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Abstract

Nanoparticle-assisted drug delivery has been emerging as an active research area in recent years.
The in vivo biodistribution of nanoparticle and its following mechanisms of biodegradation and/or
excretion determine the feasibility and applicability of such a nano-delivery platform in the practical
clinical translation. In this work we report the synthesis of the highly positive charge, near-infrared
fluorescent mesoporous silica nanoparticles (MSNs) that demonstrate rapid hepatobiliary excretion,
for use as traceable drug delivery platforms of high capacity. MSNs were incorporated with near-
infrared fluorescent dye indocyanine green (ICG) via covalent or ionic bonding, to derive comparable
constructs of significantly different net surface charge. In vivo fluorescence imaging and subsequent
inductively coupled plasma-mass spectroscopy of harvested tissues, urine, and feces revealed
markedly different uptake and elimination behaviors between the two conjugations; with more highly
charged moieties (+34.4 mV at pH 7.4) being quickly excreted from the liver into the gastrointestinal
tract, while less charged moieties (-17.6 mV at pH 7.4) remained sequestered within the liver. Taken
together, these findings suggest that charge-dependent adsorption of serum proteins greatly facilitates
the hepatobiliary excretion of silica nanoparticles, and that nanoparticle residence time in vivo can
be regulated by manipulation of surface charge.
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1. Introduction

Nanoparticle-assisted drug delivery has been emerging as an active research area in recent
years. The in vivo biodistribution of nanoparticle and its following mechanisms of
biodegradation and/or excretion determine the feasibility and applicability of such a nano-
delivery platform in the practical clinic. It is known that most nanoparticles tend to exhibit high
uptake in the reticuloendothelial system (RES) of liver and spleen upon intravenous
administration and are not rapidly degraded or excreted. The targeted delivery of nanoparticles
by surface functionalization of bioactive molecules can enhance their accumulation in diseased
organs and cells, or mitigate the uptake by the RES.[1,2] Specific targeting of nanoparticles to
tumors has been accomplished in various systems, nevertheless, with the modest efficiency of
delivery in general.[3-6] In other words, there is a high-weighted percentage of administered
nanoparticles will accumulate in tissues/organs other than the targeted tumor. If such
substantial amount of nanoparticles reside in the tissues/organs cannot undergo further
biodegradation or excretion, it may cause unwanted cytotoxicity and other side-effects.[7-13]
Thus, to define the characteristics of synthetic nanoparticles that govern their biodegradation
and/or excretion in vivo would be the prerequisite for them to be applied as the drug delivery
systems in clinical therapeutics.

To best minimize toxicity and/or collateral effects, a hanoparticle should either be degraded
in situ into truly non-cytotoxic subcomponents or be excreted from the body, once it has served
its diagnostic/therapeutic purpose. Numerous studies have been reported on the
biocompatibility of nanoparticles and, to a lesser degree, their degradation by-products.[7,
9-11,14-20] There are two primary routes of clearance/excretion of nanoparticles. One is the
renal filtration with excretion into the urine; and the other is hepatobiliary (HB) processing
with excretion into the bile. Clearance of nanoparticles is determined primarily by size and
charge. Nanoparticles that carry significant surface charge tend to adsorb serum proteins that
can affect their biodistribution, elicit immune response, and indiscriminately destabilize cell
membranes and proteins. Nanoparticle size, however, most strongly correlates with clearance
dynamics — with particles 3 nm in diameter and smaller extravasating tissues nonspecifically,
those 3-8 nm in diameter undergoing renal clearance, those 30-80 nm in diameter being
sequestered in lung and leaky vasculature (e.g., tumor and inflamed tissue, via the enhanced
permeation and retention effect), and particles larger than 80 nm becoming trapped by liver
and spleen.[14] Dendrimers and polymers less than 8 nm in diameter primarily undergo renal
clearance.[15] Large biodegradable nanoparticles have been designed to undergo renal
clearance after processing via intracellular catabolism, which results in smaller, filterable
subparticles. Clearance of quantum dots (QDs) is dependent on nanoparticle size and charge.
QDs with diameters less than approximately 5.5 nm and zwitterionic coatings demonstrate
rapid renal clearance.[16] Clearance of carbon-base nanoparticles varies depending on shape,
chemical composition and size. Liu et al. reported the near-complete clearance of single-walled
carbon nanotubes (SWNTSs) functionalized with polyethylene-glycol (PEG) from mice via the
HB and renal pathways in approximately 2 months.[15] Liposome-based nanoparticles
primarily undergo HB clearance. Additionally, owing to extensive serum protein opsonization,
liposome nanoparticles demonstrate significant RES uptake and retention.[21,22] The
PEGylated gold nanospheres, with long blood circulation times (~30 h), have demonstrated a
propensity to accumulate in the liver and spleen of mice as long as 7 days after their injection,
leading to acute hepatic inflammation and apoptosis.[17] Silica is a promising material for the
development of nanoparticles possessing good biocompatibility. However, only few clearance
studies for silica-based nanoparticles are currently available. Kumar et al. in recent work using
multimodal organically modified silica (ORMOSIL) nanoparticles manifest the in vivo
biodistribution and clearance of 20-25 nm silica nanoparticles.[18] The clearance studies
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suggest an initial uptake of the ORMOSIL nanoparticles by the RES system, followed by their
gradual degradation and excretion via the HB mechanism over a period of 15 days.

Albeit nanoparticles with diameter larger than 80 nm tend to be trapped in liver and spleen,
they possess larger payload capacity for use as drug delivery systems. To explore the factors
that govern the RES escape and subsequent HB excretion of nanoparticles larger than 80 nm,
in this work we report on the synthesis of highly positive surface charge mesoporous silca
nanoparticles (MSNs) that we have covalently labeled with a near-infrared fluorescent dye, for
use as in vivo contrast agents. As described below, these fluorescent MSNs demonstrate not
only relatively rapid uptake by the liver, but relatively rapid hepatobilliary excretion into the
intestinal tract as well (less than 30 min; Fig. 1.); to the best of our knowledge, the first surface
charge manipulated rapid hepatobiliary excretion of silica nanoparticles larger than 80 nm to
be reported. Previous in vivo imaging studies by our group, with the same fluorescent dye
ionically conjugated to the same nanoparticle, reveal markedly different uptake and elimination
patterns.[19] Differences in the uptake and excretion of covalently-labeled MSNs from that of
ionically-labeled MSNs are thus attributed to differences in surface charge.

For these investigations we elected to use MCM-41 mesoporous silica. With its intrinsically
large surface area (~1000 m2/g), large pore volume (~1.0 cm3/g), inherent chemical stability,
and highly-ordered hexagonal pore structure and adjustable pore size (1.5-30 nm), MCM-41
mesoporous silica has found application in a variety of settings that include catalysis,[20-22]
separation,[23] drug delivery,[24-28] and controlled drug release[29]. Earlier studies have
shown it to be remarkably non-cytotoxic and especially well suited to the efficient and
protective transport of lipid-insoluble molecules across cell/organelle membranes.[30-32] We
recently exploited these attributes of MCM-41 to synthesize extraordinarily bright, near-
infrared, contrast agents that retained over 95% of their available ligand binding sites for
subsequent drug conjugation and biological targeting.[26] Near-infrared fluorophores were
used for these studies as, at wavelengths between 650nm and 900nm, both mammalian tissue
and MSN exhibit only modest absorption of photons; thereby enabling greater photon
penetration. In our previously reported work,[26] by ionically tiling the enormous surface areas
of trimethylammonium-incorporated MSNs (MSN-TA) with the dye ICG, we achieved
fluorophore loadings nearly 3 orders of magnitude greater than possible for aqueous
suspensions, due to the MSNs' steric inhibition of fluorophore aggregation and self-quenching,
as well as it shielding of ICG from metabolic reduction and photo/thermal degradation. In
vivo optical imaging of the MSN-TA-ICG biodistribution in mouse and rat demonstrated rapid
(minutes) and significant uptake of MSNs by liver; a finding confirmed ex vivo by inductively
couple plasma-mass spectroscopy (ICP-MS) of silicon content, with liver accounting for
slightly more than 35% of silicon uptake 6 hours post-injection — 4 times higher than the next
highest-retention organ, the kidney. TEM imaging of frozen tissue cross-sections, 3 hours post-
injection, showed the sequestered MSNs to be largely concentrated within the intracellular
vesicles of Kupffer cells. In the current study we sought to determine what role, if any, an
MSN's surface charge played in its biodistribution, clearance from circulation, and excretion
via comparing MSNs with surfaces modified for covalently-conjugated fluorophores to those
with surfaces modified for ionically-conjugated fluorphores.

2. Materials and methods

2.1. Materials

Tetraethoxysilane (TEOS), cetyltrimethylammonium bromide (CTAB), methanol, ammonium
hydroxide (30%), and 3-Aminopropyltrimethoxysilane (APTS) were purchased from Acros
Organics. N-trimethoxysilylpropyl-N,N,N-trimethylammonium chloride (50%, in methanol),
indocyanine green (ICG), and pyridine were obtained from Sigma-Aldrich Chemical Co. Cy5.5
NHS ester was secured from GE Healthcare Life Sciences. Ringer's solution, with an ionic
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strength comparable to that of human plasma (NaCl: 8.60 mg, KCI: 0.3 mg, CaCl,: 0.33 mg,
for every 1 ml of H,0), was purchased from Henry Schein Inc.

2.2 Preparation of MSN-NH, samples

CTAB (0.58 g) was dissolved in NH4OH (0.51 M, 300 ml) at 40°C, to which dilute TEOS (0.2
M in 5.0 ml of ethanol) was added. After vigorous stirring for 5 h, APTS (5.0 ml) and TEOS
(1.0 M in 5.0 ml of ethanol) were added, with vigorous stirring for another 1 h. The resulting
solution was then aged at 40°C for 24 h. Samples were collected by repeated centrifuging for
20 minat 12,000 rpm, washing, and redispersing in deionized water and ethanol. Solid products
were then isolated by centrifuge. Surfactant templates were removed by extraction in acidic
ethanol (~ 1.0 g of HCI in 50 ml of ethanol at 65 °C for 24 h).

2.3 Preparation of MSN-NH»-ICG samples

Covalent conjugation of the near-infrared fluorophore ICG within the MSN's silica framework,
to derive MSN- NH,-1CG, was as follows. First, an ICG stock solution was prepared by mixing
ICG (1 mg) in methanol (1 ml). The ICG stock solution was then further diluted in methanol
to a concentration of ICG (12 ug) in methanol (1 ml). To this diluted ICG-methanol solution
(12 ug/ml) was added pyridine and a non-extracted MSN-NH, sample (15 mg). The resulting
mixture was then stirred at room temperature for 2 h. MSN-NH,-1CG complex was next washed
with methanol and Ringer's solution, and centrifuged for 20 min at 12000 rpm, twice. The
amount of ICG loading in individual MSN-NH, samples was determined by measuring the
decrease in optical absorption of the residual solution at 680 nm, with concentration-dependent
calibrations having been made beforehand. Leaching experiments were carried out by
suspending MSN-NH»-ICG (5 mg) in 5 ml Ringer's solution, HCI (20 mM) and NaOH (20
mM) solution for 30 min, followed by centrifuging for 20 min at 12000 rpm.

2.4 Preparation of MSN-NH»-Cy5.5 samples

Covalent conjugation of the near-infrared fluorophore Cy5.5 within the MSN's silica
framework, to derive MSN- NH,-Cy5.5, was as follows. First, a Cy5.5-NHS ester stock
solution was prepared by mixing Cy5.5-NHS ester powder (2 mg) in DMSO (1 ml). Next 200
ml of the DMSO/Cy5.5 stock solution was added to a non-extracted MSN-NH, sample (15
mg), and the mixture further diluted in 50 ml DMSO. After stirring at room temperature for 2
h, the MSN-NH,-Cy5.5 complex was washed with DMSO and Ringer's solution twice,
followed by centrifuging for 20 min at 12000 rpm. The amount of Cy5.5 loading in individual
MSN-NH, samples was determined by measuring the decrease in optical absorption of the
residual solution at 645 nm.

2.5 Nanoparticle Characterization

The zeta potentials of pure-form MSN, MSN-NH,, MSN-NH,-1CG, and MSN-NH,-Cy5.5
samples were measured via titration in a Malvern Zetasizer 3000 HS. Zeta potential
distributions were obtained by averaging ten measurements. The samples were prepared at
concentration of 2 mg in 1 ml of ddH,0. pH values were adjusted by the addition of HCI or
NaOH (0.02 M). Before each measurement, each sample was sonicated for 1 min to preclude
aggregation. The morphology of MSN samples were determinied via TEM (Hitachi, H-7650
operating at an acceleration voltage of 80 kV). Surface areas and pore sizes were determined
by N, adsorption-desorption isotherms obtained at 77 °K on a Micrometric ASAP 2010
apparatus. Samples were outgassed at 10~ Torr and 120 °C for approximately 6 h prior to
adsorption studies. Pore size distribution curves were obtained from the analysis of the
desorption portion of the isotherms, using the BJH (Barrett-Joyner-Halenda) method.
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2.6 TEM Imaging of Liver Tissues

For electron microscopy, tissue specimens were fixed overnight in glutaraldehyde buffered
(2.5%) with phosphate buffered saline (PBS; 0.1M, pH 7.4). Tissues were then washed 3 times
in PBS and post-fixed for 1 h in a solution containing OsO,4 buffered (2%) with PBS. Next
tissues were washed 3 times in dH,0, 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 80kV.

2.7 In Vivo Optical Imaging

In vivo fluorescent imaging was carried out on a commercial Xenogen/Caliper I1VIS-200 In
Vivo Imaging System (with isoflurane anesthesia) as well as on a home-made in vivo optical
imaging system (with urethane anesthesia). For the latter, light from a 200 W Hamamatsu
xenon lamp was passed through fluorophore-dependent bandpass interference filters (Model
545AF75, Omega Optical), to induce ICG or Cy5.5 fluorescence. The imaging sensor was a
charge-coupled device (CCD) camera (DW436, Andor Technology), thermoelectrically cooled
to -90°C. Bandpass interference filters (FF495 Ex 02-25, Smerok, USA) were placed over a
50mm /1.2 lens (Nikon), to pass fluorescent but block excitation light. Animal body
temperatures were maintained at 37°C via a heating pad. Prior to imaging, male nude mice
(~20 g, 6-8 weeks old) or Male Sprague Dawley rats (weight ca. 250 g) were either fasted for
12 h or placed on Teklad 2916 diets for 5 days, to minimize rodent chow autofluorescence
within the Gl-tract, and anesthetized with either isoflurane (2% in O5) or urethane (1.5 g/kg)
i.p. injection. MSN-NH»-ICG and MSN-NH,-Cy5.5, at a dosage of 16 mg/kg, was injected
i.v. via the tail-vein of animals. Animals were sacrificed by either CO, overdose or cervical
dislocation, approximately 3 h after whole-body imaging. Major organs were then immediately
harvested intact, imaged for fluorescence using the in vivo imaging system, and frozen at -80
°C to await silicon distribution studies.

2.8 Mass Spectroscopy of Tissues and Excrement

Silicon in various organs was measured using ICP-AES (Jarrell-Ash, ICAP 9000). Sample
preparation for ICP-AES was by dissolution of each organ in HNO3 (1 ml), HCI (3 ml), and
HF (1 ml). Tissue solutions were then diluted in dH,O (100 ml) and heated at 120°C for 2 days.
Data presented in this work were obtained from averaging three control animals (Ringer's-only
injection) and four experimental animals (MSN-NH»-ICG or MSN-NH,-Cy5.5).

3. Results and discussion

3.1 Synthesis and Characterization of MSN-NH»-ICG

As illustrated in Fig. 2, secondary amine labeling of MSN were prepared via the sol-gel
processes we previously used (see Methods), but without co-condensation of TA-silane with
tetraethoxysilane (TEOS), since the positively charge TA groups were no longer needed for
fluorophore conjugation.[26] TEM imaging of MSN-NH, samples (Fig. 3a) showed hexagonal
shape and uniform size, with a mean particle diameter of 50-100 nm.

Nitrogen adsorption-desorption isotherms and pore size distribution of MSN-NH, (Fig. 3b)
revealed high surface area (432 m2/gm), uniform pore diameter (2.3 nm), and large accessible
pore volume (0.38 cm3/gm). Adsorption of ICG or Cy5.5 within the hexagonal nanochannels
of the resulting MSN-NH, was performed in methanol solutions, to preclude fluorophore
aggregation at high loading densities. Measurements were also made of the fluorescence
spectra of MSN-NH,-1CG (Fig. 3c) in a physiological buffer (Ringers solution) of neutral pH,
20 mM HCI and 20 mM NaOH - to validate the adsorption of ICG and Cy5.5 onto the MSN
and the stability of its fluorescence over a wide range of pH. Spectra of MSN-NH»-ICG in HCI
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and Ringers solution showed similar high levels of fluorescence, but with emission maxima
blue-shifted (relative to free ICG in H,O) from 830 nm to 785 nm, while stronger fluorescence
was observed for MSN-NH,-1CG in NaOH, with maximal emission less blue-shifted at 805
nm. Centrifuging these samples and examining their respective supernatants revealed
significant leaching of ICG from MSN-NH,-ICG in NaOH (Fig. 3d); likely the result of the
strong electrostatic repulsion between the negative charge of the sulfonic groups and the un-
modified surface of silanol groups. Very little ICG was found to leach from the MSN-NH,-
ICG in neutral or acidic pH aqueous solutions (Fig. 3d).

3.2 Surface Charge Verification of Various MSN Samples

To better assure that surface charge alone and not fluorophore chemistry was responsible for
differences in nanoparticle biodistribution and excretion, two different near-infrared probes
were used for in vivo tracking: ICG, to enable direct comparison with our previous ionically-
conjugated MSN-TA-ICG studies, and Cy5.5. Zeta-potential measurements of MSN-NH,,
MSN-NH,-ICG, and MSN-NH,-Cy5.5 were made by automated titration in aqueous solutions
with pHs ranging from 2 to 10 (Fig. 3e). MSN loadings of Cy5.5 were adjusted so that MSN-
NH,-Cy5.5 and MSN-NH,-1CG had similar zeta surface potentials at pH 7.4 (+36.7 mV vs.
+34.4 mV, respectively). In aqueous solutions of acidic to neutral pH, the abundant surface
silanol groups (Si-OH) of MSNs that had not been linked to amines became highly protonated.
Since the amino-silanol groups themselves also possessed net positive charge, the amine-
functionalized MSNs (MSN-NH,) demonstrated very positive zeta surface potentials over a
wide range of pH, with little likelihood of nanoparticle aggregation or flocculation. Covalent
conjugation of near-infrared fluorophores to the amino groups of MSN-NH,, only slightly
reduced the MSN's zeta surface potential between pH 2 and pH 8 — from +48.5 mV at pH 3 to
+44.6 mV at pH 7.4 for MSN-NH,, from +34.5 mV at pH 3 to +34.4 mV at pH 7.4 for MSN-
NH,-ICG, and from +42.0 mV at pH 3to +36.7 mV at pH 7.4 for MSN-NH,-Cy5.5 — reflecting
the relatively low percentage of amines covalently bonded to fluorescent molecules and the
delocalized positive charge of Cy 5.5's chromaphore. Previous studies with the same MSNs
but functionalized with TA groups for ionic bonding of ICG (MSN-TA), demonstrated zeta
surface potentials of -9.1 mV and +35.7 mV for at pH of 7.4 and 3.0 respectively, and of -17.6
mV and +35.3 mV for MSN-TA-ICG at pH of 7.4 and 3.0 respectively.[26] The much greater
variation of zeta surface potential with pH of MSN-TA-ICG samples, from -17.6 mV to +35.5
mV in going from pH 7.4 to pH 3.0, is thought to reflect the increasing protonation of the
surface silanol groups (not bonded to ICG) as well as protonation of one of ICG's two negative
sulfate groups; leaving one negative sulfate group and one positive pyrrolium group per ICG,
for a net molecular charge near zero that did not contribute to the MSN's net surface charge.
In contrast, MSN-NH,-ICG exhibited very little (< 2.0 mV) variation in zeta surface charge
between pH 7.4 and pH 3.0.

3.3 Surface Charge-Mediated Rapid Hepatobiliary Excretion of MSNs

In vivo biodistribution imaging studies of MSNs were conducted on groups of 6 to 8 week-old
male nude mice that had either been fasted for 12 h before imaging, or had been placed on a
low autofluorescence rodent chow diets for at least 5 days prior to imaging. Mice, including
positive and negative controls, were anesthetized with either gaseous isoflurane or injectable
urethane, placed onto 37 °C heated stages, and imaged continuously for fluorescence every 5
min for 4 h immediately following tail-vein bolus injections of 12, 24, or 30 mg/kg of MSN-
NH,-ICG or MSN-NH,-Cy5.5 dissolved in 150 pL of sterile Ringers solution. At the end of
the first day's imaging session (0 days post-injection; 0 DPI), one mouse was sacrificed by
cervical dislocation and its organs (heart, lungs, liver, spleen, kidneys, stomach, large and small
intestines, pancreas, bladder, and testicles) harvested for ex vivo fluorescence imaging in the
same in vivo imaging system, to correlate anatomy and further quantify photon flux
measurements. All remaining animals were survived in metabolic cages — to enable daily

Biomaterials. Author manuscript; available in PMC 2011 July 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Souris et al.

Page 7

collection of urine and feces — and imaged in vivo and ex vivo on 1, 2, and 5 DPI, including
each animal's urine and feces. Harvested organs, once imaged ex vivo, were individually frozen
intact (unfixed) at -80 °C along with that animal’s collected urine and feces, to await preparation
for ICP-MS of their silica content. Although feces collection had high efficiency, urine
collection did not; with substantial volume losses arising from specimen evaporation on non-
accessible surfaces.

Almost immediately following tail-vein injection, both MSN-NH,-ICG and MSN-NH,-Cy5.5
began to appear within the liver, reflecting the approximately 18% of venous circulation that
shunts to the liver via the portal vein. Ten minutes following the bolus injection of
nanoparticles, nearly all of the MSN-NH,-1CG and MSN-NH,-Cy5.5 had localized to the liver,
while after 60 minutes, a significant percentage of MSNs had already migrated into the
duodenum via the biliary duct (the profile of MSN-NH,-1CG was shown in Fig. 4). Four hours
following their injection, in vivo imaging revealed that the overwhelming majority of MSNs
had concentrated within the jejunum and duodenum, with only modest signal emanating from
the liver. Interestingly, in addition to the nude mice, the similar migration pattern of MSN-
NH,-ICG was also observed in the Male Sprague Dawley rats (weight ca. 250 g) (Fig. 5). It
implicates that the hepatobiliary transport of MSN-NH,-ICG from circulation into GI tract is
particle- rather than animal-dependent.

Ex vivo fluorescence imaging of organs harvested on 0 DPI correlated well with in vivo
fluorescence imaging of the same animal done minutes earlier; with significant accumulation
of MSNs in the duodenum/jejunum, modest amounts remaining in the liver, and a small
background signal in stomach (Fig. 6a and 6b). In vivo and ex vivo imaging of mice and organs
on subsequent DPIs revealed very little if any MSN retention by the liver or lower
gastrointestinal tract. Fluorescence imaging of urine and feces, however, demonstrated most
MSN entering hepatobiliary transport to be excreted in feces within 24 hours of nanoparticle
injection, with no detectable renal excretion whatsoever (Fig. 6¢). Fluorescence imaging of
harvested tissues and excrement of mice injected with MSN-NH,-Cy5.5 revealed no
differences in MSN distribution or elimination from that of mice injected with MSN-NH,-1CG

(Fig. 7).

3.4 Quantification of Silica Excretion Using ICP-MS

To verify the fluorescence observed during optical imaging was indeed that of intact MSN-
NH,-1CG and not simply that of MSN-dissociated ICG, we evaluated harvested tissues and
excrement for their silica content using ICP-MS. ICP-MS measurements showed significant
uptake of silica by the liver and gastrointestinal tract immediately following injection of MSNs
(0 DPI), with rapid elimination from those organs over the next 3 days (Fig. 8b) — consistent
with in vivo and ex vivo fluorescence imaging studies. ICP-MS of feces revealed the silica
content excreted from MSN-NH,-1CG -injected mice to be well above (>60%) that excreted
from mice not given MSN-NH,-ICG (i.e., dietary sources), for each of the 3 days following
nanoparticle administration; with peak excretion (>130% above control) occurring on 2 DPI
(Fig. 8a). No silica was detected in the urine of either control groups or groups receiving MSN-
NH,-ICG; a finding that was consistent with our fluorescence imaging of the same specimens
and distinct from the observation of smaller, renally-excreted silica hanoparticles reported
recently.[33,34] Comparison (Fig. 8c), on 3 DPI, of mice injected with MSNs to control animals
revealed similar concentrations of silica in spleen (90 ppm) and heart (110 ppm), ~35% lower
concentration in lung (140 ppm), ~350% higher concentration in kidney (170 ppm), ~55%
higher concentration in intestines (300 ppm), ~75% higher concentration in feces (1800 ppm),
and a trace in liver (30 ppm). These data suggest MSN excretion was still ongoing after 3 days,
albeit at a far reduced rate, and may reflect the onset of residual MSN biodegradation into
orthosilicic acid (Si(OH),), that is known to permeate numerous mammalian tissues and
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undergo eventual renal excretion.[35] The microscopic observation of MSN excretion in liver
was further, at least in part, evidenced by TEM measurements. TEM images of 70 nm thick
liver-sections harvested from anesthetized mice, 10 min following i.v. injection of 16 mg/kg
MSN-NH,-ICG (Fig. 9a) and 3 days following i.v. injection of 16 mg/kg MSN-NH,-ICG (Fig.
9b), were taken for comparison. Although statistically limited by the small areas sampled,
several MSNs are readily apparent in the cell cytoplasm (white arrows in Fig. 9a) shortly after
probe administration while few could be found in any of the sections made 3 or more days
later, suggesting relatively efficacious excretion from the liver.

To quantitatively compare how the surface charge affects the MSN excretion in vivo, the zeta
surface potentials of various MSN contrast agents, modified from MSN-NH, and MSN-TA
structures, at different pH values vs. their time of clearance onset in vivo are listed in Table 1.
At physiological pH, the MSNs possess more surface charge, such as MSN-NH,-ICG: +34.4
mV, show rapid onset of clearance within 30 min after administration. In contrast, those MSNs
with lower surface charge, such as MSN-TA-ICG: -17.6mV and Mag-FITC@MSNs: -16.8
mV, [36] indicate much longer residence in the body for days to months.

4. Conclusion

We synthesized mesoporous silica nanoparticles onto which we covalently conjugated the near-
infrared fluorophore indocyanine green (MSN-NH,-1CG) — for comparison to our previous in
vitro and in vivo studies of the same fluorophore ionically conjugated to the same nanoparticle
(MSN-TA-ICG). Nitrogen adsorption-desorption isotherms of unconjugated MSN-NH,
demonstrated surface areas roughly 50%, pore sizes roughly 85%, and accessible pore volumes
roughly 29% those of unconjugated MSN-TA. At physiological pH and slightly more acidic
conditions, like those found within endosomes, zeta surface potential measurements of MSN-
NH,-1CG revealed it to have considerably more surface charge than MSN-TA-ICG: +34.4 mV
vs. -17.6 mV, at a pH of 7.4. In vivo fluorescence imaging of mice and ex vivo fluorescence
imaging of their harvested tissues and excrement revealed marked differences in nanoparticle
bioelimination between the 2 formulations; whereas MSN-TA-ICG was previously shown to
possess high uptake and retention in liver, identical but covalently-labeled MSN-NH,-1CG
was found to undergo rapid transport into the gastrointestinal tract and subsequent elimination
via feces. ICP-MS analysis of organs harvested 3 DPI further suggested a possible onset of
nanoparticle biodegradation into orthosilicic acid with potential renal excretion, although this
could not be confirmed by secondary means due to inefficiencies in collecting urine specimens
and insufficient sensitivity of ex vivo fluorescence imaging. While both MSN-TA-ICG and
MSN-NH,-ICG were found to undergo sequestration by the liver, we postulate that the latter's
greater surface charge resulted in it being more highly opsonized by serum proteins and thus
amenable to hepatobiliary excretion into the gastrointestinal tract. As such, judicious tailoring
of the surface charge of MSNs might enable one to control both MSN rates of excretion and
MSN biodistribution — a functionality that could lead their widespread clinical use as targetable
contrast agents and traceable drug delivery platforms.
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Fig. 1.

Tracking of fluorescently labeled MSNs in vivo. Five minutes following their tail-vein
injection, most MSNs appear localized within the left and medial lobes of the liver. After one
hour, significant numbers of MSNs have already begun to undergo hepatobiliary excretion and
have migrated towards/into the biliary duct.
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Sol-gel secondary amine labeling of and fluorophore conjugation to MSN surfaces. Adsorption
of fluorophore within the hexagonal nanochannels of the resulting MSN-NH, was performed
in methanol solutions, to preclude fluorophore aggregation at high loading densities.
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In vitro characterization of MSNs. (a) TEM images of MSN-NH, showing typical hexagonal
structure and 80 nm average particle diameter. (b) Nitrogen adsorption-desorption isotherms
and pore-size distribution of MSN-NH,. Fluorescent spectra (c) of MSN-NH»-ICG in
suspension and (d) of free ICG that leached from MSN-NH,-1CG into the surrounding media,
over a wide range of pH. (e) Zeta potential dependence on pH for various MSN constructs,
with mean values listed for pH 7.4.
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Fig. 4.

Hepatobiliary transport of MSN-NH,-1CG from circulation into Gl tract (left) with control
animal for comparison (right). Within 10 min of injection nearly all of the MSN has been
sequestered by the liver. After 60 min a significant percentage of MSN have already begun to
enter the Gl tract — an observation confirmed by subsequent ex vivo fluorescence imaging and
ICP-MS of harvested tissues.
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Fig. 5.

Hepatobiliary dynamic transport of MSN-NH,-1CG from circulation into Gl tract in an
anesthetized rat following i.v. injection. Within 10 min of injection nearly all of the MSN-
NH.-ICG has been sequestered by the liver. After 30 min a substantial percentage of MSN-
NH,-1CG has already begun to migrate into the Gl tract.
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Ex vivo fluorescence imaging of excrement and organs harvested from mice were shown in
Fig.6.; (a) the control animal and (b) the treated mouse, ~3 h following tail-vein injection of
16 mg/kg MSN-NH,-1CG. While similar levels (i.e., dietary background) are seen in the two
stomachs, significantly more MSN is apparent in the liver and intestine of the nanoparticle-
treated mouse; a finding consistent with the fluorescent imaging of the same two animals' urine
and feces (c).
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Fig. 7.

A representative ex vivo image of the bio-distribution of MSN-NH,-Cy5.5 in an 8 week-old,
20 g mouse, obtained via the in vivo optical imaging system 3 h post nanoparticle injection.
As with MSN-NH,-1CG, most of the Cy5.5 fluorescence signal is seen emanating from the Gl
tract after already having undergone hepatobiliary excretion. To preclude intrinsic food
fluorescence in the Gl tract, each mouse was either fasted for 12 h before an experiment or
maintained on a low autofluorescence rodent chow diet for at least 5 days prior to imaging.
Following ex vivo fluorescence imaging, organs were analyzed for silicon content by ICP-MS.
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ICP-MS of silicon content in harvested organs and excrement of mice following i.v., injection
of 16 mg/kg MSN-NH,-ICG. (a) MSN excretion in feces began immediately, with peak
elimination occurring between 1 and 2 days post nanoparticle injection. (b) Approximately 3
h following nanoparticle administration (0 DPI), large numbers of MSNs appear within both
intestinal wall (feces-free) and liver, while subsequently excreted MSNs (from liver) are largely
confined to feces, as evidenced by the roughly background levels of silicon in the intestines
on 1, 2, and 3 DPI and the feces excretion data of (a). (c) Detailed accounting of silicon on 3
DPI, but with cummaltive accounting of fecal silicon, showing levels of silicon roughly that

of background (diet-derived).

Biomaterials. Author manuscript; available in PMC 2011 July 1.




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

1duosnue\ Joyiny Vd-HIN

Souris et al. Page 20

Fig. 9.

Representative TEM images of 70 nm thick liver-sections harvested from anesthetized mice
(a) 10 min following i.v. injection of 16 mg/kg MSN-NH,-ICG (2 um scale-bar) and (b) 3 days
following i.v. injection of 16 mg/kg MSN-NH,-ICG (500 nm scale-bar). Although statistically
limited by the small areas sampled, several MSNs are readily apparent in the cell cytoplasm
(white arrows, left) shortly after probe administration while few could be found in any of the
sections made 3 or more days later, suggesting relatively efficacious excretion from the liver.
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The zeta surface potentials of MSN samples at different pH values vs. time for in vivo

Souris et al.
clearance onset

Sample name pH3(mV) pH7.4(mV) Clearance onset
MSN-NH, +48.5 +44.6
MSN-NH,-ICG +34.5 +34.4 <30 min
MSN-NH,-Cy5.5 +42.0 +36.7 <30 min
MSN-TA +35.7 9.1
MSN-TA-ICG +355 -17.6 > 3 days [26]
Mag-FITC@MSNs -30.5 -16.8 > 90 days [43]
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