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Nanomaterials, with dimensions in the 1-100 nm range, possess numerous potential benefits to society.
However, there is little characterization of their effects on biological systems, either within the environment
or on human health. The present study examines cellular interaction of aluminum oxide and aluminum
nanomaterials, including their effect on cell viability and cell phagocytosis, with reference to particle size
and the particle’s chemical composition. Experiments were performed to characterize initial in vitro cellular
effects of rat alveolar macrophages (NR8383) after exposure to aluminum oxide nanoparticles (Al2O3-NP at
30 and 40 nm) and aluminum metal nanoparticles containing a 2-3 nm oxide coat (Al-NP at 50, 80, and 120
nm). Characterization of the nanomaterials, both as received and in situ, was performed using transmission
electron microscopy (TEM), dynamic light scattering (DLS), laser Doppler velocimetry (LDV), and/or
CytoViva150 Ultra Resolution Imaging (URI)). Particles showed significant agglomeration in cell exposure
media using DLS and the URI as compared to primary particle size in TEM. Cell viability assay results
indicate a marginal effect on macrophage viability after exposure to Al2O3-NP at doses of 100µg/mL for 24
h continuous exposure. Al-NP produced significantly reduced viability after 24 h of continuous exposure
with doses from 100 to 250µg/mL. Cell phagocytotic ability was significantly hindered by exposure to 50,
80, or 120 nm Al-NP at 25µg/mL for 24 h, but the same concentration (25µg/mL) had no significant effect
on the cellular viability. However, no significant effect on phagocytosis was observed with Al2O3-NP. In
summary, these results show that Al-NP exhibit greater toxicity and more significantly diminish the phagocytotic
ability of macrophages after 24 h of exposure when compared to Al2O3-NP.

1. Introduction

Metal nanoparticles and their oxides have a considerable
number of present and future applications in the military,
medical, and industrial fields, but few studies have looked at
the toxicological effects of in vitro exposure to metal nanopar-
ticles. Aluminum nanoparticles have been proposed as drug
delivery systems, specifically by encapsulating the drugs with
nanosized aluminum to increase solubility, thus avoiding
clearance mechanisms and allowing for site-specific targeting
of drugs to cells.1 The Department of Defense (DoD) has used
micrometer-sized aluminum particles in energetic systems to
increase the specific impulse per weight of composite propellants
for possible use in solid rocket fuels. The U.S. Army is also
currently experimenting with nanomaterials in solid rocket fuel
and researching other military applications of aluminum nano-
particle composites.2 Aluminum nanoparticles have been utilized
by the U.S. Naval Air Warfare Center to replace lead primers
in artillery and wear-resistant coatings on propeller shafts of
Naval Mine Countermeasure Ships.3,4 In addition, the National
Aeronautics and Space Agency (NASA) is currently investigat-
ing nanoparticles ranging in size from 20 to 100 nm with a
2-3 nm oxidized coat for an optimal propellant for use in
current space shuttle solid-rocket boosters.5

However, before these materials are introduced throughout
diverse levels of occupations or fully integrated into industry
and the military, it is important to characterize the risk of
nanoparticle exposure. The major toxicological concern of some
manufactured nanomaterials, such as Al, is their highly redox
active nature6 and their ability to cross the cell and mitochondrial
membranes.7

Since inhalation is one major route of nanomaterial exposure,
previous studies have evaluated how nanomaterials might
influence the phagocytosic function in alveolar macrophages
(AM). One study by Lundborg et al. in 2001 showed that AM
exposed to fine and ultrafine carbon particles at a concentration
similar to that in urban areas resulted in high particle concentra-
tions outside the cells and impaired the phagocytic function of
the AM.8 Moreover, Renwick et al. in 2001 looked at carbon
black and titanium oxide in the fine and ultrafine size ranges,9

and they found that neither of the compounds was directly toxic
to the cells; however, a significant reduction in the ability of
macrophages to phagocytize other particles was seen. This
decrease in phagocytosis was more prevalent in the ultrafine
particles as compared to their macrosized counterparts. Fur-
thermore, Guang et al. in 2005 observed that not only do
nanoparticles decrease phagocytosis more than macrosized
particles, but some particles made of the same material will
affect phagocytosis in AM differently, due to different surface
characteristics.10 In addition, single-walled carbon nanotubes
were shown to greatly impair phagocytic function more than
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other carbon nanoparticles such as multiwalled carbon nanotubes
and fullerenes. Moderate toxicity from aluminum nanoparticles
in germ line stem cells has also been shown by Braydich-Stolle
et al.11

To our knowledge, no data are currently available on
aluminum nanoparticle toxicity in reference to alveolar mac-
rophages. Macrophages are a population of ubiquitously dis-
tributed tissue mononuclear phagocytes responsible for numer-
ous homeostatic, immunological, and inflammatory processes.
Alveolar macrophages are found in the alveolar sacs deep within
the lungs. These cells are the first line of immunological defense
against inhaled particles and serve as a good model to investigate
how inhaled particles can adversely affect cell function and lead
to degradation of health.12 Therefore, in the present study,
immortalized rat alveolar macrophages (NR8383) were selected
as a model to assess levels, and explore the mechanisms, of
toxicity from aluminum oxide nanoparticles (Al2O3-NP) and
aluminum nanoparticles (Al-NP). Findings for the general
material and cell morphology, cell viability, and phagocytic
ability were observed in macrophages following aluminum
nanoparticle exposure.

2. Materials and Methods

2.1. Chemicals.The test materials, aluminum oxide nano-
particles (30 nm, 40 nm) and aluminum nanoparticles with a
2-3 nm oxide coat (50 nm, 80 nm, 120 nm), were synthesized

and generously provided by NovaCentrix, Austin, TX. The
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) and Ham’s nutrient mixture F-12 media (Kaighn’s
modified) were received from American Type Culture Collection
(ATCC, Manassas, USA). Penicillin/Streptomycin and 2µm
fluorescent latex beads were purchased from Sigma Chemical
Company (St. Louis, MO). The nitric oxide kit was obtained
from Promega Biosciences Inc. (San Luis Obispo, CA), and
enzyme-linked immunosorbant assay (ELISA) cytokine assay
kits were purchased from BioSource International Inc. (Cama-
rillo, CA).

2.2. Cell Culture. The rat alveolar macrophages (NR8383
line) were obtained from the American Type Culture Collection
(ATCC, Manassas, USA). ATCC describes these cells as
homogeneous and highly responsive alveolar macrophages,
which can be used in vitro to study macrophage-related activity.
The cells were maintained in F12K medium supplemented with
20% fetal bovine serum (FBS) in 1% penicillin and streptomy-
cin. For assays, the cells were seeded in 24-well plates at∼2.5
× 105 cells/mL (∼6500 cells/cm2) or 6-well at∼5 × 105 cells/
mL of media (52 000 cells/cm2). Two-chambered slides, used
for morphological examination and phagocytosis assays, were
seeded at lower concentrations ranging between 1× 105 and
2.5 × 105 cells/mL. The cells were grown in a humidified
incubator at 37°C and 5% CO2 atmosphere on a layer of rat
tail collagen.

2.3. Nanoparticles and Exposure.Aluminum nanoparticles,
received in dry powder form, were suspended in deionized water
to make stock solutions (10 mg/mL). Prior to each use, stock
solutions were sonicated for 20 s to reduce agglomeration of
particles. A range of dilutions were made in cell culture media
from stock solutions and mixed by inverting the container 5
times and vortexing for 5 s. Increasing concentrations of
nanoparticle suspensions were added to rat alveolar macrophages
cultured in 6- and 24-well culture plates or two-chambered
slides. For consistency and ease of understanding, nanoparticle
concentrations are represented asµg/mL of media throughout
the paper.

Figure 1. Transmission electron microscopy (TEM) of Al-NP for size comparison. Nanoparticles were observed after suspension in water and
subsequent deposition onto formavar/carbon-coated TEM grids as described in Materials and Methods section. Size comparison of measured Al
nanoparticle sizes in 1 mg/mL deionized water. (A) Al oxide 30 nm, (B) Al oxide 40 nm, (C) Al 50 nm, (D) Al 80 nm, and (E) Al 120 nm.

TABLE 1: Al Nanoparticle Size Measurements Using TEMa

particle and
size specified

by manufacturer
average particle
diameter (nm)

standard
deviation (nm)

Al2O3 30 nm 48.4 (30.5
Al2O3 40 nm 46.8 (40.0
Al 50 nm 40.2 (17.3
Al 80 nm 67.2 (26.3
Al 120 nm 110 (34.1

a A total of 100 particles from each size were measured and then
statistically evaluated for mean size.
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2.4. Agglomeration of Al2O3-NP and Al-NP Visualized by
Advanced Illuminating Microscopy. Solutions of Al2O3-NP
and Al-NP were imaged with an Olympus IX71 Microscope
platform coupled to the CytoViva 150 Ultra Resolution Imaging
(URI) System. A 10µL aliquot of nanoparticles at different
concentrations were evaluated on glass slides with cover slips
using the 60× oil lens as described in our study by Skebo et
al.13 QCapture Pro Imaging Software was used to capture and
store images.

2.5. Transmission Electron Microscopy (TEM) of Al2O3-
NP and Al-NP. Transmission electron microscopy (TEM)
characterization was performed on a Hitachi H-7600 tungsten-
tip instrument at an accelerating voltage of 120 kV. Nanopar-
ticles were examined after suspension in water and subsequent
deposition onto Formvar/carbon-coated TEM grids. The AMT
software for the digital TEM camera was calibrated for size
measurements of the nanoparticles. Mean size was calculated
from a random field of view, in addition to images that showed
the general morphology of the nanoparticles. Over 100 particles
were counted and measured for each nanoparticle size reported.

2.6. Dynamic Light Scattering Analysis (DLS) and Laser
Doppler Velocimetry (LDV) of Al 2O3-NP and Al-NP in
Solution. Dynamic light scattering (DLS) and laser Doppler
velocimetry (LDV), for characterization of the particles in
solution, were performed on a Malvern Instruments Zetasizer
Nano ZS instrument. The device uses a 4 mW He-Ne 633 nm
laser to analyze the samples as well as an electric field generator
(for LDV measurements). Nanoparticles were examined after
suspension in water and cell culture/dosing media at concentra-
tions of 25µg/mL (Al 80 nm and Al 120 nm) or 50µg/mL
(Al2O3 30 nm and Al2O3 40 nm). Samples were prepared as
dosing solutions, and 1.5 mL was transferred to a square cuvette
for DLS measurements or 1 mL was transferred to a Malvern
Clear Zeta Potential cell for LDV measurements. Average size
was calculated by the software from the intensity, volume, and
number distributions measured. The polydispersity index (PdI)
given is a measure of the size ranges present in the solution
with a scale ranging from 0 to 1, with 0 being monodisperse
and 1 being polydisperse.

2.7. Viability Assay. The MTT assay assessed the viability
of alveolar macrophages on the basis of mitochondrial func-
tion.14 After 24 h of exposure to different concentrations of

nanoparaticles, the media was removed from each well and
replaced with MTT solution 10 times, and incubated for
approximately 30 min at 37°C until a purple color developed.
The mixture was re-suspended, transferred into eppendorf tubes,
and centrifuged for 2 min at 2000g. The supernatant was
removed, and 0.5 mL of 70% isopropyl alcohol was added to
each dye pellet and vortexed in order to obtain homogeneous
staining. Samples (200µL) were transferred into a 96-well plate,
and absorbance was read on a Spectromax 190 spectrophotom-
eter at 570-630 nm. The percent reduction of MTT was
compared to the control, which represented 100% MTT reduc-
tion. Each dose was done in triplicate for each experiment and
repeated at least three times for statistical analysis.

2.8. Phagocytosis Assay.Phagocytosis activity, and its
inhibition, for cultured alveolar macrophages following exposure
to different nanomaterials, was measured. Alveolar macrophages
were seeded on chambered microscope slides at 2.5× 105 cells/
mL media for 2-4 h. The media was then replaced with a
nanoparticle solution in media at a concentration of 25µg/mL
for all sizes of Al-NP (50 nm, 80 nm, 120 nm) and 5µg/mL
for Al2O3-NP (30 nm, 40 nm). These cells were exposed for 24
h to the nanoparticles and then the media was replaced with a
solution of 2µm latex beads in media for 6 h at a10:1 ratio
(10 beads to 1 cell). After 6 h the cells were washed twice with
warm media and viewed on an Olympus IX71 inverted
fluorescent microscope in conjunction with a high illuminating
light source. The microscope and light system allowed for
focusing on the cell membrane, nucleus, and latex beads at the
same time. This method improved the ability to determine which
beads were inside the cells and which were not. A continuous
line transect of the slide was viewed, and all cells in each field
of view were counted. One hundred cells were counted on each
slide, and at least three slides were counted for each nanoparticle
exposure at each concentration. A phagocytosis index was
determined by multiplying the average number of beads taken
up by cells by the percentage of macrophages that were positive
(positive cell: any AM that took in at least 1 bead).15

2.9. Statistical Analysis.All of the experiments were done
in triplicate, and the results were presented as mean( standard
deviation. The experimental data were analyzed by ANOVA
using Sigma Stat, where statistical significance was accepted

TABLE 2: Al Nanoparticle Characterization in Solution

DLS LDV

particle
average diameter

(nm) PDI zeta potentialú (mV)
electrophoretic mobilityµ

(µm‚cm‚V-1‚s-1) pH

Al2O3 30 nm
water 204 0.122 43.2 3.38 7.0
F-12K media with 20% serum 219 0.215 7.5

Al2O3 40 nm
water 243 0.14 36.4 2.85 7.0
F-12K media with 20% serum 257 0.242 7.5

Al 50 nm
water 247 0.234 34.4 2.7 7.0
F-12K media with 20% serum 383 0.393 7.5

Al 80 nm
water 387 0.391 26.1 2.04 7.0
F-12K media with 20% serum 360 0.393 7.5

Al 120 nm
water 330 0.329 28.0 2.2 7.0
F-12K media with 20% serum 515 0.794 7.5

DI H2O no reading N/A 7
F-12K media with 20% serum 15.6b 0.418 7.5

a Al2O3 30 nm and Al2O3 40 nm samples were measured at 50µg/mL, whereas the Al 50 nm, Al 80 nm, and Al 120 nm samples were measured
at 25µg/mL. b Less than 4% of relative amount in sample volume.
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at a level ofp value< 0.05. Results annotated with an asterisk
on figure bars are significant atp < 0.05.

3. Results

3.1. Dispersion, Agglomeration, and Size Verification of
Al2O3-NP and Al-NP. TEM images were taken in an attempt

to verify the primary particle sizes and morphologies of
individual nanoparticles after introduction into an aqueous
system and subsequent air drying before analysis. As seen in
Figure 1A-E, all Al-NP and Al2O3-NP were spherical in shape
and could readily be measured when sampled at a concentration
of 1 mg/mL in deionized water. A comparison of the actual

Figure 2. Agglomeration of Al2O3-NP and Al-NP observed by advanced illuminating microscopy. Dispersed agglomerated particles nanoparticles
were examined with an Olympus IX71 microscope platform coupled to the CytoViva150 Ultra Resolution Imaging (URI) System (60× magnification)
as described in Materials and Methods section. QCapture Pro Imaging Software was used to capture and store images. (A) Al2O3 30 nm agglomerated
particles in 20% FBS media at 25µg/mL; (B) same as (A) but at 100µg/mL. (C) Al2O3 40 nm agglomerated particles in 20% FBS media at 25
µg/mL; (D) same as (C) but at 100µg/mL. (E) Al 50 nm agglomerated particles in 20% FBS media at 25µg/mL; (F) same as (E) but at 100µg/mL.
(G) Al 80 nm agglomerated particles in 20% FBS media at 25µg/mL; (H) same as (G) but at 100µg/mL. (I) Al 120 nm agglomerated particles
in 20% FBS media at 25µg/mL; (J) same as (I) but at 100µg/mL.
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measured sizes to the manufacturer size estimates is shown in
Figure 1A and suggests that the particle size and other
characteristics, over a period of time, may change in a dry or
aqueous system due to phenomena such as agglomeration. These
sizes are not identical, but they are similar to the reported sizes
of the manufacturer. However, there is a rather large variance
in the mean size of each particle type, as shown by the large

standard deviations in Table 1. This can be explained from the
images in Figure 1 where larger particles are found dispersed
among much smaller particles. Like agglomeration, size char-
acterization before, during, and once inside the cells needs to
be studied further. The size of the nanoparticles throughout the
paper are referred to as the sizes specified by the manufacture
in the dry powder form (Al2O3 30 nm, 40 nm, and Al 50 nm,
80 nm, 120 nm). Future studies should assess a greater number
of conditions for nanoparticle size measurements and should
compare the nanoparticle characteristics in media used during
in vitro experiments to nanoparticle characteristics in alveolar
fluid found in the lungs.

The DLS results for particle size in solution for the Al
nanoparticles are presented in Table 2. As shown by almost all
samples measured, the Al particles agglomerated at approxi-
mately the same average diameter or larger when dispersed in
either water or cell culture media. The Al2O3 30 nm particles
agglomerated to average sizes of 204 nm (DI H2O) and 219
nm (F-12K), while the Al2O3 40 nm particles agglomerated to
average sizes of 243 nm and 257 nm. The Al 80 nm and Al
120 nm particles had average sizes of 387 nm/360 nm and 330
nm/515 nm, respectively. The Al2O3 30 nm, 40 nm, and Al 80
nm particles showed less than an 8% change in agglomeration
size when dispersed in cell culture media (F-12K) as compared
to dispersion in water. The Al 120 nm exhibited a larger change
with a 56% increase in average agglomerate diameter. Particles
were analyzed in F-12K media with no serum as well, where it
was observed that average agglomerate diameter reached as high
as 1610 nm. It appears that the proteins in the serum mitigate
the agglomeration of the particles in cell culture media close to
average sizes measured in water. DI H2O and F-12K media with
20% serum, both without particles, were analyzed by DLS as
negative controls. The DI H2O samples had particle concentra-
tions below detection limits. The F-12K media with 20% serum
sample showed particles present with an average size of 15 nm;
however, these particles constituted less than 4% of the sample
volume. This 15 nm peak was not observed in samples with
the nanoparticles.

LDV results for the measurement of zeta potential and
electrophoretic mobility for each particle are also presented in
Table 2. The particles dispersed in cell media could not be
measured due to the high salt concentrations which corroded
the sample chamber electrodes, producing a broad spectrum of
zeta potential readings. The Al2O3 30 nm and 40 nm particles,
when dispersed in water, were stable suspensions due to their
zeta potential being greater than 30 mV (43.2 mV and 36.4
mV). The Al 80 nm and Al 120 nm were very close to this 30
mV (26.1 mV and 28.0 mV) defined line for solution stability.
Quantitative stability characterization could not be made;
however, a large percentage of the particles should stay
suspended with time and little settling would occur.

The agglomerated nanoparticles in situ were observed with
the CytoViva150 Ultra Resolution Imaging (URI) system (60×
magnification). This analysis was performed to further charac-
terize the dosing solutions, specifically to observe larger (6µm
or greater in diameter) agglomerates of nanoparticles in solution
since this is above the range of detection for DLS. This method
also allows a quick observation of the state of dispersion for a
given solution. Figure 2A,B shows an agglomerate of aluminum
oxide nanoparticles in 25 and 100µg/mL solutions, respectively.
The QCapture Pro Imaging software estimated particle size in
Figure 2A as approximately 39.8µm, while in Figure 2B the
same particle type, but at a higher concentration (100µg/mL)
had agglomerates of approximately 88.3µm in size. In compar-

Figure 3. Effect of Al-NP and Al2O3-NP on mitochondrial function.
Mitochondrial function was determined by the MTT assay as described
in Materials and Methods section. Each experimental point is a
composite of three independent experiments, withn g 3 for each point.
Statistical significance from control is indicated by the symbol *, where
p < 0.05. (A) Al-NP (50 nm, 80 nm, and 120 nm) 24 h post exposure,
(B) Al2O3-NP (30 nm, 40 nm) 24 h post exposure.

Figure 4. Al2O3-NP and Al-NP effect on phagocytosis ability of
alveolar macrophages. Phagocytosis Index (P.I.) of alveolar macroph-
ages exposed to various Al nanoparticles at 25µg/mL for 24 h. P.I.)
(% macrophages that take in beads)× (average number of beads taken
in by a positive macrophage). The symbol * indicates doses that are
significantly different than the zero control,p value< 0.05).
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ing agglomerated particle sizes for Al2O3-NP and Al-NP, size
increased with concentration with the exception of Al 120 nm.
Figure 2I,J shows that agglomerates at higher concentrations
(100 µg/mL) were smaller than those at lower concentration
(25 µg/mL). This enhanced agglomeration at smaller primary
particle size could be explained by the high surface area/volume
ratio of these small particles and that, at higher concentrations,
the particles interact more frequently.

3.3. Viability. The MTT assay, a measure of energy-
generating potential of the cell and thus overall cell viability,
is based upon mitochondrial function. Figure 3A displays the
percent of MTT reduction after 24 h of exposure to aluminum
nanoparticles (50 nm, 80 nm, 120 nm) showing a significant
effect on cell viability. In Figure 3A, Al 50 nm and 120 nm
(250µg/mL) reduced MTT to 40 and 39%, respectively, while
at 100µg/mL, Al 50 nm and 120 nm reduced MTT to 54 and
60%, respectively. Al 80 nm induced a significant reduction of
MTT at all three dosing points with 79% at 25µg/mL, 63% at
100 µg/mL, and 49% at 250µg/mL.

Results of in vitro exposure of rat alveolar macrophages to
Al2O3-NP, with an average size of 30 and 40 nm, are shown in
Figure 3B. These results demonstrate that Al2O3-NP 30 nm did
not significantly impact the viability of these cells, even at
concentrations as high as 250µg/mL. Also, Al2O3-NP 40 nm
at a dose of 250µg/mL were significantly different than the
controls (p value < 0.05). At 250µg/mL, 17% of the MTT
was reduced when compared to the control. Effects of the 25
µg/mL Al2O3 doses, for both 30 and 40 nm, were not found to
be significant (p value> 0.05).

3.4. Phagocytosis Index.The phagocytosis assay was
designed to investigate the efficiency of macrophages in
assimilating 2µm latex particles after being exposed to various
aluminum nanoparticles for 24 h. Figure 4 indicates that cells
dosed with 25µg/mL of various Al-NP had a greater reduction
in phagocytosis ability than cells dosed with Al2O3-NP. The
Al2O3 30 nm and Al 40 nm showed a slight, but not significant,

decrease in phagocytosis ability when compared to the control
(p value > 0.05). However, Al 50 nm, 80 nm, and 120 nm
showed a significant reduction in phagocytosis when compared
to the control (p value< 0.05). The control cells had an average
phagocytosis index (P.I.) of 3.19, while Al 50 nm, 80 nm, and
120 nm had an average index of 0.49, 0.32, and 0.74,
respectively. This represents a 6-, 9-, and 4-fold reduction for
each Al-NP. A few representative images of the cells used in
the experiment and the fluorescent latex beads they assimilated
are seen in Figure 5A-F.

4. Discussion

The purpose of this investigation was to elucidate the potential
cytotoxicity of different sizes of aluminum (Al-NP) and
aluminum oxide (Al2O3-NP) nanoparticles and to investigate
their impact on the phagocytic ability of macrophages. The
cytotoxicity was assessed using the MTT assay, while the
phagocytic activity of macrophages was assessed by measuring
the ability of macrophages to assimilate 2µm latex beads.
Although no toxicity was noted with Al2O3-NP at 24 h exposure,
Al-NP displayed a significant decrease in cell viability at 24 h.
Furthermore, phagocytic ability of macrophages was signifi-
cantly impaired following an increased dose of all Al-NP types,
while there was no significant effect with Al2O3-NP. The results
described in this study provide strong evidence that agglomer-
ated Al-NP and Al2O3-NP were both internalized by the
macrophages. The cytotoxicity of the aluminum nanoparticles
did not seem to be size- or surface-area-dependent. The
distinguishing feature for reducing cell viability and phagocy-
tosis seemed to be the chemical composition of the nanopar-
ticles. It appears that oxide surface coating of the particles
prevents aluminum nanoparticles from producing toxicity. Since
interactions between nanomaterials and biological organisms
typically take place at the particle’s surface, the surface
characteristics of these materials is of great importance in

Figure 5. Microscopic observation of Al2O3-NP and Al-NP phagocytosis by alveolar macrophages. Various representative images (a-f) were
taken during phagocytosis with the Olympus IX71 inverted fluorescent microscope attached with an advanced high illuminating system. Cells were
exposed to Al2O3-NP and Al-NP at 5 or 25µg/mL for 24 h. Fluorescent latex beads (2µm) were given to the cells after exposure. The beads appear
as bright globular areas in the cells and were dosed at a 10:1 ratio (10 beads for every cell) for 6 h. Macrophages and beads phagocytized by
macrophages were counted to obtain a Phagocytosis Index (P.I). P.I.) (% macrophages that take in beads)× (average number of beads taken in
by a positive macrophage). (a) No exposure to Al-NP (control); (b) AM exposed to 25µg/mL of Al2O3-NP 30 nm; (c) AM exposed to 25µg/mL
of Al2O3-NP 40 nm; (d) AM exposed to 5µg/mL of Al-NP 50 nm; (e) AM exposed to 5µg/mL of Al-NP 80 nm; (f) AM exposed to 5µg/mL of
Al-NP 120 nm. Yellow arrows indicate uptake of fluorescent latex beads. Blue arrows indicate Al particles uptake.
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determining possible toxic effects. Surface chemistry consists
of a wide variety of properties (size, agglomeration state, shape,
composition) that govern how particles interact with the
biological environment. Recently, Powers et al.16 addressed and
highlighted some of these physicochemical characteristics such
as size distribution, shape, chemical composition, particle
physicochemical structure, agglomeration state, and concentra-
tion, which are essential characteristics that need to be evaluated
for toxicological studies. Full characterization of the particles
may allow identification of which characteristics induce toxicity.
Many of the unique properties of these nanoparticles may
significantly affect a variety of cell responses. The dynamics
of agglomeration are influenced by the forms of the materials
occurring during exposure and producing the effects. Even
though the degree of nanoparticle agglomeration in cell media
is known, the exact properties of surface characteristics under
agglomerated state is not known. Further study is needed to
characterize surface properties of these agglomerated particles
within the cells to correlate with their toxic properties.

5. Conclusion

As demonstrated by our results, aluminum nanoparticles show
chemical-composition-dependent toxicity. The Al-NP were
consistently more toxic than the Al2O3-NP and had significantly
reduced phagocytotic ability. The inhibitory effect on phago-
cytosis caused by 50 nm, 80 nm, and 120 nm Al-NP at lower
nontoxic levels (25µg/mL) would require further study to
determine whether these changes occur in animal models.
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