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Abstract

:

The need for non-invasive therapies capable of conserving drug efficiency and stability while having specific targetability against colorectal cancer (CRC), has made nanoparticles preferable vehicles and principal building blocks for the development of complex and multi-action anti-tumoral approaches. For that purpose, we herein report the production of a combinatory anti-tumoral nanotherapy using the production of a new targeting towards CRC lines. To do so, Magneto-fluorescent NANO3 nanoparticles were used as nanocarriers for a combination of the drugs doxorubicin (DOX) and ofloxacin (OFLO). NANO3 nanoparticles’ surface was modified with two different targeting agents, a newly synthesized (anti-CA IX acetazolamide derivative (AZM-SH)) and a commercially available (anti-epidermal growth factor receptor (EGFR), Cetuximab). The cytotoxicity revealed that only DOX-containing nanosystems showed significant and even competitive cytotoxicity when compared to that of free DOX. Interestingly, surface modification with AZM-SH promoted an increased cellular uptake in the HCT116 cell line, surpassing even those functionalized with Cetuximab. The results show that the new target has high potential to be used as a nanotherapy agent for CRC cells, surpassing commercial targets. As a proof-of-concept, an oral administration form of NANO3 systems was successfully combined with Eudragit® enteric coating and studied under extreme conditions.
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1. Introduction


Colorectal cancer (CRC) is the second deadliest cancer and the third most common malignancy worldwide [1]. Due to its characteristics, it can become highly aggressive and develop resistance to several therapeutic strategies [2,3]. All these aspects contribute to the alarming rising prevalence of CRC worldwide [4], making the development of more efficient anticancer therapies of utmost importance.



Nanoparticle-based materials have been widely developed and successfully employed as anticancer tools or as platforms to improve the efficacy of already known therapies, with metallic/metal-oxide nanoparticles oftentimes being used to this end [5,6]. Other nanosystems have also gained particular interest, specifically those containing mesoporous silica nanoparticles/structures, whose highly porous matrix renders them with unique cargo delivery capacities, surface manoeuvrability, targetability or even spectroscopical activity [7,8]. Amongst these, precision diagnosis and therapeutic systems are of particular interest, due to their increased performance and variability [9,10,11].



Specific characteristics of tumour-like environments, such as hypoxia and acidic extracellular pH, can thus be utilized as targets for specific delivery of nanoparticle-based systems. Cancer cell environments oftentimes present uncontrolled growth that results in improperly structured and functioning vasculature, low oxygenation, and upregulation of homeostasis-associated enzymes, such as carbonic anhydrases (CAs, EC 4.2.1.1) [12].



CAs are ubiquitous metalloenzymes that catalyse the simple physiological hydration of carbon dioxide to bicarbonate ions and protons (CO2 + H2O <-> HCO3− + H+), with most containing in their active centre a zinc ion (Zn2+), which is essential for catalysis. Besides regulation of pH and CO2 homeostasis, CAs are also responsible for CO2 and HCO3− transport between metabolizing tissues and lungs, electrolytes secretion, some biosynthetic processes (i.e., glucogenesis, lipogenesis and urea genesis), bone resorption, and tumorigenicity [12]. Their broad activity spectrum arises from the 15 presently known isozymes, with CAs I, II, III, VII and XIII residing in the cytosol; CAs IV, IX, XII, XIV, and XV being associated with membranes; CAs VA and VB occurring in mitochondria; and CA VI existing only as a secreted isoform [13].



The occurrence of an elevated number of CA isoforms in cellular membranes of numerous organs and the association of their overexpressed activity to some types of tumours have thus sparked a special interest in CAs as potential targets for tumour diagnosis and therapy [14,15]. The human (h)CA IX is an example of a tumour-associated CA isoform, with several groups associating it with tumour activity, cell proliferation, cell adhesion and malignant cell invasion [16,17], being thus also commonly considered as a potential biomarker for tumour diagnosis [18]. More specifically, hCA IX’s overexpression levels and increased activity have been recently associated with higher rates of hypoxia survival and cell invasion in tumours [19,20].



The inhibition of CAs has been increasingly reported as a potential pathway for cancer therapy by using CA-directed pharmacological agents as CAs inhibitors, capable of imparting CAs activity and normal cell mechanisms [21,22]. Among others, 5-acetamido-1,3,4,-thiadiazole-2-sulfonamide, commonly known as Acetazolamide (AZM) and its analogues, have exhibited outstanding and selective inhibitory activities towards CAs, being extensively used clinically as diuretics, anti-glaucoma, or anti-convulsant agents [23,24,25]. Regarding anti-tumoral therapies, specific CA and hCA IX inhibitors have also been reported as potential hypoxia-activable inhibitors and targeting agents [14,26,27,28].



The development of novel inhibitors capable of targeting CAs, specifically hCA IX, is thus of high interest, especially if they can be conjugated with pro-drugs or with nanometric vectors, rendering them targetable to the overexpressed hCA IX in cancerous environments.



Associated with CA IX action and overexpression in hypoxic and invasive tumours, such as CRC [18,19], is also the commonly overexpressed epithelial growth factor receptor (EGFR), which mediates cancer initiation, progression and proliferation [29,30]. This association makes anti-EGFR agents also good targeting probes, with several works reporting the conjugated use of several anti-EGFR antibodies, such as the commercial Cetuximab (CTX), with therapeutic molecules (drugs, pro-drugs, etc.) and nanometric vectors for either diagnosis or therapeutics in CRC [31,32,33].



Considering this, herein we report the synthesis of a novel AZM-derivative containing a sulfhydryl anchoring moiety, and its subsequent biofunctionalization on superparamagnetic, fluorescent iron oxide-cored mesoporous silica nanoparticles (NANO3-SH). This system was successfully evaluated as a potential anticancer tool against CRC cell lines [34]. The development of a dual anti-EGFR/anti-hCA IX (CTX+AZM) targeting nanoprobe is also reported, and its performance as a precision therapeutic tool against CRC is compared with that of each individual NANO3-anchored antigen.



Nonetheless, the method of administration of drugs for therapeutic purposes is one critical step in the development of new ground-breaking therapies. The unsuccessful accounting of possible complex interactions with the body’s solid and liquid interfaces and all related arising hindrances dictate the successful rate of said therapies, even for those showing outstanding performances in silico/in vitro. Not only that, but with the ever-growing pursuit of non-invasive techniques, orally administered and inhalation-based products have gained particular interest in pharmaceutical industries/markets [35,36].



These points are particularly familiar to CRC, which, due to its body location, sees many oral delivery therapies being developed [37,38,39], of which some might be withdrawn from clinical usage. Most withdrawals are not only to problems of stability when in contact with body fluids constituents, pH and temperature, but also to problems of long circulation instability and peripheral body accumulation in organs/members other that the colon [35,40]. Some of the major barriers to the development of an orally administered therapy against CRC are the passage time, intrinsic high absorption, and extreme pH conditions of the whole gastrointestinal tract [40]. Its success goes, thus, through the protection of the active compound of interest with an external resistant, but also manoeuvrable, agent. Such agents must be capable of both resisting extreme denaturing conditions and having a stimuli-responsive behaviour (i.e., pH, time, etc.) to correctly dispense the therapeutic compound at the targeted site/time [41]. For anti-CRC applications, the selected formulation must be capable of bypassing stomach extreme conditions and then small intestine absorption, before reaching the colon. For that purpose, in a proof-of-concept, NANO3-SH systems were protected with an enteric coating formulation of Eudragit® polymers (PMMA-MMA copolymers), which showed a prominent capacity to effectively deliver the nanomaterials herein developed.




2. Results and Discussion


2.1. Synthesis of AZM-SH and Anti-CAIX Action


The potential of acetazolamide (AZM) and its derivatives to serve as selective vehicles for the delivery of cancer-specific drugs and their inhibition activity over cancer-related CAs has been hinted at in several works, with special attention being given to the hCA IX isoform [15,42,43]. With this in consideration, herein we propose the synthesis of a thiol moiety containing an AZM-derivative, as a possible hCA (CA IX included) inhibitor and targeting agent in the delivery of anticancer drugs. The interest in the inclusion of a terminal thiol to the original structure of AZM arises from the potential formation of disulphide bonds with anticancer drugs of interest, or with nanovectors with intrinsic anti-tumoral activity or with drug-delivery capacity, for targeted anticancer therapy.



To synthesise the new compound, the amide in AZM was firstly hydrolysed to produce an available terminal NH2 group other than that of the sulfonamide moiety. By activation of the carboxylic acid moiety of the 3-mercaptopropionic acid, via Vilsmeier mechanism, and reaction with compound AZM-NH2, the new amide derivative (AZM-SH) was obtained. Intermediate AZM-NH2 and final product AZM-SH were characterised accordingly and compared to the initial AZM (Scheme 1).



The 1H and 13C NMR spectra of AZM-NH2 (Figure S1) confirm the total hydrolysis of the amide bond in AZM. This step is characterised by the disappearance of the 2.25 ppm -CH3 signal in the AZM 1H spectrum (Figure S2) and a right shift of the 13 ppm signal to 8.05 ppm, corresponding to the transformation of the secondary amide moiety into the terminal primary amine in AZM-NH2. Moreover, the loss of the acetamide partition of AZM was verified with the vanishing of its correspondent 22.83 ppm and 161.57 ppm signals in the 13C NMR spectrum of AZM-NH2. The successful binding of 3-sulfanylpropanoyl chloride to the amine (1) of AZM-NH2 was confirmed by 1H and 13C NMR spectra of AZM-SH, in DMSO-d6 and CD3CN (Figure S3). The reconstitution of the >NH signal at 13.13 ppm (DMSO-d6) and the surgency of a doublet at 8.38 ppm (DMSO-d6), corresponding to the sulfonamide -NH2, in the 1H NMR spectrum of the product (Figure S3), are the first hints at the successful synthesis of AZM-SH (Figure 1a). These signals are in accordance with the chemical shifts of the same groups in AZM’s NMR spectrum (Figure S1) and with those described for other thiadiazole-derived ligands [44,45].



Although not perceptible in the DMSO-d6 1H NMR of AZM-SH, in CD3Cl, the signals relating the sulfanylpropanamide (NHCO-CH2-CH2-SH) C(2) and C(3) protons are visible between 3.45 and 3.15 ppm and between 3.05 and 2.65 ppm as a set of two doublet–triplet-like signals [46], thus supporting the successful synthesis of AZM-SH, by the inclusion of 3-sulfanylpropanoyl via amide bond formation. The obtained chemical shifts and crossings of the signals of C(2) and C(3) protons have been pointed out before, by Schuetze et al. [47], to arise from a certain degree of dimerization of the 3-sulfanylpropanoyl segment of the molecule via a disulphide bond (Figure 1c). The dimerization of the molecule is also suggested by the splitting of the -NH2 signal at 8.38 ppm, J = 24.4 Hz (Figure 1a), comprising the asymmetry created by intermolecular hydrogen bonding between the >NH/-NH2 and -C=O moieties of adjacent molecules (Figure 2), similarly to those formed in some reported AZM dimers [48,49].



Complete conversion of AZM-NH2 into AZM-SH was also confirmed by the latter’s 13C NMR spectrum, in DMSO-d6 (Figure S3c). ATR-FTIR spectra of both intermediate AZM-NH2 and final product AZM-SH also translate into the above-mentioned modifications of the original AZM (Figure S4). Assigned vibration nodes (Table S1) are in accordance with those described in the literature for acetazolamide and its derivatives, specifically, those concerning analogous groups, such as -SO2NH2, amide (-C=O, >N-H and C-N-C), and thiadiazolic ring [48,50,51]. The appearance of preferable asymmetrical vibrational modes, in both AZM and AZM-SH, and the presence of particularly broader signals at low frequencies demonstrate their similar appetency to form intermolecular hydrogen bonds and dimeric conformations [48,52]. Special attention is brought to the vibrations concerning the >NH (amide) and -SO2NH2 groups in the spectrum of AZM-SH, whose significant broadening supports the already hinted formation of dimers via hydrogen bonding (Figure 2).



The successful synthesis of the intermediate AZM-NH2 and the final product AZM-SH were also confirmed with electron spray ionization (ESI) mass spectrometry (MS) analysis (Figure S5). With a nominal mass and a monoisotopic mass of 268 Da and 267.97585 Da (calculated), respectively, AZM-SH-[M]-was detected in two ionic forms: [M+H]+ (268.9831 m/z) and [M]+ (266.9853 m/z).




2.2. Docking Modelling and In Vitro Inhibition Studies


The effect of AZM-SH as potential inhibitor of human CAs, specifically the hCA IX isoform, was initially predicted by modelling the docking mechanism of AZM-SH into hCA IX active site. The AZM-less chain A of the 3IAI PDB model [53] was used for the determination of the best docking result. The ligand–receptor interaction depicted in the experimentally obtained 3IAI PDB model was taken as a comparative standard interactive conformation between AZM and hCA IX.



The AutoDock4Zn forcefield was preferred over the traditional AutoDock4 forcefield, as its performance in properly reproducing zinc-coordination geometries has been proven to surpass the other’s predictions [54]. The chosen forcefield parameters consider the most common biological zinc coordination geometry, the tetrahedral one (Zn3.1 and Zn4.0), where AutoDock atom types NA (nitrogen HB acceptor), N (nitrogen non-HB acceptor), OA (oxygen HB acceptor), and SA (sulphur HB acceptor) and their interaction and positioning regarding the ZN-type atom play an important role in the proper docking of ligand molecules (Figure 3a). Moreover, the inclusion of a TZ pseudo-atom mediating the attractive component of the zinc ion allows a new directional tetrahedral potential for the NA atom type and more accurate docking results, with lower binding energies and RMSD values and higher binding efficiencies (Figure 3c).



As expected, the highest binding efficiency (93%) and the lowest binding energy (−13.89 kcal/mol), RMSD (0.0) and inhibition constant (Ki: 65.36 pM) were obtained for a conformation where the sulfonamide moiety formed a direct interaction (1.97 Å) with the Zn2+ ion in a tetrahedral orientation, via coordination by the N(13)-atom of the primary amine. Like the reported AZM-hCA IX interactive complex, the Zn2+ ion is also coordinated (3.06 Å) by one of the adjacent O-atoms of the sulfonamide moiety (Figure 3b). Likewise, the non-coordinating O-atom and the H(13)-atom of the amine, present in the sulfonamide moiety, were predicted to form hydrogen bonds with the GLU106 (2.72 Å) and THR199 (1.98 Å) residues of hCA IX, respectively (Figure S6a) similar to other reported results [26,55,56].



Hydrogen bonding was also calculated to occur between the hydrophilic = N(8)-, >N(6)H, =O(4), -S(1)H groups of the ligand, adjacent water molecules and the THR200, PRO201, and GLN67 GLN92 receptor residues, forming a continuous H-bond network facing the outer surface of hCA IX active site (Figure S6b,c). Accordingly, the alignment of the aliphatic C(3) and C(4) of the sulfanylpropanamide segment of AZM-SH with internal hydrophobic moieties of the LEU198, LEU141, VAL121, and VAL143 residues (Figure S6d) contributes to the overall stability of the obtained conformation.



A similar conformation was obtained using the standard AutoDock4 forcefield, and without the inclusion of the TZ pseudo-atom, but only for a lower binding efficiency and higher binding energies, RMSD value, and Ki (Figure 3c).



The preferable AutoDock4Zn predicted ligand–receptor interactions and spatial arrangement (Figure S6) indicate that the chemical modification of the original AZM to include the sulfanylpropanamide segment, has little to no hampering impact on the inhibition role of the final AZM-SH ligand, making it a good potential inhibitor for the CRC-associated hCA IX isoform.



Experimental inhibition activity of the synthesised AZM-SH against CAs was assessed using an esterase-mediated assay and calculated after appropriate Boltzmann regression (Figure 3c). The obtained AZM-SH IC50 of 52.4 ± 0.5 nM (n = 3) is well within the same order of magnitude as that reported by the kit’s manufacturer for the standard AZM (IC50 = 16.3 ± 2.0 nM), and as other IC50 reported in the literature for other AZM derivatives [55,57]. The assay confirmed the final product’s efficient inhibition activity towards CAs, namely hCA IX, thus supporting its use as potential targeting agent in future anticancer therapies.




2.3. NANO3-SH Characterization


As demonstrated in a previous work of our group [34], the synthesis of NANO3-SH resulted in well-defined spherical, single core–shell particles with an average diameter of 60 nm and a shell porous matrix with pores of ca. 2.5–3.0 nm.



The assessment of NANO surface charges by DLS and zeta potential throughout the synthetic steps was an important tool to not only quickly confirm surface modifications but also evaluate NANO3’s polydispersity and stability in the selected medium. This factor has a high impact on the performance of the nanovectors by having an active role in drug-delivery and cell-uptake processes [58]. As depicted in Figure 4, the thiolation of NANO3 surface via EDC/NHS cross-linkage of SiQD available amines and TGAc carboxylic groups rendered the final NANO3-SH with increased stability in the physiological medium, translated by an increase in zeta potential (ζ) from +12.4 mV to +21.5 mV and a clear reduction in its hydrodynamic diameter and polydispersity. The more robust net positive charge after thiolation makes NANO3-SH particularly interesting for cellular therapeutic applications, namely CRC therapy, as positively charged particles have been recurrently reported to have preferential binding activity to cell membranes and increased uptake [58]. Moreover, enhanced cellular uptake has been reported for several thiol-containing nanoparticles, which covalently bind/interact with cell surface thiol groups, increasing 100-fold the membrane transfection efficiency and endocytosis [59].



The introduction of thiol terminal moieties to NANO3-SH systems sought also to create binding points for further biofunctionalization with anti-CA IX and anti-EGFR species. Consequently, it was not only important to assess the thiolation ratio but also necessary to activate these thiol moieties and catalyse further linkages. Ellman’s reagent (DTNB) has been repeatedly reported as a good visual and spectroscopical agent for the estimation of disulphide bonds and existing thiol moieties, owing to the surgency of a quantifiable absorbance band at 412 nm (translated by a yellow solution) [60,61,62] (Figure 4). Thiolation was applied to bare NANO3-SH (0.33 ugSH/mgNANO) and to its loaded counterparts, NANO3@D-SH (0.28 ugSH/mgNANO), NANO3@DO-SH (0.25 ugSH/mgNANO), and NANO3@O-SH (0.38 ugSH/mgNANO), rendering them with 0.25, 0.25, 0.19 and 0.29 nmol possible S-binding, active sites for further modification with thiol-containing biomolecules/small molecules such as the CTX-SH and AZM-SH synthesized herein.



A last assessment of the NANO3-SH physical stability was performed by exposing the nanosystem to simulated in-body conditions, this is, at 37 °C under continuous stirring in 0.01 M PBS at physiological pH, for one month. From the TEM micrographs (Figure S7), a total decomposition of the structured material is seen with all magnetic cores segregated from the present silica, and the latter spread through the whole field with no structured order.




2.4. Loading and Release Assays. Proof of Concept: Enteric Coatings and Gastric Simulated Release


The empty porous matrix of NANO3 was used to load both a model anticancer and an antibiotic, in single and dual formulations, to exploit existent synergetic effects between them such as improved therapeutic activity and release parameters, as previously demonstrated by our group [34]. The loading of both drugs was performed in an intermediate step of NANO3-SH synthesis, via electrostatic interactions with non-templated NANO2-COOH, before pores capping with SiQDs and thiolated species. Accessibility to pores is high at this stage, where surface moieties are yet malleable and do not produce a high steric impediment on drug migration. Moreover, the correct selection of loading media’s pH (pH 7.4) was important to maximize attractive interactions between the negatively charged -COOH surface moieties, pores, silanol groups, and both doxorubicin (DOX) (pKa-NH2 = 8.2, pKa(phenol) = 9.5) and ofloxacin (OFLO) (pKa-COOH = 6.1, pKa(piperizinyl ring) = 8.2) [63,64], which are partly positively charged at physiological pH (Figure S8a).



DOX and OFLO were successfully loaded inside NANO2-COOH, and its drug content was evaluated by UV-Vis (λDOX = 480 nm; λOFLO = 330 nm) at each surface modification step, till the final product NANO3-SH, before its biofunctionalization (Figure S8b). The obtained loaded nanosystems and its corresponding drug content are NANO3@D-SH with 287.5 µgDOX/mgNANO, NANO3@DO-SH with 274.0 µgDOX/mgNANO and 140 µgOFLO/mgNANO, and NANO3@O-SH with 182.8 µgOFLO/mgNANO. The high encapsulation capacities are in accordance with those reported in previous studies for similar mesoporous systems and selected drugs, with OFLO successfully replicating the results obtained in other works by our group [65,66,67,68]. Regarding NANO3@DO-SH formulation, the relatively reduced DOX solubility at the selected medium pH contributes to the preferential loading of DOX, in detriment to OFLO encapsulation. The pH-dependent release capacity of each loaded system was performed with their non-biofunctionalized versions (i.e., NANO@drugs-SH, drugs = D, O, DO), to simulate the prominent stressful conditions in colorectal cancer microenvironments where there is redox imbalance and high levels of GSH promote disulphide bonds breakage [69,70]. CTX-SH and AZM-SH disulphide bridges with NANO3-SH systems are mostly broken in such conditions, with NANO3@drug–SH systems being representative of the release interface during its therapeutic action, either inside or outside CRC cells. The simulation of cancer microenvironment and its role in drug delivery from NANO3@drug–SH nanosystems was achieved by studying drug release in both physiological (pH 7.4) and acidic (pH 5.0) conditions (Figure 5a,b) for 72 h. When compared with the results obtained in previous studies [34] for non-thiolated NANO3 systems, under the same conditions, one concludes that although the final functionalization with thiol moieties does not change the release tendencies for different pHs, it changes the total released quantities of drugs. This effect is particularly significant for total released OFLO from both NANO3@O-SH and NANO3@DO-SH, which see, respectively, a 10-fold and 3-fold reduction when compared to their non-thiolated counterparts. Notwithstanding, the presence of DOX in a combinatory formulation promotes, again, a higher release of OFLO (although lower than that of the aforementioned NANO3 systems). The slow release of OFLO from NANO3 systems is, however, an interesting result, as a more time-paced delivery of the antibiotic could promote an initial therapeutic burst of anticancer activity by DOX, followed by a later, long-term, and continuous antimicrobial action of OFLO.



Conversely, DOX release either remains almost invariable or is enhanced. While for NANO3@D-SH released DOX at pH = 7.4 is the same as that of NANO3@D, at acidic conditions, it sees a 2-fold increase. Regarding NANO3@DO-SH, no changes were seen when compared to its non-thiolated counterpart. Overall, the release of drugs, DOX in particular, is favoured in acidic microenvironments and in DOX:OFLO dual formulations.



As a proof-of-concept, NANO3@drugs-SH systems underwent an extra modification: a layered protective enteric coating with Eudragit® polymers (PMMA-MMA copolymers). These enteric polymers are well-known protective excipients for active pharmaceutical compounds, capable of regulating their release at different conditions of interest, be they time-based, pH-based or temperature-based [41,71,72]. Of all available Eudragit® polymers, E-S100 and E-L100 polymers were selected based on their renowned reputation for colon-targeted drug delivery [73,74] and their dissolution pH thresholds, with the former preferably dissolving at pH > 6.0 and the later at pH > 7.0. Their dissolution pH coincides with those of small intestine and colon sections (i.e., ascending, transverse, and descending), where a proper dissolution of their polymeric matrix promotes the release of encapsulated NANO3 systems and the effective/local delivery of their targeting and therapeutic agents to CRC cells.



Two distinct encapsulation approaches were performed to assess the effective delivery to the colon and understand the protective role of the enteric matrices in NANO3 systems delivery: (i) a single encapsulation with E-S100 (i.e., NANO3@drugs-S100) and (ii) a dual 1:1 encapsulation with E-S100 and E-L100 (i.e., NANO3@drugs-SL100). The successful coating of NANO3-SH and NANO3@drug–SH particles was followed by zeta potential after the addition of each enteric coating as a total inversion to negative surface charges was expected [72]. The total inversion of their zeta potential (in deionized water, pH ~6.5), from a net-positive thiolated system to a net-negative system with average ζ = −24.0 ± 1.7 mV, confirmed indeed the successful coating by E-S100. A secondary coating with E-L100 was again confirmed by zeta potential, with obtained NANO3-SH materials showing consistent negative zeta potentials.



A simulated digestive track delivery and colonic-targeted release were achieved by exposing coated NANO3 systems to different pHs and stirring times, in accordance with the conditions and passage times typical of each section. As perceived in Figure 5c, and in line with previously reported works on E-S100 and E-L100 [74,75], the overall release of drug-loaded nanoparticles in the simulated digestive fluids is higher at colonic pH than at small intestine and stomach pH. This demonstrates the capacity of the enteric coatings to protect the encapsulated NANO3@drugs-SH systems from external conditions, conditionate its release for the appropriate section of the digestive track, and increase its bioavailability.



Regarding single E-S100 and dual E-SL100 formulations, the results show that at a pH of 1.75 and 6.5, the dual enteric formulation shows an overall better capacity to control/retard the release by dispensing less NANO3@drugs-SH to the medium than E-S100 formulations at the same pHs. The early relaxation and dissolution of the E-S100 expedite NANO3@drugs-SH exposure to surrounding media and the release of the loaded drugs at an early stage. This tendency is delayed in the dual-enteric formulations, for which, at only a pH of 7.4 (i.e., in the colon), the external E-L100 coating is dissolved and a higher dispensing of nanoparticles to the surrounding media is permitted. The obtained results are in accordance with other reports that use the same model drugs [76,77] supporting the application of these enteric coatings in the oral administration of a sustained delivery to the colon.




2.5. Biofunctionalization


The biofunctionalization of the already activated NANO3-SH systems with the previously modified CTX-SH and the synthesized AZM-SH was achieved by promoting the formation of disulphide bonds between nanoparticles and biological species. Biofunctionalized nanoparticles were obtained in three distinct final formulations: (1) single functionalization with thiolated CTX-SH (NANO3-CTX and NANO3@drugs-CTX), (2) single functionalization with AZM-SH (NANO3-AZM and NANO3@drugs-AZM); and (3) dual functionalization with CTX-SH and AZM-SH (NANO3-CTX and NANO3@drugs-CTX). A summary of all final formulations is depicted in Table 1.



Surface-bound CTX content in NANO3 systems was assessed by forced reduction in cross-linking disulphide bonds and gel electrophoresis quantification (free CTX was used as standard) (Figure S9). Surface-bound AZM content was confirmed and determined by UV-vis spectroscopic analysis, at 412 nm, of the differential content of generated free TNB upon biofunctionalization of the activated (TNB containing) NANO3-SH/NANO3@drugs-SH, with AZM or CTX+AZM.



As shown in Table 1, a significant increase in the co-functionalization of CTX and AZM occurred in the dual-loaded NANO3 systems when compared to non-loaded NANO3 systems. This might have resulted from a higher availability of surface thiol groups, which are derived from an increased surface charge provided by the dual loading of OFLO and DOX (35 ± 0 mV for the dual loaded nanosystem, and 21.5 ± 1.0 mV for the non-loaded NANO3-SH). A similar trend is seen for NANO3@D-SH which has a ζ = 20 ± 0 mV, comparable to that of the empty NANO3-SH. This will result in fewer cross-linking phenomena between surface thiols and, subsequently, in a higher biofunctionalization rate for AZM and CTX. When regarding OFLO-containing NANO3 systems, there is also a variation in the surface charge (26.6 ± 0.9 mV); however, it is not as significant as that provided by the dual loading. This results in a more efficient biofunctionalization of the CTX and AZM molecules than that presented by the non-loaded system, but not as effective as that provided by the dual loaded system.



The occurring variations in surface charge are a response to the presence of one or two drugs and are influenced by the loading mechanisms of the drugs to the particles. These are modulated by their water solubility and electrostatic interactions between drugs and particles. The presence of ofloxacin always results in a higher surface charge, possibly due to the presence of a fluor atom in the molecule, which increases stereochemical impediment in the porous matrix, but is also modulated by ofloxacin solubility in water (1.4 mg/mL), which is higher than that presented by doxorubicin (0.3 mg/mL) [63,78]. With DOX presenting thus a lower water solubility, a loading into a more internal section of the mesoporous matrix is favoured, which is detrimental to a more external OFLO encapsulation.




2.6. Cytotoxicity, Antitumor Activity, Cellular Uptake, and Targetability


The cytotoxicity of the biofunctionalized NANO3 systems was assessed against HCT-116 and HT-29 cell lines, as representative CRC models (Figure 6b). These cells were selected due to their hCA IX and EGFR overexpression, which was confirmed by Western blot, where high intensity bands are visible for anti-EGFR and anti-CA IX in the HCT-116 cell line and HT-29 cell line, respectively. These results indicate an EGFR overexpression in HCT-116 cells, whereas for the HT-29 cell line, there is an overexpression of the hCA IX receptor. The housekeeping α-tubulin protein was used as a control to normalize and ensure the presence of a similar cell concentration between the two lines (Figure 6a).



As per Figure 6b, the absence of the toxicity of the free OFLO supports the non-toxic role of the antibiotic in its nanometric formulations, which is further confirmed by the absence of toxicity from NANO3@O systems, regardless of the chosen CRC cell line. An equal lack of cytotoxicity was also observed for the empty NANO3 systems, which demonstrates the systems’ biocompatibility and possible usage in a human directed therapy. This is aligned with the cytotoxic profiles reported in the literature for similar composite nanomaterials, whose constituents have shown non-cytotoxicity to virtually null cytotoxicity [8,79,80].



The toxicity/antitumor activity of the prepared materials derives thus only from DOX present in their formulation, having a more accentuated action against the HCT-116 line than the HT-29 line. The obtained IC50 for the biofunctionalized NANO3 systems account for the total released DOX after 72 h and are in line with those obtained for the free drug. This demonstrates that the introduction of a protective nanometric material, capable of shielding DOX from harsh external conditions and in-body pharmacokinetics (i.e., absorption, distribution, metabolism, and excretion) [81,82,83], does not hinder the efficacy of the encapsulated drug and drug delivery.



To better understand the possible influence of the different biofunctionalizations (CTX, AZM and CTX+AZM) in the NANO3 systems, internalization assays were conducted for both cell lines. Exposure periods were predetermined at 3 h to evaluate the short time effects of each biofunctionalization in cellular uptake and at 72 h to assess the effects of a maximum cumulative uptake. After the predetermined exposure times, cells were stained and visualized by laser scanning confocal microscopy (LSCM). As depicted in Figure 6d, three distinct fluorescent signals were collected, referring to cellular membrane staining (green), nuclei position (blue), and DOX distribution (red). DOX was mostly localized in the cytoplasmic environment of both cell lines, confirming the successful internalization of NANO3@D-CTX and NANO3@D-AZM nanosystems.



A quantitative assessment of the uptake profiles was thus evaluated through cellular accumulation assays, in which cells underwent an exposure period for each nanoformulation of 3 h, similar to those presented in the aforementioned uptake assays with LSCM. Results depicted in Figure 6c show similar internalization percentages in regard to single and dual functionalized nanovectors, indicating a comparable targetability activity from the novel AZM derivative and the commercially available CTX, regardless of the type of biofunctionalization performed. Slight differences can be perceived when assessing internalization values such as a marginal increase in cellular uptake from NANO3@D-AZM (10.26 ± 1.96%; 10.05 ± 0.77%) in comparison to NANO3@D-CTX in the same respective internalization percentages (9.27 ± 0.51%; 8.84 ± 0.59%) for HCT-116 and HT-29 cell lines, respectively, in response to a concentration of 5 µM for both employed nanovectors. Although not excessively different, these alterations point to the possibility of a higher internalization degree in the presence of AZM derivatives as targeting agents.





3. Materials and Methods


3.1. Chemicals


N-hydroxysuccinimide (NHS. 98+%), ethylenediaminetetraacetic acid tetrasodium salt hydrate (EDTA. 98%), and tetraethyl orthosilicate (TEOS. ≥ 99.999% metals basis) were bought from AlfaAesar (Haverhill, MA, USA). N-3-dimethylaminopropyl-n-ethylcarbodiimide hydrochloride (EDC. ≥ 97%), acetone (≥99.5% GC), 4-morpholineethanesulfonic acid (MES. ≥ 99%). thioglycolic acid (TGAc. 98%), 5.5′-dithiobis(2-nitrobenzoic acid) (Ellman’s Reagent. DTNB. ≥ 98%), 2-2-iminothiolane hydrochloride (≥98% (TLC)). 5-acetamino-1.3.4-thiadiazole-2-sulfonamide (Acetazolamide. AZM. ≥ 99%), 3-mercaptopropionic acid (99%), anhydrous N.N-dimethylformamide (DMF. 99.8%), anhydrous tetrahydrofuran (THF. 99.9%), TRIS (hydroxymethyl)aminomethane hydrochloride (TRIS HCl), doxorubicin hydrochloride (DOX. 98.0–102.0% (HPLC)), DL-Dithiothreitol (DTT), β-mercaptoethanol (molecular biology grade), oxalyl chloride (>99%), and phosphate-buffered saline (PBS tablets) were purchased from Sigma Aldrich (St. Louis, MO, USA). Hydrochloric acid (HCl. 37%) and sodium hydroxide (NaOH) were bought at Scharlab. SL (Barcelona, Spain). Ofloxacin (OFLO. 98%) was bought from ThermoFisher (Waltham, MA, USA). Deuterated reagents as dimethyl sulfoxide-D6 (DMSO-d6). Acetone-D6 and acetonitrile-D3 (CD3CN) were purchased from Acros Organics (Geel, Belgium). Anti-EGFR Cetuximab (CTX 5.2 mg/mL. 100%) was acquired from Selleckchem (Houston, TX, USA). Eudragit-L100® and Eudragit-S100® were supplied by Evonik Operations GmbH (Essen, Germany). All reagents and solutions were used as acquired without any further purification.




3.2. Instrumentation


ATR-infrared spectra were collected in a Tensor 27 (Bruker, Billerica MA, USA) and 1H/13C nuclear magnetic resonance spectroscopy (NMR) performed in a Bruker FT-NMR Avance 400 (Ettlingen, Germany) spectrometer at 300 K from the Departamento de Química, Universidad Politécnica de Valencia. Mass spectroscopy analysis was performed by ESI+QTOF MS in a SCIEX 6600 plus TripleTOF of the SCSIE-UVEG of the University of Valencia. Melting point was determined in a Gallenkamp apparatus (England) from the Bioscope Group LAQV-NOVAFCT. Elemental analysis was performed by CHNS method in an Elemental analyzer Thermo Finnigan-CE Instruments Flash EA 1112 CHNS series from the Analysis Laboratory at LAQV-NOVAFCT. Ninety-six-well plate sampling analysis was performed in an EnSpireTM multilabel reader (Perkin Elmer. Singapore Pte. Ltd., Singapore) from Departamento de Química, Universidad Politécnica de Valencia.



Temperature controlled incubations and release studies were performed in an HC24 PCMT Thermo-shaker (Grant Instruments, Cambridge, UK). DLS experiments were performed in a Malvern Nano ZS Zetasizer (633 nm laser diode). UV–vis absorption spectra were obtained in a Jasco V-650 spectrophotometer and fluorescence spectroscopy measurements in a HORIBA Scientific FLUOROMAX-4 spectrofluorometer from the Bioscope Group LAQV- FCT NOVA and a JASCO FP-8300 spectrophotometer from UPV.



Cell images were taken using a laser scanning confocal microscope (LSCM) SP5 (Leica), and cell viability was measured in a multilabel plate reader (Victor 3 PerkinElmer).




3.3. Synthesis and Characterization


3.3.1. N-(5-Sulfamoyl-1,3,4-thiadiazol-2-yl)-3-sulfanylpropanamide (AZM-SH) Synthesis


The first step for the synthesis of the novel N-(5-sulfamoyl-1,3,4-thiadiazol-2-yl)-3-sulfanylpropanamide (AZM-SH) was the production of both starting materials: 5-amino-1,3,4-thiadiazole-2-sulfonamide (AZM-NH2) and 3-sulfanylpropanoyl chloride. A schematic overview of the complete synthetic route is depicted in Scheme 1.



AZM-NH2 was produced following a procedure patented by Kandula [84]. Briefly, 1.5 g (6.75 mmol) of 5-acetamino-1,3,4-thiadiazole-2-sulfonamide (AZM) was thoroughly dissolved in a mixture of ethanol (10.0 mL) and HCl 37% (3.0 mL, 12M) and refluxed for 4.5 h. Refluxing was followed by cooling and solvent evaporation under vacuum. The resulting solid residue was redissolved in MilliQ H2O (7.5 mL) and neutralized to pH 7.0 with a 5 M aqueous solution of NaOH. Upon neutralization, a white precipitate was formed, which was collected by filtration and recrystallized in water overnight. AZM-NH2 was then collected in the form of white crystals (yield of 40% wt.), ESI+QTOF MS: [C2H4N4O2S2+H]+ 180.9848 m/z (error—3.8 ppm). 1H NMR spectrum (DMSO-d6, 400 MHz) δ (ppm): 7.81 (s, 2H, H11-NH2), 8.05 (s, 2H, H1-NH2). 13C NMR spectrum (DMSO-d6, 400 MHz) δ (ppm): 158.61 (C2), 172.05 (C5). The product was also characterized by ATR-FTIR.



The chlorination of 3-mercaptopropionic acid, for 3-sulfanylpropanoyl chloride formation, was accomplished by a typical Vilsmeier mechanism, as detailed by Mohapatra et al. [85]. A solution of 3-mercaptopropionic acid (0.87 mL, 10.0 mmol), in DCM (5 mL), was firstly cooled to 0 °C, under N2 atmosphere. To this mix, catalytic amounts of anhydrous DMF were added, followed by a dropwise addition of oxalyl chloride (2.0 mL, 20 mmol). The resulting mixture was then slowly stirred for 4.5 h at room temperature. Solvents and excess oxalyl chloride were removed by evaporation under vacuum. The product, 3-sulfanylpropanoyl chloride, was obtained in the form of a dark-brown liquid and characterized by 1H-NMR and 13C-NMR.



For the production of the final product, N-(5-sulfamoyl-1,3,4-thiadiazol-2-yl)-3-sulfanylpropanamide, both starting materials were combined in an adapted protocol from those described by de Simone et al. [26] and Bolla and Nangia [86]. Ninety milligrams (0.5 mmol) of AZM-NH2 was dissolved in THF (5 mL) and mixed with 50 µL (1 mmol) of 3-sulfanylpropanoyl chloride, at room temperature and N2 atmosphere. After 12 h of continuous stirring, the solvent was evaporated under vacuum and the obtained green precipitate was left to dry for 48 h under vacuum. The dry pellet was then redissolved in MilliQ H2O, tuning from its original green colouration to a brownish-white colour and filtered under vacuum with five consecutive washes in water, dichloromethane, and diethyl ether.



The resulting product, N-(5-sulfamoyl-1,3,4-thiadiazol-2-yl)-3-sulfanylpropanamide (AZM-SH, FW = 268.34), was dried at 37 °C and collected in the form of brownish-white powder (70.4% wt. yield, mp 203.6 ± 1.0 °C), ESI+QTOF MS: [C5H8N4O3S3+H]+ 268.9831 m/z (error—2.5 ppm) and [C5H8N4O3S3-H]+ 266.9853 m/z (error—2.2 ppm). Elemental analysis of C5H8N4O3S3 was found (calculated): C 21.64% (22.38%), H 2.28% (3.00%); N 17.41% (20.88%), S 29.66% (35.85%).



1H NMR spectrum (CD3CN, 400 MHz) δ (ppm): 1.30 (s, 1H, H1 -SH) 2.70–2.97 (dt, 2H, H2 -CH2), 3.23–3.37 (dt, 2H, H3-CH2), 6.43 (d, 2H, H13-NH2, J = 33.8 Hz), 10.62 (br s, H, H6-NH-). 13C NMR spectrum (DMSO-d6, 400 MHz) δ (ppm): 24.04 (C1), 34.56 (C2), 161.29 (C3), 164.94 (C4), 170.78 (C5). The product was also characterized using ATR-FTIR.




3.3.2. Synthesis of NANO3-SH


NANO3 nanoparticles previously synthesized in [34] were obtained using EDC/NHS cross-linkage of NANO2-COOH with the NH2 groups of the synthesized SiQDs, in a SiQD excess to avoid inter-NANO3 cross-linkage. The same strategy was used to thiolate NANO3 surface NH2 groups with thioglycolic acid (TGA), producing NANO3-SH (see Scheme 2). NANO3-SH activation of its surface thiol moieties was attained using Ellman’s reagent (DTNB), whose colourimetric change from transparent to yellow (412 nm) allows for a simultaneous estimation of the present -SH groups and degree of activation. All materials, at each step, were thoroughly characterized by TEM, DLS, and absorption/fluorescence spectroscopy.





3.4. Modelling Studies and Molecular Docking Simulations


Docking simulations were accomplished in AutoDock4, using the hCA IX crystal structure and active site, from the 3IAI protein complex, available at Protein Data Bank [53]. Docking parameters were defined according to AutoDock4Zn forcefield, adapted to the docking of small molecules to zinc metalloproteins [54]. Ligand (AZM-SH) and receptor (hCA IX) were prepared separately. Ligand coordinates were processed with Openbabel [87] software to add hydrogen at pH 7.0. AutoDockTools v.1.5.6 [88] script prepare_ligand4.py with default settings was used to add Gasteiger–Marsili charges, merge non-polar hydrogens, and assign atom types. The number of torsions was set to 7 to include its rotatable amide bond. The receptor structure was prepared using AutoDockTools script prepare_receptor4.py with default settings, except the removal of water molecules, to assign Gasteiger–Marsili charges, merge non-polar hydrogens, add polar hydrogens, and assign atom types. The charge of the zinc ion was left to its default value (0.0) when using the Autodock4Zn forcefield. The TZ pseudo-atom responsible for the attractive interaction in the tetrahedral coordination arrangement of zinc was added to the receptor molecule and to the standard forcefield table (Figure S6). Docking search parameters followed a Genetic algorithm, with 50 runs and a population size of 300. Three-dimensional representations of AZM, hCA IX, and docked complexes were performed with UCSF Chimera [89]. Modulations with the normal AutoDock4 forcefield, without the presence of the TZ pseudo-atom, were also run as comparison.



Best-fitting models were chosen for predictions with the lowest inhibition constant (Ki), the lowest binding energy and RSMD (<2.0 Å), and the highest binding efficiency.




3.5. CA In Vitro Inhibition Assay


Experimental in vitro AZM-SH inhibition activity was assessed using the CA Inhibitor Screening Kit (Colourimetric), by BioVision Inc., following the manufacturer’s instructions. The kit uses the esterase activity of an active CA on an ester substrate, producing a chromogenic product easily quantified by absorbance, at 405 nm. In the presence of a CA specific inhibitor, enzymatic activity decreases, accompanied by a reduction in the product’s absorbance. AZM-SH inhibitor 2 mM stock solution was prepared in 0.01 M PBS pH 7.4, and dilutions up to 2 pM were performed in the same buffer. The assay was prepared in a 96-well plate for AZM-SH concentrations of 2 mM, 1 mM, 0.5 mM, 0.2 mM, 20 µM, 2 µM, 20 nM, 2 nM, 0.2 nM, and 2 pM, and the absorbance was collected in a microplate reader at 405 nm, over the course of 60 min for 30 time points. Inhibition constant (Ki) was obtained as in vitro IC50 and compared to that of the standard AZM.




3.6. NANO3 Biofunctionalization with CTX-SH and AZM-SH


For each of the four 5 mg NANO3-SH samples, 400 µL of a cetuximab (CTX) 1 mg/mL stock solution in 0.01 M PBS pH 7.4 was mixed with 8 µL of a 1.93 mg/mL solution of 2-iminothiolane hydrochloride in 0.01 M PBS (pH 8.5), with 0.1 mM EDTA, for 1 h at 4 °C (in the dark). Each batch of the resulting thiolated cetuximab (CTX-SH) was 4 times centrifuged in a 10K MWCO Vivacon® membrane at 13.500 rpm and 10 °C for 5 min. The CTX-SH was solvent-exchanged into a final volume of 100 µL of 0.01 M HEPES, with 0.1 mM EDTA ([CTX-SH]final = 4.0 µg/µL).



For the biofunctionalization of the already activated NANO3-SH, 5 mg batches were used for each type of modification (i.e., single or dual modification). The 4 µg/µL (27.4 mM) CTX-SH solutions, in 0.01 M HEPES buffer, and a 1 mg/mL (3.73 mM) solution of AZM-SH, in 0.1 M Tris-HCl with 0.1 mM EDTA, were used as stock solutions. Briefly, 5 mg of NANO3 was resuspended in 0.1 M Tris-HCl (pH 8.05) to a total volume of 1.7 mL and mixed for 3 h at 4 °C (in the dark) with (1) 25 µL of CTX-SH stock solution; (2) 53 µL of AZM-SH stock solution; or (3) 25 µL and 53 µL of CTX-SH and AZM-SH stock solution. All samples were recovered by centrifugation, washed twice with 0.01 M PBS (V = 1 mL, pH 7.4), dried under vacuum, and sterilized by UV for 30 min (253.7 nm, 200 V, 50 Hz).




3.7. Drug Loading and Release Assays


Ofloxacin (OFLO) and doxorubicin (DOX) were used as antimicrobial and anti-tumoral model drugs and were loaded either alone or conjugated in a 1:1 wt. ratio. A 2 mg/mL doxorubicin stock solution was prepared in milliQ H2O and a 2 mg/mL ofloxacin stock solution in 0.01 M PBS (pH 7.0). Loadings were performed in batches of 20 mg of template-free NANO2-COOH. Briefly, 20 mg of NANO2 were resuspended in 3.2 mL of the corresponding drug stock solution and diluted in the same volume of the complementary solvent (miliQ H2O for ofloxacin and 0.01 M PBS for doxorubicin). Co-loading of OFLO and DOX was performed similarly, with 20 mg of NANO2-COOH being resuspended in 3.2 mL of OFLO and 3.2 mL of DOX stock solutions.



Each sample was collected by centrifugation (10,000 rpm for 10 min) and washed 4 times with 1 mL of PBS 0.01 M (pH 7.0). All supernatants were isolated and used to estimate, using a mass balance, the loading capacity of NANO2-COOH for each drug, via UV-vis spectroscopy at 330 (OFLO) and 480 (DOX) nm. The loaded nanoparticles were then submitted to the same surface modifications described above, yielding NANO3@D, NANO3@O, and NANO3@DO, and their DOX and OFLO content was assessed by the same procedure. Each product was further modified with CTX-SH and AZM-SH, accordingly.



pH-dependent release studies were conducted in PBS 0.01 M, with pH of 7.4, and pH 5.0, at 37 °C. Briefly, 1 mg of each loaded NANO3 was resuspended in 2 mL of buffer solution and shaken for up to 72 h. After centrifugation (12,000 rpm for 5 min), the released drug content in the supernatant was measured for the 5, 15, 30, 45, 60, 90 min, and 2, 3, 4, 24, 72 h time points, by fluorescence: OFLO at pH 7.4 (λexc = 300 nm, λexc = 460 nm), OFLO at pH 5.0 (λexc = 300 nm, λexc = 490 nm) and DOX (λexc = 480 nm, λexc = 560 nm).




3.8. Enteric Coatings and Simulated Digestive Track Release


The enteric coating of the final formulations was achieved using Eudragit® polymers, Eudragit® L100 (E-L100) and Eudragit® S100 (E-S100), as model enteric coatings. Two types of coatings were prepared, one with only E-S100 and another with E-S100 followed by E-L100. Then, 0.2% w/v stock solutions of each polymer were prepared in ethanol. Briefly, 1 mg of each nanoparticle formulation was resuspended 1 mL of milliQ H2O and mixed with 250 µL of E-S100 stock solution overnight, at room temperature (in the dark). With all ethanol evaporated, all NANO3-S100 formulations were recovered by centrifugation (10,000 rpm, 15 min) and kept away from humidity in a desiccator. For further modification with E-L100, the selected products were treated with the same approach, but this time using E-L100 stock solution, yielding NANO3-SL100 formulations. All surface modifications were followed by DLS/Zeta characterization.



For a simulated gastric release, all formulations were suspended in the appropriate medium under continuous stirring at 37 °C, for the respective passage time of the simulated gastric section. All samples were collected (11,000 rpm, 3 min) after the appointed time, and the release amount of drugs was spectroscopically quantified. Firstly, the prepared formulations (1 mg) were resuspended in 2 mL of 0.025 M HCl (pH 1.75) for 2 h to simulate stomach conditions, followed by solvent exchange into another 2 mL of 0.01 M PBS (pH 6.5) for 5 h to simulate small intestine conditions and, lastly, by another solvent exchange into 2 mL of 0.01 M PBS (pH 7.0) for 15 h to simulate colonic conditions. Note that in this last part, the samples were quantified after 5 h and 15 h of incubation to assess the release of the drugs at ascending colon conditions and later at the end of the colon/rectum, respectively.




3.9. CA-IX and EGFR Expression in CRC Cell Lines


Human colorectal carcinoma cells (HCT 116) and human colorectal adenocarcinoma cells (HT-29) were obtained from American Type Culture Collection (ATCC, Manassas, VA, USA). HCT116 and HT-29 cells were routinely cultured in Dulbecco’s Modified Eagle Medium (DMEM, Invitrogen) containing 10% heat-inactivated foetal bovine serum and 1% antibiotic–antimycotic solution (Gibco) at 37 °C in a humidified 10% CO2 atmosphere.



HCT-116 and HT-29 cells in exponential growth were collected. 106 cells of each cell line were pelleted, washed twice with PBS, and lysed using M-PER Extraction Reagent (Thermo Scientific). The total protein content was determined via a BCA protein assay (Thermo Scientific). Proteins from extracts from both cell lines were separated by size using SDS-PAGE and transferred into a PVDF membrane for Western Blotting. Epidermal Growth Factor Receptor (EGFR) and Carbonic Anhydrase IX (CA IX) levels were quantified after immunoblotting with anti-EGFR (Sc-03, Santa Cruz Biotechnology) and anti-CAIX (ref. 10107-R003, Sino Biological), respectively.




3.10. Cytotoxicity and Cellular Uptake


The cytotoxicity of biofunctionalized NANO3-SH systems (i.e., NANO3-CTX, NANO3-AZM, and NANO3-CTX+AZM) and their loaded counterparts (with DOX and OLFO) was tested in HT-29 and HCT-116 human CRC cell lines using the PrestoBlue assay. Cells were seeded into a 96-well plate at a cell density of 3.0 × 103 cells/well and incubated for 24 h before nanoparticles were added at a concentration from 1 to 300 μg/mL. After 72 h, 20 μL of prestoBlue reagent was added to each well, and the plates were incubated for 4 h at 37 °C. The effect on cell viability was measured using a multilabel plate reader (Victor 3 PerkinElmer). Its fluorescence was quantified at λ = 615 nm (after excitation at λ = 531 nm), and its absorbance was monitored at λ = 570 nm. Cell cytotoxicity was evaluated in terms of cell growth inhibition in treated cultures and expressed as a percentage of the control conditions. Each experiment was repeated three times, and each concentration was tested in triplicate.



For cellular accumulation determination, HT-29 and HCT-116 cells on exponential growth were plated in 24-well plates at a density of 20,000 cells per well. Cells with exponential growth were plated 24-well plates, at a density of 20,000 cells per dish. Cells were grown overnight and treated with 5, 10, and 25 μg/mL of each nanoparticle for 3 h (untreated cells were used as negative controls). After treatment, cells were washed twice with PBS, detached with trypsin, resuspended, and lysed with PBS buffer with 1% of SDS. Fluorescence from lysates was measured in a Cary Eclipse fluorometer (samples were excited at 480 nm, and emission light was collected at 554 nm). The relative fluorescence of the samples was compared to the fluorescence of the nanoparticles in the medium before the treatment.



Cellular uptake experiments were also performed on HT-29 and HCT-116 cell lines. Cells with exponential growth were plated in MatTek® 35 mm dishes, at a density of 40,000 cells per dish. Cells were grown overnight and treated with 25 μg/mL of NANO3@D-CTX, NANO3@D-AZM, and NANO3@D-CTX+AZM for 3 h (untreated cells were used as negative controls). After treatment, cells were counter-stained with Hoechst and CellMask and observed in a Confocal Microscope Olympus FV1000.





4. Conclusions


In light of the current need for new non-invasive and targeting therapies against CRC, herein, we detail the successful synthesis of a new acetazolamide derivative (AZM-SH), with anti-hCA IX inhibitory activity, dual-cargo, and dual-targeting magneto fluorescent nanosystem (NANO3) as a possible vehicle for a new orally administered anti-CRC therapy. Beyond their already confirmed antimicrobial activity, through the inclusion of an OFLO-containing formulation and hyperthermia properties, the NANO3 systems showed consistent and competitive anti-tumoral activity against both tested CRC cell lines. The inclusion of CTX and AZM derivatives as targeting agents at the surface of NANO3 showed benefits for their uptake in HCT-116 and HT-29 cell lines, particularly those functionalized with AZM-SH. Moreover, an oral delivery approach was confirmed through a proof-of-concept modification of the drug-loaded nanoparticles, with the inclusion of a combinatory enteric coating of E-S100 and E-L100 successfully delaying the release in simulated gastric and small-intestine conditions and favouring it in colonic conditions.








Supplementary Materials


The supporting information can be downloaded at https://www.mdpi.com/article/10.3390/ijms24076612/s1.





Author Contributions


Conceptualization, G.A.M. and E.O.; methodology, G.A.M., D.M., R.M.-M., J.L., C.L. and E.O.; validation, G.A.M., D.M., J.G., E.O. and J.L.; formal analysis, G.A.M., D.M., R.M.-M., J.L., C.L. and E.O.; investigation, G.A.M., D.M. and E.O.; resources, R.M.-M., J.L.C.-M., J.L., C.L. and E.O.; data curation, G.A.M., D.M., J.G., E.O. and J.L.; writing—original draft preparation, G.A.M., J.G. and E.O.; writing—review and editing, all authors; visualization, G.A.M. and E.O.; supervision, C.L. and E.O.; project administration, C.L. and E.O.; funding acquisition, R.M.-M., J.L.C.-M., J.L., C.L. and E.O. All authors have read and agreed to the published version of the manuscript.




Funding


This work received financial support from PT national funds (FCT/MCTES, Fundação para a Ciência e Tecnologia and Ministério da Ciência, Tecnologia e Ensino Superior) through the projects UIDB/50006/2020 and UIDP/50006/2020. G.M. acknowledges the financial support by the Associate Laboratory Research Unit for Green Chemistry—Clean Processes and Technologies—LAQV, which is financed by national funds from FCT/MEC (UID/QUI/50006/2013) and co-financed by the ERDF under the PT2020 Partnership Agreement (POCI-01-0145-FEDER—007265), as well as the Scientific Society PROTEOMASS (Portugal) for funding support (General Funding Grant). G.M. and J.G. thank FCT/MEC (Portugal) for their doctoral grant PD/BD/142865/2018 and 2022.09495.BD, respectively. E.O. thanks FCT (Fundação para a Ciência e Tecnologia) for funding through the Scientific Employment Stimulus-Individual Call (Ref. CEECIND/00648/2017). J.L. acknowledges the funding received from the Ministerio de Ciencia, Innovación y Universidades, Spain, grant PID2021-127983OB-C22 funded by MCIN/AEI/10.13039/501100011033. RMM acknowledges the funding received from project PID2021-126304OB-C41 funded by MCIN/AEI /10.13039/501100011033/ and by European Regional Development Fund—A way of doing Europe and Generalitat Valenciana (CIPROM/2021/007).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available online within this article or in the Supplementary Materials.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Xi, Y.; Xu, P. Global Colorectal Cancer Burden in 2020 and Projections to 2040. Transl. Oncol. 2021, 14, 101174. [Google Scholar] [CrossRef] [PubMed]

	



Read, B.; Sylla, P. Aggressive Colorectal Cancer in the Young. Clin. Colon Rectal Surg. 2020, 33, 298–304. [Google Scholar] [CrossRef] [PubMed]

	



Van der Jeught, K.; Xu, H.C.; Li, Y.J.; Lu, X.B.; Ji, G. Drug Resistance and New Therapies in Colorectal Cancer. World J. Gastroenterol. 2018, 24, 3834–3848. [Google Scholar] [CrossRef] [PubMed]

	



Keum, N.N.; Giovannucci, E. Global Burden of Colorectal Cancer: Emerging Trends, Risk Factors and Prevention Strategies. Nat. Rev. Gastroenterol. Hepatol. 2019, 16, 713–732. [Google Scholar] [CrossRef] [PubMed]

	



Sharma, A.; Goyal, A.K.; Rath, G. Recent Advances in Metal Nanoparticles in Cancer Therapy. J. Drug Target. 2018, 26, 617–632. [Google Scholar] [CrossRef] [PubMed]

	



Xu, J.J.; Zhang, W.C.; Guo, Y.W.; Chen, X.Y.; Zhang, Y.N. Metal Nanoparticles as a Promising Technology in Targeted Cancer Treatment. Drug Deliv. 2022, 29, 664–678. [Google Scholar] [CrossRef]

	



Gao, L.; Yu, J.; Liu, Y.; Zhou, J.; Sun, L.; Wang, J.; Zhu, J.; Peng, H.; Lu, W.; Yu, L.; et al. Tumor-Penetrating Peptide Conjugated and Doxorubicin Loaded T1-T2 Dual Mode MRI Contrast Agents Nanoparticles for Tumor Theranostics. Theranostics 2018, 8, 92–108. [Google Scholar] [CrossRef]

	



Marcelo, G.A.; Montpeyo, D.; Novio, F.; Ruiz-Molina, D.; Lorenzo, J.; Oliveira, E. Luminescent Silicon-Based Nanocarrier for Drug Delivery in Colorectal Cancer Cells. Dye. Pigment. 2020, 181, 108393. [Google Scholar] [CrossRef]

	



Păduraru, D.N.; Ion, D.; Niculescu, A.G.; Mușat, F.; Andronic, O.; Grumezescu, A.M.; Bolocan, A. Recent Developments in Metallic Nanomaterials for Cancer Therapy, Diagnosing and Imaging Applications. Pharmaceutics 2022, 14, 435. [Google Scholar] [CrossRef]

	



Brar, B.; Ranjan, K.; Palria, A.; Kumar, R.; Ghosh, M.; Sihag, S.; Minakshi, P. Nanotechnology in Colorectal Cancer for Precision Diagnosis and Therapy. Front. Nanotechnol. 2021, 3, 66. [Google Scholar] [CrossRef]

	



Viswanath, B.; Kim, S.; Lee, K. Recent Insights into Nanotechnology Development for Detection and Treatment of Colorectal Cancer. Int. J. Nanomed. 2016, 11, 2491–2504. [Google Scholar]

	



Mboge, M.Y.; Mahon, B.P.; McKenna, R.; Frost, S.C. Carbonic Anhydrases: Role in PH Control and Cancer. Metabolites 2018, 8, 19. [Google Scholar] [CrossRef] [PubMed]

	



Supuran, C.T. Carbonic Anhydrases: Novel Therapeutic Applications for Inhibitors and Activators. Nat. Rev. Drug Discov. 2008, 7, 168–181. [Google Scholar] [CrossRef] [PubMed]

	



Supuran, C.T. Carbonic Anhydrase Inhibitors as Emerging Agents for the Treatment and Imaging of Hypoxic Tumors. Expert Opin. Investig. Drugs 2018, 27, 963–970. [Google Scholar] [CrossRef]

	



Dubois, L.; Peeters, S.; Lieuwes, N.G.; Geusens, N.; Thiry, A.; Wigfield, S.; Carta, F.; McIntyre, A.; Scozzafava, A.; Dogné, J.M.; et al. Specific Inhibition of Carbonic Anhydrase IX Activity Enhances the in Vivo Therapeutic Effect of Tumor Irradiation. Radiother. Oncol. 2011, 99, 424–431. [Google Scholar] [CrossRef]

	



Swietach, P.; Wigfield, S.; Cobden, P.; Supuran, C.T.; Harris, A.L.; Vaughan-Jones, R.D. Tumor-Associated Carbonic Anhydrase 9 Spatially Coordinates Intracellular PH in Three-Dimensional Multicellular Growths. J. Biol. Chem. 2008, 283, 20473–20483. [Google Scholar] [CrossRef]

	



Pastorekova, S.; Gillies, R.J. The Role of Carbonic Anhydrase IX in Cancer Development: Links to Hypoxia, Acidosis, and Beyond. Cancer Metastasis Rev. 2019, 38, 65–77. [Google Scholar] [CrossRef]

	



Boonstra, M.C.; de Geus, S.W.L.; Prevoo, H.A.J.M.; Hawinkels, L.J.A.C.; van de Velde, C.J.H.; Kuppen, P.J.K.; Vahrmeijer, A.L.; Sier, C.F.M. Selecting Targets for Tumor Imaging: An Overview of Cancer-Associated Membrane Proteins. Biomark. Cancer 2016, 8, 119–133. [Google Scholar] [CrossRef]

	



Tupá, V.; Drahošová, S.; Grendár, M.; Adamkov, M. Expression and Association of Carbonic Anhydrase IX and Cyclooxygenase-2 in Colorectal Cancer. Pathol. Res. Pract. 2019, 215, 705–711. [Google Scholar] [CrossRef]

	



Korkeila, E.; Talvinen, K.; Jaakkola, P.M.; Minn, H.; Syrjänen, K.; Sundström, J.; Pyrhönen, S. Expression of Carbonic Anhydrase IX Suggests Poor Outcome in Rectal Cancer. Br. J. Cancer 2009, 100, 874. [Google Scholar] [CrossRef]

	



Karakuş, F.; Eyol, E.; Yılmaz, K.; Ünüvar, S. In Vitro Effect of Carbonic Anhydrase Inhibitor Acetazolamide on Cell Viability, Migration and Colony Formation of Colorectal Cancer Cells. Biologia 2018, 73, 621–628. [Google Scholar] [CrossRef]

	



Kasimoǧullari, R.; Bülbül, M.; Günhan, H.; Güleryüz, H. Effects of New 5-Amino-1,3,4-Thiadiazole-2-Sulfonamide Derivatives on Human Carbonic Anhydrase Isozymes. Bioorg. Med. Chem. 2009, 17, 3295–3301. [Google Scholar] [CrossRef] [PubMed]

	



Kasmoullar, R.; Bülbül, M.; Arslan, B.S.; Göke, B. Synthesis, Characterization and Antiglaucoma Activity of Some Novel Pyrazole Derivatives of 5-Amino-1,3,4-Thiadiazole-2-Sulfonamide. Eur. J. Med. Chem. 2010, 45, 4769–4773. [Google Scholar] [CrossRef] [PubMed]

	



Bülbül, M.; Kasimoǧullari, R.; Küfrevǐoǧlu, I. Amide Derivatives with Pyrazole Carboxylic Acids of 5-Amino-1,3, 4-Thiadiazole 2-Sulfonamide as New Carbonic Anhydrase Inhibitors: Synthesis and Investigation of Inhibitory Effects. J. Enzyme Inhib. Med. Chem. 2008, 23, 895–900. [Google Scholar] [CrossRef] [PubMed]

	



Büyükkidan, N.; Bülbül, M.; Kasimoǧullari, R.; Büyükkidan, B. Synthesis and Characterization of Metal Complexes of Heterocyclic Sulfonamide as Carbonic Anhydrase Inhibitors. J. Enzyme Inhib. Med. Chem. 2012, 28, 311–315. [Google Scholar] [CrossRef] [PubMed]

	



De Simone, G.; Vitale, R.M.; di Fiore, A.; Pedone, C.; Scozzafava, A.; Montero, J.L.; Winum, J.Y.; Supuran, C.T. Carbonic Anhydrase Inhibitors: Hypoxia-Activatable Sulfonamides Incorporating Disulfide Bonds That Target the Tumor-Associated Isoform IX. J. Med. Chem. 2006, 49, 5544–5551. [Google Scholar] [CrossRef] [PubMed]

	



Chrastina, A.; Závada, J.; Parkkila, S.; Kaluz, Š.; Kaluzová, M.; Rajčáni, J.; Pastorek, J.; Pastoreková, S. Biodistribution and Pharmacokinetics of 125I-Labeled Monoclonal Antibody M75 Specific for Carbonic Anhydrase IX, an Intrinsic Marker of Hypoxia, in Nude Mice Xenografted with Human Colorectal Carcinoma. Int. J. Cancer 2003, 105, 873–881. [Google Scholar] [CrossRef]

	



Supuran, C.T.; Winum, J.Y. Carbonic Anhydrase IX Inhibitors in Cancer Therapy: An Update. Future Med. Chem. 2015, 7, 1407–1414. [Google Scholar] [CrossRef]

	



Xie, Y.H.; Chen, Y.X.; Fang, J.Y. Comprehensive Review of Targeted Therapy for Colorectal Cancer. Signal Transduct. Target. Ther. 2020, 5, 22. [Google Scholar] [CrossRef]

	



García-Foncillas, J.; Sunakawa, Y.; Aderka, D.; Wainberg, Z.; Ronga, P.; Witzler, P.; Stintzing, S. Distinguishing Features of Cetuximab and Panitumumab in Colorectal Cancer and Other Solid Tumors. Front. Oncol. 2019, 9, 849. [Google Scholar] [CrossRef]

	



El Hallal, R.; Lyu, N.; Wang, Y. Effect of Cetuximab-Conjugated Gold Nanoparticles on the Cytotoxicity and Phenotypic Evolution of Colorectal Cancer Cells. Molecules 2021, 26, 567. [Google Scholar] [CrossRef]

	



Liszbinski, R.B.; Romagnoli, G.G.; Gorgulho, C.M.; Basso, C.R.; Pedrosa, V.A.; Kaneno, R. Anti-EGFR-Coated Gold Nanoparticles in vitro Carry 5-Fluorouracil to Colorectal Cancer Cells. Materials 2020, 13, 375. [Google Scholar] [CrossRef] [PubMed]

	



Chen, R.; Huang, Y.; Wang, L.; Zhou, J.; Tan, Y.; Peng, C.; Yang, P.; Peng, W.; Li, J.; Gu, Q.; et al. Cetuximab Functionalization Strategy for Combining Active Targeting and Antimigration Capacities of a Hybrid Composite Nanoplatform Applied to Deliver 5-Fluorouracil: Toward Colorectal Cancer Treatment. Biomater. Sci. 2021, 9, 2279–2294. [Google Scholar] [CrossRef] [PubMed]

	



Marcelo, G.A.; Galhano, J.; Robalo, T.T.; Cruz, M.M.; Marcos, M.D.; Martínez-Máñez, R.; Duarte, M.P.; Capelo-Martínez, J.L.; Lodeiro, C.; Oliveira, E. Magneto-Fluorescent Mesoporous Nanocarriers for the Dual-Delivery of Ofloxacin and Doxorubicin to Tackle Opportunistic Bacterial Infections in Colorectal Cancer. Int. J. Mol. Sci. 2022, 23, 12287. [Google Scholar] [CrossRef] [PubMed]

	



Wen, H.; Park, K. Oral Controlled Release Formulation Design and Drug Delivery: Theory to Practice; John Wiley & Sons: Hoboken, NJ, USA, 2010. [Google Scholar] [CrossRef]

	



Hickey, A.J. Emerging Trends in Inhaled Drug Delivery. Adv. Drug Deliv. Rev. 2020, 157, 63–70. [Google Scholar] [CrossRef]

	



Urbanska, A.M.; Zhang, X.; Prakash, S. Bioengineered Colorectal Cancer Drugs: Orally Delivered Anti-Inflammatory Agents. Cell Biochem. Biophys. 2015, 72, 757–769. [Google Scholar] [CrossRef]

	



Kwakman, J.J.M.; Punt, C.J.A. Oral Drugs in the Treatment of Metastatic Colorectal Cancer. Expert Opin. Pharmacother. 2016, 17, 1351–1361. [Google Scholar] [CrossRef]

	



Ying, K.; Bai, B.; Gao, X.; Xu, Y.; Wang, H.; Xie, B. Orally Administrable Therapeutic Nanoparticles for the Treatment of Colorectal Cancer. Front. Bioeng. Biotechnol. 2021, 9, 480. [Google Scholar] [CrossRef]

	



Kotla, N.G.; Rana, S.; Sivaraman, G.; Sunnapu, O.; Vemula, P.K.; Pandit, A.; Rochev, Y. Bioresponsive Drug Delivery Systems in Intestinal Inflammation: State-of-the-Art and Future Perspectives. Adv. Drug Deliv. Rev. 2019, 146, 248–266. [Google Scholar] [CrossRef]

	



Maderuelo, C.; Lanao, J.M.; Zarzuelo, A. Enteric Coating of Oral Solid Dosage Forms as a Tool to Improve Drug Bioavailability. Eur. J. Pharm. Sci. 2019, 138, 105019. [Google Scholar] [CrossRef]

	



Cazzamalli, S.; Dal Corso, A.; Neri, D. Acetazolamide Serves as Selective Delivery Vehicle for Dipeptide-Linked Drugs to Renal Cell Carcinoma. Mol. Cancer Ther. 2016, 15, 2926–2935. [Google Scholar] [CrossRef] [PubMed]

	



Kasimoǧullari, R.; Bülbül, M.; Mert, S.; Güleryüz, H. Synthesis of 5-Amino-1,3,4-Thiadiazole-2-Sulphonamide Derivatives and Their Inhibition Effects on Human Carbonic Anhydrase Isozymes. J. Enzyme Inhib. Med. Chem. 2011, 26, 231–237. [Google Scholar] [CrossRef]

	



Karcz, D.; Matwijczuk, A.; Kamiński, D.; Creaven, B.; Ciszkowicz, E.; Lecka-Szlachta, K.; Starzak, K. Structural Features of 1,3,4-Thiadiazole-Derived Ligands and Their Zn(II) and Cu(II) Complexes Which Demonstrate Synergistic Antibacterial Effects with Kanamycin. Int. J. Mol. Sci. 2020, 21, 5735. [Google Scholar] [CrossRef]

	



Mohammed, S.J.; Salih, A.K.; Rashid, M.A.M.; Omer, K.M.; Abdalkarim, K.A. Synthesis, Spectroscopic Studies and Keto-Enol Tautomerism of Novel 1,3,4-Thiadiazole Derivative Containing 3-Mercaptobutan-2-One and Quinazolin-4-One Moieties. Molecules 2020, 25, 5441. [Google Scholar] [CrossRef] [PubMed]

	



Antonaroli, S.; Bianco, A.; Brufani, M.; Baido, L.; Rende, G.; Potier, E. Acetazolamide-Related Compounds, Process for Their Preparation, and Pharmaceutical Composition Containing the Same. U.S. Patent US5010204A, 23 April 1991. [Google Scholar]

	



Schuetze, B.; Mayer, C.; Loza, K.; Gocyla, M.; Heggen, M.; Epple, M. Conjugation of Thiol-Terminated Molecules to Ultrasmall 2 Nm-Gold Nanoparticles Leads to Remarkably Complex 1 H-NMR Spectra. J. Mater. Chem. B 2016, 4, 2179–2189. [Google Scholar] [CrossRef] [PubMed]

	



Ozel, A.E.; Gunduz, S.K.; Celik, S.; Akyuz, S. Structural and Vibrational Study on Monomer and Dimer Forms and Water Clusters of Acetazolamide. J. Spectrosc. 2013, 2013, 538917. [Google Scholar] [CrossRef]

	



Chaturvedi, D.; Gupta, V.; Tandon, P.; Sharma, A.; Baraldi, C.; Gamberini, M.C. Intermolecular Charge Transfer and Vibrational Analysis of Hydrogen Bonding in Acetazolamide. Spectrochim. Acta A Mol. Biomol. Spectrosc. 2012, 99, 150–159. [Google Scholar] [CrossRef]

	



Baraldi, C.; Gamberini, M.C.; Tinti, A.; Palazzoli, F.; Ferioli, V. Vibrational Study of Acetazolamide Polymorphism. J. Mol. Struct. 2009, 918, 88–96. [Google Scholar] [CrossRef]

	



Camí, G.E.; Chufán, E.E.; Pedregosa, J.C.; Varetti, E.L. Infrared and Raman Spectra of 5-Amino-1,3,4-Thiadiazole-2-Sulfonamide (Hats). Experimental Data and Quantum Chemistry Calculations. J. Mol. Struct. 2001, 570, 119–127. [Google Scholar] [CrossRef]

	



Coates, J. Interpretation of Infrared Spectra, A Practical Approach. In Encyclopedia of Analytical Chemistry; John Wiley & Sons Ltd.: Chichester, UK, 2006. [Google Scholar] [CrossRef]

	



Alterio, V.; Hilvo, M.; di Fiore, A.; Supuran, C.T.; Pan, P.; Parkkila, S.; Scaloni, A.; Pastorek, J.; Pastorekova, S.; Pedone, C.; et al. Crystal Structure of the Catalytic Domain of the Tumor-Associated Human Carbonic Anhydrase IX. Proc. Natl. Acad. Sci. USA 2009, 106, 16233–16238. [Google Scholar] [CrossRef]

	



Santos-Martins, D.; Forli, S.; Ramos, M.J.; Olson, A.J. AutoDock4Zn: An Improved AutoDock Force Field for Small-Molecule Docking to Zinc Metalloproteins. J. Chem. Inf. Model. 2014, 54, 2371–2379. [Google Scholar] [CrossRef] [PubMed]

	



Innocenti, A.; Vullo, D.; Scozzafava, A.; Supuran, C.T. Carbonic Anhydrase Inhibitors: Inhibition of Mammalian Isoforms I-XIV with a Series of Substituted Phenols Including Paracetamol and Salicylic Acid. Bioorg. Med. Chem. 2008, 16, 7424–7428. [Google Scholar] [CrossRef] [PubMed]

	



Fisher, S.Z.; Aggarwal, M.; Kovalevsky, A.Y.; Silverman, D.N.; McKenna, R. Neutron Diffraction of Acetazolamide-Bound Human Carbonic Anhydrase II Reveals Atomic Details of Drug Binding. J. Am. Chem. Soc. 2012, 134, 14726–14729. [Google Scholar] [CrossRef] [PubMed]

	



Demir-Yazici, K.; Bua, S.; Akgünes, N.M.; Akdemir, A.; Supuran, C.T.; Güzel-Akdemir, Ö. Indole-Based Hydrazones Containing a Sulfonamide Moiety as Selective Inhibitors of Tumor-Associated Human Carbonic Anhydrase Isoforms Ix and Xii. Int. J. Mol. Sci. 2019, 20, 2354. [Google Scholar] [CrossRef]

	



Friedl, J.D.; Nele, V.; de Rosa, G.; Bernkop-Schnürch, A. Bioinert, Stealth or Interactive: How Surface Chemistry of Nanocarriers Determines Their Fate In Vivo. Adv. Funct. Mater. 2021, 31, 2103347. [Google Scholar] [CrossRef]

	



Hock, N.; Racaniello, G.F.; Aspinall, S.; Denora, N.; Khutoryanskiy, V.V.; Bernkop-Schnürch, A. Thiolated Nanoparticles for Biomedical Applications: Mimicking the Workhorses of Our Body. Adv. Sci. 2022, 9, 2102451. [Google Scholar] [CrossRef]

	



Winther, J.R.; Thorpe, C. Quantification of Thiols and Disulfides. Biochim. Biophys. Acta Gen. Subj. 2014, 1840, 838–846. [Google Scholar] [CrossRef]

	



Acevedo-León, D.; Monzó-Beltrán, L.; Gómez-Abril, S.Á.; Estañ-Capell, N.; Camarasa-Lillo, N.; Pérez-Ebri, M.L.; Escandón-álvarez, J.; Alonso-Iglesias, E.; Santaolaria-Ayora, M.L.; Carbonell-Moncho, A.; et al. The Effectiveness of Glutathione Redox Status as a Possible Tumor Marker in Colorectal Cancer. Int. J. Mol. Sci. 2021, 22, 6183. [Google Scholar] [CrossRef]

	



Aitken, A.; Learmonth, M. Estimation of Disulfide Bonds Using Ellman’s Reagent. In The Protein Protocols Handbook; Humana Press: Totowa, NJ, USA, 2009; pp. 1053–1055. [Google Scholar]

	



Fülöp, Z.; Gref, R.; Loftsson, T. A Permeation Method for Detection of Self-Aggregation of Doxorubicin in Aqueous Environment. Int. J. Pharm. 2013, 454, 559–561. [Google Scholar] [CrossRef]

	



Van Wieren, E.M.; Seymour, M.D.; Peterson, J.W. Interaction of the Fluoroquinolone Antibiotic, Ofloxacin, with Titanium Oxide Nanoparticles in Water: Adsorption and Breakdown. Sci. Total Environ. 2012, 441, 1–9. [Google Scholar] [CrossRef]

	



Shen, J.; He, Q.; Gao, Y.; Shi, J.; Li, Y. Mesoporous Silica Nanoparticles Loading Doxorubicin Reverse Multidrug Resistance: Performance and Mechanism. Nanoscale 2011, 3, 4314. [Google Scholar] [CrossRef] [PubMed]

	



Merle, P.; Blanc, J.F.; Phelip, J.M.; Pelletier, G.; Bronowicki, J.P.; Touchefeu, Y.; Pageaux, G.; Gerolami, R.; Habersetzer, F.; Nguyen-Khac, E.; et al. Doxorubicin-Loaded Nanoparticles for Patients with Advanced Hepatocellular Carcinoma after Sorafenib Treatment Failure (RELIVE): A Phase 3 Randomised Controlled Trial. Lancet Gastroenterol. Hepatol. 2019, 4, 454–465. [Google Scholar] [CrossRef] [PubMed]

	



Marcelo, G.A.; Duarte, M.P.; Oliveira, E. Gold@mesoporous Silica Nanocarriers for the Effective Delivery of Antibiotics and By-Passing of β-Lactam Resistance. SN Appl. Sci. 2020, 2, 1354. [Google Scholar] [CrossRef]

	



Nuti, S.; Fernández-Lodeiro, J.; del Secco, B.; Rampazzo, E.; Rodríguez-González, B.; Capelo, J.L.; Silva, V.; Igrejas, G.; Poeta, P.; Torres, C.; et al. Engineered Nanostructured Materials for Ofloxacin Delivery. Front. Chem. 2018, 6, 554. [Google Scholar] [CrossRef]

	



Traverso, N.; Ricciarelli, R.; Nitti, M.; Marengo, B.; Furfaro, A.L.; Pronzato, M.A.; Marinari, U.M.; Domenicotti, C. Role of Glutathione in Cancer Progression and Chemoresistance. Oxid. Med. Cell. Longev. 2013, 2013, 972913. [Google Scholar] [CrossRef] [PubMed]

	



Barranco, S.C.; Perry, R.R.; Durm, M.E.; Quraishi, M.; Werner, A.L.; Gregorcyk, S.G.; Kolm, P. Relationship between Colorectal Cancer Glutathione Levels and Patient Survival: Early Results. Dis. Colon Rectum 2000, 43, 1133–1140. [Google Scholar] [CrossRef] [PubMed]

	



Wathoni, N.; Nguyen, A.N.; Rusdin, A.; Umar, A.K.; Mohammed, A.F.A.; Motoyama, K.; Joni, I.M.; Muchtaridi, M. Enteric-Coated Strategies in Colorectal Cancer Nanoparticle Drug Delivery System. Drug Des. Dev. Ther. 2020, 14, 4387–4405. [Google Scholar] [CrossRef]

	



Barbosa, J.A.C.; Abdelsadig, M.S.E.; Conway, B.R.; Merchant, H.A. Using Zeta Potential to Study the Ionisation Behaviour of Polymers Employed in Modified-Release Dosage Forms and Estimating Their PKa. Int. J. Pharm. X 2019, 1, 100024. [Google Scholar] [CrossRef]

	



Hadi, M.A.; Raghavendra Rao, N.G.; Srinivasa Rao, A. Formulation and Evaluation of PH-Responsive Mini-Tablets for Ileo-Colonic Targeted Drug Delivery. Trop. J. Pharm. Res. 2014, 13, 1021–1029. [Google Scholar] [CrossRef]

	



Khan, M.Z.I.; Štedul, H.P.; Kurjaković, N. A PH-Dependent Colon-Targeted Oral Drug Delivery System Using Methacrylic Acid Copolymers. II. Manipulation of Drug Release Using Eudragit® L100 and Eudragit S100 Combinations. Drug Dev. Ind. Pharm. 2000, 26, 549–554. [Google Scholar] [CrossRef]

	



Qu, Z.; Wong, K.Y.; Moniruzzaman, M.; Begun, J.; Santos, H.A.; Hasnain, S.Z.; Kumeria, T.; McGuckin, M.A.; Popat, A. One-Pot Synthesis of PH-Responsive Eudragit-Mesoporous Silica Nanocomposites Enable Colonic Delivery of Glucocorticoids for the Treatment of Inflammatory Bowel Disease. Adv. Ther. 2021, 4, 2000165. [Google Scholar] [CrossRef]

	



Cui, Y.; Zhang, Y.; Tang, X. In Vitro and in Vivo Evaluation of Ofloxacin Sustained Release Pellets. Int. J. Pharm. 2008, 360, 47–52. [Google Scholar] [CrossRef] [PubMed]

	



Li, C.F.; Li, Y.C.; Chen, L.B.; Wang, Y.; Sun, L.B. Doxorubicin-Loaded Eudragit-Coated Chitosan Nanoparticles in the Treatment of Colon Cancers. J. Nanosci. Nanotechnol. 2016, 16, 6773–6780. [Google Scholar] [CrossRef]

	



He, K.; Du, X.; Sheng, W.; Zhou, X.; Wang, J.; Wang, S. Crystal Structure of the Fab Fragment of an Anti-Ofloxacin Antibody and Exploration of Its Specific Binding. J. Agric. Food Chem. 2016, 64, 6773–6780. [Google Scholar] [CrossRef]

	



Marcelo, G.; Ariana-Machado, J.; Enea, M.; Carmo, H.; Rodríguez-González, B.; Luis Capelo, J.; Lodeiro, C.; Oliveira, E. Toxicological Evaluation of Luminescent Silica Nanoparticles as New Drug Nanocarriers in Different Cancer Cell Lines. Materials 2018, 11, 1310. [Google Scholar] [CrossRef]

	



Omar, H.; Croissant, J.G.; Alamoudi, K.; Alsaiari, S.; Alradwan, I.; Majrashi, M.A.; Anjum, D.H.; Martins, P.; Laamarti, R.; Eppinger, J.; et al. Biodegradable Magnetic Silica@Iron Oxide Nanovectors with Ultra-Large Mesopores for High Protein Loading, Magnetothermal Release, and Delivery. J. Control. Release 2017, 259, 187–194. [Google Scholar] [CrossRef]

	



Bronchud, M.H.; Margison, J.M.; Howell, A.; Lind, M.; Lucas, S.B.; Wilkinson, P.M. Comparative Pharmacokinetics of Escalating Doses of Doxorubicin in Patients with Metastatic Breast Cancer. Cancer Chemother. Pharmacol. 1990, 25, 435–439. [Google Scholar] [CrossRef]

	



Lai, C.; Cole, D.; Steinberg, S.M.; Lucas, A.N.; Dombi, E.; Melani, C.; Roschewski, M.J.; Balis, F.M.; Widemann, B.C.; Wilson, W.H. Doxorubicin Pharmacokinetics and Toxicity in Patients with Aggressive Lymphoma and Hepatic Impairment. Blood Adv. 2022, 7, 529–532. [Google Scholar] [CrossRef]

	



Wihlm, J.; Jm, L.; Levêque, D.; Duclos, B.; Dufour, P.; Jp, B.; Methlin, G. Pharmacokinetic Profile of High-Dose Doxorubicin Administered during a 6 h Intravenous Infusion in Breast Cancer Patients. Bull. Cancer 1997, 84, 603–608. (In French) [Google Scholar]

	



Kandula, M. Compositions and Methods for Suppression of Carbonic Anhydrase Activity. U.S. Patent US9284287B1, 15 March 2016. [Google Scholar]

	



Mohapatra, S.; Sahu, S.; Sinha, N.; Bhutia, S.K. Synthesis of a Carbon-Dot-Based Photoluminescent Probe for Selective and Ultrasensitive Detection of Hg2+in Water and Living Cells. Analyst 2015, 140, 1221–1228. [Google Scholar] [CrossRef]

	



Bolla, G.; Nangia, A. Binary and Ternary Cocrystals of Sulfa Drug Acetazolamide with Pyridine Carboxamides and Cyclic Amides. IUCrJ 2016, 3, 152–160. [Google Scholar] [CrossRef] [PubMed]

	



O’Boyle, N.M.; Banck, M.; James, C.A.; Morley, C.; Vandermeersch, T.; Hutchison, G.R. Open Babel: An Open Chemical Toolbox. J. Cheminform. 2011, 3, 33. [Google Scholar] [CrossRef] [PubMed]

	



Morris, G.M.; Ruth, H.; Lindstrom, W.; Sanner, M.F.; Belew, R.K.; Goodsell, D.S.; Olson, A.J. AutoDock4 and AutoDockTools4: Automated Docking with Selective Receptor Flexibility. J. Comput. Chem. 2009, 30, 2785–2791. [Google Scholar] [CrossRef] [PubMed]

	



Pettersen, E.F.; Goddard, T.D.; Huang, C.C.; Couch, G.S.; Greenblatt, D.M.; Meng, E.C.; Ferrin, T.E. UCSF Chimera—A Visualization System for Exploratory Research and Analysis. J. Comput. Chem. 2004, 25, 1605–1612. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 24 06612 sch001 550] 





Scheme 1. Synthetic workflow on the preparation of N-(5-sulfamoyl-1,3,4-thiadiazol-2-yl)-3-sulfanylpropanamide (AZM-SH) salt. Numbering system of atom (blue) used for the assignment of 1H and 13C NMR chemical shifts. 
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Figure 1. (a) Stacked 1H NMR spectra of AZM, AZM-NH2 AZM-SH (DMSO-d6, 400 MHz), for δ between 6 and 14 ppm. (b) AZM-SH structure and atom number assignment. (c) Close-up of the 1H NMR spectrum of AZM-SH (CD3CN, 400 MHz) and chemical shift assignment of sulfanylpropanamide C(2) and C(3) protons, seen as two crossed doublet-triplet (dt) signals. 
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Figure 2. Suggested (I) head-head and (II) head-tail dimeric conformations of AZM-SH attained via hydrogen bonding. 
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Figure 3. (a) Tetrahedral zinc geometry, with TZ pseudo-atom located at the unoccupied corner of the ideal coordination tetrahedral geometry. (b) AZM-SH zinc coordination via NA (nitrogen acceptor) atom-type interaction with the attractive component (TZ pseudo-atom) of the zinc ion. (c) CAs relative activity in the presence of AZM-SH and respective Boltzmann regression for the determination of its IC50. Docking performances for similar conformational modulations, using AutoDock4 and AutoDock4Zn forcefields. 
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Figure 4. (a) DLS hydrodynamic diameter of NANO2 to NANO3-SH systems; (b) respective surface ζ; (c) molecular interaction of Ellman’s reagent with thiol moieties and corresponding spectroscopic response in obtained supernatants (i.e., absorbance band red shift to 412 nm) upon the formation of TNB-free species; NANO3-SH systems spectroscopic signature upon thiol determination and activation. 
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Figure 5. (a) Ofloxacin (OFLO) and (b) doxorubicin (DOX) pH-stimulated release profiles from NANO@O-SH, NANO@DO-SH and NANO@D-SH, at pH 7.4 and 5.0, with the latter significantly boosting DOX release; (c) simulated digestive track release from enteric-coated NANO3@drugs systems (n = 3), with medium pH and exposure time fitting the biological conditions of the selected sections of the digestive tract (yellow—stomach; blue—small intestine; green—colon). 
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Figure 6. (a) Western blot for the overexpression levels of EGFR and CA IX in HCT-166 and HT-29 CRC cell lines; (b) IC50 values of biofunctionalized NANO3 and NANO3@drugs against HCT-116 and HT29 CRC cell lines, for 72 h. Concentrations are given as equivalent DOX concentrations (in µM); (c) internalization rates of different biofunctionalized NANO3@D systems, at different equivalent DOX concentrations (5, 10, and 25 µM) in HCT-116 and HT-29 CRC cell lines. Internalization rates given as the relative fluorescence of the samples against the fluorescence of the nanoparticles in the medium before treatment (excitation at 480 nm, emission collected at 550 nm); (d) LCSM images (images scale = 10 µm) of HCT-116 and HT-29 cell lines treated for 3 h with NANO3@D-CTX and NANO3@D-AZM, according to their specific overexpressed targets (untreated cells were used as negative controls). 






Figure 6. (a) Western blot for the overexpression levels of EGFR and CA IX in HCT-166 and HT-29 CRC cell lines; (b) IC50 values of biofunctionalized NANO3 and NANO3@drugs against HCT-116 and HT29 CRC cell lines, for 72 h. Concentrations are given as equivalent DOX concentrations (in µM); (c) internalization rates of different biofunctionalized NANO3@D systems, at different equivalent DOX concentrations (5, 10, and 25 µM) in HCT-116 and HT-29 CRC cell lines. Internalization rates given as the relative fluorescence of the samples against the fluorescence of the nanoparticles in the medium before treatment (excitation at 480 nm, emission collected at 550 nm); (d) LCSM images (images scale = 10 µm) of HCT-116 and HT-29 cell lines treated for 3 h with NANO3@D-CTX and NANO3@D-AZM, according to their specific overexpressed targets (untreated cells were used as negative controls).



[image: Ijms 24 06612 g006]







[image: Ijms 24 06612 sch002 550] 





Scheme 2. Structures of nanoparticles NANO2-COOH, NANO3, and NANO3-SH. 
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Table 1. Summary of all final NANO3 formulations, with drug and targeting species content.
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Drug Loading

	
Biofunctionalization




	
Sample

	
NANO3

(mg)

	
DOX (mg/gNANO)

	
OFLOX (mg/gNANO)

	
CTX (mg/gNANO)

	
AZM-SH (mg/gNANO)

	
CTX (#/NANO)

	
AZM-SH (#/NANO)






	
NANO3-CTX

	
5.0

	
-

	
-

	
13.65

	
-

	
5.54

	
-




	
NANO3-AZM

	
5.0

	
-

	
-

	
-

	
0.27

	
-

	
58.91




	
NANO3-CTX+AZM

	
5.0

	
-

	
-

	
5.62

	
0.33

	
2.28

	
72.39




	
NANO3@D-CTX

	
5.0

	
278.5

	
-

	
14.12

	
-

	
5.73

	
-




	
NANO3@D-AZM

	
5.0

	
278.5

	
-

	
-

	
0.32

	
-

	
69.85




	
NANO3@D-CTX+AZM

	
5.0

	
278.5

	
-

	
7.05

	
0.22

	
2.86

	
47.64




	
NANO3@DO-CTX

	
5.0

	
274.0

	
140.0

	
8.38

	
-

	
3.40

	
-




	
NANO3@DO-AZM

	
5.0

	
274.0

	
140.0

	
-

	
0.48

	
-

	
106.87




	
NANO3@DO-CTX+AZM

	
5.0

	
274.0

	
140.0

	
11.18

	
0.61

	
4.54

	
133.80




	
NANO3@O-CTX

	
5.0

	
-

	
182.8

	
9.76

	
-

	
3.96

	
-




	
NANO3@O-AZM

	
5.0

	
-

	
182.8

	
-

	
0.42

	
-

	
93.41




	
NANO3@O-CTX+AZM

	
5.0

	
-

	
182.8

	
6.13

	
0.35

	
2.49

	
77.97








All samples were resuspended in 1 mL PBS 0.01 M (pH 7.4) and then dried under vacuum. #/NANO is equivalent to the number of molecules per nanoparticle.
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