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A
t present, there is considerable inter-
est in the use of targeted nanoparti-
cles for the detection and treatment

of human diseases. Their unique, easily
manipulated, size dependency results in
the creation of a wide variety of novel
structures with unique physical and chemi-
cal properties.1�6 Emerging studies, how-
ever, suggest that a number of their unique
attributes are likely to give rise to acute and
chronic toxic sequelae, a situation further
compounded by the typically inefficient
targeting and inherently high stability that
many nanomaterials exhibit in vivo.7�13

While a variety of schemes have been de-
vised to minimize deleterious side effects
(e.g., coating nanoparticles with polymers/
antioxidants/surfactants/ligands or altering
nanoparticle size/shape/roughness/surface
charge13�18), suchmeasures often only par-

tially ameliorate the toxicity of the nanopar-

ticles and can themselves have undesired

consequences (e.g., increasing a nanoparti-

cle's hydrodynamic diameter that then results

in its substantially altered biodistribution).

Correlation of nanoplatform design with its

targeting kinetics and therapeutic efficacy

thus requires the microscopic knowledge of

dynamic nanoparticle distribution in biologi-

cal systems.
From existing clearance/excretion studies, it

is known that, when delivered intravenously,
nanoparticle uptakeoccurs by oneoffivepath-
ways: phagocytosis, macropinocytosis, caveo-
lin-mediated, clathrin-mediated, and caveolin/
clathrin-indpendent endocytosis, and the pro-
cessing rate of these nanoparticles largely de-
pends on the particle's hydrophobicity, surface

charge, and size.13,16,17,19�26 Hydrophobic
nanoparticles are rapidly removed from
circulation by components of the reticu-
loendothelial system (RES), in particular, by
the liver and spleen. As a result, these
structures have short in vivo half-lives
(from seconds to minutes) that often limit
their clinical utility and can lead to hepato-
toxicity. Nanoparticles that carry significant
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ABSTRACT Nanoparticles that do

not undergo renal excretion or in vivo

degradation into biocompatible debris

often accumulate in the reticuloen-

dothelial system, also know as the

mononuclear phagocyte system, with

undesired consequences that limit their

clinical utility. In this work, we report

the first application of intravital multi-

photon fluorescence microscopy to dy-

namically track the hepatic metabolism

of nanoparticles with subcellular resolution in real time. Using fluorescently labeled mesoporous silica

nanoparticles (MSNs) in mice as a prototypical model, we observed significant hepatocyte uptake of

positively charged, but not negatively charged, moieties. Conversely, in vivo imaging of negatively

charged, but not positively charged, MSNs reveals an overwhelming propensity for the former's rapid

uptake by Kupffer cells in liver sinusoids. Since the only prerequisite for these studies was that

nanoparticles are fluorescently labeled and not of a specific composition or structure, the techniques

we present can readily be extended to a wide variety of nanoparticle structures and surface

modifications (e.g., shape, charge, hydrophobicity, PEGylation) in the preclinical assessment and

tailoring of their hepatotoxicities and clearances.

KEYWORDS: reticuloendothelial system . intravital multiphoton fluorescence
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surface modifications
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surface charge tend to adsorb serum proteins (some in
non-native conformation) that can affect their biodis-
tribution, elicit immune response, and indiscriminately
destabilize cell membranes and proteins. Furthermore,
nanoparticle size strongly correlates with clearance
route, with particles 3 nm in diameter and smaller
extravasating tissues nonspecifically, those 3�8 nm
in diameter undergoing renal clearance, 30�80 nm
nanoparticles being sequestered in lung and leaky
vasculature (e.g., tumor and inflamed tissue, via the
enhanced permeation and retention effect), and parti-
cles larger than 80 nm becoming trapped by liver and
spleen.14

Of course, uptake from circulation does not ensure
excretion. Indeed, all studies to date of the larger
quantum dots (diameter >8 nm), regardless of surface
coating, have shown rapid sequestering by the RES of
liver and spleen, but with none ever leaving those
organs.17,21 Similar retention patterns have been
observed with pristine single-walled carbon nanotubes,
with rapid accumulations in liver, spleen, and lung, but
with little subsequent excretion from those organs.27

To prolong circulation times and avoid rapid hepatic
sequestering, polyethylene glycol (PEG) coatings have
typically been employed but with mixed, particle-
dependent results. Early studies suggested that PEGy-
lated nanoparticles escaped uptake by Kupffer cells in
liver and B cells in spleen because their PEG chains
partially blocked serum protein adsorption from nano-
particle surfaces.28,29 However, recent studies of PEGy-
lated gold nanospheres, with long blood circulation
times (∼30 h), have demonstrated a propensity to
accumulate in the liver and spleen of mice for up to 7
days following injection, leading to acute hepatic
inflammation and apoptosis.9 Torchilin et al. found
the net surface charge of PEGylated liposomes, rather
than the steric hindrance of PEG chains, to be the key
factor affecting their uptake by the RES.30 Coll et al.
reported that hybrid nanoparticles, conjugated with
different terminal groups of PEG, present different
biodistributions and that those bearing positive end
groups (NH2) strongly favored accumulation in resi-
dent, phagocyte-rich tissues.31

As nanoparticles that do not undergo renal excretion
or in vivo degradation generally accumulate in the liver
with undesirable consequences, dynamic microscopic
imagingof their fate is crucial to thedesignandvalidation
ofhighly targeted, safenanoplatforms. Recently, intravital
fluorescence multiphoton imaging has emerged as a
powerful technique for studying cellular level events
in vivo,32�38 including the binding of nanomaterials to
tumor vasculature and neovasculature.39,40 While studies
employing whole-body animal imaging techniques have
been utilized to visualize the distribution of nanoparticles
in vivo,41�44 these approaches lack the spatial and
temporal resolution to follow the dynamics of nanopar-
ticle transport at the single cellular level in vivo. In earlier

studiesof hepatobilliarymetabolism,we reported theuse
of multiphoton fluorescence microscopy to record the
intravital dynamics of uptake, processing, and excretion
of an organic anion, 6-carboxyfluorescein diacetate
(6-CFDA), inmice.45 In the current work, we demonstrated
theuseof in vivomultiphoton imaging to track, for thefirst
time, the hepatic metabolism of nanoparticles in real time
at subcellular resolution (Scheme 1).

RESULTS AND DISCUSSION

For these investigations, we elected to use MCM-41
mesoporous silica nanoparticles (MSNs). With its in-
trinsically large surface area (∼1000 m2/g), large pore
volume (∼1.0 cm3/g), inherent chemical stability, and
highly ordered hexagonal pore structure and adjusta-
ble pore size (1.5�10 nm), MCM-41 mesoporous silica
has been used in a variety of applications including
catalysis,46�48 drug delivery,49�53 and controlled drug
release.54�58 Earlier studies have shown that these
nanoparticles are noncytotoxic and well suited for
the efficient and protective transport of lipid-insoluble
molecules across cell/organelle membranes.55�60

Slowing et al. described various surface functionaliza-
tions of MCM-41 MSNs, and their effect upon cell
uptake by HeLa cells in serum-free media as a positive
correlation between uptake and net surface charge
was found.61 In addition, Chung et al. reported similar
uptake/surface charge correlation of MSNs in human
fibroblast cells (3T3-L1) and human mesenchymal
stem cells (hMSCs).62 However, to the best of our
knowledge, in vivo visualization of the hepatobiliary
processing of surface-charge-modified, silica-based
nanoparticles in the RES has not been achieved.
We synthesized fluorescently labeled mesoporous

silica nanoparticles (MSNs) using conventional sol�gel
chemistry, with extraction of surfactant templates in
warm, acidic ethanol.63 Fluorescein isothiocyanate

Scheme 1. Multiphoton intravital microscopy visualizes
dynamics of sub-hepatic distribution of different surface-
charged nanoparticles. We demonstrated the use of in vivo
multiphoton imaging to track the hepatic metabolism of
nanoparticles in real time at subcellular resolution.
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(FITC) was selected as the fluorophore for multiphoton
tracking as it can be excited by the two-photon
process. Furthermore, FITC can be protected from
photobleaching and O2 quenching by the MSNs' silica
framework. MSN surface charge modifications were
made during particle synthesis via varying the con-
centration of 3-aminopropyltrimethoxysilane (APTMS)
present during postmodification (refer to the Materials
and Methods section). In this manner, three unique moi-
eties, FITC-MSN (unmodified), FITC-MSN-1X (modifiedwith
1 equivalent concentration of APTMS), and FITC-MSN-3X
(modified with 3 equivalent concentration of APTMS), can
be produced. Morphologies of the final MSN constructs
were characterized by transmission electron microscopy
(TEM), dynamic light scattering (DLS), N2 adsorption�
desorption isotherm measurement, and zeta-potential
measurement (Table 1).
TEM showed uniform, well-dispersed, hexagonal

MSNs with average particle diameters of ∼100 nm
(Figure 1a�c). N2 adsorption�desorption isotherm
measurements of the various nanoplatforms (Table 1)
revealed type IV behavior characteristic of highly uni-
form, cylindrical pore geometries, with decreased
nanoparticle surface areas for increased amino group
labeling. Specifically, we used the Brunauer�Emmett�
Teller (BET) method, and it was determined that the
surface areas were 1020 m2/g for FITC-MSN, 950 m2/g
for FITC-MSN-1X, and 860 m2/g for FITC-MSN-3X. Simi-
larly, average pore size for the various constructs
decreased with increased amino group conjugation.
For pore size determination, the Barrett�Joyner�
Halenda (BJH) method was used and it was found that
the pore sizes were 2.5 nm for FITC-MSN, 2.4 nm
for FITC-MSN-1X, and 2.2 nm for FITC-MSN-3X.

Zeta-potentialmeasurements of FITC-MSN, FITC-MSN-1X,
and FITC-MSN-3X were also made via automated titra-
tion in aqueous (deionized) solutions, with pH values
ranging from 2 to 10 (Figure 1d). The zeta-potentials at
physiological pH (7.4) of �12.0/þ26.0/þ45.0 mV cor-
respond to negative/moderately positive/highly posi-
tive net surface charge, and isoelectric points at pH 6.9/
8.5/10.1 were recorded for FITC-MSN/FITC-MSN-1X/
FITC-MSN-3X constructs, respectively. Dynamic light
scattering studies demonstrated polydispersity in-
dexes (PDI) of all MSN samples to be below 0.1 (data
not shown) and hydrodynamic radii of 132.8 nm for
FITC-MSN, 160.4 nm for FITC-MSN-1X, and 162.0 nm for
FITC-MSN-3X at pH 7.4.
Prior to in vivo application, functionalized MSNs

were incubated with human hepatoma cells (HepG2)
in 5% FBS for 0.5, 1.0, and 2.0 h. Cells were then imaged
for localization with confocal microscopy and in order
to characterize the functionalizedMSNs' in vitro uptake
efficiency, cellular fluorescence quantified via flow
cytometry. Whereas negatively charged (unmodified)
FITC-MSNs demonstrated low uptake efficiency in
HepG2cells even after 1 or 2 hof incubation (Figure 2a,d),
positively charged FITC-MSN-1X (Figure 2b,e) and FITC-
MSN-3X (Figure2c,f) showedanearly10-foldgreater, time-
dependent percentage uptake for all incubation periods
(Figure 2g).
For real-time intravital multiphoton microscopy, the

mouse was first surgically implanted with a hepatic
imaging chamber held in registration via a U-shaped,
grooved steel plate that directly attached to the speci-
men stage of the imaging microscope. The multipho-
ton imaging instrument used in this study has been
described previously.64 In short, the 780 nmoutput of a

TABLE 1. Characterization of Different Surface Charges of FITC-MSNs

samples SBET
a (m2/g) WBJH

a (nm) zeta-potential ζb (mV) isoelectric pointb particle size via TEM (nm) particle size via DLSb (nm)

FITC-MSN 1020 2.5 �12.0 6.9 100 ( 10 132.8
FITC-MSN-1X 950 2.4 þ26.0 8.5 100 ( 10 160.4
FITC-MSN-3X 860 2.2 þ45.0 10.1 100 ( 10 162

a Nitrongen adsorption�desorption measurments were made on a Micromertics ASAP 2020 at 77 K. Surface area and pore size determinations were obtained using
Brunauer�Emmett�Teller (BET) and Barrett�Joyner�Halenda (BJH) methods, respectively. b Zeta-potential and hydrodynamic radius of FITC-MSNs (suspended in DI, pH
7.4) were obtained via a Malvern Zetasizer.

Figure 1. Characteristics of FITC-MSN samples. (a�c) TEM images showing the characteristic hexagonal structure of FITC-MSN
samples (scale bar: (a,b) 100 nm and (c) 50 nm). (d) Zeta-potential dependence on pH for various MSN constructs, with mean
values listed at the isoelectric point.
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titanium:sapphire laser (Tsunami, Spectra Physics,
Mountain View, CA) pumped by a diode-pumped
solid-state laser (Millennia X, Spectra Physics) was used
as the excitation source. The laser source was guided
into a home-modified inverted microscope (TE2000,

Nikon, Tokyo, Japan) by a galvanometer-driven, x�y

mirror scanning system (model 6220, Cambridge Tech-
nology, Lexington, MA). Upon entering the micro-
scope, a high numerical aperture, oil-immersion
objective (S Fluor 40�, NA 1.3, Nikon) was used for

Figure 2. In vitrouptake efficacy of FITC-MSN samples in culturedHepG2 cells.Merged confocal andDIC images of the cellular
uptake of (a) FITC-MSN, (b) FITC-MSN-1X, and (c) FITC-MSN-3X after 1 h incubation (green pseudocolor, fluorescence of FITC-
MSNs; blue pseudocolor, Hoechst 33342 labeled nuclei). Merged confocal and DIC images of the cellular uptake of (d) FITC-
MSN, (e) FITC-MSN-1X, and (f) FITC-MSN-3X after 2 h incubation (scale bars: 50 μm). (g) Uptake percentage of various FITC-
MSN constructs for 0.5, 1.0, and 2.0 h incubation with hepatocytes, as determined by flow cytometry (n = 3 for each
incubation).

Figure 3. Real-time hepatic visualization of negatively and positively charged FITC-labeled MSNs (frame captures from
Supporting Information movies S1 and S2). Time-lapsed multiphoton images acquired approximately 30 μm below the
capsule. Time (in minutes) indicates period postinjection of (a) FITC-MSN (yellow arrows) and (b) FITC-MSN-3X (white arrows)
(scale bars: 50μm). Imagesweremerged from three channels. Red: rhodamine/dextran R6G (MW70000) stainingof sinusoids.
Green: fluorescence of FITC-MSNs. Blue: hepatocyte nuclei labeled with Hoechst 33342.
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focusing the excitation source onto the mouse liver
in vivo. The fluorescence and second harmonic gen-
eration signals were then collected in the epi-illumi-
nated or backscattered geometry and further
processed by additional dichroic mirrors (435DCXR,
495DCXR, 555DCLP, Chroma Technology, Rockingham,
VT) and band-pass filters (HQ390/20, HQ460/50,
HQ525/50, HQ590/80, Chroma Technology) into four
detection channels. The respective detection band-
widths of the channels were 390 ( 10, 460 ( 25, 525
( 25, and 590 ( 40 nm for the detection of second
harmonic generation (SHG), blue, green, and red fluo-
rescence, respectively.
In order to inject fluorescent MSNs and other label-

ing molecules, an indwelling catheter (PE-10) was
inserted into the right jugular vein for direct injection.
The sinusoids were visualized with rhodamine B iso-
thiocyanate/dextran 70000, and the cell nuclei were
marked with Hoechst 33342. Time-lapsedmultiphoton

imaging commenced as quickly as FITC-MSNs were
intravenously injected at a concentration of 16 mg/kg
through the jugular vein. The images were acquired at
4 s intervals, and Image J (National Institute of Health,
Bethesda, MD) and MetaMorph (Universal Imaging,
Downingtown, PA) were used to postprocess the
acquired images. Figure 3 shows the time course of
MSN hepatic trafficking in mice that had been injected
with negatively charged FITC-MSN (Figure 3a, Support-
ing Informationmovie S1) and positively charged FITC-
MSN-3X (Figure 3b, Supporting Information movie S2).
In the frame captures, blood vessels are denoted by
their labeling with rhodamine B isothiocyanate/dex-
tran MW 70 000 (red channel), cell nuclei are denoted
by their staining with the dye Hoechst 33342 (blue
channel), and the FITC-MSNs are denoted by their
intrinsic fluorescence (green channel).
Initially, nanoparticle transit times in the micro-

scope's field of view were brief and the localized

Figure 4. Direct hepatic images of FITC-MSNs of negative surface charge, captured by Kupffer cells. (a�i) Time-lapsed
multiphoton images acquired approximately 30 μm below the capsule. Time (in minutes) indicates period postinjection of
negatively charged FITC-MSN. Images were merged from three channels. Red: PE-labeled F4/80 antibody staining of Kupffer
cells (white arrows). Green: fluorescence of FITC-MSNs. Blue: hepatocyte nuclei labeled with Hoechst 33342. Yellow arrows
indicate co-registration of FITC-MSNs with Kupffer cells.
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MSN number densities small such that no MSNs were
observed. Approximately 10 min postinjection, nega-
tively charged FITC-MSNs (Figure 3a, middle) began to
aggregate in the sinusoids. After 30 min, significant
aggregations of the negatively charged FITC-MSNs
became evident within blood vessels (Figure 3a, right).
No aggregation of positively charged FITC-MSN-3X
nanoparticles in hepatic blood vessels was observed
(Figure 3b). However, followed by trespass from sinu-
soids, substantial endocytic accumulation of FITC-
MSN-3X nanoparticles within hepatocytes in parench-
ymawas observed 30min following their injection (see
Supporting Information movie S2), possibly due to
apolipoprotein E and IgA binding-enhanced uptake.
In Figure 3a,b, the imaging regions are the same at 30 s
and 10 min, respectively. By contrast, the different
regions of imaging shown at 30 min were selected to

illustrate that the MSN sub-hepatic distributions
are consistent in regions other than the originally
selective ones.
We postulated that the aggregation of negatively

charged FITC-MSNs in hepatic blood vessels arose first
from the binding of serum proteins19 to the nanopar-
ticles, followed by their opsonin-mediated uptake by
macrophages lining the walls of the sinusoids. In
previous reports, Gessner et al. demonstrated that
negatively charged polystyrene nanoparticles (PS) of
100 nm in diameter absorb about twice as much
protein as positively charged PS.65 Additionally, they
used 2D protein gel electrophoresis to indicate that the
IgG immunoglobulins are the major protein group
found on the surface of these particles.65 Recently,
Lunov et al. reported that macrophages internalized 4
times more negatively charged PS than THP-1 mono-
cytic cells when analyzed in serum-containing
medium.66 In addition, the intravenously applied
negatively charged PS were found predominantly accu-
mulating in the chicken liver, where macrophages of the
RES reside.66

To test this hypothesis, we labeled Kupffer cells
in situ with PE-labeled F4/80 antibodies as shown in
Figure 4 (red color). Two hours after in situ Kupffer cell
staining, FITC-MSN nanoparticles were intravenously
injected via the jugular vein and multiphoton imaging
commenced. As expected, and shown in Figure 4,
negatively charged fluorescent nanoparticles coloca-
lizedwith the labeled Kupffer cells in a time-dependent
manner. First, significant accumulations of the fluores-
centMSNswere observed in Kupffer cells within 60min
of their injection. Two hours following their injection,
the concentrations of FITC-MSNs within Kupffer cells
continued to grow (Figure 5a�d). No Kupffer cell
uptake of positively charged MSNs, either FITC-MSN-
1X or FITC-MSN-3X, was observed. Sequestering of
positively charged MSNs by hepatocytes and nega-
tively chargedMSNs by Kupffer cells was confirmed via
TEM of excised tissues (Figure 6).

Figure 5. Hepatic images of FITC-MSN with negative sur-
face charge 2 h postinjection. (a�d) Kupffer cells reveal
significant capture of FITC-MSNs (yellow arrows indicate co-
registration of FITC-MSNswith Kupffer cells. Red: PE-labeled
F4/80 antibody stainingof Kupffer cells. Green:fluorescence
of FITC-MSNs. Blue: hepatocyte nuclei labeledwith Hoechst
33342 (scale bars: 50 μm).

Figure 6. TEM images of sub-hepatic distribution of MSNs with positive and negative net surface charge. (a) Typical TEM
image of hepatocyte with white arrow showing the late endosome/lysosome-encapsulated MSNs of net positive surface
charge. (b) TEM image of Kupffer cell that resides on the endothelium of the sinusoid. White arrow indicates the Kupffer cell
bearing MSNs of net negative surface charge.
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CONCLUSION

In this work, we reported the first application of
intravital multiphoton fluorescence microscopy to dy-
namically track the hepatic metabolism of nanoparti-
cles with subcellular resolution in real time. Compared
to conventional confocal fluorescence microscopy, the
longer excitation wavelength used in multiphoton
imaging results in reduced photodamage andprolonged
observation. These advantages are invaluable for the real-
time imaging of nanoplatform deposition in vivo. In this
study, we elected to usemesoporous silica nanoparticles
as the prototypical nanoplatform due to its growing
employment in drug delivery, the robustness and photo-
stability of the imbedded fluorophore, and the ease with
which their surface charge can be modified. Intravital
real-time imaging of fluorescently labeled MSNs in mice
demonstrated significant hepatocyte uptake of positively
charged, but not negatively charged, moieties. This ob-
servation was confirmed by TEM of excised tissues and

in vitro by confocal microscopy following nanoparticle
incubation with human hepatocytes. Conversely, in vivo

imaging of negatively charged, but not positively charged,
MSNs revealed an overwhelming propensity for the for-
mer's rapid uptake by Kupffer cells in liver sinusoids, a
finding also consistent with TEM of excised tissues and
in vitroby confocalmicroscopy followingnanoparticle incu-
bation with human Kupffer cells. However, unlike the
uptake of positively charged MSNs by hepatocytes, which
have the potential for host clearance via hepatobiliary
excretion, negatively charged MSNs' accumulation in
Kupffer cells portends significant hepatoxicity. Since the
only prerequisite for these studies was that nanoparticles
be fluorescently labeled andnot of a specific composition/
structure, the techniques we present can readily be
extended to a wide variety of nanoparticles with different
surface modifications (e.g., shape, charge, hydrophobicity,
PEGylation) in the preclinical assessment and tailoring of
their hepatotoxicities and clearances.

MATERIALS AND METHODS
Materials. Tetraethoxysilane (TEOS), cetyltrimethylammo-

nium bromide (CTAB), ethanol, ammonium hydroxide (30%),
N,N-dimethylformamide (DMF), and 3-aminopropyltrimethoxy-
silane (APTMS) were purchased from Acros. Fluorescein iso-
thiocyanate (FITC), rhodamine B isothiocyanate/dextran 70000,
and Hoechst 33342 were obtained from Sigma Chemical Co.
Mouse F4/80 labeled with phycoerythrin (PE-labeled F4/80
antibodies) was purchased from BioLegend.

Synthesis of FITC-MSN Samples. The FITC-conjugated APTMS
was synthesized by stirring FITC (2 mg) with APTMS/EtOH
solution (0.1M in10mLof ethanol) indarkness for 24h. Separately,
CTAB (0.58 g) was dissolved in NH4OH (0.51 M, 300 mL) at 40 �C
and then added to a dilute solution of TEOS (0.2 M in 5.0 mL of
ethanol), followed by vigorous stirring for 5 h. The above FITC-
APTMS solution (5.0 mL) and TEOS (1.0 M in 5.0 mL of ethanol)
were then mixed together with vigorous stirring for another 1 h.
The resulting solution was then aged at 40 �C for 24 h. Solid
samples were collected via centrifuging at 12 000 rpm for 20 min,
washing, and redispersing the precipitate with deionized water
and ethanol several times. To modify different amounts of amino
groups on the surfaces of MSNs, we dispersed 200 mg of FITC-
MSNs (before extraction) in toluene and added 20 and 60 μL of
APTMS (1 mL, 95%) with vigorous stirring to yield FITC-MSN-1X
and FITC-MSN-3X, respectively. The mixture solution was then
aged at 60 �C for 24 h. Solid samples were collected via centrifu-
ging at 12000 rpm for 20 min, washing, and redispersing the
precipitate with deionized water and ethanol several times.
Surfactant templateswere removedby extraction in acidic ethanol
warmed to 65 �C (1 g of HCl in 50 mL of ethanol) over 24 h.

MSN Characterization. The morphology of MSN samples was
characterized via TEM (Hitachi, H-7650), operating at an accel-
eration voltage of 80 kV. Surface areas and pore sizes were
determined by N2 adsorption�desorption isotherm measure-
ments at 77 K on a Micrometric ASAP 2010. Samples were
outgassed at 10�3 Torr and 120 �C for approximately 6 h prior to
conduct adsorption experiments. Pore size distribution curves
were obtained from analysis of the desorption portion of the
isotherms using the BJH (Barrett�Joyner�Halenda) method.
Flow cytometry was performed using FACS Calibur flow cyt-
ometer (BD Bioscience). A Malvern ZetaSizer Nano was used to
measure the zeta-potential, polydispersity, and hydrodynamic
diameter of MSN samples in solution at pH 7.4. Zeta-potential

distributions were obtained by averaging 10 measurements.
The samples were prepared at a concentration of 2 mg in 1 mL
of ddH2O. The pH values were adjusted by the addition of HCl or
NaOH (0.02 M). Before each measurement, each sample was
sonicated for 1 min to preclude aggregation.

Cellular Uptake of MSNs. For determination of cellular uptake of
FITC-MSNs with positive/negative surface charges, 1 � 106

HepG2 hepatoma cells were plated on 10 cm dishes and
incubated for 24 h at 37 �C and 5% CO2. Cells were then
exposed to 50 μg mL�1 of either FITC-MSN, FITC-MSN-1X, and
FITC-MSN-3X in 10% FBS serum medium and incubated for
various times of 0.5, 1.0, and 2.0 h at 37 �C. All treated cells were
then washed twice with PBS, trypsinized, and analyzed by flow
cytometry. For confocal imaging, 2 � 104 HepG2 cells were
cultured in 35 mm μ-Dish (Ibidi, Munich) for 1 day followed by
exposure to 50 μg mL�1 of either FITC-MSN, FITC-MSN-1X, or
FITC-MSN-3X in 10% FBS serum medium for 1 and 2 h at 37 �C.
Cells were then washed twice and stained with Hoechst 33342
dye (excitation 350 nm, emission 460 nm) to label cell nuclei for
confocal fluorescence microscopy.

Animal Experimental Procedures. C57BL/6mice beyond 5weeks
of age were obtained from Laboratory Animal Center, National
Taiwan University College of Medicine. The mice were anesthe-
tized by intraperitoneal injection of 2�2�2 tribromoethanol (0.35
mg/g body weight) and installed with a hepatic imaging window
on the upper abdomen as previously described.1 They recovered
awaiting imaging experiments the next day. This liver surface area
served for image acquisition through multiphoton microscopy.

Multiphoton Microscopy. The settings of the multiphoton
microscope were as previously described.64 A titanium:sapphire
laser with 780 nm output (Tsunami, Spectra-Physics, Mountain
View, CA) pumped by a diode-pumped solid-state laser
(Millennia X, Spectra-Physics) was used for excitation. The laser
beam was scanned by an x�y mirror scanning system (model
6220, Cambridge Technology, Lexington, MA) and guided to-
ward the modified inverted microscope (TE 2000, Nikon, Tokyo,
Japan). Then the laser beam was focused via an objective
(SFluor 40�, NA 1.3, Nikon) into the sample in vivo. Finally, the
emission was collected in the epi-illuminated or backscattering
geometry and then separated into four simultaneous detection
channels by serial dichroic mirrors (435DCXR, 495DCXR,
555DCLP, Chroma Technology, Rockingham, VT) and additional
band-pass filters (HQ390/20, HQ460/50, HQ525/50, HQ590/80,
Chroma Technology). For nanoparticle injection, an indwelling
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catheter (PE-10) was inserted into the right jugular vein and the
body stretched out from the posterior neck right before ima-
ging experiments. After the mouse was fixed on the stage,
rhodamine B isothiocyanate/dextran 70000 (10 mg/mouse)
was injected intravenously for labeling vessels and the cell
nuclei were marked with Hoechst 33342 (50 μL of 5 mg/mL).
The labeling would persist for longer than 5 h (personal
observations), and thus the vascular patterns were always used
as landmarks. Time-lapsed multiphoton imaging commenced
2 min after FITC-MSNs were intravenously injected at a con-
centration of 16 mg/kg of normal saline through the jugular
vein. The depth of the imaging area is ∼30 μm under the liver
capsule. Fluorescence images were acquired on the fixed
microscopic areas serially at 4 s intervals. Zero time was almost
prior to FITC-MSN injection. The fluorescence signals at
∼420�470, ∼500�550, and ∼550�630 nm were recorded.
They were then pseudocolored into blue, green, and red,
respectively. Image J software (National Institute of Health,
Bethesda, MD) and MetaMorph (Universal Imaging, Downing-
town, PA) were used for image processing. To confirm the
Kuppfer cell uptake, we labeled Kupffer cells in situ with PE-
labeled F4/80 antibodies (10 μL of 0.2mg/mL, red color) and the
hepatic cell nuclei were marked with Hoechst 33342. Two hours
after in situ Kupffer cell staining, FITC-MSN nanoparticles were
intravenously injected via the jugular vein and multiphoton
imaging commenced. The procedures of animal experiments
were approved by the Institutional Animal Care and Use
Committee, National Taiwan University College of Medicine.

TEM Imaging of Liver Tissues. Sequestering of positively
charged MSNs by hepatocytes and negatively charged MSNs by
Kupffer cells was confirmed via TEM of excised tissues 2 h
postinjection. For electron microscopy, tissue specimens were
fixed overnight in glutaraldehyde buffered (2.5%) with phosphate
buffered saline (PBS; 0.1 M, pH 7.4). Tissues were then washed
three times in PBS and postfixed for 1 h in a solution containing
OsO4 buffered (2%) with PBS. Next, tissues were washed three
times in dH2O and dehydrated stepwise in EtOH. Tissues were
polymerized using Spurr resin at 68 �C for 15 h. The embedded
specimens were subsequently thin-sectioned into 70 nm slices
and viewed on a Hitachi H-7650 TEM, operating at 80 kV.
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