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Nanocarbon is a promising type of biomaterial for diagnostic and therapeutic applications. Fluorescent
nanodiamond (FND) containing nitrogen-vacancy centers as built-in fluorophores is a new addition to
the nanocarbon family. Here, we study the long-term stability and biocompatibility of 100-nm FNDs in
rats through intraperitoneal injection over 5 months and develop the potential application of this
biomaterial for sentinel lymph node mapping in a mouse model. From both in vivo and ex vivo fluo-
rescence imaging as well as transmission electron microscopy, we found that the intradermally
administered FND particles can be drained from the injection sites by macrophages and selectively
accumulated in the axillary lymph nodes of the treated mice. Our measurements of water consumption,
fodder consumption, body weight, and organ index showed no significant difference between control
and FND-treated groups of the rats. Histopathological analysis of various tissues and organs indicated
that FNDs are non-toxic even when a large quantity, up to 75 mg/kg body weight, of the particles was
administered intraperitoneally to the living animals. With the properties of wide-ranging biocompati-
bility and perfect chemical and photophysical stability, FND is well suited for use as a contrast agent for
long-term in vivo imaging.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The application of nanotechnology to cancer therapy and drug
delivery is a topic of current interest in nanomedicine [1e3]. It has
opened upmanyexciting newopportunities for diagnosing, treating,
and tracking the progress of cancer development in molecular and
cellular detail. Nanodiamond (ND) has recently emerged as
a promising biomaterial for such applications [4e6]. The material
can be produced by either detonation, high-pressure-high-
temperature (HPHT), or chemical vapor deposition (CVD) methods,
olecular Sciences, Academia
260; fax: þ886 2 2362 0200.
, National Taiwan University
123456xt65457; fax: þ886 2

: þ886 3 5556219.
(C.-H. Hsiao), jichao@
u.tw (H.-C. Chang).
k.

All rights reserved.
followed by deagglomeration or milling processes [7]. Several
biocompatibility studies of the particles in vitro with various cell
lines have shown that ND is among the least toxic of all carbon-
based nanomaterials tested so far [8,9]. Moreover, NDs after inter-
nalization do not cause any obvious cytotoxic or detrimental effects
on the proliferation and differentiation of cells [10,11]. The chemical
and biological inertness, augmented by the fact that diamond can be
emit far-red fluorescence from a variety of optically active defects
[12], is a definite advantage when using NDs for in vivo applications.

In the past few years, there have been some studies on the
biocompatibility and biodistribution of NDs in vivo. Specifically,
Puzyr et al. [13] investigated the biocompatibility of detonation
nanodiamonds (DNDs) injected subcutaneously into mice and
found no inflammatory response at 3 months post-dosing.
However, intravenous administration of DNDs into rabbits could
change the values of some blood biochemical parameters such as
the total bilirubin concentration. Yuan et al. [14,15] have recently
studied the in vivo biodistribution and dose-dependent liver and
hematological toxicity of NDs inmice. Intratracheal instillation of 4-
nm DNDs and 50-nm HPHT-NDs did not show any significant
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pulmonary toxicity and no evidence on lipid peroxidation of the
lung was detected. Marcon et al. [16] have further assessed the
in vitro and in vivo toxicity of DNDs with different surface modifi-
cations (eOH, eNH2, or eCO2H) in HEK 293 cells and Xenopus
laevis. Cell viability assays revealed that NDs were not toxic to HEK
293 cells at concentrations less than 50 mg/mL, whereas microin-
jection of ND-CO2H into early-stage X. laevis embryos caused
embryotoxicity and teratogenicity. Most recently, Rojas et al. [17]
studied the in vivo biodistribution of DNDs labeled with 18F in
rats by using positron emission tomography and evaluated the
impact of kinetic particle size on biodistribution. Their results
showed that the radio-labeled DNDs largely accumulated in the
lung, spleen, and liver, and also excreted into the urinary tract.
Removal of larger particles by prior filtration effectively prevented
the particle accumulation in lung and spleen.

We present herein the result of our study on the long-term
stability and biocompatibility of fluorescent nanodiamonds
(FNDs) in a rat model through intraperitoneal injection over a time
period of 5 months. It is an extension of our previous studies of
FNDs in Caenorhabditis elegans [18] and zebrafish (Danio rerio) [19],
where we showed that the carbon-based nanomaterial does not
induce any detectable oxidative stress response at the whole
organism level. In this study, after confirming the non-toxic nature
of the nanomaterial in rats, we apply the FND particles for sentinel
lymph node mapping by both in vivo and ex vivo imaging in mice.
Sentinel lymph node (SLN) mapping is an important step in SLN
biopsy, by which doctors can determine the cancer stage and
accounts for the choice of therapy [20]. Although near-infrared
quantum dots (QDs) have been successfully applied for the
purpose [21], the notion of using potentially toxic, heavy-metal-
Fig. 1. (a) Comparison of the fluorescence spectrum (red curve) of NV� centers in FNDs with
curves are the absorption spectra of H2O, oxygen-bound hemoglobin (HbO2), and hemoglobi
stability test of FNDs in a rat after s.c. injection. Images of the same rat were acquired over a
interpretation of the references to color in this figure legend, the reader is referred to the
based QDs for SLN mapping in humans is still under serious
debate [1,22]. The non-toxic FNDs clearly offer a favorable alter-
native and, to the best of our knowledge, no such applications have
been reported so far.

The FNDs used in this work were produced by ion irradiation
and subsequent annealing of synthetic type Ib ND powders
[23e25]. These particles contain negatively charged nitrogen-
vacancy (NV�) defect centers (with a concentration of up to
10 ppm [25]) as built-in fluorophores. Excitation of the NV� with
green yellow light yields exceptionally stable photoluminescence
with a zero-phonon line at 638 nm, accompanied with a broad
phonon sideband spanning from 600 to 800 nm [26]. Nearly 70% of
the fluorescence lies in the near-infrared window (Fig. 1a) [27],
making it suitable for optical bioimaging applications [28]. Aside
from this potential usefulness, the fluorescence lifetime (s¼ 11.6 ns
in bulk diamond [29]) of the NV� center is substantially longer than
that (typically s < 4 ns) of cell and tissue autofluorescence [30],
which allows for the utilization of various time-gating techniques
to enhance the image contrast [31,32]. Further improvement of the
contrast is possible by taking advantages of the spin properties of
the NV� center, which is magneto-optical and can be magnetically
manipulated [33].

Three injection methods were employed in this study: intra-
dermal (i.d.), intraperitoneal (i.p.), and subcutaneous (s.c.) admin-
istrations. We first conducted s.c. injection of FND solution into rat
skin to investigate the long-term stability of the nanomaterial
in vivo for more than 1 month. We then performed i.d. injection of
the FND solution into mouse paws for SLN imaging and short-term
toxicity assessment. With i.p., we were able to inject a relatively
large amount (up to 23 mg per rat) of FNDs into the intraperitoneal
the near-infrared (NIR) window of biological tissues. The black, dark gray, and light gray
n (Hb), respectively. The absorption spectra were adapted from Ref. [27]. (b) Long-term
time period of more than 37 days. White arrows indicate the site of FND injection. (For
web version of this article.)
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cavities of the rats to address its long-term biocompatibility at high
doses. Finally, we carried out detailed histopathological analysis of
rat tissues to reveal whether the injected FND particles would cause
any inflammation or general toxicity in this animal model. Impor-
tant implications of these results are discussed.
2. Materials and methods

2.1. Production of FNDs

Synthetic type Ib diamond powders (Micron þ MDA 0-0.10, Element Six) were
radiation-damaged by using either a 40-keV Heþ beam at a dose of w1 �1014 ions/
cm2 or a 3-MeV Hþ beam at a dose of w1 � 1016 ions/cm2 to create the optimum
amount of vacancies in the diamond crystal lattice, as previously described [25].
They were subsequently annealed in vacuum at 800 �C for 2 h to form FNDs. After
being oxidized in air at 450 �C for 1 h and washed in concentrated sulfuric and nitric
acid (3:1, v/v) solution at 100 �C for 3 h [11], the NV�-containing particles were
extensively rinsed in distilled deionized water (DDW) and stored at room temper-
ature prior to use. A comprehensive characterization of the FNDs prior to bio-
conjugation and injection can be found in [23,24,34] and also in Figures S1 and S2 of
Supporting Information.
2.2. Preparation of BSA-coated FNDs

Acid-washed FNDs were sonicated in DDW for 30 min and then mixed with
bovine serum albumin (BSA) in the weight ratio of 1:2 [34]. After vortex mixing for
1 h, excess BSA was removed by DDW wash once, followed by five washes with
phosphate-buffered saline (PBS) using centrifugal filter devices (Amicon Ultra-15,
100 K or Amicon Ultra-4, 3 K, Millipore). Size distributions of the FND particles
before and after BSA coating were determinedwith a particle size and zeta-potential
analyzer (Delsa Nano C, Beckman-Coulter). The final concentration of the BSA-
coated FNDs in PBS was 2 mg/mL.
2.3. Animals

BALB/c male nude mice and male Sprague Dawley� (SD) rats were purchased
from BioLASCO (Taiwan) and acclimated for 2e3 weeks in the animal facility of
National Chiao Tung University. Eight-week old mice were used in this experiment
and each mouse weighed about 20 g. Similarly, the rats were 8 weeks of age and
each weighed approximately of 400e600 g at the beginning of the experiment. Both
animals were housed in polycarbonate cages (maximum of 3 rats per cage) with
wooden chip bedding and corn stalks. Bedding was changed twice a week. Drinking
water and conventional feed were provided ad libitum. The animal facility has a 12-h
light/dark cycle with the temperature controlled at 23�1 �C and a relative humidity
of 39%e43%. All the animals were maintained under specific pathogen-free condi-
tions and were treated benevolently to eliminate or reduce suffering during the
entire study, approved by the Institutional Animal Care and Use Committee of
National ChiaoTung University. The complete studywas conductedwith compliance
of standards established in the Guide for the Care and Use of Laboratory Animals.
2.4. Fodder and water uptake

Water and fodder were added twice a week. The amount of fodder consumed by
rats was calculated from the difference between the weight of the ration offered and
the amount removed from the feeder. Likewise, the extent of water uptake was
calculated from the difference in the volume of water provided and the amount of
water that was left in the bottle.
2.5. Weight changes and organ indices

Individual rats of PBS-injected (control) and FND-injected groups were weighed
weekly. The mean body weights of the groups were plotted against time to reveal
the course of weight gain or loss between the control and test groups. Likewise,
organ indices were recorded for control and FND-treated animals. The rats were
sacrificed and organs were excised and weighed. Organ indices (in g/g) were
calculated from the ratios of the wet weights of the individual organs to the whole
body weights (b.w.).
2.6. Subcutaneous administration

SD rats were anesthetized with isoflurane and their dorsal hair was clipped
(Animal Clipper Model 900, Thrive) and a depilatory agent was applied to the skin to
remove any remaining hair. FNDs were injected subcutaneously into the right flank
of the rat with a dose of 0.5 mg per 500 mL PBS.
2.7. Intradermal administration

BALB/c male nude mice were initially anesthetized with isoflurane. BSA-coated
FNDs were injected intradermally into the right foot paw at a dose of 40 mg in 20 mL
of PBS. Similarly for the control, 20 mL BSA-PBS was injected intradermally to the left
paw.

2.8. Intraperitoneal administration

FNDs were injected into SD rats via i.p. administration at a dose of 5 mg/kg b.w.
Control groups of the rats were exposed to PBS solution. In order to observe the fate
and long-term effect, the rats were injected every week at the same dose (5 mg/kg
b.w.) continuously for 12 weeks. They were then sacrificed after 12 weeks of FND
injection and their organs such as lung, liver, kidney, spleen, heart and blood were
collected for organ index analysis. This group of rats was considered as the non-
recovery group. In a parallel experiment, another group of rats were treated for 12
weeks with the same dosage as above and were allowed to recover for 8 weeks. This
group was named as the recovery group. After the recovery period, tissue samples
were cut apart and weighed for organ index analysis.

2.9. In vivo and ex vivo fluorescence imaging

Fluorescence snapshots of mice or rats were acquired after administration of
FND particles by either s.c., i.d., or i.p. injection using an in vivo imaging system
(Xenogen IVIS Spectrum, Caliper Life Sciences). Background tissue autofluorescence
was first measured by photoexcitation of the living animals at the wavelength of
430 nm with a bandwidth of 35 nm. The resulting fluorescence emission was
collected at 780 nm with a bandwidth of 20 nm. Sample fluorescence images were
then taken by excitation at 605/20 nm and collection of the emission at 780/20 nm.
The typical exposure time was 30 s. The acquired images were finally analyzed with
the Living Image 4.1 software.

2.10. Histopathological examination

Dissected lymph nodes and resected tissue specimens were fixed in 10%
formalin, embedded individually in paraffin blocks, and sectioned into 5 mm thick-
ness. The sections were then stained with hematoxylin and eosin (H&E) and
examined by using an Olympus BX51 light microscope.

2.11. Transmission electron microscopy

Dissected lymph nodes were fixed in 4% paraformaldehyde and 2.5% glutaral-
dehyde in 0.1 M cacodylate buffer (pH 7.4) for 24 h at 48 �C. After post-fixing in 1%
osmium tetroxide for 1 h at room temperature, the samples were dehydrated in
a gradient alcohol series, immersed in acetone, infiltrated with the increasing ratio
of resin to acetone, and embedded in pure Spurr’s resin (Electron Microscopy
Sciences, Hatfield). Ultrathin sectioning was performed on a Leica EM UC7 ultra-
microtome. The ultrathin sections (70 nm thickness) were then collected on copper
grids, stained with uranyl acetate and lead citrate, and finally examined under
a Hitachi 7000 electron microscope.

3. Results and discussion

3.1. In vivo stability

When a nanoparticle is introduced into the body, it is prone to
enzymatic degradation or phagocytic attack. The durability of the
nanoparticle as a contrast agent in vivo varies, depending on its
composition. Recent studies have shown that porous silicon
nanoparticles are biodegradable [35] whereas carbon dots of
similar size are highly biostable [36]. In order to develop FND into
a long-term in vivo contrast agent, it is important to study its
stability in small animal models at high doses. The study is also
crucial for its application as an advanced drug delivery device
[37e42]. To address this question, we subcutaneously injected bare
FND particles into a SD rat. Compared to in vivo imaging with the
mouse model, the experiment with rats is considerably more
challenging because of their greater skin thickness. The typical
thickness of a rat skin is of the order of 2.0 mm, which is about 5-
fold greater than that (0.45 mm) of the mouse skin. Juzenas et al.
[43] have measured the wavelength dependence of light through
mouse and rat skins of different thickness. They defined a pene-
tration depth (d) of light into the skin as the depth where the light
intensity decreases to 1/e of the light incident on the skin surface,
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and found that the penetration depth increases from d ¼ 0.6 mm at
532 nm, d ¼ 1.7 mm at 605 nm, to d ¼ 2.6 mm at 780 nm. The
reflectance of light from the skin surface is w60%.

Fig. 1b shows in vivo fluorescence images of a rat after s.c.
injection of bare FNDs (size w 100 nm [11]) into the right flank at
a dose of 0.5 mg in 500 mL PBS. The imaging was carried out by
exciting the specimens at 605/20 nm and collecting the fluores-
cence at 780/20 nm. The images were displayed after correction of
tissue autofluorescence by subtracting the scaled background filter
images (obtained at 430/35 nm excitation) from the primary filter
images in order to achieve better image quality [44]. As revealed by
the autofluorescence-corrected images, the fluorescence intensity
of the injected FNDs stayed essentially the same over 37 days post-
dosing. The weight of the rat, in contrast, is nearly doubled during
the same time period of the study. It indicates that FNDs are robust
in vivo and potentially useful as a long-term imaging agent for
living animals.

3.2. Long-term biocompatibility

With the confirmation of the robustness of FNDs in vivo, we
conducted additional imaging of the particles administrated by i.p.
injection. The reason to choose this route is because the injection is
simple and reproducible, and frequently generates a depot effect
which allows the nanoparticles to stay in the peritoneum for
several hours. It also eliminates the possibility of particle accu-
mulation in the lung and prohibits the nanoparticles to cross the
blood brain barrier [45]. Fig. 2a and b shows the results for the i.p.
injection of 2 mg FNDs in 200 mL PBS for a rat starved for 1 day prior
to imaging to reduce background endogenous fluorescence
Fig. 2. In vivo and ex vivo imaging of FNDs in a rat after i.p. injection. (a, b) In vivo images acq
spread of the FND particles in the peritoneal cavity. Blue arrow indicates the site of inject
references to color in this figure legend, the reader is referred to the web version of this ar
originating from the food in the stomach [44]. As seen, the intensity
of the far-red fluorescence gradually decreases and disappears in
6 min, in stark contrast to that of the s.c. injection. The disappear-
ance of the fluorescence signal is most likely to be a result that the
injected FNDs are dispersed gradually throughout the peritoneal
cavity rather than being degraded or digested in the cavity. Such
a consideration is indeed supported by an ex vivo imaging study of
the organs and tissues of the rat sacrificed on day 8, where most of
the FND particles are found on the surface of mesentery and serosa
of the stomach (Fig. 2c). In comparison, the parenchyma of the
abdominal organs is almost free of FND particles.

Next, we performed experiments to study the long-term
biocompatibility of the particles after i.p. injection. Specifically,
we studied the sub-acute toxicity of the intraperitoneally admin-
istered FNDs over a time period of 5months. In this experiment, the
rats were injected weekly at a dose of 5 mg/kg b.w. continuously for
12 weeks. One half of the group (i.e. the non-recovery group) of the
rats was sacrificed after 12 weeks of FND injection and another half
group (i.e. the recovery group) was allowed to recover for 8 weeks
without any injection. Measurements of water consumption,
fodder consumption, and body weight of the rats were conducted
every week. The results are displayed in Fig. 3 and Figure S3
showing no significant differences between control (PBS-treated)
and FND-treated recovery/non-recovery groups. In addition to
these physiological parameters, organ indices, which provide
information on the general toxicity, were also measured at the end
of this experiment. The organ index is defined as the ratio of the
wet weight of the organ (g) to the whole body weight (g), and
increases or decreases of the indices denote added or reduced
function of the individual organs [15]. Shown in Fig. 4 is a typical set
uired before injection (a) and at 0, 80, 180, and 360 s after injection (b), showing rapid
ion. (c) Ex vivo images of the extracted tissues and organs. (For interpretation of the
ticle.)
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Fig. 3. Comparison of the body weights of PBS-injected (control) and FND-injected SD rats (with a dose of 5 mg/kg b.w. per week) over a time period of 3 and 5 months for the non-
recovery and recovery groups (n ¼ 3 each), respectively. The injection was carried out by i.p. administration.
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of data for the measurement. Again, there is no significant differ-
ence in the organ indices of control and FND-injected rats for both
the recovery and non-recovery groups, indicating that multiple
injections of the bare FNDs do not cause obvious toxicological
effects. Taken together, these results corroborate the suggestion
that the FND administration does not induce any apparent toxicity
in rats during the study period of 5 months. Furthermore, no
abnormal clinical signs or behaviors were detected in either control
or FND-injected animals during the entire course of the study.

To provide more direct information on the existence of FNDs in
the animals, we acquired dissection images of the rats after i.p.
injection of FNDs for 8 weeks. As displayed in Figure S4, the FNDs in
the non-recovery group tend to accumulate initially on mesentery
and serous membrane of the stomach, similar to the finding of
Fig. 2c. Digestion of the membrane in concentrated nitric acid and
subsequent fluorescence spectroscopic measurement (procedures
detailed in Figure S5 along with the fluorescence spectrum dis-
played in Figure S6) confirmed that the white patches seen on the
serous membrane are FNDs. In comparison, the recovery group of
the FND-injected rats showed much less accumulation of FNDs in
the stomach serous membrane. It suggests that FNDs have been
either absorbed or transported from the site of injection to other
regions of the mouse body after 8 weeks of recovery.

In order to find out whether the injected FNDs will cause any
damage in vivo, detailed histological examination of all tissue
Fig. 4. Comparison of the organ indices of PBS-injected (control) and FND-injected SD rats (w
and recovery groups (n ¼ 3 each), respectively. The injection was carried out by i.p. admin
sections was carried out. Microscopically, no significant difference
was seen between the FND-treated and control groups (Fig. 5a)
except that carbon-laden macrophages (i.e. the dark brown color
spots) cluster on the peritoneal surface of the FND-treated animals
but not in the control group (Fig. 5b). Comparing the optical
micrographs of these two groups strongly indicates that the carbon
particles within these macrophages are engulfed FND particles. We
do not observe any inflammation, necrosis, or tissue reaction
surrounding these carbon-laden macrophages. Moreover, no FNDs
or other specific pathological changes could be identified in thewall
of gastrointestinal tract or parenchyma of visceral organs, such as
liver, spleen, kidney, heart and lung in the treated animals. All the
examinations confirm the long-term biocompatibility of FNDs. The
excellent biocompatibility of the sp3-carbon-based nanomaterial
makes it superior to other nanoparticles, such as nanosilica which
hasvery recently been reported tocause liver injuryaftercontinuous
intraperitoneal injection [46], for in vivo applications.

3.3. Sentinel lymph node imaging

Sentinel lymph node mapping is one of the most important
and routine procedures in cancer treatment. SLNs are the group of
lymph nodes which receive the metastasizing cancer cells from
the primary tumor [47]. Thus, the status of SLNs (such as the
axillary lymph nodes, ALNs) is a critical factor in predicting
ith a dose of 5 mg/kg b.w. per week) after 12 weeks of treatment for the non-recovery
istration.



Fig. 5. Histopathological examination of the tissue sections of FND-injected (treated) and PBS-injected (control) SD rats with and without recovery. (a) Images showing no specific
pathological changes in both FND-treated and control groups (magnification 200�). (b) Images showing clustering of carbon-laden macrophages (appearing as dark brownish spots)
on the peritoneal surface of the spleen in the FND-injected rats but not in the BSA-injected rats (magnification 200�). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 6. In vivo and ex vivo lymph node imaging of a nude mouse after i.d. injection of BSA-coated FNDs. (a) In vivo image showing accumulation of the FND particles in the right
axillary lymph node (indicated by the blue arrow) on day 8. Note that most of the injected FND particles remain trapped at the injection site. (b) Ex vivo fluorescence image of four
extracted lymph nodes, where ALN1 and ALN2 are the lymph nodes located at the right and left axilla, respectively, and BLN1 and BLN2 are the lymph nodes located at the right and
left brachial regions, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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prognosis of the patients as well as the determination of further
treatment [48]. Traditional SLN imaging with radioisotopes and
blue dye is well established in clinical applications, but recent
researches show that nanoparticles with size in the range of
1e100 nm are also applicable for lymph node mapping [49]. To
explore the possibility of using FNDs for this application, nude
mice were injected intradermally with 100-nm FNDs coated
noncovalently with BSA. The coating was made to facilitate the
dispersibility of the particles in PBS as well as in biological
medium [34]. The BSA-coated FND particles were then injected
into the right foot paw of a mouse at a dose of 40 mg in 20 mL of
PBS. Fig. 6a shows an autofluorescence-corrected image acquired
on day 8, where the intradermally injected FNDs can be clearly
detected not only at the injection site, but also at the ALN closest
to the right foot paw. To further confirm that the observed bright
red spot (indicated by a blue arrow) is indeed associated with
SLN, the mouse was sacrificed on day 8 and four major lymph
nodes were dissected out for fluorescence imaging ex vivo
(Fig. 6b). In accord with the finding of in vivo imaging, the FNDs
are predominantly accumulated at the lymph node ALN1 located
at the right axilla of the mouse [50]. No FNDs were detected in
the left axillary lymph node (ALN2) and in the brachial lymph
nodes (BLN1 and BLN2) within the sensitivity limit of our fluo-
rescence measurements. The observations are consistent with
a mechanism that most of the intradermally administered FNDs
Fig. 7. Histological examination of the skin of an FND-treated mouse by H&E staining. The
dark brownish carbon-laden cells, are found to cluster in the dermis of the right paw, where
in the surrounding cells. (For interpretation of the references to color in this figure legend
are accumulated in the dermis and engulfed by the macrophages.
The remaining particles are collected by the dermal lymphatics
and drained into the lymphatic channels of the upper limb. As the
lymphatic channels of the upper extremity converge to the ALN of
the same side, the nanoparticles within the lymphatic channels
are therefore preferentially collected by the lymph node that first
receives the drainage (i.e. the ALN1).

Fig. 7 presents the result of a histopathological examination for
the skin of a mouse right paw where BSA-coated FNDs were
intradermally injected. Indeed, it is found that the majority of the
FND-containing macrophages (i.e. the dark brown color spots)
aggregate in the dermis of the skin close to the skeletal muscle. No
inflammation or reaction of any kind to the injected FND particles
was observed. To further examine if the accumulation of the BSA-
coated FNDs in SLNs can lead to any significant damage or
changes, histological analysis and transmission electron micros-
copy imaging of the resected lymph nodes were performed.
Histologically, clustering of carbon-laden cells is present in the
paracortex of the ALN1 without other noticeable pathological
changes (Fig. 8). Ultrastructurally, these carbon particles appear
refractile and electron-dense, which is compatible with the char-
acteristics of FND nanocrystallites (Fig. 9). Additionally, these
nanoparticles are located in the cytoplasm of the macrophages,
which are characterized by the presence of abundant lysosomes
and vacuoles in their cytoplasm.
black arrow indicates the epidermis (magnification 100�). Macrophages, appearing as
BSA-coated FNDs were injected. No inflammation, necrosis, or tissue damage occurred
, the reader is referred to the web version of this article.)



Fig. 8. H&E-stained sections of the lymph nodes, (a) ALN1 and (b) ALN2, of a BSA-FND-treated mouse. ALN1 and ALN2 are the axillary lymph nodes dissected from the injected and
non-injected sides of the mouse body, respectively. Brownish carbon-laden macrophages are seen to gather in the paracortical zone of the ALN1 lymph node but not in that of ALN2
(magnification 400�). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 9. Electron microscopic examination of carbon-laden cells in the ALN1 lymph node of a BSA-FND-treated mouse after i.d. injection. Refractile and electron-dense FND particles
are found in the cytoplasm of the lymph node cells. These cells have many lysosomes and vacuoles in their cytoplasm (L: lysosome, N: nucleus, V: vacuole), which are characteristic
of macrophages.
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4. Conclusion

This work demonstrates that diamond nanoparticles containing
built-inNV�

fluorophores can be used as an in vivo contrast agent for
small animalmodels likemice and rats. The high stability of the FND
particles under physiological conditionsmakes it possible to observe
their fluorescence emission over 37 days after injection by either
subcutaneous or intraperitoneal administration. Moreover, the
drainage of the 100-nm FNDparticles from the intradermal injection
site to SLN is readily detectable both ex vivo and in vivo by using
a standard imaging system. Further improvement of the image
contrast is feasible by utilizing the long fluorescence lifetime and the
magneto-optical property of the NV� centers with more advanced
imaging schemes. The effective SLN mapping with FNDs, as illus-
trated herein, paves the way for the development a nanodiamond-
based real-time optical guidance method, by which surgeons can
precisely identify superficial SLNs non-invasively or reveal deep
SLNs by tracing the fluorescently visualized lymphatics during
surgery. We believe that FND is worthy of further optimization of
performance as well as toxicity evaluations for clinical translation.
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