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Abstract 20 

KIT-6 mesoporous silica has been synthesized using the sol-gel method and 21 

functionalized with 3-aminopropyl triethoxysilane by grafting route to obtain KIT-22 

6/NH2. These samples were used as carriers in the loading and controlled release of 23 

cephalexin (CFX). The effect of temperature and gastric and intestinal pH on the stability 24 

of pure CFX and loaded in KIT-6 and KIT-6/NH2 were investigated. The properties of 25 

the synthesized materials and their CFX loading capacity were studied through FTIR, 26 

ads-des N2 at 77 K, TEM, SEM, XPS, and TGA. The controlled release tests were carried 27 

out in a simulated physiological medium at gastric (1.2) and intestinal pH (6.8). 28 

Furthermore, the biocompatibility of both materials was studied through cell viability 29 

tests in Caco-2 intestinal cells. The results revealed that KIT-6 and KIT-6/NH2 had 30 

similar CFX loading capacities. It was found that CFX degrades at pH 6.8, however, 31 

KIT-6 and KIT-6/NH2 were able to protect it from the aforementioned degradation. 32 

Moreover, KIT-6 materials presented a good performance as CFX carriers since both 33 

materials provided diffusion-controlled release profiles during 24 h, satisfying the 34 

Jo
urn

al 
Pre-

pro
of



  

 

2 

 

 

Korsmeyer-Peppas kinetic model. Mesoporous silicas presented in this work are 35 

promising candidates to be used in CFX controlled release systems due to their chemical 36 

interactions, textural properties, and high cell viability.   37 

 38 

Keywords: Cephalexin, drug delivery system, functionalization, KIT-6, loading, release. 39 

* Corresponding author: cviseras@ugr.es (C.V); sapag@unsl.edu.ar (K.S) 40 

 41 
1. Introduction 42 

Mesoporous silica materials (MSM) have received increasing attention due to their 43 

outstanding features: high specific surface area, large pore volume, tunable pore size, 44 

ordered pore distribution, rigid inorganic structure, and low toxicity, biocompatibility, 45 

and functional surface [1–4]. These attractive features have made MSM widely used in 46 

different scientific and technological areas such as catalysis, adsorption, and 47 

biomedicine, among others [5–7]. Compared to conventional dosage forms, modified 48 

drug delivery systems (MDDS) intend to improve the bioavailability of drugs and 49 

minimize adverse effects by changing the rate and time of drug release. The aim of using 50 

an MDDS is to transport the active(s) substance(s) towards a specific site of the organism 51 

where it will be released in a controlled manner to guarantee maximum bioavailability 52 

with minimum side effects [8,9].  53 

As MDDS excipients, MSM has received much attention due to their unique features 54 

previously described. The high surface area provides enough space for drug interactions 55 

and potentially high drug loading capacity. The large pore volume allows the hosting of 56 

therapeutic molecules with a wide variety of molecular sizes. The ordered porosity and 57 

the narrow pore size distribution are of great interest in drug delivery control, favoring 58 

the diffusion of the adsorbed drugs in a controlled way with high reproducibility of the 59 

results [10]. Additionally, the rigid inorganic structure of MSM provided them with 60 
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outstanding resistance to environmental stressors, such as pH, hydrolysis, heat, and 61 

mechanical stress. The MSM are currently considered low toxicity materials and have 62 

received "Generally Recognized As Safe" status by the United States Food and Drug 63 

Administration (US FDA GRAS report) [11]. However, more reports on biocompatibility 64 

are still needed to ensure adequate safety since each material complexity must be 65 

considered, which differ substantially in the surface chemistry, the particle size, and the 66 

possible presence of solvents or suspending media [11].  67 

The surface of MSM consists of silanol groups that can interact with different molecules 68 

through different mechanisms depending on the pH and functional groups of the 69 

molecules at stake [12]. Nonetheless, not all the drugs can interact with silanols groups, 70 

and in some cases, the interactions are weak, which does not allow controlled release 71 

profiles. Thus, results of great interest the surface functionalization of MSM by 72 

anchoring chemical groups allowing stronger interactions. Functionalization is carried 73 

out to add additional molecules to the surface of the MSM, modifying their surface 74 

properties and the nature of the interactions between MSM and active substances. 75 

Optimal MSM functionalizations have been reported to improve drug loading capacity 76 

and release control [4,13,14].  77 

Several studies on the development of MSM-drug delivery systems have been previously 78 

published. Ayad et al. [15] explored the synthesis and amine functionalization of 79 

mesoporous silica KIT-6 using as carriers of ketoprofen and 5-fluorouracil. These 80 

authors found that the loading capacity and the release behavior depend on the textural 81 

properties of the silica (pore size and surface area). The same conclusion was reached by 82 

Latifi and Sohrabnezhad [16], who used KIT-6 and MCM-41 with and without amine 83 

functional groups to transport resveratrol. Nonetheless, a higher adsorption capacity 84 
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usually leads to a reduced drug release since the drug-MSM interaction is so strong that 85 

the release of the drug can be compromised. Naghiloo et al. synthesized and modified 86 

SBA-16 with amino groups to carry ibuprofen [17], and once again, the functionalization 87 

of this silica improved the drug loading capacity compared to the non-functionalized 88 

system. Nonetheless, in this case, the functionalization also increased the ibuprofen 89 

release. According to the authors, this behavior could be due to the less ordered structure, 90 

surface density, and polarity of functional groups.  91 

In this study, cephalexin (CFX, Scheme 1) has been chosen as a model drug. CFX is an 92 

antibiotic used to treat respiratory and genitourinary tract infections, otitis media, and 93 

skin structure infections, among others [18]. It is a zwitterionic molecule, which means 94 

that it can have different behaviors according to the pH of the dissolution medium. CFX 95 

has a short half-life (ca. 1.1 h), so it is prescribed 3-4 times a day to maintain effective 96 

doses in the bloodstream [19]. Therefore, it could be interesting to control the CFX 97 

release for a prolonged period to reduce the posology and increase patient compliance. 98 

In this sense, CFX has been previously loaded into functionalized and non-functionalized 99 

SBA-15 [20,21]. Nonetheless, to the best of our knowledge, no similar previous studies 100 

have reported about KIT-6 and modified KIT-6 as CFX carriers. Furthermore, KIT-6 101 

porous materials present a different morphology concerning SBA-15, called cage-like 102 

with interconnected cubic mesostructure in 3D [22]. Thus, this structural difference could 103 

represent interesting results between both systems.  104 

The purpose of this work is to study the loading and in vitro release of CFX using 105 

synthetic KIT-6 and amino-groups functionalized KIT-6 (KIT-6/NH2) as supports (see 106 

Scheme 1). The influence of functionalization and textural properties on the CFX loading 107 

and release were addressed at different temperature and pH conditions. Furthermore, the 108 
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in vitro biocompatibility and the CFX in vitro release kinetic from KIT-6 and KIT-6/NH2 109 

materials were also explored. 110 

 111 

Scheme 1 Schematic representation of loading and controlled release of CFX using 112 

KIT-6 and KIT-6/NH2 carriers. 113 

 114 

2. Materials and methods 115 

2.1 Synthesis and functionalization of mesoporous silica KIT-6  116 

The mesoporous silica (KIT-6) used in this study was synthesized by a sol-gel method 117 

based on previous works [23]. The reagents used in the synthesis were: Pluronic P123 118 

(EO20-PO70-EO20) (Sigma Aldrich) used as pore structure-directing agent; tetraethyl 119 

orthosilicate (TEOS, Si C8H20O4, Merck) as silica source; HCl (Merck) as catalyst and 120 

n-butanol (Merck) and H2O as solvents. The final molar ratio of each reagent was (0.017 121 

P123: 1 TEOS: 1.83 HCl: 1.31 C4H9OH: 195 H2O). Pluronic P123 was firstly dissolved 122 

in an HCl solution under vigorous stirring (35 °C). Then, n-butanol was added, and the 123 

stirring was kept for 1 h. Afterward, TEOS was added directly to the solution, and the 124 

resulting mixture was stirred for 24 h at 35 °C. Subsequently, the mixture was aged for 125 

24 h at 95 °C under static conditions. The precipitate formed during the aging was washed 126 
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with deionized water until the conductivity was 10 µS cm-1. The obtained solid was dried 127 

at 60 °C for 12 h and calcined (350 °C, 6 h) with a heating rate of 1 °C min-1. 128 

The amine-functionalization of mesoporous silica KIT-6 was performed via post-129 

synthesis grafting [24], employing 3-aminopropyl-triethoxysilane (APTES, Sigma 130 

Aldrich) as a functionalizing agent. The amount of APTES was determined assuming a 131 

stoichiometric reaction (1:1) between KIT-6 surface silanol groups (-SiOH) and methoxy 132 

groups (-OMe) of the organosilane molecule [25]. Therefore, from the surface 133 

concentration of silanol groups for KIT-6 calcined at 350 °C (2.8 Si OH/nm2) [26,27]  134 

and the surface area of this material (1040 m2 g-1), was found the amount of APTES (4.82 135 

mmol) that can saturate all silanol groups in a gram of KIT-6. The procedure consisted 136 

of dispersing 1 g of KIT-6 in 60 mL of dry toluene (Biopack). Then, the corresponding 137 

amount of APTES (4.82 mmol) was added to the mixture and kept under reflux and N2 138 

atmosphere for 24 h at 80 °C. Finally, the resulting solid was filtered, washed with 139 

toluene, and dried at 40 °C in vacuum for 12 h. The resultant sample is referred to as 140 

KIT-6/NH2. 141 

2.2 Cephalexin stability at different temperatures   142 

The temperature stability of CFX in solution was evaluated to optimize the drug loading 143 

process conditions on KIT-6. As an acceptance criterion for stability, an upper and lower 144 

limit of 10 % of the original concentration of CFX was established. The procedure of this 145 

test is detailed in the S1 (ESI). 146 

 147 

2.3 Cephalexin drug loading 148 
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To study CFX loading, different amounts (0.01, 0.02, 0.03, 0.05 and 0.07 g) of KIT-6 or 149 

KIT-6/NH2 were dispersed in 20 mL of CFX solution (1 mg mL-1, pH:6). The mixture 150 

was left in contact for 8 h at 30 °C under constant agitation. Samples were withdrawn 151 

and filtered through 0.45 µm Millipore® (S) membranes. The CFX concentration 152 

remaining in the solution was quantified by UV-Vis spectrophotometer (262 nm) as an 153 

indirect method. The CFX amount (qt) was calculated with equation (1),  154 

 155 

where qt is the total amount of CFX per gram of KIT-6 (mg g-1) at a specific time; Co is 156 

the initial concentration of CFX before being in contact with adsorbent material (mg mL-157 

1); Ct is the final aqueous phase concentration after removing the adsorbent material (mg 158 

mL-1); V is the volume of CFX solution used in the experiment (mL), and W is the mass 159 

of KIT-6 (mg). The samples obtained after drug adsorption were named KIT-6/CFX and 160 

KIT-6/NH2/CFX. 161 

 162 

2.4 Characterization of MSM samples 163 

X-ray powder diffraction (XRD) analysis was performed using a diffractometer (XʼPert 164 

Pro model, Malven Panalytical) equipped with a solid-state detector (XʼCelerator) and a 165 

spinning sample holder. The diffractogram patterns were recorded using random oriented 166 

mounts with CuKα radiation (λ=0.154 nm), with a step of 0.02° operating at 45 kV and 167 

40 mA.   168 

Fourier-transform infrared spectroscopy (FTIR) spectra of the samples KIT-6, KIT-169 

6/NH2, KIT-6/CFX, and KIT-6/NH2/CFX were obtained with a JASCO 6200 apparatus 170 

( )
W

VCC
q to

t

−
=   

(Eq. 1) 
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equipped with a Ge ATR. Analyses were performed from 400 to 4000 cm-1 with a 171 

resolution of 2 cm-1 (100 scans/sample).  172 

Nitrogen adsorption-desorption isotherms were measured at 77 K using manometric 173 

adsorption equipment (ASAP 2000, Micromeritics). The samples were previously 174 

outgassed at 60 °C for 12 h. The specific surface area (SBET) was obtained by Brunauer, 175 

Emmet and Teller method [28]. The total pore volume (VTP) was calculated using 176 

Gurvich’s rule at a relative pressure of 0.98 [29]. Micropore volume (VμP) and primary 177 

mesopores volumes (VPMP) were obtained by the αS-plot method [30]. Secondary 178 

mesopores volume (VSMP) was calculated by the difference (VTP – (VµP + VPMP)). The 179 

pore size distributions (PSD) were obtained with ASiQWin software, Quantachrome 180 

Instruments, using the NLDFT method (N2 on silica at 77K cylindrical pores, NLDFT 181 

equilibrium model).  182 

High-Resolution Transmission Electron Microscopy (HR-TEM) studies were 183 

performed in FEI Titan G2 60-300 microscope coupled with analytical electron 184 

microscopy (AEM) performed with a SUPER-X silicon-drift windowless energy-185 

dispersive X-ray spectroscopy detector (EDX). The samples were deposited onto 186 

copper grids (300 mesh coated by farmvar/carbon film, Agar Scientific). The 187 

morphology of the samples was also evaluated through scanning electron 188 

microscopy (SEM). SEM microphotographs were obtained using an FEI Quanta 200 189 

microscope. The samples were coated with a gold film (10 nm).  190 

X-ray photoelectron spectra (XPS) were performed on a Physical Electronics PHI 5701 191 

spectrometer. A non-monochromatic Mg-K radiation (720 m, 300 W, 15 kV, 1253.6 192 

eV) and a multi-channel detector were employed. Samples were analyzed in a constant 193 

pass energy mode at 29.35 eV. Charge referencing was measured against C 1s od 194 
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adventitious carbon at 284.8 eV. The PHI ACCESS ESCA-V6.0 F software package and 195 

Multipak v8.2b were used for acquisition and data analysis, respectively. Recorded 196 

spectra were fitted using Gauss-Lorentz curves in order to determine the binding energy 197 

of the different element core levels more accurately. 198 

Thermogravimetric analysis (TGA) (TGA-50H, Shimadzu) was performed using a 199 

vertical oven and a precision of 1.0 x10-6 g. Approximately 0.04 g of each sample were 200 

weighed in aluminum sample pans. The tests were performed from 30 to 1000 °C (10 201 

ºC·min-1) in an air atmosphere.  202 

 203 

2.5 Cephalexin stability at different pH  204 

One of the aims of this work was to test the formulations of the KIT-6 and KIT-6/NH2 205 

mesopore materials (previously loaded with CFX) in oral controlled release tests. 206 

However, prior to the in vitro release tests, the CFX stability was evaluated in two media: 207 

(i) simulated gastric fluid (pH: 1.2) and (ii) simulated intestinal fluid (pH: 6.8) without 208 

enzymes [31]. These tests were performed for CFX, KIT-6/CFX, and KIT-6/NH2/CFX. 209 

Further information can be found in S2 (ESI).  210 

 211 

2.6 In vitro CFX release tests  212 

KIT-6/CFX and KIT-6/NH2/CFX composites, with a dose of 0.015 g of CFX, were 213 

suspended in 50 mL of either 0.001 M HCl (pH:1.2, gastric environment) or phosphate 214 

buffer (pH: 6.8, intestinal environment). Dialysis membranes of 12-14000 Da cutoff were 215 

used to retain the composite (KIT-6 or KIT-6/NH2) without interfering with CFX (347.39 216 

Da). The whole system was kept at a constant temperature of 37 ºC (thermostatic bath) 217 
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and agitated at ~100 rpm. Samples aliquots (1 mL) were collected at predetermined time 218 

intervals and subsequently replenished the same volume of physiological solutions to 219 

maintain sink conditions. The samples were filtered (0.45 µm Millipore® (S)) and CFX 220 

quantified by UV-Vis spectroscopy (257 y 262 nm for acid and neutral pH, respectively). 221 

In order to evaluate the mechanism that controls the kinetic process of drug release, 222 

different mathematical models can be used, e.g., zero-order, first-order, second-order, 223 

Hixon-Crowell, Weibull, Korsmeyer-Peppas, among others [32]. For the particular case 224 

of drug release systems from ordered mesoporous materials, there is no exact model to 225 

adjust the release profiles, but the profiles could be adjusted to any of the models 226 

described above. In this study, the model that best fit was the Korsmeyer-Peppas [33]. 227 

This model is described by equation 2, where Mt is equal to the drug released and Mo is 228 

the total amount of drug-loaded, k is the release rate constant, and n es the diffusional 229 

exponent that informs the release mechanism. Values of n ≤ 0.5 report a Fickian or quasi 230 

Fickian diffusion, and n = 0.5-1 indicates an anomalous mechanism for the drug release. 231 

The criteria that were taken into account for the selection of the Peppas model as that one 232 

with the best fit were: (i) the correlation coefficient (R2 close to 1) and (ii) the Akaike 233 

Information Criterion (AIC) that is a measure of the quality of fit based on maximum 234 

probability when comparing multiple models for a data series [34]. In particular, the 235 

lowest the AIC value, the better the model fitting. The AIC is given by equation 3, where 236 

n is the number of dissolution data, p is the number of parameters in the model, and WSSR 237 

is the sum of the squares of the residuals. 238 

𝑀𝑡 𝑀0⁄ = 𝑘𝑡𝑛
 (Eq. 2) 

𝐴IC = 𝑛 ln(𝑊𝑆𝑆𝑅) + 2𝑝 (Eq. 3) 

 239 
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2.7 In vitro biocompatibility studies  240 

The biocompatibility of samples KIT-6/CFX and KIT-6/NH2/CFX was tested through 241 

MTT tests (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) by using 242 

Caco-2 human colorectal adenocarcinoma cell lines which were obtained from the 243 

American Type Culture Collection (ATCC, USA). The cells were grown in Dulbecco’s 244 

modified Eagle medium (DMEM, Sigma Aldrich®-Merck, Milan, Italy), supplemented 245 

with 10 % fetal bovine serum (FBS, Euroclone, Milan, Italy), 200 IU mL-1 penicillin, and 246 

0.2 mg mL-1 streptomycin (PBI International, I), kept at 37 ºC in a 5 % CO2 atmosphere 247 

with 95 % relative humidity. Caco-2 cells were seeded in 96-well plates (35000 248 

cells/well) and subsequently grown until sub-confluence. Afterward, well-plates were 249 

washed with saline solution, and the cell substrates were put in contact with KIT-6/CFX 250 

and KIT-6/NH2/CFX samples at different concentrations (100, 500, and 1000 µg mL-1). 251 

After 24 hours of sample/Caco-2 cells contact, the biocompatibility was tested by adding 252 

2.5 mg mL-1 of MTT into the culture medium. This test is based on the activity of 253 

mitochondrial dehydrogenases, which convert MTT in formazan crystals in living cells. 254 

After 3 hours, 100 µL of dimethyl sulfoxide solution were added to each well (DMSO, 255 

Sigma-Aldrich®-Merck, Milan, Italy) to dissolve formazan salts. The absorbance was 256 

assayed at 570 nm/655 nm using an ELISA plate reader (Imark Absorbance Reader, Bio-257 

rad, Hercules, CA, USA).  258 

3. Results and discussion 259 

3.1 Cephalexin stability at different temperatures  260 

The temperature effect on CFX stability in an aqueous solution is shown in Fig. 1. CFX 261 

concentration decreases with increasing temperature and time at pH 6. For CFX 262 
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refrigerated solutions (2 - 8 °C), the concentration remained stable over time. On the 263 

other hand, solutions exposed at room temperature (25 °C) showed a gradual CFX 264 

decomposition of 8 % and 12 % after 8 and 24 hours, respectively. An 18 % less 265 

concentration was found after 72 h in solution. Solutions subjected to 30 °C were less 266 

stable, losing up to 22 % after 72 h. The increase in temperature could have produced a 267 

hydrolytic reaction causing instability in the CFX molecules [35]. Despite the results, 268 

aqueous dissolutions of CFX (pH 6) can be considered stable until 8 h at both 25 and 30 269 

ºC since the amount of decomposed CFX within this period was considered non-270 

significant for the scope of the study. Based on these results, the CFX loading onto KIT-271 

6 and KIT-6/NH2 platforms was carried out at 30 °C for a maximum of 8 h.  272 

       273 

Fig. 1 CFX stability profiles at different temperatures (a) from 0 to 72 h and (b) 274 

enlarging of (a) from 0 to 10 h (mean values ± s.d.; n = 3). 275 

 276 

3.2 Cephalexin drug loading 277 

The effect of the mass amount of KIT-6 and KIT-6/NH2 adsorbents on CFX loading 278 

capacity are included in Fig. 2. These results reveal that there was no significant 279 

difference in the total amount adsorbed by both samples. Different authors affirm that 280 

properties such as large specific surface area and high total pore volume of the supports 281 
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enable the encapsulation of drugs with a large loading capacity [36–38]. However, in this 282 

study, although the textural properties of KIT-6/NH2 were significantly reduced by 283 

functionalization (as detailed below in point 3.3, table 1), the total amount of CFX 284 

adsorbed was similar for both KIT-6 and KIT/NH2. Therefore, the CFX adsorption 285 

capacity of KIT-6/NH2 could probably  be related to the attractive electrostatic 286 

interactions that occur between the protonated amino groups on the functionalized silica 287 

surface and the deprotonated carboxyl groups on the CFX molecule. In Fig. 2 is also 288 

possible to observe that drug loading capacity increases when the adsorbent (KIT-6 and 289 

KIT-6/NH2) mass decrease. This result could be attributed to an aggregation of the silica 290 

particles, which caused a reduction in the interfacial area between the CFX solution and 291 

the adsorbent. Similar behaviors have been found in other previously published studies 292 

[39,40]. Based on these results, the lowest dose (10 mg) was chosen that allowed loading 293 

the largest amount of drug, 200 mg g-1 for KIT-6 and 195 mg g-1 for KIT-6/NH2. These 294 

samples were characterized by the different techniques shown below and finally were 295 

used in the release tests. 296 

 297 

Fig. 2 Adsorbent amount effect on CFX adsorption (mean values ± s.d.; n = 3). 298 
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3.3 Characterization of MSM samples  299 

The small-angle XRD patterns of the KIT-6 and KIT-6/NH2 samples before and after 300 

drug loading are presented in Fig. 3. It is observed that the KIT-6 material exhibits a very 301 

intense diffraction peak at 2θ ̴  0.8 attributed to the (211) plane and two less intense peaks 302 

at 2θ ̴ 1.4 and 2θ ̴ 1.6 corresponding to the (321) and ( 420), respectively. These peaks 303 

confirm the bicontinuous cubic Ia3d symmetry reported for KIT-6, with a high degree of 304 

structural order [41]. The same diffraction peaks are also observed in the KIT-6/NH2 305 

sample, which shows that the amount of grafted functional groups did not modify the 306 

structural order of the starting material. However, these samples loaded with CFX show 307 

a significant decrease in the intensity of the diffraction peaks, which likely is due to the 308 

introduction of the drug inside the pores, causing a decrease in the scattering contrast 309 

between the pores and side walls of silica [42].  310 

 311 

Fig. 3 Small-angle XRD patterns of (a) KIT-6, (b) KIT-6/NH2, (c) KIT-6/CFX and (d) 312 

KIT-6/NH2/CFX. 313 

Fig. 4 shows FTIR spectra of loaded and unloaded nanocomposites. Typical vibrations 314 

of KIT-6 were present. The broad band at 3000 - 3700 cm-1 was associated with –OH 315 

Jo
urn

al 
Pre-

pro
of



  

 

15 

 

 

groups ascribed to the physisorbed water on the silica surface. The bands at 1080 and 316 

800 cm-1 correspond to the asymmetric and symmetric stretchings from Si-O-Si bonds, 317 

while the band at 960 cm-1 is due to the stretching of silanol groups (Si-OH). The Si-O-318 

Si stretching causes a vibration band at 460 cm-1 [43]. The amino functionalization of 319 

KIT-6 (KIT-6/NH2) was confirmed due to the appearance of additional characteristic 320 

FTIR bands (Fig. 4b). Less intensity is observed in the region of 3000-3700 cm-1, where 321 

the characteristic band of the NH2 groups (3460 cm-1) overlaps with that of the -OH 322 

groups [44], evidencing the presence of NH2 KIT-6 surface. In addition, the bands at 323 

1560 and 2937 cm-1 correspond to the N-H stretching and C-H bending vibration of the 324 

primary amine.  325 

CFX adsorption on the two nanocomposites was confirmed by FTIR spectra. The pure 326 

CFX spectrum (Fig. 4c) shows characteristic bands between 3400-3200 cm-1 associated 327 

with the stretching vibrations of the amino groups, and at 3040 and 2945 cm-1 are due to 328 

the acidic hydroxyl groups and the C-H stretching vibrations, respectively. Likewise, the 329 

bands that appear at 1759 and 1689 cm-1 are due to the four-membered lactam carbonyl 330 

and secondary amine carbonyl groups, respectively. Other adsorption bands observed at 331 

1589, 1396 and 1290 cm-1 correspond to the stretching vibrations of the N-H, C-H and 332 

C-N bonds, while the bands at 1072 and 694 cm-1 are due to the bonds C-O and C-S [45].  333 

After the incorporation of CFX, changes in the original spectra of both materials are 334 

noted. For KIT-6/CFX (Fig. 4d), new bands appear at 1388, 1590, 1656 and 1758 cm-1 335 

corresponding to the C-H, N-H and C=O bonds identified in the spectrum of the pure 336 

drug. Moreover, in the KIT-6/NH2/CFX sample (Fig. 4e), these same bands appear, 337 

confirming the presence of the drug in both samples, however in the bands of the 338 

functionalized nanocomposite some differences are observed with respect to the pure 339 
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nanocomposite. The first difference is the highest intensity in the bands at 1388 and 1590 340 

cm-1, due to the contribution of the C-H and N-H bonds by APTES and the drug. The 341 

second difference is observed in the reduction in the intensity of the bands at 1656 and 342 

1758 cm-1. This behavior probably is due to an electrostatic interaction produced between 343 

the CFX carbonyl groups and the protonated amino groups; this same behavior has been 344 

observed in previous studies on functionalized mesoporous silica [46].  345 

 346 

 347 

Fig. 4 FTIR spectra of (a) KIT-6, (b) KIT-6/NH2, (c) CFX, (d) KIT-6/CFX and (e) 348 

KIT-6/NH2/CFX. 349 

Fig. 5 presents N2 adsorption-desorption isotherms at 77 K of KIT-6 and KIT-6/NH2 350 

samples before and after CFX loading. According to the IUPAC classification, the four 351 

samples present type IV (a) isotherms [47]. The KIT-6, KIT-6/NH2, and KIT-6/NH2/CFX 352 

exhibit a type H1 hysteresis loop, indicating the presence of highly ordered mesopores. 353 

In these samples, the adsorption-desorption branches in the hysteresis loop are parallel, 354 

a characteristic of materials with uniform pore size and a narrow distribution in pore size. 355 

Moreover, the KIT-6/CFX exhibits an unusual H5 hysteresis loop associated with 356 

particular structures containing open and partially blocked mesopores, probably due to 357 
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the presence of CFX. It can also be noted that KIT-6 isotherm presents a pronounced 358 

capillary condensation stage at high relative pressures (0.6 p/po), suggesting the presence 359 

of large mesopores, which are slightly reduced due to the incorporation of functional 360 

groups. In KIT-6/CFX, the capillary condensation is not so pronounced and begins at a 361 

lower relative pressure (0.45 p/po) compared to KIT-6. Consequently, it is possible to 362 

infer that mesopores have been occupied by CFX molecules. Besides, the adsorption-363 

desorption branches are not parallel, indicating that the pore size distribution is not 364 

uniform. Lastly, KIT-6/NH2/CFX shows capillary condensation steps at higher pressures 365 

than KIT-6/NH2.  366 

The textural properties were obtained from the nitrogen isotherms data, (Table 1). It is 367 

observed that KIT-6 has a high specific surface area, with a significant presence of 368 

mesopores and a small amount of micropores. However, once the KIT-6 has been 369 

modified with amino groups and loaded with CFX molecules, these textural properties 370 

values considerably decrease, particularly the micropores, which were likely covered by 371 

the functional groups and CFX molecules. The change in the texture of the materials 372 

under study indicates that the incorporation of functional groups and the loaded CFX 373 

molecules have been achieved in both the surface and the mesopores of the silica 374 

materials. 375 
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 376 

Fig. 5 N2 adsorption-desorption isotherms at 77 K of (a) KIT-6, (b) KIT-6/NH2, (c) 377 

KIT-6/CFX and (d) KIT-6/NH2/CFX. 378 

Table 1 Textural properties of the mesoporous silica materials 379 

 380 

Samples SBET  

(m2 g-1) 

VTP 

 (cm3 g-1) 

VP 

(cm3 g-1) 

VPMP 

(cm3 g-1) 

VSMP 

(cm3 g-1) 

KIT-6 1040 1.32 0.07 1.14 0.11 

KIT-6/NH2 440 0.72 0 0.69 0.03 

KIT-6/CFX 240 0.32  0 0.29 0.03 

KIT-6/NH2/CFX 320 0.63 0 0.60 0.03 

 381 

The pore size distribution of the silica samples are shown in Fig. 6. It is observed that 382 

pure KIT-6 is a highly ordered mesoporous silica with mesopore sizes around 8.5 nm. 383 

Likewise, this material presents a small contribution in the region of micropores with a 384 

pore size around 1.0 nm. KIT-6 mesoporous size was reduced to 7.8 nm after the 385 

incorporation of amino groups. The micropores can not be seen after this treatment, 386 

probably because they were covered with APTES molecules. On the other hand, when 387 

KIT-6 is in contact with the CFX, the porosity changes significantly. One noticeable 388 

change is the appearance of two new contributions in the PSD, around 5 nm and 9.2 nm, 389 
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which indicates that CFX occupies and blocks a large part of the mesopores. In contrast, 390 

KIT-6/NH2 showed an increase in mesopore size after CFX loading, probably due to the 391 

CFX interact with NH2 occupying the primary mesopores region [48]. 392 

 393 

Fig. 6 Pore size distribution of (a) KIT-6, (b) KIT-6/NH2, (c) KIT-6/CFX and (d) KIT-394 

6/NH2/CFX. 395 

HR-TEM microphotographs and EDX mapping of KIT-6, KIT-6/NH2, KIT-6/CFX, and 396 

KIT-6/NH2/CFX are gathered in Fig. 7. In Fig. 7a, it can be seen that KIT-6 shows its 397 

typical highly ordered mesoporous structure with interconnected cubic mesopores in 3D, 398 

results that agree with others reported elsewhere [23,49,50]. In the KIT-6/NH2 sample 399 

(Fig. 7b), a high ordering of interconnected porosity in 3D is also evidenced. However, 400 

there is a slight decrease in the mesoporous channels, indicating that part of the amine 401 

functional groups was anchored within the mesopores (see yellow magnification).  402 

On the other hand, KIT-6/CFX (Fig. 7c) and KIT-6/NH2/CFX (Fig. 7d) also conserved 403 

their highly ordered porous structure. However, due to the incorporation of the drug the 404 

mesoporous channels were contracted (Fig. 7a to 7d; this is mainly observed in KIT-405 
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6/CFX because this sample loaded more drug inside its pores, which agrees with obtained 406 

results from the nitrogen adsorption-desorption isotherms and the PSD. Additionally, 407 

through EDX and maps, it was possible to evidence the components of both samples; 408 

KIT-6/CFX (Fig. 7e, f) contains silica (Si, O) and CFX (C, O, N, S). KIT-6/NH2/CFX 409 

(Fig. 7g, h) contains silica (Si, O), functional amino groups (C, O, Si, N), and CFX (C, 410 

O, N, S). It can be noted that KIT-6/NH2/CFX detected a peak of N more intense that 411 

KIT-6/CFX since this sample contains N from the amino groups and CFX. In addition, 412 

through the maps, it was possible to corroborate a homogeneous distribution of each of 413 

the constituents in the porous structure of both materials. 414 

 415 

 416 
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 417 

 418 

Fig. 7 HR-TEM micrographs of (a) KIT-6, (b) KIT-6/NH2 , (c) KIT-6/CFX, (d) KIT-419 

6/NH2/CFX, (e, f) EDX and mapping of KIT-6/CFX, and (g, h) EDX and mapping of 420 

KIT-6/NH2/CFX. 421 
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SEM studies (Fig. 8) showed differences such as CFX crystallization in KIT-6 and KIT-422 

6/NH2 before and after drug loading. KIT-6 (Fig. 8a) and KIT-6/NH2 (Fig. 8b) did not 423 

present significant differences indicating that the functionalization did not affect the 424 

morphology of the silica. During the loading of drugs onto inorganic platforms, drug 425 

precipitation and crystallization may occur. This precipitation phenomenon could 426 

influence the drug release profile, showing a burst release effect due to the rapid 427 

dissolution of drug crystals over the inorganic platform [51]. In this case, no 428 

morphological differences have been found between KIT-6, KIT6/NH2, KIT-6/CFX, and 429 

KIT-6/NH2/CFX, thus proving the absence of drug crystals.  430 

 431 

 432 

Fig. 8 SEM micrographs of (a) KIT-6, (b) KIT-6/NH2, (c) KIT-6/CFX and (d) KIT-433 

6/NH2/CFX.  434 
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XPS analysis was carried out to study the surface chemistry of KIT-6, KIT-6/NH2, KIT-435 

6/CFX, KIT-6/NH2/CFX, the deconvolution of the most representative peaks (C and N) 436 

are shown in Fig. 9. KIT-6 presents the C 1s peak with two energy bands at 284.8 and 437 

286.5 eV corresponding to the C-H and C-O bonds, respectively. The same bands are 438 

observed in KIT-6/NH2 and KIT-6/NH2/CFX but with greater intensity in both cases. 439 

This higher intensity is due to the presence of C-Si and C-N bonds established by APTES 440 

and CFX.  441 

Likewise, the core level N 1s spectrum of KIT-6/NH2 presents two contributions at 399.0 442 

and 401.4 eV, indicating the presence of two types of nitrogen on the surface of the 443 

samples. The first and most abundant at 399.0 eV is assigned to free amino groups (-444 

NH2), and the second, at 401.4 eV to protonated amino groups (-NH3
+) [52]. Moreover, 445 

the incorporation of CFX in KIT-6 and KIT-6/NH2 causes some changes in the N 1s 446 

core-level spectra bands at 399.5, 401.5 and 403.0 eV, and they are assigned to -NH2, -447 

NH3
+ and N-H, respectively. In KIT-6/CFX, these bands are less intense since the -NH2 448 

group present belongs only to the CFX, while in the functionalized sample, the intensity 449 

of these bands is higher due to the presence of amino groups from both the APTES and 450 

CFX. An increase in the intensity of the band at 401 eV can be observed, likely due to 451 

the acid pH of the CFX solution in the adsorption process protonated the free amino 452 

groups.  453 

Table 2 shows the atomic concentration of the elements found on the surface of all 454 

samples under study. Functionalization of KIT-6/NH2 was successful, as indicated by the 455 

2.8 % of N 1s detected. Likewise, the amount of N 1s in the KIT-6/CFX sample was 456 

lower (0.6) than in KIT-6/NH2/CFX (2.3). This result indicates that beyond the fact that 457 
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in the KIT-6/CFX sample, there were only N 1s contributions from CFX, the major part 458 

of CFX molecules enter the inner porosity of KIT-6, also in agreement with PSD results.  459 

 460 

Table 2 Atomic concentration of elements detected in KIT-6, KIT-6/NH2, KIT-6/CFX 461 

and KIT-6/NH2/CFX  462 

 463 

Element 
Atomic concentration (%)  

KIT-6 KIT-6/NH2 KIT-6/CFX KIT-6/NH2/CFX 

C 1s 4.6 18.3 10.3 15.5 

N 1s - 2.8 0.6 2.3 

O 1s 68.2 54.5 62.7 58.0 

Na 1s - - 2.2 1.3 

Si 2p 27.1 24.3 24.1 22.8 

 464 

 465 
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 466 
Fig. 9 Deconvolution of C 1s and N 1s spectra. 467 

 468 

TGA analyses (Fig. 10) were carried out to study the degree of functionalization and to 469 

confirm the drug loading capacity of all systems. All samples showed a first event around 470 

50 ºC that can be ascribed to the loss of physisorbed water [20]. From 300 °C, a 471 

progressive weight loss of about 9 % is observed in KIT-6, possibly due to the 472 

condensation of silanol groups [53]. In the functionalized counterpart (KIT-6/NH2), a 473 

weight-loss event of 6.8 % is observed from 150 °C up to 640 °C, which corresponds to 474 

the thermal decomposition of the aminopropyl chains that were anchored on the surface 475 

of the KIT-6. This result is important evidence of the degree of functionalization, which 476 

was also confirmed by the XPS experimental data where an atomic nitrogen 477 

concentration of 2.8 % was found. CFX-loaded samples (KIT-6/CFX and KIT-478 

6/NH2/CFX) showed a much more pronounced weight loss event from 200 ºC with 479 

respect to the sample merely functionalized (KIT-6/NH2), demonstrating the presence of 480 

the drug in both materials. This result is agrees with other reports where the pure CFX 481 

shows an exothermic event at 203 ºC [54]. Finally, it can be seen that there is no 482 
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significant difference in total weight loss in both samples; 14.6 and 12.5% were obtained 483 

for KIT-6/CFX and KIT-6/NH2/CFX, respectively. This result agrees with the adsorption 484 

tests in solution where a slightly higher load capacity was found for the pure material. 485 

 486 

Fig. 10 TGA curves of (a) KIT-6, (b) KIT-6/NH2, (c) KIT-6/CFX and (d) KIT-487 

6/NH2/CFX. 488 

3.4 Cephalexin stability at different pH  489 

An additional stability study was carried out on the loaded composites (KIT-6/CFX and 490 

KIT-6/NH2/CFX), and it was compared with the pure drug. Fig. 11 shows the change in 491 

CFX initial concentration as a function of pH and time. Major changes in CFX 492 

concentration can be observed at pH 6.8, with a 36 % of CFX loss after 24 hours. This 493 

finding indicates that the active principle of CFX is more stable in gastric conditions than 494 

in the intestinal ones, likely because the intestinal pH coincides with the dissociation 495 

equilibrium (pKa2 6.8) of the α-amino group of the CFX molecule [55,56]. However, 496 

when CFX is adsorbed on KIT-6 (Fig. 11a) and KIT-6/NH2 (Fig. 11b), occurs an 497 
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important change in the stability. This change is more noticeable at pH 6.8 than at pH 498 

1.2, since the decrease in concentration at 24 h goes from 36 % to 10 % in the case of 499 

KIT-6/CFX and 36 % to 2 % in the case of KIT-6/NH2/CFX. These results are promising 500 

since they indicate that porous silica protects the CFX from the potential degradation 501 

caused by gastric and intestinal pHs.  502 

 503 

 504 

Fig. 11 Stability profiles at gastric pH (1.2) and intestinal pH (6.8) of (a) CFX and KIT-505 

6 (b) CFX and KIT-6/NH2 at 37 °C (mean values ± s.d.; n = 3). 506 
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3.5 In vitro CFX release tests  507 

In vitro release profiles of CFX are shown in Fig. 12. It can be seen that pure CFX is 508 

completely dissolved in a short time, both in gastric and intestinal media (total drug 509 

dissolution in 30 min and 1 h, respectively). In an acid pH, CFX is mainly constituted 510 

(~99 %) by [CFXH+] cation due to the protonation of the amino group [NH3
+]. On the 511 

other hand, in a more basic environment, CFX is conformed by 50 % of the zwitterionic 512 

species [CFX±], that is, the amino group is protonated –NH3
+ and the carboxylic acid 513 

group is deprotonated –COO-. In addition, the other 50 % is conformed by the anionic 514 

species [CFX-] generated by the loss of the proton associated with the amino group [57]. 515 

A slower CFX release can be observed when the drug is loaded in KIT-6 and KIT-6/NH2, 516 

reaching a plateau after 12 h. As it can be seen, the total percentage of drug released was 517 

higher for KIT-6/CFX than KIT-6/NH2/CFX. This difference is probably due to the 518 

nature of drug-platform interactions between KIT-6 and CFX, mainly formed by weak 519 

van der Waals forces, where the lone pair of electrons of the carboxylic oxygen of CFX 520 

forms a partial bond with the silanol groups of KIT-6 [58]. On the other hand, attractive 521 

electrostatic interactions can be established between the protonated amino group of KIT-522 

6/NH2 and the –COO- group of CFX, making CFX molecules remain “trapped” in the 523 

nanocomposite.  524 

Another relevant factor in the release process is the pH. The acid environment produced 525 

a CFX dissolution rate that reached the release equilibrium in ~3h. Likely, CFX has 526 

specific alkaline properties that accelerate its dissolution [4]. Likewise, the total amount 527 

of CFX released in acid conditions (pH 1.2) is lower than in an alkaline environment (pH 528 

6.8), although the sample is functionalized or not. We hypothesize that this is due to H+ 529 

in the gastric fluid, reinforcing the interactions between the protonated amino groups 530 
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present in the walls of the KIT-6 and KIT-6/NH2 mesoporous matrices, respectively. In 531 

a basic environment, the repulsive electrostatic interactions predominate between the 532 

deprotonated carboxylic group of CFX and the deprotonated silanol group of KIT-6. 533 

Moreover, the CFX loaded in KIT-6/NH2 was easily protonated and, therefore, weakened 534 

the drug-silica interactions, leading to a much more drug release.  535 

Table 3 shows the parameters calculated from Korsmeyers-Peppas model for the 536 

experimental data of the release profiles of the pure CFX and KIT-6/CFX and KIT-537 

6/NH2/CFX samples at gastric and intestinal pH. In all samples, a satisfactory linear 538 

correlation was observed with R2 values close to 1 and negative AIC values that denote 539 

a good fit to the model employed. On the other hand, it is also observed n < 0.5 in all 540 

cases, which indicates that a release mechanism occurs by Fickian diffusion [59]. 541 

According to this kinetic, CFX would be dissolving in the interior of the mesoporous 542 

channels, and subsequently, they must diffuse through the composite toward the 543 

dissolution medium. Thus, CFX release is governed by the nature of the chemical 544 

interactions established between the drug and the mesoporous silica and by a diffusion 545 

process through the porous structure of the composites. The porous arrangement and 546 

morphology of KIT-6 (interconnected cubic 3D-mesopores with a cage-like 547 

morphology) can also have some influence on the release profiles. The CFX has been 548 

previously loaded in other silica materials as the well-known SBA-15, which has a 549 

mesopore structure with a 2-D hexagonal arrangement and rod-like morphology [21]. 550 

Comparing those reported results with these obtained with KIT-6, the release kinetics of 551 

the latter is slower and the maximum amount released is reached in a longer time (24 h) 552 

than in the SBA-15 material (10 h), which has a less complex porous structure.  553 
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 554 

Fig. 12 In vitro release profiles of CFX using mesoporous silica KIT-6 and KIT-6/NH2 555 

at pH 1 and 6.8 (mean values ± s.d.; n = 5). 556 

Table 3 Kinetic release parameters for CFX release from KIT-6 and KIT-6/NH2 557 

materials 558 

 559 

Sample Release 

medium 

 Korsmeyer-Peppas   

 k (h-1) n R2 AIC  

CFX 
pH 1.2 

pH 6.8 
 

1.031 

1.030 

0.221 

0.221 

0.740 

0.885 

-24.573 

-25.316 
 

KIT-6 
pH 1.2   0.313 0.130 0.750 -29.210  

pH 6.8  0.392 0.165 0.953 -59.844  

KIT-

6/NH2 

pH 1.2  0.115 0.206 0.978 -94.640  

pH 6.8  0.136 0.297 0.980 -78.751  

 560 

 561 

3.6 In vitro biocompatibility tests 562 

 563 

The biocompatibility of KIT-6/CFX and KIT-6/NH2/CFX was examined using MTT test 564 

[60], and the results are shown in Fig. 13. Both samples demonstrated total 565 

biocompatibility against Caco-2 cells, indicating that any of the samples exerted harmful 566 

effects over cells at any of the concentrations tested. In fact, the cell survival rate 567 
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remained above 90 %, even at the highest concentration (1000 µg mL-1). To our 568 

knowledge, this is one of the few cell viability studies performed on KIT-6/CFX and 569 

KIT-6/NH2/CFX materials with such a high concentration of MTT. According to 570 

previous studies, it has been found that specific properties of MSM can influence 571 

biocompatibility. For example, silica particles with a higher surface area have been 572 

shown to produce more oxidative stress, leading to lower cell viability [61], Therefore, 573 

the surface area of the KIT-6 and KIT-6/NH2 have not caused changes in cell viability. 574 

In fact, it has been demonstrated that amino functionalization has positive effects on cell 575 

viability due to the improvement of electrostatic interactions between amino groups and 576 

negative charges on the Caco-2 cell surface that can influence the attachment of the 577 

particles to cells and subsequent cell signaling [62]. 578 

 579 

Fig. 13 MTT tests of CFX loaded samples. Cellular viability (%) vs. KIT-6/CFX and 580 

KIT-6/NH2/CFX concentration. Caco-2 cells were used, and the sample contact was 581 

kept for 24 h (mean values ± s.d.; n = 7). 582 

 583 
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4. Conclusions  584 

Ordered mesoporous silica KIT-6 was synthesized and modified with functional amino 585 

groups (KIT-6/NH2). Both materials were tested as carriers in the loading and controlled 586 

release of CFX. It was found that the loading capacity is governed by the textural 587 

properties such as high specific surface area, high total pore volume for KIT-6, and 588 

mainly by the chemical interactions between amino groups anchored on silica and the 589 

carboxyl of CFX for KIT-6/NH2. On the other hand, KIT-6 and KIT-6/NH2 showed a 590 

good performance in the controlled release of CFX at gastric and intestinal pH, where 591 

silica with functional groups prevent early release. However due to its strong interaction 592 

with the drug, it presented lower release percentage than non-functionalized silica. The 593 

release profiles were adjusted to the Korsmeyer-Peppas model, which indicates that CFX 594 

release is mainly governed by diffusion, probably produced from the highly ordered 595 

mesopores of the cubic structure to the dissolution medium. Furthermore, it was found 596 

that both samples are biocompatible against Caco-2 cells. These results confirm that KIT-597 

6 and KIT-6/NH2 materials are promising carriers for CFX adsorption and controlled 598 

release systems.  599 
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Highlights 

▪ Amino-functionalized KIT-6 mesoporous silica in controlled release of cephalexin. 

▪ Amino groups influence the drug-carrier interaction.  

▪ KIT-6 pure and functionalized protect cephalexin from intestinal degradation. 

▪ Amino-functionalized KIT-6 mesoporous silica are biocompatible in Caco-2 cells.  
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