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Abstract

:

Cancer is one of the most serious public health problems that affect humanity. Diverse delivery systems of anticancer drugs have been developed to enhance the treatment effectiveness and patient compliance. Thus, drug delivery systems from polymeric films could be an interesting and promising alternative, especially for skin chemotherapeutics. In this work, polymeric films based on glutathione-chitosan conjugates with degrees of thiolation of 4.4%, 5.1% and 7.0% were synthetized by casting-evaporation method and subsequent loading with methotrexate. The surface properties of these films were evaluated by contact angle and spreading rate measurements. The sessile drop methods along with the thermodynamic parameter of work of adhesion were determined using the Young–Dupré semi-empirical model. The in vitro methotrexate release was assessed at a pH of 4.5 and 7.4 simulating physiological conditions. Data from the resulting profiles were fitted to the order one, Higuchi, Peppas–Sahlin and Korsmeyer–Peppas kinetic models. The results suggest a strong relationship between the thiolation degree and hydrophilic surface properties such as contact angle and water spreading rate, whereas the work of adhesion was not significantly affected. Further, these polymer films could control the methotrexate release through diverse mechanisms such as diffusion and relaxation depending on the thiolation degree and the aqueous medium employed. In fact, as thiolation degree increased, the release mechanism shifted from a primary diffusional type towards a predominant relaxation-driven mechanism. These polymer films could be used as modified systems for anticancer local delivery.
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1. Introduction


Nowadays, cancer is a major public health problem with more than 10 million of new diagnosed cases each year. It is estimated that by 2030 it will be responsible for ~13.1 million deaths [1]. Methotrexate (MTX) is a widely used antineoplastic drug employed for the treatment of several anticancer types [2,3]. However, the oral administration of such drug has shown several drawbacks, such as high variability in bioavailability and causes a high gastrointestinal and hepatic toxicity. Likewise, the intravenous administration of MTX intensifies side effects and the latent systemic toxicity [4]. However, different strategies have been created to treat this disease reducing the risk of systemic toxicity. These imply several polymer-based drug delivery systems, which could increase the bioavailability of chemotherapeutic agents in cancer tissues, increasing their solubility and reducing the systemic side effects [5,6]. Thus, diverse delivery devices such as microspheres, patches, polymer films, osmotic pumps, liposomes, polymer-drug conjugates [7] have been developed to reach high drug levels on target tissues [8,9]. Particularly, polymer films have been characterized for controlling drug release by intratumoral implantation or release nearby a cancerous tissue. Therefore, polymer films can be used as topical or transdermal administration systems, reaching adequate drug levels within the target tissue and thus avoiding most of the side effects associated with these types of anti-cancer drugs [10]. These delivery systems can be developed from natural or synthetic polymers such as polyanhydrides, polycarbonates, polyesters, caprolactones, sodium alginates, hyaluronic acid, dextran and chitosan [8]. In this scenario, chitosan (CH) has become a promising and desirable biodegradable polymer useful for the development of anticancer medicines due to its mucoadhesivity and gelling properties allowing for a controlled release of drugs [11]. Furthermore, the chemical modifications of the CH backbone render a material with a broad range of new characteristics [12]. For instance, the addition of thiol groups allows for the generation of thiolated materials with enhanced gelling and mucoadhesive properties as compared to the parent CH [13]. This feature could modulate the release of anticancer drugs and be useful as a novel material for drug delivery from polymer films. To date, there are no reports on the use of these polymer films for the local delivery of methotrexate. Therefore, the goal of this study was to develop and characterize films of glutathione-chitosan conjugates and assess the thiolation degree on the film surface properties and release behavior employing methotrexate as anticancer model drug.




2. Experimental Part


2.1. Materials


Methotrexate (lot LRAB9958) was purchased from Sigma Aldrich (Saint Louis, MO, USA). Potassium dihydrogen phosphate (lot AMO453073342), potassium hydrogen phosphate (lot AO183904125), acetic acid (lot K41575763), sodium hydroxide (lot B1315798639) and potassium hydroxide (lot BO484233) were obtained from Merck (Darmstadt, Germany). Glutathione-chitosan conjugates with thiolation degrees of 4.4%, 5.1% and 7.0% were previously synthesized, characterized and named as CH-SH-4.4%, CH-SH-5.1% and CH-SH-7.0%, respectively [14]. A type I water was used from a purification system (Arium pro Sartorius Stedim biotechnology VF, Göttingen, Germany) for contact angle measurements.




2.2. Production of Polymer Films


The development of polymer films was carried out in several steps, as shown in Figure 1. First, a 5 mg/mL solution of methotrexate in 0.1 N NaOH was prepared. Subsequently, an aliquot of 0.5 mL of this solution was added to 5.5 mL of each dispersion glutathione-chitosan conjugate at a concentration of 3 mg/mL in 1% (v/v) acetic acid under constant magnetic stirring. The resulting mixture was poured onto cylindrical Teflon molds (height = 1 cm, inside diameter = 3.5 cm and outside diameter = 4.5 cm) and dried at 40 °C for 72 h. As control, a mixture of 0.5 mL of methotrexate solution and 5.5 mL of 1% (v/v) acetic acid was poured onto the Teflon molds and prepared in the same way as polymer films.




2.3. Characterization of Polymer Dispersions


The particle size, polydispersity index and zeta potential of thiolated chitosan conjugates aqueous dispersions were assessed on a Zetasizer (Nano ZSP, Malvern Instrument, Worcestershire, UK). A 2 mg/mL polymer dispersion was tested at a pH value of 4. Measurements were performed in triplicate at 25 °C.




2.4. Surface Characterization of Polymer Films


2.4.1. Contact Angle


This is a widely used parameter to describe the spreading phenomenon of a liquid (in this case, ultrapure water) on a solid surface [15]. For instance, values of θc < 90° and 90° to 150° indicate hydrophilic and hydrophobic characteristics, respectively [16,17]. Therefore, these three polymers have a hydrophilic character due to the low magnitude of θc values as described previously [18,19,20]. Briefly, 3 mg/mL of glutathione-chitosan conjugate were dispersed in 1% (v/v) acetic acid and poured on a glass slide and oven-dried at 40 °C. The dry films thus formed on the slide surface were tested for the static contact angle. The sessile drop method was conducted a contact angle meter (OCA15EC Dataphysics Instruments, Filderstadt, Germany) coupled with a software driver (Vs. 4.5.14 SCA20, DataPhysic Instruments GmbH, Filderstadt, Germany). Data capture was recorded on an imaging development system IDS video camera, where the image information ranging from 400 to 800 frames was taken as a reference point for the static angle. Moreover, the point capture of contact angle was defined as the reflected light of the incident drop when completely disappeared (1 s, after ejection). Drop volumes ranged from 5 × 10−3 to 15 × 10−3 mL, and the height of the pouring liquid was fixed to 1 cm for all assays. All measurements were carried out at 22 ± 1 °C and 60% ± 5% relative humidity. Each measured was conducted in triplicate on different sites of the film surface.




2.4.2. Water Spreading Rate


Variation of contact angle as a function of the elapsed time (drop age) on the film surface is an indirect measurement of the water sorption rate on the film surface. These measurements were carried out by the dynamic contact angle function provided by the Dataphysics® software (OCA15EC, SCA21 software, DataPhysic Instruments GmbH, Filderstadt, Germany). Thus, the average contact angle of three measurements per second (θc) as a function of time (s) were collected using the GraphPad Prism® 8 software.




2.4.3. Thermodynamic Work of Adhesion (Wadh)


This measurement was determined for each glutathione-chitosan conjugate film using the Young–Dupré model [21] and ultrapure water was used as the reference liquid. According to that, work of adhesion (Wadh) is defined as:


   W  a d h   =  γ  L V    (  C o s    θ c  + 1  )   



(1)




where, γLV corresponds to a test liquid surface tension in mN/m, and θc is the contact angle between the liquid and the film surface. The Young–Dupre equation allows one to obtain information about energy issues in the in the solid-liquid interface area, establishing a relationship between the contact angle θc and the water spreading phenomenon.





2.5. In Vitro Release of Methotrexate


Molds containing dry polymer films were poured in a 100 mL beaker containing 80.0 mL of phosphate buffer (pH of 4.5 or 7.4, having and ionic strength of 0.15 M adjusted with potassium chloride). The release studies were conducted on a shaker (Unimax 1010, Heidolph Instruments, Schwalbach, Germany) operated at 37 °C and 50 rpm. Subsequently, 0.3 mL aliquots were periodically taken for MTX determination and replaced by the same volume of fresh medium. Aliquots were diluted to 1.0 mL with medium and the amount of MTX released was determined by UV spectrophotometry (UV-1800, Shimadzu, Milton Keynes, UK) at 305 nm by interpolation using a calibration curve built at concentrations of 1.0, 2.0, 4.0, 6.0, 8.0, 10.0, 15.0, 20.0, 25.0 y 30.0 µg/mL. Release profile data were reported as the area under the curve (AUC) [22] and mean residence time (MRT) within the films [23]. In addition, the difference or similarity of methotrexate release profiles from the polymeric films was assessed by the calculation of the f2 similarity factor [24]. Further, the drug release from polymeric matrices was derived from different mechanisms such as diffusion, polymeric relaxation or erosion. In this context, the release mechanism of MTX from films was evaluated by fitting the release data to several semi-empirical kinetic models as follows:



Order one model: This model describes the release of water-soluble drugs from porous matrixes in a proportional way to the amount of drug remaining in its interior, which the drug release rate diminishes in the time. This model is expressed by the equation:


  L o g  Q t  = L o g  Q 0  −      k 1    2.303   t  



(2)




where Qt is the amount of dissolved drug at time t, Qo is the initial amount of drug in the solution and k1 corresponds to the constant of first order release [25,26].



Higuchi model: This model is used to describe the release of soluble and sparingly soluble drugs in aqueous medium, from diverse semi-solid and/or solid matrixes. The drug release is mediated by a diffusion process. This model is represented by the equation:


   Q t  =  k H   t  1 / 2    



(3)




where kH is the Higuchi dissolution constant, while Qt corresponds to the amount of dissolved drug at time t [27].



Korsmeyer–Peppas model: This model is widely used to explain the drug release mechanism from polymeric matrixes. In this way, it considers that the diffusion and erosion and/or dissolution of the matrix processes can take place. This model is expressed by the equation:


     M t     M ∞    =  k r   t n   



(4)




where    M t  /  M ∞    corresponds to the fraction of drug released at time t, kr is the release constant, while n is the exponent that depends on the release mechanism and the shape of the matrix tested. For instance, in films, n values equaling 0.5 indicate a drug release driven by Fickian diffusion (Case I). Moreover, values of n between 0.5 and 1.0 suggest an anomalous transport (non-Fickian). Values higher than 1.0 mean a release controlled by the relaxation of polymeric chains (Super case II transport) [28,29].



Peppas–Sahlin model: This model describes the amount of diffusional or relaxational contributions from polymeric matrixes in the drug release. On this form, the model is expressed according the equation:


     M t     M ∞    =  k d   t  0.5   +  k r   t  1.0    



(5)




where the first term of the equation is related to the Fickian (diffusional), the second term is associated to the relaxational (or erosional) contribution to drug release. kd and kr are the rate constants of diffusional and relaxational process, respectively [30].




2.6. Statistical Analysis


Statgraphics software v. 18 (StatPoint, Inc, The Plains, WV, USA) was used to fit the release data through the least square method. Minitab® v. 18 software (Minitab® Inc., State College, PA, USA) was employed for statistical comparisons using the ANOVA test, where the effect of thiolation degree on contact angle, thermodynamic work of adhesion and extent of MTX release was evaluated. The Tukey post hoc test was utilized to determine significant differences between the independent variables.





3. Results and Discussion


3.1. Characterization of Polymer Dispersions


Results of size, polydispersity and zeta potential analyses for each glutathione-chitosan conjugate with different thiolation degrees in aqueous dispersion are shown in Table 1.



The CH-SH-5.1% sample showed the largest size and polydispersity index in aqueous media, indicating a high tendency for the chitosan polymeric particle aggregation forming a wide particle population size. Conversely, the CH-SH-4.4% and CH-SH-7.0% samples tend to form more compact aggregates and slightly less polydispersed populations. On the other hand, the zeta potential of CH-SH-5.1% was low, whereas CH-SH-4.4% and CH-SH-7.0% materials showed higher and comparable values. These results indicate that the polymer system with the lowest zeta potential (CH-SH-5.1%) has a greater tendency for inter-polymer aggregation [31]. Therefore, such polymer tends to increase the particle size in a random manner, due to lack of long-range electrostatic repulsions. On the contrary, systems with higher zeta potentials show a slightly more compact and less poly-dispersed structure. All these results suggest a non-linear relationship between the thiolation degree, and the physicochemical properties of the polymer dispersed in aqueous systems. Therefore, the thiolation degree is responsible of having different interaction degrees between the conjugated chitosan chains.




3.2. Surface Characterization of Glutathione-Chitosan Conjugates


3.2.1. Contact Angle and Work of Adhesion Measurements


Results of contact angle and the work of adhesion generated between ultra-pure water and the surface of glutathione-chitosan conjugate films are shown in Figure 2.



The three polymer films described a hydrophilic character regardless of the polymer thiolation degree. Further, each sessile drop was characterized for having symmetrical contact angles on both sides. This was reflected in the proximity of the values obtained in both drop sides indicating a very uniform film surface, allowing for a homogenous water spreading on these films. Although, there was not a linear relationship between the thiolation degree with respect to the contact angle and work of adhesion, CH-SH-5.1% showed a significantly distinct contact angle and work of adhesion as compared to other materials, indicating change in the polymer structure. This result agrees with those previously shown by the physicochemical characterization in aqueous medium, indicating a divergent spatial configuration resulted from the chitosan backbone and the glutathione side chain interactions [32,33].




3.2.2. Water Spreading Rate


The water absorption rate by the surfaces of polymeric films are depicted in Figure 3.



The results showed that the maximal spreading change was given by the CH-SH-5.1% system, whereas CH-SH-4.4% and CH-SH-7.0% described the lowest spreading rates. These findings are unexpected, since it was expected a greater water spreading with higher thiolation degrees. However, these results are consistent with the previous zeta potential, particle size and polydispersity outcomes (Table 1), where CH-SH-5.1% exhibited the largest values indicating a high polydispersity with a high hydrophobic aggregation tendency. For this reason, it is feasible that water spreading started in a hydrophilic contact angle zone and this sample presented the largest variability. In addition, these phenomena are consistent with previous published results [14], where CH-SH-4.4% and CH-SH-7.0% materials had a net structural conformation via disulfide bonds. These bonds are formed between disulfide groups of contiguous and adjacent polymer chains [13], conferring a network rearrangement which limits water penetration into the polymer films. Likewise, CH-SH-5.1% did not show strong interactions via disulfide bonds, which was responsible for the high absorption rate. Additionally, CH-SH-5.1% has a porous structure with a high presence of mesopores (Supplementary material) that favor the water absorption. Although, no statistically significant differences were found between these values, this result suggests that these polymer films are possibly formed by random networks having multiple spatial configurations given by the diverse moieties present in the structure of the polymer material [32,33].



Figure 4 depicts the possible spatial configuration of the polymers and summarizes all the previous determinations considering the results of thermodynamic surface properties, water spreading rate and polymer behavior in aqueous media. It is worthy to mention that CH-SH-4.4% seems to form the most hydrophilic film having the fastest water spreading rate, due to the glutathione substituent distribution in the outer chitosan backbone. Conversely, the CH-SH-5.1% was the most hydrophobic material having a slower spreading rate due to the distribution of glutathione substituents within the chitosan backbone. Further, CH-SH-7.0% was the material which showed a stationary or equilibrium state for the water spreading rate, suggesting that the spatial distribution of the glutathione substituents is randomly present inside and outside chitosan backbone.



These results indicate that thiolation played a major role in the surface properties of the films and aqueous properties of conjugated materials. These characteristics could affect the drug release profiles as will be discussed in the following section.





3.3. Evaluation of the In Vitro Release of Methotrexate


The release profiles of sodium MTX from films of glutathione-chitosan conjugates are illustrated in Figure 5. It is evident the reduction of MTX release once incorporated into the films independent of the media pH. Nonetheless, the extent of MTX release at pH of 7.4 was greater as compared to that of pH of 4.5. This phenomenon is explained by the acidic nature of MTX (pKa of 4.7–5.5) [34], which remains ionized at pH of 7.4. Interestingly, at acidic MTX released showed a lag time, especially in the first 30 min since during this period drug release was lower than 40% indicating a modified release [35]. Once surpassed this time, drug release reached 50% to 80% within 24 h.



On the other hand, Table 2 shows the area under curve (AUC) and mean residence time (MRT) values of free MTX and that incorporated into glutathione-chitosan conjugate films. The AUC values from the films are much lower as compared to that of free MTX, proving that glutathione-chitosan conjugates modulate the drug release independent of the media pH. This finding was reflected on the MRT values, which were higher for polymer films than those of free MTX, indicating a reduction of the drug release rates. Likewise, MTX release was highly dependent on the thiolation degree of chitosan and thus, an inversely relationship was found between the thiolation degree and the AUC. These results agreed with those obtained for water absorption rates, where CH-SH-4.4% showed the highest absorption and thus a high MTX release. Conversely, CH-SH-7.0% showed the lowest absorption and thus a low MTX release and CH-SH-5.1% due to its rearrangement rendering hydrophobic domains, resulting in an intermediate release compared to CH-SH-4.4% and CH-SH-5.1%.



Moreover, the f2 values of the polymer films are summarized in Table 3. Values between 50 and 100 indicate similarity between the release curves, whereas lower values are considered significantly different. Results indicate that the drug release profiles of the three glutathione-chitosan conjugate film are different at pH of 7.4. Likewise, the highest thiolation degree rendered the most differentiated value among the films (f2 value near to 0). On the other hand, CH-SH-4.4% and CH-SH-5.1% showed similar release profiles at acidic pH, whereas CH-SH-7.0% exhibited a distinct profile. These findings agree with the AUC and MRT values since the increase of the thiolation degree caused a modulation of MTX release.



In order to elucidate the possible drug release mechanism from the polymer films, a kinetic analysis was performed using diverse heuristic models. The resulting parameters from the models that showed the best data fit are summarized in Table 4.



The release rate constant (k) depended on the thiolation degree and pH employed. Interestingly, release rates were higher at a pH of 7.4 independent of the model employed. Particularly, free MTX at a pH of 7.4 showed a good fit to the order 1, indicating a release dependence on drug load. The same behavior was found for CH-SH-4.4% and CH-SH-5.1% at the same pH. Conversely, at acidic pH, these two films showed good fit to the modified Korsmeyer–Peppas model suggesting a lag time of less than 6 min driven by the decreased of drug solubility, which is explained by the prevalence of the non-ionized form of the drug at this pH. Further, CH-SH-7.0% also showed a lag time at this pH, but also showed a good fit to the Higuchi model indicating a dependence on the square root of time. In fact, at acidic pH, n values were lower than 0.5 signifying an MTX release mainly driven by the chemical potential gradient. In this scenario, the relaxation time of the polymer film was much shorter than the diffusion time for water transport [36]. Likewise, at a pH of 7.4 data showed a good fit to the Korsmeyer–Peppas model and n values ranged from 0.5 and 1 indicating an anomalous release mechanism where there is a relaxational/gelling component along with a diffusional mechanism enhanced by the drug solubility at this pH.



Despite the Peppas–Sahlin model’s lower degree of fitness to the data, it was utilized for understanding the magnitude and contribution of the relaxational and diffusive mechanisms responsible for drug release. Interestingly, at acidic pH, the relaxational or gelling behavior of the films was virtually absent due to the high solubility and erosion of the glutathione-chitosan conjugates resulting in a free path for drug diffusion into the media [37]. On the contrary, at a pH of 7.4 the relaxational and gelling contribution of the polymer was the predominant mechanism for drug release despite of the expected higher solubility of MTX into this media [38]. The ratio of the relaxational to the diffusional behavior at a pH of 7.4 is depicted in Figure 6. As expected at acidic pH the diffusional mechanism prevailed being larger for films having high thiolation degrees. Further, the R/F ratio increased with time, indicating that relaxation of polymer chains was the complementary process to diffusion, especially at nearly neutral pH. Likewise, at acidic, the R/F ratio is nearly constant after 4h, meaning that the maximum polymer relaxation/gelling was reached. Conversely, at a pH of 7.4 there was a possessive relaxational contribution over time. The results suggesting that the films must be employed preferably in cancer tissue or directly in skin tumor where the surrounding ambient pH is acidic [39,40].





4. Conclusions


One of the most important aspects to highlight in the preparation of the films corresponds to the low solubility of modified chitosan polymers, both in alkaline aqueous medium and in organic solvents. Such a condition is, in fact, a serious experimental inconvenience, because the solvent options for the preparation of these systems are very limited. In addition, such polymers describe a thermodynamic tendency to aggregation, which can lead to the formation of different conformations in the films, which also becomes another serious inconvenience in the elaboration of such films. Therefore, it is necessary to project more studies focused on collecting information on the effect of the polymer substitution degree on film formation, as well as the effect of the process conditions used during such elaboration. On the other hand, the glutathione-chitosan conjugates generated polymer films with hydrophilic surfaces, where the surface of the CH-SH-4.0% system proved to be the most hydrophilic, CH-SH-5.1% the more hydrophobic, and CH-SH-7.0% showed a dual hydrophobic character. On the other hand, a marked trend was not found between the thermodynamic parameters, contact angle and Wadh with respect to the thiolation degree, indicating that the polymer films are formed by different ways of interpolymer interactions, suggesting a different spatial distribution for glutathione substituents in the chitosan backbone. The release mechanism depended on the thiolation degree and pH employed, where the release rate decreased as the thiolation degree increased. A Diffusional mechanism was mainly responsible for drug release at acidic pH, whereas a relaxational/gelling component was also present at nearly neutral pH. The relaxational component increased with thiolation degree modulating MTX release.
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Figure 1. Schematics depicting the production and characterization of films of glutathione-chitosan conjugates. (A) Development of polymer dispersions, (B) formation of polymer-drug dispersion, (C) drying of polymer-drug dispersions, (D) formation of polymer films and characterization. 
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Figure 2. Variation of the contact angle and thermodynamic work of adhesion (mJ/m2) between ultra-pure water and films of glutathione-chitosan conjugates with different thiolation degrees. 
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Figure 3. Variation of contact angle as a function of time for glutathione-chitosan conjugate films having different thiolation degrees. 
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Figure 4. (A) Schematic of the possible 3D conformation of glutathione-chitosan conjugates. (A) Chemical structure (glutathione highlighted in blue). (B) Plausible configurations of the modified polymer. 
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Figure 5. Methotrexate release profiles from films of glutathione-chitosan conjugates at 37 °C and 50 rpm. (A) pH of 4.5; (B) pH of 7.4. 
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Figure 6. relaxational to diffusional ratio as a function of time for methotrexate release. (A) pH of 4.5; (B) pH of 7.4. 
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Table 1. Physical properties of glutathione-chitosan in aqueous dispersion.
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	Polymer Material
	Size (nm)
	Polydispersity Index
	Zeta Potential (mV)





	CH-SH-4.4%
	1102.5 ± 20.1
	0.70 ± 0.08
	+23.0 ± 1.2



	CH-SH-5.1%
	3424.7 ± 38.4
	0.91 ± 0.08
	+15.1 ± 0.7



	CH-SH-7.0%
	551.2 ± 17.3
	0.76 ± 0.07
	+21.1 ± 1.7
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Table 2. Area under curve (AUC) and mean residence time (MRT) values of MTX released from polymer films at different pH values.
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Polymer

	
AUC

	
MRT




	
pH = 4.5

	
pH = 7.4

	
pH = 4.5

	
pH = 7.4






	
MTX free

	
464.0

	
80.0

	
1.03

	
0.17




	
CH-SH-4.4%

	
198.8

	
73.7

	
1.33

	
0.16




	
CH-SH-5.1%

	
170.1

	
65.2

	
1.34

	
0.17




	
CH-SH-7.0%

	
94.2

	
55.7

	
1.34

	
0.18








Values calculate at 1h and 5h for pH 4.5 and 7.4, respectively.
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