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Abstract
Ultraviolet radiation (UVR) skin exposure is a common exogenous insult that can alter skin barrier
and immune functions. With the growing presence of nanoparticles (NPs) in consumer goods and
technological applications the potential for NPs to contact UVR exposed skin is increasing.
Therefore it is important to understand the effect of UVR on NP skin penetration and potential for
systemic translocation. Previous studies qualitatively showed that UVR skin exposure can increase
the penetration of NPs below the stratum corneum. In the present work, an in vivo mouse model
was used to quantitatively examine the skin penetration of carboxylated (CdSe/ZnS, core/shell)
quantum dots (QDs) through intact and UVR barrier disrupted murine skin by organ Cd mass
analysis. Transepidermal water loss was used to measure the magnitude of the skin barrier defect
as a function of dose and time post UVR exposure. QDs were applied to mice 3-4 days post UVR
exposure at the peak of the skin barrier disruption. Our results reveal unexpected trends that
suggest these negative charged QDs can penetrate barrier intact skin and that penetration and
systemic transport depends on the QD application time post UVR exposure. The effect of UVR on
skin resident dendritic cells and their role in the systemic translocation of these QDs are described.
Our results suggest that NP skin penetration and translocation may depend on the specific barrier
insult and the inflammatory status of the skin.
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1 Introduction
The expanding use of nanomaterials in consumer and technological applications has
motivated studies to investigate the risks associated with human and environmental
nanoparticle (NP) exposure (NNI, 2008; NIOSH, 2009). A primary human exposure route is
the skin and therefore many studies have sought to elucidate factors that can impact NP skin
penetration. Considerable work has focused on TiO2 and ZnO NPs, which are commonly
formulated into ultraviolet radiation (UVR) protective sunscreens and cosmetics products.
Studies of barrier intact skin, employing numerous human and animal skin models,
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generally report no significant evidence for ZnO or TiO2 NP penetration beyond the stratum
corneum (Cross et al., 2007; Tan et al., 1996 ; Gamer et al., 2006; Schulz et al., 2002;
Lademann et al., 1999; Mavon et al., 2007; Pflucker et al., 1999; Roberts et al., 2008; Schulz
et al., 2002; Wu et al., 2009; Zvyagin et al., 2008). Much less is understood, however, about
how UVR skin exposure may modulate the susceptibility to NP stratum corneum penetration
and systemic transport.

It is well established that UVR skin exposure induces dose and time dependent biological
responses including erythema, inside-out barrier dysfunction as measured by transepidermal
water loss, and immunosuppression characterized by a depletion of skin resident dendritic
cells (Abe & Mayuzumi, 1979). Interestingly, the combined effects of UVR induced
immunosuppression and barrier dysfunction do not result in an increased incidence of skin
microbial infections as UVR exposure also induces expression of antimicrobial peptides in
skin (Glaser et al., 2009). How the impacts of UVR exposure on skin barrier and skin
immune function may affect NP skin penetration and systemic transport are not yet
understood.

One recent human subjects study investigated the effect of repeated (7 consecutive days)
topical application of a sunscreen lotion containing ZnO NPs to UVR exposed skin and
found significant increases of Zn ion levels in the blood and urine of volunteers, suggesting
that UVR exposure may enhance penetration of NPs through human skin (Gulson et al.
2010). It was not however, determined in this study whether Zn ions or intact ZnO NPs
penetrated the stratum corneum. Another study employing an in vivo pig model reported,
based on analysis of transmission electron microscopy (TEM) images and diffusion cell
measurements, that UVR exposure slightly enhanced the penetration of TiO2 and ZnO NPs
through layers in the stratum corneum (Monteiro-Riviere et al. 2011). The depth of
penetration was found to depend on the formulation of the vehicle in which the NPs were
topically applied. The above studies corroborate our findings reported earlier (Mortensen et
al. 2008) that UVR exposure could enhance the penetration of quantum dot (QD) NPs
though the stratum corneum and into the viable mouse epidermis.

QDs are fluorescent NPs that are increasingly being utilized in commercial and
technological applications (Koleilat et al., 2008; Lee et al., 2010; Li et al., 2010; Wu et al.,
2004). Therefore, understanding how QDs interact with skin is a primary concern. QDs are
also powerful probes, with a distinct advantage over nonfluorescent NPs in their ability to be
more easily tracked in tissues provided the signal can be detected above background
autofluorescence (Mortensen et al., 2010; Mortensen et al., 2011). The qualitative findings
discussed above suggest that UVR skin exposure induces an outside-in barrier defect that
can increase the susceptibility of NPs to penetrate the stratum corneum. Quantitative studies
of NP penetration through UVR exposed skin are lacking and warranted as the number of
NP containing skin care products is on the rise (Nohynek et al., 2010) and UVR skin
exposure is a common environmental insult. The present study seeks to quantify the effect of
UVR skin exposure on the penetration of negatively charged QDs using the SKH-1 in vivo
mouse model. We investigate the impact of UVR dose on skin barrier function and relate the
peak of the barrier defect to the penetration of QDs using organ elemental analysis. Our
results reveal unexpected trends that suggest QD skin penetration and systemic transport
depend on UVR exposure and the QD application time post UVR exposure. The effect of
UVR on skin resident dendritic cells and their role in QD systemic translocation are
described.
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2 Materials and Methods
2.1 Quantum Dot Functionalization and Vehicle Preparation

To prepare water-soluble QDs for use in this study, we purchased (NN-Labs, Fayetteville,
Arkansas) spherical CdSe/ZnS core-shell QDs in organic solvent (toluene) with a peak
emission wavelength of 620 nm. Water-soluble carboxylic acid coated QDs were generated
by ligand exchange with dihydrolipoic acid (DHLA) as described previously (Mortensen et
al., 2009). Briefly, a ~10,000× molar excess of pure DHLA to QDs is added to 1 mL
methanol and the pH adjusted to 11.0-12.0 using tetramethylammonium hydroxide
pentahydrate powder (Sigma-Aldrich Inc., St. Louis, Missouri). The QDs (250 μL, 1.25 mg)
were precipitated from toluene using excess methanol/acetone (50/50) and centrifugation at
14,000 rpm (~23000 g). They were then resuspended in tetrahydrofuran (THF) and added
drop-wise to the DHLA reaction mixture. The reaction was incubated at 60°C with stirring
for 3 hours, then overnight at room temperature. The QDs were mixed with excess ether to
precipitate with centrifugation at 14,000 rpm for 10 min. The ether was poured off, the pellet
dried with nitrogen gas, and the QDs resuspended in water. The QDs were dialyzed using a
5 kD molecular weight cutoff DispoDialyzer filter (Harvard Apparatus Inc., Holliston,
Massachusetts) in 500× excess volume of water for 72 hours with water changes every 24
hours. After dialysis, the concentration was determined by measuring the absorption at the
first exciton using Lambert-Beer’s law and an extinction coefficient determined from the
literature (Yu et al., 2003). To determine the physiochemical properties of our functionalized
QDs we measured the hydrodynamic diameter and zeta potential at a concentration of
~10-20 nM in water and the in vivo application vehicle (described below) using a Malvern
Instruments Zetasizer Nano ZS (Malvern Instruments Ltd, Worcestershire, United
Kingdom).

2.2 UVR Irradiation and Transepidermal Water Loss
To examine barrier response by Transepidermal water loss (TEWL) and the skin penetration
of QDs, we used hairless SKH-1 mice back-crossed onto the C57BL/6 mouse as described
previously (Mortensen et al., 2008). These mice are unpigmented and immunocompetent.
They exhibit normal skin function with the exception of developing alopecia after the first
cycle of normal hair growth. Mice were allowed access to water and standard mouse feed ad
libitum and housed under constant humidity and temperature with 1 mouse per cage and 12
hour light/dark cycles during UVR-irradiation and recovery experiments. All mouse
experiments were performed on animals 8-10 weeks in age weighing 25-30 g. For the
TEWL experiments, a designed experiment approach was utilized with a full factorial 64
treatment condition array including a 2-level gender factor (male and female), a 4-level
ultraviolet B (UVB) dose factor (0 mJ/cm2, 180 mJ/cm2, 270 mJ/cm2, and 360 mJ/cm2), and
an 8-level day factor (0-7 days post-UVR exposure) with n=2. TEWL was measured using
the Tewameter TM 300 with a mouse adaptor (Courage-Khazaka, Koln, Germany) with 60
seconds equilibration time to ensure consistent measurement. After equilibration, TEWL
was measured once a second for 30 seconds and the values averaged to provide a single
reading for each mouse. To minimize measurement variability the room temperature, the
relative humidity, and the time of day were fixed. The TEWL was measured for 4
consecutive days to establish a baseline for each mouse. The mice were irradiated in a
standard laboratory setting according to procedures detailed elsewhere (Mortensen et al.,
2008). Briefly, mice were housed individually and exposed at a distance of 15 inches to
UVA Sun 340 lamps, which emits across the UVA (320-400 nm) and UVB spectra (290-320
nm), closely resembling the UVR spectrum of sunshine (Tripp et al., 2003). Throughout the
text we refer to UVR exposure but denote the specific UVB dose as the lamps were
calibrated to UVB output using an IL1700 light meter (International Light) with a SED 240
probe (255-320 nm detection). The exposure time to achieve the desired UVB dose was
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calculated using the measured flux value (J/cm2-sec). TEWL was then measured
immediately after UVR exposure and each day subsequently for 7 days at the same time
each day. A near equivalent UVB exposure of 180, 270, and 360 mJ/cm2 would be achieved
by spending 11, 16, and 22 min in the direct sun at noon time in mid-July in Rochester, NY.

2.3 UVR Irradiation and Langerhans Cell Density
To examine the effect of UVR on Langerhans cell density we exposed mice to 360 mJ/cm2

UVB using the procedure described above. After 4 days post UVR exposure the mice were
sacrificed humanely according to a protocol approved by the University Committee on
Animal Resources (UCAR). Skin samples were harvested from the backs (5 cm2 in area) of
the UVR exposed and control (no UVR) mice. Skin samples were thinned from the dermis
side using a scalpel and stained for Langerhans cells (LCs) using the following protocol. The
thinned skin was fixed in methanol (15 minutes at 4 °C), blocked using 2% bovine serum
albumin (BSA,HyClone, Cat. No. SH30574.01) for 30 minutes at room temperature. Next,
the skin was treated with Fc Block (anti-CD16/CD32, eBioscience, Cat. No: 14-0161-82)
diluted 1:100 in 2% BSA for 30 minutes at room temperature. Staining for LCs was
achieved using anti-CD207 (eBioscience, Cat. No: 53-2073-82) diluted 1:100 in 2% BSA
overnight at 4 °C. After washing x2 in PBS the stained samples were mounted with the
epidermis facing down on glass bottom microwell dishes (MatTek Corporation). The
samples were coated with mowiol and a cover slip was then placed on the dermis to flatten
the sample for confocal imaging using a FV1000 Olympus Laser Scanning Confocal
Microscope. The number densities of positively stained LCs in the epidermis were
quantified using Image J software (NIH version 1.45).

2.4 QD Application to Mice
QDs or a vehicle control were applied to the backs of n=5 mice 3.5-4.5 days post-UVR
exposure (0 mJ/cm2 or 360 mJ/cm2 UVB irradiation) when the TEWL value was near
maximum using previously discussed techniques (Mortensen et al., 2008). Briefly, prior to
application of the QD glycerol solution, each mouse was fitted with an Elizabethan collar
(Braintree Scientific, Braintree, Massachusetts) to avoid removal from grooming and
ingestion of the applied QDs. Each mouse was treated with 30 μL of 3.5 μM DHLA QDs in
30% glycerol over ~6 cm2 area of their back, with the dose spread evenly over the skin with
a 200 μL pipette tip. This provided a final QD dose of ~17.5 pmol/cm2. The collars
minimally affected mouse behavior, with a slightly more subdued activity level being the
only observable impact. After 24 hrs of QD application the mice were sacrificed and their
skin and organs harvested and treated for analysis as described below. All procedures were
approved by the University Committee on Animal Research (UCAR).

2.5 Dissection and Organ Analysis
After sacrifice, excess QDs remaining on the skin surface were carefully wiped off using
sterile 1× PBS soaked gauze and then dried. The UVR exposed and QD skin application
area was harvested from the back and processed for immunohistochemistry and TEM
analysis as described in Sections 2.6 and 2.7. Next, the proximal lymph nodes (axillary and
brachial) and the liver were harvested from each animal and weighed. Organs were
harvested using dedicated instruments, with the control animals (no QD) being dissected
first. Between each animal, the dissection surface covering was changed and the instruments
were cleaned and rinsed in H2O then acetone, sonicated for 10 minutes in 1% HNO3, and
rinsed again to remove residual acid and to eliminate potential contaminants. The tissues
were placed directly into pre-weighed digestion vials, weighed, and wet ashed with ultrapure
70% nitric acid (Baseline, SeaStar Chemicals Inc., Sidney, British Columbia, Canada). After
nitric acid ashing, the tissue residue was resuspended in 2% HNO3 diluted in 18 M Ω
deionized water before graphite furnace atomic absorption spectroscopy analysis.
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Quantification was achieved through comparison to reference standards (Standard Reference
Material 1577b from bovine liver; National Institute of Standards and Technology,
Gaithersburg, MD). To ensure that experimental error did not contribute to the Cd signal
found in the liver and lymph tissue for the 24 h QD exposure conditions, a 0 h QD exposure
control was included. For this control, non-UVR irradiated animals had the standard
concentration and volume of QDs applied to their backs, but they were immediately
sacrificed and their organs collected for Cd level quantification using identical procedures
described above. The amount of Cd in the applied dose was also quantified.

2.6 Skin Tissue Cryo-Processing
A portion of the skin was snap frozen using liquid nitrogen and stored at −80°C. These
samples were later processed for analysis by mounting the skin in Tissue-TEK OCT (Sakura
FineTek USA Inc. Torrance, CA). Skin was sectioned from dermal to epidermal side onto a
microscope slide using a Microm HM 525 cryostat (Mikron Instruments, Inc. San Marcos,
CA) at 10 μm thickness, with the blade changed between slices. The blade precautions were
taken to avoid accidental transfer of QDs from the skin surface to epidermal and dermal
layers when slicing. After sectioning, all samples were fixed in 5% formalin in PBS for 10
minutes and mounted using Vectashield mounting media (Vector Laboratories, Inc.). The
sections were imaged under a wide field fluorescence microscope (Olympus IX70 with
QImaging Retiga EXL camera) with a mercury lamp excitation source (360/30 bandpass
filter) and narrow emission (620/10 bandpass filter) and phase contrast microscopy to allow
visualization of skin structures while minimizing autofluorescence in the QD fluorescence
images.

2.7 Transmission Electron Microscopy
Transmission electron microscopy (TEM) was used to examine QD skin penetration at an
ultrastructural level, namely their cellular localization. After 24 hour fixation in 2.5%
glutaraldehyde, whole skin samples were postfixed in osmium tetroxide and silver enhanced
using a standard AURION R-GENT SE-EM reagent and protocol as discussed previously
(Mortensen et al., 2008). The silver enhancement selectively deposited on the QDs to allow
them to be distinguished easily from the surrounding tissue (Chou et al., 2009). After silver
enhancement, the skin samples were dehydrated using graded alcohol baths (25%, 50%,
75% and 100%) and then infiltrated with and embedded in Spurr epoxy resin with overnight
polymerization at 70°C. After embedding, the samples were cut to 1-2 μm with a glass blade
and then sectioned at 70 nm with a diamond knife and placed on copper grids. QD
localization was evaluated using the Hitachi 5100 TEM apparatus with EDAX attachment to
provide elemental analysis spectra of samples. To confirm that silver enhancement was
optimized for contrast of QDs, samples were processed in an identical manner from vehicle
only treated mice.

2.8 Statistical Analyses
A 3-way ANOVA was used to evaluate the impact of UVR dose, gender, and time on
TEWL response with an n=2. Subsequent analyses were then done via a 2-way ANOVA
after pooling by gender to yield n=4. Multiple group comparisons were done using unpaired
Students t-tests. For the analyses of organ Cd levels, 5 mice per group were used. Individual
group comparisons of tissue Cd level were performed using unpaired Student’s t-tests. For
Langerhans cell studies a power analysis was performed on preliminary data with values
α=0.01, β=0.05, (1-β)>0.95. It was determined that n=2 mice were needed at each UVR dose
(0 and 360 mJ/cm2 UVB). We used age matched male and female mice for the Langerhans
cell migration study. A unpaired Student’s t-test was performed on individual groups for
statistical comparisons.
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3 Results
3.1 Transepidermal Water Loss

To investigate the effect of UVR on TEWL we first established individual baseline values
for our outbred SKH-1 mice. To do so, we recorded the TEWL value for each mouse (n=16)
on four consecutive days. Averaging the baseline values for all mice yielded a TEWL value
of 4.15±0.73 g/m2/h. Groups of mice (n=4) were then exposed to four different UVR doses
(0, 180, 270, 360 mJ/cm2 UVB). ANOVA demonstrated that TEWL was strongly impacted
by the UVR dose and post-exposure time (p<0.0001 for each). Gender was not found to
have a significant effect on TEWL (p=0.18). Therefore, pooled data from male and female
mice are shown in Figure 1, where the TEWL values are reported as a function of UVB dose
and time. The y-axis represents the average normalized TEWL value calculated by taking
the TEWL value measured on each mouse, dividing by its individual four day baseline
value, then averaging results (n=4 mice per data point). The plots show that by day 3 post-
irradiation a statistically significant increase in TEWL occurs for each of the UVR-exposed
groups. Some scaliness and redness was observed on the backs of the mice exposed to 270
mJ/cm2 and 360 mJ/cm2 UVB by day 3. Measurements on mice in all groups were taken in
this general area. The peak TEWL value depended on UVR dose and time. A peak value of
2.33±0.26 fold over the control was attained for the 180 mJ/cm2 UVB dose at 4 days post
UVR exposure, a peak value of 6.07±1.74 fold over control was attained for the 270 mJ/cm2

UVB dose at 5 days post UVR exposure, and a peak value of 8.84±0.96 fold over control
was attained for the 360 mJ/cm2 UVb dose at 6 days post UVR exposure.

3.2 QD Characterization
To characterize our functionalized QDs, the hydrodynamic particle size and zeta potential in
both water and the glycerol application vehicle were measured. Using the Malvern
Zetasizer, we determined the size of our DHLA 620 nm QDs to be similar in both deionized
water and the 30% glycerol-containing vehicle (Figure 2). This suggests that the QDs
diluted in water and glycerol maintain a similarly monodisperse condition, with particle size
of 14-15 nm. A zeta potential value of approximately −45 mV obtained in deionized water
indicates strongly functionalized QDs. A similar zeta potential value of approximately −40
mV in 30% glycerol suggest that QDs maintain their charge, with the small difference in
zeta potential being attributable to the pH difference between the solutions as indicated. The
charge stability and monodispersity of our DHLA functionalized QDs in the application
vehicle that is similar to the pH of skin may help to maintain solution characteristics and
dispersity under our experimental conditions (Prow et al., 2011).

3.3 Microscopy Evaluation of QD Skin Collection and Penetration
Phase contrast and fluorescent microscopy images of histological sections from mouse skin
following QD application to control skin (no UVR) and skin 3.5 days post UVR (360 mJ/
cm2 UVB) exposure are shown in Figure 3. Relative to control skin (Figure 3A), there is an
obvious thickening and disorganization of the UVR exposed skin (Figure 3C). Common QD
collection sites on non-irradiated skin occur in the outer layers of the stratum corneum
(Figure 3A), with some preferential collection in folds and defects of the skin surface, as
well as along hair follicles (Figure 3B). In UVR irradiated skin, there is an increased
presence of QDs below the stratum corneum away from hair follicles, a representative
example of which is shown in Figure 3C. Similar collection trends were observed around the
hair follicle, but with a more consistent depth of penetration (Figure 3D). It is important to
note however, that by histological analysis the occurrences of QD penetration below the
stratum corneum on UVR exposed skin were rare events. Most commonly, the occurrences
were localized to areas that had obvious morphological damage and thickening of the
stratum corneum. Furthermore, the occurrences of penetration in UVR exposed skin
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appeared more commonly as QD clusters below the stratum corneum rather than as
individual QDs.

3.4 Ultrastructural TEM Analysis of Penetration Pathways
TEM combined with silver enhancement to amplify the presence of QDs in skin sections
was established in our previous work (Mortensen et al., 2008). Silver treatment increases the
size and contrast of the QDs, thereby allowing their distinction from inherent tissue features.
For the no UVR control, collection of QDs was primarily observed in the outer layers of the
stratum corneum, with some collection in the hair follicles (Figure 4), which is consistent
with the tissue histology. Some penetration through the outer layers of the stratum corneum
could be observed (Figure 4A), with QDs appearing to move through the intercellular
lamellar space as found in previous work (Mortensen et al., 2008). We were unable to find
many instances of penetration of QDs past the stratum corneum barrier for the no UVR
control mice. However, when considering the 360 mJ/cm2 UVB samples, some distinct
morphological and QD penetration differences were apparent (Figure 5). The stratum
corneum of all samples is substantially thickened and the intercellular connections appear
much looser. Nuclei and unprocessed lamellar granules are visible in a number of locations
at the outer portions of the stratum corneum, which is a common feature of UVR damage
and may contribute to barrier impairment (Jiang et al., 2006). Additionally, the number of
cell layers between the bottom of the stratum corneum and the dermal/epidermal junction is
higher with an overall increase in thickness. The differentiating keratinocytes throughout the
epidermis appear to have looser junctions as well, and their shape and morphology are
altered. Analysis of the UVR exposed mouse sections suggest that the QDs were able to
make it further through the loosened outer layers of the stratum corneum intercellular space
(Figure 5A). Some occurrences of corneocytes filled with large amounts of QDs were
observed (Figure 5A,i). Analysis of many TEM sections suggest that isolated areas with
relatively higher amounts of stratum corneum damage may allow less hindered penetration
of QDs. Similar to the histological imaging (Figure 4), scarce but higher penetration levels
through the stratum corneum were observable in UVR irradiated samples (Figure 5)
compared to the no UVR control samples. Non-QD control skin samples exhibit very low
levels of silver staining, suggesting that the noise floor for our TEM technique is very low
(supplementary data). The small sampling area achievable with the TEM analysis technique
is however, a strong limiting factor for accurate evaluation of the effect of UVR on QD skin
penetration.

3.5 Quantitative Distal Organ Analysis
Histological and TEM analysis provide important insight into the localization of QDs in the
skin and some understanding of penetration mechanism, but they do not yield quantitative
information. To evaluate the impact of UVR on skin penetration of QDs at a systemic level,
it is necessary to look at organ collection patterns. We used atomic absorption spectroscopy
to quantify Cd presence in the lymph nodes and livers of mice as a function of UVR (360
mJ/cm2) exposure and QD application. Calibration studies found that the Cd limit of
detection (LOD) was 0.033 ng/ml and the limit of quantification (LOQ) was 0.111 ng/ml.
The total QD dose applied to mice (glycerol vehicle plus QD) weighed 0.033 g (6 cm2 area),
and was calculated to contain 105.0 picomoles of QDs. Elemental analysis of the dose
applied was found to contain 112.7±1.7 μg Cd. The total liver and lymph node organ Cd
(ng) is shown in Table 1, and the tissue distribution (ng/g) is shown in Figure 6. Results
indicate the presence of a baseline Cd level in the livers of control mice (vehicle treatment
only). The likely source of this Cd is from their food. Application of QDs to control mice
(no UVR) did not increase the liver Cd level. However, application of QDs to UVR
exposure (360 mJ/cm2 UVB) skin did show a statistically significant increase in liver Cd
compared to the non-irradiated vehicle treated and non-irradiated QD treated mice (p<0.05).
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The increase above background was however low, accounting for 0.0035% of the applied
QD dose. Elemental analysis of the lymph nodes in control mice (vehicle treatment only)
found unquantifiable baseline Cd levels (below the limit of quantification, LOQ) with and
without UVR exposure. Application of QDs to UVR exposed skin elevated the Cd levels in
lymph nodes of mice, 0.57±0.10 ng (25.12±7.29 ng/g). Unexpectedly, we also detected Cd
in the lymph nodes of the control (no UVR) mice, 1.03±0.08 ng (64.13±11.28 ng/g). These
values equate to 0.0005% and 0.0012% of the applied dose, respectively. To confirm that
the detection of Cd in the lymph nodes of QD exposed control mice (no UVR) was not due
to contamination, an additional control was performed with QD application to control skin
(no UVR) followed by immediate sacrifice (i.e. ~0 hr exposure). This control found Cd
levels below the LOQ in the lymph nodes indicating that the presence of Cd in the lymph
nodes of mice treated with QD (no UVR) for 24 hr did not result from technique error but
rather from systemic transport that occurred over the time period of the experiment. These
findings suggest that QDs can penetrate barrier intact mouse skin and that UVR (360 mJ/
cm2 UVB) exposure decreases transport to the lymph node. While penetration of QDs
through control skin (no UVR) is not suggested by liver Cd analysis, tissue histology or
TEM, it is plausible that the low levels of penetration observed made it difficult detect Cd
above background levels. QD presence could also be missed on tissue sectioning or difficult
to detect above tissue autofluorescence. UVR exposed mice did however, exhibit a
statistically significant increase in liver Cd over baseline confirming QD skin penetration
and systemic translocation. The decreased Cd level in the lymph node of UVR exposed mice
suggests an effect of UVR on the mechanism of systemic transport which we explore in the
next section.

3.6 Effect of UVR on Langerhans Cell Density
Skin resident antigen presenting dendritic cells, in particular Langerhans cells (LCs), have
been shown to play critical roles in skin immunity and in the development of UVB-induced
immunosuppression (Schwarz et al. 2010). Under skin inflammatory conditions or following
UVR exposure, LCs migrate from the skin to the local lymph nodes to activate appropriate T
cell populations (Schwarz et al. 2010; Kissenpfenning et al. 2005). A recent study of
cutaneous vaccination showed that nanoparticles loaded with DNA were uptaken by LCs in
the epidermis and they migrated to the draining lymph node where encoded gene products
were expressed (Lee et al. 2010). Hence, the ability of LCs to uptake NPs in skin combined
with the effect of UVR induced LC migration to the lymph nodes suggests a plausible
mechanism for the detection of lower Cd levels in the UVR exposed mice relative to control
(no UVB) reported above. To support this we used confocal microcopy to quantify the LC
density in the skin of control mice (no UVR) and in mice four days post UVR exposure (360
mJ/cm2 UVB), the approximate time when the TEWL barrier defect was at a maximum and
when the QDs were applied. Results find that UVR exposure significantly depleted (~80%)
the LCs in the skin at day 4 relative to the control (Figure 7). The average density in control
skin is 478 LCs/mm2, and this decreases to 79 LCs/mm2 4 days post UVR exposure. The
presence of fewer LCs in the skin at the time of QD application suggests a reduced capacity
to traffic QDs to the lymph node which is consistent with the lower Cd level measured in the
lymph node of the UVR exposed mice relative to the control.

4 Discussion
The skin has had an increasing amount of research effort focused on determining the ability
of NPs to penetrate the intact and damaged skin barrier. We report herein a low-level skin
penetration of (CdSe/ZnS, core/shell) DLHA coated QDs through intact and UVR barrier
disrupted murine skin qualitatively examined by histological and TEM analysis and
quantitatively examined by organ Cd mass analysis. TEWL was used to measure the
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magnitude of the UVR induced skin barrier defect. The TEWL time course and UVB dose
results agree well with previous trends reported in the SKH-1 mouse model that were
measured at much lower UVB doses (<150 mJ/cm2) than investigated in this study
(Haratake et al., 1997; Haratake et al., 1997; Holleran et al., 1997; Jiang et al., 2006; Jiang et
al., 2007). The UVR induced inside-out water loss defect is thought to be due to a
combination of proliferation and immunologic responses that alter the epidermal calcium
gradient (Jiang et al., 2007) and status of lipids in the stratum corneum (Jiang et al., 2006).
With regard to the penetration of substances applied to UVR exposed skin, the only other
study relating TEWL and outside-in skin permeation that we are aware investigated the skin
penetration of 14C-labeled hydrocortisone using a rat model (Lamaud & Schalla, 1984).
Clear evidence was found for an increase in hydrocortisone skin penetration that
corresponded with the increased UVR induced TEWL value observed. Our results also
suggest a positive correlation of inside-out TEWL value and increased outside-in QD skin
penetration as measured by tissue histology, TEM, and Cd mass in the liver of mice.
However, since skin permeability and translocation may depend on injury severity and the
specific barrier disrupting agent (Tsai et al., 2003; Tsai et al., 2001), further research is
required to quantify the extent of the correlation between TEWL value and NP outside-in
penetration as well as to conduct studies to estimate differences in penetration levels in
human skin which is thicker than mouse skin.

Enhanced NP penetration through barrier defective skin is a common finding (Gopee et al.,
2009; Kuo et al., 2009; Lopez et al., 2011; Mortensen et al., 2008; Mortensen et al., 2009;
Paliwal et al., 2006; Prow et al. 2011; Ravichandran et al., 2010; Seto et al., 2010; Zhang &
Monteiro-Riviere, 2008). The histological and TEM results presented in this study suggest
the presence of isolated instances of high fluency entry points where localized weaknesses in
the barrier allow QDs to penetrate. These locations have been described by Paliwal et al. as
lacunar pathways, and their role has been identified in studies investigating the impact of
ultrasound on QD skin penetration (Paliwal et al., 2006). Low frequency entry points can be
expanded by certain forms of barrier disruption as was shown in studies investigating the
effect of chemical penetration enhancers on ZnO NP skin penetration (Kuo et al., 2009).
Lacunar pathways are also found in healthy skin but because of their lower frequency they
can be easily missed on tissue histology or TEM. The histological analysis in this work was
performed on 20-30 sections for each treatment condition, which equates to the examination
of 0.02-0.03 cm2 of skin surface, or ~0.3-0.5% of the application area. The lacunar
imperfections postulated by Paliwal et al. were described as being approximately 48 nm in
diameter and covering 0.44% of the skin surface area (Paliwal et al., 2006). Therefore, many
sections must be examined to find evidence of such permeation. Combined with the
difficulty to distinguish individual visible emitting QDs (620 nm) above background tissue
autofluorescence (Mortensen et al., 2010; Mortensen et al., 2011) it is not surprising that
detection of penetration through intact skin was missed on histology. Analysis of 70 nm
thick TEM sections examines considerable less of a % of the application area thereby
making it even more difficult to observe scare events. Hence, lacunar pathways in control
skin may be a contributing source of the Cd detected in the lymph nodes of the control mice.
A similar conclusion was postulated by Lopez et al. to explain the observed penetration of
QDs into the dermis of pig skin (Lopez et al., 2011). Our observations suggesting that QDs
can penetrate through intact mouse skin is supported by literature. QDs with positive,
negative, and neutral surface coatings and hydrodynamic diameters ranging from 10-22 nm
were reported to penetrate healthy split thickness ex vivo porcine skin in low amounts
(Lopez et al., 2011; Seto et al., 2010). Sonavane et al. reported that 15 nm diameter Au
particles penetrated ex vivo rat skin (Sonavane et al. 2008) and Huang et al. reported that 5
nm Au NP could diffuse though intact mouse skin (Huang et al. 2010).

Mortensen et al. Page 9

Nanotoxicology. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



While there are numerous qualitative studies of NP stratum corneum penetration, only a few
have attempted to quantified NP skin and systemic translocation. One important study by
Gopee et al. quantified the skin penetration of PEG-ylated nail-shaped QDs with a 40 nm
hydrodynamic diameter using the in vivo SKH-1 hairless mouse model (Gopee et al., 2009).
They reported the highest presence of Cd in the liver and the regional draining lymph nodes
(axillary and brachial) for QDs applied to dermabraded skin, which motivated our focus on
these organs in this study. Dermal abrasion is an invasive technique that eliminates the
stratum corneum and much of the epidermis to allow free access of QDs to the dermis and
vasculature. This treatment resulted in a liver Cd level of ~2% of the applied dose (~211 ng
Cd) (Gopee et al., 2009). In contrast, our UVR treatment induced a much weaker barrier
defect that slightly increased the liver Cd above background corresponding to ~0.0035 % of
the applied dose (~4 ng above background). They did not detect Cd in the lymph nodes
when QDs were applied to barrier intact control skin, which is in contrast to our findings. It
is possible that their usage of nail-shaped QDs with a larger hydrodynamic radius and PEG
surface coating may have altered stratum corneum penetration or the transport mechanism to
the lymph nodes. PEG ligand is a stealth surface coating that is well known to alter the
organ collection and cell uptake of NPs in the body (Akerman et al., 2002; Schipper et al.,
2009). It is important to note that theelemental analysis methods used in this and the Gopee
(Gopee et al., 2009) study to quantitate QD skin penetration do not distinguish between
particulate and ionic systemic transport. Elemental quantification of Se and stoichiometric
comparison to Cd would still be insufficient to draw conclusions about the form of QD
material transported as the body processes Se (an essential element) differently than Cd (a
heavy metal toxin) (Wahba et al., 1993; Skowerski et al., 2000; Kotyzová et al. 2010) .
Confirmatory particulate QD transport could be made by detection of QD fluorescence in
distal organs which is currently being investigated.

The intriguing observation of this study is that the application of QD to UVR exposed mice,
while causing elevated Cd liver levels, resulted in a ~45% lower Cd level in the lymph
nodes compared to control skin (no UVR). This suggests a strong impact of UVR on QD
skin penetration and a possible role for immune cell mediated translocation of QD to lymph
nodes. Langerhans cells are the major epidermal antigen presenting cell type in skin
(Randolph et al., 2005; Ruedl et al., 2000) and they have been shown to uptake polymer NPs
topically applied to skin and traffic them to the lymph nodes (Vogt et al., 2006; Lee et al.
2010). It is well known that UVR exposure is immunosuppressive, inducing LCs emigration
to the lymph nodes. This process occurs immediately after UVR exposure and lasts for 4-14
days (Aberer et al., 1981; Stingl et al., 1981; Toews et al., 1980). The lower Cd level
measured in the lymph nodes of UVR exposed mice, relative to the control, is consistent
with the fact that QD were applied 3.5 days post UVR exposure; a time point that we
showed the LCs are depleted by ~80% in the epidermis. Studies are currently underway to
validate this mechanism by detecting and quantifying the presence of QDs in LCs in skin
and in the lymph nodes as a function of UVR exposure and time. In addition, we are
mapping the kinetics of UVR induce LCs migration in our specific mouse model and we
plan to quantify the QD systemic transport as a function of UVR dose and QD application
time post UVR exposure. Because the quantitative elemental mass analysis technique used
here cannot distinguish between transport of soluble Cd ion or QD nanoparticle transport,
the observation of QD fluorescence in the lymph node will help confirm the proposed active
cellular QD transport mechanism. The data presented here, nevertheless, suggests that the
systemic transport of QDs, and perhaps all NP types that penetrate skin, may depend on the
specific barrier insult and the inflammatory status of the skin.

Mortensen et al. Page 10

Nanotoxicology. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



5 Conclusions
In conclusion, we have demonstrated that UVR irradiation significantly impacts skin barrier
function and the permeation and systemic trafficking of topically applied DLHA coated
QDs. Penetration of QDs through barrier intact control skin was difficult to detect by
fluorescence microscopy analysis of tissue sections and TEM. However, a statistically
significant elevated level of Cd was detected in the lymph nodes of control animals (no
UVR) to which QD were applied suggesting that penetration may occur through low
frequency defects (lacunar pathways) in the stratum corneum. UVR exposure induced a
substantial thickening of the epidermis and an apparent loosening of intercellular
connections between epidermal cells. . We observed a time and UVR dose dependent
increase in TEWL value and a more substantial penetration of QDs based on histological
and TEM analysis of tissue sections. Application of QDs to UVR exposed (360 mJ/cm2

UVB) mice resulted in a statistically significant increase in liver Cd. Presumably QDs are
transported to the liver via the circulatory system which they can access in the vascularize
dermis. Interestingly, relative to control mice (no UVR) a statistically significant lower Cd
level in the lymph node was measured in UVR (360 mJ/cm2 UVB) exposed mice to which
QD were applied. This result suggests that trafficking of QDs to the lymph node depends on
the presence of Langerhans cells in the epidermis as QDs were applied to skin at a time
point post UVR exposure where the Langerhans cell density was significantly (80%)
depleted. The results reported here-in have heighten awareness about NP skin permeation
and the possible dependence of systemic trafficking on barrier disruption type and skin
immune status. To more fully characterize this phenomenon our on-going research is
focused on conducting dose and time-course studies for the combination of UVR and QDs.
We seek to quantify the effect of UVR on Langerhans cells migration and trafficking of QD
nanoparticles from skin to the lymph nodes as a function of UVB dose and time post UVR
exposure. Mechanistic insight into how NP may affect Langerhans cell trafficking and/or
antigen presentation are important for assessing risk from NP skin exposure but also for
optimizing NP based transdermal drug or vaccine delivery.
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Figure 1.
The effect of UVR on skin barrier function as measured by transepidermal water loss
(TEWL). Increasing doses of UVR exposure increase the incurred barrier defect (from 0-360
mJ/cm2 UVB). A statistically significant increase is observed with all UVB doses with
peaks ranging from days 3-6 post-UVR exposure. For this analysis, n=4 mice (2 male and 2
female) were compared to their 0 day time point for each UVB dose using Students paired t-
test. Each value is reported as the mean±SEM (*=p<0.05, **=p<0.01, ***=p<0.001).
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Figure 2.
Size and zeta potential measurements for the DHLA encapsulated QDs used in these
experiments. DHLA surface coating enables a small stable size in water (depicted) and the
30% glycerol application solution. The zeta potential is strongly negative for each case, and
the slight variations observed may be due to differences in pH or viscosity.
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Figure 3.
Collection and penetration trends of QDs with (A) non-UVR irradiated mice and (B) and
mice receiving 360 mJ/cm2 UVB 3.5 days before QD application (C) and (D). Bright field
and QD fluorescence images are shown for all conditions with equal fluorescence
integration times. Follicular presence of QDs is observable in (B) and (D), with UVR
exposure increasing ability of QDs to passively diffuse through the barrier. A clearly
observable hyperproliferation response is present when comparing (A) and (C), and there is
a notable increase in skin penetration of DHLA coated CdSe/ZnS QDs with UVR exposure.
However, the penetration levels after UVR (C) are an extreme example, of which few
locations exhibiting such a large amount of diffusion through the stratum corneum barrier
were found. Scale bar is 10 μm.
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Figure 4.
Without UVR irradiation, the collection of QDs is confined mostly to the upper layers of the
stratum corneum (A) as observed by TEM. With close examination, the silver enhanced QD
morphology can be observed and confirmed by EDAX spectroscopy (i). When lower
portions of the stratum corneum and the rest of the epidermis are examined, no evidence of
silver enhancement can be observed (B) in the stratum granulosum (i) or the stratum basale
(ii).
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Figure 5.
Exposure to 360 mJ/cm2 UVB increases the skin penetration of QDs in a mouse (some QD
instances highlighted with red arrows). QD collection in (A,i) and penetration through and
between the UVR-damaged outer corneocytes (A) is commonly found. Instances of silver
enhanced QDs diffusing through weaknesses in the stratum corneum and epidermis are
found in the stratum granulosum (B) with a tendency to move in the cellular boundaries (i,
ii). Similar observations can be made in the stratum basale region (C), where long-lasting
and highly proliferative basal keratinocytes reside. EDAX confirmation was used to ensure
that the particles were silver enhanced QDs.
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Figure 6.
Atomic absorption spectroscopy of the distal collecting organs to determine tissue Cd
concentrations. QD exposure does not induce a statistically significant increase in liver Cd
levels for non-irradiated animals. UVR increases liver Cd with and without QD application,
and Cd levels were highest in QD treated animals but statistical significance was not
achieved (see text). In the lymph nodes, vehicle control treated animals exhibit Cd below the
limit of quantification (< LOQ). For QD treated lymph nodes, Cd level decreases after UVR
exposure (p<0.05). Each value is reported as the mean±SEM (*=p<0.05).
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Figure 7.
Confocal microscope images of Langerhans cells (CD207+) in the epidermis of (A) control
mouse (no UVR) and (B) mouse 4 days post UVR exposure (360 mJ/cm2 UVB).
Quantification of LC cell density (C) indicates there are 478 LCs/mm2 in control skin. This
decreases ~80% to 79 LCs/mm2 in the skin of mice 4 days post UVR (360 mJ/cm2 UVB)
exposure. Scale bars represent 20 μm. *p<0.0002
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Table 1

Organ mass and total organ Cd for vehicle-only and QD-applied mice (n=5). For non-irradiated and irradiated
vehicle-only samples, Cd lymph node presence is below the limit of quantification (< LOQ). Each value is
reported as the mean±SEM.

Organ Radiation Dose Vehicle QD

Organ Mass (g) Cd Mass (ng) Organ Mass (g) Cd Mass (ng)

Liver 0 mJ/cm2 UVB 1.78±0.13 4.24±0.74 1.78±0.13 3.44±0.33

360 mJ/cm2 UVB 1.71±0.18 5.72±0.61a 1.65±0.11 7.44±1.17a

Lymph 0 mJ/cm2 UVB 0.03±0.004 < LOQ 0.02±0.003 1.03±0.08

360 mJ/cm2 UVB 0.02±0.002 < LOQ 0.02±0.003 0.57±0.10*

*
significantly different from no UVB group, p = 0.0006;

a
statistically significant main effect of UVB irradiation, p = 0.003.
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