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Abstract
Stability of silica—based
nanoparticles

Yang, Seon—ah

Department of Science Education
(Major in Chemistry)

The Graduate School

Seoul National University

Silica has received huge attention and is broadly applied to
biomedical application due to advantageous properties such as
low toxicity, biocompatibility and tunable synthesis in particle
size, porosity and shape render. Though stable in water and
phosphate buffered saline, silica nanoparticles are eroded by
biological media, leading to the exposure of AgNDs from
AgND@SiO, nanoparticles and the quenching of nanodot
luminescence. It have presented that a synergistic effect of
organic components in cellular media, particularly the amino
groups, accelerates the erosion. The results indicate that silica
nanostructures are vulnerable to cellular medium and the
tendency may depend on porosity and presence of foreign
substance in silica layer. This study may be possible to tune the
release of drug molecules from silica—based drug delivery

vehicles through controlled erosion.
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I . Introduction

1.1. Strategy for stable nanoparticles

1.1.1. Aggregation of Nanoparticles in aqueous solution

Nanomaterials have demonstrated unique and remarkable
characteristics that are not present in bulk. It attracted much
attention to their potential to be applied to healthcare,
cosmetics, electronics and information technology. So, well—
engineered nanostructures have been required for controlling
the properties in almost all areas of nanomaterial researches.!™

However, many studies have found that it is difficult to keep
the size of nanomaterials in colloidal system.” The dispersion of
nanoparticles may not be favorable thermodynamically, because
interfacial tension requires a high free energy.® For
thermodynamically stable system, as the nanoparticles
agglomerate to reduce the ratio of surface area to volume, total
of free energy of the system may be reduced. From different
angle, when nanoparticles are generated in colloidal system and
the ratio of surface area to volume is reduced, nanoparticles

can be more adjacent to each other. The thermodynamic

interaction in short—range facilitates attachment between the

1
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particles.” Therefore, uniform—sized nanoparticles especially in
colloidal systems has been disturbed by the tendency of
aggregation.® Such propensity to growth of clusters leads to
change of physicochemical properties such as reactivity and
stability in colloidal system. Furthermore, biological interactions
such as biocompatibility are also influenced by the growth of
clusters.

For further applications of nanoparticles in colloidal system, in
order to protect the aggregation of nanoparticles, it is important
to understand fundamental aggregation kinetics and instinct

colloidal behavior.

1.1.2. Considerations for stable nanoparticles in colloidal

system

Derjaguin—Landau—Verwey—Overbeek (DLVO) theory has
been widely applied in an effort to understand the aggregation
of nanoparticles in colloid science. Classic DLVO theory simply
explains the surface interactions thermodynamically by both

9 and it helps to predict

van der Waals and electrostatic force.
the aggregation tendency of nanoparticles. And then as Lewis
acid—based interaction and non—DLVO force are introduced to

existing DLVO theory, extended— DLVO (EDLVO) theory has

been developed and permits to complex interfacial forces such
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as hydration and osmotic effect.”

Some factors have been reported to affect dispersion in
colloidal system, for example morphology, chemical composition
and solution chemistries including pH, ionic strength. Shape of
nanoparticles as well as the size representatively influences the
aggregation kinetics. In DLVO theory, it is supposed that the
shape of particles is spherical. However, the nanoparticles have
a multitude of shapes such as nanotube, nanowire and
nanoplates. The changes of shape influence to Van der Waals
and electric double layer (EDL) forces. !' The EDL forces
explain the interactive orientation of different shapes from
sphere. The change in EDL forces may be caused by different
crystallographic orientations by atomic arrangements.” Solution
pH and dissolved ionic solute also affect to stability in aqueous
solution by changes of the surface charge. At low pH, excess of
H" ion results in a positively charged particle surface, whereas
high pH generally renders a negative surface charge.” On that
account, the pH control results in the change of surface charge
reversely and stabilization in dispersion. When the surface
charge become neutralized or electric double layers are
screened, the aggregation 1s more favorable. In addition,
chemical composition influences to Hamaker constant, surface
potentials and hydrophobic/hydrophilic properties'?.
Consequently, the changed factor affects the aggregation

tendency.
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1.1.3. Strategies for stability in colloidal system

In order that the nanoparticles can maintain the nano—size and
dispersed state in aqueous solution, surface coating is typically
introduced to prevent aggregation by the enhancement of the
electrostatic, steric, or electrostatic repulsive forces between

13715 and provide additional functionality. Surface coating

them
1s introduced to the nanoparticles by various type of coating
materials such as polymers, surfactants and polyelectrolytes
and the dispersibility after the coating depends on the type of
coating and repulsive force obtained from surface coating.
Adsorption or covalent bond of surfactants can impart the
surface charge to nanoparticles and reduce the interfacial
energy in solvent.'® Therefore, it can prevent the nanoparticles
from aggregation. The influences are dependent on
characteristics of surfactants including molecular weight or
type of head groups and solvents.” In other hands, large
molecular weight polymers usually provide steric repulsive
forces due to stereotactic hinder.!® Consequently, the surface
coating can prevent it from approaching of adjacent molecules.
Especially in the case of inorganic nanoparticles for biological
application, a core—shell nanostructure is usually applied to

various applications. As the structure involves the core part

surrounded by a layer of another material by ionic or covalent
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bonds, chemical  stability, dispersibility, luminescence

properties and controlled release of the core are improved. 7 18

1.2. Why Silica is attracted for biological application?

Silica has received huge attention as coating materials
especially in biomedical fields. Advantageous properties such as
low toxicity, biocompatibility and tunable synthesis in particle

size, porosity and shape render silica broadly applicable.

1.2.1. Physicochemical properties

Silica showed reasonable stability especially in aqueous media.
The stability of silica in colloidal chemistry could be explained
in terms of steric and electrostatic forces that protect them
from aggregation.'” Dispersive partsof the Hamaker constant of
silica in water showed low value than those of other
nanoparticles at same size, which indicates the attraction
energy— mainly van der Waals interactions between two silica
particles is much lower.?’In addition, cations and positively
charged molecules strongly can be attached to negative charged

polymeric silicate layer under basic conditions.?'Furthermore,
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these studies facilitates the control of their solubility in various
solvents. #*

Besides, silica nanoparticles wusually have good optical
transparency and low conductivity depending on specific
surface area, density and concentration of silanol group.**™** in
optics, the transparency means incident light can pass through
the materials without or with less scattering. The exceptional
properties have been widely studied in the approach of surface
defect. The transparency is known to occur by relatively large
energy gap between valences to conduction band,
approximately 9eV. The large energy gap leads to short range
distance in the crystal structure and then can explain that the
crystalline of SiO,is mainly @ —quartz by sp® hybridizationm.?’
However, in the presence of the defects, the characteristics of
the silica nanoparticles can be degraded because the energy
gap between the electronic states localized in defects is less
than the energy gap in pure silica.”® So, silica nanoparticles are
extensively studied for their potential as photonic crystals,

chemical sensors, biosensors, markers for bio imaging and

catalysts, etc.

1.2.2. Relatively Safety in vivo

Generally, silica 1s considered as relatively safe materials to
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human body by approval of U.S Food and Drug Administration
(FDA) .*® Biocompatibility of materials was defined as the ability
of a material to perform with an appropriate host response in a
specific application by a consensus conference of the European
Society for Biomaterials.?” And it indicates that biomaterials
have met certain criteria of safety and efficacy in specific
situations and chemically inert and potentially bioactive. Recent
n vitro and in vivo studies of the biocompatibility of silica—
based nanomaterials have been carried out, especially cellular

28729 haemolytic activity®, distribution and elimination

uptake
from the body, repeated dose toxicity, genotoxicity, and
carcinogenicity. Numerous parameters— the size, porosity, and
morphology, surface chemistry of the silica particles, and the
location and manner of their physiological introduction have
been found for factor of the biocompatibility. The studies
indicate that appropriate biocompatibility and non—toxicity of
silica nanoparticles can be accomplished by optimization of
these parameters and thus can avoid side effects such as
asbestosis and silicosis. Especially in application of drug
delivery, toxicity /n vivo is as much as most critical issue as
capacity to deliver the drugs. It has been reported that
mesoporous silica nanoparticles (MSNs) do not induce any

cytotoxicity in a multitude of cell lines from several studies °'~

%2 while some growth was inhibited over 200 pg mL™' of the

concentration. Although many questions are still remained for
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application of drug delivery system, bio—inspired silica
synthesis routes can be used advantageously to reduce human
cytotoxicity. And it provides improvement of biocompatibility
both through implementation of being synthetic conditions and

the resulting enhanced control over composite silica structure.*”

1.2.3. Tunable synthesis and Surface modification
1.2.3.1. Control of particle size, porosity and shape

Stober method firstly introduced hydrolysis by catalysis of
ammonia and condensation in methanol, ethanol, or isopropanol
as solvents and successfully produced uniform sphere shaped
silica nanoparticles in 1968. ** Further studies have reported
that the particles size and the distribution can be precisely
controlled by concentration of ammonia, solvent, reaction
temperature and ratio of silicate additives to solvent. *°

Much synthetic technologies of silica nanoparticles have been
derived from Stober method. For instance, modified Stéber
methods allow to synthesize various shapes of silica

" and

nanostructure, such as porous or hollow sphere®®, tubes *
wires®®. The mesoporous silica nanoparticles (MSNs) can be
synthesized by modified Stober method by introduction of

surfactants as structure—directing agents.”” Increased surface
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area of mesoporous silica nanoparticles allows loads of drugs
more efficiently. The characteristics of pore—size, structure
and particle crystallinity can be designed by control of materials
and the concentration.”” The pore size distribution showed in
narrow ‘! and the pore diameter can be tuned in allowable range
of effortless endocytosis in living animal and plant cell. ** In the
other examples, modified Sol—gel method using removable
templates ** and layer—by—layer (LbL) adsorption®® have been
used for synthesis of hollow particles. As outstanding
properties has been reported to low bulk density, high specific
area and high drug loading capacity, hollow structured silica
nanoparticles have been recognized to higher applicability to
biological application. Furthermore, desirable materials such as
silver, gold, or various polymers, can introduce to core part of

the templated particles.**

1.2.3.2. Facile surface chemistry

Surface functionalization and modification provide new abilities
or improve the properties of the nanoparticles. For instance,
introduction of some active groups such as polyethylene glycol
(PEG) can increase the colloidal stability of nanoparticles and
offer the opportunities to graft polymers or conjugate

biomolecules. High density of silnaol group on the surface
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especially makes it more easily to conjugate other functional
groups to their surfaces. In addition, high specific surface area
in three—dimensional structure modulated can provide wide
space to interconnect to other reagents.

There are general two approaches for the conjugation of silica
nanoparticles: non—covalent electrostatic adsorption and
covalent coupling reaction. *° The electrostatic adsorption is
usually used for fixation of biomolecules including antisense
oligonucleotides and peptides on the surface. For instance, the
positively charged peptides containing protonated N—terminate
interact with negatively charged silica surface. Hydrogen bonds
between polar groups with silanol and siloxide groups on the
silica surface also affect to the physical adsorption.*® On the
other hands, different strategies of covalent bonding are applied
to biomolecules such as peptides, monoclonal antibodies and
DNA by the kinds of functional groups on the surface. The
surface modification with aminos, mercaptos and carboxyl
group is allowed efficiently to bind to biomolecules.*” %
Moreover, these surface functionalization is used for various
application, such as modulate drug or chemical loading,
nanoparticles dispersion, blood circulation, cellular uptake and

site specific targeting.’’
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1.3. Silica nanoparticles in biological application
1.3.1. Application in bio imaging and bio sensing

Silica—based networks in three—dimensions can provide
suitable environment for especially bio imaging application. One
of the wunique properties, optical transparency facilitates
efficient optical detection through layers of silica. It has been
employed for building biosensors. Silica encapsulated
structures are mostly expected for improvement of chemical

°lL " enhancing

stability and dispersibility to colloids,*”
luminescence properties, controlled release of the core, and so
on. It is also possible to design various arrays of materials as
core and shell. So tiny fluorescent molecules or metal particles
with unique optical, magnetic, or Raman—active properties, such
as quantum dots, noble metal or metal oxide particles and
magnetic particles have been usually applied in form of core—
shell structures. Recent researches in silica—based NPs have
focused on biological applications including bio imaging, bio—
labeling, bioassays, immunoassay, cell targeting, and biosensors.
Noble metal nanoparticles, representatively gold and silver,
are one of attractive materials in bio—imaging application, due
to their distinct physicochemical properties and localized

)52

Surface Plasmon Resonance (LSPR As silica coating provide
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opportunities to easily control the characteristics of surface,
improve stability and biocompatibility, noble metal nanoparticles
@ SiO, can be applied in bio imaging as well as catalysis and

self—assembled nanostructure.

1.3.2. Application as Carriers for drug delivery

Drug delivery system (DDS) has been developed to improve
the kinetics of pharmaceuticals and bio—distribution of related
drugs, or function as drug storage in vivo.”® Nano—sized

particulate carriers such as compositions of lipids, micelles °%,

dendrimers, biopolymers® and inorganic nanomaterials®® °" is
included in the system and delivery of different cargo including
drugs as well as 1imaging agents have contributed to
development of nano—medical fields.”® Y Successful
biocompatible carrier has been required to have good loading
capacity of drug molecules without any premature release of
the cargo before reaching the destination.** Above all, silica has
shown potentials to store and gradually release therapeutically
relevant drugs for control of drug association and release timing.
2 And silica as the carrier contributes improved
biocompatibility to existing drug delivery systems.

Mesoporous silica nanoparticles are one of most attractive

carrier in medical application. As porosity of the mesoporous
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nanoparticles provides large surface areas and pore volumes
and the pore size as well as surface chemistry also can be
precisely controlled, MSNs can enhance efficient release with
high concentration and favorable interactions with the
surrounding environment for controlled released applications *’
and facilitate additional application in bio imaging and
photodynamic therapy with fluorescent labels. Furthermore,
MSNs showed stronger resistance to heat, pH, hydrolysis

induced degradations and mechanical stress than polymer based

. . . 42
structure and can provide more stable and rigid frame work *“.

1.4. Stability of Silica based nanoparticles for biomedical

application

As the organic—inorganic hybrid nanoparticles have been
applied to biomedical application, the degradation of silica based
nanomaterials received also attentions. It is necessary to
understand stability of nanoparticles in biological media such as
phosphate buffered saline (PBS) or cell culture media for the
applications of biomedicine and the studies reported that the
phenomena 1s related to the size, shapes, porosity and

60-63  For instance, sphere—shaped

physiological components.
MSNs showed faster degradation rate in fresh Dulbecco's

Modified Eagle's Medium (DMEM) in comparison with the rod—
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shapes, which were probably caused by larger surface area.®

The strategies to enhance the dispersibility have been widely
known to control in removal process of surfactant and introduce
polyethylene glycol (PEG) to surface of silica nanoparticles. In
the case of the mesoporous, PEGylated MSNs have showed

64765 35 well as reduction

improved stability in biological media
of nonspecific reticuloendothelial system uptake °°.

Previous observations have tended to focus on phenomena of
the degradation of silica nanoparticles in cell culture media
rather than how cell culture media influences to stability of the
silica nanoparticles. So, we did investigate influence of
components in cell culture media to the degradation obtained

from luminescent silver nanodots and improve the stability of

silica in the media.
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II. Experimental Section

2.1. General
2.1.1. Chemicals

Phosphate buffer saline (PBS), Dulbecco's Modified Eagle's
Medium (DMEM, D6434), fetal bovine serum, silver nitrate
(99.9999%), sodium borohydride, tetraethyl orthosilicate
(TEOS), N—[3— (Trimethoxysilyl) propyll ethylenediamine
(NED), mPEG5HK-Silane (average Mn 5,000), mesoporous
silica nanoparticles (200 nm in diameter), propylcarboxylic acid
functionalized mesoporous silica nanoparticles (200 nm in
diameter), propylamine functionalized mesoporous silica
nanoparticles (200 nm in diameter), glycine, sarcosine, glycine
methyl ester, diethylenetriamine, riboflavin, tyrosine, threonine,
folic Acid, glucose, potassium phosphate dibasic trihydrate, and
Au@SiO, nanoparticles (20 nm gold core) were purchased from
Sigma—Aldrich and used as received. Sheep blood was
purchased from Thermo Scientific. Single strand DNAs

(ssDNAs) were synthesized by Integrated DNA Technologies.
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Deionized water (DI) at Milli—Q grade water were used in all

the preparation.
2.1.2. Instruments

TEM images were obtained on a JEM 2100 transmission
electron microscope (JEOL Ltd.) at 200kV. The size
distribution of nanoparticles was obtained from multiple TEM
images. Energy Dispersive Spectroscopy (EDS) results were
acquired on a X—maxT (Oxford instruments) connected to JEM
2100F transmission electron microscope. Emission spectra
were obtained on QM—40 (Photon Technology International,
Inc.), respectively. Microscopic emission images were obtained
on an Olympus XI—81 microscope with a X 60 objective (NA
1.35) and an Andor LucaEM S 658M camera. An Eppendorf
cooling centrifuge 5415 R was used to collect silica
nanoparticles. Samples at 37C were stored in a COy incubator
at 37C (Thermo Fihser Scientific). Infrared spectra were
obtained on a FT—IR Fourier Transform Infrared Spectrometer
(TENSOR27, Bruker). DLS was analyzed with a Dynamic Light

Scattering Spectrophotometer (DLS—=7000).
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2.2. Preparation and measurement of samples

Preparation of Silica encapsulated gold nanoparticles (Au@SiO,
NPs) Au@SiO, nanoparticles were concentrated by
centrifugation and re—suspended in 1 mL of fresh deionized
water, PBS, DMEM, DMEM supplemented with 10% FBS, and
sheep blood, respectively. After 5 min, 30 min, 1 h, 3 h, 6 h and
9 h incubation in a CO incubator (5% CO,, 37C), samples were
centrifuged at 16,000 rpm and collected highly concentrated.
For protection of damage of silica shell during centrifugation,

the Au@SiO, was fixed for 9 h before TEM examination.

Preparation of Mesoporous Silica nanoparticles (MSNs)
Mesoporous silica nanoparticles (amino—modified, carboxylic
acid—modified, and no modification; respectively 0.1 mg) were
re—suspended in 1 mL of DMEM. After 5 min, 30 min, 1 h, 3 h,
6 h, and 9 h incubation in a COy incubator (5% COs, 37C),
samples were centrifuged at 16,000 rpm to collect the

mesoporous silica nanoparticles.

Measurement of depth of dents on MSNs The depth of dents on

the silica nanoparticles was obtained in TEM image on the
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assumption that its original shape was sphere. The depth was
measured difference between the thinnest part and hypothetical
circle of spherical shape. The depth of the dent was counted as

the degree of erosion.

Preparation of Silica encapsulated silver nanoparticles (Ag@SiO,
NPs) Single stranded DNA stabilized silver nanodots emitters
were prepared according to published data.®” Single stranded
DNA (ss DNA) and silver nitrate were mixed at a DNA
base/Ag” ratio of 2:1, followed by the reduction with aqueous
sodium borohydride. After chemical reduction for a day, the
AgNDs were used as probes. SsDNA for the 615—emitter was
used as a sequence of CGCGC12CGCG, GGGGC8CCCC.®The
hydrodynamic size, as determined by dynamic light scattering

(DLS), is examined in only deionized water (DI).
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III. Results and Discussion

3.1. Degradation of Silica layers in bio—medium

3.1.1. Degradation of Silica layers in cell culture medium

We investigated interaction between silica coating and the cell

culture medium DMEM, which is widely used for /n vitro studies.

Thickness of the silica layer indicates how much silica coating
is influenced from surrounding environment. The thickness was
obtained by measurement of the thinnest part on silica shell
surrounding Au@SiOs; in TEM image. The commercially
available Au@SiO, have approximately 20 nm of average
diameter and the thickness of silica shell is approximately 11.3

* 1.6 nm, as control group (Figure 1la).
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DMEM
TEM

DMEM
EDS

DMEM+ =
10%FBS
TEM

Figure 1. in vitro stability of silica shells in different medium. TEM
images of control group (a), in deionized water at 5 min, 6 h and 9 h,
respectively, Scale bars: 20 nm (b—d), and in DMEM at 5 min, 1 h, 6 h
and 9 h, respectively, Scale bars, 100 nm (e—h). EDS images of
Au@SiOs in DMEM at 5 min, 1 h, 6 h and 9 h, respectively (—1),
signal of gold (red dots) and silicon (green dots), Scale bars: 100 nm.
TEM images in DMEM + 10% FBS at 5 min, 30 min, 3 h and 6 h,

Scale bars: 20 nm (m—p).

The degradation of the silica coating depending on each
medium are differently generated as shown in TEM and EDS
imaged (Figure 1). The thickness of silica coating layer in DI
water decreased gradually and reached to 8.1 = 1.8 nmin 9 h
at 37C (Figure 1b—d). The results are consistent with earlier

studies indicated that the silica coating 1s slowly dissolved in

N 54t &t
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deionized water.®® On the contrary, the degradation in the
presence of DMEM was comparatively accelerated at same
temperature (Figure le—h). The dents in silica coating started
to increase after 1 hour. The energy dispersive spectroscopy
(EDS) results visually and clearly provided the distribution of
silica around gold nanoparticles as concentration of dots in
some difficult TEM 1mages to distinguish from surrounding.
After 9 h, the silica shell almost disappeared around the gold
nanoparticles in EDS image (Figure li—1). Furthermore, the
silica shell in DMEM + 10% FBS was almost degraded and only

bare AuNPs was observed in TEM image (Figure 1m—p).
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Figure 2. Size distribution of the thickness of SiO, layer in Au@SiO,.
Au@SiO, nanoparticles were incubated in water at 5 min, 6 h and 9 h
and in DMEM at 5 min, 30 min, and 1 h measured in TEM images (a).
Plots of the thickness of silica shells versus time in water (black),
DMEM (red) and DMEM + 10% FBS (blue), measured in TEM images
(b).
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The distribution tables consist of the silica layer thickness in
different medium, which are obtained by measurement in TEM
image. The distribution tables present differently degradation
degree of the silica shell (Figure 2). The average of thickness
in DMEM decreased from 6.69 = 2.01 nm to 4.22 = 1.41 nm
for 25 min, although the average in DIW was slightly changed
from 10.2 * 2.42 nm to 8.11 * 1.76 nm for about 9 h. The
DMEM showed rapidly deteriorated than in DIW and the
distribution in graph of 10% FBS contained DMEM shifted
slowly to thinner than DMEM. Although Ryabchikova E.I. et al.
didn’ t show difference of degradation in cell culture media
with or without serum due to long—termed scales,”’ we clearly
suggested the influence of the addition of serum. In the
presence of 10% FBS, we assumed that slightly decreased
decay rate is caused by absorbed macro molecules from FBS,
which showed opposite tendency to observations of

mesoporous nanoparticles.

3.1.2. Degradation of Silica layers in blood

In attempt to examine the degradation closely to physiological
conditions, we tested the stability of silica ex vivo. Au@SiOs

nanoparticles were prepared in incubation with sheep blood at
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377C and checked by TEM and EDS after rinse. After 5 min, the
silica coating was severely degraded in blood and only few was
remained around the gold nanoparticles as shown in TEM image
(Figure 3a). The silicon signals are distributed away from the
gold core in EDS (Figure 3b—d). These results may suggest
that cracks had formed before the harvest as sample
preparation for electron microscope examination. The ratio of
silicon signals by the time indicates erosion in blood was faster
even than the silica in only DMEM (Figure 3e). After the
incubation in blood for 9 h, the nanoparticles were situated
around cells and silica shell almost damaged by components of

blood (no coating left) as shown in TEM image (Figure 3f—h).

S
< 24
o
218
e

%12

Figure 3. ex vivo stability of silica in sheep blood. Images of Au@SiO,
incubated in blood for 5 min by TEM (a) and EDS (b—d), signal of
silicon (green) and gold (red), Scale bars 20 nm. Plots of the EDS
intensity of silicon by the time, measured from EDS images (e).
Images of Au@SiO, in sheep blood at various magnification by TEM,

Scale bars, 2 ¢m, 0.5 gm and 100 nm, respectively (f—h).
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3.2. Influence of surface modification

3.2.1. Influence on surface functionalized mesoporous silica

nanoparticles (MSNs)

In an effort to investigate cause of silica degradation, several
type of functionalized mesoporous silica nanoparticles (MSNs)
such as control, amino group modified and carboxylic group
modified MSNs were prepared in the presence of DMEM at
37C. The MSNs did not have homogeneous size distribution
with commercially available MSNs in approximately 0.2 g#m in
diameter (Figure 4a). It may make it difficult to compare the
decrease of diameter in the silica nanoparticles. However,
different tendency of damage on the surface were shown
obviously depending on their surface modification in the
presence of DMEM (Figure 4a—b). As some parts in
nanoparticles i1s forced to etching from the surrounding medium,
the size of the nanoparticles can decrease and the depth of
dents reversely increase. Several sites seriously damaged on
the surface of MSNs were found in TEM images. Increasing
dent 1s counted as severely damaged degradation in silica

nanomaterials.
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Figure 4. Degradation of mesoporous silica nanoparticles in DMEM.
Representative TEM image of mesoporous silica nanoparticles. TEM
images of control group, amino group—modified and carboxylic
group—modified MSNs in DMEM at 6 h, Scale bars, 200 nm (a). Plots

of the dent depth of MSNs versus time in DMEM (b).

As the incubation time passed, degradation on surface of the
silica nanoparticles started to appear (Figure 4a—b). Surface of
Propylcarboxylic acid functionalized MSNs was degraded at a
similar rate with that of the non—modified, whereas depth of
dents in propylamine functionalized MSNs increased (Figure
4b). Although size was distributed broadly in standard deviation,
the dents depth of propylamine functionalized increased from
3.62 nm to 10.0 nm for 6 h.

These results suggested that surface modification of MSNs
influences the rate of degradation. Propylamine —modified MSNs
showed deeper depth of dents than propylcarboxylic acid
modified MSNs. The severe etching by amino groups may
indicate that amino—rich compounds make monomeric units of
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silica stabilized and the speed of silicic acid poly —condensation
reduced. The electrostatic attraction between the negatively
charged silica nanoparticles and the protonated amino groups
may facilitate strong bonding between nitrogen and surface of
silica and then enhance the dissolution of silica nanoparticles.’!
The amino—rich groups in DMEM synergistically etched the
silica surface, resulting in a significant i1ncrease 1n the

degradation rate of silica.

3.2.2. Influence of specific functional group of DMEM

components

To monitor the influence on the silica coating from each
gradient in cell culture medium, luminescent silver nanodots
was used as probe. The AgNDs has proven potentials of
efficient and economical sensor in bio imaging.”””"™ As silica
coating 1s eroded, the exposed luminescent AgNDs may be
quenched (Figure ba). We prepared single stranded DNA
stabilized silver nanodots encapsulated in silica nanoparticles
(AgND @ SiOs) with appropriately 7 nm of diameter and the

AgNDs emitted at 615 nm @ 560 nm excitation (Figure 5b).

. &t et i



a Amino silane D\IFM
o T 1-.os

Q Bright silver nanodot Q Quenched silver nanodot

o Silica nanoparticle Eroded nanoparticle = Control
‘ 1.0- @ Threonine
Glycil

b g o 8 il : Sazcc:ons:no
[ - <« Glycine methyl ester
= P Diethylene-triamine
£ 06{ |
£ S0
T 0.4
N
©
= 0.2
<]
2 0.0

Time (h)

Figure 5. Detection of silica degradation with luminescent silver
nanodots. Schematic presenting optical detection of silver nanodots in
silica nanoparticles by the degradation (a), TEM image of silver
nanodot—encapsulating silica nanoparticles (AgND@SiO,). Scale bar,
20 nm, Inset image of a high resolution image of the above. Scale bar,
5 nm (b), Normalized luminescence intensity of the above
AgND@SiO, in the presence of control (black), threonine (red),
glycine (blue), sarcosine (dark cyan), glycine methyl ester (pink) and

diethylene—triamine (dark yellow) in DI—water (c).

The AgND@SiOs nanoparticles were kept in one DMEM
component or additional conditions added to DI—water and the
intensity of luminescence was obtained as time goes by. The
slope of emission intensity can be related to degradation rates
of silica layers influenced from each component (Figure 5c).
Lifetime of luminescence also can present the tendency of
quenching and furthermore decay of the silica by functional

group (Table 1). The results showed that specific functional
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group influenced to degradation rate of silica nanoparticles.

Intensity of the nanodots in presence of amino group rich
compounds such as diethylenetriamine drastically decreased
than other plots. The steep slope in the presence of the amino
group rich in diethylenetriamine, supported previous findings
about the effect of amino group from MSNs, However, the
amino group showed different tendency by attached location
and influence from related functional group. In the case of
primary amino acid attached to /A —carbon, while tyrosine with
para—methyl phenyl group was little difference from glycine,
threonine, which is connected with hydroxyl group, showed
relatively shorter lifetime in 4.2 h™!. The secondary amino
group in the amino acid barely accelerated the degradation rate
of silica, because they may act as zwitter ions in water. The
secondary amine group—protected such as sarcosine (N-—
methyl glycine) barely accelerated the decay rate. On the
contrary, the lifetime in glycine methyl ester measured in 2.0
h™! was even shorter than 4.5 h™! of glycine. The carboxylic
acid group in amino acid may provide stable environment and
have less of effect on the silica than substituted compounds by
methyl. This result is consistent with the fact that carboxylate
ions interact weakly with silica and did not influence on the
degradation of silica.”* In addition, hydroxyl—rich compounds
including riboflavin and glucose also showed gradual slope in

the plots (Figure 5¢). Hydroxyl group may not affect the decay.
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Table 1. Photoluminescence decay of silver nanodots in AgND@SiO, in

the presence of small organic molecules. Lifetime of luminescence was

obtained from exponential fitting of the Figure bc.

Glyci
veme Diethylene-
Compounds Control Alanine Tyrosine Threonine Glycine Sarcosine methyl Glucose
triamine
ester
Luminescence
o 3.1 2.5 3.3 4.2 4.5 3.6 2.0 3.0 15
Lifetime (k1)
Standard
L. 0.46 0.36 0.55 0.40 0.67 0.63 0.14 0.72 0.46
deviation

3.3. Improvement of stability of silica coating in bio—medium

3.3.1. Surface modification by Polyethylene glycol (PEG)

Surface modification was introduced in order to improve the

function of the silica coating for protection of the quenching of

luminescent silver nanodots in DMEM. As the thickness of the

silica layer increased, the degradation time of silica layers was

extended and luminescent stability of the silver nanodots in

DMEM was improved. Silver nanodots encapsulated in the large

silica nanoparticles presented a survival half—life of 2.6 = 0.3

h in DMEM, significantly longer than that of unprotected silver

nanodots in DMEM (0.07 £ 0.02 h) as shown in the Figure 6.
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Figure 6. Comparison of silica stability under various conditions. Plot
of luminescence intensity decay of silver nanodots @ 37C under
various conditions, no protection of silica in DMEM (black) and in PBS
(red), encapsulated silica nanoparticles (blue), PEG modified (pink),
and PEG modified in addition of high concentration potassium ion

(green) in DMEM.

PEG is one of general strategies for improvement of disperse
and protection from protein adsorption. mPEG (mPEG5K-—
Silane, average Mn 5,000) was introduced to increase the
thickness of silica coating and then improve the stability in
DMEM. The PEG-modified AgND@SiO; exhibited strong
infrared signals indicative of PEG (Figure 7a) and the
hydrodynamic radius significantly increased hydrodynamic

radius from 110 £ 15 nm to 1150 £ 220 nm after
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modification (Figure 7b). The surface coating of only enhances

increase of its half—life to 3.0 £ 0.2 h (Figure 6).
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Figure 7. PEG modified silica nanoparticles. IR spectra of Silver
nanodot—encapsulating silica nanoparticles (no modification, black)
were modified with PEG (mPEGb5k—silane, blue). Both nanoparticles
were frozen dried in preparation for check of infrared spectrometer
(a). Dynamic light scattering spectra obtained from DLS; no

modification (upper), mPEG5k—silane (lower) respectively (b).

However, coating of polymer on the surface presented
limitedly improvement of the silica stability in DMEM. Surface
coatings of macro compounds may be hard to fully cover the

surface, while small molecules can access the silica surface.
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3.3.2. Addition of potassium ion to DMEM

As ahalf—life of the luminescent silver nanodots increased
significantly to 57 £ 10 h in PBS even longer than that in
water (Figure 6), the slowly decreased slope indicated that
specific components of PBS, which 1s not contained in DMEM,
may contribute stability of the silica surface in aqueous solution.
EDS images of the stabilized silica nanoparticles presented that,
the signal of potassium was highly overlapped with that of
silicon element contrary to that of phosphate, chloride and

sodium which is main components in PBS (Figure 8).
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Figure 8. EDS images of Silica nanoparticles in presence of PBS. Silica
nanoparticles were treated in PBS and prepared by centrifugal
ultrafiltration with washes with DIW water three times. Signal of
sodium (a), potassium (b), chlorine (c), silicon (d), and chlorine (e).

Scale bars, 250 nm.

We, therefore, checked influence of the addition of potassium
ions (K2HPO,, 30 mM) into DMEM and observed significantly
improved stability of silica with a survival half—life of 6.7 *
0.5 h in DMEM (DMEM K in Figure 6). The outstanding
stability of silica nanoparticles in PBS was also supported in
previous i vitro research. Nevertheless, the negatively—
charged nature of silica nanoparticles allows cations,
particularly potassium ions, to adsorb onto the nanoparticle
surface. It is not evident why silica nanoparticles showed a
preference for potassium ions over sodium ions. This may be
due to a specific arrangement of charges and defects on the

surface, just like crown ether, which matched the size of
33 %]



potassium 1ons and significantly increased the affinity for
potassium.” It has been reported that potassium ions increase
the mechanical strength of silica glass,’® which was also
accompanied by decreased solubility of silica in a salt solution
of PBS, resulting in improved silica stability.”” In addition, the
formation of a potassium layer may form a shell to shield the

silica from hydrolysis.
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IV. Conclusion

In summary, silica based nanoparticles were influenced by the
components of cell culture media as well as ex wvivo. In
presence of 10% FBS in DMEM, silica layers encapsulated
around AuNPs showed slower degradation rate than the rate in
only DMEM. FBS may act as act as stereo—tactical hinder when
the silica layer is formed densely in contrary to the observation
using MSNs . Therefore it suggested different influence of
FBS depending on the porosity of silica nanoparticles. And the
kinetic data of luminescent silver nanodots encapsulating silica
nanoparticles presented accelerated decay of silica shell from
particularly amino—rich compounds in cell culture medium.
Silica as coating materials in core—shell nanoparticles was
degraded more severely than the pure silica nanoparticles,
because foreign substance such as gold and silver nanodots
may weaken the connection of silica networks. The enhanced
stability in addition of potassium showed some potential to
improve the stability of silica nanoparticles for in vitro studies.

The results provide some preliminary insights into the
degradation of silica nanoparticles in cellular medium from a
synergistic effect of organic components. It may be possible to

control the erosion and furthermore apply to design of drug
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delivery system as the vehicles to tune the release of drug

molecules as drug delivery vehicles.
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