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Abstract

The exact mechanism of angiogenesis by europium hydroxide nanorods was unclear. In this study
we have showed that formation of reactive oxygen species (H,O, and O,*") are involved in redox
signaling pathways during angiogenesis, important for cardiovascular and ischemic diseases. Here
we used single-walled carbon nanotube (SWNT) sensor array to measure the single-molecule
efflux of H,O, and a HPLC method for the determination of O,°~ from endothelial cells in
response to pro-angiogenic factors. Additionally, ROS-mediated angiogenesis using inorganic
nanorods was observed in transgenic (flila:EGFP) zebrafish embryos.
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Angiogenesis is the process of formation of new capillaries from pre-existing blood

vessels, L. It is a complex process, involving both pro- and anti-angiogenic factors, and plays
an important role in physiological and pathophysiological processes such as embryonic
development, proliferative diabetic retinopathy, atherosclerosis, post-ischemic
vascularization of the myocardium, tumor growth and metastasis, and rheumatoid arthritis,
etc.122. However, angiogenesis has also been used to enhance blood flow through collateral
blood vessels in patients with cardiovascular diseases (CVD), including ischemic heart
disease (IHD), ischemic limb disease (IHD), peripheral vascular diseases, and other diseases
using pro-angiogenic cytokines. Cardiovascular ischemia is the leading cause of morbidity
and mortality in the Western as well as developing countries3. One therapeutic strategy for
the treatment of CVD is the application of pro-angiogenic factors or cytokines, such as
vascular endothelial growth factor A (VEGF-A) and basic fibroblast growth factor

(bFGF) 12 22 o enhance blood flow in ischemic tissues via formation of collateral blood
vessels 28 4, However, this technique is associated with pathological angiogenesis,
thrombosis, fibrosis, and/or the proliferation of tumor cells#a. The latter observation
warrants further development of novel pro-angiogenic, as well as anti-angiogenic molecules,
for treatment of ischemic diseases. For this aspect, nanotechnology may provide an
alternative©:5. Such an approach necessitates identifying novel compounds that specifically
promote angiogenesis in ischemic tissues without affecting the process of angiogenesis in
other tissues.

Recently, we have demonstrated that europium hydroxide [Eu!'l(OH)3] nanorods (inorganic
nanorods) exhibit significant pro-angiogenic activities (like cytokines, such as VEGF and
bFGF) and are non-toxic to in vitro and in vivo models®. Considering the huge implications
of angiogenesis in CVD, it is an important area of research to develop more efficient and
effective alternative treatment strategies for cardiovascular diseases (CVD) using inorganic
nanorods. Hence, it is essential to understand in greater depth the molecular mechanisms and
regulatory signaling pathways that explain inorganic nanorod-mediated angiogenesis. In this
report, we show that the generation of reactive oxygen species (ROS) [superoxide anion
(02°7) (rapidly transformed into H,05), and hydrogen peroxide (H,05,)], especially H,O5 in
the presence of Eu'!!(OH)3 nanorods regulates angiogenesis in both in vitro and in vivo
models. These two ROS are the most biologically important ROS that stimulate cell
migration and proliferation, tube formation, and other processes that are key steps in
angiogenesis 8. Accordingly, we have detected the formation of O,"~ by a standard HPLC
method and utilized a near infrared fluorescent single-walled carbon nanotube (SWNT)
sensor array to measure the single-molecule efflux of H,O, from human umbilical vein
endothelial cells (HUVEC) in response to pro-angiogenic factor [Eul'l(OH)s]. Finally, we
have demonstrated ROS-mediated angiogenesis (in the formation of subintestinal vessels)
using inorganic nanorods in transgenic (flila:EGFP) zebrafish embryos. This study may
provide the basis for the future development of new alternative therapeutic treatment
strategies for diseases in which angiogenesis plays a significant role such as CVD, ischemic
heart, limb diseases, and cancers.

Europium hydroxide [Eu'"'(OH)3] nanorods were synthesized according to our earlier
publication but with a modification where the molar ratio of NH4OH and europium (OH/Eu)
was 4 %2,
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Eu(NO3)s+aq - NHyOH+MW — Heating — Eu(OH);[ Nanorods]+NHj T

The characterization of nanorods was carried out using several physico-chemical techniques.
The crystal structure of the as-synthesized product, obtained after 60 min of MW heating,
was identified using XRD analysis, which indicated the crystalline nature of the product
(Figure 1a). The morphologies of the as-synthesized nanomaterials were characterized with
low-resolution transmission electron microscopy (LRTEM) that clearly showed that
Eu(OH)3 (Figure 1b) consists entirely of nanorods with a diameter of 35-50 nm and a length
of 200-300 nm. For comparison purposes, we purchased europium oxide Eu,O3
nanopowder with ~200-nm particle size from Sigma-Aldrich (USA), and its TEM image is
presented in supplementary information (SI-Figurel).

After physico-chemical characterization of the nanorods, they were tested for in vitro
functional activity in HUVEC. Cell proliferation is one of the key steps in angiogenesis; and
hence, the study of pro-angiogenic properties of Eu'!!(OH)3 nanorods was carried out in
HUVEC using the radioactive [3H]-thymidine incorporation assay >3(Figure 1c). When
compared with an untreated control HUVEC, these nanorods promoted a dose-dependent
increase in endothelial cell proliferation in the concentration range of 1-10 ug/ml (Figure
1c). Maximum endothelial cell proliferation (~3.2 fold) was observed at nanorod
concentrations of 5 ug/ml, and there is almost no change of stimulation at 10 pg/ml. VEGF
stimulation was used as a positive control. These results demonstrate the capacity of
Eu'"(OH)3 nanorods to induce EC proliferation at low concentrations (5-10 pg/ml).
Previously, we had demonstrated the pro-angiogenic properties of Eul'l(OH)3 nanorods in
several in vitro and in vivo assays (CAM: chick chorioallantoic membrane assays) °2 where
we used a higher concentration (20-100 pug/mL) of nanorods. However, in this modified
method (reducing the NH4OH/Eu3* molar ratio from 40 to 4; pH 5.5), the as-synthesized
nanorods show better EC proliferative activity at low concentrations.

In order to compare the EC proliferative activities of our microwave-assisted as-synthesized
Eu'''(OH)3 nanorods with commercially available Eu,O3 nanopowders, we also carried out
a dose-dependent cell proliferation assay with these Eu,O3 nanopowders. HUVEC. We
detected almost no significant pro-angiogenic activity with Eu,O3 nanopowders compared
to Eu'''(OH)3 nanorods (Figure 1d). These results indicate that our synthesized Eu!'!(OH)3
nanorods are capable of inducing better EC proliferation than commercially available Eu,O3
nanopowders.

The fate of these nanorods in HUVEC was investigated after 24 h incubation using TEM,
and internalization of nanorods inside the cytoplasmic compartments of the cells was
observed (SI-Figure 2a—d). However, after internalization, the nanorods appeared like an
amorphous material, which might be due to the low pH (~3.5) inside endoplasmic reticulum
(ER), the organelle to which the nanorods are internalized. The mechanism of interaction of
Eu'"'(OH)3 materials with HUVEC and their internalization inside the cytoplasmic
compartment requires further investigation.

Our previous results demonstrated that the formation of reactive oxygen species (ROS), is a
plausible mechanism by which inorganic nanorods induce angiogenesis °2. However it was
not clear that which ROS are involved in angiogenesis by inorganic nanorods. In order to
determine the role of ROS in endothelial cell proliferation, we have carried out a nanorod/
VEGF (VF)-induced cell proliferation assay in the presence and absence of the antioxidant,
N-acetyl-L-cysteine (NAC), which acts as an ROS scavenger (SI-Figure 3a—b). Before the
use of NAC in HUVEC, we tested the cytotoxic effects of NAC on HUVEC at different
concentrations (1-5 M). The data shows that beyond 2-M concentrations, NAC is toxic to
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HUVEC (SI-Figure 3a). We observed the inhibition of nanorod-stimulated HUVEC cell
proliferation at both concentrations (5 ng/mL and 10 pg/mL) and inhibition of VEGF-
stimulated cell proliferation in the presence 1 M NAC (SI-Figure 3b); however, we did not
find complete inhibition of HUVEC cell proliferation. These results indicate the nanorods
and VEGF induce EC proliferation in part via ROS formation.

It is well established that reactive oxygen species (ROS) play an important role in
angiogenesis® by stimulating the key steps of cell proliferation, migration, and tube
formation 62 €d_ |n endothelial cells, especially, hydrogen peroxide (H,0,) is the most
biologically important ROS that is involved in redox signaling events during
angiogenesis®(Figure 2.a). Earlier work found that in ECs, NADPH oxidase and xanthine
oxidase are the major sources of intracellular ROS 62 6d. 7_The generation of ROS derived
from NADPH oxidase or xanthine oxidase, their interconversions from H,O5 to water (in
the presence of catalase) and O5°~ to HoO5 (in the presence of SOD [superoxide
dismutase]), and their role as a pro-angiogenic (e.g., O,"~ and H,0,) agent is shown
schematically in Figure 2a. We therefore hypothesize that Eu'''(OH)5 nanorods play an
important role in the generation of ROS, especially hydrogen peroxide (H»05), which may
be responsible for nanorod-mediated EC proliferation as well as in the in vivo zebrafish
angiogenesis model system.

According to Figure 2a, the principle of dismutation of superoxide (O,"") to hydrogen
peroxide (H,0,) by superoxide dismutase (SOD) and the decomposition of H,O, to water
by catalase can be applied to hanorod-mediated HUVEC cell proliferation. It is known that
the cell-permeable SOD mimetic, Mn(l1) tetrakis(4-benzoic acid) porphyrin chloride
(MnTBAP), catalyzes the dismutation of O,"~ to HyO, (k ~ 10° M1 s™1)8 (Figure 2a).
Therefore, it is essential to study the mechanism of nanorod-induced HUVEC proliferation
in the presence and absence of MNnTBAP (M) and catalase (C) to determine the role of ROS,
such as O,°~ and H,0», in cell proliferation (Figure 2b). This figure demonstrates that
Eu'"(OH)3 nanorods (Eu) alone promote 3.2-fold endothelial cell proliferation compared to
untreated control cells. These results suggest that nanorods generate H,O,, which is
responsible for HUVEC proliferation. There is no effect of catalase alone or MNTBAP alone
on endothelial cell proliferation. However, when endothelial cells were incubated with
Eu'"(OH)3 nanorods (Eu) in the presence of MnTBAP (M), a surprising ~7-fold stimulation
of HUVEC cell proliferation was observed. On the other hand, the experiment in the
presence of catalase (C) shows an lesser of an increase in cell proliferation (~2-fold
stimulation) but higher than that of untreated control cells (Figure 2b). It might be assumed
that there is no role for O,°~ in HUVEC cell proliferation in the presence of nanorods, as
there is no inhibition of proliferation by MnTBAP. But formation of O,"~ by nanorods along
with H,O5 has a huge impact in the presence of M. There are two possibilities to explain the
results obtained with M, namely (i) in the presence of Eu'!!(OH)3 nanorods (Eu), M
generates a modified superoxide different from that which inhibits HUVEC cell
proliferation, and treatment of catalase destroys this modified superoxide as well—that is, it
has nothing to do with decomposition of hydrogen peroxide. This is an unlikely possibility,
but one that cannot be excluded in the present experimental design; (ii) M (MnTBAP)
catalyzes the dismutation of O,*~ to H,0,, which is highly responsible for angiogenesis®.
Therefore, we hypothesize that initially, Eu'"'(OH)3 nanorods produce both H,05 and O,
where O,°~ can be converted into H,O5 in the presence MnTBAP. The cumulative
production of H,O, (from nanorods alone and combined nanorods and MNnTBAP) in the
presence of M significantly increases HUVEC proliferation (~7-fold stimulation, Figure 2b).
These results provide evidence that ROS has a significant role in nanorod-mediated EC
proliferation. However, factors other than formation of H,O, and O,"™ are still unknown and
need further investigation.
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In order to confirm our in vitro data in an in vivo system, we investigated the effects of M
and nanorods in the (flila:EGFP) zebrafish embryos because of the optical transparency of
the embryonic zebrafish and the availability of vascular-specific transgenic lines expressing
green fluorescent protein (GFP). We injected Tris-EDTA solution as a vehicle (5 nl) (n=90),
or MnTBAP (4.5 ng) (n=96), or Eu'"'(OH)3 nanorod (50 ng) (n=90), or combined
Eu'"(OH)3 nanorods(50 ng) and MnTBAP (4.5 ng) (n=85) (Figure 3a—d) at 48 hours post
fertilization (hpf) in the perivitelline space [between the yolk and the periderm (duct of
Cuvier area) and close to the developing subintestinal vessels] of Tg(flila:EGFP) embryos.
The greatest numbers of embryos (65%) with ectopic blood vessels sprouting from SIV were
observed in the embryos injected with the combination of nanorod and MnTBAP (Figure
3d). The nanorods alone showed ectopic sprouting in 37% of injected embryos (Figure 3c).
MnTBAP-injected embryos showed ectopic SIV sprouting in 11% of the injected embryos
(Figure 3b), which is close to the percentage for embryos injected with vector (TE) alone
(9%, Figure 3a). The white stars indicate sprouts from the SIVs (Figure 3a—d). Figure 3e
shows the number of embryos with ectopic sprouting from SIV resulting from each
treatment. In summary, nanorods can potentiate angiogenic sprouting of SIV in zebrafish,
and the pro-angiogenic effects of nanorods on zebrafish SIV are enhanced in the presence of
MnTBAP. These results clearly support our in vitro data.

The exact composition of ROS formed by inorganic nanorods and their regulatory role in
angiogenesis are not known. The formation of O,"~ in HUVEC has been measured by a
standard HPLC method in which hydroethidium (HE) was used as a selective indicator of
superoxide anion, whereas hydroxyl radical, singlet O,, H,O,, or nitrogen radicals were not
detected °. The analysis of the cell lysate of HUVEC treated with VEGF (VF) as a positive
control and different concentrations of nanorods using HPLC method shows a dose-
dependent increase of superoxide anion with increasing concentrations of Eu'''(OH);
nanorods (Figure 4). The mechanism of formation of the superoxide anion under these
conditions is not fully understood. However, the present HPLC results clearly demonstrate
the formation of superoxide anion in HUVEC in the presence of Eu'!'(OH)3 nanorods
(Figure 4).

On the other hand, we investigated H,O, efflux generated from HUVEC in the presence of
stimulation by VEGF or inorganic Eu(OH)3 nanorods on a single-walled carbon nanotube
(SWNT)/collagen sensor that is able to selectively detect H,O,, as demonstrated
previously1®. Thus, we applied this novel nanosensor platform19-11 to the detection of H,0,
efflux from HUVEC induced by angiogenic redox signaling in the presence of VEGF or
Eu(OH)3 nanorod stimulation, as shown in SI-Figure 4a—b. As shown in Figure 5a—f (cell
image), the morphology of the cells stimulated with nanorods is the same as in the
unstimulated cells, indicating that nanorods are not cytotoxic, as we reported before®a, Then
one hundred individual SWNT sensors were selected, based upon their intensity ranking
from highest to lowest, in order to calculate the number of stochastic transitions caused by
H,0, using the previously described algorithm (Figure 5a—d). The location of each SWNT
sensor underneath the cell was clearly verified by the nIR fluorescence image, which allows
us to obtain the spatial information for H,O, generation from HUVEC12,

As shown in Figure 5a—d (spatial image), each SWNT sensor shows different numbers of
transitions from 1-10, which indicates that the amount of H,O, generated from the cell
stimulated by VEGF or nanorods varies at different locations. This spatial detection of H,0,
at the single-cell level using the SWNT sensor is unique and might be useful in
understanding the exact role of spatial orientation in the physiology and pathophysiology of
angiogenesis. As shown in Figure 5e, the representative nIR fluorescence traces show a clear
stochastic quenching response before and after stimulation, indicating the production of
H,0, from HUVEC. As shown in the control trace (Figure 5e, Control), fluorescence

Nano Lett. Author manuscript; available in PMC 2012 November 9.
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quenching was also observed even in unstimulated cells, which can be considered as a
background signal of H,O, before stimulation. This background quenching can be attributed
to H,O, production as a redox-signaling molecule in other physiological responses and also
as a part of cell respiration. In this case, nitrogen oxides (NOx) have been implicated in the
basal production of H,0, in the HUVEC membrane. Next we quantitatively compared the
number of stochastic transitions for each stimulating condition to the background
transduction. As shown in Figure 5f, the number of transitions per sensor for unstimulated
cells is 0.7. After stimulation with VEGF, however, the number of transitions per sensor
increased to 1.3, which is an almost two-fold increase compared to the control. This result
clearly suggests that H,O» is generated much more for HUVEC stimulated by VEGF and
diffuses out from the cell membrane, which allows the SWNT sensor to effectively detect it.
However, the increase in the number of transitions is not observed in the case of cells
stimulated by Eu(OH)3 nanorods or even co-stimulated by both nanorods and MnTBAP
(Figure 5f). This result suggests that the H,O, production mechanisms for VEGF and
nanorod stimulation might be different. This hypothesis is supported by the intracellular
detection of H,0, using an organic dye probe, as demonstrated previously®2. The
intracellular production of H,O5 increases for both VEGF and nanorod stimulation.
Therefore, we conclude that the production of H,O5 in angiogenic signaling in HUVEC
increases after stimulation with both VEGF and Eu(OH)3 nanorods, but it is generated near
the cell membrane for VEGF and in the cytoplasm for nanorod stimulation.

The major objective of this research was to investigate the molecular mechanism of
inorganic nanorod-mediated angiogenesis in endothelial cells (HUVEC). We have observed
that Eu'''(OH)3 nanorods generate ROS, mainly H,0,, that regulate signal transduction
pathways during angiogenesis. While Eu'''(OH)3 nanorods are not growth factors like
vascular endothelial growth factor (VEGF) or basic fibroblast growth factor (b-FGF), they
behave as pro-angiogenic agents. This study in HUVEC was carried out in nearly serum-free
medium (0.1% FBS) and without antibiotics. We therefore hypothesized that Eu'''(OH)3
nanorods are the source responsible for formation of ROS, especially O,*~ and H,0,, which
regulate angiogenesis. The HPLC and SWCNT results clearly indicate the generation of
both O,*~ and H,0, in HUVEC in the presence of Eu'''(OH); nanorods. However, the exact
mechanism for the formation of ROS from Eu'!'(OH)5 nanorods is yet unknown and needs
further investigation.

Our observations and earlier work suggests that in endothelial cells, NADPH oxidase and
xanthine oxidase are the major sources of intracellular ROS62 6d. 7 ROS, such as superoxide
anion (O,°7) and hydrogen peroxide (H»0O5), are produced primarily in cells as a by-product
of normal cellular metabolism during the conversion of molecular oxygen (O,) to water
(H,0) as follows 13

0,+e~ — 0,° (superoxide ion)

0, " +e” — 022*+2H+=H203 (hydrogen peroxide)

These ROS (0O,°, and H»05) are continuously formed in biological systems. However, this
known chemistry does not provide any clear idea about the formation of ROS by inorganic
nanorods [Eu(OH)3]. The earlier literature demonstrated the formation of ROS from metal
ions as follows:

Nano Lett. Author manuscript; available in PMC 2012 November 9.
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Fe**+H,0, — OH e +OH ™ +Fe>* (Fenton chemistry)

14
Fe**+OH o +OH™ — Fe?*+H,0,
15
Cu*+H,0, — Cu”*+OH e +OH
15
20, "+2H" — 0,+H»0,
15

According to the above Fenton chemistry, we assume the following Fenton reaction where
Eu'"(OH)3 nanorods can generate O,"~ and H,0»:

FEu**+OH e +OH~ — Eu**+H,0, (Fenton chemistry)

16

Os+¢e~ (from Eu®™) = 0,° (superoxide ion)

It is reported that the trivalent europium ion (Eu3*) can be easily reduced to divalent
europium ion (Eu2+) in certain conditions'6-17. The mechanism by which Eu'''(OH);3
nanorods can generate O,*~ and H,0O, in biological systems needs rigorous investigation.
However, the formation of ROS and detection of H,O, and O,*~ in HUVECs in the
presence of nanorods was confirmed by single-walled carbon nanotube (SWNT) sensor and
a HPLC method, respectively. According to earlier reports, the generation of ROS could be
explained in two ways. Firstly, the metal ions (for example, Fe3*/Fe2*, Cu*/Cu*! etc.) can
generate ROS in cellular metabolism using Fenton chemistry4-15. According to literature,
inter-conversations of Eu(I11) to Eu(l1) or vice versa may occur at certain conditions1®.
Therefore, we speculated that the formation of ROS by Eu!''(OH)3 nanorods in HUVECS
may follow the Fenton chemistry (already discussed above). Secondly, the production of
0,7, and H,0, levels are tightly controlled by several enzymes including catalase,
glutathione peroxidase, thioredoxin, and peroxiredoxins!8, Therefore, we can speculate that
the inorganic nanorods could play an important role as an oxidant to directly inactivate PTP
or phosphatase and tensin homolog (PTEN) in cytoplasm via oxidation of cysteine, which
leads to mitochondrial H,0, production®®. Apart from Eu'!'/(OH)3 nanorods, other
nanoparticles/nanorods can produce more or less ROS in biological system that need further
study.

Nano Lett. Author manuscript; available in PMC 2012 November 9.
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Considering the enormous application of angiogenesis by inorganic nanoparticles in
biomedical nanotechnology, our long-term goal is to investigate in depth the regulatory
pathways and role of Eulll(OH)3 nanorods along with group 1V or 111-V semiconductors or
metals for angiogenesis study in future. In biological system, the group IV or 111-V
semiconductors or metals are responsible for the generation of less or more ROS that may or
may not regulate signal transduction pathways during angiogenesis. In other way, the
generation of ROS by group IV or 111-V semiconductors or metals may be or may not be
toxic to the cells. However, all these issues need further investigation. Again, this is a
completely new area of research in the field of angiogenesis using inorganic nanorods. So
far, we have not found a single report except carbon nanotubes*c and Eulll(OH)3 nanorods
that indicates the angiogenesis study in vitro and in vivo model. The angiogenesis studies
with nanoparticles of different morphologies are currently under investigation in our
laboratory, which are beyond the scope of our present study.

Additionally, lanthanide-based inorganic nanoparticles, especially europium hydroxide
nanorods, have attracted a great deal of attention in biology and medicine due to its
fluorescence properties® apart from pro-angiogenic properties. Hence, drugs or
biomolecules attached to these nanorods can then be easily detected after internalization and
benefit for future imaging, diagnostic and therapeutics purposes. In addition to fluorescence
and pro-angiogenic properties of europium hydroxide nanorods®2, in vivo bio-toxicity and
bio-availabilities of Eu'''(OH)3 nanorods in mice models®® have been studied in a systematic
way, that shows no biochemical and hematological toxicities. The present article also shows
no toxicity in the zebra fish model after administration of Eu'!/(OH)3 nanorods. The non-
toxic behavior of Eu!''(OH)3 nanorods in mice and zebra fish model indicates that materials
containing rare earths especially europium can be used in humans in future.

In summary, we have synthesized Eu'''(OH)3 nanorods with an OH/Eu molar ratio of 4 that
show excellent pro-angiogenic activity in in vitro and in vivo models at low concentrations.
We have shown that the pro-angiogenic activity of Eu'''(OH)3 nanorods in HUVEC is due to
the formation of ROS, especially H,O5, the most biologically important ROS, which
stimulate cell migration and proliferation, tube formation, and other processes. Eu'l'/(OH)3
nanorods generate both O,*~ and H,0, in HUVEC. We have utilized a standard HPLC
method for the determination of O,"". On the other hand, we have used a near-infrared
fluorescent, single-walled carbon nanotube (SWNT) sensor array to measure the single-
molecule efflux of H,O, from human umbilical vein endothelial cells (HUVEC) in response
to pro-angiogenic factors. This result suggests that the mechanisms of H,O, production by
VEGF or by nanorod stimulation are different. We have demonstrated that the production of
H,0,, for the angiogenic signaling in HUVEC increases after stimulation with both VEGF
and Eu(OH)3 nanorods, but it is generated near the cell membrane for VEGF and in the
cytoplasm for nanorods. We have observed that nanorods alone can potentiate angiogenic
sprouting of SIV in zebrafish but that the pro-angiogenic effects of nanorods on zebrafish
SIV is enhanced in the presence of MNTBAP. This new study may provide the basis for the
future development of new alternative therapeutic treatment strategies for diseases in which
angiogenesis plays a significant role such as CVD, ischemic heart, limb diseases, and
cancers.
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Figure 1. (a—c). Physical characterizations of Eu'l I(OH)3 nanorods and the HUVEC cell
proliferation assay
(a) XRD phase analysis of as-synthesized Eu'!'(OH)3 nanorods, indicating that the product

is purely crystalline. All reflections were distinctly indexed to a pure hexagonal phase of
Eu'"(OH)3 material. (b) TEM image of microwave-assisted as-synthesized Eu'!'(OH)3
nanorods obtained after 60 min of microwave heating, which clearly shows that the as-
synthesized material consists entirely of nanorods with a diameter of 35-50 nm and a length
of 200-300 nm. (c) HUVEC cell proliferation assay using radioactive [3H]-thymidine. The
effect of europium hydroxide [Eu'''(OH)3] nanorods at different concentrations (Eu-1, Eu-5,
and Eu-10 indicates 1, 5, and 10 ug/ml, respectively) in an endothelial cell proliferation
assay is shown. VEGF (VF) was used as a positive control. (d) dose dependent effect of
Eu,03 nanopowder obtained from Aldrich to HUVEC using cell proliferation assay[Ald-
Eu-1, Al-Edu-5, Ald-Eu-10 indicates 1, 5 and 10 pg/ml].

Nano Lett. Author manuscript; available in PMC 2012 November 9.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Page 12

| Catalase H,0+0, \

Redox Sensitive
H202 T Signaling

EC migration
EC proliferation

1
Angiogenesis g

b | 3

Fold of Stimulation

Control M C Eu C+Eu M+Eu M+C+Eu

Figure 2.

(a) Redox signaling in angiogenesis by Eu(OH)3 nanorods in endothelial cells (EC).
Generation of ROS, especially H,O, by Eu(OH)3 nanorods, in the cytosolic part of the EC
function as signaling molecules. (b) HUVEC cell proliferation assay. The effect of
europium hydroxide [Eu'"'(OH)3] nanorod-induced HUVEC cell proliferation in the
presence and absence of MNnTBAP (SOD mimetic) and catalase was observed using
radioactive thymidine-H3, with the results represented as fold stimulation. MnTBAP (10
uM) was incubated with cells in the presence or absence of nanorods and catalase in serum-
starved EBM medium. Initially, MNnTBAP (10 uM) was incubated with the cells for 15
minutes; then, catalase was added and the cells incubated for another 5 minutes; finally,
Eu'"(OH)3 nanorods (10 pg/mL) were added and the cells incubated for another 24 hours.
After 24 hours, 1 uCi [3H]-thymidine was added into each well. Four hours later, the cells
were washed with cold PBS, fixed with 100% cold methanol, and collected for the
measurement of trichloroacetic acid—precipitable radioactivity. Experiments were performed
in triplicate. C, catalase (1200 units/mL), M, MnTBAP (10 uM), Eu, Eu'"'(OH)3 (10 g/
mL). The data are statistically significant with p < 0.05. The mean £ SD of three separate
experiments, each performed in triplicate, was calculated.
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Figure 3. (a—d). In vivo angiogenesis study in a transgenic FLI-

ONormal SIV

BSIV with ectopic sprouts

1:EGFP zebrafish model

Nanorods in combination with MnTBAP induce ectopic sprouting from the subintestinal
vein (SIV): Lateral view of embryos at 72 hpf. The vehicle control was Tris-EDTA (TE), to
which was added 4.5 ng of MnTBAP and/or 50 ng of nanorods. (3e) The number of
embryos showing normal SIVs and ectopic sprouting from SIVs is summarized.
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Figure 4. Measurement of intracellular superoxide anion in HUVEC by an HPLC method using
dihydroethidium

HPLC identification of oxyethidium (nmol/mg) indicates the formation of O~ in HUVEC.
HPLC samples were prepared and analyzed as described in Materials and Methods. The
figure shows the intracellular O,"~ levels in HUVECSs in the presence of different nanorod
concentrations or stimulated by VEGF as a positive control.
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Figure 5. Single-molecule detection of H,O» efflux from HUVEC with the SWNT/collagen sensor
a) Single-cell image, the location of 100 selected SWNT sensors, and a spatial image based
on the number of stochastic transitions caused by H,O, efflux for unstimulated (control)
cells; b) for VEGF-A; c) for Eu(OH)3 nanorods; and d) for Eu(OH)3/MnTBAP. e)
Representative traces of selected SWNT sensors underneath the unstimulated (control) cells,
as well as VEGF-A-, Eu(OH)3- and Eu(OH)3/ MnTBAP-treated cells, showing the
stochastic quenching response. f) The number of transitions per SWNT sensor measured for

20 min after stimulation.
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