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Abstract

:

In this study, we explore the development of controlled PLGA-CS-PEG microspheres, which are used to encapsulate model anticancer drugs (prodigiosin (PGS) or paclitaxel (PTX)) for controlled breast cancer treatment. The PLGA microspheres are blended with hydrophilic polymers (chitosan and polyethylene glycol) in the presence of polyvinyl alcohol (PVA) that were synthesized via a water-oil-water (W/O/W) solvent evaporation technique. Chitosan (CS) and polyethylene glycol (PEG) were used as surface-modifying additives to improve the biocompatibility and reduce the adsorption of plasma proteins onto the microsphere surfaces. These PLGA-CS-PEG microspheres are loaded with varying concentrations (5 and 8 mg/mL) of PGS or PTX, respectively. Scanning electron microscopy (SEM) revealed the morphological properties while Fourier transform infrared spectroscopy (FTIR) was used to elucidate the functional groups of drug-loaded PLGA-CS-PEG microparticles. A thirty-day, in vitro, encapsulated drug (PGS or PTX) release was carried out at 37 °C, which corresponds to human body temperature, and at 41 °C and 44 °C, which correspond to hyperthermic temperatures. The thermodynamics and kinetics of in vitro drug release were also elucidated using a combination of mathematical models and the experimental results. The exponents of the Korsmeyer–Peppas model showed that the kinetics of drug release was well characterized by anomalous non-Fickian drug release. Endothermic and nonspontaneous processes are also associated with the thermodynamics of drug release. Finally, the controlled in vitro release of cancer drugs (PGS and PTX) is shown to decrease the viability of MDA-MB-231 cells. The implications of the results are discussed for the development of drug-encapsulated PLGA-CS-PEG microparticles for the controlled release of cancer drugs in treatment of triple negative breast cancer.
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1. Introduction


Cancer is the second leading cause of death globally [1,2]. It was the cause of death for an estimated 9.6 million people in 2018 [1,2]. Based on projections, cancer deaths will continue to rise, with 13 million people projected to die of cancer in 2030. At this rate, cancer may surpass cardiovascular disease as the leading cause of death, globally [2]. Current scientific evidence suggests that cancer can be triggered by environmental and genetic factors [3]. Current treatment modalities include radiotherapy, chemotherapy, hormonal therapy, and surgical removal [4]. These conventional treatment modes, however, are known to induce multiple side effects that can have negative long-term effects on a patient’s quality of life [4].



The emergence of drug delivery systems (DDS) for delivery of anticancer agents has created a profound impact on clinical therapeutics. DDS are used to deliver drugs to desired cells, tissues, organs, and subcellular organs for drug release and adsorption, through a variety of drug carriers [5]. In general, DDS are aimed at addressing some of the shortcomings of conventional cancer treatment methods, thereby improving treatment efficacy, while avoiding toxicity in normal cells. Their desirable features include improving the pharmaceutical activities of therapeutic drugs and alleviating the side effects of therapeutic drugs, thereby addressing the problem of low bioavailability, lack of selectivity, limited solubility, poor biodistribution, and drug aggregation [5]. Since the main aim of drug delivery is to attain and maintain the required therapeutic concentration of the drug in plasma, or at the site of action, for the period of treatment [6], controlled drug delivery presents several advantages. It reduces premature degradation, improves drug uptake, sustains drug concentrations within the therapeutic window, and reduces side effects associated with toxicity [7]. Hence, the concept of efficient drug delivery is important in disease management [8].



Over the past three decades, polymeric materials have played an important role in the controlled release of therapeutic agents over extended periods [9]. Due to their desirable characteristics, polymers are premier choices for localized, targeted, and controlled delivery of cancer drugs [9,10]. Biodegradable polymeric drug delivery systems have also been used to achieve the controlled delivery of drugs, macromolecules, cells, and enzymes [11,12,13,14]. Biopolymers have been used extensively in drug delivery applications. Their increased use is due to their biocompatibility and favorable degradation properties. These result in the breakdown of biopolymers to produce nontoxic byproducts [15,16].



Prodigiosin (PGS) and paclitaxel (PTX) were used as our model drugs. PGS is a natural red pigment produced as a secondary metabolite by numerous bacterial species, which include Serratia marcescens, Pseudomonas magneslorubra, Vibrio psychroerythrous, Serratia rubidaea, Vibrio gazogenes, Alteromonas rubra, Rugamonas rubra, and Gram positive actinomycetes, such as Streptoverticillium rubrireticuli and Streptomyces longisporus ruber [17,18,19,20,21]. Some members of the PGS family have antifungal, antimicrobial, antitumor, and immunosuppressive properties, and apoptotic effects in vitro [21,22,23,24,25]. PTX, also known as Taxol, is a natural product that was isolated from the yew tree Taxus brevifolia [26,27]. PTX is used as a chemotherapeutic agent and has been reported to have a broad spectrum of antitumor activity [27,28].



To design controlled drug release systems for effective therapy, it is critical to understand drug release kinetics and thermodynamics. The kinetics of drug release conveys relevant knowledge about the function of material systems [29]. Mathematical models can be used to evaluate drug release mechanisms and kinetics [30]. Furthermore, thermodynamic parameters such as enthalpy (ΔH), entropy (ΔS), and Gibbs free energy (ΔG) can be used to explain the drug kinetic release profiles [31]. Even though there has been extensive research on drug delivery systems, relating the drug release parameters with their thermodynamic parameters is still in its infancy [31,32].



In an effort address this unmet need, polymeric microspheres were developed using the W/O/W emulsion technique [33,34] in order to explore the kinetics and thermodynamics of anticancer drug release. The polymers of choice are poly (lactic-co-glycolic acid) (PLGA), chitosan, and polyethylene glycol (PEG). PLGA and PEG are biocompatible polymers that have been approved by the Food and Drug Administration (FDA) for use in the field of drug delivery [35,36,37]. The drug release characteristics of PLGA are tunable by altering the ratios of polylactic acid and polyglycolic acid [35]. PEG decreases interactions with blood components [36]. Chitosan is a naturally abundant polymer and is useful in medicine due to its biodegradability, biocompatibility, mucoadhesive, and nonimmunogenic properties, together with its ability to enhance the penetration of large molecules across mucosal surfaces [38]. These polymers have been used in several investigations related to drug delivery applications in cancer treatment [34,39,40,41].



The physicochemical and morphological properties of synthesized PLGA-CS-PEG microspheres were characterized using Fourier transform infrared spectroscopy (FTIR) and scanning electron microscopy (SEM). Mathematical models were used to analyze the kinetics and thermodynamics of the in vitro drug release from the microspheres at hyperthermic and human body temperatures [11,12]. Alamar blue assay was used to evaluate the cell viability and drug-induced cytotoxicity on triple negative breast cancer cells [11,12]. The implications of the results are then discussed as they relate to the development of drug-encapsulating microspheres for controlled release of cancer drugs in triple negative breast cancer treatment.




2. Materials and Methods


2.1. Materials


Chitosan (low molecular weight, 75–85% deacetylated), Poly vinyl alcohol (PVA) (98% hydrolyzed, MW = 13,000–23,000), and Poly (D, L-lactide-co-glycolide) (PLGA 65:35, viscosity 0.6 dL/g) were obtained from Sigma-Aldrich (St. Louis, MO, USA). One percent glacial acetic acid, Polyethylene glycol (PEG) (8000), Phosphate Buffer Saline (PBS), and Dichloromethane (DCM) were acquired from Fisher Scientific (Hampton, NH, USA). Prodigiosin (PGS) was synthesized in Soboyejo’s Laboratory at the Worcester Polytechnique Institute (WPI), Worcester, MA, USA. Ninety-six well plates and paclitaxel (PTX) was obtained from Thermo Fisher Scientific (Waltham, MA, USA). For cell culture and in vitro cell viability studies, Leibovitz’s-15 (L-15), Fetal Bovine Serum (FBS), trypsin-ethylenediamine-tetra-acetic acid (Trypsin-EDTA), Penicillin–streptomycin, Dulbecco’s phosphate-buffered saline (DPBS), and Alamar Blue Cell Viability reagent were also purchased from Thermo Fisher Scientific (Waltham, MA, USA). All reagents used were of analytical grade.




2.2. Preparation of Drug-Loaded PLGA-CS-PEG Microspheres


Drug-loaded blend of PLGA-CS-PEG microspheres were prepared using the water-oil-water (W/O/W) emulsions method with slight modifications [33,34]. Briefly, 100 mg of PLGA polymer was dissolved in 3 mL of organic solvent (dichloromethane). This was followed by adding 5 mg/mL or 8 mg/mL of PGS or PTX, respectively, to form primary emulsions. Chitosan solution (4% w/w) was prepared in 1% glacial acetic acid, filtered, and then added to the aqueous PVA solution. PEG (5%, w/w) with a molecular weight of 8 kD was added to the aqueous PVA and chitosan solution before emulsification to produce PLGA-CS-PEG microparticles.



The emulsification was done in an aqueous PVA solution (12 mL, 2% w/v) to form an oil-in-water (o/w) emulsion using an Ultra Turrax T10 basic homogenizer (Wilmington, NC, USA), set at a speed of 30,000 rpm for 3 min over an ice bath. The emulsion was kept in a magnetic stirrer that was operated overnight at 1000 revolutions per minute (rpm) for the evaporation of the organic solvent. Next, the emulsifier and nonincorporated drugs were rinsed off. A VirTis BenchTop Pro freeze dryer (VirTis SP Scientific, Stone Ridge, NY, USA) was used to lyophilize the recovered microparticles for 48 h. The nonloaded PLGA-CS-PEG microparticles were also prepared as described above without incorporating the drug.



Material Characterization of Drug-Loaded Microparticles


SEM (JEOL 7000F, JEOL Inc., Peabody, MA, USA) was used to characterize the structure of the microparticles. Prior to the SEM session, the freeze-dried drug-encapsulated PLGA-CS-PEG microparticles samples were mounted on double-sided copper tape, with the other end affixed to an aluminum stub. This was followed by sputter-coating the resulting microparticles with a 5 nm gold–palladium layer. The ImageJ software package (National Institutes of Health, Bethesda, MD, USA) was then used to analyze the mean diameter of the microparticles.



The physicochemical properties of the drug-loaded PLGA-CS-PEG microparticles were analyzed using Fourier transform infrared spectroscopy (FTIR) (IRSpirit, Shimadzu Corporation, Tokyo, Japan). Using the IR solution software package (ver.1.10) (IRSpirit, Shimadzu Corporation, Tokyo, Japan), the lyophilized drug-encapsulated PLGA-CS-PEG microparticles were scanned at 4 mm/s at a resolution of 2 cm−1 from 400 to 3500 cm−1.





2.3. In Vitro Drug Release


After encapsulating PGS (5 mg/mL or 8 mg/mL) or PTX (5 mg/mL or 8 mg/mL) in their blend of PLGA-CS-PEG polymer, a thirty-day in vitro drug release study was carried out in a bid to analyze the kinetics and thermodynamics of in vitro drug release. The in vitro drug release experiments were carried out at three temperatures: 37, 41, and 44 °C. The first temperature (37 °C) corresponds to human body temperature while the later (41 °C and 44 °C) correspond to hyperthermic temperatures.



For each formulation, 10 mg of lyophilized PLGA-CS-PEG microparticles were suspended separately in a centrifuge tube containing 10 mL of PBS (pH = 7.4) with 0.01% (v/v) Tween 80 to maintain sink condition. This was done in triplicate for each formulation. Then, for in vitro drug release process, the centrifuge tubes containing samples were positioned back into the orbital shaker (Innova 44 Incubator, Console Incubator Shaker, New Brunswick, NJ, USA) rotating at 80 rpm and maintained at the respective set temperatures (37, 41, and 44 °C). At the predetermined time duration, 1 mL of the centrifuged supernatant was obtained for drug content analysis and then replaced with 1 mL PBS (pH 7.4). The samples in the centrifuge tubes were swirled gently and returned into the shaker incubator to continue the drug release study.



A UV–visible spectrophotometer manufactured by UV-1900 Shimadzu Corporation, Tokyo, Japan, was employed to evaluate the absorbance of each 1 mL supernatant sample released at set temperatures after 24 h. To measure the absorbance for prodigiosin (PGS) analysis, the wavelength of the UV–visible spectrophotometer was fixed at 535 nm and 229 nm for PGS and PTX, respectively. The concentrations of drug (PGS or PTX) released from their respective PLGA-CS-PEG microparticles loaded with drugs were determined from a standard curve [42].



In addition, to determine the drug encapsulation efficiencies of drug-loaded PLGA-CS-PEG microspheres, a predetermined amount of drug-loaded PLGA-CS-PEG microparticles was dissolved in DCM. The UV–visible spectrophotometer was used to determine the concentration of drug in the suspension.



Equation (1) was used to determine the Drug Encapsulation Efficiency (DEE) of drug-loaded PLGA-CS-PEG microparticles:


  D r u g   E n c a p s u l a t i o n   E f f i c e n c y    (  D E E  )  =    M X     M Z    × 100  



(1)




where Mx represents the amount of drug that was encapsulated and Mz represents the amount of drug used for preparing the PLGA-CS-PEG microparticle.




2.4. Modeling of Drug Release


2.4.1. Kinetics of Drug Release


The mechanism of drug release from the various PLGA-CS-PEG microsphere formulations was investigated using zeroth order, first order, Higuchi, and Korsmeyer–Peppas mathematical models. The drug release data were fitted to the four kinetic models and R2 value close to 1, was the criterion for selection of the best fit model.



Zeroth order model describes the drug release in which the release rate does not depend on concentration [30]. First order model is associated with the dissolution of water-soluble drugs in porous matrices [43]. This model reveals a release rate that depends on concentration [44]. Higuchi model characterizes the release from polymer matrices [45,46]. Using Fick’s first law, the Higuchi model describes release of drug from insoluble matrix as a square root of time [43,45]. Korsmeyer–Peppas (K–P) model explores the drug release from polymeric matrix systems and is only applicable to the first 60% of drug release [43,44]. For K–P drug release, a plot of log      M t     M ∞      vs. log t was used to obtain the slope, n, of the resulting line, which corresponds to the underlying mechanism of drug release. For example, n < 0.45 corresponds to a Fickian diffusion mechanism, while 0.45 < n < 0.89 corresponds to non-Fickian transport, n = 0.89 corresponds to Case II (relaxational) transport, while n > 0.89 corresponds to super case II transport [44,45,47].



The equations for the respective models are summarized in Table 1.
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Table 1. Kinetic models and their respective equations.






Table 1. Kinetic models and their respective equations.





	S/N
	Kinetic Model
	Equation





	1
	Zeroth order
	    Q t  =  Q 0  + K . t   



	2
	First order
	   log  Q t  = log  Q 0  +   K t   2.303     



	3
	Higuchi
	    Q t  = K .  t   1 2      



	4
	Korsmeyer–Peppas (K–P)
	      M t     M ∞    = K  t n    







where Q0 is the initial amount of drug in the solution, Qt is the cumulative amount of drug released at time t, and K is the kinetic constant, t is the time,      M t     M ∞      is a fraction of drug released after time t, and n is the release exponent.












2.4.2. In Vitro Drug Release Thermodynamics


The data for the in vitro release of drug from PLGA-CS-PEG microspheres were used to calculate the thermodynamic parameters (activation energy (Ea), enthalpy (ΔH), Gibbs free energy (ΔG), and the entropy (ΔS) changes) [48,49]. This paper uses expressions from prior studies [12] to estimate the thermodynamic parameters. These are summarized in Table 2, where their mathematical expressions are presented. The magnitude and signs of these parameters provide insight to the spontaneity and feasibility of drug release processes from the microspheres.



In the expressions presented, R is 8.314 J mol−1 K−1, which represents the universal gas constant, T is the absolute temperature in Kelvin, the thermodynamic equilibrium constant is Kt, Ea is the activation energy, and the pre-exponential factor is denoted by Df. A Van Hoff plot of ln Kt vs. 1/T was used to estimate Ea (kJ mol−1). Thus, the gradient gives   −    E a   R   . Given the Eyring expression for Kt, when a plot is for   ln  K t    vs.    1 T    is linear, then the gradient of the plot equals the enthalpy change and intercept of the plot equals entropy change [48]. Hence, the gradient m is given as   −   ∆ H  R    and   ln    K B   h  +   Δ S  R    equals the intercept c, respectively, where KB is the Boltzmann constant with value 1.38065 × 10−34 m2 kg s−2w K−1, ΔS is change in entropy, h is Planck’s constant (6.626 × 10−34 J sec), and ΔH is the enthalpy change.





2.5. In Vitro Cell Viability and Cytotoxicity


Several studies have demonstrated in vitro and in vivo studies that PGS, or PTX, has anticancer activity against breast cancer [11,12,50,51]. In this context, to investigate the potential anticancer effect of these drugs (PGS and PTX), Alamar blue assay was carried out on MDA-MB-231 breast cancer cells. The percentage of Alamar blue reduction was used to measure the cell viability with or without treatment with drug-loaded microparticles. A higher percent reduction value implies a higher cell growth and, by extension, a higher cell viability. The breast cancer cell line (MDA-MB-231) was obtained from American Type Culture Collection (ATCC) (Manassas, VA, USA). The passage number of used cell culture was 10, and the cells were maintained under standard cell culture conditions to prevent contamination by mycoplasma, bacteria, fungi, and virus. The materials and supplements used for the cell culture were sterile and all cell culture procedures were carried out in a Labconco Delta Series Purifier Class II Biosafety Cabinet (Labconco Corporation, Kansas City, MO, USA). The dosage levels used was based on prior studies [11,12,50]. The cells were incubated with drug-loaded PLGA-CS-PEG microspheres or nonloaded PLGA-CS-PEG microsphere suspension at 10 mg/mL, respectively, at time intervals 0, 6, 24, 48, and 72 h. In addition, the cells were treated with free PTX and PGS at 15 µM concentration at the time intervals.



In this study, a complete cell culture medium referred to as Leibovitz’s 15+ (L15+) was used. L15+ contains Leibovitz’s 15 (L15), 10% FBS, and 2% penicillin/streptomycin. MDA-MB-231 cells were cultured in a T75 flask using L15+ medium and incubated in a humidified incubator set at 37 °C. The cells were harvested at 70–80% confluence (log phase of growth) using trypsin-EDTA. Alamar blue cell viability assay was used to perform the in vitro cell viability and drug-induced cytotoxicity studies on MDA-MB-231 cells, as described in our previous work [11]. Approximately 104 cells per well were seeded in 24-well plates (n = 4) [11]. Prior to the cell culture experiments, the drug-loaded microspheres were exposed to UV light under sterile conditions. Three hours post cell seeding, the L15+ medium was replaced with 1 mL of L15+ containing 10 mg/mL of PLGA-CS-PEG microparticles loaded with drugs and the plates were incubated at 37 °C and 5% CO2 for 3 h in a humidified incubator. At predetermined time intervals (0, 6, 24, 48, and 72 h after the incorporation of the drug-loaded microspheres), the L15+ medium was replaced with L15+ containing 10% Alamar blue reagent. After incubating the plates for 3 h at 37 °C and 5% CO2, 100 μL aliquots were transferred into duplicate wells of a black opaque 96-well plate for fluorescence intensity measurements using a 1420 Victor3 multilabel plate reader (Perkin Elmer, Waltham, MA, USA) set at 544 nm excitation and 590 nm emission. Similar protocol was followed to assess the cell viability of nonloaded PLGA-CS-PEG microparticles and free drugs. The nonloaded PLGA-CS-PEG microparticles acted as the control. The percentage Alamar blue reduction data were normalized to the time 0 values (time 0) such that the initial values approximated 100% cell viability.



Equations (2) and (3) were used to determine the percentage (%) Alamar blue reduction and the percentage (%) cell growth inhibition [11]:


  %   A l a m a r   B l u e   R e d u c t i o n =   F  I  s a m p l e   − F  I  10 % A B     F  I  100 % R   − F  I  10 % A B     × 100 ,    



(2)






  %   G r o w t h   I n h i b i t i o n =  (  1 −   F  I  s a m p l e     F  I  c e l l s      )  × 100 ,    



(3)




where   F  I  s a m p l e     is the sample’s fluorescence intensity,   F  I  10 % A B     is 10% Alamar blue reagent fluorescence intensity,   F  I  100 % R     is 100% reduced Alamar blue fluorescence intensity, and   F  I  c e l l s     is the fluorescence intensity of untreated cells [11].




2.6. Statistical Analysis


Statistical analysis was carried out using the analysis of variance (ANOVA) test. The statistical analysis includes two-way ANOVA testing of the cell viability and cytotoxicity data. It also includes one-way ANOVA testing of drug release data. This was used to evaluate the differences between the control and the study groups. Thus, p < 0.05 was used to determine the significance. Post hoc Tukey tests were also used to distinguish between statistically significant groups. All the experimental results were reported as mean ± standard deviation. All experiments were carried out in triplicate unless otherwise stated.





3. Results


Figure 1a–e shows the morphological analysis (SEM) that the particles were spherical in shape with a smooth surface for all formulations. The morphology of the drug-loaded microspheres was not significantly different from that of the nonloaded PLGA-CS-PEG microspheres, which implies that the morphologies of the PLGA-CS-PEG microspheres were not significantly affected by drug encapsulation. Figure 2 reveals that the mean particle sizes of the microparticles ranged from 1.17 μm to 1.39 μm.



FTIR analysis was used to confirm the existence of CS and PEG on PLGA-CS-PEG microspheres. It was also used to study the interactions between the drug and polymer matrix. A representative FTIR spectrum for the PLGA-CS-PEG microspheres is shown in Figure 3. There was no evidence of strong bonds between the respective drugs (PGS or PTX) and PLGA-CS-PEG microparticles. In the FTIR spectrum, the characteristic band at 3422 cm−1 is attributed to –NH2 and –OH groups stretching vibration in the chitosan matrix [52] and followed by a peak at ~2995 cm−1 due to the amino group. The strong band at 1749 cm−1 corresponds to the C=O stretching vibration of the carbonyl in the lactide and glycoside structure [53]. The characteristic peak revealed at 1084 cm−1 of the PEG polymer is attributed to the C–O–C stretching vibration of the repeated—OCH2CH2—units of the PEG backbone. That was were. The occurrence of these characteristic peaks indicates that PEG and CS were successfully blended in the microspheres. Other peaks obtained in the fingerprint region are shown in Figure 3.



3.1. In Vitro Drug Release Kinetics


Figure 4a–d illustrates the profiles for in vitro drug release from PLGA-CS-PEG microspheres in PBS (pH 7.4, 0.01% Tween 80) at 37, 41, and 44 °C. The four types of PLGA-CS-PEG microsphere formulations (PLGA-CS-PEG_PGS5, PLGA-CS-PEG_PGS8, PLGA-CS-PEG_PTX5, and PLGA-CS-PEG_PTX8) all exhibited controlled drug release with over 50% release by the end of day 30. After 48 h, the initial burst release for each microsphere formulation is presented in Table 3. The initial burst release depended on the drug type encapsulated. In the case of PGS loaded PLGA-CS-PEG microspheres, a lower burst release was observed. This could be as a result of the hydrophilic and hydrophobic moieties in the PGS drug [11,12]. For PLGA-CS-PEG microspheres encapsulated with PTX drug, a higher release was noticed. Similar findings have been reported in previous studies [11,12]. The results also revealed that PLGA-CS-PEG microspheres loaded with 8 mg/mL concentration of drug have an overall higher burst release than PLGA-CS-PEG microspheres loaded with a drug concentration of 5 mg/mL. On day 30, the overall cumulative drug release reveals a similar pattern for the respective drug-loaded microspheres. It is also important to note that the overall % CDR after the 30 day release was slightly lower for paclitaxel-loaded PLGA-CS-PEG microsphere than prodigiosin-loaded PLGA-CS-PEG microspheres, which could be ascribed to the hydrophobic moiety of PTX drug [11,12].



The drug encapsulation efficiencies for the PLGA-CS-PEG_PGS5, PLGA-CS-PEG_PGS8, PLGA-CS-PEG_PTX5, and PLGA-CS-PEG_PTX8 microspheres were determined to be 56.5%, 58.5%, 57.5%, and 56%, respectively, and are presented in Table 3. Furthermore, the drug release profiles were similar at the set temperatures (37, 41, and 44 °C), which implies that the variation in temperature used during the drug release do not significantly (p-value > 0.05) influence the drug release profiles for the PLGA-CS-PEG microspheres. However, comparing the respective cumulative drug release, the results were significant with p-value < 0.05. Overall, these results suggest the potential of drug-loaded microspheres for controlled release of therapeutic levels of anticancer drugs were within clinically relevant durations [11].



To understand the in vitro drug release kinetics from PLGA-CS-PEG microspheres, four kinetic models were explored. These include the zeroth order model, the first order model, the Higuchi model, and the Korsmeyer–Peppas (K–P) model [30]. The kinetic constant (K) and correlation coefficients (R2) obtained for the release kinetics are presented in Table 4.



It is clear from Table 4 that the release kinetics for the various PLGA-CS-PEG microsphere formulations with the highest correlation coefficients R2 fit the K–P model the best. The release exponents, n, were also found to be within the range of 0.45 < n < 0.89, signifying that the release mechanism was by anomalous non-Fickian diffusion.



Table 5 presents the values for the thermodynamic parameters that were calculated from in vitro drug release data in this study. The ΔG which is the most important thermodynamic parameter associated with the release process, was positive for PLGA-CS-PEG microspheres, indicating a nonspontaneous natural process. This nonspontaneous process could be attributed to the controlled release of drug from the PLGA-CS-PEG microspheres and probably aids controlled drug release over a one month period [11,15].



Figure 5 shows a plot of ΔG (kJ mol−1) vs. temperature (K) for PLGA-CS-PEG microspheres. A positive value was obtained for ΔH, which shows that the release of drug from PLGA-CS-PEG microspheres was an endothermic process. Additionally, as the drug diffused in the medium to try to reach equilibrium, there was reduction in system disorder. This was clearly indicated by the negative values for ΔS for all PLGA-CS-PEG formulations. Such nonspontaneous release may be due to the controlled release and more likely to promote the release of the drug at a controlled rate during a period of one month. The Ea is the energy required to move the drug molecule from within the polymer matrix to the medium. A positive Ea value was obtained for the drug release from PLGA-CS-PEG formulations, with values < 10 kJ/mol indicating that the in vitro drug release was mainly by diffusion-driven processes.




3.2. In Vitro Drug Release Thermodynamics


Table 5 represents the calculated thermodynamic parameters obtained.




3.3. In Vitro Cell Viability and Cytotoxicity


The data in Figure 6a compare the viability of untreated cells with those treated with drug-loaded microparticles after 6, 24, 48, and 72 h post treatment. At all durations, cell viability was lower for breast cancer MDA-MB-231 cells treated with drug-loaded PLGA-CS-PEG microparticles encapsulating drugs vs. the untreated cells. In addition, the cells treated with paclitaxel-loaded microparticles were less viable than their prodigiosin-loaded counterparts. Among the treated cells, increasing the concentration of prodigiosin and paclitaxel in PLGA-CS-PEG microparticles resulted in decreased cell viability, as manifested in the lower normalized percentage Alamar blue reduction values. There was an initial decline in the viability of the treated cells after 6 h of exposure followed by a gradual rise in cell viability until 72 h. In the case of the paclitaxel-loaded PLGA-PEG-CS microparticles at 8 mg/mL, the viability continued to decrease after 6 h. There was an initial decline in the viability of the treated cells after 6 h of exposure followed by a gradual rise in cell viability until 72 h, except for the paclitaxel-loaded PLGA-PEG-CS microparticles at 8 mg/mL concentration, which continued to decline further. The initial decline in cell viability was probably due to the initial burst release of the drugs from the microparticles that shocked the cells, which were still in their lag growth phase and in their most fragile state.



The data in Figure 6b show the effect of adding PLGA-CS-PEG microspheres encapsulating drugs to the cells inhibit MDA-MB-231 breast cancer cell growth after 6, 24, 48 and 72 h exposure when compared to the untreated MDA-MB-231 breast cancer cells. Percentage cell growth inhibition was used as a measure of the drug-induced cytotoxicity level. A higher percent inhibition value implies an elevated cytotoxicity level due to drug treatment. Again, the data show that at all durations, paclitaxel-loaded microparticles exhibited higher percent inhibition values than prodigiosin-loaded microparticles, meaning that cells exposed to the former were more cytotoxic than the latter. In addition, increasing the concentration of drugs in the microparticles resulted in higher cytotoxicity levels as manifested in the higher percent growth inhibition values. In effect, loading the microparticles with 8 mg/mL of paclitaxel was more effective in impeding the growth of MDA-MB-231 breast cancer cells, while prodigiosin at a concentration of 5 mg/mL was least effective.





4. Discussion


This study suggests that the combination of PLGA, CS, and PEG can be used to form microspheres for the controlled release of cancer drugs such as paclitaxel and prodigiosin into cancer cells and tissues. The purpose of this study is to explore the effects of immobilized drug-loaded microparticles that are injected into regions from which tumor tissues have been extracted. Unlike the injectable drug-loaded nanoparticles that have sizes below certain critical sizes, the use of immobilized/implantable microparticle systems or scaffolds within a tumor site (after surgical removal of tumor to treat local regional/residual cancer tumor) has been reported to be safe [11,12].



The extended release of paclitaxel and prodigiosin also inhibits the growth (reduces the viability) of MDA-MB-231 cells under in vitro conditions (Figure 6a,b).



However, although further in vivo work is needed to investigate the possible outcome of extended cancer drug (prodigiosin and paclitaxel) release from the microparticles that were produced in this study, the current work does show that the combined use of PEG and CS polymer can be used to control the thermodynamics and the kinetics of the controlled release characteristics (Figure 4a–d and Table 4 and Table 5).



Furthermore, since the extended release of prodigiosin and paclitaxel from other PLGA microparticles did not elicit any observable cytotoxic responses in our prior work [12], we are hopeful that the in vivo elution of the same drugs (prodigiosin and paclitaxel) from PLGA-CS-PEG PEG microparticles will not induce cytotoxic effects. This suggests that the combination of two hydrophilic polymers (PEG and CS) could be advantageous in terms of preventing the adhesion of blood proteins to the surface, thereby improving the longevity in blood circulation.



In any case, the in vitro drug release profiles obtained in this study (Figure 4a–d) exhibited a biphasic-controlled drug release from PLGA-CS-PEG microspheres with >50% drug released at day 30. This is because the result is characterized by an initial burst release of drug followed by a constant rate of drug release [54]. Thus, the burst release phase occurs because of the initial exposure of the microspheres to the phosphate-buffered saline and the next phase basically relates the power-law relationship between cumulative amount of drug release and time [55]. A similar biphasic release was observed in the work of Suphiya Parveen and Sanjeeb K. Sahoo [34]. This controlled release can be attributed to the presence of CS and PEG as a blend, implying that they act as physical barriers that limit diffusion and erosion processes associated with drug transport through the microspheres.



Hence, it was not surprising that the best fit to the drug release data obtained in this study was the Korsmeyer–Peppas model [11,12,47,51]. This model corresponds to n values within the range 0.45 < n < 0.89, which is consistent with anomalous drug release by a combination of non-Fickian diffusion and erosion by polymer network degradation. The initial stage of drug release is due to diffusion from the polymer microspheres. However, the remaining drugs trapped in the microspheres are only released as the polymer degrades. Therefore, it is necessary to use a degradable material to slow the release of the drugs from the PLGA-CS-PEG microspheres. The use of PLGA polymer enables controlled release of drug due to their biocompatibility and degradability properties. Typically, as the drug-loaded microspheres break down inside the body, they produce nontoxic natural byproducts such as water and carbon dioxide that are easily eliminated [15,16].



The occurrence of erosion by polymer network degradation is attributed to a two-step process in which the blend of hydrophilic polymers on the microspheres first form a swollen structure (due to water absorption) leading to the detangling of chemical, prior to the subsequent erosion of the PLGA microparticles. It is also worth mentioning that, during the burst release phase when poorly encapsulated and surface bound drugs are released, a higher level of burst release was observed from PTX-loaded microspheres than that observed from PGS-loaded microspheres. In addition, at the set temperatures (37, 41, and 44 °C) similar drug release profiles were seen.



The values obtained for the thermodynamic parameters such as enthalpy (ΔH), entropy (ΔS), and Gibbs free energy (ΔG) showed that the drug release was feasible at 37, 41, and 44 °C. They also revealed that the drug release process was orderly, endothermic, and nonspontaneous.



Finally, it is important to note that the therapeutic potency of the various drug-loaded PLGA-CS-PEG microsphere formulations was assessed using Alamar blue assay. The results confirmed that the MDA-MB-231 breast cancer cell growth was highly repressed by PLGA-CS-PEG_PTX8 microspheres, with PLGA-CS-PEG_PGS5 microspheres being the least efficient. In any case, PLGA-CS-PEG microspheres loaded with drugs exhibited drug release and MDA-MB-231 cell growth inhibition that suggest that they are promising candidates for the controlled release of drugs (paclitaxel and prodigiosin) for triple negative breast cancer treatment.



Before concluding, it is important to compare the results from this study to the results from a prior study by Jusu et al. (2020) in which similar materials (PLGA-PEG) were used to encapsulate anticancer drugs. As in prior work by Jusu et al. (2020) in which PLGA-PEG microspheres were studied, the current study in which we introduced chitosan into the polymer matrix resulted in the anomalous non-Fickian release of cancer drugs that was well characterized by the Korsmeyer–Peppas model. The drug release at the end of day 30 was also slightly lower for PLGA-CS-PEG microspheres than for PLGA-PEG microspheres at the same time duration.



The slower rate of drug release suggests that extended release of cancer drugs due to the chitosan-PEG blend in the PLGA-CS-PEG microparticles could give rise to further extensions of the drug release durations than those associated with drug release from only PEG blend with PLGA. Finally, it is important to note here that prior in vivo studies of targeted drug release from implanted drug-loaded PLGAPEG microparticles Jusu et al. (2020) did not reveal any additional cytotoxicity effects after the extended elution of targeted cancer drugs (PGS and PTX) from the microparticles. This suggests that the PLGA-CS-PEG microspheres examined in this study are likely to elute targeted and untargeted drugs for longer durations at lower rates that are not likely to induce any additional cytotoxicity effects.




5. Conclusions


	
The PGS-loaded microspheres have lower burst release profiles than the PTX-loaded microspheres. The kinetics of drug release from both types of microspheres are also well characterized by the Korsmeyer–Peppas model, with release exponents n within the range of 0.45 < n < 0.89. This range of n corresponds to drug release occurring by anomalous non-Fickian release and is associated with drug diffusion and the relaxation of the polymer chains between the networks.



	
The in vitro drug release profiles obtained in this study exhibit a biphasic-controlled release of anticancer drugs (paclitaxel and prodigiosin) from drug-loaded PLGA-CS-PEG microspheres with >50% drug released at day 30. This controlled release is attributed to the presence of CS and PEG blends that limit the diffusion and erosion processes associated with drug transport through the blended microspheres.



	
The thermodynamic analysis of in vitro drug release from PLGA-CS-PEG microspheres loaded with drugs revealed positive values of ΔG and ΔH, and negative values of ΔS at set temperatures of 37, 41, and 44 °C. This is compatible with endothermic, nonspontaneous, ordered release of anticancer drugs.



	
Controlled in vitro drug release from cancer drug (paclitaxel and prodigiosin)-loaded PLGA-CS-PEG microspheres reduces the viability of MDA-MB-231 cancer cells.



	
The controlled release of cancer drugs (paclitaxel and prodigiosin) from drug-loaded PLGA-CS-PEG microspheres occurs at slower rates than the controlled release of cancer drugs from PLGA-PEG microspheres during the first 30 days of controlled cancer drug (paclitaxel and prodigiosin) release.



	
Prior to in vivo studies, further work is required to provide more insight into the nonspecific toxicity to noncancer cells. There is also a need for further studies of biodegradability.
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Figure 1. SEM pictures of PLGA-CS-PEG microsphere formulations: (a) PLGA-CS-PEG_PGS5, (b) PLGA-CS-PEG_PGS8, (c) PLGA-CS-PEG, (d) PLGA-CS-PEG_PTX5, and (e) PLGA-PEG_PTX8 microspheres. 
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Figure 2. Mean particle size of PLGA-PEG microspheres using Image J Software. 
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Figure 3. A representative FTIR spectrum for the respective PLGA-CS-PEG microspheres synthesized. 
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Figure 4. In vitro drug release profile of drug-loaded PLGA-CS-PEG microspheres: (a) PLGA-CS-PEG_PGS5, (b) PLGA-CS-PEG_PGS8, (c) PLGA-CS-PEG_PTX5, and (d) PLGA-CS-PEG_PTX8 performed in phosphate-buffered saline (pH = 7.4, 0.01% Tween 80) at set temperatures (37, 41, and 44 °C). In all cases (n = 3, @ p > 0.05). Error bars represent the standard deviation for n = 3. 
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Figure 5. A graph of Gibbs free energy vs. temperature for PLGA-CS-PEG microspheres at different temperatures. 
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Figure 6. (a) Percentage Alamar blue reduction for untreated MDA-MB-231 cells and MDA-MB-231 cells treated with nonloaded microspheres, PGS, PGS-loaded microspheres, PTX, and PTX-loaded microspheres at 6, 24, 48, and 72 h post treatment. Error bars represent the standard deviation for n = 3; * p < 0.05 (significantly different from untreated cells). (b) A graph of percentage cell growth inhibition vs. time for MDA-MB-231 cells treated with nonloaded microspheres, PGS, PGS-loaded microspheres, PTX, and PTX-loaded microspheres at 6, 24, 48 and 72 h post treatment. Error bars represent the standard deviation for n = 3; * p < 0.05; # p < 0.05 (significantly lower than the others). 
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Table 2. Thermodynamic parameters and their respective mathematical expressions.
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	Serial Number
	Name of Equation
	Mathematical Expression





	1
	Arrhenius (1st form)
	    K t  =  D f   e     E a    R T       



	2
	Arrhenius (2nd form)
	   l n  K t  = l n  D f  −    E a   R  ×  1 T    



	3
	Eyring
	   ln    K t   T  = −   ∆ H  R   1 T  + ln    K B   h  +   Δ S  R    



	4
	Change in Gibbs free energy
	   ∆ G = ∆ H − T ∆ S   
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Table 3. Parameters for in vitro drug release from PLGA-CS-PEG microspheres as a function of time and temperature. Data are mean ± SD, n = 3.
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Formulations

	
Drug Release Temperature (°C)

	
Percentage Burst Release after 48 h

	
Encapsulation Efficiency (%)

	
Percentage Cumulative Drug Release for 30 Days






	
PLGA-CS-PEG_PGS5

	
37

	
27.290 ± 2.074

	
56.5

	
52.117 ± 2.506




	
PLGA-CS-PEG_PGS5

	
41

	
27.290 ± 1.031

	
54.471 ± 1.095




	
PLGA-CS-PEG_PGS5

	
44

	
27.130 ± 1.031

	
59.151 ± 2.084




	
PLGA-CS-PEG_PGS8

	
37

	
28.910 ± 1.082

	
58.5

	
62.502 ± 3.412




	
PLGA-CS-PEG_PGS8

	
41

	
23.277 ± 1.230

	
66.700 ± 3.641




	
PLGA-CS-PEG_PGS8

	
44

	
27.872 ± 1.807

	
71.153 ± 3.103




	
PLGA-CS-PEG_PTX5

	
37

	
28.055 ± 1.157

	
57.5

	
52.117 ± 1.172




	
PLGA-CS-PEG_PTX5

	
41

	
28.055 ± 1.270

	
56.862 ± 1.329




	
PLGA-CS-PEG_PTX5

	
44

	
34.275 ± 1.231

	
62.300 ± 1.309




	
PLGA-CS-PEG_PTX8

	
37

	
30.400 ± 1.310

	
56.0

	
54.728 ± 2.290




	
PLGA-CS-PEG_PTX8

	
41

	
33.323 ± 1.346

	
59.287 ± 1.930




	
PLGA-CS-PEG_PTX8

	
44

	
37.176 ± 1.320

	
62.300 ± 1.300
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Table 4. The kinetic constant (K), correlation coefficient (R2) and release exponent (n) of kinetic data analysis of drug released from drug-loaded PLGA-CS-PEG microsphere formulations.
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Formulations

	
Temperature

°C

	
Zeroth Order

	
First Order

	
Higuchi

	
Korsmeyer–Peppas




	
K

	
R2

	
K

	
R2

	
K

	
R2

	
K

	
R2

	
n






	
PLGA-CS-PEG_PGS5

	
37

	
1.162

	
0.593

	
0.034

	
0.418

	
8.020

	
0.791

	
1.277

	
0.840

	
0.462




	
PLGA-CS-PEG_PGS5

	
41

	
1.295

	
0.611

	
0.037

	
0.438

	
8.902

	
0.809

	
1.279

	
0.860

	
0.482




	
PLGA-CS-PEG_PGS5

	
44

	
1.452

	
0.672

	
0.038

	
0.488

	
9.811

	
0.859

	
1.308

	
0.894

	
0.464




	
PLGA-CS-PEG_PGS8

	
37

	
1.146

	
0.539

	
0.023

	
0.415

	
8.005

	
0.737

	
1.179

	
0.934

	
0.542




	
PLGA-CS-PEG_PGS8

	
41

	
1.438

	
0.624

	
0.029

	
0.486

	
9.828

	
0.817

	
1.266

	
0.839

	
0.494




	
PLGA-CS-PEG_PGS8

	
44

	
1.546

	
0.648

	
0.029

	
0.509

	
10.507

	
0.838

	
1.205

	
0.948

	
0.536




	
PLGA-CS-PEG_PTX5

	
37

	
1.162

	
0.593

	
0.034

	
0.418

	
8.020

	
0.791

	
1.277

	
0.840

	
0.462




	
PLGA-CS-PEG_PTX5

	
41

	
1.162

	
0.587

	
0.027

	
0.481

	
8.059

	
0.791

	
1.065

	
0.900

	
0.522




	
PLGA-CS-PEG_PTX5

	
44

	
1.332

	
0.575

	
0.032

	
0.384

	
9.238

	
0.776

	
1.371

	
0.814

	
0.457




	
PLGA-CS-PEG_PTX8

	
37

	
1.122

	
0.626

	
0.026

	
0.530

	
7.681

	
0.822

	
1.081

	
0.908

	
0.488




	
PLGA-CS-PEG_PTX8

	
41

	
1.169

	
0.601

	
0.025

	
0.489

	
8.053

	
0.799

	
1.126

	
0.884

	
0.483




	
PLGA-CS-PEG_PTX8

	
44

	
1.067

	
0.494

	
0.020

	
0.418

	
7.620

	
0.706

	
1.115

	
0.913

	
0.591
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Table 5. Values for thermodynamic parameters for PLGA-CS-PEG microspheres.






Table 5. Values for thermodynamic parameters for PLGA-CS-PEG microspheres.





	
Formulations

	
Temperature

°C/K

	
Ea

(kJ mol−1)

	
ΔS

(kJ mol−1 K−1)

	
ΔH

(kJ mol−1)

	
ΔG

(kJ mol−1)






	
PLGA-CS-PEG_PGS5

	
37/310.15

	
2.656

	
−0.243

	
0.050

	
75.415




	
41/314.15

	
76.387




	
44/317.15

	
77.116




	
PLGA-CS-PEG_PGS8

	
37/310.15

	
3.245

	
−0.242

	
0.638

	
75.694




	
41/314.15

	
76.662




	
44/317.15

	
77.388




	
PLGA-CS-PEG_PTX5

	
37/310.15

	
5.653

	
−0.234

	
3.047

	
75.622




	
41/314.15

	
76.558




	
44/317.15

	
77.260




	
PLGA-CS--PEG_PTX8

	
37/310.15

	
3.890

	
−0.240

	
1.284

	
75.720




	
41/314.15

	
76.680




	
44/317.15

	
77.400

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
[—m—PLGA-CS-PEG_PGS5
[e—pLoacs.pEG PGSE
A PLGA.CS.PEG_PTX5
Lv-PLaACS PEG_PTXB

7

755

7% T T T T T 1
310 311 312 313 314 315 316 37T 318

Temperature (K)





media/file4.png
e =
N A2 O 00N

Mean Particle Size/ pp
e 8 9 9
~ = (=] o -

0 ' ' ' ' I

PLGA-CS-PEG  PLGA-CS-PEG_PGSS5 PLGA-CS-PEG_PGS8 PLGA-CS-PEG_PTX5 PLGA-CS-PEG_PTX8





nav.xhtml


  applsci-11-07112


  
    		
      applsci-11-07112
    


  




  





media/file8.jpg
% Cammttvs O R COR)

% Cummulative Drug Release (COR}

28 58 2 3

FE T T Y
oayts)

©

B rvaenetby

ERE)





media/file11.png
—i— PLGA-CS-PEG_PGS8 37 °C
—8— PLGA-CS-PEG_PGS8 41 °C

—A— PLGA-CS-PEG_PGS8 44 °C

|
o
0

© <
(4aHD) ases|ay bBnig annenw

204 I

wnod 9,

0 -

20

15

10

Day(s)

(b)

OO
N~ ~— <
™ < <
0 W0 w
SR
ANANa
O O A
000 © ® ®
Ll i
0o o
(p VoI 7p]
Q0O
<< H
OO O e
O O A
d44 P
b
H 14
%
1 | ! 1 ! 1 ! 1 ! 1 ! 1
(@] (@] (@] (@] (@] (@] (@]
N~ (o) (9] < o™ (q\| ~

(4QaHD) ases|ay bBnig aAieInwwNg 9,

0

20

15

10

Day(s)

(c)





media/file16.png
% Alamar Blue Reduction (Normalized)

450 -

Untreated Cells
= Prodigiosin (PGS)

400 - Paclitaxel (PTX)
—— PLGA-CS-PEG
350 | |——PLGA-CS-PEG_PGS5
PLGA-CS-PEG_PGS8
300 4 |~ PLGA-CS-PEG_PTXS
—— PLGA-CS-PEG_PTX8
250 -
200 -
150 - '
*
100 -
¥
- " 1 '
0 | | | | | |
0 12 24 36 48 60 72
Time (hours)
(a)
[ ] PLGA-CS-PEG
70 [ | PLGA-CS-PEG_PGS5 *
[ | PLGA-CS-PEG_PGSS8 |
60 - [ ]| PLGA-CS-PEG_PTX5 *
| PLGA-CS-PEG_PTX8 "
= | Prodigiosin (PGS)
:E 50 - [L__] Paclitaxel (PTX)
< LT
E R
= 40 - .
—
z : . Tl
© 30 1 i
= &tk
SN 9 -
10 - L "
# -
48

24

I # | -
6

72

Time (hours)

(b)





media/file2.png
__ Al - = Sy = & \!
™0 00 O - s -’“\.-('n y b .,
™ \‘ \ . Ve, A \ ;
2 "y, - & n
™ | n 1 y -~ -
. -~ . Mg N ™ -~ i £ '\ =, ’_\
’ ] - &) B e
. } £ -~ . ~ 1 ._" ™
\ S P ™ N
! 2 oA
P r\’ Mt ™ a2 ) f “\ = ! =
M SE1 . 1 700 . 4enm 1 W M sE1 WAOOD WD 0.4 m 7] o WA OO
£ L. B & y e
0 S I Vs O 2243
ty Be, " }J, b ™
B ¢ L Dok -
S ) - 58 &) B "
. '~ )
<X 0k, ~ : : )10
- L O ( o . ) Q‘ L ) 4
- , e A - Vg —
=y s, F v W b Y _\‘I 3
i F"\ l‘ 33 -\' ‘ 3
._lll . b ﬁ .\ N = Y.
. |
) Y - — ] y
LS "™ -9 ﬂ'_“.\ Y . FE
b N -~ 5
Qi “ o M, -‘?‘j ) ) )
oD i PR L] )
" 5 kY





media/file5.jpg
Transmittance (%)

1000 2000

4000
Wavenumber (em






media/file3.jpg
~

2

1111

233" 3383338 -°

il /o215 apnIed UBSIN

PLGACSPEG  PLGA-CS-PEG_PGSS PLGA-CS-PEG_PGSS PLGA-CS-PEG_PTXS PLGA-CS-PEG_PTXE.





media/file1.jpg





media/file7.jpg
%Cummulative Drug Release (CDR)

2 N 8 B @ @ N
3 8 8 858 8 8 3
h T s ] h 5

o

= PLGACSPEG PGS5 37 °C
|- PLGA-CS-PEG_PGS5 41 °C

|-A—PLGACS-PEG PGS5 44 °C

10

15
Day(s)

(a)

20

25 30






media/file10.png
CDR)

(

“Cummulative Drug Release

—m— PLGA-CS-PEG_PGS5 37 °C
—8— PLGA-CS-PEG_PGS541°C

70 ~ —&— PLGA-CS-PEG_PGS5 44 °C
60 y 4 ‘i' @
AR LT #“ 1:=|..|--|-.|; (@
50 - ¥, t FEITI@
_j“ J_ a1 - L
40 ¥ %
30
20 -
10 4%
0
| ! | ! | ! | ! | ! | ! |
0 z 10 15 20 25 30
Day(s)

(a)





media/file12.png
% Cummulative Drug Release (CDR)

\l
o
]

o))
o
|

8
o
|

LN
o
|

w
o
|

N
o
]

—
o
|

o
]

—— PLGA-CS-PEG_PTX8 37 °C
—&— PLGA-CS-PEG_PTX8 41 °C
—&— PLGA-CS-PEG_PTX8 44 °C

@

0 5 10 15 20 25 30

Day(s)

(d)





media/file9.jpg
[~ PLGA-CS-PEG_PTX8 37 °C|
|e—PLGACS.PEG_PTX8 41 °C

704 Ca-ploncseecprxe s c
_ 60 o
] e
S 5
g
8
& 40
2
-]
30
i
2 204
| =S
£
3
= 10

0

0 5 10 15 20 25 30
Day(s)

(d)






media/file14.png
AG

(kJ mol™")

77.5

77

76.5 -

76

75.5

—B— PLGA-CS-PEG_PGS5
—@— PLGA-CS-PEG_PGS8
—A— PLGA-CS-PEG_PTX5

—¥— PLGA-CS-PEG_PTX8

75

—
310

|
311

T | T
312

Temperature (K)

- 1T 1
313 314 315

—
316

| ! |
317 318





media/file6.png
Transmittance (%)

N
1084

2995
900 2950 3000 3050

~a
1749

1416 3418 3420 3422 424 3426 3428 3430

|
1000

1 i X |
2000 1. 3000 4000
Wavenumber (cm )





media/file15.jpg
- e 5T EEEEES

Time (hours)

@

e (hour)

®





