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Abstract

:

Mesoporous silica nanoparticles loaded with rhodamine B and capped with curcumin are used for the selective and sensitive fluorogenic detection of human serum albumin (HSA). The sensing mesoporous silica nanoparticles are loaded with rhodamine B, decorated with aminopropyl moieties and capped with curcumin. The nanoparticles selectively release the rhodamine B cargo in the presence of HSA. A limit of detection for HSA of 0.1 mg/mL in PBS (pH 7.4)-acetonitrile 95:5 v/v was found, and the sensing nanoparticles were used to detect HSA in spiked synthetic urine samples.
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1. Introduction


Human serum albumin (HSA) is a vital protein that constitutes around 50% of the total proteins in human plasma [1]. HSA is synthesized in the liver, and it is related with the transport of several endogenous and exogenous biomolecules such as fatty acids, thyroxine, hormones and drugs [2]. Moreover, HSA also plays a vital role in the regulation of plasma osmotic pressure, maintain water equilibrium between tissues and preserve blood pH [3]. Normal levels of HSA in serum are in the 35–55 g/L range, whereas in urine its concentration is ca. 30 mg/L. However, high levels of HSA in body fluids are related with several human diseases such as kidney failure, diabetes mellitus, cardiovascular disorders, obesity and liver injury [4]. Moreover, low HSA levels are found to cause chronic hepatitis, liver failure and cirrhosis [5].



Currently, HSA is detected and quantified using immune-electrophoresis, enzyme-linked immunosorbent assays (ELISA), radio-immunoassays and liquid chromatography–mass spectroscopy [6,7]. These methods presented several drawbacks, such as the need of complicated instrumentation and the assistance of trained personnel, and are long-time procedures [8]. Recently, as an alternative to these classical methods, fluorescent molecular-based probes, polymers and gold nanoparticles have been described for HSA detection [9,10]. However, some of those methods suffer interferences from molecules in the human serum samples, such as hormones, growth factors, fats, carbohydrates and inorganic substances [11]. Taking into account the above-mentioned facts, the development of fast, easy-to-use, selective and reliable methods to detect HSA in biological matrices for clinical diagnosis and biomedical research is of relevance.



From another point of view, mesoporous silica nanoparticles (MSNs) functionalized with molecular gates able to provide on-command cargo release have been used to design smart nanodevices with application in the biomedical field [12,13,14], for example as drug-controlled release systems [15,16], for genetic material delivery [17,18], biosensing [19,20], bioimaging [21,22], tissue engineering [23,24], theragnostic applications [25], immunotherapy [26,27] or communication protocols [28,29,30,31]. Specifically, the development of new sensing/recognition protocols using mesoporous silica nanoparticles (MSNs) equipped with molecular gates has boosted and several interesting examples has been described in the literature [32]. In these sensing materials, the pores of the nanoparticles are loaded with a dye/fluorophore (acting as reporter) and the external surface is functionalized with bulky (supra)molecular ensembles, which disable the release of the entrapped reporter. In the presence of a target analyte, which selectively interacted with the gating (supra)molecular ensemble, pores opened, the dye/fluorophore is released and a macroscopic signal (changes in color or in the fluorescence) is finally generated [33,34]. Considering that most of the sensing protocols are designed to detect target analytes in water, the best shape of MCM-41 type mesoporous silica for its use in the preparation of gated sensory materials is nanoparticles of about ca. 100 nm diameter. This allowed the proper suspension of the gated material in aqueous environments and the effective recognition of the target analyte.



Taking into account our interest in the development of new sensing nanodevices to detect biomolecules [35,36], herein we present the synthesis and characterization of curcumin-capped mesoporous silica nanoparticles for the sensitive and selective detection and quantification of HSA. Mesoporous silica nanoparticles (ca. 100 nm diameter) were selected, as inorganic scaffold, and the pores loaded with rhodamine B as reporter. The outer surface of the loaded nanoparticles was decorated with aminopropyl moieties (which are positively charged at neutral pH). Finally, the pores were capped upon addition of curcumin. Nearly half of the curcumin molecules (which have three ionizable hydroxyl groups with pKa values of 7.8, 8.5 and 9.0) [37] had a negative charge at physiological pH and, for this reason, yielded strong electrostatic interactions with the positively charged protonated amino moieties. The signaling paradigm relies on the fact that HSA shows a marked affinity for complexation with curcumin [38]. In the presence of HSA curcumin molecules are expected to be displaced from the surface of the nanoparticles, due to its preferential coordination with the protein, with subsequent pore opening and rhodamine B release (Scheme 1). The increase in the emission intensity of rhodamine B in then solution would be directly related to the amount of HSA present in the medium. As far as we know, this is the first curcumin-capped hybrid nanomaterial used for the fluorogenic detection of HSA.




2. Results and Discussion


MCM-41 type MSNs were prepared using n-cetyltrimethylammonium bromide (CTABr) as template and tetraethylorthosilicate (TEOS) as a silica source [18,19] and then calcinated to remove the surfactant. MSNs were then loaded with rhodamine B, the loaded solid was reacted with (3-aminopropyl) triethoxysilane and, finally, the pores were capped by addition of curcumin (solid S1 in Scheme 1).



As-synthesized, calcined and S1 nanoparticles were characterized using standard techniques such as powder X-ray diffraction (PXRD), transmission electron microscopy (TEM), thermogravimetric analysis, dynamic light scattering (DLS) and elemental analysis. Figure 1A shows the PXRD patterns of the as-made (curve a), calcined (curve b) and S1 nanoparticles (curve c) which confirmed the mesoporous structure of the materials and the preservation of its structural features after the loading and functionalization process (for S1). Moreover, TEM images of calcined MSNs (Figure 1B, image d) and S1 (Figure 1B, image e) show that nanoparticles were spherical with an average diameter of ca. 110 nm.



N2 adsorption–desorption isotherms of calcined MSNs showed a type IV curve. From BET and BJH models, a specific surface area of 1207.3 m2 g−1, a narrow pore size distribution and an average pore diameter of 2.56 nm for the starting calcined MCM-41 was obtained. After the loading and functionalization processes the surface area of S1 markedly decreased to 17.6 m2 g−1. Structural parameters for calcined MCM-41 and S1 are listed in Table 1. In addition, Z-potential of the starting calcined MSNs was negative (−26.1 mV) due to the presence of silanolate moieties on the surface of the nanoparticles (see Figure 1C). After loading of the pores with rhodamine B and functionalization of the external surface with aminopropyl moieties, the Z-potential became positive (36.4 mV) due to the presence of ionisable amino groups. The Z-potential of the final S1 nanoparticles was reduced to (12.1 mV), ascribed to the capping of the pores with the negatively charged curcumin. Moreover, DLS measurements also showed an enhancement of the hydrodynamic diameter of the nanoparticles from 135 nm for calcined MSNs to 955 nm for S1 (Figure 1D). The organic matter content in S1 was 1.56 g/g SiO2 calculated by thermogravimetric analysis. Moreover, the amount of rhodamine B loaded in S1 was estimated to be 0.18 g/g SiO2 using a calibration curve. To infer so, the mesoporous scaffold was hydrolyzed by incubating S1 with NaOH 20% at 40 °C for 1 h and then the supernatant absorbance was measured.



After characterization, the cargo-controlled release studies in the absence and in the presence of HSA were carried out. In a typical experiment, solid S1 (0.5 mg) was suspended in PBS (pH 7.4)-acetonitrile 95:5 v/v (1 mL) in the absence and in the presence of HSA (1000 μg mL−1). At selected times (0, 5, 15, 30 min) aliquots (120 μL) were collected and the supernatant was separated using a 0.22 μm filter. Then, rhodamine B emission at 571 nm (λex = 555 nm) in the supernatant was measured. The obtained kinetic release profiles of rhodamine B from S1 in the absence and in the presence of HSA are shown in Figure 2. As could be seen, in the absence of HSA a nearly zero release of rhodamine B was observed due to an efficient pore closure as a result of strong electrostatic interactions between the grafted positively charged aminopropyl moieties and the anionic curcumin. In a clear contrast, a marked rhodamine B release was observed (ca. 75% of the maximum amount of delivered fluorophore after 5 min) in the presence of HSA, which was ascribed to pore opening due to the formation of a complex between the HSA and curcumin (the logarithm of the stability constant for the HSA-curcumin complex is 4.74) [39].



Once the proper working of the gating mechanism in S1 was assessed, rhodamine B release in the presence of increasing amounts of HSA was evaluated after 5 min upon addition (at this time 75% of the maximum amount of rhodamine B delivered was released from S1 and this quantity is enough to produce a marked fluorescent signal for analytical purposes). The obtained results are shown in Figure 3. As could be seen, the addition of increasing amounts of HSA induced a clear emission enhancement at 571 nm ascribed to an enhanced rhodamine B released from S1. From the emission titration profile, a limit of detection as low as 0.1 mg/mL of HSA was determined (using 3SD/S, where SD is the standard deviation and S is the slope of the linear range). S1 nanoparticles are stable at room temperature and did not require a special temperature for storage [40,41]. Another advantage of S1 is the signal amplification observed [42]. In particular, it was confirmed that the presence of one HSA molecule (at a concentration of ca. 1.0 × 10−5 mol/L) results in the release of ca. 120 molecules of rhodamine B from S1.



Then, the selectivity of S1 toward HSA was assessed by testing cargo release against common interfering molecules present in biological samples. Figure 4 shows the emission of rhodamine B (at 571 nm) released from S1 nanoparticles suspended in PBS (pH 7.4)-acetonitrile 95:5 v/v in the presence of HSA and other selected interfering molecules such as anions, cations, amino acids, urea (at 10 μM) and synthetic urine in PBS [43]. As could be seen, only HSA was able to induce pore opening and rhodamine B release. These results indicated the high selectivity achieved with S1 nanoparticles, as only the presence of HSA induced pore opening and rhodamine B release.



Finally, in order to test the applicability of S1 to detect HSA in a complex biological environment, we evaluated the possible use of the sensing nanoparticles to determine HSA in synthetic urine. For this purpose, synthetic urine was spiked with known amounts of HSA and the concentration was determined using S1 nanoparticles by means of a calibration curve in the same media. Results are shown in Table 2. As it can be seen, S1 was satisfactorily applied to the detection of HSA with high recovery ratios in the 87–108% range. These results demonstrate the potential application of S1 for the detection and quantification of HSA in realistic urine samples.




3. Materials and Methods


3.1. General Techniques


Powder X-ray diffraction (PXRD), transmission electron microscopy (TEM), N2 adsorption–desorption, thermogravimetric analysis (TGA) and fluorescence spectroscopy were employed to characterize the synthesized materials. PXRD measurements were performed on a D8 Advance diffractometer using CuKα radiation (Philips, Amsterdam, The Netherlands). Thermogravimetric analyses were carried out on a TGA/SDTA 851e balance (Mettler Toledo, Columbus, OH, USA), using an oxidizing atmosphere (air, 80 mL min−1) with a heating program: a gradient of 393–1273 K at 10 °C min−1, followed by an isothermal heating step at 1273 °C for 30 min. TEM images were obtained with a 100 kV CM10 microscope (Philips). N2 adsorption–desorption isotherms were recorded with an ASAP2010 automated adsorption analyser (Micromeritics, Norcross, GA, USA). The samples were degassed at 120 °C in vacuum overnight. The specific surface areas were calculated from the adsorption data in the low pressure range using the Brunauer, Emmett and Teller (BET) model. Pore size was determined following the Barret, Joyner and Halenda (BJH) method. Dynamic light scattering was used to obtain the particle size distribution of the different solids, using a ZetaSizer Nano ZS (Malvern Instruments, Malvern, UK) equipped with a laser of 633 nm and collecting the signal at 173°. For the measurements, samples were dispersed in distilled water. Data analysis was based on the Mie theory using refractive indices of 1.33 and 1.45 for the dispersant and mesoporous silica nanoparticles, respectively. An adsorption value of 0.001 was used for all samples. Variation of this adsorption value did not significantly alter the obtained distributions. Measurements were performed in triplicate.




3.2. Chemicals


Tetraethylorthosilicate (TEOS), n-cetyltrimethyl ammonium bromide (CTABr), curcumin, sodium hydroxide (NaOH), rhodamine B, tris(hydroxymethyl) aminomethane (TRIS), (3-aminopropyl) triethoxysilane, HSA, L-alanine, D-alanine, histidine, phenyl glycine, serine, valine, glutamine, and urea were purchased from Sigma Aldrich (Burlington, MA, USA). Curcumin was purchased from Tokyo Chemical Industry Co., Ltd. (TCI, Tokyo, Japan). Analytical-grade solvents were from Scharlab (Barcelona, Spain). All products were used as received.




3.3. Synthesis of Mesoporous Silica Nanoparticles (MSNs)


n-cetyltrimethylammonium bromide (CTABr, 1.00 g, 2.74 mmol) was first dissolved in 480 mL of deionized water. Then a 3.5 mL of NaOH 2 M in deionized water was added to the CTABr solution, followed by adjusting the solution temperature to 80 °C. TEOS (5 mL, 25.7 mmol) was then added dropwise to the surfactant solution. The mixture was allowed stirred for 2 h to give a white suspension. Finally, the solid was centrifuged, washed with deionized water and dried at 60 °C (MSNs as-synthesized). To prepare the final mesoporous material, the as-synthesized solid was calcined at 550 °C in oxygen atmosphere for 5 h to remove the template phase.




3.4. Synthesis of S1


In a typical synthesis, 750 mg of template-free MCM-41 were suspended in a solution of 340 mg of rhodamine B dye in 10 mL of miliQ water in a round-bottomed flask, (0.8 mmol of dye/g MCM-41). After 24 h stirring at room temperature, (3-aminopropyl) triethoxysilane (15 mmol/g) was added and the mixture was stirred for 6 h at room temperature. Then, curcumin (2.3 mmol/g) was added to the suspension. This suspension was stirred for 1 h at room temperature. Finally, this solid was filtered and washed with PBS to remove the unreacted alkoxysilane and the dye remaining outside the pores. The final solid S1 was dried under vacuum at ambient temperature for 12 h.




3.5. Controlled Release Studies


Solid S1 (0.5 mg) was suspended in PBS (pH 7.4)-acetonitrile 95:5 v/v (1 mL) in the absence and in the presence of HSA (1000 mg mL−1) and dye release studies versus time were performed at room temperature (25 °C) under stirring. At a certain time (0, 5, 15, 30 min), aliquots (120 µL) were collected, and the supernatant was separated using a 0.22 µm filter. The delivery of the rhodamine B dye was then monitored by its fluorescence emission band at 571 nm (λex = 555 nm).




3.6. Synthetic Urine Preparation


Artificial urine was prepared by dissolving urea (18.2 g), potassium chloride (4.5 g), sodium chloride (7.5 g), sodium phosphate (4.8 g), and creatinine (2 g) in distilled water (750 mL). Then, the pH of the solution was adjusted to 6.




3.7. Calibration Curve with HSA


In a first step, S1 (0.5 mg) was suspended in 1 mL of synthetic urine diluted with PBS (pH 7.4)-acetonitrile 95:5 v/v (10%). Then, increasing amounts (0.1 to 100 mg/mL) of HSA were solubilized in synthetic urine diluted with PBS (pH 7.4)-acetonitrile 95:5 v/v (10%). Then, the solutions of HSA were added to S1 suspensions. After 5 min aliquots were taken and filtered using 0.2 µm filters. The delivery of rhodamine B dye was then monitored by the fluorescence emission band at 571 nm (λex = 555 nm).




3.8. Selectivity Studies


S1 (1.5 mg) was suspended in 3 mL PBS (pH 7.4)-acetonitrile 95:5 v/v. Then, the selected interfering molecules (anions, cations, amino acids, urea) were solubilized in artificial urine diluted with PBS (pH 7.4)-acetonitrile 95:5 v/v (10%) at a 10 mM concentration. Then, the selected interfering molecules (10 µM) and HSA (10 µM) were added to S1 suspensions. After 5 min aliquots were taken and filtered using 0.2 µm filters. The delivery of rhodamine B dye was then monitored by the fluorescence emission band at 571 nm (λex = 555 nm).




3.9. HSA Determination in Synthetic Urine


In a first step, S1 (0.5 mg) was suspended in 1 mL of artificial urine diluted with PBS (pH 7.4)-acetonitrile 95:5 v/v (10%). Then, known amounts of HSA were solubilized in synthetic urine diluted with PBS (pH 7.4)-acetonitrile 95:5 v/v (10%). Then, solutions of HSA were added to S1 suspensions. After 5 min aliquots were taken and filtered using 0.2 µm filters. The delivery of rhodamine B dye was then monitored by the fluorescence emission band at 571 nm (λex = 555 nm).





4. Conclusions


In summary, we describe herein a sensing material based on gated mesoporous silica nanoparticles for the selective and sensitive HSA detection in buffered aqueous solution and in artificial urine. S1 nanoparticles are composed of a mesoporous inorganic scaffold loaded with rhodamine B, with the external surface decorated with aminopropyl moieties and with the pores caped with curcumin. The sensing mechanism arises from a displacement reaction by the formation of a strong complex between HSA and curcumin that results in uncapping of the nanoparticles and rhodamine B release. A limit of detection for HSA of 0.1 mg/mL in PBS (pH 7.4)-acetonitrile 95:5 v/v was determined. It was also demonstrated that S1 can be used to determine the concentration of HSA in spiked synthetic urine samples with recoveries in the 87–108% range.







Author Contributions


Conceptualization, E.A., F.S. and R.M.-M.; methodology, I.O. and S.M.; validation, I.O. and S.M.; formal analysis, E.A., F.S. and R.M.-M.; investigation, I.O. and S.M.; writing—original draft preparation, I.O. and S.M.; writing—review and editing, E.A., F.S. and R.M.-M.; supervision, E.A., F.S. and R.M.-M. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Spanish Government (RTI2018-100910-B-C41 (MCUI/FEDER, EU)) and the Generalitat Valenciana (PROMETEO 2018/024). I.O. was funded by Erasmus Mundus Programme, Action 2, Lot 1, Syria (predoctoral fellowship). S.M. was funded by Generalitat Valenciana (Santiago Grisolía fellowship).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




Sample Availability


Samples of the compounds are not available from the authors.




References


	



Fanali, G.; di Masi, A.; Trezza, V.; Marino, M.; Fasano, M.; Ascenzi, P. Human serum albumin: From bench to bedside. Mol. Asp. Med. 2012, 33, 209–290. [Google Scholar] [CrossRef] [PubMed]

	



Liu, X.; Song, D.Q.; Zhang, Q.L.; Tian, Y.; Liu, Z.Y.; Zhang, H.Q. Characterization of drug-binding levels to serum albumin using a wavelength modulation surface plasmon resonance sensor. Sens. Actuators B Chem. 2006, 117, 188–195. [Google Scholar] [CrossRef]

	



Arques, S.; Ambrosi, P. Human serum albumin in the clinical syndrome of heart failure. J. Card. Fail. 2011, 17, 451–458. [Google Scholar] [CrossRef]

	



Hoogenberg, K.; Sluiter, W.J.; Dullaart, R.P. Effect of grown hormone and insulin-like growth factor I on urinary albumin excretion: Studies in acromegaly and growth hormone deficiency. Acta Endocrinol. 1993, 129, 151–157. [Google Scholar] [CrossRef] [PubMed]

	



Amin, R.; Widmer, B.; Prevost, A.T.; Schwarze, P.; Coope, J.; Edge, J.; Marcovecchio, L.; Neil, A.; Dalton, R.N.; Dunger, D.B. Risk of microalbuminuria and progression to macroalbuminuria in a cohort with childhood onset type 1 diabetes: Prospective observational study. Br. Med. J. 2008, 336, 697–701. [Google Scholar] [CrossRef]

	



Wang, R.E.; Tian, L.; Chang, Y. A homogenous fluorescent sensor for human serum albumin. J. Pharm. Biomed. Anal. 2012, 63, 165–169. [Google Scholar] [CrossRef]

	



Tu, M.C.; Chang, Y.Z.; Kang, Y.T.; Chang, H.Y.; Chang, P.; Yew, T.R. A quantum dot-based optical immunosensor for human serum albumin detection. Biosens. Bioelectron. 2012, 34, 286–290. [Google Scholar] [CrossRef]

	



Ghai, R.; Falconer, R.J.; Collins, B.M. Applications of isothermal titration calorimetry in pure and applied research—Survey of the literature from 2010. J. Mol. Recognit. 2012, 25, 32. [Google Scholar] [CrossRef]

	



Reja, S.I.; Khan, I.A.; Bhalla, V.; Kumar, M. A TICT baser NIR-fluorescent probe for human serum albumin: A pre-clinical diagnosis in blood serum. Chem. Commun. 2016, 52, 1182–1185. [Google Scholar] [CrossRef]

	



An, F.F.; Zhang, X.H. Strategies for preparing albumin-based nanoparticles for multifunctional bioimaging and drug delivery. Theranostics 2017, 7, 3667–3689. [Google Scholar] [CrossRef] [PubMed]

	



Kang, N.; Kasemsumran, S.; Woo, Y.A.; Kim, H.J.; Ozaki, Y. Optimization of informative spectral regions for the quantification of cholesterol, glucose and urea in control serum solutions using searching combination moving window partial least squares regression method with near infrared spectroscopy. Chemom. Intell. Lab. Syst. 2006, 82, 90–96. [Google Scholar] [CrossRef]

	



Chen, L.; Liu, M.; Zhou, Q.; Li, X. Recent developments of mesoporous silica nanoparticles in biomedicine. Emergent Mater. 2020, 3, 381–405. [Google Scholar] [CrossRef]

	



Jafari, S.; Derakhshankhah, H.; Alaei, L.; Fattahi, A.; Varnamkhasti, B.S.; Saboury, A.A. Mesoporous silica nanoparticles for therapeutic/diagnostic applications. Biomed. Pharmacother. 2019, 109, 1100–1111. [Google Scholar] [CrossRef]

	



García-Fernández, A.; Aznar, E.; Martínez-Máñez, R.; Sancenón, F. New advances in in vivo applications of gated mesoporous silica as drug delivery nanocarriers. Small 2020, 16, 1902242. [Google Scholar] [CrossRef]

	



Vallet-Regí, M.; Colilla, M.; Izquierdo-Barba, I.; Manzano, M. Mesoporous silica nanoparticles for drug delivery: Current insights. Molecules 2018, 23, 47. [Google Scholar] [CrossRef] [PubMed]

	



Murugan, B.; Sagadevan, S.; Fatimah, I.; Fatema, K.N.; Oh, W.C.; Mohammad, F.; Johan, M.R. Role of mesoporous silica nanoparticles for the drug delivery applications. Mater. Res. Express 2020, 7, 102002. [Google Scholar] [CrossRef]

	



Zhou, Y.; Quan, G.; Wu, Q.; Zhang, X.; Niu, B.; Wu, B.; Huang, Y.; Pan, X.; Wu, C. Mesoporous silica nanoparticles for drug and gene delivery. Acta Pharm. Sin. B 2018, 8, 165–177. [Google Scholar] [CrossRef]

	



Radu, D.R.; Lai, C.Y.; Jeftinija, K.; Rowe, E.W.; Jeftinija, S.; Lin, V.S.Y. A polyamidoamine dendrimer-capped mesoporous silica nanosphere-based gene transfection reagent. J. Am. Chem. Soc. 2004, 126, 13216–13217. [Google Scholar] [CrossRef]

	



Kordasht, H.K.; Pazhuhi, M.; Pashazadeh-Panahi, P.; Hasanzadeh, M.; Shadjou, N. Multifunctional aptasensors based on mesoporous silica nanoparticles as an efficient platform for bioanalytical applications: Recent advances. Trends Anal. Chem. 2020, 124, 115778. [Google Scholar] [CrossRef]

	



Pla, L.; Santiago-Felipe, S.; Tormo-Mas, M.A.; Ruiz-Gaitán, A.; Pemán, J.; Valentín, E.; Sancenón, F.; Aznar, E.; Martínez-Máñez, R. Oligonucleotide-capped nanoporous anodic alumina biosensor as diagnostic tool for rapid and accurate detection of Candida auris in clinical samples. Emerg. Microbes Infect. 2021, 10, 407–415. [Google Scholar] [CrossRef]

	



Pascual, L.; Cerqueira-Coutinho, C.; García-Fernández, A.; de Luis, B.; Bernardes, E.S.; Albernaz, M.S.; Missailidis, S.; Martínez-Máñez, R.; Santos-Oliveira, R.; Orzaez, M.; et al. MUC-1 aptamer-capped mesoporous silica nanoparticles for controlled drug delivery and radioimaging applications. Nanomedicine 2017, 13, 2495–2505. [Google Scholar] [CrossRef] [PubMed]

	



Cha, B.G.; Kim, J. Functional mesoporous silica nanoparticles for bioimaging applications. Nanomed. Nanobiotechnol. 2019, 11, e1515. [Google Scholar] [CrossRef] [PubMed]

	



Polo, L.; Gómez-Cerezo, N.; Aznar, E.; Vivancos, J.L.; Sancenón, F.; Arcos, D.; Vallet-Regí, M.; Martínez-Máñez, R. Molecular gates in bioactive glasses for the treatment of bone tumors and infection. Acta Biomater. 2017, 50, 114–126. [Google Scholar] [CrossRef]

	



Chen, L.; Zhou, X.; He, C. Mesoporous silica nanoparticles for tissue engineering applications. Nanomed. Nanobiotechnol. 2019, 11, e1573. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, Y.; Jiao, X.; Fan, W.; Yang, Z.; Wen, Y.; Chen, X. Controllable synthesis of versatile mesoporous organosilica nanoparticles as precision cancer theranostics. Biomaterials 2020, 256, 120191. [Google Scholar] [CrossRef] [PubMed]

	



Fontana, F.; Liu, D.; Hirvonen, J.; Santos, H.A. Delivery of therapeutics with nanoparticles: What’s new in cancer immunotherapy? Nanomed. Nanobiotechnol. 2017, 9, e1421. [Google Scholar] [CrossRef]

	



Hao, M.; Chen, B.; Zhao, X.; Zhao, N.; Xu, F.J. Organic/inorganic nanocomposites for cancer immunotherapy. Mater. Chem. Front. 2020, 4, 2571–2609. [Google Scholar] [CrossRef]

	



Llopis-Lorente, A.; Díez, P.; Sánchez, A.; Marcos, M.D.; Sancenón, F.; Martínez-Ruiz, P.; Villalonga, R.; Martínez-Máñez, R. Interactive models of communication at the nanoscale using nanoparticles that talk to one another. Nat. Commun. 2017, 8, 15511. [Google Scholar] [CrossRef]

	



De Luis, B.; Llopis-Lorente, A.; Rincón, P.; Gadea, J.; Sancenón, F.; Aznar, E.; Villalonga, R.; Murguía, J.R.; Martínez-Máñez, R. An interactive model of communication between abiotic nanodevices and microorganisms. Angew. Chem. Int. Ed. 2019, 58, 14986–14990. [Google Scholar] [CrossRef]

	



De Luis, B.; Llopis-Lorente, A.; Sancenón, F.; Martínez-Máñez, R. Engineering chemical communication between micro/nanosystems. Chem. Soc. Rev. 2021, 50, 8829–8856. [Google Scholar] [CrossRef]

	



De Luis, B.; Morellá-Aucejo, A.; Llopis-Lorente, A.; Godoy-Reyes, T.M.; Villalonga, R.; Aznar, E.; Sancenón, F.; Martínez-Máñez, R. A chemical circular communication network at the nanoscale. Chem. Sci. 2021, 12, 1551–1559. [Google Scholar] [CrossRef]

	



Sancenón, F.; Pascual, L.; Oroval, M.; Aznar, E.; Martínez-Máñez, R. Gated silica mesoporous materials in sensing applications. ChemistryOpen 2015, 4, 418–437. [Google Scholar] [CrossRef] [PubMed]

	



Otri, I.; El Sayed, S.; Medaglia, S.; Aznar, E.; Martínez-Máñez, R.; Sancenón, F. Simple endotoxin detection using polymyxin-B-gated nanoparticles. Chem. Eur. J. 2019, 25, 3770–3774. [Google Scholar] [CrossRef]

	



Pascual, L.; El Sayed, S.; Marcos, M.D.; Martínez-Máñez, R.; Sancenón, F. Acetylcholinesterase-capped mesoporous silica nanoparticles controlled by the presence of inhibitors. Chem. Asian J. 2017, 12, 775–784. [Google Scholar] [CrossRef] [PubMed]

	



El Sayed, S.; Milani, M.; Licchelli, M.; Martínez-Máñez, R.; Sancenón, F. Hexametaphosphate-capped silica mesoporous nanoparticles containing Cu(II) complexes for the selective and sensitive optical detection of hydrogen sulfide in water. Chem. Eur. J. 2015, 21, 7002–7006. [Google Scholar] [CrossRef]

	



Ribes, A.; Santiago-Felipe, S.; Xifre-Pérez, E.; Tormo-Mas, M.A.; Peman, J.; Marsal, L.F.; Martínez-Máñez, R. Selective and sensitive probe based in oligonucleotide-capped nanoporous alumina for the rapid screening of infection produced by Candida albicans. ACS Sens. 2019, 4, 1291–1298. [Google Scholar] [CrossRef] [PubMed]

	



Zebib, B.; Mouloungui, Z.; Noirot, V. Stabilization of curcumin by complexation with divalent cations in glycerol/water system. Bioinorg. Chem. Appl. 2010, 2010, 292760. [Google Scholar] [CrossRef] [PubMed]

	



Reddy, A.C.P.; Sudharshan, E.; Rao, A.G.A. Interaction of curcumin with human serum albumin-A spectroscopic study. Lipids 1999, 34, 1025–1029. [Google Scholar] [CrossRef]

	



Bourassa, P.; Kanakis, C.D.; Tarantilis, P.; Pollissiou, M.G.; Tajmir-Riahi, H.A. Resveratrol, genistein, and curcumin bind bovine serum albumin. J. Phys. Chem. B. 2010, 114, 3348–3354. [Google Scholar] [CrossRef]

	



Argyo, C.; Weiss, V.; Bräuchle, C.; Bein, T. Multifucntional mesoporous silica nanoparticles as a universal platform for drug delivery. Chem. Mater. 2014, 26, 435–451. [Google Scholar] [CrossRef]

	



Kankala, R.K.; Han, Y.-H.; Na, J.; Lee, C.-H.; Sun, Z.; Wang, S.-B.; Kimura, T.; Ok, Y.S.; Yamauchi, Y.; Chen, A.-Z.; et al. Nanoarchitectured structure and surface biofunctionality of mesoporous silica nanoparticles. Adv. Mater. 2020, 32, 1907035. [Google Scholar] [CrossRef] [PubMed]

	



Martínez-Máñez, R.; Sancenón, F.; Hecht, M.; Biyical, M.; Rurack, K. Nanoscopic optical sensors based on functional supramolecular hybrid materials. Anal. Bioanal. Chem. 2011, 399, 55–74. [Google Scholar] [CrossRef] [PubMed]

	



Zeng, X.; Ma, M.; Zhu, B.; Zhu, L. A near infrared fluorescent probe for sensitive determination of human serum albumin. Anal. Sci. 2016, 32, 1291–1294. [Google Scholar] [CrossRef] [PubMed]








[image: Molecules 27 01133 sch001 550] 





Scheme 1. Schematic representation of the sensing mechanism of S1 nanoparticles in the presence of HSA. 
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Figure 1. (A) Powder X-ray diffraction patterns of (a) as-synthesized MSNs, (b) calcined MSNs and (c) solid S1. (B) TEM images of (d) calcined MSNs and (e) solid S1. (C) Z-potential of (f) calcined MSNs, (g) amino-functionalized and loaded MSNs and (h) solid S1. (D) Hydrodynamic diameter of calcined MSNs and S1. 
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Figure 2. Release of rhodamine B versus time from PBS (pH 7.4)-acetonitrile 95:5 v/v suspensions of S1 nanoparticles (a) in the absence and (b) in the presence of HSA (1000 µg mL−1) at 25 °C (100% is the maximum of rhodamine B released from S1 solid). 
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Figure 3. Calibration curve of S1 nanoparticles suspended in PBS (pH 7.4)-acetonitrile 95:5 v/v upon addition of increasing concentrations of HSA (0.1 to 100 mg/mL). All aliquots were taken after 5 min. Error bars are expressed as 3σ for three independent experiments. The lines are included only as a guide to the eye for better illustration. 
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Figure 4. Fluorescence intensity at 571 nm of rhodamine B released from S1 suspensions in PBS (pH 7.4)-acetonitrile 95:5 v/v after 5 min of HSA (10 μM) and selected interfering molecules (10 μM) addition. Synthetic urine was dissolved in PBS (pH 7.4)-acetonitrile 95:5 v/v at 10% concentration. 
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Table 1. Main structural parameters of calcined MSNs and S1 nanoparticles determined by TEM, PXRD and N2 adsorption–desorption measurements.
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	Sample
	Particles Diameter 1 (nm)
	Surface Area, SBET

(m2 g−1)
	Pore Volume 2

(cm3 g−1)
	Pore Size 3

(nm)





	Calcined MSNs
	101
	1207.3
	0.444
	2.56



	S1
	110
	17.6
	-
	-







1 Measured by TEM. 2 Total pore volume according to the BJH model. 3 Pore size estimated by using the BJH model applied to the adsorption branch of the isotherm, for P/P0 < 0.6, which can be associated with the surfactant-generated mesopores.
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Table 2. Determination of HSA spiked in synthetic urine samples using S1 nanoparticles.
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	Sample
	Spiked HSA

(μg)
	Determined HSA (μg)
	Recovery (%)





	1
	100
	108
	108



	2
	350
	316
	90.3



	3
	500
	436
	87.2
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