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Preparation and characterization of cationic pullulan-based polymers with hydrophilic or amphiphilic characteristics for drug delivery

Pullulan has attracted considerable attention due to its immunogenicity, biodegradability, biocompatibility, and hydrophilic nature, making it useful in cosmetics and pharmaceutical applications. In addition, pullulan is considered a biopolymer capable of modification via chemical reactions, which is a promising strategy to expand the range of its applications. In this study, cationic pullulan-based polymers with hydrophilic or amphiphilic nature were successfully synthesized by nucleophilic replacement and ring-opening polymerization. Firstly, pullulan was partially modified with 2-Chloro-N,N-diethylethylamine (DEAE) to generate DEAE-modified pullulan (PULL-DEAE), a polymer with cationic and hydrophilic nature. Secondly, the remaining hydroxyl groups of PULL-DEAE were reacted with N-carbobenzyloxy-L-lysine N-carboxyanhydride (Lys(Z)-NCA), producing the grafted copolymer pullulan-DEAE-g-poly(Z-L-lysine) (PULL-DEAE-g-PZLL), a copolymer with cationic and amphiphilic properties. For the copolymerizations, different monomer concentrations (25, 40, and 55% w/w, relating to pullulan) were used, resulting in three copolymers with different sizes of hydrophobic segments. All polymers were characterized in terms of chemical composition, molar mass, thermal properties, critical aggregation concentration, and cytotoxicity. NMR confirmed the graft copolymerization, and the degree of substitution obtained for each copolymer was 0.13, 0.54, and 0.63, respectively. The results suggest that the physicochemical properties of both pullulan-based cationic derivatives (PULL-DEAE and PULL-DEAE-g-PZLL) could expand the application of modified pullulan for pharmaceutical fields such as drug delivery.

Introduction

Polysaccharides have been intensively studied and applied in various biomedical areas since they are regarded as natural biomaterials with promising properties such as biodegradability, biocompatibility, and non-toxicity [START_REF] Li | Polysaccharides for biomedical applications[END_REF][START_REF] Tong | Recent advances in natural polymer-based drug delivery systems[END_REF]. However, in most cases, their physicochemical properties are insufficient for specific drug delivery requirements. Therefore, polysaccharide modification and grafting are available alternatives for inserting specific functional groups and tuning the properties of these biological polymers [START_REF] Luo | Modifications of polysaccharide-based biomaterials under structure-property relationship for biomedical applications[END_REF]. Pullulan (PULL) is a non-toxic and non-ionic polysaccharide obtained from the fermentation of Aureobasidium pullulans, which chemical structure consists of maltotriose units connected by α(1-6) glycosidic linkages [START_REF] Constantin | Novel cationic and hydrophobic pullulan derivatives as DNA nanoparticulate carriers[END_REF]. PULL is especially attractive since it presents hydroxyl groups along the polymer backbone, which can be easily modified into cationic pullulan by reacting with compounds containing amine groups [START_REF] Hezarkhani | Pullulan modification via poly(N-vinylimidazole) grafting[END_REF][START_REF] San Juan | Development of a functionalized polymer for stent coating in the arterial delivery of small interfering RNA[END_REF][START_REF] Ahmed | Preparation, characterization, and potential application of chitosan, chitosan derivatives, and chitosan metal nanoparticles in pharmaceutical drug delivery[END_REF][START_REF] Moraes | Synthesis of cationic quaternized pullulan derivatives for miRNA delivery[END_REF]. Cationic polysaccharides, for example, have gained attention due to their ability to form electrostatic complexes with anionic biomolecules, nucleic acids, and proteins. The pullulan modification with a cationic molecule can promote bioactive properties such as antioxidant, antitumor, antimicrobial, pH-responsiveness, anti-inflammatory, and immunomodulatory activities, which justify their therapeutic potential [START_REF] Guo | Lepidium meyenii Walpers polysaccharide and its cationic derivative re-educate tumor-associated macrophages for synergistic tumor immunotherapy[END_REF][START_REF] Zoratto | Strategies to load therapeutics into polysaccharide-based nanogels with a focus on microfluidics: a review[END_REF]. Consequently, they have been mainly used as carriers for nucleic acid vaccines [START_REF] Vázquez | DEAE-chitosan nanoparticles as a pneumococcus-biomimetic material for the development of antipneumococcal therapeutics[END_REF] and chemotherapeutics [START_REF] Liu | Supramolecular modular approach toward conveniently constructing and multifunctioning a pH/redox dual-responsive drug delivery nanoplatform for improved cancer chemotherapy[END_REF]. Diethylaminoethyl (DEAE) is one example of a molecule capable of grafting onto pullulan to obtain a polyelectrolyte, which is known as a macromolecule with a functional group that can be ionized in the aqueous medium. It can promote the interaction of the polysaccharide with other neutral or oppositely charged material [START_REF] Kalina | DEAE-dextran hydrochloride behaviour in aqueous solution-the effect of ionic strength and concentration[END_REF]. The polymers' properties, such as charge density, pH sensitivity, and water affinity, can be modulated by the amount of DEAE introduced in the polysaccharides' chains. At low concentrations, the presence of DEAE does not alter the hydrophilicity of pullulan. Different polysaccharides have been evaluated with different degrees of DEAE modification, such as dextran [START_REF] Kalina | DEAE-dextran hydrochloride behaviour in aqueous solution-the effect of ionic strength and concentration[END_REF][START_REF] Onishi | Characteristics of DEAEdextran-MMA graft copolymer as a nonviral gene carrier[END_REF][START_REF] Yu | Surface DEAE groups facilitate protein transport on polymer chains in DEAE-modified-and-DEAE-dextran-grafted resins[END_REF], chitosan [START_REF] Vázquez | DEAE-chitosan nanoparticles as a pneumococcus-biomimetic material for the development of antipneumococcal therapeutics[END_REF], and pullulan [START_REF] Souguir | About-Jaudet, Novel cationic and amphiphilic pullulan derivatives I: synthesis and characterization[END_REF], for example. Thus, it holds a promising perspective for the future development of matrices for controlled delivery systems, with further investigations and deeper understanding [START_REF] Xie | Cationic polysaccharide sperminepullulan drives tumor associated macrophage towards M1 phenotype to inhibit tumor progression[END_REF][START_REF] Chen | Biocompatible cationic pullulan-g-desoxycholic acid-g-PEI micelles used to co-deliver drug and gene for cancer therapy[END_REF].

The grafting of hydrophobic segments into the pullulan backbone is another alternative to introduce new properties to this biological polymer without changing its biocompatibility and biodegradability; however, giving it a self-aggregating behavior [START_REF] Liu | Amphiphilic polysaccharide-hydrophobicized graft polymeric micelles for drug delivery nanosystems[END_REF]. The physicochemical properties of pullulan-based amphiphilic polysaccharides are highly dependent on the nature, size, and hydrophobic characteristics of a grafted macromolecule, as well as the environmental parameters, such as pH and temperature [START_REF] Souguir | Novel cationic and amphiphilic pullulan derivatives II: pH dependant physicochemical properties[END_REF]. The self-aggregation of amphiphilic copolymers increases their potential application as drug delivery systems in the possibility of forming nano and microparticles in an aqueous medium [START_REF] Nichifor | New cationic hydrophilic and amphiphilic polysaccharides synthesized by one pot procedure[END_REF][START_REF] Breitenbach | Amphiphilic polysaccharide block copolymers for pH-responsive micellar nanoparticles[END_REF][START_REF] Carvalho | Development of pullulanbased carriers for controlled release of hydrophobic ingredients[END_REF]. [START_REF] Liu | Amphiphilic polysaccharide-hydrophobicized graft polymeric micelles for drug delivery nanosystems[END_REF]. Poly(Z-L-Lysine) (PZLL) is a polypeptide with growing interest in the introduction of hydrophobic segments in the pullulan backbone because of its stable structure with a unique biodegradable and biocompatible property, appropriate for biomedical applications [START_REF] Song | Recent advances and future perspectives of synthetic polypeptides from N-carboxyanhydrides[END_REF][START_REF] Yan | PH-responsive hyperbranched polypeptides based on Schiff bases as drug carriers for reducing toxicity of chemotherapy[END_REF]. The presence of aromatic carbamate (Z), capable of conjugating other substances such as lipophilic drugs, also contributes to the interest in PZLL for biomedical applications [START_REF] Kurpiers | Lysine-based biodegradable surfactants: increasing the lipophilicity of insulin by hydrophobic ion paring[END_REF]. Different polymerization routes are used to obtain PZLL; however, ring-opening polymerization (ROP) of amino acid N-carboxyanhydride (NCA) monomers is the most common synthesis [START_REF] Lu | Biomimetic chitosan-graft-polypeptides for improved adhesion in tissue and metal[END_REF][START_REF] Zhou | Chemical synthesis of polysaccharide-protein and polysaccharide-peptide conjugates: a review[END_REF]. Polypeptides exhibit advantages of natural protein properties, such as secondary and tertiary structures, and α-helical conformation, promoting self-assembly into complex three-dimensional structures [START_REF] Tarasenko | Amphiphilic polypeptides with prolonged enzymatic stability for the preparation of self-assembled nanobiomaterials[END_REF][START_REF] Athanasiou | Synthesis and characterization of the novel Nε-9fluorenylmethoxycarbonyl-L-lysine N-carboxy anhydride. Synthesis of well-defined linear and branched polypeptides[END_REF]. In this context, PZLL is a promising candidate for grafting onto the pullulan backbone to obtain a versatile polypeptide-based copolymer [START_REF] Song | Recent advances and future perspectives of synthetic polypeptides from N-carboxyanhydrides[END_REF][START_REF] Athanasiou | Synthesis and characterization of the novel Nε-9fluorenylmethoxycarbonyl-L-lysine N-carboxy anhydride. Synthesis of well-defined linear and branched polypeptides[END_REF].

In this work, cationic pullulan-based polymers with hydrophilic or amphiphilic nature were successfully synthesized by nucleophilic replacement and ring-opening polymerization. Firstly, the hydrophilic cationic pullulan-2-Chloro-N,N-diethylethylamine (PULL-DEAE) polymer was obtained by partially modifying the hydroxyl groups from pullulan. Then, the amphiphilic cationic pullulan-based was obtained after the copolymerization with N-carbobenzyloxy-L-lysine N-carboxyanhydride (Lys(Z)-NCA) in the remaining hydroxyl groups of PULL-DEAE, resulting in a grafted copolymer of pullulan-DEAE-g-poly(Z-Llysine) (PULL-DEAE-g-PZLL). This study aims to evaluate the effect of the DEAE modification on the pullulan's backbone and the influence of different chains length of poly(Z-L-lysine) on the physical-chemical properties of the modified polysaccharide. All chemical modifications were successfully confirmed via usual chemical analysis and their impacts on chain length, thermal properties, cytotoxicity, and critical aggregation concentration were evaluated. The results represent an important contribution from a bibliometric approach for future investigation concerning the use of hydrophilic and amphiphilic pullulan derivatives for the encapsulation and controlled release of drugs from biomembranes, particles in aqueous suspension, etc.

Materials and methods

Material

The reagents used in this work were pullulan (PULL, Mn = 120.000 g mol -1 , food grad) provided by Hayashibara Biochemical Laboratory (Japan), ε-benzoxycarbonyl-L-lysine-N-carboxyanhydride (Lys(Z)-NCA, 98%, AECHEM Scientific Corporation) and 2-chloro-N,N ′ -diethylethylamine hydrochloride (DEAE, 98%, Sigma-Aldrich). Dimethyl sulfoxide (DMSO, 99%, Synth) was purified by vacuum distillation. Sodium hydroxide (NaOH, P.A., Synth), hydrochloric acid (HCl, 37%, Synth), and To calculate the substitution degree of hydroxyl groups present in PULL, the 1 H NMR results obtained for the PULL-DEAE compound were used, and Eq. (1) proposed by Teramoto and Shibata [START_REF] Teramoto | Synthesis and properties of pullulan acetate. Thermal properties, biodegradability, and a semi-clear gel formation in organic solvents[END_REF] was applied:

A 6x = B 1 + (3 -x) (1)
Where A refers to the resonance of the methyl groups on the DEAE molecule inserted into the PULL chain; B refers to the resonance of the protons present in the hydroxyls of the PULL glycosidic unit plus the protons attached to anomeric carbons; The variable x represents the number of hydrogens substituted in the reaction. Thus, by isolating x and considering it as the degree of substitution (DS), we obtain Eq. [START_REF] Tong | Recent advances in natural polymer-based drug delivery systems[END_REF].

DS = 4A 6B + A (2)
The equation proposed by Teramoto and Shibata [START_REF] Teramoto | Synthesis and properties of pullulan acetate. Thermal properties, biodegradability, and a semi-clear gel formation in organic solvents[END_REF] was adapted to determine the hydroxyl groups' substitution degree of PULL after copolymerization with PZLL. The proton amount was modified due to the integrated area, as represented in Eq. [START_REF] Luo | Modifications of polysaccharide-based biomaterials under structure-property relationship for biomedical applications[END_REF].

A 5x = B 1 + (3 -x) + 2 (3) 
Where A refers to hydrogen from the aromatic ring in PZLL chains grafted into the PULL backbone; B refers to the hydroxyl resonances presented plus the protons from anomeric carbons from the PULL glycosidic unit, besides two protons from PZLL structure that overlap in the integration; The variable x represents the number of substituted hydrogens in the reaction, called degree of substitution (DS), which was obtained by Eq. ( 4).

DS = 6A 5B + A (4)

Gel permeation chromatography (GPC)

Number average molecular weight (Mn) and dispersity (Đ) of the polymers were determined by gel permeation chromatography (GPC) with an automatic injector (Sil-20A) and a Shimadzu (Japan) refractive index detector. Two Phenomenex, PolySep -SEC GFC P5000 and P3000 columns (3000-400,000 g mol -1 separation range) and one Phenomenex, PolySep -SEC GFC P pre-column was used for separation. PULL and PULL-DEAE were solubilized in phosphate buffer solution (50 mmol L -1 , pH 7), containing 0.2 mol L -1 sodium azide (fungistatic) and 0.05 mol L -1 potassium nitrate, and filtered on a modified PVDF polyvinylidene difluoride membrane filter (0.45 μm). The copolymers were solubilized in DMSO and filtered on a modified PVDF polyvinylidene. The buffer solution was used as a mobile phase for all polymers, with a fixed flow rate of 0.5 mL min -1 and injection volume of 25 μL.

Fourier transformation infrared (FTIR)

The polymers' chemical composition was evaluated using Spectrum 100 FTIR (PerkinElmer, USA) equipped with an Attenuated Total Reflection accessory (ATR). The FTIR technique was used with a diamond crystal as the internal reflection element. 32 scans at a 4 cm -1 resolution were co-added in the IR range of 4000-500 cm -1 .

X-ray diffraction (XRD)

X-ray diffraction analyses were obtained by a PAN-analytical Empyrean ACMS 101 (Malvern, UK) diffractometer operating at room temperature. The determination was performed using a copper (Cu) Xray tube with Kα radiation. The current was settled at 40 mA, and the voltage was 40 kV. The experiments were conducted with a scan range from 10 to 90 • (2θ), a step size of 0.02 • (2θ), and a counting time of 50 s.

Thermal analysis

Differential scanning calorimetry (DSC) was performed using a TA instrument -Waters LLC, Model Q20. The samples (about 9 mg) were heated at a rate of 10 • C min -1 . The first ramp was performed from 0 • C to 150 • C to remove thermal history and water from the samples, and the second one from 0 • C to 300 • C, both under a nitrogen atmosphere.

The thermal stability of homo and copolymers was investigated using a thermal analyzer STA 6000 (Perkin Elmer® Inc., Massachusetts, USA). The temperature range was from 30 to 600 • C in N 2 flow (20 mL min -1 ) and a heating rate of 10 • C min -1 .

Critical aggregation concentration (CAC)

The critical aggregation concentration (CAC) of the PULL-DEAE and copolymers was determined by fluorescence spectroscopy using the Varian Cary Eclipse fluorimeter. Pyrene was used as a hydrophobic probe according to the methodology adapted from [START_REF] Constantin | Smart nanoparticles based on pullulan-g-poly(N-isopropylacrylamide) for controlled delivery of indomethacin: paper dedicated to the 150th anniversary of the Romanian Academy[END_REF] [START_REF] Constantin | Smart nanoparticles based on pullulan-g-poly(N-isopropylacrylamide) for controlled delivery of indomethacin: paper dedicated to the 150th anniversary of the Romanian Academy[END_REF]. For sample preparation, a solution of pyrene in acetone was added to a 10 mL volumetric flask, keeping the concentration of the probe in all flasks at 6.0 × 10 -7 M. Then, the acetone was evaporated, and polymers solutions in an aqueous medium were added to the flask at different concentrations, ranging from 7.5 × 10 -4 to 2.5 × 10 -2 mg mL -1 to PULL-DEAE and PULL-DEAE-g-PZLL 25%, and 7.5 × 10 -6 to 5.0 × 10 -3 mg mL -1 to PULL-DEAE-g-PZLL 40% and PULL-DEAE-g-PZLL 55%. The solutions were stored at room temperature for 24 h, and readings were taken in the equipment at an emission wavelength of 390 nm. The ratio between the emission intensity of the peaks at 333 nm and 337 nm (I337/I333) was used to determine the critical aggregation concentration.

diethyl ether (99%, Synth) were used as received. The water used in all experiments was distilled and deionized.

Synthesis of PULL-DEAE

To prepare hydrophilic DEAE-modified pullulan (Scheme 1), the methodology was adapted from San Juan et al. ( 2007) [START_REF] San Juan | Cationized pullulan 3D matrices as new materials for gene transfer[END_REF], in which 1 g of PULL (6.2 mmol in glucose unit) was solubilized in 6 mL of deionized water. Then, 5 mL of 10 mol L -1 NaOH solution was added, and the system was submerged in an ice bath. 0.7306 g (4.2 mmol) of DEAE was added to the reaction system. The medium was kept in a glycerin bath at 55 • C for 50 min. At the end of the reaction, the medium was washed 3 times with 20 mL diethyl ether, and then the pH was adjusted using concentrated hydrochloric acid, reaching approximately pH 7. The final product was dialyzed against deionized water for 3 days and then lyophilized to obtain PULL-DEAE.

Synthesis of PULL-DEAE-g-PZLL

To prepare the grafted copolymer of pullulan-DEAE-g-poly(Z-Llysine) (PULL-DEAE-g-PZLL) (Scheme 2), different amounts of the Lys (Z)-NCA were mixed into a solution of PULL-DEAE (DS = 0.15) in DMSO. In brief, 25, 40, and 55 wt% of the Lys(Z)-NCA, relative to the PULL-DEAE, was introduced to synthesize the grafted pullulan. The reaction medium was submitted to nitrogen gas flow during the first hour of the reaction to carry away the carbon dioxide formed during the process. The system was sealed and kept under stirring at room temperature for 24 h. After the reaction time, the material was dialyzed for 24 h against distilled water and lyophilized according to the adapted methodology of Park and coauthors [START_REF] Park | Preparation of pullulan-g-poly(L-lysine) and it's evaluation as a gene carrier[END_REF].

Characterizations

Nuclear magnetic resonance (NMR)

The chemical structures of the materials were evaluated by NMR technique, using Avance III equipment, with 600 MHz for hydrogen frequency, equipped with an automatic sample changer and cryo-probe TCI. This technique was also used to estimate the degree of substitution of PULL-DEAE. 1 H and 13 C nuclear magnetic resonance analyses were performed using deuterated dimethyl sulfoxide (DMSO-d 6 ) as a solvent.

Cytotoxicity test

Cytotoxicity assay was performed by indirect method. To prepare the samples extracts, three samples were incubated at 1000 μg mL -1 in DMEM culture medium. To be used as a negative control solution, one flask of DMEM without any sample remained in the incubator for 24 h. Afterward, the medium and extracts were filtered separately using sterile syringe filters (0.22 μm PDVF Millipore). Then, the extracts were used at 1000 μg mL -1 or diluted to 100 μg mL -1 , 10 μg mL -1 , and 1 μg mL -1 by using the incubated culture medium. L929 cells were plated in a 96-wells plate at 104 cells/well. After 12 h, the culture medium was replaced by 250 μL of the extracts at different concentrations or by the control solutions (DMEM as negative control and DMSO as positive control). One plate of cells was incubated for 24 h and another for 72 h. Cytotoxicity of the copolymer was evaluated by using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay as described by Kašpárková and co-workers [START_REF] Kašpárková | Polyaniline colloids stabilized with bioactive polysaccharides: non-cytotoxic antibacterial materials[END_REF]. After incubation, the extracts were withdrawn, and each well was washed with Phosphate Buffered Saline solution (PBS). Then, 100 μL of MTT aqueous solution at 0.5 mg mL -1 were added to the cells, and the cells were incubated for 3 h. Then, the MTT solution was withdrawn, and the formazan salt formed in the cells was solubilized with 100 μL of DMSO. The absorbance of the wells was measured at 540 nm in a Plate Reader Synergy H1 (Biotek, Santa Clara, USA). The experiment was performed in 6 replicates for each concentration, and the cell viability was calculated by considering the negative control as 100% of cell viability.

In order to further evaluate the cytotoxicity of the sample extracts, the cells were incubated with the extracts at 1 μg mL -1 for 72 h and analyzed by optical microscopy regarding cell morphology. In this assay, 104 cells were plated on glass slides placed inside Petri dishes. After 12 h, the culture medium was replaced by sample extracts. The cells were incubated for 72 h and then fixed with ethanol. The cells were incubated with ethanol at 10, 25, 50, 75, and 90% for 20 min each. Finally, the samples were immersed in ethanol 99% for 1 h. Then, the cells were analyzed by optical microscopy at 40 X and photographed using a cell phone camera.

Results and discussion

1 H NMR and 13 C NMR

Aiming to prepare two types of cationic pullulan, one with hydrophilic and another with amphiphilic properties, the polysaccharide was first chemically modified by 2-chloro-N,N ′ -diethylethylamine hydrochloride (DEAE), resulting in the hydrophilic PULL-DEAE. After, PULL-DEAE was grafted with different amounts of Poly(Z-L-Lysine), obtaining the copolymers PULL-DEAE-g-PZLL 25, 40, and 50%. In the first step, DEAE reacted with pullulan by nucleophilic displacement, resulting in a carbon-oxygen bond that takes place from a carbon-chlorine bond, as shown in Scheme 1. The DEAE group into the pullulan backbone provides an ionizable tertiary amino group which could result in a pH sensitivity in the polysaccharide. The reaction was conducted in a solution containing concentrated sodium hydroxide, which can neutralize the hydrochloride released from DEAE in the reaction and transform the hydroxyl groups in pullulan's backbone into more reactive ones and consequently accelerating the etherification [START_REF] Souguir | Novel cationic and amphiphilic pullulan derivatives II: pH dependant physicochemical properties[END_REF][START_REF] Su | Facile fabrication of functional hydrogels consisting of pullulan and polydopamine fibers for drug delivery[END_REF]. However, according to Nichifor et al. 2010, when the concentration of NaOH exceeds 0,4 mol/anhydroglucose unit, it can inactivate the reagent by hydrolysis or even degrade the polysaccharides [START_REF] Nichifor | New cationic hydrophilic and amphiphilic polysaccharides synthesized by one pot procedure[END_REF], even though pullulan presented a good stability front alkaline hydrolysis [START_REF] Bruneel | Chemical modification of pullulan: 1. Periodate oxidation[END_REF]. As the etherification reaction proceeds through a nucleophilic displacement, it is expected that the reaction occurs preferably in carbon C6 of the PULL, as it presents the most reactive hydroxyl group in the pullulan backbone. In this process, the arrangement of PULL chains may be impacted since the DEAE molecules impose a steric hindrance to a compact arrangement, which is interesting to promote further modification in the latter process. However, it is not expected that all the available hydroxyl groups would be modified since the amount of DEAE used in the reaction was 0,67 mol/anhydroglucose unit. Besides that, the pullulan chain also presents a strong intra and intermolecular hydrogen bonding, which can affect the chemical modification yield. Thus, an important aspect is evaluating the substitution degree to understand the extension of the etherification process.

In the second modification, the obtained PULL-DEAE reacted with the monomer Lys(Z)-NCA through a ring-opening polymerization (ROP) reaction, as illustrated in Scheme 2. In this process, it is expected that part of the unmodified hydroxyl groups in PULL-DEAE are replaced by the grafting of PZLL, which results in the reduction of hydrophilicity of PULL-DEAE and emerging of amphiphilic properties. During graft copolymerization, carbon dioxide is released due to the ring opening of the N-carboxyanhydride group. Thus, it was investigated if the different amounts of PZLL impacted the substitution degree.

The modification of the PULL structure was evaluated using NMR analysis. Fig. 1, Fig. 2 and Fig. S1 (Supplementary Material) present the 1 H, 13 C and HSQC NMR spectra, respectively, regarding the initial modification procedure. As observed in Fig. 1a, pullulan present resonances at 4.3-5.7 ppm, assigned to the overlap region of PULL hydroxyl groups (-OH) with the (1-4) and (1-6) anomeric protons, and resonances at 3.0-4.0 ppm, related to hydrogens from polysaccharide ring [START_REF] Tao | Cholesterol-modified amino-pullulan nanoparticles as a drug carrier: comparative study of cholesterol-modified carboxyethyl pullulan and pullulan nanoparticles[END_REF]. In Fig. 1b DEAE molecule exhibits typical resonances at 1.22 ppm (6H, -N(CH 2 CH 3 ) 2 , "a"), 3.15 ppm (4H, -N(CH 2 CH 3 ) 2 , "b"), 3.40 (2H, -CH 2 CH 2 N-, "c"), and 4.05 (2H, -CH 2 Cl, "d") [START_REF] Jiang | Oxygen and carbon dioxide dual gas-responsive homopolymers and diblock copolymers synthesized: via RAFT polymerization[END_REF]. After the modification, it was observed in Fig. 1c that PULL-DEAE maintained all typical pullulan resonances, indicating that the glycosidic structure was preserved. The spectra presented the appearance of new resonance peaks at 1.20 and 3.17 ppm, which are related to DEAE structure (hydrogen "a" and "b", respectively, as indicated previously), demonstrating the successful chemical modification of pullulan. The occurrence of secondary reactions between two DEAE molecules was not evidenced in Fig. 1c since there are no peaks characteristic of two DEAE groups on a single hydroxyl. The secondary reaction was previously observed by San Juan and collaborators (2006) [START_REF] San Juan | Tubular cationized pullulan hydrogels as local reservoirs for plasmid DNA[END_REF]; however, the amount of DEAE applied by them was significantly greater than the one used in this work since the main goal was not to modify all the hydroxyl groups on PULL. To understand the modification efficiency during the applied procedure, the DS was determined using Eq. 2, which was observed at a value of 0.15. DS obtained indicates that about 15 hydroxyls were replaced during the modification process for one hundred glucose units, which means a lower substitution based on the amount of DEAE used at 0.67 mol/mol of anhydroglucose unit. [START_REF] Shibata | Synthesis and properties of etherified pullulans[END_REF], also investigated the etherification of pullulan by evaluating two different alkyl bromides, 1bromopropane and 1-bromobutane, and three different amounts of each reagent. It was observed that the DS obtained was approximately half of the maximum DS available for the reaction [START_REF] Shibata | Synthesis and properties of etherified pullulans[END_REF]. Therefore, the low DS obtained was expected, demonstrating the effectiveness of DEAE modification in the PULL chain.

Fig. 2a shows that PULL possesses resonance peaks at 98, 100, and 101 ppm related to the anomeric carbons of pullulan structure and peaks around 60-70 ppm related to carbons of polysaccharide structure [START_REF] Culica | Recyclable polymer-supported N-Hydroxyphthalimide catalysts for selective oxidation of pullulan[END_REF].

Evaluating the DEAE spectra in Fig. 2b it is observed characteristic carbon resonances at δ (ppm) = 8 (-N(CH 2 CH 3 ) 2 , "a"), 37 (-CH 2 Cl, "d"), 46 (-N(CH 2 CH 3 ) 2 , "b"), and 51 (-CH 2 CH 2 N-, "c") as previously mentioned in the literature [START_REF] Vázquez | DEAE-chitosan nanoparticles as a pneumococcus-biomimetic material for the development of antipneumococcal therapeutics[END_REF]. The PULL-DEAE spectra observed in Fig. 2c showed the presence of anomeric carbon resonances from pullulan and characteristic DEAE carbon resonances at 8, 46, and 51 ppm, represented by "a", "b" and "c", respectively. It is also observed that the DEAE methylene peak, represented by "d", slightly shifted from 37 to 29 ppm, which can be explained by the heteroatom neighboring to this carbon since the chlorine atoms are released during the reaction, and a new bond is formed with the oxygen atom, modifying the electron clouds, and causing the chemical shift observed. These observations support that the reaction was successful in promoting pullulan modification.

The obtained PULL-DEAE was then grafted with PZLL through ROP reaction, which is expected to take place on the remaining hydroxyl groups from the pullulan backbone, as indicated in Scheme 2. The grafting process was also evaluated using NMR analysis, and Fig. 3 and Fig. 4 present the 1 H and 13 C NMR spectra, respectively. From Fig. 3a it was observed that Lys(Z)-NCA presents resonances at δ (ppm): 1.23-1.76 (-CH 2 CH 2 CH 2 -, "d, e, f"), 2.97 (2H, CH 2 CH 2 NH, "c"), 4.40 (1H, CHC(NH)C-, "g"), 4.99 (2H, -CH 2 O-, "b"), and 7.33 (related to hydrogens from aromatic ring, "a") [START_REF] Zhang | The length of hydrophobic chain in amphiphilic polypeptides regulates the efficiency of gene delivery[END_REF]. The grafted PULL-DEAE-g-PZLL copolymers spectra with varied PZLL content are observed in Fig. 4b-d. The copolymers spectra show that all the materials preserved the hydrogens from anomeric and polysaccharide rings, indicating that the grafting process maintained the pullulan structure. After the grafting process, new resonance peaks were observed at 7.30 and 1.34 ppm, characteristic of the aromatic ring and methyl groups from PZLL segments, represented by "b" and "c", respectively. Liu et al. reported similar results [START_REF] Liu | Design, synthesis, and evaluation of VEGFR-targeted macromolecular MRI contrast agent based on biotin-avidin-specific binding[END_REF]. No significant differences were observed between the spectra of copolymers grafted with different PZLL amounts, indicating that the grafting process was similar for all the copolymers. The DS was then calculated using Eq. 4, and it observed values of 0.13, 0.54, and 0.63 for PULL-DEAE-PZLL 25, 40, and 55% w/w, respectively. The increase in DS value with the increased monomer content used during copolymerization indicates that the process was efficient, promoting the grafting of the pullulan backbone with poly(Z-L-lysine). Notably, the DS variation was more pronounced when changing the monomer percentage from 25 to 40% w/w compared to the change from 40 to 55% w/w. This result may be associated with steric hindrance effects that limit the grafting process using higher monomer quantity. Thus, this result indicates that possibly there is an optimum grafting efficiency of close to 40% w/w of poly(Z-L-lysine) for the studied system.

To confirm the grafting of PZLL segments in the PULL-DEAE backbone, 13 C NMR was performed. Fig. 4a presents the lysine-based monomer used for the grafting copolymerization, with several characteristic resonances at δ (ppm) such as 171 (-(C=O)NH-, "k"), 155 (-NH (C=O)O, "j"), 151(-C(C=O)O, "i"), 137 (anomeric carbon from an aromatic ring, "h"), 128-127 (carbon from the aromatic ring), 65 (-CH 2 O-, "b") 57 (CH 2 CNH, "g"), 39 (-CH 2 CH 2 NH-, "c"), 31 (-CH 2 CH 2 NH-, "d"), and 29 (-CCH 2 CH 2 -, "f"), 21 (-CCH 2 CH 2 -, "e") as previously reported [START_REF] Izunobi | Microstructure characterization and thermal analysis of hybrid block copolymer α-methoxy-poly(ethylene glycol)-block-poly [-(benzyloxycarbonyl)-l-lysine] for biomedical applications[END_REF]. The grafted PULL-DEAE-g-PZLL copolymers spectra with varied PZLL content are observed in Fig. 4b-d, and it is possible to notice the presence of the 137, 155, and 171 ppm resonance peaks, indicating that the grafting process was successfully achieved. It is also possible to observe the disappearance of the resonance at 151 ppm. This result can be explained by the release of CO 2 gas from the N-carboxyanhydride ring after ring-opening polymerization, as previously illustrated in Scheme 2. Another modification noticed in the 13 C NMR spectra of PULL-DEAE-g-PZLL is related to the carbons from methylene, which shifted from 57 ppm ("g", in Fig. 4a) to 52 ppm ("c", Fig. 4b-d). No significant changes could be evidenced in the 13 C NMR spectra, even with the increase in the proportion of PZLL segments grafted into the pullulan backbone. These results evidence the effectiveness of grafting PZLL into PULL-DEAE and are corroborated by the work of Izunobi and Higginbotham.

Gel permeation chromatography (GPC)

Chromatograms indicated a high dispersity of the molar masses for all polymers, presenting bimodal and trimodal curves, as shown in Fig. 5a. The deconvolution of the chromatograms (Fig. 5b-f) demonstrated three molar mass populations for PULL at elution time values 1, Mn reduced from 98,393 Da to 90,271 Da after the DEAE modification. Among the possible reasons for reducing the molecular weight of PULL-DEAE, alkaline hydrolysis corresponds to one of them, since the presence of NaOH in the aqueous medium could result in polysaccharide degradation, as aforementioned. Besides that, incorporating the DEAE in the pullulan chain reduced the amount of hydroxyl groups and the presence of an anime group, which consequently changed the intermolecular and hydrogen bond interactions between the molecules. Further, the presence of amine could contribute to a slight interaction between the molecule and the GPC column, increasing the retention time in the GPC. Thus, the PULL-DEAE displays a smaller molecular weight than the unmodified PULL.

Comparing PULL-DEAE chromatograms with PULL-DEAE-PZLL copolymers chromatograms, they are noticeably different. The copolymers based on PULL-DEAE-g-PZLL evidenced a new population at low elution time between 20 and 24 min, demonstrating higher apparent molar masses occurred by the copolymerization into the PULL-DEAE backbone. On the other hand, new populations were also noticed in higher elution time, around 30 min, evidencing smaller hydrodynamic volumes of polymer, which decreased Mn and increased Đ of the copolymers (as demonstrated in Table 1). This fact could be attributed to the intramolecular and hydrogen bond interactions between PZLL hydrophobic grafted, leading to strongly compacted structures, as Hadrich and co-workers mentioned before [START_REF] Hadrich | Biomimetic hydrogel by enzymatic crosslinking of pullulan grafted with ferulic acid[END_REF]. Another significant event influencing the decrease of Mn is the homopolymerization of PZLL. Since the amount of PZLL increased in the copolymer, Mn decreased, and the population moved to a lower elution time. This fact demonstrated that the monomer reaction reached a limit of graft copolymerization. The amphiphilicity of the copolymers resulted in a steric hindrance and spatial configuration that reduced the collisions among the reactive sites on the macromolecules, playing an important role in the graft copolymerization amount, promoting lower Mn values for PULL-DEAE-g-PZLL copolymers. This result is corroborated by the previous work reported by Madau and coworkers [START_REF] Madau | A mild and straightforward one-pot hyaluronic acid functionalization through termination of poly-(2-alkyl-2-oxazoline)[END_REF].

FTIR

The FTIR spectra for PULL, DEAE, and the product PULL-DEAE are presented in Fig. 6 and Fig. S2. Pullulan displays characteristic bands at 3300 and 2925 cm -1 associated with hydroxyl and C -H stretching, respectively. By extending the spectrum from 2000 to 600 cm-1, as presented in Fig. 6b, it can be observed the stretching of the O-C-O, C-O-C, and C-O bonds of PUL at 1640, 1146, and 1077 cm -1 , respectively. The stretching at 995, 922, and 750 cm -1 are characteristic of the α-(1,4) and α- [START_REF] Li | Polysaccharides for biomedical applications[END_REF][START_REF] San Juan | Development of a functionalized polymer for stent coating in the arterial delivery of small interfering RNA[END_REF] glycosidic bonds of PULL (AN et al., 2017). The spectrum of DEAE shows stretching at 2561 and 2486 cm-1, characteristic of the C-N axial stretching from a salt of tertiary amines. Besides that, the DEAE spectrum also shows peaks at 1473 and 740 cm -1 , characteristic of the symmetric and asymmetric angular deformation of the C -H bonds, and peaks at 1386 and 1018 cm -1 , referring to the symmetric and asymmetric axial deformation of the C-H bonds, respectively. The axial deformation of the C -Cl bond of the salt is shown at 850 cm -1 . The spectrum PULL-DEAE reveals the presence of the bands referring to the main O -H bonds, originally from PULL, but with reduced intensities, suggesting some groups' consumption for the modification process. After the functionalization of pullulan with DEAE, characteristic peaks of DEAE at 2925, 2561, and 2486 cm -1 were not observed, and pullulan peaks may overlap the other peaks. This result indicates that the pullulan backbone structure was preserved and, combined with low DS observed by NMR analysis, indicates that the reaction promoted only a surface modification at a few available sites.

The FTIR for Lys(Z)-NCA and grafted pullulan is presented if Fig. 7 and Fig. S3 (Supplementary Material). Lys(Z)-NCA spectrum, presented in Fig. 7b., shows the symmetric and antisymmetric C--O stretching modes of the carboxyanhydride (O=C-O-C=O) at 1857, 1804, 1772, and 1745 cm -1 . It can be noticed in Fig. 7b. that an amide C--O stretching vibrations from benzyloxycarbonyl group at around 1692 cm -1 and N-H bending vibration frequency (amide II) from carboxyanhydride group at around 1529 cm -1 . The absorption band from N-C-O stretching and C-O stretching can be observed in Fig. 7b-c., on the frequency at 1260 and 945 cm -1 , respectively. Evaluating the grafted copolymer, Fig. 7a., they presented a similar spectrum to pullulan with slight intensity variations, such as at 3300 and 2925 cm-1, indicating that the polysaccharide structure was preserved. In Fig. 7b., Lys(Z)-NCA peaks at 1858, 1805, 1775, and 1747 cm -1 were not observed for the grafted pullulan since in the polymerization process by ROP, there is the release of carbon dioxide, which corroborates the success of the grafting process. Moreover, the grafted materials present a new amide I stretching frequency at 1623 cm -1 , and an increasing intensity for higher monomer content was observed, indicating a higher grafting degree of pullulan structure and corroborating the NMR and DS results. Additionally, in Fig. 7b., the peak at 1686 cm -1 was observed with a little shift to 1692 cm -1 in the grafted pullulan. Similar behavior was observed for the 1529 cm -1 band that shifted to 1538 cm -1 for PULL-DEAE-g-PZLL. Moreover, the bands 1454, 1260, and 1246 cm -1 from PZLL were observed in the grafted materials, and the intensity was proportional to the amount of Lys(Z)-NCA used during grafting. These results indicate that the higher monomer content was successfully grafted into the pullulan structure and corroborates the NMR results. 

XRD

The XRD patterns for PULL, PULL-DEAE, and the grafted pullulan are presented in Fig. 8. The absence of a sharp signal indicates that pullulan presents an amorphous structure, presenting only a broad peak around 18.1 • that is related to the compact arrangement of pullulan molecules through hydrogen bonds. Similar results were observed by Singh and coworkers and Haghighatpanah and co-workers [START_REF] Haghighatpanah | Optimization and characterization of pullulan produced by a newly identified strain of Aureobasidium pullulans[END_REF][START_REF] Singh | Pullulan production in stirred tank reactor by a colour-variant strain of Aureobasidium pullulans FB-1[END_REF]. During modification, a shift was observed from the broad peak that pullulan possesses from 18.1 • to 19.6 • and an intensity reduction, which suggests that the modification and grafting procedures impacted the hydrogen bonding from pullulan, possibly reducing these interactions and increasing the amorphous state. Moreover, in Fig. 8 is possible to observe a change in the peak diffraction intensity, where the unmodified pullulan showed the highest intensity, while for the PULL-DEAE it was observed a considerable reduction of the peak's intensity, and this effect was enhanced for the grafted samples. These observations highlight the success in modifying the surface properties of pullulan without compromising its change in the diffraction intensities observed in Fig. 8, where the unmodified pullulan showed the highest intensity. With the modification with DEAE, the sample showed a considerable reduction in diffraction intensity, which was enhanced with the copolymerization process, highlighting the success of the pulp structure modification process.

Thermal analysis

Fig. 9 evidence the thermograms of pullulan and pullulan modified thermally analyzed by DSC and TGA techniques, and the data can be observed in Table 2.

Analyzing the thermograms of pullulan (PULL) and chemically modified pullulan (PULL-DEAE and PULL-DEAE-g-PZLL) evidenced a different thermal behavior. The thermograms of pullulan (PULL) and pullulan modified (Fig. 9a) presented a different glass transition temperature (T g ). The copolymerization with PZLL resulted in a considerable reduction of the T g value, reaching 38.3 • C for the PULL-DEAE-g-PZLL 55%. This reduction is probably associated with the disruption in the molecular arrangement promoted by Lys(Z)-NCA during grafting, which reduced the intermolecular interactions between pullulan chains, such as hydrogen bonds. These results may also approximate the T g of the PZLL homopolymer. Izunobi and Higginbotham reported similar behavior at approximately 32 • C, which can corroborate the success of the grafting process.

Fig. 9b andc show the thermogravimetric curves (TGA) and their respective derivatives (DTG) of PULL, PULL-DEAE, PULL-DEAE-g-PZLL 25%, PULL-DEAE-g-PZLL 40%, and PULL-DEAE-g-PZLL 55%. All samples showed a multi-step weight loss during thermal decomposition. The first weight loss occurred between 30 and 100 • C related to the materials' water [START_REF] Bailore | Fabrication of environmentally compatible biopolymer films of pullulan/Piscean collagen/ZnO nanocomposite and their antifungal activity[END_REF][START_REF] Roy | Fabrication of copper sulfide nanoparticles and limonene incorporated pullulan/carrageenan-based film with improved mechanical and antibacterial properties[END_REF]. The second and main weight loss occurred between 200 and 280 • C, corresponding mainly to glycerol and biopolymer degradation, except for pristine pullulan [START_REF] Laksee | Facile and green synthesis of pullulan derivative-stabilized Au nanoparticles as drug carriers for enhancing anticancer activity[END_REF]. The final weight loss occurred between 290 and 400 • C due to the decomposition of the biopolymers [START_REF] Han | Characterization and film-forming mechanism of egg white/pullulan blend film[END_REF].

Based on the results, PULL has a step of degradation (T onset ) at 299 • C and a temperature of maximum degradation (T max ) at 323 • C, which were higher than the modified pullulan. After modification with DEAE, the T onset and T max were reduced to 266 • C and 272 • C, respectively, presenting lower thermal stability than PULL. For the grafted copolymers, similar temperatures of PULL-DEAE were observed, indicating little influence of the Lys(Z)-NCA on the materials' thermal stability. It was only observed that for the PULL-DEAE-g-PZLL 25% sample, the weight loss was similar to PULL, while the grafted materials with higher PZLL content (40 and 55% w/w) presented weight loss close to PULL-DEAE. Molero and co-workers also observed similar behavior when evaluating glandless cottonseed meal/pullulan fine fiber mats [START_REF] Molero | Development and characterization of glandless cottonseed meal/pullulan fine fiber mats[END_REF]. Omar-Aziz and co-workers evidenced similar behavior when chemically modifying pullulan exopolysaccharide by octenyl succinic anhydride [START_REF] Omar-Aziz | Chemical modification of pullulan exopolysaccharide by octenyl succinic anhydride: optimization, physicochemical, structural and functional properties[END_REF].

Critical aggregation concentration

PULL is a well-known hydrophilic polysaccharide, which makes it incapable of self-aggregation in aqueous solutions [START_REF] Carvalho | Synthesis of amphiphilic pullulan-graft-poly(ε-caprolactone) via click chemistry[END_REF]. Through chemical modification, PULL can present new physical-chemical properties that contribute to its application in drug delivery systems. Therefore, the CAC analyses were only done for PULL-DEAE and PULL-DEAE-g-PZLL copolymers, evaluating the amphiphilic properties of the modified polysaccharide. Since PULL-DEAE presented a low degree of substitution, it kept the solubility similar to that of the starting material, PULL. Therefore, Fig. 10a. did not show any drastic modification of intensity, even with the increase in polymer concentration; this fact was expected and is justified by the hydrophilic nature of PULL-DEAE, which presents high solubility in water. PULL-DEAE-g-PZLL 25% (Fig. 10b.), on the other hand, showed a drastic change in the intensity value, reflecting the amphiphilic property of the copolymer. Thus, the CAC value was determined from the crossover point between the low and high concentrations range, resulting in 2.0 mg L -1 for PULL-DEAE-g-PZLL 25% (Fig. 10b), evidencing the nanoparticle forming ability of the copolymer. With the increase in PZLL, the hydrophobicity also increases and decreases the critical aggregation concentration [START_REF] Patrizi | ATRP synthesis and association properties of temperature responsive dextran copolymers grafted with poly(Nisopropylacrylamide)[END_REF]. For PULL-DEAE-g-PZLL 40% and 55% (Fig. 10c andd.), a change in the intensity value as a function of concentration was observed, and the CAC value obtained for PULL-DEAE-g-PZLL 40% and PULL-DEAE-g-PZLL 55% was 1.6 mg L -1 and 0.8 mg L -1 , respectively. Therefore, the copolymer with a higher percentage of monomer, PULL-DEAE-g-PZLL 55%, showed the lowest CAC. This result corroborates the increase in the hydrophobicity group grafted in the copolymer backbone.

Cytotoxicity test

The average values of the viability of cells obtained from the cytotoxicity test are shown in Fig. 11a. None of the samples were cytotoxic to L929 MEF cells since cell viability values were very close to the viability of negative control (cells grown in the culture medium). Also, all the cell viability values were higher than 70%, which is the lowest cell viability value to consider the material as cytotoxic according to the ISO 10993-5 regarding the in vitro cytotoxicity of medical devices. The viability of cells incubated with the 24 h extract from PULL-DEAE was high and close to 100% (negative control samples) at all concentrations. The values of the viability of cells incubated with the 24 h extract from PULL-DEAE-g-PZLL (25; 40, and 55%) were 98; 97, and 94%, respectively, which showed a slight decrease in cell viability with the increase of PULL-DEAE-g-PZLL content, but the average values were not statistically 

Table 2

TGA and DSC thermal parameters, such as glass transition temperature (T g ), the temperature of starting degradation (T onset ), and temperature of maximum degradation rate (T max ) for PULL, PULL-DEAE, PULL-DEAE-g-PZLL 25%, PULL-DEAE-g-PZLL 40%, and PULL-DEAE-g-PZLL 55%. different. Therefore, these results pointed out that the grafting did not compromise the cytocompatibility of the pullulan. Also, since the cell viability did not change with the incubation time of 72 h in the presence of the sample solution at 100 μg mL -1 (Fig. 11b.), it could be concluded that the polymers were not cytotoxic when in contact with L929 MEF cells, even under prolonged time.

In order to further evaluate the biocompatibility of the samples, cell morphology was analyzed by optical microscopy after 72 h of incubation with sample extracts at 1 mg mL -1 . For all samples, the cells showed morphology usually observed in the L929 cell line (Fig. 12). The cells did not show membrane disruption or increased nuclear size, which could point to cytotoxicity. Therefore, optical microscopy evidenced the absence of cytotoxicity of the investigated polymers.

Conclusion

In this work, cationic pullulan derivatives were prepared to evaluate the importance of a hydrophilic or amphiphilic nature for future applications in drug delivery systems. Therefore, PULL was first modified with DEAE to present ternary amine groups capable of protonating under a low pH medium. The chemical modification was successfully confirmed using 1 H and 13 C NMR, revealing a partial substitution of the hydroxyl groups in the pullulan backbone by DEAE, with a substitution degree equivalent to 0.15. This degree of substitution was sufficient to be detected by the analyzes performed and to modify the thermal properties of pullulan while maintaining its hydrophilic behavior. When the modified pullulan was reacted with Lys(Z)-NCA by ring-opening polymerization, grafted PULL-DEAE-g-PZLL copolymers, presenting amphiphilic behavior, were obtained. Different amounts of Lys(Z)-NCA were used during the synthesis, obtaining copolymers with different amphiphilicity, demonstrated by the results of Critical Aggregation Concentration (CAC), which varied from 2.0 mg L -1 to 0.8 for the grafted copolymers with 0.13 and 0.63 of substitution, respectively. FTIR analysis showed that the pullulan structure was preserved even under grafted copolymerization. The grafting of different amounts of PZLL influenced the material's final thermal properties, showing a slight reduction of thermal stability after modification. In vitro cell tests demonstrated the absence of cytotoxicity even under prolonged contact of the polymers with L929 MEF cells, which represents a promising result for the copolymers' future application as drug delivery systems. Finally, the development of cationic PULL-DEAE and PULL-DEAE-g-PZLL by the procedures described in this work represents an important contribution to future research involving the use of hydrophilic and hydrophobic pullulan derivatives for different kinds of controlled drug release devices, such as orodispersible films, solid particles suspension for oral and topical administration and particles in aqueous suspensions for intravenous administration. 
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 12 Scheme 1. Synthesis route of PULL-DEAE via nucleophilic displacement by DEAE.
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 1 Fig. 1. 1 H NMR spectra of starting PULL (a), pure DEAE (b), and PULL-DEAE (c).
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 2 Fig. 2. 13 C NMR starting PULL (a), pure DEAE (b), and PULL-DEAE (c).
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 3 Fig. 3. 1 H NMR spectra of Lys(Z)-NCA (a) and PULL-DEAE-g-PZLL grafted with different proportions (25, 40 e 55 wt%, concerning pullulan) of PZLL segments (b-d).
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 4 Fig. 4. 13 C NMR spectra of Lys(Z)-NCA (a) and PULL-DEAE-g-PZLL grafted with different proportions (25, 40 e 55 wt%, concerning pullulan) of PZLL segments (b-d).
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 5 Fig. 5. Chromatograms of PULL, PULL-DEAE, PULL-DEAE-g-PZLL 25%, PULL-DEAE-g-PZLL 40%, and PULL-DEAE-g-PZLL 55%.
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 6 Fig. 6. FTIR spectra of PULL, DEAE, and PULL-DEAE (a) full spectra, (b) zoom between 1700 and 600 cm -1 .
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 78 Fig. 7. FTIR spectra of Lys(Z)-NCA, and PULL-DEAE-g-PZLL 25, 40 e 55 wt%, (a) full spectra, (b) zoom between 2000 and 1200 cm -1 , (c) zoom between 1200 and 600 cm -1 .
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 9 Fig. 9. a) DSC, b) TGA, and c) DTG curves of PULL, PULL-DEAE, PULL-DEAE-g-PZLL 25%, PULL-DEAE-g-PZLL 40%, and PULL-DEAE-g-PZLL 55%.
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 10 Fig. 10. Critical aggregation concentration of PULL-DEAE, PULL-DEAE-g-PZLL 25%, PULL-DEAE-g-PZLL 40%, and PULL-DEAE-g-PZLL 55%.

Fig. 11 .

 11 Fig. 11. Cell viability in the presence of PULL, PULL-DEAE, PULL-DEAE-g-PZLL 25%, PULL-DEAE-g-PZLL 40%, and PULL-DEAE-g-PZLL 55% at different sample concentrations with (a) 24 h of incubation and (b) 72 h of incubation.

Fig. 12 .

 12 Fig. 12. Optical microscopy images of L929 cells incubated in the presence of (a) PULL, (b) PULL-DEAE, (c) PULL-DEAE-g-PZLL 25%, (d) PULL-DEAE-g-PZLL 40%and (e) PULL-DEAE-g-PZLL 55% extracts at 1 mg mL -1 for 72 h.

Table 1

 1 Mn, Mw, and dispersity values of PULL, PULL-DEAE, PULL-DEAE-g-PZLL 25%, PULL-DEAE-g-PZLL 40%, and PULL-DEAE-g-PZLL 55%.

	Sample	M n (Da)	M w (Da)	Ð
	PULL	98,393	231,943	2.36
	PULL-DEAE	90,271	194,001	2.15
	PULL-DEAE-g-PZLL-25%	54,680	216,940	3.97
	PULL-DEAE-g-PZLL-40%	62,070	218,413	3.52
	PULL-DEAE-g-PZLL-55%	34,596	134,547	3.89

around 22, 24, and 26 min. After modification with DEAE, the elution time values changed to 24, and two populations around 26; this effect was noticed in the Mn value, as demonstrated in Table
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