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ARTICLE INFO ABSTRACT

Keywords: Increasing numbers of commercial skincare products are being manufactured with engineered nanomaterials
Engineered nanomaterials (ENMs), prompting a need to fully understand how ENMs interact with the dermal barrier as a major biodis-
Skin imaging tribution entry route. Although animal studies show that certain nanomaterials can cross the skin barrier,

Tissue clearing
Hyperspectral microscopy
3D imaging

physiological differences between human and animal skin, such as the lack of sweat glands, limit the transla-
tional validity of these results. Current optical microscopy methods have limited capabilities to visualize ENMs
within human skin tissues due to the high amount of background light scattering caused by the dense, ubiquitous
extracellular matrix (ECM) of the skin. Here, we hypothesized that organic solvent-based tissue clearing (“im-
munolabeling-enabled three-dimensional imaging of solvent-cleared organs”, or “iDISCO”) would reduce
background light scattering from the extracellular matrix of the skin to sufficiently improve imaging contrast for
both 2D mapping of unlabeled metal oxide ENMs and 3D mapping of fluorescent nanoparticles. We successfully
mapped the 2D distribution of label-free TiO, and ZnO nanoparticles in cleared skin sections using correlated
signals from darkfield, brightfield, and confocal microscopy, as well as micro-spectroscopy. Specifically, hy-
perspectral microscopy and Raman spectroscopy confirmed the identity of label-free ENMs which we mapped
within human skin sections. We also measured the 3D distribution of fluorescently labeled Ag nanoparticles in
cleared skin biopsies with wounded epidermal layers using light sheet fluorescence microscopy. Overall, this
study explores a novel strategy for quantitatively mapping ENM distributions in cleared ex vivo human skin
tissue models using multiple imaging modalities. By improving the imaging contrast, we present label-free 2D
ENM tracking and 3D ENM mapping as promising capabilities for nanotoxicology investigations.

1. Introduction nanoparticles and are commonly used as both colorants and UV

blockers in cosmetics and other personal care products (Delouise, 2012;

Metal and metal oxide engineered nanomaterials (ENMs) are be-
coming increasingly prevalent in pharmaceutical and cosmetic products
designed for dermal application. For the past decades, chemical com-
pounds such as avobenzone and oxybenzone have been the dominant
UV blocking agents in sunscreens and other cosmetics. More recently,
mineral-based compounds such as TiO, have been formulated as

Lin et al., 2015; Singh and Nanda, 2012; Smijs and Pavel, 2011). Si-
milarly, ZnO nanoparticles are widely used in sunscreens because they
reflect a broader spectrum of UV rays, especially in the UVA range (Lin
et al., 2015; Morganti, 2010; Smijs and Pavel, 2011). The use of these
and other nanomaterial additives in skincare products has attracted the
attention of researchers from a variety of disciplines in an effort to
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understand whether the eventual permeation of ENMs across the skin
can lead to toxic effects (Wang et al., 2018). As a result, acquiring
comprehensive biodistribution profiles of these ENMs becomes in-
creasingly necessary. There is therefore a growing need to devise
methods to quantitatively map both two- and three-dimensional ENM
interactions across different layers of the skin, the dermal micro-
vasculature, and skin appendages such as hair follicles, sebaceous
glands and sweat glands.

Recent studies have begun to explore the possible routes of ENM
penetration through the skin, specifically through the hair follicles
(“follicular pathway”). Some reports suggest that ENMs can penetrate
hair follicles to depths of 400 pm — 500 pm, although there remains no
evidence that they permeate through the follicles and deposit in the
epidermis or the dermis (Lekki et al., 2007; Mathes et al., 2016). The
uptake of nanoparticles can be higher in depilated skin (Senzui et al.,
2010), suggesting that wounded or altered skin is more susceptible to
ENM permeation, as previously reported in skin with damages or le-
sions (Larese Filon et al., 2013; Lin et al., 2011). While the skin per-
meation dynamics for some metal and metal oxides have been studied,
newer generations of ENMs continue to be developed and used in dif-
ferent forms and sizes in multiple commercial products. The influence
of such modifications in nanoparticle-skin interactions and the dy-
namics of ENM biodistribution remains elusive. To date, the most
common method for mapping metal/metal oxide nanoparticle per-
meation or distribution in biological tissues relies on electron micro-
scopy (e.g., energy dispersive X-ray mapping) (Lin et al., 2016; Pena
Mdel et al., 2016; Zheng et al., 2011). However, this method can be
destructive to biological samples, requires intricate and time-intensive
sample preparation, and is not practical as an imaging tool for re-
constructing large tissue areas. Multiphoton confocal imaging has been
employed as an alternative method for mapping ENMs in reconstructed
and patient-derived human skin, but the problem of inherent light-
scattering from skin tissues still results in limited imaging depth and
accuracy in determining nanoparticle permeation (Labouta et al.,
2012). Hyperspectral imaging is another relatively newer approach
which relies on the optical scattering of nanomaterials and does not
require additional labor-intensive sample preparation steps or nano-
particle labeling (Idelchik et al., 2016; SoRelle et al., 2016). Label-free
imaging techniques study nanoparticles in their native state, mini-
mizing surface modifications that can alter ENM biodistribution ki-
netics. However, 3D volumetric imaging is still a limitation for hyper-
spectral microscopy and has also slow acquisition times. Confocal and
high-resolution fluorescence-based microscopy remain the most widely
used tools for 3D volumetric imaging nanoparticles in tissues, but are
only applicable to fluorescently labeled ENMs. Therefore, existing
methods remain limited in their ability to provide a high-fidelity un-
derstanding of the toxicity, biointeractions, and potential for translo-
cation across the dermal barrier of unmodified ENMs.

Even with advanced microscopy tools, the skin is a challenging
organ to image because it contains multiple light scattering layers that
limit imaging depth and contrast. The extracellular matrix (ECM) of the
dermis is composed primarily of a heterogeneous and dense network of
fibrillar collagen, which is positioned above a substantial layer of
subcutaneous fat (Watt and Fujiwara, 2011). One promising option for
overcoming these obstacles and successfully mapping ENM distribution
in 2D and 3D is to use tissue clearing—which can eliminate lipid content
and homogenize the refractive index (RI) of the tissue while still pre-
serving its protein and nucleic acid landscape (Richardson and
Lichtman, 2015). Prior research has produced fully transparent human
skin via organic solvent-based tissue clearing (Abadie et al., 2018),
which entails dehydrating the fixed and stained tissue, dissolving the
lipids responsible for much of the light scattering, and immersing the
tissue in a solvent that homogenizes its refractive index (Renier et al.,
2014; Richardson and Lichtman, 2015). However, this tissue clearing
approach has not been exploited yet for understanding ENM permea-
tion and distribution in human skin.
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In this study, we present an organic solvent-based approach to tissue
clearing (“iDISCO”: immunolabeling-enabled three-Dimensional
Imaging of Solvent-Cleared Organs) to render intact ex vivo human skin
biopsies sufficiently translucent for 2D/3D mapping of both label-free
and fluorescently tagged nanoparticles. The tissue clearing technique
explored herein was demonstrated to drastically reduce background
signal on ex vivo human skin biopsies. This approach allowed for an
improved signal-to-noise ratio when quantitatively analyzing the per-
meation and localization of label-free ENMs in thick human skin tissue
sections or of fluorescently labeled nanoparticles in whole skin biopsies.
Through these studies, we show that “iDISCO + ”-cleared ex vivo human
skin samples offer a versatile and promising model for studying the
interaction of ENMs with dense skin tissues under non-perfused con-
ditions. These techniques represent an important advance towards en-
abling future research to assess biodistribution patterns of nanomater-
ials with human tissues and understanding their nanotoxicological
implications.

2. Materials and methods
2.1. ENM characterization and preparation of dispersions

The ENMs used in our label-free imaging experiments were pro-
cured and characterized by the Engineered Nanomaterials Coordination
Core (ERCC) - part of the Nanotechnology Health Implications Research
(NHIR) Consortium at Harvard School of Public Health. Detailed
characterization and biological assessment of the ENMs in this study
have been described elsewhere: Lee et al. and Zhang et al. presented the
characterization for TiO»-E171 (100 nm) (Lee et al., 2018; Zhang et al.,
2019), while Eweje et al. presented the characterization for ZnO
(50 nm) (Eweje et al., 2019). Both TiO, and ZnO suspensions in tissue
culture medium were prepared using a sonic dismembrator (acoustic
power = 2.51 J/s; FB-505, Fisher Scientific, USA) according to litera-
ture protocols (Cohen et al., 2018; DeLoid et al., 2014; DeLoid et al.,
2017; DeLoid et al., 2015; Taurozzi et al., 2011). The minimum amount
of sonication time was calculated from the previously reported critical
delivered sonication energy (DSE.) for each particle (Eweje et al.,
2019; Lee et al., 2018; Zhang et al., 2019): DSE.,, TiO, = 0 J/mL; DSE,,
ZnO = 420 J/mL. An ENM stock solution of 500 pg/mL was first pre-
pared with DNase/RNase free distilled water (Invitrogen, MA, USA).
The 100 pg/mL working solutions for these ENMs were then prepared
by diluting the sonicated 500 pg/mL stock solutions with the tissue
culture medium (Genoskin, MA, USA). Dynamic light scattering (DLS,
Malvern Nanosizer, Worcestershire, UK) was used to characterize the
hydrodynamic diameter profiles for these solutions (Fig. S1). To pro-
duce the labeled Ag nanoparticles (NPs) for light sheet fluorescent
microscopy, ~12 pM biotinylated AgNPs (20 nm, Cytodiagnostics,
Ontario, Canada) were incubated with ~1.5 uM Alexa Fluor 647-con-
jugated streptavidin (Invitrogen, MA) for 30 min at 37 °C prior to the
exposure experiments.

2.2. Skin model and ENM exposure

Human skin tissue samples (diameter = 11 mm) collected from a
donor abdomen were purchased from Genoskin (Salem, MA, USA). All
samples were collected immediately after surgery and stored at 4 °C
until shipment. Epidermal excisions (wound diameter = 2 mm) were
performed after surgical collection to produce wounded tissues.
Samples were incubated under standard culture conditions (37 °C, 20%
0,, 5% CO,) in well plates filled with Genoskin tissue culture medium
up to the bottom of the epidermis. Tissue samples in this study were
obtained from a cohort of 4 female donor patients that are 30, 33, 38,
and 65 years old.

Solutions of 100 pg/mL TiO5 or ZnO ENMs in Genoskin media were
dispersed in the media surrounding the dermal portion of the biopsies
for 24 h prior to analysis. For the topical exposure with Ag-647 ENMs,
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50 pL of the pre-incubated Streptavidin 647 and biotinylated Ag solu-
tion was pipetted onto the wounded site of the epidermis. After ENM
exposure, whole tissue samples were immersion fixed in 4% paraf-
ormaldehyde overnight at 4 °C, then washed several times in PBS over
24 h. In all experiments, control samples were incubated and fixed
without exposure to ENMs.

2.3. Tissue clearing and immunostaining

2.3.1. Tissue sections

Fixed skin samples were embedded in optimal cutting temperature
(OCT) compound (Tissue Tek), quick-frozen in isopentane (pre-chilled
to —80 °C on dry ice), and stored at —80 °C until sectioning. 50 pm-
thick sections were sliced at —14 °C on a Leica Cryostat CM1950,
collected on gelatin-coated glass slides, and stored at — 20 °C overnight.
Tissue sections were stained and cleared following a modified version
of the “iDISCO + ” protocol (Renier et al., 2016), which is an updated
version of the original iDISCO method (Renier et al., 2014), designed to
reduce sample shrinkage. Briefly, slides were rinsed in ultrapure DI H,O
to remove OCT, permeabilized in “iDISCO + ” permeabilization solution
for 30 min at 37 °C, and blocked in “iDISCO +” blocking solution for 1 h
at 37 °C. To block non-specific secondary antibody binding, normal goat
serum was substituted for normal donkey serum in all solutions. Fol-
lowing blocking, tissue sections on slides were circled with a hydro-
phobic PAP histology pen and incubated in “iDISCO +” primary anti-
body solution with primary antibodies to cytokeratin 14 (mouse,
Abcam ab7800, 1:200) overnight at 4 °C. After washing in “iDISCO +”
PTwH (PBS with 2% v/v Tween 20 and 1% v/v heparin) solution, slides
were incubated in “iDISCO + ” secondary antibody solution with Alexa
Fluor 488-conjugated mouse IgG (Invitrogen, RRID AB 2536161,
1:200) and 4’,6-diamidino-2-phenylindole dihydrochloride (DAPI, In-
vitrogen, 1:5000) for 2 h at room temperature. All slides were washed
again in PTwH solution, and any uncleared slides were mounted in PBS
on coverslips and sealed with nail polish.

For clearing, slides were dehydrated in a 20-40-60-80-100-100%
methanol (MeOH) series in H,O for 5 mins each. Next, the slides were
gently shaken in a solution of 66% MeOH-33% dichloromethane (DCM)
for 30 mins to remove lipids, then washed twice in pure DCM to remove
MeOH traces. Finally, the slides were refractive index-matched in di-
benzyl ether (DBE, RI = 1.55, Sigma-Aldrich, USA) for at least 1 h, then
mounted in DBE on coverslips, sealed with nail polish, and cleaned of
DBE residue with pure ethanol. For Raman micro-spectroscopy, slides
were not mounted in DBE due to significant Raman background signals,
but instead rehydrated in the H,O-MeOH series after delipidation. Final
refractive index matching and mounting for Raman samples was per-
formed with EasyIndex medium (RI = 1.46, LifeCanvas Technologies,
Cambridge, MA, USA). A summary of clearing protocol is presented in
Supplementary Table 1.

2.3.2. Whole tissue biopsies

Whole tissue samples for 3D imaging were immunostained and
cleared following the same “iDISCO +” protocol as the tissue sections
(Renier et al., 2016). We modified the published “iDISCO+” protocol
by altering the durations of several steps, as described here. In pre-
treatment before immunostaining, samples were first dehydrated in a
20-40-60-80-100-100% MeOH series in H,O for 1 h each, then left
overnight in 66% DCM - 33%. They were then washed twice for 1 h in
chilled MeOH and bleached overnight in 5% H»0, in MeOH to reduce
pigmentation. Samples were then rehydrated in the MeOH series and
washed 2x 1 h in PTx.2 buffer. For immunolabeling, whole samples
were permeabilized overnight at 37 °C, blocked overnight at 37 °C
(again with normal goat serum substituted for normal donkey serum),
and incubated in the previously discussed primary antibodies for 48 h
at 37 °C with shaking. Samples were washed in PTwH solution for 24 h,
then incubated in with secondary antibodies and DAPI for 48 h at 37 °C
with shaking. After final washing in PTwH for 24 h, samples were ready
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for clearing. Whole tissue samples that were not immunostained were
cleared by dehydration in the MeOH series in 1 h steps, followed by
delipidation in 66% MeOH-33% DCM for 3 h and in pure DCM for 2 x
15 mins before final refractive index matching in DBE for at least 24 h.
A summary of the iDISCO clearing protocol employed for the tissue
samples studied here is presented in Supplementary Table 1.

2.4. Imaging

2.4.1. Phase contrast and darkfield microscopy for large tissue areas

For phase contrast and darkfield imaging, an Olympus ix83 inverted
microscope with LUCPlanFLNPh 20 X objective and a phase contrast
plate were used. The condenser of the microscope was retrofitted with
an oblique angle LED ring illuminator (Amscope LED-144-YK ring
lamp) to allow for darkfield imaging. A Hamamatsu Orca Flash 4.0
C11440 at a 16-bit depth with a 0.16-0.33 um pixel resolution were
used to record images. Tile scans and image stitching were performed
using the MetaMorph Premier (64-bit) 7.8.12.0 software. Details on
image processing and data analysis can be found in the Supplementary
Information.

2.4.2. Confocal microscopy

Tile scan fluorescent imaging of skin sections mounted on glass
slides was performed on a Zeiss Axio Scan.Z1 automated widefield
microscope (Carl Zeiss Microscopy GmbH, Germany) with a 10 x Plan-
Apochromat objective (NA = 0.45) and appropriate filter cubes.
Individual tiles were comprised of Z stacks acquired with 5 pm inter-
vals, after which composite images were processed in Zen Blue Lite
(2.3) software by merging maximum intensity projections of each tile
with 10% overlap on neighboring tiles.

2.4.3. Darkfield hyperspectral imaging and Raman spectroscopy

Cleared and uncleared skin sections were imaged on a darkfield
hyperspectral microscope (Cytoviva) integrated with a confocal Raman
microscope (Horiba XploRA PLUS) in transmission mode. Hyperspectral
maps were processed using ENVI data analysis software (ENVI Classic
5.5) to reconstruct the spectral information for regions of interest
containing ENM clusters. The corresponding darkfield images were
obtained using a 10X objective under a halogen lamp (International
Light Technologies Part L1090, USA). For ENM mapping, the spectral
angle mapper (SAM) capability in ENVI was conducted with respect to
reference spectral libraries taken from 100 pg/mL TiO5 and ZnO solu-
tions mounted on glass slides. A threshold of 0.2 rad was applied for all
conditions. The final hyperspectral darkfield images reported were
treated with either “Linear 2%” or “Square Root” image enhancement
options. Raman spectral measurements were conducted using a 785-nm
laser excitation wavelength (25% laser filter setting) with a grating of
600 mm~'. Longer excitation wavelength was used to avoid spectral
interference from tissue autofluorescence. The system was calibrated to
the spectral line of a silicon reference sample at ~521 ¢cm ™! prior to
any sample measurements. All reported spectra were recorded from 75
to 2500 cm ™! for at least 10 s and 2 accumulation scans. The TiO, and
ZnO reference spectra for both imaging modalities were taken from a
100 pg/mL ENM solution prepared in ultrapure water mounted onto a
glass slide. Details on image processing and data analysis can be found
in the Supplementary Information.

2.4.4. Light sheet microscopy

After clearing, whole skin biopsies were mounted on an aluminum
disk using a silicone adhesive (Kwik-Sil, World Precision Instruments,
Sarasota, FL, USA) and imaged in DBE on an UltraMicroscope II light
sheet microscope (LaVision Biotech GmbH, Bielefeld, Germany) with a
combined 2x objective lens (0.5 NA) and a 10X zoom optic lens
(working magnification variable from 0.63 x — 6.3 x). Z stack images
were acquired using ImSpector software (Abberior Instruments GmbH,
Gottingen, Germany) with the following parameters: dual-sided light
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sheet illumination, 70% sheet width, 60% laser power, 50 ms frame
exposure time, optical section thickness of 5 um. 3D image re-
constructions were performed using Imaris 9.3.1 software (Imaris
Bitplane, Zurich, Switzerland). Details on image processing and data
analysis can be found in the Supplementary Information.

2.5. Inductively coupled plasma-mass spectrometry (ICP-MS)

ENM-exposed whole skin samples were paused at various phases of
the tissue clearing process (before clearing: in PBS, pretreatment/im-
munolabeling: in MeOH delipidation: in PBS, and after clearing: in DBE).
The tissues were placed into a tightly closed vial in their “wet state”
(i.e., without completely drying from the last solvent in which they
were submerged) and subsequently processed for Ti and Zn quantifi-
cation by sector field ICP-MS (SF-ICP-MS). Tissue samples were di-
gested, and the target metals were solubilized using a nitric acid/per-
oxide hot block digestion protocol in acid-washed polypropylene
digestion tubes. Tared tissue samples were placed (using Teflon twee-
zers) into the digestion tubes along with 5.0 mL of 16 M nitric acid. The
tubes/samples were pre-heated to 50 °C and 1.0 mL of hydrogen per-
oxide was then slowly added in 0.20 mL increments. The digestion was
completed by heating the tubes for 2 h at 80 °C. After digestion, 3 mL of
the digestate was removed and diluted to 10.0 mL with high-purity
water. Digestion QC samples in each analytical batch of 20 samples
included 5 method blanks, 2 blank spikes, and an external reference
material. The target metals (Ti and Zn) in the digests were quantified by
magnetic sector ICP-MS (Thermo-Finnigan Element XR) at dilutions of
1:4 and 1:10 (two repeat experiments; n = 3 for TiO,-exposed tissues
and n = 5 for ZnO-exposed and unexposed (control) tissues; triplicate
measurement per tissue). The isotopes (m/z) used for quantification
were (primary, confirmation): Ti (49, 47) and Zn (66, 68). Ti and Zn
quantification were acquired in medium resolution (R = 3950). Mean
batch specific analytical blanks (with outlier detection) were applied to
all sample data. Propagated uncertainty estimates for each element in
all samples, as reported in Supplementary Information, include the
following components: (1) sector-field ICP-MS analysis (standard de-
viation of triplicate analyses on each); and (2) blank subtraction
(standard deviation of 5 method blanks from each batch).

2.6. Lorenz-Mie theory calculations

Scattering coefficients (Qse) for TiO, and ZnO (size range:
20-250 nm) were calculated in Python using the pymiecoated dis-
tribution library, following the literature protocol (Zimmerman et al.,
2019). All particles were assumed to be spherical and calculations were
based on the wavelength-dependent refractive index, n, and the ex-
tinction coefficient, k. Literature reference measurements were used to
estimate these properties for TiO, (Siefke et al., 2016) and ZnO (Stelling
et al., 2017).

3. Results and discussion

3.1. Organic solvent-based clearing method maximally clears human skin
tissue

Our principal objective was to identify a human skin model that can
be rendered “optically clear” (i.e., delipidated and having an RI
matching its surrounding medium) to achieve an imaging contrast that
will allow for 2D/3D ENM mapping with minimal background scat-
tering from the tissues. To do so, fresh, full-thickness human skin
biopsies were used to first compare the effectiveness of hydrogel-based
and organic solvent-based clearing methods on rendering dense skin
tissues transparent (Figs. 1a-d and S2). Although these methodologies
differ in their clearing mechanism, both can be generally defined as
ways to allow for reduced light-scattering and greater imaging depth in
thick tissue sections. CLARITY (Clear Lipid-exchanged Acrylamide-
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hybridized Rigid Imaging/Immunostaining/in situ-hybridization-com-
patible Tissue hYdrogel), an aqueous clearing method, first crosslinks
biomolecules in tissues within a hydrogel polymer network (Epp et al.,
2015; Tomer et al., 2014). Tissue transparency is then achieved through
sodium dodecyl sulfate (SDS) delipidation, followed by final aqueous
refractive index (RI) homogenization. Conversely, iDISCO, an organic
solvent-based clearing method, removes lipids with dichloromethane
(DCM) and uses dibenzyl ether (DBE) to match the RI of the tissue
(Renier et al., 2014). When used on full-thickness skin biopsies, we
found that CLARITY made the skin tissues partially transparent while
iDISCO yielded more transparent samples (Fig. 1b-d). As both methods
remove lipids, it is likely that iDISCO resulted in better tissue trans-
parency than CLARITY because the RI of dibenzyl ether more closely
matched the RI of dermal extracellular matrix (Johnsen and Widder,
1999; Richardson and Lichtman, 2015). Consistent with the complete
tissue clearing reported in a prior work (Abadie et al., 2018), our results
confirm that RI matching is critical to achieving maximal optical
transparency in the skin due to its abundance of extracellular matrix
proteins. We then investigated the tissue histology of cleared and un-
cleared skin sections to assess any observable changes in skin features
and architecture after the clearing protocol. Prior to clearing, H&E
staining of 50 um thick skin sections (Fig. 1e-g) revealed that skin
tissues stain deeply pink, indicating a predominance of eosinophilic
(acidophilic) proteins in all areas (Fischer et al., 2008). After iDISCO
clearing, delipidation of cellular membranes resulted in loss of pink
coloration in the lipid- and cell-dense sweat gland regions and epi-
dermis, where blue basophilic nuclei and brown melanin-rich cells
become visible with clear contrast (Fig. 1h—j). Conversely, the dermal
regions remained deeply pink after clearing, indicating that elastin and
collagen extracellular matrix proteins were retained during the clearing
process.

To assess the feasibility of improving the darkfield contrast for lo-
cating label-free metal oxide nanoparticles in the context of skin tissues,
we quantified the reduction in background darkfield scattering in thick
skin sections after iDISCO clearing (Fig. 2). Because even moderately
thick skin tissues inherently scatter light strongly, we needed to first
significantly reduce native tissue scattering via tissue clearing that can
later assist in visually differentiating the scattering signal from ENMs
and those from the background noise under darkfield. After employing
iDISCO treatment on the skin biopsies not exposed to ENMs, darkfield
intensity in the dermis decreased by an order of magnitude while epi-
dermal scattering intensity was reduced by a factor of 3 (Fig. 2e-f).

3.2. ENM retention in ex vivo skin biopsies after tissue clearing

Despite the known advantages of tissue clearing, one of the major
concerns for its application in nanoparticle mapping is the ENM re-
tention throughout the process (Sindhwani et al., 2017). In this regard,
iDISCO presents an advantage over other clearing techniques of not
having to process the tissues with electrophoresis (i.e., needed in some
cases for CLARITY treatment), which may cause more ENM loss. Here,
sector-field-inductively coupled plasma-mass spectrometry (ICP-MS)
was used to quantify and report the total amount of unlabeled ENMs
(TiO, and ZnO) retained in skin tissues at different stages of the clearing
process. We selected TiO, and ZnO as the test label-free ENMs
throughout our studies because these are commonly used in commercial
skin products (e.g., sunscreens, lotions, cosmetic products) and are more
effective blockers of UVA/UVB rays than most chemical sunscreens
(Smijs and Pavel, 2011). To test the compatibility of our proposed
sample processing technique with pre-clinical nanotoxicological skin
models, we exposed the dermis of ex vivo human skin biopsies to TiO,
and ZnO nanoparticle dispersions at 100 ug/mL. As an initial proof of
principle and to maximize the signal per tissue area, our first exposure
model only have the dermal region of human skin biopsies exposed to
ENM suspensions in tissue culture media for 24 h as a closer simulation
of a systemic ENM exposure (Fig. S2).
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sweat
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Fig. 1. Clearing ex vivo human skin tissues. (a) Human skin tissue contains many light-scattering elements including hair follicles, sweat glands, and blood vessels, all
within a dense, fibrous network of ECM proteins such as collagens and elastins. (b) Prior to clearing, full-thickness human skin biopsies (in water with refractive index
(RI) = 1.33) are completely opaque and do not transmit light. (c) Skin tissues processed with the CLARITY method (in aqueous media with RI = 1.46) become semi-
transparent after lipid removal. Skin cleared using the iDISCO method (in dibenzyl ether with RI = 1.55) yields a significantly more transparent sample (d) due to the
combined effects of lipid removal and RI matching to the ECM protein RI. (e-g) Uncleared vs. (h—j) cleared skin slices (50 um) stained with H&E demonstrate that
nuclei (blue), melanocytes (brown), and ECM fibers (pink) still remain after clearing, while deeper pink lipids from cells in the epidermis and sweat glands are

removed. Grid = 1 cm. Scale bars = (e, h) 2 mm; (f-g, i—j) 100 pm.

TiO,- and ZnO-exposed tissues were then fixed and immediately
collected for digestion to analyze the levels of trace metals remaining
after each major phase of the iDISCO method: (i) before clearing; (ii)
pretreatment/immunolabeling; (iii) delipidation; and (iv) RI matching
(Fig. 3). Fully cleared nanoparticle-exposed tissues retained 79% and
87% of their starting TiO, and ZnO content, respectively. By examining
the trace metal levels at each stage of clearing (Fig. 3d), we found that
the pretreatment/immunolabeling stage, which is the longest part of
the treatment process and had the greatest number of washes, removed
the majority of the initially embedded ENMs from the tissue. In general,
the later delipidation stage typically affects the tightly packed layers of

Uncleared

epidermis

Darkfield

dermis

dermis

epidermis

Brightfield

dermis

the epidermis. Thus, any ENMs unable to permeate past the epidermis
during cutaneous exposure would be most likely to be released during
delipidation compared to other phases. In our case, because only the
dermal region was exposed to the ENM suspension, ENM content of
samples did not significantly vary between the pretreatment/im-
munolabeling and delipidation stages.

3.3. Confocal and darkfield imaging for visualizing ENMs in cleared human
skin tissues

After we confirmed that iDISCO effectively reduces background

Cleared (iDISCO)

epidermis e) s Line scan of darkfield intensity

— uncleared
: cleared
;:200 dermis : epidermis
o
2
2 150 -
2
E
T
< 100
] 1
3
s |
©
Q so0 '
1
1
0 - ; x
0 100 200 300 400 500 600 700 800
Distance (um)
epidermis
‘:',-‘ 140 mUncleared OCleared
- sk
< 120
*
2 -
7]
e 100 |
2
£ 80
=
(]
& 60
2
© 40
©
& 20
(]
= 0.

Epidermis Dermis

Fig. 2. Tissue clearing reduces darkfield light scattering in skin sections. (a-b) Darkfield images of 50 um skin sections before and after clearing. (c-d) Brightfield
images of (a) and (b). (e) Representative intensity profile of skin sections before and after clearing (6 line scans from 1 skin tissue section). (f) Darkfield signal
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*p < 0.0005; **p < 0.0001. Error bars represent SEM.
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ether.

darkfield scattering caused by skin tissue without completely losing the
permeated ENMs, we used a nanoparticle scattering approach to image
the retained ENMs in exposed skin tissues. Similar to the exposure
protocol employed for the ENM retention analysis, after 24 h exposure
of dermis to the ENM dispersions, the human skin samples were then
fixed, sectioned, immunostained, and cleared. Interestingly, the re-
maining intact tissues and skin appendages exhibited autofluorescence
at different excitation wavelengths (Fig. S3 and Video S1-S2). These
signals, along with labeling the nuclei (DAPI) and epidermal regions
(cytokeratin 14), allowed us to visualize major features of interest
within the skin, including blood vessels, sweat glands, and hair follicles
(Fig. 4a—c). These skin features and appendages therefore remained
intact throughout the complete tissue clearing process, as presented in
the representative confocal images of full tissue sections. On the other
hand, darkfield imaging of the cleared tissue sections show signals that
predominantly come from parts of the skin that effectively scatter light
(i.e., epidermis) and the nanoparticles retained by the tissues after the
clearing process (Fig. 4d-i). These representative images further sup-
port how background signal reduction from tissue autofluorescence and
scattering can be achieved by organic solvent-based clearing, therefore,
improving the imaging contrast to differentiate the scattering signal
coming from nanoparticles.

3.4. Mapping 2D ENM distributions within skin sections using micro-
spectroscopy

To quantify the distribution of label-free ENMs retained within the
cleared tissues, we examined both TiO, and ZnO nanoparticles that
have visible optical scattering under darkfield illumination. Lorenz-Mie

(LM) theory was employed here to predict the relative optical scattering
intensities of these test ENMs, which has previously been identified as a
reliable method for modeling the optical scattering of nanoparticles in
biological samples (Zimmerman et al., 2019; Zimmerman et al., 2016).
LM calculations show that the scattering intensity of a 100 nm TiO,
particle is expected to be higher in the visible range than a 50 nm ZnO
particle (Fig. 5a-b). This is consistent with what was observed in both
the exposed tissue samples and reference solutions. To map the dis-
tribution of the ENMs retained after clearing, hyperspectral darkfield
imaging was performed on tissue sections. When working with ENMs
with indistinct morphologies, darkfield imaging alone becomes in-
sufficient for differentiating the signal from ENMs or background.
Micro-spectroscopy techniques such as hyperspectral imaging and
Raman spectroscopy can integrate darkfield images with a spatially
resolved spectral profile of the scanned region that can be compared
with a reference spectral fingerprint of the ENM of interest. To map the
ENM distribution within exposed skin sections, the Spectral Angle
Mapper (SAM) feature for hyperspectral imaging was used. Here, the
scattering profile of each pixel of a hyperspectral image was compared
to the separately recorded scattering spectra of aqueous TiO, and ZnO
solutions (Fig. 5c—d). For each particle type, the scattering profile does
not only rely on the identity of the particle, but also on the size and
extent of aggregation. Aggregated particle clusters, which often form
under physiological conditions, can elicit a more red-shifted scattering
profile than individual particles (Figs. S4-S5). Because of this phe-
nomenon, particles and small aggregates in the reference solutions can
have slight differences in spectra. Nonetheless, we used the most pre-
dominant spectral profile from the reference solutions in the reference
spectral library when generating the nanoparticle maps. These maps



G.J. Touloumes, et al.

Confocal

a) epidermis
Y i
hair follicle + p-
sebaceous
glands

Control

b) epidermis
) v

o~ AR T O
hair W ©
follicle

»

sebaceous
glands

+ TiO,

dermis

500 pm

epidermis
VN A
o N
hair
follicle

hair follicle
+ sebaceous glands

+Zn0O

dermis

DAPI cytokeratin 14 autofluorescence

0

NanoImpact 17 (2020) 100208

Darkfield

- f) ,,v-r\./‘vvvﬁ\n.vﬂn.-—\v' -

A .
’.”

Fig. 4. Retention of key skin features and reduction of background signal after tissue clearing. (a—c) Whole skin tissue sections (thickness ~50 pum) were stained for
DAPI and cytokeratin 14, cleared, and imaged with a confocal microscope to identify keratin- and cell-rich skin layers and appendages including the epidermis, hair
follicles, sebaceous glands and sweat glands. (d-i) After confocal imaging, sections were imaged with darkfield microscopy to identify regions of increased scattering
where applied ENMs permeated into the tissue. Skin samples in (a, d, g) did not have any treatment applied, while other samples were exposed to 100 pug/mL of (b, e,
h) TiO, and (c, f, i) ZnO nanoparticles for 24 h. For these exposure experiments, only the dermal side of the biopsies was exposed to ENM suspensions.

positively co-registered with certain regions of the darkfield images.
Compared against the average spectrum from the dermal tissue back-
ground, ZnO shows a more distinct profile from the background than
TiO4 (Fig. 5e—f). To confirm the particle identity of the pixels that co-
register with a red-shifted scattering spectrum, we examined these
particles using Raman spectroscopy. Specifically, TiO, is a strong
Raman scatterer (maximum shift, ~144 cm ™) and its 2D spatial dis-
tribution can therefore be confirmed using Raman microscopy
(Fig. 5g-h). In the representative darkfield image of a dermal region in
Fig. 5g, merged with the brightfield image, the darkfield signals co-
registered with Raman spectra that positively matched that of the re-
ference TiO,. Moreover, larger particle clusters exhibit stronger ap-
parent Raman scattering, therefore providing higher intensity Raman
peaks that match with the spectrum of the reference.

After clearing, there are certain features of the skin tissues that still
have apparent optical scattering and contribute to background noise.
Blood vessels and hair follicles of the ex vivo human skin samples both
show high background scattering even after the clearing process.
Clusters of some nanomaterials like TiO, that have overlapping spectra
with the tissue can therefore complicate the measurements in such re-
gions. This case was observed in the epidermal regions of untreated
tissues, which can show false positive maps (Fig. S6). We then focused
on ZnO-exposed samples to demonstrate how reduced background
noise enables a better visualization of these ENMs under darkfield mi-
croscopy. These darkfield-visible particles co-registered well with pixels
that are ZnO-positive in hyperspectral mapping (Fig. 6). No positive
mapping was observed for untreated (“no ENM”) samples, indicating
that this technique is robust against false positives for ENMs that have a
scattering profile which do not significantly overlap with the tissue
background. Additionally, a higher density of ZnO-positive distribution

maps was observed in the dermal than epidermal region since only the
dermis was exposed to the ENMs here. Interestingly, we observed an
apparent localization of the retained ZnO nanoparticles within the
microvasculature region. This observation can be attributed to the high
amount of ECM surrounding these vessels and the known uptake effi-
ciency of vascular cells (Behzadi et al., 2017; Gomez-Garcia et al., 2018;
Samuel et al., 2012). While follicular permeation of nanoparticles is a
common dermal translocation route, our darkfield images revealed a
low density of ENMs (i.e., only around the hair follicle bulb) sur-
rounding hair follicles. These observations are also consistent with our
experimental model since only the dermal region was exposed. How-
ever, follicular localization would have been expected if the exposure
was done through the epidermal layer. Together, our hyperspectral
mapping findings in human skin sections demonstrate that tissue
clearing improved imaging contrast, enabling us to examine the loca-
lization behavior of those ENMs which are retained throughout the
clearing process.

3.5. 3D mapping of fluorescently labeled ENMs

In addition to mapping the 2D distribution of darkfield-visible metal
oxides, we sought to extend our methodology to 3D analytical techni-
ques to better capture the localization patterns of ENMs in skin tissues.
Previously, tissue clearing in rat brain, liver, and kidney showed the
feasibility of quantifying the distribution of quantum dots and fluor-
escently labeled ENMs through 3D imaging (Syed et al., 2017). Ad-
ditionally, another group pioneered the concept of multi-wavelength
autofluorescence imaging in 3D cleared human skin, but without any
investigation into nanoparticle mapping (Abadie et al., 2018). We
reasoned that we could unify these approaches to be able to evaluate
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Fig. 5. Label-free mapping of TiO, and ZnO within skin tissue sections using micro-spectroscopy techniques. (a, b) Calculated scattering efficiency (Qsca) of TiO5 and
ZnO at different diameters and multiple wavelengths, based on Lorenz-Mie theory model of particle scattering. (c, d) Enhanced darkfield images of ENM-exposed skin
tissue sections overlaid with (¢) TiO» and (d) ZnO distribution map; annotated as red highlighted regions. White arrow in (d) indicates the epidermal region. (e, f)
Representative scattering spectra taken from hyperspectral scans of tissue samples compared to a reference slide with TiO, or ZnO aqueous solutions and background
dermal tissue signal. (g) Darkfield-visible TiO, ENMs in cleared skin sections; merged with brightfield image. (h) Raman scans of points in a representative cleared
skin section with darkfield-visible scattering signal; compared to a reference TiO, and blank glass slide. Black arrows in (g) represent the spots corresponding to the
reported Raman spectra in (h). For these 24 h exposure experiments, only the dermal side of the biopsies was exposed to ENM suspensions.

the 3D distribution of ENMs within human skin tissue.

Due to the inherent limitations of hyperspectral imaging and Raman
spectroscopy for 3D volumetric imaging, we focused on a fluorescence-
based approach to locate ENMs in 3D human skin tissues. Here, fluor-
escently tagged Ag nanoparticles were used as test ENMs for in-
vestigating their permeation across compromised skin biopsies (epi-
dermal wound diameter = 2 mm). Since longer wavelengths of light
scatter less in biological tissue, we labeled biotinylated Ag ENMs with a
streptavidin-conjugated Alexa Fluor 647 dye and exposed compromised
human skin samples to these labeled ENMs through the wounded epi-
dermal layer. After fixing, immunostaining, and clearing the tissues, we
imaged them using light sheet fluorescence microscopy (LSFM) due to
its speed advantage over confocal microscopy for imaging millimeter-
sized tissues (Fig. 7a—f and Video S3-S5). Our imaging analysis clearly
showed that ENMs localized in the wounded area and only in the ridges
of the non-wounded epidermal layer (Fig. 7g). Our analysis also showed
that the fluorescently labeled Ag ENMs were unable to penetrate deeper
than the papillary dermis (i.e., < 500 um) during the exposure period
(Fig. 7h). Since previous in vitro studies have suggested that certain

ENMs such as cobalt are able to penetrate human skin (Larese Filon
et al., 2013), our results support the need for particle-specific imaging
protocols with for testing cutaneous nanoparticle translocation in a
translatable human model.

3.6. Protocol strengths and limitations

In this study, we demonstrated a strategy for nanoparticle dis-
tribution mapping in non-perfused human skin biopsies that involves a
tissue clearing protocol. Cleared skin samples offer improved signal-to-
noise ratio over uncleared samples for both label-free 2D mapping and
3D mapping of fluorescent nanoparticles (Sindhwani et al., 2017;
Sindhwani et al., 2016; Syed et al., 2017). The technique is also less
intensive as compared to the sample preparation required for tradi-
tional electron microscopy approaches (Pena Mdel et al., 2016). Ad-
ditionally, the imaging modalities compatible with tissue cleared sam-
ples are non-destructive and are better suited to mapping large tissue
segments. However, the micro-spectroscopy techniques for label-free
mapping used in this study are not currently suited for 3D volumetric
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analysis and are limited to relative quantitation (Idelchik et al., 2016).
By using fluorescently labeled test nanoparticles, we were able to per-
form 3D ENM mapping on cleared human skin tissues. In terms of the
skin model used, a non-perfused human ex vivo tissue allows for
studying the colocalization of nanoparticles in skin features that are not
present in animal models (such as sweat glands) but does not mimic the
physiological blood flow involved in systemic biodistribution of ENMs.
The lack of perfusion presents a limitation because it eliminates the
effects that pressure differences and fluid flow might have on nano-
particle localization and clearance in vivo. Thus, the static nature of our
current model must be considered when interpreting the translational
validity of the ENM distribution patterns obtained using ex vivo skin
tissue models to the actual biodistribution profiles in vivo. In the future,
this can potentially be addressed by performing ENM exposure ex-
periments in fluidically-assisted in vitro skin models (Abaci et al., 2015;
Abaci et al., 2016; Alberti et al., 2017; Lee et al., 2017).

Lastly, we have reported the degree of ENM retention for label-free
TiO5 and ZnO after tissue clearing as exemplary cases. Although there
are previous studies in non-skin animal organs which sought to prevent
nanoparticle loss during tissue clearing, particle modification was not
employed for TiO, and ZnO for the studies presented herein as we fo-
cused on investigating label-free ENMs that preserve their native size
and surface chemistry. Among the reported approaches include coating
nanoparticles with serum proteins and subsequently crosslinking them
to the tissue during the polyacrylamide gelation step of the CLARITY
method (Sindhwani et al., 2016). The analysis consistently showed
between 60%-80% quantum dot retention in the mouse liver, spleen,
and kidney after CLARITY clearing. Protocols for particle modification
are therefore available for improving particle retention rate during

tissue clearing and can be performed prior to exposure experiments.
Such strategies can be employed as long as any influence of particle
surface modification on the biodistribution kinetics of the ENM being
studied is properly considered.

4. Conclusions

In this study, a strategy for mapping nanoparticle distributions in
ENM-exposed ex vivo human skin tissues using multiple imaging mod-
alities is presented. An organic solvent-based tissue clearing approach
was shown to improve the imaging contrast for label-free ENM mapping
in 2D skin tissues and to enable 3D nanoparticle mapping for larger skin
sections. This clearing approach successfully achieved optical clearing
of thick tissue sections and whole skin biopsies while retaining key
features of the skin, without completely washing out the tissue-em-
bedded ENMs. Here, micro-spectroscopy techniques such as hyper-
spectral and Raman darkfield microscopy were both presented as
imaging methods compatible with mapping the 2D distribution of TiO,
and ZnO nanoparticles in exposed dermal regions of cleared skin tissue
sections. The strong optical and Raman scattering of TiO, nanoparticles
allowed for the use of correlated hyperspectral and Raman microscopy
to quantify their 2D distribution within the context of a skin tissue
section. Minimal penetration of fluorescently tagged Ag nanoparticles
(i.e., < 500 pm) was also measured by imaging cleared human skin
biopsies with cutaneous wounds using light sheet fluorescence micro-
scopy. Overall, the approach presented herein expands the available
imaging and sample preparation techniques for exploring metal/metal
oxide nanoparticle-tissue interactions in skin with significantly im-
proved imaging contrast. The insights learned from these studies could
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Fig. 7. 3D mapping of fluorescently labeled Ag nanoparticles in cleared human skin tissues after 24 h exposure. Biotinylated Ag nanoparticles (~20 nm) labeled with
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therefore be translated towards developing a better imaging approach
for evaluating the biodistribution and toxicological implications of
various commercial products that contain ENMs as active ingredients.

Supplementary information to this article containing a more com-
prehensive description of experimental methods, quantification proto-
cols, nanoparticle characterization, 3D renderings of light sheet images
and other supporting images can be found online at: https://doi.org/10.
1016/j.impact.2020.100208.
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