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Background: The clearance of nanomaterials (NMs) from the liver is essential for clinical safety,
and their hepatic clearance is primarily determined by the co-disposition process of various types of
hepatic cells. Studies of this process and the subsequent clearance routes are urgently needed for
organic NMs, which are used as drug carriers more commonly than the inorganic ones.
Materials and methods: In this study, the co-disposition of chitosan-based nanoparticles
(CsNps) by macrophages and hepatocytes at both the cellular and animal levels as well as
their subsequent biological elimination were investigated. RAW264.7 and Hepal-6 cells
were used as models of Kupffer cells and hepatocytes, respectively.

Results: The cellular studies showed that CsNps released from RAW264.7 cells could enter
Hepal-6 cells through both clathrin- and caveolin-mediated endocytosis. The transport from
Kupffer cells to hepatocytes was also studied in mice, and it was observed that most CsNps
localized to the hepatocytes after intravenous injection. Following the distribution in hepa-
tocytes, the hepatobiliary—fecal excretion route was shown to be the primary elimination
route for CsNps, besides the kidney—urinary excretion route. The elimination of CsNps in
mice was a lengthy process, with a half time of about 2 months.

Conclusion: The demonstration in this study of the transport of CsNps from macrophages
to hepatocytes and the subsequent hepatobiliary—fecal excretion provides basic information
for the future development and clinical application of NMs.

Keywords: chitosan nanoparticles, hepatocytes, macrophages, disposition, hepatobiliary—

fecal elimination

Introduction

The rapid development of nanotechnology has led to an increasing number of
injectable nanomaterials (NMs) for application in disease diagnosis and treatment,
such as nanoparticles (Nps),' liposomes,” micelles,** dendrimers,” etc. After enter-
ing into the body, the NMs (>6 nm) accumulate predominantly in the mononuclear
phagocyte system (MPS) organs, such as liver, spleen, lung, etc..® due to the
recognition and subsequent internalization by macrophages in the MPS.”* Some
NMs, such as gold Nps (40 nm),” dextran-coated magnetite Nps (8—10 nm core

1011 otc., are gradually degraded in the cells over a few months or even

diameter),
longer periods and sequestered in the MPS for a long time. Indeed, it has been
observed that the long-term sequestration in the MPS induces some potential side

effects, especially immunotoxicities.'* Accordingly, the elimination of NMs from
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the MPS organs, especially from liver, sequesters 30-99%
of the administered NMs from the bloodstream.® And it is
essential for the clinical safety of NMs. So it is required
that all injected NMs be completely eliminated over a
reasonable period of time.'?

The clearance kinetics and elimination routes of NMs
from the liver are highly dependent on the co-disposition
of NMs by various types of hepatic cells, including both
the parenchymal cells (namely hepatocytes) and the non-
parenchymal cells (such as Kupffer cells, motile macro-
phages, liver sinusoidal endothelial cells, etc.). The
Kupffer cells are specialized macrophages located in
liver and make up 80-90% of total body macrophage
population,'* and this kind of cells has been reported to
be responsible for most of the phagocytosis of NMs in the
liver.'> Some studies showed that after uptake by the
macrophages, the NMs can be released by exocytosis'®
or death of the macrophages.” However, some NMs, eg
PLGA Nps (271 nm),'” have been found to be retained in
Kupffer cells rather than hepatocytes. Following hepatic
disposition, some NMs smaller than the renal molecular
weight cutoff size (~48 kDa) or 5-6 nm,*'*'® such as

Phagocytosis

cysteine @ CdSe/ZnS (4.36 nm),"* GSH-coated gold Nps
(3.0 nm),"” PEG5000-coated silica Nps (3.3 nm),*° etc.,
were reported to be eliminated through the renal (urinary)
pathway. Instead, NMs larger than this cutoff size, eg zinc
oxide Nps (20 nm or 70 nm),>"** silica Nps (50—
200 nm),** ormosil (20 nm),?* etc., can only be eliminated
through the biliary (fecal) excretion route, involving the
intercellular transport of NMs from MPS cells to
hepatocytes.

The NMs-hepatic cell
Scheme 1) and the biological elimination pathways of

interactions (shown in
various types of NMs have been well elucidated in the
literature.®'>?> However, most of these studies involved
inorganic NMs, such as gold Nps, silica Nps, quantum
dots, etc. In fact, only a limited number of studies' "~***’
have focused on organic NMs, which were most com-
monly used as drug carriers for their biocompatibility.
However, most of these studies focused on a single type
of cells, and the current studies did not consider how the
unique architecture and position of various types of cells
within the liver affect the clearance of NMs. Besides,
still

the elimination routes for the organic NMs
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Scheme | The cellular uptake and exocytosis of NMs and the chemical inhibitors of various pathways. (A) The endosome-mediated exocytosis; (B) the multivesicular
bodies (MVBs)-mediated exocytosis; (C) the lysosome-mediated exocytosis; (D) the Golgi-mediated exocytosis; (D: O-phospho-L-serine; @): sucrose; @): nystatin; |:

primaquine; 2: wortmannin; 3: vacuolin-1; 4: golgicide A.

Abbreviations: EE, early endosomes; LE, late endosomes; RE, recycling endosomes; ILVs, intraluminal vesicles; MVBs, multivesicular bodies; ER, endoplasmic reticulum.
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remained an ambiguous issue, even though those of the
inorganic NMs have been well elucidated, as described
above.

Chitosan (Cs), one of the commonly used organic
materials for the development of drug carriers, has
attracted increasing interest due to its low toxicity and
biocompatibility. Cs-based NMs, such as Cs nanoparticles
(CsNps), Cs-based micelles, Cs-coated NMs, etc., have
been widely developed for drug delivery.”® Although Cs
was always considered to be safe, it appears that the NMs
formulated from Cs have higher toxicity than Cs.*° For
instance, in the zebra fish embryo model, it was found that
CsNps decreased the hatching rate and increased the
mortality.>® Therefore, the rapid and total clearance of
CsNps from the body is required to reduce these potential
side effects. In our previous study,'® the clearance of
CsNps from a single type of macrophage was evaluated
in vitro. In this study, the RAW264.7 cells and Hepal-6
cells were used as models of Kupffer cells and hepato-
cytes, respectively, and the hepatic elimination and co-
disposition of CsNps by these cells were studied.
Additionally, the cellular distribution of CsNps in liver
and their biological elimination routes in mice were ana-
lyzed at the cellular and animal levels. The Nps disposition
behaviors detected in this study provide basic information
for the clinical safety of Cs based NMs.

Materials

Cs (degree of deacetylation, 90%; average MW, 50 kDa;
using shrimp and crab shells as raw materials) was pur-
chased from Zhejiang Golden Shell Pharmaceutical Co.,
Ltd. (Zhejiang, China). Pentasodium tripolyphosphate
(TPP, chemical reagent) and acetic acid were supplied
by Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). Fluorescein isothiocyanate (FITC), rhodamine B
isothiocyanate (RBITC), O-phospho-L-serine, prima-
quine, glogicide A, sucrose, nystain, wortmannin, paraf-
ormaldehyde and glutaraldehyde were purchased from
Sigma-Aldrich Co., Ltd. (St. Louis, MO, USA). Cy5-
NHS was purchased from Nanjing Bioorth BIOTECH
Co., Ltd. (Nanjing, China). Vacuolin-1 and nocodazle
were purchased from Santa Cruz Biotechnology
(Shanghai, China). OCT embedding medium was pur-
chased from Sakura Finetek Co., Ltd. (Taizhou, China).
High-glucose DMEM was purchased from Jiangsu
KeyGen Biotech Co., Ltd (Nanjing, China). FBS was
purchased from Thermo Fisher Scientific (Nanjing,

China).

Methods
CsNps and dye-labeled CsNps

preparation and characterization
Dye-labeled Cs preparation

The free amines on the Cs polymer backbone were
labeled with FITC, RBITC and CyS5, respectively. A
total of 500 mg of Cs was dissolved in 0.1 M acetic
acid and then mixed with FITC (5 mg), RBITC (5 mg)
or Cy5-NHS (5 mg) by stirring. After reaction for 12 hrs,
FITC-, RBITC- and Cy5-labeled Cs (FITC-Cs, RBITC-
Cs and Cy5-Cs) were precipitated by adjusting the pH
value to 11 with NaOH. The free dyes were removed by
dialysis, and the dye-labeled Cs was obtained by
lyophilization.

CsNps and dye-labeled CsNps preparation

CsNps and dye-labeled CsNps (FITC-CsNps, RBITC-CsNps
and Cy5-CsNps) were prepared using a modified ionic gela-
tion method described by Calvo et al.>' Cs/dye-labeled Cs
and TPP were dissolved in a 1% (w/v) aqueous acetic acid
solution at a concentration of 3 mg/mL and 5 mg/mL,
respectively. The Nps were prepared by adding 0.5 mL TPP
solution to 5 mL Cs/dye-labeled Cs solution for 5 mins by
magnetic stirring at 25°C. Considering that the particles
using only TPP as the crosslinker might adhere with each
other and form the sedimentations in various buffers (espe-
cially in the neutral or alkaline buffers) in storage,**>* glu-
taraldehyde (glutaraldehyde: Cs=0.46:1, w/w) was added for
chemical crosslinking for 2 hrs to improve the physical
stability of the particles.>* The crosslinked Nps were isolated
by centrifugation (12,000 rpm, 45 mins), re-suspended in
deionized water and kept at 4°C before use.

Diameter, zeta potential and morphology detection

The particle size distribution and surface charge of the Nps
were determined using a NICOMP 380 ZLS Zeta poten-
tial/particle sizer (PSS.NICOMP Particle Sizing Systems,
Santa Barbara, CA, USA) at room temperature, and the
morphology of these NPs was determined by transmission
electron microscopy (TEM) on a Tecnai G2 Spirit Twin
transmission  electron (FEI

Hillsboro, OR, USA).

microscope Company,

Fluorescence and photon signal stability detection

The FITC-CsNps, RBITC-CsNps and Cy5-CsNps were
kept in acetate buffer (pH 5.0) or acidic cell lysates (pH
5.0) at 37°C, and after different periods of time, the
pH values of the samples were adjusted to 8.0. The
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fluorescence intensities (FIs) of the FITC-CsNps and
RBITC-CsNps were measured using a Synergy2™
multi-mode microplate reader (BioTek Instruments,
Winooski, VT, USA) at 480 and 550 nm, respectively.
The photon counts (PCs) of the Cy5-CsNps were detected
using a NightOWL LB 983 in vivo Imaging System
(Berthold Technologies, Bad Wildbad, Germany) and
the IndiGO software (Berthold Technologies). The acidic
cell lysates were prepared by splitting the RAW 264.7
cells via three freeze-thaw cycles (—80°C and 37°C), and
the pH value was adjusted to 5.0 with acetic acid.

Fluorescence and photon signal release in vitro

The release of dyes from the dye-chemically labeled
CsNps was conducted in the cell lystate buffer (pH 5.0)
by the dialysis method as described in literature.'® In brief,
the dialysis bag (MW: 8000 Da) containing 1 mL of dye-
labeled CsNps (20 mg/mL) was submerged into 50 mL of
acidic cell lysates (pH 5.0) at 37°C while stirring for 24
hrs. At appropriate time intervals, 0.5 mL of the aliquots
was withdrawn; after the sample was diluted with the same
volume of PBS (pH 8.0), the FIs (for FITC and RBITC)
and PCs (for Cy5) were detected as described above.

Cell culture

The murine macrophage cell line RAW264.7 and murine
hepatoma cell line Hepal-6, which have been used as
model cells of Kupffer cells® and hepatocyte cells*®
respectively, were cultured in DMEM (high glucose) sup-
plemented with 10% FBS at 37°C in a 5% CO,
atmosphere.

Intracellular disposition of CsNps by each

type of cells
Uptake kinetics and pathways detection
To detect the intracellular uptake kinetics of CsNps by
each type of cells, FITC-CsNps diluted with serum-free
medium to 250 pg/mL were incubated with the cells in 96-
well white plates (Corning NY14831; Corning, NY, USA)
at 37°C. After incubation for various lengths of time (2, 4,
6, 8 and 10 hrs), the cells were washed three times with
cold PBS, and the intracellular FIs were quantitatively
measured on a multi-mode microplate reader at 480 nm.
To determine the uptake pathways, the cells were pre-
treated with various inhibitors for 30 mins, including
O-phospho-L-serine (1 mM),*”*® sucrose (450 mM)*>’
and nystain (30 uM)40 (as shown in Scheme 1) and then
incubated with FITC-CsNps (250 pg/mL) for various

periods of time. Then, the effects of the inhibitors on the
Nps uptake were determined both by qualitative observa-
tion using an Olympus U-REL-T, TH4-200, TX2-ILL200
inverted fluorescence microscope (Olympus Corporation,
Tokyo, Japan) and by quantitative measurement using a
multi-mode microplate reader.

Exocytosis kinetics and pathways detection

To analyze the kinetics of the exocytosis of the CsNps by
the cells, after preincubation of the cells with FITC-CsNps
(250 pg/mL) for 2 hrs, the cells were incubated with fresh
Nps-free DMEM medium, and this time point was set as
the starting time (0 hr) for the exocytosis analysis. After
various incubation periods (2, 4, 6, 8, 12, 24 and 36 hrs),
the medium was removed, and the cells were washed with
cold PBS buffer. Then, quantitative and qualitative detec-
tions were performed as described in section “Uptake
kinetics and pathways detection”.

The cellular exocytosis pathways were determined
using various exocytosis inhibitors, including primaquine
(300 uM)f” golgicide A (50 pM),42 vacuolin-1 (1 uM)43
and wortmannin (33 pM),** which inhibit the recycling
endosome-mediated, Golgi-mediated, lysosome-mediated
and multivesicular bodies (MVBs)-mediated exocytosis,
respectively (Scheme 1). After preincubation of the cells
with FITC-CsNps (250 pg/mL) for 2 hrs, the medium was
replaced with the inhibitor-containing medium, and this
time point was set as the starting time (0 hr). At various
time points (2, 4, 6, 8, 12, 24 and 36 hrs), the cells were
washed with cold PBS buffer, and the FIs of the FITC-
CsNps retained in the cells were measured on a multi-
mode microplate reader. The exocytosis percentages,
which were defined as the ratio of the FIs retained in the
cells at the various time points to that at the starting time,
were calculated to reflect the effects of the various
inhibitors.

Co-disposition of CsNps by multiple
types of cells

Transwell cellular model development

To simulate the structure and Nps disposition functions of
liver sinusoidal cells, as shown in Scheme 2A, the trans-
well cellular model was developed using two types of cells
(Scheme 2B). Murine RAW 264.7 macrophages seeded in
the inserts of the transwell chambers (24 wells) were used
as the Kupffer cell model, and mouse liver hepatoma
Hepal-6 cells seeded in the bottom wells were used as
the hepatocyte model. The transwell membrane with a
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Scheme 2 The structure and NMs disposition functions of liver sinus (A) and the treatment of RAW264.7 cells and Hepal-6 cells in the transwell model (B).

cutoff size of 0.4 pm was selected to simulate the func-
tions of the vascular endothelial fenestrae (about 100-150

45,46

nm™""), which allowed plasma substances to cross the

vascular endothelium and attach to the hepatocytes.

Transport of CsNps from RAW?264.7 to Hepal-6
cells

Intercellular transport observation: To investigate
whether CsNps can be transferred from macrophages
of the MPS to hepatocytes, the transport of

FITC-CsNps between the different types of cells in

vitro was monitored. The treatment of the cells is
shown in Scheme 2B. Briefly, in the transwell model,
RAW264.7 cells and Hepal-6 cells were, respectively,
cultured in the inserts and bottom wells of different
transwell plates. After the RAW264.7 cells were cul-
tured with FITC-CsNps (250 pg/mL) for 4 hrs, FITC-
CsNps-containing medium was removed and the cells
were washed three times with cold PBS. Then, the
inserts were picked up and transferred onto the top of
Hepal-6 cells with the addition of 500 pL of fresh
DMEM medium into the inserts. After 2, 6, 12 and 24
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hrs, the fluorescence in the Hepal-6 cells was measured
by laser confocal microscopy.

Transport pathway detection: After culturing the
RAW264.7 cells in the inserts with FITC-CsNps (250
pg/mL) for 4 hrs and washing with cold PBS, the inserts
were placed on the top of the Hepal-6 cells, which were
seeded in the bottom chambers of the transwell plates and
pretreated with various chemical inhibitors for 30 mins.
After 4 and 8 hrs, the fluorescence signals in the Hepal-6

inverted fluorescence
37,38

cells were measured with an
microscope. O-phospho-L-serine (1 mM), sucrose
(450 mM)* and nystain (30 pM)*® were used as inhibitors
of phagocytosis, clathrin-mediated and caveolin-mediated
endocytosis, respectively, as shown in Scheme 1.

Exocytosis of CsNps from Hepal-6 cells after
intercellular transport
Exocytosis analysis: After culturing the RAW264.7 cells
with FITC-CsNps (250 pg/mL) for 4 hrs in advance, the
Nps-containing medium was removed, and the Hepal-6
and RAW264.7 cells were co-cultured in transwell plates
with fresh medium. After 24 hrs of co-culture, the inserts
were removed, and the medium in the Hepal-6 culture
plates was replaced with fresh medium. This time point
was set as the start time (0 hr) of exocytosis analysis, and
after 6 and 12 hrs, the fluorescence signals in the Hepal-6
cells were measured on a laser confocal microscope.
Exocytosis pathway determination: To determine the
exocytosis pathways of CsNps in Hepal-6 cells in the
transwell model, after co-culture of Hepal-6 cells with
the Nps-pretreated RAW264.7 cells for 24 hrs and the
subsequent removal of the inserts with the RAW264.7
cells, as described above, the Hepal-6 cells were cultured
with DMEM medium containing various chemical inhibi-
tors, including primaquine (300 pM),*' golgicide A
(50 uM),** vacuolin-1 (1 pM)* and wortmannin
(33 uM),** which inhibit the recycling endosome-
mediated, Golgi-mediated, lysosome-mediated, and
MVBs-mediated exocytosis, respectively. The effects of
the inhibitors were analyzed by measuring the fluores-
cence retained in the Hepal-6 cells on a laser confocal

microscope.

Animal experiments

Male mice of approximately 20 g were kept at a tempera-
ture of 20-25°C and 50-60% humidity before experi-
ments, and the experiments were approved by the local
ethics committee.

Cellular location of CsNps in the liver of mouse
To detect the cellular location of the CsNps in mouse liver,
the mice (n=3) were intravenously injected with RBITC-
CsNps at a dose of 0.16 g/kg. After 3 hrs, 12 hrs, 1 day,
3 days, 5 days and 30 days, the mice were sacrificed, and
the liver was excised and immediately frozen in Tissue-
Tek OCT embedding medium (Sakura Finetek, Torrance,
CA, USA) for 8 pm cryo-sectioning. Kupffer cells in the
sections were analyzed by immunofluorescence staining
with mouse anti-mouse CD68 monoclonal antibody
(Abcam, Shanghai, China) followed by rabbit anti-mouse
kFlour647-labeled anti-IgG antibody (KeyGene Biotec,
Nanjing, China). The hepatocytes were analyzed by immu-
nofluorescence staining with mouse Anti-CK18 followed
by goat anti-mouse IgG(H+L)/FITC (KeyGene Biotec).
The nuclei in the sections were stained with DAPI, and
the sections were visualized on a laser confocal
microscope.

Considering the tissue sections in this test were only
8 um, to increase the fluorescence signals in the very thin
sections, the dosage was set as 0.16 g/kg, four times higher
than the following animal tests, in which the signals were
detected in the whole tissues or in feces/urines.

Elimination routes of CsNps after intravenous
injection

After Cy5-CsNps were intravenously injected at a dose of
0.04 g/kg, the feces and urine of the mice (n=6) were
collected using a rat metabolic cage at a series of time
points within 2 months. The mice injected with either free
Cy5-NHS or normal saline were used as the control
groups. The fluorescence signals in the feces and urine
were measured with a NightOWL LB 983 in vivo Imaging
System, and the PCs of the samples were calculated with
the IndiGO software.

Elimination kinetics of CsNps in mouse

To analyze the clearance kinetics of the CsNps in mouse
tissues, Cy5-CsNps were intravenously injected at a dose
of 0.04 g/kg. At various time points (0.063, 0.125, 0.25,
0.75, 1,2, 3,4, 6,7, 10, 14, 18, 22, 26, 30 and 60 days)
after injection, the mice were sacrificed, and the organs,
including liver, lung, spleen, heart, kidney and gallbladder,
were excised and imaged with the NightOWL LB 983 in
vivo Imaging System. The PCs of the organs were calcu-
lated with the IndiGO software. The first-order process
was used to simulate the PCs elimination kinetics, and
the elimination rate constant (k) can be obtained from
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the slope of the natural logarithm of the PCs-time plot.
Three mice were used for each time point, and the mice
injected with free Cy5-NHS or normal saline were used as
the two control groups.

Statistical analysis

The results were statistically analyzed using Student’s t-
tests. Differences in the results were considered statisti-
cally significant when P<0.05 and highly significant when
P<0.01.

Results and discussions

CsNps preparation and characterization
To determine the disposition of CsNps in vitro in the
cellular model and in vivo in the mice, various fluores-
cently labeled CsNps were prepared, namely FITC-
CsNps, RBITC-CsNps and Cy5-CsNps. The particle
sizes and zeta potentials, which are listed in Table 1,
revealed that these Nps had a similar diameter of about
220 nm and a similar positive zeta potential of about 20
mV. The morphology and structure analysis by TEM
(Figure 1) revealed that all these NPs had similar struc-
tures, and these structures were consistent with the results
reported previously.*’

Considering that the acidic microenvironment in the
cells, especially in the lysosomes, might destroy the fluores-
cence signals of dye-labeled Nps, the fluorescence signal
stabilities of these Nps in acetate buffer (pH 5.0) and acidic
cell lysates (pH 5.0) were measured (Figure S1). The results
showed that over 90% of the FIs or PCs could still be
obtained with incubation of 48 hrs (FITC-CsNps) or 64 d
(RBITC-CsNps and Cy5-CsNps) in acetate buffer. The dif-
ference in the incubation periods for the various particles was
based on the detection periods of certain particles at the
cellular and animal levels. To further determine the fluores-
cence signal stabilities of these Nps in the cells and in the
mice bodies, the dye-labeled Nps were incubated with acidic
cell lysates for 48 hrs at 37°C. The results showed that an
increase in the FIs or PCs could be observed in the cell
lysates due to the partial degradation of the NPs in the cell
lysates,'® which resulted in the unbound dyes experiencing

less fluorescence quenching.'®***° Since the cell lysates
could not be kept for a long time at 37°C, the fluorescence
signal stability of the RBITC-CsNps and Cy5-CsNps was
measured within only 48 hrs, and the results in the animal
experiments (section “Elimination kinetics of CsNps in
mouse”) showed that the signal of these Nps was still
observed within 2 months in the mouse body, indicating
that the dye-labeled CsNps can be used in the subsequent
animal studies.

The in vitro release of the dyes from dye-labeled
CsNps is shown in Figure S2. Whinin 8 hrs, the concen-
trations of all the free dyes (FITC, RBITC and Cy5) in the
dialysis bag and the outside buffers were identical, indicat-
ing the diffuse balance of the free dyes could be obtained
within this time period. For the dye-labeled CsNps, only
0.25% of FITC, 0.13% of RBITC and 0.17% of Cy5 were
diffused out of the dialysis bag at 24 hrs. These results
proved the dyes, which were chemically labeled in the
particles, could not be released from the particles and the
disposition results observed using the fluorescence method
were certainly the disposition of NPs and not of the free
dyes.

Disposition of CsNps by single type of
cells

As previously reported, RAW264.7 cells and Hepal-6
cells can be used as model cells of Kupffer cells®> and
hepatocyte cells,>® respectively. The intracellular uptake
and exocytosis of CsNps by RAW264.7 cells were studied
in our previous work,'® which showed that both phagocy-
tosis and clathrin-mediated endocytosis contributed to the
cellular uptake of CsNps and their release from the cells
through the lysosomal and multivesicular bodies path-
ways. Accordingly, the studies in this section are mainly
focused on the disposition of CsNps by the mouse liver
hepatoma Hepal-6 cells.

Intracellular uptake of CsNps

The kinetics of the uptake of FITC-CsNps by Hepal-6
cells isshown in Figure 2A, which also included the uptake
behavior of RAW264.7 cells for comparison purposes. The
results showed that Hepal-6 cells effectively took up the

Table | Particle sizes and zeta potentials of CsNps, FITC-CsNps, RBITC-CsNps and Cy5-CsNps. (n=3)

CsNps FITC-CsNps RBITC-CsNps Cy5-CsNps
Diameters (nm) 223.2+5.3 225.1£2.0 231.8+4.2 231.0%6.5
Zeta potentials (mV) 21.2+1.2 20.1£1.5 20.8+0.9 21.5%1.1
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A C

Fls
—— RAW264.7

-a-- Hepal1-6

800

s
o

400

Red DND-99

Fls ;
i Nystatin

1200 ONegative B8 Ny
Sucrose B O-phospho-L-serine ’A\
*k P

800 T
400
O 4
2 4 6 8
Time (h)

Lyso tracker

Figure 2 FITC-CsNps can effectively be taken up by Hepal-6 cells by clathrin-mediated endocytosis. (A) intracellular uptake kinetics of FITC-CsNps by Hepal-6 cells with
RAW?264.7 cells as the control group for comparison (n=6); (B) the acidic subcellular compartments stained with LysoTracker Red DND-99 were observed by laser confocal
microscopy, showing that the acidic compartments might play important roles in the cellular uptake process; (C) the effects of chemical inhibitors on FITC-CsNps uptake
showed the contribution of clathrin-mediated endocytosis to the cellular uptake process (n=6); *P<0.05 and **P<0.01.

particles, but there was no significant difference in the
CsNps uptake efficiency between the two types of cells.
When the acidic subcellular compartments were
tracked with the LysoTracker Red DND-99 (Thermo
Fisher Scientific, Waltham, MA, SUA), as shown in
Figure 2B, co-location of FITC-CsNps with red fluores-
cence signals was observed, indicating that these acidic

subcellular compartments might have a great impact on the
cellular disposition of CsNps. When sucrose, nystatin and
O-phospho-L-serine were used as chemical inhibitors for
clathrin-mediated endocytosis, caveolin-mediated endocy-
tosis and phagocytosis pathways, respectively, as shown in
Scheme 1, it was observed (Figure 2C) that sucrose
exerted a significant inhibitory effect on cellular uptake
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compared with the negative control group, which was not
treated with chemical inhibitors. As the hypertonic sucrose
could deplete the cytoplasmic pools of clathrin and conse-

5051 it was con-

quently the normal coated pit formation,
cluded that the clathrin-mediated endocytosis played the
most important role in the cellular uptake of CsNps by
Hepal-6 cells, as shown in Scheme 2. Nystatin and O-
phospho-L-serine had no significant inhibitory effects,
indicating that the CsNps uptake by Hepal-6 cells was
not dependent on the caveolae-mediated endocytosis and

phagocytosis pathways.

Exocytosis of CsNps

The kinetics of the exocytosis of FITC-CsNps by Hepal-6
cells is shown in Figure 3A using the data of RAW264.7
cells for comparison purposes. The results in this figure
revealed a gradual FI decrease in Hepal-6 cells, with
about 33% of the FIs being retained in Hepal-6 cells
until 36 hrs. The qualitative detection of the exocytosis
behavior is shown in Figure 3B (negative group), and the
results showed that the fluorescence signals at the time
points of 6, 12 and 24 hrs decreased obviously comparing
with those at 0 hr, which was consistent with the quanti-
tative results.

The exocytosis pathways of CsNps in Hepal-6 cells
were determined using vacuolin-1, primaquine, golgicide
A, wortmannin and nocodazole as chemical inhibitors for
the various pathways, as shown in Scheme 1. The results
shown in Figure 3B and C revealed that, compared with
the negative group that was not treated with a chemical
inhibitor, primaquine significantly inhibited the reduction
of the intracellular Fls at 12 and 24 hrs. Since primaquine
accumulated in endosomes had a strong inhibitory effect
on the recycling of endocytosed materials to the plasma
membrane,>” it was considered that the endosomal recy-
cling pathway might be a potential mechanism for the
exocytosis of CsNps by Hepal-6 cells.

When Hepal-6 cells were treated with vacuolin-1,
effective inhibition of exocytosis was observed at 24 hrs.
Since vacuolin-1 inhibits vacuolar ATPase activity and
subsequently blocked the fusion between endosome and
lysosome™® (Scheme 1), the lysosomal pathway was found
to be a another potential mechanism for CsNps exocytosis,
and when this pathway was blocked, the Nps retained rin
the cells were thought to accumulate in the late
endosomes,** as shown in Figure 3B.

The functions of recycling endosomes and lysosomes,
which mediate the exocytosis of CsNps, are all based on

the cellular microtubule system.>->* However, when the
cellular microtubule polymerization was blocked by noco-
dazole, no significant impact on the exocytosis was
observed, indicating that there might be a potential micro-
tubule-independent pathway, which was hypothesized to
be the Golgi pathway according to the literature.’>>® To
examine this hypothesis, golgicide A was used to inhibit
the Golgi Brefeldin A Resistant Guanine Nucleotide
Exchange Factor 1 and thus inhibit the Golgi functions.’’
The results showed a significant inhibitory effect on exo-
cytosis at 24 hs (P<0.05), indicating that the Golgi path-
way is potentially involved in CsNps exocytosis in Hepal-
6 cells. Also, at 6 and 12 hrs, the relative intracellular FIs
of Golocide-A group were slightly higher than the nega-
tive group but without statistical significance, and this was
probably due to the compensatory effect of other path-
ways, namely the endosomal and the lysosomal recycling
pathways.

When the MVBs pathway was inhibited by preventing

MVBs biogenesis with wortmannin,*>°

effective exocy-
tosis was still observed, suggesting that the MVBs path-

way has no effect on exocytosis.

Co-disposition of CsNps by multiple
types of cells

Intercellular transport of CsNps from RAW264.7 to
Hepal-6 cells

After the CsNps were released from the RAW264.7 cells
and traveled across the transwell membrane, the reuptake
of these Nps by Hepal-6 cells was detected. The laser
confocal microscopy image (Figure 4A) showed no
obvious FITC signal at 2 hrs in Hepal-6 cells, likely due
to the release of only a few CsNps by RAW264.7 cells
within such time span of 2 hrs, as shown in Figure 3A. At
6 hrs, low but evident FITC signals appeared in the
Hepal-6 cells, and the fluorescence signals increased gra-
dually between the 6- and 24-hr time points, indicating
that after being released by the macrophages the CsNps
can penetrate the transwell membrane and be effectively
taken up by Hepal-6 cells. The FITC signals were rela-
tively low within 6-12 hrs, showing the duration of time
required by the intercellular transport of CsNps.

To detect the re-uptake pathways, LysoTracker Red
DND-99 was used to label the acidic cellular compart-
ments of Hepal-6 cells. The results showed that some
FITC-CsNps signal did not coincide with the acidic cellu-
(Figure 4B),

lar compartments suggesting that the
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Figure 3 FITC-CsNps are released from Hepal-6 cells through the endosome-mediated and lysosome-mediated endocytosis pathways. (A) The exocytosis kinetics of FITC-
CsNps in Hepal-6 cells with RAW264.7 cells as the control group for comparison (n=6); (B) the effects of various chemical inhibitors on the exocytosis of FITC-CsNps in
Hepal -6 cells observed qualitatively by inverted fluorescence microscopy; (C) the effects of various chemical inhibitors on the exocytosis detected quantitatively using a multi-
mode microplate reader, showing the roles of the endosomal and lysosomal recycling pathways in the cellular exocytosis process (n=6); *P<0.05 and **P<0.01.

caveolae-mediated endocytosis pathway, whereby the Nps  verify this suspicion, nystatin was used to inhibit the
did not enter the acidic cellular compartments,®® might be  caveolae-mediated pathway,®’ and an obvious inhibitory
involved in the reuptake of CsNps by Hepal-6 cells. To effect was observed (Figure 4C), thus corroborating the
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Figure 4 FTIC-CsNps taken up by RAW?264.7 cells can be transferred to Hepal-6 cells by the clathrin-mediated endocytosis (the main) and the caveolae-mediated pathway.
(A) the re-uptake of FITC-CsNps by Hepal-6 cells after being released from RAW264.7 cells observed by laser confocal microscopy; (B) the acidic subcellular
compartments stained with LysoTracker Red DND-99 observed by laser confocal microscopy, showing that a portion of the particles were from the acidic compartments;
(C) the effects of chemical inhibitors, showing that the re-uptake of FITC-CsNps by Hepal-6 cells was mediated through the clathrin- and caveolae-dependent pathways.

above-mentioned suspicion. To elucidate the involvement
of other pathways in the re-uptake of the Nps, sucrose and
O-phospho-L-serine were used to inhibit the clathrin-
mediated endocytosis and phagocytosis pathways. The
results revealed that the most obvious inhibitory effect
was achieved in the sucrose-treated group. Accordingly,
it could be concluded that the re-uptake of CsNps by

Hepal-6 cells was dependent on the clathrin-mediated
endocytosis (the main) and the caveolae-mediated endocy-
tosis, as shown in Scheme 2.

Different from the direct uptake by Hepal-6 cells
alone, which was clathrin-mediated endocytosis, as dis-
cussed in section “Intracellular uptake of CsNps”, the
CsNps released by RAW264.7 cells were re-taken by
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Hepal-6 cells through clathrin- and caveolae-mediated
endocytosis. This difference might be attributed to the
particle size reduction of CsNps resulting from the corro-
sion of Nps in RAW264.7 cells, which was demonstrated
in our previous study by the resonance energy transfer
method,'® and the caveolae-mediated endocytosis mainly

contributed to particles with diameter <80 nm.*”-*®

Exocytosis of CsNps after re-uptake by Hepal-6 cells
As discussed above, after being exocytosed by RAW264.7
cells, CsNps crossed the transwell membrane and were re-
taken by Hepal-6 cells. The occurrence of exocytosis
showed that these Nps could be released from the
Hepal-6 cells again (the negative group in Figure 5). To
determine the occurrence of the various exocytosis path-
ways, vacuolin-1, primaquine, golgicide A, wortmannin
and nocodazole were used as inhibitors of the various
pathways. The results shown in Figure 5 revealed that
when wortmannin, vacuolin-1 and golgicide A were used
to treat the cells separately, obvious inhibition of the Fls
reduction was observed at 6 and 12 hrs, indicating the

Oh Neg: Negative
FITC FITC+DAPI WOR: Wortmannin
VAL-1: Vacuolin-1
GOL-A: Golgicide A
100pm 100pm NOC: NQCOda;Ie
— = PRQ: Primaquine
6h 12h
FITC FITC+DAPI FITC FITC+DAPI

Neg

WOR

VAL-1

GOL-A

Figure 5 The effects of various inhibitors on the exocytosis of FITC-CsNps, which
were re-taken by Hepal-6 cells, showing that these particles can be released from
Hepal-6 cells through the lysosomal, MVBs and Golgi-mediated pathways.

involvement of various pathways, including lysosomal,
MVBs and Golgi pathways, in the regulation of the exo-
cytosis of these Nps. When the microtubules of Hepal-6
cells were disturbed by nocodazole, effective exocytosis of
Nps still occurred, probably as a result of the contribution
of the Golgi pathway, which is independent of the cellular
microtubule systems.>’ Primaquine clearly inhibited exo-
cytosis, suggesting that the endosomal recycling had no
significant effect on cellular exocytosis process. Therefore,
the exocytosis mechanisms of the Nps re-taken by Hepal-
6 cells involved the lysosomal, MVBs and Golgi path-
ways, which were different from those of the fresh Nps
taken by Hepal-6 cells directly (which included the endo-
somal, the lysosomal and the Golgi recycling pathways),
and the difference in the exocytosis pathways was perhaps
due to the different uptake pathways for these Nps as
discussed above.

The chemical inhibition detection showed that the
Golgi pathway played an important role in the exocytosis
of CsNps in Hepal-6 cells. As the Golgi apparatus con-
62-64 ¢
is hypothesized that the CsNps in liver might be released

tains vesicles for substances to be excreted in bile,

into the bile, and this hypothesis will be tested and vali-
dated in the subsequent animal studies.

Clearance of CsNps from mouse after

intravenous injection

Cellular location of CsNps in mouse liver

The in vitro cellular studies had verified the intercellular
transport of CsNps from RAW264.7 cells to Hepal-6 cells
across the transwell membrane. In order to further confirm
the intercellular transport of CsNps at the animal level, the
cellular location of RBITC-CsNps was examined in mouse
liver, by analyzing the immunofluorescence distribution in
Kupffer cells and hepatocyte cells. Before the animal tests,
the hemolysis of the particles was detected (Supporting
Materials), and the results showed within 50-400 pg/mL,
no significant hemolysis could be induced by the Nps
(Figure S3). After intravenous injection of the RBITC-
CsNps as shown in Figure 6, their uptake by Kupffer
cells could be observed from 3 hrs to 1 days, which were
indicated with white arrows. Over the 3-30-day period, an
increasing proportion of Kupffer cells released the Nps
from the cells, which were indicated with yellow arrows.
In particular, after 5 days, no co-location of Nps with
Kupffer cells could be observed, indicating that all the
CsNps taken by Kupffer cells had been cleared from the
cells.
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Figure 6 RBITC-CsNps can be transferred from Kupffer cells to hepatocytes in the liver of mice after intravenous injection. (A) Kupffer cells were stained with mouse anti-
mouse CD68 monoclonal antibody followed by rabbit anti mouse kFlour647-labeled anti IgG antibody. The white arrows indicate the uptake of RBITC-CsNps by Kupffer
cells. The yellow arrows indicate: that Kupffer cells released RBITC-CsNps. (B) Hepatocytes were stained with mouse anti-mouse CK 18 followed by goat anti-mouse IgG(H

+L)/FITC. The white arrows indicate the RBITC-CsNps release from hepatocytes.

When the immunofluorescence distribution analysis was
performed for hepatocytes (Figure 6B), some RBITC-
CsNps could be observed out of hepatocytes within 1 day
(indicated with white arrows). Since Kupffer cells were
considered to be responsible for most of the phagocytic
activity in the liver,"® it was assumed that the CsNps out
of the hepatocytes were mostly located in Kupffer cells, and
this was consistent with the results as shown in Figure 6A.
Over the 3-30-day period after injection, the Nps out of the
hepatocytes gradually disappeared, and this might be attrib-
uted to the re-uptake of CsNps by these cells.

The in vivo immunofluorescence assay results indi-
cated that the CsNps taken up by Kupffer cells could be
exocytosed and then be re-taken by hepatocytes in the

mouse. The results presented in Figure 6 revealed that
even at 3 hrs after the intravenous injection, most Nps
localized to hepatocytes. The rapid distribution in hepato-
cytes might be attributed to the size of the diameter of the
Nps, which was smaller than the fenestrations of the
sinusoids for mouse (141454 nm),*® and thus could
enter the sinusoid and then be taken up directly by
hepatocytes.

As reported by Park JK et al,'” the PLGA Nps (271
+1.4 nm) were mainly localized to the Kupffer cells
rather than hepatocytes. The differences in cellular dis-
tribution of PLGA NPs compared with CsNps detected
in this study might be due to the different particle
material, diameters,

characteristics, such as the
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potentials and adsorption of serum proteins, as reported
by Souris J,> as well as the differences in the cellular
distribution, which might determine the different biolo-
gical fate of the particles.

For the pharmaceutical design, the different hepatic
diseases required different cellular targeting. For example,
the hepatocyte is the designated target cell for viral hepa-
titis, steatohepatitis and other metabolic disorders, and
Kupffer cell is the key target cell for liver inflammation.®®
Therefore, the distribution of carriers in different kinds of
cells should be considered when the carriers are designed
for various diseased. The re-distribution of CsNps from
Kupffer cells to the hepatocytes indicated this kind of
material might increase the drug concentration in hepato-
cytes and it was much suitable for the diseases such as
hepatitis and so on.

Elimination routes of CsNps from mouse

The immunofluorescence distribution assay showed that
most CsNps distributed in the hepatocytes after being
released from Kupffer cells, and the cellular studies
showed that CsNps were taken up by Hepal-6 cells,
the model cells of hepatocytes, which could release
them by the Golgi-mediated exocytosis pathway. All
these findings indicated the possible elimination of the
CsNps through biliary excretion. In order to verify this
possibility, near-infrared signals of Cy5-CsNps in the
feces and urine of mice were measured after the intra-
venous injection of the Cy5-CsNps. The results showed
that compared with the urine most near-infrared signals
were present in the feces (Figure 7A and B), suggesting
that the biliary excretion was the primary pathway for
CsNps elimination. These findings were consistent with
the results reported in the literature indicating that poly-

7 and mesoporous silica Nps®

styrene microspheres®
were excreted through the biliary (fecal) excretion
route after intravenous injection in mice. Besides the
biliary excretion, the photon signals could also be
observed in the urine samples. As previously reported,
only NMs smaller than the renal molecular weight cut-
off size (~48 kDa) or 5-6 nm®'*'® can be eliminated
through the renal (urinary) pathway. Accordingly, the
photon signal in the urine was supposed to arise from
the metabolites of CsNps, which had been verified in
vitro using a fluorescence resonance energy transfer
technique.'® The excretion of the free fluorescence dye
(Cy5-NHS) from the mice was examined as control

(Figure 7C and D), showing a relatively rapid clearance
within 18 days after injection, and the rapid clearance of
free Cy5-NHS thus proved that the slow excretion beha-
viors observed in Figure 7A and B belonged to the Nps
rather than the free dyes.

The semiquantitative results determined with the
IndiGO software are presented in Figure 7E and F, and
they showed that excretion kinetics of CsNps in the feces
and urine could be reflected by the PCs-time curves. The
areas under PCs-time curve (AUC) of the urine and feces
samples were calculated using the trapezoidal rule. The
results showed that the AUC of the feces samples was 2.36
times higher than that of the urine samples, leading to the
conclusion that most CsNps were eliminated through the
biliary (fecal) pathway.

The PCs-time curve shown in Figure 7E indicated
that the excretion speed of CsNps from feces was rela-
tively slow within 2 days after injection. Also, within
10-30 days, the excretion increased rapidly and main-
tained its highest level, suggesting that the biliary excre-
tion of CsNps mainly occurred in the first month after
intravenous injection. Different from the excretion
through the fecal route, the PCs in urine increased
slowly after injection and maintained the plateau within
12-60 days, suggesting a uniform excretion of CsNps
from kidney. It is noteworthy that even 2 months after
injection of the CsNps, they were still detected in urine
or feces, indicating the long term required for the total
elimination of CsNps from the body.

Elimination kinetics of CsNps in mouse

It has been demonstrated that CsNps were cleared from the
body through the biliary (the primary mechanism) and
renal pathway, thus to analyze the clearance kinetics, the
amounts of Cy5-CsNps in the tissues of mice were ana-
lyzed at different periods after intravenous injection. The
near-infrared imaging (Figure 8A) analysis showed that
CsNps mainly localized to the liver and kidney of the
mice, and the Nps were also found in other tissues, eg
lung, heart, spleen, and especially in the gallbladder,
which was consistent with the biliary excretion of CsNps
as demonstrated above.

The semiquantitative PCs results of the CsNps in var-
ious tissues over a 2-month period are shown in Figure &B.
The results showed that within 6 hrs after injection, the total
PCs in the tissues increased gradually due to the distribution
of CsNps from blood to the tissues within this period.

submit your manuscript

6048

Dove

International Journal of Nanomedicine 2019:14


http://www.dovepress.com
http://www.dovepress.com

Dove Jiang et al

Control

Photon counts x 10°
Photon counts x 10* 300 -+-- Urine

100 -a- Feces

. 250
-+ Urine

- Feces
200

150
50

100

{g’}\},}—-‘f\{»--}--{' --------- 50

0 10 20 30 40 50 60 70 0 5 10 15 20
Time (d) Time (d)

Figure 7 Cy5-CsNps were eliminated through the hepatobiliary (fecal) excretion pathway (the main) and the renal (urinary) pathway. (A, B) Photon signals in the urine (A)
and feces (B) of the Cy5-CsNps group detected with the NightOWL LB 983 in vivo Imaging System, showing that the Cy5-CsNps were primarily excreted through the
hepatobiliary excretion system. (C, D) photon signals in the urine (C) and feces (D) of the free Cy5-NHS group (the control group), showing that the free dye could be
excreted much faster than the particles. (E, F) the semiquantitative detection of the photon counts in the urine and feces of the Cy5-CsNps group (E) and Cy5-NHS group
(F) using the IndiGO software (n=3).
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Figure 8 The photon signals of Cy5-CsNps in various tissues within 2 months, showing
the long term required for the biological elimination of CsNps. (A) The qualitative
observation using the Night OWL LB 983 in vivo Imaging System. (B) The semiquantitative
detection of photon counts in different tissues using the IndiGO software (n=3).

Table 2 The k, calculated from PCs in different tissues

Within the 6-hr to 3-day period, the total PCs in the tissues
maintained the plateau, indicating the slow biological dis-
position behavior. After 3 days, a gradual clearance of
CsNps from the body could be observed. The ratios of
PCs to the total PCs in each tissue (Figure S4) reached a
steady value after about an 18-day period, indicating the
dynamic distribution balance of CsNps in the body. When
first-order process was used to simulate the elimination
kinetics of the PCs, the elimination rate constant (k)
could be calculated by linear regression using the data
after 18 days (Figure S5). The k., values determined using
the PCs in different tissues were in the range of 0.00969—
0.01173 day71 as shown in Table 2, while the average k.,
was calculated to be 0.01047+0.00095 day ' with a half
time of 66.7+4.8 days. Considering that the PCs could be
increased by the biodegradation of Nps, it was hypothesized
that the half time of the CsNps might be overestimated
when using the PCs-time curves to reflect the elimination
of CsNps, but the elimination of CsNps from mice was still
considered to be a protracted process. In this study, the
single dosage of 0.04 g/kg was applied for the biological
elimination detection. Because the elimination of Nps
might be influenced by many factors, eg the dosage
injected, the repeated injection, the injection intervals and
so on, these factors should be considered in an integrated
manner when the CsNps were applied as the drug carriers in
clinical in future.

When the Cy5-NHS free dye was injected as the
control, a relatively rapid clearance of Cy5-NHS from
the body was observed, as shown in Figure S6, and the
semiquantitative results revealed that the k., of CyS5-
NHS was 0.55+0.10 day ' with a half time of 1.31
+0.30 day, corroborating the slow elimination observed
in Figure 8, which was attributed to the particles but not
the free dyes.

Conclusions

The intercellular transport of Cs based NMs from RAW264.7
cells to Hepal-6 cells was demonstrated in the transwell
model. Additionally, the various pathways involved in the

Tissue Liver Kidney Lung Heart Spleen Gallbladder Total tissue MeantSD
ket (day™) 0.00969 0.01192 0.00998 o.olrio 0.00996 0.01173 0.01045 0.01047+0.00095
to.s (day) 71.5 58.2 69.4 62.3 69.6 59.2 66.5 66.7+4.8
R 0.9002 0.9349 0.9030 0.9549 0.8986 0.8791 0.9270
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Scheme 3 Schematic diagram of the disposition and elimination of CsNps in liver at the animal and cellular levels.
Abbreviations: EE, early endosomes; LE, late endosomes; RE, recycling endosomes; ILVs, intraluminal vesicles; MVBs, multivesicular bodies; ER, endoplasmic reticulum.

co-disposition of CsNps in the two types of hepatic cells were
determined as shown in Scheme 3. The in vivo animal experi-
ments proved that after intravenous injection of the NMs, they
were transported from Kupffer cells to hepatocytes in mice. It
was also found that, besides the renal (urinary) pathway, the
hepatobiliary (fecal) excretion system was the main elimina-
tion pathway for CsNps. For both the hepatobiliary (fecal) and
renal (urinary) pathways, the elimination of CsNps was a
protracted process. Accordingly, it is suggested to take into
account the long biological retention time t when these NMs
are used for clinical purposes in the future.
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Hemolysis assay

The hemolysis test of CsNps was performed to detect the
safety of the particles in the animal tests. The red blood
cells (RBC) pellets were separated by centrifuging 5 mL
rabbit blood at 1,000 rpm for 5 min. The RBC pellets were
diluted with 25 mL of normal saline solution. CsNps (50—
400 pg/mL) suspended in saline solution (1.5 mL) were
added into 1.5 mL of RBC suspension. The samples were
incubated at 37 °C. After 3 h the samples were centrifuged

Stability in acetate buffer (pH 5.0)
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ul:
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at 1,000 rpm for 5 min, and the absorbance of the super-
natants were detected at 540 nm. The percentage of hemo-
lysis could be calculated using the following equation.

ASample - Asaline solution % 100%

Hemolysis percentage =
A Triton

- Asaline solution

where Agumpre 1s the absorbance of the sample, and Aziron
and Aggjinesoiion are the absorbance of the supernatants of
RBC suspensions, which were incubated with Triton
(0.1%) and saline solution, respectively.

Stability in acidic cell lysates (pH 5.0)
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Figure S| Photo signal stabilities of FITC-CsNps, RBITC-CsNps and Cy5-CsNps in acetate buffer (pH5.0) and acidic cell lysates (pH5.0), suggesting the dye-labeled CsNps

could be used in the following cellular and animal studies. (n=6).
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Figure S2 The accumulated release of dyes (FITC, RBITC and Cy5) from the dye-labeled CsNps. The diffusion of free dyes from the dialysis bag was used as control. (n=3).
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Figure S3 The qualitative (A) and quantitative (B) detection of hemolysis of CsNps. The negative values of hemolysis percentage of CsNps might be induced by the binding
of proteins with the Nps. (n=6).
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Figure S4 The ratios of photon counts in each tissue to the total ones. (n=3).
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Figure S5 The linear regression of Ln(photon counts) to time.
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Figure S6 The photo signals of free Cy5-NHS in various tissues within 6 d. (A) the qualitative observation using Night OWL LB 983 in vivo Imaging System. (B) the
semiquantitative detection of photon counts with the software Indigo.
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