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Tattooing has long been practised in various societies all around the world and is becoming increasingly common and widespread

in the West. Tattoo ink suspensions unquestionably contain pigments composed of nanoparticles, i.e., particles of sub-100 nm

dimensions. It is widely acknowledged that nanoparticles have higher levels of chemical activity than their larger particle equiva-

lents. However, assessment of the toxicity of tattoo inks has been the subject of little research and ink manufacturers are not obliged

to disclose the exact composition of their products. This study examines tattoo ink particles in two fundamental skin components at

the nanometre level. We use atomic force microscopy and light microscopy to examine cryosections of tattooed skin, exploring the

collagen fibril networks in the dermis that contain ink nanoparticles. Further, we culture fibroblasts in diluted tattoo ink to explore

both the immediate impact of ink pigment on cell viability and also to observe the interaction between particles and the cells.

Introduction

The act of tattooing has been practised for many centuries in a
number of countries including Japan, China, New Zealand as
well as in regions of North Africa. The oldest recorded human
tattoo was found on a well-preserved natural mummy from
about 5,300 years ago, found in the Otztal Alps in Italy, close to
the border with Austria [1]. These ancient tattoos do not appear
to have had decorative importance but may had have had some
medical/therapeutic relevance, some appear to be close to tradi-
tional acupuncture points [2]. Today, tattooing is becoming
increasingly popular across several sections of society, with

increasing numbers of tattoo parlours opening for business.

However, despite this striking cultural shift we know very little
about the biochemical reactivity of ink particles with skin cells
and tissues (including some of the key constituent components,

e.g., fibroblasts and associated collagen fibrillar networks).

The tattooing process involves inserting ink pigment of the
desired colour into the dermis layer of the skin. This is carried
out by first dipping a needled tattoo instrument into the
coloured ink before applying to the skin. The oscillating ink-
coated needle punctures the skin in the range of 100 times per

second, depositing the ink pigments 1.5 to 2 mm below the skin
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surface. Thus, the needle penetrates the skin through the
epidermis and into the papillary layer of the dermis, where the
ink particles accumulate. As with any type of trauma to the
dermis, the first response of the body is to stop the resultant
bleeding to form a clot. Then the skin tissue swells (edema) fol-
lowed by a migration of immune system cells to the wound site
(neutrophils and macrophages) in order to phagocytose foreign
substances, cell debris and microbes. Any damaged collagen in
the wounded papillary dermis is then repaired through the
action of fibroblasts, ultimately laying down scar tissue. Over
long periods of time the tattoo ink particles can be found to
gradually move to the deeper dermis (i.e., reticular dermis),
which gives the tattoo a faded and blurred appearance. Impor-
tantly, after tattoo ink insertion associated pigment particles can
be found to leave the skin via its vasculature and enter the
lymphatic system (nodes) [3].

Tattoo inks are commonly made up of a mixture of small
organic pigments, water and isopropyl alcohol. Surprisingly,
manufacturers of tattoo ink are not compelled to reveal the
precise ingredients or chemical composition of their ink prod-
ucts despite their potential systemic absorption. Black inks are
commonly made from soot (carbon black) particles. Tattoo inks
can contain polycyclic aromatic hydrocarbons (PAHs) at a
range of concentrations, which are reported to be carcinogenic,
mutagenic and could pose other health risks to the skin [4].
Further, it was recently reported that tattooed young individuals
can exhibit adverse reactions, especially with black or red ink
tattoos, including photosensitivity, skin elevation and itching

[5].

Nanoparticle research is currently receiving a great deal of
interest due to its potential applications in biophysics, medicine,
optics and electronics. A particle is generally considered to be a
nanoparticle if it has dimensions below about 100 nm. For
example, researchers in cancer nanotechnology are exploring
methodologies to utilise functionalised quantum dots and
nanocrystals to target specific tumour antigens [6]. Other
medical research on nanoparticles includes the formation of a
network of nanoparticles with an insulin core that can regulate
and control normal blood sugar level [7]. However, despite
considerable progress in nanoscience, it is often argued that the
ethical and socio-legal implications of nanoparticles have been
neglected [8]. Potential hazards of nanoparticles exist due to
their high surface to volume ratio, which can make them very
reactive [9], and their small size that can enable them to pass
through cell membranes. The toxicity or biocompatibility of
nanoparticles is an extremely important consideration for many
of the aforementioned proposed applications. In particular
carbon nanotubes, commonly used in applications such as drug

delivery [10] and directed growth of neuron cells [11], have
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been shown to exhibit cytotoxicity potential [12], although
carbon nanotube toxicity differs according to the production
method used [13]. Moreover, the carbon black nanoparticles
found in tattoo ink have safety profiles comparable to multi-
walled carbon nanotubes [14]. Thus, there is a need to more
accurately assess how tattoo ink particles directly interface with
human cells and tissues. Atomic force microscopy (AFM) is

one technique that can help to address this issue.

Atomic force microscopy (AFM) has been around since the
mid-1980s and has become a powerful research instrument in
the field of nanoscience and nanotechnology [15]. With highly
specialised instrumentation and techniques, it is even possible
to resolve molecular bonds [16,17]. Details of AFM operation
and capabilities can be found elsewhere [18,19]. However, in
brief, the AFM instrument involves a sharp probe at the end of a
cantilever interacting with a surface. Not only can the AFM be
used to visualise the surfaces of a wide range of materials
(under various environmental conditions and over a large
temperature range) the probe can also be used as a nano-
indenter to ascertain mechanical properties [20] or even to carry
out tensile testing of fibrils [21] or unfold protein molecules
[22].

In this study we have used AFM to assess two fundamental
components of skin dermis (fibroblasts and their secreted prod-
uct, collagen) following interaction with tattoo ink particles. We
examine the shape and size of tattoo ink particles on cellular
and tissue surfaces. Further, we also investigate the cell
viability of dermal fibroblasts after incubation with filtered/
unfiltered diluted tattoo ink and discuss these results in the

context of nanoparticle research.

Results and Discussion

Tattoo ink particle size distribution

Following three repeats of the particle size distribution proce-
dure, the mode (peak intensity) value was 240.9 + 2 nm. The
same ink was also passed through a 220 nm filter to investigate
the effect of increasing the proportion of nano-particulate
pigment in the ink. Repeating the particle size analysis after
filtration, the peak mode value reduced to 151 £ 2 nm
(Figure 1la).

The light scattering technique used to make these measure-
ments cannot distinguish between primary particles, aggregates
and agglomerates. This means that the primary pigment parti-
cles may be smaller than the distribution suggests, although
they cannot be larger. However, the agglomeration behaviour of
the particles will be strongly influenced by the in vivo condi-
tions in tattooing, or the in vitro conditions in cell culture.

Agglomeration due to electrochemical processes can reduce the
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Figure 1: (a) Particle size distribution of filtered vs unfiltered commer-
cially available tattoo ink, showing data ranging between 30 to 600 nm
(filtered) and 40 to 970 nm (unfiltered). (b) Amplitude image of tattoo
ink particles showing single and agglomerated particles adhered to a
glass substrate.

effective number of particles by orders of magnitude and this
will have a profound effect on how the particles are dealt with
by cells and tissues.

AFM scanning of the tattoo ink that was adhered to the glass
slide was carried out in order to isolate and measure the
smallest particle size, as well as to explore agglomeration
behaviour. In AFM imaging, the amplitude (error) image often
gives greater clarity, as it is a more efficient edge detector and is
not low-pass filtered through the electronic feedback loops [23].
The z-scale on the amplitude images reflects changes in the
height moved by the piezo sensors to maintain the engage
amplitude setpoint. From the amplitude image in Figure 1b it
can be seen that the particles have strongly agglomerated
following the deposition process, although, a small number of
individual particles can be seen in the upper left portion of the

image. These single, non-agglomerated particles in the AFM
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image (n = 16) exhibited a mean projected area of 2895 nm?,
which translates to a diameter of 60.7 nm assuming a spherical
shape. For this study we have only examined one commercially
available tattoo ink. However, the AFM and particle size distri-
bution results are in strong agreement with Hegsberg et al., who
carried out a large study of 58 tattoo inks of six different
colours [24], where 99.94% of the volume of ink was made up

from particles smaller than 100 nm.

It is clear that tattoo ink contains nanoparticles, given the peak
size of the particle distribution and the AFM imaging of the ink
on a glass slide. It remains unclear what potential toxicological
effects tattoo ink components may have on cells, collagen fibrils
etc. because of their nanometre-scale size. A gram of 60.7 nm
carbon spheres would have a surface area of about 40 m2; over
100000 times larger than the surface area of the equivalent bulk
material. In addition, materials are known to behave differently
at the nanometre-level in comparison with samples at the bulk
level.Nanoparticle surface atoms have an increased reactivity
over bulk surface atoms [9]. However, on the whole, tattoo
pigments do appear to be reasonably well tolerated by the skin,
and no clear relationship between tattoo exposure and skin
cancer (or cancers in general) has yet been established [24]. As
cancers in general can take years if not decades of toxicant
exposure to materialise, we will need to monitor how the recent
dramatic increase in large-scale tattooing may impact on (skin)

cancer rates.

Microscopy of tattoo particles in skin tissue
Using the AFM top down optical microscope it was straightfor-
ward to manipulate the skin tissue section so that the cantilever
was at the periphery of a clump of ink particles in the dermis
(Figure 2a). A number of images were taken at various loca-
tions; Figure 2b shows a typical AFM height and corres-
ponding amplitude image (Figure 2¢) of a region in the upper
dermis that contains tattoo ink particles. These AFM images
clearly show the dense collagen fibril network with agglomer-
ates of tattoo ink particles. The surface topography of the
dermis is quite undulating with a surface roughness R, of 30 nm
over the 10 um scan region.

The collagen fibrils here have a strong degree of parallel orien-
tation, which would suggest that this region may well be scar
tissue that was formed following the tattoo process. In a recent
AFM study we compared scar tissue and healthy skin tissue and
demonstrated that greater alignment of collagen fibrils occurs in
scar tissue, as well as highlighting the reduction in the biome-
chanical performance of the scar tissue [25]. However, due to
patient confidentiality it was not possible to find out more about
how long the subject had the tattoo. Further, as the subject was
62 years old, the skin was also aged, including photo-aged from
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Figure 2: (a) AFM optical image (10%) showing the cantilever over a
region of tattoo ink in the dermis; scale bar 200 ym. (b) 10 ym AFM
height and (c) amplitude (error) image of cryosectioned tattooed skin.
Black arrows indicate a large agglomerate and white arrows smaller
agglomerates of tattoo ink particles.

exposure of the forearm to UV irradiation. From multiple scans
over a number of sections of tattooed skin tissue, it is clear that
there were many regions of highly agglomerated ink particles,
as shown in Figure 3. These agglomerations can be larger than
the dermal cells, thereby changing the nature of the interaction
between the pigment and the surrounding skin cells.

More detailed close-up scans (Figure 4a—d) also showed ink
particles in close proximity to collagen fibrils. In the amplitude
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Figure 3: 12 ym amplitude images of highly agglomerated tattoo ink
particles in the collagen network.

images (Figure 4b and Figure 4d), the periodic banding that is
associated with collagen fibrils can clearly be resolved [26,27].
The inset of Figure 4e is a detailed view of the area surrounding
a small cluster of particles from Figure 4d, with the corres-
ponding line profile shown in Figure 4e. The pigment particle
here has a width of 37.5 nm at half height. When measuring a
spherically shaped object with a rounded AFM probe, it is
common to use the dimension at half height, to try and avoid
probe convoluted distortions [28]. This line section shows that
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Figure 4: Height (a & c) and amplitude (b & d) images of disperse ink particles in the dermal collagen network. (Inset of (e)) 500 nm image of small
cluster of ink particles from the solid red square (e) Line profile showing a particle of 37.5 nm width at half height.

the tattoo ink pigments are truly nanoparticles embedded in the
dermal collagenous network, which were visible especially at
the periphery of a clump of deposited particles. Wherever pri-
mary pigment particles could be resolved they were of approxi-
mately this diameter, suggesting that the observed ink particle
size distribution reflects the range of agglomeration level rather
than a wide range of primary particle sizes. It is also noted that
images of ink particles on the control glass slide are remark-
ably similar to the images of the tattoo ink in the dermis (c.f.
Figure 1b and Figure 3c).

It should be noted that these images are of surfaces, sectioned
from bulk samples. In vivo these particles would sit within a

three dimensional extracellular matrix structure where the parti-
cles do not always sit at the surface. Further, the act of
sectioning might disrupt the particles, potentially breaking up
agglomerates. However, every effort was taken to avoid this by
controlling the cryosectioning conditions and using new blades.
Even though imaging in air may lead to unknown artefacts
within the tissue, the resolution is much better. Capturing a scan
of the tissue under aqueous conditions in a non-tattoo part of the
skin section yielded images of collagen fibril networks without
particle matter, but were of lower quality (Figure 5). AFM fluid
imaging has to use a cantilever spring constant that is about two
orders of magnitude lower, which makes scanning trickier.
Also, the tissue surface becomes softer.
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Figure 5: 3D reconstruction of AFM image on non-tattoo portion of the
skin tissue under aqueous conditions (UHQ water).

Tattoos inevitably fade over time with a redistribution of the
pigments deeper into the dermis and some even entering dermal
blood vessels before transportation to local lymph nodes [29].
This leads one to question the extent of transportation of ink
pigment particles throughout the body from the tattooing
process. Light microscopy analysis of tattooed skin section
revealed some interesting features. Figure 6a shows a trans-
verse section of histologically stained tattooed skin, with the
epidermal region uppermost in the image. Clumps of tattoo ink
have dispersed throughout the upper and lower dermis.
However, close inspection of a deep dermal blood vessel
(Figure 6b) showed regions of tattoo ink scattered in the vessel
wall as well as inside (peri)-vascular cells. A recent study, using
a model system of mice tattooed with a commonly used ink to
investigate the transportation and photo-decomposition of tattoo
pigment particles [30], reported that the amount of ink in the
mouse skin had reduced by 32 + 16% of its initial value 42 days
after tattooing. Furthermore, exposure of tattooed skin to simu-
lated sun light and laser light also reduced the amount of ink
particles retained in the skin [30]. A related study examined the
distribution and accumulation of micrometre- and nanometre-
sized silver particles following subcutaneous injection in rats,
and found that silver nanoparticles were distributed throughout
the main organs especially kidney, liver, spleen, brain and lungs
[31]. By contrast, the micrometre-sized silver particles did not
get into the blood circulation.

AFM imaging of dermal fibroblasts

Several studies have been conducted on fibroblasts using AFM
to visualise both their surface and nano-mechanical properties
[32-35]. Here, we show AFM images of dermal fibroblasts after
incubation in diluted tattoo ink. This gives us an opportunity to
visualise how tattoo ink particles may interact with dermal cells
replicating the first moments following tattoo ink insertion in
the skin. The AFM image of the fibroblast (Figure 7a) shows
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Figure 6: Light microscopy view of stained adult human tattooed arm
skin. (a) Large deposits of dark ink particles distributed in a clumped
manner in the dermis; scale bar 75 um. (b) A deep dermal vessel with
aggregations of ink particles in/around vessel wall and inside some
associated cells; scale bar 15 ym.

that the fixed cell is quite large, over 2 um in height, therefore
the small ink nanoparticles are difficult to see. However, phase
imaging at a zoomed-in location on the cell surface (Figure 7b)
highlights the ink particles very well. There appears to be a
large number of ink particles attached to the cell surface in
200-500 nm clumps. However, it is not clear how much ink
may have penetrated the cell, as the AFM technique can only
probe surfaces.

The MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetra-
zolium bromide) assay is a commonly used biological test on
living cells, which broadly measures the in vitro cytotoxic
effects of drugs on cell lines or primary patient cells [36].
Recently, an MTT assay for cytotoxicity assessment was carried
out on fibroblasts exposed to two different diluted tattoo inks,
which showed both cell death and inhibition of pro-collagen
synthesis [37]. As that study was not carried out on skin fibro-
blasts it was decided to run a similar cell viability test using
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Figure 7: (a) AFM height image of a large fibroblast in vitro and incubated with diluted tattoo ink (1:10,000), followed by chemical fixation. (b) Phase
image (5 um) of the highest part of the cell body, which shows many regions (red arrows) of clumped ink particles on the cell surface.

human adult skin dermal fibroblast cells (the cells targeted in
skin tattooing) with both filtered and unfiltered commercially
available black ink.

The MTT assay results (shown in Figure 8) indicated that at an
ink dilution of 1:100 the dermal fibroblast viability was reduced
significantly after a one week exposure. A reduction in viability
was also noted from similar work on gingival fibroblasts
exposed to a different tattoo ink source [37]. As the MTT assay
is a colourimetry-based technique, the use of dark pigments can
be problematic. It was found that the lowest dilution of tattoo
ink for the MTT assay to work was 1 in 100. Wamer and Yin
found a phototoxic effect of eight decorative tattoo inks and
permanent make-up inks that contained titanium dioxide on
human dermal fibroblasts [38]. The phototoxic effect from the
inks was attributed to the generation of hydroxyl radicals under
UV excitation.
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Figure 8: Cell viability of skin dermal fibroblasts incubated in diluted
tattoo ink for seven days (filtered and unfiltered).

Interestingly, fibroblast viability was lowered to a greater extent
in filtered (and diluted 1:100) than unfiltered ink, i.e.,
17.6 + 1.2% viability versus 38.3 + 2.7% viability. Filtering the
ink caused larger ink particles to be removed from the suspen-
sion, reducing the overall solid content of the ink. If the cyto-
toxicity were simply due to the amount of pigment in the
culture media then filtration would be expected to reduce toxi-
city. It may be that in the culture media large particles act as
nuclei for agglomeration of the pigment, reducing the toxic
activity. Without these nucleation sites, primary nanoparticles
may remain in suspension in very large numbers, thereby
presenting the cell with a greater nanoparticle challenge and so
interference of their cell physiology.

This finding demonstrates that smaller pigment particles cause
an increase in fibroblast death over a period of one week. A
further implication of this particle size reduction may occur
during attempts to remove tattoos by using lasers during which
tattoo ink clusters are broken up into smaller and potentially
more cytotoxic particles. It is worth highlighting that the cell
incubation period of a week was used here to try and replicate
the initial conditions that fibroblasts may encounter during the
immediate to early post-tattoo period. The long-term behaviour
of the dermal fibroblasts is not likely to be damaged or hindered
and will recover following the tattoo procedure.

Conclusion

In this study we have demonstrated that a commercially avail-
able black tattoo ink contains nanoparticles and that the modal
particle size can be reduced by simple filtration. Atomic force
microscopy can be used to successfully observe nanoparticles of
tattoo ink in human skin tissue as well as on dermal fibroblasts
in vitro. A single isolated nanoparticle of tattoo ink pigment in

the region of 40 nm diameter was visualised from a dermal
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section of tattooed skin. The strong parallel orientation of the
collagen fibrils was also noted in the tattooed skin, which was
consistent with previous findings in wound healing/scar
tissue [25].

Fibroblasts that were incubated in diluted tattoo ink also
showed nanoparticles of ink pigments on their cell surface.
Although it was not possible to explore using AFM method-
ology whether ink pigment nanoparticles could be taken up by
the cells, this may be accomplished by ultrathin sectioning of
such cells. However, the MTT assay using 1:100 diluted tattoo
ink showed considerable fibroblast death. The amount of cell
death with filtered tattoo ink was greater than the amount of cell
death using unfiltered ink, which can be attributed to the subse-

quent reduction in tattoo ink particle size.

Experimental

Particle size distribution

The particle size distribution of the ink was determined by using
a Mastersizer 3000, (Malvern Instruments Ltd., Malvern, UK).
Tattoo ink (Scream Ink — Pitch Black, The Tattoo Shop, UK)
was diluted in ultra-pure water (1:1000), pipetted into a dispos-
able cuvette and then placed in the instrument. Detectors then
accurately measured the intensity of light scattered by the parti-
cles in the ink for red and blue light wavelengths over a range

of angles.

Tattoo skin sample

Skin samples were obtained from the forearm of a 62 year old
male. Full approval was obtained from the ethics committee of
the clinic and University for the use of this tissue in this
research. The skin samples were frozen upon arrival in the
laboratory and stored at —80 °C. Skin specimens from the
tattooed region were attached to a metal chuck using optimum
cutting temperature (OCT) embedding compound (Agar Scien-
tific, Essex, England), then sectioned in a cryostat (CM1510,
Leica Microsystems, Wetzlar, Germany ) at 5 um thickness and
the sections collected onto polylysine-coated microscope slides.
Tissue sections for light microscopy imaging (Nikon Eclipse
801, Japan) were stained with haematoxylin and eosin, and then
gently washed before mounting with a glass cover slip.

Skin tissue collection for isolation and culture

of dermal fibroblasts

Normal human tissue (female, 35 years of age) was sourced
from elective plastic surgery (facelift) and placed immediately
in transport media. After arrival at the laboratory the skin
samples were cleaned in wash solution (PBS containing
5 x Pen/Strep with antimycotics/antifungal (5 x PBS)) and any
fat removed. Full approval was obtained from the ethics

committee of the clinic and University for the use of this tissue.
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Skin was cut into 0.5 x 1.0 cm pieces then placed in 0.1%
trypsin overnight at 4 °C. The following day tissue was incu-
bated for 1 h at 37 °C to separate epidermis from dermis. The
epidermis was removed and the remaining dermis placed upside
down in a 75 cm? flask in RPMI 1640 medium (Invitrogen),
then placed in a 37 °C incubator containing 5% CO,. After five
days the dermis was removed and the culture maintained. Cells
were grown in RPMI 1640 supplemented with 10% fetal bovine
serum (Invitrogen), 100 pg/mL Primocin (Source Bioscience)
and 1% GlutaMAX (Invitrogen).

MTT assay

Dermal fibroblasts (passage 3) were trypsinised and seeded into
96-well plates at a density of 1 x 10% cells/well. The plates were
maintained overnight (16 h) in RPMI 1640 medium to allow for
cell attachment. The plates were incubated for 24 h in serum-
starved medium (i.e., lacking fetal bovine serum) to remove
exogenous sources of growth factors, before being exposed to
the tattoo ink. Unfiltered and 0.22 um filtered tattoo ink was
diluted in ‘starved’ medium and added to the plate at dilutions
ranging between 1:102 and 1:10°. The plates were placed in a
37 °C incubator containing 5% CO, for 1 week, then washed
with phosphate buffer solution (PBS) and incubated with
serum-starved medium containing 0.5 mg/mL tetrazolium dye
(MTT) for 4 h. The medium was carefully removed and 150 pL
of dimethyl sulfoxide (DMSO) added to each well. The plate
was gently shaken to achieve complete dissolution of the
formazan crystals then the absorbance read on a spectropho-
tometer (Tecan Infinite) at 550 nm. The results were analysed
and presented as a percentage of the untreated control samples.

A cell plate that did not undergo the MTT procedure but did
have cells incubated with the tattoo ink was treated with
4% glutaraldehyde for 20 min in order to chemically fix the
cells for AFM analysis. Chemically fixed samples were exhaus-
tively washed and rinsed in ultra-pure water and gently dried
under a stream of nitrogen.

AFM

Separate microscope slides containing the cryo-sectioned skin
tissue samples and fixed fibroblast cells were placed on the
sample stage of the MFP-3D AFM (Asylum Research, Santa
Barbara, USA) and imaged in air in intermittent contact
mode using Olympus AC160 silicon probes (k = 40N/m,
tip radius = 10 nm) and AC240 probes (k = 2N/m,
tip radius = 10nm). The AFM optics (10x) were used to iden-
tify an appropriate region of interest before scanning.

Diluted tattoo ink (1:10,000) from the particle size testing was

then deposited on to a poly-L-lysine-coated glass slide for 60 s
then washed off and dried in a steady stream of nitrogen. AFM
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imaging was carried out to examine the tattoo ink particles that

were used in the particle size distribution testing.

References

1. Pabst, M. A.; Letofsky-Papst, |.; Bock, E.; Moser, M.; Dorfer, L.;
Egarter-Vigl, E.; Hofer, F. J. Archaeol. Sci. 2009, 36, 2335-2341.
doi:10.1016/j.jas.2009.06.016

2. Dorfer, L.; Moser, M.; Bahr, F.; Spindler, K.; Egarter-Vigl, E.;
Giullén, S.; Dohr, G.; Kenner, T. Lancet 1999, 354, 1023—-1025.
doi:10.1016/S0140-6736(98)12242-0

3. Zirkin, H. J.; Avinoach, |.; Edelwitz, P. Cutis 2001, 67, 471-472.

4. Regensburger, J.; Lehner, K.; Maisch, T.; Vasold, R.; Santarelli, F.;
Engel, E.; Gollmer, A.; Kénig, B.; Landthaler, M.; Baumler, W.

Exp. Dermatol. 2010, 19, e275—e281.
doi:10.1111/j.1600-0625.2010.01068.x

5. Hegsberg, T.; Hutton Carlsen, K.; Serup, J.

J. Eur. Acad. Dermatol. Venereol. 2013, 27, 846—852.
doi:10.1111/j.1468-3083.2012.04590.x

6. Nie, S.; Xing, Y.; Kim, G. J.; Simons, J. W. Annu. Rev. Biomed. Eng.
2007, 9, 257-288. doi:10.1146/annurev.bioeng.9.060906.152025

7. Gu, Z.; Aimetti, A. A;; Wang, Q.; Dang, T. T.; Zhang, Y.; Veiseh, O.;
Cheng, H.; Langer, R. S.; Anderson, D. G. ACS Nano 2013, 7,
4194-4201. doi:10.1021/nn400630x

8. Anisa, M.; Abdallah, S. D.; Peter, A. S. Nanotechnology 2003, 14,
R9-R13. doi:10.1088/0957-4484/14/3/201

9. Roduner, E. Chem. Soc. Rev. 2006, 35, 583-592.
doi:10.1039/b502142¢

10.Chen, J.; Chen, S.; Zhao, X.; Kuznetsova, L. V.; Wong, S. S.; Ojima, I.
J. Am. Chem. Soc. 2008, 130, 16778-16785. doi:10.1021/ja805570f

11.Hu, H.; Ni, Y.; Montana, V.; Haddon, R. C.; Parpura, V. Nano Lett.
2004, 4, 507-511. doi:10.1021/nl035193d

12.Poland, C. A,; Duffin, R.; Kinloch, |.; Maynard, A.; Wallace, W. A. H,;
Seaton, A.; Stone, V.; Brown, S.; MacNee, W.; Donaldson, K.

Nat. Nanotechnol. 2008, 3, 423—-428. doi:10.1038/nnano.2008.111

13.Herzog, E.; Casey, A.; Lyng, F. M.; Chambers, G.; Byrne, H. J.;
Davoren, M. Toxicol. Lett. 2007, 174, 49-60.
doi:10.1016/j.toxlet.2007.08.009

14.Hara, K.; Aoki, K.; Usui, Y.; Shimizu, M.; Narita, N.; Ogihara, N.;
Nakamura, K.; Ishigaki, N.; Sano, K.; Haniu, H.; Kato, H,;
Nishimura, N.; Kim, Y. A.; Taruta, S.; Saito, N. Mater. Today 2011, 14,
434-440. doi:10.1016/S1369-7021(11)70188-2

15.Binnig, G.; Quate, C. F.; Gerber, C. Phys. Rev. Lett. 1986, 56,
930-933. doi:10.1103/PhysRevLett.56.930

16. Gross, L.; Mohn, F.; Moll, N.; Liljeroth, P.; Meyer, G. Science 2009,
325, 1110-1114. doi:10.1126/science.1176210

17.Gross, L.; Mohn, F.; Moll, N.; Schuler, B.; Criado, A.; Guitian, E.;
Pefa, D.; Gourdon, A.; Meyer, G. Science 2012, 337, 1326-1329.
doi:10.1126/science.1225621

18. Giessibl, F. J. Mater. Today 2005, 8, 32—41.
doi:10.1016/S1369-7021(05)00844-8

19. Santos, N. C.; Castanho, M. A. R. B. Biophys. Chem. 2004, 107,
133-149. doi:10.1016/j.bpc.2003.09.001

20. Butt, H.-J.; Cappella, B.; Kappl, M. Surf. Sci. Rep. 2005, 59, 1-152.
doi:10.1016/j.surfrep.2005.08.003

21.Svensson, R. B.; Hassenkam, T.; Grant, C. A.; Magnusson, S. P.
Biophys. J. 2010, 99, 4020—4027. doi:10.1016/j.bpj.2010.11.018

22.Brockwell, D. J. Curr. Nanosci. 2007, 3, 3-15.
doi:10.2174/1573413710703010003

Beilstein J. Nanotechnol. 2015, 6, 1183—1191.

23.Grant, C. A.; Brockwell, D. J.; Radford, S. E.; Thomson, N. H.
Biophys. J. 2009, 97, 2985-2992. doi:10.1016/j.bpj.2009.09.010

24.Hegsberg, T.; Loeschner, K.; L6f, D.; Serup, J. Br. J. Dermatol. 2011,
165, 1210-1218. doi:10.1111/j.1365-2133.2011.10561.x

25.Grant, C. A.; Twigg, P. C.; Tobin, D. J. Acta Biomater. 2012, 8,
4123-4129. doi:10.1016/j.actbio.2012.06.042

26.Grant, C. A.; Brockwell, D. J.; Radford, S. E.; Thomson, N. H.
Appl. Phys. Lett. 2008, 92, 233902. doi:10.1063/1.2937001

27.Grant, C. A,; Phillips, M. A;; Thomson, N. H.
J. Mech. Behav. Biomed. Mater. 2012, 5, 165-170.
doi:10.1016/j.jmbbm.2011.08.020

28. Markiewicz, P.; Goh, M. C. J. Vac. Sci. Technol., B 1995, 13,
1115-1118. doi:10.1116/1.587913

29.Anderson, L. L.; Cardone, J. S.; McCollough, M. L.; Grabski, W. J.
Dermatol. Surg. 1996, 22, 92-94.
doi:10.1111/j.1524-4725.1996.tb00578.x

30.Engel, E.; Vasold, R.; Santarelli, F.; Maisch, T.; Gopee, N. V.;

Howard, P. C.; Landthaler, M.; Baumler, W. Exp. Dermatol. 2010, 19,

54-60. doi:10.1111/j.1600-0625.2009.00925.x

.Tang, J.; Xiong, L.; Wang, S.; Wang, J.; Liu, L.; Li, J.; Yuan, F.; Xi, T.

J. Nanosci. Nanotechnol. 2009, 9, 4924-4932.

doi:10.1166/jnn.2009.1269

32.Haga, H.; Sasaki, S.; Kawabata, K; Ito, E.; Ushiki, T.; Sambongi, T.
Ultramicroscopy 2000, 82, 253-258.
doi:10.1016/S0304-3991(99)00157-6

33.Hopp, |.; Michelmore, A.; Smith, L. E.; Robinson, D. E.; Bachhuka, A;
Mierczynska, A.; Vasilev, K. Biomaterials 2013, 34, 5070-5077.
doi:10.1016/j.biomaterials.2013.03.075

34.Mahaffy, R. E.; Park, S.; Gerde, E.; Kas, J.; Shih, C. K. Biophys. J.
2004, 86, 1777—1793. doi:10.1016/S0006-3495(04)74245-9

35. Mdiller, D. J.; Dufréne, Y. F. Trends Cell Biol. 2011, 21, 461-469.
doi:10.1016/j.tcb.2011.04.008

36.van Meerloo, J.; Kaspers, G. J.; Cloos, J.
Methods Mol. Biol. (N. Y., NY, U. S.) 2011, 731, 237-245.
doi:10.1007/978-1-61779-080-5_20

37.Falconi, M,; Teti, G.; Zago, M.; Galanzi, A.; Breschi, L.; Pelotti, S.;
Ruggeri, A.; Mazzotti, G. Arch. Dermatol. Res. 2009, 301, 539-547.
doi:10.1007/s00403-009-0953-7

38.Wamer, W. G,; Yin, J.-J. J. Cosmet. Sci. 2011, 62, 535-548.

3

=

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/2.0), which

permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of
Nanotechnology terms and conditions:
(http://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjnano.6.120

1191


http://dx.doi.org/10.1016%2Fj.jas.2009.06.016
http://dx.doi.org/10.1016%2FS0140-6736%2898%2912242-0
http://dx.doi.org/10.1111%2Fj.1600-0625.2010.01068.x
http://dx.doi.org/10.1111%2Fj.1468-3083.2012.04590.x
http://dx.doi.org/10.1146%2Fannurev.bioeng.9.060906.152025
http://dx.doi.org/10.1021%2Fnn400630x
http://dx.doi.org/10.1088%2F0957-4484%2F14%2F3%2F201
http://dx.doi.org/10.1039%2Fb502142c
http://dx.doi.org/10.1021%2Fja805570f
http://dx.doi.org/10.1021%2Fnl035193d
http://dx.doi.org/10.1038%2Fnnano.2008.111
http://dx.doi.org/10.1016%2Fj.toxlet.2007.08.009
http://dx.doi.org/10.1016%2FS1369-7021%2811%2970188-2
http://dx.doi.org/10.1103%2FPhysRevLett.56.930
http://dx.doi.org/10.1126%2Fscience.1176210
http://dx.doi.org/10.1126%2Fscience.1225621
http://dx.doi.org/10.1016%2FS1369-7021%2805%2900844-8
http://dx.doi.org/10.1016%2Fj.bpc.2003.09.001
http://dx.doi.org/10.1016%2Fj.surfrep.2005.08.003
http://dx.doi.org/10.1016%2Fj.bpj.2010.11.018
http://dx.doi.org/10.2174%2F1573413710703010003
http://dx.doi.org/10.1016%2Fj.bpj.2009.09.010
http://dx.doi.org/10.1111%2Fj.1365-2133.2011.10561.x
http://dx.doi.org/10.1016%2Fj.actbio.2012.06.042
http://dx.doi.org/10.1063%2F1.2937001
http://dx.doi.org/10.1016%2Fj.jmbbm.2011.08.020
http://dx.doi.org/10.1116%2F1.587913
http://dx.doi.org/10.1111%2Fj.1524-4725.1996.tb00578.x
http://dx.doi.org/10.1111%2Fj.1600-0625.2009.00925.x
http://dx.doi.org/10.1166%2Fjnn.2009.1269
http://dx.doi.org/10.1016%2FS0304-3991%2899%2900157-6
http://dx.doi.org/10.1016%2Fj.biomaterials.2013.03.075
http://dx.doi.org/10.1016%2FS0006-3495%2804%2974245-9
http://dx.doi.org/10.1016%2Fj.tcb.2011.04.008
http://dx.doi.org/10.1007%2F978-1-61779-080-5_20
http://dx.doi.org/10.1007%2Fs00403-009-0953-7
http://creativecommons.org/licenses/by/2.0
http://www.beilstein-journals.org/bjnano
http://dx.doi.org/10.3762%2Fbjnano.6.120

	Abstract
	Introduction
	Results and Discussion
	Tattoo ink particle size distribution
	Microscopy of tattoo particles in skin tissue
	AFM imaging of dermal fibroblasts

	Conclusion
	Experimental
	Particle size distribution
	Tattoo skin sample
	Skin tissue collection for isolation and culture of dermal fibroblasts
	MTT assay
	AFM

	References

