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ABSTRACT: Luminescent porous silicon nanoparticles
(PSiNPs) have been widely used as drug delivery. However,
fast biodegradation and short blood circulation have been
major challenges for their biomedical applications. Herein,
bovine serum albumin was readily encapsulated onto alkyl-
terminated PSiNPs surfaces via hydrophobic interaction, which
could significantly improve their water-dispersibility and long-
term stability under physiological conditions. Furthermore,
compared with PSiNPs alone, PSiNPs coated with bovine
serum albumin remarkably reduced nonspecific cellular uptake
in vitro and prolonged blood circulation in vivo.
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1. INTRODUCTION

Luminescent porous silicon nanoparticles (PSiNPs) exhibited a
considerable potential for cancer treatments in vivo, such as
tumor imaging,' > anti-cancer drug delivery,"*”” photo-
dynamic therapy,® and thermotherapy,”'® which was due to
their versatile physicochemical properties (e.g., strong
fluorescence, biocompatibility, surface tailorability, tunable
porous nanostructure, and the ability to support cell growth).
PSiNPs could also be easily degraded in biological environ-
ments to form nontoxic silicic acid, which 5provided a pathway
for their safe clearance from the body.""'~'> However, in buffer
or culture media, fast biodegradation of PSiNPs spontaneously
resulted in fluorescence quenching, which limited their
application on long-term tumor imaging. For example, if
incubated in phosphate buffered saline solution (PBS, pH 7.4)
at 37 °C, bare PSiNPs lost 67% of their luminescence after 1 h,
and no detectable luminescence remained after 8 h.' After
intravenous injection, a large fraction of bare PSiNPs could be
degraded into smaller nanoparticles (<5.5 nm)." And then like
most foreign nanomaterials in vivo, they were often rapidly
recognized and scavenged from the bloodstream by the cells of
the reticuloendothelial system (RES), which limited circulation
time of PSiNPs in vivo.

Long blood circulation time of PSiNPs as drug carriers was
desired to improve the efficient delivery of the payload to the
target site after intravenous administration. To enhance the
blood circulation time of PSiNPs, various surface coatings of
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PSiNPs had been fabricated to retard their biodegradable rate,
such as, undecenoic acid grafted by hydrosilylation,'>"*~"° silica
coated by sol-gel process," or biopolymer dextran modified by
physisorption.” In our previous work, we found that PSiNPs
modified with 10-undecenoic acid via microwave-induced
hydrosilylation showed excellent fluorescence stability under
physiological conditions.'”'® As another strategy to prolong
blood circulation time, the preparation of “stealth” nano-
particles with surface modification of polyethylene glycol or
zwitterionic polymer, which could dramatically resist protein
adsorption and minimize clearance by the renal system.” ¢ In
addition, surface coating of bovine serum albumin (BSA, an
important blood protein) was also proved to effectively
minimize recognition and internalization by macrophages,
and then evade immune attack in the body.””** Mirkka S. et
al. ever reported that thermally hydrocarbonized PSiNPs were
biofunctionalized with a self-assembled fungal hydrophobin
protein coating via hydrophobic interaction, which efficiently
improved their water-dispersibility and resulted in signiﬁcant
alteration in their accumulation to the liver and spleen.” Except
for this reference, few other reports about similar stealth
PSiNPs had been found. Herein, we presented a general
strategy for encapsulating bovine serum albumin (BSA, an
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Figure 1. (a) Schematic diagram of microwave-assisted synthesis of D-PSiNPs and BSA encapsulation, (b) XPS survey of bare PSiNPs, dodecene
grafting, and BSA encapsulation, (c) the corresponding table of atomic concentrations, and (d) the CCD images of D-PSiNPs dispersed in BSA
solutions with various concentration (50, 100, 200, and 500 y#g/mL) under ambient light (bottom) and 360 nm UV lamp (top).

important blood protein) onto alkyl-terminated PSiNPs via
hydrophobic interaction (shown in Figure 1a), which could
significantly improve their water-dispersibility and long-term
fluorescence stability under physiological conditions. Com-
pared with PSiNPs alone, these BSA-coated PSiNPs remarkably
reduced nonspecific cellular uptake in vitro and prolonged
blood circulation in vivo. These above-mentioned results
demonstrated that as-prepared stealthy PSiNPs as drug carriers
or fluorescence probes would have a great potential on

biomedical applications in vivo.
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2. EXPERIMENTAL SECTION

2.1. Preparation of PSiNPs. The single side polished, (100)
oriented, and p-type silicon wafers (boron doped, 8—10 Q cm
resistivity, purchased from Hefei Kejing Materials Technology Co.
Ltd., China) were boiled in 3:1 (v/v) concentrated H,50,/30% H,O,
for 30 min and then rinsed copiously with Milli-Q water (>18 MQ cm
resistivity). The porous silicon (PSi) samples (1.54 cm?) with about 30
pum thick porous layer were prepared by electrochemically etching in
an ethanolic HF solution (40% HF/ethanol (1:1 v/v)) at 20 mA/cm?*
for 45 min. After the sonication in water to detach the porous layer
and filtration with 0.45 um filtration membrane, PSINPs samples were
prepared for next experiments.

2.2. Synthesis of BSA-Coated PSiNPs. The single-mode heating
microwave system NOVA made by Preekem of Shanghai in China was
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used for the microwave-assisted synthesis of carboxyl-terminated
PSiNPs (UA-PSiNPs) and alkyl-terminated PSiNPs (D-PSiNPs). The
fresh prepared PSi samples were immersed in pure 1-dodecene,
followed by sonication and 40-min microwave heating at 120 °C.
Using 30 min centrifugation at 1.2 X 10° rpm, the samples were
washed by ethanol to obtain D-PSiNPs. After 30 min sonication in 200
ug/mL BSA solution, 24 h dialysis in water (100 000 Da molecular
weight cut-off), and filtration with 0.45 ym filtration membrane, BSA-
coated PSiNPs (BSA/D-PSiNPs) were prepared for next experiments.
The fresh prepared PSi samples were also immersed in pure 10-
undecenoic acid, followed by sonication and microwave irradiation.
After 40-min heating at 120 °C, 24 h dialysis in water (60000 Da
molecular weight cut-off), and filtration with 045 um filtration
membrane, UA-PSiNPs were prepared for next experiments.

2.3. Cell Viability Assays in Vitro. Hela cells (~3 X 10° cell/mL)
were dispersed within 96-well plates to a total volume of 100 yL/well
and maintained at 37 °C in a 5% CO,/95% air incubator for 24 h.
Then the culture media was removed and the cells were incubated in
culture medium containing the as-prepared PSiNPs, UA-PSiNPs, or
BSA/D-PSiNPs with different concentrations for 24 h and washed
with the culture medium. An amount of 100 pL of the new culture
medium containing 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) (10 uL, S mg/mL) was then added, followed by
incubating for 4 h to allow the formation of formazan dye. After
removing the medium, 150 yL DMSO was added to each well to
dissolve the formazan crystals. Absorbance was measured at 570 nm in
a microplate photometer. Cell viability values were determined (at
least three times) according to the following formulae: cell viability
(%) = the absorbance of experimental group/the absorbance of blank
control group X100%.

2.4. Nonsepcific Cellular Uptake Test in Vitro. Hela cells were
plated onto 30-mm cell culture coverslips and incubated with 20 pg/
mL UA-PSiNPs (or BSA/D-PSiNPs) for 24 h. The attached
nanoparticles were washed three times with PBS solution (pH 7.4),
and cells samples were monitored using laser scanning confocal
microscopy (LSCM) (Leica TCS SPS, Germany) with the excitation
at 405 nm. For transmission electron microscopy (TEM) analysis of
cell sections, the cells were seeded on a 6-well plate at a certain density
(~5 X 10° cell/mL) and cultured for 24 h. Then the cells were
incubated with 20 pg/mL UA-PSiNPs (or BSA/D-PSiNPs) for 12 h.
At a determined time, the cells were washed five times with PBS and
trypsinized, centrifuged, and then fixed with 2.5% glutaraldehyde. After
2 h fixation at 4 °C, the samples were washed with PBS solution three
times. Then the samples were fixed with 1% perosmic oxide for 2 h at
4 °C. After being washed in water, the samples were dehydrated in an
alcohol series, embedded, and sliced with thickness from 50 to 70 nm.

2.5. Blood Circulation Test in Vivo. Six week old balb/c mice
were used in our study. PSiNPs, UA-PSiNPs, and BSA/D-PSiNPs (in
200 uL PBS solution) were intravenously injected into the tail vein of
each mouse at a dose of 20 mg/kg body mass. To determine blood
half-lives, we collected the blood (100 uL) from the tail vein at several
different times after injection using heparinized capillary tubes
(Fisher), and then immediately mixed it with 100 yL of 10 mM
EDTA (in PBS) to prevent coagulation. The total silicon
concentration in the blood was measured using inductively coupled
plasma mass spectrometry (ICP-MS).

2.6. Instruments and Methods. UV—vis adsorption spectra were
recorded by a Shimadzu UV-2450 spectrophotometer. PL measure-
ments were performed using a Perkin-Elmer LS55 fluorescence
spectrometer. X-ray photoelectron spectra (XPS) were recorded using
Kratos AXIS Ultra DLD system with a monochromatic Al Ko X-ray
beam (1486.6 €V) at 150 W in a residual vacuum of <4 X 107 Pa.
Analysis of nanoparticles size and surface charge was performed using
Malvern Zetasizer Nano ZS dynamic-light-scattering (DLS) measure-
ments. Scanning electron microscopy (SEM) images were taken by
JEOL JSM-7600F scanning electron microscope with the accelerating
voltage of 15 kV. TEM images were taken by JEOL JEM-2100 UHR
transmission electron microscope with the accelerating voltage of 200
kV. Multiscan MK3 microplate photometer (Thermo Scientific) was
used to monitor the absorbance of Hela cells during MTT assays.

Silicon concentration in blood samples was determined by ICP-MS
(PerkinElmer NexION 300). Elemental analysis (C, H, and N) were
performed on Elemental Vario Micro analyzer (Germany).

3. RESULTS AND DISCUSSION

3.1. Design, Synthesis, and Characterizations of BSA/
D-PSiNPs. Because of high affinities for hydrophobic or
charged surfaces, proteins could be readily adsorbed onto
nanoparticles, and then formed a corona outside nanoparticles,
which would interact with cellular receptors and define the fate
of nanoparticles in a biological environment.*>*' In our
experiments (seen in Figure la), 1-dodecene was grafted
onto the surfaces of PSiNPs by microwave-induced hydro-
silylation to prepare D-PSiNPs with higher hydrophobicity.
And then D-PSiNPs was dispersed in BSA solutions with
different concentration (50, 100, 200, and S00 ug/mL) by
ultrasonication. As seen in Figure 1c, the water-dispersibility of
D-PSiNPs could be improved by increasing BSA concentration.
When BSA concentration reached 200 pg/mL, D-PSiNPs was
almost homogeneously dispersed in solution, and showed a
strong orange red fluorescence under UV irradiation. We
suggested that amphiphilic BSA could be efficiently encapsu-
lated onto D-PSiNPs via hydrophobic interaction, whereas the
large amount of hydrophilic carboxyl or amino groups of
adsorbed BSA could enhance the aqueous solubility of D-
PSiNPs. Microwave-assisted synthesis of D-PSiNPs and
subsequent BSA encapsulation were also stepwise monitored
by XPS. The survey spectra of PSiNPs (1), 1-dodecene grafting
(2) and BSA encapsulation (3) were displayed in Figure 1b.
The signals of C 1s (285 eV), N 1s (400 eV), O 1s (532 eV), Si
2p (103 eV), Si 2s (154 eV), and F 1s (685 eV) were detected,
which was consistent with the incorporation of organic
molecules on PSiNPs. And the corresponding atomic
concentrations of these elements were calculated in Figure
1d. Carbon concentration changed as (1) (6.22%) — (2)
(41.22%) — (3) (37.82%), which indicated that it clearly
increased after grafting 1-dodecene with long alkyl chains.
Nitrogen concentration was also informative in our system
because of its rich content in proteins. It evolved as (1)
(0.00%) — (2) (0.00%) — (3) (6.92%), which exhibited that
N 1s signal was easily detected on (3) because of the rich
nitrogen in BSA. Oxygen concentration increased as (1)
(8.78%) — (2) (17.00%) — (3) (23.88%), because of the
microwave-induced oxidation from (1) to (2) and ultra-
sonication-induced oxidation in water from (2) to (3). The
atomic concentration of silicon and fluorine (residue from HF
etching) gradually decreased during the process of 1-dodecene
attachment and BSA encapsulation. The increasing of thickness
of surface coatings led to a decrease of the depth of silicon and
fluorine detected by X-ray, therefore, the intensity of Si 2s, Si
2p, and F 1s signals would become weaker. The surface
coverage of attached ligands on D-PSiNPs and BSA/D-PSiNPs
was determined by elemental analysis of nitrogen or carbon
(Table S1 in the Supporting Information). According to the
method reported in ref 32, the amount of grafted 1-dodecene
on D-PSiNPs was calculated as 0.82 mmol/g, and the amount
of grafted BSA on BSA/D-PSiNPs was calculated as 0.72 ymol/
g. According to these above-mentioned characterizations, BSA
had been successfully encapsulated onto alkyl-terminated
surfaces of PSiNPs, which efficiently improved their aqueous
solubility.

After excess BSA and large nanoparticles were removed using
dialysis and filtration, the milky white solution of BSA/D-
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Figure 2. (a) UV—vis and PL spectra of BSA/D-PSiNPs, and its corresponding CCD images under ambient light (left) and 360 nm UV lamp (right)
(in the insert), (b) SEM image of BSA/D-PSiNPs, (c) TEM image of BSA/D-PSiNPs, (d) the representative DLS histogram of BSA/D-PSiNPs in
water, and (e) the table of characterizations of BSA/D-PSiNPs and UA-PSiNPs.
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Figure 3. (a) PL intensity with time (hours) of PSiNPs, UA-PSiNPs, and BSA/D-PSiNPs in PBS solution (pH 7.4) at 37 °C, respectively; (b) PL
intensity with time (days) of UA-PSiNPs and BSA/D-PSiNPs in PBS solution (pH 7.4) at 37 °C; (c) PL wavelength with time (days) of UA-PSiNPs
and BSA/D-PSiNPs in PBS solution (pH 7.4) at 37 °C; and (d) PL intensity with pH value of PSiNPs, UA-PSiNPs, and BSA/D-PSiNPs in water at

room temperature, respectively.

PSiNPs with excellent stability could be prepared, which still
retained the distinct orange red luminescence under UV
irradiation (shown in the insert of Figure 2a). SEM and TEM
measurements were utilized to observe the size and
morphology of BSA/D-PSiNPs, and are shown in images b
and c in Figure 2. According to SEM images, we found that the
nanostructures in the range of 10—100 nm were not individual
nanocrystals, but were silicon nanoparticle domains trapped in
larger pieces of the porous silicon structure.”'*'® From TEM

images, BSA layer surrounding PSiNPs (marked by red arrows)
with the depth of 10—20 nm was obviously observed. In d and
e in Figure 2, the mean hydrodynamic size of BSA/D-PSiNPs
measured by DLS was ~210 nm, which was larger than that of
UA-PSiNPs (~82 nm). We suggested that after thin BSA layers
(~20 nm) coated onto PSiNPs, these nanoparticles would be
aggregated to form larger size particles via BSA crosslinking in
the solution. And compared with UA-PSiNPs (-25.1 mV),
BSA/D-PSiNPs held lower zeta potential (—8.6 mV), which
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Figure 4. Typical LSCM images of Hela cells after the uptake of (a) 20 yg/mL UA-PSiNPs and (b) 20 yg/mL BSA/D-PSiNPs (from left to right:
fluorescence channel, bright-field channel, and the overlay). (c) Histogram of intracellular mean fluorescence intensity of UA-PSiNPs and BSA/D-

PSiNPs with varied concentrations at different incubation times.

(b)'

Figure 5. Typical TEM images of Hela cells after the uptake of (a—d) 20 yug/mL BSA/D-PSiNPs, and (e—h) 20 pg/mL UA-PSiNPs (nanoparticles

internalized by cells marked by red arrow or circles).

was in accordance with the surface charge of BSA coating.” In
our previous work, we found that a traditional EDC/NHS
method in alkali reaction conditions (pH >9) for protein
immobilization onto porous silicon surfaces generally resulted
in the heavy degradation of nanostructures.’**> However, this
simple strategy of BSA encapsulation via hydrophobic
interaction could efficiently avoid the biodegradation of
PSiNPs.

Moreover, the optical properties of BSA/D-PSiNPs were
characterized by UV—vis and PL spectra. As seen in Figure 2a,
the normalized UV-PL spectra of BSA/D-PSiNPs indicated that
they possessed good PL properties with clearly resolved
emission peak (4., = 622 nm). Using Rhodamine 101 as a
standard,"'”'® the fluorescence quantum yield of BSA/D-
PSiNPs in ethanol was determined to be ~10.8%. Degradation
of PSiNPs could be monitored by their fluorescence quenching,
thus we recorded PL spectra of BSA/D-PSiNPs under
physiological conditions in Figure 3a—c. Bare PSiNPs and
UA-PSiNPs had been systematically studied in our previous
work."” According to Figure 3a and Figure S1 in the Supporting
Information, the fluorescence of bare PSiNPs in PBS solution
(pH 7.4) at 37 °C was completely quenched after only 2 h. In
contrast, the PL intensity of UA-PSiNPs gradually increased,
reaching ~150% of the initial intensity after 24 h of incubation.
Similar phenomenon of fluorescence activation had been also
observed in BSA/D-PSiNPs, which was attributed to quantum
confinement effects and defects localized at the Si-SiO,

interface."'>'” On a longer time scale (days) incubation, the
PL characteristics of BSA/D-PSiNPs were recorded in panels b
and c in Figure 3, and Figure S2 in the Supporting Information.
With a constant blueshift in PL emission, the fluorescence of
BSA/D-PSiNPs remained stable within 3 days and lost 80%
after 7 days, which was attributed to their slow degradation in
PBS solution at 37 °C. Additionally, the pH stability of BSA/D-
PSiNPs was also measured in acidic-to-basic environments (pH
2—12) (shown in Figure 3d and Figure S3 in the Supporting
Information). The fluorescence of bare PSiNPs was completely
quenched in alkaline solution (pH 8). However, the PL
intensity of UA-PSiNPs slightly decreased by ~20% within pH
4-10, and the PL intensity of BSA/D-PSiNPs decreased by
~50% within pH 4-8. On the whole, UA-PSiNPs > BSA/D-
PSiNPs > bare PSiNPs in order of fluorescence stability could
be found, which confirmed that surface coatings (whether BSA
layers or UA films) could provide a protective shell to retard
the biodegradation of PSiNPs. And the stability of UA-PSiNPs
was superior to that of BSA/D-PSiNPs in physiological
environments was due to dense 10-undecenoic acid monolayers
via thermal stable covalent bonding.

3.2. Nonsepcific Cellular Uptake of BSA/D-PSiNPs. To
study the nonspecific cellular uptake of BSA/D-PSiNPs, we first
incubated Hela cells with the 20 yg/mL BSA/D-PSiNPs (and
UA-PSiNPs as a control) in PBS solution (pH 7.4) at 37 °C for
24 h, washed them with PBS solution, and then observed with
LSCM. In Figure 4a, with the excitation at 405 nm, an intense
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Figure 6. (a) Cytotoxicity of bare PSiNPs, UA-PSiNPs, and BSA/D-PSiNPs with different concentrations toward Hela cells. (b) Blood
concentration of silicon for mice injected with bare PSiNPs, UA-PSiNPs, and BSA/D-PSiNPs as a function of time.

fluorescence signal caused by UA-PSiNPs could be seen in
intracellular compartments of Hela cells, which showed that
they had a good cell-permeability and maintained their PL
characteristics in intracellular environments. However, after the
incubation with BSA/D-PSiNPs, negligible fluorescence signal
could be detected in Hela cells in Figure 4b. Furthermore,
BSA/D-PSiNPs (or UA-PSiNPs) with different concentrations
were co-cultured with Hela cells, and average cellular
fluorescence intensity of S0 cells from these samples were
analyzed by LAS AF Lite software. As illustrated in Figure 4c,
the cellular uptake of these nanoparticles was observed to be
concentration-dependent, whether UA-PSiNPs or BSA/D-
PSiNPs. By comparing BSA/D-PSiNPs with UA-PSiNPs, we
found that BSA/D-PSiNPs could greatly minimize the uptake
of Hela cells. As well as the quantitative fluorescence
measurement, the internalization of PSiNPs into cells was
also evaluated by TEM imaging. Because of the resistance of
uptake of BSA/D-PSiNPs by Hela cells, even carefully checking
more than 30 cells for each cell section sample, no
nanoparticles were observed in cells (shown in Figure Sa—d).
In contrast, UA-PSiNPs were clearly detected in Hela cells, as
seen in Figure Se—h. From these TEM images, UA-PSiNPs
were mainly trapped in the nucleus as aggregates, which was
also consistent with the results of LSCM measurements. The
cellular internalization of porous silicon nano or micro-particles
with different sizes (from ~4 nm to ~2 um) had been
repeatedly reported,1’36’37 which demonstrated that the size
effect was not the key factor on the cellular uptake of PSiNPS.
Accordingly, we suggested that amphiphilic BSA coating layer
on PSiNPs is the key factor to resist nonspecific uptake of Hela
cells.

3.3. Cell Viability and Blood Circulation of BSA/D-
PSiNPs. Before in vivo experiments, MTT assays were adopted
to evaluate the cytotoxicity of PSiNPs, UA-PSiNPs and BSA/D-
PSiNPs to Hela cells in dark. Cell viability of these
nanoparticles with different concentrations (20, 40, 60, 80,
and 100 ug/mL) had been investigated in Figure 6a. These
results displayed that PSiNPs, UA-PSiNPs and BSA/D-PSiNPs
produced negligible cytotoxicity to Hela cells after 24 h of
incubation in dark. The cytotoxicity of silicon particles has been
studied in vitro or in vivo, which showed that the main reason is
the reactive oxygen radical generated by silicon nanostruc-
tures.”’~*' For PSiNPs, photoinduced reactive oxygen radical
was also found as the main pathway to produce their
<:ytotoxicity.8’42’43 However, according to our previous study
and others references,1’8’16’18’44 low concentration (< 0.1 mg/
mL), and the incubation in dark could efficiently avoid the
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cytotoxicity of PSiNPs, which was attributed to favorable
biocompatibility of silicon.

Sufficient blood circulation time was critical to in vivo
applications of PSiNPs, including tumor imaging, targeting, and
therapy. We also examined blood circulation time of PSiNPS,
UA-PSiNPs and BSA/D-PSiNPs after intravenous adminis-
tration. According to Figure 6b, the BSA-coated PSiNPs
exhibited longer blood circulation (half-life ~262.4 min) than
that of UA-PSiNPs (~86.2 min) and bare PSiNPs (~28.6 min).
These results confirmed that without surface modification, a
large fraction of the bare PSiINPs would be immediately
removed by renal clearance, presumably owing to their
degradation into smaller nanoparticles. After whether BSA
coating or UA grafting, the blood half-life time of PSiNPs
increased by preventing their biodegradation. Additionally,
serum albumin were considered to so-called dysopsonins that
could potentially prevent the opsonization process from
occurring and possibly increase the circulation time of the
nanoparticle. Compared with 10-undecenoic acid films, the
outmost BSA layers also made a “stealth” surface on PSiNPs,
which effectively reduced nonspecific cellular uptake in vitro
and prolonged blood circulation time by avoiding the RES
uptake in vivo.

4. CONCLUSION

In conclusion, a general method for BSA coating onto PSiNPs
surfaces via hydrophobic interaction was developed, which
could afford high aqueous solubility and long-term stability
under physiological conditions. Moreover, the BSA-coated
PSiNPs could significantly minimize the nonspecific cellular
uptake, and exhibit longer blood circulation upon intravenous
injection into mice. The long blood circulation time suggested
greatly delayed clearance of nanomaterials by the RES of mice,
a highly desired property for in vivo applications of nanoma-
terials, including tumor imaging and drug delivery. So these
resultant BSA/D-PSiNPs with excellent biocompatibility would
have a great potential on in vivo applications as fluorescence
probes or drug delivery.
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