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The skin is the largest organ of the body and is a potential route of exposure to sunscreens and cosmetics containing nanoparti-
cles; however, the permeability of the skin to these nanoparticles is currently unknown. In this paper, we studied the transder-
mal delivery capacity through mouse skin of water-soluble CdSeS quantum dots (QDs) and the deposition of these QDs in the 
body. QD solution was coated onto the dorsal hairless skin of male ICR mice. Fluorescence microscopy and transmission elec-
tron microscopy (TEM) were used to observe the distribution of QDs in the skin and organs, and inductively coupled plas-
ma-mass spectrometry (ICP-MS) was used to measure the 111Cd content to indicate the concentration of QDs in plasma and 
organs. Experimental results indicate that QDs can penetrate into the dermal layer and are limited to the uppermost stratum 
corneum layers and the hair follicles. Through blood circulation, QDs deposit mostly in liver and kidney and are difficult to 
clear. 111Cd concentration was greater than 14 ng g1 in kidney after 120 h after 0.32 nmol QDs was applied to a mouse. These 
results suggest that QDs have in vivo transdermal delivery capacity through mouse skin and are harmful to the liver and kid-
ney. 
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Nanoparticles are used in applications ranging from targeted 
fluorescent labels in life sciences [1], ultraviolet radiation 
(UVR) protective cosmetics [2], and bacterial inhibitors [3] 
in food storage containers to wound care products and baby 
pacifiers. However, these applications also raise environ-
mental and human health concerns [4]. 

The skin is the largest organ of the body and is a poten-
tial route of exposure to engineered nanomaterials, such as 
sunscreens and cosmetics. Although skin is a remarkably 
efficient natural barrier, it is also a semi-permeable and na-
noporous barrier. Nanomaterials have the possibility of mi-
grating through this nanoporous membrane. Therefore, an 
understanding of the transdermal delivery of nanoparticles 
is important for nanomaterials risk assessment.  

Semiconductor quantum dots (QDs) are semiconductor 
nanocrystals with diameter between 2 and 100 nm. They are 
generally prepared from group II and VI elements or group 
III and V elements. QDs have advanced optical properties 
compared with traditional organic fluorescent materials, 
such as high brightness, broad absorption and narrow emis-
sion spectra, tunable emission maxima and longer fluores-
cence lifetime. Therefore, the most promising applications 
of QDs are drug delivery, imaging markers, diagnostics or 
therapeutics [5] . However, many of the ions which can be 
released from QDs such as Cd2+, Se2− and Te2−, are toxic to 
cells and animals. Some QDs have a core-shell structure and 
the shell has been shown to minimize Cd leaching [6]; 
however, the QD surface coatings and charge can influence 
the toxicity of QDs [7,8]. Thus it is important to pay close 
attention to their toxicity because the QDs are just several 
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nanometers in diameter. Currently, the majority of toxico-
logical studies on QDs focus on cellular toxicity, but the 
studies on in vivo skin penetration and metabolism are rela-
tively lacking. For example, spherical QD565 and elliptical 
QD655 with three different surface coatings in flow-through 
diffusion cells showed penetration in porcine skin [9]. Car-
boxylated QDs applied to the skin of SKH-1 mice in a 
glycerol vehicle could penetrate intact and UVR compro-
mised skin barrier [10]. QDs conjugated with diphtheria 
toxoid could be effectively delivered through mouse skin 
under hyperthermic conditions [11].  

In this work, the transdermal delivery capacity of QDs 
through mice skin under normal conditions was investigated. 
Water-soluble QDs were directly coated onto the dorsal 
hairless skin of ICR mice. The distribution of QDs in skin 
was accurately calibrated, and the concentration of Cd in 
main organs and the toxicity of QDs to Human Epidermal 
Keratinocytes (HEK) cells were measured. The results of 
this study indicate that the skin is surprisingly permeable to 
QDs, which has important implications for a nanomaterials 
risk assessment. 

1  Materials and methods 

1.1  Quantum dots  

Quantum dots used in this study were purchased from Tian-
jin Yourui Quantum Dots Co. Ltd. The QDs have a core of 
CdSeS and a shell comprised of a silica network with mul-
tiple hydroxyls to promote solubility in water. The QDs 
have negative charge. Their average size was analyzed by 
transmission electron microscope (TEM). Their diameter is 
about 20 nm, as shown in Figure 1.  

The concentration of the QD solution was adjusted to 4 
μmol L1 and the pH value was about 8.0. Before use in 
animal experiments, the QD solutions were stored in the 
refrigerator with opaque glass to prevent light decomposi-
tion. To ensure the dispersion of QDs, the QD solution was 
first sonicated for 2 min with an ultrasonic oscillator. To 
test the stability of the QDs fluorescence, 40 μL of QD so-  
 

 

Figure 1  TEM image of CdSeS quantum dots. Their diameter is about  
20 nm. 

lution was dropped onto a glass slide and placed on animal 
feeding shelves. Fluorescence images of the same position 
were taken with the same exposure time for seven consecu-
tive days. We also tested the quantitative characterization of 
the fluorescence peak and intensity of QDs with a fluores-
cence spectrometer (F-4000, Hitachi, Japan). First, the flu-
orescence spectroscopy was measured immediately after the 
QD solution was taken out of the refrigerator and sonicated. 
Then the QD solution was stored in a translucent glass bot-
tle in the animal breeding room. Eighty hours later, the flu-
orescence spectroscopy was measured again. 

The fluorescence spectrum indicates that their peak 
wavelength is about 620 nm. There are two reasons for why 
we used silica-coated CdSeS rather than other types of QDs. 
First, we want to study the distribution of QDs on mice skin. 
The emission wavelength of CdSeS QDs is about 620 nm, 
so their emission light can be observed under a fluorescent 
lamp. Therefore, we can easily judge the distribution of 
QDs on mice skin by observing their fluorescence intensity 
and distribution under a fluorescent lamp. Second, Cd is 
toxic to living organisms, but the shell of silica can largely 
reduce its toxicity.  

1.2  Animals 

All of the animal experiments were performed in compliance 
with the local ethics committee. Male ICR mice ((25±1) g, 
provided by the laboratory animal center of the Academy of 
Military Medical Sciences) were used as the experimental 
model because of their low cost and strong vitality com-
pared with nude mice. Moreover, mouse skin is usually 
used as a drug delivery model membrane. Mice were anes-
thetized by pentobarbital. The hair of the dorsal skin was 
carefully cut with surgical scissors, and then the shaved part 
of the skin was wiped with warm water. Cosmetic grade 
hair removal cream was applied for 3 min and then was 
removed with warm water. The skin was allowed to dry 
naturally to complete the hair removal work. Each area of 
exposed skin was about 1.5 cm2. Optical microscope was 
used to observe whether the skin was damaged. Mice with-
out injury were kept in sterile cages in ventilated animal 
rooms. 

1.3  QDs dose 

Twenty-four hours after hair removal, mice were anesthe-
tized again with pentobarbital. Approximately 80 μL of the 
QD solution (containing 0.32 nmol QDs) was carefully and 
evenly coated onto the dorsal hairless skin of each mouse 
and was allowed to dry naturally. To prevent friction be-
tween the parts coated with QDs after the mice regained 
consciousness, each mouse was housed in a separate feed-
ing cage. Six mice without QDs were used as a negative 
control group. 
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1.4  Plasma and organs collection 

Time intervals of 1, 6, 12, 24, 48 and 120 h after QDs coat-
ing were used. Fluorescent images of the mice were taken 
under fluorescent light (wavelength 352 nm) at each time 
interval and then the mice were killed by cervical disloca-
tion. Blood samples (about 0.8–1.0 mL for each mouse) 
retrieved from the ocular vein were mixed and placed in 
heparinized-anticoagulated tubes. Skin coated with QDs and 
the hearts, livers, spleens, lungs and kidneys were collected 
immediately. Half of the skin and the organs were placed in 
an embedding medium, which was pre-dropped on ice, to 
make tissue slices. The other half of the skin was placed in 
Trump's fixative for TEM and the other half of the organs 
were used for QDs concentration analysis. The mice of the 
control group were also killed, and their plasma and organs 
were collected. 

1.5  Fluorescent images 

To assess the localization of QDs in the skin, heart, liver, 
spleen, lung and kidney, the skin and organ samples col-
lected at each time intervals as well as the controls were 
subjected to pathological examination. The skin and the 
organs were sectioned in a cryostat into slices of 10 μm 
thickness. To prevent QDs contamination between slices, 
the blade was wiped with clean silk, and skin samples were 
cut perpendicular to the knife with the skin standing upright 
so that sectioning was conducted from the bottom of the 
dermis up through the epidermal layers. To observe tissue 
structure with an optical microscope, odd-numbered slices 
were Hematoxylin-Eosin (HE) stained. To prevent weaken-
ing of the QDs fluorescence, even-numbered slices were 
placed on glass slides without dye and without mounting 
medium, and were fixed only with acetone. To accurately 
determine the distribution of QDs on skin, skin slices from 
1 and 6 h were pre-dyed with 4′,6-diamidino-2-phenyl-  
indole (DAPI) before fluorescence observation. The 
bright-field and corresponding fluorescent images of the 
slices were observed by inverted fluorescent microscope. 

1.6  TEM of skin sections 

The dorsal hairless skin was cut off 6 h after being coated 
with QDs solution. The skin sample was pre-fixed in 
Trump’s at 4°C for 24 h and then successively fixed in 2.5% 
glutaraldehyde and 1% osmium tetroxide, dehydrated 
through graded ethanol solutions, intergraded in propylene 
oxide, and embedded in Epon812. Unstained sections   
(50 nm) were mounted on copper grids and then examined 
on the TEM. Furthermore, mice without QDs were used as a 
negative control group and the TEM images of the control 
group were also taken. 

1.7  QD concentration analysis 

QD analysis was based on the quantification of 111Cd in 
various samples by ICP-MS. The plasma in heparinized- 
anticoagulated tubes were centrifuged at 2000 r min1 for  
10 min and the upper clear solution was withdrawn. The 
organs were individually weighed and immersed in 1 mL of 
distilled water in a glass grinder to ground into a mash. To 
make the ICP-MS sample, the upper clear solution of plas-
ma and the organ homogenates were digested by the addi-
tion of a 4:1 mixture of nitric acid and perchloric acid. The 
final solutions were injected into the ICP-MS system to 
determine the concentration of cadmium. 

1.8  Cell culture and viability assay 

Neonatal HEK were seeded in 96-well culture plates at ap-
proximately 7000 cells per well and grown in a humidified 
environment of 5% CO2 at 37°C with keratinocyte growth 
media (KGM-2) cell medium. Upon reaching 70% conflu-
ency, the cells were exposed to QDs in KGM-2. The control 
wells consisted of only KGM-2 and cells. The cells were 
treated with QD solutions with concentrations of 40 (equal 
to 800 nmol L1), 4, 0.4, 0.04, 0.004 and 0.0004 μg mL1. 
HEK at 24, 48 and 72 h were assayed using MTT 
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) for viability as described by Mosmann [12]. The ab-
sorbance, directly proportional to cell viability, was deter-
mined spectrophotometrically at 490 nm in a plate reader. 
The results from this study provided the range of QD con-
centrations that were not cytotoxic to HEK. 

2  Results 

2.1  Quantum dots fluorescence 

Fluorescence images of QDs on a glass slide showed that 
the fluorescence intensity of the adjacent two days had no 
significant difference and there was a slight difference be-
tween the 6 h and 7 days fluorescence images, as shown in 
Figure 2A and B. Figure 3A and B shows the fluorescence 
spectroscopy of QD solutions immediately after being taken 
out of the refrigerator and 80 h after being stored in a trans-
lucent glass bottle in the animal breeding room. In Figure 
3A, the fluorescence peak is 621.50 nm, the peak intensity 
is 54.6 and the FWHM is 34.2 nm. In Figure 3B, the fluo-
rescence peak is 620.60 nm, the peak intensity is 54.1 and 
the FWHM is 35.4 nm. The fluorescence peak, the peak 
value and the FWHM in the two spectroscopy measure-
ments is essentially the same. Therefore, it can be conclud-
ed that the QDs are fluorescently stable under experimental 
conditions. 

2.2  Skin surface fluorescence 

After natural drying, mouse skin coated with QDs has the  
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Figure 2  Fluorescence images of a glass slide 6 h (A) and 7 d (B) after 
coating with QD solutions. The fluorescence images were taken with the 
same exposure time. 

same color as that of skin without QDs in natural light, but 
shows bright red fluorescence under fluorescent light. In 
Figure 4AC are the fluorescent images of three mice 12, 
48 and 120 h after coating with QD solutions. The fluores-
cence in Figure 4A is similar to that in Figure 4B, but 
brighter than that in Figure 4C. Overall, QDs appear red 
fluorescent for a period of time, but the fluorescence faded 
slowly with time. As the fluorescent intensity of QDs on the 
glass slide is relatively stable, the fade of the fluorescence 
intensity on the skin may be caused by the following facts: 
(i) some QDs have migrated into the body of the mouse, (ii) 
the fluorescence is masked by the bright blue fluorescence 
emitted by renascent hair, (iii) some QDs may be removed 
by friction between the mice and the animal bedding (saw-
dust). The last reason may be minor because the QDs were 
coated on the dorsal skin and the chance of QDs touching 
the bedding was small [13]. 

2.3  Optical microscopy of skin 

After HE staining, odd-numbered skin slices were observed 
under the optical microscope. Figure 5A and B shows the  

 

 

Figure 3  A and B are the fluorescence spectroscopy of QD solutions immediately after being taken out of the refrigerator and 80 h after being stored in a 
translucent glass bottle in the animal breeding room. 

 

 

Figure 4  Fluorescence images of mice 12 (A), 48 (B) and 120 h (C) after coating with QD solutions. The dorsal hairless skin of each mouse was coated 
with 80 μL of the QD solution (containing 0.32 nmol QDs). 
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optical microscopy of skin slices 1 and 6 h after coating 
with QD solution.  

In Figure 5A, there are some sweat glands, including the 
secretion sites ① and the catheters ②. In Figure 5B, epi-
dermis (E), dermis (D) and the fat particles (F) are visible. 
Cross-sections of hair follicles (H) are obvious. Sebaceous 
glands(S) are located on both sides of the hair follicle. Be-
cause the mouse skin is thinner, the thickness of the stratum 
corneum cannot be clearly measured. 

2.4  Fluorescence microscopy of skin 

Even-numbered skin slices and organ slices were observed 
by inverted fluorescence microscopy to assess the localiza-
tion of the QDs. Figure 6A and B is the fluorescence images 
of skin 1 and 6 h after coating with QD solution. The blue 
dots indicate the position of the nuclei and the red dots in-
dicate the position of the QDs. By studying the skin struc-
ture in Figure 5 and contrasting with the fluorescence image 
in Figure 6, we could determine that most QDs gather on 

the skin surface, and a small amount gathers in the hair fol-
licles. Because hair follicles have openings on the skin sur-
face, it is easy for nano-size QDs to gain access through hair 
follicle openings and accumulate in the hair follicle. This is 
similar to Alvarez-Roman’s [14] observation that nanopar-
ticles aggregated in hair follicle openings. 

Figure 6C and D is magnified sections of Figure 6A and 
B. Upon careful observation, we can see there are more 
QDs in Figure 6D between the nucleus under the skin sur-
face than there are in Figure 6C. These results show that 
QDs can slowly penetrate the epidermis of the intact skin. 

We did not observe single QDs in the skin and organs 
slices. This may be because QDs are nanoscale and the 
general fluorescence microscopy cannot achieve nanoscale 
resolution. However, in theory, there must exist QDs in the 
skin and organs. This is because the hydrophilic nanopore 
density in the stratum corneum of the skin is taken to be 
108–109 cm−2 [15] and the radius of hydrophilic pores of 
hairless mouse skin is 2.7 nm. The pore width of the ICR 
mouse must be large enough for QDs used in this study to   

 

 

Figure 5  Optical microscopy of skin slices after HE staining. A and B, 1 and 6 h after coating with QD solutions. Note the secretion sites ① and catheters 
② of sweat glands in Figure A and the epidermis (E), dermis (D), fat particles (F), hair follicles (H) and sebaceous glands(S) in Figure B. 

 

Figure 6  The fluorescence images of skin after DAPI dyeing. A and B, 1 and 6 h after coating with QDs solution. C and D, A higher magnification of the 
enlarged area in A and B. 
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undergo permeation, so QDs can penetrate through skin and 
then migrate into the main organs through blood circulation. 

2.5  TEM of QDs in skin 

TEM was used to assess the precise location and distribu-
tion of QDs in the skin. Figure 7A is the TEM image of the 
control group. There are distinct spaces between stratum 
corneum (SC) cells, but there are no QDs in each layer. 
Figure 7B and C is the TEM images of the skin 6 h after 
being coated with QDs solution. In Figure 7B, the QDs are 
localized within the uppermost layers of the SC and adhere 
to the two sides of the SC cell as agglomerates or as 
line-like structures. Greater amounts of QDs were found in 
the superficial layers of the SC with a decrease in QDs 
concentration deeper into the SC layers. Higher magnifica-
tion of the enlarged area in Figure 7B shows individual QDs 
and some small agglomerates (Figure 7C). The QDs used in 
this study are similar in shape, size and electron density to 
ribosomes in cells. We cannot identify if the dots in the cir-
cle in Figure 7B are QDs or ribosomes. If nanoparticles 
with a special shape or larger electron density were used in 
the experiment, such as nail-shaped QDs or colloidal silver, 
the dots in the cells could be easier to identify. 

2.6  Cd concentration 

The QDs distributed in different organ tissues were also  

detected by the ICP-MS analysis of 111Cd (Figure 8). The 
peak concentration of QDs in the liver and kidney occurred 
12 h after skin coating. There were over 10 ng g1, twice 
their control group. The 7 ng g1 peak concentration in the 
spleen was achieved 6 h after skin coating. 

Because the ICP-MS instrument detection accuracy is 
relatively high, little cadmium can also be detected. We de-
tected a certain amount of cadmium content in the control 
group. This cadmium may come from the diet or environ-
mental exposure. Because the mice used in this study be-
long to the same company and the same batch, all the mice 
should have the same background cadmium content. So, we 
determined that the increased cadmium content in the stud-
ied organs was indeed caused by the QDs. 

We conclude that nanometer-sized QDs can permeate 
through skin and may further migrate into the main organs 
of mice. The metabolic rate of QDs in various organs is 
different. The QDs accumulated in the liver and kidney 
cannot be effectively eliminated, but the QDs in the spleen 
could be thoroughly eliminated within 24 h. 

In this work, cadmium concentration in the liver, spleen 
and kidney increased slowly and then decreases slowly with 
time, which is different with Chen et al’s article [16], in 
which the cadmium concentration in the organs increased 
rapidly and then decreased rapidly. We believe that this is 
because Zhen Chen and colleagues injected QD solutions 
through the tail vein, resulting in a cadmium concentration 
in blood that increased rapidly after injection. However, in 
our study, QD solutions applied to the skin of mice pene- 

 

 

Figure 7  TEM images of the stratum corneum of the control group (A) and that 6 h after being coated with QDs solution (B and C). A, There are distinct 
spaces between stratum corneum (SC) cells, but there is no QDs in each layer. B, QDs adhere to the two sides of the stratum corneum cell. C, Higher magni-
fication of the enlarged area in B showing individual QDs and some small agglomerates. 
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trated slowly, and sweat and sebum secreted on the skin will 
promote the further penetration of QDs even if the solution 
has dried naturally. Therefore, the method of coating QD 
solutions is a relatively slow process. 

2.7  MTT viability 

The MTT assay was used to assess the viability of HEK 
treated with 40 (equal to 800 nmol L1), 4, 0.4, 0.04, 0.004 
and 0.0004 μg mL1 of QDs. There was a statistically sig-
nificant decrease in viability at 40 (**, P<0.1) and 4 μg 
mL1 (*, P<0.05) at 24, 48 and 72 h, which was dose de-
pendent (Figure 9). The 0.4, 0.04, 0.004 and 0.0004 μg 
mL1 concentrations of QDs did not show a significant de-
crease in viability at 24, 48 and 72 h. 

3  Discussion 

The skin is the largest organ of the body and is a natural 
barrier to outside pollutants. However, the toxicity of QDs 
in skin needs to be investigated since the QDs are nanome-
ters in diameter and exposure could occur during the pro-
duction process and in consumers during biological or 
medical applications. The penetration, localization, and 
toxicity of QDs in skin and skin cells have become a critical 
issue as the uses for QDs increases. 

In this work, silica-coated CdSeS QDs with a hydrody- 
 

 

Figure 8  Concentration of Cd in main organs at different time intervals 
(data are represented as means, n=6 for each value). 

 

Figure 9  MTT cell survival rate of HEK treated with QDs. Mean via-
bility at 24, 48 and 72 h. **, P<0.1; *, P<0.05. 

namic diameter of 20 nm were coated on the dorsal hairless 
skin of ICR mice. Fluorescence microscope images indicate 
that QDs were localized in the uppermost layers of the SC 
and the hair follicles. This is similar to other reports that 
found that QD621 were localized in the outer root sheath of 
porcine hair follicles [9], TiO2 microparticles and polysty-
rene nanoparticles distributed near orifices in human hair 
follicles [1,17], and metallic nanoparticles less than 10 nm 
were capable of penetrating the SC and hair follicles [18]. 
QDs can work their way between the corneocytes of the 
stratum corneum and penetrate deep in the epidermis and 
dermis of an in vivo model with UVR penetration exacerba-
tion [10]. 

In this work, TEM indicate that greater amounts of QDs 
were found within the intercellular spaces of the outermost 
SC layers as depicted in Figure 7B. Higher magnification of 
this area showed individual QDs (Figure 7C) but often they 
appeared as agglomerates. The main possible mechanism 
for the permeation of QDs through mouse skin is that sili-
ca-coated CdSeS QDs are hydrophilic nanoparticles, which 
cross the skin mainly through hydrophilic pathways such as 
hair follicles, sweat pores, the intercellular spaces between 
the corneocytes and other nanopores. 

Similar to other nanoparticles, QDs can penetrate the 
body’s normal protective role of phagocytic cells, and enter 
the circulatory system and central nervous system through 
different mechanisms, such as through the respiratory tract 
epithelial cells directly into the blood circulation system, or 
distributed to each part of body through the lymphatic sys-
tem and eventually excreted through the circulatory system 
[1921]. However, QDs with different core or surface mod-
ifications may have a different body distribution and clear-
ance methods [22]. ICP-MS results indicate that QDs used 
in this study can deposit in the organs through blood circu-
lation. The concentration of QDs in the liver and kidney  
120 h after coating with QDs was twice the control 
group.111Cd concentration is still greater than 14 ng g1 in 
the kidney after 120 h if 0.32 nm QDs was previously ap-
plied on a mouse.  

In summary, this study provides information on QDs 
penetration and distribution in skin and toxicity in organs. 
Penetration of QDs into the skin is limited to the uppermost 
SC layers and areas near hair follicles. QDs deposited heav-
ily in the liver and kidney, and they were difficult to clear. 
Additional tests such as tape stripping or abrasion should be 
conducted to determine if penetration to this barrier would 
allow an enhancement of the absorption of QDs. Also, if 
QDs are available for use in biological applications, the 
lowest concentration of QDs with low toxicity showing high 
fluorescence intensity would be optimal for use. 

The authors thank Prof. Zhao Yan of Nankai University for conducting the 
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