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Mesoporous silica- and carbon-based materials, including bioactive glasses, have proven potential as
components of medical devices and as drug carriers. From an application perspective, knowledge about
the shelf-life stability of these materials under various conditions is vital. Here, mesoporous bioactive
glasses (MBGs) synthesized by aerosol-assisted spray-drying and by a batch sol-gel method, mesoporous
silicas of SBA-15 type, and mesoporous carbons CMK-1 and CMK-3 have been stored under varying con-
ditions, e.g. at different temperature and relative humidity (RH), and in different storage vessels. The
results show that the silica-based materials stored in Eppendorfs are sensitive to humidity. Spray dried
MBGs decompose within 1 month at a RH >5%, whilst sol-gel MBGs are more stable up to a RH >60%.
Changing the storage vessel to sealed glass flasks increases the MBGs lifetime significantly, with no
degradation during 2 months of storage at a RH = 75%. SBA-15 stored in Eppendorfs are more stable com-
pared to MBGs, and addition of F~ ions added during the synthesis affects the material degradation rate.
Mesoporous carbons are stable under all conditions for all time points. This systematic study clearly
demonstrates the importance of storage conditions for mesoporous materials which is crucial knowledge

for commercialization of these materials.
© 2021 The Author(s). Published by Elsevier B.V. on behalf of The Korean Society of Industrial and
Engineering Chemistry. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).
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Introduction

Mesoporous silica- and carbon-based materials have during the
last 25 years gained significant interest as drug delivery systems.
Due to their large specific surface area, pore size of 2-15 nm, and
controllable composition, these materials can be tailored to be
loaded with both hydrophilic and hydrophobic drugs enabling a
targeted delivery. Mesoporous bioactive glasses (MBGs) have pro-
ven to have significant osteogenic properties due to their ability to
bind to bone through the formation of carbonated hydroxyapatite
[1,2]. In addition, thanks to the possibility to incorporate and
release specific therapeutic ions such as strontium which is pro-
osteogenic, the bone regeneration is further enhanced [3]. Addition
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of other ions, e.g. Cu (pro-angiogenic and antibacterial) [4-6] or Ce
(pro-angiogenic and anti-inflammatory) [7], enables the exploita-
tion of this materials family for wound healing applications [8].
MBGs used for medical applications can be synthesized through
several procedures, including 3D printing for producing scaffolds
[9], as well as spray-drying [10,11] and sol-gel methods [5,12,13]
for particle synthesis allowing particles with variable sizes and
pore characteristics. Mesoporous silica and carbon particles have
also attracted interest as drug delivery systems [14,15]. Monodis-
persed mesoporous silica particles of SBA-15 type have shown
potential in both drug delivery and enzyme immobilization
[16,17], and can be synthesized with various morphologies and
porosities [18]. By functionalization with organics and metals,
mesoporous silica, such as SBA-15, can be used both in heteroge-
neous catalysis [19-26], photocatalysis [27], and sensing [28,29].
On the other hand, mesoporous carbons have been shown to bring
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significant advantages in e.g. chemotherapy, bio-detection and
real-time imaging due to e.g. their inertness, biocompatibility
and high loading capacity [30]. In addition, decorating the meso-
porous carbons with Ag nanoparticles makes them useful also in
healing of chronic wounds [31], and the addition of a pH-
responsive polymer layer enables a controlled release of the
nanoconfined cargo [32].

From a commercialization perspective, and also for handling in
a research lab, it is crucial to demonstrate the stability of the men-
tioned materials during storage. Mesoporous silicas of e.g. MCM-
41, MCM-48 and SBA-15 types, and mesoporous carbons without
therapeutic ions are commercially available today, but materials
functionalized with ions are not possible to purchase. Material
degradation in vitro and in vivo has been extensively investigated
for both MBGs and mesoporous silicas. However, there are only a
few studies on the shelf-life stability of mesoporous materials,
and none of them compare mesoporous materials with various
chemical compositions or synthesis methods. Menci et al. recently
reported that bioactive glass-based glass—ceramic scaffolds are
sensitive to an atmosphere containing both humidity and CO,,
which caused formation of carbonates and hydrocarbonates [33].
Adeniran and Mokaya stored mesoporous silica of MCM-41 type
for 12 years on an open benchtop in conventional sample vials
and compared its properties with freshly synthesized materials
[34]. They observed that the hydrothermal treatment temperature
during the material synthesis affected the shelf-life stability, and
that the as-synthesized samples presented high stability and char-
acteristics similar to the freshly prepared samples after 12 years of
storage. However, a systematic study of the shelf-life of MBGs,
mesoporous silica, or mesoporous carbons in controlled environ-
ments has not been reported previously.

The aim of this study is to investigate the possible structural
alteration of mesoporous silica- and carbon-based materials such
as MBGs with therapeutic ions (copper, strontium, and cerium),
mesoporous silicas of SBA-15 type, and mesoporous carbons of
CMK-1 and CMK-3 types upon storage. The final goal is to find
the optimum long-time storage conditions for these materials
and provide information on suitable material handling when work-
ing with these materials. Emphasis was placed on monitoring the
evolution of key features of the respective particles (such as sur-
face area, porosity, and particle morphology) after their packing,
sterilization, and storage in different conditions. All silica-based
materials were stored both with and without micelles in the pores.
In the case of MBGs, the materials showing the most pronounced
degradation upon storage in Eppendorfs, the effects of changing
the storing vessel to glass vials were investigated. The sterility,
cytotoxicity, and ion release profiles of materials stored in glass
vials were examined in addition to the structural stability investi-
gation. The derived information is of importance for industrial
applications of these materials families.

Experimental
Synthesis

MBGs

Spray-drying procedure of MBG with Sr. The spray drying synthesis
was performed following the protocol reported by Fiorilli et al. [3].
Briefly, 2.03 g of P123 was dissolved in 85 g of double distilled
water. In another beaker, 10.73 g of TEOS was pre-hydrolysed
under acidic conditions using 5 g of HCI solution (pH 2) until a
transparent solution was obtained. The TEOS-containing solution
was added dropwise to the micellar solution and was stirred for
1 h. Then, 1.86 g of Ca(NOs),-4H,0 and 0.32 g SrCl, were added
to the mixture. The final solution was stirred for 15 min and then
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sprayed with a Biichi, Mini Spray-Dryer B-290 using nitrogen as
the atomizing gas with the following parameters: inlet tempera-
ture 220 °C, N, pressure 60 mmHg and feed rate 5 mL/min. The
obtained powder was finally calcined at 600 °C in air for 5 h at a
heating rate of 1 °C/min using a Carbolite 1300 CWF 15/5. The
material is labelled MBG_SD_Sr.

Sol-gel synthesis of MBGs with Sr or Cu. MBGs containing strontium
and copper were prepared using a base-catalysed template sol-gel
synthesis, based on a procedure reported by Pontremoli and Boffito
et al. [10,35]. Briefly, 6.6 g cetyltrimethylammonium bromide
(CTAB) and 12 mL of ammonium hydroxide were dissolved in
600 mL of distilled water under magnetic stirring for 30 min at
350 rpm. Then, 30 mL of tetraethyl orthosilicate (TEOS), 4.88 g cal-
cium nitrate tetrahydrate and ion precursor (0.86 g of SrCl,-6H,0
or 0.43 g of CuCl,) were added and kept under vigorous stirring
for 3 h.

The materials were collected by centrifugation, washed once
with distilled water and twice with absolute ethanol. The final pre-
cipitate was dried at 70 °C for 12 h and then calcined at 600 °C in
air for 5 h at a heating rate of 1 °C/min. The materials are named
MBG_SG_Sr and MBG_SG_Cu.

Sol-gel synthesis of MBGs with Ce. MBGs containing cerium were
synthesized using a microemulsion-assisted sol-gel method from
Zheng et al. [4,7]. Briefly, 0.7 g of CTAB was dissolved in 33 mL of
deionized water under continuous stirring before the addition of
10 mL of ethyl acetate. After stirring for 30 min, 7 mL of aqueous
ammonia (1 M) was added with a further 15 min of stirring.
3.6 mL of TEOS and 2.28 g of calcium nitrate tetrahydrate were
then sequentially added with an interval of 30 min. The resulting
mixture was then stirred for an additional 4 h. The formed
nanoparticles were collected by centrifugation and washed twice
with deionized water and once with ethanol (96%). The collected
particles were then dried at 60 °C overnight prior to calcination
at 700 °C for 3 h with a heating rate of 2 °C/min. This material is
named MBG_SG_Ce_Parent.

To incorporate Ce into the MBGs, an adapted post-impregnation
method was performed following the route from Kozon et al. [36].
Briefly, MBG_SG_Ce_Parent were soaked in an ethanol solution of
cerium nitrate (0.2 M) at the concentration of 10 mg/mL under stir-
ring for 24 h at 20 °C. After the impregnation process, the treated
MBG were washed with ethanol twice before drying at 60 °C over-
night. The dried nanoparticles were then calcined at 680 °C for 2 h
with a heating rate of 2 °C/min. This material is named
MBG_SG_Ce.

Mesoporous silicas of SBA-15 type

Mesoporous silica of SBA-15 type was synthesized following the
protocol from Bjork et al. [18]. Briefly, 4.8 g of triblock copolymer
EOoP070EOq (Pluronic P123) and either 0 or 56 mg of NH4F were
dissolved in 160 mL of 1.84 M HCI under vigorous stirring at 20 °C.
2 or 8 mL of heptane and 11 mL of TEOS were premixed and added
to the micelle solution. The mixture was stirred for 4 min and then
kept under static conditions at 20 °C, overnight. The mixture was
transferred to PTFE bottles for hydrothermal treatment in an oven
at 100 °C for 24 h. The materials were collected by filtration,

Table 1
Additives used during the synthesis of the different SBA-15 materials.

Material Heptane/P123 molar ratio NH4F/P123 molar ratio
SBA-15_1 16 0

SBA-15_2 16 1.8

SBA-15_3 64 1.8
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washed with deionized water, and finally calcined at 550 °C for 5 h
with a heating rate of 1 °C/min. The different SBA-15 materials
obtained are listed in Table 1.

Mesoporous carbons

CMK-1 with Ag. CMK-1 carbon spheres were prepared using
sucrose as the carbon precursor and cubic periodic silica MCM-
48 spheres as the starting hard template, following a previous
reported procedure [32]. Based on a modified Stober method
[37], the silica spheres were prepared by using a mixture of
two different surfactants (CTAB and triblock copolymer
EO106P070EO 0s-Pluronic F127) and TEOS 98% as the silica source
at a composition of 1:4:3.6 g in 298 mL of an ethanol:aqueous
ammonium hydroxide 2.8 wt% solution of 1:2.5 (v/v) at ambient
temperature [38]. The resulting silica was obtained after thorough
washing, centrifugation and drying at 40 °C in air, followed by cal-
cination at 550 °C for 6 h under air flow.

The calcined MCM-48 was impregnated twice with acidic
sucrose solution, consisting of 1.25 g of sucrose in a mixture of
5 g of water and 8 drops of H,SO4 the first time and of approx.
65% of the sucrose the second time. The carbon with the inverse
structure and the spherical morphology (CMK-1) was obtained
by dissolving the silica with hydrofluoric acid (HF) after the ther-
mopolymerization of the impregnated template, each time at
100 °C and 160 °C for 6 h, and the carbonization of the final com-
posite at 900 °C for at least 2 h under N, gas flow [32,39].

The CMK-1 carbon spheres were decorated with 2 wt% of Ag®
nanoparticles using AgNOs as metal source and high grade NaBH,4
as reducing agent. 2 g of CMK-1, produced as described above,
were dispersed into deionized water, followed by the dropwise
addition of an aqueous solution of AgNOs, corresponding to 2 wt
% of Ag on the mesoporous carbon. The mixture was kept in the
dark for 24 h whilst stirring at room temperature. Subsequently,
an aqueous solution of NaBH4 (in excess) was added dropwise
and kept under stirring for 1 h before filtration. The obtained solid
was washed with distilled water and acetone and dried at 40 °C.

CMK-3 with Ag. CMK-3 was synthesized starting from the hexago-
nally ordered mesoporous silica SBA-15 using the standard hard-
templating approach [40]. The latter was prepared according to a
typical method under aqueous acidic conditions [41], using tri-
block copolymer EO,oPO70EQ2q (Pluronic P123) as surfactant, and
TEOS 98% as silica source at a ratio of 1 g P123:2 g of TEOS in
38 mL HCl 1.6 M. The hydrothermal reaction took place in an auto-
clave at 35 °C for 20 h and the aging process at 90 °C for 24 h [32].

CMK-3 was obtained by impregnation of the SBA-15 twice with
acidic sucrose solution (similarly to the CMK-1 case described
above), followed by polymerization at 100 °C and 160 °C for 6 h
each time and finally carbonization at 900 °C for at least 2 h under
N, gas flow [32,39]. The silica framework was removed using HF at
room temperature.

The CMK-3 was decorated with 2 wt% of Ag® nanoparticles fol-
lowing the same protocol described above for the case of CMK-1.

Packing, sterilization and storage

In the initial study, ~0.2 g of particles of all material types were
packed in Eppendorfs, which were closed and sealed with parafilm.
In the case of the silica-based materials, both calcined and uncal-
cined particles were investigated; the amount of uncalcined parti-
cles was adjusted so that it would yield ~0.2 g of material after
calcination. The materials calcined after storage were calcined
using the same conditions as described above. The Eppendorfs
were placed in cardboard boxes and sterilized using 25 kGy gamma
radiation prior to storage in controlled environments. The storage
conditions were:
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e Accelerated: 40 °C and 75 % relative humidity.
e Room: 25 °C and 60 % relative humidity.
e Dry: 25 °C and <5 % relative humidity.

The materials were stored in Eppendorfs for 6 months in accel-
erated conditions, and 12 months in room and dry conditions.

In the second study, two selected materials, MBG_SG_Cu and
MBG_SD_Sr, were packed in glass vials sealed with rubber seal
caps and a plastic cap. The packed materials were sterilized using
25 kGy gamma radiation prior to storage in accelerated conditions
(40 °C and 75 % relative humidity) for 2 months.

Materials characterization

The materials morphology was observed using a LEO (Zeiss)
1550 Gemini scanning electron microscope (SEM) operated at
3 kV. The atomic composition of the materials was determined
by X-ray energy dispersive spectroscopy (EDS) using an Oxford
X_Max 80 system attached to the SEM and operated at 20 kV. Pore
characteristics were determined by nitrogen physisorption mea-
surements at 77 K using a Micromeritics ASAP 2020. The materials
were degassed at 200 °C for 6 h prior to the analysis. The
Brunauer-Emmett-Teller (BET) area values were calculated at a
pressure range of P/P, = 0.08-0.18, and the total pore volume
was determined at P/Py = 0.99. The pore size distributions (PSDs)
were calculated from the adsorption branches of the isotherms
by using the KJS (Kruk-Jaroniec-Sayari) method. The physisorption
data is presented in the supplementary information (Tables S1-
S14, and Figs. S1-S14).

Ion release

In order to evaluate the concentration of released ions, the
MBG_SG_Cu and MBG_SD_Sr were soaked in Tris HCl buffer
(0.1 M, pH 7.4) with a concentration of 250 pg/mL, according to
the protocol described by Shi et al. [42]. Briefly, 5 mg of powder
were suspended in 20 mL of buffer up to 14 days at 37 °C in an
orbital shaker (Excella E24, Eppendorf) with an agitation rate of
150 rpm. At defined time points (3 h, 24 h, 3 days, 7 days and
14 days) the suspension was centrifugated at 10,000 rpm for
5 min (Hermle Labortechnik Z326, Wehingen, Germany). Half of
the supernatant was collected and replaced by the same volume
of fresh buffer solution to keep the volume of the release medium
constant. The release experiments were carried out in triplicate
and results have been reported as mean * standard deviation.
The ion content was measured by Inductively Coupled Plasma
Atomic Emission Spectrometry Technique (ICP-AES) (ICP-MS, Ther-
moscientificc, Waltham, MA, USA, ICAP Q), after appropriate
dilutions.

Sterility and cytotoxicity

The sterility test was performed on MBG_SD_Sr and
MBG_SG_Cu by using a Gram-positive Staphylococcus epidermidis
RP62A (ATCC 35984) bacterial strain. The strain was routinely kept
in Tryptic Soy Agar (TSA, Sigma). The test was performed by trans-
ferring 5 mL of Tryptic Soy Broth (TSB, Sigma) in a 15 mL falcon
tube with 1 mg of MBGs and left at 37 °C for 72 h and at room tem-
perature for other 72 h. The positive control was obtained using
5 mL of TSB with 10 uL of bacterial suspension (S. epidermidis).
As negative control, 5 mL of TSB was used. The contamination
was determined by evaluation of the transparency of the TSB solu-
tion; the cloudiness of the solution denotes bacterial contamina-
tion of the material.

Cell viability tests were performed using a 3-(4,5-Dimethylthia
zol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay with L929
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fibroblast cells. The cells were seeded on a polystyrene plate and
1 mg of MBG_SD_Sr and MBG_SG_Cu were added, and the cell via-
bility was evaluated after 72 h of incubation. The test allows
assessment of the possible toxic effect of particle dissolution prod-
ucts on cells, by evaluating the reduction of the mitochondrial suc-
cinate dehydrogenase (SDH) enzyme activity, normally involved in
the citric acid cycle. A preliminary qualitative assessment was car-
ried out through inverted microscope (LEICA DMI4000B, Leica
Microsystems, Wetzlar, Germany). Optical images of the cells in
direct contact with MBG_SD_Sr and MBG_SG_Cu particles are pre-
sented with a scale bar of 100 um. In the MTT test, the cells were
incubated with a 1 mg/mL solution of soluble tetrazolium salt (3-
(4,5-dimethylthiazol-2yl)-2,5 diphenyl tetrazolium bromide). Dur-
ing the subsequent two hours of incubation at 37 °C, the succinate
dehydrogenase enzyme causes the transformation of tetrazolium
salts into a yellow soluble substance first and then into a blue
water-insoluble product, the formazan precipitate. From the quan-
tification of the precipitate product, it is possible to evaluate the
degree of the enzyme activity and, consequently, the number of
metabolically active cells. To perform this evaluation, the formazan
precipitate was dissolved with dimethylsulphoxide and was spec-
trophotometrically measured at a wavelength of 570 nm, providing
an optical density (OD) value. Cells grown on polystyrene plate
were used as negative control, while cells grown with the addition
of 20 pL of a solution of 0.08 mg/mL of Sodium nitroprusside (NPS)
were used as the positive control. The data is presented relative to
the negative control.

Results and discussion
Storage in Eppendorfs

MBGs stored in Eppendorfs

The materials’ stability was studied by nitrogen physisorption
measurements at 77 K, SEM and EDX. Fig. 1 shows the evolution
of the specific surface area and total pore volume for the MBGs:
MBG_SD_Sr, MBG_SG_Sr, and MBG_SG_Ce stored at three different
conditions, and with and without micelles (i.e. prior to and after
calcination). In general, it is observed that the MBGs degrade fast-
est when stored under accelerated conditions and are most stable
in dry conditions. Also, the materials calcined after storage, i.e.
stored with micelles in the pores, keep their specific surface area
and total pore volume to a larger extent compared to materials cal-
cined prior to storage.

Despite the apparent changes in the pore structure of the MBG
materials, no substantial morphological changes can be observed
upon storage. For example, the SEM micrographs in Fig. 2 show
the morphology of the MBGs prior to storage (left) and after stor-
age under accelerated conditions for six months (right). All MBGs
retain their spherical morphology during storage, although acceler-
ated storage conditions (40 °C and 75 % relative humidity) for
6 months clearly have the largest effect on their pore characteris-
tics. MBG_SD_Sr (Fig. 2(a, b)) show a broad particle size distribu-
tion between 1 - 3 um, MBG_SG_Sr (Fig. 2(c, d)) particles have a
diameter of 80 - 100 nm, and the mean size of MBG_SG_Ce
(Fig. 2(e, f)) particles is ~130 nm. The particle sizes before and after
storage in accelerated conditions are presented in the supplemen-
tary information, Table SI 15. The difference in morphology
between the different synthesis methods are due to differences
in the material formation route. The sol-gel synthesized materials
have a narrow particle size distribution due to the slow particle
formation rate where the siliceous network is formed around CTAB
micelles, whilst the larger particles formed by spray drying are
affected by the nozzle pressure and fast solvent evaporation during
the spraying [43]. Despite the difference in particle morphology, all

Journal of Industrial and Engineering Chemistry 101 (2021) 205-213

Accelerated Room Dry

300
tT)l S
O e 200
2] £
<
(D ¥
@ 2100
E w
OF
. 600L gd-p-3 R
) 2o dngeD
(ONR= i =
D = {047
o = :
m < o2
2 o J02~
e
o ?@\\\\ 21:_3'\*\/::1'3- 0.6
O 3 e o &
8 g = bo—eo—0-04
I < 200 2
Q « 02&
s 2 =
0 P B e L1 . 1100

0 2 4 60 2 4 60 2 4 6
Time (Months) Time (Months) Time (Months)

—=— S.S.A. Calcined material — n— S.S.A. Stored with micelles
—e— P.V. Calcined material - 0= P.V. Stored with micelles

Fig. 1. Evolution of specific surface area and total pore volume for MBG_SD_Sr
stored with and without micelles, MBG_SG_Sr stored with and without micelles,
and MBG_SG_Ce stored without micelles and MBG_SG_Ce_Parent stored with
micelles.

0 months 6 months

MBG_SG_Sr

MBG_SG_Ce

Fig. 2. SEM micrographs of (a,b) MBG_SD_Sr, (c, d) MBG_SG_Sr, and (e, f)
MBG_SG_Ce prior to storage and after storage at accelerated conditions for six
months.



E.M. Bjork, A. Atakan, Pei-Hsuan Wu et al.

materials have been proven non-cytotoxic and active in bone
regeneration [3,7].

The stability of mesoporous glasses strongly depends on the
synthesis procedure. It is observed that all MBGs decomposed
rapidly in the accelerated storage conditions when they were cal-
cined prior to storage. Both Sr-containing MBGs (MBG_SD_Sr and
MBG_SG_Sr) show a rapid loss of specific surface area and total
pore volume when stored at accelerated conditions without
micelles in their pores, indicating that the pore system is collapsing
when stored in a humid atmosphere. When stored in room condi-
tions, the degradation of the MBG-SG_Sr is slower compared to
MBG_SD_Sr, indicating a higher stability. Using spray-drying syn-
thesis, the silica polymerization is promoted in a very short time-
period compared to sol-gel synthesis, which results in a lower
degree of silica condensation. The initial polymerization of silica
species during the sol aging prior to spraying is a crucial step in
the spray drying synthesis [44], and 1 h hydrolysis time of TEOS
at pH 2 during the solution preparation does not allow for a high
degree of silica crosslinking [45]. However, a too high condensation
at this stage results in poor porosity of the material [46], making
the hydrolysis time a delicate tradeoff.

It should also be noted that MBG_SD_Sr is synthesized with
P123 as the surfactant, which produces a microporous network
interconnecting the mesopores in comparison to MBG-SG_Sr,
which is synthesized using CTAB and hence has a lower degree
of microporosity (Fig. S1(b) and Fig. S3(b)). Galarneau et al. studied
the stability of mesoporous silica synthesized with P123 and
showed that the amount of microporosity affects the material
degradation, where a high microporosity leads to a significant
decrease in specific surface area and an increased mesopore size
[47].

There is a clear difference in the stability of MBG_SD_Sr and
MBG_SG_Sr stored with the micelles remaining in the pores. In
MBG_SG_Sr, the CTAB is clearly stabilizing the material also during
accelerated conditions. The spray dried material is degrading even
though P123 remains in the pores in all storage conditions, indicat-
ing that the material degradation is not only rendered from humid-
ity, but that the material is less stable. The large drop in specific
surface area and pore volume for MBG_SD_Sr stored with micelles
in accelerated conditions for three months is probably due to an
insufficient sealing of the Eppendorf prior to storage allowing for
a higher diffusion of humid air to and from the sample.

The difference in degradation rate between the sol-gel synthe-
sized MBGs can be due to the addition of calcium nitrate tetrahy-
drate simultaneously to the TEOS addition (MBG_SG_Sr) or
30 min after TEOS addition (MBG_SG_Ce). The delayed addition
time allows a higher degree of silica condensation prior to addition
of calcium. It should also be noted that the therapeutic ion is added
post-synthetically for MBG_SG_Ce. The Ce is added by mixing the
precursor with ethanol and the calcined parent material,
MBG_SG_Ce_Parent, which might affect the surface chemistry of
the MBG. Also, the higher calcination temperature of MBG_SG_Ce
(700 °C) compared to MBG_SG_Sr (600 °C) can contribute to the
higher material stability.

SBA-15 mesoporous silica stored in Eppendorfs

Fig. 3 shows the evolution of the specific surface area and total
pore volume for the mesoporous silica of SBA-15 type synthesized
with various amounts of heptane and NH4F. All SBA-15 samples
appear stable upon storage at dry and room conditions, but at
accelerated storage conditions SBA-15_2 and SBA-15_3 lose 27 %
and 34 % of their specific surface area, respectively, when stored
without micelles in the pores, whilst SBA-15_1 is more stable in
all storage conditions.

The morphology of the mesoporous SBA-15 silicas before and
after storage in accelerated conditions for six months is shown in
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Fig. 3. Evolution of specific surface area and total pore volume for SBA-15_1, SBA-
15_2, and SBA-15_3 synthesized with various amounts of heptane and NH,4F stored
with and without micelles.

Fig. 4. SEM micrographs of (a, b) SBA-15_1, (¢, d) SBA-15_2, and (e, f) SBA-15_3
prior to storage and after storage at accelerated conditions for six months.

Fig. 4. SBA-15_1 (Fig. 4(a, b)) has a 500 nm thick and ~2 pm wide
platelet morphology, SBA-15_2 (Fig. 4(c, d)) consists of ~400 nm
long and ~220 nm wide rods, and SBA-15_3 (Fig. 4(e, f)) comprises
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~1000 nm long and ~260 nm wide rods. No morphological changes
are observed upon storage.

Bjork et al. reported that addition of heptane and NH4F not only
affect the particle morphology, but also the silica structure, i.e. lin-
ear vs cyclic silica species, changes in specific surface area and
microporosity of the materials [18,48]. SBA-15 synthesized with
no or low amounts of NH4F, such as SBA-15_1, have a lower
amount of six-fold cyclic species compared to SBA-15 materials
synthesized with a higher salt concentration, such as SBA-15_2
and SBA-15_3 [48]. The decomposition at accelerated storage con-
ditions corresponds well to the results from Broyer et al. [49], who
showed that mesoporous silica of MCM-41 decomposes in humid
environments.

It is apparent that the pure silicas are more stable compared
to the MBGs. This is most probable due to a higher condensa-
tion of the silica framework as this is not disturbed by addition
of Ca.

Further, it should be noted that the majority of the surface
loss in these two materials occurs during the first two months
of storage. This can be due to collapse of the microporous net-
work in these materials (Fig. S9(b) and Fig. S11(b)). There is
no notable decrease in the specific surface area and pore volume
when the materials are stored prior to calcination, i.e. with the
micelles in the pores. This shows that the micelles are support-
ing the structure and prevents the degradation of the
micropores.

Mesoporous carbons stored in Eppendorfs

Fig. 5 shows that the long-time stability of mesoporous carbons
in terms of specific surface area and pore volume is highly inde-
pendent of the tested storage conditions. No material degradation
can be observed even at accelerated conditions. Fig. 6 presents the
morphology of CMK-1_Ag (Fig. 6(a, b)) that consists of ~120 nm
large spheres, and CMK-3_Ag (Fig. 6(c, d)) comprises ~330 nm wide
and ~900 nm long rods, before and after storage in accelerated con-
ditions for six months. No morphological changes are observed. It
is clear that the mesoporous carbons can be stored for a significant
time without changes, most probably due to their hydrophobic
properties.
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Fig. 5. Evolution of specific surface area and total pore volume for CMK-1_Ag and
CMK-3_Ag.
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Fig. 6. SEM micrographs of (a, b) CMK-1_Ag, (¢, d) CMK-3_Ag prior to storage and
after storage at accelerated conditions for six months.

Storage in glass vials

Materials characteristics

To evaluate the effect of the storage container, two calcined
bioactive glasses, MBG_SD_Sr and MBG_SG_Cu, were stored in
glass vials under accelerated conditions for 2 months. The materi-
als (both spray dried and sol-gel synthesized MBGs) showed low
stability in Eppendorfs (Fig. 1), but excellent behavior in bone
repair and wound healing, respectively [3,5,50]. Nitrogen
physisorption isotherms and pore size distributions for the materi-
als before and after storage are presented in Fig. 7(a, b) and Table 2.
It can be observed that the specific surface area of the materials
decreases by <10% compared to the surface loss of >90% when
stored in Eppendorfs.

The SEM micrographs shown in Fig. 7(c-f) demonstrate that
there is no morphological change during the storage. MBG_SG_Cu
consists of 50-150 nm large particles, and MBG_SD_Sr comprises
larger spheres in the size range of 0.5-5 pm. The material compo-
sition was determined using EDS, and the ion concentration is pre-
sented in Table 2. As can be seen, there is no elemental change in
the materials during the storage.

Ion release profiles in TRIS for both materials were measured by
ICP and are shown in Fig. 7(g, h). Both materials show a burst
release with a high degree of ion release during the first 15 min
in TRIS. The shape of the ion release profiles is not changing upon
storage. There is however a slight shift in the values between the
samples. This shift can be associated with the preparation of the
samples prior to the ICP measurements, as the low amount of
weighed MBG powder required to evaluate the ion release behav-
ior could lead to an experimental error. The shift should not be
regarded as a change in the material characteristics.

The increased stability in glass vials compared to Eppendorf
shows the importance of storing the MBGs in a sealed container.
The Eppendorf allows water vapor from the humid air to access
the materials, even after sealing with parafilm (0.88 g/m?/24 h
(37.8 °C and 90% R.H. vs desiccant)) [51], which is not possible
using a glass vial. As can be observed in Fig. 1, the samples stored
in a dry atmosphere did not degrade during the 6 months storage,
whilst under accelerated conditions, the materials lost their poros-
ity and surface area within one month. When stored in glass vials,
the materials are stable for at least two months under accelerated
conditions, and therefore storage for at least six months in dry con-
ditions should be possible, see Fig. 1 and Supplementary Informa-
tion Table S1 and S3. The small loss observed in specific surface
area and pore volume can be due to humidity in the air that is
enclosed with the sample, as this was not performed in e.g. N,
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Fig. 7. Evolution of characteristics of calcined MBG_SG_Cu (left) and MBG_SD_Sr
(right) particles stored in glass vials under accelerated conditions for two months:
(a, b) nitrogen physisorption isotherms and pore size distributions, SEM micro-
graphs of the materials (c, d) before storage and (e, f) after storage, and (g, h) ion
release profiles for the respective materials.

atmosphere. A similar loss is observed for MBG_SD_Sr stored in dry
conditions in Eppendorfs. From this we conclude that the materi-
als, especially MBGs should be stored in containers where water
vapor can not diffuse.

Sterility and cytotoxicity
Prior to the storage, the MBGs were sterilized using 25 kGy
gamma radiation. The sterility of the materials was assessed by

Table 2
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exposing Staphylococcus epidermidis in TSB solution to the selected
MBGs. Bacterial growth was evaluated by studying the trans-
parency of the solution. As can be observed in Fig. 8, both bioactive
glasses are considered sterile both before and after the storage.

Cytotoxicity tests were performed following ISO 10993-5:
2009-Biological Evaluation of Medical Devices Tests for In vitro
cytotoxicity. Fibroblast cells (L929) were used as a model cell line
to test the cytotoxicity of the bioactive glasses. A polystyrene plate
was used as a negative control and a polystyrene plate with
0.08 mg/mL of NPS to induce cell death was used as positive con-
trol. The standard defines cell viability above 70% as cytocompati-
ble, and a reduction of cell viability by more than 30% is considered
to be a cytotoxic effect.

Fig. 9 shows the cell viability for MBG_SD_Sr (concentration:
1 mg/mL) before and after storage. The OD data shows cell viability
>70% both before and after storage and the material is hence con-
sidered to be cytocompatible. The lower cell viability at 0 months
compared to 2 months is attributed to particle agglomeration
which reduces the space on the polystyrene plate and results in a
decreased cell viability.

Fig. 10 shows the cell viability for MBG_SG_Cu (concentration:
1 mg/mL) before and after storage. The OD data shows a cell viabil-
ity <70% both before and after storage and the material is hence
considered to be cytotoxic at this concentration. The dark spots
in the optical micrograph for MBG-SG-Cu at 2 months show aggre-
gation of particles which can induce a locally high, toxic, Cu con-
centration. An MTT assay was also performed on MBG_SG_Cu at
a lower concentration (concentration: 0.2 mg/mL), and the results
are shown in Fig. 11. At this concentration, the cell viability is
>70%, and the material is not cytotoxic, neither before nor after
storage. This clearly shows that the material concentration is cru-
cial in biological applications, and that the biocompatibility is not
affected by the storage.

Conclusions

This study shows the impact of storage conditions on various
silica- and carbon-based mesoporous materials. The accelerated
storage conditions provide a good view of the stability of the var-
ious materials. It is clear that bioactive glasses are more sensitive
to humidity compared to SBA-15 mesoporous silica, and that
mesoporous carbons of CMK-1 and CMK-3 types are unaffected
by storage temperature and humidity. Humidity is the main factor
for material degradation, resulting in that silica based materials
should be stored in glass vials rather than Eppendorfs as this does
not allow transfer of humidity. Storing materials prior to calcina-
tion, have a favourable effect on the storage as the micelles stabi-
lize the material and reduces structural degradation. It should
however be noted that this can be a challenge in a commercial per-
spective, as optimal storage would result in that the customer
needs to calcine the material, which is not always suitable. The
sterility and cytotoxicity of MBG materials stored in glass vials
are not affected during storage in accelerated conditions for

Physicochemical properties of the MBG materials stored in glass vials prior to and after storage under accelerated conditions for two months.

Sample Storage time Specific surface area (m?/g) Pore size (nm) Pore volume (cm?/g) X¢/(X + Si) atomic %
MBG_SG_Cu 0 month 762 3.5 0.99 22+0.6

2 months 710 3.5 0.88 2.4 +0.6
MBG_SD_Sr 0 month 68 3.5 0.10 25+03

2 months 62 3.5 0.09 22+0.2

¢ Calculated with the BET-method.
b Calculated with the BJH-method.
¢ X =CuorSr.
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Positive
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Polystyrene MBG_SD_Sr MBG_SG_Cu

0 months

2 months

Fig. 8. Images from sterility tests of MBG_SG_Cu and MBG_SD_Sr. Bacteria growth
is observed in the positive control through lack of transparency of the solution.

0 months

2 months

Cell viability (%)
Cell viability (%)

Polystyrene  MBG_SD_Sr Positive ctrl. Positive ctrl.

Polystyrene

MBG_SD_Sr

Fig. 9. Quantification of cell viability through MTT assay for MBG_SD_Sr (1 mg/mL)
before and after storage for 2 months at accelerated conditions in glass vials
compared to polystyrene (negative control) and polystyrene with 0.08 mg/mL of
NPS (positive control). The red line at 70 % represents the limit for cytotoxicity.
Below are optical images of cells after 72 h of incubation with MBG_SD_Sr at
concentration of 1 mg/mL compared to the negative and positive control. (Scale bar
100 pm).

0 months 2 months

Cell viability (%)
Cell viability (%)

0
Polystyrene  MBG_SG_Cu Positive ctrl.

0
Polystyrene  MBG_SG_Cu Positive ctrl.

Fig. 10. Quantification of cell viability through MTT assay for MBG_SG_Cu (1 mg/
mL) before and after storage for 2 months at accelerated conditions in glass vials
compared to polystyrene (negative control) and polystyrene with 0.08 mg/mL of
NPS (positive control). The red line at 70 % represents the limit for biocompatibility.
Below are optical images of cells after 72 h of incubation with MBG_SG_Cu at
concentration of 1 mg/mL compared to the negative and positive control. (Scale bar
100 pum.)
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Fig. 11. Quantification of cell viability through MTT assay for MBG_SG_Cu (0.2 mg/
mL) before and after storage for 2 months at accelerated conditions in glass vials
compared to polystyrene (negative control) and polystyrene with 0.08 mg/mL of
NPS (positive control). The red line at 70 % represents the limit for cytotoxicity.

2 months, which corresponds to >6 months of storage in dry con-
ditions. The information in this study is of importance for commer-
cialization of mesoporous silica- and carbon-based materials for
medical applications, and we conclude that mesoporous silica-
based materials should be stored dry, in containers that does not
allow for water vapor diffusion, whilst mesoporous carbons can
be stored in both dry and humid atmospheres.
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