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Nanomaterials, such as aluminum oxide, have been regarded with high biomedical promise as potential
immune adjuvants in favor of their bulk counterparts. For pathophysiological conditions where elevated
immune activity already occurs, the contribution of nanoparticle-activated immune reactions remains
unclear. Here, we investigated the effect of spherical and wire-shaped aluminum oxide nanoparticles
on primary splenocytes and observed a clear pro-inflammatory effect of both nanoparticles, mainly for
the high aspect ratio nanowires. The nanoparticles resulted in a clear activation of NLRP3 inflammasome,
and also secreted transforming growth factor b. When cancer cells were exposed to these cytokines, this
resulted in an increased level of epithelial-to-mesenchymal-transition, a hallmark for cancer metastasis,
which did not occur when the cancer cells were directly exposed to the nanoparticles themselves. Using a
syngeneic tumor model, the level of inflammation and degree of lung metastasis were significantly
increased when the animals were exposed to the nanoparticles, particularly for the nanowires. This effect
could be abrogated by treating the animals with inflammatory inhibitors. Collectively, these data indicate
that the interaction of nanoparticles with immune cells can have secondary effects that may aggravate
pathophysiological conditions, such as cancer malignancy, and conditions must be carefully selected to
finely tune the induced aspecific inflammation into cancer-specific antitumor immunity.

Statement of Significance

Many different types of nanoparticles have been shown to possess immunomodulatory properties,
depending on their physicochemical parameters. This can potentially be harnessed as a possible antitu-
mor therapy. However, in the current work we show that inflammation elicited by nanomaterials can
have grave effects in pathophysiological conditions, where non-specific inflammation was found to
increase cancer cell mobility and tumor malignancy. These data show that immunomodulatory proper-
ties of nanomaterials must be carefully controlled to avoid any undesired side-effects.

� 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Nanoparticle (NP) aspect ratio plays an important role in the
biological activity of nanosized materials [1–3]. In particular, the
biodistribution, toxicity and immune reactions of NPs have been
shown to be distinctively linked to their aspect ratio [4,5]. High
aspect ratio NPs such as carbon nanotubes, have been found to
activate the NLRP3 inflammasome, which can trigger pulmonary
toxicity by fibrosis [6]. Various other inorganic high aspect ratio
NPs have been described to display aspect ratio-dependent toxic-
ity, both in vitro and in vivo, including cerium oxide (CeO2) nanor-
ods [6], silicon [7], nickel [8] or silver nanowires [9] and alumina
nanotubes [10]. Some results cannot solely be ascribed to differ-
ences in aspect ratios as some NPs also differed in other factors
such as surface activity [11–13]. A recent systematic study on
nanosized anodic alumina nanotubes revealed that long nanotubes
triggered enhanced cell death and inflammation than shorter
nanotubes [10].

Anodic alumina nanostructures are generally considered as a
non-hazardous biomaterial due to its highly inert chemical compo-
sition, resulting in its commercial use for biomedical applications
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[14]. Aluminum oxide (AlO) NPs are listed among 14 high-priority
nanomaterials published by the Organization for Economic Co-
operation and Development to be studied regarding their potential
toxicity [4]. The biomedical use of AlO NPs is increasing rapidly,
where bulk alum (aluminum hydroxide, phosphate, or hydrox-
yphosphate) has been used as an adjuvant for more than 60 years
and is currently the most widely used adjuvant in both veterinary
and human vaccines [15]. Bulk alum therefore has a longstanding
and excellent safety record for systemic administration, which
has also stimulated the use of nanosized AlO NPs. The latter have
been shown to increase specific anti-cancer immune responses in
comparison to bulk alum [15]. AlO NPs may therefore soon replace
the adjuvants in antiviral vaccines [16]. Nanometric AlO coatings
on ferromagnetic cores were also found to improve their biocom-
patibility, enabling efficient thermal therapy [17]. Another key
application of AlO NPs lies in their use in dental or medical
implants. AlO NPs have been found to increase the mechanical
resistance to wear and the increased surface area promotes
osseointegration and reduces graft rejection [18,19]. AlO NP can
also be released from porous aluminum sheets, which are increas-
ingly investigated for tissue engineering [20] and drug delivery
purposes [21].

The increasing interest in AlO NPs for biomedical use stems
from their low level of cytotoxicity, where AlO NPs have been
described to be biologically inert [22]. This in itself is of course
slightly contradictory to the intrinsic potent activation of the
inflammasome by AlO NPs. Activation of the NLRP3 inflammasome
can have widely varying consequences, as it has been shown to be
a transcriptional regulator of Th2 differentiation [23] and it is
released as a particulate danger signal that amplifies inflammatory
responses [12,24], thereby potentially aggravating any intrinsic
inflammation that already pre-existed in the body.

One key question that remains is whether the use of potent
immune-modulating NPs, and in particular high aspect ratio ones,
may have any implications on inflammatory conditions. The onset
of cancer is typically associated with high levels of inflammation
[25]. As a major application for nanosized AlO is to act as an
immune adjuvant for cancer therapy, the intrinsic effects of the
AlO NPs on the tumor itself remains an open question. Here, we
investigate for the first time the effect of AlO NPs (spheres (NS)
and wires (NW))-mediated inflammation on tumor cells, and
observed clear effects of the AlO NWs on tumor cell metastasis,
both in vitro and in vivo, which correlated with the level of induced
inflammation.
2. Materials and methods

2.1. Nanoparticles and nanoparticle characterization

AlO NSs and NWs were purchased from Sigma Aldrich (Diegem,
Belgium). The NWs were provided as dry powder with 2–6 nm
diameter and 200–400 nm length. The NSs (diameter: 30–60 nm)
were provided as a 20% suspension in pure H2O.

For the TEM specimen preparation, a drop of nanoparticle solu-
tion was dropped on the Cu-grid with C-film for the TEM investiga-
tion. For the powder samples, small portion of the powder (�1–2
mg) was dispersed in 5 mL of ethanol (Strem Chemicals, AR grade)
in an ultrasonic bath and sonicated for 15 min. A drop of the dis-
persed sample was dropped on the Cu grid. All the grids with the
sample were dried at RT followed by scanning the large regions
of the grid. The low and high resolution TEM of the sample were
examined using transmission electron microscopy (TEM) on a FEI
Titan 80/300 microscope equipped with a Cs corrector for the
objective lens, a Fischione high angle annular dark field detector
(HAADF), GATAN post-column imaging filter and a cold field emis-
sion gun operated at 300 kV as an acceleration voltage. On selected
samples, energy-dispersive X-ray spectroscopy (EDS) was per-
formed to determine the chemical composition of the visualized
specimens.

For inductively coupled plasma-mass spectrometry (ICP-MS)
analysis, samples were exposed to 0.5 mL of aqua regia. The sam-
ples were then microwave digested (MLS 1200 Mega, Milestone,
Shelton, CT, USA) and appropriately diluted in ultrapure water (>
18.2 MX cm resistivity). Iridium (Merck, Darmstadt, Germany)
was added as an internal standard (final concentration: 2 lg/L).
External calibration was applied to quantify the amount of elemen-
tal aluminum. An external standard was obtained by diluting a
standard aluminum solution (ALFA Johnson Matthey, Karlsruhe,
Germany) in the same background solution as the samples. All
samples were measured in triplicate using the following settings:
rf power: 1,150 W, plasma gas flow rate: 15 L/min, auxiliary gas
flow rate: 0.85 L/min, nebulizer gas flow rate: 1.15 L/min. For sam-
ple introduction, a MicroMist nebulizer (200 lL/min) and a cyclo-
nic spray chamber both from Glass Expansion (Pocasset, MA,
USA) were used.
2.2. Preparation of NP suspension

AlO NP stock solutions were first prepared in DI H2O at 5 mg/
mL. For cell exposure studies, all NP suspensions were freshly pre-
pared by 10 min probe sonication of the stock solutions followed
by adding the required aliquot of the stock solution to the full cul-
ture medium of the cells.
2.3. Cell culture

In the present study, the following cancer cell types were used:
murine lung squamous tumor cells (KLN 205), human cervical can-
cer cells (HeLa), human alveolar adenocarcinoma cells (A549) and
human epithelial ovarian cancer cells (SKOV3). HeLa and A549
cells were cultured in high glucose containing Dulbecco’s modified
Eagle’s medium (DMEM), supplemented with 10% fetal calf serum,
1 mM sodium pyruvate, 2 mM L-glutamine, and 1% penicillin/
streptomycin (Gibco, Invitrogen, Belgium). KLN 205 and SKOV3
cells were cultured in high glucose DMEM, supplemented with
10% fetal calf serum, 1 mM sodium pyruvate, 2 mM L-glutamine,
1% non-essential amino acids and 1% penicillin/streptomycin. All
cell types were maintained in a humidified atmosphere at 37 �C
and 5% CO2 and split 1/5 upon reaching 80% confluency.

Whole splenocyte suspension was prepared by grinding up
spleens isolated from C57/Bl6 mice of 7 weeks old with frosted
glasses and cell strainers (BD Biosciences). Red blood cells were
lysed after centrifugation at 1,200 rpm for 5 min. Then, splenocytes
were counted using a hemocytometer and maintained in RPMI
1640 medium supplemented with 10% FBS.
2.4. Cellular composition of splenocytes by flow cytometry

Isolated splenocytes were transferred to 10% serum-containing
PBS, after which the cells were exposed to anti-CD16/32 antibody
to block the Fc receptors on the cells. To determine the different
subpopulations in the splenocytes, the cells were subsequently
exposed to a mixture of FITC-conjugated anti-CD3 (T cell marker),
PerCPCy5.5-conjugated anti-F480 (macrophage marker), AF-780
conjugated anti-CD45 (leukocyte marker), AF-450 conjugated
anti-CD11b (pan macrophage marker). 30 mins post antibody
exposure, cells were isolated by repeated centrifugation and wash-
ing steps, after which the cells were analyzed using flow cytometry
(Gallios flow cytometer, Beckman Coulter, Suarlée, Belgium).
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2.5. Cell-nanoparticle interaction studies by high-content analysis

The cancer cell types were seeded at 3000 cells/well in a 96 well
plate (Nunc, Belgium) after which the cells were allowed to attach
overnight in a humidified atmosphere at 37 �C and 5% CO2. Then,
the cells were incubated with the different AlO NPs for 24 h in their
full growth medium at a concentration of 0–200 mg/mL for AlO NSs
and 0–450 mg/mL for AlO NWs. The immune cells were seeded at
100,000 cells/well in a 24 well plate (Nunc, Belgium) after which
the cells were primed with 10 ng/mL lipopolysaccharide (LPS; InVi-
voGen) for 12 h followed by exposure to the AlO NPs in their full
growth medium at a concentration of 0–200 mg/mL for AlO NSs
and 0–450 mg/mL for AlO NWs for 8 h to reduce the degree of cell
death associated to prolonged culture of primary splenocytes. For
dexamethasone (Sigma-Aldrich, Bornem, Belgium), LPS-primed
splenocytes were exposed to the AlO NPs similarly as described
above, where the medium was further supplemented with 100
ng/mL dexamethasone. Galunisertib experiments were carried
out identically to dexamethasone treatments, where galunisertib
(LY2157299, Selleck Chemicals, USA) was provided at 25 ng/ml.
Every condition was performed in triplicate and results were ana-
lyzed based on 4 independent repeats. The high-content imaging
experiments were then performed based on previously validated
methods as described elsewhere [26–28].

2.6. Caspase-1 activation

Active caspase-1 was detected fluorometrically using the
caspase-1 flurochrome inhibitor of caspases (FLICA) kit from
Immunochemistry Technologies. Briefly, LPS-primed splenocytes
(1*106/mL) were treated with either PBS, AlO NSs (125 mg/mL) or
AlO NWs (300 mg/mL) for 8 h after which the cells were treated
with the fluorescein-labeled inhibitor FAM-YVAD-fmk (5-carboxy
fluorescein-Tyr-Val-Ala-Asp-fluoromethyl ketone) for 1 h at 37 �C.
The cells were then washed three times with PBS and fluorescence
levels were measured by a fluometric plate reader using fluores-
cein filters (Optima FluoStar, BMG LabTech GmbH, Ortenberg,
Germany).

2.7. Evaluation of IL1b and IL18 cytokine secretion by splenocytes

Splenocytes were plated in 6 well plates at 500,000 cells/well,
after which they were primed with LPS (10 ng/ml) for 12 h prior
to being exposed to either PBS, AlO NSs (125 mg/mL) or AlO NWs
(300 mg/mL) for 8 h. Culture supernatants were then collected, cen-
trifuged for 5 min at 5,000 rpm to remove cells, and assessed for IL-
1b and IL18 protein content by ELISA following the manufacturer’s
protocol (IL1b: R&D Systems, Minneapolis, MN, USA; IL18: MBL
International, Woburg, MA, USA). Absorbance was recorded at
450 and 570 nm with an ELISA plate reader (Optima FluoStar,
BMG LabTech GmbH, Ortenberg, Germany).

2.8. Induction of EMT in cancer cells

Splenocytes were plated in 24 well plates at 100,000 cells/well,
after which they were primed with LPS (10 ng/ml) for 12 h prior to
being exposed to either PBS, AlO NSs (125 mg/mL) or AlO NWs (300
mg/mL) for 8 h. Culture supernatants were then collected, cen-
trifuged for 5 min at 5,000 rpm to remove cells and the super-
natants was then used to complement the medium used for EMT
induction in the cancer cells. HeLa, A549 and SKOV3 cells were
seeded at a density of 1*104 cells/cm2 in 6 well plates after which
they were immediately incubated in EMT-induction medium con-
sisting of 50% normal full growth medium and 50% splenocyte-
conditioned medium which was supplemented with 1� EMT
inducting media supplement (R&D Systems, Minneapolis, MN,
USA) after which the cells were left for 3 days. Control experiments
occurred similarly, where medium consisted of 50% normal full
growth medium and 50% fresh splenocyte growth medium supple-
mented where the cells were first exposed to the AlO NSs (125 mg/
mL) or NWs (300 mg/mL) for 24 h, after which they were exposed to
fresh medium supplemented with 1� EMT inducting media
supplement.
2.9. Evaluation of EMT induction efficacy

Following EMT induction, HeLa, A549 or SKOV3 cells were fixed
in 2% paraformaldehyde, permeabilized using 0.1% Triton X-100
after which they were stained for EMT-specific markers using
mouse monoclonal antibodies against E-cadherin, Snail, Vimentin,
and Fibronectin (Santa Cruz antibodies, USA; 4 mg/ml, 2 h at room
temperature in 10% serum-containing blocking buffer) followed by
3 washes with PBS prior to incubation (1/250 dilution) with sec-
ondary antibody (AF633 goat anti-mouse IgG antibody) followed
by another 3 washes with PBS and nuclear counterstaining with
Hoechst 33342.
2.10. Cell migration and invasion

Following EMT induction, HeLa, A549 or SKOV3 cell types were
seeded at a density of 2*104 cells/well, either the RadiusTM 24 well
cell migration assay plate (Cell BiolabsInc, San Diego, CA, USA) or
a collagen IV-coated 8 mm-pore Boyden chamber (Cell BiolabsInc,
San Diego, CA, USA). After 24 h, the gel plug was removed from
the Radius migration assay plate, allowing the cells to migrate.
For cell invasion, the assay procedure was performed in accordance
with the manufacturer’s instructions.
2.11. Mice experiments

Female DBA/2 mice (Harlan Laboratories, Cambridgeshire, UK),
5–7 weeks old, were used in this study. The animal studies used
a syngeneic tumor model in which DBA2 animals received
500,000 KLN 205 cells in 200 ml saline as a subcutaneous injection
on the lower part of the left side of the back. All mouse surgical
procedures and imaging were performed with the animals anes-
thetized by inhalation of 2% isoflurane. The condition of the ani-
mals was monitored every day and their weight was measured
every other day. Tumors were measured with calipers every other
day. When tumors reached the size of minimally 50 mm3 (approx-
imately 10–14 days after tumor inoculation), the animals were
divided into three different groups for further experiments. One
group received an injection of 100 ml saline, the second group
received 300 mg AlO NSs while the third group received 300 mg
AlO NWs through intravenous injection. After 5 and 10 days, the
animals received a second and third bolus of either saline, AlO
NWs or NSs, but in both cases this occurred via peritumoral injec-
tion. Control animals were animals that either received saline
injection instead of the NPs or AlO NW-treated animals receiving
dexamethasone at 4 mg/kg bodyweight by intraperitoneal injec-
tion 1 h prior to every NP challenge. For the tumor growth studies,
all animals were sacrificed 7 weeks after NP administration. All
animal studies were approved by KU Leuven’s Institutional Animal
Care and Use Committee (IACUC; approval number P259/2015) in
accordance with the principals and procedures outlined in national
and European regulations. Experiments were halted when tumors
became larger than 1.5 cm or a deep ulcer was formed, upon which
animals were sacrificed. For euthanasia, animals were subjected to
5% isoflurane inhalation. To ensure death following isoflurane
inhalation cervical dislocation was performed.
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2.12. Clinical chemistry

After 2, 12 or 20 days post initial NP administration, (n = 4 per
group per time point), blood samples were withdrawn and serum
was collected by centrifuging the whole blood at 3000 rpm for
15 min. Several biochemical parameters, including ALT, AST, CRE,
and BUN, were assayed using diagnostic kits purchased through
Abcam and experiments were conducted in accordance with the
suppliers recommendations.
2.13. Biodistribution studies

At 12 days post initial NP administration, three animals per
group were sacrificed and several organs (tumor, liver, spleen,
lungs, brains) were resected. The different organs were then
exposed to 1.5 mL of aqua regia. The samples were then microwave
digested (MLS 1200 Mega, Milestone, Shelton, CT, USA) and appro-
priately diluted in ultrapure water (>18.2 MX cm resistivity). The
total amount of Al3+ was then measured using ICP-MS as described
above for pure NPs.
2.14. Monitoring of tumor growth via optical imaging

Before each imaging session, the mice were injected intraperi-
toneally with 126 mg/kg D-luciferin (Promega, Madison, WI, USA)
dissolved in PBS (15 mg/ml). Next, all 4 animals per group were
positioned in the IVIS Spectrum and images were acquired after
10 min under 2% isoflurane inhalation. Images were acquired
immediately before the first NP or saline injection and after 5,
10, 15, 21, 28 and 35, 42 and 49 days post first NP injection (med-
ium binning, f stop = 1, time = 25 s). Bioluminescence images were
analyzed using the LivingImage (Perkin Elmer, Waltham, MA) pro-
cessing software. Regions of interest (ROIs) were drawn around the
bioluminescent signals in the tumor regions of the mice, and mea-
surements were generated as the total flux (p/s/cm2/sr) from the
selected ROIs.

At 6 and 7 weeks post first NP injection, luminescence imaging
was also performed on the chest region of the mice, while the pri-
mary tumor was covered by thin layer of black plastic to avoid any
light from primary tumor to be detected. Images were acquired
similarly as above, but with a longer exposure time (medium bin-
ning, f stop = 1, time = 45 s). ROIs were drawn on the chest area of
the animal after which the total flux (p/s/cm2/sr) from the selected
ROIs was calculated using the LivingImage processing software.
2.15. Monitoring of NP-mediated inflammation via optical imaging

The level of inflammation was evaluated on the same animals
12 days following first NP administration. All animals received 4
nmol of Cat B 750 FAST (Perkin Elmer, Waltham, MA) through tail
vein injection. Cat B 750 FAST is a fluorescent probe that is acti-
vated by Cathepsin B activity, mainly present in inflammatory cells
or highly metastatic cancers. 3D fluorescence images were
acquired 6 h after probe administration, (kex: 750 nm, kem: 770
nm, medium binning, f stop = 1, time = 10 s excitation). Fluores-
cence images were analyzed using the Living Image (Perkin Elmer,
Waltham, MA) processing software, where the threshold level for
the fluorescence signal was adjusted to rule out interference of
Cat B 750 FAST signal originating from the KLN 205 cells. This
threshold was then also applied on the AlO NSs or AlO NWs-
treated animals, after which 3D regions of interest (ROIs) were
drawn around the tumor regions of the mice (2� diameter of the
tumor region in all directions), and measurements were generated
as the total flux (p/s/cm2/sr) from the selected ROIs.
2.16. lCT acquisition

Retrospectively respiratory-gated lung CT data were acquired
on a dedicated small animal CT scanner (SkyScan 1076, Bruker
CT, Kontich, Belgium). The following scan parameters were used:
50 kVp X-ray source, 0.5 mm aluminium filter, 180 lA current,
120 ms exposure time per projection, 23 � 35 mm2 field of view
(FOV) covering the lung, 9 projections per position with 0.7� incre-
ments and a total angle of 180�. The total acquisition time per scan
was approximately 13 min, resulting in a reconstructed 3D data set
with an isotropic voxel size of (35 � 35 � 35) lm3.

2.17. Histological examination

At 7 weeks post NP exposure, the animals were sacrificed and
the lungs were collected for histological analysis. The lungs were
inflated and fixed overnight in 4% paraformaldehyde, followed by
paraffin embedding and sectioning into 5 mm-slices, which were
then stained with 1% hematoxylin and eosin (H&E).

2.18. Statistical analysis

Statistical analysis was performed using GraphPad Prism 6.0,
where all data were analyzed using one-way ANOVA. For statistical
significance of any treated group from the control group or
between two treated groups under 1 condition, a Dunnett’s post-
hoc test was applied.
3. Results

3.1. Characterization of AlO nanospheres and nanowires

Low resolution transmission electron microscopy (TEM) images
reveal highly crystalline particles both for the AlO NSs and NWs
(Fig. 1a and c). In the high resolution TEM image of AlO NSs well
resolved crystal lattices in two directions are observed (Fig. 1a3),
which is less clear for the NWs, likely due to the small diameter
of the latter (Fig. 1c3). The high crystallinity of both NSs and
NWs could be confirmed by selected area electron diffraction
(SAED) patterns (Fig. 1b and d).

Based on the TEM observations here, the average diameter of
the NSs was 36 nm and for the NWs 6 nm diameter and 223 nm
length, which is in line with the values provided with the supplier
(see Materials and Methods section). The purity of the AlO NPs was
then studied using elemental analysis, in which both the NSs and
NWs displayed a high purity. No impurities were detected in the
NWs (Fig. S1), while the NSs did contain traces of various other ele-
ments, including Ti, Cu, In, Si. Quantification of these impurities by
inductively coupled plasma-mass spectrometry (ICP-MS) revealed
that the AlO NSs had a purity of 94%.

3.2. Pro-inflammatory cytokine release by primary splenocytes at
subcytotoxic conditions is predominantly induced by NWs

To investigate the inflammatory effects of the AlO NSs and NWs,
primary murine splenocytes were used as an in vitro model system
(Fig. 2a). These primary cells are a mixture of different cell types,
including T cells (26.1%) and macrophages (36.9%) (Fig. S2) and
thus present a suitable model to mimic the interactions of the dif-
ferent components of our immune system, rather than a single iso-
lated immune cell type. Toxicity of the AlO NSs and NWs was
investigated using previously validated high-content imaging
methods, in which cell viability, membrane damage, mitochondrial
reactive oxygen species and mitochondrial health were assessed.
Fig. 1e–m (Fig. S3) reveals clear-dose dependent toxicity for both



Fig. 1. (a1, a2) Low-resolution TEM images of AlO NS, (c1, c2) AlO NWs, respectively. (a3, c3) High-resolution images of AlO NS and AlO NWs, respectively. The images show
highly crystalline particles with well-formed crystal lattices. (b, d) Selected area diffraction patterns of (b) AlO NS and (d) AlO NW. The clear ring patterns in pure and doped
particles show highly crystalline particles. (e) Representative high content images of splenocytes either left untreated (0 mg/ml) or exposed to AlO NS (left column) or AlO NW
(right column) for 8 h at the concentrations indicated. Cells were stained with an impermeant dead cell stain (green) and Mitotracker CMX Ros (red) and counterstained using
Hoechst nuclear counterstaining (blue). Scale bars: 100 mm. (f–m) Histograms revealing the relative level of (f, g) cell viability, (h, i) cell membrane damage, (j, k)
mitochondrial ROS, (l, m) mitochondrial health, for splenocytes exposed to AlO NS (f, h, j, l) or AlO NW (g, i, k, m) at the concentrations indicated (8 h exposure) as obtained
from the high-content imaging data. Data are shown as relative values after z-normalization compared to untreated control cells (=100%) expressed as mean ± SD (n = 4). The
degree of significance between samples and control cells is indicated where applicable (*: p < .05; **: p < .01). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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AlO NP types, where significance is reached for the AlO NSs starting
at 150 mg/ml and for the NWs at 350 mg/ml. The difference in tox-
icity between the two NP types may reflect differences in their
shape, which will result in different uptake rates [29]. ICP-MS anal-
ysis revealed cellular Al3+ levels to be 3.8-fold higher for NSs than
for NWs, indicating a far higher uptake efficiency of the NSs com-
pared to the NWs. When also taking into account the volume and
surface area of the NPs, the toxicity values can be reformulated
(Table S1). No clear correlation could be found between the toxic-
ity of the NPs and their total surface area, but toxicity correlated
best with the total mass of cell-associated NPs. In line with expec-
tations, both the NWs and NSs were associated far higher with pri-



Fig. 2. (a) Schematic overview of the in vitro experimental design. (b–e) Histograms representing the level of (b) secreted IL-1b, (c) IL-18, (d) activated Casp-1, (e) secreted
TGFb in splenocytes exposed to subcytotoxic levels of AlO NS (125 mg/ml) or AlO NWs (300 mg/ml) for 8 h in the presence or absence of dexamethasone (100 ng/ml). Data are
expressed as mean ± SEM (n = 4). The level of statistical significance is indicated when appropriate (*: p < .05; **: p < .01; ***: p < .001). f) Heat maps of the high content imaging
data obtained for HeLa (left), A549 (middle) or SKOV3 cells (right) exposed to various concentrations of AlO NSs (top row) or AlO NWs (bottom row) for 24 h and analyzed for
relative cellular health (Viab), membrane damage (MD), mitochondrial ROS (mROS), mitochondrial health (mHealth), cell size (Size) and level of autophagy (Autoph.). Data
are shown as relative values after z-normalization compared to untreated control cells (=1) where the fold-change is indicated by the respective color-code. Data have been
acquired for a minimum of 5000 cells/condition which were gathered from three independent experiments. (g) Representative high content images of HeLa cells either
unexposed or exposed to AlO NSs or NWs at the concentrations indicated. Following exposure, cells were stained with Live Dead cell stain (green: damaged/dead cells),
MitoTracker Red CMXRos (red: mitochondrial ROS and health) and nuclei were counterstained with Hoechst (blue) (top row) or stained for a-tubulin (green) and
counterstained with Hoechst nuclear stain (blue) (bottom row). Scale bars: 100 mm. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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mary macrophages than with T cells (Table S2). This is partly due
to the high phagocytic nature of macrophages compared to a more
limited endocytic capacity of T cells, along with the fact that the
adherent macrophages will be exposed more to sedimenting
aggregated nanoparticles than the T cells who remain in
suspension.

The immune-modulating effects of the AlO NSs and NWs was
then investigated at the highest non-toxic concentrations for both
types of NPs (125 mg/ml for NSs and 300 mg/ml for NWs). Both NSs
and NWs were found to promote inflammation through activation
of the NLRP3 inflammasome, as shown by elevated pro-
inflammatory cytokine secretion (IL-1b, IL-18) and activation of
Caspase-1 (Casp-1) (Fig. 2b–d). The level of inflammation differed
greatly, where NWs were much more potent anti-inflammatory
agents than NSs. We also looked into the production of transform-
ing growth factor b (TGFb), known to possess both pro- as well as
anti-inflammatory properties [30]. Similar to the results of the pro-
inflammatory cytokines, TGFb levels were significantly elevated
upon exposure to AlO NWs (Fig. 2e). Next, the influence of dexam-
ethasone (DEX) as a potent immunosuppressive molecule that
could prevent AlO NPs–induced inflammatory signaling was exam-
ined [31]. DEX diminished activity of Casp-1 and secretion of pro-
inflammatory cytokines IL-1b and IL-18 as well as TGFb secretion
for both AlO NSs- and AlO NWs-treated cells (Fig. 2b–e).

3.3. NW-exposed primary splenocytes significantly increase in vitro
EMT efficacy of various cancer cell lines

The AlO NWs and NSs were then used to label various cancer
cell lines, being human cervical carcinoma (HeLa), alveolar epithe-
lial adenocarcinoma (A549) and ovarian epithelial adenocarcinoma
(SKOV3) cells. Toxicity thresholds for both the NSs and NWs were
higher than those obtained for the primary splenocytes (Fig. 2f and
g; Fig. S4), indicating that at the concentrations of 125 mg/ml for
NSs and 300 mg/ml for NWs, no significant toxicity occurred on
the cancer cells. The NPs did not significantly affect autophagy
levels, nor did they affect cell morphology at subcytotoxic
concentrations.

TGFb is an important marker in determining tumor malignancy
and is often used as an in vitro agent to induce epithelial-to-
mesenchymal transition (EMT), a hallmark in the process for tumor
metastasis formation [32]. Here, primary splenocytes were
exposed to the AlO NSs and NWs at their highest subcytotoxic con-
centration, after which the cells were centrifuged and the super-
natants were added to the culture medium for cancer cells. The
cancer cells were then exposed to EMT-inducing growth medium
(50%) supplemented with primary splenocyte-conditioned med-
ium (50%) for 3 days, after which the EMT efficacy of the cells
was evaluated by staining them for both epithelial (E-cadherin)
and mesenchymal (Fibronectin, Snail, Vimentin) markers. Fig. 3a–
d reveals a clear increase in EMT efficacy for all three cancer cell
types (Fig. 3, Figs. S5–S7) exposed to NW-exposed splenocyte con-
ditioned medium, which was less pronounced when the spleno-
cytes were exposed to the NSs. A similar increase in EMT efficacy
could be observed when the cancer cells were exposed to EMT-
inducing growth medium supplemented with TGFb at a similar
concentration as the one present in the NWs-exposed splenocyte
conditioned medium (Fig. 3e–g). When the splenocytes were trea-
ted with DEX during exposure to AlO NSs or NWs, no effect on EMT
efficacy could be observed (Fig. 3b–d). No increase in EMT efficacy
was observed for cancer cells directly exposed to the NSs or NWs
themselves (Fig. 3e–g), suggesting the important role of NP-
induced TGFb-mediated signaling in EMT efficacy. To confirm this,
experiments were also repeated in the presence of Galunisertib, a
potent and specific inhibitor of TGFb-receptor signaling, currently
undergoing clinical trials in various cancer models, revealing a
clear loss of effect of AlO NSs and NWs on EMT efficacy (Fig. S8)
[33,34]. Together, these data clearly indicate the role of TGFb in
modulating the EMT efficacy of the cancer cell lines.

The functional role of the EMT process was also investigated by
looking into the migration and invasion capacity of the cancer cells.
Similarly as for the EMT efficacy, migration capacity and invasive-
ness of all three cancer cell types significantly increased when the
cells were exposed to NW-exposed splenocyte conditioned med-
ium (Fig. 3h–j). No effect of the AlO NPs themselves was observed
(Fig. S9), while the increase in migration capacity and invasiveness
was lost when the splenocytes were exposed to the AlO NPs in the
presence of DEX (Fig. 3h–j). A similar increase could be obtained by
supplementing the EMT-inducing growth medium with TGFb at a
similar concentration as the one present in the NWs-exposed
splenocyte conditioned medium (Fig. 3h–j). Additionally, we fur-
ther confirmed the cross-species reactivity of TGFb be exposing
the EMT-induced cancer cells with media that was supplemented
with either human or murine TGFb. This led to no significant differ-
ences in the induction efficiency of EMT, indicating that TGFb in
itself is cross-reactive and murine TGFb as generated by the murine
splenocytes can cause elevated EMT in human cancer cells
(Fig. S10).

3.4. AlO NWs but not NSs increase tumor inflammation and metastasis
in preclinical animal models

To evaluate the in vivo effect of the AlO NSs and NWs on tumor
metastasis, an immune-competent syngeneic murine model (KLN
205 squamous carcinoma cells in DBA/2 mice) was used. The
KLN 205 cells are known to spontaneously metastasize to the lungs
and are a highly aggressive tumor cell type [35], thus representing
an ideal model to evaluate whether the inflammation induced by
the NPs has any effect thereon. Initial in vitro studies revealed sim-
ilar toxicity levels of the AlO NSs and NWs on the KLN 205 cells as
for the human cancer cell lines (Fig. 4a). As the chemical EMT
induction media is formulated for use on human cells, these exper-
iments could not be repeated on the murine KLN 205 cells. How-
ever, it was observed that AlO NWs or NSs also did not affect the
migration capacity or invasiveness of the KLN 205 cells (Fig. S9d),
while splenocyte-conditioned medium did increase the level of
migration and invasiveness, for AlO NW-exposed splenocytes
(Fig. 4b). Similar as for the human cancer cells, this increased
malignancy could be impeded by DEX (Fig. 4b).

Luminescent KLN 205 cells were then administered subcuta-
neously in the DBA/2 mice. When the tumor reached 50 mm3,
the animals received either PBS, AlO NWs or NSs (300 mg) via intra-
venous administration (Fig. 5a). After 5 and 10 days, the animals
received a second and third bolus of either PBS, AlO NWs or NSs,
but in both cases this occurred via subcutaneous peritumoral injec-
tion. Bulk aluminum oxide particles are typically given subcuta-
neously for adjuvant purposes, in part due to the fact that given
their large size, intravenous administration would be risky and
not lead to a proper distribution of the aluminum oxide. The
advantage of the smaller sized NPs, is the ability to give multiple
boluses, in order to properly boost the immune system, enabling
both intravenous injection for boosting of the entire peripheral
immune system, followed by local administration at the tumor site
for enhancing immune activation at the tumor. This mode of
administration finally resulted in a high level of the NPs at the
tumor site (>50%), and far less in other organs such as liver, spleen
and lungs (Fig. S11). The presence of the AlO NSs or NWs did not
have any significant effect on liver and kidney function, as assessed
by clinical chemistry studies on blood samples at different time
points following the first administration of the NPs (Fig. S12). On
day 12, inflammation in the animals was measured via in vivo opti-
cal imaging, revealing a significant increase in tumor-associated



Fig. 3. (a) Representative high content images of HeLa cells either untreated (pre-EMT), or incubated for 3 days with EMT induction medium (control EMT, AlO NS or AlO
NWs). The EMT-induced cells were either unexposed or exposed to splenocyte-conditioned medium for primed splenocytes exposed for 8 h to AlO NSs (125 mg/ml) or NWs
(300 mg/ml). Cells were stained for EMT markers Fibronectin, E-cadherin, Snail and Vimentin (green). All cells were counterstained with Hoechst nuclear stain (blue). Scale
bars: 100 mm. (b–d) Histograms indicating the level of the indicated EMT markers for (b) HeLa, (c) A549 and (d) SKOV3 cells following 3 day EMT induction in the presence or
absence of splenocyte-conditioned medium for primed splenocytes exposed, in the presence or absence of dexamethasone (100 ng/ml), for 8 h to AlO NSs (125 mg/ml) or NWs
(300 mg/ml). (e–g) Histograms indicating the level of the indicated EMT markers for (e) HeLa, (f) A549 and (g) SKOV3 cells following 3 day EMT induction following direct
exposure of the cancer cells to AlO NSs (125 mg/ml) or NWs (300 mg/ml) for 24 h, or treated with TGFb at 5 pg/ml during 3 days. (b–g) All data are expressed relative to the
level of the EMT marker expressed in non-EMT-induced cancer cells. (h–j) Histograms representing relative cell migration and relative cell invasion levels for (h) HeLa, (i)
A549, (j) SKOV3 cells following 3 day EMT induction in the presence or absence of splenocyte-conditioned medium for primed splenocytes exposed, in the presence or
absence of dexamethasone (100 ng/ml), for 8 h to AlO NSs (125 mg/ml) or NWs (300 mg/ml). The data are expressed relative to those of EMT-induced untreated control cells
(100%). (b–j) All data are expressed as mean ± SD (n = 4). The degree of statistical significance is indicated when relevant (*: p < .05; **: p < .01; ***: p < .001). Histograms
representing the viability of HeLa, KLN 205 or A549 cells exposed to the Ag NPs at 15 mg/ml for prolonged periods of time (1, 2, 3, 4 or 5 days). Data are expressed as mean ± SD
(n = 3) relative to the viability of untreated control cells (100%). The level of statistical significance is indicated when appropriate (*: p < .05). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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inflammation in AlO NSs-treated animals, while seven higher
levels of inflammation were observed in AlO NWs-treated animals
(Fig. 5c and d).
Similar as for the in vitro situation, administration of DEX inhib-
ited inflammation to be induced by AlO NWs (Fig. 5c and d). The
high level of inflammation around the tumor may impact tumor



Fig. 4. (a) Heat maps of the high content imaging data obtained for KLN 205 cells
exposed to various concentrations of AlO NSs (left column) or AlO NWs (right
column) for 24 h and analyzed for relative cellular health (Viab), membrane damage
(MD), mitochondrial ROS (mROS), mitochondrial health (mHealth), cell size (Size)
and level of autophagy (Autoph.). Data are shown as relative values after z-
normalization compared to untreated control cells (=1) where the fold-change is
indicated by the respective color-code. Data have been acquired for a minimum of
5000 cells/condition which were gathered from three independent experiments. (b)
Histograms representing relative cell migration and relative cell invasion levels for
KLN 205 cells following 3 day EMT induction in the presence or absence of
splenocyte-conditioned medium for primed splenocytes exposed, in the presence or
absence of dexamethasone (100 ng/ml), for 8 h to AlO NSs (125 mg/ml) or NWs (300
mg/ml). The data are expressed as mean ± SD (n = 4) relative to those of EMT-
induced untreated control cells (100%). The degree of statistical significance is
indicated when relevant (*: p < .05; **: p < .01).
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growth and malignancy. Through luminescence imaging, the
growth rate of the subcutaneously implanted KLN 205 tumors
was found to be slightly but not significantly affected by the AlO
NSs or NWs up to at least 7 weeks (Fig. 5e and f).

The occurrence of any spontaneous metastases into the lungs
was then also monitored via bioluminescence imaging. After 6
weeks, animals exposed to the NWs displayed some luminescent
signals originating from the lung area, which increased after 7
weeks (Fig. 6a and b) and was significantly higher than the level
of luminescence originating from the lungs of PBS or NSs-treated
animals. To confirm the presence of mature metastases in the
lungs, the animals were subjected to small animal computed
tomography (mCT), which confirmed the presence of lung lesions
in 50% of the NW-treated animals, while no lung lesions were
noticed in the saline or NSs-treated animals (Fig. 6c). The reduced
inflammation caused by co-treatment of AlO NW exposed animals
with DEX reduced the degree of metastatic burden, returning it to
control levels (Fig. 6a and b). The influence of TGFb signaling on the
metastasis burden was also confirmed upon co-exposing AlO NW-
treated animals with Galunisertib (75 mg/kg body weight) on a
daily basis during the period of AlO NW exposure (10 days) which
resulted in a clearly reduced degree of metastases (Fig. S13).

After 7 weeks, the primary subcutaneous tumors were growing
too large in size, requiring the experiment to be terminated. The
in vivo results could also be supported by histological analysis of
mice lungs, where AlO NSs resulted in the occurrence of a few
small metastatic lesions, while AlO NWs resulted in the highest
levels of metastatic burden (Fig. 6d). These data were further con-
firmed as no significant effect could be observed on tumor meta-
static burden for animals treated with DEX only or with NS +
DEX (Fig. S14). In the present study, the animals were given the
same mass of NSs and NWs, but similar results were obtained
when animals were given the same amount in terms of number
of NPs. When NWs were provided at the same total surface area
as the NSs, no effect could be observed anymore, due to the asso-
ciated lower mass/number of NWs compared to NSs provided
(Fig. S15). These data support our findings in vitro that the
observed effects are linked more to the same mass of NPs than
the total surface area.
4. Discussion

In this study, we performed a comprehensive analysis on the
impact of differently shaped AlO NPs on immune-modulation
and its consequences on tumor malignancy on mammalian cells
and in preclinical animal models. We demonstrate that at subcyto-
toxic concentrations, the AlO NPs, and in particular the high aspect
ratio NWs, could significantly increase inflammation and release of
pro-inflammatory cytokines, including TGFb. The latter cytokine
affects cancer cell EMT both in vitro and in vivo, where in preclin-
ical animal models, the occurrence of distal metastases was found
to significantly increase upon use of AlO NWs.

The relatively high concentrations of AlO NPs that can be used
prior to the onset of any significant toxicity are in line with other
reports, which labelled AlO NPs as bio-inert [22]. Comparative
studies have found AlO NPs to be less cytotoxic than iron oxide
NPs, several of which have also been FDA-approved and have a
long history of clinical use [36]. Overall, the higher level of toxicity
observed for the NSs is in line with literature data, where spherical
AlO NPs had been found to be more cyto- and genotoxic than their
high aspect ratio counterparts [22]. This difference has always
been linked to differences in their cellular uptake levels, where
lower levels of high aspect ratio NWs are typically internalized
[37], in line with our results. The lack of a clear correlation
between NP surface area and NP toxicity is somewhat surprising,
but indicates that toxicity itself is not due to an active surface of
AlO NPs. A better correlation could be found for the internalized
mass of AlO NPs, where in terms of cell-associated mass, the
NWs were slightly more cytotoxic than the NSs. This is likely pre-
dominantly ascribed to the shape of the AlO NWs, which can pen-
etrate cellular membranes and hereby cause membrane damage
which may result in cell death [10]. From these data, the presence
of the metal impurities in the NSs did not seem to contribute
extensively to their final toxicity levels, or might even lower it. This
is in stark contrast to general findings for carbonaceous materials
where impurities, even when present at minute amounts, can dras-
tically affect the toxicity levels of the NPs [38].

The induction of inflammation by AlO is widely known and
alum (aluminum hydroxide, phosphate, or hydroxyphosphate)
has a long-standing history as an immune adjuvant [39]. Miniatur-
isation of alum into the nanoscale has been shown to potentiate
the proinflammatory capacity [15]. Inflammation in itself has been



Fig. 5. (a) Schematic overview of the in vivo experimental design. (b) Representative in vivo optical images of fluorescence signal originating from the inflammation-
activatable probe (Cat B 750 FAST) obtained from 3D optical imaging measurements in tumor-bearing DBA/2 mice treated 3 times with AlO NWs, AlO NWs in the presence of
dexamethasone, saline (control animals) or AlO NSs. Images were acquired 12 days post initial NP administration. (c) Quantification of the fluorescence signal originating
from the inflammation-specific probe. Data are expressed as mean ± SD (n = 4) relative to the fluorescence level of saline-treated control animals (=100%). (d) Quantitation of
the luciferase signal for DBA/2 mice bearing a subcutaneous fLuc-expressing KLN 205 tumor, and treated 3 times with AlO NWs, AlO NWs in the presence of dexamethasone,
saline (control animals) or AlO NSs. The data are expressed as mean ± SD (n = 4) relative to the signal of each condition at time point 0 (immediately prior to first NP
exposure). (e) Representative optical images of DBA/2 mice subcutaneously transplanted with syngeneic fLuc-expressing KLN 205 cells treated 3 times with AlO NWs, AlO
NWs in the presence of dexamethasone, saline (control animals) or AlO NSs. The images are shown after 1, 3, 5 and 7 weeks following initial NP exposure. The signal intensity
is indicated by the scale bar provided.
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Fig. 6. (a) Representative optical images of DBA/2 mice subcutaneously transplanted with syngeneic fLuc-expressing KLN 205 cells treated 3 times with AlO NWs, AlO NWs in
the presence of dexamethasone, saline (control animals) or AlO NSs. The primary tumor region of the animals was shielded by light-impermeant black plastic and signal was
acquired from the lung regions of the animals. The images are shown after 6 and 7 weeks following initial NP exposure. The signal intensity is indicated by the scale bar
provided. (b) Quantitation of the luciferase signal originating from the lung region of DBA/2 mice bearing a subcutaneous fLuc-expressing KLN 205 tumor, and treated 3 times
with AlO NWs, AlO NWs in the presence of dexamethasone, saline (control animals) or AlO NSs after shielding the primary tumors. The data are expressed as mean ± SD (n =
4) relative to the signal of each condition at time point 0 (immediately prior to first NP exposure). (c) Representative mCT images of the lung regions of the treated animals
acquired immediately prior to the initial NP administration (top row) and 7 weeks later (bottom row). The presence of metastatic lesions are indicated by yellow arrows. (d)
Representative histological sections of the lungs of DBA/2 mice stained with hematoxylin and eosin acquired at a 40� magnification. Metastases are indicated by white
arrows. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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described to occur mainly by activation of the NLRP3 inflamma-
some, which has been found to be activated by crystals, such as
alumina [40]. This is supported by our findings of caspase-1 activa-
tion and elevated IL-1b and IL-18 secretion, which are hallmarks of
NLRP3 activation [41]. The higher level of inflammation observed
for the high aspect ratio NWs compared to the NSs is also in line
with literature, where high aspect ratio NPs are generally more
potent in inducing inflammation [5,42]. This has been mainly
demonstrated in inhalation studies, where high aspect ratio NPs
(e.g. nanotubes, nanofibers, nanowires) activate inflammasomes
in lung macrophages. The immune altering effect of the AlO NWs
can also influence pre-existing inflammation in the host, as some
NMs have been shown to alter, for example, allergen-induced eosi-
nophilic inflammation by immunostimulation, immunosuppres-
sion, or modulating the balance between Th1, Th2, and Th17
cells, thereby influencing the nature of the inflammatory response
[43]. Inflammation in itself is an important hallmark in the onset of
cancer, where elevated levels of pro-inflammatory cytokines con-
tribute to tumorigenesis [44].

The elevated secretion of TGFb was particularly interesting, as
the TGFb signaling pathway is a fundamental pathway playing a
primary role in many cellular processes [30]. TGFb signaling is very
complex as it is involved in several counteractive mechanisms,
making the final biological outcome hard to predict. In particular
for cancer, the influence of TGFb signaling can be devastating.
The TGFb family of growth regulatory proteins are typical inhibi-
tors of cell growth. As cancers are associated with high levels of cell
proliferation, this was expected to be associated with a downregu-
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lation of TGFb signaling. However, in most tumor types, a signifi-
cant increase in TGFb expression has been observed and increased
expression of TGFb is accompanied with a change in the signaling
pathways to decrease its growth inhibitory effect. High levels of
TGFb are therefore typically associated with higher levels of tumor
malignancy [45]. Next to turning from a growth-inhibitory path-
way into a growth-stimulating mechanism, TGFb is also involved
in regulating cytoskeletal alterations, through which it can influ-
ence EMT efficacy [46]. Cancer malignancy can also be further
increased by macrophage-derived TGFb, which has been shown
to impair the function of cytotoxic T cells [47]. Elevated TGFb levels
have been associated with a wide variety of NPs, including nickel
oxide [48,49], polystyrene [50] or titanium dioxide [51]. The
increase of TGFb signaling by the NPs has also been associated with
pulmonary fibrosis [48,49] or renal inflammation [51]. Here, TGFb
release by the splenocytes stimulated cancer cell EMT on cancer
cell lines, while also improving cancer cell migration and invasion.
This also led to a marked increase of the metastatic burden in the
lungs in vivo as demonstrated by optical imaging. Using mCT,
lesions could only be observed in the lungs of 50% of the animals
treated with AlO NWs, while this was not the case for saline or
AlO NSs-treated animals, despite the occurrence of biolumines-
cence signals in all groups of animals. This may likely be due to
the differences in sensitivity between the two methods, where
the sensitivity of optical imaging depends on the number of pho-
tons emitted from viable cells, while the sensitivity for mCT
depends on the spatial resolution of any lesions incurred by the
metastatic nodules. Small sized nodules can therefore be too small
to be detected by mCT, while they may emit sufficient photons to be
detected by optical imaging. This is also confirmed by the histolog-
ical analysis, where animals treated with AlO NWs showed multi-
ple smaller metastatic nodules, while saline or DEX-treated
animals showed nearly no lesions at all. The mCT data enabled us
to confirm the presence of metastases in the lungs, which is not
possible using optical imaging as no anatomical detail is given.
The luminescent signal of the lung metastases does confirm that
the lesions observed are in fact metastatic nodules that originate
from the primary subcutaneous tumor and are not new tumors
that may have developed in the lungs themselves due to the
administration of the AlO NPs, as some NPs were found to end
up in the lungs (Fig. S7). Other reports on the biodistribution of
short and high aspect ratio AlO NPs had demonstrated that upon
intravenous administration, the NPs primarily accumulated in the
liver and spleen [5]. While increasing the aspect ratio of NP may
increase their accumulation in the lung [52], no sign of inflamma-
tion around the lung regions was detected. As the second and third
bolus of AlO NPs was also administered intratumorally, only min-
imal amounts are expected to be washed away in the bloodstream
and potentially reach the lungs, as most NPs will remain in the
tumor region, explaining the highest levels of inflammation there.
As the main goal of this study was to investigate the effect of the
NMs on tumor growth and the development of metastases, this
administration method was selected, first to boost the immune
system in general, followed by local administration to evaluate
the effect on the tumor itself. This procedure was mainly used to
be comparable to future tactics, where targeted nanoformulations
would have to be given repeatedly (as common for small mole-
cules) during the therapeutic procedure, triggering potential
immune responses at the level of the tumor. However, current
nanoformulations generally lack the selectivity and tumor target-
ing efficacy that would enable repeated intravenous administra-
tions to reach the tumor site in an efficient manner.

As the growth of the tumor did not appear to be significantly
affected despite the high levels of inflammation present, this sug-
gests the induction of non-specific inflammation by the NPs, which
is in line with their activation of innate immune cells such as
macrophages, as has been frequently reported in literature
[53,54]. However, a proper anti-tumor immune activation that
would provide therapeutic benefit, requires the activation of addi-
tional immune cells, such as cytotoxic T cells [55]. In previous
work, we have shown that immune activation by silver NPs linked
with significant levels of tumor cell death by the same NPs resulted
the onset of anti-tumor immunity [56]. The data here suggest that
in the absence of any tumor cell death by the NPs, the immune
activation is non-specific and does not significantly contribute to
any therapeutic outcome. Therefore, the use of NPs and any asso-
ciated inflammation should be coupled with a potent anti-
tumoral affect, as otherwise, the increased inflammation might
increase tumor malignancy through enhanced TGFb signaling.
5. Conclusions

In summary, we demonstrate that high aspect ratio AlO NWs
induce higher levels of inflammation than low aspect ratio AlO
NSs. The immune-modulating effects of the NPs is shown to have
profound effects on cancer cells, where in vitro data reveal a clear
increase in cancer cell EMT. These data are confirmed in preclinical
rodent models, where the degree of tumor-associated inflamma-
tion is shown to be elevated, resulting in higher levels of distal
metastasis. The data obtained urge for a careful characterization
of the biological effect of NPs in the complex multicellular environ-
ment and in particular in both normal and disease states, where
the NPs can influence any parameter affected by the physiological
changes. The results obtained in the present study will be of signif-
icant interest to those interested in further developing NPs for anti-
cancer purposes.
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