IOriginaI Article Chinese Medical Journal"‘“

Analysis of nickel distribution by synchrotron radiation X-ray
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Abstract
Background: Nickel-induced allergic contact dermatitis (Ni-ACD) is a global health problem. More detailed knowledge on the @
uptake of haptens is required. This study aimed to investigate the penetration process and distribution of nickel in skin tissues with
late phase and early phase of Ni-ACD to understand the mechanisms of metal allergy.
Methods: Forty Hartley guinea pigs were divided into four groups according to the NiSOy sensitizing concentration and the NiSO
challenged concentration: the 5% NiSO4-group, 5% to 10% (sensitization-challenge; late phase group); 10% NiSO4-group, 10% to
10% (sensitization-challenge; early-phase group); and the positive and negative controls. Pathological biopsies were performed on
each group. The depth profile of nickel element concentration in the skin of guinea pigs was detected by synchrotron radiation micro
X-ray fluorescence spectroscopy (SR-w-XRF) and micro X-ray absorption near-edge spectroscopy (nu-XANES).
Results: In each section, the nickel element concentration in both the 5% NiSO4-group and 10% NiSO4-group was significantly
higher than that in the negative control group. In the upper 300-pm section of skin for the early phase group, the nickel element
concentration was significantly higher than that in the lower section of skin. In deeper sections (>200 wm) of skin, the concentration
of nickel in the early phase group was approximately equal to that in the late phase group. The curve of the late phase group was flat,
which means that the nickel element concentration was distributed uniformly by SR-p-XRF. According to the XANES data for the
0% NiSO4 metal salt solution, structural changes occurred in the skin model sample, indicating that nickel was not present in the
Ni** aqueous ionic state but in the nickel-binding protein.
Conclusions: This study showed that the distribution of the nickel element concentratlon in ACD skin tissue was different between
the early phase and late phase groups. The nickel element was not present in the Ni?* aqueous ionic state but bound with certain
proteins to form a complex in the stratum corneum in ACD model tissue.
Keywords: Synchrotron radiation micro X-ray fluorescence spectroscopy; Micro X-ray absorption near-edge spectroscopy;
Dermatitis, Allergic contact; Nickel-induced allergic contact dermatitis; Dermatology

Introduction minimize prevalence for example, by nickel restriction
within the Europe,”® up to 21% of the market accessories
studied were found to release nickel."*! In coins made of
alloys, nickel was detected, and the concentratlon of nickel
was beyond the safe exposure threshold.”! Thus, the
stresses caused by exposure to nickel are still high.

Contact allergies represent a common form of dermatitis
worldwide, especially in developed countries such as the
United States and Europe I Nickel is a common contact
allergen on patch testing in western countries, and it affects
10% of women and 1% to 2% of men.?! The differences
between sexes were mainly explained by an increased = Within the past few decades, the interest in nickel among
frequency of jewelry exposure in women. Despite efforts to  scientists has increased as a result of the progressive
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industrial and commercial significance of nickel as well as
the improvement of analytical methods for nickel by
electrothermal atomic absorption spectrometry. Current-
ly, measurements in many countries, including China,
indicate that the concentrations of nickel in the
environment (air, water, soil, and food) do not exceed
legislative limits and should not be dangerous for the
general population.!®) However, people should keep in
mind that, at present, nickel, although not released
extensively into the environment, may represent a hazard
to human health.

Nickel elements are potent allergens or haptens that can
trigger skin inflammation, and nickel can penetrate
through the stratum corneum to the epidermis. Therefore,
efforts have been undertaken to investigate the penetration
and distribution of haptens through the skin. Synchrotron
radiation X-ray fluorescence spectroscopy (SR-XRF) and
micro-focused particle-induced X-ray emission were used
to analyze nickel allergy patch application in normal
mouse skin.l”! Time of flight secondary ion mass
spectrometry was used for investigation of the penetration
and distribution of nickel in normal human skin.®!
Although these nickel-exposed animals developed metal
allergy, the precise mechanism underlying this allergy
remains unknown.

As reported, metal allergy is an inflammatory disease
categorized as a delayed-type hypersensitivity reaction, in
which skin inflammation is mediated by hapten-specific T
cells.”1% Therefore, there is a need to identify the clinical
relevance and the elemental- and chemical-specific distri-
bution of nickel within tissues. This study investigates the
internal distribution of nickel in skin tissues with nickel-
induced allergic contact dermatitis (Ni-ACD) using
microprobe-SR-XRF to identify the spatial distribution
of nickel and its colocalization with endogenous elements.
X-ray absorption near-edge structure (XANES) spectros-
copy can also be used to determine the oxidation state of
nickel bound to the biotic ligands. This study used
correlative microprobe SR-XRF and XANES to investigate
the penetration process and distribution of nickel in skin
tissues with late phase and early phase of Ni-ACD to
understand the mechanisms of metal allergy.

Methods

Ethical approval

Forty Hartley guinea pigs were used in the study after
approval by the Animal Care and Use Committee of the
Institute of Laboratory Animal Science of Peking Union
Medical College (No. ILAS-GLP-2013-042). All proce-
dures used in this study were in accordance with our
institutional guidelines that complied with the internation-
al ethics and humane standards for animal use. Every effort
was made to minimize the number of animals and reduce
their suffering.

Animals

Half male and half female Hartley guinea pigs (wide type
genetic), weighing 240 to 270 g, were purchased from
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Beijing Vital River Laboratory Animal Technology Co.,
Ltd.: a joint venture of Charles River Laboratories in
China. The animals were housed in individual cages,
maintained under standardized conditions. The animals
were given free access to filtered tap water and food and
were maintained in specific pathogen-free conditions in
our animal facility with a 12-h light/dark cycle.

Chemicals

Nickel sulfate (5% and 10%) (NiSO4-6H,O analytical
grade, Xilong Chemical Co. Ltd, Beijing, China) was
prepared in synthetic perspiration (SP) formulations (0.01
g/mL sodium chloride, 0.005 g/mL ammonium chloride,
0.005 g/mL urea, 0.0025 g/mL acetic acid, and 0.005 g/mL
lactic acid was adjusted to pH 5.5 by the addition of
ammonia). 2,4-Dinitrochlorobenzene (DNCB) was pre-
pared with 1% acetone (Beijing Chemical Works, Beijing,
China). Normal saline (NS) (Beijing Chemical Works) was
prepared before the study.

Treatments

The animals were randomly assigned to either the test or
the control group by the random number table. The
random allocation sequence was generated and was
concealed from the main investigator. Guinea pigs were
allowed to acclimate for 1 week before use. Aliquots of the
nickel sulfate solution (0.1 mL) were administered percu-
taneously to a clipped and shaved skin area (3x 3 c¢m)
located on the left flank of the animals. The animals were
treated three times on days 0, 1, and 2 for the sensitizing
phase; the treated areas were patched for 6 h. The animals
were challenged by occlusive patch tests on the right flank
site using the previously described nickel sulfate solution
on the shaved skin area on day 7. The treated areas were
under occlusion for 24 h. After the challenge, we waited
for 24h and then recorded delayed hypersensitive
response. In this study, we observed the skin change of
24 h (defined as early phase) and 72 h (defined as late
phase), then we collected these skin biopsies after patch
removement.

Control guinea pigs were treated with 1% to 1%
(sensitization-challenge) DNCB in acetone and NS as
the positive and negative control (NC) groups, respec-
tively, and were challenged under identical conditions on
day 7.

Skin reaction (erythema and swelling) evaluation

The evaluation time should be the immediate time of the
removement of the patch and at least 24 h later to observe
the delayed hypersensitive response. Skin reaction (erythe-
ma and swelling) was recorded by visual assessment after
challenge. The intensity of the reaction was scored
according to the following criterial''l: 0, no visible change;
1, slight or discrete erythema and barely visible swelling; 2,
moderate and confluent erythema and visible border
swelling; 3, intense erythema and swelling; and 4, purplish-
red eschar and over 1 mm of swelling. Response score
averages were calculated for each group. Swelling and
erythema were also documented by photography.
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Skin specimen preparation

The patch was removed, and the flank skin was gently
wiped after the guinea pigs were sacrificed. The skin that
contacted the patch test was excised and gently wiped in
each group. The specimen was cut into sections (5x § mm,
1 mm thick) and fixed in 10% neutral buffered formalin
for use. The sectioned specimens in the 5% NiSOy4-group,
10% NiSO4-group and NC group were placed on Kapton
film (12.5 wum; Du Pont-Toray, Tokyo, Japan) and
subjected to elemental distribution analyses. After that,
specimen slices in all groups were embedded in paraffin
blocks and subjected to hematoxylin and eosin (H&E)
(Beijing Chemical Works) staining for histopathological
analysis. Stained tissues were observed using a light
microscope (original magnification x40).

SR-1.-XRF spectroscopy

The micro X-ray fluorescence (uw-XRF) spectroscopy
experiment was performed at 4W1B beamline, at the
Beijing Synchrotron Radiation Facility (BSRF), which runs
2.5 GeV electron with current from 150 to 250 mA. The
incident X-ray energy was monochromatized by W/B4C
double-multilayer-monochromator at 15 keV and was
focused down to 50 pm in diameter by the polycarpellary
lens. Two-dimensional mapping was acquired by step-
mode: the sample was held on a precision motor-driven
stage, scanning 100 pm stepwise. The Si (Li) solid-state
detector was used to detect X-ray fluorescence emission
lines with a live time of 100 s. Here, XRF scans of the first
point (0 wm) were determined to be at the position of the
maximum change point of the profile. Data reduction and
processing were performed using the PyMca package,
which is freely distributed for non-commercial applica-
tions, and the code can be downloaded from http://www.
esrf.fr/computing/bliss/downloads.!!

SR-1.-XANES spectroscopy

The XANES experiments at a 1W2B nggler beamline of
BSRF were performed, where the storage ring was run with
electrons at an energy level of 2.5 GeV and 150 to 250 mA
ring current. The micro-XANES spectra (irradiated spot
50x 50 wm) at the nickel K-edge of the skin sample were
collected in fluorescence mode using a Vortex-EM silicon
drift detector. The XANES spectrum of the reference nickel
ion solution (10% NiSO4) was also collected in fluores-
cence mode for comparison. The photon energy was
calibrated against the K-edge of nickel foil at 8333 +
0.3 eV. The spectra were processed using Bruce Ravel’s
program ATHENA based on Matt Newville’s IFEFFIT
library.

Statistical analysis

Statistics analysis was performed with SPSS 18.0.0
software (IBM Corporation, Armonk, New York, USA)
and Prism 7.0 software (GraphPad, La Jolla, CA, USA).
The animals were randomly assigned to either the test or
the control group by the random number table. The
random allocation sequence was generated and was
concealed from the main investigator. Kolmogorov-

1961

WWW.Cmj.org

Smirnov test was used to test the normality of samples.
To analyze the evaluation of erythema, we used the non-
parametric Mann-Whitney U test, data were presented as
median (Q1, Q3). To compare the fluorescence intensity of
nickel, the Student’s ¢ test was used for statistical analysis.
Data were presented as mean + standard deviation. Levene
test was used to test equality of variances. If the variances
were heterogeneity, we used the Welch approximate ¢ test
to analyze data. A P < 0.05 was considered statistically
significant.

Results

Skin reactions (erythema and swelling)

Figure 1 shows the evaluation of erythema surrounding
skin reactions in all study groups during the experimental
time periods (at 6, 12,24, 48, and 72 h after the challenge).
The average erythema scores peaked at 24 hin 5% to 10%
group (sensitization-challenge NiSO4 solution) and 10%
to 10% group (sensitization-challenge NiSO4 solution). At
12 h, the score in the 10% to 10% group was significantly
higher than thatin the 5% to 10% group (32, 3] vs. 1[1, 1],
Z =-3.953, P < 0.0001). The skin reaction in two groups
simultaneously declined gradually after 24 h. These symp-
toms disappeared after 72 h in two groups.

Pathohistological images of skin tissues

The H&E stained histopathological images from the skin
cross-sections treated with patches for 24 h are shown in
Figure 2. Gross changes observed by the naked eye
revealed that the allergic responses on the surface of the
skin tissues of guinea pigs were erythema and scabbing,
which are likely due to the itching and redness found in
patients with nickel ACD, with different degrees of change
observed. In the late phase group, we observed late-phase
histological features such as epidermal thickening, hyper-
keratosis, and/or para-asteatosis and acanthosis in the
epidermis, as well as angiotelectasis and inflammatory cell
infiltration in the epidermis and dermis. Histopathological
findings included hyperkeratosis with parakeratosis,
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Figure 1: Evaluation of erythema in guinea pigs at different times after challenge. Skin
reaction in animal model was correlated with clinical symptom scores with Magnusson and
Kligman test’s standard. Dot plots show values for average symptom scores in each group
(ten Hartley guinea pigs) during 72 h. Data represent at least three independent
experiments. The detected data was converted to average value in each group.
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Figure 2: Pathological alterations in skin of model after challenge with NiSO,4 at 24 h. Hematoxylin and eosin staining of skin sections from early-phase group (A) and acute phase group (B)
showed epidermis, dermis, and peri-vascular hypodermis infiltration of inflammatory symptoms in animal model at 24 h. Stained tissues were observed using a light microscope (original

magnification x40). Scale bars: 500 pm.
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Figure 3: The main elements of skin tissues in guinea pigs-model after 48 h treatment. The images showed clear peaks for not only Ni, but also the metal elements Fe and Zn in the skin
cross-sections after 48 h. Ar is non-metal element in air, it was not considered in this study. (A) The macroscopic image showed the skin section of animal. (B) Skin cross-section from
animals (original magnification x8, scale bars: 100 wm). The arrow points to direction of scanning before administering SR-XRF. (C) SR-XRF indicated the main elements from the skin
cross-sections. The intensity of the element in negative control was regard as the background (pink line). SR-XRF: Synchrotron radiation X-ray fluorescence spectroscopy.

epidermal hyperplasia, dermal telangiectasia, and hyper-
emia [Figure 2]. In the early phase group, with 24 h
challenge, there was substantially more inflammatory cell
infiltration in the dermis than that in the late phase group.
The skin lesions showed intra-cellular edema, liquefaction,
and denaturation of the basal layer, as well as dermis
vasodilatation and dermal cell infiltration.

Distribution of nickel element by SR-XRF from skin cross-
sections

SR-XRF of the main elements from the skin cross-sections
[Figure 3] showed clear peaks for not only nickel but also
the metal elements Fe and Zn. The significantly higher
signal intensity of nickel suggested the feasibility of the Ni-
induced ACD model. The depth-resolved XRF was
acquired to determine the distribution of nickel in the
ACD model tissue. The photon energy corresponds to
absorption above the Ni K edge excitation threshold and
should be independent of any change in white line intensity
due to oxidation state variation. The fluorescence intensity
was proportional to the concentration of nickel [Figure 4].
In the early phase group, the content of nickel increased
from 0 to 200 pm (epidermis in Figure 2), and it decreased

gradually with deeper position. In contrast, the content of
nickel element in the late phase group was slightly reduced
and showed a stable fluctuation over the full depth.
Obviously, within the deep position of 200 wm, the nickel
content in the early phase group was much higher than that
in the late phase group (0.00092 + 1.961 x 10 %us.
0.00053 +9.487 x 107°, t=17.91, degree of freedom
[df] =13.00, P < 0.0001). In deeper positions of 500 wm,
the nickel element concentration in the two groups was
approximately  similar  (0.00040 + 9.803 x 10 °us.
0.00038 + 1.992 x 10, +=0.90, df = 13.12, P = 0.380)
[Figure 4]. These results suggested that the permeated
nickel content was concentrated in the epidermis first.
Then, the content penetrated to the dermis beyond the
basal layer, especially in the early phase group.

Chemical species of nickel element in the skin model by
SR-XANES

XANES studies were performed to investigate the nickel
binding properties in ACD model tissues [Figure 5]. The
comparison of the XANES data for nickel in the 10%
NiSOy solution and the ACD model tissue showed that a
structural change occurred in the nickel site. Nickel had

1962


http://www.cmj.org

Chinese Medical Journal 2019;132(16)

0.0010 r
~== Early phase group
0.0008 | —=— Late phase group
f \
' \ Negati
—— Negative control
£ 00006 |/
5
E
o 0.0004
&
=
ez 0.0002
0.0000 ke A >
0 500 1000
Depth (um)

Figure 4: The relative comparison of nickel content in skin tissues of Ni-ACD model. The
depth-resolved XRF were acquired to determine the distribution of Ni in the ACD model
tissue. XRF scan of first point (0 um) was determined to be at the position of maximum
change point of the profile. Values represent at least three independent experiments and
the detected data was converted to average value in each group. Ni-ACD: Nickel induced
allergic contact dermatitis; XRF: X-ray fluorescence spectroscopy.
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Figure 5: X-ray absorption near-edge spectroscopy of nickel K edge in the skin of Ni-ACD.
XANES studies were performed to investigate the nickel binding properties in this model
tissue. The peaks will depend on the coordination number and geometry of the metal site.
The difference was observed between the ACD model tissue (Skin model) and the 10%
NiS0O, solution (NiSO4 solution). Ni-ACD: Nickel induced allergic contact dermatitis; XANES:
X-ray absorption near-edge spectroscopy.

vacancies in the 3d manifold, and peaks associated with
1s-3d transitions were observed in the pre-edge XANES
for nickel in the 10% NiSO, solution [Figure 5], suggesting
that nickel was in the aqueous ionic state. In the case of
ACD model tissues, small shoulders associated with peaks
involving 1s—4pz transitions were observed. The peaks
depended on the coordination number and geometry of the
metal site. By comparing the peaks with samples of known
coordination numbers and geometrles, nickel in ACD
model tissue was not present in the Ni** aqueous ionic state
but in nickel-binding protein.

Discussion

In the present study, Ni-induced ACD models were
produced by modified protocols with SP formulations
for guinea pigs based on traditional skin sensitization
methods. We used SR-XRF to investigate the distribution
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of the nickel element in the skin tissues of two different Ni-
ACD models (late phase and early phase), and the chemical
species of the nickel element was also revealed via SR-
XANES. In addition, H&E stained imaging of the target
tissue sections provided histopathological information.
Hence, the feasibility of these models and the distribution
of metal permeation behavior in the skin tissues was
confirmed.

Ni-ACD is a type IV allergy reaction.""*! For a hapten to be
able to initiate this reaction, it has to Penetrate through the
stratum corneum to the epidermis.'*! Therefore, efforts
have been undertaken to investigate the penetration and
distribution of haptens through the skin.[t1-1416-18] Eop
normal human and mouse skin, imaging mass spectrometry
and SR-XRF were used to analyze the penetration and
distribution of nickel.l”*! However, these methods do not
give detailed 1nformat10n on nickel element penetration and
distribution in the skin in the pathogenesis of contact
dermatitis. Therefore, there is a need to investigate clinically
relevant haptens and their distribution in the epidermis of
contact dermatitis with non-destructive inspection.

The evaluation of erythema on skin reactlons is used to
judge the concentration of nickel indirectly."®! According
to our study, we found that symptoms were dependent on
the time of nickel penetration. An iz vitro study evaluating
nickel element permeation through the human stratum
corneum also reported that the permeation rate of aqueous
NiSOy solution was the highest after approximately 24 h,
regardless of the nickel salt species, which is in agreement
with our results.®!

The two groups, including both early phase and late phase
ACD models, displayed different symptoms during the
experiment. For each depth of skin, the nickel element
concentration in the early phase group was higher than that
in the late phase group. In our study, it was observed that the
skin nickel element concentration from 100 to 200 wm
depth in the early phase group was higher than that under
300 wm depth. Similar results were also found by Sugiyama
et al”! However, the lord-balanced permeated nickel was
diffused in the cross-section of the late phase group. The
concentration of nickel caused this phenomenon. Perme-
ation of hlgh concentrations of nickel into the skin was
reported to increase blood flow.!*>*!! Thus, the removal of
nickel-binding proteins by blood flow may keep nickel
concentration well-balanced under deeper tissues. Corre-
sponding to the evaluation of erythema in skin reactions, the
states of swelling and skin lesions contributed to the depth of
tissues, which might enlarge scales of the stratum corneum
and epidermis in a severe lesion condition.

Comparing the XANES data for the 10% NiSOy solution
treatment, structural changes occurred in the skin model
sample We demonstrated that nickel was not present in
the Ni** aqueous ionic state but bound to nickel-binding
proteins in vivo. Some reports found and proved this
phenomenon of nickel metal- bmdlng amino acids, pep-
tides, or proteins in vitro.?***! Our study demonstrated
nickel binding events for nickel contact allergy in vivo by
the measurement of XANES. Some relative studies have
reported that Ni** triggered an inflammatory response by
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directly activating human Toll-like receptor 4 (TLR4) in
vitro, and they demonstrated that Ni“*-induced ACD
symptoms were species-specific, as the mouse TLR family
could not generate this response; mouse TLR senses
microbial pathogens and endogenous llgands 113,251 A
recent study has reported that nickel (I) ions bind
particularly at histidine residues, which are 1n the region
required for the recognition of nickel 51gnals ! However,
itis not clear which proteins of hapten Ni** were combined
to trigger Ni-induced ACD. Future research is required to
explore this further.

In conclusion, this study showed that the distribution of
the nickel element in ACD skin tissue was different
between the early phase and late ghase groups. The nickel
element was not present in the Ni“* aqueous ionic state but
bound with certain proteins to form a complex in the
stratum corneum nickel in ACD model tissue. SR-XRF and
XANES technologies were non-invasive, and depth-
resolved structure analysis was used for the conventional
histopathological specimens. Therefore, these technologies
may be applicable for the screening of metal-affected
lesions and the evaluation of the effects of permeated metal
elements on skin tissue lesions.
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