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Abstract

:

LY2157299 (LY), which is very small molecule bringing high cancer diffusion, is a pathway antagonist against TGFβ. LY dosage can be diluted by blood plasma, can be captured by immune system or it might be dissolved during digestion in gastrointestinal tract. The aim of our study is to optimize a “nano-elastic” carrier to avoid acidic pH of gastrointestinal tract, colon alkaline pH, and anti-immune recognition. Polygalacturonic acid (PgA) is not degradable in the gastrointestinal tract due to its insolubility at acidic pH. To avoid PgA solubility in the colon, we have designed its conjugation with Polyacrylic acid (PAA). PgA-PAA conjugation has enhanced their potential use for oral and injected dosage. Following these pre-requisites, novel polymeric nano-micelles derived from PgA-PAA conjugation and loading LY2157299 are developed and characterized. Efficacy, uptake and targeting against a hepatocellular carcinoma cell line (HLF) have also been demonstrated.
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1. Introduction


Encapsulation of cancer drugs in a single carrier has become one of interesting topic, especially for those drugs that have an inhibitor effect on signaling pathways. The toxicity of cancer therapy can cause major complications on normal cells, such as low white-blood-cell counts or heart failure that necessitate cessation of treatment [1] and might impair the physiological functions of other organ. The main challenges that are associated with existing cancer treatments are principally related to how therapy can be localized into tumor sites.



Polymeric micelles assembled by hydrophobic–hydrophilic polymers have proved to be highly effective drug delivery vehicles [2,3,4,5,6], because they increase drug solubility, reduce toxicity, increase circulation time, enhance tissue penetration, and have targeting ability [7,8,9,10]. Fabrication of nano-micelles was assessed on fact that the mechanical properties of poly galacturonic acid (PgA) can be modified by combination with a second polymer [11]. Besides, PgA is not able to be degraded in the upper gastrointestinal tract due to its insolubility at acidic pH and is high soluble in colon. Hence, PgA-PAA micelles might cross GI with no destruction. After that, PgA-PAA micelles will be absorbed into the blood stream from through small intestine. Nano micelles will be driven into liver cells through blood stream. The strategy of this study is to avoid PgA solubility in the colon by its combination with polyacrylic acid (PAA). It is thought that inhibition of the signaling pathway of TGFβ might create potential therapeutic agent in modern cancer treatment [12]. Among many TGFβ inhibitors that have used previously [13] against hepatocellular carcinoma cell line (specifically HLF) there is LY2157299 (LY), a very small molecule having high tumor diffusion. It can block signalling through the heteromeric TGFβ receptor complex to reduce the levels of active phosphorylated small mother against decapentaplegic (SMAD) [14]. The issue of its dosage is that it can be diluted by blood plasma, engulfed by immune system or it might be lost during digestion in gastrointestinal tract. Additionally, it can induce resistance by cancer cells. The oral routine is the most accepted methods among many dosage administrations because of its simplicity, convenience, and patient acceptance, especially in the case of repeated dosing for chronic therapy. For this reason our aim was to optimize “nano-elastic” carriers having ability to avoid acidic pH of upper gastrointestinal tract, alkaline pH of colon, anti-immune recognition, targeted for cancer cells, having high diffusion, and high drug capacity. The second goal was to encapsulate LY and to investigate changes of Golgi apparatus morphology after inhibition of TGFβ1, since it is known that Golgi apparatus is the main TGFβ1 pro-peptide [15]. This second part will be the subject of a future follow-up article.




2. Results


2.1. Physical Properties of PgA and PAA


Polygalacturonic acid (PgA) is a natural polymer having a heterogeneous structure that is bonded via α (1 → 4) glycosidic linkage. PgA has limited dissolution at both distilled water, PBS (pH: 7.3), and acidic distilled water (pH: 3), resulting in white turbidity (e.g., see Figure 1A,C,D). This result is compatible with its hydrophobic properties [16,17]. In this sense, PgA is not degraded in upper gastrointestinal tract due to its insolubility in acidic condition [18]. Contrarily, PgA can be dissolved in alkaline distilled water (pH 10), forming clear yellow greenish color (see Figure 1B). In this case, polyacrylic acid (PAA) could be an interesting polymer to be combined with PgA.



Poly (acrylic) acid (PAA) is a hydrophilic polymer [19], with random coils on its chains consisting of only thermal blobs. These coils have swelling properties under ionic and salt strength that lead to extend its chain in alkaline solution (e.g., see scheme of PAA coils) [20]. The extendable and shrinkable properties at alkaline and acidic pH (for example see Figure 1i,ii) are the main physical properties of PAA (e.g., see Figure 1i,ii) [20,21,22,23]. The reason of these properties is due to its hydrogel PAA compounds that can answer to pH changes [24,25,26]. In hydrated media of appropriate pH and ionic strength, the carboxylic groups develop and ionize fixed charges on the polymeric network, thus producing electrostatic repulsive forces that are responsible for pH-dependent swelling or de-swelling of the hydrogel structure [27,28].




2.2. Synthesis of Nano-Micelles


The presence of free hydroxyl and carboxyl groups that are inserted in both PgA and PAA chains can increase the accessibility for ionization at alkaline pH. This is due to deprotonation of their hydrogen atoms under ionic strength (e.g., see in Figure 1 scheme of de-protonation of PgA). Hence, PgA and PAA are expected to have crosslinking structure due to the esterification of PgA. The strategy of this study focused on avoiding the solubility of the polygalacturonic acid in the colon, which has an alkaline pH. This strategy can occur by complexing PgA with other biopolymers [11,29], like PAA. Thus hydrogel PAA nodules have swelling properties in aqueous media due to presence of carboxyl groups on their chain, which are strongly associated with water molecules. These groups are readily ionizable and are sensitive to the effects of pH and ionic strength [30], resulting in a large osmotic swelling force. These properties have raised value of PgA functionalized by PAA. In this sense, PgA-PAA complex can swell at alkaline pH covering PgA inside, causing a good stabilizer for PgA against alkaline condition of colon. Perhaps their cross-linked nature may cause modification of PgA chain and it can prevent hydrogen protonation. Additionally, PAA is poorly soluble in water at low pH, causing a shrinkable structure (e.g., see Figure 1ii). This mechanical elasticity perhaps causes supporting for micelles against the oral and gastro intestinal tract [31].




2.3. LY2157299 Loaded Nano-Micelles


The main reaction occurring between LY2157299 and moieties of micelles is amino-carboxyl electrostatic interaction. Hence, LY2157299 molecules can pass into the core of micelles that is driven by osmotic pressure and thanks to the permeability of pores that are produced by 40 °C temperature. Loaded LY2157299 might react with negative charge of micelles moieties, keeping LY2157299 inside. After centrifugation, the unloaded LY2157299 was quantified in the supernatant by using mass spectrometry (see Figure 2). The loading efficiency was 23%.




2.4. Characterization


The so fabricated micelles appeared to have spherical shapes, with diameters ranging from 100–200 nm. Their surfaces consist of many dark structures like spots (See Figure 3C (green arrows)). Also, micelles that were under formation have many dark spots collected together (see Figure 3C (red arrows)). This reveals that the internal and external structure of micelles consist of several collected spots having internal cross-linked structure. Topography of micelles refers to many small aggregated spots on surface (e.g., see Figure 3C,D). In agreement to previous reports [32,33], PAA is expected to form hydrophilic corona of PgA-PAA complex. In this case, the swelling of PAA polymer on water makes it favourable for protection because PAA adsorbs water many more times than its weight in alkaline pH [34]. The UV-Visible absorption spectrum indicated that the absorption peaks of folate-micelles at 278 and 355 nm are assigned to folate peaks (e.g., see Figure 4B). This confirms the covalent attachment of the folic acid according to previous reports [35]. However absorption peak at 523 nm reveals R6G conjugation. The successful attachment of PgA-R6G was investigated by using fluorescence spectrophotometry (see Figure 4A). Hence, the amino group of R6G is attached electrostatically by carboxylic group of PgA. This property was used for assembled micelles structure having fluorescence intensity at the same wavelength of PgA-R6G. Micelles moieties that are run on agarose gel showed strong attachment, even to 30 min., running under 60 V (e.g., Figure 4C). In this sense, R6G labeled micelles were separated more difficulty when compared to micelles that are labeled by Fluorescein isothiocyanate (FITC) (see Figure 4C).




2.5. FTIR Characterization, Folic Acid Conjugation and Structure Assembly


Folic acid (FA) is a well known ligand used widely for tumor targeting due to its high binding affinity for foliate receptor on cancer cell membrane [36]. In this study FA was dissolved by using dimethyl sulfoxide (DMSO) [37], then its carboxyl group was activated by N-hydroxy succinimide (NHS) forming esters bond [38]. In the presence of N-Ethyl-N′-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDAC), FA–COOH was cleaved and its carboxyl group is joined to oxygen of NHS by single bond forming N-hydroxy succinimide ester of folic acid (see Scheme S1). This structure was modified by PEG-hydroxyl group forming folic acid ester of PEG and dicyclohexyl urea that was removed by dialysis bag (See Figure 5, and Scheme S1). In agreement to these results, hydroxyl group joining carboxyl group was also performed successfully by Nair et al. [16]. However in the presence of EDAC, hydroxyl group of poly (d-valerolactone)/poly (ethylene glycol)/poly (dvalerolactone) (VEV) copolymer was grafted with carboxylic group of folic acid.Furthermore hydroxyl group of PEG can be easily modified by aliphatic chains molecules or small amino-acids [38].



In Figure 5B the location of 1774 cm−1 band at FTIR spectrum of activated FA corresponds to the stretching bond of C=O and 1731 cm−1 band is related to the acrylate group of C=C indicating formation of vinylic linkage [39]. This result confirms that carboxyl group of folic acid was esterified by hydroxyl group of N-hydroxy succinimide. In the FA-PEG spectrum, carboxylic FA group is accompanied by the appearance of two bands in the 1563–1636 cm−1 due to νs(COO−) and bands at range 1479–1314  cm−1 assigned to νs(COO−). Frequencies of the bond orders of both C=O bonds can be changed according to type of reaction. The broad stretching vibration of OH− group ν(O–H) occurred at ∼3383 cm−1.



In Figure 6B FTIR spectrum of PAA shows the typical bands for carboxylic acids, with the stretching absorption associated with the hydroxyl groups (O–H) in 3656 cm−1, the two bands at 1782 and 1617 cm−1 are assigned to vibrations of the O=C and C=C structure [40]. Free PgA spectrum shows that 3585 cm−1 band is due to O–H stretching vibration, while the carbon-oxygen (C=O) absorption peak was observed at 1676 cm−1 [41]. Spectrum of PgA-PAA showed strong absorption assigned to carbonyl group (C=O) at 1617 cm−1 and C=C at 1570 cm−1. In Figure 6A TEM images confirmed that PAA and PgA were assembled as spherical layers composited in one single system.



In Figure 7C FTIR spectrum of free micelles-FA shows a broad absorption between at 3656 cm−1 and 3232 cm−1 that corresponds to O–H and N–H stretching vibrations. This indicates that strong inter-molecular and intra-molecular hydrigen bonding is obtained [42] between PgA-PAA and PEG-FA. Aromatic ring stretch of the pyridine and p-amino benzoic acid moieties can be easily referred to different small peaks (down direction) [43] that they are measured within the range of 1440–1628 cm−1. FTIR of LY2157299 spectrum shows that 3138 cm−1 band is related to stretching vibration of amide I (NH). Bands between 1676 cm−1 and 1393 cm−1 refer to pteridine ring vibration. 816 cm−1 band is related to aromatic ring structure. FTIR spectrum of encapsulated LY2157299 shows wide adsorption at 3267 cm assigned to stretching vibration of overlapping O–H, N–H and H-aromatic structure. This indicates that there is strong connection formed also after LY2157299 encapsulation. The characteristic bands of the pyridine and p-amino benzoic acids of folic acid were clearly showed as small peaks (up direction) viceversas to those that are located at free micelles.




2.6. Cell Cultures and Micelles Uptake


The cellular internalization of micelles was measured by confocal laser scanning fluorescence microscopy (for details see Supplementary Materials). Hence R6G labelled micelles were successfully localized inside the cytoplasm as demonstrated by fluorescence emission of red colour located in the perinuclear region compared to control hepatocellular carcinoma cell line (specifically HLF) whilst green colour is assigned to Alexa-Flour -anti-mouse fragmentation used to detect αSMA (e.g., see Figure 8). Fluorescence images clearly demonstrate that nano-micelles were readily internalised in cellular compartments and this allows successful drug release against liver cancer cells.





3. Discussion


Polygalacturonic acid (PgA) is a natural polymer with limited dissolution in water. In fact, PgA is not degradable in upper gastrointestinal tract due to its insolubility in acidic condition [18] but can be dissolved in alkaline distilled water (pH 10). The reason of this dissolution is related to its carboxyl groups that are partially in the methyl ester structure with different degree of esterification (DE) and amidation (DA). For instance, acidity condition can raise DE of pectin causing hydrophobicity. When DE reached to less than 50%, pectin is highly water-soluble [11]. It is reported that combination of PgA with a second polymer into a composite may alter the degree of swelling and can change its mechanical properties [11], improving in the most cases the stability of drugs and controlling the drug release. The strategy used in this study is to combine PgA with polyacrylic acid (PAA), a hydrophilic polymer [19] with random coils having swelling properties under ionic and salt strengths leading to extend its chain in alkaline or to shrink in acidic solution. These properties are related to the hydrogel nature of PAA able to react upon pH changes [24,25,26]. Furthermore in aqueous solution electrostatic forces are generated, causing swelling or de-swelling of hydrogel [27,28]. Thus hydrogel PAA swelling properties are due to presence of carboxyl groups on their chains. These groups are readily ionizable and sensitive to the effects of pH and ionic strength [30], causing a large osmotic swelling force. Our strategy is therefore to conjugate PgA with PAA forming a complex PgA-PAA that can swell at alkaline pH being a good stabilizer for PgA against alkaline condition of colon. On the other side PAA is poorly soluble in water at low pH and its mechanical elasticity could be a support to produce nano-micelles against oral and gastro-intestinal tract [31]. Upon increasing temperature up to 40 °C an inihbitor of TGFβ (LY2157299) was successfully -and with relatively high efficiency (23%)-loaded inside hybrid PgA-PAA nano-micelles by passing into their core driven by osmotic pressure and permeability of their pores. Spherical shaped nano-micelles with nano-sized aggregated spots on surface were produced. As reported earlier [32,33], PAA formed hydrophilic corona of PgA-PAA complex. Hence, swelling of PAA polymer on water can result in protection since PAA adsorbs more water than its weight in alkaline pH [34]. UV-Visible absorption spectrum confirms the covalent attachment of the Folic Acid (FA) according to previous reports [35] and reveals also Rhodamine conjugation. Folic acid (FA) is a well-known ligand used broadly for tumor targeting due to its high binding affinity for folate receptors on cancer cell membrane [36]. FA was dissolved by using dimethyl sulfoxide (DMSO) [37], then its carboxyl group was activated by N-hydroxy succinimide (NHS) causing esters bond [38]. FTIR spectroscopy has been used to investigate appearance of bonds during\after FA functionalization of PgA-PAA nano-micelles. Results confirm that carboxyl group of folic acid was esterified by hydroxyl group of N-hydroxy succinimide. In fact 1774 cm−1 band at FTIR spectrum of activated FA corresponds to the stretching bond of C=O and 1731 cm−1 band relates to the acrylate group of C=C indicating a vinylic linkage [39]. The two bands at 1782 and 1617 cm−1 are assigned to vibrations of the O=C and C=C structure [40]. PgA spectrum 3585 cm−1 band is due to O–H stretching vibration, whereas C=O absorption peak was observed at 1676 cm−1 [41]. Furthermore TEM images showed that PAA and PgA were assembled as spherical layers in one single system. Moreover FTIR spectrum of free micelles-FA demonstrates production of a strong inter-molecular and intra-molecular H-bonding [42] between PgA-PAA and PEG-FA.



However FTIR spectrum of loaded LY2157299 evidences overlapping O–H, N–H and H-aromatic structure resulting in a strong connection formed. Finally fluorescence microscopy investigation clearly demonstrates that labelled nano-micelles were successfully localized and internalised inside the cytoplasm envisaging a successful drug release against liver cancer cells. According to previous reports and these results, it is believed that PAA cross-linked PgA may offer good stabilizer against pectin degradation at alkaline pH of colon. Furthermore, physical properties of PgA could be modified by conjugation with PAA.TEM confirms PAA and PgA were assembled as spherical layers composited in one single nano-system. FTIR of PgA-PAA spectrum shows strong absorption assigned to carbonyl attachment of PgA-PAA. Their separation by agarose gel confirms that they have strong attachment and good stability. Moreover, PgA-PAA micelles have the same properties of PAA alone in alkaline and acidic condition. Hence, they are shrunk and extended upon change of pH. The “nano-elastic” properties of PgA-PAA micelles have strengthened their potential use for oral and injected dosage.




4. Materials and Methods


4.1. Chemicals


The suppliers of the chemicals were as follows: poly (galacturonic acid) (PGA) was purchased from Fluka-Sigma Aldrich, St. Louis, MO, USA; LY2157299 from Eli Lilly company, Indianapolis, IN, USA; PBS pH 7.3 was purchased from Oxoid Limited Basingstoke, Hampshire, England; Ethanol from Baker Analyzed, Fisher Scientific, Landsmeer The Netherlands; Poly (acrylic acid) sodium salt (PAA); Poly(ethylene glycol) (PEG); Folic acid (FA); 2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride, 4′,6-Diamidino-2-phenylindole dihydrochloride (DAPI); Paraformaldehyde, N-Ethyl-N′-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDAC), N-hydroxy succinimide (NHS), Dimethyl sulfoxide (DMSO) from Sigma-aldrich, St. Louis, MO, USA and Anti-mouse IgG (H + L), F(ab’)2 Fragment (Alexa Fluor® 488 Conjugate) #4408 were purchased from Cell Signalling Technology, Danvers, MA, USA.




4.2. Fabrication of Nano-Micelles


Polymers preparation, labeling, conjugation of folic acid with polyethylene glycol, Folic acid activation, esterification, quantification of LY2157299 loaded nano-micelles by using Liquid chromatography coupled to mass Spectrometry (LC-MS) and characterisation are described in details in Supplementary Material. 5 mL of PgA-R6G and 4 mL of PAA were mixed inside glass vial for 15 min. rotation by using magnetic starrier (1400 power) then 5 mL of PEG-FA was added. After that magnetic starrier rotation was completed in 30 min. The final product was centrifuged at 13,000 rpm for 1 h. The supernatant was discarded and PBS at pH 7.3 was added. Micelles were incubated in cold room until used. Further details are available in Supplementary Material.




4.3. Transmission Electron Microscopy (TEM)


10 µL of micelles suspension was deposited on the copper grid and air- dried before measurement. Copper grids sputtered with carbon films were used to support the sample. High-resolution TEM images of nanomicelles (Figure 6 and Scheme S1B) were analyzed by a Hitachi HT 7700 operating at 100 kV, coupled with a GATAN camera ORIUS SC600 with a resolution of 7 Megapixel. The GATAN camera is controlled by Digital Micrograph.




4.4. Atomic Force Microscopy (AFM)


10 µL of micelles suspension was dropped onto surface of clean glass. They were dried overnight and their morphological structure and diameter (e.g., about 500 nm) was measured by using AFM. Non-contact images were acquired by XE100 (AFM Park-Gambetti). The surface of a clean glass was used as background reference.




4.5. Absorbance and Fluorescence Spectrophotometry


The absorbance of folic acid was measured by using 300 Cary Eclipse UV Absorbance Spectrophotometer in special 1 mL Agilent Cary Eclipse cuvette. 1 mL of fabricated micelles was scanned at range 200–600 nm. Also, R6G conjugated micelles was measured by fluorescence spectrophotometer by the same procedure. The results were analysed by Origin 8.




4.6. Fourier Transform Infrared Spectroscopy (FTIR)


FTIR experiments were carried out by using JASCO Fourier Transform Infrared Spectrometer (FT/IR-6300) to detect the surface molecular structures in the range of 500–4000 cm−1. 10 µL of each sample (activated FA, PEG, and PEG-FA) and (PgA, PAA, PEG-FA and free micelles) was dropped onto clean silicon wafer substrates separately and was allowed to dry overnight. For all of the tests, at least three scans were recorded on different regions on the samples and representative spectra were analysed. Silicon wafer plate was used to collect the background spectrum. The comparison of interest area was detected in the range of 650–4000 cm−1. Further details about Confocal Microscopy and Scanning Electron Microscopy are available in the Supplementary Material.





5. Conclusions


In this paper, novel biodegradable polyacrylic\polygalacturonic acid hybrid nano-micelles have been synthetized and characterized for the loading of LY2157299, which is an inhibitor of TGFβ to treat hepatocellular carcinoma cancer cells. A new “nano-elastic” carrier that is able to avoid acidic PH of gastrointestinal tract, colon alkaline pH, and anti-immune recognition has been developed. Efficacy, uptake, and targeting against a hepatocellular carcinoma cell line (specifically HLF) have been demonstrated, paving the way for orally and injecting dose in clinical and preclinical (potential) use.








Supplementary Materials


Supplementary materials can be found at https://www.mdpi.com/1422-0067/19/3/748/s1.
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Figure 1. (Left) scheme of polygalacturonic acid (PgA) de-protonation and scheme of poly (acrylic) acid (PAA) coils; (Right): PgA at different pH; (A) Distilled water; (B) pH 10; (C) pH 7.2; (D) pH 3. TEM images of (i) PAA at alkaline pH and (ii) PAA at acidic pH. (Arrows indicate different nanoparticles shape). 
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Figure 2. Measurement of LY2157299 (LY) encapsulated by mass spectrometry: overlapping chromatograms of EIC m/z 370.1664 before (black peak) and after (red peak) loading. The peak obtained after loading refers to LY concentration in the supernatant after centrifugation. *: LY concentration Peak in the supernatant; Y-axis: number of Counts. 
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Figure 3. Characterization of nano-micelles. (A) Topographical Atomic Force Microscopy (AFM) image of nano-micelles; (B) AFM 3D visualization of nano-micelles; (C) High magnification Transmission Electron Microscopy (TEM) image of details of nano-micelles; (D) TEM image of extended nano-micelles; (E) TEM image of shrunk nano-micelles. 
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Figure 4. Measurement of nano-micelles markers. (A) Fluorescence spectrophotometry; (B) Absorbance spectrophotometry; (C) Agarose Gel separation (after 30 min). 
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Figure 5. Folic acid conjugated with Poly (ethylene) glycol. (A) Scheme of FA-PEG conjugation; (B) FTIR spectra of PEG, PEG+FA, FA (arrows indicate selected bands). 
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Figure 6. Characterization of Polygalacturonic acid (PgA) esterified Polyacrylic acid (PAA) nano-micelles. (A, radial arrows indicate round-shaped micelle) TEM image of a nano-micelle and (B) FTIR spectra of PGA/PAA nano-micelles conjugation. 
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Figure 7. Bands Modification of Encapsulated LY2157299. (A) LY215299 structure; (B) Folic acid structure; (C) FTIR spectra of LY/LYfree micelles and LY-loaded micelles (squared dotted lines refer to selected bands). 
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Figure 8. Confocal laser scanning fluorescence microscopy images of SMA (green) and Micelles (Red). (A) Control HLF (without LY-loaded micelles); (B) HLF incubated with encapsulated LY. (Scale bar: 25 µm) (Arrows and square indicate nanomicelles uptake). 
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