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ABSTRACT

In this work the adsorption and the release of ampicillin - a B-lactam penicillin-like antibiotic -
from MCM-41, SBA-15, and (amino functionalized) SBA-15-NH, ordered mesoporous silica
(OMS) materials were investigated. The silica matrices differ for their pore size (SBA-15 vs. MCM-
41) mainly, and also for surface charge (SBA-15 and MCM-41, vs. SBA-15-NH;). OMS samples
were characterized through small-angle X-rays scattering (SAXS), transmission electron
microscopy (TEM), N> adsorption—desorption isotherms, Fourier transform infrared spectroscopy
(FTIR), thermogravimetric analysis (TGA), and potentiometric titrations. The quantification of
immobilized and released ampicillin was monitored by mean of UV-Vis spectroscopy.
Experimental adsorption isotherms evidenced that ampicillin's loading is not related to the pore size
(dssn) of the adsorbent. Indeed the maximal loadings were 237 mg/g for SBA-15 (dpju = 6.5 nm),
278 mg/g for MCM-41 (dgj = 2.2 nm), and 333 mg/g for SBA-15-NH> (dgyu = 5.6 nm). Loading
seems, instead, to be related to the surface charge density (o) of the sorbent surface. Indeed, at pH
7.4 ampicillin drug is negatively charged and likely prefers to interact with SBA-15-NH> (osBa-is-
N2 = +0.223 C m) rather than the slightly negatively charged silicas (ospa-1s = -0.044 C m™ and
omcm41= -0.033 C m2). Similarly, ampicillin release is affected by interfacial interactions. Indeed,
we found a burst release from pure silica samples (SBA-15 and MCM-41), whereas a sustained one
from SBA-15-NH; sample. We explain this behavior as a result of an attractive interaction between
the protonated amino group of SBA-15-NH; and the negatively charged carboxylate group of
ampicillin. In summary, in order to obtain a sustained drug release, the chemical nature of the
matrix's surface plays a role which is more important than its textural features. SBA-15-NH> matrix

is hence a suitable candidate for local sustained release of antibiotic drugs.
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1. Introduction.

Osseointegration was discovered in 1969 when Branemark observed that a piece of titanium
inserted in a rabbit bone was not easily removed because anchored in the tissue [1]. The
osseointegration process begins after the surgical insertion of an implant and is possible when the
material is biocompatible, and allows for the spontaneous formation of hydroxyapatite layers [2].
However, after the implant insertion inflammatory processes (as peri-implantitis) can occur [3].
This can cause the loss of the supporting bone [1] and different types of osteomyelitis [4]. These
diseases can be treated with systemic administration of antibiotic or anti-inflammatory drugs (via
injection or ingestion) to prevent necrosis and bone neoformation that can degenerate in a chronic
state [4,5]. This type of antibiotic therapy is highly inefficient. Indeed, only a low amount of drug
can reach the infected region, so that the therapy needs to be repeated several times. Moreover,
large amounts of administrated drugs can cause several drawbacks such as sensitivity, bacterial
resistance, or superinfections. The proposed solution to all these problems is the 'in situ" drug
administration [5,6]. Nowadays different materials - i.e. antibiotic-impregnated cements, pastes,
powders, degradable sponges or fleeces - are used in orthopedic surgery [7]. Nevertheless, only few
nanomaterials can both easily be osseointegrated and slowly release antibiotic or anti-inflammatory
drugs [5,8-11].

Ordered mesoporous silicas (OMSs), firstly synthesized in the early 90s [12,13], are interesting
matrices for drug delivery [4,14-23]. Relevant features of OMSs are the high surface area (up to
1000 m?/g), the narrow distribution of the pores size (2-30 nm), the high pore volume (1-3 cm?/g)
and the possibility to introduce several types of surface functional groups [24-30]. Moreover,
OMSs display high biocompatibility [19,31-34] and allow for osseointegration if placed in a
simulated body fluid [9,11]. All these features make OMSs very interesting matrices for biomedical
applications as depot carriers for 'in Situ’ controlled drug release. The use of OMS for drug delivery,

dates back to 2001, when Vallet-Regi et al. studied the immobilization of ibuprofen on MCM-41
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[35]. After that pioneering work the drug-loading capacity, and the sustained drug release from
OMSs (i.e. MCM-41 and SBA-15) with different antibiotic or anti-inflammatory drugs - i.e.
ibuprofen [36-38], gentamicin [39] and amoxicillin [25,40,41] - were widely investigated.
Moreover, those studies showed how to modulate the drug loading and the release kinetics by
functionalizing the surface of OMS samples [14,17,25,36,37,42,43], or by changing the pH, at
which the drug loading is carried out [14,38,42,44,45].

Ampicillin is a penicillin-like molecule belonging to the class of B-lactam antibiotics, useful for the
treatment of infections mediated by both gram-negative and gram-positive bacteria [5,7].
Ampicillin is usually administered in combination with sulbactam [46-48], a powerful and highly
specific inhibitor of B-lactamases [49]. In particular, the therapeutic ampicillin dosage is 1.5-12
g/day for adults and 150 mg/kg/day for children [46]. After the administration, the maximal
concentration of ampicillin in blood serum mainly depends on the patient's age. For adults (from 20
to 65 years) who have been administered with 2 g of ampicillin, the maximal measured
concentration is about 80-110 pg/mL [50]. While for children (from 1 to 12 years) a dose of 40-80
mg/kg every 6 h results in an ampicillin concentration of 177-200 pg/mL [51]. Due to its high
purity and low cost, ampicillin can be used as a model drug for a better understanding of the
processes that regulate the adsorption and the release of therapeutic molecules from OMS-based
depot systems. Recently, the release of ampicillin from different materials - amorphous silica,
calcium silicate, silica/polycaprolactone, and xCaO-SiO- - was studied [5,52]. These studies showed
that the rate of release is affected by the chemical composition of the used material. Singh et al.
used silica-based nanotubes for the adsorption and release of ampicillin [53]. They found that both
adsorption and release rates are determined by the pore size of the carrier.

The aim of this work is to understand which, between the textural features and the chemical nature
of the surface, plays the most important role to address the adsorption and release phenomena of

ampicillin antibiotic from ordered mesoporous silica. To this purpose we compared the behavior of
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three different OMS samples, namely, SBA-15, SBA-15-NH; and MCM-41. In particular, we
investigated the effect of pore size (SBA-15 versus MCM-41) and surface charge (SBA-15 versus
SBA-15-NH) toward ampicillin adsorption (isotherms and kinetics) and release in simulated

physiological conditions.

2. Materials and methods.
2.1 Chemicals.

Tetraethoxysilane (TEQS, 98%)), pluronic copolymer 123 (EO20PO70EO20),
cetyltrimethylammonium bromide (CTAB, > 99 %), (3-aminopropyl)triethoxysilane (APTES, > 98
%), sodium hydroxide, hydrochloride acid (37 %), ampicillin sodium salt, acetic acid (> 99.7 %),
sodium acetate (> 99 %), sodium dihydrogen phosphate (99.0 %), and sodium phosphate dibasic (>
99.5 %) were purchased from Sigma-Aldrich (Milan, Italy). Standard buffers at pH 1, 4, 6, 9, and
10 were purchased from Hanna Instruments (Szeged, Hungary). All chemical reagents were used

without further purification.

2.2 Synthesis and characterization of SBA-15, MCM-41, and SBA-15-NH; samples.

SBA-15 and MCM-41 were synthesized according to the methods reported in refs. [27] and [54,55]
respectively. We just remind that the synthesis occurs with a cooperative templating mechanism
between TEOS and either Pluronic copolymer 123 (SBA-15) or CTAB (MCM-41). The organic
surfactants were removed by calcination at 550°C for 5 h. The functionalized SBA-15-NH> was
prepared using APTES through a post-functionalization method described in ref. [27]. The resulting
solid was filtered and washed with acetone and dried overnight under vacuum at room temperature.
All materials were characterized through N2 adsorption—desorption isotherms (texture), SAXS and
TEM (structure), FTIR (functional groups), potentiometric titrations (surface charge density, o),

and thermogravimetric analysis (TGA). Textural analysis was carried out on an ASAP 2020



instrument, by determining the N> adsorption/desorption isotherm at 77 K. Before analysis MCM-
41 and SBA-15 samples were heated at 250°C at a rate of 1°C/min under vacuum for 12 h, while
SBA-15-NH> was heated at 110°C at the rate of 1°C/min under vacuum for 24h. The Brunaeur-
Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) method, calculated from the desorption
branch of N, isotherm, were used to calculate surface area, pore volume and pore size distribution
respectively. Small-angle X-ray scattering (SAXS) pattern was recorded with a S3-MICRO
SWAXS camera system (HECUS X-ray Systems, Graz, Austria), as elsewhere reported [27]. Thin-
walled 2 mm glass capillaries were filled with the sample for the scattering experiments. The
scattering patterns were recorded for 1 h. Transmission electron microscopy (TEM) images were
obtained on a JEOL 100S microscope, finely ground samples were placed directly onto formvar-
coated electron microscopy nickel grids. Fourier transform infrared (FTIR) studies were conducted
with a Bruker Tensor 27 spectrophotometer equipped with a diamond-ATR accessory and a DTGS

detector. A number of 256 scans at a resolution of 2 cm™!

were averaged from wave number 4000 to
400 cm'. Surface charge density (o vs. pH curves) of all samples was determined through
potentiometric titrations which were carried out through an automatic titrator, Titrando 836 from
Methrom (Herizau, Switzerland). The titration method is described in detail in ref. [56].
Thermogravimetric analysis (TGA) was carried out in the range 25-1000 °C (heating rate = 10

°C-min?t), and under oxygen flow (flow rate = 50 mL-min?) by mean of a Mettler-Toledo

TGA/STDA 851.

2.3 Ampicillin adsorption and release from mesoporous silica samples

The adsorption isotherm of ampicillin on mesoporous silica (SBA-15, MCM-41, SBA-15-NHz) was
carried out by suspending different samples (50 mg each) of mesoporous silica in 50 mM phosphate
buffer (pH 7.4) solutions having ampicillin concentrations in the range between 0.5 and 25 mg/mL.

The suspensions were kept under rotation for 24 h at 298 K. The adsorbed amount of ampicillin was
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obtained by calculating the difference between the initial and the final (equilibrium) concentration
of ampicillin in the adsorption solution. The concentration of ampicillin was determined through a
calibration curve (in the concentration range 0.1-2.0 mg/mL) by measuring the absorbance at A =
268 nm through a Cary UV-Vis spectrophotometer. After the immobilization ampicillin-loaded
silica samples were collected through centrifugation, dried under vacuum, and analyzed through
ATR-FTIR to assess the drug immobilization. The adsorption kinetics experiments of ampicillin
adsorption on OMS samples were carried out similarly to what done for the isotherms. The only
difference is that liquid samples were withdrawn at different fixed times (in the range 0 - 24 h) from
the OMS/ampicillin suspension and analyzed through UV-Vis to assess the residual ampicillin
concentration in the liquid phase.

In vitro drug release was carried out by suspending 50 mg of ampicillin-loaded mesoporous silica in
25 mL of 50 mM phosphate buffer saline solution (PBS: pH 7.4 and 0.15 M NaCl) at 37°C in an
orbital shaker (120 rpm). At fixed time intervals, a volume of 5 mL of solution was withdrawn and
the same volume of PBS was replaced to maintain sink conditions. The amount of released
ampicillin was quantified through UV-Vis spectrophotometry, using a calibration curve in the
concentration range 0.1 - 2.0 mg/mL (100 - 2000 ug/mL). The amount of ampicillin released was
calculated taking into account the dilution caused by the introduction of fresh PBS after each

withdrawal [57].

3. Results and discussion
3.1 Characterization of OMSs
Fig.1 shows the adsorption/desorption N isotherms of SBA-15, SBA-15-NH2 and MCM-41. SBA-
15 and SBA-15-NH: exhibit a type IV isotherm with a sharp increase of N> volume adsorption at

the relative pressure of p/p°= 0.6-0.7. The HI1 hysteresis cycle is associated to a channel-like
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mesoporous structure. Respect to the curve of SBA-15, that of SBA-15-NH; is shifted toward low
adsorbed nitrogen volumes. This result is consistent with a decrease of the pore volume due to the
functionalization step with APTES.

MCM-41 isotherm strongly differs from that of SBA-15 and SBA-15-NH,. It shows a similar
increase of N> volume adsorption but at a lower relative pressure, between 0.2 and 0.4 p/p°, as
expected by the smaller pores of MCM-41. In this case the isotherm is reversible and does not show
any appreciable hysteresis loop. Table 1 reports the values of surface area, pore size, and pore

volume for the three mesoporous silica samples.

Table 1. Surface area, pore volume, and pore size of SBA-15, SBA-15-NH, and MCM-41.

Sample  2Sger(m?/g) PPore volume (cm®/g) C°den-pes (A) Ya (A)

SBA-15 867 1.23 64.5 113.4
SBA-15-NH: 408 0.69 55.7 113.4
MCM-41 1169 0.91 22.3 40.1

@Surface area calculated by the BET method (pressure range 0-1 p/p°®).

bPore volume (calculated at p/p°=0.99).

¢ Pore diameter calculated by applying the BJH method to the desorption branch of the isotherm.
d_attice parameter obtained by SAXS.

Samples were also characterized through SAXS technique (Fig. 2a). SBA-15 and SBA-15-NH»
show the typical pattern of hexagonal phases, with an intense peak and two weak peaks due to the
reflections of (100), (110) and (200) planes, respectively. This confirms that the functionalization of
SBA-15 with APTES does not modify the ordered hexagonal structure. Also MCM-41 shows a
SAXS pattern with the three typical peaks of hexagonal phases but, in this case, they occur at higher
q (scattering vector) values than those recorded for the other two OMSs. This is due to the
reciprocal relationship which occurs between plane distance, d, and the scattering vector, g,

(d=2m/q). The lattice parameter (a) determined by SAXS measurements was 113.4 A for SBA-15

and SBA-15-NH, and 40.1 A for MCM-41 (Table 1).



Figures 2b-d show TEM micrographs of the three mesoporous silica samples. It can be seen that
MCM-41 sample is constituted by quasi-spherical nanoparticles with diameters in the range 60-100
nm (Fig. 2b), whereas SBA-15 and SBA-15-NH;, samples have bigger particles with sizes around
1.0 um (Fig. 2¢ and 2d). The TEM images show the cylindrical channels for all samples.

The FTIR spectra of SBA-15 and MCM-41 (Fig. 3a) show two intense peaks at 1060 and 800 cm™!
assigned to the asymmetric and symmetric stretching vibrations of Si-O-Si group, respectively.
Moreover, a peak at 450 cm™ is due to the deformation modes of the O-Si-O group [25]. The peak
at 960 cm™ is attributed to Si-OH stretching [58,59]. SBA-15-NH, sample shows a spectrum similar
to those of SBA-15 and MCM-41 (Fig. 3a) but, in addition, we observe a weak peak around 1558
cm™ (Fig. 3b) attributed to the bending of -NH,, which confirms the amino-functionalization
[25,60,61]. Thermogravimetric analysis (TGA) of OMS samples was then carried out. Figure 4
shows the comparison among the percentage mass loss (Am) profiles as a function of temperature
for OMS samples. The mass loss observed for all samples at T < 200 °C can be ascribed to the
removal of humidity and to the condensation of surface silanols. This last likely occurring for the
pure silica samples (i.e. MCM-41 and SBA-15). Above 200 °C only SBA-15-NH> has a consistent
mass loss (Am = 9.4 %) due to the burning of organic groups. This is a further confirmation of the
occurred functionalization with APTES.

Figure 5 shows the surface charge density (o) versus pH curves obtained for the three OMS
samples. SBA-15 and MCM-41 samples show a very similar trend, that is, the surface charge is
close to zero at acidic pH and becomes negative for pH > 6. It can be noticed that for pH > 8, SBA-
15 surface charge is more negative than that of MCM-41. This may be due to a slightly more acidic
behavior of SBA-15 silanols compared to those of MCM-41 [62]. As a result of the
functionalization, the surface charge density of SBA-15-NH> becomes highly positive at acidic pH
values. ¢ remains positive up to pH = 9.7, which is the point of zero charge of that material.

Consequently, at the pH value used to immobilize the ampicillin (pH = 7.4) SBA-15 and MCM-41
9



carry a slightly negative surface charge (ospa-15s = -0.044 C m™ and omcm-41= -0.033 C m?) while
SBA-15-NH; has a highly positive surface charge (ospa-1snm2 = +0.223 C m™2). At that pH,
ampicillin carries a negative net charge (pKacoon = 2.96, pkannz = 7.22)[63]. Hence its adsorption on
SBA-15-NH; would involve attractive electrostatic interactions. This will be discussed further in

next paragraphs.

3.2 Determination of the adsorption isotherms and kinetics of ampicillin on OMSs

The different OMS samples, SBA-15, SBA-15-NH> and MCM-41, were then used as carriers for the
adsorption of ampicillin antibiotic. The adsorption isotherms (T = 298 K) were determined plotting
the loading of ampicillin on OMS (La, MQ@ampicilin/Qoms) versus the equilibrium concentration of
ampicillin in the adsorbing solution (C,, mZampiciin/mL). We used three different models - namely:
Freundlich, Langmuir, and Temkin - to fit the experimental adsorption data. Figure 6a shows the

adsorption isotherm fitted by the Freundlich equation [64—67]:

Ly = KeC,/m (1)
Where, Kr (mL/g) and 1/n (dimensionless) are the Freundlich constants, that is, empirical
parameters specific for each adsorbent-adsorbate pair at a given temperature. The Freundlich model
considers a heterogeneous adsorbent surface with non-identical adsorption sites. This results in the
formation of a multi layer of adsorbed molecules. Kr is the support capacity, while I/n is the
heterogeneity factor. The closer the latter is to 0 the more heterogeneous the adsorbent surface.

Figure 6b shows the fitting obtained with the Langmuir model:

_ LoKLCGr
AT 1vKkLC, (2)

Where, Lo and K. are the maximum mono-layer coverage capacity and the Langmuir constant,
respectively. Differently by the previous model, here only a monolayer of adsorbed molecules is

allowed. Moreover, Langmuir isotherm refers to homogeneous adsorption, that is, it can only occur
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at a finite number of identical and equivalent localized sites, with no lateral interaction and steric
hindrance between the adsorbed molecules, even on adjacent sites.

Finally, Figure 6¢ shows the fitting obtained with the Temkin model:
L, =X ma.cC, (3)
bt

Where, br is the Temkin constant and Ar is the isotherm equilibrium binding constant.

These models were chosen among many available since they resulted in quite good fittings of our
experimental results. In particular, as shown in Table 2, Freundlich and Lamgmuir fittings were
better than Temkin as confirmed by their higher correlation coefficients (R). In Figure 6, adsorption
isotherm curves have higher slopes for MCM-41 respect to SBA-15. This resulted, in our
experimental conditions, in the maximal loadings of 278 mg/g and 237 mg/g for MCM-41 and
SBA-15 respectively. The materials are both pure silica, but with different particle and pore size
(see Figure 2 and Table 1). This result seems to mean that the wider pore size of SBA-15, compared

to that of MCM-41, does not necessarily result in a higher ampicillin loading.

Table 2. Isotherm parameters for ampicillin adsorption on OMS samples.

Freundlich Langmuir Temkin
Sample Kr Lo KL At
(mL/g) 1n R (mg/g) (dm®mg) R |br (L/g) R
SBA-15 10 0.9 0.985 1588 0.006 0.986 | 38 0.6 0.906
SBA-15-NH: 18 0.85 0.988 1035 0.015 0.991 | 26 0.6 0.949
MCM-41 16 0.9 0.986 495 0.04 0.984 | 37 1.5 0.976

On the contrary, a lower pore size results in a higher surface area which is, evidently, widely
available for ampicillin adsorption. However, also surface area does not seem to be the distinctive
feature for obtaining a high loading. Indeed, SBA-15-NH, sample, with a Sger = 408 m*/g 'only’,
resulted in the highest loading (333 mg/g). Our hypothesis is that this result is due to the chemical
nature of SBA-15-NH; surface. This gives rise to attractive forces between the adsorbent and the

adsorbate. Indeed at pH 7.4 SBA-15-NH; carries a positive surface charge (Figure 5), hence we
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expect a favorable electrostatic interaction with the carboxylate group of ampicillin. Singh et al.
immobilized ampicillin on aminated mesoporous silica nanotubes (mSiNTs) [53]. They found that
the loading capacity was affected by the presence of CTAB during the synthesis since it increased
both pore size and surface area of the obtained material. In particular a loading of 110 mg/g was
obtained for the material synthesized without CTAB, whereas a loading capacity of 180 mg/g in the
presence of CTAB. Both values were, nevertheless, lower than those obtained with our adsorbents.

We also investigated the adsorption kinetics of ampicillin on OMSs samples (Figure 7). The slope
of the curve gives an estimation of the adsorption rate. This follow the series MCM-41 > SBA-15 >
SBA-15-NHa». The adsorption of molecules on mesoporous silica particles is a multistep process (1.
external diffusion; 2. internal diffusion; 3. adsorbent-adsorbate interaction). We ascribe the trends
shown in Figure 7 to the lower particle size of MCM-41 which permits a faster diffusion, likely
both external and internal (shorter channels). Nevertheless, ampicillin adsorption on SBA-15-NH>,

although occurred with a slower rate, reached the highest loading.

3.3 FTIR characterization of ampicillin-loaded OMS samples.

The adsorption of ampicillin on OMS samples was also confirmed by FTIR spectra (Figure 8).
Figure 8a shows the chemical structure of ampicillin molecule while the relative FTIR spectrum, in
the whole spectral range 4000-400 cm™, is shown in Figure 8b. Figure 8c shows a comparison
among the FTIR spectra of free ampicillin and the ampicillin-loaded OMS samples in the range
between 1900 cm™! and 1300 cm’!. In that figure, the peaks at 1764 cm™ and 1693 cm™ are attributed
to the -C=0 of the beta-lactam ring and of the amide bond respectively, those at 1640 cm™ and
1378 cm! are instead related to the symmetric and asymmetric stretching of -COOH. Finally, the
peaks at 1582 cm™, 1525 cm’!, and 1455 cm™ are assigned to the N-H deformation of the amide
bond, the -NH> bending, and the -C=C—C stretching of aromatic ring, respectively [25,63,68].

Figure 8c displays also the FTIR spectra of the ampicillin-loaded OMS samples (MCM-41, SBA-
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15, and SBA-15-NHz). We notice that most peaks occurring in the spectrum of the free ampicillin
occur also in the FTIR spectra of ampicillin-loaded OMS samples. In particular, we observe the
peaks at 1765 cm™! (-C=0 of the beta-lactam ring) and the shoulder at 1685 cm™ (amide bond) [63],
and those at 1640 and 1395 cm™ (symmetric and asymmetric stretching of ~-COOH) [27,37] and the
shoulder at 1590 cm™ (N-H deformation) [25].

Finally, we observe the peaks in the range 1525-1540 cm! (-NH; bending) and that at 1460 cm™!
(C=C-C stretching of the aromatic ring) [25,63]. We also notice that the spectrum of ampicillin
loaded on SBA-15-NH; looks different from those of the drug loaded on SBA-15 and MCM-41. In
particular, the broad band between 1700-1500 cm™ shows additional peaks, like that at 1600 cm’!
and 1580 cm’!, likely due to an electrostatic interaction between the protonated amino group of
SBA-15-NH> and the carboxylate of ampicillin [25].

In summary, FTIR measurements confirm that ampicillin is successfully adsorbed on all OMS
samples and that the chemical nature of the surface groups, that is, silanols (MCM-41 and SBA-15)
or amino (SBA-15-NH>), results in a different intermolecular interaction between the drug and the
adsorbent. Indeed, at pH 7.4 the carboxylate of ampicillin is fully dissociated (pKacoon = 2.96),
whereas the -NH; group is only partially protonated (pKannz = 7.22)[63]. Therefore we expect an
attractive electrostatic interaction between the carboxylate of ampicillin with the protonated amino
group of SBA-15-NH: (see Figure 5). On the contrary, electrostatics would be much less important
for the interaction between the only partially charged amino group of ampicillin and the slightly

negatively charged silica (SBA-15, MCM-41) surface.

3.4 Ampicillin release from OMS samples
The release of ampicillin from SBA-15, SBA-15-NH; and MCM-41 matrices was then studied. The
ampicillin-loaded OMS samples, with similar ampicillin loadings around 200 mg/g, were suspended

in PBS (pH 7.4) at 37°C, and the concentration of released ampicillin was measured at different
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times according to the procedure described above (see par. 2.3). We should specify that loadings
cannot exactly be the same for the three samples, since they can only approximately be controlled
due to the different ampicillin/OMS affinity. Nonetheless, any difference in the initial loading
becomes not important since the release kinetics is expressed in mass % according to the following

equation [26,57,69]:

ME 0 = (1 — e70) 4)
0

where M; is the mass released at time ¢, M) is the total mass of ampicillin adsorbed in the material,
Amax 1s the maximal mass (%) released, k is the release rate constant, and ¢ is the time. Figure 9

shows the kinetics of ampicillin release from the different OMS samples.

MCM-41 and SBA-15 materials gave rise to a burst release, reaching a maximal amount of released
drug of Ay = 56 % and 42 % respectively within the first two hours (Figure 9). Differently, SBA-
15-NH: resulted in a more gradual release, reaching a release maximum Aya= 30 % after about 8
hours. The maximal amount of released drug corresponds to an ampicillin concentration in the
release solution of 327 ug/mL, 210 pg/mL, and 145 pg/mL for MCM-41, SBA-15, and SBA-15-
NH», respectively. We observe that the latter value (SBA-15-NH») is comparable to the
concentration of ampicillin in the serum of both adults and children [50,51]. Similar release kinetics
were reported for amoxicillin release from pure and functionalized SBA-15 and MCM-41 [25,41].
Also in those cases the maximal amount of drug was released in the first hours. The authors
justified their results considering that the sustained release is regulated by a diffusion mechanism
which is affected by steric hindrance. We propose that in our system, the release is affected by the
competition between the affinity of ampicillin for the adsorbent surface and its solubility in the
release medium (PBS) [70]. This results in a quick desorption particularly from the silica surfaces
as a result of a weak electrostatic interaction (both attractive and repulsive). Differently, the

electrostatic attraction between ampicillin and SBA-15-NH, surface, prevents a quick and
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significant release. Indeed the occurrence of an attractive electrostatic interaction between the
protonated amino groups of SBA-15-NH; and the carboxylate groups of ampicillin is clearly seen in

the FTIR spectra in Figure 8c.

4. Conclusions

In this work the adsorption and the release of ampicillin from mesoporous silica matrices, differing
in pore size and chemical proprieties due to surface functionalization, were studied. Results show
that complex mechanisms and interactions address drug loading and release. The materials we
compared had either different pore size but similar surface charge (SBA-15 and MCM-41), or
similar pore size but different surface charge (SBA-15 and SBA-15-NH>). It emerges that both
ampicillin adsorption (isotherms and kinetics) and release are affected by the surface charge more
than by the pore size. The interaction between a specific drug and a specific adsorbent is a very
peculiar phenomenon. To the best of our knowledge, what found here for ampicillin/OMS systems
was not previously available in the literature. The low negative surface charge of the two pure silica
SBA-15 and MCM-41 matrices favors a rapid and efficient release at pH 7.4, this being slightly
higher for MCM-41. Indeed, MCM-41 particles are much smaller than those of SBA-15 therefore a
larger amount of adsorbed drug is likely to be located on the external surface or close to the pore
openings. In the case of SBA-15-NH»> matrix, electrostatic interactions favor a sustained release of
ampicillin antibiotic. Indeed release from amino-functionalized material is slower than that
measured for pure silica. The sustained release is likely due the presence of protonated amino
groups that favorably interact with the negatively charged carboxylate of ampicillin. Future work
will be necessary to investigate the use of SBA-15-NH> matrix for the fabrication of a depot system

for a locally sustained release of ampicillin.
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