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Abstract

Metal oxide nanoparticles, especially alumina nanoparticles (AN) have drawn
considerable attention in biotechnological and biomedical applications. Interaction of
nanoparticles with protein plays a crucial role in several medical applications. Also,
nanoparticles may exert toxic effects on cancer cells that can be beneficial for application in
cancer therapy. The objectives of this study were to synthesize and characterize poly(y-
glutamic acid) (y-PGA)-functionalized alumina nanoparticles (y-PAN) for evaluation of
protein adsorption ability using bovine serum albumin (BSA) and lysozyme (LSZ) as well as
cytotoxicity towards human prostate cancer cell PC-3. Characterization of both AN and y-
PAN revealed a spinel lattice structure belonging to y-Al,O; with the mean particle size as
determined by TEM being 5.4 nm for AN and 6.7 nm for y-PAN. Zeta potential at different
pH changed from positive to negative upon coating y-PGA onto AN with a shift in point-of-
zero-charge from 9.1 to 3.2 mV. Positively-charged AN at pH 7 could preferentially adsorb
BSA compared to LSZ, while an opposite trend was observed for negatively-charged y-PAN.
The Langmuir adsorption capacity for AN and y-PAN was 224.5 and 36.1 mg/g for BSA,
respectively, and 16.2 and 110.1 mg/g for LSZ. Both AN and y-PAN could lower cell
viability of PC-3 cells in a dose-dependent manner with the latter more efficient than the
former. The ROS production also increased with dose, which may lead to cytotoxicity
towards PC-3 cells through oxidative stress and mitochondrial dysfunction. Thus, the y-PGA
functionalized alumina nanoparticles may be used as a promising material for future

biomedical applications.

Keywords: Alumina nanoparticles, poly(y-glutamic acid), protein adsorption, cytotoxicity,

prostate cancer cell.
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1. Introduction

Nanotechnology has become an area of significant interest due to the diverse range of
its application in fields such as medicine, industry, agriculture and public health in the past
two decades.'? Metal oxide nanoparticles, especially alumina nanoparticles (AN), are a future
promising material in biotechnological and biomedical applications as they are hydrolytically
stable, bioinert and can be readily surface-functionalized.® For instance, AN have been
applied in several areas including catalysis, structural ceramics, functionalization of textiles,
wastewater treatment and protein separation and purification.*” Also, AN find wide
biological applications in biosensors, biofiltration, drug delivery, and antigen delivery for
immunization purposes.® Compared to other metal oxide nanoparticles, the synthesis of AN
is simple, inexpensive, and the raw materials used are cost effective and readily available.'*"!
Among several synthesis methods available, both precipitation and sol-gel methods are the
most commonly used.'' In addition, several reaction parameters including pH, temperature,
time and precursor concentration play a vital role to obtain AN of desired shape and size."” In
this study, a precipitation-digestion method was adopted to synthesize y-alumina nanoparticle
of uniform size by controlling both temperature and pH.

Interaction of nanoparticles with carbohydrates, proteins, nucleic acids, lipids or
other metabolites has recently drawn considerable attention, particularly the nanoparticle-
protein interaction in biological and medical applications. Upon administration during
diagnostics or drug delivery, a significant number of proteins can be adsorbed onto the
nanoparticle surface resulting in formation of nanoparticle-protein complex commonly
referred as the nanoparticle-protein corona.”® Therefore, it is necessary to learn how proteins
interact with nanoparticle both in vitro and in vivo. Several studies have been performed
dealing with proteins adsorption on bare AN and surface modified AN."*'® Song et al."”

studied adsorption of bovine serum albumin (BSA) on various metal oxide nanoparticles and
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reported that BSA adsorption depended on several parameters including surface area,
hydrophilicity of nanoparticle surface and electrostatic attraction between BSA and particle
surface. In a similar study Meder et al.'> modified AN with different functional groups for
comparison of adsorption efficiency of BSA, lysozyme (LSZ) and trypsin (TRY), and the
result showed that BSA was preferentially adsorbed on positively charged surface of AN and
AN-NH,, while LSZ and TRY adsorbed on negatively charged AN-COOH, AN-SO; and
AN-POs;H,. Moreover, several parameters including zeta potential, surface characteristics,
concentration, and acidity or basicity of functional groups, all of which were shown to
influence adsorption of glutathione on surface-tailored AN to a certain degree.'® In addition,
some functionalized nano porous AN have been widely used in the efficient separation of
biomolecules such as proteins and DNA.*" Thus, it is pivotal to study the protein adsorption
by synthesized nanoparticles so that the nanoparticle—protein interactions can be elucidated.
The toxicity of metal and metal oxide nanoparticles towards environment, animal and
human remains a major health concern owing to the increased use of nanoparticles and
accumulation in the environment. Thus, the terminology ‘nanotoxicology’ was introduced to
study the toxic effects and interactions of the nanoparticles with biological systems. When
metal oxide nanoparticles interact with cells, reactive oxygen species (ROS) are generated
resulting in pro-inflammatory reactions and enhancement of oxidative stress via intracellular
signalling pathways.”® Nanoparticles can readily enter the cell membrane and accumulate in
the cytoplasm, leading to disruption of metabolism, cell dysfunction and even cell death.”!
Lin ef al.” demonstrated a dose- and time-dependent decrease in cell viability after incubation
of bronchoalveolar carcinoma-derived cells with 13 or 22 nm AN. In a similar study the AN
were shown to exhibit significant toxicity towards L929 cells through multiple mechanisms
such as mitochondrial dysfunction, oxidative stress and cell death.”? Chen et al.” further

reported that AN could alter mitochondrial potential, induce cellular oxidative stress (ROS),
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and decrease the expression of tight junction proteins to a greater extent than bulk or carbon

1** have demonstrated a low toxicity in

nanoparticles. However, in a recent study, Yang et a
mice orally-fed with AN with no significant absorption or imbalance in essential elements. In
the present study we examined the cellular toxicity of AN and y-PGA coated AN (y-PAN)
toward prostate cancer cells PC-3 by MTT assay and monitored generation of intracellular
ROS at the same time by using the fluorescent probe CM-H,DCFDA.

It has been well established that surface modification of metal oxide nanoparticles
with various functional groups can not only prevent aggregation, but also improve the
chemical stability, biocompatibility, therapeutic efficiency, versatility, selectivity and

1923 More importantly, the retention of any organic compound on

adsorption properties.
unmodified AN is not feasible owing to its weak interaction with the hydrophilic nature of
AN surface. Thus, some physical or chemical modifications of AN surface with certain
functional groups containing electron donor atoms is necessary.'® For instance, Bertazzo et al.*®
have shown that ethanedioic acid could alter the bioactivity of AN through interaction with
nanoparticle surface. Likewise, the adsorption capacity of AN for organic compounds was
shown to improve greatly through deposition of humic acid onto AN surface.”” In a later
study Meder ef al.'® further demonstrated that through modification of the AN surface with
different density of sulfonate groups, protein adsorption could be controlled.

In the present study, a non-toxic and biodegradable biopolymer poly(y-glutamic
acid) (y-PGA) was used as a basis for functionalization with AN surface. The y-PGA has
been widely used as a biomaterial in the fields of medicine, pharmaceutics, cosmetics, food
industry and environmental science.™*>° Currently, y-PGA can be synthesized in different ionic
forms and varying molecular weights by fermentation using Bacillus species. More recently,

Stevanovié et al.*' used y-PGA as a stabilizer to synthesize metal nanoparticles and found that

they were biocompatible and did not induce any toxicity toward Caco-2 epithelial cells.
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Thus, in addition to favoring the interaction of nanoparticles with living cells, y-PGA can also
act as a particle stabilizer in several biomedical applications.> In several previous studies we
evaluated the metal detoxifying effect of both pure y-PGA and y-PGA coated magnetic
nanoparticles as well as the antibacterial activity.”***> However, to the best of our
knowledge, no data are currently available on nanoparticle toxicity and protein adsorption
capacity with respect to y-PGA-based AN and toxicity towards prostate cancer cell. The
objectives of this study were to synthesize and characterize both bare AN and y-PAN for
evaluation of protein adsorption efficiency and cytotoxicity towards human prostate cancer
cells PC-3.
2. Experimental
2.1. Materials

The chemical reagents aluminium sulfate (Aly(SO4)3) (99.9%) and ammonia (28%)
used for synthesis of AN were obtained from Sigma-Aldrich (St. Louis, MO) and J.T. Baker
(Phillipsburg, USA), respectively. The soluble form of y-PGA (NaPGA) used for
functionalization of AN was procured from Vedan Enterprise Corp. (Taichung, Taiwan).
Alkali metal salts potassium bromide (95%) and sodium chloride (>99%) used for FTIR and
zeta potential studies, respectively, were purchased from Nacalai Tesque (Kyoto, Japan) and
J.T. Baker. The pH was adjusted during synthesis by using hydrochloric acid (35%) and
sodium hydroxide (95%) from Nacalai Tesque. Ethanol (95%) used for washing the
precipitated AN was from Taiwan Tobacco and Wine Bureau (Tainan, Taiwan). For protein
adsorption experiments, model proteins bovine serum albumin (=90%) and lysozyme (=90%)
were obtained from Sigma, while Coomassie® brilliant blue G-250 dye reagent (>80%) for
protein assay was from Bradford Laboratories (Bossier city, LA, USA). A fluorescence dye
5-(and 6-)-chloromethyl-2,7-dichlorodihydro fluorescein diacetate (=90%) added for
measuring intracellular ROS formation was from Molecular Probes (Eugene, OR). For

6
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cytotoxicity study, prostate cancer cell line PC-3 was obtained from American Type Culture
Collection Center (ATCC, VA, USA). Cell-culture medium Dulbecco’s Modified Eagle
Medium (DMEM), 2.5% trpsin-EDTA and penicillin—streptomycin were all procured from
Invitrogen (CA, USA). Fetal bovine serum (FBS) was from HyClone (UT, USA), while
phosphate buffered saline, dimethyl sulfoxide (DMSO) and 3-[4,5-dimethylthiazol-2-y1]-2,5
diphenyl tetrazolium bromide (MTT) reagent (98%) were all from Sigma-Aldrich. The
deionized water was obtained from a Milli-Q system from Millipore Co. (Bedford, MA,
USA).

The instruments employed for synthesis of alumina nanoparticles and y-PGA coated
alumina nanoparticles include a Suntex 701 pH meter (Suntex Instruments Co., Ltd, Taipei,
Taiwan) coupled with a 9611-10D model glass electrode from Horiba Instruments Inc. (CA,
USA),** magnetic stirrer (SP46925, Thermolyne-Cimarec-2, 1A, USA), ultrasonicator (Delta
DC-400H, Tech-Lab Scientific, Malaysia), muffle furnace (S.J. High Technologies Co.,
Taipei, Taiwan), hot-air oven (Shen Long Instruments, Taipei, Taiwan), centrifuge (5810R,
Eppendorf, Hamburg, Germany) and freeze dryer (FD24, Chin-Ming Co., Taipei, Taiwan).
For protein adsorption experiments, a B601D reciprocating water bath shaker from Firstek
Scientific Co. (Tau Yen, Taiwan)® and a DU 640 spectrophotometer from Beckman
Instruments (CA, USA)** were used. Likewise, several instruments used for cytotoxicity
study include laminar flow hood (4BC-24, Jau-Hsin, Taipei, Taiwan), carbon dioxide
incubator (SCA-165DS, Astec, Fukuoka, Japan), ELISA reader (Versa Max, Molecular
Devices, CA, USA),z&35 while a SpectraMax Gemini microplate spectrofluorometer from
Molecular Devices (CA, USA) was used for ROS determination.®
2.2. Synthesis of y-alumina particles

A precipitation—digestion method based on Potdar et al.*® was modified and used for

synthesis of AN. The synthesis involved precipitation of aluminum sulfate by addition of a
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base. Briefly, 0.1 M aluminum sulfate solution was prepared in a 1 L beaker by dissolving
17.10 g in 500 mL of deionized water and stirred well for complete dissolution of aluminium
salt. Then, ammonia solution (28%) was added drop-wise to the solution until the pH reached
around 8.0 for precipitation of aluminum hydroxide. The stirring was continued at 70°C for 3
h and pH was maintained between 7 and 8§ to produce nanoparticles of uniform size. Finally,
the precipitate was centrifuged, followed by washing three times with deionized water and
one time with alcohol, drying at 50°C for 24 h in a hot-air oven. The air-dried powder was
then calcined in a programmable furnace at 800°C for 1 h to produce AN.
2.3. Functionalization of y-alumina particles

The as-synthesized AN were functionalized based on a method described by Meder et al.?
with slight modification. Initially, a clear suspension of AN was prepared by mixing 1.5 g y-
alumina with 10 mL of deionized water (1.5 mM) and sonicating for 30 min. Next, 0.18 mM
v-PGA solution was prepared by dissolving 0.18 g in 10 mL deionized water and then added
to AN suspension. The resulting suspension was stirred at room temperature for 60 min and
then subjected to heating at 60°C for 90 min, after which the particles obtained were
separated by centrifuging and washed three times with 20 mL of deionized water to remove
residual free y-PGA. After separation, the nanoparticles were freeze-dried under vacuum for
48 h at -20°C.
2.4. Characterization of y-alumina and y-PGA coated y-alumina nanoparticles

The Fourier transform infrared spectra of boehmite (AIOOH), pure y-PGA, AN, and
v-PAN were recorded and compared by using a Horiba FTIR spectrophotometer (FT 730,
Kyoto, Japan). Each sample was homogenized with KBr crystals, pelletized at a pressure of
150 kg/cm” and mounted on the sample holder for recording spectra in the frequency range of
4000400 cm™. A total of 32 interferograms at a resolution of 2 cm™ was measured for each

sample.“’zg’36 The X-ray diffraction pattern of AN and y-PAN was recorded on a Multiflex
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model Rigaku diffractometer (Tokyo, Japan) in the 20 range of 20—70° using Cu-K,, radiation
(A = 1.540556) at 40 kV and 40 mA.***** Also, the mean diameter of nanoparticles was
determined by substituting full-width half-maximum of a XRD peak in the Scherrer
equation.”’ To determine coating percentage of y-PGA on AN, thermogravimetric analysis of
nanoparticles was carried out by heating 5-10 mg of each sample from 25-900°C at a rate of
10°C/min in a versa Therm HS model Cahn thermogravimetric analyzer (Thermo Fischer
Scientific, USA).*®** The mean particle size and morphology of both nanoparticles were
determined by capturing images in a JEOL transmission field emission electron microscope
(TEM, JEM 2100F; JEOL, Ltd, Tokyo, Japan) at 120 kV. Sample preparation was carried out
by spreading a drop of diluted aqueous suspension of each nanoparticle sample on a 150
mesh carbon-coated copper grid (Ted Pella Inc, Redding, CA) and vacuum-dried for 24
h.#3%3 Scanning electron microscopic (SEM) images were also recorded by dispersing a few
milligrams of each nanoparticle sample in water and casting 1 pL of dispersed sample on a
silicon wafer.” Then, the samples were dried overnight followed by coating with platinum
using Auto Fine Coater (JEO, JFC-1600, Japan) at 10 mA for 90 s and capturing images
using a JEOL JSM-6700F SEM instrument (Japan) at 10 kV. In addition, the energy
dispersive X-ray spectroscopy (EDX, X-max, Oxford Instruments, Oxfordshire, U.K.) was
recorded in the mapping mode to confirm y-PGA coating on AN.” Additionally, the zeta
potential was determined by dispersing 0.1 g/L of each nanoparticle sample in 0.001 M
sodium chloride solutions adjusted to different pH values (2, 3, 4, 5, 6, 7, 8,9, 10 and 11).28
Then, each sample was measured for zeta potential by using a Malvern Zetasizer Nano ZS
machine (Malvern Instruments Ltd, Worcestershire, UK).
2.5. Protein adsorption experiments

An adsorption method based on Song et al.'” and Sasidharan et al.*® was modified and

used for determination of protein adsorption capacity of pure y-PGA, AN and y-PAN. Briefly,
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10 mL each from 8 different concentrations of BSA or LSZ (50, 100, 500, 1000, 2000, 3000,
4000 and 5000 mg/L) were collected and each solution was adjusted to pH 7.0. Then, 100 mg
of AN or y-PAN was added to the solution, followed by shaking at 50 rpm in a 37°C water
bath shaker for 2 h, centrifuging at 4000 rpm for 10 min, and collecting supernatant for
determination of protein by using a Bradford reagent assay with detection at 595 nm. Prior to
protein adsorption experiment, a calibration curve was prepared for BSA and LSZ standards
with a concentration range from 200-900 mg/L and 100-1500 mg/L, respectively. The
protein adsorption capacity at equilibrium was determined based on the mass balance

. 2829
equation,”

q=(Ci-Co)/(V/W), where C; is initial protein concentration,V (L) is the volume of
protein solution, W (g) weight of AN or y-PAN, C. (mg/L) is protein concentration at
equilibrium and . is adsorption capacity at equilibrium. The equilibrium data were fitted
with a classical Langmuir isotherm by using a GNUPLOT program (Copyright Thomas
Williams and Collin Kelley, version 4.0 for Windows) through a nonlinear regression method
based on Marquardt-Levenberg algorithm.”®* The non-linear form of the Langmuir equation
can be represented as shown below:**%
oo KC

1+K.C,
where, K;. (L/g) is a product of gm.x (mg/g) and K. (L/mg), representing maximum adsorption
capacity and equilibrium constant or adsorption energy, respectively.
2.6. Cytotoxicity against prostate cancer cell (PC-3)
2.6.1. Cell culture

Human prostate cancer cell line (PC-3) was cultured in Dulbecco’s Modified Eagle

Media (DMEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS),

100 pg/ml streptomycin, 100 Ul/ml penicillin and grown at 37°C in a humidified incubator

containing 5% CO,. After 80% confluence was attained, cells were detached by mixing with

10
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0.25% trypsin-EDTA solution for 5 min and aliquots of the separated cells were subcultured
as 1:5 splits.
2.6.2. MTT assay

The MTT assay is a simple and non-radioactive assay commonly employed to
determine cell viability and proliferation of cells. It involves determination of mitochondrial
activity spectrophotometrically by measuring a colored formazan derivative formed through
metabolic reduction of MTT reagent by the mitochondrial dehydrogenase enzyme present in
living cells. Based on a method reported by Inbaraj et al.” cytotoxicity of AN and y-PAN
was determined by seeding 4000 exponentially growing cells into 100 pL of medium in a 96
well plate and incubated for 24 h at 37°C in a humidified incubator containing 5% CO; to
allow attachment of cells. After 24 h, medium was replaced by fresh medium containing
different concentrations (0.01, 0.02, 0.03, 0.06, 0.13, 0.25, 0.50 and 1.00 mg/mL) of AN and
v-PAN separately and incubated for 48 h. To evaluate cell survival, 200 pL of 0.5 mg/mL
MTT reagent was added to each well and incubated for 4 h for formation of formazan
crystals. Medium containing MTT was then gently replaced by 100 uL of DMSO to
solubilize formazan crystals. The plates were further incubated for 24 h for complete
dissolution of the formazan crystals and the absorbance was measured at 550 nm on an
ELISA reader. To check if nanoparticles interfere with the optical density (OD) values, the
OD measurements were taken again after transferring the supernatant of each well to a new
96-well plate. The plate reader was calibrated to zero absorbance using the culture medium
without cells and the relative cell viability (%) as compared to control wells containing
medium without nanoparticles was calculated using a formula, [Abs]nanoparticle/ [AbS]contro1 X 100,
where [Abs]nanoparticle and [Abs]eonirol represent absorbance value obtained for nanoparticle and
control samples, respectively.33

2.7. Intracellular reactive oxygen species determination

11
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The generation of intracellular ROS was determined based on a method reported by
Babu et al.,*®> which involves measurement of oxidative conversion of the non-fluorescent
material, CM-H,DCFDA, to a highly fluorescent compound dichlorofluorescin (DCF).
Initially, cells were seeded on a 96 well plate at a density of 2 x 10° cells per well in 100 pl of
medium. After 24 h of incubation at 37°C and 5% CO,, cells were exposed separately to
various concentrations (0.01, 0.02, 0.03, 0.06, 0.13, 0.25, 0.50 and 1.00 mg/mL) of AN and -
PAN for 48 h, washed three times with phosphate-buffered saline (PBS) and incubated with
10 uM CM-H,DCFDA for 1 h at 37°C. Cells were then washed and the DCF was measured
immediately using a microplate reading spectrofluorometer at an excitation and emission
wavelength of 490 and 545 nm, respectively, with cells without nanoparticles being used as
control. To monitor the change in cell morphology, phase contrast images were captured
using inverted microscope for control PC-3 cells, control PC-3 cells treated with ROS
detecting reagent CM-H,DCFDA only, cells treated with different doses (0.01, 0.03, 0.13,
0.25, 0.50 and 1.00 mg/mL) of AN or y-PAN alone and along with ROS detecting reagent
CM-H,DCFDA.
2.8. Statistical analysis

All experiments were done in triplicate and the data were subjected to ANOVA
analysis and Duncan’s multiple range test for significance (P<0.05) in mean comparison by

Statistical Analysis System.>
3. Results and discussion

3.1. Synthesis of y-alumina nanoparticles

As mentioned before, alumina nanoparticles have become a promising material in
both fields of biomedicine and biotechnology as they can be used for protein separation and
purification, fabrication of biomedical devices and drug delivery.>>*” Many chemical

methods including sol-gel, emulsion, precipitation and hydrothermal have been reported for

12
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synthesis of AN.'® Of the various methods, precipitation is a simple one and widely employed
for production of nano-sized porous alumina particles.'"' Therefore, in this study, a
precipitation-digestion method was adopted for preparation of AN nanoparticles, which
involved the following three steps: (1) A dropwise addition of ammonia into aluminium
sulfate solution resulting in formation of a transparent gel-like aluminium hydroxide
precipitate between pH 7 and 8 at 70°C as shown in reaction 1.

Al (SO4)3 + BNHOH —————> 2AI(OH)3 + 3(NHy), SO4 1)

(2) The white-gel like precipitate was then digested at 70°C for 3 h with simultaneous stirring
and maintaining of pH between 7 and 8 in order to convert AI(OH); into crystalline boehmite

precursor AIOOH as shown in reaction 2.

AI(OH)3

AIOOH + H,0 )

(3) After filtering, washing and drying, boehmite AIOOH was calcined at 800°C for 1 h to

obtain AN as shown in reaction 3.

2AIOOH AbO; + H,0 3

To further functionalize and improve colloidal stability, the AN nanoparticles were coated
with carboxyl-rich y-PGA as described in the previous section.
3.2. Characterization of y-alumina and y-PGA coated y-alumina nanoparticles
3.2.1. X-ray diffraction spectrometry

The XRD patterns for both AN and y-PAN showed 6 diffraction peaks corresponding
to the Bragg reflections (1 1 1) at 22.4°, (22 0) at 34.5°, (31 1) at 37.9°,(4 0 0) at 45.6°, (5 1
1) at 62.2° and (4 4 0) at 66.7°, indicating that y-Al,O3 with a spinel lattice structure was
synthesized (Figure 1).* Moreover, the broadening of peaks caused by small crystallite sizes
revealed that y-Al,Os particles are both nano-sized and crystalline in nature.”® Based on the

full-width of a diffraction peak at half-maximum intensity (B), the crystallite size (d) size of

13
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nanoparticles was determined by using the Scherrer equation,”” d=kA/BcosO, where k is a
constant (~0.9), A is the wavelength of CuK,, radiation (1.5406 A) and 0 is the Bragg angle.
The crystallite size was calculated to be 3.8 and 4.5 nm for AN and y-PAN, respectively. A
similar particle size of 3.8 nm and 4.7 nm was reported by Naskar™ for AN obtained after
calcination at 550°C and 800°C, respectively. However, Rahmanpour ef al.*' have shown a
relatively lower particle size of 1-2 nm for AN synthesized by calcination at 550°C, while
Potdar et al.*® reported a particle size range of 3.5-4.5 nm for AN obtained upon calcination
at the same temperature.
3.2.2. Transmission electron microscopy

Figures 2A and 2B depict the TEM images of AN and y-PAN recorded at 120 kV.
The morphology of both AN and y-PAN is roughly spherical in shape with the former being
relatively more agglomerated compared to the latter. Obviously, the alumina nanoparticles
have an inherent tendency to agglomerate due to strong vander Waal’s forces which becomes
predominant during calcination at a high temperature (800-1200°C), as pointed out by
Naskar.” In addition, the gelatinous form of alumina nanoparticles may facilitate their
agglomeration.'" However, a significant deagglomeration of AN could be achieved by
functionalizing with appropriate coating materials like y-PGA. The particle size distribution
histogram obtained directly from the TEM image revealed the mean particle size to be 5.4 nm
for y-AN and 6.7 nm for y-PAN, which was close to that (3.8 and 4.5 nm) determined by the
Scherrer equation using XRD data.
3.2.3. Scanning electron microscopy

Scanning electron microscopic images were recorded to observe changes after coating
of AN with y-PGA (Figures 3A1 and 3B1). Besides, the EDX spectrum in the mapping mode
was captured to compare the proportion of aluminium, carbon and oxygen (Figures A2-A4

and B2-B4). Apparently the surface of AN seems to be rough, while y-PAN appears to be

14
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smooth, probably caused by fine coating of y-PGA onto AN surface. The observed tendency
of as-synthesized alumina nanoparticles to agglomerate was also perceived in several SEM

113642 which may be attributed to the reasons as

micrographs reported in different studies,
mentioned above. Comparatively, the EDX images revealed approximately the same
proportion of aluminium for both AN and y-PAN, however, the proportion of carbon and
oxygen rose upon coating of AN with y-PGA (Figure 3A2-A4 and 3B2-B4). Obviously, v-
PGA being a coating material should incorporate more carbon and oxygen atoms onto the
surface of AN, as y-PGA is composed of numerous glutamic acid units connected by y-amide
linkage. This phenomenon corroborates with that reported in a recent study where a relatively
high weight percentage of carbon (63.65%) and oxygen (29.53%) was shown in the EDX
analysis of aluminium-adsorbed y-PGA.”
3.2.4. Fourier transform infrared spectrometry

The FTIR spectrum of boehmite and AN depicted a broad band at 3425 and 3472 cm’,
respectively, along with an intense band at 1641 and 1645 cm™, both of which are typical of
stretching and bending vibrations due to absorbed water (Figures 4A and 4B). In addition, the
spectra for boehmite showed peaks at 615.2 and 485.4 cm™, which are characteristics of
stretching and bending vibrations of AlOg, respectively, while a peak at 750.6 cm™ is
assigned to torsional vibration of OH group.''”® Also, an intense peak at 1073.2 cm™ and a
shoulder at 1165.4 cm™ for boehmite are associated with Al-O-Al symmetric and asymmetric
bending modes of vibration, respectively (Figure 4A). Potdar et al.*® showed analogues IR
bands around 3447 and 1640 cm™ for both boehmite and AN, while significant peaks at 1163,
1073, 750, 617 and 481 ¢m™ was shown to occur for AN. After calcination of boehmite
precursor, a very broad band (480-900 cm’™") with two distinct peak areas appeared for AN in

the frequency range 480750 cm™ and 750900 cm™, which corresponded to Al-O vibrations

in y-Al,O3 with aluminium ions occupying the tetrahedral (y-AlO4) and octahedral (y-AlOg)
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coordination sites (Figure 4B)."'*° On the other hand, the spectrum for pure y-PGA revealed
three representative peaks at 1625, 1565 and 1403 cm™, with the latter two peaks are
indicative of asymmetric COO" stretch and overlap peak of N-H/C-N deformation,
respectively, while the symmetric stretching vibration of COO™ group represented the former
peak (Figure 4C).28’33 34 After coating of AN with y-PGA, peaks representing both bare AN
and pure y-PGA appeared in the spectrum of y-PAN, confirming that y-PGA coating did
occur on AN surface (Figure 4D). Moreover, a rise in peak broadening around 3200-3600
cm™ for pure y-PGA and y-PAN should be due to the deliquescent nature of water-soluble
sodium form of y-PGA. The difference in wavenumber between the intense bands at 1641
and 1645 cm™ for boehmite and alumina nanoparticles (AN), respectively, seems to be
negligible and may not be a peak shift. Moreover, it is quite possible as AN was formed after
subjecting boehmite to calcination at 800°C. On the other hand, the peak-shift to lower
wavenumber for pure y-PGA (1625.8 cm™) and y-PGA coated AN (1637.7 cm™) should be
due to the overlap of peaks in Figure 4A and 4B with the more broader peaks corresponding
to numerous carboxylic acid and amide groups in y-PGA (Figure 4C) and y-PGA coated AN
(Figure 4D).
3.2.5. Thermogravimetry

The thermogravimetric analysis curves illustrated an initial loss of about 8% at
temperature <280°C for both AN and y-PAN, which are mainly caused by removal of
absorbed water, volatile impurities and complete dehydration of precipitate (Figure 5). A
similar trend in the temperature range of 230-260°C was reported for AN by Ghanta et al.,*
who attributed the weight loss to the volatilization of organic residue attached on the AN
surface. However, at >300°C, no significant weight loss occurred for AN, while a rapid
weight loss of about 12% observed only for y-PAN, which should be attributed to evaporation
followed by decomposition of y-PGA coating on y-PAN. Previous studies on the application
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of y-PGA as coating material for functionalizing iron oxide nanoparticles have reported a 7—
8% weight loss for sodium salt of y-PGA**** and 12% for calcium salt of y-PGA.**
3.2.6. Zeta potential measurements

Figure 6 shows the change in zeta potential of AN and y-PAN as affected by different
pH. With the exception of pH 10 and 11, the zeta potential of AN at most pH values (2-9)
were positive, indicating the presence of positive charge on AN surface. On the contrary, a
reversed trend was shown for y-PAN with the surface charge being negative at pH 4-11 and
positive at pH 2 and 3. Also, a decrease in zeta potential occurred for y-PAN at all pH values
(pH 1-11) when compared to AN. For instance, upon coating of AN with y-PGA, the zeta
potential at pH 7 decreased from +19.4 to -40.7 mV, which should be caused by dissociation
of ionisable carboxylic acid groups in y-PGA. A similar phenomenon was observed by Ghosh
etal.”’ reporting a drop in zeta potential from +35 mV to -33.5 mV at pH 8 upon coating of
AN with humic acid. Consequently, in our study, the cross-over point from positive to
negative zeta potential signified a decline in pH of zero point charge (pHyc) from 9.1 to 3.2
after coating of AN with y-PGA (Figure 6), which was similar to that reported for bare AN
(9.3) and methylsuccinic acid-functionalized AN (3.2) by Meder et al.’® Generally, the
nanoparticle suspensions with zeta potential higher than +25 mV or lower than -25 mV are
considered to be colloidally stable.'® In other words, according to classical DLVO theory, the
aggregation of nanoparticles does not occur at pH value far from pHZpC.45 For AN with pH,pc
at 7.9, Ghosh et al.”’ pointed out by atomic force microscopy that AN dispersion did not
show any size variation at pH 3 and 11, but tended to aggregate at pH 7. In our study, with
the exception of pH 3 and 4, the zeta potential was >+30 mV for pH 2 and <-30 mV for the
pH range from 5-11 for y-PAN (Figure 6), suggesting that a greater colloidal stability could
be attained at most environmental and biological pH values after coating of AN with y-PGA.
3.3. Protein adsorption capacity
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The formation of protein layer with tailored composition on nanoparticle surface is
critical for biotechnological and biomedical applications such as carrier for enzyme,
immunoassay, cell targeting and as biosensor.""” More specifically, the composition of
protein layer modulate the nanoparticle’s toxicity, performance, biocompatibility and
selectivity in areas such as imaging and drug delivery as well as protein purification and
separation.46 Also, the preferential adsorption of proteins onto nanoparticle surface depends
not only on the surface chemistry but also the protein properties. Thus, two model proteins
BSA and LSZ with different structural properties were chosen for evaluating their adsorption
on AN and y-PAN. Batch-mode adsorption experiments conducted by taking a range of BSA
or LSZ concentration (500-5000 mg/L) and shaking with 10 g/L of AN or y-PAN separately
at pH 7 and 37°C revealed that the isotherms were L- or H-type (Figure 7A-D).**' Both AN-
BSA and AN-LSZ adsorption systems showed a L-type isotherm, while y-PAN-BSA and v-
PAN-LSZ belonged to a H-type isotherm, which is an extreme case of L-type. Adsorption
isotherms of L- or H-type commonly referred as Langmuir type isotherms indicated the
adsorption of proteins onto AN or y-PAN surface should involve chemical forces instead of
physical interaction.”” Following a rise in protein level from 500 to 5000 mg/L, the
adsorption capacity climbed by 173.4 mg/g for AN-BSA, 11.2 mg/g for AN-LSZ, 30.7 mg/g
for y-PAN-BSA and 104 mg/g for y-PAN-LSZ.

To gain more valuable information, the isotherms developed for all the four systems
were fitted with the classical Langmuir isotherm model (Figure 7A-D) and the corresponding
parameters were derived by a non-linear regression method (Table 1).** The maximum
adsorption capacity (qmax, mg/g) was the highest for AN-BSA (224.5), followed by y-PAN-
LSZ (110.1), y-PAN-BSA (36.1) and AN-LSZ (16.2). Apparently, the protein BSA was adsorbed
more effectively onto AN surface, while LSZ adsorbed onto y-PAN. However, the equilibrium
constant (K., L/mg) followed the order: y-PAN-LSZ (9.03x10~) > y-PAN-BSA (8.58x107) >
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AN-BSA (1.38x107) > AN-LSZ (0.60x107), suggesting a drastic attainment of equilibrium
for adsorption of BSA or LSZ onto y-PAN. Nevertheless, a gradual rise in protein adsorption
was shown for AN. The Langmuir constant K. could be further incorporated into the equation
for determination of the separation factor or dimensionless equilibrium parameter,
Ri=1/(1+K.Cy) (Table 1).29’48 Also, the shape of isotherm could be evaluated based on 4
idealized equilibrium behaviors to be either unfavourable (R;>1) or linear (Ry=1) or
favorable (0<R;<1) or irreversible (R =0). The Ry values obtained were ranged from 0.127—
0.936 for AN-BSA, 0.252-0.971 for AN-LSZ, 0.023—-0.700 for y-PAN-BSA and 0.022-0.689
for y-PAN-LSZ, implying that a favorable adsorption (0<R <1) of proteins by AN and y-
PAN did occur. This tendency can be explained based on zeta potential and pH,,. values of
both nanoparticles and proteins. The zeta potential of BSA and LSZ at pH 6.9 was reported to
be -13.6 + 1.6 mV and +7.9 + 0.6 mV, respectively, with their pH,,. values being 4.7-5.1 and
11."° This outcome suggested a net negative and positive charge on BSA and LSZ,
respectively, at the solution pH 7 used in our study. Moreover, from Figure 6, it was shown
that AN possessed a positive surface charge with a zeta potential of +19.4 mV at pH 7,
leading to high adsorption capacity (224.5 mg/g) through electrostatic attraction between the
protonated AIOH groups on AN and negative charge of BSA surface. However, a low
adsorption of only 16.2 mg of LSZ per g of AN did occur, which may be accounted for by the
electrostatic repulsive force between positively charged surfaces on both AN and LSZ.
Similar results were reported by several authors demonstrating marginal or no adsorption for
LSZ by unfunctionalized AN.*'>!

Surface functionalization of AN not only provide strategy to control protein
adsorption and broaden their applications,'™'® but also facilitate adsorption of oppositely
charged proteins by charged functional groups, while protein-particle adsorption can also

occur through interaction of hydrophobic/hydrophilic groups with water molecules.” As
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mentioned before, the functionalization of AN with y-PGA enables introduction of ionizable
carboxyl groups onto the AN surface, thereby making the y-PAN surface negative owing to
shift in zeta potential from +19.4 to -40.7 mV at pH 7.0 (Figure 6). Accordingly, y-PAN can
interact with LSZ possessing net positive charge via electrostatic attraction yielding high
adsorption capacity (110.1 mg/g) compared with BSA (36.1 mg/g). However, the
electrostatic repulsive force between y-PAN and BSA could reduce the adsorption capacity
greatly. In a study dealing with protein-particle adsorption, Meder et al.’ demonstrated that
the adsorption of BSA occurred primarily through AIOH groups, whereas the carboxyl
groups were mainly responsible for LSZ adsorption. Likewise, BSA molecules were shown
to adsorb preferentially on bare AN and AN-NH,, while the positively charged LSZ and TRY
were readily adsorbed onto AN-COOH, AN-SOs;H and AN-PO;H,."” Though the electrostatic
forces appeared to dominate during adsorption, several other factors such as surface area and
hydrophilic/hydrophobic nature of nanoparticle surface may also contribute to protein
adsorption. 17

It is worth pointing out that BSA is a soft protein composed of 188 ionizable carboxyl
groups and 198 ionizable amino groups, while LSZ is a hard protein containing 9 ionizable
carboxyl groups and 18 ionizable amino groups.'® Accordingly, localized positively charged
arginin and lysine groups in BSA and negatively charged glutamic and aspartic acid groups in
LSZ can contribute to adsorption of the former on y-PAN and the latter on AN surfaces.'®
Nonetheless, the charge distribution and number of available ionizable groups may be
slightly different when a change in protein conformation occurred in adsorbed state or in
solution, as pointed out by Brandes et al® Besides, for v-PAN-BSA system, it is also
possible that BSA may adsorb on certain portions of y-PAN surface slightly coated or

uncoated with y-PGA. All in all, this phenomenon is crucial for elucidating the fundamental
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nanoparticle-protein interactions and the design of functionalized materials with tailored
surface characteristics is imperative for biomedical and biotechnological applications.
3.4. Cytotoxicity towards prostate cancer cell and ROS formation

Cytotoxicity of both AN and y-PAN towards human prostate cancer cell PC-3 was
investigated for nanoparticle concentrations ranging from 0.01-1 mg/mL by MTT assay
(Figure 8A). No significant toxicity occurred upon incubation of AN or y-PAN with PC-3
cells for 24 h (data not shown). However, after incubating for 48 h, the cell viability dropped
slightly for nanoparticle dose from 0.01-0.03 mg/mL, with no significant difference between
AN and y-PAN. When the dose was raised to 0.06, 0.13, 0.25, 0.50 and 1.00 mg/mL, the cell
viability declined in a dose dependent manner by 13.5, 18.1, 25.1, 30.5 and 34.7% for AN,
respectively, and 19.3, 27.3, 34.2, 40.3 and 47.7% for y-PAN (Figure 8A). Obviously y-PAN
inhibited PC-3 proliferation more effectively than AN, which may be due to a better colloidal
stability of the former.

Many reports dealing with metal oxide nanoparticles (ZnO, CuO, TiO,, Fe,O3; and
Ce0;) have been published, but to date only a few studies dealing with toxic effects of AN
were carried out.”>° From the toxicological point of view, the AN possessed minor toxicity
towards plants, average toxicity for Escherichia coli and high toxicity against murine
macrophage, while no toxicity was reported for selected mammalian cells (L929 and BJ) and
rat alveolar macrophage (NR8383).*> Simon-Deckers et al.”' observed a low cytotoxicity of
AN towards lung cancer cell A549, which was probably caused by rapid entry and
distribution of AN into the cytoplasm and intracellular vesicles. Likewise, the AN size at 13
and 22 nm were shown to inhibit A549 cells through depolarization of cell membrane and the
cell viability declined by 14.0 and 18.6% at 0.01 and 0.025 mg/mL, respectively, but without
significant difference between two particle sizes.” The cell viability data in our study revealed

poor inhibition of PC-3 cells by AN or y-PAN at low doses (0.01-0.03 mg/mL), however,
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upon raising the nanoparticle dose over 0.06 mg/mL, the growth of PC-3 cells could be
inhibited to a higher degree.

Many studies have demonstrated the induction of intracellular oxidative stress through
production of various reactive oxygen species to be the key event involved in toxicity of
many nanomaterials.”>>° The major constituents of ROS include superoxide anion radicals
(0,"), hydroxyl radicals ("OH) and hydrogen peroxide (H,0,).”” Generally, ROS is produced
as a byproduct of normal cell metabolism. However, under the severe stress conditions, the
excessive production of ROS can lead to cell apoptosis or necrosis.”” Nano-sized alumina
particles have been shown to generate ROS to a greater extent than micro-sized particles
resulting in more pro-inflammatory reactions and higher oxidative stress via intracellular
signalling pathways.”® Therefore, to measure ROS production upon exposure of AN and y-
PAN to PC-3 cells, nanoparticles with the same dose as cytotoxic study (0.01-1.00 mg/mL)
were chosen (Figure 8B). There was no significant difference in ROS production during 24-h
incubation, which is consistent with the cytotoxicity results. However, after 48 h incubation,
an increase in ROS production following a rise in nanoparticle dose was observed. More
specifically, when compared to the control treatment, the generation of ROS climbed from
583.6 to 1601.6% for AN and 806.3 to 1760.2% for y-PAN, implying the latter could induce
more ROS production than the former. The percentage difference in ROS production between
AN and y-PAN was 222.7, 322.7, 228.9, 139.9, 70.0, 126.5, 189.0 and 158.6 for doses at
0.01, 0.02, 0.03, 0.06, 0.13, 0.25, 0.5 and 1.0 mg/mL, respectively (Figure 8B). Taken
together, the cytotoxicity of AN and y-PAN towards PC-3 cells may be caused by generation
of ROS leading to elevated oxidative stress. However, the percentage cytotoxicity towards
PC-3 cells was not proportional to ROS generated at each nanoparticle dose, probably caused
by difference in apoptotic signal transduction pathway. Theoretically the apoptosis of cancer

cell caused by ROS production should be closely associated with mitochondria-mediated or
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stress-mediated pathway. However, in our experiment it was suggested that the cytotoxicity
towards PC-3 cells may also involve the death receptor-mediated pathway (extrinsic
apoptosis pathway). In a recent review dealing with oxidative stress mediated toxicity, it was
summarized that the toxicity of metal nanoparticles (Cu, Fe, Ag and Au) and metal oxide
nanoparticles (CuO, Fe,0;, ZnO and TiO,) was mediated by oxidative stress.”” In other
words, when the oxidative stress outweighs defense mechanisms, several cellular
macromolecules such as proteins, lipids and DNA are subjected to destruction. It was also
reported that metal oxide nanoparticles could perturb intracellular calcium homeostasis and
activate macrophage inflammatory proteins and pro-inflammatory genes.”® In addition, the
cytotoxicity mechanism of AN towards A549 cells as studied by Lin et al’ further
demonstrated that the depolarization of cell membrane potential caused by ROS generation is
mainly responsible for induction of oxidative stress. Likewise, in another study Chen et al.”®
reported that the cellular oxidative stress induced by loss of mitochondrial potential in human
brain microvascular endothelial cells could disrupt the expression of tight junction proteins,
while the primary DNA damage caused by pro-inflammatory effects induced by ROS was
claimed to be responsible for cytotoxicity in two mammalian cells (L5178Y and BEAS-
2B).” In addition to ROS determination, the changes in morphology of PC-3 cells upon
treatment with different doses (0.01, 0.03, 0.13, 0.25, 0.50 and 1.00 mg/mL) of AN or y-PAN
alone (Figure 9A1-A13) and along with ROS detecting reagent CM-H,DCFDA (Figure 9B1-
B13) were monitored by capturing phase contrast images using inverted microscope.
Visualization of images revealed no significant change in PC-3 cell morphology for all the
above treatments, which is consistent with several reported studies demonstrating a negative
influence on cell morphology upon treatment of cells with AN.>**> Nevertheless, in these
studies AN was shown to induce oxidative stress leading to apoptosis, DNA damage and

protein degradation in vitro as well as alter neurobehavioral patterns in vivo.”>™ Thus, the
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cytotoxicity of AN and y-PAN towards PC-3 cells observed in this study should be closely
associated with ROS generation, elevated oxidative stress and mitochondrial dysfunction.
Nevertheless, more detailed study is required to elucidate the molecular mechanism involved

in cytotoxicity of AN and y-PAN.
4. Conclusions

Bare alumina nanoparticles (AN) and poly(y-glutamic acid)-based alumina
nanoparticles (y-PAN) with a particle size of 6.7 nm was successfully prepared and evaluated
for protein separation efficiency and toxicity towards human prostate cancer cell (PC-3).
Among two model proteins tested for protein adsorption, AN preferentially adsorbed
negatively-charged bovine serum albumin, while y-PAN efficiently adsorbed positively-
charged lysozyme. A relatively high adsorption of lysozyme on y-PAN can facilitate the
application of lysozyme-adsorbed y-PAN as a promising antibacterial agent. A dose-
dependent cytotoxicity towards human prostate cancer cell (PC-3) occurred for both
nanoparticles through oxidative stress as evident by a concomitant rise in ROS level. This
study could provide a basis for further screening of y-PAN as a potential candidate for furture

biomedical applications.
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FIGURE CAPTIONS
Figure 1 X-ray diffraction pattern for y-alumina nanoparticles (A) and y-PGA coated 7-
alumina nanoparticles (B)
Figure 2 Transmission electron microscopic images of y-alumina nanoparticles (A) and -
PGA coated y-alumina nanoparticles (B) recorded at 120 kV along with an inset showing
particle-size distribution histogram directly obtained from the corresponding image.
Figure 3 Scanning electron microscopic images of y-alumina nanoparticles (A1) and y-PGA
coated y-alumina nanoparticles (B) along with electron dispersive X-ray spectra obtained in
mapping mode to visualize proportion of aluminium (A2 and B2), carbon (A3 and B3) and
oxygen (A4 and B4).
Figure 4 Fourier transform infrared spectra of boehmite (A), y-alumina nanoparticles (B),
pure y-PGA (C) and y-PGA coated y-alumina nanoparticles (D).
Figure 5 Thermogravimetric analyses of y-alumina and y-PGA coated y-alumina
nanoparticles.
Figure 6 Zeta potential analyses of y-alumina and y-PGA coated y-alumina nanoparticles as
affected by different solution pH.
Figure 7 Protein adsorption isotherms for bovine serum albumin and lysozyme by y-alumina
nanoparticles (A and B) as well as y-PGA coated y-alumina nanoparticles (C and D).
Figure 8 Cytotoxicity of y-alumina and y-PGA coated y-alumina nanoparticles towards PC-3
human prostate cancer cell by MTT assay (A) and intracellular reactive oxygen species
formation (B) after 48 h incubation.
Figure 9 Phase contrast images captured using inverted microscope during determination of
intracellular reactive oxygen species. (Al) control PC-3 cells, (A2-A7) PC-3 cells treated
with different concentrations of y-alumina nanoparticles, (A8-A13) PC-3 cells treated with
different concentrations of y-PGA coated y-alumina nanoparticles, (B1) Control PC-3 cells
treated with ROS detecting reagent CM-H,DCFDA only, (B2-B7) PC-3 cells treated with
different concentrations of y-alumina nanoparticles followed by CM-H,DCFDA, (B8-B13)
PC-3 cells treated with different concentrations of y-PGA coated y-alumina nanoparticles
followed by CM-H,DCFDA. The panels A2 and B2, A3 and B3, A4 and B4, A5 and B5, A6
and B6, and A7 and B7 denote different doses of y-alumina nanoparticles at 0.01, 0.03, 0.13,
0.25, 0.50 and 1.00 mg/mL, respectively, while A8 and B8, A9 and B9, A10 and B10, Al1
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and B11, A12 and B12, and A13 and B13 represent the same corresponding doses of y-PGA

coated y-alumina nanoparticles.
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Table 1. Non-linear regression parameters for the Langmuir isotherm modelling of protein
adsorption by y-alumina nanoparticles and y-PGA coated y-alumina nanoparticles

Nanoparticle Protein

Modelled Langmuir isotherm parameters™

2

K (L/ g) Jmax (mg/ g) K. (L/ mg) T Ry
Bovine 0.309 2245 1.38x 107 0.997 0.127-0.936
serum
y-alumina albumin
Lysozyme 0.010 16.2 0.60 x 107 0.996  0.252-0.971
Bovine 0.310 36.1 8.58x 107 0.983  0.023-0.700
v-PGA serum
coated albumin
y-alumina
Lysozyme 0.994 110.1 9.03x 107 0.998  0.022-0.689

* The non-linear isotherm model along with the definition of each modelled parameters are provided in the text.
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