not the 

case. The CD spectroscopy, however, is an end-point measurement. It says nothing about 

the path through which the denaturation proceeds. So perhaps the functional moieties 

change the total energy landscape, thus changing how the proteins unfold. Although, 

given the highly thermodynamically favorable nature of the denaturation, it might not be 

as surprising that the end product is highly similar in all the materials. As we have no 

evidence for the time-dependence of the denaturation process, this line of thought is 

purely speculative at this time.  

6.4.6 Calculated Protein Surface Coverage 

 

 The protein adsorption values obtained from thermogravimetry enable 

quantitative characterization of the end-state adsorption. However, to more fully 

understand what the nanoparticle looks like at the solid-liquid interface, these values 

must be converted to molecular surface coverage. A full calculation relies on the TGA 

measurements as well as surface areas obtained by BET adsorption isotherms. Employing 

these values, the molecular surface coverage can be calculated as shown in Table 6.5.  
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Table 6.5 Calculated Molecular Surface Coverage of BSA on Nanomaterials. 

Sample 

Molecular Coverage 

(Molecules BSA/g Material) 

Molecular Coverage 

(Molecules BSA/cm
2
) 

MS 1.09 (± 0.02) x 10
18

 9.9 (± 0.4) x 10
10

 

MS@APTES 1.36 (± 0.08) x 10
18

 1.9 (± 0.1) x 10
11

 

MS@PEG 1.186 (± 0.008) x 10
18

 4.7 (± 0.2) x 10
11

 

NPS 3.2 (± 0.1) x 10
17

 4.8 (± 0.3) x 10
11

 

NPS@APTES 8.49 (± 0.07) x 10
17

 2.02 (± 0.08) x 10
12

 

NPS@PEG 6.38 (± 0.09) x 10
17

 1.24 (± 0.05) x 10
12

 

 The nonporous material is straightforward in its calculation, but the mesoporous 

material is less so. The values given in Table 6.5 are those calculated based on the full 

BET surface area, which in the case of bare mesoporous silica is ~1100 m
2
g

-1
. If this raw 

BET surface area of 1100 m
2
g

-1 
is used, for example, the calculated fractional surface 

coverage is only 0.3%, which is extremely small. This value is unrealistic in these 

materials for a surface coverage calculation, as the protein cannot (fully) penetrate the 

pore. Therefore, the true coverage values must be larger than those calculated here. If the 

assumption is made that the protein can somewhat penetrate into the pores, and one 

arbitrarily assumes a penetration depth of ~1.5 nm, then a revised surface area for the 

mesoporous silica sample would result in a value of ~165 m
2
g

-1
. When this value is 

employed, the molecular surface coverage of the material then becomes ~6.56 x 10
11

 

molecules cm
-2

. Therefore, the surface coverage would be ~2%. This is not a rigorous 

approximation, but is merely employed to highlight that the true molecular surface 
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coverage must be higher than the values reported in Table 6.5.   

 We also report here the number of molecules per gram of material, which has no 

assumptions as the number of molecules is directly calculated from the TGA data. Due to 

the complex nature of binding to the porous materials, it is somewhat more difficult to 

extract the true molecular surface coverage. The surface area calculated from BET 

measurements gives the total accessible surface area, but the protein cannot penetrate 

completely into the pores as it is too large. In addition, during its denaturation, serum 

albumin molecules would block the pores, preventing further entrance and adsorption. 

However if only a true approximated spherical external surface area was available to the 

protein molecules for adsorption, one would expect the bare nanomaterials to exhibit 

identical protein adsorption, or, if anything, that the nonporous would exhibit larger 

surface adsorption. This arises from the fact that if one considers the void spaces that 

compose the pores as inactive areas for protein adsorption, there must be less effective 

surface area for adsorption to occur. However, in the calculated molecular coverage, this 

is not what is observed, as in fact all of the porous materials show more protein 

adsorption on a per gram basis. This implies that some of the protein molecules must 

penetrate into the pores, giving a total adsorptive surface area, which is larger than just a 

pure external calculation, but still much smaller than that determined by BET adsorption 

isotherm, as implicated above.   

6.4.7 Implications for Nano-Bio Interactions, Biological Assays and Biological Response 

 

 The data presented here give an important multi-faceted approach to 

understanding the adsorption of protein from culture medium onto silica nanomaterials. 

The data demonstrate that the kinetic process of protein adsorption is highly 
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thermodynamically favorable and that structural changes take place upon binding. The 

implications for these results are for in vitro assays that are implemented to measure 

cellular toxicity of engineered nanomaterials. There is some time-dependence to the 

adsorption process, and one can only assume protein adsorption affects cellular 

recognition and toxicity. When these assays are implemented to measure cellular toxicity, 

the nanomaterials are often dispersed in the culture medium. The data presented in this 

study demonstrates that dynamic changes take place at the solid-liquid interface that can 

alter the surface that these materials present when introduced into the cellular 

environment. A schematic of the modified-nanoparticles is shown in Figure 6.16 to 

visualize the end-point of the materials after exposure to the RPMI culture medium. In 

this schematic representation, the protein molecules have been visually distorted to 

represent their denatured status. However, as we do not have any evidence of the specific 

3D structure in the denatured state, we cannot give a truly accurate picture of what these 

molecules look like, only a generalized schematic representation. Thus, we demonstrate 

the different surface chemistry and its direct impact on silica nanoparticle modifications 

in protein-containing culture media. This ultimately impacts all of the relevant interfacial 

processes nanoparticles are involved in including adsorption and cell interactions. 
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Figure 6.16 Schematic diagram of protein adsorption. The relative adsorption of BSA is 

shown, along with depictions of each material and its surface chemistry, consisting of 

surface silanols and other functional moieties, if applicable. The mesoporous materials 

are on the left, and the nonporous on the right. From top to bottom the surface chemistries 

are: bare, APTES-functionalized, PEG-functionalized. The protein molecules are shown 

in a distorted configuration to represent that these are the denatured protein molecules 

bound to the nanoparticle surface. 

 In in vivo events, there is much evidence of protein corona formation upon 

exposure to biological media such as serum. We demonstrate here that this also occurs in 

fundamental assays as a means of predicting and understanding biological responses to 

BSA Native 

Form 
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nanomaterial exposures. However, RPMI contains only approximately 50 chemical 

components, whereas human serum contains hundreds. Thus, true biological exposure to 

serum could be expected to be an even more complex phenomenon. This is somewhat 

represented by the FBS added to the RPMI medium in this report. One could hypothesize 

that this exposure ultimately mitigates and/or controls in vivo toxicity. However, if serum 

albumin is truly the primary adsorptive species, as we suggest here and others have 

suggested elsewhere, fundamental understanding of albumin binding can facilitate better 

understanding of nanomaterial behavior and measurement in differing assays of 

significance. Considering how the interactions of nanomaterial surfaces affect cellular 

toxicity is critical, and is an important conclusion of this study. Indeed, the phenomena 

on nanoparticle surfaces seem to control many of its properties including its cytotoxicity, 

as we describe in a recently published report.
169

 These interactions need to be measured 

and understood when in vitro data are assessed in order to determine all factors that 

control cellular responses. As the literature describes, the protein corona structure directly 

affects important biological processes such as cellular uptake, hemolysis, and 

apoptosis.
120, 130, 170

 Thus, characterizing the structure of the protein corona is of 

paramount importance to ensure that nanomaterials of interest are employed effectively 

in critical applications such as drug delivery and biomedical imaging. The study 

presented here provides a benchmark for what that characterization might entail, and 

demonstrates the relevant implications for careful characterization of protein corona 

formation that occurs at solid-liquid interfaces in biological and environmental systems.  
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6.5 Conclusions 

 Overall, we conclude from this study that binding of serum albumin to the silica 

nanoparticles results in a surface whose charge looks very similar irrespective of surface 

functionalization. We assert that serum albumin is the dominant species, which adsorbs 

upon exposure to FBS-containing RPMI culture medium, and that it dominates the 

surface chemistry of the silica nanoparticles. PEG functionalization of the silica diverges 

from the literature, in that protein adsorption was observed on the PEG-ylated surfaces. 

This can be attributed to the smaller size/molecular weight of the PEG moiety. The TGA 

results demonstrate that functional moieties are able to recruit protein to the nanoparticle 

interface, which controls how biological systems view the nanoparticle-protein conjugate. 

Thermodynamic and kinetic measurements reveal the highly favorable nature of protein 

binding to nanoparticle surfaces in biological media. By obtaining a deeper understanding 

of the chemical changes that take place when nanomaterials are exposed to biological 

matrices, we can better understand how to implement these materials in applications.  

[The material in this chapter was reproduced with permission from Reference 171. 

Copyright 2015, American Chemical Society.] 
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CHAPTER 7  
INITIAL NMR CHARACTERIZATION AND ADSORPTION  

STUDIES OF GLYCINE ONTO SMALL POROUS SILICA 

 

7.1 Abstract 

 The work in this chapter is a set of initial studies for the application of NMR 

spectroscopy on small silica of less than 30 nm in primary particle size. The approach 

was solution-phase 
1
H NMR to characterize the functionalized silica nanoparticles and 

also to study the adsorption of a small organic molecule, the amino acid glycine. The 

general results provide a quantitative measure of glycine adsorption as well as a direct 

test of the hypothesis that DOSY NMR may have an upper size limit to which it applies. 

7.2 Introduction 

 In reference to work in Chapter 4, a question arose as to whether DOSY has a size 

limitation to detect and measure molecules diffusing slower than a hydrodynamic sphere 

of ~20 nm. As the silica studied in Chapter 4 was larger than this, it was of interest to test 

this hypothesis by using functionalized silica of less than ~50 nm in primary diameter. 

The crux of this idea is that small silica will be able to freely diffuse throughout the 

solution to give broadened-but detectable-proton resonances in the NMR spectrum. 

Furthermore, PEG is a molecule of great interest for the functionalization of 

nanoparticles. As an extension of the work in Chapter 4 the viability of DOSY for 

measuring the diffusion of small silica was tested, as well as the solution stability of PEG 

on the silica nanoparticle surface. 

 Another aspect of note is the adsorption of organic molecules onto the silica 

surface as detailed in Chapter 6 above.
171

 So the silica was exposed to glycine to see if it 

would adsorb onto the surface. This represents an initial study of the viability of solution-

phase NMR to measure and quantify amino acid adsorption onto the silica nanoparticle 
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surface. Glycine was selected due to its relatively simple structure and uncomplicated 

NMR spectrum. A proton NMR approach was implemented to determine if adsorption 

occurred, and if it could be understood in a quantitative, solution-dependent fashion.  

 Overall, the work in this Chapter involves application of previously described 

solution NMR methods to bare and functionalized silica nanoparticles of varying surface 

chemistry. The underlying idea is to be able to measure solution-phase events in terms of 

ligand stability and small organic molecular adsorption processes. The advantage of using 

NMR to study adsorption, in particular, is that since (almost) every organic molecule has 

protons within its chemical structure, it is directly amenable to adsorption studied by 

proton NMR. This is a direct consequence of the applicability of the methodology and 

approach described in this Chapter.  

7.3 Methods 

7.3.1 Silica Nanoparticles and Functionalization 

 

 Small porous silica (P-Type) of approximately 20 nm in size was obtained from 

US Research Nanomaterials (Houston, TX, USA). Functionalization with APTES and 

PEG functional groups was carried out using the procedure described in Chapter 2, 

Sections 2.4.1 and 2.4.3, respectively. 

7.3.2 Sample Preparation 

 

Samples were prepared for solution 
1
H NMR by sonicating approximately 2 mg 

of functionalized MSNs in 600 μL of D2O for 30 min. Suspended samples were 

transferred to standard 5 mm NMR tubes immediately prior to analysis. Sample pH was 

measured using a Corning 320 pH meter with a micro pH electrode and corrected using a 
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known isotopic correction calculation.
57

 The samples were sonicated for approximately 

30 minutes immediately before the NMR measurements.  

7.3.3 Solution NMR Experimental Setup 

 

1D NMR and DOSY experiments were conducted on a Bruker Avance III 

spectrometer operating at 400 MHz (B0 = 9.4 T). 2D NOESY experiments were 

conducted on a Bruker Avance 500 MHz instrument. All 
1
H chemical shifts were 

referenced to the residual solvent proton signal (for HDO this is a broad singlet centered 

at 4.69 ppm). 

All one-dimensional 
1
H NMR experiments were performed using a single-pulse 

sequence (Bruker zg pulse sequence). Pulse widths were optimized as necessary. The 

relevant experimental parameters were as follows: TD = 64k, NS= 16-128, and D1=1-

10s. TD, NS and D1 refer to the time-domain data points, number of scans, and relaxation 

delay, respectively. The data were processed using Topspin 2.1 software with a 64k zero-

filling and a 0.3 Hz exponential line broadening parameter. Following processing steps 

including phasing and baseline correction, peaks of interest were integrated to enable 

quantitative calculations. 

7.3.4 Diffusion Ordered Spectroscopy (DOSY) Parameters 

 

DOSY experiments were conducted using an automatic tuning and matching 

BBFO probe equipped with a z-gradient coil. Samples were thermally equilibrated at 298 

K for 15 min before data collection.  All diffusion measurements were made using the 

stimulated echo pulse sequence with bipolar gradient pulses (stebpgp1s pulse sequence). 

The diffusion delay (∆) varied from 20 to 40 ms, and the gradient pulse duration (δ) from 

1.5 to 5 ms and were optimized in order to obtain 1-5% residual signal at 95% of the 
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maximum gradient strength. The recycle delay varied between 5-10 s. Rectangular shapes 

were used for the gradients and a linear gradient of 16 increments between 2% and 95%  

of the maximum gradient strength was applied. The gradient strength (56.0 Gauss/cm at a 

current of 10 A) was calibrated by measuring the self-diffusion of the residual HDO 

signal in a pure D2O (99.98 % D) sample at 298K (1.90 x 10
-9 

m
2
/s). Diffusion 

coefficients were calculated by integrating the peaks of interest and direct curve-fitting to 

the Stejskal–Tanner equation:  

            𝐼 = 𝐼0 ∗ exp [−𝛾2𝐺2𝛿2 (𝛥 −
𝛿

3
) 𝐷]              (22) 

where I, I0, γ, and G are the observed intensity, signal intensity in the absence of the 

gradient, the proton magnetogyric ratio and the gradient strength, respectively. The T1/T2 

analysis program in Topspin was used to carry out the processing and curve-fitting for all 

peaks/nuclei. 

7.3.5 Glycine Adsorption 

 

Silica nanoparticles were exposed to glycine and measured for adsorption. To 

measure an adsorption isotherm, 10 mg of silica was massed out into dry, clean 

microcentrifuge tubes. To these samples, solutions of glycine hydrochloride in D2O of 

varying concentrations were added to the silica and held at 4 °C for 48 hours to allow 

adsorption to proceed to completion. The pH of the solution was not adjusted as the 

glycine itself is capable of buffering the samples, being zwitterionic. The samples were 

centrifuged and the supernatant removed. Maleic acid in D2O was used as an internal 

standard for quantitation. An aliquot of maleic acid was added to each sample and then 

the solutions were transferred to NMR tubes for analysis. Proton NMR spectra were 

recorded under quantitative conditions, the peaks of interest were integrated, and the 
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known concentration of maleic acid was used to calculated the residual concentration of 

glycine in the supernatants was calculated. The amount of adsorbed glycine was 

calculated by difference from the initial solution, these values were converted to adsorbed 

amount (mg Gly/g SPS) and plotted to give a Freundlich adsorption isotherm.  

7.4 Results and Discussion 

7.4.1 Material Characterization 

 

 The purchased silica nanoparticles (small porous silica, SPS) were characterized 

using typical physical and chemical methods. Transmission electron microscopy was 

used to confirm the primary particle size as shown in Figure 7.1. The particle size is 

approximately 20 nm for the primary particles. The particles are clearly aggregated, but 

this is not surprising considering their high intrinsic surface energy due to their small 

particle size. The materials were also characterized using methods such as gas adsorption 

isotherms and thermogravimetric analysis. The results of the characterization are shown 

in below. 

Table 7.1 Characterization Data for Bare and Functionalized Small Porous Silica (SPS). 

Sample 

Surface 

Area 

(m
2

/g) 

Pore Volume 

(mL/g) 

Pore 

Diameter 

(nm) 

Functional Group 

Loading (mmol/g) 

 

Small Porous 

Silica (SPS) 

580 

(± 20) 

0.28 

(± 0.02) 

3.712 (± 

0.001) 
N/A 

SPS@APTES 
24 

(± 1) 

0.077 

(± 0.005) 

3.150 (± 

0.007) 
2.289 (± 0.004) 

SPS@PEG 
35 

(± 1) 

0.125 

(± 0.007) 
9.89 (± 0.02) 0.288 (± 0.001) 

Of note is the dramatic decrease in surface area upon functionalization of the surface with 

either the APTES or PEG functionalities. The measured pore diameter seems to increase 

for the PEG-ylated sample, which seems an anomalous result. The functional group 

loading is as expected, with the APTES material showing higher loading than the much 
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larger PEG moiety. The diminished measured pore volumes are consistent with 

functionalization.  

Figure 7.1 Small porous silica used in these studies. The scale bar is 25 nm.  

7.4.2 1D Proton NMR Ligand Characterization 

 

 A combination of 1D proton NMR, DOSY, and 2D NOESY was used to 

characterize the functionalized materials. The initial 1D 
1
H NMR was used to confirm the 

functional group identity and ensure the species of interest was grafted onto the 

nanoparticle surface. The 
1
H NMR spectra of the functionalized materials can be seen in 

Figures 7.2 and 7.3. The APTES functionality should give rise to three groups of protons, 

as observed in Figure 7.2. The chemical shifts of the methylene protons confirm the 

identity, as well as the integrated intensities. The PEG functionalized material was also 

characterized using 1D 
1
H NMR and the signals observed seen in Figure 7.3 are not what 

was expected. The solution-phase spectrum of the PEG molecule itself in solution is 
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given in Figure 7.4 and shows extra signals that do not appear in the spectrum of the 

functionalized material itself. This can be due to the motional broadening of those signals 

as the material diffuses throughout the solution.  

 

Figure 7.2 Proton NMR spectrum of SPS@APTES in D2O. The three characteristic 

groups of methylene protons are visible with their chemical shift values (above) as well 

as integrated intensities (below).  
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Figure 7.3 Proton NMR spectrum of SPS@PEG in D2O. The main signal corresponding 

to the repeat chain unit in the polymer are detected at 3.6 ppm. The other signal at 3.3 

ppm corresponds to the terminal methyl group protons.  
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Figure 7.4  Proton NMR spectrum of PEG-APTES conjugate used to functionalize the 

silica. A variety of signals from the PEG chain and signals from the APTES moiety are 

shown. 

7.4.3 2D NMR Ligand Characterization 

 Due to the hypothesis that DOSY NMR is size-limited and that it cannot detect 

molecules attached to particles larger than approximately 30 nm, the functionalized 

materials probed herein provide a means to directly test this hypothesis. DOSY NMR was 

employed on both the free ligands as well as the functionalized materials to 

experimentally measure the diffusion coefficients of the chemical systems. The results of 

this analysis are shown in Table 7.2. 

Table 7.2 Diffusion Coefficients Measured by DOSY for Free and Functionalized Forms.  

Sample APTES SPS@APTES PEG SPS@PEG 

Average (± SD) 3.04 (± 0.06)  

x 10
-10

 

5.19 (± 0.05)  

x 10
-10

 

4.0 (± 1)  

x 10
-10

 

2.53  

x 10
-10
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 As is apparent from the measured diffusion coefficients, in the APTES system, 

there seems to be faster diffusion in the bound system. This is indicated by the larger 

diffusion coefficient for the SPS@APTES system. The bound ligands are expected to 

have a diffusion coefficient of ~1.7 x 10
-11

 m
2
s

-1
. This result is anomalous, and requires 

further experimentation to resolve the discrepancy. The PEG system, however shows a 

more expected (although still puzzling) result in that the measured diffusion coefficient of 

the free molecule is larger than the functionalize material. The change is in the expected 

direction, but the measured diffusion coefficient is too large for the primary particle size. 

The data suggests that the molecule is diffusing faster than the bounded ligand would if it 

was bonded to the particle. A possible explanation of this may be that the molecule is 

rapidly exchanging between bound and free forms, and that most of the molecules is in 

the free state, heavily weighting the measured average toward that of the free molecule.   

7.4.4. Glycine Adsorption Characterization 

 

 Glycine was allowed to interact with the silica nanoparticles in aqueous (D2O) 

solution. The solution-phase 
1
H NMR spectrum of glycine is quite simple in that it 

consists of only a single (singlet) peak. This is due to the chemical and magnetic 

equivalence of the two backbone protons in the structure. The amino and carboxylic 

 protons undergo rapid exchange in aqueous solution and so are not detectable in D2O 

solution. By using careful experimental methodology, a glycine adsorption isotherm on 

the bare and APTES functionalized materials was measured. The results of the measured 

adsorption isotherms are shown in Figures 7.7 and 7.8. The data for each isotherm were 

fit to the Freundlich adsorption isotherm equation:  

𝑞𝑒 = 𝑘 ∗ 𝐶𝑒
𝑏 (x) 
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Here, qe is the adsorption capacity given in mmol Gly/g material, Ce is the initial 

adsorption capacity in mM, k is the adsorption constant, and b is the Freundlich 

constant.
172

 The value of the Freundlich constant (b) as being near one indicates that the 

adsorption proceeds in an independent fashion. What is meant by this is that the 

adsorption of each adsorbate molecule does not depend on the adsorption of other 

molecules. Thus, there is neither a competitive nor cooperative mechanism of binding for 

glycine onto the silica surfaces. This is probably only a caveat of the low concentration 

regime, which is predicted to be more non-linear at higher concentrations. 
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Figure 7.5 Freundlich adsorption isotherm for glycine on SPS. 
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Figure 7.6 Freundlich adsorption isotherm for glycine on SPS@APTES. 

The internal standard used for the adsorption isotherms was maleic acid. Maleic acid is 

an appropriate standard owing to its single proton resonance centered at 6.30 ppm from 

the two equivalent protons and its high aqueous solubility (~4 M). The maleic acid 

resonance is very well resolved from the glycine resonance around 3.70 ppm. Both of the 

peaks are also well resolved from the broad residual proton signal at 4.69, which can 

interfere with accurate integration and thus quantification. 

 In order to determine if the bound glycine could be detected, two samples were 

prepared. Glycine at ~ 3.5 mM (in D2O) was added to 2.5 mg of bare SPS and allowed to 

equilibrate at 4 °C for 48 hours. Then one sample was sonicated for 30 min to disperse 

the silica and the proton spectrum recorded. The other sample was washed in triplicate 
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with D2O to remove free and weakly bound glycine, then sonicated and transferred for 

proton NMR spectroscopy. The results of these experiments are shown together in Figure 

7.6. Here both spectra are superimposed together to highlight key spectral differences.  

Figure 7.7 Stacked spectra of SPS in 3.5 mM glycine (blue) and glycine-exposed SPS 

that was washed and transferred into D2O for measurement (red). 

 It is of note that the peak at 3.6 ppm shifts dramatically in the washed sample by 

almost 1.5 ppm to ~2.1 ppm. This suggests the local electronic environment has changed. 

Due to the upfield shift of the peak, it can be inferred that what is actually observed is 

adsorbed glycine on the nanoparticle surface. This follows logically when one considers 

the shielding nature of the surface silicon atoms in the nanoparticle. It is also possible to 

see the same shifted peak in the initial 3.5 mM glycine solution, albeit at a much 

diminished intensity. Overall, the intensity of the glycine in the washed sample is much 

attenuated, and since these two samples were collected under identical experimental 

conditions, it can be assumed that the loss of the main signal around 3.6 ppm for solution-

phase glycine can be attributed to the washing away of residual molecules during the 

wash step. 
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7.5 Conclusions 

 Taken together, the data obtained thus far imply that the PEG molecules on the 

nanoparticle surface are not sufficiently mobile for true solution-phase measurement. 

However, the concurrent result of the APTES molecule also suggests that only the free 

molecule is observed in solution. Perhaps, then, it is not the size of the particle that 

determines detectable phenomena when probed by solution-phase NMR, but rather 

depends on the length and mobility of the ligand bonded to the surface. The glycine 

adsorption measurements show that glycine adsorbs in a linear, concentration-dependent 

fashion over the range of concentrations studied here. The final experiment implies that 

distinct chemical shifts can be observed for bonded species that directly interact with the 

silica nanoparticle surface.  
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CHAPTER 8  
CONCLUSIONS AND FUTURE WORK 

 

8.1 Conclusions 

The work reported in this thesis describes a series of spectroscopic studies carried 

out on silica nanoparticles varied in porosity, surface chemistry, and size. Spectroscopic 

characterization ranges from the most fundamental of functionalized particles with 

ligands to applied characterization of free radical generation at the surface. Spectroscopy, 

in particular, is well-suited to provide detailed molecular-level understanding about 

surface phenomena that are of interest when implementing these materials in various 

applications of interest. Silica nanoparticles have made great strides in recent years for 

key applications including biomedical, environmental, and catalytic areas of interest. 

However, a deeper understanding of how interfacial and surface phenomena control their 

properties is needed before they can be truly implemented in these key areas. 

 The work carried out for this thesis demonstrates several key findings that can be 

considered when these materials are implemented in applications. Ligands were shown to 

be dynamic entities undergoing complex chemical exchange, with structural dependence 

on their bonding and release. It was also demonstrated that free radical generation at the 

silica nanoparticle surface can be directly correlated to the observed toxicity of the silica 

nanoparticles, and that the production of ROS is a surface-catalyzed process. An 

extension of the toxicity studies measured protein adsorption from cell culture medium 

commonly used for toxicological assessment. Furthermore, the adsorption of protein was 

treated in a quantitative way to provide deeper understanding into how protein modifies 

the surface of the silica nanoparticles upon exposure. The ultimate implication of this 
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work is to demonstrate how extensive material characterization can facilitate better silica 

nanomaterial design and implementation for applications of interest and human safety. 

8.2 Future Work 

 Despite the results reported in this thesis, more work still could be done to expand 

upon the studies already carried out. In the initial characterization of the ligands by NMR, 

several questions remain. In particular, the dependence of the release on sample pH could 

be investigated to determine what effect, if any, it would have on the systems studied. 

The studies could also be expanded to look at non-ionic moieties to see if the absence of 

acid-base chemistry would alter the measured results. Additionally, it is-at least in 

principle-possible to measure the kinetic rate constants for the exchange process using a 

series of NOESY experiments at incremented mixing times under full relaxation 

conditions. It would also be of interest to see the effect higher ionic strength has on 

ligand release and binding to more closely mimic biological or environmental media. 

 The toxicity studies could be expanded by using a variety of materials and 

studying them under different conditions. In particular, the surface chemistry could be 

expanded to see its effect on observed toxicity as well as free radical production. The 

EPR experiments could be replicated and extended to verify the proposed mechanism 

through mechanistic study. The equivalent experiments in RPMI without the FBS could 

also be carried out to determine if the protein adsorption process impacts the free radical 

generation and/or toxicity. It would also be of interest to redo the experiments by first 

adsorbing protein onto the surfaces by exposing them to the culture medium, then 

measuring ROS produced at the surface by the EPR methodology. Also, by grafting a 

high density of PEG with long chain lengths, it would be possible to see if the toxicity 

and ROS production is affected as people have hypothesized that the large polymeric 
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moieties block protein adsorption and are the resultant cause behind diminished observed 

biological toxicity in various cellular and organismal assays. 

It would also be of interest to do more experiments in the biological media, as 

well as seeing the effect of protein concentration on adsorption to determine any 

concentration-dependence. Concentration effects on protein structure and adsorbed 

quantity would also be of interest, although one might expect that these end-point 

experiments will not vary much as a function of the concentration. Isothermal titration 

calorimetry could also be used to measure thermodynamics of the binding process, 

although it was not very successful when the initial experiments were attempted. It might 

be more useful to try it with smaller silica particles, but the experiments themselves are 

technically challenging with profuse washing and sample equilibration in the RPMI 

buffer without the FBS necessary. It could also be carried out by doing a simplified 

version of the experiment in a pure PBS solution-with and without FBS-as an initial test 

to determine the general conditions required for successful isotherm development.  

 An extension of the overall work would be to use very small silica (<20 nm) as 

most of the nanoparticles used in these studies were around the 50-70 nm regime. The 

overall conclusions may change particularly for the toxicity and protein adsorption 

studies. The size is predicted to have less of an effect on the ligand binding and release 

but the NMR may be experience better resolution at smaller sizes. The final chapter 

implies that for much smaller silica, the binding of molecules on the surface-and even the 

ligands themselves-may be more amenable to direct spectroscopic detection by NMR. 

Finally, the glycine adsorption work could be expanded into full study by examining the 

effect of pH as well as selective adsorption in the presence of other amino acids.  
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