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Mesoporous silica nanoparticles (MSN) have been growing in recent years in a broad range of applications, such
as nanomedicine, catalysis, and gas storage. For the preparation of MSN, especially in nanomedicine applica-
tions, the extraction of the surfactant template, generally 1-hexadecyltrimethylammonium bromide (CTAB), is

Efﬁcmncy. required. Several methods to remove the surfactant from MNS have been reported in the literature, such as
Condensation degree e . . . . . .

Porosity calcination, solvent extraction, and dialysis. Depending on the method employed, the materials obtained have
Biocompatibility different properties; however, a systematic study that compares the use of different surfactant extraction methods
Biodegradability and their implications in the final characteristics of the MSN has not been reported. Hence, the aim of this work is

to study the effect of surfactant removal on MSN by calcination at different temperatures (400 °C, 450 °C, 500 °C
and 550 °C) or by extraction with HCl/ethanol or NH4NOs/ethanol. The final materials are fully characterised by
different techniques. The study performed shows the removal efficiency when the different methods are used,
and their effect on silica condensation degree, mesoporosity, cytotoxicity, and degradation rate. The results allow
for obtaining a deeper knowledge of the surfactant removal processes.

1. Introduction

Mesoporous silica nanoparticles (MSN) are versatile materials that
can be applied in different fields such as, among others, nanomedicine
[1,2], drug and gene delivery [3,4], chemical communication [5,6],
nanomotors [7,8], sensing [9,10], antimicrobial activity [11], catalysis
[12], and gas storage [13]. Using surfactant as a scaffold is essential to
synthesise MSN by a template-directed method. Nevertheless, once MSN
are formed, eliminating the surfactant is required in almost all cases to
empty the pores and house compounds such as active pharmaceutical
ingredients, catalysts, dyes, etc. In addition, effective surfactant

elimination is crucial for the application of MSN in biomedicine because
of the toxicity of most of the surfactants. This is especially relevant in the
case of CTAB, which is used as a surfactant in the synthesis of
MCM-41-type MSN and whose toxicity is high even at residual concen-
tration [14-16]. In this context, different methods to eliminate the
surfactant have been reported, such as calcination, extraction, or dial-
ysis. Regarding the procedure employed, the properties of the nano-
particles can be strongly affected. Some parameters influenced by the
elimination procedure are the surfactant elimination efficiency [16,17],
the silica condensation degree, the degradation rate [18], the meso-
porosity [17,19], and aggregation phenomena [20-22].
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Calcination is the most frequently applied method due to its
simplicity and effectivity, which is based on the thermal treatment of
samples in order to provoke the combustion and oxidation of the sur-
factant [23]. In the case of non-ionic copolymer surfactants, the tem-
perature employed is in the range of 300-350 °C [18,24]. However,
cationic surfactants, such as the CTAB, are more difficult to remove.
Hence, higher temperatures in the range of 450 °C-600 °C are required,
as lower ones lead to incomplete CTAB decomposition [16,24,25]. In
this context, the most frequently reported calcination temperature to
remove the CTAB in MSN is 550 °C ([26,27]). Additionally, during the
calcination process, the silicate framework is consolidated via thermal
condensation of silanol groups and the elimination of structural defects
[23,28]. This consolidation results in stronger and more stable materials
[18]. Nevertheless, the calcination and the consequent consolidation of
the framework has also negative implications [18,29], such as the
reduction of silanol groups compared to the as-made samples [23] that
reduces the reactivity of MSN surface [18]. Furthermore, high conden-
sation of silanols provokes significant network shrinkage, which can
impair the mesostructured framework of MSN [18,30,31]. Apart from
this, it is also reported that calcination induces significant agglomera-
tion of nanoparticles due to the formation of interparticle bonds [20-23,
29].

Solvent extraction procedure was developed to avoid the disadvan-
tages of calcination [32]. It consists of the elimination of surfactant by
washing the MSN with specific solutions and temperature. The solutions
employed must be able to weaken the bonds between the silica surface
and the surfactant. In the case of ionic surfactants, the ionic exchange is
required to replace the electrostatic interactions between the silica and
the surfactant. For this purpose, the solutions prepared to remove CTAB
include a cation by which CTA™ is substituted, such as those derived
from HCI [15,16,33], NaCl [34,35] or NH4NOj3 [14,36,37]. On the other
hand, the solvents used are those in which the surfactant is strongly
soluble. In the case of CTAB, the most commonly used are ethanol [38]
and methanol [39], but other solvents can also be used, such as 1,
4-dioxane [40]. Regarding the effectiveness of complete template
removal, some studies report that the extraction with NH4NO3 or HCL
completely removes the FTIR bands associated with CTA © [16,39,
41-43], although, other studies differ [15,17,23,28,40] and report some
associated cytotoxicity attributed to the presence of CTAB residues [19].
Furthermore, the use of an extraction method provokes a lower silanol
condensation than that obtained by calcination [22]. Extraction is also a
less aggressive method that induces lower shrinkage of the network. As a
counterpart, extracted materials are less consolidated and lack hydro-
thermal stability [28].

Alternative methods have been developed to find suitable surfactant
removal procedures according to the applications of the materials. For
example, some authors have applied dialysis to remove the template.
This procedure is mainly based on the same principles as solvent
extraction. However, it uses a dialysis membrane to retain the nano-
particles and facilitate the sequential renewal of the solvent to shift the
equilibrium and force the exchange and removal of the surfactant. The
solution most commonly employed is acetic acid in ethanol [44,45], but
other compounds such as NaCl [46] or solvents such as 2-propanol [47]
have also been used. Dialysis method is reported to be effective in the
complete elimination of surfactant [48,49]. Other advantages of using
this method are that the silica framework barely varies after being
dialysed and the silanol condensation is quite limited [44], although the
main benefit is its compatible use with colloidal and dispersed MSN,
since it avoids the drying-resuspension cycles and the sharp changes in
solvent or solutions [22,45,48]. Nevertheless, the dialysis process is
steeply time-consuming, in the range of several days to weeks. More-
over, it requires a large amount of solvents, which limits its use and costs
for scalable production [39]. Other less common methods have also
been developed for surfactant removal, including oxidation with
hydrogen peroxide [50], ether cleavage [23], pyrolysis in Ny flow [24],
methanol-enhanced supercritical COy extraction [51], non-thermal
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plasma oxidation [30,52], and other methods derived from calcina-
tion, such as rapid calcination or microwave-assisted calcination [23] or
liquid-phase calcination [20].

Despite the large amount of work related to the extraction of the
surfactant from MSN, there are still discrepancies in the literature.
Furthermore, the greater part of the research has focussed on evaluating
the efficiency of the method or the ease and scalability. Thus, there are
recent reviews that show, with this perspective and in an extensive
manner, a plethora of different surfactant elimination strategies [53].
However, there are considerably fewer studies that have addressed the
question of what happens to the silica after the surfactant has been
removed. This aspect is crucial as the resulting silica is the material that
is later used in different applications. Depending on the specific use or
application, the requirements for MSNs may be different. Hence,
removal can be perceived not only as a stage in processing but also as a
method of modulation of the properties of the resulting MSNs to achieve
better adaptation to their use. In this context, our objective was to carry
out a systematic study of the use of different surfactant removal pro-
cedures on standard MCM-41-type MSN and the implications on the
final nanoparticles in terms of the silica condensation degree, the silica
network and mesoporosity, the cytotoxicity, and the biodegradation
rate. The methods we test are the most used, simple, and scalable:
calcination at different temperatures (400, 450, 500, and 550 °C) and
solvent extraction by using HCl-ethanol or NH4NOs-ethanol mixtures.
Our study aims to provide a comprehensive and detailed insight into the
implications of the use of different surfactant removal methods on the
characteristics of MSN, especially in a biomedical context, such as drug
delivery, imaging, or tissue engineering, in which the biocompatibility
and biodegradability are crucial.

2. Materials and methods
2.1. Chemicals

The compounds tetraethylorthosilicate (TEOS, 98%), 1-hexadecyltri-
methylammonium bromide (CTAB, 99%), sodium hydroxide (NaOH,
>98%, anhydrous pellets), Dulbecco’s Phosphate Buffered Saline (PBS,
275-304 mOs/kg), ammonium nitrate (NH4NOs, >98%), were pur-
chased from Sigma-Aldrich. Hydrochloric acid (HCl, 37%)and absolute
ethanol (>99%) were purchased from Scharlab.

2.2. General techniques

Transmission electron microscopy (TEM) images were acquired in a
JEOL JEM-1400 Flash microscope (Jeol Europe SAS, Croissysur-Seine,
France). A Bruker D8 Advance diffractometer (Cu Ka radiation)
(Bruker, Coventry, UK) was used for powder X-ray diffraction (PXRD)
measurements. Solid-state nuclear magnetic resonance (ss-NMR) studies
were performed in a Bruker Avance III 400 WB (Bruker, Coventry, UK).
A micromeritics ASAP 2010 automated analyser was used for recording
of Ny adsorption-desorption isotherms (Micromeritics, Norcross, GA,
USA); samples were degassed at 120 °C in vacuum overnight, the spe-
cific surface areas were calculated from the adsorption data within the
low-pressure range using the BET (Brunauer-Emmett-Teller) model and
the pore size distribution was determined following the BJH (Bar-
rett-Joyner-Halenda) method. Particle size and 3 potential in solution
were measured by ZetaSizer Nano ZS (Malvern Instruments Ltd., Mal-
vern, UK) equipped with a laser of 633 nm and collecting the signal at
173°. FTIR measurements were taken by a Bruker Tensor 27 spectrom-
eter (Bruker, Coventry, UK). Thermogravimetric analyses were carried
out on a TGA/SDTA 51e balance (Mettler Toledo Inc., Schwarzenbach,
Switzerland) in an oxidizing atmosphere (air, 80 mL min-1) with a
heating rate program between 25 and 1000 °C at 10 °C min-1, with an
isothermal heating step at 100 °C for 1 h and a final isothermal at
1000 °C for 30 min.
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2.3. Synthesis of nanoparticles

1 g of CTAB (2.74 mmol) was mixed with 480 mL of deionised water
ina 1L (10.5 cm of outer diameter) cylindrical beaker. The mixture was
heated at 50 °C and stirred with a cylindrical and plain magnetic stir bar
(60 mm long and 15 mm diameter) at 500 rpm to dissolve the surfactant.
Then, 280 mg of NaOH (7 mmol) dissolved in 3.5 mL of deionised water
were added, and the temperature solution was adjusted to 80 °C. A
watch glass was placed to cover the beaker to minimize the evaporation
solvent and therefore to avoid volume decreasing during the reaction.
When the temperature reached 80 °C, 5 mL of TEOS (25.7 mmol) were
added dropwise, using a syringe and a needle. Soon after, a white pre-
cipitate appeared. The mixture was stirred for 2 h. After this time, the
suspension was cooled at room temperature, and the solid product was
vacuum filtered in a Buchner filtering device over a filter paper
(Whatman™ Grade 3 MM Chr), and deionised water was added until
neutralising the suspension. Then, the solid was dried under vacuum and
ground to obtain a white powder, named MSN-as made.

2.4. Surfactant removal

After the synthesis, different methods were employed to remove the
surfactant. Calcination: MSN-as made was calcined in a ventilated oven
(oxidant atmosphere) for 5 h at 400, 450, 500, and 550 °C, to obtain
respectively MSN-400, MSN-450, MSN-500, and MSN-550. Extraction:
the solid was extracted using different solvents. First, 300 mg of the
MSN-as made solid were suspended and briefly sonicated in 6 ml of
fuming HCl in 100 ml ethanol. The suspension was refluxed for 2 h and
washed with ethanol three times. Three cycles of refluxing-washing
were performed. The solid was dried for 24 h at 37 °C and finally
ground. The obtained material was called MSN-extHCI. A similar pro-
cedure was followed for the surfactant extraction with ammonium ni-
trate, where the extracting solution was prepared with 2 mg of NH4sNO3
in 100 ml of ethanol. The solid obtained was called MSN-extNH4NOs3.

2.5. DLS measurements

Dynamic light scattering (DLS) technique was used to measure the
hydrodynamic size of the nanoparticles. For DLS measurements, the
samples were prepared by suspending and sonicating generously the
nanoparticles in distilled water (1 mg NP/ml) and spinning them briefly
(at 10,000 rpm) to remove the presence of large aggregates or sedi-
mentation. Electrophoretic light scattering (ELS) technique was used to
measure the { potential of the nanoparticles, which is related to their
surface charge. For ELS measurements, the samples were prepared by
suspending and sonicating generously the nanoparticles in distilled
water (10 mg NP/ml) and spinning them briefly (at 10,000 rpm) to
remove the presence of large aggregates or sedimentation, which would
have disturbed the electrophoretic movement measurements.

2.6. Biocompatibility assays

The in vitro cytotoxicity assays were performed on human brain
glioblastoma cells (LN-18). Cell culture was incubated in Dulbecco’s
Modified Eagle Medium (DMEM) high glucose supplemented (Sigma-
Aldrich) with 10% of serum foetal bovine (SFB) (Sigma-Aldrich) and in
5% CO; at 37 °C and underwent passage twice a week. The nanoparticles
used to treat the cells were suspended and generously sonicated in
DMEM-SFB. Cells were treated for 4 h and incubated with fresh media.
At 72h, 10 pL of WST-1 reagent (Roche Applied Science) were added to
each well (in a 96-well microtiter plate) and were incubated for 1 h at
37 °C. The absorbance, directly related to cell activity, was read at 440
nm. Cell viability measurements were taken in a Wallac 1420 Victor2
Microplate Reader (Perkin Elmer, Waltham, MA, USA).
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2.7. Degradation assays

Nanoparticles were suspended at 1 mg/mL concentration in PBS and
generously sonicated. Then, the suspension was stirred with a magnetic
stirrer for 2 weeks at room temperature. Small aliquots (50 pL) were
collected after 1, 4, 7, and 14 days, and studied by transmission electron
microscopy. After collecting each aliquot, the nanoparticles suspension
was centrifuged and then resuspended in fresh PBS to avoid saturation of
the silicic acid on the media and facilitate the degradation process.

2.8. Image analysis

TEM images were used to analyse the properties of MSN, such as
their size or mesoporosity. At least 200 particles for each sample were
counted to obtain the average diameter and the percentage of nano-
particles with mesoporosity. Nanoparticles were considered to possess
mesoporosity only if clear hexagonal ordering of the pores or parallel
channels could be observed.

3. Results and discussion
3.1. Synthesis of nanoparticles and surfactant removal

MCM-41-type MSN were synthesised according to the protocol
described in the experimental section. 1.85 g of the as-made solid ob-
tained (MSN-as made) was then divided into six vials and different
methods were used to remove the surfactant. Nanoparticles of four of the
vials were calcined at different temperatures (400 °C, 450 °C, 500 °C and
550 °C) to obtain samples MSN-400, MSN-450, MSN-500 and MSN-
550. Besides, nanoparticles from the two remaining vials were treated
with ethanol:HCI or ethanol:NH4NOs, leading to MSN-extHCl and MSN-
extNH4NOj3 samples.

The calcination temperatures employed were chosen to compare the
standard calcination (at 550 °C) with other temperatures. The lower
limit was set at 400 °C according to the temperature in which the CTA™,
when acting as a template, is reported to be mostly calcined [54-57].
Under our experimental conditions, some differences were observable to
the naked eye between the calcinated samples (Fig. 1). The solid
calcined at 400 °C (MSN-400) showed a beige colour, whereas samples
calcined at temperatures above 500 °C were obtained in the form of a
white powder. MSN-450 also showed a light beige appearance (barely
observed in Fig. 1). On the other hand, both extracted solids
(MSN-extHCI and MSN-extNH4NO3) were also obtained in the form of a
white powder, which were finer than the ones obtained by calcination.

ISN-550

)

| ! iy 7
SN-450 RISN-500

Fig. 1. Photograph of calcined samples MSN-400, MSN-450, MSN-500, and
MSN-550.
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3.2. Study of surfactant removal efficiency

The different methods employed to remove the surfactant template
were compared in terms of their removal efficiency. For this purpose,
both thermogravimetric analysis (TGA) and Fourier-transform infrared
spectroscopy (FTIR) were used. First, calcined samples were analysed.
Their TGA curves and FTIR spectra are plotted together with those of
MSN-as made in Fig. 2A and B, respectively. The TGA results (Fig. 2A)
are shown as the percentage of the dry solid (removing from the initial
weight the contribution of moisture and other solvents) as a function of
temperature, according to considerations previously reported [58,59].
Therefore, the loss of weight observed can be associated with the
decomposition of organic matter and silanol condensation. MSN-as
made had a total weight loss of 45.9%. The tendency observed in the
curve can be divided into three areas (Fig. 2A, dashed lines). Firstly,
there is a sharp drop from 180 °C to 360 °C, representing a weight loss of
39%; secondly, there is a less steeply sloping weight loss from 360 °C to
550 °C, representing 4.5%; and finally, above 550 °C (up to 1000 °C) the
weight loss is much less steep, and there is only a 2.5% weight reduction.
In contrast, the percentage of weight loss in calcined samples is much
lower, and this percentage decreases with calcination temperature.
Thus, the calcined samples showed a total weight loss of 5.6%, 4.1%,
3.8%, and 3.4%, for MSN-400, MSN-450, MSN-500, and MSN-550,
respectively, which are in the range reported in the literature [58,59].
The difference between the last three samples (MSN-450, MSN-500 and
MSN-550) is less than 1% and their curves are barely distinguishable in
Fig. 3A (yellow, orange, and red lines, respectively). In the case of
MSN-400, the difference is larger, as it shows a more pronounced decay
in the range from 360 °C to 550 °C, from which the curve separates from
the rest (Fig. 2A, light green line).

FTIR spectroscopy of MSN-as made was used to check the presence
of bands associated with the CTA ™ molecules (Fig. 2B, dotted lines).
According to the literature and our observations in MSN-as made, these
bands are located approximately at 2959, 2918, and 2850 cm™!
(stretching bands from methylene (-CHy-) and methyl groups (-CH3)),
1470 and 1400 cm™! (bending bands from —~CH,- and —-CH3) and 724
cm ! (rocking band from -CHj-) [60]. Only alkane related peaks of
CTA" can be observed in FTIR spectroscopy, as quaternary amines lack
of signals. The spectra of calcined samples (MSN-400, MSN-450,
MSN-500, and MSN-550) show the bands associated with the silica
matrix but not with the CTA' molecules, regardless of the calcination
temperature used.

According to the observations made by naked eye (vide ante), the
beige appearance of MSN-400, and MSN-450 to a lesser extent, suggests
the presence of some CTA"' residues. Nevertheless, as FTIR results

90 +
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41

00 38
MSN-550 34

80 1
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60 +

50
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showed no signals associated with CTA™ in the four calcined samples, we
hypothesise that the residues remaining in MSN-400 and MSN-450 are
coke residues, whose FTIR signals are negligible [61,62]. Coke residues
are reported to remain in the MSN when the calcination process is not
complete [25,63,64], and the presence of even 1% by weight of coke
residues may explain the beige appearance. Hence, we can only claim
that CTA" and its residues are completely removed, under our experi-
mental conditions, from 500 °C. In this context, there is no consensus in
the literature about the minimum temperature necessary to remove
completely the CTA™ from the mesopores, which varies from 350 °C to
600 °C [24,65-67].

For their part, TGA curves show a progressive decrease in weight loss
with increasing calcination temperature (vide ante). This can be pro-
duced by a double phenomenon. On the one hand, as the temperature
increases the coke residues still present in calcined samples are removed.
On the other hand, the silanol groups, which are quite abundant in MSN
prior to surfactant extraction, are progressively condensed when
increasing the calcination temperature [41]. In this context, some au-
thors described that the condensation reaction occurs from 400 °C [18,
30]. Nevertheless, Potapov et al. [68] analysed the silanol condensation
as a function of the temperature applied on precipitated amorphous
silica, and they reported silanol condensation at even lower tempera-
tures. The authors described that silanol condensation occurs in three
stages depending on the type of the silanols involved, their location
inside the silica framework and the proximity between them: 1) from
190 to 400 °C the vicinal and geminal —~OH groups are condensated, 2)
from 400 to 780 °C the main contribution is due to condensation of free
nearby individual ~OH groups, and 3) above 780 °C the condensation is
limited to the widely spaced ~OH groups.

Therefore, the three areas in the TGA curve of MSN-as made can be
associated with specific phenomena. The sharp drop from 180 °C to
360 °C is roughly the region where CTA + has been reported to
decompose [34,69,70] and most of the vicinal and geminal ~OH groups
condense. Subsequently, the weight lost from 360 °C to 550 °C can be
associated with the combustion of CTA™ residues and the condensation
of a portion of nearby silanol groups. Finally, from 550 °C the weight
loss can be exclusively attributed to the condensation of the remaining
Si-OH groups. In this sense, the percentage of weight decrease in
MSN-550 (3.4%) can be associated exclusively with the presence of
silanol groups. For the rest of the calcined samples, MSN-400,
MSN-450, and MSN-500, the weight loss exceeds that of the MSN-550
sample in a 2.2%, 0.7%, and 0.4%, respectively. These percentages can
be assumed to correspond to the presence of additional silanol groups in
comparison with MSN-550, or the presence of some coke residues in the
case of MSN-450, and especially, MSN-400.

MSN-as made

MSN400 1)

Lﬁ

I
| 1
| |
| 1
T |
{
: s 1
| o MSN-550 /
[ e
| |
| |
| |
| |
| |
| |

I
I
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I
I
I
I
1
1

T T T T g T T T T T T
3500 3000 2500 2000 1500 1000 500
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Fig. 2. Surfactant removal efficiency of calcination at different temperatures. (A) TGA curves of calcined and as-made samples. Dashed lines indicate the three
different stages in weight loss. The values of weight were expressed according to the percentage of the dry solid (removing from the initial weight the contribution of
moisture and other solvents). (B) FTIR spectra of calcined and as-made samples. Dotted lines indicate the CTA™ associated FTIR bands. Dashed lines indicate the
Si-OH and flexibility associated lines. The colors used in both graphs are correlated.
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MSN-as made
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T
I
I
I
|
I
|
I
|
]
I
I
|
|
|
|
|
L

Temperature (°C)

T T T T T T T T 1
100 200 300 400 500 600 700 800 900 1000

T = T T T T T
3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 3. Surfactant removal efficiency of extraction methods. (A) TGA curves of extracted and as-made samples. Dashed lines indicate the region in which the thermal
decomposition is greater in extracted samples. The values of weight were expressed according to the percentage of the dry solid (removing from the initial weight the
contribution of moisture and other solvents). (B) FTIR spectra of extracted and as-made samples. Dotted lines indicate the CTA™ associated FTIR bands. Dashed lines
indicate the Si—-OH and flexibility associated lines. The colors used in both graphs are correlated.

In summary, it can be concluded that the efficiency of surfactant
removal is optimal by calcining above 500 °C. In addition, a progressive
condensation of silanols is supposed to take place above 190 °C, ac-
cording to the observations and the reported literature.

TGA curves (Fig. 3A) and FTIR spectra (Fig. 3B) of extracted solids
(MSN-extHCl and MSN-extNH4NO3) were also studied in comparison
with those of MSN-as made. The TGA results (Fig. 3A) show a weight
loss of 13.1% for MSN-extHCI and 12.6% for MSN-extNH4NOs3. Even
though these percentages are lower than those observed for the MSN-as
made, they are higher than those found for the calcined samples. Similar
behaviours were observed in other reported studies, which described a
weight loss of ca. 10% in TGA curves for MSN extracted with NH4NOs,
NaCl, or HCI in ethanol or methanol [14,34,42]. The TGA curves for
both extracted samples show the most significant weight reduction from
420 °C to 570 °C (Fig. 3A, dotted lines), in which they lose around 7%
matter.

Regarding the FTIR spectra (Fig. 3B), both extracted samples, MSN-
extHCl and MSN-extNH4NOs, show the disappearance of most of the
CTA™ associated FTIR bands (Fig. 3B, dotted bands), such as the signals
at 720, 1470, 2850, and 2918 cm~'. Nevertheless, the bands at 1400
cm ! (bending bands from —CHj,- and ~CH3) and 2959 cm! (stretching
bands from -CHj- and -CH3) remain present in both samples. Addi-
tionally, other peaks in the 3000 cm ™" region are also observed, such as
those at 2900 and 2980 cm™_.

TGA curves seem to suggest that the observed weight loss above
420 °C is not primarily due to the presence of surfactant, as the removal
of surfactant is mainly produced at lower temperatures (from 180 °C).
FTIR spectra also indicate that the bands found do not correspond to
CTA™. Then, the observed weight loss could be mainly attributed to the
condensation of a high amount of silanol groups that remain in the
extracted samples. Nevertheless, it has been reported that the percent-
age of silanol groups in extracted samples is close to 5% of the nano-
particle’s weight [59], whereas we observed percentages above 10%. In
addition, the FTIR spectra suggest the presence of other residues in the
extracted samples, which can also contribute to the high percentage of
weight loss. In concert with that, it can be hypothesised that the
observed bands may be better assigned to ethanol traces (whose bands
appear at 1384 and 2980 cm™1). However, this cannot explain the main
weight decrease found in TGA, since ethanol evaporation is located
below 100 °C. Thus, it is suggested that the bands at 2980, 2959, 2900,
and 1400 cm™! correspond to the presence of ethoxy moieties [71],
which are formed during the solvent extraction by esterification of some
silanol groups [23,29], which can be produced in acidic ethanol sus-
pension at refluxing conditions [72].

Consequently, it can be suggested that the extraction methods

employed remove completely the CTA™ from MSN. Nevertheless, both
extractions with HCl/ethanol and NH4NOs/ethanol lead to nano-
particles with ethoxy groups attached to the surface.

3.3. Analysis of condensation degree of the MSN

The proportion of silanol groups in the MSN plays an important role
in some properties of the MSN such as their surface reactivity [19],
polarity [50], adsorption capacity [19,54,68] or toxicity and haemolytic
activity [73,74]. For this reason, it is important to study the effect of
different methods of surfactant removal on the degree of condensation
of the silica matrix. For this purpose, FTIR spectra were analysed again
focusing on the bands related to the silica framework (Figs. 2B and 3B,
dashed lines). Additionally, 2°Si-ss-NMR measurements (Fig. 4 and
Table 1) were performed to study the silica connectivity. Third, ELS
measurements were analysed to study the { potential of the samples
(Table 1), considering that the negative charge of MSN comes from the
deprotonated silanols (silanolates, Si~-O") on the surface.

Starting with the FTIR spectra, the bands related to the condensation
degree of the MSN silica matrix are those associated with the Si-OH
group (stretching broad band at 3400 cm™! of the O-H bond and
bending band at 954 cm ! of Si-OH bond) and the one associated with
Si-0-Si bonds flexibility (the shoulder at 1217 cm™! due to bending
vibrations) [24,75,76].

In the case of the calcined samples, it can be observed (Fig. 2B,
dashed lines) that the bands associated with the Si-OH bonds (at 3400
and 954 cm™1) decrease progressively as the calcination temperature
increases compared with MSN-as made, especially above 500 °C. In the
same vein, the shoulder at 1217 em ™}, which is quite sharp in MSN-as
made, is highly reduced in all the calcined samples, suggesting the
calcination must produce a high increment of the framework rigidity. On
the other hand, the FTIR spectra of the extracted samples (Fig. 3B,
dashed lines) reveal that the bands associated with the Si-OH and O-H
vibrations (3400 cm’l, 954 ¢cm 1) were not so reduced in comparison
with calcined samples, neither the stretching nor bending Si-O-Si vi-
brations (1217 cm ™). The higher amount of silanols in extracted sam-
ples can be explained additionally due to the rehydroxylation of
condensed siloxane groups, which can occur at favourable conditions,
such as acidic or alkaline pH, high temperature and aqueous solutions
[23,68].

On the other hand, 2°Si-ss-NMR spectroscopy was used to quantify
the connectivity of silica, namely, the percentage of the Q2% Q% and Q*
signals in the samples, localised at ca. —91, —101, and —111 ppm,
respectively. These signals are closely related to the silica condensation
degree and the presence of silanol groups: geminal silanol groups in the
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Fig. 4. Si%%-ss-NMR spectra of as-made, calcined (MSN-400, MSN-450, MSN-500, MSN-550) and extracted (MSN-extHCI and MSN-extNH4NO3) samples. Dotted

lines indicate the Q?, Q2 and Q* signals.

Table 1

Data related to the silica condensation degree (¢ potential and percentage of the Q, Q% and Q* peaks with respect to the total ss-NMR signal) for the samples obtained

by using different surfactant removal methods.

SAMPLE ¢ POTENTIAL (mV) Si%%-ss-NMR
% Q2 % Q3 % Q* Degree of condensation (DC)

MSN-as made +33.5 + 3.2 9.6 49.3 41.1 82.9
MSN-400 —33.8+1.4 41 26.0 69.9 91.5
MSN-450 355+ 2.4 4.0 23.6 72.4 92.1
MSN-500 ~-36.8+ 1.5 35 21.3 75.2 92.9
MSN-550 -32.9+ 1.7 3.1 20.1 76.8 93.4
MSN-extHCl —38.1+0.9 7.0 42.1 51.0 86.0
MSN-extNH,NO; 376+ 1.2 6.9 43.8 49.3 85.6

case of Q2 silicon centres (=Si-(OH)»), isolated silanol groups for Q3 type
centres (=Si—-OH) and siloxane bonds for Q4 type centres (=Si-O-Si=).
The area under the curve (AUC) was calculated for each peak by
deconvolution of the spectra according to a Gaussian distribution. 2°Si-
ss-NMR spectra of calcined and extracted samples in comparison to
MSN-as made are shown in Fig. 4 and the obtained data are collected in
Table 1. The calcined samples showed a strong reduction in Q% and Q®
signals, even in samples calcined at 400 °C. In addition, there is a cor-
relation between the temperature of calcination and the increase in the
degree of condensation, calculated according to the equation reported
by Barczak [23] (Table 1). The results were consistent with previously
reported data [18,23,50,63,77]. On the other hand, the NMR spectra of
extracted samples showed a slight reduction of Q? and Q° signals, and
then, a smaller increase in the degree of condensation when compared
with the MSN-as made sample.

Regarding the { potential (Table 1), it increases when increasing the
calcination temperature from 400 to 500 °C (-33.8 < - 35.5 < - 36.8 mV)
but decreases at 550 °C (-32.9 mV). A tentative explanation for this
experimental observation is that the presence of surfactant residues
(coke) in the nanoparticles may soften the negative charge that MSN-
400 and MSN-450 should have due to silanol/silanolate groups. More-
over, raising the calcination temperature increases the condensation of
silanol/silanolate groups and, therefore, the negative charge is reduced,
which is the trend observed for MSN-500 and MSN-550. For their part,
the ¢ potential values for extracted samples were —38.1 and —37.6 mV
for MSN-extHCl and MSN-extNH4NO3, respectively. These values are
more negative than for any calcined sample, in agreement with a higher
number of silanol/silanolate groups in the extracted samples.

According to the data obtained in FTIR, 298i-ss-NMR and ELS, it can
be concluded that the use of increasing calcination temperatures leads to
the increase of the silica condensation degree and the reduction of
silanol groups. In addition, the extraction method produces a lower
condensation degree compared with calcination, regardless of the

temperature used. In the same vein, the framework flexibility is less
affected by extraction than by calcination.

3.4. Mesostructured framework shrinkage

The framework shrinkage was also mentioned as one of the most
affected parameters in relation to the surfactant removal method.
Nevertheless, no agreement is found in the literature concerning the
effect of surfactant removal on the mesostructured framework. First
studies on mesoporous materials in the ‘90s reported calcination at
lower temperatures, such as 500 °C [63,78,79], but no studies on the
implications on the silica framework were carried out. Other authors
reported different calcination temperatures in KIT-6 and SBA-15 mate-
rials and they reported that the specific surface area and pore volume
were optimised at intermediate temperatures, where the surfactant was
completely removed, but the shrinkage was less pronounced [18]. Some
reports indicated that calcination leads to smaller pore size and volume
in comparison with extraction procedures, due to the sharp shrinkage
provoked by calcination [23,29,80]. Conversely, Hudon et al. [16] re-
ported that the extraction with ethanol-HCl leads to a lower surface area
in comparison with calcined samples. Similarly, He et al. [38] reported a
specific surface area of ca. 863 m?/g, which is quite low, in
MCM-41-type MSN extracted with HCl:ethanol reflux. In this case, it can
be hypothesised that the surface reduction is not provoked by the
extraction method by itself but by the application of the ethanol washing
immediately after the formation of the nanoparticles, whose silica
framework is still weak just after their synthesis [81]. Considering that,
the ethanol washing can dissolve a part of the CTA™ molecules that are
inside the pores and provoke a strong shrinkage of the unconsolidated
silica framework.

Hence, the porosity of calcined and extracted samples was studied.
First, PXRD was performed and analysed. The diffraction patterns of
calcined and extracted samples (Fig. 5A) present the peaks observed in
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Table 2

Crystallography data of samples obtained with the different surfactant removal methods. (FWHM ratio: width of the (100) peak in calcined and extracted samples

related to the width of this same peak in the as-made sample).

SAMPLE Peak (100) (20) digo (nm) Unit cell (nm) Unit cell contraction (nm) FWHM; oo FWHM; oo ratio
MSN-As made 2.09 4.23 4.88 - 0.22 -

MSN-400 2.31 3.82 4.41 0.47 0.28 1.27

MSN-450 2.40 3.68 4.25 0.63 0.27 1.23

MSN-500 2.38 3.71 4.28 0.60 0.31 1.41

MSN-550 2.34 3.77 4.35 0.53 0.28 1.27
MSN-ExtHCl 2.11 4.19 4.84 0.04 0.25 1.14
MSN-ExtNH4NO3 2.15 4.10 4.74 0.14 0.26 1.18

typical MCM-41 material, corresponding to crystallographic planes
(100), (110), (200) and (210), though the peak assigned to the (210)
planes is not always visible in the patterns due to its small intensity and
the loss of long-range order after surfactant removal. The interplanar
distance djgo (of the main peak (100)) was calculated by applying
Bragg’s law (n - A = 2d - sinf), and the unit cell for a hexagonal structure
was also calculated (ag 2/ \/ 3 - digo) (Table 2). A considerable
reduction in d; g9 when nanoparticles are calcined can be found. MSN-as
made presents a digp of 4.23 nm, while in calcined samples the djgg
value is in the range from 3.68 to 3.82 nm. No clear correlation was
found between the calcination temperature and djgp value. A similar
observation was reported by Basso et al. [18]. In contrast, in extracted
samples, the dj( value barely changes from the as-made sample, being
4.19 and 4.10 nm for MSN-extHC] and MSN-extNH4NOs, respectively.
In this context, a clear difference in the unit cell contraction between the
calcined and extracted samples is observed, which is in the range of
0.4-0.6 nm and 0.05-0.15 nm, respectively.

On the other hand, the full width at half maximum of peak (100)
(FWHM; o) was measured for each sample, as well as the FWHM ratio as
the width of the (100) peak in the calcined and extracted samples in
relation to the width of the same peak in the as-made sample (Table 2).
The data show an increase of FWHM;(q after the surfactant removal,
regardless of the removal method employed. Besides, the FWHM]; (g ratio

was higher in the case of the calcined samples (ranging from 1.23 to
1.41) than in the extracted ones (ranging from 1.14 to 1.18).

According to these results, it can be concluded that the structure
shrinkage occurs at temperatures as low as 400 °C. In addition, this
phenomenon is more pronounced in calcined than in extracted samples,
even at lower calcination temperatures, as it has been widely reported
[23,29,30]. In other words, the use of temperatures above 400 °C affects
the silica framework to a greater extent than the exposure to an organic
solvent and refluxing temperatures (ca. 80 °C), in the case of
MSN-extNH4NO3 sample, or highly acidic conditions, in case of
MSN-extHCL. This phenomenon is also observed in the increment of the
structure disturbance and symmetry defects, which can also be found in
the literature [82] and is indicated by the value of the FWHM; .

The N absorption-desorption isotherms (Fig. 5B) were also obtained
to compare the mesoporosity of calcined and extracted samples. All
measured samples showed the typical isotherm of MCM-41 material.
Regarding the calcined samples, it is observable how the slope of the
isotherms in the interval of the Ny monolayer formation, which is related
to the BET surface area, increases slightly as higher calcination tem-
peratures are used. The capillary condensation, which represents the
filling of the pores, is found at the same pressure in all the cases (p/p, =
0.31). Nevertheless, the quantity of Ny adsorbed at average pressures
increases progressively with the rise of the calcination temperature,
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Table 3
Porosity data of samples as a function of surfactant removal method.
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SAMPLE BET surface (m?/g) Pore size (nm) Pore volume (cm®/g) Wall thickness (nm)
MSN-400 1096 2.83 0.97 1.58
MSN-450 1097 2.85 1.00 1.40
MSN-500 1115 2.83 1.01 1.45
MSN-550 1208 2.84 1.09 1.51
MSN-ExtHCl 1079 2.86 0.99 1.98
MSN-ExtNH4NO3 1086 2.80 0.97 1.94

which suggests an increase in pore volumes. The extracted samples show
quite similar isotherms but have a lower slope in the N, monolayer
adsorption region and a lower amount of N, adsorbed at average pres-
sures than the standard calcined sample. In the case of the capillary
condensation, the extracted samples show a jump slightly shifted to
higher pressures (p/po = 0.32). The calculated data from the isotherms
according to BET and BJH methods are shown in Table 3.

The specific surface area of calcined samples is slightly higher with
increasing calcination temperature (1096 < 1097 < 1115 < 1208 mz/g),
as it is also the pore volume (0.97 < 1.00 < 1.01 < 1.09 cm3/g). In
contrast, the pore size remains the same in the calcined samples (in the
range of 2.83-2.85 nm), and no correlation was found between the
calcination temperature and the shrinkage effect, as it is shown by PXRD
data. Regarding the extracted samples, the surface area is smaller than
that of the calcined ones, 1079 and 1086 m?/g for MSN-extHCI and
MSN-extNH4NOgs, respectively, as it is also the pore volume (lower than
1.00 cm3/g in both cases). In contrast, the pore size is similar to that of
calcined samples (in the range of 2.80-2.86 nm).

The wall thickness was also calculated to better understand the
material’s shrinkage phenomenon, by removing the pore diameter value
from the unit cell (ag) value. In the case of the calcined samples, this
value ranges from 1.40 to 1.58 nm and there was not a clear correlation
between the wall thickness and the calcination temperature. In the case
of extracted samples, the calculated wall thickness is larger (in the range
of 1.94-1.98 nm).

We can observe that, in the case of calcined samples, no differences
in shrinkage and pore size were observed from 400 °C to 550 °C. Hence,
the increase in the pore volume and BET surface might be provoked by a
progressive elimination of surfactant as the calcination temperature
increases, through which the pores are progressively emptied. In the
case of extracted samples, the values of pore volume and BET surface are
in the range of the sample calcined at 400 °C. These low values can be
explained due to the thicker wall of both extracted samples, which
supposes a decrease in the number of pores per mass of nanoparticles.
Finally, it can also be remarked that the shrinkage observed in calcined
samples, compared with those extracted, is not due to differences in pore
size, whose values are similar in all samples, but rather to differences in
wall thickness. In fact, the differences in wall thickness between
extracted and calcined samples fit with the unit cell contraction (close to
0.5 nm). Therefore, it can be affirmed that the calcination does not
mainly provoke the shrinkage by a pore size contraction, but by a
decrease in the thickness of the wall as a result of an increase in silica
connectivity and structure sintering.

3.5. Study of the biocompatibility of prepared NPs

The cytotoxicity of the synthesised samples was tested in vitro. In the
literature, the study of the biocompatibility of calcined or extracted MSN
samples have been widely reported in both in vitro and in vivo models
[19,83,84]. However, to our knowledge, the biocompatibility of
calcined bare MSN obtained at temperatures lower than that commonly
used in the standard synthesis (550 °C) has not been tested. Regarding
the extraction method, the literature is still controversial, since some
studies report toxicity [14-16] for extracted MSN, but others show good

biocompatibility, most likely due to the higher efficiency of surfactant
removal [38,41].

In this context, we performed dose-response cytotoxicity assays with
the solids MSN-as-made, MSN-400, MSN-450, MSN-500, MSN-550,
MSN-extHCl, and MSN-extNH4NO3 (Fig. 6). None of the calcined or
extracted samples presented cytotoxicity, even at concentrations as high
as 250 pg/ml. Only the MSN-as made was highly toxic for cells, even at
the lowest MSN concentration (10 pg/ml), which demonstrates the high
toxicity of CTA™. These results suggest that the elimination of surfactant
by calcination or extraction has been complete, and that the possible
presence of the CTA" decomposition residues (in samples calcined at
400 and 450 °C) or ethoxy groups (in extracted samples) do not produce
a measurable cytotoxic effect.

3.6. Biodegradability of calcined and extracted samples

The degree of silica polymerisation in MSN is closely related to its
ability to be degraded [85,86], as silanol groups are the starting point for
the degradation of the silica matrix by the nucleophilic attack of HyO
molecules [87,88]. Biodegradability is particularly relevant for drug
delivery applications, for which it is necessary to obtain MSN that are
stable for a period that allows them to be loaded with a drug, distributed
in the body, reach the target organs and effectively release the drug into
them [89]. On the other hand, the nanomaterial must be degraded and
disposed of after its biomedical mission to avoid long-term accumulation
in the body.

In several in vitro and in vivo assays MSN have been demonstrated to
be biodegradable materials in physiological conditions [85,90]. Never-
theless, they tend to accumulate in reticuloendothelial (RES)-related
organs, such as the liver and spleen, where their clearance can take
several weeks or even months due to their low degradation rate [91,92].
In fact, certain studies reported some toxicity associated with the
long-term accumulation of MSN [93,94]. Besides, the mechanism and
kinetics of MSN degradation are complex processes that depend not only
on the degree of condensation of the silica, but also on other specific
properties of the nanoparticles themselves and the environment [95]
such as their concentration [90,96], structure and surface [44,96,97], or
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Fig. 6. Cell viability assay. Dose-response curves of LN-18 cells treated with
different concentrations of calcined and extracted samples. Cell viability was
measured with WST-1 reagent after 72 h of the addition of nanoparticles.
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Fig. 7. Biodegradability assay. TEM images of MSN-400, MSN-500, MSN-550, and MSN-extHCI over time (0, 1, 4, 7, and 14 days). Nanoparticles were prepared at a
concentration of 1 mg/mL in PBS and generously sonicated before starting the biodegradation assay. Scale bar = 100 nm.

functionalisation [98].

Some effective strategies to improve the MSN degradation have been
attempted in the last years [85]. These approaches include modifying
the nanoparticle’s composition or surface as well as including
stimuli-responsive bonds within the silica framework [99]. Regarding
the surfactant elimination method, calcined samples are highly consol-
idated, and therefore, tend to show remarkably low degradation per-
centages [90,96,100,101] in comparison with extracted MSN, which
present low structural consolidation [102]. However, Bhavsar et al.
[103] reported the complete degradation of MSN calcined at 540 °C,
both in vitro and in vivo studies in less than a week. On the other hand,
dialysed MSN present very low consolidation, similar to extracted ones,
which leads to a high degradability [44,98].

In this context, we studied the degradability of the nanoparticles
MSN-400, MSN-500, MSN-550, and MSN-extHCl. For this purpose,
samples of these solids were suspended in PBS at pH 7.4, to simulate
physiological conditions, at a concentration of 1 mg/ml. The solids were
stirred for two weeks at room temperature, and aliquots were taken at
different times (0, 1, 4, 7, and 14 days) and characterised by TEM, PXRD,
and DLS. TEM images are shown in Fig. 7 (additional images are shown
in Supplementary Information, Fig. S1). All samples show evidence of
progressive degradation over time. On the one hand, the degradation
was more noticeable for solids that were obtained at lower calcination
temperatures. Thus MSN-400 shows the highest level of degradation
among the calcined samples. In contrast, MSN-550 shows high stability
and low degradation over the recorded time. Besides, the extracted
sample MSN-extHCI] shows even greater signs of degradation than MSN-
400.

As a consequence of degradation, several processes were observed.
First, the surface of the nanoparticles becomes very rough even at the
initial stages. This is provoked by the hydrolysis of silica starting at the
surface and progressing towards the centre of the nanoparticle [97].
Consequently, a decrease in the size of the nanoparticles was observed
for all samples, even after the first day of assay. Fig. S2 collects the
evolution with time of the average sizes of the studied samples, calcu-
lated using TEM measurements. In fact, the size of the nanoparticles
tends to shrink more rapidly in the first few days and more slowly
thereafter. This behaviour is compatible with that described by He et al.
[96] and other authors [102], who also reported that the degradation

Table 4
Nanoparticles appearance as a function of the soaking time for samples obtained
with different method for the removal of the surfactant.

SAMPLE MSN-400 MSN-500 MSN-550 MSN-ExtHCl
Day 0 ++ ++ ++ ++

Day 1 ++ ++ ++ +

Day 4 + + ++ -

Day 7 - + ++ -

Day 14 - + + -

- Highly aggregated MSN, formation of amorphous mass, difficult to distinguish
them.

-++Mostly spherical-shaped MSN, surfaces distinguishable from each other.
-+Mostly spherical-shaped and highly fused MSN, surfaces not clearly distin-
guishable from each other.

was faster during the first hours but then stabilised. The downsizing in
MSN-550 nanoparticles (from 89 nm to ca. 71 nm after 14 days) is lower
than for the other samples. In the case of MSN-500, the decrease in the
size of the nanoparticles is slightly higher, reaching 66 nm after 14 days.
In the case of MSN-400 and MSN-extHCI, further size reduction was
observed, but the formation of an amorphous and aggregated mass after
1 and 4 days, respectively, makes it difficult to distinguish individual
nanoparticles and thus measure their size.

Size evolution was also monitored by DLS (Fig. S3). In this case, the
data obtained did not show a decrease in the mean particle size over
time, but rather an increase and, more importantly, a broadening of the
size distribution curves. This effect has also been observed in other
studies [35] and has been hypothesised to be related to an increase in the
fusion between the nanoparticles as the degradation process progresses.
In this context, the samples MSN-550 and MSN-500 showed fewer
changes over time in their DLS curves and less aggregate formation. In
contrast, MSN-400 and MSN-extHCI showed a shift of their size distri-
bution towards larger sizes, due to the formation of a high number of
fused clusters of nanoparticles, which were also observed in the TEM
images, especially for the MSN-extHCl material.

Regarding the degradation phenomena, Table 4 summarises the
qualitative state of each MSN sample over time according to the
appearance of the nanoparticles, namely, the shape regularity, the
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Fig. 8. Biodegradability assay. PXRD patterns of calcined and extracted samples over time (0, 1, 4, 7, and 14 days). The PXRD pattern of MSN-extHCl at 14 days was

not measured as after 7 days no signal was found.

maintenance of the silica mesostructured silica network and the for-
mation of fusions between nanoparticles.

Another visible phenomenon associated with the degradation of the
nanoparticles was the loss of order in the mesoporosity, which has been
widely reported [90,102]. Changes in the mesoporosity were deter-
mined based on the analysis of the PXRD diagrams (Fig. 8) and the
careful observation of the TEM images (Fig. 7). The diffraction patterns
show a generalized and progressive loss of crystallinity in all the sam-
ples. Particularly, while the main (100) peak suffers a progressive in-
tensity decrease and width increase, the peaks (110), (200) and (210)
disappear from the pattern of the samples already after the first day of
treatment. This general change is faster in the case of MSN-extHCl and
MSN-400. TEM images also show that the ratio of nanoparticles which
possess visible and ordered mesoporosity (parallel channels or hexago-
nally arranged pores) decreases over time in all the samples, following
the same trend that the one observed in PRXD (MSN-extHCl >
MSN-400 > MSN-500 > MSN-550). Therefore, the robustness of the
mesostructure against degradation followed the same trend observed
throughout the study, namely, the higher the calcination temperature,
the greater the robustness of the structure and the lower ease of
degradation.

According to the results obtained, it can be said that both the
calcined and the extracted samples showed evidence of degradation
under the conditions used. Furthermore, it has been shown that the rate
of degradation is higher when the condensation degree of the silica
framework is smaller. Thus, MSN-400 and MSN-ExtHCl show a high
level of degradation while MSN-500 and MSN-550 maintain the ordered
mesoporosity for a longer time. Therefore, the rate of degradation is
correlated with the surfactant removal method and, for the calcined
samples, with the temperature of calcination. Furthermore, the degra-
dation process is associated with several effects on the nanoparticles: 1)
the surface of the nanoparticles becomes rough; 2) the size of the
nanoparticles decreases with days, especially at the beginning; 3)
nanoparticles fuse with each other and form aggregated clusters; 4)
amorphous silica agglomerates appear and the ordered mesoporosity of
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remaining nanoparticles decreases. The fusions, the loss of mesoporosity
and the precipitation of amorphous silica are caused because the hy-
drolysis process is accompanied by condensation reactions that in the
absence of the template produce the breakdown of the mesoporous
structure [104].

4. Conclusions

In this work, we present a systematic study of the implications of the
surfactant removal method in MCM-41-type MSN. Different calcined
and extracted samples are compared, using calcination at different
temperatures (400, 450, 500 and 550 °C) and two different surfactant
extraction methods (HCl-ethanol and NH4NOs-ethanol). The study en-
compasses the analysis of the surfactant removal efficiency, the silica
condensation degree, the silica network and mesoporosity, the cyto-
toxicity, and the biodegradation rate. This methodological approach
provides a new comprehensive perspective of the implications of the use
of the different methods for removing the surfactant on the character-
istics of the nanoparticles, especially for biomedical applications.
Furthermore, it also provides a deeper knowledge about the surfactant
removal process itself. We remark the importance of this study taking
into account the discrepancies we found in the literature about this
matter. The information this study provides will help to select the sur-
factant removal method and tune the specific condition to obtain
nanomaterials with desired properties. For example, on account of the
performed studies with MCM-41-type MSN, we can suggest that the
calcination below 500 °C should be avoided as coke residues remains in
the nanoparticles. Additionally, the use of calcination method at 500 °C
or the use of extracted MSN can be better than the standard calcination
at 550 °C in terms of rapid biodegradability, such as some biomedical
applications which need a rapid degradation (drug or gene delivery,
short-term medical imaging or sensing). Nevertheless, if the application
of MSN requires long-term use, such as in the case of catalysis, adsorp-
tion and some long-term biomedical applications (tissue engineering,
long-term medical imaging, etc.), higher calcination temperatures can
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be more suitable considering the longer lifetime that confers a higher
silica condensation degree. Finally, if solvent extraction method is used,
it must be taken into account the presence of ethoxy groups for the
properties of the nanoparticles.
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