





FIGURE 1. Three dimension image of serum albumin moleaeelix structure
colored in red; loop in green. (A) Side view, (B) Front view. Figure from Protein
Database.



CHAPTER 2

LITERATURE REVIEW

2.1 Cytotoxicity of Nano Oxide Particles

Engineered oxide nanoparticles have been widely investigatetb doeir extensive
applications in decade and widespread potential commercial uses ngchaizardous
waste treatment, electronics, pharmaceutics, energy storafiestrial catalysis, solid
lubricants, and supporting carriers [26-32]. These engineered nat®-paiticles will
enter the environment ultimately; so that detailed knowledge offftbetseof oxide NPs
to organisms is of great interest. The most widely used tgahisms for cytotoxicity of
NPs are cells and bacteria [2, 33-35]. In this review, previouangsen the cytotoxicity

of TiO,, Si0,, and AbO3 will be discussed separately for cells and bacteria.

2.1.1 Cytotoxicity to Cells

The cell, which is the structural and functional unit of all knowmgwvorganisms, is
the smallest unit of an organism that is classified as livB&]. [Therefore, cells are
widely employed in the cytotoxicity studies of oxide NPs. Lotstatlies have reported

the cytotoxicity of oxide NPs, which are listed below.

Endothelial cells line the inner surface of blood vessel, which woulcd{oitg come

into direct contact with these NPs [33]. A cell proliferat@aativity impairment and a pro-



inflammatory stimulation were reported when endothelial cells weyesed to SIQNPs,
which indicates chronic inflammation [33]. Furthermore, J§@0 — 160 nm) and SiJ4

— 40 nm) NPs are found to be internalized in the cell by vacuoles [33].

Cytotoxicity of homogeneous and weakly aggregated, N®s were evaluated by
mouse fibroblast cells in aqueous solution [34]. The cells became amthaéhrank,
which formed aggregates and could be easily rinsed off, as the catioentf TiG; NPs
increased. The transmission electron microscopy (TEM) analgdisated that the
number of lysosomes increased and some cytosplasmic organelleslangsged in a
cell-culture medium containing 300 mg/L THQA hypothesis on incorporation of TiO
NPs into cells was also proposed: TiRPs were endocytosed from the extracellular
fluid when cells are exposed to TLi®IPs; then, a portion of the plasma membrane is
invaginated and pinched off to form a membrane-bound vesicle, whichreothiai TiQ
NPs fusing with lysosomes to form secondary lysosomes [34]. Timesentrolled
lysosomes lead to the damage and destruction of organelles, sushaainluity of the

endoplasmic reticulum and disappearance of cell organelles [34].

With the discovery of the properties of Li@s a photocatalytic compound applied in
waste water disinfection [37] and photodynamic therapy of cedancers [38], many
studies of the phototoxicity and photogenotoxicity of Ji@ve been performed [39-41],
which distinguishes TI@NPs from SiQ and AbO; NPs. Among those studies, many
published results have evaluated the harmfulness of NWigs, including cytotoxicity,
apoptosis and inflammation responses, in various cell types suchsasamgmal stem
cell [42], lymphoblastoid cells [43], alveolar epithelial celltoé lung [44, 45], alveolar

macrophages [46], phagocytes [47], osteoblast [48], mouse fibroblasf3z@|ifiruman



bronchial epithelial cells [49] and cellular microtubule protein [B3struction of cells by
oxidative stress and reactive oxygen species (ROS), mainlgydadicals, superoxide
ions, and hydrogen peroxide in aqueous phase [50-52], was observed wheverzlls
exposed to Ti®@ NPs and UV radiation, as the ROS could impair the cell merabran
architecture through lipid peroxidation [50, 53, 54]. The generation d& R&s been
reported: electrons of Tigparticles are excited by light energy and then move from the
valence band to the conduction band; thus, positive holes are generdtiedvalenhce
band and react with water to generate hydroxyl radicals in tiaityi of the TiGQ

surfaces [55].

On the one hand, a positive correlation between photocatalytic ROS fioodarcd
antibacterial activity has been reported [56], which will be dsedidater in the bacteria
part (paragraph 1.4.2). On the other hand, conflicting data emerged trewhi€), NPs
are harmful to cells in the absence of photo-activation from Bdiation. Despite
previous studies suggesting the harmlessness gf N3 on animal and human cells in
the absence of UV radiatiofp7-59], a steady increase in harmfulness studies of TiO
NPs is emerging: Ti©ONPs (75 nm) in darkness can induce significant cytotoxicity on
human bronchial epithelial cells, possibly through apoptotic pathways [49]. Chistacte
apoptotic bodies within nuclei were clearly observed after, NBs exposure treatment
in darkness, while phosphatidylserine translocation, another apoptosectehatic,
from inner to outer leaflet of he cell membrane was revealehvwurther corroborated
TiO,-induced cytotoxicity [49]. Similar investigations on Bi®ytotoxicity reported that
the influence of 40 nm TiIONPs (without UV) on the neuroblatoma-2A cell line lead to

significant reduction in cellular viability that increased with Tg@ncentrations [60].



Studies of cytotoxicity of alumina, which is estimated to accéamapproximately
20% of the 2005 world market of NPs [61], are less abundant than aresstodithe
other two particles. Both porcine pulmonary artery endothelial aetishuman umbilical
vein endothelial cells showed increased mMRNA and protein expressimasobilar
cellular adhesion molecule-1, intercellular adhesion molecule-1, aaddPE-selectins,
when exposed to alumina at various concentrations and time [62]. fRuotiee human
endothelial cells expressed increased adhesion of activated monebgiesreated with
alumina NPs [62]. No significant increases in ROS production aleserved, suggesting
that certain metal oxide NPs (like 283 NPs) cannot significantly promote ROS upon

internalization into cells [47, 62-64].

Impairment of cellular organelles and inflammation of cellscbgtact with oxide
NPs are abundantly reported, which evidently indicate the cytdatpxa€ these NPs.
Although conflicting results of TIONPs toxicity have been reported, the dispute is only
about whether UV plays a role in the damage of cells by. T8dfficient results of
cytotoxicity of oxide NPs call for further studies on the mechanism ofayitaty, which
is one of the initial incentives of this work. Before exploringlitezature on the toxicity
mechanism, studies of another important group of organisms, bactelibe waviewed

first.

2.1.2 Cytotoxicity to Bacteria

Bacteria, which are single-cell organisms, are also good tedélmmwith which to

study the toxicity of NPs and to examine how the NPs dfffiectell function. Moreover,
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bacteria perform many critical roles in ecosystem functionpoductivity. Therefore,
the toxicity of NPs to bacteria has caused many concernstabawportant studies on
this subject are reviewed below, which will give us a general aigout the toxicity of

oxide NPs to widely tested bacteria.

Eco-toxicity of water-suspended nanosized JJ&d SiQ was investigated by using
Gram-positiveBacillus subtilis and Gram negativiescherichia coli as test organisms [2].
The antibacterial activity of these two photosensitive NPs iseckavith increasing
particle concentration; and T}ONPs are more toxic than Si@t the same concentration
[2]. Moreover, the Gram-positivB. subtilis was more sensitive to these NPs than Gram-
negativeE. coli., which could be attributed to the ability Bf subtilis to form spores and
its cell wall structure [65]. The antibacterial activity ®fO, towards both bacterial

species was significantly greater in the presence of light than in th@2flark

Toxicity of Al,Os, SiO,, and TiQ NPs toB. subtilis, E. coli and Pseudomonas
fluorescens was examined and compared to that of their respective bulk coutadBigr
It was reported that all NPs except FiGhowed higher toxicity than their bulk
counterparts, indicating the particle size did cause a toxidigreince: A}O3 and SiQ
NPs were toxic to the tested bacteria, while their BPs showext lower toxicity; TiQ
NPs did not affect bacterial populations, which was different tteprevious results [2].
The TEM images (Figure 2) provide intuitive evidence for theetkfice of toxicity of
these NPs: AD; and SiQ NPs were coating the whole bacterial cells, while ,TNPs

were rarely coated on bacterial surfaces [35].
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FIGURE 2. TEM images revealing attachment of NPs to the surface dfidte$encs:
Al,O3 (A), SIO; (B), TiO; (C), ZnO (D). Figure from Jiang al. [35].

Early in 1985, Matsunag&t al. [66] reported thatLactobacillus acidophilus,
Saccharomyces cerevisiae, and Escherichia coli were completely sterilized when
incubated with TiQ particles under metal halide lamp irradiation for 60 — 120 min.
However, this work lacked more extensive data on the bactericidpénies of TiQ
photocatalysts. Therefore, a more systematic comparison oratteribidal activity of
TiO, particles was conducted on the irradiationEstherichia coli and TiQ (anatase)

with UV-visible light of wavelengths longer than 380 nm [56]. Adase of 1 g/L TiQ

12



under constant illumination, complete killing of the bacteria was appar less than 30
min, while no significant decrease in the bacteria population wasnadd without
illumination. Moreover, the proportion of surviving bacteria decreasedimatbasing @
composition of the gas flowing in the suspension, as well as withcagasse in the Ti©
dose. This also suggested that ROS generated ywia®responded for the bactericidal
activity [56]. Another interesting result was reported in thatdecrease dEscherichia
coli continues in the presence of pi@Without illumination, and no regrowth was
observed within the following 60 hours, suggesting that the induced injoniethe
bacteria are irreversible [65]. This “residual disinfectirftea” of the photocatalytic

process of TiQwas viewed as the most interesting post-irradiation event.

Since cytotoxicity of oxide NPs to living cells and bactéaae been widely reported,
current studies are focused on the cell-damage mechanism, whicdtigatie the
components of cells or bacteria, such as DNA [43, 67] and proteins [189]6&efore
reviewing the existing studies of protein sorption onto NPs, an immpjodtect,
aggregation of NPs, will be discussed first, because the aggregdfiect could greatly

influence the cytotoxicity of oxide NPs.

2.1.3 Impact of Particle Size to Cytotoxicity

The impact of particle size can be separated into two tygmggegated-particle-size
effects and original-particle-size effects. The impacaggregation of NPs is significant
in evaluating the cytotoxicity of NPs [34, 70-72]. Generally, wiNPs aggregate into

micro-scale structures or precipitates, it is difficudt évaluate the size and dosage
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impacts of NPs with respect to cytotoxicity. Cells have toraatewith micro-scaled
particles or precipitate, which are all larger than anyulz@llcomponents in size and
cannot be easily engulfed by cellular membranes, instead of mgpersied NPs [34].
Therefore, the cytotoxicity of NPs was attributed to their oghemical characteristics
(i.e. aggregation) other than the single particle size [34{.f& some studies, whose
objectives did not include the aggregation influence, weakly aggregated NPgsedria

order to reduce the effect of aggregation [34].

Adams et al. compared the antibacterial activity of differgpies and sizes of
advertised Ti@ and SiQ NPs forB. subtilis andE. coli [2]. No significant difference in
toxicity among these NPs was observed, which was mainly dugetaggregation of
particles in suspension leading to similar particle-size [Rhogh other external factors,
including light intensity, surface chemistry, particle morpholognd bacteria
concentration can also influence the antibacterial activity ofetiNi3s as they reported
[2], the influence of these external factors will be neglécif all the samples are
performed under the same experimental conditions (e.g. under thelightnatensity
and bacterial concentration). Therefore, aggregation of particlespersisn should be

considered with priority.

The impacts of original-particle-size were mostly congdemn weakly or rarely
aggregated NPs or experimental conditions. For example, cytotoafc8O, NPs was
reported depending on the size of NPs [73]: .SNI’Ps were found to exhibit size-
dependent cytotoxicity towardChlorella kessleri alga, when the 50% inhibitory
concentration value was compared for the diameter of 5 nm, 26 nm and NBs\[ii3].

The smaller SIQNPs exhibited stronger cytotoxicity. Enlargement of the lwaily was
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reported, which is due to the presence of ,SNIPs that obstructed cell division.
Coagulation of cells with incomplete division was also observed, wdeeral
amorphous structures appeared in the cells that were exposed t8iI® INPs [73]. It is
hypothesized that smaller SIGIPs could enter cells more easily than larger ones, and
cause more severe damage to cells. So et al. [74] alsoegpogher toxicity of SiQ
NPs (30 nm) on mouse liver by comparing a nano-sized silicaleafitid group of mice
with a micron-sized particle (30 um) fed group. However, no otigerfeiant difference

was observed on the health of mice at a feeding amount of 140 g silica/lkg mouse.

2.2 Protein Adsorption and Conformational Change

As we mentioned in the beginning of this thesis, the toxicologmatern of NPs
comes from the fact that NPs can be transported in blood and carcellasembranes
into cells [3, 4]. Therefore, NPs may interact with proteins aodlor with cytosplasmic
proteins. Proteins that adsorbed on the surface of NPs may undergoscirarigeir
structures and functions, even the entire protein molecules [6hidhwould result in
adhesion, proliferation, and differentiation of cells, as well as pragofareign body
response and inflammatory processes [8, 9]. At this point, studiesot@inpadsorption
and conformational change caused by oxide NPs play an important nroteei
cytotoxicity-evaluation of NPs to living beings. The objectives a$ thork are to
understand the protein-adsorption behavior and conformational-change mechanisms

Previous studies, both their discovery and shortcomings, are discussed below.

15



2.2.1 Protein Adsorption

Generally, sorption of protein molecules is governed by Colundrtes$, van der
Waals forces, hydrophobic interactions, and the sorbate conformattabditys while
the surface area provides the possible sorption spaces for proseiroed on particle
surfaces [75, 76]. Three theories of protein adsorption have been proposed in the
literature: random sequential adsorption (RSA), diffusion random seguadsorption

(DRSA), and Lattice theory [77-79].

RSA theory assumes that protein molecules are hard spheres amal rgbrption is
an irreversible process [77]. Protein molecules adsorb onto randonop®sitithe solid
surface sequentially providing a monolayer covering the particlaces. This process
would continue until the surfaces of particle are fully covered [I17&. random-position
adsorption is often not practical because the surfaces of paatiel not even, either
physically or chemically. DRSA theory comprises three aspeotalation procedure,
static aspects and dynamic aspects, which considers the difadsonption process of
protein molecules onto surfaces, the conformational structure of the adsorbéed prute
dynamic nature of the adsorption process, respectively [78]. The agearitthis model
is that it considers the interaction between the adsorbed #insirtdy protein molecules,
which can be applied to explain the adsorption behaviors of globular proteisslid
surfaces [78]. Lattice theory is a mathematical approach whi@pplicable to rigid
proteins that undergo orientational changes upon adsorption [79]. Accodlitigst
theory, a protein is modeled as a rod shape, which can be adsorbedsurface states,

side-on andend-on (Figure 3). Inend-on state, the protein is weakly bound to the surface,
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while in theside-on state the bonding is more firm [79]. The surface-exclusion effect

requires that any site of lattice on the surface may only be occupied once.

End-on mode
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FIGURE 3. Three dimensional illustration of two adsorbed rod proteins s\ddaon and
end-on mode.

Based on an examination of the literature, some characteétprotein adsorbed on

oxide NPs can be concluded:

(1) Electrostatic interaction is one of the main driving forcesl & is related to
solution pH [80-82]. The electrostatic interaction between thetip@stharges of a
protein and the negative sites of a particle surface wawtesl as one of the driving
forces of fibronectin protein adsorption on Fi@article surfaces [80]. Even when the

overall charges of both protein and FiGurfaces have the same sign, electrostatic
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attraction can still drive the adsorption. It is because thereifferegions of protein
surface carry different signs of charge, either positive ortivegaharge, which could
attract oppositely charged patrticle surfaces [80, 81]. The sucta@rges of both protein
and oxide patrticle are largely dependent on the pH of solution. Fanpéxahuman
serum albumin (HSA) and TiCare both positively charged at pH below 4.7, and both are
negatively charged at pH above 6.0 [82]. In the pH range of 4.7 to 6.0, ttadl sueface
charge of HSA is negative, while that of Tif@ positive [82]. The HSA adsorption at pH
below 4.7 or above 6.0 is lower than that in pH range of 4.7 to 6.0, which is the to

electrostatic repulsion between like charges [82].

Then, at what pH does the protein adsorption reach maximum? Compatieel i
wide-tested pH range, the maxima adsorption of protein reach@®tatn isoelectric
point (IEP) [82]: a compact protein monolayer with minimum lat@maltein-protein
interaction and maximum protein adsorption is formed on, Fidface [82]. Beyond the
IEP of protein molecules, there are two possible situations: ssrfat particles and
protein molecules carry the same sign or reverse sign. In thregieh where Ti@ and
protein surfaces carry the same sign, electrostatic repubgbween the two surfaces
leads to less protein adsorption onto particle surfaces [83]; in theegibn where the
two surfaces carry opposite charges, electrostatic attrastemkens the stability of
protein structure, causing the protein to unfold and to spread out ensiirface, and

thus allowing a small amount to saturate the particle surfaces [84, 85].

Previous studies agree well with the explanation above [82, 86-8&].eXample,
adsorption of chicken egg lysozyme on Si®Ps decreased as the pH dropped [87],

which is due to the protein-protein electrostatic repulsion at erlgpi when lysozyme
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molecules bear higher positive charges [86]. However, the repulsion waljdbe
important at high protein adsorptions and would likely be compensatedrdngest
protein-silica attraction [87]. Another explanation is that theipdices the change of
zeta potential for Sig) which leads to decreased Coulombic attraction between lysozyme

and SiQ at lower pH [88].

In sum, particle-surface charge, which largely depends on the pH obumjue
solutions, can influence protein adsorption. Therefore, particle-swfeacge is one of
the important factors that should be considered in protein adsorptionsstOdie task in
this work is to compare the protein-adsorption behaviors of nano- and betk-axide
particles, which is a more complicated adsorption system thamredtudprevious works.
The influence of surface charge on the protein adsorption within a large diaameje rof
oxide particles is unclear. For example, effects of surfacgehmaay be compensated by
other factors, such as surface functional groups and surface artceStharge was
examined through the Zeta potential of particle. Hence, Zeta pdtehtaide particles
was examined in this work. Moreover, most oxide particles have abungdraxyl
groups on their surfaces [89], which may change the solution pH upon contact. Therefore,
pH adjustment is required during protein adsorption in order to keeptalngH. The
pH adjustment may influence the surface hydrophilicity of oxidéighes, which may
affect the protein-adsorption behaviors as well. It is unknown whétteerprotein-
adsorption maxima have linear-relation with the amount of hydroxylpgr@n particle

surfaces. These questions will be addressed in the next chapter.

(2) Protein adsorption can be reduced by certain ions. The adsorptid®Aobido

TiO, surfaces was reduced in the presence of calcium and phosphat¢Hanks’
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balanced salt solution) [90]. It is because a stable, hydrofimticnduced by these ions

is formed on TiQ surface that inhibits the protein adsorption [90]. Phosphate is widely
used in biological experiment as the pH buffer. Most of previous estudli protein
adsorption used phosphate in buffer [11, 90-92], which could affect the protein
adsorption by changing the surface hydrophilicity of oxide pastidiberefore, deionized
water was used instead of phosphate buffer in this work, in ordelnmmish the
influence of phosphate ions on protein adsorption. Protein adsorption in deiomaitegd w
is rarely reported. Protein-adsorption behaviors is unknown without the noluef

phosphate ions either.

HSA adsorption on Ti@surface was independent of the ionic strength of a NaCl
solution [82], which could be explained as neithef Nar CI ions can interact with the
groups on TiQ surface and form a hydrophilic film. This result could help us dhtios
salt ions that could help maintain the protein structure and ptHpwti impacting the

protein adsorption.

(3) Protein adsorption is influenced by the curvature of NPs. Veretgdl reported
that greater adsorption of chicken egg lysozyme on 8iPs was observed with larger
diameter Si@ NPs [87]. Deducing from the results of Vertegel, one questisrhéther
SiO, BPs adsorb more protein molecules than NPs. This question may #fée
cytotoxic evaluation of oxide NPs. However, previous studies seldowhe ntiais
comparison. Also, Vertegel's work was performed in phosphate bufferinijact of
phosphate ion on protein adsorption was not excluded in their comparisonlisiuaty a

competitive sorption between protein molecules and phosphate ions, whigh ma
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influence the single protein-particle adsorption behaviors. Tdrereone of the tasks in

this work was to compare the protein adsorption between NPs and BPs in deionized water

Furthermore, Vertegel reported that the protein-adsorption modéhesa SiQ NPs
were different: molecular complexes (stoichiometric protdinasiconjugates) were
formed for the protein adsorption on the 4 nm S¥@th a protein monolayer on the
surface; the true adsorption behavior was observed on 20 and 100 nmit8i@® protein
monolayer and multilayer formed on the surface, respectively [87 Lnknown
whether the protein-adsorption models (monolayer or multilayer adsormn oxide

NPs and BPs are different. Calculations will be employed to answer thesierngies

2.2.2 Protein Conformational Changes

Generally, when protein adsorbed on solid surfaces, the binding isizgatity a
change in molecular conformation [14, 69]. Besides, albumin interagte strongly
with hydrophobic than with hydrophilic surfaces [68]. Depending on the adgorbi
surface, the induced conformational changes could or could not be revessible
desorption [68].Previous studies [10, 87, 93] had reported conformational changes of
protein molecules adsorbed on oxide NPs. As different oxide NBsdifferent surface
physichemical properties, review of previous studies is sepebgtdide types of oxide

NPs.

2221 TG
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An increasing content gi-sheet and a decrease whelical structure content for
fibrinogen protein, and an increasing contentpesheet and a decreasing content of
random coil structure for fibronectin protein were reported aftemptbéein molecules
adsorbed on to TiONP surfaces by Raman spectroscopy [10]. In the Raman spectra of
the adsorbed proteins, a characteristic band was assigned to actioebetween Ti®
NPs and the carboxylate groups of the protein side-chains [10]. Anbded of the
adsorbed fibrinogen spectrum shifted toward higher wavenumbers in ceompsoithe
original bulk protein spectrum, which was due to conformational @sanlgring the
adsorption process. A decrease of the peak area of the multipleHpla@ CH
deformation modes of the adsorbed fibrinogen was also observed, as abnaoptre

spectra of original bulk fibrinogen [10].

Secondary structural changes of fibrinogen molecules adsorbed gsuri@ces was
reported, with two consecutive steps occurred during the adsorptiotly, fitlse
fibrinogen molecules were adsorbed onto the surface, and then thengeanent of
adsorbed fibrinogen or multilayer adsorption occurred [93]. This hypothasibeen
proved by the observation that thehelix content of adsorbed fibrinogen obviously
decreased and was mainly transformed3tsheet, while the3-turn and random coil
contents were less changed, when the proteins adsorbed ¢nsitiifaces [93].
Furthermore, the chemical bonding process has been studied: (1) theami€le surface
is non-charged at around pH 5 [94], so under their experimental pH.4ofthe
predominant TiQ surface groups are ;HO and Ti—-OH, with few Ti=OH; and the
main protein functional groups are R—-CO@nd R-NH" [82, 95]. (2) Electrostatic

interaction occurs between these groups on the surfaces of bgtand@rotein:
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Ti-OH," : NH,-R (electrostatic interactions)
Ti,=0" "NHs—R (electrostatic interactions)
Ti—-OH..."COO-R (hydrogen bonding interaction) [93].

Chemical bonding between BSA protein and Jgarticles would be similar as the
bonding between fibrinogen and Li(ut may not be the same. Therefore, we studied

how BSA bonds to TigQ) and to other oxide particles as well.

2.2.2.2 SiQ

Beside TiQ NPs, conformational changes of protein adsorbed on &@ ALO;3
NPs were also reported. Adsorption, as well as protein structuferasicbns, of chicken
egg lysozyme on SiONPs of various diameters are strongly dependent on the dize of
nanoparticles (Figure 4) [87]. Greater lossidfelix structure, which is consistent with a
decrease of lysozyme activity, although not linearly, was obdesith larger NPs that
shows stronger adsorption under the same conditions[87]. Studies oinhsazigorbed
onto flat SiQ surfaces indicate that the largest charged patch on the protéatces
would contact with the negatively charged S&brface, when protein molecule is in its
thermodynamically most favorable conformation [96]. The active &itlysozyme is
located at the opposite side of the positively charged patch [97]. Dherdiie initial
conformational changes upon adsorption result in moderate loss in actmigh is
because the conformational perturbations are somehow distantaittitleesite of protein

[87]. Then, more perturbation occurs close to the active site whenathe a-helix
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content is further lost [87]. Similar results on the research obhwarbonic anhydrase |

(HCAI) protein adsorbed onto SiONPs of various diameters (6 namd 15 nm) were

also reported [11]: bigger S)ONPs form larger protein-particle interaction surface area

that cause greater protein secondary-structure conformationalgechérigure 4).

However, the protein tertiary structure is independent with theature of SiQ particles

[11].

If bigger SiQ NPs lead to greater protein secondary-structure conformatibaabe

than smaller SiQ NPs, will oxide BPs cause more conformational change than NPs?

Therefore, one of the tasks in this work is to understand the inugngarticle size to

protein conformational change.
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FIGURE 4. Schematic illustration of the
protein secondary structure modification.

2.2.2.3 AbO3
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In deionized water (pH = 7) condition, the surface charges @& B®Stein can be
divided into three domains: domain | is -7.8 mV, domain Il is -9.0 md,domain 11l is
-1.3 mV (Figure 5) [98]. Based on the calculated net charges of the three domairs of BS
molecule, the adsorption mechanism of BSA ontgOAINPs surfaces is proposed as a
multistep process: at first, BSA protein forms a monolayer g@s4$urface byside-on
(domain | and domain Il adsorbed on,®@4 surface, Figure 6) adsorption mode because
the net charge of domain | + Il is -16.8 mV in total, which is th@stmegatively
combined charge compared with domain domain | + 11l (-9.1 mV) anado Il + 11l (-
10.3 mV); then, with the increase of protein concentration, BSA diswufteo BSA
molecules bonding, Figure 6 and 7) form on the surface instead @hdhen mode
(Figure 6) [98]. This is because the protemd-on mode induces more BSA/AD;
surface interactions that are not favored because of the asgonamarge distribution of
the protein [98] End-on mode is one of the proposed albumin-protein-adsorption modes,
which hypothesized the albumin protein adsorbed on particle surfaceslypyone

domain, instead of two domains (Figure 6, middle).

Domain Il
Domain |

Domain Il
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FIGURE 5. Three domains of BSA protein molecule. The net charge of the three
domains is: domain | -7.8, domain Il -9, domain Il -1.3.
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FIGURE 6. Proposed BSA adsorption modelsde-on adsorbed mode (leftgnd-on
adsorbed mode (middle), and dimmer mode (right) e@Aparticle surface from
Rezwaret al. [98]
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FIGURE 7. Human serum protein (HSP) dimmer models from the protein data ®ahk [
showing a side view (left) and a bottom view (right). BSA cao &rm similar dimmers.
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The single-headed arrow indicates the viewing direction of the bati®m The size of
the protein monomer is about 9 x 5.5 x 5.5 nm.

There is an point of zero charge (PZC) of alumina surface fsbift the PZC of
alumina (pH=9) to the isoelectric point (IEP) of BSA (pH=5) witik protein adsorption
on alumina surface [98]. After the first layer of BSA proteinlecules fully covers the
alumina surface, the pH of surface charges of th®Aleaches the IEP of BSA (pH=5)
and cannot be shifted even more protein is adsorbed. Therefore, at pél surface
charge of AJO; shifts from positive (PZC of AD; is pH 9) to negative (IEP of BSA is
pH 5) with the process of BSA adsorption. Since the surface chafdest layer are
negative, the formation of dimmer is based on protein/protein int@mathirough of
hydrogen bonds, disulfide bonds, and hydrophobic effects, and cannot be due to
electrostatic interaction with the A particle surface (surface charges of both protein

and particle are negative at pH 7) [100].

Sde-on and end-on adsorption modes on AD; particle surfaces have been well
studied. Can these adsorption modes be used onahiDSiQ particle surfaces, and their

BPs as well? All these questions listed above will be discussed in this study.

2.3 Hypotheses

From the above review, we have several hypotheses:
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(1) Electrostatic interaction, which is caused by surface chaiggs an important
role in BSA protein adsorption. But it will be partially compensated by othtar&asuch

as surface area and surface chemical groups.

(2) NPs will adsorb more BSA than BPs. However, the sorption ial$izely to
depend on the specific surface area of each particle, whichseytthat aggregation of
NPs may reduce the specific surface area of NPs, and ther&darer the BSA-
adsorption maxima below the maxima of BPs. Multilayer- and monofapéein
adsorption may also occur on the surfaces eDAlnd other oxide patrticles, respectively,

based on previous reports.

(3) BSA molecules and oxide surfaces are mainly bonded by hsmrognds and
electrostatic interactions, which lead to changes in the segomstiarcture of BSA
molecules. BPs may elicit more severe conformational changed\tha because they

have smaller curvature than NPs.

2.4 Objectives

The long term goal of this work is to understand the cytotoxicityhaueisms of NPs.
In order to accomplish this goal, we have to clearly know the messha via which NPs
contact and enter cells, to understand how NPs interact with theetiegain cells, and
finally, to evaluate the influence of NPs on the physiological titans of organisms.
Therefore, understanding the interaction between oxide NPs andnpriesne of the

efforts to better understand how NPs affect living beings.
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Specifically, the objectives of this work were:

(1) to determine BSA adsorption behaviors onto;Ji€®0, and ALbO3; NPs and BPs;

(2) to understand the effects of particle size, surface charge d@adesgroups on BSA
adsorption;

(3) to determine the models of BSA adsorbed onto oxide particles: menotay
multilayer;

(4) to identify the chemical bonding between surface-chemical grolpsotein and
oxide particles; and

(5) to discuss the factors affecting BSA adsorption on to oxide NPs and BPs, ariceto ma

conjectures about the cytotoxicity of oxide NPs in a natural environment.
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CHAPTER 3

EXPERIMENTS AND DISSCUSSION

3.1 Materials and Methods

3.1.1 Sorbates and Sorbents

BSA lyophilized powder was purchased from Sigma-Aldrich Co. B&A prepared
in deionized water, followed by adding NakP00O mg/L) as a biocide and adjusting to
pH 7.0. The protein concentration assay set for the measurement ein pwas
purchased from Bio-Rad Co. Nanoscaled ;Sigpherical form), Ti@ (anatase form)y-
Al,O3 andy-Al, O3 were purchased from Zhejiang Hongchen material technology Co.,
China. The regular SiO(spherical form) and Ti©particles (anatase form) were from
Fisher Scientific Co., and regular 8k particles were purchased from Baker Co. All NPs

and BPs were used without further treatment.

The TiG, group is composed of three structure forms: rutile, anatasehraotlite.
The three forms have the same elemental chemistry,, i@t different structures.
Anatase is a polymorph with the two other minerals. At about 91%eeedCelsius,
anatase will convert to the rutile form. Anatase and rutileestiee same properties such
as luster, hardness and density, but slight difference of ciysiavior and significant

difference of cleavage. More information can be obtained from:

http://ruby.colorado.edu/~smyth/min/tio2.html and

http://mineral.galleries.com/minerals/oxides/anatase/anatase.ht
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a- andy-Al,O3 forms are the most abundant among the several forms,0%.Al-
Al,O3 is the pure form obtained from calcination at high temperatunde w-Al,03

keeps stable at about 1000 °C.

SiO, exists in several forms. Spherical $i8Ps were used in this work. More

description from the supplier can be obtained ftatpt//www.mrnm.com.cn/product_2.htm

3.1.2 Characterization of Oxide Particles

Specific surface areé{er) of all oxide particles was calculated fron} Borption
isotherms by the multipoint BET method; 8brption was conducted at 77 K using a
NOVA 1000e instrument (Quantachrome). All samples were outgas4€® &C for 16h
before N adsorption. The C and H contents were determined by combusting samples
980 °C with oxygen using a Perkin-Elmer 2400 CHN Elemental &eal{Sheton, CT).
The patrticle size of all samples was visualized by usimgtngssion electron microscopy
(TEM, JEOL 100CX, USA) operated at 80 kV. About 100 individual particlee&ch
sample were employed to determine their particle size basetie magnification by
TEM. The hydrodynamic diameter and Zeta Potential values werasured by a
Zetasizer nano ZS (Malvern Instruments, United Kingdom) with dipeamic light
scattering (DLS) technique at 25 °C, using suspensions containing/&0ofmsolids in
solution. The pH of all suspensions was pre-adjusted by KOH andoH€Eep pH = 7.0
+ 0.2. Measurements were performed after shaking the suspensions HoiS2tected
structural properties of these oxide particles are listedaibleT2. Fourier transform

infrared (FTIR) spectra were recorded with a Perkin-Elmpec8um One FTIR
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spectrometer (Shelton, CT). Five milligrams of samples weéxedrgently with 95 mg of

KBr as a background using a pestle and mortar and analyzed. FTIR speetraceeded

from 400 to 4000 cthat 8 cm' resolution over 200 averaged scans. The FTIR spectra of

adsorbed BSA were obtained by subtracting that of the BSA-fraeng oxide particles

from that of the BSA-coated oxide patrticles.

TABLE 2. Selected Properties of Oxide Particles

Particle

Nanoa-Al O3

Nanoy-Al,O3

Bulk A|203

Nano TiGQ

Bulk TiO,

Nano SiQ

Bulk SiO,

Purity
(%)
>99.99

>99.99

>98.5

>99.5

=100

Seer”
(m*g)

4.73
208
11.0
325
7.3
191

8.4

Diameter®
(nm)

150+5

60+5

429+5

5045

2855

305

74515

Hydrodynamic
Diameter (nm)’

1147
1482
878
706
1181
1274

1731

C H  Zeta Potentiaf
(%) (%) (mV)

0.019 0.062 -0.114+9.11
0.190 1.210 22.9£6.37

- - -23.5 + 6.69
0.034 1.370 -11.0+4.17

- - -53.8 £ 6.54

0.043 1.410 -40.9 £8.10

- - -25.9+7.80

2Provided by the suppliet Sier was calculated from the adsorption-desorption isotherm at R7K

by multi-point BET method:. Determined by high-resolution transmission electron microscopy

(TEM). ® Determined by dynamic light scattering (DLSThe pH was 7.0 + 0.2“~" represents

unmeasured.
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3.1.3 Adsorption Experiments

All adsorption isotherms were obtained using a batch equilibration tpehat 25 +
1°C in 15-mL screw-cap borosilicate glass vials. The sorption rexgets were
conducted with ten concentration points; each point including a blank samplaun in
duplicate. The mass dosage of nanosizeg, T8, a-Al 03 andy-Al,03, and bulksized
TiO,, SIG, and AbO; added in vials was 100, 400, 500, 100, 2000, 4000, and 1900 mg,
respectively. Then 13 mL of BSA solution was added to the 15 mL igaldng 2 mL of
volume for the subsequent pH adjustment. The initial concentrationsAofrBtBe vials
spanned a range of 100-12000 mg/L. All the vials were rotated @m@ over-end shaker
(30 rpm) for 72 h (where preliminary tests indicated that appaequilibrium was
reached before 48 h). The pH of each vial was adjusted twi@d (atand 48 h) in order
to keep the solution at pH = 7.0 £ 0.2. Deionized water was addechtptbtal volume
up to 15 mL in each vial after the second pH adjustment. After feggdtion (12000 rpm
for 10 min, based on preliminary experimental data), the protein coatientin the
supernatant was measured using the Bradford method [101] at a W&ewgth of 595

nm.

3.1.4 Isotherm Models and Regression Analysis

Freundlich (FM) and Langmuir (LM) isotherm models were used fa fiiing in

this work.

Freundlich model:
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Je =K¢ Cen (1)

wherege (Mg/kg) is the equilibrium adsorbed concentrati@n(mg/L) is the equilibrium
solution phase concentratiol§; [(mg/kg)/(mg/L) is the Freundlich affinity coefficient;

n is the Freundlich exponential coefficient.
Langmuir model:
0e = QobCd/(1 +bCy) (2)

whereQp (mg/g) is the maximum sorption capacity of sollt€l./mg) is the adsorption
equilibrium constants. All estimated model parameter values determined by a

commercial software package (SigmaPlot 9.0).

3.2 Results and Discussion

3.2.1 Characterization of BSA and Oxide Particles

The Zeta potential of BSA in deionized water was -6.64 £ 9.74 mV. Zeta pdesftial
oxide NPs and BPs are given in Table 2. On;,0; NPs had totally positively charge
(22.9 £ 6.37 mV), and-Al O3 NPs was nearly neutral (-0.114 £ 9.11 mV). Although the
mechanism why the surface charges-ocandy-Al,O3; NPs are different at pH 7.0 cannot
be fully understood, it still can be partially explained by théferent crystal structures:
a-Al,03 has a octahedral structure, with the oxide ions forming a hexagjosatpacked
array and the aluminum ions are distributed symmetrically gmive octahedral
interstices [102]; buy- Al,O3 has a defect spinel structure with a deficit of aluminum

cations [102]. The surface charges of the other oxide particlesnegative at pH 7.0
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0.2. TheSser of selected oxide particles follows the sequencez NBs >y-Al,03 NPs >
SiO, NPs > AbOz; BPs > SiQ BPs > TiQ BPs >a-Al,03 NPs (Table 2)Sser of oxide

NPs was larger thaBser of their respective BPs except oAl 0.

The FTIR spectra of oxide NPs and BPs are presented in Rsgukenong these
oxides, nanosized SO TIO,, y-Al,03, and bulksized Si©@and AbO; had hydroxyl
groups on their surface in large quantity as the relatively higbrptitsn intensities at
1628 cm' and broad absorption bands at 2500 — 3706[&68], while a-Al 03 NPs and
TiO, BPs had few hydroxyl groups. Three types of bound hydroxyl growg0at 3480
and 3620 cil can be recognized. Other absorption bands of oxide NPs showed evidency
of impurities as was also true of their bulk counterparts [89]. Koy, &dsorption bands
at around 456, 792, 938 and 1080 coan be assigned to the Si-O-Si vibration, Si-O-Si
bending, Si-OH stretching and Si-O-Si stretching, respecti&dy 103]. Six humps,
which were observed in the region of 1400 to 2100 ofrbulksized Si@spectra, can be
assigned to adsorbed or bound water (i.e. bending vibrations of adsaaterdat 1640
cm™) [104] or noise components of GHCH, or CH=CH [105]. For TiQ, the broad
adsorption bands at 400 — 800 tran be assigned to the stretching of Ti-O-Ti; the peak
at 1390 crit of TiO, NPs can be assigned to a titanium-acetate complex, whifgetie
at 1040 and 1122 chcorresponded to the end and bridging butoxyl groups [85]y+For
Al,Os, the adsorption bands in the region of 400 — 848 can be assigned to the
stretching of Al-O-Al, while fora-Al,O3 the stretching of Al-O-Al present two humps at
around 456 ci and in the region of 500 — 800 ¢mespectively. The peak at 1390 tm
of y-Al,O3 and bulksized AO; can be assigned to the symmetric O-C-O stretching

vibration of adsorbed carbonate anion on the particle surfaces, whaileand at 1510
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cm* of y-Al,Os to the asymmetric O-C-O stretching vibration of adsorbed camonat

anion [83].
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FIGURE 8. FTIR spectra of (a) nano Sidb) bulk SiQ, (c) nano TiQ, (d) bulk TiQ,
(e) nana-Al 03, (f) nanoy-Al,0s, and (g) bulk AJOs.
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The C and H mass percent content of oxide particles are listd@ble 2. The
hydroxyl groups and bound water on the surfaces of oxide particles mvestly
oxygenated and volatilized under the calcined temperature of 980 °C Ti@6¢fore, H
content, which was calculated from the water vapor contents meetal analysis, of
oxide particles can be primarily attributed to the hydroxglgs on the particle surfaces
and surface-bound water. THCSIO,, y-Al,03 NPs and Sig Al,O; BPs had abundant
hydroxyl groups on their surfaces, whileAl,O; NPs and Ti@ BPs had few hydroxyl

groups, which is in a agreement with the data of FTIR spectra (Figure 8).

3.2.2 Adsorption of BSA by Oxide Particles

Adsorption isotherms of BSA by oxide particles are shown in Fig@e and (b).
Most isotherms followed a typical Langmuir type excetl .03, which showed a steep
initial slope at low concentration and then reached a plateau aqthkbrium BSA
concentration. Adsorption isotherms normalizedSyt of each oxide particle are shown
in Figure 9(c) and (d). The largest BSA adsorption was observeg-AbsO; NPs,
followed by TiG NPs > SiQ NPs >a-Al;,03 NPs > AbO; BPs > TiQ BPs> SiQ BPs.
This Langmuir type behavior has also been observed in other studies of proteunl@sole
or humic acid adsorbed on those oxide particle surfaces [89, 98]. Tha@®rption
isotherm ofo-Al,O3 was fitted better by the Freundlich typé & 0.981) than by the
Langmuir type (¢ = 0.860), indicating the adsorption mechanismu-@l,0; could be

different from other oxides, which is discussed later.
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FIGURE 9. (a)(b) Isotherms of BSA adsorption by oxide particles in deionized water.
Most isotherms followed a typical Langmuir type except ,Os, which fitted better with
the Freundlich model. (c)(d) After normalization by surface area of eadh particle,

the differences of BSA adsorption maxima among these samples were elécreas

dramatically.

Results of fitting the Langmuir model to adsorption isotherms of B®Aoxide

particles are shown in Table 2. According to the Langmuir maxinmptien capacity of
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solute Qp), BSA adsorption maxima of all oxide NPs were higher than tRs, B
especially for nanosizedAl,0O3; (Qp = 307 mg/g), TiQ (Qo = 155 mg/g), and SKXQo =
107 mg/g), which was one order of magnitude higher than their @Ps 25.2, 8.0, and
6.0 mg/g, respectively), indicating that the surface areaddhthe adsorption maxima of
BSA among seven oxide particles. BSA adsorptior-@i,03; NPs was the lowest and
close to the adsorption on A&l BPs (Figure 9a and 9b), which could be attributed to
their equivalent surface area: 4.73 fy for a-Al,O3 particles and 11.87 /g for Al,Os
BPs (Table 2). Furthermore, the regulation of surface area forpids maxima of BSA
was supported by: (1) after normalization by particle surbaea (Figure 9c, 9d, and
Table 3), the differences of BSA adsorption maxima among oxideclpartiecreased
dramatically; and (2) after deleting the pointyefl,O; from Figure 10, a significant
linear relationship of the other six oxide particles was olesebetweerSser and Q.
However, even after surface area normalization, the signifidéferences of BSA
adsorption maxima (Figure 9c and 9d) were still observed, implyhng édctors such as
surface charge, hydrophilicity and ligand exchange were involved F88]example, the
highest BSA adsorption was observed feAl,Os, which could be attributed to the
surface charge (the only totally positively charged oxide anatirgamples). Moreover,
the maximum sorption capacity of all bulksized particles wahtyi higher than that of
the respective NPs (except theAl,O3) after surface area normalization, which is in
agreement with other studies [89, 104]. These results indicate: ¢ajegrprotein
absorption of NPs was brought by the larger surface area qf (R)Pas particle sizes

increases, the influence of surface area decreases in mgufabtein-adsorption

39



behaviors, which leads to the higher maximum sorption capacity oftligsthat of

respective NPs (except theAl,0O3) after surface area normalization.

Electrostatic interaction could be one of the mechanisms expjaitie BSA
adsorption by oxide particles. According to the relationship of B8gorption maxima
with Sser of oxide particles in Figure 10, a significant positive lineartieiahip was
observed after deletion of the point fp#Al O3, which had a significantly high BSA
adsorption. This could be explained partly by the strong elecimsttdraction between
the positively charged-Al,Os; particle surface and slight negatively charged BSA
molecules (Table 2). In addition, its large surface area (0§ fable 1) provides more
space for protein absorption. Moreover, the maximum sorption capacitpAleO; was
significantly higher than the other particles after normabpatvith surface area (Figure
9c and 9d). This was mainly because the Zeta potentialrd$O3; was close to the zero
point of charge (ZPC), which meant that smaller electrostdtiaction or repulsion
resulted in less protein unfolding or less adsorption, respectivel$4320liva et al. [82]
reported that human serum albumin adsorption maxima occurred at a pHheea
isoelectric point (IEP) of protein molecules, forming a compager with minimum
lateral protein-protein interaction on TiBurfaces. When the surface charge of protein
molecules and oxide particles has the same sign, electagiatilsion between the two
surfaces reduced the density of the protein layer covering ide eurface [83]. When
the surface charges of protein molecules and oxide particles d@vasite signs,
electrostatic attraction weakens the structure stabilitgrofein molecules, resulting in
the unfolding of protein molecules and their spreading out on the pauitéces, which

could also reduce the density of protein layers covering oxide sarfacthis work, the
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Zeta potential of BSA molecules was slightly negatively obdy@nd only the surface
charge ofa-Al,O3; was neutral. Therefore, the density of the protein layer formeg on

Al,O3 could be higher than the density of protein layer covering other oxide patrticles.
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FIGURE 10. Positive linear relationship of BSA adsorption maxima @i for oxide
particles after deleted the pointyeAl,Os, which had a significantly-high-BSA
adsorption.
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TABLE 3. Results of Model Fits to Adsorption Isotherms of BSAon seven oxide particle’s

Langmuir Model Freundlich Model

Adsorbent Adsorbate  Q, b r? Q'° Ks n r?

nano TiQ BSA 155 1.59 0.982 0.476 87.4 0.076 0.918
bulk TiO, BSA 8.00 292E-3 0966 1.10 0.982 0.247 0.984
nano SiQ BSA 107 5.38E-4 0.990 0.559 2.75 0.383 0.988
bulk SIQ, BSA 599 1.44E-3 0.950 0.713 0.279 0.358 0.994
a-Al 03 BSA 38.8 8.70E-3 0.860 8.20 10.7 0.160 0.981
v-Al,03 BSA 307 1.88E-1 0.908 1.45 268 0.018 0.910
Bulk Al,O3 BSA 25.1 1.21E-1 0990 2.28 22.0 0.016 0.920

2 All parameter values were determined by Sigmapldt.,; normalized Q.

Moreover, hydrophilicity could also be involved in BSA adsorption by oxidecpes.
According to the FTIR spectra shown in Figure 8, nanosized, Bi®, andy-Al ,O3 had
hydroxyl groups on their surface in large quantity, whitdl,O; had few hydroxyl
groups. A good negative linear relationship between surface-area-rzegnatisorption
maxima of BSA and H contents (Table 2) was observed for nanosiged Ji0,, o-
Al,O3 and y-Al,O3 (only nanosized particles were compared in order to eliminate the
effect of particle size, Figure 11). H content could serve amdioator of surface

hydrophilicity because it corresponded with surface-bound water yardXyl groups
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[89], which suggested the significant influence of hydrophilicity oxide particle
surfaces on BSA adsorption. Water molecules can bond on surfacesiefpaxticles,
forming at least one layer of chemically bonded water moleda@7]. Then, physically
sorbed water molecules can further cover this bonded-water f@ysrng “vicinal”
water films with a thickness of approximately 100 nm [108]. BS#ecules are thought
to interact with vicinal water but not directly with surfacesoride particles during the
adsorption process. Therefore, higher H contents would offer redacedsaility of
BSA molecules to oxide surfaces, which is in line with previous esuain the adsorption
of hydrophobic organic compounds [109]. The high adsorption maximaAitO;
normalized by surface area could also be explained by ithesnih content than the

other NPs.
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FIGURE 11. Negative linear relationship of surface area normalized BSA adsorption
maxima with H content of nanosized TiGi0;, a-Al,03 andy-Al ,0s.
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3.2.3 Characterization of BSA and BSA-Coated Oxide Particles

3.2.3.1 Adsorption Models

According to published data on the conformation of serum albumin [110BSke
molecule was modeled as a triangular prismatic shell epthmized dimensions of 84 x
84 x 84 x30 A in a neutral solution. Based on this model, one mole of Bf&cukes
occupy 18.668 x T0m? of the surface area at most, and 15.175 %nf0of the surface
area with the “side-on” mode at least [98]. Therefore, the sirfiensities of a close-
packed BSA monolayer covered on f of particle surface are 4.37 md/rand 3.56
mg/nt, respectively. According to the BSA adsorption maximg (@ Table 3) and the
Asurt (Table 2), the specific amounts of BSA adsorbed onto the surfaogglefparticles
are 0.48, 0.56, 8.20, 1.48, 1.10, 0.71 and 2.28 fmfpmanosized TiQ SiO,, a-Al,0s,
v-Al,03 and bulksized Tig SiO, and AbO3, respectively (@ in Table 3). The amounts
of BSA adsorbed on oxide particle surfaces were significantlgidian the calculated
values of monolayer adsorption model exceptdh® O3, indicating the unfolding of
protein molecules or strong lateral protein-protein repulsion betyweserin molecules
that covered on particle surfaces [11, 87, 90]. The amount of BSA adswrioedl,0;3
surfaces was significantly higher than the “side-on” caledlaalue, implying multilayer
adsorption of protein molecules coatedmAl ;O3 surface, which is in an agreement with
previous studies [98]. A multilayer mode @fAl,O3 adsorption could well explain why
the BSA adsorption isotherm @nAl,O3 surface is fit better with the Freundlich model
(r* = 0.981) than with the Langmuir modet & 0.860) in Table 2, because the Langmuir

model is for a homogeneous monolayer adsorption [111]. Therefore, thécaighy
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higher adsorption maximum ofAl,Os; normalized by surface area could also be due to

the less surface area each BSA molecule occupied by multilayer mode.

3.2.3.2 FTIR Spectroscopy of BSA-Coated Oxide Particles

The FTIR spectra of BSA and bound-BSA on oxide particles are peesgnEigure
12. No FTIR spectrum of bound-BSA on SiBPs was obtained due to the insignificant
BSA adsorption. The spectra of bound BSA were obtained by subtraiftidre IR
spectra of pure oxide particles from that of the BSA-coatedeoparticles after freeze-
drying. Although freeze-drying may change the primitive strectfr BSA molecules
because of dehydration, the effect of freeze-drying may begiteg for this current
work because all IR spectra were processed the same. Pdaaknpasithe FTIR spectra
shown in Figure 12 are listed in Table 4 with their assignmaeded on the published
results [112-120]. The peak intensity of band at 1668 can be assigned to Amide |
(C=0 stretching vibration), which is the most widely used simglad in studies of
protein secondary structure, because it represents the backbaneenf molecules [121,
122]. Other major bands of BSA spectra can be assigned in the retfd@scnt Amide
Il band (N-H bending vibration mainly, coupled to C=0 and C=C stmeg}hlL456 crit
(CH, and CH groups), 1401 cth (COOH groups), 1306 cfn(a-helix or N-H bending
vibration), 1242 cnt (B-sheet), 2888 cth(CH, stretching), 2968 cth(CH; stretching),
3070 cm® Amide A or B (N-H stretching in the Fermi resonance with @fide ||

overtone) and 3312 ¢(O-H and N-H stretching vibration).
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By comparison with the spectra of BSA molecule as shown in Fig@rethe
observation of dramatic peak intensity of bands at 1668 (Amide 1) andch54gAmide
II) indicated that the primary structure of BSA moleculesodusd on oxide particle
surfaces. The increase in the ratios of Amide I/Amide #b{& 5), which indicates the
conformational change of protein backbone structure, may result fronmteraction of
N-H group with the hydrophilic film of oxide particle [69]. Strongeractions of BSA
COOH group with TiQ BPs and NPs, as well as,® BPs, may be responsible for BSA
adsorption due to the dramatically diminishing of the peak at 1401 [88].
Significantly B-sheet structural modifications of BSA molecule adsorbed on &
SiO, NPs surfaces were observed due to the diminishing of the pe@kaci’. The
peak intensity of band at 3312 ¢rdiminished markedly for both TUNPs and BPs and
Al,O3 BPs bound BSA, indicating the weakening or even breaking of hydbmyets of
O-H and N-H groups [115]. This weakening of hydrogen bonds would refiedigand
exchange between hydroxyl groups on JKIPs and BPs with AD; BPs surfaces and
BSA carboxyl/hydroxyl functional groups [89]. This ligand exchange svgported by
the large decreasing of the peak intensity of hydroxyl grauf900 — 3700 cih) as well
as negative peak of carboxyl groups at 140%".cim addition, ligand exchange between
hydroxyl groups on all oxide particles with BSA COOH groups wouldioas shown by

the reduction of the COOH/Amide | intensity ratio (Table 5).
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FIGURE 12. FTIR spectra of BSA (a) and oxide-particle-bound BSA:;1BBs (b),
TiO2 NPs (c), SIQNPs (d),a-Al,03 NPs (e)y-Al,03 NPs (f) and AIO; BPs (g). The
differential spectra of BSA-bound oxide particles were obtained by subtradithe IR
spectra of pure oxide particles from that of the BSA-coated oxide partitdefraeze-
drying.
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TABLE 4. Peak Positions with Corresponding Assignments in thETIR Spectra of BSA

Wavenumber, cm*

Assignment

1668

1542

1456

1401

1306

1242

2888

2968

3070

3312

Amide | (C=0 stretching) [112, 115, 116]

Amide Il (N-H bending vibration mainly, coupled to C=0 and

C=C stretching) [113, 115, 116]

CH and CH [114, 116]

COOH [114]

a-helix or N-H bending vibration [117]

B-sheet [117]

CH stretching [115]

CH stretching [115]

Amide A or B (N-H stretching in the Fermi resonance with 2

folds Amide Il overtone) [118-120]

O-H and N-H stretching vibration [115]
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TABLE 5. Ratios of Amide I/Amide Il and COOH/Amide | of Oxide-bound BSA

Samples Ratio of Amide I/Amide Il Ratio of COOH/Amide |

BSA 0.989 0.878
bulk TiO; 1.571 0.246
nano TiQ 1.043 0.375
nano SiQ 1.096 0.420
nanoa-Al ;03 1.181 0.412
nanoy-Al,0s 1.291 0.360
bulk Al,O3 1.651 0.280

3.2.4 Environmental Implications and Prospective

BSA adsorption by oxide particles depended on three factorsar(fgrisurface area
of particles could provide more space for BSA adsorption; (2) strategraction
(electrostatic attraction or ligand exchange) could induce the &®&Arption; and (3)
lower hydrophilicity on particle surfaces could allow the BSA evales to approach

their surfaces more easily than on highly hydrophilic surfaces.

Primary structures of BSA molecules were adsorbed and chamgedide particle
surfaces, while ligand exchange between hydroxyl groups onledtesg oxide particles

with BSA COOH groups occurred. High BSA adsorption by oxide NPsattabuted to
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their large surface area. The low BSA adsorption48y,03; was due to its small surface

area, though its surface hydrophilicity was low and its surface chagaeutral.

Implications can be drawn from the results listed above. Rig, protein adsorption
by oxide NPs (except-Al,03) suggested that more protein molecules may be damaged
in their function and structures by oxide NPs than oxide BPs in vigaltireg in the
potential higher toxicity to cells of living beings. Second, aggtion of oxide particles,
which would influence protein adsorption, should be considered in furtherss{@glie
We did not discuss the effects of aggregation in this work becauseaihetask of this
work was to compare the protein-adsorption behaviors of different tgpesxide
particles (TiQ, Si0,, and AbOs3). Particle aggregation would influence the particle size
and actual surface area in water (i.e. available sites), &act @rotein adsorption by
oxide particles. Therefore, effects of aggregation in protein adsorptould be
considered in the future in two aspects: 1) comparing protein adsorpliamidis of the
same oxide particles in different aggregated states; and 2) dompaotein adsorption
behaviors of different types of oxide particles in a same aggegate. Aggregated size
should be used instead of individual-particle size because oxiddgmahazdly remain in

the individual-particle state in aqueous solution in the presence of eledrolyte

In this work, one question has not been resolved yet: whether theBRglkead to
more protein-conformational change than NPs is still unknown. Rasigregation
should also be involved in answering this question, because bigger pawithekrger
surface area on a single particle, will lead to greater iprotsnformational change than
would be expected for smaller particles. Therefore, the conopartd protein

conformational change should also be performed in the same statgrefgation. But
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our IR spectra of protein molecules after adsorption indicate thay protein was
adsorbed on oxide particles and primary structure of protein mletechanged. Hence,
secondary derivative analysis of IR spectra and circular dichrsp&ttra, both of which
could provide quantified information on BSA conformational change, should be
employed in the future. Furthermore, it is unknown whether the conformational affange
protein molecules is irreversible, when protein molecules are latsoon particle
surfaces. Irreversibility of protein-secondary structure cann@xbenined while protein
molecules are still adsorbed on oxide surfaces. Therefore, confmmaiathange of
protein molecules should be examined after desorption from padirtéecss. Moreover,
since the biological response of living beings depends on the type, amadnt, a
conformation of adsorbed proteins, adsorption of different types of prakmdd be
examined for their adsorption quantity and conformational changbdi’by8, 9]. All of

these questions should be answered in the future.
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