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ABSTRACT: Silica nanoparticles are being investigated for a
number of medical applications; however, their use in vivo has
been questioned because of the potential for bioaccumulation.
To obviate this problem, silica nanoshells were tested for
enhanced biodegradability by doping iron(III) into the
nanoshells. Exposure of the doped silica to small molecule
chelators and mammalian serum was explored to test whether
the removal of iron(III) from the silica nanoshell structure
would facilitate its degradation. Iron chelators, such as EDTA,
desferrioxamine, and deferiprone, were found to cause the nanoshells to degrade on the removal of iron(III) within several days
at 80 °C. When the iron(III)-doped, silica nanoshells were submerged in fetal bovine and human serums at physiological
temperature, they also degrade via removal of the iron by serum proteins, such as transferrin, over a period of several weeks.

■ INTRODUCTION

Silica nanoparticles are being investigated for a variety of
applications, such as catalysis, ultrasound contrast imaging
agents, photonic band gap materials, adsorptive materials, and
drug delivery.1−8 There are several characteristics that are
desirable for materials to be used in drug delivery: a long shelf
life, facile commercial synthetic scale up, and clearance from the
body. Calcined silica is a potential nanoporous material for
biomedical applications because it is a robust, chemically inert
material of high surface area whose surface chemical properties
are easily modified. However, the stability of silica makes it
problematic for in vivo medical applications because of the
potential of inert nanoparticles to bioaccumulate.9 Mesoporous
silica nanoparticles have been found to accumulate in the liver,
kidneys, bladder, and spleen with a small fraction of
nanoparticles also found in the lungs.10−15 The location of
accumulation depends, however, on the size, shape, and surface
properties of the nanoparticles.11−15 Industrial uses of nano-
silica also suffer from the occupational hazard that it poses,
since inhalation may lead to silicosis.16−18 Therefore, methods
that increase the biodegradable nature of silica could have a
wide impact in mitigating potential hazards with its use.
The rate at which silica degrades depends on a number of

factors including composition, preparation, calcination temper-
ature, surface area, and pore structure.13,19−22 Many studies
have looked at using various forms of silica-based materials
(xerogels, sols, bioactive glasses, etc.) as biocompatible,
biodegradable materials.20,21,23−28 Of the materials studied,
compounds that had been calcined, or sintered, at high
temperatures reduced the amount of silica released or dissolved
from the bulk material.13,19−22,29,30 Calcination causes the
dehydration of silica and imparts it with a dense network
structure. These changes to the network structure cause
calcined silica to have a slow rate of degradation, thereby

increasing the potential for bioaccumulation.30 There are
reports of attempts to overcome this obstacle by altering the
composition of silica nanoparticles through the incorporation of
cations to increase the rate at which silica degrades, for
example. The incorporation of Ca2+ into calcined silica has been
shown to increase the silica degradation rate compared to plain
silica.30 However, the mechanism of silica degradation was not
clear. It was difficult to determine if the changes observed were
due to the enhanced removal of silica or just the dissolution of
the incorporated calcium.
This work explores the incorporation of ferric iron (Fe3+)

into a silica nanoshell structure. Iron, despite its large
abundance, is a limiting nutrient for most forms of life due to
the limited solubility of its common form, Fe(OH)3, at neutral
pH. As a result, nature has developed a variety of methods for
the solubilization and sequestration of iron using iron chelating
proteins.31 Transferrin is an iron transport protein found in the
blood serum of vertebrates.32 Human transferrin binds iron as
Fe3+ with a high affinity as evidenced by its dissociation
constant (Kd) of 10−22 M at pH 7.0.31 This strong binding
affinity raised the possibility that the incorporation of Fe3+ into
the silica structure would make silica biodegradable. Fur-
thermore, there are clinical drugs, such as desferrioxamine and
deferiprone, which are approved for chelation therapy to treat
individuals with iron overload diseases, such as hemochroma-
tosis and thalassemia. Such drugs could conceivably be
administered as a secondary treatment, if necessary, to assist
the removal of iron(III)-doped, silica nanoparticles.
This work explores iron(III) doping into hollow silica

nanoshells prepared by the sol−gel method and polymer
templating approach shown in Scheme 1.33 Degradation of Fe-
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doped, hollow silica nanoshells was studied in the presence of
strong iron chelates as well as in the presence of the natural
chelating ligands found in mammalian serum.

■ EXPERIMENTAL SECTION
Materials. Tetramethoxy orthosil icate, 3-hydroxy-1,2-

dimethylpyridin4(1H)-one 98% (deferiprone), desferoxamine mesy-
late salt 95% (desferrioxamine), ethylenediamine-tetraacetic acid
disodium salt (EDTA), anhydrous ethanol, and absolute ethanol
were obtained from Sigma Aldrich. The 200 nm amino polystyrene
templates were obtained from PolySciences. Iron(III) ethoxide was
purchased from Gelest. Heat inactivated human serum (HS) was
obtained from Lonza. Fetal bovine serum (FBS) was obtained from
Mediatech, Inc. All reagents were used as obtained without further
purification. Scanning electron microscopy (SEM) images were
acquired using a FEI/Phillips XL30 FEG ESEM with an accelerating
voltage of 10 kV. Energy dispersive X-ray spectroscopy (EDS) was
performed on the same instrument using the Oxford EDX attachment
and INCA software. UV−vis spectroscopy was performed using a
Perkin-Elmer Lambda 35 model spectrophotometer. Dynamic light
scattering (DLS) and ζ potential measurements were obtained using a
Malvern Zetasizer Nano ZS.
Synthesis of Iron(III)-Doped, Silica Nanoshells. A 20 mg/mL

solution of iron(III) ethoxide was prepared by dissolving 20 mg of
iron(III) ethoxide in 1 mL of anhydrous ethanol under an inert
atmosphere. This translucent, dark-brown solution was saved until
needed for synthesis of the iron(III)-doped, hollow silica nano-
particles. The particles were synthesized as follows: 1 mL of absolute
ethanol and 50 μL of 200 nm amino polystyrene beads were added to
a 1.5 mL microcentrifuge tube. The mixture was vortexed to suspend
the polystyrene in the ethanol. As the polystyrene beads and ethanol
were mixing, 3.2 μL of tetramethoxyorthosilicate (TMOS) was mixed
with 10 μL of a 20 mg/mL solution of iron(III) ethoxide. When the
TMOS and iron(III) ethoxide appeared to be thoroughly mixed, the
translucent brown solution was added to the polystyrene bead
suspension. The mixture was vortex stirred for 5 h. The nanoparticles,
which appear yellow in color, were centrifuged at 7000 rpm for 5 min,
the supernatant removed, and the pellet resuspended in water. This
wash process was performed three times. After the last wash, the
supernatant was removed, and the pellet was dried under ambient
conditions. The dry pellet was removed from the microcentrifuge tube,
placed in a crucible, and calcined at 550 °C in a standard muffle
furnace for 18 h. An orange-brown powder was obtained from the
crucible after calcination.
Nanoshell Degradation using UV−vis Spectroscopy. In

water, 0.1 M aqueous solutions were prepared for disodium EDTA,
desferoxamine mesylate salt, and deferiprone. A 1 mg portion of 200
nm iron(III)-doped, hollow silica nanoparticles was added to a 1.5 mL
microcentrifuge tube to which 1 mL of the chelate solution was added.
The samples were vortexed to suspend the particles and placed in an
80 °C water bath. From each sample, 100 μL aliquots were removed
and replaced with fresh chelate solution. The aliquots were diluted
with 900 μL of water, and the UV−vis spectra were obtained. Aliquots
were sampled and measured every hour for a total of 8 h. After the last
measurement was taken at 8 h, the suspension was left in the water
bath for 16 h (a total of 24 h). Every 24 h, the samples were
centrifuged, and the supernatant was removed and replaced with 1 mL
of fresh chelate solution. The UV−vis spectrum was obtained for the
supernatant and diluted as necessary, and the process was repeated
every 24 h until there were no recoverable solids after approximately
7−10 days.

Nanoshell Degradation in Mammalian Serum. A 1 mg portion
of 200 nm iron(III)-doped, hollow silica nanoparticles was placed in a
1.5 mL microcentrifuge tube. One mL of either FBS or HS was added,
and the samples were vortexed to suspend the particles. The samples
were placed in a 37.5 °C constant temperature water bath. The
samples were vortexed every 24 h with the serum being replaced with
fresh serum every third and seventh day. A pellet was isolated by
centrifugation every seven days, washed twice with water, and calcined.
The calcined pellets were imaged using SEM.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of Fe-Doped, Silica

Nanoshells. The synthesis of Fe-doped, hollow silica nano-
particles was adapted from the method developed by Yang et
al.33,34 As seen in Scheme 2, a polyamine was not required in

the synthesis as long as amine-functionalized polystyrene (PS)
beads are used as the template. Iron(III) ethoxide was dissolved
in anhydrous ethanol, and the resulting solution was premixed
with TMOS prior to its addition to the PS bead suspension.
Water from the PS template suspension was the source of trace
water for the sol−gel hydrolysis reaction to occur. The reagents
are combined with the template beads and allowed to react for
5 h. The pellet is isolated by centrifugation, washed with
deionized water, dried under vacuum, and then calcined. The
removal of the PS core by heating to 550 °C results in the
isolation of a fine powder with an orange-brown color.

SEM was performed to determine the structure, seen in
Figure 1. The SEM images reveal that the particles obtained are

hollow with a continuous wall with no visible holes, cracks, or
other deformations. The images also reveal that the resulting
nanoshells are fairly uniform in size having an average diameter
of approximately 180 nm. DLS was explored to determine the
average size of the particles suspended in water. After
sonication, the 200 nm Fe-doped, silica nanoshells exhibit an
average diameter of 1180 nm, with a PDI of 0.54 by DLS and
have a ζ potential of −48.6 mV. The DLS distribution peak,
however, indicated that the mean diameters of the nanoshells
measured were 318 nm. The size discrepancy observed between

Scheme 1. Synthesis of SiO2 Nanoshells

Scheme 2. Synthesis of Fe-doped, Silica Nanoshells

Figure 1. SEM images of 200 nm Fe-doped, SiO2 calcined nanoshells.
SEM images of iron(III)-doped, silica nanoshells. The PS template was
removed during the calcination process. The scale bars are (a) 1 μm
and (b) 200 nm (0.2 μm).
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the DLS fitting parameters and the SEM images suggested
problems due to the iron-doped, silica nanoshells absorbing the
laser (633 nm) used in DLS thereby distorting the size
measurements. In order to better characterize the dispersed
nanoshells in solution, wet SEM capsules, from QuantoMix,
were used to directly image the particles dispersed in water
(Figure 2). The nanoshells imaged using the wet SEM capsules

appear to be predominantly single, 180 nm particles. The
images also show particles that appear to be smaller in size. The
apparent size range is due to the increased distance between the
particles and the capsule membrane. The SEM images in Figure
1 on a flat substrate show that the individual nanoshells are
uniform in size.
The iron content of the Fe-doped, silica nanoshells was

determined using EDS and inductively coupled plasma optical
emission spectroscopy (ICP-OES). EDS measurements were
obtained for 20 different frames and 3 different samples during
SEM imaging. The mole percent (mol %) values were then
averaged. The expected mol % for iron, from the fraction added
during synthesis, is 4.7%. EDS of the Fe(III)-doped nanoshells
shows a mol % of 5.7 ± 1.8%.
ICP-OES was used as a bulk analysis method to quantify the

amount of iron doped into the silica nanoshells. A 1 mg portion
of Fe(III)-doped, silica nanoshells was suspended in 10 mL of
2% nitric acid. The ICP optical emission spectrum was
measured at five wavelengths (see Experimental section), and
the resulting concentrations were averaged. The dilution factor
was corrected by multiplying the averaged value by 100. The 1
mg of particles suspended in 1 mL of solution should produce
an iron concentration of 0.83 mM (4.7 mol %). After correcting
for the dilution of the particles, the concentration of iron in the
nanoshells was determined to be 0.72 ± 0.04 mM (∼4.1 ± 0.2
mol %). It can be concluded that approximately 88% of the
added iron(III) ethoxide used in the synthesis reaction is
incorporated into the nanoshell. This is also the maximum
amount of iron that can be incorporated into the nanoshell
without adversely affecting its strength, as attempts to introduce
higher amounts of iron(III) ethoxide in the synthesis led to the
formation of colloidal matter and broken nanoshells.
The EPR spectrum at 77 K showed no appreciable signal,

suggesting that the iron present in the nanoshells is
antiferromagnetically coupled.35,36 Bulk magnetic susceptibility
measurements were performed. Mass susceptibility measure-
ments, χg, were plotted as χg

−1 vs the absolute temperature (a
Curie−Weiss plot, see Supporting Information). The data
closely follow Curie behavior, as evidenced by the linearity of
the data to low temperatures. The Weiss temperature was
determined to be −10.5 K. The negative Weiss temperature

suggests that the iron(III) in the nanoshells is weakly
antiferromagnetically coupled to other iron(III) centers within
the nanoshell or between individual particles.37,38 This
observation agrees with the EPR results. Antiferromagnetic
behavior of iron(III) doped into silica has also been observed in
silica films and attributed to the presence of small iron
nanoparticles.39 This suggests a heterogeneous structure where
small clusters of hydrated iron(III) oxide and silica gel are fused
together on the template surface during nanoshell forma-
tion.38,39

Small Molecule Chelation and Degradation of Iron-
(III)-Doped, SiO2 Nanoshells. Small molecule chelation was
initially used to determine whether nanoshell degradation could
be promoted by iron removal. Deferiprone, EDTA, and
desferrioxamine were used because of their known high affinity
for iron(III) as well as their use as metal chelation therapy
agents. EDTA strongly binds iron(III) with a formation
constant of ∼10.25 Its high binding affinity and use in a variety
iron(III) chelating applications made it a suitable compound for
this study. Desferrioxamine and deferiprone were investigated
because of their therapeutic use to treat iron overload in
patients. Desferrioxamine mesylate (desferal) is FDA approved
to treat individuals with iron overload disorders, such as
hemochromatosis or thalassemia. It chelates iron(III) with a
binding constant of 10.30 Desferrioxamine (desferal) is ususally
administered intravenously due to its low absorption in the
gastrointestinal tract. Deferiprone (ferriprox) is used in Europe
as an alternative, orally administered, iron overload treatment
and has a iron(III) binding constant of 10.20

Desferrioxamine and deferiprone both form orange colored
solutions after binding iron(III). This allows colorimetric
quantification of iron removal from the nanoshells. Figure 3a
shows the supernatant from the nanoshell degradation using
deferiprone as the chelating agent. The procedure for nanoshell
degradation is provided in detail in the Experimental section. As
seen in Figure 3, the color intensity of the supernatant
decreases over time thus indicating that less iron is being
removed with successive extractions. It should be noted that the
nanoshell pellet isolated from the supernatant also becomes
paler as the iron is removed. The solid pellet also decreases in
size and is more difficult to isolate, by centrifugation, over time
as the nanoshells dissolve. Iron(III)-doped, SiO2 nanoshells
were submerged in Milli-Q water and DPBS, without CaCl2,
and incubated at 80 °C as a control. No change was observed in
the color of the supernatant or in the morphology of the
nanoshells after 7 days, indicating that a chelating agent is
required for the removal of iron from the nanoshells. Adding
deferiprone to the supernatant failed to produce any
colorimetric response for iron(III), visually or spectrophoto-
metrically.
These result establish that small molecule chelation can be

used to remove iron(III) from the nanoshells and cause their
breakdown into soluble species. The total amount of iron
removed, Figure 3b, by the three chelating agents is
approximately equal to the amount of iron incorporated into
the nanoshells as determined by EDS and ICP-OES.
The results from Figure 3b show that 57%, 39%, and 42% of

the iron doped into the nanoshells is removed after 24 h
exposure to EDTA, desferrioxamine, and deferiprone, respec-
tively. Desferrioxamine has the largest formation constant yet
removes the smallest amount of iron in the first 24 h period
relative to EDTA and deferiprone. Compared to EDTA and
deferiprone, desferrioxamine is the largest molecular weight

Figure 2. Wet SEM images of calcined, 200 nm Fe-doped, SiO2
nanoshells. Nanoshells were suspended in water and placed in a
QuantoMix wet SEM capsule for imaging. The scale bars are (a) 1 and
(b) 5 μm.
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chelator and must fold appropriately in order to bind the iron
in an octahedral complex. As a result, the process of removing
iron appears to be kinetically hindered during the first 24 h.
EDTA is the next largest of the chelators but is able to readily
form the octahedral complex due to its compact structure. The
minimal required reorganization of EDTA, along with its high
formation constant, lead to the increased removal rate of iron
from the nanoshells within the first 24 h. Deferiprone is not
only the smallest of the chelators used but also has the lowest
formation constant of the three. It has ready steric access to the
iron in the nanoshells; however, because of its lower formation
constant, it does not remove as much iron as EDTA within the
first 24 h period. There are obvious differences in the rate of
iron removal in the first 24 h period, yet approximately 84% of
the iron(III) doped into the nanoshells is removed after
exposure to the iron chelates for 3 days, regardless of the type
of chelator.
It can therefore be concluded that the chelating agents are

removing all the iron in the nanoshells. The decreased yield of
recoverable nanoshells as the iron is removed suggests that the
chelated iron comes from a structural site, thereby leading to
the collapse and dispersal of the nanoshell into smaller, soluble
fragments.
The collapse of the nanoshell structure was examined using

deferiprone to chelate the iron. The SEM images, seen in
Figure 4, show thinning of the nanoshell wall as iron is
removed, collapse of the structure, and the presence of colloidal
silica as iron is removed in stages until no colloidal silica is
recoverable by centrifugation. Thinning of the nanoshell wall is
observed during the first 3 days of exposure of the iron(III)-
doped nanoshells to the chelating solutions. No holes are

observed in the TEM images of the parent nanoshells (see
Supporting Information), indicating that the pores in the silica
are <1 nm in diameter. Given the small dimensions of the
pores, the chelate may slowly diffuse within the pores, thus the
iron may be removed preferentially from the outer surface of
the nanoshell. As iron is removed from the outer surface, the
walls of the nanoshells become thinner until the structure
begins to collapse (Figure 4c). After the nanoshell ruptures, the
chelates should have better access to both surfaces of the
nanoshell leading to enhanced iron removal and the production
of colloidal silica (the haze seen in Figure 4d).
These results show that doping ferric iron into silica during

the sol−gel synthesis results in a material that even after
calcination can be degraded by removal of iron(III). The
degradation seen using chelates, such as desferrioxamine, an
FDA approved drug, and deferiprone, suggests a potential
method for removing iron(III)-doped silica from living
organisms. The next test was to determine whether iron-
sequestering proteins present in mammalian serum, such as
transferrin, would be able to remove the iron(III) from the
nanoshells and promote biodegradation.

Degradation of Iron(III)-Doped, SiO2 Nanoshells in
Mammalian Serum. Small molecule chelation experiments
show that iron removal resulted in the collapse of the iron(III)-
doped, silica nanoshell structure with eventual dissolution to
noncentrifugable fragments. To determine whether the bio-
logical ligands for iron(III) present in serum could affect a
similar degradation process under conditions relevant to in vivo
dosing, the biodegradability of the iron(III)-doped, silica
nanoshells was tested by immersing them in serum. Serum,
the liquid portion of blood with the cells and clotting factors
removed, contains the iron(III) chelating protein transferrin. Its
high binding constant, 10,20 is similar to that of the small
molecule chelators used in the preliminary study. Therefore, it
seemed likely that the binding of iron(III) by transferrin should
also lead to the collapse and dissolution of the nanoshell
structure.
Figure 5 displays SEM images of 200 nm silica nanoshells,

which serve as a control, and iron(III)-doped, silica nanoshells
that have been immersed in FBS and HS for various time

Figure 3. Small molecule chelation of Fe(III) in Fe-doped, SiO2
nanoshells. In 1 mL of 0.1 M aqueous chelating solution (EDTA,
desferrioxamine, or deferiprone), 1 mg of 200 nm iron(III)-doped,
SiO2 nanoshells was submerged. The supernatant was removed and
analyzed by UV−vis spectroscopy every 24 h. (a) The photographic
image on the top shows the color intensity of the aliquots of Fe−
deferiprone complex extracted over 7 d. (b) The graph shows the
cumulative concentration of Fe(III) removed from the nanoshells on
chelation by EDTA, desferrioxamine, and deferiprone (blue, red, and
yellow curves, respectively).

Figure 4. Degradation of 200 nm Fe-doped, silica nanoshells using
deferiprone. Collapse of the nanoshell structure, imaged by SEM, as
iron is removed, via deferiprone chelation, over (a) 0, (b) 1, (c) 3, and
(d) 7 days. The haze observed in panel d was determined by EDS to
be primarily colloidal silica.
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periods. The samples were incubated at 37 °C (physiological
temperature), and images were taken of the pellet that was
isolated at different time points. As seen in Figure 5a,c, the
undoped silica nanoshells remain intact in both FBS and HS
over the course of 24 days and are easy to isolate via
centrifugation. It should be noted that the last images of the
plain silica nanoshells are shown at day 24 for comparison to
iron(III)-doped, silica nanoshells. However, the plain silica
nanoshells remain intact after 24 days, confirming the inertness
of calcined silica. The slight haze that appears as time
progresses is due to small amounts of serum salts, such as
NaCl and CaCl2, which were confirmed using EDS.
When comparing the 200 nm iron(III)-doped, silica

nanoshells, seen in Figure 5b,d, to the control undoped silica
nanoshells it is apparent that the results differ markedly.
Although there are many imageable, intact nanoshells at 10
days, 7 days later it becomes difficult to find any nanoshells, and
only irregular solid fragments are seen. The EDS analysis, seen
in Tables S1 and S2 (Supporting Information), showed that
these solids contain large fractions of calcium and phosphorus,
which can be attributed to remineralization of the iron-doped
silica with the calcium phosphate present in serum after

breakdown and dissolution of the iron(III)-doped, silica
nanoshells.
The silicon content measured using EDS (see Tables S1 and

S2, Supporting Information) also decreases as the amount of
calcium and phosphorus increases. The iron(III)-doped, silica
nanoshells dispersed in FBS could only be isolated, via
centrifugation, up to 21 days. The pellet that was obtained
from FBS at 21 days was <1% of the initial amount of
nanoshells, of which the entire recovered sample was imaged.
Of the sample that was imaged, it was not possible to find any
nanoshells. Only fragments primarily composed of calcium and
phosphorus were in the recovered solid. The same trend is seen
for the iron(III)-doped, silica nanoshells that had been
immersed in HS; however, the last pellet that could be isolated
was at 24 days rather than after 21 days. Again, <1% of the
original sample weight was recoverable by centrifugation after
24 days, and again the isolable solid particles were high in
calcium and phosphorus, which is indicative of extensive
remineralization of the silica.
There was not a similar significant increase in the amount of

measured calcium and phosphorus in the undoped silica control
samples. The increased amount of calcium and phosphorus
seen in the iron(III)-doped, silica nanoshells is attributed to the

Figure 5. SEM images of nanoshell degradation in FBS and HS. Silica nanoshells serve as degradation controls in (a) FBS and (c) HS compared to
∼5% iron(III)-doped, silica nanoshells in (b) FBS and (d) HS. Images in (a) and (c) show the morphology of the nanoshells on exposure to serum
at 37 °C after 0, 10, 17, and 24 days.
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degradation of the nanoshells into smaller, soluble fragments
and subsequent remineralization with the soluble calcium(II)
and phosphate ions present in serum, yielding tiny amounts of
a mixed calcium phosphate silicate.20,22,25,27,40 The iron(III)-
doped, silica nanoshells have to degrade for at least 17 days at
physiological conditions before degradation is observed by
SEM. After 21−24 days, the trace solid that was recovered and
imaged by SEM images consists chiefly of calcium phosphate,
and very low levels of silica are detected. It has been observed
previously that the formation of calcium phosphate depends on
its ability to crystallize at a silica surface.22 These results
strongly suggest that the iron in the nanoshell structure can be
removed by iron sequestering proteins found in serum leading
to the collapse of the structure and the formation of molecular
or extremely small silica clusters that cannot be recovered by
centrifugation.

■ CONCLUSION
It has been demonstrated that iron(III) can be doped into a
silica nanoshell during sol−gel synthesis. Incorporation of
iron(III) into the silica matrix was shown to make the
nanoshells degradable in the presence of iron chelating agents.
The biodegradability of the nanoparticles under conditions
relevant to in vivo use was demonstrated through their
solubilization in FBS and HS after approximately 20−25 days
at physiological temperature. This approach provides a general
method to make porous, calcined silica biodegradable and may
enable broad application of silica nanoparticles in biomedical
technologies.41,42
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