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Abstract

Topical exposure to nanoscale materials is likely from a variety of sources including sunscreens
and cosmetics. Because the /n vivo disposition of hanoscale materials is not well understood, we
have evaluated the distribution of quantum dots (QD) following intradermal injection into female
SKH-1 hairless mice as a model system for determining tissue localization following intradermal
infiltration. The QD [CdSe core, CdS capped, poly(ethylene glycol) (PEG) coated, 37 nm
diameter, 621 nm fluorescence emission] were injected intradermally on the right dorsal flank.
Within minutes following intradermal injection, the highly UV fluorescent QD could be observed
moving from the injection sites apparently through the lymphatic duct system to regional lymph
nodes. Residual fluorescent QD remained at the site of injection until necropsy at 24 hours.
Quantification of cadmium and selenium levels after 0, 4, 8, 12 or 24 hours in multiple tissues,
using inductively coupled plasma mass spectrometry (ICP-MS) showed a time-dependent loss of
cadmium from the injection site, and accumulation in the liver, regional draining lymph nodes,
kidney, spleen, and hepatic lymph node. Fluorescence microscopy corroborated the ICP-MS
results regarding the tissue distribution of QD. The results indicated that (a) intradermally injected
nanoscale QD remained as a deposit in skin and penetrated the surrounding viable subcutis, (b)
QD were distributed to draining lymph nodes through the subcutaneous lymphatics and to the liver
and other organs, and (c) sentinel organs are effective locations for monitoring transdermal
penetration of nanoscale materials into animals.
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INTRODUCTION

Nanotechnology is the manipulation or synthesis of materials at the atomic level that have at
least one dimension between approximately 1 to 100 nm (Murray et al., 2000; Oberdorster et
al., 2005; NNI, 2006). The nanometer size of some of these materials results in unique and
tunable properties can be exploited, and has led to nanotechnology being hailed as the “next
technological revolution”. Industry and governments worldwide have invested considerable
resources into the research and development of nanotechnology-based products that is
expected to reach $28 billion by 2008 (Kamalick, 2004). While the investment during this
early period of growth has focused on product development, little information regarding the
adverse effects of engineered nanometer sized materials on biologic systems has been
published. Many agree that there needs to be a balance of investment in nanotechnology
development and understanding toxicity of the products (Hardman, 2006; Davies, 2006;
Maynard, 2006).

Nanoscale titanium dioxide and zinc oxide, below approximately 200 nm diameter, do not
reflect visible light yet still reflect or absorb ultraviolet light. In particular, their ability to
interact with UVA light is unique as compared to many organic sunblock agents and for this
reason they are included as physical sunblocks to increase the sun protection factor (SPF) in
topically applied cosmetics and sunscreens (Innes et al., 2002; Popov et al., 2005, 2006).
Titanium dioxide can exist in several physical forms (anatase, rutile, amorphous, and
brookite; see for example Mogyorési et al., 2003). Irradiation of the anatase form of titanium
dioxide with light below 380 nm results in the generation of reactive oxygen species
(Hoffman et al., 1995; Blake et al., 1999; Mills and LeHunte, 1997) resulting in
photocatalytic killing of bacteria (Gaswami et al., 1997; Stevenson et al., 1997; Sunada et
al., 1998; Jacoby et al., 1998; Byrne et al., 1998; Maness et al., 1999), photodecomposition
of dyes (Aleboyeh et al.,, 2003, and Neamtu et al., 2004, Moraes et al., 2004, Wahi et a/
2005, 2006), and use as a photocatalyst in dye-sensitized solar cells (Kusama and Arakawa,
2003). This generation of reaction oxygen species can be prevented by physically separating
the titanium dioxide crystal from oxygen or water with an inert coating (/.e. insulator or
coating) such as zirconium, alumina, or silica (Mills and LeHunte, 1997).

Whether nanoscale particles can penetrate into skin has been of increasing interest to
toxicologists and nanotechnologists alike; the existing reports illustrate that this is a complex
question whose answer may depend on particle size, surface coating, medium as well as skin
model. Specific to the problem of nanoscale titanium dioxide into skin, investigators have
found in some cases evidence for penetration as well as evidence to the contrary (Tan et al.,
1996; Landsdown and Taylor, 1997; Pflicker et al,, 2001; Lademann ef a/., 1999; Bennat
and Miller-Goymann, 2000; Schulz et al., 2002; Menzel et al., 2004). The most recent
studies of Gamer et al. (2006) and Mavon et al. (2007) find that titanium dioxide in an oil
and water emulsion does not penetrate either porcine or human skin 7 vitro, respectively.
However, other nanoscale materials such as quantum dots and tethered-fullerenes have been
observed to penetrate skin /n vitro (Ryman-Rasmussen et al., 2006, Rouse et al., 2007). If
there are circumstances under which nanoscale titanium dioxide does penetrate and reside in
the skin, then there is potential for biological effect. The material can serve as a catalyst for
continued generation of reactive oxygen species upon irradiation with UV containing light
(e.g. sunlight), resulting in damage to the skin (e.g. photoaging or carcinogenesis). The
possibility of this unwanted toxicity will depend on the ability of the nanoscale particle to
penetrate the skin, and the photoactivity of the nanoscale particle, neither of which is fully
characterized at this time for nanoscale materials included in topically applied cosmetics and
sunscreens.
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In an effort to understand the biodistribution of nanoscale materials intradermally injected
into skin we have chosen to use poly(ethylene glycol) (PEG) coated quantum dots (QD) as
surrogates for uncharged, biologically inert nanoscale materials. QD (semiconductor
nanocrystals) are fluorescent semiconductor inorganic nanocrystals that have unique optical
and physiochemical properties (Nirmal ef a/,, 1996; Knight et al., 2004; Gao et al., 2005;
Hardman, 2006). QDs offer strong fluorescence at narrow and tunable wavelengths across
the visible and infrared wavelengths, and can be excited with light over a broad range of
energies. In addition, their high quantum yields, substantial Stoke’s shifts, and photostability
make them of great interest as imaging agents in biological systems (Alivisatos et a/., 2005;
Azzazy et al., 2006; Leary et al., 2006; Pinaud et al., 2006; Smith et al., 2006).

We have taken advantage of the relative ease of imaging of QD and used them as surrogates
for similar sized nanoscale materials such as titanium dioxide. In addition, because cadmium
is not an essential element and occurs at low concentrations in tissues, we have used
inductive-coupled plasma mass spectrometry (ICP-MS) to monitor cadmium levels as an
indication of the presence of QD in tissues.

MATERIALS AND METHODS

Materials

Preparation of quantum dots—Different colors of quantum dots (QDs) with core/shell
structures were synthesized according to published methods except minor modifications to
the shell growth temperature (CdSe as the core; Yu et al., 2003). For this work, we used
180°C to grow a CdS shell to facilitate a red color emission. The QDs were purified and
stored in chloroform before further treatment. QD concentrations were determined using the
extinction coefficients and the error in these measurements was estimated by comparing the
wide range of reported extinction coefficients in the literature (Yu éef al., 2004a).

Preparation of water-soluble quantum dots—Highly uniform quantum dots can only
be synthesized in organic solutions, thus biological studies require that the materials be
encapsulated in order to form stable solutions in aqueous buffers. PEG containing
amphiphilic co-polymers were used for this purpose. The coating material is first prepared
through the reaction of a commercial poly(maleic anhydride-alt-1-octadecene) (PMAO, M,
= 30000-50000, Aldrich Chem. Co., Milwaukee, WI) polymer and an amino terminated
PEG methyl ether (MPEG-NH,, MW 6000, 9900 and 19300; Nektar, CA)with typical molar
ratios of 1:50 (PMAO:PEG).

The monodispersed QDs (purified and dispersed in chloroform) and the amphiphilic
polymer (PMAO-PEG) were mixed in chloroform and stirred overnight (room temperature)
(molar ratio of QD:PMAO-PEG ranged from 1:5 to 1:30). Purified water was then added to
the chloroform solution of the complexes with a 1:1 volume ratio; chloroform was gradually
removed by rotary evaporation at room temperature, and resulted in clear and colored
solution of water-soluble QDs. This transfer process had a 100% efficiency and no
precipitate was observed; however, to remove possible larger contaminants, the solutions
were passed through a 0.2-micrometer Nylon syringe filter. The nanoscale QD were
concentrated using ultracentrifugation (typically 200,000 — 300,000 g for 2 hours; Beckman
Coulter Optima L-80XP; Beckman Coulter, Inc., Fullerton, CA) with the soluble excess
amphiphilic polymer being decanted. Further details of this procedure and subsequent
characterization of these materials are described in the work of Yu et a/(2007).

Quantum dot characterization—Absorption spectra of QDs were measured by a Varian
Cary 5000 UV-VIS-NIR spectrophotometer (Varian Inc., Palo Alto, CA).
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Photoluminescence (PL) spectra (for QDs) were recorded on a Jobin Yvon Spex Fluorolog 3
fluorescence spectrophotometer (Horiba Jobin Yvon Inc., Edison, NJ).

Transmission electron microscopy (TEM) specimens were made by evaporating one drop of
nanocrystal solutions on carbon coated copper grids. The TEM micrographs were taken by
Jeol FasTEM 2010 transmission electron microscope (Tokyo, Japan). The size and size
distribution data were obtained by counting >1000 individual particles using Image-Pro Plus
5.0 (Media Cybernetics Inc., Silver Spring, MD) (Yu et al., 2004a, 2004b).

Size exclusion chromatography (SEC) was applied to measure the hydrodynamic diameters
of the water-soluble QDs on an Agilent high-performance liquid chromatograph (1100
series; Agilent Technologies Inc., Santa Clara, CA) equipped with hydroxylated
polymethacrylate-based gel (Ultrahydrogel 1000 and 2000, Waters Corp., Milford, MA)
columns (Al-Somali et al., 2004; Krueger et al., 2005). Dynamic light scattering (DLS) was
also employed to measure the hydrodynamic diameters of the water-soluble QDs using a
Brookhaven 90Plus particle analyzer (Brookhaven Instr. Corp., Holtsville, NY) at 25°C.

Animals—Isolator reared, Helicobacter-free female Crl: SKH-1 (hr~/hr™) hairless mice
were obtained from Charles River (Portage, MI) at 5 weeks of age. The mice were housed
for two-weeks in the NCTR Quarantine Facility and acclimated for an additional week prior
to use. The treatment of the mice conformed to the institutional Animal Care and Use
Committee guidelines at this American Association for Laboratory Animal Science
(AALAS) accredited facility.

Treatment of mice—At 9 weeks of age, mice were weighed and anesthetized
intraperitoneally with sodium pentobarbital (25 mg/kg body weight). Anesthetized mice
were injected intradermally (ID) in the right dorsal flank with either 5 .l of 9.5 uM QD (48
pmoles) or sterile saline using a Hamilton gas-tight syringe (Hamilton Company, Reno, NV)
equipped with a 3/8-inch, 26 gauge needle with a 30° (intradermal) bevel. The syringe
containing QD was visualized with a hand-held UVA light (UVP UVGL-58; UVP Inc., San
Gabriel, CA) to confirm correct loading of the syringe and the absence of bubbles in the
syringe. Proper ID injection was confirmed by the formation of a small induration at the site
of injection. Dissection of the site of practice injections and fluorescent macrophotography
revealed that injection material did not penetrate to the subcutaneous tissue (data not
shown). Immediately following ID injection, the site of application was imaged under UVA
illumination and photographed using a Canon EOS D60 camera equipped with a Canon 100
mm EF Macro lens (Canon Corporation USA, Inc.). Images were recorded as 6 megapixel
images in the raw-file format.

At 0, 4, 8, 12 and 24 hr following ID dosing, the mice (n=4 time point) were euthanized
using gaseous carbon dioxide and again imaged under UVA illumination. The following
tissues were removed and stored at —20 °C prior to elemental analysis: blood (obtained by
cardiac puncture); skin (site of injection and control site); axillary, brachial, and inguinal
lymph nodes; liver; hepatic lymph node; kidneys; spleen; stomach; intestine; cecum
contents; uterus; bladder; brain; femur. Tissues from one mouse that was sacrificed 24 hrs
after QD injection were placed in 10% neutral buffered formalin, and after 48 hours
dehydrated with ethanol, embedded in paraffin blocks, and sectioned at 4 microns. The
tissue sections were mounted onto slides and were not stained or covered.

ICP-MS quantification of cadmium and selenium—Inductively coupled plasma mass
spectrometry (ICP-MS) was performed utilizing a Fisons PlasmaQuad 3 quadrupole
instrument (Thermo Electron Corp., Franklin, MA). Samples that were in excess of the
suitable weight for analysis were minced, water added (18 MQ, Barnstead, Dubuque, 1A),
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and homogenized 3 time for 30 sec at 24,000 rpm using am Ultra-Turraz T25 homogenizer
(IKA, Staufen, Germany). Fractions of the homogenates, blood (0.1 mL), or tissues ( 0.2 g),
and 1 mL of 2% HNO3 (Ultrex, J.T. Baker, Phillipsburg, NJ) and 1 mL 70% HNO3 (Ultrex)
were combined in a microwave digestion vessel (Xpress PTFA, 55 mL) and digested at 300
Watts, 200°C, and 220 psi using a microwave accelerated reaction system (MARS, CEM,
Matthews, NC) for 35 min. Recovery was accomplished by adding Cd and Se standards
(SPEX CertiPrep Claritas, Metuchen, NJ) at 10 ng/mL in 1 mL 2% HNO3 (Ultrex) prior to
homogenization. The ICP-MS instrument was initialized, optimized, and standardized using
the manufacturers recommendations. Tuning of the ion lenses was accomplished using a
standard containing 1 ng/mL °Be, 115In, and 238U in addition to other elements. When
optimized the ion count rate for 11°In was approximately 25,000 cps/ppb. Standardization
was performed using 1-100 ng/mL multi-element standards. Quantification was
accomplished using 112Cd, 114Cd, and 82Se isotopes. The limits of detection (3 o) averaged
3 pg/mL for Cd and 70 pg/mL for Se. The limits of quantification (10 o) were 10 pg/mL for
Cd and 200 pg/mL for Se.

Recovery from control tissue samples spiked with Cd and Se standards averaged 72.4% for
Cd and 80.1% for Se.

Fluorescence Microscopy—Photomicrographs were taken using a Leica DM RA2
photomicroscope (Leica Microsystems GmbH, Wetzlar, Germany) equipped with a 100 W
halogen light source and SPOT RT-SE slider high resolution CCD camera/digital imaging
system (Diagnostic Instruments, Sterling Heights, MI). Images of the tissues with bright
field illumination were obtained to show structure. In the fluorescence mode, a filter set
consisting of a 415WB/100 excitation filter, a 475DCLP dichroic filter, and 620WB20
emission filter (Omega Optical Inc., Brattleboro, VT) were used to selectively visualize the
621 nm emission from the QD. Images were captured at 20x and saved as 16 bits per pixel
SPOT files. The images were then imported into SPOT proprietary software and converted
to 12 bit per pixel jpeg files for image export.

Chemicals—Nembutal (sodium pentobarbital solution) (50 mg/mL) was obtained from
Abbott Laboratories (North Chicago, IL) and diluted to 6.5 mg/mL using 0.9% sterile
injectable sodium chloride solution (Abbott Laboratories) prior to use. All other reagents
were the best analytical grade available.

Statistical Analysis

RESULTS

The cadmium levels at each time point were analyzed using a one way analysis of variance
with comparison to the control (0 hr) and all groups using Holm-Sidak method. Analyses
were performed using SigmasStat (Jandel Scientific Corp., San Rafael, CA) and comparisons
were considered significant when the probability value was less than 5% (p<0.05).

Characterization of QD

The QD synthesized for this study yielded a fluorescence emission of 621 nm when
irradiated with light of wavelength <610 nm. The structure of the QD was evaluated using
high resolution TEM (Figure 1). The CdSe core with CdS shell had a nail shape with a head
width of 5.8 + 0.97 nm and length of 8.4 £ 1.9 nm.

The amphiphilic polymer itself contributes a large fraction to the overall hydrodynamic

diameter. Dynamic light scattering (DLS) is a semi-quantitative method for hydrodynamic
diameter measurement of highly absorptive materials below 50 nm; this method indicated
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these materials in a wide range of buffers and water were 39 + 4 nm in diameter. A more
accurate method for particle size measurement in solution is size exclusion chromatography
(SEC) (Al-Somali et al., 2004, Kreuger et al., 2005); in this method particle size is found
from the retention times, and this is converted to hydrodynamic diameter from a calibration
generated by running known standards through the SEC system. In pure water, these water
soluble were found to have hydrodynamic diameters of 37 = 1 nm.

Concentration of quantum dot solutions

The water-soluble QD’s concentration is determined by measuring its absorbance spectrum
and then calculated from Lambert-Beer law, A= e b C, where A is the optical density, e is
the extinction coefficient of the core/shell QD, & is the light path length, and C s the core/
shell QD concentration. Extinction coefficients for plain core QD are available from
literature (Yu et al., 2004a), but these data are not applicable to complex structures like core/
shell QDs due to their complicated structure (including shell thickness) and chemical
composition. For our CdSe/CdS core/shell QD, we first obtained the initial quantity (mole
number or particle number calculated from published e data; Yu ef al., 2004a) of plain core
CdSe QD in the synthesis flask and assumed the same quantity of core/shell particles
produced. We determined the extinction coefficient of this core/shell QD as 170,000 =
22,500 M cm™ and determined a final concentration of 19 + 2.5 WM. ICP-MS analysis of
the QD solution demonstrated 43 pg/mL of Cd (38 mM) and 4.7 pg/mL of Se (6 mM) for a
Cd:Se ratio of 6.4:1.

Fluorescence of intradermally injected QD

The female SKH-1 hairless mice were injected on the right dorsal flank with 5 pL of 9.5
M QD solution. Immediately following intradermal injection, red fluorescent QD could be
seen during ultraviolet-A illumination migrating in the skin lymphatics towards the direction
of the regional draining lymph nodes (Figure 2A and 2B). This visual phenomenon
decreased with time and was not apparent by 6 hours post-injection. At sacrifice, the skin
and regional draining lymph nodes were very fluorescent under ultraviolet-A illumination
(not shown).

Disposition of cadmium in tissues

Mice (n=4 time point) were sacrificed immediately or 4, 8, 12, and 24 hours following
intradermal injection of 5 pL of QD in the right dorsal flank. The average total cadmium
detected in sham injected mice was 199 * 14 ng (mean * SE, n=6) with the following
distribution: skin, 0.63 £ 0.23 ng; lymph nodes, 0.46 + 0.07 ng; liver, 20.0 £ 1.8 ng; kidney,
20.9 £ 1.5 ng; blood, 11.7 + 2.9 ng; cecum contents, 127.7 + 12.5 ng. The average total
cadmium recovered from mice injected with QD at 0 hr was 24.57 + 1.72 g (mean + SE,
n=4). Because a 5 p.L injection of QD should contain 21.5 g cadmium and 2.35 pg
selenium, the average intradermal dose was 114.3 + 8.0% of the target dose.

The amount of cadmium that was recovered from the site of injection and all tissues
analyzed for the presence of cadmium was 100.0 £ 4.9% at O hr, and averaged 64.9 + 6.0%
at subsequent time points. The remaining QD (that is cadmium) present in the skin of the
mice at the site of injection is shown in Figure 3. There was an initial and sustained loss of
approximately 40% of the cadmium from the site of injection, where the value at all time-
points was significantly reduced from that of the 0 hour value. The apparent decrease at 8
hours and rise in cadmium levels at 12 hours is not statistically significant and could be the
result of small numbers of animals and variability or variability in quantity of QD injected,;
however, the values at 4, 12, and 24 hours are essentially equal at approximately 60% of
injected cadmium remaining at site of injection.

Toxicol Sci. Author manuscript; available in PMC 2012 October 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gopee et al.

Page 7

The results of the analysis of various organs for cadmium content are shown in Figure 4
(n=4 mice/time point). There was no detectible cadmium in the liver of the mice at 0 hr. The
cadmium level increased at 13 and 24 hours to average totals of 1.432 + 0.554 pg and 1.572
+ 0.353 g, respectively (mean + SE). These values are significantly different than the value
at 0 hr, and correspond to 5.83% and 6.40% of the administered dose of QD as cadmium.

Lymph nodes taken from mice at 0 hr contained 2.7 + 3.7 ng of cadmium, which increased
to 297 £ 174 ng and 262 £55 ng at 12 hrs and 24 hrs, respectively (mean £ SE). The levels
of cadmium at 12 hrs and 24 hrs were significantly increased over the levels at 0 hr, and
corresponded to 1.21% and 1.07% of the initial dose of cadmium in the QD (Figure 4).

Accumulation of cadmium in the Kidneys is also presented in Figure 4. The level of
cadmium at 0 hr (0 ng) significantly increased to 63 + 13 ng at 12 hrs and 126 + 19 ng at 24
hrs (mean + SE). These values represented 0.26% and 0.51% of the administered dose,
respectively.

Significant increases in cadmium were detected in several other tissues (Figure 5) including
the spleen, hepatic lymph node, and heart. In the spleen, cadmium levels increased from 0.1
ng total cadmium to significantly elevated levels of 40 = 22 ng (0.16% + 0.09% of dose) and
44 + 20 ng (0.18% + 0.08% of dose) at 12 hrs and 24 hrs, respectively (mean £ SE). In the
hepatic lymph node, the cadmium level at O hr was 0.1 ng, increasing to 3 £ 1.9 ng (0.012%
+ 0.005% of dose) and 5.4 = 4.6 ng (0.022% + 0.013% of dose) at 12 hrs and 24 hrs,
respectively (mean * SE).

The final tissue where significant increases in cadmium levels were detected was the heart
(Figure 5) increasing from 0.1 ng at 0 hr to 3.4 £ 0.8 ng and 3.8 £ 0.5 ng at 12 hrs and 24
hrs, respectively (mean + SE); however, the animals were terminated using cardiac puncture
and exanguination. The levels of cadmium in the blood did not change during the 24 hrs of
the study, and was 32.4 + 3.1 ng cadmium/mL blood. As a result, contamination of the heart
with as little as 100 p.L of blood could be responsible for the cadmium that was detected.

No significant trends were detected in the cadmium levels detected in the brain, lung,
urinary bladder, femur, or cecum contents in the mice (data not presented).

Fluorescence microscopy of QD in tissues

The presence of fluorescent QD at the site of injection and in the regional draining lymph
nodes were confirmed using fluorescence microscopy as shown in Figure 2C-2H. Mice
were sacrificed 24 hours following intradermal injection and the skin at the site of injection,
skin from a non-injection site, and lymph nodes (axillary, brachial, inguinal) were removed,
fixed in 10% neutral buffered formalin, and sectioned for microscopy. After 24 hrs, the
remaining highly red fluorescent QD at the site of injection are clearly visible at the site of
injection, and had dispersed throughout the dermis but not the epidermis (Figure 2C-D).
Red fluorescence was not detected in skin from the same mouse taken from a site distant
from the QD injection (images not shown). Since the QD were injected on the right dorsal
side of the mouse, fluorescent QD were detected in the right axillary (Figure 2E-F) and right
brachial (Figure 2G—H) but not left axillary or brachial lymph nodes lymph nodes (images
not shown). The red fluorescent QD in the right axillary lymph nodes were predominantly in
the supcapsular and trabecular sinuses.

DISCUSSION

We have demonstrated that intradermally injected QD remained as a depot in skin,
penetrated the surrounding viable subcutis, and were visibly distributed to regional draining
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lymph nodes and other organs apparently through the subcutaneous lymphatics.
Approximately 6%, 1% and 0.5% of the administered cadmium from the QD accumulated in
the liver, regional draining lymph nodes, and kidneys, respectively, at 24 hrs after the
intradermal injection. Using fluorescence microscopy, the QD were visible in the skin and
regional draining lymph nodes. Therefore, if these QD penetrate the epidermis into the
dermis following topical application, based on the results in this paper we would expect
approximately 7.5% of the dose to accumulate in the liver, lymph nodes and kidneys during
the first 24 hours. These data do not necessarily predict what could happen with other
nanoparticles. There could be obvious differences in the kinetics of the transport and
distribution of nanoparticles based on size and chemical nature of the outer coating of the
nanoparticle; however, these current results demonstrate the potential of using ICP-MS
analysis of sentinel organs as dosimeters of nanoscale material penetration into the dermis
and migration within the body.

The QD used in this paper were PEG coated with a mean diameter of 37 nm. Although few
in vivo studies exist, they suggest that QD may be systemically distributed in murine and
porcine animal models and accumulate in a variety of organs and tissues similar to our
findings. Intradermal injection into the paw of a mouse with near infrared (NIR) emitting
QD with a hydrodynamic diameter of 15-20 nm resulted in QD entering the lymphatics and
migrating within minutes to an axillary location (Kim ef a/., 2004). Additionally, when NIR
emitting QD were injected intradermally on the thigh of a pig, a surgeon was able to follow
lymphatic flow from lymph channels that diverge from the injection site and then coalesce
into the sentinel lymph node within 3—4 min, and where approximately 2—4% of the injected
QD accumulated in the sentinel lymph node based on fluorescence measurements (Kim et
al., 2004). This level of migration to the lymph is remarkably similar to our results where the
maximum level of QD in the lymph nodes was 1.2% of the injected dose (Figure 4).

Fluorescence microscopy of the regional draining lymph nodes from QD injected animals
exhibited fluorescence that was mainly localized in subcapsular and trabecular lymphatic
sinuses. In agreement with our findings, analysis of resected tissue in the study of Kim et al.
(2004) showed that NIR emitting QD were confined to the outermost rim of the lymph node.
These data are consistent with the known sieving properties of the lymph node’s subcapsular
sinus. Uren et al. (2004) and Kim et al. (2004) have suggested there is a critical
hydrodynamic diameter range of 5-50 nm needed for retention of QD in the sentinel lymph
node.

The administration of QD injected by other routes results in a different disposition 7n vivo.
The intravenous injection of QD-labeled EL-4 mouse lymphoma cells into mice resulted in
the elimination of approximately 70% of the QD-labeled cells within 2 hrs (Hoshino et a/,
2004). QD-label accumulation 7 days later was greatest in the spleen and lungs, followed by
lesser accumulation in the kidneys and liver based on fluorescence measurements (Hoshino
et al,, 2004). The accumulation of the QD-labeled cells in the spleen is consistent with the
biology of T-lymphocyte accumulation and processing in the spleen (Hoshino et al., 2004).
In a separate study, QD labeled cells were injected into the tail veins of C57BL/6 mice
where QD were observed to accumulate in the lungs, liver and spleen, with rapid clearance
from the circulation (Voura et al.,, 2004).

In a study by Ballou et a/. (2004) QD that had different coatings including methoxy-
terminated PEG (molecular weight of 750 Da; mPEG-750), carboxy-terminated PEG
(molecular weight of 3,400 Da; COOH-PEG-3400), and ethoxy-terminated PEG
(molecualar weight of 5,000 Da; mPEG-5000) were used in an /77 vivo study. Immediately
following intravenous injection in mice, fluorescence was noted in the superficial
vasculature and QD fluorescence was apparent in the liver, skin, and bone marrow. The
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fluorescence in the skin was initially punctuate, then spread across the skin, and was not
present after 24 hrs. The methoxy-terminated mPEG-750 QD and carboxylic acid-
terminated COOH-PEG-3400 QD were cleared from circulation by 1 hr after intravenous
injection (half-life <12 min), whereas the ethoxy-terminated mPEG-5000 QD remained in
circulation for at least 3 hr (half-life 50-140 min). The longer serum half-life of the ethoxy
terminated QD may be due to lack of reticuloendothelial uptake or decreased clearance by
renal filtration (Gao et al., 2005). The methoxy-terminated mPEG-750 QD were observed in
the lymph nodes, liver, and bone marrow after 24 hours, with significantly less retention of
the carboxylic acid-terminated COOH-PEG-3400 and ethoxy-terminated mPEG-5000 QD in
the same tissues. was observed in lymphatic tissue compared with bone marrow, liver, and
spleen. The presence of QD in the intestinal contents suggested excretion of QD from the
liver (Ballou et al., 2004).

These and other /in vivo studies suggest that, regardless of the QD coating, vertebrate
systems tend to recognize QD as foreign, with elimination of the materials through the
primary excretory organ systems including the liver, spleen, and lymphatic systems
(Hardman, 2006); however, this a rough generalization, and discrepancies in the literature
exist. For instance, subcutaneous injection of PEG coated CdSe/ZnS QD in mice showed
clearance of the QD from the site of injection, with accumulation of QDs in lymph nodes
similar to the studies we are reporting in this paper (Hardman, 2006). Peptide-coated QD
were first used to target tissue-specific vascular markers by intravenous injection in mice
(Akerman et al., 2002), where it was observed that modification of lung- and tumor-
targeting peptide-conjugated CdSe/ZnS QD with a PEG coating nearly eliminated
nonspecific elimination of QD via the lymphatic system. Their studies provide evidence that
QD outer coating will dictate systemic distribution independent of the core QD properties
(Hardman, 2006). QD which are not PEGylated, and that lack specialized functional groups
for cell targeting, have been shown to be incorporated via endocytic mechanisms by a
variety of cell types, both /in vivoand in vitro (Hardman, 2006, Chang et al 2006). Several
studies have shown nonspecific QDs to adhere to cell surfaces, possibly through interactions
of QD with glycoproteins and glycoplipids in cell membranes (Hardman, 2006). Although
many studies indicate endocytic processes and intracellular vesicular trafficking and storage
of QDs, the exact mechanisms remain to be elucidated. In contrast, QDs bearing natural
ligands specific for cell receptors and cell membrane proteins have been shown to be
specific for given cell membrane proteins/receptor types (Hardman, 2006).

In order to determine the long-term stability and tissue deposition of QD /n vivo, a Balb/C
mice were intravenously injected with methoxy-terminated mPEG-750 QD and imaged
during necropsy at 15 min, 1 day, 3 days, 7 days, 28 days, and 133 days later (Ballou et a/.,
2004). The QD remained in the liver, lymph nodes, and bone marrow for at least one month
with fluorescence decreasing over time. By 133 days postinjection, the QD fluorescence was
visible by fluorescence microscopy in the lymph nodes, liver, spleen, and bone marrow. As
part of this study, transmission electron microscope images of a mouse spleen cell 24 h
postinjection showed localization of the QD in endosomes. These results suggest that the
QD detected in the liver and lymph nodes in our study at 24 hrs, would possibly have
remained in those tissues for many weeks.

Fischer et al. (2006) studied the pharmacokinetics of mercaptoundecanoic acid coated (QD-
LM) and bovine serum albumin coated (QD-BSA) quantum dots in rats following
intravenous injections using ICP atomic emission spectroscopy (ICP-AES) to detect the
cadmium in blood and tissues. The mean hydrodynamic radius of the QD-LM was 25 nm
and the QD-BSA was 80 nm in diameter. The authors showed that the quantum dots were
cleared quickly from the blood with half-life’s of 59 min for QD-LM and 39 min for QD-
BSA following intravenous injections. Ninety minutes after injection, 36% of the QD-LM
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and 99.5% of the QD-BSA were contained in the liver. Quantum dots were detected at much
lower levels in the spleen (~2% of dose) and were not detected in the lymph nodes using
ICP-MS, but were visible in the lymph nodes and bone marrow using fluorescence
microscopy. Our work is in agreement with the studies reported by Fischer et al. (2006)
where the liver is the primary organ of nanoparticle deposition, this in spite of the fact that
our quantum dots were PEG coated while those used in Fischer et al. (2006) were coated
with an organic acid and bovine serum albumin. This observation also supports our use of
the liver as a sentinel organ in future studies with nanoparticles.

In summary, we have demonstrated that regional lymph nodes, liver, kidney and spleen are
sentinel organs for the detection of intradermally administered QD that are PEG coated and
are approximately 37 nm in diameter. These results are consistent with the studies described
above using QD coated with PEG and other coatings. The difference in our studies was the
QD were detected based on the cadmium content of the quantum core using ICP-MS, and
the presence of QD was confirmed using fluorescence microscopy. It is our conclusion that
regional lymph nodes and liver can be used as sentinel organs to determine the penetration
through the skin by QD and possibly other nanoparticles.
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FIGURE 1.

Characterization of QD using TEM. The QD were characterized using TEM and the average
QD CdsSe core size was nail shaped with an 8.4 + 1.92 nm length and 5.8 + 0.97 nm width,
resulting in an aspect ratio of 1.45.

Toxicol Sci. Author manuscript; available in PMC 2012 October 15.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Gopee et al.

Page 15

FIGURE 2.

Panels A,B: Female SKH-1 hairless mice were injected with 5 pL saline (A) or 5 pL of QD
solution (B) and digital images were taken following ultraviolet-A illumination. The
tracking of red fluorescent QD into the lymphatics is shown in the lower panel (arrow).
Panels C—H: Twenty-four hours after injection, the mice were sacrificed, and the tissues
were removed, preserved in formalin, and sectioned for microscopic examination. Bright
field (panels C, E, G) and fluorescence (panels D, F, H) images were taken of intradermal
injection site skin (panels C, D; bar = 200 wm), right axillary lymph node (panels E, F; bar
=500 pm), and right brachial lymph node (panels G,H; bar = 500 tm). The red fluorescent
QD are visible in sections of the lymph nodes.
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FIGURE 3.

The percent of the initial dose of cadmium that remained at the site of injection of the CdSe
QD. The skin that contained the site of injection was removed, completely digested using
HNO3, and the total cadmium was detected using ICP-MS (mean + standard error). Values
indicated by an asterisk (*) were significantly different (p 0.05) than the value at 0 hr, while
values indicated with the cross () were not significantly different from each other (p>0.05).
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FIGURE 4.

Distribution of cadmium in organs following intradermal injection of CdSe QD. The data
are expressed as mean = standard error for: liver (solid circle); regional lymph nodes (open
circle); kidney (open diamond). Values indicated by an asterisk (*) were significantly
different (p<0.05) than the value in the same organ at O hr.
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FIGURE 5.

Distribution of cadmium in organs following intradermal injection of CdSe QD. The data
are expressed as mean + standard error for: hepatic lymph node (solid circle); spleen (open
circle); heart (open diamond). Values indicated by an asterisk (*) were significantly different
(p<0.05) than the value in the same organ at 0 hr.
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