In vivo imaging of immune cell dynamics in skin
in response to zinc-oxide nanoparticle exposure
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Abstract: Zinc oxide (ZnO) nanoparticles (NPs) are widely used in
cosmetic and sunscreen products which are applied topically to the skin.
Despite their widespread use, the safety and biological response of these
particles remains an active area of investigation. In this paper we present
methods based on in vivo multiphoton microscopy (MPM) in skin to
address relevant questions about the potential toxicity and immunological
response of ZnO NPs. Registration of time-lapse volumetric MPM images
allows the same skin site to be tracked across multiple days for visualizing
and quantifying cellular and structural changes in response to NP exposure.
Making use of the unique optical properties of ZnO enables high contrast
detection of the NPs in the presence of strong autofluorescence and second
harmonic generation (SHG) background from the skin. A green fluorescent
protein (GFP) bone marrow (BM) transplanted mouse model is used to
visualize and assess the dynamic response of BM-derived immune cells.
These cells are visualized to assess the potential for ZnO NPs to interact
with immune cells and elicit an immune reaction in skin. We investigate
both topical and dermal exposure of the ZnO NPs. The methods and
findings presented in this paper demonstrate a novel approach for tracking
ZnO NPs in vivo and for visualizing the cellular response of the exposed
tissue to assess the immunological response and potential toxicity of these
particles.
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1. Introduction

The use of nanoparticles (NPs) in consumer products such as cosmetics and sunscreens has
become common in recent decades. Despite their widespread use, concerns about the safety
of these materials remain [1]. One type of NP that is commonly used as a sun blocking agent
is zinc-oxide (ZnO). Nanosized ZnO is an efficient absorber in the ultraviolet (UV) spectral
region yet is transparent in the visible spectrum, making it attractive for use in cosmetics and
sunscreens. The primary safety concern regarding ZnO NPs is their potential for generating
free radicals in response to UV illumination, which can result in DNA damage in cells and an
immunological response [2, 3]. Despite this potential toxicity, ZnO NPs are generally
considered to be safe for use in topically-applied skin products as long as they are not
absorbed through the skin or pass through breaches in the protective skin barrier. Thus, a
primary focus in evaluating the safety of ZnO NPs has been assessing their ability to
penetrate skin.

Several studies have demonstrated that ZnO nanoparticles generally do not penetrate past
the stratum corneum [4-6], the outer-most layer of the skin. However, a recent in vivo study
based on a sensitive radiolabeling technique detected small amounts of ZnO penetration [7].
In addition, there is concern that NP absorption could be enhanced in situations where the
barrier function of the skin is reduced, either by injury or disease [1, 8]. It has also been
demonstrated that mechanical flexing of skin during NP exposure can result in penetration
into the dermis [9]. As a result, characterizing the potential for ZnO NP penetration through
skin remains an active area of investigation. As studies have demonstrated that NP
penetration through skin is possible under certain conditions, there is also an interest in
understanding the consequences of skin penetration by NPs, such as an immunological
response. The biodistribution and long-term fate of ZnO NPs that have penetrated the skin is
fundamentally important for assessing the biological response of their presence and
ultimately, their toxicity. Studies of other types of NPs in skin have demonstrated that
intradermally-administered particles migrate to regional lymph nodes, raising concerns about
their potential for affecting the immune system [10—12]. In addition, the toxicity of ZnO NPs
to human immune cells has been established in in vitro studies [13], leading to concerns about
immune toxicity. Given the remaining concerns about the safety of ZnO NPs, there is a
critical need for novel methods for assessing their spatiotemporal dynamics over extended
periods of time, and the different factors that can affect their toxicity.

Various methods have been applied for studying NP penetration in skin. Several studies
have utilized diffusion chambers to study the penetration of ZnO NPs through in vitro skin
samples [4, 5]. Other studies have been based on the application of NPs to the skin, either
in vivo or in vitro, for a fixed time period followed by analysis of the tissue. Penetration depth
of NPs can then be assessed by histological processing of skin followed by optical or electron
microscopy [14, 15]. An alternative technique, known as the tape stripping method, has
routinely been used, whereby the skin layers are removed sequentially starting at the surface
[16, 17]. While these methods are suitable for assessing the penetration of NPs at fixed time
points, they are limited in that they require destruction of the tissue samples. This precludes
the ability to track the time-dependent penetration of the NPs or study dynamic cellular or
structural changes of the tissue in response to the NP exposure. In addition, histological
processing of the tissue may introduce artifacts and the tape stripping method is inherently not
suitable for visualizing the spatial locations of NPs in the skin.

A promising technique that has been recently applied for studying the penetration of ZnO
NPs is multiphoton microscopy (MPM) [18]. MPM is an imaging technique that makes use of
nonlinear optical effects to generate high resolution images. MPM is well-suited for non-
invasively imaging intact tissue such as skin [19-21]. Primary applications of skin imaging
include visualizing cellular features for clinical applications [22] or study cellular dynamics in
vivo [23]. Imaging studies of ZnO NP penetration in skin take advantage of the unique optical
properties exhibited by ZnO. Multiphoton excitation of ZnO results in a narrowband two-
photon luminescence signal centered around 395 nm, a broadband signal centered around
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490 nm, and a second harmonic generation (SHG) signal [24, 25]. The ability to
noninvasively visualize high resolution features of intact skin as well as the spatiotemporal
distributions of ZnO makes MPM an attractive method for tracking the penetration of ZnO
NPs in skin. Such studies have been performed in human skin in vivo and have confirmed that
ZnO NPs do not penetrate the stratum corneum in intact skin, although they can accumulate
in hair follicles [26, 27]. One challenge of using MPM for ZnO toxicity studies is the
difficulty of separating the ZnO optical signals from autofluorescence or SHG due to collagen
in the skin [28, 29]. In addition, despite the successful application of MPM for assessing the
penetration of ZnO nanoparticles in skin, the potential of this technique has yet to be fully
exploited. The noninvasive nature of MPM potentially enables time-lapse imaging of exposed
skin to observe the time-dependent transport of ZnO NPs, in addition to observing the
dynamic biological response of the skin. In this paper, we also demonstrate methods and
results for time-lapse tracking of ZnO NPs in the same skin site and for visualizing the
response of immune cells to the presence of these NPs in the dermis. These methods are
based on registration of time-lapse, wide-area, volumetric MPM images of the skin of green
fluorescent protein (GFP) bone marrow (BM) transplanted mice. In these mice, immune cells
derived from the BM express GFP and can be imaged with two-photon-excited fluorescence
(TPEF), providing an opportunity to visualize immune responses to the presence of foreign
compounds or nanoparticles. These methods represent novel capabilities for assessing the
safety of ZnO nanoparticles that are used in commercial cosmetic and sunscreen products.

2. Method
2.1 In vivo MPM skin imaging

For this study, a custom-built multiphoton microscope based on a tunable Ti-Sapphire laser
(Mai Tai HP, Spectra Physics) was utilized [21]. The laser beam was sent though a pair of
scanning mirrors, a 3.5x beam-expanding telescope, and was focused onto the sample with a
0.95 numerical aperture (NA) objective (XLUMP20X, Olympus). Two-photon luminescence
signal (TPL), two-photon excited fluorescence (TPEF), and second harmonic generation
(SHG) signals were collected by the objective and diverted to a pair of photo-multiplier tubes
(PMTs) using a dichroic mirror. An additional low pass dichroic mirror split the signal into
two separate channels, each containing a lens, an appropriate emission filter, and a PMT.
Samples were positioned on a motorized stage which allowed depth focusing and the
acquisition of wide-area mosaics. Individual MPM images were acquired in ~1.5 seconds and
the field-of-view of was ~370 x 370 um®. In vivo imaging in mouse skin was performed by
anesthetizing the mice with isoflurane gas. Mice were placed on a heating pad mounted to the
motorized stage of the microscope. The ear skin was positioned against a coverslip following
the application of glycerol for index matching. The skin was held in place by applying slight
pressure with a gauze covered clamp. MPM imaging was performed at two different
excitation wavelengths, 720 nm for efficient excitation of ZnO TPL and 920 nm for TPEF
imaging of GFP cells, in addition to SHG from collagen and ZnO NPs. Power at the sample at
720 nm and 920 nm was 3 mW and 20 mW, respectively. TPEF images from the skin contain
significant levels of autofluorescence background, primarily from hair shafts. As the TPEF
signal from the GFP cells is used as a relative measure of the presence of BM-derived cells, it
is important to remove strong autofluorescent features. To remove these features, a
segmentation technique was implemented that extracts the hair shaft features from volumetric
images based on their size and aspect ratio [30]. The segmentation technique relies on the fact
that hair shafts are spatially separated from the GFP-expressing cells located in the skin. This
is a valid assumption as hair shafts reside on the surface of the skin or within hair follicles.
Once the hair shafts are segmented they are digitally subtracted from the image volumes.

2.2 Registration of time-lapse images

Volumetric MPM images were acquired at different time points at the same skin locations on
the mouse ear. Bulk alignment was accomplished by using blood vessels as landmarks. In
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order to accurately align the time-lapse images and quantify changes, a registration algorithm
was developed [30]. This algorithm makes use of the hair follicle positions in the SHG
images as landmarks for the registration in the two lateral dimensions. The first step of the
algorithm is a semi-automated identification of the hair follicle positions in the wide-area
SHG mosaics from the two time points. Next, matching of the follicles is automatically
performed by exploiting the diversity in the spatial patterns. The matching follicle positions
are used to define a transformation between the two time points that is represented by the
thin-plate spline function. This transformation function is then used to warp all the images
from one time point so that the multimodal time-lapse images are co-registered.

2.3 GFP BM-transplanted mice

GFP BM-transplanted mice were used in this study to enable visualization of the BM-derived
immune cells in the skin. These mice were created by transplanting BM from donor males
with constitutive GFP expression (C57BL/6-Tg (CAG-EGFP) 10sb/J) into wild-type
recipients. To harvest BM, mice were sacrificed via CO, inhalation, hind limb bones were
dissected, cleaned, placed in phosphate buffered solution (PBS), and crushed with a mortar
and pestle. The crushed solution was strained with a 40 micron filter and red blood cells were
lysed with an ACK lysing buffer. Cell concentration was counted and diluted to
approximately 7x10° cells/ml and kept on ice prior to transplant. Recipient female C57BL/6
wild-type mice were treated with radiation from a cobalt-60 source (2 doses of 6 GY,
administered 4 hours apart). Donor bone-marrow cells were transplanted by tail vein injection
(150 pl, 10° cells). Recipient mice were allowed to recover for 4 weeks prior to confirming
the successful engraftment by detecting GFP expressing cells in the skin by in vivo MPM
imaging. Experiments were performed in compliance with an experimental protocol approved
by the institutional animal care and use committee at the University of Illinois at Urbana-
Champaign.

2.4 Zinc oxide nanoparticle exposure

The ZnO NPs used in this study were uncoated particles with an average diameter of ~35 nm
suspended in an aqueous solution at a concentration of 50 wt% (721077, Sigma). This
solution was applied both topically and intradermally to the mouse skin. For topical
application, the skin was exposed to the solution for one hour followed by rinsing with water
to remove excess particles. For intradermal exposure, ~0.5 mm long linear incisions were
made in the mouse ear skin using a surgical blade under the guidance of a stereo microscope.
Incisions were exposed to either the ZnO NP solution or a control water treatment for one
hour and then rinsed with water. As a positive control for detecting the immune response of
the BM-derived GFP cells, lipopolysaccharide (LPS) was applied to linear incisions in the ear
skin (500 pg in 50 pl phosphate buffered saline).

3. Results
3.1 In vivo imaging of BM-derived immune cells

In vivo MPM imaging of GFP BM transplanted mouse ear skin was performed under normal
conditions to demonstrate the ability to visualize BM-derived cells (Fig. 1). Three-
dimensional renderings of the volumetric SHG images provide a high resolution view of the
collagen network in the dermis (Fig. 1(a)) while TPEF images enable individual BM-derived
cells to be resolved (Fig. 1(b)). Wide-area volumetric images were acquired by using a
motorized stage, providing a macroscopic view of the skin structure and the BM-derived cell
population. The volumetric images are represented as axial projections by summing the pixel
intensities along the depth dimension (Fig. 1(c)-1(¢)). Raw TPEF images contain auto
fluorescence background from hair shafts. These features are digitally removed from the
volumetric images using a segmentation procedure. Removing the autofluorescence signal is
important in order to isolate the fluorescence signal from the GFP cells. The remaining TPEF
signal is primarily due to the GFP-expressing cells derived from the BM. Thus, the TPEF
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images are a representation of the density of BM-derived immune cells present in the skin. As
the in vivo imaging is non-invasive, repeated imaging of the same skin site is possible. This
allows dynamic changes in BM-derived cell population to be tracked in response to exposure
to foreign compounds.

Fig. 1. In vivo MPM imaging of GFP bone marrow transplanted mouse skin. High resolution
renderings of (A) SHG and (B) TPEF image volumes. SHG images visualize the collagen
network in the dermis and TPEF images show individual BM-derived cells. Dark circular
features in the SHG images indicated by red arrows are hair follicles. Wide area mosaics of the
skin based on (C) SHG, (D) TPEF and (E) multimodal overlays to show spatial
correspondence. /n vivo imaging allows the density of BM-derived cells and spatial positions
within the skin to be non-invasively assessed. The BM derived cells in the skin are a
heterogeneous population including several different types of immune cells, including
macrophages, neutrophils, and dendritic cells. Scale bars are 300 pm.

3.2 In vivo imaging of an immune response to a known inflammatory agent

To demonstrate the ability to visualize an immune response by BM-derived GFP cells and to
serve as a positive control for this study, in vivo imaging was performed in the ear skin after
dermal exposure to lipopolysaccharide (LPS). LPS is a known inflammatory agent which has
been used to induce immune reactions in skin [31, 32]. Volumetric wide-area TPEF and SHG
images were acquired prior to the treatment to determine the relative density of GFP cells in
the steady state (Fig. 2(a), 2(c), 2(e)). A linear incision was made in the skin to expose the
dermal layer and the LPS solution was applied for one hour. /n vivo imaging 24 hours post-
exposure demonstrated a dramatic increase in the GFP signal in the skin as well as the
structural changes resulting from the incision (Fig. 2(b), 2(d), 2(f)). The images in Fig. 2(a)-
2(f) are displayed on the same intensity scale to demonstrate the significant increase in the
level of the GFP signal following the treatment. In order to visualize the cellular features of
the GFP signal, the intensity scaling of the GFP channel is adjusted in the GFP-SHG overlay
following the treatment (Fig. 2(g)). A high magnification view of the wound site
demonstrates that the increased GFP signal consists of many individual GFP cells (Fig. 2(h)).
This rapid and dramatic increase of BM-derived cells is expected during inflammation. Thus,
the in vivo imaging provides a means for non-invasively imaging the inflammatory response
and dynamics of the BM-derived cells.
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SHG + TPEF

Before exposure

24 hours after incision
and exposure to LPS

Fig. 2. In vivo imaging of BM-derived GFP cell dynamics in skin during an immune reaction.
(A, B) SHG, (C, D) TPEF and (E, F) overlaid en face sections of in vivo mouse skin (A, C, E)
before and (B, D, F) 24 hours after a linear incision and exposure to lipopolysaccharide (LPS).
Intensity scaling of the GFP images in (C) and (D) are the same in order to demonstrate the
large increase in GFP signal. (G) Overlaid en face section 24 hours after the wound with the
intensity scale of the GFP image adjusted to allow the cellular features of the GFP signal to be
seen. (H) A higher magnification en face section of the region marked by the red box in (G)
showing individual GFP cells. Scale bar for (A-G) is 300 um and 100 um for (H).

3.3 Imaging ZnO NPs in skin

MPM is a promising technique for visualizing the penetration and long-term fate of ZnO NPs
that are applied to the skin. However, a primary challenge is separating the optical signal
from ZnO from the autofluorescence and SHG background from skin. To facilitate the
discrimination of ZnO NPs from background we make use of both the TPL and SHG signals
that result from two-photon excitation. Figure 3 shows in vivo imaging of linear incisions in
mouse skin with and without exposure to ZnO NPs. SHG signal originates both from the
collagen in the dermis as well as the ZnO NPs (Fig. 3(a) and 3(b)). SHG imaging is
performed at an excitation wavelength of 920 nm with an emission filter centered at 447 nm.
This specific excitation wavelength was chosen because it provides optimal excitation of GFP
and also results in a lower TPL signal from ZnO. TPL signal originates from the ZnO NPs as
well from autofluorescent features within the skin (Fig. 3(c) and 3(d)). TPL imaging is
performed at 720 nm with an emission filter centered at 390 nm. This excitation wavelength
provides a strong TPL signal from the ZnO particles but a low SHG signal. As ZnO generates
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both TPL and SHG [24], the TPL and SHG channels are merged by multiplying pixel
intensities. This provides enhanced contrast of the ZnO NPs and suppresses the
autofluorescence and SHG from collagen. This approach generally assumes that background
autofluorescence and SHG do not originate from the same features in the skin. This is a valid
approximation as SHG comes from collagen in the dermis while autofluorescence is strongest
in the upper layers of the skin such as the stratum corneum, in addition to the hair shafts [33].
As seen in Fig. 3(e) and 3(f), the merging of the channels provides enhancement of the ZnO
signal and suppression of the background signal.

SHG TPL
. .

Fig. 3. Imaging zinc-oxide (ZnO) nanoparticles in the presence of skin auto-fluorescence based
on SHG and TPL. (A, B) SHG channel, (C, D) TPL channel and (E, F) merged channels from
in vivo mouse skin images following a linear incision and (A, C, E) ZnO particle exposure or
(B, D, F) a control without particles. ZnO particles generate both SHG (red arrow) and TPL
(green arrow) and thus merging the two channels discriminates ZnO particles from the
autofluorescence background which only appears in the TPL channel. Scale bar is 300 pm.

SHG-TPL merge

With
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3.4 In vivo imaging of topical ZnO NP exposure

In order to evaluate the potential for ZnO NPs to interact with the BM-derived immune cells
and cause an inflammatory response, time-lapse imaging was performed in GFP BM-
transplanted mouse skin following topical exposure to ZnO NPs. Volumetric SHG/TPEF and
TPL data sets were acquired at four different time points: prior to the exposure, immediately
after exposure, and 24 and 48 hours after exposure (Fig. 4). The exposure consisted of a one-
hour topical application of an aqueous ZnO solution (50 wt%) to a region of skin marked by
tape followed by rinsing with water. The merged images of the ZnO NPs demonstrate a
dramatic rise in signal following exposure and a gradual decrease over the 48 hour post-
exposure time period.

3.5 In vivo imaging of dermal ZnO NP exposure

To evaluate the potential response of penetration and dermal exposure of ZnO NPs, time-
lapse imaging was performed in GFP BM-transplanted mouse skin following dermal
exposure. Dermal exposure was realized by making a linear incision to expose the dermis of
the skin, followed by a one-hour treatment of the aqueous ZnO NP solution (50 wt%) or a
control solution of water. Volumetric SHG/TPEF and TPL data sets were acquired at four
different time points; prior to the exposure, immediately after the exposure, and 24 and 48
hours after the exposure (Fig. 5). The ZnO signal in the case of the dermal exposure (Fig.
5(a)) shows a significant accumulation of the particles within the incision. These particles
persist within the wound site for the duration of the imaging sequence. In the control case
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following an incision (Fig. 5(b)), there is a weak ZnO signal present immediately after the
treatment, which is due to autofluorescence.

Before Immediately 24 hours after 48 hours after
exposure after exposure exposure exposure

SHG

GFP

Zn0O

Fig. 4. Time-lapse in vivo imaging of mouse skin following topical exposure to ZnO NPs. The
MPM signal due to ZnO particles is evident following the exposure (red arrow) and gradually
reduces over the 48 hours time period. No significant increase in the GFP signal is observed,
indicating no immune response was caused by the presence of the ZnO NPs. Scale bar is
500 pm.
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Fig. 5. Time-lapse in vivo imaging of mouse skin following a linear incision and dermal
exposure to (A) ZnO NPs and (B) a control treatment of water. The accumulation of the ZnO
particles in the incision (red arrow) and their persistence over the 48 hour time period is
apparent. The ZnO images from the control treatment contains a weak autofluorescence signal
(yellow arrow). In both the ZnO exposure and the control, the GFP signal does not
significantly increase by 24 hours after the treatment and only slightly increases by 48 hours.
This suggests that the exposure to ZnO NPs does not result in a significantly increased
inflammatory response compared to the control treatment. Scale bar is 300 pm.
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In both the control and ZnO NP exposure, no significant increase in the GFP signal was
detected by 24 hours post-treatment. There was a slight increase in signal within the wound
site by 48 hours. To determine whether this GFP signal was due to an influx of GFP cells or
simply the result of strong autofluorescence from the wound site, the increase in the level of
GFP signal compared to the LPS exposure positive control treatment was quantified. Figure
6(a) shows the relative change in GFP signal over the 48 hour time period for the LPS, topical
ZnO, dermal ZnO, and dermal control treatments. It is apparent that none of the ZnO
treatments or the control incision results in a significant increase in the GFP signal when
compared to the LPS treatment. In addition, the high resolution images allow cells to be
identified based on the morphology. En face sections of the GFP channel from the incision
sites following the ZnO dermal exposure at 48 hours, the control dermal treatment at
48 hours, and the positive control LPS exposure at 24 hours, are shown in Fig. 6(b)-6(d),
respectively. The images from the LPS exposure study contain many cell like features (Fig.
6(d)) while the images from the ZnO treatment do not.

A , ,

————— LPS treatment
3.5[| —— ZnO topical
ZnO dermal

- control dermal

2.5} .

Relative change in
volumetric GFP signal

0'50 hours 24 hours 48 hours
Time after the treatment

Fig. 6. (A) Quantitative plots of the total GFP signal intensity within the time-lapse image
volumes demonstrates that neither topical exposure or dermal exposure of ZnO NPs has
elicited a strong immune response. Magnified en face sections of the incision sites for (B) ZnO
dermal exposure at 48 hours, (C) control dermal treatment at 48 hours and the (D) positive
control LPS exposure at 24 hours. The lack of any cellular features in (B) and (C) compared to
(D) suggests that this GFP signal is due to a strong autofluorescence from the wound site and
not BM-derived GFP cells. Scale bar is 100 pm.

4. Discussion

In this paper, we have demonstrated methods and results for in vivo skin imaging to visualize
and track ZnO NPs and observe the dynamic response of BM-derived immune cells. TPEF
imaging allows GFP cells in the skin to be visualized while SHG signal from collagen
provides a view of the structure of the dermis. In order to visualize the dynamic response of
immune cells to ZnO NP exposure, GFP BM-transplanted mice were used in this study. In
these mice, the BM, and all the nucleated cells derived from the BM, express GFP, and can
thus be detected by TPEF imaging. Hematopoietic stem cells in the BM give rise to a wide
range of immune cells, including macrophages, neutrophils, dendritic cells, and lymphocytes.
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Many of these cell types traffic through skin under steady state conditions and increase
dramatically in number during injury, inflammation, or immunological responses. The
combination of TPEF and SHG allows these BM derived immune cells to be observed within
their in vivo tissue environment (Fig. 1). This imaging technique has many advantages that
can complement standard methods for analyzing tissue based on histology. Most importantly,
it allows repeated observation of the BM-derived cells for tracking dynamic behavior.

Using image registration of time-lapse volumetric data sets allows the same skin site to be
observed over multiple days. This allows in vivo observation of long term dynamic events,
such as inflammation. To demonstrate this ability, time-lapse imaging of GFP BM-
transplanted mouse skin was performed following dermal exposure to a known inflammatory
agent. As expected, a dramatic increase in the number of GFP cells present in the skin was
observed (Fig. 2). To study the immune response of ZnO NPs, a combination of TPL and
SHG was utilized to provide enhanced contrast of ZnO NPs relative to autofluorescence and
SHG background in the skin (Fig. 3). This method takes advantage of the unique optical
properties of ZnO NPs and can be used to track the long term fate of these particles in vivo
following exposure.

In vivo MPM imaging was used to visualize the response of the skin following the
application of ZnO NPs. Topical exposure of the NPs to the skin did not result in any
observable increase in the presence of the GFP cells, suggesting that no inflammatory
response due to the exposure had occurred (Fig. 4). In comparison, the positive control
experiments with LPS resulted in a dramatic increase in GFP signal 24 hours following
exposure. ZnO NP signal was noticeably increased following exposure but then decreased
significantly by 48 hours. This suggests that the particles did not penetrate the outer layers of
the skin and were eventually removed from the skin. This was expected as several studies
have shown that topically-applied ZnO NPs generally do not penetrate through the stratum
corneum of intact skin. However, the potential for deeper penetration of these particles is
possible in situations where the barrier function of the skin is disrupted.

In the dermal exposure of ZnO NPs, no significant increase in GFP signal was observed
suggesting that even if these NPs penetrate the skin they will not cause a significant
inflammatory response. A weak increase in the GFP signal was observed in both the dermal
exposure study and the corresponding control study by 48 hours. However, due to its late
appearance, this signal was attributed to strong autofluorescence from the wound site and not
due to an influx of GFP cells caused by an inflammatory response. This can be further be
justified by quantifying the increase in the level of GFP signal compared to the LPS exposure
positive control treatment. The lack of cellular features in Fig. 6(b) and 6(c), compared to Fig.
6(d), further supports that the increase in GFP signal seen in the ZnO dermal exposure and the
control treatment is not due to an inflammatory response, but instead to strong
autofluorescence background, likely from proteins within the wound bed. The lack of cellular
response in the control incision indicates that the incisions inflicted in these studies alone do
not cause a significant immune response. Thus, these results suggests that the ZnO particles
did not interact significantly with BM-derived immune cells and did not cause an
inflammatory reaction, even when directly applied to the dermis.

In this study, time-lapse imaging of ZnO NPs and GFP cell dynamics was performed for
both topical application and dermal exposure. Neither situation resulted in a significant
increase in the number of BM-derived cells when compared to a positive control treatment
based on LPS. These results suggest that the ZnO NPs used in this study do not have a
significant impact on the immune system in vivo under the conditions tested, as no obvious
immune response is visualized. Future studies are needed to validate the imaging results using
histological methods.

ZnO NPs can be manufactured with a wide range of sizes and be coated with various
materials. Therefore, future studies are also needed to test whether such parameters can
influence immune responses. In particular, emphasis should be placed on the specific ZnO
NPs used in commercial sunscreens. Finally, studies are needed to understand the role of
ultraviolet exposure on the toxicity of ZnO NPs in the skin. The methods and results in this
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paper represent a novel approach for tracking the interactions of NPs in vivo and for
visualizing the cellular response of the exposed tissue. Future toxicology studies based on
these methods have great potential for improving our understanding of the interactions of
nanoparticles with in vivo tissue environments.
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