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Au-Ft, as a green synthesized nanoparticle, is composed of a ferritin nanocage enclosing a pair of
Au nanoclusters inside. Our previous study has demonstrated that Au—Ft can be an excellent
fluorescent probe for whole body imaging of mice with kidney specific targeting. But, the accurate
localization of Au-Ft in kidney is still absent. In the current study, we detected and assessed the
cellular and subcellular localization of Au—Ft in renal cortex and medulla of nu/nu mice after tail
vein injection by using Nuance optical system (CRi, Woburn, USA) and inForm intelligent image
analysis software based on single cell segmentation. We obtained the fluorescence intensity and
cellular location of kidney-targeting Au—Ft probe in particular cell of renal glomerulus or renal
tubules, which provided valuable proofs to clarify the mechanism of Au—Ft selective enrichment
in kidney and the associated metabolic processes.

Keywords: Au—Ft nanoparticle; kidney targeting; cellular localization; renal cortex and medulla;
multispectral imaging.

1. Introduction and disease diagnostics. Due to the unique intrinsic

Various nanostructures have shown great promise  photoluminescence, gold clusters below 2nm in
in biomedical imaging, biosensing, drug delivery  diameter have attracted great attention. Ferritin is
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a “nanocage-type” protein composed of 24 domains
with outer diameter of 13 nm. In previous work,' we
obtained Au—Ft nanostructure by assembling two
gold nanoclusters within ferritin heavy chains. Au—
Ft retained noble metal’s intrinsic fluorescence
properties in the far-red region, and could be used as
a fluorescent probe for in vivo imaging, with specific
tissue-targeting ability for the kidney of nu/nu
mice. The accurate localization of Au—Ft in kidney
is necessary to be further explored to interpret the
underlying mechanism for its kidney uptake as well
as the associated metabolic processes.

For different scales of nanoparticles into systemic
circulation, their distribution and metabolism in
vivo has caused widespread concerns.” The kidney is
an important metabolic organ, in which the sub-
stances in the blood undergo several transport
processes including glomerular filtration, tubular
reabsorption and/or tubular secretion, being
excreted with urine or going back to systemic cir-
culation.®* For example, glucose and amino acid
could be completely reabsorbed at kidney tubules,
electrolyte and water are mostly reabsorbed, crea-
tinine is not reabsorbed.”® As to nanoparticle, little
is known about these processes. The cutoff size for
efficient kidney excretion of nanoparticles is ap-
proximately 5.5nm,” which indicated that nano-
particles with diameter less than 5.5nm would
penetrate glomerular capillary wall into urine or/
and be secreted by renal tubular cells into the urine.
According to studies exploring the size-dependent
biodistribution of nanoparticles for kidney ac-
cumulation, nanoparticles with a diameter less than
20nm indeed could be found in kidney, though the
accumulated amount in kidney was not significant
in most studies.® ! However, the metabolic path-
way and specific accumulation region of nano-
particles in kidney remained obscure. Au-Ft with
diameter of 13nm possesses far-red fluorescence
emission, and has been confirmed to be enriched
obviously in the kidney,'! so it could be used as a
modeling material to explore the distribution and
localization of nanoscale particles within the kidney.

Multispectral imaging technology has been used
to acquire images at many wavelengths to deter-
mine fluorophore distribution in cells or tissues. It
permits the analysis of tissue with greater spectral
densities and resolution of varied overlapping
chromogens. One of the major limitation of some
automated systems is its inability to segment tissue
into nuclear and cytoplasmic areas, especially when

there is strong intense histochemical staining.'!-'?

The commercially available Nuance system from
CRi (Woburn, Massachusetts, USA) could poten-
tially help fill this gap, as its multispectral capabili-
ties have the ability to separate visual components to
demarcate different cellular components.'® Tissue-
based cytometric analysis could be performed using
multispectral imaging technology in combination
with inForm, an image analysis software which
would help to obtain per-cell and per-cell-compart-
ment multiparameter data.

In this study, we will explore the accurate cellular
and tissue location of Au-Ft on kidney tissue sec-
tion by using Nuance imaging and imaging analysis
system. Through labeling cell membrane and
nucleus with specific fluorescent probe, inForm
(Nuance, CRi) may quantitate Au-Ft fluorescence
signal located on cell membrane or nucleus from
autofluorescence in the corresponding cells regions.
InForm may also extract flow-cytometry-like data
while preserving the morphological context of cell
and tissue. Through these work, we could obtain the
Au-Ft signal intensity and distribution profiles in
both renal cortex and renal medulla regions on tis-
sue and cellular levels.

2. Methods

2.1. Synthesis and characterization
of Au—Ft nanoparticles

Au-Ft was synthesized as previously reported,’ in
which the ferroxidase active sites of apoferritin were
used as bioreactors to synthesize Au clusters inside
a ferritin nanocage. The concentration of ferritin
protein was measured by the bicinchoninic acid
(BCA) method. The excitation and emission spec-
trum were determined by using Hitachi F-4500
fluorescence spectrophotometer (Hitachi High-
Technologies Corporation, Tokyo, Japan).

2.2. Administration of Au—Ft on

nu/nu mice and preparation

of kidney sections
All animal experiments were approved by the
Animal Ethics Committee of the Medical School,
Beijing University. Female nu/nu mice (8 weeks,

20 + 2 g) obtained from Beijing Vital River labora-
tories were injected via the tail vein with the Au-Ft
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probe (0.28, 0.4 or 0.5 nmol ferritin protein/g body
weight; same as 2.8, 4 or 5 ymol ferritin protein/L
blood) diluted in 0.9% NaCl solution. About 5h
after injection, mice were sacrificed, kidneys were
fixed and embedded in paraffin blocks and sagittal
sectioned at 5um. Slides were dewaxed before
imaging or labeling with other fluorescent probe/
fluorochrome.

2.3. Imaging of HE stained kidney
sections

Hematoxylin-eosin (H&E) staining was performed
on kidney sections with or without Au-Ft treat-
ment. Bright-field imaging of these sections were
acquired on an Olympus IX71 Inverted Microscope
equipped with a Sony DXC-390P color CCD
camera.

2.4. Fluorescent labeling of cell
membrane and nucleus
on kidney sections

To detect the accumulation of Au-Ft on cell
membrane, cytoplasm and nucleus, DAPI and Dio
(3,3’-dioctadecyloxacarbocyanine perchlorate, a
lipophilic carbocyanine dye labeling cell mem-
branes) were used to identify the position of nucleus
and cell membrane, respectively. Blank-labeling
kidney sections were prepared from nu/nu mice
kidney without any fluorescence reagent treatment.
Au-Ft single-labeling kidney sections were prepared
from mice kidney with Au—Ft administrated by tail
vein injection (5 pmol ferritin protein/L blood).
Dewaxed kidney sections without Au-Ft treatment
were stained by DAPI (5 ug/mL) or Dio (50 gmol/
L) to obtain the DAPI or Dio single-labeling sec-
tions. Triple-labeling kidney sections were obtained
by counterstaining kidney section with Au-Ft
treatment with Dio (50 yumol/L) and DAPI (5 ug/
mL) in turn.

2.5. Quantitative image analysis

The kidney sections were examined via an inverted
fluorescence microscope (Olympus IX71 Inverted
microscope, Olympus Corporation, Tokyo, Japan)
equipped with a Nuance multispectral imaging
system (CRi, Woburn, MA). To obtain the Au-Ft
signal, excitation and emission filters were set at

510-550nm and 590 nm LP, respectively; for Dio
signal, the excitation and emission filters were set at
450480 nm and 515 nm LP, respectively; for DAPI
signal, the excitation and emission filters were set at
330-385 nm and 420 nm LP, respectively. The liquid
crystal tunable emission filter was automatically
stepped in 10 nm increments from 580 to 680 nm for
Au-Ft, from 500 to 600nm for Dio, from 420 to
540nm for DAPI. The CCD captured images at
each wavelength with constant exposure.

Multispectral imaging captures information from
multiple wavelengths instead of simply the red,
green and blue that human eyes see, the spectra of
eachpixel were collected. The autofluorescence signal
of blank kidney sections were obtained at different
excitation/emission wavelength corresponding to
Au-Ft, Dio or DAPI, single-labeling kidney slide
were scanned to acquire the mixed signals of Au-Ft
(Dio or DAPI) and autofluorescence, then these
spectra data were dealt by using “compute pure
spectrum” method (patent number: US 6930773 B2)
to obtain the pure spectra of Au-Ft, Dio and DAPI.
The pure spectra were then applied on multi-labeling
fluorescence imaging to achieve fluorescent signal
unmixing and ubiquitous autofluorescence removal.
Intelligent image analysis software inForm could
perform tissue segmentation and cell segmentation.
By identification of the subcellular structure with
specific cell membrane (Dio) and nucleus (DAPI)
fluorescent probes, Au—Ft fluorescence signal could
be quantitated at different cellular regions as per-cell
and per-cell-compartment data.

2.6. Statistic analysis

The fluorescent intensity data are presented as
means + standard deviation (SD). Statistical sig-
nificance in the differences between different groups
was evaluated by LSD t-tests or Tukey’s method
after analysis of variance (ANOVA).

3. Results and Discussion
3.1. Spectra characterization of Au—Ft

The excitation and emission spectra of Au—Ft were
measured, showing that the optimal excitation
wavelength was 365 nm, while the maximum emis-
sion wavelength was 655 nm, which were fairly in
agreement with the spectroscopic characteristics of
Au-Ft.!
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Fig. 1. Histological analysis of the kidney of nu/nu mice after
Au-Ft treatment. Au-Ft (final blood concentration 5.0 gmol/
L) or saline control were injected into nu/nu mice. About 5h
after the treatment, mice were sacrificed, organs were fixed and
embedded in paraffin blocks and sectioned at 5 ym. The bright-
field images of H&E staining sections were acquired with an
Olympus IX71 Inverted microscope equipped with a Sony
DXC-390P color CCD camera. The scale bar is 200 pm.

3.2. HE tissue staining of nu/nu kidney
sections

Figure 1 shows the H&E tissue staining on nu/nu
kidney after Au-Ft administration. The organiz-
ation structures of renal cortex and medulla were
normal compared with control organs without Au—
Ft treatment, no hyperplasia or inflammatory
infiltration was found in these regions, indicating
that Au—Ft treatment did not affect the basic or-
ganization structure and functional state of the
mice kidney.

3.3. Fluorescent probe emission spectra

For defining Au-F't in cell, we used fluorescent dyes
DAPI and Dio to mark cell nucleus and membrane
synchronously. However, the emission spectra of
both Au-Ft and fluorescent dyes have overlapped
with tissue autofluorescence. Blank-labeling and
single-labeling tissue sections were prepared to solve
this problem. For color coding and spectra de-
convolution, emission spectra and tissue autofluo-
rescence data were collected. “Compute pure
spectrum” method (patent number: US 6930773 B2)
was used on unmixing Au-Ft (Dio or DAPI) signals
and tissue autofluorescence, so as to obtain the pure
spectra of Au—Ft, Dio and DAPI. As shown in Fig. 2,
in particular the excitation wavelength, Au-Ft,

—— DAPI
Dio

— Au-Ft

— AutoF

normalized fuorescence

450 500 550 600 650
wavelength (nm)

Fig. 2. Fluorescent probe emission spectra and tissue auto-
fluorescence data used for spectral deconvolution. Tissue slices
labeled with one kind of fluorescent probe were examined via an
inverted fluorescence microscope (Olympus IX71 Inverted
microscope, Olympus Corporation, Tokyo, Japan) equipped
with a Nuance multispectral imaging system (CRi, Woburn,
MA). To obtain the Au-Ft, Dio and DAPI signal, excitation
and emission filters were set at 510-550 nm/590 nm LP, 450
480nm/515nm LP, 330-385nm/420nm LP, respectively.
“Compute pure spectrum” method (patent number: US
6930773 B2) was used on unmixing Au-Ft (Dio or DAPI) sig-
nals and tissue autofluorescence, so as to obtain the pure
spectra of Au-Ft, Dio and DAPI.

DAPI and Dio have their specific emission spectra
after deducting the autofluorescence; the emission
wavelength of DAPI, Dio and Au-Ft within tissue
were 480, 530 and 610 nm, respectively, which were
20-40 nm red shift compared with reagent states.

3.4. Au-Ft fluorescence imaging
at different kidney regions

Au-Ft possessed the native ferritin’s well-defined
nanostructure and kidney-specific targeting ability
for nu/nu mice in vivo imaging. Therefore, Au-Ft
may hold great promises for some targeted biome-
dical imaging and diagnosis. Futher studies should
be performed on assessing the cellular, subcellular
and extracellular localization and quantification of
Au-Ft in some cell types of kidney, so as to explore
the mechanism of Au-Ft selective enrichment in
kidney. Figure 3 showed the fluorescence images of
renal cortex and medulla after Au-Ft tail vein
injection on nu/nu mice at 5umol/L. To accurately
localize the Au-Ft cellular and tissue distribution in
kidney, we used specific fluorescence probes to sign
the cell membrane (Dio) and nuclei (DAPI) of
kidney cells. Note that spectral imaging allowed
fluorescence signals to be extracted and highlighted
in the deconvolved image. It was found that, in
both renal cortex and medulla, Au-Ft was widely
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Fig. 3. Fluorescence images of renal cortex and medulla. (a),
(c) Raw and (b), (d) processed fluorescence images of kidney
cortex (a), (b) and medulla (c), (d) regions after multiplexed
fluorescence labeling. The fluorescent probes are DAPI (blue),
Dio (green) and Au-Ft (red), as shown in encoded pseudocolors
in image (b) and (d). The spectra of each pixel were collected,
and “compute pure spectrum” techniques were used to achieve
fluorescent signal unmixing and ubiquitous autofluorescence
removal.

distributed in extracellular matrix (CECM) and
main intracellular region, with no specific location
on some specific cellular or tissue regions.

By extracting the signal intensity data from each
pixel of image, we could further obtain the quanti-
tative distribution data of Au-Ft in different cel-
lular parts. Figure 4 showed the quantitative
distribution of Au-Ft signal in cell membrane,
cytoplasm and nuclei of kidney cells after tail vain
injection at 5 pmol/L. It was found that, in renal
cortex and medulla, the accumulation of Au-Ft in
cell membrane and cytoplasm were similar, and
both higher than that in nuclei.

Exogenous substances that entered the kidney
with blood should undergo a series of metabolism
process including glomerulus filtration, tubule
reabsorption, and so on. The biodistribution scenes
of exogenous substances in kidney is the case we
hope to understand. Different doses of Au-Ft (2.8, 4
and 5 umol/L) were applied on nu/nu mice, and
their kidney biodistribution profiles were shown in
Table 1. The Au—Ft biodistribution properties in
cortex and medulla were summarized as follows.
(i) Within the cellular region, the accumulation of
Au-Ft in cell membrane was more than other pos-
itions, the general Au-Ft fluorescence intensity
distribution in renal cell was: cell membrane >
cytoplasm > nucleus [see Table 1(B)]. This rule

applied to both renal cortex and medulla regions,
indicating that the Au-Ft maintained relatively
strong membrane binding properties. (ii) When the
administration dose were 4 umol/L, Au-Ft accu-
mulated higher in cortex than in medulla; when the
administration dose were 2.8 or 5 pmol/L, Au-Ft
accumulation in cortex was lower than in medulla
[see Table 1(A), *|. These results indicated that the
Au-Ft concentration in blood might affect their
filtration through glomerulus in cortex to get into
the tubule in medulla. There existed optimum fil-
tration concentrations for Au-Ft transport in kid-
ney. (iii) In general, when the administration doses
were 2.8 or 5 umol/L, the cellular accumulation of
Au-Ft was higher than extracellular matrix [see
Table 1(A), §], illustrating that Au-Ft does not
always exist as solute in body fluids, it could also be
uptaken and bound by renal cells in a considerable
amount, so as to enter or pass through the cells by
some kind of transcellular translocation; however,
when the administration dose of Au-Ft was 4 pumol/
L, its cellular accumulation was less than or similar
with that in extracellular matrix [see Table (1(A),
§). The lower cell uptake might give an explanation
for their limited transfer from renal cortex to renal
medulla at this concentration.

The kidney possesses fine internal structures as
the basis for its filtration, reabsorption and se-
cretion functions. However, we still do not know by
what mechanism the Au-Ft accumulated in kidneys
after tail vein injection. The existing research
suggested that Au-Ft might be uptaken by renal
cells through certain ferritin specific receptors,’-'*1°
but there is no direct evidence at which positions
Au-Ft was uptaken and transported in the kidney.
So the accurate localization of Au-Ft in kidney will
be very conducive to explore the uptake and its
interaction with renal cells. In the current study, by
using inForm image analysis system, we obtained
the fluorescence intensity and cellular location of
kidney-targeting Au—-Ft on glomerulus and tubules.
It is interesting that, the Au—Ft distribution trends
within kidney were variable under different treat-
ment doses [see Table 1(A)]. When the Au-Ft
content in cells was higher than that of the extra-
cellular matrix (ECM), their accumulation in renal
medulla (tubules) was higher than that in cortex
(glomerulus) [see Table 1(A)], indicating that cel-
lular uptake constituted the main force for Au-Ft
enrichment in medullary tubule and transfer from
cortex to medulla. It has been reported that
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Fig. 4. Au-Ft fluorescence signal at different kidney cell regions. Au-Ft fluorescence signal intensity data were “digitally”
extracted from probes staining images of nu/nu kidney sections assisted with the colocalization of cell membrane staining (Dio) and
nuclei staining (DAPI). (a), (b) and (c) Scatter plots of Au—Ft fluorescence signal distribution among cell membrane, cytoplasm and
nuclei of renal cortex cells; (d), (e) and (f) Scatter plots of Au-Ft fluorescence signal distribution among cell membrane, cytoplasm

and nuclei of renal medulla cells.

Table

1. The Au-Ft fluorescence signal intensity on kidney sections.

Renal cortex

Renal medulla

A Cell ECM Cell ECM
Group 1 32.5 £ 11.5§ 18.9+9.6 38.8 £ 7.5%§ 31.2+10.9*
Group 2 57.5+5.7§ 127.44+47.3 45.1 +14.5%* 37.9+11.9%*
Group 3 121.5+10.7§ 50.2+12.6 134.4 +8.4x§ 94.2 +11.3%*

Renal cortex Renal medulla
B Nucleus Cytoplasm Membrane Nucleus Cytoplasm Membrane
Group 1 27.6+12.0 34.2+10.9F 38.9+12.1F 35.1+5.8 39.0+8.6 454+ 8.7F, #
Group 2 39.8+5.6 67.3+5.9% 71.4+5.9%, # 32.9+14.5 50.7 £ 14.7F 54.4 +14.8F
Group 3 118 +11.3 123.5+10.3 128.1+10.7F 125.5£8.0 139.1 £ 7.7 144.5 £ 11.87F

Au-Ft was administrated on nu/nu mice by tail vein injection with the final blood concentration at 2.8 umol/L
(Group 1), 4.0 pmol/L(Group 2) and 5.0 umol/L(Group 3), respectively. About 5h after injection, sagittal kidney
parafillin section were prepared for imaging and analysis using Nuance system. For one mouse, 2000-2800 cells of
cortex or medulla regions were picked from sections for the fluorescence intensity detection. Data presented the
fluorescence intensity under the effective exposure time of 1000 ms. Data represent the mean + SD (n = 3 mice per
group). (A) Fluorescence signal intensity at renal cells and (ECM). *p < 0.05, **p < 0.01 compared to the fluor-
escence signal intensity in the same region (cell or ECM) of renal cortex, %p < 0.05 compared to the fluorescence
signal intensity of corresponding ECM; (B) Fluorescence signal intensity at different cell compartments of renal cortex
and medulla. T < 0.05, £ p < 0.01 compared to the fluorescence signal intensity in nucleus, #p < 0.05 compared to the

fluorescence signal intensity in cytoplasm. (ANOVA followed by Tukey’s test).
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proximal tubule cells bind ferritin!*'% and a

receptor for L-subunit ferritin, Scarab, has been
identified in proximal tubule during the nephro-
genesis. Our data were consistent with these reports
and gave a direct image proof that ferritin-coated
Au-Ft could be filtrated into crude urine and
uptaked by tubule cell. The significant cell mem-
brane enrichment of Au-Ft [see Table 1(B)] indi-
cated the existence of certain membrane receptors
responding to Au-Ft uptake. It was further shown
that Au—Ft accumulated significantly in cell mem-
brane and was slightly higher than that in cyto-
plasm, indicating that: (i) Au-Ft targeted-bound to
cell membrane was rapidly transported to the cell
interior; (ii) As a nanoscaled particle, Au-Ft was
uptaken and transferred on renal cell by phagocy-
tosis or pinocytosis. The molecular mechanism and
specific pathway by which Au-Ft gets into the cell
will be the key problem to thoroughly clarify its
renal targeting mechanism.

This study offered a research strategy that
the precise localization of a certain fluorescent
nanoparticle might be confirmed by the combi-
nation of multispectral imaging and multiplexed
fluorescent labeling of position-specific probes. The
current study provided some important information
on Au-Ft tissue biodistribution and cell locations in
renal cortex and medulla, which could assist to
elucidate the uptake and transport mechanisms of
this nanoscale particle in kidney. However, the
imaging data from different time points would
present a more clear picture on their renal metabolic
process.

4. Conclusions

Au-Ft has been proved to be a kidney-targeted flu-
orescent probe for in vivo imaging. Through the
combination of multispectral imaging and multi-
plexed fluorescent labeling of position-specific
probes, we could quantitatively analyze Au-Ft flu-
orescent signal at cell membrane, cytoplasm and
nucleus of kidney cell as well as the ECM at both renal
cortex and medulla. Our work accurately localized
fluorescent nanoparticle Au-Ft in nu/nu mice kid-
ney, which provided valuable imaging information
for exploring the kidney metabolism and transfer of
fluorescent nanoparticle Au—Ft, which maintained
potential applications in biological medicine field.
This study paved the way for exploring molecular
mechanism and specific pathway by which Au-Ft

gets into the renal cells, and pointed out the appli-
cation mode for Au-Ft as a in vivo imaging probe.
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