














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
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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.'® 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.'?® 139 17° Thys, 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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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).

Surface Pore Volume Pore Functional Group
Sample Diameter Loading (mmol/g)
o (nm)
Small Porous 580 0.28 3.712 (£ N/A
Silica (SPS) (= 20) (£0.02) 0.001)
24 0.077 3.150 (£
SPS@APTES @1 (& 0.005) 0.007) 2.289 (£ 0.004)
SPS@PEG = Ul 9.89 (£0.02)  0.288 (+0.001)

E)) (£ 0.007)
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.
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Figure 7.1 Small porous silica used in these studies. The scale bar is 25 nm.
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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 *H NMR was used to confirm the
functional group identity and ensure the species of interest was grafted onto the
nanoparticle surface. The *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 *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.

2.878
1.655
0.557

85

(o] [V

Figure 7.2 Proton NMR spectrum of SPS@APTES in D,0. 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 D,O. 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.

APTES SPS@APTES SPS@PEG

Average (+SD) 3.04 (0.06) 519 (+005) 40(x1) 253
x 10710 x 10710 x 10710 x 10710
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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™** m?s™. 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 (D,0)
solution. The solution-phase *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 D,O
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:

e =k*C," (X
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Here, g is the adsorption capacity given in mmol Gly/g material, C. is the initial
adsorption capacity in mM, k is the adsorption constant, and b is the Freundlich

constant.'’?

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 D,0) 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 D,0 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.
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Figure 7.7 Stacked spectra of SPS in 3.5 mM glycine (bl-ue) and glycihe-exposed SPS
that was washed and transferred into D,O 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 Kkinetic 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. I1sothermal 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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