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HAL is

Natural phenolic compounds are known not only for their multiple bioactivities but also for their low bioavailability and rapid metabolism in the systemic circulation. It is well-known that grafting these phenolic compounds to biobased polymers such as hyaluronic acid (HA), has the advantage to increase their stability and water solubility. HA has CD44 receptors that are overexpressed on cancer cells. This makes from HA an interesting vector for antitumor drug delivery systems. The work reported herein describes the synthesis and the structural characterization of HA/vanillin conjugates as well as the size and shape of their aqueous microassemblies using dynamic light scattering and scattering electron microscopy. Finally, investigation on the bioactivity of such conjugates demonstrates that grafting vanillin to HA improves significantly its cytotoxicity against MDA-MB231 cancer cells in both dose and time-dependent manner, and reduces the migration ability as well as the number and the volume of breast cancer spheres.

activities have been documented for Va. It has been reported to have antioxidant [7] and antibacterial activities. [8] Recent studies have demonstrated also its anticarcinogenic activity. [ 9,10 ] For instance, it has been shown that high concentration of Va could inhibit cancer invasion, migration as well as angiogenesis. [ 11,12 ] The suppressive effect of Va on NFĸB activity may be a major mechanism underlying its activity. [13] However, biological activities of natural bioactive compounds have been associated with some limitations, such as low bioavailability and rapid metabolism in the systemic circulation. [ 14,15 ] In order to overcome these limitations, macromolecular conjugates such as chitosan, [16] pectin, [17] or alginate, [18] can be synthesized to improve the stability, and water solubility of the natural compounds.

Introduction

Cancer is a disease whose burden lies very heavily on humanity. One in five men and one in six women worldwide will develop cancer in their lifetime according to the World Health Organization estimates. Among females, breast cancer is the most commonly diagnosed and the prominent cause of mortality. [1] Current treatment strategies consist of surgery with adjunct radiotherapy followed by chemotherapy, hormone therapy, and/or targeted biologic therapy. [ 2,3 ] Although recent years have seen tremendous progress in the prevention, detection, and treatment of breast cancer, this disease remains the leading cause of cancer death among women in most developed countries. [4] Natural bioactive compounds with antitumor activity reveal excellent pharmacotherapeutic potential. [ 5,6 ] One substance with a wide range of therapeutic benefits is 4-hydroxy-3-methoxybenzaldehyde or vanillin (Va). Multiple biological For instance, Nagy et al. [16] showed that conjugating hydroxycinnamic acid to chitosan increased its antibacterial effect towards Staphylococcus aureus and Escherichia coli. In recent years, many studies [19][20][21] have shown the advantages of the macromolecular conjugates using hyaluronic acid (HA). This hydrophilic biopolymer is known for its biodegradability, biocompatibility as well as its nontoxicity and nonimmunogenicity. [START_REF] Ghosh | Natural-Based Polymers for Biomedical Applications[END_REF] HA is a natural polysaccharide, composed of disaccharide repeating units of N-acetyl d-glucosamine (GlcNAc) and d-glucuronic acid (GluA) linked repeatedly by beta-(1→3) and beta-(1→4) glycosidic bonds. It is widely used in the biomedical field for instance, as product for treatment of burns and skin ulcers, [START_REF] Kogan | [END_REF] as an emerging biopolymer for various tissue engineer-ing applications, [24] or as drug-targeted delivery systems [ 25,26 ] for bioactive molecules such as paclitaxel, [27] dihydroartemisinin [28] or curcumin. [29] HA is mostly known for its high interactions with CD44 receptors. [ 30,31 ] These latter are multifunctional transmembrane glycoproteins that act as signaling platforms /macp.202200190 controlling cell surface receptors of diverse structures and functions. [32] Thus, CD44 regulates a variety of gene expressions that govern cell behaviors such as cell survival, migration, and invasion. CD44 receptors are overexpressed on many tumor cells. Importantly, CD44 has been identified as a typical cancer stem cell (CSC) surface marker. [33] These subpopulations of cells within tumors are responsible of tumor initiation and relapses. [ 34,35 ] This makes from HA a very interesting vector designed for drug delivery systems targeting CD44-overexpressing tumor cells. [36][37][38] Indeed, Lee et al. [27] have demonstrated that conjugating paclitaxel to HA exhibited more pronounced cytotoxicity effect for HA receptor overexpressing cancer cells than for HA receptor deficient cells.

Based on the chemical structure of HA, different chemical modifications can be performed. [START_REF] Wang | Cancer Stem Cells: Methods and Protocols[END_REF] The presence of carboxylic acid and alcohol functional groups having different reactivity makes from HA a highly potentially functionalized material for grafting bioactive molecules as well as a suitable backbone for chemical modifications in order to configure the physical properties of the vector. [START_REF] Schanté | [END_REF] We report herein the synthesis of hyaluronic acid/vanillin (HA-Va) conjugates as well as their physical properties; for instance, determination of the size by dynamic light scattering (DLS) and the morphology of their aqueous assemblies by scanning electron microscope (SEM). Finally, the anticancer activity of these conjugates was tested using a breast cancer cell line MDA-MB-231. Cell viability and proliferation were performed using MTT, and sphere-forming assays. The migratory ability of MDA-MB-231 was also assessed, by the wound healing assay, in response to the treatment. To our knowledge, this is the first time HA and Va were associated to prepare such anticancer conjugates.

Results and Discussion

Synthesis and Structural Characterization of HA-Va Conjugates

The synthesis of HA-Va conjugates was based on Steglich esterification according to the procedure previously described [41 ] with slight modifications. Briefly, sodium hyaluronan was suspended in water/dimethyl sulfoxide (DMSO) mixture (1:1; v/v) and heated up to 50-60 °C under N 2 in presence of N,N′dicyclohexylcarbodiimide (DCC) and 4-dimethylaminopyridine (DMAP) as coupling reagents, as shown in Scheme 1. Then, to the activated carboxylic acid solution, the exact amount of Va was added. During the session of work, we have studied the influence of the experimental parameters, such as the amount of the Va used as staring material, the composition of the solvent or the time of reaction, on the grafting amount of Va as well as the size and morphology of the aqueous self-assemblies.

After the reaction was stopped, the crude product was transferred into dialysis membrane and dialyzed over 1 week during which the external aqueous solution was changed three times per day. The absorbance of the external water was measured daily at 280 nm (𝜆 max of Va) and the dialysis was stopped once the absorbance reached zero (Figure 1a) indicating the removal of free Va and all by-products. After dialysis, the samples were first freeze-dried and then characterized by different spectro-scopic techniques including FTIR, 1 H NMR, and UV. The white foam obtained after the lyophilization was solubilized into water (0.5 mg mL -1 ) and then was analyzed by UV spectrophotometry at 280 nm. As HA did not show absorbance at the wavelength range, the content of Va in HA-Va was then estimated from the standard curve of Va (Figure 1b-d).

UV spectroscopy experiments demonstrated that increasing the amount of Va starting material increased the grafting on HA backbone. This was evaluated by determining the degree of substitution (DS) with values ranging between 1.5% and 21.5% as well as by the percentage of grafted Va, which also increased from 2.6% to 4.9% (Table 1). These relatively low values are mainly due to the inter and/or intramolecular hydrogen bonds of the high molar mass HA [42] that makes it difficult for the Va to attach to the polymer as it was observed with other conjugates. [43] On the other hand, inter-and intramolecular cross-linking esterification reactions could occur [44] and compete with the weakly nucleophilic Va. These side reactions reduce certainly the DS of such conjugates. However, we assumed that the moderate DS (i.e., 21.5%) is satisfactory for the biological activity. Indeed, free carboxylic acid groups of HA play an important role in establishing contacts between HA and CD44 mainly through stable hydrogen bonds. [45] Thus, a high DS would mask the receptor recognition elements of HA and leads to a decrease in the bioactivity. [ 46,47 ] Finally, it seemed that the reaction reached its maximum after 8 h and no changes were observed in the DS when the reaction was left overnight. Regarding the influence of the solvent, the experiments were performed in either pure water or in a H 2 O/DMSO (1:1; v/v) mixture. The organic solvent is in general used to increase the efficiency of the reaction by improving the solubility of the reactants. [48] However, very similar DS were obtained in both types of solvents.

1 H NMR spectra of HA, Va, and HA-Va conjugates were recorded and compared to each other in order to identify the characteristic signals of Va. HA-Va spectra showed the singlet at 9.67 ppm assigned to the aldehyde proton of Va, two doublets at 7.54 and 7.01 ppm (J H-H = 10 MHz) and the singlet at 7.51 ppm (Figure 2b) attributed to the aromatic protons of Va [ 49,50 ] (Figure S1, Supporting Information). In addition, one can observe common signals of the carbohydrate moieties in these spectra; for instance, the anomeric proton at 4.54 ppm, the multiplet ranging between 3.93 and 3.37 ppm related to other saccharide protons [ 46,51 ] and finally the singlet at 2.03 ppm assigned to the acetyl group (Figure 2a,b). FTIR spectroscopy was also conducted, and the spectra of HA-Va conjugates are shown in comparison to HA spectrum (Figure 3). All these spectra showed the characteristic signals of HA; for instance, a broad peak at 3350 cm -1 attributed to the OH bond in HA and another signal © 2022 Wiley-VCH GmbH at 2920 cm -1 attributed to CH stretching bonds. It also showed a signal at 1603 cm -1 associated to the C=O bond in COO -functional group. [ 28,41 ] IR spectra of HA-Va conjugates showed the same general signals as for the HA with slight modifications. These latter could mainly be assigned to the formation of new bonds between the OH group of Va and carboxylic acid group of HA. For instance, the signal observed around 1629 cm -1 , which was attributed to the C=O stretching frequency of ester linkage. Finally, the signal at 1025 cm -1 was attributed to the C-O-C ether bond, [52] and confirming therefore the presence of Va moieties.

DLS and SEM Analysis

The size distribution of HA-Va conjugates in aqueous solution was investigated by DLS (Figure 4) and confirmed by SEM (Figure S2, Supporting Information). This latter technique gave us also information on the morphology of HA-Va conjugate. DLS indicated the formation of microassemblies. It is clear that the size increased with increasing the amount of Va attached to the polysaccharide. Indeed, conjugate having a DS = 1.5% formed aggregates with a mean diameter of 1.7 μm (Table 1), which is barely higher than that of HA in aqueous solution (1.3 μm). However, when the DS is ≈5 and 15 times higher, DLS measurements showed an increase of the mean diameter reaching 6.5 and 77.8 μm (DS = 8% and 21.5%, respectively, Table 1). This tendency was also observed with other HA conjugates. [ 28,43 ] On the other hand, results from SEM showed the same tendency of increasing the diameter size with increasing the DS. Whereas highly packed microspheres were identified for HA and conjugate with a very low DS (i.e., 1.5%), bigger aggregates and more heterogeneous forms were observed with conjugates with higher DS. These latter conjugates showed the formation of filamentous and lamellar assemblies (Figure 4 and Table 1).

After the structural analysis and size and shape characterizations, the study of the bioactivity of such conjugates toward breast cancer cells was evaluated following three different experiments and the results are discussed hereafter. In all experiments, the equivalent concentration of Va in HA-Va conjugates aqueous solution (0.5 mg mL -1 ) was calculated from the standard curve of Va (Figure 1d) and the desired concentration for each experiment was then adjusted by dilution in culture medium before treatment.

Effect of HA-Va on the Proliferation and Survival of Breast Cancer Cells

Breast cancer cells were used to analyze the in vitro cytotoxicity activity of the newly synthesized conjugate. The antiproliferative effects of HA-Va were tested on MDA-MB -231 breast cancer cells after 24, 48, and 72 h of treatment, using the MTT assay.

The cell morphology was observed under inverted phase contrast microscope as shown in Figure 5a. The representative images, taken at 48 h after treatment, show the differential effect of Ha-Va versus Va. The control group and cells treated with Va (10 μm) or HA maintained their original morphology and were arranged densely. When treated with HA-Va, the MDA-MB -231 cells shrunk, turned round, and the cellular density was gradually decreased, with lots of cell disintegrating in a dose dependent manner (Figure 5a). The mean absorbance measured in the treated cells was plotted as a percentage of the mean absorbance of the untreated cells (Figure 5b).

Moreover, Va did not induce any inhibition of cell viability at a concentration of 5 or 10 μm even though after 72 h. Only 15 μm of Va was able to induce a low, but significant effect, which resulted in 89.1% viability at 72 h. In agreement with the literature, [ 11,12 ] our findings confirm that the anticancer effect of Va is nonsignificant at low concentrations. It is important to note that treatment with HA alone had no significant effect on the cell proliferation at any time point, hence demonstrating the noncytotoxic effect of HA.

As shown in Figure 5b, when Va was attached to HA, a significant decrease in cell proliferation was observed at different equivalent concentration of Va. For instance, after treatment with HA-Va, at a concentration equivalent to 10 μm in Va, the cell viability was 59.2% after 48 h and 45.2% at 72 h post-treatment; whereas, at 10 μm, and after 72 h of treatment, free Va reduced cell viability only to 94.1%.

These results prove the effectiveness of HA-Va conjugates at inhibiting the proliferation of aggressive breast cancer cells. They also demonstrate that exposure to HA-Va yielded a significant improvement of both dose and time-dependent inhibition of proliferation in comparison to free Va (Figure 5b). This enhancement is attributed to the HA as similar observation in cell viability studies have also been observed in HA conjugates.

The size of the conjugates plays a crucial role regarding the efficiency of cellular uptake and the pharmacokinetics of the drugs. Whereas nanosized assemblies are the best candidates prodrugs, [53] the microsize of the Ha-Va conjugates described in this work does not permit the full uptake of the conjugates. This rejects thereby any internalization suggestion of the whole macromolecule. Thus, we assume that the enhanced cytotoxicity of Va should be derived mainly from its linkage to HA backbone via ester bonds. Indeed, we hypothesize that the conjugate binds first to the tumor cell surface, via the HA-CD44 interaction and bearing the Va then it releases the drug by hydrolysis at this surface. Therefore, the conjugation via ester linkage has the advantage to perform a better and more targeted release of the drug and to increase its life time by avoiding its rapid metabolism. [54] This was demonstrated herein as the lowest concentration of HA-Va used (5 μm equivalent Va) had a significantly stronger antiproliferative effect than the highest concentration of free Va used, 15 μm, at all timepoints (e.g., 59.1% vs 89.1% at 72 h, respectively).

HA-Va Treatment Inhibited Cell Migration

Cell migration is one of the principal hallmarks of carcinogenesis, and is responsible of tumor metastasis. [55] Analysis of the wound-healing assay showed a significant inhibition of migration in HA-Va treated cells, when compared to control cells (Figure 6a). Indeed, HA-Va (10 μm equivalent Va) slowed down the migration of the cells such that only 43.5% of the original wound area remained open after 24 h of treatment, compared to barely 2.6% of the original wound area for untreated cells. Thus, HA-Va resulted in a 15-fold inhibition of cell migration (Fig-ure 6b). Moreover, treatment with HA or free Va demonstrated no significant effect on cell migration. Only few works have been published, regarding the effect of free Va on the migration capacity. For instance, Elsherbiny et al. [12] have previously shown an effect of Va on the migration of MCF7, breast cancer cells. However, the authors, in the latter study, have used a high concentration of Va (2 mm). Herein, our results clearly demonstrate that when attached to HA, a much lower concentration of Va is effective at hindering the migratory capacity of aggressive breast cancer cells compared to free Va.

HA-Va Decreases the Number and Volume of Breast Cancer Spheres

The number of cancer spheres formed and their volumes were evaluated to assess tumor control and cancer recurrence. In fact, sphere formation assay represents an optimal method for enriching CSCs subpopulations from whole tumors. It has been widely used as a hallmark of the cancer stemness phenotype. [18] CSCs possess self-renewal and heterogeneous cancer cell lines formation and differentiation. Thus, they play critical roles in tumor initiation, progression, metastasis, chemoresistance, and recurrence. Targeting CSCs is necessary to prevent cancer progression. [56] Herein, the sphere formation assay was used to study stem cell activity in terms of sphere ratio (SR) and volume reduction (VR) in MDA-MB-231 cancer cell line. For each condition, the volume of 25 spheres was measured and their mean plotted as a percentage of the mean sphere diameters of untreated cells. Treatment with HA-Va (5 μm equivalent Va) efficiently disrupted the sphere formation in the MDA-MB-231 cell line showing an SR value of 0.46 ± 0.05 (Figure 7a,b). Besides, the sphere-forming ability of MDA-MB-231 was significantly reduced in cells exposed to 10 and 15 μm equivalent Va in HA-Va in comparison to those treated with free Va. For instance, SR values were 0.2 ± 0.01 and 0.09 ± 0.017 after treatment with HA-Va (respectively 10 and 15 μm of equivalent Va) against 0.91 ± 0.05 after treatment with 10 μm of free Va.

Furthermore, the results show a significant, dose-dependent increase in sphere volumes reduction for HA-Va treated cells. For instance, while 10 μm Va resulted in a mere 7.2% reduction of sphere volumes, the same concentration in HA-Va resulted in a 62.9% reduction in sphere sizes. At a higher concentration of 15 μm, HA-Va treatment resulted in even smaller spheres, with a volume reduction of 72.6%. These results suggest that HA-Va may be able to target breast CSC, and does so with significantly higher efficacy than free Va (Figure 7c). Moreover, our findings show clearly that the cytotoxic effect of HA-Va on the spheres (3D) culture is even enhanced when compared to the 2D culture (Figure 7). Thus, HA-Va seems to target efficiently the CSCs, as here the spheres represent an enriched population of breast CSC, characterized by a high expression of CD44 marker. This is in accordance with our hypothesis that the conjugate binds first to the tumor cell surface, via the HA-CD44 interaction. In addition, few studies have analyzed the effect of Va on CSC. Srinual et al. [57] showed that only a high concentration of Va (50 μm) was able to suppress the sphere formation of nonsmall cell lung cancer. Besides, several articles have demonstrated that HA-conjugated liposomes encapsulating drugs are able to target the population of cancer stem cell. [ 58,59 ] Thus, proving the advantage of HA as an appropriate drug delivery system is to target cancer stem cell.

Conclusion

In this work, we have studied the synthesis of novel HA-Va conjugates via the conjugation between the carboxylic acid functional group of HA and the phenolic OH of Va. The influence of different experimental parameters on the DS was also evaluated. The physical-chemical study of the microassemblies of these conjugates demonstrated that the grafting of Va moieties onto the HA backbone increased significantly the size and changed the morphology from spherical to lamellar shapes. In addition to that, the potential anticancer effect of Va and HA-Va conjugate was assessed on a breast cancer cell line, MDA-MB-231. By testing the in vitro response at cellular level in both 2D, and 3D models, we highlighted the importance role of HA-Va in cancer treatment.

The cell viability assay showed an important inhibitory effect of low concentrations of HA-Va on the MDA-MB-231 cell line compared to Va. Even though the MTT assay is used frequently, it oversimplifies the response to anticancer treatment, thus 3D cultures (spheres) have the advantage of adding the volume constraint and endpoint for a more relevant assessment of anticancer activity. Treating cells in a 3D culture system can, therefore, provide us with two critical pieces of information: the number of surviving CSCs (SR) and the proliferative capacity of these surviving CSCs, the volume reduction (VR). Our results clearly demonstrate an important differential effect of HA-Va compared to Va in targeting the enriched CSC population. Hence, the newly synthesized conjugates seem to target the cancer cells and more specifically the CSCs, via the HA-CD44 interaction. The study of mechanisms, release, and bioactivity, was not the focus of this work, but is subject to parallel ongoing works. HA-Va conjugates were also found to reduce the migration ability of MDA-MB-231, an important result with implications in decreasing the risk of cancer metastasis after treatment. When comparing Va to HA-Va treatments, it is clear that the conjugation to HA has increased the efficiency of the phenolic compound. These findings should provide seri-ous incentives for further preclinical and clinical investigation, especially when considering the safety and high tolerability of Va.

Experimental Section

Chemicals: Sodium hyaluronan (MW = 1.5-2.2 MDa; 95% pure), DCC (99% pure), DMAP (99% pure), vanillin (99% pure), and anhydrous DMSO were purchased from ACROS ORGANICS. Ultrapure water obtained from Milli-Q water purification system was used throughout the reaction and purification process.

Synthesis of HA-Va Conjugates: Synthesis of conjugate 1 (Table 1): a portion of sodium hyaluronan (0.150 g) was dissolved in of a H 2 O/DMSO (20 mL; 1:1 v/v). To this solution, DCC (0.088 g, 0.34 mmol), and DMAP (0.030 g, 0.25 mmol) of were added. The solution was stirred for 45 min at room temperature. Then, Va (0.036 g, 0.23 mmol) of was added slowly to the solution. The mixture was vigorously stirred at 50 resulting solution was dialyzed against distilled water for one week using a dialysis membrane (MWCO: 12 000-14 000 Da) to remove unbound entities and by-products, freeze-dried and then kept under refrigeration. Following this experimental procedure different conjugates were synthesized using the adequate amount of Va (Table 1); whereas, the molar equivalent of DMAP and DCC were kept unchanged. Structural Characterization of HA-Va Conjugates: FTIR experiments were carried out using the Fourier transform infrared spectrometer (KBr pellets, JASCO, FT/IR-6300) in the range of 4000-400 cm -1 . 1 H NMR experiments were carried out at room temperature using a 500 MHz spectrometer (Bruker Avance DPX 500). Samples were prepared in D 2 O at C = 10 mg mL -1 , and sonicated for 2 h before the experiment and the spectra were recorded with 512 scans and at room temperature.

The absorbance range of HA and HA-Va conjugates was read against reagent blank (C = 0.5 mg mL -1 , scanning 200-700 nm) using UVvisible spectrophotometer (HITACHI, Double Beam Spectrophotometer U-2900). The Va content of different conjugates was evaluated by UV-vis spectrophotometry at 𝜆 = 280 nm. Free Va in pure water was used to generate a standard curve (R 2 = 0.9977) and the concentrations in Va of different conjugates were estimated based on the absorption intensities of the conjugate solutions in pure water at 𝜆 = 280 nm.

Size and Morphology of HA-Va Conjugates: DLS experiments were carried out using practical laser scattering particle size distribution analyzer LA-950V2 offering a wide dynamic range between 0.01 and 3000 μm. Samples were prepared in aqueous solutions at room temperature with C = 0.5 mg mL -1 . The SEM experiments were performed using seron technology scanning electron microscopy, Model. AIS 2100C, accelerating voltage 20 kV equipped with an energy dispersive spectroscopical X-ray analyzer. The "metallization" step, was carried out using "CRESSINGTON SPUT-TER COATER," 108 automanual.

Cell Culture: Human breast cancer cells MDA-MB-231 were originally purchased from America Type Culture Collection (ATCC Manassas, VA, USA). Cells were grown in Dulbecco's modified Eagle's medium (DMEM) (Sigma, St. Louis, USA) supplemented with 10% min, and the absorbance was measured at 595 nm wavelength using a spectrophotometer.

Wound Healing Assay: The migration ability of MDA-MB231 cells was assessed using the wound healing assay. First, cells were seeded in 12well plates (4 × 10 4 per well) and maintained at 37 °C in a humidified 5% CO 2 atmosphere. When cells reached confluency, mitomycin C diluted in culture medium at a concentration of 2 μg mL -1 (Sigma, St. Louis, USA) was added for 1 h at 37 °C to block cell proliferation. Then, fresh medium was added, and a linear wound was created in the cell monolayer with a sterile 200 μL plastic micropipette tip. Cells were then treated with 10 μm Va solution or HA-Va (equivalent of Va estimated from the standard curve). Images were captured at time t = 0 (before any treatment) and at different time points (t = 8 and 24 h) until the wound was closed. Measurement of the distance between the edges of the scratches was measured using Zen Microscope Software (Zen 2.3 lite blue edition). Graphs presented plot the percentage of the distance of the wound as a percentage of the initial wound area for different treatment conditions.

Sphere Formation Assay: Seeing the self-renewal and differentiation properties of CSCs, recurrence, and tumor resistance can generally occur after drug treatment. Sphere-formation assay was performed in this study by growing CSCs in 3D Matrigel-based cultures (Corning, USA) as previously described. [60] Cells were plated in 12-well culture plates, treated with Va (10 μm) or HA-Va (5, 10, and 15 μm equivalent of Va estimated from the standard curve). After treatment, 2000 cells were collected, suspended in cold growth factor-reduced Matrigel/serum-free medium (1:1) in a total volume of 50 μL and seeded uniformly around the bottom rim of the well. When cells were solidified after 45 min at 37 °C, DMEM media with 3% heat-inactivated fetal bovine serum was then added to the center of the wells. Spheres were counted on a Zeiss Axio Vert. A1 microscope after 5 to 6 days. The average diameter (minimum diameter of 40 μm) of 30 spheres per condition was measured with the Zen 2.3 lite blue edition software. SR was calculated using Equation ( 1) number of spheres after treatment heat-inactivated fetal bovine serum (Sigma, St. Louis, USA), 1% penicillin/streptomycin (Sigma, St. Louis, USA). Cells were maintained at 37

SR (D) =

(1) number of spheres of control °C in a humidified 5% CO 2 atmosphere. Cells were passaged weekly using 1% trypsin to maintain the optimum conditions for exponential growth.

Treatment of Breast Cancer Cells: MDA-MB-231 breast cancer cells were treated with Va, HA, and HA-Va . The stock solution of Va (10 mm) VR was prepared in water, filtered through a 0.22 μm syringe filter and stored VR was calculated using Equation (2)

V 0 -V (D) = × 100 (2) V 0 at -20 °C. This solution was then diluted in culture medium to obtain final concentrations of 5, 10, and 15 μm. A solution of HA-Va at 10 mm, equivalent of Va estimated from the standard curve, was also prepared in water, and filtered through a 0.22 μm syringe filter. The HA-Va solution was freshly prepared before each experiment and diluted in culture medium to obtain final concentrations of 5, 10, and 15 μm equivalent of Va. HA solutions were prepared in similar way as for HA-Va.

Cell Viability: Trypan Blue Exclusion Assay: The viability of MDA-MB-231 cells was assessed using the trypan blue exclusion test. Cells were seeded in 12-well plates (4 × 10 4 per well) and incubated at 37 °C in a humidified incubator containing 5% CO 2 . After reaching 60% to 70% confluency, cells were treated with Va (5, 10, and 15 μm), and HA-Va (5, 10, and 15 μm equivalent of Va estimated from the standard curve. After 24, 48, and 72 h of treatments, cells were trypsinized and counted using an Improved Neubauer hematocytometer. Cell viability graphs were then plotted with the cell viability of cells, in each treatment group, as a percentage of the control. The experiment was triplicated.

MTT Assay: The breast cancer cells were seeded into 96-well plates at a density of 3000 cells per well in triplicates. After overnight adherence, the cells were treated with different concentrations of Va (5, 10, and 15 μm) and HA-Va (5, 10, and 15 μm equivalent of Va estimated from the standard curve) for 24, 48, and 72 h. Then, 30 μL of MTT [3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium] solution (0.5 mg mL -1 , Sigma, St. Louis, USA) was added at each time point. The plate was incubated at 37 °C for 4 h. The media was subsequently aspirated and the formed formazan crystals were dissolved with 100 μL of isopropanol 10% (v/v) HCl. Finally, the plate was left shaking at room temperature for 2-3 where V 0 is the volume of control and V the volume after treatment.

Statistical Analysis: The results are displayed as means ± SD of at least three independent experiments. Statistical analysis was performed using one-way ANOVA. Differences with p-value < 0.05 were statistically significant.
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 01 Figure 1. UV-vis spectrophotometry experiments. a) Variation of the absorbance at 𝜆 = 280 nm of dialysis external medium versus time (days), b) scanning for HA, c) HA-Va at 0.5 mg mL -1 in pure water, d) standard curve of vanillin at 𝜆 = 280 nm (R 2 = 0.9977).
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 21 Figure 2. 1 H NMR spectra in D 2 O (500 MHz): a) HA starting material, and b) HA-Va.

Figure 3 .

 3 Figure 3. FTIR spectra of HA and HA-Va conjugates with different DS (blue = 0%; red = 8%; green = 21.5%).

Figure 4 .

 4 Figure 4. DLS-based size measurement of HA and the three Ha-Va conjugates in water.

Figure 6 .

 6 Figure 6. Effect of HA-Va conjugate on migration of MDA-MB-231 cells. a) Representative figures showing the scratch-made in MDA-MB-231 cells at different time points. b) The distance of the wound measured at time t relative to the original wound size at time t = 0 h (%). Closure of the wound was measured at different time points (8 and 24 h) upon treatment with HA, Va (10 μm) or with HA-Va (10 μm). The plot represents the mean ± SD of at least three independent experiments (****p < 0.0001).
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