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ABSTRACT
Purpose There is a lack of relevant, non-animal alternatives
for assessing exposure and toxicity of nanoparticle-containing
cosmetics, e.g. sunscreens. Our goal was to evaluate time-
correlated single photon counting (TCSPC) for simultaneous
monitoring of zinc oxide nanoparticles (ZnO-NP) and the
metabolic state of volunteer skin.
Methods We separated the fluorescence lifetime signatures
of endogenous fluorophore signals (i.e. nicotinamide ade-
nine dinucleotide phosphate, NAD(P)H and keratin) and the
ZnO-NP signal using advanced TCSPC to simultaneously
determine ZnO-NP penetration profiles and NAD(P)H
changes in subjects with altered barrier function, including

tape-stripped skin and in psoriasis or atopic dermatitis
lesions.
Results We detected no ZnO-NP penetration into viable
human skin in any group. ZnO-NP signal was significantly
increased (p<0.01) on the surface of tape-stripped and lesional
skin after 4 and 2 h of treatment, respectively. Free NAD(P)H
signal significantly increased in tape-stripped viable epidermis
treated for 4 h of ZnO-NP compared to vehicle control. No
significant NAD(P)H changes were noted in the lesional study.
Conclusion TCSPC techniques enabled simultaneous, real-
time quantification of ZnO-NP concentration and NAD(P)H
via non-invasive imaging in the stratum corneum and viable
epidermis of volunteers.
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ABBREVIATIONS
AAS atomic absorption spectroscopy
AU arbitrary unit
CCT caprylic/capric triglycerides
FLIM fluorescence lifetime imaging microscopy
ICP-OES inductively coupled plasma-optical

emission spectroscopy
IRF instrument response function
KDP potassium di-hydrogen phosphate
MEP multiphoton-excited photoluminescence
MPT multiphoton tomography
MPT-FLIM multiphoton tomography with fluorescence

lifetime imaging microscopy
NAD(P)H nicotinamide adenine dinucleotide phosphate
PBS phosphate-buffered saline
SHG second harmonic generation
TCSPC time-correlated single photon counting
TEM transmission electron microscope
TEWL transepidermal Water Loss
Ti:Sa titanium:sapphire
ZnO-NP zinc oxide nanoparticles

INTRODUCTION

The European Union has committed to eliminating animal
testing for cosmetics by 2013. Many organizations and
research institutes have shown their support for this new
policy and have been actively involved in developing new
alternative methods (1–3). Particulate sunscreens range
from micrometer to nanometer sizes. Sunscreens in both
size ranges block harmful UV irradiation. Micrometer-sized
sunscreens can block pores and can leave white residues.
Nanoparticulate sunscreens overcome these issues and still
protect skin from UV exposure (4). Sunscreens contain well-
known UV filters such as zinc oxide (ZnO-NP) and
titanium dioxide nanoparticles that protect the skin from
UV damage (5,6). Recently, there has been concern over
the safety of nanoparticles, especially in sunscreens. There
has been considerable controversy over the penetration
potential of topical nanoparticles (7–10). Although we and
others have observed that ZnO-NP contained in sunscreen
do not penetrate beyond the stratum corneum (11–14),
more appropriate techniques are needed to assess nano-
particle penetration and biological effects in human studies.

Previous studies have used confocal microscopy to
evaluate nanoparticle penetration in animal models and in
vitro (for reviews see (7,15–17)). Barrier-disrupted skin has
the potential for enhanced nanoparticle penetration (18).

However, Samberg et al. recently showed that silver nano-
particles only penetrated into the uppermost layers of the
stratum corneum after treatment for 2 weeks (19).

Current sunscreen formulations can also contain chemical
enhancers that have the potential to increase ZnO-NP
penetration into deeper layers of the skin. For instance, Kuo
et al. (20) demonstrated, using multiphoton tomography
(MPT), that chemical enhancers can increase the penetration
of ZnO-NP into the stratum corneum of Balb/c mice. They
concluded from the study that chemical enhancers can
enhance the penetration of ZnO-NP either by increasing
intercellular lipid fluidity or by extracting non-covalently
bound amphiphilic lipid in the stratum corneum (20).
However, statistical significance was not reported.

Unfortunately, keratin and ZnO-NP emission signals
overlap spectrally, making this a confounding factor when
trying to isolate the ZnO-NP signal in stratum corneum
using the instrumentation described by Kuo et al. Another
common confounder in nanoparticle penetration studies
are the nanoparticle dissolution products; for example,
ZnO-NP can solubilise within 2 h (21), and this material
cannot be distinguished from the nanoparticles using some
techniques. Gamer et al. (22), Cross et al. (11), and recently
Gulson et al. (23) have investigated zinc penetration from
ZnO-NP-containing sunscreens and found that the vast
majority of zinc remains in the upper stratum corneum
using quantitative methodologies that measure total zinc, e.g.
inductively coupled plasma-optical emission spectroscopy
(ICP-OES) and radio-labeled zinc.

MPT has the potential to compliment ICP-OES and
similar techniques to provide particulate-only data. We and
others have used optical techniques such as MPT to
visualize ZnO-NP in human (24) and nude mouse skin
(20). These mice (BALB/cAnN.Cg-Foxn1nu/CrlNarl) lack
hair due to defective hair follicles and also lack T-cells.
NAD(P)H and keratin are the primary autofluorescent
confounders in skin, and NAD(P)H levels can change with
metabolism (25,26). Therefore, simultaneous quantification
of nanoparticles and NAD(P)H offer the potential of
penetration and metabolic data from the same optical
biopsy.

The ZnO-NP penetration into skin can be quantified by
isolating the fluorescence lifetime amplitude α1% of ZnO-NP
known as the ZnO multiphoton-excited photoluminescence
(MEP) that is distinct from the autofluorescence of NAD(P)H.
The MEP signal from ZnO-NP is not particularly strong, but
is easily detectable with MPT. Our configuration takes images
that are 210×210 μm2 and ~1 μm in depth. Using this
technique, the ZnO-NP signal within a single pixel (0.5×0.5×
1 μm3) can be detected if sufficient signal is present.
Therefore, our hypothesis is that the MEP from ZnO-NP
and NAD(P)H signals can be simultaneously quantified in
volunteers by time-correlated single photon counting
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(TCSPC)-enabled fluorescence lifetime imaging microscopy
(FLIM).

This approach has the potential to facilitate toxicity
assessment in vivo by quantifying the ZnO-NP signal present
in an optical biopsy volume and NAD(P)H-related meta-
bolic changes (25). We were limited to an in vitro standard
curve because of the irregular three-dimensional structure
and complex composition of skin. We found that our limit
of detection was at the 1 mg/mL ZnO-NP MEP level at
30 μm below a glass cover slip, recognizing that the settings
were tuned to simultaneously image ZnO-NP and NAD(P)H.
The final goal was to examine nanoparticle penetration and
metabolic effects of ZnO-NP-treated skin with altered barrier
properties in volunteers.

MATERIALS AND METHODS

Subjects

All experiments conducted on human subjects were done
with approval of Princess Alexandra Hospital Research
Committee Approval No. 2007/197, administrated by the
University of Queensland Human Ethics Committee. Our
tape-strip, volunteer study involved a healthy subject with
no history of skin disease. There were 8 subjects who had
psoriasis/atopic dermatitis. Of those subjects, 5 had
active psoriasis lesions, and the remainder had atopic
dermatitis lesions.

Zinc Oxide Nanoparticles

ZinClear-S 60 CCT (ZnO-NP) (60% w/w) (Antaria, WA,
Australia) consists of siliconate-coated ZnO-NP dispersed in
caprylic/capric triglycerides (CCT) andwas used for all studies.

Transmission Electron Microscopy

Samples containing ZnO-NP were rapidly frozen using a
Leica EM PACT2 high-pressure freezer. Frozen samples
were then cryosubstituted with 1% osmium tetroxide, 0.5%
uranyl acetate and 5% H2O in acetone at −80°C for 25 h
before being gradually warmed to room temperature.
Samples were subsequently infiltrated with Epon resin with
the use of a microwave (Biowave, Pelco). Ultrathin sections
were cut from polymerised blocks and examined with a
JEOL 1010 transmission electron microscope at 100 keV.

Multiphoton Tomography

All multiphoton images were collected on a DermaInspect
system (JenLab GmbH, Jena, Germany) with an ultra short
pulsed mode-locked, 80 MHz, Titanium Sapphire MaiTai

laser (Spectra Physics, Mountain View, CA, USA), which
has a tuning range of 710–920 nm and an 85 femtosecond
pulse width. The tomography system had an integrated
TCSPC 830 detector to enable FLIMmeasurements. A Zeiss
Plan-Neoflour oil-immersion 40×/1.30 objective lens was
used. The excitation wavelength was 740 nm, and the average
incident optical power was 21mW at the rear of the objective.
A band pass filter (350–450 nm) was used to select emission
light ahead of the FLIM detectors. This detector consisted of a
fast-response optical detector and photomultiplier tube to
capture single photon events for FLIM analysis.

TransepidermalWater Loss (TEWL) and Tape-Stripping

TEWL for each test site was measured before and after
tape-stripping, and after treatment with CCT vehicle
solution or ZinClear-S 60 CCT. TEWL was not assessed
in lesional studies. TEWL measurements were performed
using AquaFlux AF200 closed chamber evaporimeter (Biox
Systems Ltd., London, UK). AquaFlux V6.2 software was
used to analyse the data. Tape-stripping was performed
using 22 mm standard D-squame sampling discs while
applying a consistent pressure of 225 g/cm2 for 5 s for each
tape strip using D-squame pressure instrument (Cuderm
Corporation, Dallas, TX, USA).

In Vivo ZnO-NP Application

ZinClear-S 60 CCT stock solution was applied to a 2 cm2

area of the subject’s forearm at doses of 2 and 14 mg/cm2

in tape-stripping and lesional studies, respectively. The
treatment time was 4 and 24 h for the tape-stripping study
and 2 h for the lesional studies. The test sites on subject’s
forearm were washed for 10 s and blotted dry to remove
any loose material before and after treatment.

In Vitro Zinc Oxide Quantification

A total of 11 concentrations: 0, 0.05, 0.1, 0.5, 1, 5, 10, 50,
100, 150 and 200 mg/mL of ZnO-NP were prepared by
stepwise dilution of a ZnO-NP stock preparation at
100 mg/mL, using Gilson 1000 positive displacement
pipettes. Three sets of samples were prepared for each
concentration. ZnO-NP standards were taken at a depth of
30 μm below the cover glass surface using MPT-FLIM.
The FLIM images were analysed and the raw data exported.
A standard curve was generated using the raw FLIM data and
an exponential equation, y ¼ 0:6573e0:004�, used to define
the concentration of ZnO-NP of a given optical biopsy
volume (214×214×1 μm3). In vitro, the detection limit could
be substantially lower than what we could measure in vivo.
This is because of endogenous skin signals that override the
ZnO-NP MEP. The endogenous signal obtained from
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untreated skin was therefore defined as the limit of ZnO-NP
MEP detection and not the values from the in vitro tests.

Extracting the MEP Signal from ZnO-NP
in Human Skin

To extract the ZnO-NP MEP component from the recorded
signal, we made use of the relative speed of the MEP signal of
ZnO-NP amplitude (α1%) compared to the endogenous
autofluorescence because this does not change with the
microenvironment, as does fluorescence lifetime (τ1 and τ2,).
The MEP is an ultra-fast process, when compared to
autofluorescence. TCSPC-FLIM data can be considered as
an array of pixels, with each pixel containing a large number
of time channels after the excitation pulse (27). To obtain
fluorescence lifetime and amplitude data, the data points (i.e.
the photon numbers in the time channels) were fitted with an
appropriate model. The model function for a double-
exponential decay profile is

f ðtÞ ¼ a1e
�t=t1 þ a2e

�t=t2 with a1 þ a2 ¼ 1

with τ1 and τ2, and α1 and α2 being the lifetimes and the
amplitudes of the fast and slow decay components. The

lifetimes can change with microenvironment alterations, but,
importantly, the amplitudes do not.

The model function, f(t), is convoluted with the
instrument response function, IRF(t), to obtain a function
F(t). F(t) represents the shape of the signal that would be
measured if the optical signal had the shape of the model
function.

F ðtÞ ¼ f ðtÞ » IRF ðtÞ » is the convolution symbolð Þ

F(t) is fitted to the measured data points, i.e. to the
photon numbers in the consecutive time channels of each
pixel of the image. The fit combines the ZnO-NP MEP
component and possible fast fluorescence decay components
in the fast decay component, a1e�t=t1, within the model.
Normal skin autofluorescence excited at 740 nm has α1%
values of 45–85. Values of α1% above 90 are an indication
that ZnO-NP MEP is detected.

FLIM Analysis

FLIM data were analysed with SPCImage 2.9.4 software.
Two-component multi-exponential decay matrices were
calculated for each image using an empirically defined

Fig. 1 Photonic characteristics of skin and ZnO-NP. (a–c) C1, C2 and α1% histograms of the untreated stratum granulosum (Untreated-SG), CCT-treated
stratum corneum after 24 h (CCT-SC), CCT-treated stratum granulosum after 24 h (CCT-SC), ZnO-NP alone (ZnO-NP), ZnO-NP on the stratum
corneum after 4 h (4 h ZnO-NP-SC) and ZnO-NP on the stratum corneum after 24 h (4 h ZnO-NP-SC). (c) Distinct α1 signals from skin autofluorescence
and ZnO-NP MEP. The red arrows in (c) indicate maximal ZnO-NP intensity in ZnO-NP alone and after 4 and 24 h on the surface of the skin. (d)
Generation of the in vitro ZnO-NP standard curve. Normalized α1% 90–100 data were obtained from ZnO-NP solutions in vitro. The equation derived from
the linear region (1.0–50.0 mg/mL) of this standard curve was y ¼ 0:6573e0:004�. The dotted line represents the mean value of normalized α1% 45–85
from vehicle-treated stratum granulosum. The laser optical power was decreased to image ZnO-NP at 150.0 mg/mL and 200.0 mg/mL.
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IRF. The region of interest was identified by the presence
of visible cells within a z-plane and by excluding areas with
furrows. The τ1, τ2, and α1% numerical data were extracted
from the regions of interest. This included the intensity-
weighted pixel frequency and area (number of total pixels)
for each region of interest. The normalized α1% intensity
was calculated by dividing the intensity-weighted pixel
frequency by the area of the region of interest for each
image in a z-stack. This was done separately for skin
autofluorescence and ZnO-NP MEP using the α1% cut-off
levels above.

Statistical Analysis

The ZnO-NP results were analysed with nonparametric t-test
to determine statistical significance, defined as p<0.05.

RESULTS

ZnO-NP and NAD(P)H Characteristics
and ZnO-NP Standard Curve

FLIM analysis revealed the τ1, τ2 and α1% signature of
keratin in the stratum corneum, untreated NAD(P)H and
keratin in the viable epidermis, and ZnO-NP. At 740 nm

excitation, fluorescence lifetime profiles of keratin, untreated
NAD(P)H and ZnO-NP overlapped, indicating that the ZnO-
NP signal cannot be separated from the NAD(P)H using τ1
and τ2 profiles under these conditions (Fig. 1a and b).

The τ1 and τ2 cannot be used to identify the presence of
ZnO-NP due to the capacity for these lifetimes to shift
(Fig. 1a and b) depending on the microenvironment. The
keratin and untreated NAD(P)H fluorescence lifetime signal
amplitude (α1%) ranges from 55 to 95 and ZnO-NP from
90 to 100. The peak at 90–100 represents the ultrafast
MEP from ZnO-NP. In contrast, the α1% from untreated
NAD(P)H in stratum granulosum exists as a relatively slower
fluorescence signal and not MEP emission. The normalized
α1% data shown on the y-axis correspond to the intensity of
the signal. The ZnO-NP signal from ZnO-treated skin at 4 h
decreased from 70 to 20, and a further decrease to <5 of the
normalized value at 24 h (Fig. 1c, red arrows) compared to
ZnO-NP alone. Vehicle-only (i.e. CCT) treated and untreated
skin showed no ZnO-NP signal (α1% 90–100), shown in
Fig. 1c. Likewise, CCT application did not change the τ1 or τ2
profiles. The NAD(P)H α1/α2 ratios in untreated (3.5±0.4)
and CCT-treated (3.3±0.2) skin were almost identical after
24 h treatment in the stratum granulosum.

Due to the nature of α1% photonic property, we have
used the α1% intensity signal from ZnO-NP to develop the
standard curve as shown in Fig. 1d. A standard curve

Fig. 2 TEM images of ZnO-NP
and MPM ZnO-NP and the viable
epidermis. TEM images of 1
mg/mL ZnO-NP show the 35 nm
nanoparticles at low (a) and high
magnification (b). MPT intensity
image of a 1 mg/mL ZnO-NP
solution (c) and untreated
volunteer viable epidermis (d).
The MPT images in (c and d)
were taken with 740 nm
excitation. The scale bars indicate
10 μm (a), 200 nm (b), and
50 μm (c and d).
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consisting of 11 concentrations of ZnO in CCT (ranging
from 0 to 200 mg/mL) was used to quantify the
concentration of ZnO-NP in the human volunteer’s skin
(Fig. 1d). The concentration of a given optical biopsy
volume (214×214×1 μm3) can be determined using the
equation y ¼ 0:6573e0:004�, derived from the standard
curve. The skin autofluorescence signals in the stratum
corneum and viable epidermis limit the detection of low
ZnO-NP MEP levels when excited at 740 nm; therefore, the
lower detection limit of ZnO-NP MEP signal was dictated by
these autofluorescence background signals at the 1 mg/
mL ZnO-NP MEP level.

We investigated the morphology and aggregation state
of dispersed ZnO-NP in CCT vehicle solution using TEM.
The nanoparticles used in this study ranged from 10 to
50 nm in diameter (Fig. 2a and b). The surface charge of
similar sized ZnO-NP is 20–60 mV in water at physiolog-

ical pH (28). Fig. 2c and d show MPT intensity images of
ZnO-NP alone and untreated volunteer skin at the stratum
granulosum level.

The photonic characteristics ZnO-NP-treated and un-
treated volunteer skin can also be represented in FLIM
pseudocolored multiphoton images. The pseudocolored
images in Fig. 3 depict the presence of different signals at
α1% ranging from 85–100. Blue indicates keratin and/or
NAD(P)H signals (α1%=85−90) in the stratum corneum
and stratum granulosum, while green-red indicates ZnO-
NP MEP (α1%=90−100).

Analysis of the ZnO-NP Signal and NAD(P)H Lifetime
Changes in Intact and Tape-Stripped Volunteer Skin

60% ZinClear-S 60 CCT, which is an active ingredient in
many sunscreens containing 10–50 nm of ZnO-NP, was
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Fig. 3 In vivo multiphoton images
of intact and tape-stripped
volunteer skin at different depths
after 24 h treatment. Each image
is 214×214×1 μm3. These
colour images depict the
autofluorescence as blue
(α1% 0–85) and ZnO-NP as
green-red (α1% 90–100)
in volunteer skin. The gray scale
insets are intensity-only images.
All bars indicate 100 μm. The
colour scale bar represents α1%
85–100,
blue-red.



used in the in vivo experiments. TEWL measurements
showed intact subject skin prior to tape-stripping at a TEWL
range between 18.4±2.0 g/m2h. The skin TEWL range
increased to 48.8±10.1 g/m2 h after 20× tape-stripping.

Pseudocolored multiphoton images revealed no ZnO-
NP signal in skin treated with CCT solution vehicle alone
(Fig. 3, vehicle). After ZnO-NP treatment, the ZnO-NP
signal was localized on stratum corneum and in furrows of
both intact and tape-stripped skin, but no ZnO-NP signal
was observed in the viable epidermis (Fig. 3, ZnO-NP).

In the stratum corneum, we observed a decrease in the
keratin signal amplitude (normalized α1% 45–85, shown in
AU) of intact skin from 407.8±142.4 to 221.8±9.0 after
4 h of treatment with ZnO-NP. However, the stratum
corneum keratin signal increased from 221.8±9.0 in the
4 h ZnO-NP-treated group to 355.3±60.3 after 24 h ZnO-
NP treatment (Fig. 4a). Similar to intact skin, no ZnO-NP
signal was detected in CCT-treated, tape-stripped skin.
Higher levels of ZnO-NP signal were detected in the
remaining stratum corneum of tape-stripped skin than
intact skin, 402.8±55.6 and 156.9±83.7, respectively after
4 h post treatment. The calculated ZnO-NP concentration
of tape-stripped and intact skin after 4 h was 34.03±

15.13 mg/mL and 5.16±3.85 mg/mL, respectively. Like-
wise, we recorded less keratin signal in the stratum corneum
of tape-stripped skin than intact skin, to 221.8±9.0 and
95.4±45.2, respectively (Fig. 4a and b). There was no
significant change in level of keratin signal in ZnO-NP-
treated, tape-stripped stratum corneum after 4 h. However,
we observed a significant increase (p=0.039) in the keratin
signal within the tape-stripped, stratum corneum with 4 to
24 h ZnO-NP treatment (Fig. 4b). Interestingly, only a
relatively minute ZnO-NP signal was detected in the
stratum corneum of tape-stripped skin after 24 h, compared
to 4 h (8.8±3.3 vs. 402.8±55.6, p=0.002) (Fig. 4b). This
suggests that the ZnO-NP may be dissolving throughout the
24 h treatment window.

There was no difference in NAD(P)H/keratin levels in
intact, stratum granulosum as seen in Fig. 4c. However, we
observed a significant increase, p=0.018, in NAD(P)H/
keratin signal in tape-stripped stratum granulosum after 4 h
post treatment with ZnO-NP compared to vehicle-only
treated skin (Fig. 4d). This trend was also observed for
stratum spinosum as shown in Fig. 4e–f. There was little to
no detectable ZnO-NP signal within our detection capabil-
ity across all treatment groups in stratum granulosum and

Fig. 4 Quantification of keratin/
NAD(P)H signals, at α1% 45–85,
and the ZnO-NP signal, at α1%
90–100, in intact, tape-stripped
(20 strips) volunteer skin. p values
from nonparametric t-tests are
shown where p<0.05.
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stratum spinosum of both intact skin and tape-stripped
skin, suggesting no penetration enhancement of ZnO-NP
into viable epidermis by tape-stripping within our
detection range (Fig. 4c–f). Statistical analysis revealed
no statistically significant penetration enhancement with
tape-stripping. Perhaps more aggressive removal of the
stratum corneum could lead to different outcomes.

Quantification of ZnO-NP Penetration and Metabolic
State In Volunteers With Psoriatic and Atopic
Dermatitis Lesions

ZnO-NP applied to the surface of lesional skin was
immediately evident upon MTP-FLIM imaging (Fig. 5).
In contrast to the non-lesional skin, there were fewer
furrows in the lesional areas. The ZnO-NP signal was

strong in the thick stratum corneum of the lesional tissue.
However, the ZnO-NP signal abruptly stopped just before
the stratum granulosum layer (Fig. 5, middle column) and
was absent in the deeper layers of lesional skin. The
penetration profiles of ZnO-NP (α1% 90–100) are shown
for non-lesional and lesional skin in Fig. 6a and b,
respectively, from areas without furrows (epidermal
plateaus). ZnO-NP concentrations were found to be highly
variable in the stratum corneum directly above viable
epidermal plateaus (−5 μm) in both non-lesional (2.98±
2.05 mg/mL) and lesional skin (2.59±1.86 mg/mL)
treated with sunscreen (Fig. 6a and b, respectively). Only
the lesional skin showed a very significant (p>0.005)
difference in ZnO-NP concentrations compared to un-
treated skin. There was no ZnO-NP signal within our
detection range in the superficial viable epidermis (0 μm)

Fig. 5 In vivo multiphoton images
of non-lesional and lesional
volunteer skin of different depths
after 2 h treatment with ZnO-NP.
Each image is 214×214×1 μm3.
These colour images depict the
autofluorescence as blue (α1%
0–85) and ZnO-NP as green-red
(α1% 90–100) in volunteer skin.
All bars indicate 100 μm. The
colour scale bar represents
α1% 85–100, blue-red.
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of ZnO-NP-treated non-lesional, lesional skin, untreated
non-lesional and lesional sites. In Fig. 6b, there is an
increased signal from >25 μm in the untreated group.
This is likely to be the SHG signal from collagen in the
papillary dermis. Second harmonic generation from
collagen is a confounding factor that restricts the use of
this methodology to the viable epidermis. This is due to
the overlapping FLIM characteristics of SHG and MEP
that cannot be separated.

DISCUSSION

We have shown for the first time that TCSPC enables non-
invasive, simultaneous ZnO-NP quantification and NAD(P)H
lifetime analysis in volunteers with altered barrier
function. Vehicle-only controls did not show any ZnO-NP
signal. ZnO-NP signal was detected in the stratum corneum of
both intact and tape-stripped skin treated with ZnO-NP.
Interestingly, we found significantly higher ZnO-NP

signal in tape-stripped skin compared to intact skin after
4 h of exposure. The concentrations of detectable ZnO-NP in
intact and tape-stripped stratum corneum were 5.16±3.85
and 34.03±15.13 mg/mL at 4 h, and 2.69±1.41 and below
1.00 mg/mL at 24 h, respectively. We are the first to show no
enhanced penetration nor any significant ZnO-NP signal
within our detection capability in the viable epidermis of tape-
stripped skin treated with ZnO-NP. Likewise, this is the first
study to show no detectable ZnO-NP penetration into the
viable epidermis of ZnO-NP treated psoriasis/atopic derma-
titis lesions; however, there was a significant increase (p<0.01)
in the ZnO-NP levels in the stratum corneum when
compared to treated non-lesion sites after 2 h of treatment.
The reduced exposure time, from 4 to 2 h, in the psoriasis/
atopic dermatitis experiments is a limitation of this study that
will be addressed in our future work involving ZnO-NP
penetration in compromised volunteer skin.

A recent publication by Bian et al. shows that the in vitro
dissolution of zinc nanoparticles reaches equilibrium within
2 h in aqueous solution (21). This supports our finding in
Fig. 1c, where we show a substantial decrease in ZnO-NP
signal after 4 and more so at 24 h treatment (Fig. 1c, red
arrows). We are the first to explore a time course study on
ZnO-NP penetration with MPT in volunteers.

The issue of nanoparticle penetration involves many
variables, including skin, formulation, detection limits,
nanoparticle surface properties and nanoparticle dissolution
kinetics. We have recently described the penetration of
quantum dots, similar in size to the ZnO-NP in human
skin, where we investigated surface coating, pH and barrier
properties of the skin (29). We found that the skin barrier
was the primary factor determining nanoparticle penetration
into human skin, with pH and surface coating only having
minor effects. The rapid dissolution of ZnO-NP and the
stability of quantum dots could contribute to the observation
that ZnO-NP penetrates tape-stripped human skin to a lesser
degree than do quantum dots.

Studies by Gulson et al., Cross et al. and Gamer et al.
found that insignificant quantities of zinc penetrate beyond
stratum corneum in humans, human skin or porcine skin
treated with sunscreens (11,22,23). These studies were
unable to conclude if the presence of zinc was due to
dissolved zinc or ZnO-NP (11,22,23). These data are
congruent with our findings, recognizing that we evaluated
nanoparticle specific signals and the referenced studies
evaluated total zinc.

Kuo et al. and Zvyagin et al. demonstrated the degree of
ZnO-NP that penetrated into skin of the mouse models and
human subjects using photonic intensity (20,24) and were
largely consistent with our results. The technique developed
in our study can complement these approaches by
removing confounding autofluorescent signals from the
skin.

Fig. 6 ZnO-NP penetration profiles, excluding furrows, in non-lesional
(a) and lesional (b) volunteer skin. ZnO-NP signal was quantified using
α1% 90–100 and normalized to the region of interest area. Asterisk
indicates p value of>0.005 when compared to untreated skin.
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The previously mentioned studies all focused on the
penetration of nanoparticles and not metabolic effects.
Using FLIM analysis of NAD(P)H, we have uncovered
several NAD(P)H effects of topical ZnO-NP treatment in
human skin, shown in Fig. 4. However, the majority of
these changes were not statistically significant and only
represent trends. We found slight increases in
autofluorescent signals (keratin/NAD(P)H) in tape-stripped
skin that tended to increase with treatment time in the stratum
granulosum. However, in all the other cases examined, there
were no other consistent trends or changes in NAD(P)H
lifetime or signal in the viable epidermis. We did observe an
increased autofluorescent signal from the stratum corneum
treated with ZnO-NP for 4 h, but this was not found at 24 h.
These data suggest that, under these conditions, the ZnO-NP
did not have a detectable effect on NAD(P)H in the viable
epidermis of treated volunteers.

There are several limitations to the approach described
here. First, it is known that ZnO-NP MEP and SHG
emitted from collagen found within connective tissues
cannot be separated, but SHG discrimination is not a
problem for measurements in the viable epidermis and
stratum corneum, as collagen is located only in deeper skin
layers (i.e., the dermis). Therefore, the use of the MEP
signal to quantify ZnO-NP is limited to the superficial skin
and excludes the dermis. Another limitation is that only
ZnO-NP concentrations can be quantified and not other
forms of zinc (e.g. solubilised ZnO or zinc ions) and that the
standard curve was derived in vitro rather than in vivo.
Simultaneous ZnO-NP and keratin/NAD(P)H analysis is
also limited by the need to balance excitation laser power
with detector gain. Therefore, while the parameters are
adjusted to capture NAD(P)H fluorescence, a decreased
range of detectable ZnO-NP results.

CONCLUSION

In conclusion, TCSPC has the potential for enabling
studies on exposure and metabolic consequences of
nanoparticle-containing topical products in human subjects
without the need for painful biopsies or destructive analysis.
Our studies showed that ZnO-NP signal was strongest in
furrows, and this signal was weakest 24 h after treatment.
Our volunteer studies demonstrated that there was
increased ZnO-NP signal from the stratum corneum of
disrupted and lesional skin, but there was no ZnO-NP
signal within our detection limits in the viable epidermis
of any group tested. This is the first time that a
systematic study has been done to non-invasively assess
ZnO-NP penetration and metabolic state in volunteers
with tape-stripped skin and in treated psoriatic/atopic
dermatitis lesions.
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