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Abstract: A pH-responsive drug delivery system composed of N-(propyl)aniline (N-ANI) 

modified mesoporous silica nanoparticles as a carrier, and E-cyclodextrin (E-CD) as a cap was 

prepared and investigated. The system was studied for co-adsorption and co-delivery of two 

different drugs; an anticancer drug 5-fluorouracil (5-FU), and anti-inflammatory agent 

naproxen (NAP). Detailed adsorption study of the drugs themselves as well as in their mutual 

mixture was performed. The amounts of NAP adsorbed during the co-adsorption were three 

times larger compared to pure NAP adsorption while the amount of 5-FU adsorbed from 

mixture remained unchanged during the co-adsorption. The drug release experiments were 

5HYLVHG�0DQXVFULSW�ZLWK�0DUNHG�FKDQJHV &OLFN�KHUH�WR�YLHZ�OLQNHG�5HIHUHQFHV
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realized in simulated body fluid (pH=7.4) and slightly acidic medium (pH=5) imitating the pH 

of tumor affected area. The experiments showed, that at physiological pH 7.4, the prepared drug 

delivery system released no drug,  was tight and no drug release from the pores was observed. 

A at slightly acidic medium (pH=5), the E-CD caps were loosened and drugs were released 

(88.5 % and 98.7% for 5-FU and NAP, respectively). In order To investigate the efficiency of 

the designed system for the delivery in biological environment, the biocompatibility and 

cytotoxicity experiments were performed using U87 MG and SKBR3 cancer cells by 

fluorescence microscopy, flow-cytometry, MTT, apoptotic and CAM assays. Biocompatible 

concentration doses (0.3-0.4 mg/mL) of the drug loaded delivery systems were identified in 

vivo using CAM assay. The tests revealed that co-delivery of 5-FU with NAP increased 

effectivity of the drug. The cytotoxicity of 5-FU towards cancer cells was higher when delivered 

in co-adsorption with NAP, in comparison with the experiments when 5-FU was delivered 

alone.  

 

 

Key words: drug delivery system, pH-responsive silica, SBA-15, co-adsorption, co-delivery, 

cytotoxicity, synergistic chemotherapy 
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1. Introduction 

The extensive uses of drugs, especially those targeted for the antimicrobial and 

antineoplastic treatments, lead to various health problems, that often remain unsolved. One of 

the most important is resistance of surviving cells against the employed drugs, which drastically 

reduces the efficiency of chemotherapeutics or antibiotics in further treatments. This 

phenomenon is called multidrug resistance (MDR) [1, 2]. MDR problem can be reduced by co-

delivery approach (or so-called combination therapy) using suitable porous carriers like 

mesoporous silica nanoparticles (MSN) [3, 4]. However, the delivery of one unique therapeutic 

compound does not usually solve the problem of acquired resistance, similarly to free drug 

administration. A strategy to overcome the high survival ratio of resistance cells is based on the 

maximization of the killing potential by including combinations of drugs into carrier material. 

Such systems can exert simultaneous or synergistic action on more than one critical metabolic 

pathway and can increase the apoptotic effect throughout the co-delivery of several drugs. Co-

delivery or combination therapy has the potential to be used in various types of diseases and 

above all, in the case of cancer [3]. In the fight against tumor MDR, the combination of 

chemotherapeutics is a promising strategy as the co-administration of more than one drug may 

hamper the cellular adaptation. It was shown that co-delivery of doxorubicin and camptothecin 

showed great potential for tumor-trigged drug release and for use in the synergistic 

chemotherapy of tumors like glioblastoma [5]. Liu et al. reported that the silica nanoparticles 

prepared by co-loading of doxorubicin and paclitaxel, a hydrophilic and a hydrophobic 

chemotherapeutics, could be internalized efficiently by alveolar cancerous cells and produce an 

enhanced apoptotic effect in comparison with the single drug model [6]. 

Co-delivery approach was studied either by co-delivery of two anticancer drugs or in 

combination of anticancer drug with another therapeutic molecule showing anti-inflammatory, 

immunologic, antiallergic or anti-angiogenic properties [7]. It was demonstrated, that when 
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doxorubicin (DOX) was loaded with an anti-angiogenic drug Combretastatin A4 (denoted as 

CA4) the DOX/CA4 loaded silica nanoparticles showed the clear inhibition of tumor growth in 

vivo although the in vitro apoptotic effect showed similar values as for single drug loading [7].  

In the case of antibiotics, combination/co-delivery therapy is used against polymicrobial 

infections or recalcitrant infections that are not eradicated by standard treatment regimes. 

Indeed, this combination can broaden the spectrum of antibacterial activity and provide 

synergistic effects, e.g. if one drug stimulates the uptake of another. This behavior was observed 

when vancomycin and polymyxin B where encapsulated and delivered using MSN [8]. Loading 

of both antibiotics had synergistic effect against Gram-negative bacteria, and the antimicrobial 

efficacy was higher for MSN loaded with both antibiotics, compared to free antibiotics at the 

same concentration [8]. 

In addition to scientific works mentioned above, the co-delivery approach using MSN 

was also applied in the co-delivery of antitumor drug paclitaxel (PTX) and anti-inflammatory, 

immunologic and antiallergenic drug, tetrandrine (TET) [9]. It was shown that silica particles 

containing both PTX and TET suppressed tumor cells growth more efficiently than the delivery 

of PTX from silica particles alone, or the free PTX alone. Moreover, the nanoparticles loaded 

with a PTX/TET completely reversed the resistance of human mammary cells used [9]. 

It is obvious that the use of mesoporous silica particles for targeted drug delivery was 

intensively studied in recent years [10-13]. The loading and release of drugs from the silica 

mesopores is a complex process since it depends on many parameters such as the different 

solubility of guest molecules in the solvent, the different diffusion rates throughout the pores 

and/or the strength of the interactions between loaded molecules and silica nanoparticles. The 

first studies of the silica as a drug delivery system focused on dissolution/diffusion mechanism 

of delivery [10, 11]. However, at present more sophisticated systems can be prepared, that 

hamper an undesired (premature) release of loaded compounds and the release can be triggered 
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on demand, using various physical or chemical stimuli [14-19]. Since the mesoporous silica 

particles can deliver drugs inside the cells [20], such vectored delivery directly into cells, in 

combination with co-delivery approach and the release on demand, can partially solve the 

problem of above-mentioned resistance (MDR), by the targeted killing of tumor cells. The first 

mesoporous silica-based DDS was MCM-41 material [21]. After this discovery, different silicas 

were tested for drug loading and release and, among them, the SBA-15 silica has been 

extensively reported since its two-dimensional hexagonal porous structure similar to MCM-41, 

but larger pore size (5±10 nm in diameter). The larger pore size makes SBA-15 material suitable 

for loading larger amounts of drugs as well as more bulky drug molecules or even 

macromolecules [22-26].  

Considering the above-mentioned studies, the present work aims to explore the 

possibility of co-adsorption and co-delivery of two different drugs, an anticancer drug (5-

fluorouracil; 5-FU) and an anti-inflammatory agent (Naproxen; NAP). In our previous works, 

we have prepared and described the different mesoporous silica particles, that release drugs 

either on diffusion principle [27,28] or using external stimulus, e.g. light driven drug release 

[29,30] or pH driven drug release [31]. In the latter, the system releasing the drug by decreasing 

pH is especially suitable for the delivery of anticancer drugs. In the present paper, we study the 

co-adsorption and co-release of 5-FU and NAP using MSN system composed of SBA-15 

nanoparticles as a carrier, which were modified by E-cyclodextrin (E-CD) as a cap closing the 

carrier nanopores and preventing the premature release of the drugs. The properties of such 

carrier, its co-delivery characteristics and biocompatibility were evaluated by different 

biological assays like MTT, apoptosis and CAM assay or cytotoxicity study. 

 

2. Experimental section 

  All chemicals used in the syntheses were obtained by Sigma-Aldrich and Across 
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Organics companies in the highest purities and used without further purification. Anhydrous 

solvents were obtained after standard procedures described in the reference [32] and stored over 

molecular sieves. 

 

2.1. Synthesis and functionalization of silica SBA-15 

SBA-15 silica was prepared by the template synthetic method using a procedure 

reported by Zhao et al [33]. Triblock copolymer Pluronic P123 was used as a structure reacting 

agent and tetraethoxysilane (TEOS) as a silica source. The molar ratio of used reagents was 1 

TEOS : 5.9 HCl : 193 H2O : 0.017 P123. The prepared as-synthesized material was further 

calcined to obtain the final mesoporous SBA-15 material. 

The surface functionalization was done by the post-synthetic grafting of SBA-15 using 

N-[3-(trimethoxysilyl)propyl] aniline (N-ANI) to form amine-functionalized silica matrix. In a 

typical procedure, 1 g of pre-heated SBA-15 (pre-heated to 150 oC) was dispersed in anhydrous 

toluene and mixed with 3 mL of N-ANI (12.5 mmol). The mixture was refluxed under N2 for 

20 hours. The obtained product was centrifuged, several times washed with toluene and ethanol, 

and dried at 40 °C for 24 hours. The resulting product was denoted as SBA-15_N-ANI. 

 

2.2. Drugs loading 

2.2.1. Adsorption properties of silica supports 

Antineoplastic agent, 5-Fluorouracil (5-FU) and anti-inflammatory agent Naproxen 

(NAP) were taken as model drugs to estimate the co-adsorption and co-release performance of 

pH-responsive silica support. Initially, adsorption properties of silica materials SBA-15 and 

SBA-15_N-ANI were studied with 5-FU and NAP separately. Adsorption was performed on 

both the SBA-15 and SBA-15_N-ANI for comparative purposes. 
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Drugs were loaded into the supports by the impregnation method using drug solutions 

of known concentrations. The limiting factor was the solubility of 5-FU, which is sparingly 

soluble in water. Therefore, the highest possible concentration for 5-FU was set at 6.5 mg/mL 

(5.10-2 M), as already discussed in our previous study [31]. For the adsorption studies, the 

concentration of naproxen was therefore adjusted also to this value and the highest 

concentration was the same for both drugs used.  

For the construction of adsorption isotherms, the materials SBA-15 and SBA-15_N-

ANI (0.02 g) were dispersed in a series of plastic vials containing 2 mL of aqueous solution of 

drug in growing initial concentrations of 0.13, 0.325, 0.65, 0.975, 1.3, 3.25, 6.5 mg/mL. 

Suspensions were stirred at 300 rpm for 24 hours at 37 °C while the evaporation of water was 

prevented. The suspensions were then centrifugated at 10 000 rpm for 10 minutes; after 

centrifugation the supernatants were separated from the solids and the impregnated solids were 

dried overnight at 40 °C in an oven. The samples with the 5-FU and NAP drugs separately 

loaded in SBA-15 and SBA-15_N-ANI were denoted SBA-15_5-FU, SBA-15_N-ANI_5-FU 

or SBA-15_NAP, SBA-15_N-ANI_NAP, respectively. 

The co-adsorption process followed the same procedure as mentioned above. 0.02 g of 

the silica support was dispersed in a solution of drugs mixture in different ratio, 5-FU:NAP 

3.5:0.5, 3:1, 2.5:1.5, 2:2, 1.5:2.5, 1:3, 0.5:3.5 (final volume of the solution was 2 mL). The 

initial highest concentration of drug solution was fixed to 5.10-2 M. The subsequent procedure 

was the same as for simple adsorption. The observed samples were denoted as SBA-15_5-FUN 

and SBA-15_N-ANI_5-FUN. 

Adsorbed amounts of the drugs ZHUH�GHWHUPLQHG�XVLQJ�89�VSHFWURVFRS\�DW�Ȝ� �����QP�

for 5-)8�DQG�Ȝ� �����QP�IRU�1$3��%HIRUH�WKH�GHWHUPLQDWLRQ�RI�WKH�concentration of 5-FU and 

NAP, calibration curves have been established based on solutions with different concentrations 

of 5-FU and NAP (see Figures S1, S2 in the Supplementary Information). The linearity of the 
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calibration curves was confirmed by the correlation coefficient r2 = 0.99996 for 5-FU and r2 = 

0.99989 for NAP. Then, the adsorbed amount of drug, QADS, was calculated considering the 

difference between the initial concentration and the concentration of drugs in the supernatant, 

as follows: 

ܳ஺஽ௌ ൌ �
௏ሺ஼೔ି஼೐೜ሻ

௠
  (1) 

where Ci (M) is the initial concentration, Ceq (M) is the equilibrium concentration after 24 hours 

at 37°C, V is the volume of the drug solution, and m is the mass (g) of adsorbent used. 

Microcalorimetric experiments were performed to determine the adsorption enthalpies 

of drugs on the prepared supports surface. During these experiments, solids (SBA-15 and SBA-

15_N-ANI) were maintained in water suspension using a stirring system and a stock solution 

of NAP and (NAP+5-)8��ZDV�DGGHG�E\����ȝ/�DOLTXRWV�VWHS�E\�VWHS�����LQMHFWLRQV���1H[W��WKH�

heat flow peaks were time-integrated and after correction of dilution effects, the integral 

enthalpies were obtained. 

 

2.2.2. Capping of loaded SBA-15_N-ANI_5-FUN nanoparticles by E-CD 

A solutions of 5-FU and NAP were prepared in distilled water at ambient temperature 

with the concentration of each 6.5 mg/mL (5.10-2 M) and then mixed. In the next step 300 mg 

of the solid SBA-15_N-ANI was added to the drugs mixture solution and stirred at 37 °C for 

24 hours until the equilibrium was achieved. Then, the pH of the suspension was adjusted to 

7.4 and 800 mg of E-CD was added to the solution. The mixture was stirred overnight. Then, 

nanoparticles were centrifuged, washed with water, and used in further experiments. At each 

further step, the pH of the suspensions was carefully checked, and supernatants were analyzed 

by UV/Vis spectroscopy. The obtained sample was denoted as SBA-15_N-ANI_5-FUN_E-CD. 
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2.3. Release of the drugs 

The release of the drugs was checked at selected time intervals: 0.08h, 0.33h, 0.66h, 1h, 

2h, 3h, 4h, 5h, 6h and 24h. During these time intervals, the mixtures were stirred gently at 37 

°C in a tube rotator. In each defined time interval, the suspension was centrifuged and the 

supernatant was removed and analyzed. The released amounts of 5-FU or NAP from the 

samples, where they were loaded alone, or co-adsorbed from their mutual mixture 5-FU+NAP 

were calculated from calibration curves (see Figures S1 and S2 in the Supplementary 

Information). The 5-FU was recorded at the wavelength of 266 nm and NAP at 330 nm. The 

absorbance of 5-FU and NAP at 266 nm and 330 nm does not overlay on each other.  

 

2.3.1. Release experiments from the supports containing single drug 

The release studies of 5-FU and NAP from samples SBA-15_N-ANI_5-FU and SBA-

15_N-ANI_5-NAP, i.e. when each drug was encapsulated alone, were performed as pH 

dependence. For this purpose, the pH of a saline solution, used as a release medium, was set to 

pH equal to 7.4 and 5.  

 

2.3.2. Release experiments from the supports containing co-adsorbed drugs  

To analyze the release of 5-FU and NAP from SBA_15_N-ANI_5-FUN_E-CD, the 

particles were placed into the cuvette of spectrometer and 2 mL of saline solution (pH 7.4 or 5) 

was added carefully. 

 

2.4. Cell culture preparation 

The cell cultures were cultivated according to the standard propagation protocols [34]. 

The U87 MG glioma cells (Cells Lines Services, Germany) and SKBR3 human breast 

carcinoma cells (a gift from prof. Pluckthun laboratory, University of Zurich, Switzerland) were 
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grown in the cell culture medium (high glucose, GlutaMAXTM supplement, pyruvate 

'XOEHFFR¶V� PRGLILHG� (DJOH� PHGLXP�� '-MEM, Gibco-Invitrogen, Life Technologies Ltd., 

France) and RPMI 1640 (LM-R1638/500, biosera, France), respectively in the dark at 37 °C, 5 

% of CO2 and humidified atmosphere. The complete cell culture medium was prepared with 10 

% fetal bovine serum (FBS, biosera, France). One day before experiments the cells were seeded 

into the 35 mm in diameter Petri dishes or 96-well plates and grown in the complete medium at 

pH = 7.3 or 6.3. The next day, the aliquots of the 5-FU, NAP, and SBA-15_N-ANI_5-FUN_E-

CD were administered. The sterile powders of the substances were dissolved in distilled water 

and sonicated 15 min before administration. 

 

2.5. Microscopy 

The 24 h after the administration of 5-FU (5.7 and 57 µg/mL), NAP (114 µg/mL) and 

SBA-15_N-ANI_5-FUN_E-CD (from 0.2 up to 2 mg/mL) the cells seeded in glass coverslip 

bottom Petri dishes (MatTek, USA) were observed in the bright - field mode with the inverted 

LSM700 confocal microscope (Zeiss, Germany), equipped with a 20X FlXDU��1$� ���������

Zeiss, Germany) and a CCD camera (AxioCam HRm, Zeiss, Germany). 

 

2.6. Cell viability - MTT assay 

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, Sigma-

Aldrich, Germany) assay was performed 24 and 48 h after the administration of 5-FU (from 5.7 

up to 57 µg/mL), NAP (from 45.6 up to 114 µg/mL), and SBA-15_N-ANI_5-FUN_E-CD (from 

0.2 up to 2 mg/mL). Two molar ratios (1:1 and 1:2) of 5-FU:NAP in SBA-15_N-ANI_5-

FUN_E-CD were tested. The amount of drugs adsorbed were determined by TGA (see Figure 

S3 in the Supplementary information) and by solid/liquid adsorption measurements (see Table 

T1 in the Supplementary Information). The same protocol was kept for MTT-assay [31]. The 
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results were detected in the triplicates. The significance of difference was estimated with the 

student t-test with *p<0.05, **p<0.01 and ***p<0.001. 

 

2.7. Apoptotic assay 

The cells (treated 48 h with 5-FU, NAP, and SBA-15_N-ANI_5-FUN_E-CD) were 15 

min labelled with the mitochondria potential probe a MitoTrackerTMOrange CMTM/Ros 

�072�� ���� ȝ0�� 7KHUPR)LVKHU6FLHQWLILF�� 86$�� DQG� DQ� $QQH[LQ9�),7&� �),7&� $QQH[LQ� 9�

Apoptosis Detection Kit, BD PharmingenTM, Belgium) to detect phosphatidylserine in the 

plasma membrane. The cells were detached with the trypsin/ethylene-diaminetetraacetic acid 

(Gibco-Invitrogen, Life Technologies Ltd., France), centrifuged at 1200 rpm/10 min and 

resuspended in 0.5 mL of phosphate saline buffer (PBS) at pH = 7.4. The harvested cells were 

measured with the flow cytometer (MACSQuant®Analyzer, Miltenyi, Germany) in B1 (525/50 

nm) and B3 (655±730 nm) channel at the excitation 488 nm. 

 

2.8. CAM assay 

&KRULRDOODQWRLF�PHPEUDQH��&$0��RI�WKH�IHUWLOL]HG�-DSDQHVH�TXDLO¶V��Coturnix japonica) 

eggs (a breeding colony of IABG SASci) was used for in vivo biocompatibility study. The eggs 

were kept in an incubator (MIDI BIOS, Czech Republic) at 37 °C and 50-60 % relative 

humidity. The eggs were disinfected in a sterile condition with 70 % ethanolic solution at 

embryonic day 3 (ED3). The eggs were opened and the embryos were placed into the 6-well 

tissue culture plates and cultivated in 37 °C humidified incubator (Memmert, Germany) until 

ED10. The silicon rings were placed on the CAM. The volume of 30 µl of the studied solutions 

was administered inside the ring. The image was detected with a digital camera (Canon EOS 

6D II with Canon MP-E 65mm f/2.8, Japan). 
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2.9. Histology 

The treated tissue of the CAM was fixed with 4 % paraformaldehyde (Sigma-Aldrich, 

Germany) and separated. The paraffin sections with the 5 µm thickness were prepared for 

histopathological analysis to determine the damage of the tissue (hematoxylin (BAMED, 

Slovakia) and eosin (BAMED, Slovakia) staining). The sections were evaluated with a light 

microscope Kapa 2000 (Kvant, Slovakia) at 10X magnification, and digital camera Nikon E995 

(Japan). 

 

2.10. Characterization of porous solids with analytical techniques 

Nitrogen sorption measurements were carried out using an ASAP 2020 Micromeritics 

apparatus at -196°C. Before adsorption, samples (a 80-100 mg) were degassed at 120 °C (40 

°C for grafted samples and samples containing drug molecules) during 12 h under the vacuum 

of 2.10-3 mbar. The specific surface area was determined with Brunauer-Emmet-Teller (BET) 

method, the pore size distribution was calculated from the adsorption branch using the Barrett-

Joyner-Halenda (BJH) method [35]. 

TEM micrographs were obtained using a JEOL 2000FX microscope. Samples were 

ground and suspended in methanol. The suspension was dropped on a carbon grid and dried in 

air. 

UV-Visible spectroscopy measurements in the liquid phase were performed on a Varian 

Cary 300 spectrometer in the 200-400 nm range. 

Thermogravimetric (TGA) measurements were carried out with a TGA Q500 apparatus 

(TA Instruments) using air as a carrier gas. The samples with weight ~5-20 mg were treated 

from ambient temperature up to 800 °C.  
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Small-angle X-Ray diffraction measurements were recorded on a Siemens D500R XRD 

GLIIUDFWRPHWHU�XVLQJ�&X�.Į�UDGLDWLRQ��Ȝ ��������c��LQ�WKH ���í����ș�UDQJH�ZLWK�D�������VWHS�

associated with a step time of 4s. 

Microcalorimetry experiments were performed on TAM 2277 microcalorimeter. 

 

3. Results and discussion 

In the present paper, we study the co-adsorption and co-release of 5-FU and NAP using 

MSN system composed of amine grafted SBA-15 material and E-cyclodextrin (E-CD). For the 

preparation of the functional material, the mesoporous silica SBA-15 was surface modified by 

grafting procedure, during which silica surface hydroxyl groups reacted with N-[3-

(trimethoxysilyl)propyl]aniline (see Scheme). During this grafting procedure amine was 

covalently attached on the silica surface. 

 

Scheme. Grafting of N-[3-(trimethoxysilyl)propyl]aniline on the SBA-15 silica surface 

 

This covalently attached amine represents an immobilized stalk molecule covalently 

attached to silica surface and E-cyclodextrin represents a mobile cyclic molecule encircling the 

stalk via non-covalent interactions. The non-covalent interactions between stalk and cyclic 

molecule E-CD are therefore crucial for pore blocking effect (see Fig. 1). Such supramolecular 

nanovalves responsible for opening and closing the pores of the carrier and preventing the 
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premature release of the drugs. When the pH of the environment is decreased from its initial 

values (~ 7.4), the molecules on the silica surface become protonated resulting that binding 

affinity with cyclodextrin is decreased. As it was already demonstrated the E-CD caps are thus 

dispersed around from the stalks and pores are opened [36,37]. 

Different amines and cyclodextrin molecules have been demonstrated to be an effective 

supramolecular pore gatekeepers for mesoporous silica materials. For example Meng et al. 

reported a MSN delivery system based on the E-CD nanovalves and N-methyl benzimidazole 

molecules as a stalks, which bind to the E-CD rings strongly at pH 7.4 with trapping drug 

molecules in pores while causing dissociation with the E-CD caps at pH < 6 [38]. 

The delivery of doxorubicin was tested in the work of Bai et al. who constructed a pH-

responsive controlled release system using p-anisidine amine stalks and different CD (D and E) 

as the pore caps to regulate the release of drug from silica channels. The authors studied how 

stalk density and the type of CD used to affect release behavior. They found that the ability of 

CD to produce a better pH-responsive release was in the order E-&'�!�Į-CD [39]. Therefore, 

based on these results in our work we focused on E-CD system.  

 

Fig. 1, Representation of non-covalent interaction between N-ANI stalks and cyclic E-CD 

molecule. 
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3.1. Small angle X-ray diffraction 

X-ray diffraction patterns of unmodified/modified SBA-15 samples (see Fig. 2) match 

well with the typical XRD pattern reported for SBA-15 silica. The pattern is associated with a 

highly ordered, two-dimensional hexagonal mesostructure (p6mm symmetry) [33,40].  

The X-ray diffraction pattern of SBA-15 silica is well resolved with a strong diffraction 

peak at 2T = 0.89 Å, and two weaker peaks at 2T = 1.54 Å and 1.78 Å. They can be indexed as 

(100), (110) and (200) in hexagonal lattice with a d(100) spacing 99.2 Å. The d-spacing 

corresponds to the large unit cell parameter a0 = 114.5 Å as calculated according to the Bragg 

equation for hexagonal symmetry, a0 = 2 x d100 / �3. The XRD patterns corresponding to SBA-

15_N-ANI and SBA-15_N-ANI_5-FUN samples show only the (100) and (200) diffractions 

peaks well resolved. The diffraction peak (110) has lower intensity due to surface modification 

and drugs loading. 

 

Fig. 2. XRD patterns of SBA-15, SBA-15_N-ANI and SBA-15_N-ANI_5-FUN materials. 

 

3.2. Nitrogen adsorption/desorption 

To obtain more precise information about the structure and textural properties of 

prepared samples, N2 adsorption/desorption measurements were performed. The measurements 
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were used to determine the specific surface area, pore volume, and pore size distribution of the 

samples. The adsorption/desorption isotherms of the studied samples are shown in Fig. 3a. The 

isotherm of SBA-15 can be considered as a typical IV(a) type according to IUPAC 

classification, with well-defined H1 hysteresis loop associated with presence of mesopores [41]. 

The H1 hysteresis loop confirms open-ended hexagonal cylindrical pore geometry typical for 

SBA-15 silica material. The steepness of the hysteresis loop in the relative pressures range p/p0 

= 0.6 ± 0.8 shows on the well-ordered structure with narrow pore size distribution. The presence 

of micropores interconnecting mesoporous channels in the SBA-15 material is reflected by an 

initial sharp nitrogen uptake at relative pressures below 0.05. When the surface of SBA-15 is 

modified with organic ligands and/or the pores are filled with drugs and capped with E-CDs, 

the whole isotherm is shifted to lower relative pressures also the nitrogen adsorbed volume is 

lower. Furthermore, the microporosity as well as the shape of the hysteresis is changed upon 

modification and loading. The pore size distributions, calculated from the adsorption branches 

of isotherms are shown in Fig. 3b. Calculated specific surface areas, mesopore volumes and 

sizes are summarized in Table 1. 

 
                                   a                                            b 

Fig. 3. (a) Nitrogen adsorption/desorption isotherms of prepared materials and (b) pore size 

distributions of prepared samples. 

 

The specific surface areas were calculated using the BET method. As expected, the 

grafting of the N-ANI ligand leads to a decrease in specific surface areas and total pore volumes. 
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Functionalization of SBA-15 by N-ANI ligand also downshifts the capillary condensation from 

p/p0 = 0.63 ± 0.76 (pure SBA-15) to lower relative pressures p/p0 = 0.58 ± 0.65 (SBA-15_N-

ANI) reflecting the filling of the pores and decrease in pore size from 6.5 nm (pure SBA-15) to 

5.3 nm (SBA-15_N-ANI). The adsorption of drugs 5-FU and NAP and E-CD capping caused 

the further decrease in the specific surface area and total pore volumes for SBA-15_N-ANI_5-

FUN and SBA-15_N-ANI_5-FUN_E-CD samples, as it is obvious from Table 1. 

 

Table 1. Textural properties of the prepared samples (BET surface area, pore volume and pore 

diameter) determined from N2 adsorption/desorption isotherms. 

 

3.3. TEM microscopy 

The images from transmission electron microscopy (TEM) are shown in Fig. S3 in the 

Supplementary Information. The images show a well-ordered hexagonal mesoporous 

distribution of uniform channels typical for SBA-15 material with 2D hexagonal symmetry. 

Fig. S3a shows a view obtained with electron beams parallel to the silica channels, while Fig. 

S3b shows a view perpendicular to the pore direction. The average pore size determined from 

the TEM images was 6 nm and the thickness of the wall of the channel was about 2 nm. 

 

3.4. Thermogravimetric analysis 

Measurements of thermogravimetric analysis (TGA) were performed to determine the 

Sample SBET  

>m2.g-1@ 
Mesopore volume 
>cm3.g-1@ 

Mesopore size 
>nm@ 

SBA-15 970 0.96 6.5 

SBA-15_N-ANI 350 0.53 5.3 

SBA-15_N-ANI_5-FUN 260 0.46 5.6 

SBA-15_N-ANI_5-FUN_E-CD 150 0.20 5.0 
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amount of N-ANI groups grafted on the surface and the amount of the encapsulated drugs [27]. 

The results are shown in Fig. S4 in the Supplementary Information. Since the adsorbed moisture 

and solvents loss occurs in the temperature range 25-150 °C, all TGA curves were normalized 

with a starting temperature of 150 °C to evaluate mass loss only due to decomposition of organic 

ligands and/or drugs. The TGA curve of calcined SBA-15 shows that the sample is thermally 

stable, and no significant mass loss is observed in the whole measured range. For SBA-15 

sample only a small weight loss (0.63 wt %) is observed above 500 °C, corresponding to the 

silanol groups condensation and the dehydroxylation of the sample. Functionalized mesoporous 

silica SBA-15_N-ANI is thermally stable up to 200 °C. The mass loss, observed above this 

temperature, corresponds to the thermal decomposition of aromatic amine N-(propyl)aniline 

(N-ANI) grafted on the surface of SBA-15. The total mass loss in the temperature range 200-

750 °C is 21.7 wt%, corresponding to an amount of grafted N-ANI groups equal to 1.03 mmol 

per 1g of SBA-15. The TGA of curve the sample SBA-15_N-ANI_5-FUN containing mixture 

of loaded drugs (5-FU and NAP) is also presented in Fig. S4 in the Supplementary Information 

(brown curve). The amount of the loaded drugs was calculated from the mass differences 

observed for SBA-15_N-ANI and SBA-15_N-ANI_5-FUN samples and represents 9.6 wt%, 

that corresponds to a total mass of 96 mg of 5-FU and NAP per 1 g of SBA-15_N-ANI solid. 

Finally, the mass content of E-CD in the system was also calculated from the SBA-15_N-

ANI_5-FUN_E-CD TG curve, and a mass of 74.7 mg of E-CD per 1 gram of silica (0.0658 

mmol.g-1) was found. From the total mass loss observed for the sample SBA-15_N-ANI_5-

FUN_E-CD (Fig. S4, pink curve) the determined ratio of N-ANI ligands and capping ligand E-

CD on the surface of silica was 1:3. 

 

3.5. Adsorption and co-adsorption properties of SBA-15 and SBA-15_N-ANI 

Adsorption isotherms in liquid phase were measured to understand the adsorption 
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mechanism of the drugs and to quantify the distribution of the adsorbate between the liquid 

phase and solid adsorbent at equilibrium. 

The drugs 5-FU and NAP were adsorbed in SBA-15 and SBA-15_N-ANI. First, 

adsorption isotherms of single drugs were measured. The adsorption isotherms of 5-FU and 

NAP on both, SBA-15 and SBA-15_N-ANI porous solids, determined at 25 °C, are presented 

in Fig. 4. For both drugs, observed adsorption isotherms are quasi-identical. They are nearly 

linear corresponding to behavior of Henry isotherms for which a linear relation between the 

adsorbed amount (Nads) and the equilibrium concentration (Ceq) is characteristic: 

௔ܰௗ௦ ൌ ுǤܭ  ௘௤    (2)ܥ

where KH is the Henry constant. 

This behavior is frequently observed at low surface coverage when the system is far 

away from saturation and the Henry constant traduces the affinity between the surface and the 

molecule. Value of Henry constant corresponds to: 

ுܭ ൌ ���
஼೐೜՜଴

ௗேೌ೏ೞ
ௗ஼೐೜

    (3) 

                                     a                                       b 
Fig. 4. Adsorption isotherms of 5-FU (a) and NAP (b) on SBA-15 and SBA-15_N-ANI solids. 

 

Each isotherm was fitted with a Henry-type isotherm (correlation coefficients R2 were 

> to 0.98) and determined Henry constants are reported in Table 2. As can be seen, whatever 
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the drug and the solid, the values of Henry constant are weak suggesting a weak interaction 

between drugs and solids. Furthermore, the slope observed in the case of NAP is half compared 

to the one of 5-FU, evidencing a lower affinity of NAP towards both solids. As it can be seen 

from Table 2, the adsorbed maximum of 325 Pmol.g-1 (42 mg.g-1) was found for 5-FU and 

nearly half for NAP, 145 Pmol.g-1 (36 mg.g-1). 

 

Table 2. Adsorption properties of SBA-15 and SBA-15_N-ANI for 5-fluorouracil (5-FU) and 

naproxen (NAP), when each drug was adsorbed alone. 

Sample KH (x1000) nADS 

>Pmol.g-1@ 
nADS 

>Pmol.m-2@ 
mADS 

>mg.g-1@ 

SBA-15 + 5FU 6.35 ± 0.22 322 0.33 41.9 

SBA-15_N-ANI + 5FU 6.14 ± 0.33 325 0.93 42.2 

SBA-15 + NAP 3.20 ± 0.16 125 0.13 31.6 

SBA-15_N-ANI + NAP 3.25 ± 0.11 145 0.41 36.2 

 

When 5-FU and NAP drugs are co-adsorbed, the adsorption isotherms are also found to 

be linear (see Fig. 5) like in the case of drugs alone. Nevertheless, during the co-adsorption a 

difference is observed in the case of 5-FU as isotherms determined on SBA-15 and SBA-15_N-

ANI solids for 5-FU do not superimpose, and the latter is shifted to higher adsorbed amounts 

(see Fig. 5). For NAP, both isotherms superimpose. Therefore, SBA-15_N-ANI silica has a 

higher loading capacity of drugs than pure SBA-15 silica, although SBA-15 has a higher 

specific surface area (970 m2.g-1) compared to SBA-15_N-ANI (350 m2.g-1). The determined 

Henry constants and adsorbed amounts during the co-adsorption are reported in Table 3. 

Furthermore, in the case of co-adsorption, the slope of the NAP isotherm is double 

compared to the one of 5-FU (see Fig. 5 and the values of Henry constants in Table 3), 

evidencing a higher affinity of NAP towards both solids. The maximum adsorbed amounts for 
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both drugs and both solids are reported in different units in Table 3. A maximal adsorbed 

amount 150 Pmol.g-1 (20 mg.g-1) was found for 5-FU and higher, 250 Pmol.g-1 (62 mg.g-1), was 

found for NAP. Totally 82 mg.g-1 of drugs was adsorbed and this maximum agrees with the 

total adsorbed mass close to 96 mg, determined for 5-FU+NAP using TGA experiments. All 

these results suggest a difference in the adsorption properties of NAP when the drug is adsorbed 

alone or mixed with 5-FU. 

 
      a             b 

Fig. 5. Adsorption isotherms of co-loaded drugs 5-FU (a) and NAP (b) on SBA-15 and SBA-

15_N-ANI. 

 

Table 3. Co-adsorption properties of drugs 5-fluorouracil (5-FU) and naproxen (NAP) on SBA-

15 and SBA-15_N-ANI solids. 

Sample KH (x1000) nADS  

>Pmol.g-1@ 

nADS 

>Pmol.m-2@ 

mADS 

>mg.g-1@ 

SBA-15 + 5-FU in mix 3.43 ± 0.16 90 0.09 11.7 

SBA-15_N-ANI + 5-FU in mix 5.82 ±0.27 150 0.43 19.6 

SBA-15 + NAP in mixture 10.79± 0.36 230 0.23 57.1 

SBA-15_N-ANI + NAP in mix 11.42 ± 0.27 250 0.71 62.5 
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To clearly evidence this difference, isotherms determined for SBA-15_N-ANI for each 

drug adsorbed alone and in a mutual mixture are presented in Fig. S5 in the Supplementary 

Information. As it is clearly shown, there are no differences in adsorption properties for 5-FU 

drug alone or in mixture; both isotherms, for single 5-FU and in a mixture are very similar. For 

NAP, the amount of drug adsorbed when it is mixed with 5-FU is almost three times larger than 

when it is adsorbed alone (see Fig. S5 in the Supplementary Information). The samples SBA-

15_N-ANI has a negative surface charge of -82 mV at pH 7.4, as it was reported in our previous 

work [31]. 5-FU has NH groups which are not deprotonated at pH 7.4 (pKa (5-FU) = 8.02). On 

the contrary, NAP (the pKa (NAP) = 4.15) has a polar carboxylate group so we assume that the 

adsorption of both drugs is governed by electrostatic interactions and hydrogen bonding with 

negatively charged particles. 

The maximal amounts of the drugs adsorbed on the SBA-15_N-ANI_5-FUN_E-CD 

VDPSOH��ZKLFK�ZDV�SUHSDUHG�IRU�ELRORJLFDO�WHVWV��ZHUH�����ȝPRO�J-1 (29 mg.g-1��DQG�����ȝPRO�J-

1 (91 mg.g-1) for 5-FU and NAP, respectively. These maxima agree with the total mass of 126 

mg, determined for 5-FU+NAP using TGA experiments (see Figure S6 in Supplementary 

information). The maximal amounts of both drugs adsorbed alone and from the mixture in 

different molar ratios are reported in Table ST1 in the Supplementary information. 

To complete the study of adsorption properties, the microcalorimetric measurements 

were performed for the adsorption of NAP on SBA-15_N-ANI, as a single drug and as a mixture 

with 5-FU. The corresponding integral displacement enthalpies are presented in Fig. 6. The 

overlay of the adsorption enthalpies versus the NAP adsorbed amount exhibits the same 

behavior: at very low coverage, the enthalpies are close to -15 kJ.mol-1, then decrease 

monotonically with the NAP adsorbed amount until reaching an asymptotical value about -5 

kJ.mol-1. These values of enthalpies can be related to the weak affinity observed between NAP 

and the surface of SBA-15_N-ANI and are usually met in the case of weak electrostatic 
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interactions. Considering the evolution of enthalpies versus the coverage, two interpretations 

can be done. First, there is a succession of sites saturated step by step from the highest energy 

to the lowest. Moreover, the identical shape of enthalpies evolution for a single drug NAP 

(green dots) and in a mixture with 5-FU (yellow dots) means that the NAP adsorption sites are 

not dependent on the 5-FU presence, in this range of coverage. Furthermore, NAP and 5-FU 

molecules are not in competition regarding their sites of adsorption. 

 

Fig. 6. Evolution of integral displacement enthalpies of NAP adsorbed on SBA-15_N-ANI, as 

a single drug (green dots) and as a mixture with 5-FU (yellow dots). 

 

3.6. Release performance of 5-Fluorouracil and Naproxen 

Drugs release studies were performed in two different media, in simulated body fluid 

(pH=7.4) and slightly acidic medium (pH=5) simulating the pH of tumor affected area. The 

released amounts of 5-FU and NAP from SBA-15_N-ANI_5-FUN_E-CD sample at different 

time intervals (0.08h, 0.33h, 0.66h, 1h, 2h, 3h, 4h, 5h, 6h and 24h) were investigated using UV 

spectroscopy. The 5-FU and NAP concentrations during the release studies were determined 

using the absorbance at 266 nm for 5-FU and 330 nm for NAP. The absorbance of 5-FU at 266 

nm and NAP at 330 nm does not overlay on each other. The calibration curves for 5-FU and 
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NAP were obtained from the UV spectra of drug standards and are shown in Fig. S1 and S2 in 

the Supplementary Information. The total amount of drugs loaded in SBA-15_N-ANI_5-

FUN_E-CD sample was established from the adsorption isotherms. The loaded amount was 20 

mg of 5-FU per 1g of silica (0.15 mmol.g-1) and 62 mg of NAP (0.248 mmol.g-1) per 1g of 

solid. This result was also confirmed by TGA measurements. These amounts were taken as 100 

% in the release studies and used to calculate the percentage of the released amount in the 

respective time intervals. From the UV spectroscopy results the curves of the time dependencies 

of the released amounts of 5-FU and NAP from SBA-15_N-ANI_5-FUN_E-CD were 

constructed. The release curves were determined at  pH=5, i.e. in the open pore configuration 

and, at pH=7.4, i.e. in the configuration when pores of the particles are capped by E-CD. The 

results are presented in Fig. 7.  

As it can be seen from Fig. 7, at pH=5, a significant part of the drugs was released in 

the first 6 hours, when the release of 68% of 5-FU (Figure 7a) and 87% of NAP (Fig. 7b) was 

observed. In the next 18 hours, the sustained release of drugs continued at a much slower rate 

and additional 20.5 % of 5-FU and 11.7 % of NAP were released. In total, 88.5 % of 5-FU and 

98.7 % of NAP was released in 24 hours. 

 
a b 

Fig. 7. Release profiles of a) 5-FU and b) NAP from solid SBA-15_N-ANI_5-FU_E-CD at 

different two different pH (5 and 7.4). 
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It is obvious that the release performance of the investigated drug delivery system is 

dependent on the pH. Substantial differences in release profiles at pH = 7.4, when the pores of 

the carrier are blocked by E-CD, were observed for both drugs, in comparison with the profiles 

at pH = 5. Indeed, there is no significant release at pH 7.4 and only a release of 16 % of 5-FU 

and 20 % of NAP in the initial 3 hours was observed. This release could be explained by the 

fact that not all pores were capped properly by E-CD molecules. This hypothesis is also in 

agreement with N2 adsorption/desorption measurements, where some mesoporosity was still 

observed after E-CD capping. However, no release of drugs was observed after these 3 hours, 

which leads to the conclusion that supramolecular interaction of the couple N-ANI/E-CD is 

efficient, and this couple may serve as a tight gatekeeper. 

To investigate the effect of co-existence of two drugs on the release process, the release 

profiles of single drugs were also measured. Fig. 8 shows the release profiles of 5-FU (see Fig. 

8a) and NAP (see Fig. 8b), at pH 5, when they were released as single drugs (black curves) or 

in their mixture (5-FU ± red curve, NAP ± orange curve). 

 
a b 

Fig. 8. Release profiles of 5-FU (a) and NAP (b) at pH 5 performed in their free form and the 

mixture. The profiles obtained during the release of single drugs are shown as black curves and 

profiles obtained during the release in their mixture are shown as red curve (5-FU) and orange 

curve (NAP). 
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The release profile of 5-FU as a single drug (Fig. 8a, black curve) shows gradual drug 

release of 45 % in 6 hours and 84 % of 5-FU in total after 24 hours. When 5-FU was mixed 

with naproxen, (Fig. 8a, red curve), 68 % of 5-FU was released after 6 hours, while 89 % of 5-

FU released in total after 24 hours. It can be seen, that during the same time interval, especially 

in the first 6 hours, a larger amount of 5-FU was released from the system containing a mixture 

of drugs (even though the starting concentration was two times lower 5.10-2 M and 2.5.10-2 M 

for the release of single 5FU in the mixture, respectively). 

The release profile of NAP as a single drug (Fig. 8b, black curve) at pH= 5 shows an 

initial burst of almost 40 % of NAP during the first hour and almost no drug release afterward. 

The release profile of NAP from the system containing a mixture of drugs (Fig. 8b, orange 

curve) shows a gradual release of 98.7 % of NAP within 24 hours with a faster release rate.  

To sum up, the experiments showed that, while at physiological pH 7.4, the prepared 

drug delivery system is tight enough and only releases 16 % of 5-FU and 20 % of NAP. When 

pH decreases to 5, the pores of the system open and released amounts of drugs are close the 

maximum adsorbed ones, i. e. 89 % of 5-FU and 98.7 % of NAP. 

 

3.7. Release kinetics 

Drug release is a phenomenon controlled by diffusion or dissolution processes or both 

factors and in the previous studies, the drug release from porous silica matrices was described 

as a diffusion-controlled process [27, 42-45]. To study the mechanism of the 5-FU and NAP 

release from SBA-15_N-ANI_5-FUN_E-CD, drugs release profiles were first fitted with a 

Higuchi model. The Higuchi square root of time model has commonly been used for modeling 

diffusion-controlled processes of drug release. The linear regression analysis of the data was 

performed and determined correlation coefficients (r2) and rate constants (k) are listed in Table 

ST2 in the Supplementary Information. As correlation coefficients obtained from the regression 
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analysis for data over the full release time duration were far from one (see Table ST2), it was 

understood that the release of the drugs should involve several steps. The release of drug is 

often a two-stage process: a fast release in the initial stage followed by a second stage with a 

slower release rate. Various types of carriers like microspheres, mesoporous materials, and 

nanoparticles exhibit different stages of drug release [46, 47]. For example, the release of 

vancomycin from silica microspheres shows three stages of drug release, a first delay phase, a 

second release phase, followed by a third stage with a slower release rate [48]. For this reason, 

the release profiles of 5-FU and NAP were divided into several stages selected on the criterion 

of the proximity of the fitting correlation coefficients to one. In this way, the experimental data 

were divided into three regions for 5-FU (0 ± 0.3h; 0.3 ± 5h; 5 ± 24h) and into two regions for 

NAP (0 ± 5h; 5 ± 24h) and independently regressed with the Higuchi model. The modeling of 

the first and second stages of both 5-FU and NAP release from SBA-15_N-ANI_5-FUN_E-CD 

showed a perfect fit with the Higuchi model, as correlation coefficients lie in the 0.94 ± 0.96 

range. It means drugs were released by a diffusion-controlled manner. The regression analyses 

DOVR�UHYHDOHG�WKDW�WKH�³best ILW´�LV�IRU��-FU, lower for the third stage than the two first stage. 

This observation agrees with the literature reporting that significant deviations are possible 

DERYH������UHOHDVH�DQG�WKDW�WKH�³best ILW´�RI�GLIIXVLRQ-controlled processes is generally better 

for the modeling of the initial stage of release than for the modeling of the terminal stage [49, 

50]. 

To verify the conclusion drawn from the Higuchi analysis dealing with drugs transport 

mechanisms, the Korsmeyer-Peppas model was also tested with the experimental data. The 

obtained parameters are listed in Table ST3 in the Supplementary Information. For the first and 

second stages of 5-FU release, the correlation coefficients were equal to 1 and 0.9363, 

respectively and for the first stage of NAP release, r2=0.9537. Obtained values evidence, for 

both drugs, a good fitting between the model and experimental data. Furthermore, the diffusion 
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exponents (n) values that are inferior to d 0.45 suggest the domination of Fickian diffusion. 

Thus, the Korsmeyer-Peppas fitting confirms the diffusion-controlled mechanism identified by 

the Higuchi analysis. 

 

3.8. Cytotoxicity of SBA-15_N-ANI loaded with 5-Fluorouracil and Naproxen 

Two different cancer cell lines were used to test the silica-based delivery system: U87 

MG and SKBR3 cells. U87 MG cells being larger than SKBR3 ones are more suitable for 

imaging. SKBR3 cells were used in a flow-cytometric study. A drug resistance can be 

developed in both selected lines [51,52].  

As it was reported recently, SBA-15_N-ANI_5-)8Bȕ-CD drug delivery system induced 

cytotoxic stress in mitochondria and lysosomes of U87 MG cells [31]. For this reason, the 

cytotoxicity of SBA-15_N-ANI_5-)81Bȕ-CD was first assessed in U87 MG cells. The 

representative bright-field images of U87 MG cells incubated with 5-FU and SBA-15_N-

ANI_5-)81Bȕ-CD for 24 h are demonstrated in Fig. 9. The morphology of the cells in the 

presence and absence of 5-FU was not changed at the studied concentrations. SBA-15_N-

ANI_5-)81Bȕ-CD (with 5-FU:NAP at molar ratio 1:1) particles were observed in the same 

area as the cells (dark particles in Fig. 9a). However, some fragments of the cells surrounded 

by SBA-15_N-ANI_5-)81Bȕ-CD were detected. Administration of 2 mg/mL of SBA-15_N-

ANI_5-)81Bȕ-CD resulted in relatively large cluster formation. 

The viability of U87 MG cells was evaluated by MTT assay at 24 and 48 h after the 

administration of 5-FU and NAP loaded SBA-15_N-ANI_5-)81Bȕ-CD. The possible 

synergism of free 5-FU and NAP was tested as well. First, the solution with the concentration 

ratios of free drugs 5-FU:NAP 5:1, 1:1, 1:2, 1:4 and 1:20 were applied. The application of 5-

FU by 5-FU loaded SBA-15_N-ANI_5-)81Bȕ-CD significantly increased the formazan 

production in U87 MG cells detected 24 h after administration. We have not detected a 
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significant difference in cells treated with 5-FU alone, its combinations with NAP, and with 

NAP alone. The significant difference of formazan production was observed in cells incubated 

with SBA-15_N-ANI_5-)81Bȕ-CD at 5-FU:NAP molar ratios 1:1 and 1:2. These 

significances were found between free 5-FU+NAP and SBA-15_N-ANI_5-)81Bȕ-CD, and 

between both ratios as well. However, the level of formazan production in control and cells 

incubated in the presence of SBA-15_N-ANI_5-)81Bȕ-CD was not significantly different. It 

looks like SBA-15_N-ANI_5-)81Bȕ-CD formulation protects the release of 5-FU and NAP 

from the SBA-15_N-$1,Bȕ-CD towards the cells. Later, 48h of treatment with free 5-FU+NAP 

(5:1 and 1:4), and SBA-15_N-ANI_5-)81Bȕ-CD (1:2), the viability (related to formazan 

production) of U87 MG cells was significantly inhibited. It can be seen from these results that 

the synergistic effect of 5-FU and NAP is concentration depended. It should be noted that the 

concentration of the 5-FU was constant at 5:1, 1:1 and 1:2, and the NAP concentration was 

constant at 1:2, 1:4 and 1:20. Importantly, cell viability at SBA-15_N-ANI_5-)81Bȕ-CD (1:2) 

was significantly different from the control, free 5-FU+NAP (1:2) and SBA-15_N-ANI_5-

)81Bȕ-CD (1:1). These results suggest that SBA-15_N-ANI_5-)81Bȕ-CD (1:2) delivers 

more effectively 5-FU into the cells with the synergistic effect induced by NAP. 

The synergistic effect of 5-FU co-administered with another anti-cancer active molecule 

was demonstrated in hepatocellular carcinoma and colon cancer cells [53,54]. The application 

of both molecules resulted in apoptosis, an increase of reactive oxygen species production, and 

dissipation of mitochondrial membrane potential. Moreover, mesoporous silica nanoparticles 

were previously demonstrated to be able to deliver drugs with high loading capacity and 

increase the cytotoxicity of the system based on paclitaxel, tetrandrine, 5-FU, coumarin, p53 

gene, quercetin, and doxorubicin [55-58]. In our study, we aimed to increase the cytotoxicity 

of 5-FU at low acidic pH.  

The effect of the cell culture medium pH on the cytotoxicity of SBA-15_N-ANI_5-
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)81Bȕ-CD was tested in U87 MG cells. The conditions were maintained at pH= 6.3. The 

representative bright-field images of U87 MG cells in the presence and absence of SBA-15_N-

ANI_5-)81Bȕ-CD (1:1) are demonstrated in Fig. 9b.  

 

Fig. 9. Representative bright-field microscopic images of U87 MG cells in the absence and 

presence of 5-FU and SBA-15_N-ANI_5-)81Bȕ-CD. The images were collected 24 h post-

administration at pH = 7.3 (a) and 6.3 (b). The MTT assays were performed in cells 24 and 48 

h incubated with 5-FU, NAP, the combination of 5-FU+NAP and SBA-15_N-ANI_5-)81Bȕ-

CD at different concentration ratios at pH = 7.3 (a) and 6.3 (b). The histograms represent the 

average values of at least three independent experiments and the error bars represent standard 

deviations from these values. The level of significance was evaluated by the Student t-test with 

the *p<0.05, **p<0.01 and ***p<0.001. 

 

There was no difference in the morphological structures of the cells. Similarly, as 

demonstrated in Fig. 9a by MTT assay, the application of 5-FU significantly increased the 

formazan production at both pHs: the administration of SBA-15_N-ANI_5-)81Bȕ-CD (1:1) 
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at pH = 7.3 resulted in the same viability as the control U87 MG cells, whereas the viability of 

U87 MG cells at pH = 6.3 was significantly reduced at 24h and 48 h after the administration of 

SBA-15_N-ANI_5-)81Bȕ-CD (1:1) (Fig. 9b). We assume that at the longer (48 h) incubation 

time cells consumed nutrition and partially decreases pH that enabled the release of 5-FU and 

NAP from SBA-15_N-ANI_5-)81Bȕ-CD (Fig. 9a). The released 5-FU and NAP increased 

cytotoxicity of the system in U87 GM cells. This effect was confirmed when the cells were 

incubated at lower pH (Fig. 9b). 

The apoptosis induced in SKBR3 cells by SBA-15_N-ANI_5-)81Bȕ-CD (1:1 and 1:2) 

was studied with flow-cytometry, 48 h after the administration. The representative bright-field 

images of SKBR3 cells in the absence and presence of 5-FU, NAP, and SBA-15_N-ANI_5-

)81Bȕ-CD (1:1 and 1:2) are displayed in Fig. 10a. In these images, the presence of SBA-15_N-

ANI_5-)81Bȕ-CD particles are clearly evidenced (black arrows in the zoomed images). These 

particles were localized in the extracellular space, close to the plasma membrane of the cells. 

We assume that the adsorption of SBA-15_N-ANI_5-)81Bȕ-CD (1:1 and 1:2) into the plasma 

membrane occurred. 

The particles adsorbed on the cell surface (plasma membrane) may change the optical 

parameters of detected system. The scattered light was measured with flow cytometry. The FSC 

and SSC parameters characterize the size and the density of cells. From Fig. 10b, it can be seen 

that the size of the cells (FSC value) is similar in all studied conditions. The granularity and the 

cell density increased after the administration of SBA-15_N-ANI_5-)81Bȕ-CD (1:1 and 1:2). 

The shift in the cell density was demonstrated with the black arrow in Fig. 10b. In the next step, 

we have studied if the SBA-15_N-ANI_5-)81Bȕ-CD (1:1 and 1:2) can trigger the apoptosis, 

and elevate oxidative stress level in the mitochondria. The AnnexinV/FITC labelled 

phosphatidylserine expressed in SKBR3 cells was detected and cross-correlated with MTO, a 

sensor of reactive oxygen species (Fig. 10c). The percentage of cells related to living cells (* in 
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the iPDJH���DSRSWRVLV�DQG�FHOOV�ZLWK�WKH�GLVVLSDWHG�PLWRFKRQGULDO�PHPEUDQH�SRWHQWLDO��ǻȌm) 

were denoted in histograms. 

 

Fig. 10. Representative bright-field microscopic images a) of SKBR3 cells detected (48 h) in 

the presence and absence of 5-FU, NAP, and SBA-15_N-ANI_5-)81Bȕ-CD (1:1 and 1:2). b) 

Representative FSC vs. SSC correlation plots of the same samples detected by flow cytometry. 

c) Apoptosis (AnnexinV/FITC) and mitochondrial membrane potential (MTO) detected in 

SKBR3 cells at the same condition as in a) and b) by flow-cytometry. The number of events 

detected per population was plotted in a histogram. The number of events/cells in the plots were 

colour-coded (blue-minimum, red-maximum). The black arrows point to SBA-15_N-ANI_5-

)81Bȕ-CD particles. 
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We can recognize the reduction of living cells, the increase of apoptotic populations and 

the decrease of MTO fluorescence in cells subjected to SBA-15_N-ANI_5-)81Bȕ-CD (1:1 

and 1:2). The decrease of MTO fluorescence suggests the generation of oxidative stress in cells. 

This oxidative stress could be the source that triggered the apoptosis observed. The same level 

of apoptotic cells was observed at both molar ratios of SBA-15_N-ANI_5-)81Bȕ-CD (1:1 and 

1:2). From these results, we can assume that the SBA-15_N-ANI_5-)81Bȕ-CD is more 

effective than free 5-FU and NAP. 

 

3.9. In vivo biocompatibility ± CAM assay 

The CAM assay, in this study, was used to evaluate the biocompatibility of SBA-15_N-

ANI_5-)81Bȕ-CD with the live system, the quail CAM model of the microcirculatory system. 

This model is well established, cost-less, reproducible, and represents a simple model of a living 

cell membrane system with blood vasculature suitable for drug and delivery system studies. It 

is widely used as a preclinical model of biocompatibility and toxicity studies of 

drug/molecule/transport systems [59-61]. The importance of drug release in this study is in the 

release of drug from the transport system toward the CAM surface cells. The ectoderm (Ec) of 

CAM represents the first barrier for drug penetration into the embryo. In case of high toxicity, 

the membrane would be damaged, and embryo would not survive. Therefore, the main objective 

of this study was to test the biocompatibility of the prepared system with health ± non-cancerous 

tissue.   

The representative photographic images of CAM treated with 5-FU, NAP and SBA-

15_N-ANI_5-)81Bȕ-CD at different concentrations are demonstrated in Fig. 11. The solutions 

were topically applied to the area of silicone ring at 30 µL of the volumes. It can be recognized 

that the application of 5-FU and NAP did not induce significant damage. A similar effect was 
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observed at low concentrations (0.3 and 0.4 mg/mL) of SBA-15_N-ANI_5-)81Bȕ-CD applied 

on the CAM. However, the high concentrations (3 and 4 mg/mL) of SBA-15_N-ANI_5-

)81Bȕ-CD created homogenous filter-like liquid surface (white colour), detected at 1 min after 

the administration (Fig. 11). Later, at 24 h after the administration, the applied SBA-15_N-

ANI_5-)81Bȕ-CD created bulky whitish clusters that did not penetrate through the ectoderm. 

The histological sections were taken at the end of the observation (24 h after the administration 

of the solutions). 

The H&E staining of histological sections of CAM treated with 5-FU and low 

concentration of SBA-15_N-ANI_5-)81Bȕ-CD displays similar patterns as the control (last 

row in Fig. 11). The histological section of the highest applied concentration of SBA-15_N-

ANI_5-)81Bȕ-CD showed that it induced damage to the CAM ectoderm.  

The massive haemorrhages were observed in this sample and were denoted by the black 

arrow in the image. At our studied conditions, the release of the drugs (5-FU and NAP) from 

the nanoparticles towards CAM is very probable. However, the applied concentrations of drugs 

were below therapeutically applied doses related to CAM embryo. 

In our study, the viability of the treated CAM on the second day was 100%. This 

suggests that the SBA-15_N-ANI_5-)81Bȕ-CD are biocompatible with CAMs. The local 

damage of the CAM at the high applied concentrations could be explained as the result of the 

drug cytotoxicity in the area related to the whitish SBA-15_N-ANI_5-)81Bȕ-CD aggregates. 

Similarly, but elsewhere, the rotigotine release from the polymeric nanoparticles induced the 

edema in the injection site [62]. To prevent the Ec damage, the SBA-15_N-ANI_5-)81Bȕ-CD 

could be attached to some biocompatible scaffold to enable homogeneous distribution. Another 

explanation of the CAM damage could be that the created filter-like surface prevented the 

oxygenation of the tissue, resulting in hypoxia, and massive damage. A very similar effect was 

observed in the study of nanoceria with CAM-assay [61]. 



 35 

 

Fig. 11. Representative photographic images of quail CAM detected before and after 

administration of 5-FU, NAP and SBA-15_N-$1,B�)81Bȕ-CD at the concentration ratio 1:1 

and 1:2. The 30 µL of the solutions were applied to the silicone ring to homogeneously cover 

the CAM surface. The H&E staining was performed 24 h after the administration (Ec ± 

ectoderm, M ± mesoderm, En - endoderm). The black arrow points to Ec damage at higher 

concentration of SBA-15_N-$1,B�)81Bȕ-CD. 

 

4. Conclusions 

An advanced nanoporous system for pH driven drug delivery, based on N-

(propyl)aniline modified mesoporous silica and E-cyclodextrin (E-CD) was prepared. The idea 

of the work was driven by the fact, that in the tumor tissues, the pH is slightly lower compared 

to the healthy cells represent by the standard physiological environment. For this reason, the 

system was designed to have pores closed at physiological pH=7.4 and opened at a lower one, 
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pH=5. The system was tested for the co-delivery of two different drugs: an anticancer agent (5-

fluorouracil, 5-FU) and anti-inflammatory drug (naproxen, NAP). 

Before release experiments, a detailed study of drugs adsorption (adsorption of 5-FU 

and NAP each alone), and the co-adsorption of both drugs from mutual mixture was performed. 

It was evidenced that adsorbed amounts of NAP in the mixture were almost three times larger 

compared to the adsorption of a single NAP. In the case of 5-FU, no significant changes were 

observed.   

 It was shown that, at physiological pH=7.4, the prepared drug delivery system was tight 

and only 16 % of 5-FU and 20 % of NAP were released in first 3 hours. This release could be 

explained by the fact that not all pores were capped properly by E-CD molecules, which agrees 

with N2 adsorption/desorption measurements, where some mesoporosity was still observed 

after E-CD capping. However, no release of drugs was observed after these 3 hours. At pH=5, 

the E-CD molecules were loosened, pores were opened and 89 % of 5-FU and 99 % of NAP 

drug amounts released.  

Biocompatibility and cytotoxicity studies were performed using U87 MG and SKBR3 

cells. The MTT assay showed that, at physiological pH (7.4), SBA-15_N-ANI_5-)81Bȕ-CD 

formulation protects the release of 5-FU and NAP from the SBA-15_N-$1,Bȕ-CD towards the 

cells. A synergic effect induced by NAP was observed, and it was shown that 5-FU can be 

delivered using SBA-15_N-ANI_5-)81Bȕ-CD more effectively than 5-FU itself. The effect of 

pH on the cytotoxicity of SBA-15_N-ANI_5-)81Bȕ-CD was tested in U87 MG cells at pH = 

7.3 and 6.3. The administration of SBA-15_N-ANI_5-)81Bȕ-CD at pH = 7.3 resulted in the 

same viability as the control U87 MG cells. The viability of U87 MG cells at pH = 6.3 was 

significantly reduced at the 24 and 48 h after the administration of SBA-15_N-ANI_5-)81Bȕ-

CD. Tests of in vivo biocompatibility in CAM assay showed the CAM ectoderm damage only 

at the highest applied concentration of SBA-15_N-ANI_5-)81Bȕ-CD. 
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Abstract: A pH-responsive drug delivery system composed of N-(propyl)aniline (N-ANI) 

modified mesoporous silica nanoparticles as a carrier, and E-cyclodextrin (E-CD) as a cap was 

prepared and investigated. The system was studied for co-adsorption and co-delivery of two 

different drugs; an anticancer drug 5-fluorouracil (5-FU), and anti-inflammatory agent 

naproxen (NAP). Detailed adsorption study of the drugs themselves as well as in their mutual 

mixture was performed. The drug release experiments were realized in simulated body fluid 

(pH=7.4) and slightly acidic medium (pH=5) imitating the pH of tumor affected area. The 

experiments showed, that at physiological pH 7.4, the prepared drug delivery system released 

5HYLVHG�PDQXVFULSW��XQPDUNHG� &OLFN�KHUH�WR�YLHZ�OLQNHG�5HIHUHQFHV
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no drug, at slightly acidic medium (pH=5) the E-CD caps were loosened, and drugs were 

released (88.5 % and 98.7% for 5-FU and NAP, respectively). To investigate the efficiency of 

the designed system for the delivery in biological environment, the biocompatibility and 

cytotoxicity experiments were performed using U87 MG and SKBR3 cancer cells by 

fluorescence microscopy, flow-cytometry, MTT. apoptotic and CAM assays.  

 

Key words: drug delivery system, pH-responsive silica, co-adsorption, co-delivery, 

cytotoxicity  
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 3 

1. Introduction 

The extensive uses of drugs, especially those targeted for the antimicrobial and 

antineoplastic treatments, lead to various health problems. One of the most important is 

resistance of surviving cells against the employed drugs, which drastically reduces the 

efficiency of chemotherapeutics or antibiotics in further treatments. This phenomenon is called 

multidrug resistance (MDR) [1, 2]. MDR problem can be reduced by co-delivery approach (or 

so-called combination therapy) using suitable porous carriers like mesoporous silica 

nanoparticles (MSN) [3, 4]. Such systems can exert simultaneous and synergistic action on 

more than one critical metabolic pathway and can increase the apoptotic effect throughout the 

co-delivery of several drugs. It was shown that co-delivery of doxorubicin and camptothecin 

showed great potential for tumor-trigged drug release and for use in the synergistic 

chemotherapy of tumors like glioblastoma [5]. Liu et al. reported that the silica nanoparticles 

prepared by co-loading of doxorubicin and paclitaxel, a hydrophilic and a hydrophobic 

chemotherapeutics, could be internalized efficiently by alveolar cancerous cells and produce an 

enhanced apoptotic effect in comparison with the single drug model [6]. 

Co-delivery approach was studied either by co-delivery of two anticancer drugs or in 

combination of anticancer drug with another therapeutic molecule showing anti-inflammatory, 

immunologic, antiallergic or anti-angiogenic properties [7]. It was demonstrated, that when 

doxorubicin (DOX) was loaded with an anti-angiogenic drug Combretastatin A4 (denoted as 

CA4) the DOX/CA4 loaded silica nanoparticles showed the clear inhibition of tumor growth in 

vivo although the in vitro apoptotic effect showed similar values as for single drug loading [7].  

In the case of antibiotics, combination/co-delivery therapy is used against polymicrobial 

infections or recalcitrant infections that are not eradicated by standard treatment regimes. 

Indeed, this combination can broaden the spectrum of antibacterial activity and provide 

synergistic effects, e.g. if one drug stimulates the uptake of another. This behavior was observed 
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when vancomycin and polymyxin B where encapsulated and delivered using MSN [8]. Loading 

of both antibiotics had synergistic effect against Gram-negative bacteria, and the antimicrobial 

efficacy was higher for MSN loaded with both antibiotics, compared to free antibiotics at the 

same concentration [8]. 

In addition to scientific works mentioned above, the co-delivery approach using MSN 

was also applied in the co-delivery of antitumor drug paclitaxel (PTX) and anti-inflammatory, 

immunologic and antiallergenic drug, tetrandrine (TET) [9]. It was shown that silica particles 

containing both PTX and TET suppressed tumor cells growth more efficiently than the delivery 

of PTX from silica particles alone, or the free PTX alone. Moreover, the nanoparticles loaded 

with a PTX/TET completely reversed the resistance of human mammary cells used [9]. 

It is obvious that the use of mesoporous silica particles for targeted drug delivery was 

intensively studied in recent years [10-13]. The loading and release of drugs from the silica 

mesopores is a complex process since it depends on many parameters such as the different 

solubility of guest molecules in the solvent, the different diffusion rates throughout the pores 

and/or the strength of the interactions between loaded molecules and silica nanoparticles. The 

first studies of the silica as a drug delivery system focused on dissolution/diffusion mechanism 

of delivery [10, 11]. However, at present more sophisticated systems can be prepared, that 

hamper an undesired (premature) release of loaded compounds and the release can be triggered 

on demand, using various physical or chemical stimuli [14-19]. Since the mesoporous silica 

particles can deliver drugs inside the cells [20], such vectored delivery directly into cells, in 

combination with co-delivery approach and the release on demand, can partially solve the 

problem of above-mentioned resistance (MDR), by the targeted killing of tumor cells. The first 

mesoporous silica-based DDS was MCM-41 material [21]. After this discovery, different silicas 

were tested for drug loading and release and, among them, the SBA-15 silica has been 

extensively reported since its two-dimensional hexagonal porous structure similar to MCM-41, 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 5 

but larger pore size (5±10 nm in diameter). The larger pore size makes SBA-15 material suitable 

for loading larger amounts of drugs as well as more bulky drug molecules or even 

macromolecules [22-26].  

Considering the above-mentioned studies, the present work aims to explore the 

possibility of co-adsorption and co-delivery of two different drugs, an anticancer drug (5-

fluorouracil; 5-FU) and an anti-inflammatory agent (Naproxen; NAP). In our previous works, 

we have prepared and described the different mesoporous silica particles, that release drugs 

either on diffusion principle [27,28] or using external stimulus, e.g. light driven drug release 

[29,30] or pH driven drug release [31]. In the latter, the system releasing the drug by decreasing 

pH is especially suitable for the delivery of anticancer drugs. In the present paper, we study the 

co-adsorption and co-release of 5-FU and NAP using MSN system composed of SBA-15 

nanoparticles as a carrier, which were modified by E-cyclodextrin (E-CD) as a cap closing the 

carrier nanopores and preventing the premature release of the drugs. The properties of such 

carrier, its co-delivery characteristics and biocompatibility were evaluated by different 

biological assays like MTT, apoptosis and CAM assay or cytotoxicity study. 

 

2. Experimental section 

  All chemicals used in the syntheses were obtained by Sigma-Aldrich and Across 

Organics companies in the highest purities and used without further purification. Anhydrous 

solvents were obtained after standard procedures described in the reference [32] and stored over 

molecular sieves. 

 

2.1. Synthesis and functionalization of silica SBA-15 

SBA-15 silica was prepared by the template synthetic method using a procedure 

reported by Zhao et al [33]. Triblock copolymer Pluronic P123 was used as a structure reacting 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 6 

agent and tetraethoxysilane (TEOS) as a silica source. The molar ratio of used reagents was 1 

TEOS : 5.9 HCl : 193 H2O : 0.017 P123. The prepared as-synthesized material was further 

calcined to obtain the final mesoporous SBA-15 material. 

The surface functionalization was done by the post-synthetic grafting of SBA-15 using 

N-[3-(trimethoxysilyl)propyl] aniline (N-ANI) to form amine-functionalized silica matrix. In a 

typical procedure, 1 g of pre-heated SBA-15 (pre-heated to 150 oC) was dispersed in anhydrous 

toluene and mixed with 3 mL of N-ANI (12.5 mmol). The mixture was refluxed under N2 for 

20 hours. The obtained product was centrifuged, several times washed with toluene and ethanol, 

and dried at 40 °C for 24 hours. The resulting product was denoted as SBA-15_N-ANI. 

 

2.2. Drugs loading 

2.2.1. Adsorption properties of silica supports 

Antineoplastic agent, 5-Fluorouracil (5-FU) and anti-inflammatory agent Naproxen 

(NAP) were taken as model drugs to estimate the co-adsorption and co-release performance of 

pH-responsive silica support. Initially, adsorption properties of silica materials SBA-15 and 

SBA-15_N-ANI were studied with 5-FU and NAP separately. Adsorption was performed on 

both the SBA-15 and SBA-15_N-ANI for comparative purposes. 

Drugs were loaded into the supports by the impregnation method using drug solutions 

of known concentrations. The limiting factor was the solubility of 5-FU, which is sparingly 

soluble in water. Therefore, the highest possible concentration for 5-FU was set at 6.5 mg/mL 

(5.10-2 M), as already discussed in our previous study [31]. For the adsorption studies, the 

concentration of naproxen was therefore adjusted also to this value and the highest 

concentration was the same for both drugs used.  

For the construction of adsorption isotherms, the materials SBA-15 and SBA-15_N-

ANI (0.02 g) were dispersed in a series of plastic vials containing 2 mL of aqueous solution of 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 7 

drug in growing initial concentrations of 0.13, 0.325, 0.65, 0.975, 1.3, 3.25, 6.5 mg/mL. 

Suspensions were stirred at 300 rpm for 24 hours at 37 °C while the evaporation of water was 

prevented. The suspensions were then centrifugated at 10 000 rpm for 10 minutes; after 

centrifugation the supernatants were separated from the solids and the impregnated solids were 

dried overnight at 40 °C in an oven. The samples with the 5-FU and NAP drugs separately 

loaded in SBA-15 and SBA-15_N-ANI were denoted SBA-15_5-FU, SBA-15_N-ANI_5-FU 

or SBA-15_NAP, SBA-15_N-ANI_NAP, respectively. 

The co-adsorption process followed the same procedure as mentioned above. 0.02 g of 

the silica support was dispersed in a solution of drugs mixture in different ratio, 5-FU:NAP 

3.5:0.5, 3:1, 2.5:1.5, 2:2, 1.5:2.5, 1:3, 0.5:3.5 (final volume of the solution was 2 mL). The 

initial highest concentration of drug solution was fixed to 5.10-2 M. The subsequent procedure 

was the same as for simple adsorption. The observed samples were denoted as SBA-15_5-FUN 

and SBA-15_N-ANI_5-FUN. 

Adsorbed amounts of the drugs weUH�GHWHUPLQHG�XVLQJ�89�VSHFWURVFRS\�DW�Ȝ� �����QP�

for 5-)8�DQG�Ȝ� �����QP�IRU�1$3��%HIRUH�WKH�GHWHUPLQDWLRQ�RI�WKH�FRQFHQWUDWLRQ�RI��-FU and 

NAP, calibration curves have been established based on solutions with different concentrations 

of 5-FU and NAP (see Figures S1, S2 in the Supplementary Information). The linearity of the 

calibration curves was confirmed by the correlation coefficient r2 = 0.99996 for 5-FU and r2 = 

0.99989 for NAP. Then, the adsorbed amount of drug, QADS, was calculated considering the 

difference between the initial concentration and the concentration of drugs in the supernatant, 

as follows: 

ܳ஺஽ௌ ൌ �
௏ሺ஼೔ି஼೐೜ሻ

௠
  (1) 

where Ci (M) is the initial concentration, Ceq (M) is the equilibrium concentration after 24 hours 

at 37°C, V is the volume of the drug solution, and m is the mass (g) of adsorbent used. 
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Microcalorimetric experiments were performed to determine the adsorption enthalpies 

of drugs on the prepared supports surface. During these experiments, solids (SBA-15 and SBA-

15_N-ANI) were maintained in water suspension using a stirring system and a stock solution 

of NAP and (NAP+5-)8��ZDV�DGGHG�E\����ȝ/�DOLTXRWV�VWHS�E\�VWHS�����LQMHFWLRQV���1H[W��WKH�

heat flow peaks were time-integrated and after correction of dilution effects, the integral 

enthalpies were obtained. 

 

2.2.2. Capping of loaded SBA-15_N-ANI_5-FUN nanoparticles by E-CD 

A solutions of 5-FU and NAP were prepared in distilled water at ambient temperature 

with the concentration of each 6.5 mg/mL (5.10-2 M) and then mixed. In the next step 300 mg 

of the solid SBA-15_N-ANI was added to the drugs mixture solution and stirred at 37 °C for 

24 hours until the equilibrium was achieved. Then, the pH of the suspension was adjusted to 

7.4 and 800 mg of E-CD was added to the solution. The mixture was stirred overnight. Then, 

nanoparticles were centrifuged, washed with water, and used in further experiments. At each 

further step, the pH of the suspensions was carefully checked, and supernatants were analyzed 

by UV/Vis spectroscopy. The obtained sample was denoted as SBA-15_N-ANI_5-FUN_E-CD. 

 

2.3. Release of the drugs 

The release of the drugs was checked at selected time intervals: 0.08h, 0.33h, 0.66h, 1h, 

2h, 3h, 4h, 5h, 6h and 24h. During these time intervals, the mixtures were stirred gently at 37 

°C in a tube rotator. In each defined time interval, the suspension was centrifuged and the 

supernatant was removed and analyzed. The released amounts of 5-FU or NAP from the 

samples, where they were loaded alone, or co-adsorbed from their mutual mixture 5-FU+NAP 

were calculated from calibration curves (see Figures S1 and S2 in the Supplementary 
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Information). The 5-FU was recorded at the wavelength of 266 nm and NAP at 330 nm. The 

absorbance of 5-FU and NAP at 266 nm and 330 nm does not overlay on each other.  

 

2.3.1. Release experiments from the supports containing single drug 

The release studies of 5-FU and NAP from samples SBA-15_N-ANI_5-FU and SBA-

15_N-ANI_5-NAP, i.e. when each drug was encapsulated alone, were performed as pH 

dependence. For this purpose, the pH of a saline solution, used as a release medium, was set to 

pH equal to 7.4 and 5.  

 

2.3.2. Release experiments from the supports containing co-adsorbed drugs  

To analyze the release of 5-FU and NAP from SBA_15_N-ANI_5-FUN_E-CD, the 

particles were placed into the cuvette of spectrometer and 2 mL of saline solution (pH 7.4 or 5) 

was added carefully. 

 

2.4. Cell culture preparation 

The cell cultures were cultivated according to the standard propagation protocols [34]. 

The U87 MG glioma cells (Cells Lines Services, Germany) and SKBR3 human breast 

carcinoma cells (a gift from prof. Pluckthun laboratory, University of Zurich, Switzerland) were 

grown in the cell culture medium (high glucose, GlutaMAXTM supplement, pyruvate 

'XOEHFFR¶V� PRGLILHG� (DJOH� PHGLXP�� '-MEM, Gibco-Invitrogen, Life Technologies Ltd., 

France) and RPMI 1640 (LM-R1638/500, biosera, France), respectively in the dark at 37 °C, 5 

% of CO2 and humidified atmosphere. The complete cell culture medium was prepared with 10 

% fetal bovine serum (FBS, biosera, France). One day before experiments the cells were seeded 

into the 35 mm in diameter Petri dishes or 96-well plates and grown in the complete medium at 

pH = 7.3 or 6.3. The next day, the aliquots of the 5-FU, NAP, and SBA-15_N-ANI_5-FUN_E-
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CD were administered. The sterile powders of the substances were dissolved in distilled water 

and sonicated 15 min before administration. 

 

2.5. Microscopy 

The 24 h after the administration of 5-FU (5.7 and 57 µg/mL), NAP (114 µg/mL) and 

SBA-15_N-ANI_5-FUN_E-CD (from 0.2 up to 2 mg/mL) the cells seeded in glass coverslip 

bottom Petri dishes (MatTek, USA) were observed in the bright - field mode with the inverted 

LSM700 confocal microscope (Zeiss, Germany), equipped with a 20X FlXDU��1$� ���������

Zeiss, Germany) and a CCD camera (AxioCam HRm, Zeiss, Germany). 

 

2.6. Cell viability - MTT assay 

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, Sigma-

Aldrich, Germany) assay was performed 24 and 48 h after the administration of 5-FU (from 5.7 

up to 57 µg/mL), NAP (from 45.6 up to 114 µg/mL), and SBA-15_N-ANI_5-FUN_E-CD (from 

0.2 up to 2 mg/mL). Two molar ratios (1:1 and 1:2) of 5-FU:NAP in SBA-15_N-ANI_5-

FUN_E-CD were tested. The amount of drugs adsorbed were determined by TGA (see Figure 

S3 in the Supplementary information) and by solid/liquid adsorption measurements (see Table 

T1 in the Supplementary Information). The same protocol was kept for MTT-assay [31]. The 

results were detected in the triplicates. The significance of difference was estimated with the 

student t-test with *p<0.05, **p<0.01 and ***p<0.001. 

 

2.7. Apoptotic assay 

The cells (treated 48 h with 5-FU, NAP, and SBA-15_N-ANI_5-FUN_E-CD) were 15 

min labelled with the mitochondria potential probe a MitoTrackerTMOrange CMTM/Ros 

�072�� ���� ȝ0�� 7KHUPR)LVKHU6FLHQWLILF�� 86$�� DQG� DQ� $QQH[LQ9�),7&� �),7&� $QQH[LQ� 9�

Apoptosis Detection Kit, BD PharmingenTM, Belgium) to detect phosphatidylserine in the 
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plasma membrane. The cells were detached with the trypsin/ethylene-diaminetetraacetic acid 

(Gibco-Invitrogen, Life Technologies Ltd., France), centrifuged at 1200 rpm/10 min and 

resuspended in 0.5 mL of phosphate saline buffer (PBS) at pH = 7.4. The harvested cells were 

measured with the flow cytometer (MACSQuant®Analyzer, Miltenyi, Germany) in B1 (525/50 

nm) and B3 (655±730 nm) channel at the excitation 488 nm. 

 

2.8. CAM assay 

&KRULRDOODQWRLF�PHPEUDQH��&$0��RI�WKH�IHUWLOL]HG�-DSDQHVH�TXDLO¶V��Coturnix japonica) 

eggs (a breeding colony of IABG SASci) was used for in vivo biocompatibility study. The eggs 

were kept in an incubator (MIDI BIOS, Czech Republic) at 37 °C and 50-60 % relative 

humidity. The eggs were disinfected in a sterile condition with 70 % ethanolic solution at 

embryonic day 3 (ED3). The eggs were opened and the embryos were placed into the 6-well 

tissue culture plates and cultivated in 37 °C humidified incubator (Memmert, Germany) until 

ED10. The silicon rings were placed on the CAM. The volume of 30 µl of the studied solutions 

was administered inside the ring. The image was detected with a digital camera (Canon EOS 

6D II with Canon MP-E 65mm f/2.8, Japan). 

 

2.9. Histology 

The treated tissue of the CAM was fixed with 4 % paraformaldehyde (Sigma-Aldrich, 

Germany) and separated. The paraffin sections with the 5 µm thickness were prepared for 

histopathological analysis to determine the damage of the tissue (hematoxylin (BAMED, 

Slovakia) and eosin (BAMED, Slovakia) staining). The sections were evaluated with a light 

microscope Kapa 2000 (Kvant, Slovakia) at 10X magnification, and digital camera Nikon E995 

(Japan). 
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2.10. Characterization of porous solids with analytical techniques 

Nitrogen sorption measurements were carried out using an ASAP 2020 Micromeritics 

apparatus at -196°C. Before adsorption, samples (a 80-100 mg) were degassed at 120 °C (40 

°C for grafted samples and samples containing drug molecules) during 12 h under the vacuum 

of 2.10-3 mbar. The specific surface area was determined with Brunauer-Emmet-Teller (BET) 

method, the pore size distribution was calculated from the adsorption branch using the Barrett-

Joyner-Halenda (BJH) method [35]. 

TEM micrographs were obtained using a JEOL 2000FX microscope. Samples were 

ground and suspended in methanol. The suspension was dropped on a carbon grid and dried in 

air. 

UV-Visible spectroscopy measurements in the liquid phase were performed on a Varian 

Cary 300 spectrometer in the 200-400 nm range. 

Thermogravimetric (TGA) measurements were carried out with a TGA Q500 apparatus 

(TA Instruments) using air as a carrier gas. The samples with weight ~5-20 mg were treated 

from ambient temperature up to 800 °C.  

Small-angle X-Ray diffraction measurements were recorded on a Siemens D500R XRD 

GLIIUDFWRPHWHU�XVLQJ�&X�.Į�UDGLDWLRQ��Ȝ ��������c��LQ�WKH����í����ș�UDQJH�ZLWK�D 0.04° step 

associated with a step time of 4s. 

Microcalorimetry experiments were performed on TAM 2277 microcalorimeter. 

 

3. Results and discussion 

In the present paper, we study the co-adsorption and co-release of 5-FU and NAP using 

MSN system composed of amine grafted SBA-15 material and E-cyclodextrin (E-CD). For the 

preparation of the functional material, the mesoporous silica SBA-15 was surface modified by 

grafting procedure, during which silica surface hydroxyl groups reacted with N-[3-
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(trimethoxysilyl)propyl]aniline (see Scheme). During this grafting procedure amine was 

covalently attached on the silica surface. 

 

Scheme. Grafting of N-[3-(trimethoxysilyl)propyl]aniline on the SBA-15 silica surface 

 

This covalently attached amine represents an immobilized stalk molecule covalently 

attached to silica surface and E-cyclodextrin represents a mobile cyclic molecule encircling the 

stalk via non-covalent interactions. The non-covalent interactions between stalk and cyclic 

molecule E-CD are therefore crucial for pore blocking effect (see Fig. 1). Such supramolecular 

nanovalves responsible for opening and closing the pores of the carrier and preventing the 

premature release of the drugs. When the pH of the environment is decreased from its initial 

values (~ 7.4), the molecules on the silica surface become protonated resulting that binding 

affinity with cyclodextrin is decreased. As it was already demonstrated the E-CD caps are thus 

dispersed around from the stalks and pores are opened [36,37]. 

Different amines and cyclodextrin molecules have been demonstrated to be an effective 

supramolecular pore gatekeepers for mesoporous silica materials. For example Meng et al. 

reported a MSN delivery system based on the E-CD nanovalves and N-methyl benzimidazole 

molecules as a stalks, which bind to the E-CD rings strongly at pH 7.4 with trapping drug 

molecules in pores while causing dissociation with the E-CD caps at pH < 6 [38]. 
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The delivery of doxorubicin was tested in the work of Bai et al. who constructed a pH-

responsive controlled release system using p-anisidine amine stalks and different CD (D and E) 

as the pore caps to regulate the release of drug from silica channels. The authors studied how 

stalk density and the type of CD used to affect release behavior. They found that the ability of 

CD to produce a better pH-responsive release was in the order E-&'�!�Į-CD [39]. Therefore, 

based on these results in our work we focused on E-CD system.  

 

Fig. 1, Representation of non-covalent interaction between N-ANI stalks and cyclic E-CD 

molecule. 

 

3.1. Small angle X-ray diffraction 

X-ray diffraction patterns of unmodified/modified SBA-15 samples (see Fig. 2) match 

well with the typical XRD pattern reported for SBA-15 silica. The pattern is associated with a 

highly ordered, two-dimensional hexagonal mesostructure (p6mm symmetry) [33,40].  

The X-ray diffraction pattern of SBA-15 silica is well resolved with a strong diffraction 

peak at 2T = 0.89 Å, and two weaker peaks at 2T = 1.54 Å and 1.78 Å. They can be indexed as 

(100), (110) and (200) in hexagonal lattice with a d(100) spacing 99.2 Å. The d-spacing 

corresponds to the large unit cell parameter a0 = 114.5 Å as calculated according to the Bragg 
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equation for hexagonal symmetry, a0 = 2 x d100 / �3. The XRD patterns corresponding to SBA-

15_N-ANI and SBA-15_N-ANI_5-FUN samples show only the (100) and (200) diffractions 

peaks well resolved. The diffraction peak (110) has lower intensity due to surface modification 

and drugs loading. 

 

Fig. 2. XRD patterns of SBA-15, SBA-15_N-ANI and SBA-15_N-ANI_5-FUN materials. 

 

3.2. Nitrogen adsorption/desorption 

To obtain more precise information about the structure and textural properties of 

prepared samples, N2 adsorption/desorption measurements were performed. The measurements 

were used to determine the specific surface area, pore volume, and pore size distribution of the 

samples. The adsorption/desorption isotherms of the studied samples are shown in Fig. 3a. The 

isotherm of SBA-15 can be considered as a typical IV(a) type according to IUPAC 

classification, with well-defined H1 hysteresis loop associated with presence of mesopores [41]. 

The H1 hysteresis loop confirms open-ended hexagonal cylindrical pore geometry typical for 

SBA-15 silica material. The steepness of the hysteresis loop in the relative pressures range p/p0 

= 0.6 ± 0.8 shows on the well-ordered structure with narrow pore size distribution. The presence 

of micropores interconnecting mesoporous channels in the SBA-15 material is reflected by an 
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initial sharp nitrogen uptake at relative pressures below 0.05. When the surface of SBA-15 is 

modified with organic ligands and/or the pores are filled with drugs and capped with E-CDs, 

the whole isotherm is shifted to lower relative pressures also the nitrogen adsorbed volume is 

lower. Furthermore, the microporosity as well as the shape of the hysteresis is changed upon 

modification and loading. The pore size distributions, calculated from the adsorption branches 

of isotherms are shown in Fig. 3b. Calculated specific surface areas, mesopore volumes and 

sizes are summarized in Table 1. 

 
                                   a                                            b 

Fig. 3. (a) Nitrogen adsorption/desorption isotherms of prepared materials and (b) pore size 

distributions of prepared samples. 

 

The specific surface areas were calculated using the BET method. As expected, the 

grafting of the N-ANI ligand leads to a decrease in specific surface areas and total pore volumes. 

Functionalization of SBA-15 by N-ANI ligand also downshifts the capillary condensation from 

p/p0 = 0.63 ± 0.76 (pure SBA-15) to lower relative pressures p/p0 = 0.58 ± 0.65 (SBA-15_N-

ANI) reflecting the filling of the pores and decrease in pore size from 6.5 nm (pure SBA-15) to 

5.3 nm (SBA-15_N-ANI). The adsorption of drugs 5-FU and NAP and E-CD capping caused 

the further decrease in the specific surface area and total pore volumes for SBA-15_N-ANI_5-

FUN and SBA-15_N-ANI_5-FUN_E-CD samples, as it is obvious from Table 1. 
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Table 1. Textural properties of the prepared samples (BET surface area, pore volume and pore 

diameter) determined from N2 adsorption/desorption isotherms. 

 

3.3. TEM microscopy 

The images from transmission electron microscopy (TEM) are shown in Fig. S3 in the 

Supplementary Information. The images show a well-ordered hexagonal mesoporous 

distribution of uniform channels typical for SBA-15 material with 2D hexagonal symmetry. 

Fig. S3a shows a view obtained with electron beams parallel to the silica channels, while Fig. 

S3b shows a view perpendicular to the pore direction. The average pore size determined from 

the TEM images was 6 nm and the thickness of the wall of the channel was about 2 nm. 

 

3.4. Thermogravimetric analysis 

Measurements of thermogravimetric analysis (TGA) were performed to determine the 

amount of N-ANI groups grafted on the surface and the amount of the encapsulated drugs [27]. 

The results are shown in Fig. S4 in the Supplementary Information. Since the adsorbed moisture 

and solvents loss occurs in the temperature range 25-150 °C, all TGA curves were normalized 

with a starting temperature of 150 °C to evaluate mass loss only due to decomposition of organic 

ligands and/or drugs. The TGA curve of calcined SBA-15 shows that the sample is thermally 

stable, and no significant mass loss is observed in the whole measured range. For SBA-15 

sample only a small weight loss (0.63 wt %) is observed above 500 °C, corresponding to the 

Sample SBET  

>m2.g-1@ 
Mesopore volume 
>cm3.g-1@ 

Mesopore size 
>nm@ 

SBA-15 970 0.96 6.5 

SBA-15_N-ANI 350 0.53 5.3 

SBA-15_N-ANI_5-FUN 260 0.46 5.6 

SBA-15_N-ANI_5-FUN_E-CD 150 0.20 5.0 
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silanol groups condensation and the dehydroxylation of the sample. Functionalized mesoporous 

silica SBA-15_N-ANI is thermally stable up to 200 °C. The mass loss, observed above this 

temperature, corresponds to the thermal decomposition of aromatic amine N-(propyl)aniline 

(N-ANI) grafted on the surface of SBA-15. The total mass loss in the temperature range 200-

750 °C is 21.7 wt%, corresponding to an amount of grafted N-ANI groups equal to 1.03 mmol 

per 1g of SBA-15. The TGA of curve the sample SBA-15_N-ANI_5-FUN containing mixture 

of loaded drugs (5-FU and NAP) is also presented in Fig. S4 in the Supplementary Information 

(brown curve). The amount of the loaded drugs was calculated from the mass differences 

observed for SBA-15_N-ANI and SBA-15_N-ANI_5-FUN samples and represents 9.6 wt%, 

that corresponds to a total mass of 96 mg of 5-FU and NAP per 1 g of SBA-15_N-ANI solid. 

Finally, the mass content of E-CD in the system was also calculated from the SBA-15_N-

ANI_5-FUN_E-CD TG curve, and a mass of 74.7 mg of E-CD per 1 gram of silica (0.0658 

mmol.g-1) was found. From the total mass loss observed for the sample SBA-15_N-ANI_5-

FUN_E-CD (Fig. S4, pink curve) the determined ratio of N-ANI ligands and capping ligand E-

CD on the surface of silica was 1:3. 

 

3.5. Adsorption and co-adsorption properties of SBA-15 and SBA-15_N-ANI 

Adsorption isotherms in liquid phase were measured to understand the adsorption 

mechanism of the drugs and to quantify the distribution of the adsorbate between the liquid 

phase and solid adsorbent at equilibrium. 

The drugs 5-FU and NAP were adsorbed in SBA-15 and SBA-15_N-ANI. First, 

adsorption isotherms of single drugs were measured. The adsorption isotherms of 5-FU and 

NAP on both, SBA-15 and SBA-15_N-ANI porous solids, determined at 25 °C, are presented 

in Fig. 4. For both drugs, observed adsorption isotherms are quasi-identical. They are nearly 
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linear corresponding to behavior of Henry isotherms for which a linear relation between the 

adsorbed amount (Nads) and the equilibrium concentration (Ceq) is characteristic: 

௔ܰௗ௦ ൌ ுǤܭ  ௘௤    (2)ܥ

where KH is the Henry constant. 

This behavior is frequently observed at low surface coverage when the system is far 

away from saturation and the Henry constant traduces the affinity between the surface and the 

molecule. Value of Henry constant corresponds to: 

ுܭ ൌ ���
஼೐೜՜଴

ௗேೌ೏ೞ
ௗ஼೐೜

    (3) 

                                     a                                       b 
Fig. 4. Adsorption isotherms of 5-FU (a) and NAP (b) on SBA-15 and SBA-15_N-ANI solids. 

 

Each isotherm was fitted with a Henry-type isotherm (correlation coefficients R2 were 

> to 0.98) and determined Henry constants are reported in Table 2. As can be seen, whatever 

the drug and the solid, the values of Henry constant are weak suggesting a weak interaction 

between drugs and solids. Furthermore, the slope observed in the case of NAP is half compared 

to the one of 5-FU, evidencing a lower affinity of NAP towards both solids. As it can be seen 

from Table 2, the adsorbed maximum of 325 Pmol.g-1 (42 mg.g-1) was found for 5-FU and 

nearly half for NAP, 145 Pmol.g-1 (36 mg.g-1). 
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Table 2. Adsorption properties of SBA-15 and SBA-15_N-ANI for 5-fluorouracil (5-FU) and 

naproxen (NAP), when each drug was adsorbed alone. 

Sample KH (x1000) nADS 

>Pmol.g-1@ 
nADS 

>Pmol.m-2@ 
mADS 

>mg.g-1@ 

SBA-15 + 5FU 6.35 ± 0.22 322 0.33 41.9 

SBA-15_N-ANI + 5FU 6.14 ± 0.33 325 0.93 42.2 

SBA-15 + NAP 3.20 ± 0.16 125 0.13 31.6 

SBA-15_N-ANI + NAP 3.25 ± 0.11 145 0.41 36.2 

 

When 5-FU and NAP drugs are co-adsorbed, the adsorption isotherms are also found to 

be linear (see Fig. 5) like in the case of drugs alone. Nevertheless, during the co-adsorption a 

difference is observed in the case of 5-FU as isotherms determined on SBA-15 and SBA-15_N-

ANI solids for 5-FU do not superimpose, and the latter is shifted to higher adsorbed amounts 

(see Fig. 5). For NAP, both isotherms superimpose. Therefore, SBA-15_N-ANI silica has a 

higher loading capacity of drugs than pure SBA-15 silica, although SBA-15 has a higher 

specific surface area (970 m2.g-1) compared to SBA-15_N-ANI (350 m2.g-1). The determined 

Henry constants and adsorbed amounts during the co-adsorption are reported in Table 3. 

Furthermore, in the case of co-adsorption, the slope of the NAP isotherm is double 

compared to the one of 5-FU (see Fig. 5 and the values of Henry constants in Table 3), 

evidencing a higher affinity of NAP towards both solids. The maximum adsorbed amounts for 

both drugs and both solids are reported in different units in Table 3. A maximal adsorbed 

amount 150 Pmol.g-1 (20 mg.g-1) was found for 5-FU and higher, 250 Pmol.g-1 (62 mg.g-1), was 

found for NAP. Totally 82 mg.g-1 of drugs was adsorbed and this maximum agrees with the 

total adsorbed mass close to 96 mg, determined for 5-FU+NAP using TGA experiments. All 

these results suggest a difference in the adsorption properties of NAP when the drug is adsorbed 

alone or mixed with 5-FU. 
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      a             b 

Fig. 5. Adsorption isotherms of co-loaded drugs 5-FU (a) and NAP (b) on SBA-15 and SBA-

15_N-ANI. 

 

Table 3. Co-adsorption properties of drugs 5-fluorouracil (5-FU) and naproxen (NAP) on SBA-

15 and SBA-15_N-ANI solids. 

Sample KH (x1000) nADS  

>Pmol.g-1@ 

nADS 

>Pmol.m-2@ 

mADS 

>mg.g-1@ 

SBA-15 + 5-FU in mix 3.43 ± 0.16 90 0.09 11.7 

SBA-15_N-ANI + 5-FU in mix 5.82 ±0.27 150 0.43 19.6 

SBA-15 + NAP in mixture 10.79± 0.36 230 0.23 57.1 

SBA-15_N-ANI + NAP in mix 11.42 ± 0.27 250 0.71 62.5 

 

To clearly evidence this difference, isotherms determined for SBA-15_N-ANI for each 

drug adsorbed alone and in a mutual mixture are presented in Fig. S5 in the Supplementary 

Information. As it is clearly shown, there are no differences in adsorption properties for 5-FU 

drug alone or in mixture; both isotherms, for single 5-FU and in a mixture are very similar. For 

NAP, the amount of drug adsorbed when it is mixed with 5-FU is almost three times larger than 

when it is adsorbed alone (see Fig. S5 in the Supplementary Information). The samples SBA-

15_N-ANI has a negative surface charge of -82 mV at pH 7.4, as it was reported in our previous 
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work [31]. 5-FU has NH groups which are not deprotonated at pH 7.4 (pKa (5-FU) = 8.02). On 

the contrary, NAP (the pKa (NAP) = 4.15) has a polar carboxylate group so we assume that the 

adsorption of both drugs is governed by electrostatic interactions and hydrogen bonding with 

negatively charged particles. 

The maximal amounts of the drugs adsorbed on the SBA-15_N-ANI_5-FUN_E-CD 

VDPSOH��ZKLFK�ZDV�SUHSDUHG�IRU�ELRORJLFDO�WHVWV��ZHUH�����ȝPRO�J-1 (29 mg.g-1��DQG�����ȝPRO�J-

1 (91 mg.g-1) for 5-FU and NAP, respectively. These maxima agree with the total mass of 126 

mg, determined for 5-FU+NAP using TGA experiments (see Figure S6 in Supplementary 

information). The maximal amounts of both drugs adsorbed alone and from the mixture in 

different molar ratios are reported in Table ST1 in the Supplementary information. 

To complete the study of adsorption properties, the microcalorimetric measurements 

were performed for the adsorption of NAP on SBA-15_N-ANI, as a single drug and as a mixture 

with 5-FU. The corresponding integral displacement enthalpies are presented in Fig. 6. The 

overlay of the adsorption enthalpies versus the NAP adsorbed amount exhibits the same 

behavior: at very low coverage, the enthalpies are close to -15 kJ.mol-1, then decrease 

monotonically with the NAP adsorbed amount until reaching an asymptotical value about -5 

kJ.mol-1. These values of enthalpies can be related to the weak affinity observed between NAP 

and the surface of SBA-15_N-ANI and are usually met in the case of weak electrostatic 

interactions. Considering the evolution of enthalpies versus the coverage, two interpretations 

can be done. First, there is a succession of sites saturated step by step from the highest energy 

to the lowest. Moreover, the identical shape of enthalpies evolution for a single drug NAP 

(green dots) and in a mixture with 5-FU (yellow dots) means that the NAP adsorption sites are 

not dependent on the 5-FU presence, in this range of coverage. Furthermore, NAP and 5-FU 

molecules are not in competition regarding their sites of adsorption. 
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Fig. 6. Evolution of integral displacement enthalpies of NAP adsorbed on SBA-15_N-ANI, as 

a single drug (green dots) and as a mixture with 5-FU (yellow dots). 

 

3.6. Release performance of 5-Fluorouracil and Naproxen 

Drugs release studies were performed in two different media, in simulated body fluid 

(pH=7.4) and slightly acidic medium (pH=5) simulating the pH of tumor affected area. The 

released amounts of 5-FU and NAP from SBA-15_N-ANI_5-FUN_E-CD sample at different 

time intervals (0.08h, 0.33h, 0.66h, 1h, 2h, 3h, 4h, 5h, 6h and 24h) were investigated using UV 

spectroscopy. The 5-FU and NAP concentrations during the release studies were determined 

using the absorbance at 266 nm for 5-FU and 330 nm for NAP. The absorbance of 5-FU at 266 

nm and NAP at 330 nm does not overlay on each other. The calibration curves for 5-FU and 

NAP were obtained from the UV spectra of drug standards and are shown in Fig. S1 and S2 in 

the Supplementary Information. The total amount of drugs loaded in SBA-15_N-ANI_5-

FUN_E-CD sample was established from the adsorption isotherms. The loaded amount was 20 

mg of 5-FU per 1g of silica (0.15 mmol.g-1) and 62 mg of NAP (0.248 mmol.g-1) per 1g of 

solid. This result was also confirmed by TGA measurements. These amounts were taken as 100 

% in the release studies and used to calculate the percentage of the released amount in the 
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respective time intervals. From the UV spectroscopy results the curves of the time dependencies 

of the released amounts of 5-FU and NAP from SBA-15_N-ANI_5-FUN_E-CD were 

constructed. The release curves were determined at  pH=5, i.e. in the open pore configuration 

and, at pH=7.4, i.e. in the configuration when pores of the particles are capped by E-CD. The 

results are presented in Fig. 7.  

As it can be seen from Fig. 7, at pH=5, a significant part of the drugs was released in 

the first 6 hours, when the release of 68% of 5-FU (Figure 7a) and 87% of NAP (Fig. 7b) was 

observed. In the next 18 hours, the sustained release of drugs continued at a much slower rate 

and additional 20.5 % of 5-FU and 11.7 % of NAP were released. In total, 88.5 % of 5-FU and 

98.7 % of NAP was released in 24 hours. 

 
a b 

Fig. 7. Release profiles of a) 5-FU and b) NAP from solid SBA-15_N-ANI_5-FU_E-CD at 

different two different pH (5 and 7.4). 

 

It is obvious that the release performance of the investigated drug delivery system is 

dependent on the pH. Substantial differences in release profiles at pH = 7.4, when the pores of 

the carrier are blocked by E-CD, were observed for both drugs, in comparison with the profiles 

at pH = 5. Indeed, there is no significant release at pH 7.4 and only a release of 16 % of 5-FU 
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and 20 % of NAP in the initial 3 hours was observed. This release could be explained by the 

fact that not all pores were capped properly by E-CD molecules. This hypothesis is also in 

agreement with N2 adsorption/desorption measurements, where some mesoporosity was still 

observed after E-CD capping. However, no release of drugs was observed after these 3 hours, 

which leads to the conclusion that supramolecular interaction of the couple N-ANI/E-CD is 

efficient, and this couple may serve as a tight gatekeeper. 

To investigate the effect of co-existence of two drugs on the release process, the release 

profiles of single drugs were also measured. Fig. 8 shows the release profiles of 5-FU (see Fig. 

8a) and NAP (see Fig. 8b), at pH 5, when they were released as single drugs (black curves) or 

in their mixture (5-FU ± red curve, NAP ± orange curve). 

 
a b 

Fig. 8. Release profiles of 5-FU (a) and NAP (b) at pH 5 performed in their free form and the 

mixture. The profiles obtained during the release of single drugs are shown as black curves and 

profiles obtained during the release in their mixture are shown as red curve (5-FU) and orange 

curve (NAP). 

 

The release profile of 5-FU as a single drug (Fig. 8a, black curve) shows gradual drug 

release of 45 % in 6 hours and 84 % of 5-FU in total after 24 hours. When 5-FU was mixed 

with naproxen, (Fig. 8a, red curve), 68 % of 5-FU was released after 6 hours, while 89 % of 5-
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FU released in total after 24 hours. It can be seen, that during the same time interval, especially 

in the first 6 hours, a larger amount of 5-FU was released from the system containing a mixture 

of drugs (even though the starting concentration was two times lower 5.10-2 M and 2.5.10-2 M 

for the release of single 5FU in the mixture, respectively). 

The release profile of NAP as a single drug (Fig. 8b, black curve) at pH= 5 shows an 

initial burst of almost 40 % of NAP during the first hour and almost no drug release afterward. 

The release profile of NAP from the system containing a mixture of drugs (Fig. 8b, orange 

curve) shows a gradual release of 98.7 % of NAP within 24 hours with a faster release rate.  

To sum up, the experiments showed that, while at physiological pH 7.4, the prepared 

drug delivery system is tight enough and only releases 16 % of 5-FU and 20 % of NAP. When 

pH decreases to 5, the pores of the system open and released amounts of drugs are close the 

maximum adsorbed ones, i. e. 89 % of 5-FU and 98.7 % of NAP. 

 

3.7. Release kinetics 

Drug release is a phenomenon controlled by diffusion or dissolution processes or both 

factors and in the previous studies, the drug release from porous silica matrices was described 

as a diffusion-controlled process [27, 42-45]. To study the mechanism of the 5-FU and NAP 

release from SBA-15_N-ANI_5-FUN_E-CD, drugs release profiles were first fitted with a 

Higuchi model. The Higuchi square root of time model has commonly been used for modeling 

diffusion-controlled processes of drug release. The linear regression analysis of the data was 

performed and determined correlation coefficients (r2) and rate constants (k) are listed in Table 

ST2 in the Supplementary Information. As correlation coefficients obtained from the regression 

analysis for data over the full release time duration were far from one (see Table ST2), it was 

understood that the release of the drugs should involve several steps. The release of drug is 

often a two-stage process: a fast release in the initial stage followed by a second stage with a 
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slower release rate. Various types of carriers like microspheres, mesoporous materials, and 

nanoparticles exhibit different stages of drug release [46, 47]. For example, the release of 

vancomycin from silica microspheres shows three stages of drug release, a first delay phase, a 

second release phase, followed by a third stage with a slower release rate [48]. For this reason, 

the release profiles of 5-FU and NAP were divided into several stages selected on the criterion 

of the proximity of the fitting correlation coefficients to one. In this way, the experimental data 

were divided into three regions for 5-FU (0 ± 0.3h; 0.3 ± 5h; 5 ± 24h) and into two regions for 

NAP (0 ± 5h; 5 ± 24h) and independently regressed with the Higuchi model. The modeling of 

the first and second stages of both 5-FU and NAP release from SBA-15_N-ANI_5-FUN_E-CD 

showed a perfect fit with the Higuchi model, as correlation coefficients lie in the 0.94 ± 0.96 

range. It means drugs were released by a diffusion-controlled manner. The regression analyses 

DOVR�UHYHDOHG�WKDW�WKH�³best ILW´�LV�IRU��-FU, lower for the third stage than the two first stage. 

This observation agrees with the literature reporting that significant deviations are possible 

DERYH������UHOHDVH�DQG�WKDW�WKH�³best ILW´�RI�GLIIXVLRQ-controlled processes is generally better 

for the modeling of the initial stage of release than for the modeling of the terminal stage [49, 

50]. 

To verify the conclusion drawn from the Higuchi analysis dealing with drugs transport 

mechanisms, the Korsmeyer-Peppas model was also tested with the experimental data. The 

obtained parameters are listed in Table ST3 in the Supplementary Information. For the first and 

second stages of 5-FU release, the correlation coefficients were equal to 1 and 0.9363, 

respectively and for the first stage of NAP release, r2=0.9537. Obtained values evidence, for 

both drugs, a good fitting between the model and experimental data. Furthermore, the diffusion 

exponents (n) values that are inferior to d 0.45 suggest the domination of Fickian diffusion. 

Thus, the Korsmeyer-Peppas fitting confirms the diffusion-controlled mechanism identified by 

the Higuchi analysis. 
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3.8. Cytotoxicity of SBA-15_N-ANI loaded with 5-Fluorouracil and Naproxen 

Two different cancer cell lines were used to test the silica-based delivery system: U87 

MG and SKBR3 cells. U87 MG cells being larger than SKBR3 ones are more suitable for 

imaging. SKBR3 cells were used in a flow-cytometric study. A drug resistance can be 

developed in both selected lines [51,52].  

As it was reported recently, SBA-15_N-ANI_5-)8Bȕ-CD drug delivery system induced 

cytotoxic stress in mitochondria and lysosomes of U87 MG cells [31]. For this reason, the 

cytotoxicity of SBA-15_N-ANI_5-)81Bȕ-CD was first assessed in U87 MG cells. The 

representative bright-field images of U87 MG cells incubated with 5-FU and SBA-15_N-

ANI_5-)81Bȕ-CD for 24 h are demonstrated in Fig. 9. The morphology of the cells in the 

presence and absence of 5-FU was not changed at the studied concentrations. SBA-15_N-

ANI_5-)81Bȕ-CD (with 5-FU:NAP at molar ratio 1:1) particles were observed in the same 

area as the cells (dark particles in Fig. 9a). However, some fragments of the cells surrounded 

by SBA-15_N-ANI_5-)81Bȕ-CD were detected. Administration of 2 mg/mL of SBA-15_N-

ANI_5-)81Bȕ-CD resulted in relatively large cluster formation. 

The viability of U87 MG cells was evaluated by MTT assay at 24 and 48 h after the 

administration of 5-FU and NAP loaded SBA-15_N-ANI_5-)81Bȕ-CD. The possible 

synergism of free 5-FU and NAP was tested as well. First, the solution with the concentration 

ratios of free drugs 5-FU:NAP 5:1, 1:1, 1:2, 1:4 and 1:20 were applied. The application of 5-

FU by 5-FU loaded SBA-15_N-ANI_5-)81Bȕ-CD significantly increased the formazan 

production in U87 MG cells detected 24 h after administration. We have not detected a 

significant difference in cells treated with 5-FU alone, its combinations with NAP, and with 

NAP alone. The significant difference of formazan production was observed in cells incubated 

with SBA-15_N-ANI_5-)81Bȕ-CD at 5-FU:NAP molar ratios 1:1 and 1:2. These 

significances were found between free 5-FU+NAP and SBA-15_N-ANI_5-)81Bȕ-CD, and 
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between both ratios as well. However, the level of formazan production in control and cells 

incubated in the presence of SBA-15_N-ANI_5-)81Bȕ-CD was not significantly different. It 

looks like SBA-15_N-ANI_5-)81Bȕ-CD formulation protects the release of 5-FU and NAP 

from the SBA-15_N-$1,Bȕ-CD towards the cells. Later, 48h of treatment with free 5-FU+NAP 

(5:1 and 1:4), and SBA-15_N-ANI_5-)81Bȕ-CD (1:2), the viability (related to formazan 

production) of U87 MG cells was significantly inhibited. It can be seen from these results that 

the synergistic effect of 5-FU and NAP is concentration depended. It should be noted that the 

concentration of the 5-FU was constant at 5:1, 1:1 and 1:2, and the NAP concentration was 

constant at 1:2, 1:4 and 1:20. Importantly, cell viability at SBA-15_N-ANI_5-)81Bȕ-CD (1:2) 

was significantly different from the control, free 5-FU+NAP (1:2) and SBA-15_N-ANI_5-

)81Bȕ-CD (1:1). These results suggest that SBA-15_N-ANI_5-)81Bȕ-CD (1:2) delivers 

more effectively 5-FU into the cells with the synergistic effect induced by NAP. 

The synergistic effect of 5-FU co-administered with another anti-cancer active molecule 

was demonstrated in hepatocellular carcinoma and colon cancer cells [53,54]. The application 

of both molecules resulted in apoptosis, an increase of reactive oxygen species production, and 

dissipation of mitochondrial membrane potential. Moreover, mesoporous silica nanoparticles 

were previously demonstrated to be able to deliver drugs with high loading capacity and 

increase the cytotoxicity of the system based on paclitaxel, tetrandrine, 5-FU, coumarin, p53 

gene, quercetin, and doxorubicin [55-58]. In our study, we aimed to increase the cytotoxicity 

of 5-FU at low acidic pH.  

The effect of the cell culture medium pH on the cytotoxicity of SBA-15_N-ANI_5-

)81Bȕ-CD was tested in U87 MG cells. The conditions were maintained at pH= 6.3. The 

representative bright-field images of U87 MG cells in the presence and absence of SBA-15_N-

ANI_5-)81Bȕ-CD (1:1) are demonstrated in Fig. 9b.  
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Fig. 9. Representative bright-field microscopic images of U87 MG cells in the absence and 

presence of 5-FU and SBA-15_N-ANI_5-)81Bȕ-CD. The images were collected 24 h post-

administration at pH = 7.3 (a) and 6.3 (b). The MTT assays were performed in cells 24 and 48 

h incubated with 5-FU, NAP, the combination of 5-FU+NAP and SBA-15_N-ANI_5-)81Bȕ-

CD at different concentration ratios at pH = 7.3 (a) and 6.3 (b). The histograms represent the 

average values of at least three independent experiments and the error bars represent standard 

deviations from these values. The level of significance was evaluated by the Student t-test with 

the *p<0.05, **p<0.01 and ***p<0.001. 

 

There was no difference in the morphological structures of the cells. Similarly, as 

demonstrated in Fig. 9a by MTT assay, the application of 5-FU significantly increased the 

formazan production at both pHs: the administration of SBA-15_N-ANI_5-)81Bȕ-CD (1:1) 

at pH = 7.3 resulted in the same viability as the control U87 MG cells, whereas the viability of 

U87 MG cells at pH = 6.3 was significantly reduced at 24h and 48 h after the administration of 

SBA-15_N-ANI_5-)81Bȕ-CD (1:1) (Fig. 9b). We assume that at the longer (48 h) incubation 
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time cells consumed nutrition and partially decreases pH that enabled the release of 5-FU and 

NAP from SBA-15_N-ANI_5-)81Bȕ-CD (Fig. 9a). The released 5-FU and NAP increased 

cytotoxicity of the system in U87 GM cells. This effect was confirmed when the cells were 

incubated at lower pH (Fig. 9b). 

The apoptosis induced in SKBR3 cells by SBA-15_N-ANI_5-)81Bȕ-CD (1:1 and 1:2) 

was studied with flow-cytometry, 48 h after the administration. The representative bright-field 

images of SKBR3 cells in the absence and presence of 5-FU, NAP, and SBA-15_N-ANI_5-

)81Bȕ-CD (1:1 and 1:2) are displayed in Fig. 10a. In these images, the presence of SBA-15_N-

ANI_5-)81Bȕ-CD particles are clearly evidenced (black arrows in the zoomed images). These 

particles were localized in the extracellular space, close to the plasma membrane of the cells. 

We assume that the adsorption of SBA-15_N-ANI_5-)81Bȕ-CD (1:1 and 1:2) into the plasma 

membrane occurred. 

The particles adsorbed on the cell surface (plasma membrane) may change the optical 

parameters of detected system. The scattered light was measured with flow cytometry. The FSC 

and SSC parameters characterize the size and the density of cells. From Fig. 10b, it can be seen 

that the size of the cells (FSC value) is similar in all studied conditions. The granularity and the 

cell density increased after the administration of SBA-15_N-ANI_5-)81Bȕ-CD (1:1 and 1:2). 

The shift in the cell density was demonstrated with the black arrow in Fig. 10b. In the next step, 

we have studied if the SBA-15_N-ANI_5-)81Bȕ-CD (1:1 and 1:2) can trigger the apoptosis, 

and elevate oxidative stress level in the mitochondria. The AnnexinV/FITC labelled 

phosphatidylserine expressed in SKBR3 cells was detected and cross-correlated with MTO, a 

sensor of reactive oxygen species (Fig. 10c). The percentage of cells related to living cells (* in 

the imagH���DSRSWRVLV�DQG�FHOOV�ZLWK�WKH�GLVVLSDWHG�PLWRFKRQGULDO�PHPEUDQH�SRWHQWLDO��ǻȌm) 

were denoted in histograms. 
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Fig. 10. Representative bright-field microscopic images a) of SKBR3 cells detected (48 h) in 

the presence and absence of 5-FU, NAP, and SBA-15_N-ANI_5-)81Bȕ-CD (1:1 and 1:2). b) 

Representative FSC vs. SSC correlation plots of the same samples detected by flow cytometry. 

c) Apoptosis (AnnexinV/FITC) and mitochondrial membrane potential (MTO) detected in 

SKBR3 cells at the same condition as in a) and b) by flow-cytometry. The number of events 

detected per population was plotted in a histogram. The number of events/cells in the plots were 

colour-coded (blue-minimum, red-maximum). The black arrows point to SBA-15_N-ANI_5-

)81Bȕ-CD particles. 

 

We can recognize the reduction of living cells, the increase of apoptotic populations and 
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the decrease of MTO fluorescence in cells subjected to SBA-15_N-ANI_5-)81Bȕ-CD (1:1 

and 1:2). The decrease of MTO fluorescence suggests the generation of oxidative stress in cells. 

This oxidative stress could be the source that triggered the apoptosis observed. The same level 

of apoptotic cells was observed at both molar ratios of SBA-15_N-ANI_5-)81Bȕ-CD (1:1 and 

1:2). From these results, we can assume that the SBA-15_N-ANI_5-)81Bȕ-CD is more 

effective than free 5-FU and NAP. 

 

3.9. In vivo biocompatibility ± CAM assay 

The CAM assay, in this study, was used to evaluate the biocompatibility of SBA-15_N-

ANI_5-)81Bȕ-CD with the live system, the quail CAM model of the microcirculatory system. 

This model is well established, cost-less, reproducible, and represents a simple model of a living 

cell membrane system with blood vasculature suitable for drug and delivery system studies. It 

is widely used as a preclinical model of biocompatibility and toxicity studies of 

drug/molecule/transport systems [59-61]. The importance of drug release in this study is in the 

release of drug from the transport system toward the CAM surface cells. The ectoderm (Ec) of 

CAM represents the first barrier for drug penetration into the embryo. In case of high toxicity, 

the membrane would be damaged, and embryo would not survive. Therefore, the main objective 

of this study was to test the biocompatibility of the prepared system with health ± non-cancerous 

tissue.   

The representative photographic images of CAM treated with 5-FU, NAP and SBA-

15_N-ANI_5-)81Bȕ-CD at different concentrations are demonstrated in Fig. 11. The solutions 

were topically applied to the area of silicone ring at 30 µL of the volumes. It can be recognized 

that the application of 5-FU and NAP did not induce significant damage. A similar effect was 

observed at low concentrations (0.3 and 0.4 mg/mL) of SBA-15_N-ANI_5-)81Bȕ-CD applied 

on the CAM. However, the high concentrations (3 and 4 mg/mL) of SBA-15_N-ANI_5-
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)81Bȕ-CD created homogenous filter-like liquid surface (white colour), detected at 1 min after 

the administration (Fig. 11). Later, at 24 h after the administration, the applied SBA-15_N-

ANI_5-)81Bȕ-CD created bulky whitish clusters that did not penetrate through the ectoderm. 

The histological sections were taken at the end of the observation (24 h after the administration 

of the solutions). 

The H&E staining of histological sections of CAM treated with 5-FU and low 

concentration of SBA-15_N-ANI_5-)81Bȕ-CD displays similar patterns as the control (last 

row in Fig. 11). The histological section of the highest applied concentration of SBA-15_N-

ANI_5-)81Bȕ-CD showed that it induced damage to the CAM ectoderm.  

The massive haemorrhages were observed in this sample and were denoted by the black 

arrow in the image. At our studied conditions, the release of the drugs (5-FU and NAP) from 

the nanoparticles towards CAM is very probable. However, the applied concentrations of drugs 

were below therapeutically applied doses related to CAM embryo. 

In our study, the viability of the treated CAM on the second day was 100%. This 

suggests that the SBA-15_N-ANI_5-)81Bȕ-CD are biocompatible with CAMs. The local 

damage of the CAM at the high applied concentrations could be explained as the result of the 

drug cytotoxicity in the area related to the whitish SBA-15_N-ANI_5-)81Bȕ-CD aggregates. 

Similarly, but elsewhere, the rotigotine release from the polymeric nanoparticles induced the 

edema in the injection site [62]. To prevent the Ec damage, the SBA-15_N-ANI_5-)81Bȕ-CD 

could be attached to some biocompatible scaffold to enable homogeneous distribution. Another 

explanation of the CAM damage could be that the created filter-like surface prevented the 

oxygenation of the tissue, resulting in hypoxia, and massive damage. A very similar effect was 

observed in the study of nanoceria with CAM-assay [61]. 
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Fig. 11. Representative photographic images of quail CAM detected before and after 

administration of 5-FU, NAP and SBA-15_N-$1,B�)81Bȕ-CD at the concentration ratio 1:1 

and 1:2. The 30 µL of the solutions were applied to the silicone ring to homogeneously cover 

the CAM surface. The H&E staining was performed 24 h after the administration (Ec ± 

ectoderm, M ± mesoderm, En - endoderm). The black arrow points to Ec damage at higher 

concentration of SBA-15_N-$1,B�)81Bȕ-CD. 

 

4. Conclusions 

An advanced nanoporous system for pH driven drug delivery, based on N-

(propyl)aniline modified mesoporous silica and E-cyclodextrin (E-CD) was prepared. The idea 

of the work was driven by the fact, that in the tumor tissues, the pH is slightly lower compared 

to the healthy cells represent by the standard physiological environment. For this reason, the 

system was designed to have pores closed at physiological pH=7.4 and opened at a lower one, 
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pH=5. The system was tested for the co-delivery of two different drugs: an anticancer agent (5-

fluorouracil, 5-FU) and anti-inflammatory drug (naproxen, NAP). 

Before release experiments, a detailed study of drugs adsorption (adsorption of 5-FU 

and NAP each alone), and the co-adsorption of both drugs from mutual mixture was performed. 

It was evidenced that adsorbed amounts of NAP in the mixture were almost three times larger 

compared to the adsorption of a single NAP. In the case of 5-FU, no significant changes were 

observed.   

 It was shown that, at physiological pH=7.4, the prepared drug delivery system was tight 

and only 16 % of 5-FU and 20 % of NAP were released in first 3 hours. This release could be 

explained by the fact that not all pores were capped properly by E-CD molecules, which agrees 

with N2 adsorption/desorption measurements, where some mesoporosity was still observed 

after E-CD capping. However, no release of drugs was observed after these 3 hours. At pH=5, 

the E-CD molecules were loosened, pores were opened and 89 % of 5-FU and 99 % of NAP 

drug amounts released.  

Biocompatibility and cytotoxicity studies were performed using U87 MG and SKBR3 

cells. The MTT assay showed that, at physiological pH (7.4), SBA-15_N-ANI_5-)81Bȕ-CD 

formulation protects the release of 5-FU and NAP from the SBA-15_N-$1,Bȕ-CD towards the 

cells. A synergic effect induced by NAP was observed, and it was shown that 5-FU can be 

delivered using SBA-15_N-ANI_5-)81Bȕ-CD more effectively than 5-FU itself. The effect of 

pH on the cytotoxicity of SBA-15_N-ANI_5-)81Bȕ-CD was tested in U87 MG cells at pH = 

7.3 and 6.3. The administration of SBA-15_N-ANI_5-)81Bȕ-CD at pH = 7.3 resulted in the 

same viability as the control U87 MG cells. The viability of U87 MG cells at pH = 6.3 was 

significantly reduced at the 24 and 48 h after the administration of SBA-15_N-ANI_5-)81Bȕ-

CD. Tests of in vivo biocompatibility in CAM assay showed the CAM ectoderm damage only 

at the highest applied concentration of SBA-15_N-ANI_5-)81Bȕ-CD. 
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