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Anticancer drugs are substances with a lot of medical interest nowadays. So, the obtaining of 
drug delivery systems containing anticancer drugs is a very important field of research in 
pharmacological industry. The implementation of supercritical technologies it would secure 
the quality of these products. Supercritical anti-solvent (SAS) processes are an election with 
important advantages to design clean particles. The synthesis of this kind of materials requires 
an important previous knowledge of the global system: drug-biopolymer substrate-solvent-
supercritical fluid (carbon dioxide, normally). Consequently, one first step to create the final 
product could be the investigation of the binary system anticancer drug–supercritical carbon 
dioxide (scCO2). The anticancer drugs selected have been two substances with available 
solubility data in literature: 5-fluorouracil and paclitaxel. A model based on different 
Equations of State (EOS), namely Peng-Robinson and Patel-Teja and using two α(T) (Soave 
and Aznar-Silva Telles) has been applied. Therefore, the most adequate pair of EOS and α(T) 
for each system has been selected by comparison of the theoretical results and the ones 
reported in the literature at different conditions. Ambrose and Joback methods have been used 
to estimate the unknown critical properties of the anticancer drugs. Finally, Aznar-Silva 
Telles parameters are reported for 5-FU and paclitaxel.  
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INTRODUCTION 

The synthesis of new composites with pharmaceutical applications is a field with growing 
interest currently. These materials are called drug delivery systems. With regard to the 
structure of mentioned materials, two parts are well differentiated: the active ingredient and 
the biopolymeric cover or matrix [1].  

Traditional methods to obtain these drugs, e.g. emulsion solvent evaporation techniques or 
spray-drying methods, require the utilization of organic solvents, frequently toxics. So, these 
techniques need an additional drying stage to preserve the patient health. On the other hand, 
supercritical technologies have been widely explored in particle design [2-4]. Considering the 
previous literature [5], the use of supercritical technologies to obtain the abovementioned 
biocomposites has several advantages, like the easy separation between the solvent and the 
drug, the purity of the synthesized product without solvent residues, the easy removal of the 
solvent, and the moderated operating temperatures. 

This way, the final aim is the obtaining of a composite made of an anticancer drug and a 
biocompatible polymer using a supercritical technique. Consequently, the actives ingredients 



selected are 5-fluorouracil (5-FU) and paclitaxel. The molecular structure of these drugs is 
shown in Figure 1. 
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Figure 1. Molecules of 5-fluorouracil (5-FU) (a) and paclitaxel (b). 

On the other hand, the polymer selected is poly(L-lactide) (PLLA), a biodegradable polymer 
with adequate properties for these systems and extendedly studied in literature [6].  

Additionally, the supercritical technology is selected considering the previous literature [6]; in 
this case, the most adequate technology for the production of anticancer drugs + PLLA 
biocomposites is “supercritical anti-solvent process” (SAS). In these kind of processes the 
carbon dioxide works as anti-solvent and it is essential the selection of a solvent able to 
dissolve both polymer and drug and simultaneously miscible with CO2. The solvents more 
employed in SAS processes are acetone, dichloromethane (DCM) and dimethyl sulfoxide 
(DMSO)[7]. All of them have adequate solubility properties for the studied system 
(anticancer drug + PLLA) and they are very soluble in carbon dioxide as well. Nevertheless, 
acetone seems to be the best selection for its low toxicity and cost. However, DCM and 
DMSO will be tested too. Finally, the chosen supercritical fluid is carbon dioxide due to it is 
innocuous and it has moderated critical constants.  

Despite the fact that the obtaining of anticancer drug–PLLA composites as particles using 
supercritical technologies with little toxic solvents is the final aim of the global study, the 
work here presented only covers the previous stage of the project: the study of the binary 
equilibrium anticancer drug-CO2. After that, several studies will be carried out in order to 
develop the anticancer drug–PLLA biocomposites for pharmacological applications. 

In literature, there are two works about the 5-fluorouracil solubility in supercritical carbon 
dioxide: Guney and Akgerman [8] and Suleiman et al. [9]. For the paclitaxel solubility in 
supercritical CO2 there are three different studies in bibliography: Vandana and Teja [10], 
Nalesnik et al. [11] and the aforesaid Suleiman work [9]. 

The main problem is there are serious discrepancies between the different experimental data 
reported in literature. For paclitaxel, Vandana and Teja [10] and Suleiman et al. [9] reported 
similar experimental data; so Nalesnik et al. [11] data have been neglected. For 5-fluorouracil, 
Guney and Akgerman [8] and Suleiman et al. [9] experimental data are very different too. 



Considering that the Suleiman data [9] have been contrasted before with paclitaxel, the 
selected data for 5-FU case have been those ones as well. 

So, a theoretical model for vapour phase has been applied made using the solubility data 
selected (only Suleiman et al. [9] solubility data for 5-FU and only Vandana and Teja [10] 
and Suleiman et al. [9] solubility data for paclitaxel). The mentioned Equations of state have 
been used to apply this model.  

The procedure has been developed according to the literature [12]. The process make it 
possible distinguish the more adequate EOS for each system in several conditions. 
Consequently, the theoretical model will be useful to estimate the optimal conditions to 
perform the future SAS experiments and to improve the knowledge of the global system.  

METHODS 

Before the model was applied, the knowledge of several parameters is necessary i.e. boiling 
point, critical properties and acentric factor.  

In literature the boiling point of the paclitaxel is reported [13], but for 5-FU is not available. 
For this reason, the boiling point of 5-fluorouracil has been estimated using the Sanghvi and 
Yalkowsky groups contribution method [14], since it is known that the boiling point (Tb) of a 
compound is required to estimate its critical properties. 

The critical properties of 5-FU and paclitaxel are not offered in bibliography either. This way, 
the critical properties: critical temperature (Tc), critical pressure (Pc), critical volume (Vc) and 
critical compressibility factor (zc) are estimated too. Two different methods are used in this 
work to estimate the abovementioned critical properties: the Ambrose method [15,16], and the 
Joback method [17]. 

After that, the calculation of the compressibility factor (ω) is possible. To obtain ω, equations 
1-2 are used, like is suggested in literature [18]: 
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When boiling points, critical properties and acentric factors for 5-fluorouracil and paclitaxel 
are kwon, applying the model is possible. Peng-Robinson [19] and Patel-Teja [20] are the 
Equations of State (EOS) selected to model the vapour phase of the anticancer drug-carbon 
dioxide systems. In this work will be study what is the most adequate EOS for these systems. 
Peng-Robinson EOS is shown in equations 3-4, while Patel Teja EOS is shown in equations 
5-8. In these equations pressure (P), temperature (T) and molar volume (V) are in I.S. units 
(Pa, K and m3·mol-1 respectively). R is the ideal gas constant (R=8,314J·mol-1K-1). 

 



PENG-ROBINSON EOS 
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PATEL-TEJA EOS 
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For the calculation of the α(T) term, two expressions have been utilized: the classical Soave 
α(T) [21], shown in equations 9-11; and the Aznar-Silva Telles (A-ST) α(T) [22], shown in 
equations 12-13. The particularity of A-ST α(T) is that requires the correlation of the Aznar-
Silva Telles parameters: m, n y Γ. So, the value of the Aznar-Silva Telles parameters will be 
reported in this work. 

SOAVE α(T) 
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To apply the previous EOS, is necessary using a mixing rule. Van der Waals has been the 
employed mixing rule, because it does not require any additional parameter and it reproduces 
correctly simple systems [22]. Van der Waals mixing rule is explained in equations 14-17.  

VAN DER WAALS MIXING RULE 
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The used criterion gives the subscript 1 to the anticancer drug and the subscript 2 to the 
carbon dioxide. So, the molar fraction of anticancer drug in vapour phase is y1 and the molar 
fraction of carbon dioxide in vapour phase is y2. For a parameter in the mixing, a geometric 
mean is used, but for b parameter in the mixing an arithmetic mean is employed with Van der 
Waals mixing rule. The binary interaction parameter l ij is approximately zero for solids, so, 
equation 16 is simplified. The binary interaction parameter kij is obtained by adjust of A and B 
parameters. 

So, four different sets of values for the modeled pressure of the system (P) are obtained, since 
there are four possible combinations of EOS with α(T): 

1. EOS: Peng-Robinson. α(T): Soave 
2. EOS: Peng-Robinson. α(T): A-ST 

3. EOS: Patel-Teja. α(T): Soave 
4. EOS: Patel-Teja. α(T): A-ST 

The accuracy for every pair of EOS-α(T) in anticancer drug – carbon dioxide systems is 
evaluated by two methods: the modeled pressure relative error in percentage, ∆P(%) 
(equation 18), and the coefficient of determination, r2 (equations 19-20). The experimental 
and modeled pressure versus the molar fraction of anticancer drug (y1) will be represented 
too. 
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RESULTS AND DISCUSSION 

The results of the estimated properties by group contributions methods for 5-fluorouracil (5-
FU) and paclitaxel are shown in Table 1 and Table 2. The boiling point method used, the 



critical properties estimation method employed, the boiling points, the critical properties (Tc, 
Pc, Vc and zc) and the acentric factors are reported for the mentioned anticancer drugs. 

Table 1. Estimated boiling points for 5-FU and paclitaxel. 

Compound Boiling point Method Tb (K) 
5-FU Sanghvi and Yalkowsky 703.59 

Paclitaxel Literature [13] 491- 495 

Table 2. Estimated critical properties and acentric factors for 5-FU and paclitaxel. 

Compound 
Critical 

properties 
Method 

Tc (K) Pc  
(bar) 

Vc 
(cm3/mol) 

zc θ ω 

5-FU 
Ambrose 1056.17 58.59 248.0 0.1655 0.6662 0.5071 
Joback 1032.45 62.20 285.5 0.2069 0.6815 0.6395 

Paclitaxel 
Ambrose 562.91 9.19 2198.1 0.4319 0.8758 1.8947 
Joback 827.05 7.44 2321.5 0.2512 0.5961 -0.4523 

For 5-FU, both methods offer very similar results for critical properties and acentric factors. 
Using the Ambrose or the Joback method is indifferent, and both results are coherent. 
However, in the case of paclitaxel, the selected method is a very important step, because 
Joback method gives impossible values for acentric factor (ω<0); only Ambrose method is 
correct for paclitaxel. This behavior is expected because Joback method is unsuitable with big 
molecules [23]. To compare both compounds in the same conditions, the critical properties 
estimated by Ambrose method have been used in 5-FU case too. 

Subsequently, the study of the most accurate pair of EOS- α(T) is developed. In Table 3 the 
modeled pressure relative error (∆P) and the coefficient of determination (r2) are reported for 
the four possible combinations of EOS-α(T). In Figure 2, the experimental (Pexp) and the 
modeled pressure (Pmodel) versus the molar fraction of anticancer drug (y1) are shown for some 
temperatures. In both cases, selecting the most correct pair of EOS-α(T)  is the final purpose.  

Table 3. Modeled pressure relative error in percentage, ∆P(%), and coefficient of 
determination, r2, with the different models selected in this work. 

Compound Equation of 
State (EOS) 

α (T) ∆P (%) r2 

5-FU 
Peng-Robinson 

Soave 5.99 0.91661 
Aznar-Silva Telles 3.90 0.94009 

Patel-Teja 
Soave 11.99 0.78712 

Aznar-Silva Telles 6.38 0.90270 

Paclitaxel 
Peng-Robinson 

Soave 6.51 0.91559 
Aznar-Silva Telles 5.65 0.86699 

Patel-Teja 
Soave 10.73 0.88752 

Aznar-Silva Telles 6.05 0.94263 



 

Figure 2. Experimental data and graphic representations of the models obtained for 5-FU (T= 
35 and 55ºC) and paclitaxel (T=40ºC and 50ºC). 

●: Experimental data from Suleiman et al. [9]. ▲: Experimental data from Vandana and Teja [10]. 
▬▬EOS: Peng-Robinson. α(T): Soave.              ▬▬ EOS: Peng-Robinson. α(T): Aznar-Silva Telles. 
▬▬EOS: Patel-Teja. α(T): Soave.                   ▬▬ EOS: Patel-Teja. α(T): Aznar-Silva Telles. 

 

Generally speaking, with the introduction of the Aznar–Silva Telles α(T) an improvement is 
revealed. The Aznar-Silva Telles term offers better fitted models than the Soave term (except 
for paclitaxel with Peng-Robinson). With the mentioned case exception, the Aznar–Silva 
Telles option decreases the ∆P(%) and increases the r2. In this exception the ∆P(%) is 
decreased but the r2 is not increased.  

At low pressures (< 200bar), Peng–Robinson Equation of State is more accurate than Patel-
Teja Equation of State. Nevertheless, the contrary phenomenon is observed at high pressures 
(> 250bar). 

On the one hand, the best pair of EOS-α(T) for 5-FU is Peng-Robinson with Aznar-Silva 
Telles (∆P(%)=3.90 and r2=0.94009).  
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On the other hand, the best pair of EOS-α(T) for paclitaxel is Patel-Teja with Aznar-Silva 
Telles too (∆P(%)=6.05 r2=0.94263). Although Peng-Robinson with Aznar-Silva Telles has 
got less pressure relative error in percentage (∆P(%)=5.65), the coefficient of determination is 
too bad (r2=0.86699). 

Independently of the employed model, as temperature increases the errors increases too, since 
experimental data fit worse at high temperatures.  

Finally, the Aznar-Silva Telles parameters obtained by correlation for each compound are 
shown in Table 4, both Peng-Robinson and Patel-Teja EOS. 

Table 4. Aznar-Silva Telles parameters (m, n and Г) obtained by adjust for 5-FU and 
paclitaxel with the different EOS. 

Compound Equation of 
State (EOS) 

Aznar-Silva Telles parameters 
m n Г 

5-FU 
Peng-Robinson 0.8199 -0.5731 -0.0057 

Patel-Teja 0.8091 -0.5655 -0.0025 

Paclitaxel 
Peng-Robinson 1.2516 -0.7579 -0.3097 

Patel-Teja 1.0394 -0.5981 -0.3931 

It is revealed that Aznar-Silva Telles parameters reported in this work for 5-FU and paclitaxel 
are independent of the Equation of State utilized.  

CONCLUSIONS 

The critical properties estimation methods of Ambrose and Joback are suitable to obtain 
critical temperature, pressure, volume and compressibility factor for not very big molecules 
(like 5-FU). However, for more complex molecules (like paclitaxel), only Ambrose method 
works, like is predicted in previous literature [23].  

In general, the introduction of the Aznar-Silva Telles α(T) improves the precision of the 
model with Peng-Robinson and Patel-Teja Equations of State in the studied systems: 
anticancer drug (5-FU or paclitaxel) – supercritical carbon dioxide. At low pressures 
(<200bar), the accuracy of Peng-Robinson EOS is better; but, at high pressures (>250bar) the 
opposite fact is observed: Patel-Teja is more adequate. In this work, all EOS have problems to 
explain the behavior of the systems at high temperatures. 

Regarding the Aznar-Silva Telles parameters obtained, it is worthy to say that the value of 
them is independent of the Equation of State used. 
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