Accepted Manuscript by

MICROPOROUS AND
MESOPOROUS MATERIALS

High Resolution Transmission Electron Microscopy: A Key Tool to Understand Drug
Release from Mesoporous Matrices

Marina Martinez-Carmona, Montserrat Colilla, M. Luisa Ruiz-Gonzalez, José M.
Gonzalez-Calbet, Maria Vallet-Regi

PII: S1387-1811(16)00029-9
DOI: 10.1016/j.micromeso0.2016.01.019
Reference: MICMAT 7531

To appearin:  Microporous and Mesoporous Materials

Received Date: 29 September 2015
Revised Date: 8 January 2016
Accepted Date: 13 January 2016

Please cite this article as: M. Martinez-Carmona, M. Colilla, M.L. Ruiz-Gonzalez, J.M. Gonzalez-Calbet,
M. Vallet-Regi, High Resolution Transmission Electron Microscopy: A Key Tool to Understand Drug
Release from Mesoporous Matrices, Microporous and Mesoporous Materials (2016), doi: 10.1016/
j-micromes0.2016.01.019.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.micromeso.2016.01.019

Functionalized
SBA-15

= Functionalized SBA-15

o HCl-treated functionalized
SBA-15

50 100 150 200 250 300 350
Time (h)



Revised Manuscript submitted to
Microporous and Mesoporous Materials

on January 2016

High Resolution Transmission Electron MicroscopyKdy Tool to

Understand Drug Release from Mesoporous Matrices

Marina Martinez-Carmons>* Montserrat Colilld?*" M. Luisa Ruiz-Gonzale%? José
M. Gonzalez-Calbéf and Maria Vallet-Regt:>*

! Departamento de Quimica Inorgénica y Bioinorgarfieaultad de Farmacia,
Universidad Complutense de Madrid. Instituto desbtigacion Sanitaria Hospital 12 de
Octubre i+12. Plaza Ramén y Cajal s/n, E-28040 Ma&pain.

2 Center on Bioengineering, Biomaterials and Nandoiree (CIBER-BBN), Spain
% Departamento de Quimica Inorganica, Facultad dei@as, UCM, Spain.

4 CEI Campus Moncloa, UCM-UPM, Madrid, Spain.

* Corresponding authors. E-mail addresses: vallet@es, mcolilla@ucm.es

Phone: +34913941861 Fax: +34 394 17 86



Abstract

This work demonstrates that high resolution tragsion electron microscopy
(HRTEM) is an essential tool to understand drugvdey performance of mesoporous
silica materials, mainly those submitted to fune#ilization processes involving harsh
conditions that may affect the mesostructure. heaebBA-15-type mesoporous
material bearingSi(CH,).P(O)(OCHCHs), groups was synthetized following the co-
condensation route. Then, the resulting material theated with 37% wt. HCI to
convert ethylphosphonate groups to ethylphosphaciat groups. The proper
dealkylation of ethoxy groups following acid treamh was confirmed by FTIR and CP-
MAS *H->*3C solid state NMR, which indicated the presenceSifCH,).P(O)(OH)
functionalities in the treated sample. Charactéoneof mesoporous materials by XRD
diffraction and N adsorption points to well-ordered SBA-15 strucsureboth

untreated and acid-treated samples. Nonethelelegmstudy by HRTEM reveals that
the acid-treatment provokes noticeable loss of stesctural order, only remaining
small crystalline domains. This structural damagesdnot influence cargo loading but
it severely affects the release of molecules ceuffimto the mesopores, as concluded
from in vitro delivery tests using cephalexin as model drugsTiunereas untreated
sample showed a sustained diffusion-controlled delease during more than 2 weeks,
100% of the loaded drug was released only aftdrdl@s from treated sample. This
abrupt burst effect cannot be explained on theshzdhe existing matrix-drug
interactions, whose nature and extension is guntéas under the release conditions for
both samples. Thus, it can be only understood em#ésis of the mesostructural damage
revealed by HRTEM studies.

Keywords: Silica-based mesoporous materials, functionalipatimesostructural order,

high resolution transmission electron microscopygdielivery.



1. Introduction

Since silica-based ordered mesoporous materiadseshthe drug delivery landscape
back in 2001,[1] they have received growing attamtly the scientific community.[2-
14] Mesoporous silicas are attractive drug carrilers to their outstanding properties,
including:i) low toxicity and biocompatibility; ii) anordered pore arrangement, with
narrow pore size distributions that allow contradlidrug loading and release kinetics;
iii) high surface area, that provides high potential for drug adsorptiogreat pore
volume to house high amount of therapeutic moleculgg;silanol-containing surface,

which can be functionalized to achieve higher adrdwer drug loading and release.

Understanding drug delivery profiles from mesoparmatrices is essential to
exploit their potential as controlled release systeDrug release process obey four
sequential steps:[15] penetration of the releasgiuneinto the pore network, which is
governed by osmotic pressure derived from conceotrgradients; drug dissolution in
the release medium; drug diffusion through the psravities due to concentration
gradients; and drug diffusion and convection witthie delivery medium. The structural
and textural properties of mesoporous materialsttay with the chemical nature of
their surface are the driving factors that govlenrelease of molecules and determine
drug delivery profiles.[2,5] Thus, pore diameteaibmiting factor for the diffusion of
the molecules to the delivery medium, thus regugathe release rate.[1,16] Pore
connectivity and structure also influence drugaséekineticd.17,18,20] For instance
3D-bicontinuous cubic mesostructures allow easy fhecessibility and fast molecular
transport than 2D-hexagonal array of pores.[H@jvever, organic modification or
functionalization of mesoporous matrices is cortogrs in the performance of these
materials as drug delivery systems.[2,5,19,20] @omly, functionalization strategies
of mesoporous silicas rely on the covalently gnafiof organic silanes (Re5IR’).[21]
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This process permits the modification of the sibcaface by grafting organic groups
selective to the chemical nature of the drug tbdsted. In most cases, organic
modification allows increasing host-guest inter@actibetween the mesoporous matrix
and the drug molecule. Matrix-drug interactionswseally established through
electrostatic or Coulombic interaction, hydrogemdiog, and apolar
interaction,[5,22,23pffering many possibilities to control drug adsaptand release.
Some functionalization processes require post-ggidhreatments under rather harsh
conditions, highlighting those involving strong @i which could affect the
mesostructural order.[24] For instance, the treatro€SBA-15 functionalized with —
CN groups followed by treatment with 48 % wt3D, to oxidize cyanide groups to
carboxylic acid groups (-COOH);[25,26] or the treaht of SBA-15 functionalized
with —P(O)(OCHCHj3), groups followed by the treatment with 37% wt. HE|
dealkylate phosphonate groups to phosphonic aougpgr(—P(O)(OH).[27] Whatever
the functionalization method used to organicallydifothe surface of mesoporous
matrices, but highlighting those involving aggreesionditions, it is indispensable to
deeply study the properties of the resulting matety using suitable characterization
techniques. Actually, any alteration in the mesadtrral order could strongly influence
drug release process leading to unforeseen delprefifes, albeit, to the best of our

knowledge, this has not been reported yet.

Herein we demonstrate that high resolution transiomselectron microscopy
(HRTEM) is an essential tool to understand drugasé kinetics from mesoporous
matrices. For this purpose, SBA-15 incorporatirttythosphonate functions (—
(CH,),P(O)(OH})) was synthetized by co-condensation route andweentreated with
concentrated HCI under reflux to achieve ethylphosyc acid moieties (—

(CH,),P(O)(OH}). Although X-ray diffraction (XRD) and Nadsorption studies point



to well-ordered 2D-hexagonal structures in bothpgas)in vitro drug delivery profiles
are dramatically different, despite of exhibitingngar host-guest interactions under the
release conditions. This behavior can be only exethif a deep characterization of
samples by HRTEM is performed. Such study revédelsthere is a noticeable loss of
mesostructure in acid-treated sample, which wootdant for the rapid and

uncontrolled drug release kinetics.

2. Materialsand methods
2.1. Synthesis of Materials

SBA-15 type mesoporous silica material containiaghimal 15 mol% (based on
silicon) phosphonic acid diethyl ester groups (SB#%) was synthetized by the co-
condensation route using diethylphosphatoethyftoeysilane (DPT, 92%, ABCR)
(Scheme 1). Briefly, 8.0 g of Pluronic® P123 bladpolymer (PEQPPGPEQy)
kindly provided by BASF Co.) was added to a mixtaf76 mL of HO and 20.6 mL
of concentrated HCI (37% wt., Aldrich).[28] The gtibn was moderately stirred at 35
°C until total surfactant dissolution. Then, 14.1L ofi tetraethyl orthosilicate (TEOS,
98% wit., Aldrich) was added. Aftea. 20 min a white powder appeared. Then, 3.6 mL
of DPT previously dissolved in 18 mL of isopropaf@iH;OH, 99.5% wt, Aldrich)
was dropwise added to the suspension. The molapasition of the reaction mixture
was: 0.85 TEOS: 0.15 DPT: 0.017 P123: 3.4 HCI: B88: 3.4 GH;OH. Mixtures
were kept under magnetic stirring at 35°C for 2¢ht then sealed in glass beakers and
heated at 100 °C for further 24 h. Then, the obthproducts were filtered, washed
with deionized water, and then dried at 60°C foh2&inally, the surfactant was

removed by a previously reported solvent extract@thod.[29] Briefly, 1 g of



material was soaked into a beaker containing 10®frdn isooctane-ethanol (3 : 2)
mixture (isooctanez99.5% wt, Aldrich; ethanol, 95%, Panreac) and kejter

magnetic stirring at room temperature for 48 hepfiard, the sample was filtered and
then subjected to a second extraction processdiirgpthe powder into 120 mL of an
acetone-water (1 : 1) mixture (acetone, QP, Pahfea24 h at room temperature under
magnetic stirring. After the extraction processasgles were left to dry in a vacuum

oven at 40°C for 24 h to ensure total solvent rexhov

Phosphonate ester groups can be transformed reéadgiilyosphonic acid groups by
acid-catalyzed hydrolytic dealkylation in concetgthHCI. Thus, SBA-15 type
mesoporous silica material containing nominal 1566m(based on silicon)
phosphonic acid groups (HCI-SBAJ®) was obtained from SBALsrby using a
previously reported procedure consisting on tregtme SBA15DPT sample with
concentrated HCI (Scheme 1).[27] Briefly, 0.5 $5&A15rr sample was refluxed in
50 mL of concentrated HCI (37%, Aldrich) at 1009 24 h. Then sample was filtered,

gently washed with deionized water and dried &t@@or 24 h.

2.2. Characterization of Materials

The structural characterization of materials wasopmed by powdered X-ray
diffraction (XRD) in a Philips X'Pert diffractometéEindhoven, The Netherlands)
equipped with CuK (40 kV, 20 mA) over the range from 0.6 to 6.0%natstep of 0.02°
and a contact time of 5 s. Electron microscopy gased out in a JEOL 3000FEG
transmission electron microscope operating at 30@nd fitted with a X-ray energy

dispersive spectrometer (EDS) (Oxford Instruments).



The textural properties of materials were deterchiog N, adsorption porosimetry.
The N, adsoption/desorption analyses were carried ot °C on a Micromeritics
ASAP2020 analyzer (Micromeritics Co., Norcross, JSA all cases, 50-70 mg of
material was degasses at 80 °C for 24 h underwuwatower than 0.3 kPa before the
analysis. The surface aregdy) was determined from adsorption data obtainedRyt P
between 0.05 and 0.2 by using the Brunauer-Emnedt&T(BET) method.[30] The
total pore volume was estimated from the amoumM,addsorbed at a relative pressure
of 0.97, assuming that adsorption on the exteundhse was negligible compared to
adsorption in pores. To assess the possible egestEmmicropores (pore diameter < 2
nm) in samples, thieplot method was employed,[31] which allowed theneation of
the microporous fraction contributiong,pandS,p, to the total pore volume and surface
area, respectively. The average mesopore BigeNas obtained from the maximum of
the pore size distribution calculated from the agson branch of the isotherm using
the BJH method.[32] The wall thicknesg.() was calculated by using the expression

twan = &— Dp, where ais the unit cell parameter calculated from thevélue of XRD

using the expression & tho x 2/ A/3.[33]

The existence of functional groups and their chaimature were investigated by
Fourier transform infrared spectroscopy (FTIR) ifheermo Nicolet Nexus
spectrometer equipped with a Goldengate attenuatakreflectance (ATR) device
(Thermo scientific, USA). Quantitative determinatiof phosphorus in functionalized
samples was determined by using X-ray fluorescsepeetroscopy (XRF) in a Philips
PANanalytical AXIOS spectrometer (Philips ElectmnNV). X-ray were generated
using the RKq line atA = 0.614 A. The amount of residual surfactant imsies was
calculated from elemental chemical analysis andibeanalyses (TG and DTA).

Elemental chemical analysis was carried out inr&kiRd=Imer 2400CHNS thermo



analyzer (Perkin-Elmer, USA). Thermal analyses veareducted under a dynamic air
atmosphere between 30 and 950 °C (flow rate 50 inL* mith a heating rate of 10 °C

min) using a Perkin Elmer Diamond analyzer (Perkin-&inuSA).

To investigate the cross-linking degree and thewarhof silanol groups present in
the synthesized materidfSi magic angle spinning (MAS) solid-state nucleagmetic
resonance (NMR) measurements were performed imnkeBAV-400-WB spectrometer
(Karlsruhe, Germany) operating at 79.49 MHz. Seédples were placed in a 4 mm
zirconia rotor and spun at 10 kHz. Chemical st{fjof >°Si were externally referred to
3-trimethylsilyl-1-propanesulfonic acid sodium s@tDS) atd = 0.0 ppm. Time periods
between successive accumulations were 5 mgarib 000 scans were collected. The
population of silanol groups per mole of silica wasculated from the relative
population of silanol and germinal species, anddéid by the weight per mol of silica
materials (Eq. 1).[34] The weight is derived frame relative populations and effective
molecular weights (EMW) of the silanol, germinaidasiloxane species. The effective
molecular weight of each species (EMWs defined as the sum of the molecular
weight of the atoms contributing to each specidh tie oxygen atoms in the siloxane

bridges (Si—O-Si) that connect the species coumydthlf. The equation is:

) _ (2x%Q*)+ %Q?3
[SiOH] = (hoixEMIg) (Eq. 1)

Where [SiOH] is the silanol group concentratiominl g* and %Qis the relative
population of species'@Q?, Q> and J).

'H-1BC and'H—3'P CP (cross-polarization)/MAS solid state NMR measents
were performed to evaluate the different carbon@rabphorus environments,
respectively, in the synthesized samples. Sampées 8pun at 12 kHz fdfC and 6

kHz for the case of'P. The spectrometer frequencies were set to 7hd3.61.97



MHz for *3C and®'P, respectively. Chemical shift values were refeeeto glycine and
phosphoric acid (§PQs) for 13C and®'P, respectively. All spectra were obtained by
proton enhanced CP employing a contact time of .1Tine time period between
successive accumulations was 3 s and 4 ¥@and®'P, respectively, and the number

of scans wasa. 15 000 for all spectra.

To investigate the surface charge properties oénads$ in aqueous media, zeta-
potential {)-measurements at different pH values were perfdromea Malvern
Zetasizer Nano Series instrument (UK). For thigopae, 5 mg of each powdered
sample was added to 5 mL of KCI 10 mM (used astipporting electrolyte) and the
pH was adjusted by adding appropriate volumesi@d M HCI or 0.10 M KOH

solutions.

2.3. In vitro Drug L oading and Release

Cephalexin (CPX) was chosen as model drug for hzpdnd release assays. CPX
loading assays were carried out by soaking 250 inpgwder samples in 10 mL of a 20
mM CPX solution in water (pH = 6) for 40 hours undeagnetic stirring. Then samples
were filtered, gently washed with deionized wated dried at room temperature under
vacuum for further 24 hours. The presence of CPpowdered samples was assessed
by FTIR spectroscopy and the amount of drug loadgasidetermined by CHNS

elemental chemical analysis.

To carry out in vitro CPX release assays, 35 mgagh drug loaded powder sample
was compacted into disks of 6 mm in diameter anth®in height by using uniaxial
pressure at 2.75 MPa. Then, the disks were husgreéw caps using platinum wire and

soaked into tubes containing 2 mL of phosphatedbi@line (PBS, Sigma-Aldrich, pH



7.4). The solution was kept at 37 °C and, to alimidations of the delivery rate by
external diffusion constraints, continuous orbs#iring at 150 rpm was maintained
during the assays. After certain intervals of tisenples were removed from PBS and
placed in tubes containing 2 mL of fresh PBS. Tinaulative CPX released was
determined by UV-Vis spectroscopy by measuringaiteorbance signal at 251 nm in a
Unicam UV500 spectrometer (Gemini BV, Germany). Gi}utions in PBS with
concentrations in the 0.01-0.2 mg Thitange were used for calibration. The curve was
linear with a relationship of absorbance = 13.9BXC(correlation coefficient = 0.998).
The apparent drug release was normalized to theiainod drug loaded within the
samples to calculate the relative amount of drigpse. The CPX concentration was
determined from the average of the readings framethlifferent sampledN(= 3), and

data were presented as mean * standard deviation.

3. Results and Discussion
3.1. Materials Char acterization

The chemical nature of samples was investigataasihg FTIR, CHNS elemental
chemical analysis, XRF and solid-state NMR spectpg. Fig.1.A displays FTIR
spectra of samples before (SBAEH and after (HCI-SBA15e7) being submitted to the
HCI treatment. All spectra show a broad band anaiB400 crit corresponding to the
overlapping of the O—H stretching bands of hydregended water molecules (H-O—
H) and SiO—H stretching of surface silanols hydrolgended to molecular water (SiO—
H eee OH,). The O—H bending vibration mode of these adsovieer molecules
account for the band centered at 1630'ctn addition, the Si—O in-plane stretching
vibrations of the silanol Si—OH groups appear & 6@, whose reasonably high
intensity points to the relatively low polymerizai degree of the silica matrices. The
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relative intensity of this band is slightly smallerHCI-SBA1%prthan in SBA1Bpr,
which would account to a higher condensation degfélee silica matrix in the former,
in agreement with’Si MAS solid state NMR studies (vide infra). Theeimse silicon-
oxygen covalent bond vibrations appearing in th@021000 crit range confirm the
existence of a silica network, where oxygen atolag fhe role of bridges between two
silicon atoms. Besides, the symmetric stretchifigation of Si—O-Si and its bending
mode appear a@f. 800 and 440 cih respectively.[35] The band at 560 ¢iis assigned

to Si—O stretching of the silica network defects.

The incorporation of ethylphosphonate groups (—=)eO(OCHCHj3),) into SBA1%pr
sample and their transformation to ethylphosphanid moieties (—(CH.PO(OH))
after acid treatment in HCI-SBAr sample can be confirmed by FTIR spectroscopy.
The=Si—(CH,),PO(OCHCHs), fragments in SBA15t sample are reflected in the
FTIR spectra as the group of three bands with naddentensities within the 3000-
2800 cm' and weakly intense bands within the 1490-1350 camge (see Fig.1.B for a
maghnification of the FTIR spectrum in the 1600-1860" region). The former are
characteristic of asymmetric and symmetric C—Hteliag vibrations, whereas the
absorption bands at 1480 ¢n450 cnit, 1395 et and 1372 ¢ can be respectively
assigned t@(CHy,), 8. CH3), ds(CHs) anduw(CH,) vibrations of ethoxy groups bounded
to phosphorus. The band with moderate intensify4a# cni is characteristic of CH
vibrations related to Si-CHragments.[36] The(P=0) absorption band appears as a
shoulder at 1215 cth The low-frequency shift compared to pure DEZ. (241 cnt)

suggests the participation of phosphoryl groupgkénformation of hydrogen bond.

The successful conversion of —-PO(OfLCHi3), into —PO(OH) groups after treatment
of SBA15pt sample with HCl is evidenced in the FTIR spectaffiCI-SBA155pT,

which exhibit distinct differences from that of SB&ypt (Fig.1). First, the three peaks
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at 3000-2800 cffattributed to C-H vibrations become very weak. ddition, the bands
in the 1490-1350 crhregion related to vibration modes of ethoxy grobpsded to
phosphorus site of DPT almost completely disapp@aly the band at 1414 ¢

related to —Si(Ch)—P— fragments is clearly observed.

XRF analyses provided the phosphorus content irpksnwhich allowed
determining the number of functional groups presesamples, being 1.5 and 2.5 the
density of=Si—(CH),PO(OCHCHs), and=Si—(CH,),PO(OH}) groups per nihfor
SBA15ptand HCI-SBA15pt samples, respectively (Table 1). These findingsrar
good agreement with the nominal values of 1.7 aBduhctional groups per rfnfor
SBA15ptand HCI-SBA15pt samples, respectively, which have been calculanettie
basis of the 0.85/0.15 TEOS/DPT nominal molar ratied during the synthesis and
taking into account the experimental surface a(8as Table 1). CHNS elemental
analyses allowed determining the amount of residudhctant in samples, being 4.2%
and 0.3% in SBA15-tand HCI-SBA15pt, respectively, which accounts for the almost

complete template removal in the latter aided leyabid treatment.

The nature and status of phosphonate groups inlsamwas also investigated by solid
state NMR spectroscopiH — **C CP-MAS solid state NMR was used to confirm the
presence of organic functional moieties and theokahof surfactant from samples. In
this work it is also a valuable tool to determifithe ethoxy groups on the phosphorus
sites of DPT are hydrolyzed after the HCI treatneent therefore phosphonate groups
from DPT in SBA1%pt are converted to phosphonic acid groups in HCI-SBAr. As
expected, signals attributed to the residual stafa@re found in thtH > *C NMR
spectrum of SBA15et (indicated by asterisks in Fig.2), in agreemenhwhe results
derived from elemental chemical analyses. InHhe> **C CP-MAS NMR spectrum of

SBA15p7two intense resonances at 5.9 and 20.0 ppm refirdseethyl carbon atoms
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C1 and C2, which are those linked directly to sii¢—Si-CH,—CH,—P-) and
phosphorus (-Si-CHCH-—P-), respectively.[36,3The'H > *C CP-MAS NMR
spectrum of SBAL15-t sample displays another two well-defined pealébdd and 17.8
ppm respectively assigned aoandf carbons of ethoxy groups on the phosphorus site
of the phosphonate groups. After treatment with ,HI@d almost total disappearance of
such resonances in the NMR spectrum confirms ttzatipally all the ethoxy groups

have been successfully converted to hydroxyl graup$Cl-SBA1Spr(Fig. 2).

'H - 3P CP-MAS solid state NMR spectra of samples (Figli§play two main peaks
centered at around 33 and 22 ppm, which indicatetktere are two distinct local
environments of th&'P nuclei. The peak appearing at 33.5 ppm in SBALSlightly
shifts towards upfield (31.5 ppm) in HCI-SBAZS spectrum, which can be attributed
to the transformation of phosphonate (PO(@HEY phosphonic acid (PO(Okpr
PO(OH)(OEt)) groups.[38] The peak appearingaa2 ppm in both samples is a
consequence of surface interactions between thgpbloous containing groups and the
silica frameworkj.e. formation of hydrogen bond with the silanol grei—OH)
present in the silica matrix.[3The intensity ratios for thea. 32 peak to the 22 ppm
peak are 93:7 and 73:27 for SBAkhand HCI-SBA15pt, respectively, suggesting and
increase in the number of phosphonic acid grougisate engaged in hydrogen bonding

after treatment with HCI.

To evaluate the chemical grafting of organosiloxanthe silica network and the
silica condensation degré€Si MAS-NMR spectroscopy measurements were carried
out. Tetra-functional silicon centers were nametthwhie conventional Onotation,
where Q refers to [(Si@Pi(OX)s.n] units,n being the number of bridging oxygen atoms
surrounding the central silicon atom and X = H &t,CHs. Likewise, tri-functional

silicon centers were named with the conventiofahdtation, where T refers to

13



[(SIO)mRSI(OX)s.m] units,m being the number of bridging oxygen atoms surrgund
the central silicon atom, X = H or GBH3; and R = —(ChH)—PO(OCHCHj3), or=Si—
(CH,).—PO(OH). The relative populations of silicon environmewtse calculated by
deconvolution of thé°Si NMR spectra into individual Gaussian peaks. absignation
of the resonance signals from the spectra is disgl&ig. 3 and the relative peak areas
are shown in Table 2. All spectra display five silgnatca. -94, -103 and -113 ppm,
corresponding to ® Q° and J species, and a&a. -62 and -69, corresponding t6 and
T sites, at the relative intensities displaye@able 2. The presence of these two latter
signals confirms the existence of covalent bondw&déen the silica surface and the
organic groups. From the normalized peak areasgthive abundance of"Tspecies
the molar functionalization degree, %F &/{T™+Q"), can be calculated, being 15% and
12% for SBA1%prand HCI-SBA1Bprsamples, respectively, in close agreement with
the nominal one based on the composition of thialimixture (15%). For HCI-
SBA15,rhigher J/Q3 values are obtained (Table 2), which is associted
significant decrease in the intensity of @hd G species. Actually, there is a 16%
increase in the relative intensity of §ecies in HCI-SBA1% sample compared to
SBA15pt material, in agreement with the decrease witmtimaber of silanol groups
and therefore and increase in the silica condesrsdigree of the former. These
findings agree with the results derived from FTiWRere the relative intensity of the
vibration bands ascribed to silanol groups dectasthe spectra of acid-treated
sample. Previous reports have demonstrated thapattovays could contribute to the
increase in the intensity of the' pecies after treatment with HCI.[38he is the
formation of cyclic P—O-Si (§ resulting from the side reaction of 4 groups and
neighboring @ and/or @ groups, and the other is the further condensatigy and G

silanols.
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Once investigated the chemical nature of samies, $tructural characterization
was carried out. XRD patterns at small angles oABBpr and HCI-SBA15pr
samples display well resolved peaks at’t3d-spacing ratios (Fig. 4), which can be
indexed as 120, 110 and 210 reflections, respdgtofea well-ordered 2D-hexagonal
structure withpémm plain groups typical of SBA-15. The increasal(@00) spacing in
HCI-SBA15%pr compared to that in SBA}Brindicates the lattice expansion of the
material after being submitted to the HCI reflukis'phenomenon has been previously
reported for other mesoporous organosilicas funatined with phosphonate moieties

and treated with concentrated HCI.[39]

Fig.5.A displays the Nadsorption-desorption isotherms of samples. Bbthem
can be identified as type IV isotherms, accordmthe IUPAC classification, with clear
H1-type hysteresis loops at relative high prestuaieindicate the existence of open-
ended cylindrical mesopores with narrow pore sigg&itutions, which are
characteristic of SBA-15 type materials.[31,33] Thain textural features derived from
the appropriate treatment of ldsorption data are summarized in Table 1. It lshiog
noticed that the surface ar&dy) of HCI-SBA15,»1 sample (364 fig) experiences a
decrease of 25% with respect to that of SBA#+%466 nf/g). The total pore volume
(Vp) is preserved, beinga. 5 cnt/g for both samples, although there is a decreateei
micropore volume in HCI-SBAX»1. The pore diameter®§) are 7.4 and 8.7 nm for
SBA15prand HCI-SBA15pt, which points to and enlargement of the mesopaee s
and a broadening in the pore size distributiorhefrhaterial after the acid treatment
(Fig. 5.B). Nonetheless, as the network latteg &lso experiences an expansion after

the HCI reflux, the wall thickness,fi) remains constanta. 5 nm, for both materials.

XRD and N adsorption porosimetry studies indicate that eafégr being submitted

to the relative harsh acidic conditions, HCI-SBAd&Eample preserves the well-
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ordered 2D hexagonal structure typical of SBA-1Bereas only exhibits slight
modifications in its textural properties comparedBA1%pt. Accordingly, HCI-
SBA15prshows slightly smaller surface ar&agr), micropore areaS;p) and

micropore volume\{,p), and greater pore diameter than SBAkSample.

3.2. Invitro drug loading and release

To investigate the performance of both matricedrag delivery devices, their
adsorption and release behavior wasitro evaluated using cephalexin (CPX) as
model drug. Loading assays were carried out byisggtowdered samples in water
(pH 06), and CPX release experiments were carriedtdbeghysiological pH of
7.4.[40] In the aqueous medium the CPX moleculelsixtifferent ionization states
depending on the pH, which is due to the presehoa@carboxylic acid group and one

amine group into its structure (Fig. 6).

With the aim of understanding the interaction ofXCGHth the different mesoporous
samples, the possible ionization equilibria in aggemedia and their corresponding

constants depending on the grafted functional gg@up displayed below:
—Si—-OH + HO 5-Si-O + H0" (Eq. 2)
(deprotonation of silanol groups pKar-4.5, ref. [41])
—Si-OH + HO 5 —Si-O + H;0" (Eq. 3)
(deprotonation of ®silanol groups pKB.5, ref. [41])
—PQH, + HO 5 —PQH™ + HsO" (Eq. 4)
(1* deprotonation of phosphonic acid groups pk2:3; ref. [42])

—PQOH + H,O0 5 —-PQ? + H;0" (Eq. 5)
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(2™ deprotonation of phosphonic acid groups [iK&S8; ref. [42])

To get information about the net surface of mesop®materials|-potential
measurements were recorded at different pH vahesgca. -32 mV andca. -36 mV
the values respectively found at pH of 6 and 7rdbfith samples. The similgr
potential found values can be explained by the atraqual number of ionizable —OH
groups present in both materials, which providestiméace of samples of Bronsted acid
character (Table 1). SBA5r sample exhibit 10.6 -SiOH per An®On the other hand,
HCI-SBA15,pt possesses lower number of —SiOH (9.0 pe?) ft it also exhibits 2.5
ionizable —=PGH. groups per nf These organic groups are responsible of the net

negative charge present in the materials bothediodding and the release pH.

The amount of CPX loaded into mesoporous samplesgwantified by elemental
chemical analyses, being 21.9 and 39.0 mg/g for EB8# and HCI-SBA1Bpt
samples, respectively (Table 3). As previously nosed, the main forces that govern
the adsorption of molecules on mesoporous silicagl@ctrostatic or Coulombic
interactions, hydrogen bonding and non-polar irtgwas.[43] In this particular case,
non-polar interactions are not the driving fordescause both CPX and the matrices
synthesized in this work possess a principally bgdilic character. At the loading pH
of 6, ca. 86% of CPX is found aawitterionic specie (CPX), where the amino group is
protonated as —N§ and the carboxylic acid group is deprotonated@8G. Thus,
only 14% of CPX molecules would exist as positiharge species. Therefore, different
electrostatic attracting interactions and H-bondadg place between CPX and both
SBA15pt and HCI-SBA15pt materials. The protonated amino group (=NHrom
2witterionic CPX' is capable of interacting with deprotonated silagrolups (SiO)
present in the mesoporous walls. Besides, thiss=igkbup (hydrogen bond donating
group) can also interact via hydrogen bonding whbsphoryl group (-P=0) (hydrogen
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bond accepting group). Finally, protonated carbioxytoups (-COOH) of CPXcan

form hydrogen bonds with -Si@nd P=0O groups of mesoporous samples. In theatase
HCI-SBA15,pr sample there are additional host-guest interastibat cannot take

place in SBA15pr, namely:)electrostatic attracting interactions between sNFfom
CPX*and CPX) and deprotonated phosphonic acid groups (:R@dii) hydrogen
bonding between N#i (from CPX and CPX) and phosphonic acid group (—P—OH),
between deprotonated carboxylic groups from €&¥ —P—OH on materials surface,
and carboxylic groups (~—COOH) from CPanhd —PO from mesoporous samples. The
extra matrix-drug interactions between CPX and B8A15,r compared to those
existing in SBA1ppr would account for the greater drug loading inftrener, as

experimentally found, despite of presenting loBgir.

Invitro drug release assays were performed in PBS undsigbbgical conditions
(pH 7.4 and 37 °C). Fig. shows CPX release patterns from both mesoporouscesmt
The main driving force that usually governs drugatéure from mesoporous matrices
is pore diffusion/convection, which can be fitteditst order kinetics.[29,44]In
addition, the carrier-drug host-guest interactiplay a key role in drug release kinetics
from mesoporous materials. In this sense, drug cutde may directly interact with
mesoporous matrices, lowering their solubility amdétaining their release. In such a
case, drug molecules are termed as associated) wkexl to be disassociated from
nanocarriers prior to release. The associationdembciation processes are assumed to
be reversible and also follow first order kinetitberefore, the theoretical model
adopted in this work considers both first-ordefudifon/convection and drug
association/dissociation processes.[Alé&n, the drug release mechanism can be

described by the following equation:

M; kofr 1 —ket kon —korrt
_t - __°JJ —e S + _— 1 — e off E . 6
My k0n+k0ff( ) k0n+k0ff( ) ( a )
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whereM; is the cumulative drug release at titn®l, is the initial amount of drudks is

the rate constant of diffusion/convection; &gdandk.s are the rate constants of
association and disassociation, respectively. Téednergy difference between the free
and bound stateAG, determines the amounts of initially free andrimbdrug, and can

be calculated by the equation:

AG = kBTln<k°”) (Eq. 7)
korf

where kg is the Boltzmann’s constant and T is the absdkrgperature (assumed to be
310 K). In this study, therefore, three paramet®@ (instead ok,p), ks andko; were

used to describe the cumulative drug release fr@soporous silica materials.

CPX release from SBAL5ris characterized by a high initial burst releas8@%)
followed by a steady-state release, which corredpom category Il of drug release
profiles classification reported by ¥eal.[45] The fit of the experimental CPX release
patterns from SBAL&rto Eq. 5 allows determining the experimental valioes, kon
andky. ThenAG was calculated using Eq. 7. The obtained resuhgh properly fit to
the theoretical model (R 0.9995), are summarized in Table 3. The condstigr>kos
andks>>kon, are fulfilled, which indicates that diffusion andnvection are not neglected

during the steady-state release.

At the physiological pH of 7.4, mainly repulsivedt@uest interactions take place
between SBA15-t and CPX. Actually, at such pH, 80% CPX exist gnahionic
species (CP3, whereas only 20% is present as aWiterionic molecule (CPX). The
surface of mesoporous material is negatively clth(@gotential = -36 mV), which

lead to repulsive electrostatic interactions betwaeprotonated silanol groups (-SiO
in SBA1%ptand CPXbearing-COO groups. This leads to a relative high initial hurs
release, wherea. 50% of drug is released during the first 10 haafrassay, which
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accounts for the weak CPX-mesoporous matrix associand is in agreement with the
positiveAG value of 0.8 102%J. This burst release may occur to equilibrate the
concentrations in both the release medium and #texmalbeit it has been also
ascribed to the release of the molecules adsorb#ekiouter surface of mesoporous
matrices [19,20]ks provides information about the rate of diffusiamgection, but not
about the magnitude of the initial burst release Model revealsla value of 0.98 1

for SBA15%pT, Which accounts for a moderated diffusivity of threg confined into the
mesoporous channels. The carrier-drug host-guestautions can be related to thg
value, which is 5.% 10%3h™. Thekys value gives information about the steady release
following initial burst release, but has no effeatthe magnitude of initial burst release.
Once the CPX concentration inside mesopores degedieying a burst effect, a
sustained steady-state release where 93% of CR¥emsed after 2 weeks of assay

occurs.

In principle, CPX release profile from HCI-SBAJ& mesoporous material would be
expected to be similar to that of SBA}S This would be supported by the fact that the
number of Bronsted acid groups susceptible of ugaleg deprotonation is similaca.
5x10%* groups per gram of material, in both cases (Tapleeing 4.810%' —SiOH

per gram of material for SBAZBr and 3.3x 102'—SiOH and 1.&10%'—POH per
gram for HCI-SBA1%pr. This also agrees with tidepotential values determined for
both samples at pH 7.4 cd. -36 mV, which would account for repulsive electatie
host-guest matrix-CPX interactions for both samplas the other hand, XRD patterns
of both materials pointed to a well-ordered 2D-lgoraalp6mm structure typical of
SBA-15. Moreover, the results derived from thetireant of N adsorption data only
evidenced slight variations in the textural progsrof both materials (Table 1). The

slightly greater pore diameter of HCI-SBAsHS (8.7 nm) compared to that of
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SBA1%p7 (7.4 nm) could account for a relative higher ddiféusivity of the former. In
addition, the relative higher microporosity of SEa&r (S,p = 35 nf/g) compared to
that of HCI-SBA1%pt (Sip= 18 nf/g) could also contribute to a slower drug release
of the pores in the former. In this sense, drugemaes would be expected to have
stronger interactions with the host in the sequedteolume provided by the

micropores, which would lead to more sustainedasaekinetics.[46]

Even though taking into consideration the abovetimoead aspects, drug release profile
of HCI-SBA15pt drastically differs from than that of SBA3& (Fig. 7). The curve
consists of an abrupt burst release where 100%eoditug is released only after 10
hours of assay. It can be classified as the Caskdse model reported by Zegig

al.,[44] which corresponds to the fast disassociatiotrug molecules from the carrier
such thakys>>ko,. As a result, most of the drug molecules areaytifree and the drug
release profile is determined by diffusion and ation only. In this case, the solution

in Eq. 6can be reduced to:

M
My

=1—ehkt (Eq.8)

The good fit of the experimental data of drug reéelrom HCI-SBA1bprto EQ. 8
(R? = 0.9991) provides kg value of 1.10 1§, which is only slightly higher than that of
SBAppt (0.98 hY). This could be explained by the greater pore dtamof the former.
Nonetheless, the lack of steady-state release almoast 100% of CPX is released
during a burst effect cannot be explained neitbesering the chemical nature nor the
structural and textural properties of HCI-SBApderived from XRD and N

adsorption studies.

In the search for new insights about possible niasdsral damages that allow

explaining the different drug release performanfce@soporous matrices, an
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exhaustive study by HRTEM was carried out. In faag difficult to determine
alterations in the crystal structures solely fromvder XRD data.[47] TEM images and
their corresponding FT (Fast Fourier Transform)3&A15%pt and HCI-SBA15pt
samples are displayed in FigaBdFig. 9, respectively. EDS analysis was performed
during the TEM observation. Si, O and P peaks appdaoth samples. The average P
percentage is 3.6 and 1.7 for SBAgband HCI-SBA15pr, respectively. Fig. 8
confirms that SBA15-t sample exhibits a honeycomb mesoporous arrangegpcal
of SBA-15, in agreement with XRD patterns. HowevdtM images of HCI-SBA15pt
reveal that there is a noticeable of loss of theas&uctural order (Fig. 9), with only
small crystalline domains. This mesostructure ind4CI-SBA15pr due to the acid
treatment, which was not detected by XRD, woulda&xrphe very different drug
release profile of this sample. Albeit the exteimnesostructural order does not affect
drug loading, since as above mentioned acid-tresdetple loads higher amounts of
CPX than untreated sample, it plays a pivotal lérug release kinetics from

mesoporous matrices.

Nonetheless there is another factor that shoulldzetaken into account, since it has
been reported that mesoporous matrices can undeggadation when soaked in
diverse fluids under physiological conditions.[4B2D]A previous study carried out by
our research group[49] aimed at comparing the diagi@n of several SBA-15 type
mesoporous materialse. pure silica SBA-15 and SBA-15 functionalized with
alkoxysilanes bearing different organic groups salaminopropyl, methyl or octyl.

The results indicated that whereas SBA-15 wasalgrsoluble in all tested media,
organic modification leaded to the decrease irddgradation rate of mesoporous
matrices, which was accompanied by preservatidheomesostructural order even after

60 days of assay. It was concluded that this wbaldn added value when long-term
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applications, including drug delivery, are aimedhjeh require mesoporous matrices
with stable mesostructural order. However, theugriice of mesoporous matrix
degradation on drug release performance was nbaiaed, and it is an interesting topic

that will be the object of our future investigatson

Herein, with the aim of supporting the fact thastaiguest interactions and
mesostructural order are the driving factors tlustegn CPX release profiles, we have
synthetized pure silica SBA-15, SBA-15 functionatizoy co-condensation route using
an alkoxysilane bearing primary and secondary amiiaeps (N-(2-aminoethyl)-3-
aminopropyl-trimethoxysilane, DAMO) (affording SBBdawo), and a SBA-15
bifunctionalized by co-condensation using DPT adMD (affording SBA1%p1/pavo)
(seesupplementary material for further detail about the synthetic proceduRrtions

of these materials were submitted to acidic treatmgth 12M HCI under reflux and
the resulting samples were respectively denotédiGisSBA-15, HCI-SBA1%avo and
HCI-SBA1%p1pavo. Deep characterization of all materials by elerakeciiemical
analysis, FTIR and NMR indicated the presence efcthrresponding functionalities,
whereas XRD and Nadsorption again pointed to well-ordered SBA-1Sop®rous
structures in all cases. Nonetheless, in a sirfakttion than occurred with HCI-
SBA15pt, HRTEM revealed that the mesostructural orderdess notably damaged in

HCl-treated materials due to the harsh acidic dorh (Figs. S1, S2 and S3).

All samples, before and after HCI treatment, weezled with CPX anth vitro release
tests were performed in PBS (pH 7.4) at 37°C. Resléarly indicate that the intensity
of the host-guest interactions govern drug relgasiles from samples non-submitted
to acidic treatment. The slower and incompleteasdan the tested time was obtained
for SBA15amo due to the electrostatic attractive interactioaesveen protonated amino

groups (>NH" and —NH") and —COOof CPX at physiological pH (Fig. S2).
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SBA15p1pamo €Xhibited the second slower release and also ipkia) by the
coexistence of attractive (protonated amines ofimand —COOof CPX) and

repulsive forces (-Sif the matrix and —-CO@f CPX) (Fig. S3). Lastly a sustained
release when the total amount of drug is releated 250 hours of assay is achieved
for SBA-15 (Fig. S1), due to the presence of rapalforces between deprotonated
silanol groups of the matrix and —CO& CPX. The different CPX delivery profiles for
SBA-15 and SBA15e7 could be ascribed to the different extent of dégtian of the
matrices, being greater in the former. This wowddrbagreement with the above

mentioned published reports. [49]

Finally, CPX release assays for all materials stigohito HCI treatment revealed that
all drug release profiles are similar, obeyingratial burst where 100% of the loaded

drug is released a few hours of assay for all mesefFigs. S1, S2 and S3).

All these findings demonstrate that the partiasloEmesostructure, which can be only
detected by HRTEM, drastically affects drug delwvby promoting the complete drug

delivery during a fast burst release effect.

4. Conclusions

Deep characterization of mesoporous materials byEMR s indispensable to
understand their performance as drug delivery @svithis tool becomes of foremost
relevance to study functionalized mesoporous sasrthbkt have to be submitted to
harsh post-synthesis treatments to attain certaface organic moieties. This fact has
been proved by synthetizing a SBA-15-type mesomomaterial functionalized with
ethylphosphonate groups and subsequently treatiigcancentrated HCI to afford

ethylphosphonic acid moieties. Although the routtharacterization of both materials
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by XRD and N adsorption porosimetry points to well-ordered SBAstructures,
HRTEM studies reveal noticeable mesostructural dgnia acid-treated sample. This
alteration in the mesopores arrangement is nottetdy XRD, probably since this
technique gives average information of the full peenThe mesostructural damage
dramatically affects drug release profiles from apeses, giving rise to a fast burst
effect where 100% of the loaded molecule is rel@asdy after 10 hours oh vitro
assay. This behavior completely differs from ttwatrfd in the well-ordered untreated
sample which, despite of exhibiting comparable matrug interactions under the
release conditions, shows sustained diffusion-odlett drug delivery for more than 2

weeks.

5. Acknowledgements

This study was supported by research grants fromstéirio de Economia y
Competitividad (MINECO), Spain, through the progemtAT2012-35556 and
CS02010-11384-E (Agening Network of Excellence) Nartinez-Carmona also
thanks Moncloa Campus of International Excellend€N1-UPM) for a PICATA
predoctoral fellowship. We also thank X-ray Difftian and Elemental Chemical

Analysis C.A.l.,, UCM.

6. References

[1] M. Vallet-Regi, A. Ramila, R.P. del Real, Jr&&Pariente, Chem. Mater. 13 (2001)
308-311.

[2] M. Vallet-Reqi, F. Balas, D. Arcos, Angew. Chelmt. Ed. 46 (2007) 7548-58.

[3] P. Yang, S. Gali, J. Lin, Chem. Soc. Rev. 411@3B679-3698.

25



[4] S. Wang, Microporous Mesoporous Mater. 117 @QD9.

[5] C.G. Trejo, D. Lozano, M. Manzano, J.C. DoadAal. Salinas, S. Dapia, E.
Gomez-Barrena, M. Vallet-Regi, N. Garcia-HonduyillaBujan, P. Esbrit,
Biomaterials 31 (2010) 8564-8573.

[6] J. Lu, M. Liong, Z. Li, J.I. Zink, F. Tamandgmall 6 (2010) 1794-1805.

[7] F. Tang, L. Li, D. Chen, Adv. Mater. 24 (201504-1534.

[8] M. Vallet-Regi, M. Colilla, B. Gonzalez, Chei@oc. Rev. 40 (2011) 596-607.

[9] H. Yamada, C. Urata, Y. Aoyama, S. Osada, Ymdachi, K. Kuroda, Chem.
Mater. 24 (2012) 1462-1471.

[10] T. Asefa, Z. TaoChem. Res. Toxicol. 25 (2012), 2265—-2284.

[11] M. Vallet-Regi, M. Manzano, M. Colilla, Biomeaxhl Applications of Mesoporous
Ceramics: Drug Delivery, Smart Materials and Boissiie Engineering. CRC Press,
Taylor & Francis Group, LLC, Boca Raton, 2013.

1112] S. Mura, J. Nicolas, P. Couvreur, Nature Mat® (2013) 991-1003.

[13] A. Baeza, M. Colilla, M. Vallet-Regi, Expertpt. Drug Deliver. 12 (2015) 319-
337.

[14] M. Martinez-Carmona, A. Baeza, M.A. RodriglMditla, J. Garcia-Castro, M.
Vallet-Regi, J. Mater. Chem. B. 3 (2015) 5746.

[15] J. Kargera, R. Valiullin, Chem. Soc. Rev. 2013) 42, 4172-4197.

[16] F. Qu, G. Zhu, S. Huang, S. Li, J. Sun, D.@h&S. Qiu, Microporous Mesoporous
Mater. 92 (2006) 1-9.

[17] Isabel Izquierdo-Barba, Africa Martinez, AntorL. Doadrio, Joaquin Pérez-
Pariente, Maria Vallet-Regi, European Journal afrPlaceutical Sciences, 26 (2005)

365-373.

26



[18] Jenny Andersson, Jessica Rosenholm, Sami AeexhMika Linde nChem.
Mater. 2004 16, 4160-4167.

[19] A. Nieto, F. Balas, M. Colilla, M. Manzano, Mallet-Regi, Microporous and
Mesoporous Materials 116 (2008) 4-13.

[20] F. Balas, M. Manzano, P. Horcajada, M. VaRstgi, J. Amer. Chem. Soc. 128
(2006) 8116-8117.

1 [21] F. Hoffmann, M. Cornelius, J. Morell, M. FrépAngew. Chem. Int. Ed. 45
(2006) 3216-3251.

1122] S.-W. Song, K. Hidajat, S. Kawi, Langmuir, @05) 9568-9575.

[23] A. Nieto, M. Calilla, F. Balas, M. Vallet-Regiangmuir 26 (2010) 5038-5049.
[24] S. EI Mourabit, M. Guillot, G. Toquer, J. Cagtdbuzou, F. Goettmann, A.
Grandjean, RSC Advances, 2 (2012) 10916-10924.

[25] C.-M Yang, B. Zibrowius, F. Schith, Chem. Cooim(2003) 1772-1773.

[26] J.M. Rosenholm, M. Lindén, J. Control. Reled28 (2008) 157-164.

[27] R.J.P. Corriu, L. Datas, Y. Guari, A. Mehdi, Reye, C. Thieuleux, Chem.
Commun. (2001) 763-764.

[28] D. Zhao, J. Feng, Q. Huo, N. Melosh, G.H. Fiddon, B.F. Chemelka, G.D.
Stucky, Science 279 (1998) 548-552.

[29] M. Colilla, M. Martinez-Carmona, S. Sancheze8do, L. Ruiz-Gonzalez, J.M.
Gonzélez-Calbet, M. Vallet-Regi, J. Mater Chem. @14) 5639-5651.

[30] S. Brunauer, P.H. Emmett, E. Teller, J. Ame@h Soc.60 (1938) 309-319.
[31] S.J. Gregg, K.S.W. Sing, Adsorption, Surfagea and Porosity, Academic Press,
London, New York, 1982.

[32] E.P. Barrett, L.G. Joyner, P.P. Halenda, J. &mem. Soc73 (1951) 373-380.

[33] M. Kruk, M. Jaroniec, A. SayarGhem. Mater. 11 (1999) 492-500.

27



[34] B.H. Wouters, T. Chen, M. Dewilde, P.J. Grqobdicroporous Mesoporous Mater.
44-45 (2001) 453-457.

[35] C.J. Brinker, Sol-Gel Science: The Physics @hemistry of Sol-Gel Processing,
Academic Press, Boston, 1990.

[36] O.A. Dudarko, I.V. Mel'nik, Y.L. Zub, A.A. Chiko, A. Dabrowski, Inorg. Mater.
42 (2006) 360-367.

1[37] A. Aliev, D.L. Ou, B. Ormsby, A.C. Sullivad, Mater. Chem. 10 (2000) 2758-
2764.

[38] Y.-C. Pan, H.-H.G. Tsai, J.-C. Jian, C.-C. K&oL. Sung, P.-J. Chiuy, D. Saikia,
J.-H. Chang, H.-M. Kao, J. Phys. Chem. C. 116 (206358-1669.

[39] Q. Yang, J. Yang, J. Liu, Y. Li, C. Li, CheMater. 17 (2005) 3019-3024.

[40] M.S. Legnoverde, I. Jiménez-Morales, A. JineMporales, E. Rodriguez-
Castellon, E. I. Basaldella, Med. Chem. 9 (20132-680.

[41] J. M. Rosenholm, T. Czuryszkiewicz, F. Kleiiz,B. Rosenholm and M. Lindén,
Langmuir, 23 (2007) 4315-4323.

[42] A.J. Kresge, Y.C. Tang. J. Org. Chem. 42 ()97&77-759.

[43] A. Nieto, M. Caolilla, F. Balas, M. Vallet-Regiangmuir, 26 (2010) 5038-5049.
[44] L. Zeng, L. An, X. Wu. J. Drug Deliver. (201AYticle ID370308, 15 pages.

[45] M. Ye, S. Kim, K. Park, J. Controlled Relea%d6 (2010) 241-260.

[46] T. Kjellman, X. Xia, V. Alfredsson, A.E. GaaiBennett. J. Mater. Chem. B. 2
(2014) 5265-5271.

[47] O. Terasaki, T. Ohsuna, Z. Liu, Y. Sakamotd; AGarcia-Bennet, Structural study
of meso-porous materials by electron microscopyQsamu Terasaki (Ed), Studies in

Surface Science and Catalysis, Elsevier, 2004, 14.8261-288.

28



[48] Q. He, J. Shi, M. Zhu, Y. Chen, F. Chen. Mmooous Mesoporous Mater (2010)

314-320.

[49] I. I1zquierdo-Barba, M. Colilla, M. Manzano. Micromus Mesoporous Mater., 132

(2010) 442-452.

[50] N. Hao, H. Liu, L. Li, D. Chen, L. Li, F. Tand. Nanosci. Nanotechnol. 12 (2012)

6346-6354.

Appendix A. Supplementary material

Supplementary data related to this article carobed at Microporous and Mesoporous

Materials website.

29



Tables

Table 1. Characteristics of the materials synthesized is twork obtained by N
adsorption, XRD, XRF antfSi MAS solid state NMR.

Sample S|32ET P V3T Vip Dp 8 | twar | -(CH,),P(O)(OX), | -SiOH
(m7g) | (m7g) | (cmg) | (cm/g) | (nm) | (nm) | (nm) per nnf per nnf
SBA1%pr 466 35 0.54 0.0093 74 1213 49 1.5 10.6
HCI-SBA15p7 364 18 0.55 0.003( 8.7 132 45 2.5 9.0

Sger and Sp are respectively the surface area determined img tise BET method between the
relative pressures (R)P0.05-0.25 and micropore surface obtained usieg-giot method. ¥
and Vp are respectively, the total pore volume and miereprolume obtained using tilot
method. The total pore volume was estimated froenamount of K adsorbed at a relative
pressure of 0.97. Dis the pore diameter calculated by means of thd Bi&thod from the
adsorption branch of the isotheri is the unit cell parameter calculated by XRD, bein
30=2/\/§.d10. tvan IS the wall thickness calculated using the equatig = ap — Dp. The number
of -(CH,),P(0)(OX), groups per nf) where X = CHCH,; and X=H for SBA15pr andHCI-
SBA15+, respectively, was calculated on the basis of XIRfe number of silanol groups
(SiOH) was determined by single pufS8i solid state NMR spectroscopy, as describedeén th
experimental section.

Table 2. Peak area (%) of Tand @ units from deconvoluting th&Si MAS NMR
spectra SBA15-t and HCI-SBA15pt samples. Molar functionalization degree, %F =
100x[T"/(T"+Q™)], of samples is also displayed.

Peak area (%) of Qand T signals

Sample T T Q& Q@ Q wF
SBA15p1 5 10 5 35 45 15
HCI-SBA15pt 3 9 3 24 61 12

Table 3. Kinetic release parameters for cephalexin (CP}¥ase from SBA15DPT and
HCI-SBA15pt materials.

sample | Mo(mg gY) | ko (x10%) () | 46 (x10%) () | ks (Y R
SBA15pt 21.9+1.0 57+0.2 0.30+£0.02 0.98 = 0.05 0.998
HCI-SBA15yp7 39.0+04 - - 1.10 £ 0.03 0.9991
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Figure captions

Scheme 1. Schematic description for the synthesis of SB#tmand HCI-SBA1ppr
samples.

Figure1. A) FTIR spectra (4000-2500 ¢hand 1800-400 cihregions) of SBA1Bpt
and HCI-SBA15%pt samples. B) Magnification of the FTIR spectraha 1600-1300
cm’ region.

Figure 2. '"H-'3C CP/MAS solid state NMR spectra of SBA%pand HCI-SBA15pr
samples

Figure 3. Si MAS and'H—%P CP/MAS NMR spectra of SBA3br and HCI-
SBA15pt samples. The component peaks obtained from speldcanvolutions are
displayed by green dotted lines.

Figure 4. XRD patterns of SBAlSr and HCI-SBAl%pt samples and indexed
reflections for the observed peaks.

Figure 5. A) N, adsorption-desorption isotherms and pore sizerilgigions of
SBA15ptand HCI-SBA15pt samples.

Figure 6. Cephalexin (CPX) species and their relative abond at the pH values of
6.0 (left) and 7.4 (right), where CPXCPX and CPX represent the cationic,
2witterionic and anionic drug species, respectively.

Figure 7. Cephalexin (CPX) release profiles at pH 7.4 (phase buffer saline, PBS)
for SBA15pt and HCI-SBA15pt samples. Error bars represent the standard daviati
for three measurements (N = 3)

Figure 8. (A) TEM image; B) EDS spectra; and C) higher magaiion TEM image
and the corresponding FT (inset) of SBadbsample.

Figure 9. (A) TEM image; B) EDS spectra; and C) higher magaiion TEM image
and the corresponding FT (inset) of HCI-SBadbsample.
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298§ MAS NMR
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Figure8
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Figure9
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Highlights

1. Treating SBA15ppr with 12M HCI produces -PO3zH, groups but damages the
mesostructure

2. HCI-SBA 15ppt presents uncontrolled drug burst release compared with SBA15ppt
3. XRD and N adsorption are not enough to detect mesostructural damagesin HCI-
SBA15ppr

4. HRTEM is essential to understand drug release from mesoporous materials



