Supplementary material

Fabrication of Ni NWs
A 99.99% pure aluminum foil (GoodFellow) of 2.5 cm in diameter and 0.5 mm in
thickness was cleaned with deionized (DI) water and sonication in acetone, followed by
electropolishing to even its surface. Then, a two-step anodization process with 0.3 M
oxalic acid was carried out to produce pores with a diameter in the range of 30 - 40 nm.
In the first anodization step, a voltage of 40 V was applied for 24 hours to a sealed cell
containing the Al film submersed in oxalic acid while maintaining an average
temperature of 4 ⁰ C and under constant stirring. The cell was washed with DI water and
then filled with aqueous solution of 0.4 M H3PO4 and 0.2 M CrO3 (chrome solution) at 30
⁰ C to remove the alumina layer. The second anodization time was varied between 1 to
4 hours to obtain parallel pores of different depths. Then, an exponentially decreasing
voltage starting at 40 V was applied to the anodization cell to create conducting paths
through the alumina pores. Finally, Ni was grown into the nanoporous template by
pulsed electrodeposition using an electrolyte composed of 300 g/L NiSO4·6H2O, 46 g/L
NiCl2·6H2O and 40 g/L H3BO3 at 40 ⁰ C.

MTT Assay
24 hours after seeding in 96-well plates, HCT 116 cells were treated with NWs or Ni
sulfate, then left in a 37 ⁰C humidified incubator for the desired time, after which the
medium was removed from all wells and replaced with 10% MTT solution —5 mg/mL in

phosphate buffered saline (PBS)— in McCoy’s medium. After 2 hours of incubation, the
medium was aspirated, and 90% dimethyl sulfoxide (DMSO) – 10% sodium dodecyl
sulfate lysis buffer was added to dissolve the MTT reduction products. The optical
density (OD) of the reduced products was evaluated in a microplate reader (XMarkTM,
Bio-Rad) using a wavelength of 570 nm, while subtracting the absorbance readings of a
reference wavelength of 630 nm to eliminate the background signal. The cell viability
was calculated as the percentage of OD of treated cells to that of untreated, negative
control cells, as shown in Equation (1):
𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =

𝑂𝐷570−630 [𝑇𝑟𝑒𝑎𝑡𝑒𝑑]
𝑂𝐷570−630 [𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙]

(1)

Cytotox-ONETM homogenous membrane integrity assay
HCT 116 cells were seeded in 96-well plates in medium supplemented with 5% FBS
and allowed 24 hours to stabilize. A background control was set up where only cell
medium was added, while a positive control in which untreated cells were fully lysed
was seeded to obtain a maximum lactate dehydrogenase (LDH) release. After
incubation with the NWs, 96-well plates were equilibrated to room temperature for 30
minutes. Then, Lysis Solution was added to the positive control wells. Shortly after,
Cytotox-ONETM reagent was added to all wells to initiate the reaction that would lead to
the production of the fluorescent product proportional to the amount of LDH in the
medium. After 10 minutes at room temperature, Stop Solution (Promega) was added to
each well to stop fluorescence generation. Fluorescence was recorded with the GloMax
– Multi Detection System (Promega), using an excitation wavelength of 525 nm and an
emission wavelength range of 580 – 640 nm. The degree of LDH leakage was

calculated as the percentage of the average fluorescence values of the experimental
conditions tested to that of the positive control used, subtracting the average
fluorescence value of the background control wells from both conditions, as shown in
Equation (2):
𝐿𝐷𝐻 𝑙𝑒𝑎𝑘𝑎𝑔𝑒 =

(𝑇𝑟𝑒𝑎𝑡𝑒𝑑 − 𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑)
(𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑)

(2)

Transepithelial electrical resistance
HCT 116 cells were seeded in HTS Transwell®-96 Well Permeable Supports (3385,
Corning) and incubated for 24 hours for stabilization. An additional cell medium-only
condition was used as a blank reference. Ni NWs were then added and the cells
incubated for 24, 48 and 72 hours. After each time point, the TEER values were
obtained by:
𝑇𝐸𝐸𝑅 𝑣𝑎𝑙𝑢𝑒 = 𝑇𝐸𝐸𝑅 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡 (𝑜ℎ𝑚) ∗ 𝑐𝑒𝑙𝑙 𝑔𝑟𝑜𝑤𝑡ℎ 𝑎𝑟𝑒𝑎 (𝑐𝑚2 )

(3)

Annexin V/propidium iodide assay for apoptosis/necrosis assessment
Following cell growth for 24 hours on 96-well plates and the incubation time with NWs,
the cell medium was removed and the cells were washed with PBS. The removed cell
medium and PBS solutions were kept for each condition to ensure the collection of any
detached dead cells. Accutase (StemPro®) was then added to each well to detach the
cells, which were then collected and centrifuged at 4 ⁰C. The supernatant was
discarded and the cells were resuspended in cold PBS, followed by an additional
centrifugation step. Cells were then resuspended in 1X annexin-binding buffer and
incubated at room temperature with Alexa Fluor® 488 Annexin V and PI working

solution for 15 minutes and covered from light. Finally, after centrifugation, supernatant
was discarded and cells were resuspended in fresh 1X-annexin-binding buffer and kept
in ice and covered from light before analysis by flow cytometer. For each condition
tested, 105 cells were counted and the cell population of interest was gated from the
forward scattered-back scattered dot plot. Untreated negative control cells allowed the
determination of the autoflorescence of the cells. Additionally, positive control cells for
Alexa Fluor® 488 Annexin V and PI were used to establish spectral overlap
compensation before analyzing all samples.

NWs coating and labeling for internalization studies
For coating with (3-Aminopropyl) triethoxysilane (APTES), Ni NWs were suspended in
5 mL of ethanol and then briefly sonicated. 100 µL of APTES were then added and the
suspension was placed on the sonication bath for 1 hour at 40 ⁰C. After this, 10 µL of 1
M NaOH and 200 µL of DI water were added to promote the base catalysis reaction,
followed by another hour of sonication. The NWs were collected with a magnet and
washed thoroughly with ethanol.
For labeling with pHrodo™ Red, APTES-coated NWs were dried at room temperature
for 10 minutes to allow ethanol to evaporate. They were then suspended in 490 µL
NaHCO3 buffer (pH 8.4) and 10 µL of 10 mM pHrodo™ Red (previously reconstituted in
DMSO). The sample was covered from light and put on a thermocycler at 900 RPM for
12 hours at room temperature. The NWs were then thoroughly washed with NaHCO3
buffer and then with ethanol to eliminate any possible background signal when imaging.

Microscopy studies of internalization of Ni NWs
For the 24-hours time-lapse study, HCT 116 cells were seeded in Nunclon® cell
culture dishes (D7804, Sigma-Aldrich) and allowed to grow for 48 hours. APTEScoated, pHrodo™ Red-labeled Ni NWs were then added to the cells. Prior to the study,
cells were washed with PBS, stained with 10 µM Hoechst 33342 (H3570, Molecular
Probes™) for 15 minutes and then subsequently washed with PBS. Gibco®
FluoroBrite™ DMEM (Life Technologies), supplemented with 10% FBS and Glutamax-I
(100x) (Fisher Scientific), was used as the imaging medium for the duration of the study.
The Z-stack analysis followed the same culture conditions. The emission of the
pHrodo™ Red dye was detected with the TRITC filter set with a confocal gain of 700 V
of the photomultiplier tube. The water-immersion W Plan-Apochromat 63x/1.0 Ph3 M27
objective was used. The laser excitations for pHrodo™ Red and Hoechst 33342 were
561 and 405 nm, respectively.
For TEM internalization studies, cells were seeded in 6-well plates and allowed to
stabilize for 24 hours. After the treatment time with NWs, cells were fixed in a 2.5% (v/v)
glutaraldehyde in 0.1 M cacodylate buffer solution. The cells were then treated with
reduced osmium (1:1 mixture of 2% aqueous potassium ferrocyanide), dehydrated in
ethanol and then embedded in Epoxy resin. Sections with a thickness of approximately
100 nm were collected and stained with lead citrate. Imaging was performed on a Titan
Cryo Twin TEM (FEI).

Endocytosis inhibition
The concentrations of the inhibitors tested were based on previous literature: 25 µM
nystatin, 28 µM chlorpromazine and 1 µM latrunculin A. All three inhibitors were
reconstituted in DMSO before dilution in cell medium. HCT 116 cells were treated with
the inhibitors for 30 minutes in a 37 ⁰C humidified incubator. After this time, the NWs
were added and the cells further incubated for 2 hours before performing an MTT cell
viability assay.

Intracellular and cell medium dissolution of Ni NWs
Following incubation with NWs, cell medium was collected for each condition. Cells
were washed with PBS and fresh MCCoy’s medium was added to each well, followed
by the addition of Lysis Solution for full release of intracellular contents before
collection. The collected samples were then diluted to a volume of 1 mL with fresh
McCoy’s medium. Samples from wells treated with NWs were filtered using 0.02 µm
syringe filters (Whatman® Anotop®) to remove remaining, undissolved NWs and to
measure exclusively the dissolved Ni content. Finally, all samples were further diluted to
a final volume of 7 mL with 2% HNO3 before analysis by ICP-MS. The concentration of
Ni was established by measuring the

58

Ni isotope, being the most abundant, whereas

external calibration necessary for Ni quantification was carried out using a series of Ni
standard solutions (PerkinElmer, VWR) with concentrations in the range of 0.1 – 100
µg/L. Quality control standards within the same concentration range were run inbetween samples and at the end of each analysis to ensure reliability of the readings.
Negative experimental controls in which cells and bare cell medium were incubated

without NWs to serve as background readings were also analyzed. Additionally, to
distinguish a possible effect of HCT 116 cells in NW dissolution in the surrounding
medium to that of the cell medium alone, a condition in which NWs were added to cell
medium with no cells was also tested. Unfiltered NW samples in 2% HNO3 served as a
maximum Ni2+ concentration control.

Ni NWs dissolution in simulated body fluid
Ni NWs of 5.4 µm in length were prepared, their mass indirectly quantified and
estimated to be 5.3 mg in total. NWs were then suspended in 3 mL of simulated body
fluid (SBF). The solution was placed in a cellulose ester dialysis tube (Sigma Aldrich) in
SBF solution to a final volume of 50 mL. All samples were incubated at 37 °C. Aliquots
of 1 mL were taken at established time points from the bulk solution and replaced with 1
mL of fresh SBF solution. Samples collected at each time point were diluted with 8.3%
HNO3 to a final volume of 10 mL for ICP analysis.

Figure S1. SEM image of partially released Ni NWs embedded in the alumina template.

The alumina template with deposited NWs was left in chrome solution for 1:45 hours in
order to remove some of the alumina and thus be able to image single NWs present in
each pore. NWs inside the pores are represented by white spots, surrounded by the
darker colored alumina. This image represents roughly 100% pore filling.

Table S2. Equivalences of Ni NWs in µg/mL for the NW to cell concentrations used in
this study, as analyzed by ICP-MS.
Length

NW concentrations (µg/mL)

(µm)

10:1 50:1 100:1 200:1 1000:1

5.4 ± 1.6

0.24

1.22

2.45

4.91

24.55

Figure S3. Interaction between NWs and the different probes used in this study.

(A) Optical density readings (570 nm – 630 nm) of McCoy’s medium as blank control
and McCoy’s medium incubated with Ni NWs at the 1000:1 dose for 24 hours. n = 3; (B)
Relative fluorescence (as per LDH assay) of McCoy’s medium as blank control and
McCoy’s medium incubated with NWs under the same conditions. n = 3; (C) pHrodo™
Red-labeled Ni NWs in McCoy’s medium as observed under confocal microscopy. No
pHrodo™ Red signal was present; (D) Ni NWs (1000:1 dose) incubated with Annexin V
and PI analyzed using FACS. The events detected show a negligible fluorescence
intensity for Alexa Fluor® 488 and PI.

Figure S4. Effects of ultrasonic agitation on NW length.

Ni NWs released from the alumina template and then washed without sonication (left
panel) or with sonication (right panel). The size distributions reported in Figure 2 of the
manuscript correspond to NWs released and washed with sonication.

Figure S5. Optical microscopy images of HCT 116 cells with Ni NWs.

HCT 116 cells incubated with Ni NWs at the 72 hours incubation time. Arrows mark
detached, unhealthy cells. (Scale bars: 100 μm)

Figure S6. Energy-dependent internalization of Ni NWs.

Cell viability of HCT 116 cells incubated with 1000 NWs per cell for 2 hours under two
different temperatures. The cell viability was significantly decreased only when
incubated at 37 ⁰C. Data represent mean ± range, n = 3, *p < 0.01.

