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CHAPTER 1 

INTRODUCTION 

Solid dispersion is a common technology which is applied to improve 

dissolution of poorly soluble drug or to modify drug release.  It is a system that the 

drug is dispersed in a solid polymeric matrix (1) and can be classified into several 

categories, i.e. solid solution, solid suspension and eutectic mixture, based on solid 

states of the components.  Solid dispersion can overcome typical problems in 

pharmaceuticals.  For example, dissolution of poorly soluble drug can be improved by 

conversion of a crystalline drug to amorphous drug or by molecular dispersion of the 

drug in the polymeri   arrier.  Drug release  an be modified by  hanging the drug’s 

micro-environment by dispersing the drug in a hydrophobic or swellable hydrophilic 

polymer (1-4).  The dissolution behavior of drug must be consistent upon storage.  

However, the amorphous drug is thermodynamically unstable and tends to rearrange 

themselves to its crystalline state.  The physical state of the drug in the miscible 

mixtures where the drug is molecularly dispersed is more desirable because there 

appears to be intermolecular interactions between drug and polymer which help to 

stabilize the drug (1).  The products based on this technology are mostly in the form 

of tablet such as Kaletra
®
 (Abbott Laboratories) which is lopinavir/ritonavir in a 

copovidone matrix (5), Norvir
®
 (Abbott Laboratories) which is ritonavir in a 

copovidone matrix, Gris-PEG
®
 (Pedinol Pharmacal) which is griseofulvin in a 

polyethylene glycol matrix, Cesamet
®
 (Lilly) which is nabilone in a povidone matrix 

(6), Certican® tablets (Novatis) which is everolimus in a hydroxypropyl 

methylcellulose matrix.  This technology is also applied to produce implants such as 

Zoladex® (AstraZeneca) which is goserelin acetate in a lactide/glycolide copolymer 

matrix, Implanon® (Organol) which is a etonogestrel in ethylene vinylacetate 

copolymer matrix; and devices such as NuvaRing® (Organon) which is etonogestrel, 

ethinyl estradiol in an ethylene vinylacetate copolymer matrix (7).  In general, the 

polymers which are candidates for  the carrier matrix must be safe and biocompatible 

(4, 8).  For specific dosage forms such as films or rings, the polymers should also 

have an appropriate mechanical properties depending on their applications, i.e. low 
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tensile strength and high elongation for film coating (9).  Thus, during the 

development, other excipients such as plasticizer or secondary polymer may be added 

to improve mechanical properties of polymer (10-12).  Ratios of the polymer to 

plasti izer or se ondary polymer and solid  ontents are attributed to produ ts’ 

mechanical properties.  A high proportion of plasticizer or flexible secondary polymer 

often leads to an increase in elongation and decrease tensile strength of product (11-

15).  For example, hydroxypropyl methyl cellulose (HPMC) was mixed with shellac 

to increase elongation and decrease tensile strength of shellac film.  An increase in 

elongation and a decrease in tensile strength depend on concentrations of HPMC in 

the shellac film (13).  Also, cellulose films with high content of magnesium stearate 

was less flexible than the films with low content of magnesium stearate (9). 

An important factor in developing solid dispersion is miscibility of the 

components in the system.  Miscibility depends on viscosity of the polymer and 

existing intermolecular interaction, such as hydrogen bond, between the drug and the 

polymer (16-19).  In this regard, there are some drugs which are well miscible with 

the polymer and have been reported as being a plasticizer for that polymer.  For 

example, ibuprofen and chlopheniramine maleate (CPM) were miscible with 

Eudragit
®
 RS and plasticized the polymer, resulting in a reduction of glass transition 

temperature (Tg) and an increase in flexibility of the beads coated with Eudragit
®
 RS.  

The Tg, tensile strength and Young’s modulus of the beads were  hanged upon 

increasing the drug proportion (20).  CPM was also found to plasticize hydroxypropyl 

cellulose (HPC) film preparing by hot melt extrusion (21).  Therefore, prediction and 

evaluation of drug-polymer miscibility is often useful in guiding successful solid 

dispersion formulation. 

In this study, miscibility between model drugs and polymer were predicted by 

calculating solubility parameters, Flory-Huggins interaction parameters ( 
 H

) and 

Gibbs free energy of mixing (ΔGmi ).  It is also suggested by experimentally thermal 

study, e.g. differential scanning calorimetry (DSC) and hot stage microscopy (HSM).    

A relationship between the drug-polymer miscibility and mechanical properties, i.e. 

tensile strength and elongation were established.  Intermolecular interaction between 

the drugs and polymer was explained by radial distribution function (RDF) and 
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Fourier transform infrared spectroscopy (FTIR).  The use of calculated parameters 

and experimental values for pre-formulation of solid dispersions of the drugs 

(benzocaine, indomethacin, paracetamol), with different solubility parameters and 

crystallization tendency, and the polymer (polylactide) was demonstrated.  

Objectives of the study 

1. To estimate miscibility between model drugs and polymers by calculation and 

experimental methods. 

2. To investigate a relationship between the drug-polymer miscibility and 

mechanical properties of hot melt extruded films. 

3. To demonstrate the intermolecular interaction between model drugs and 

polymers by computer simulation.    

 

  



 

 

4 

CHAPTER 2 

LITERATURE REVIEW 

1. Solid dispersions 

Generally, a solid dispersion in pharmaceuticals consists of two components 

including drug and polymer. The drug may be dispersed molecularly in polymeric 

carrier, or precipitated as a separate amorphous or crystalline depending on miscibility 

between drug and solid polymeric matrix.  If the drug is well miscible with the 

polymer, molecular dispersion of the drug will occur and this molecular state tends to 

be stable over storage time.  If the drug is immiscible with the polymer, it will be 

dispersed as a separate crystalline or amorphous which may be recrystallized during 

storage.  For this reason, miscibility between the drug and polymer should be 

considered (1, 2).   

Solid dispersion can be divided into five groups according to solid states of 

drug and polymeric carrier.  These groups are eutectic mixture, solid solution, glass 

solution or glass suspension, amorphous precipitation, and combination among the 

former four groups.  The states of the drug and carrier in each group of solid 

dispersions are shown in Table 1 (22-24).  

Table 1 Classes of solid dispersions (22-24) 

Class I II III IV V 

 
Eutectic 

mixture 

Solid 

solution 

Glass 

solution 

Glass 

suspension 

Amorphous 

precipitation 
Others 

Phases 2 1 1 2 2 

combination among  

the four groups 
Drug C M M A/C A 

Carrier C C A A C 

A = amorphous, C = crystalline, M = molecularly dispersed.  
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Solid dispersions are generally prepared by melting and solvent methods (6, 

22).  By the melting method, the solid dispersion is prepared through heating a 

physical mixture between drug and polymer until it is melted.  Then, the dispersion is 

cooled and solidified.  For the solvent method, the solid dispersion is prepared by 

dissolving the drug and the polymer in common solvents which is followed by mixing 

and evaporating to remove the solvent (22).  Among many techniques that are 

proceeded by melting and solvent methods, hot-melt extrusion and spray drying are 

widely used in commercial production (1).  The solid dispersion preparing methods 

have various advantages and disadvantages which are shown in Table 2.  Selection of 

the methods depends on the drug and polymer properties. 

Table 2 Advantages and disadvantages of different solid dispersion preparing methods 

(22) 

Preparing methods Advantages Disadvantages 

Melting method 1. Simple and economical 

2. Fine drug particles 

were trapped in polymer 

matrix during quenching 

the melt 

1. Drug and polymer may 

be decomposed at a high 

temperature 

Solvent method 1. Suitable for heat-

sensitive drugs 

1. High cost  

2. Long processing time 

in solvent evaporation  

3. Difficult to remove 

solvent completely  

4. Less chemical stability 

of a drug in a matrix  
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2. Hot-melt extrusion 

Hot-melt extrusion is a technique providing solvent-free solid dispersion.  This 

technique is able to transfer the powdered mixture of drug-polymer through the die to 

make various shapes.  The instrument used in a hot-melt extrusion process is called 

hot-melt extruder which is shown in Figure 1.  It consists of feeding, conveying, 

mixing and cooling zones.  A feeding port is assembled with the feeding zone.  

Temperatures of the conveying and mixing zones are controlled by a heater which is 

assembled as a barreled heater.  In the conveying and mixing zone, there is also a 

screw which can be oriented in various configurations depending on types of the 

extruder and application.  Rotation of the screw is controlled by a motor.  The 

conveying zone is an area that a powdered mixture is converted to fluid-like substance 

by heated screw and transferred to mixing zone by screw rotation.  Mixing between 

the drug and the polymer will occur in the mixing zone during fluid-like state of the 

polymer.  In the cooling zone, there is a die which may be attached with downstream 

processing, e.g. cutters, rollers and injection molds (1, 7, 24-26).       

 

Figure 1 Side view of screw extruder (modified from (1))  

The extruders can be classified into various types according to the number of 

screws and their rotation, i.e. single screw extruder, twin (co-rotating or counter-

rotating) screw extruder and multi screw extruder (7, 27).  Less number of screws like 

single screw extruder consumes long time for mixing because of its insufficient shear 

force.  As a result, homogenous mixing is difficult to occur, especially when a drug is 

mixed with a high viscosity polymer.  In the case of twin screw extruder, it has higher 
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shear force than the single screw extruder and mixing will occur near a feeding port.  

Therefore, the twin screw extruder requires short time of mixing and homogenous 

mixing can be easily obtained, comparing with the single screw extruder (7, 26).  

Direction of screw rotation also affects transferring and mixing of the mixture.  It has 

been reported that a co-rotating screw extruder has higher degree of mixing than a 

counter-rotating screw extruder due to a maximum velocity of co-rotating screw at the 

screw tip.  This allows the mixture to move easily from one position to the other 

position.  While, in a counter-rotating screw, the maximum velocity occurred in the 

intermeshing zone; hence, it gives higher pressure during mixing (28).  For this 

reason, the co-rotating twins screw extruder is often employed in pharmaceutical 

product development (7).   

The screw configuration is important to conveying and mixing functions of the 

extruder.  Configuration design depends on required properties of the compounds and 

the product because it can affect particle size and shape of the dispersed drug.  Screw 

elements can be classified into two types according to their function as conveying and 

mixing elements.  The mixing element is subdivided into two groups  as 1) dispersive 

mixing element, i.e. kneading element, which gives high shear force to reduce particle 

size, and 2) distributive mixing element, i.e. combing element, which makes the 

mixture moving faster than the dispersive mixing element due to higher axial velocity 

and less shear planar effects  (29, 30).  Nakamichi et al. found that the kneading 

element of twin screw extruder highly influenced on converting crystalline to 

amorphous nifedipine during producing a solid dispersion of NP and 

hydroxypropylmethyl cellulose phthalate (31).   

There are some simple calculations applied for screw configuration selection.  

First is the length to diameter (L/D) ratio.  L is the length of barrel and D is the 

outside diameter of screw.  This ratio affects residence time of the mixture in the 

barrel of extruder from which it will be useful information for formulation of heat-

labile and shear-sensitive substances.  The extruder with a L/D ratio less than 40 is 

preferred to be used in pharmaceutical applications; and if the drug is heat-sensitive, 

the L/D ratio of extruder should be shorter than 20.  Second is the flight depth and 

free volume in the barrel.  It is described in terms of the outer diameter to inner 
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diameter of screw (OD/ID) ratio.  It affects conveying and mixing operation as well as 

the residence time in the barrel (30).  Processing parameters in hot-melt extrusion are 

feeding rate, screw speed and processing temperature (26, 30).  The feeding rate and 

screw speed directly affect residence time and shear stress which has an impact on the 

physicochemical stability of products (26).  In addition, all these processing 

parameters are important for scaling up to a commercial batch. 

The properties of drug and polymer that should be concerned for hot-melt 

extrusion technique are thermal sensitivity (22), solid-fluid or fluid-like state 

transformation, melting behavior and solidification of drug-polymer fluid mixture (1).  

 

3. Miscibility prediction and evaluation by thermal analysis 

 The factors influencing miscibility are viscosity of polymeric carrier and 

intermolecular interaction such as hydrogen bond between drug and polymer (24).  

Miscibility study often provides useful information for solid dispersion formulation.  

It also reduces trials and errors during the formulation development from long time 

consumption (1, 18, 19).  Basically, miscibility of components in a solid dispersion 

can be predicted  by thermal analysis and calculation of difference solubility 

parameters (16, 18). 

Differential scanning calorimetry (DSC) through heat-cool-heat cycle and hot 

stage microscopy (HSM) are the techniques which are widely used in the thermal 

analysis for miscibility study.  This technique provides information of thermal 

properties, such as onset of melting temperature (Tmo) and melting temperature (Tm) 

from heating step, and glass transition temperature (Tg) form reheating step of heat-

cool-heat cycle.  Hot stage microscopy (HSM) is a method to monitor melting 

behaviors of a mixture.  The thermal properties of the mixture may be varied, 

depending on drugs and carriers, and the group of solid dispersions which are shown 

in Table 1 (16, 18).  

Forster et al. reported that the miscible mixture such as the mixture of 

indomethacin (IND; Tg = 43.7°C, Tmo = 159.4°C) and polyvinylpyrrolidone-co-
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vinylacetate (PVP/VA; Tg = 106.2°C) at the ratio of 1:1 had a single Tg at 67.2°C 

which exhibited between the original Tgs of these two components.  Tmo of IND in the 

mixtures was decreased to 134.0°C.  Likewise the mixture of lacipidine (LCP; Tg = 

48.0°C, Tmo = 182.1°C) and PVP/VA in the ratio of 1:1 had a single Tg at 73.3°C.  

Tmo of LCP was also decreased to 178.7°C.   

The partially miscible mixture such as the mixture of LCP and 

polyvinylpyrrolidone K30 (PVP K30; Tg = 164.2°C) at a ratio of 1:4 had two 

separating Tgs at 89.8°C and 159.9°C.  Both Tgs were  hanged from the  omponents’ 

Tg and the second Tg was close to the Tg of polymer.  Tmo of LCP in LCP:PVP K30 

was found at 179.6°C, demonstrating small decrease of Tmo of LCP in the mixture.   

The immiscible mixture such as the mixture of LCP and sucrose (Tg = 70.7°C, 

Tmo = 189.3°C) at the ratio of 1:1 had two separated Tgs at 49.5°C and 70.7°C.  Both 

Tgs were not changed from Tg of LCP and that of sucrose.  Tmo of LCP in the mixture 

was 183.3°C, showing a slight increase from its Tmo (16).   

Gupta et al. also reported the use of Tg and Tmo of the mixture for miscibility 

prediction between drug and polymer.  The immiscible mixture such as the mixture 

between IND (Tg = 43°C, Tmo = 159.7°C) and glucose (GLU; Tg = 30.6°C, Tmo = 

148.5°C) at all ratios showed no change of Tmo of IND and GLU.  While, the miscible 

mixture such as the mixture of IND and polyethylene oxide (PEO; Tg = -53.3°C, Tmo 

= 61.0°C) showed no Tmo of IND in the mixture at the ratio of 10:90 and 25:75 and 

depression of the drug’s Tmo at the ratio of 50:50 and 75:25 due to the drug dissolving 

in the molten polymer (18).   

All the results of Tg and Tmo were confirmed by melting behaviors observed 

by HSM.  Under HSM, IND was melted before its Tmo when mixed with PVP/VA at 

the ratio of 1:1, also with PEO at all studied ratios (16).  IND was not melted before 

its Tmo and was not dissolved in the molten polymer when mixed with citric acid or 

GLU (18).  

In addition, an appearance of solid dispersions can suggest miscibility of the 

mixtures.  If the mixtures are miscible, the products are transparent.  If the mixtures 
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are immiscible, the products are turbid or opaque.  Here, a Tg of the product can be 

determined by DSC during heating step and compared with that of the physical 

mixtures obtained during reheating step.  Moreover, there are some supportive tools to 

help investigating characteristics of solid dispersion, such as its crystallinity by X-ray 

powder diffractometry (XRPD), intermolecular interaction by Fourier transform 

infrared (FTIR) and nuclear magnetic resonance (NMR) spectroscopy, also drug 

release by dissolution test (1, 16).  

After extrusion, Forster et al. reported that the extrudates of IND: PVP/VA 

(1:1) and LCP:PVP/VA (1:1) were transparent and brittle.  These extrudates were 

considered to be in the group of glass solution because of theirs appearance and single 

Tg at 64.5°C and 75.6°C, respectively, when observed by DSC.  XRPD was used to 

confirm an amorphous state of the drugs. It showed similar trend between predicted 

values of drug-polymer mixtures and determined values of solid dispersions (16).  

Prediction of miscibility is therefore useful to screen potential miscible compounds at 

an early stage of formulation development to save cost and time.  

 

4. Miscibility prediction by solubility parameters 

Hildebrand solubility parameter is obtained from square root of cohesive 

energy density (CED).  The CED is cohesive energy (Ecoh) per unit of volume (V) as 

shown in equation (1).  The cohesive energy (Ecoh) is an internal energy per mole of 

material when all intermolecular forces were eliminated.  This energy can be easily 

calculated from heat of vaporization for liquid as the following equation (1) (32, 33). 

    √ ED   √
E oh

 
   √

ΔH     T

 
                 

Where, (ΔH ) is heat of vaporization; R is a gas constant and T is temperature 

(33).  The unit of solubility parameter is in [J/cm
3
]
0.5

 or MPa
0.5 

(34).   

Hansen solubility parameter is an extension of Hildebrand solubility parameter 

which is divided into partial solubility parameters from three difference types of force 
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whi h are dispersi e for e   d  or  an der Waals for e, polar for e   p) and hydrogen-

bonding for e   h  as shown equation  2 , where   t is total solubility parameter. 

 t   √ d
2
    p

2
    h

2
                   2  

Due to that heat sensitive substances and solids such as polymer cannot 

vaporize, Ecoh of these substances cannot be obtained directly from the experiment.  

Instead, it can be calculated from small fragments which contribute in a chemical 

structure of the substance.  This calculation is called group contribution method 

(GCM).  The method estimates the Ecoh of a substance by set of group contribution as 

described in equation (3).   

 E oh   
 2

   2     
                    

Where, F is molar attraction constant and V is molar volume at room 

temperature (25°C) (32, 33, 35). 

Hoftyzer/ an  re elen and Hoy’s G M approa hes are widely used be ause 

of theirs simplification.  However, there are some limitations for large and complex 

molecules, such as highly containing hydrogen bonding (i.e. directional interactions) 

molecules and electrostatic interactions (i.e. long ranged interactions) containing 

molecules (18, 36), long-chain polymers and enantiomers which cannot be separated 

between the different isomers (37).  The partial solubility parameters equations 

according to Hoftyzer/Van Krevelen approach are shown as equation (4). 

 d    
∑ di

 
          p   

√∑ pi
2

 
           h   √

∑Ehi

 
                     

 Where, Fdi is molar attraction constant of dispersion component; Fpi is molar 

attraction constant for polar component; Ehi is hydrogen bonding energy per structural 

group which has been stated by Hansen (32, 33). 

Calculation using Hoy approach is different from Hoftyzer/Van Krevelen 

approa h in that Hoy’s approa h consists of four additive molar functions, a number 
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of au iliary equations, and the final e pressions for  t and for partial solubility 

parameter as shown in Table 3 (33). 

Table 3 Terms and equations in Hoy approach 

Formula Low-molecular liquids 

(solvents) 

Amorphous polymers 

Additive molar 

functions 

Ft   ∑Ni Ft,i 

Fp   ∑Ni Fp,i 

    ∑Ni Vi 

ΔT   ∑Ni ΔT,i 

Ft   ∑Ni Ft,i 

Fp   ∑Ni Fp,i 

    ∑Ni Vi 

ΔT
(P)

   ∑Ni ΔT,i
(P)

 

Auxiliary equations Log α    .   log  Tb/Tcr) – 0.1585 

– log V 

 

Tb = boiling temperature  

Tcr = critical temperature 

Tb/Tcr   0.57   ΔT –  ΔT)
2
  

(Lyderson equation) 

α P    777 ΔT
(P)

/V 

 

 

n   0.5/ ΔT
(P)

 

E pressions for   

(Fi must be combined 

with a Base value (B) 

for liquids and B/n̅ for 

polymers) 

 t = (Fi + B)/V 

B = 277 

 

 p     t (
 

α

  p

 t    
)

 
2

 

 h     t [
(α    )

α
]

 
2

 

 d   ( t
2
     p

2
     h

2)
 
2 

 t = (Fi + B/n̅)/V 

 

 

 p     t (
 

α P 

  p

 t    /n̅
)

 
2

 

 h     t [
(α P     )

α P 
]

 
2

 

 d   ( t
2
     p

2
     h

2)
 
2 

Ft is molar attra tion fun tion.  ΔT is Lydersen correction for non-ideality in low-

mole ular liquids’ equation.  ΔT
(P)

 in the polymers’ equation has been deri ed by Hoy 

(33).     

Molecular dynamics (MD) simulation is another method to calculate the 

solubility parameters from cohesive energy density (CED) which is related to partial 
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solubility parameters as dispersion solubility parameter ( d) and electrostatic 

solubility parameter ( e) by equation (5). 

 t   √ ED  √ d
2
    e

2
                  5   

This method gives more accurate value of solubility parameter for the complex 

molecules than GCM (18). 

The value of √ d
2
    e

2
  from MD simulation is equivalent to √ d

2
    p

2
    h

2
  in Hansen 

solubility parameter.  Therefore,  e
2
 includes the terms of  p

2
 and   h

2
. 

If the solubility parameters of two components have minor difference, the 

components are highly potential to be miscible (16, 17, 19).  Greenhalgh et al. 

reported a criterion which was widely used for prediction of miscibility based on the 

differen e in the solubility parameters of  omponents  Δ   (16-18).  If Δ  is below 7.0 

MPa
0.5

, the  omponents are likely to be mis ible.  If Δ  is more than 10.0 MPa
0.5

, the 

components are likely to be immiscible.  For example, the miscible mixture of 

ibuprofen (IBU) and Lutrol   6 showed Δ  of  .  MPa
0.5

.  The immiscible mixture of 

IBU and maltose showed Δ  of   .0 MPa
0.5

 of (17).  The Δ   alue out of the range of 

the mentioned criteria showed some degree of immiscible between the drug and the 

polymer in liquid state as found in the mixture of phenobarbital and sorbitol with Δ  

of 8.7 MPa
0.5

 by Timko and Lordi (17, 38).   

Forster et al. extended the  lassifi ation of mis ibility based on results of Δ  

and thermal behaviors of drugs and polymers from their experiments.  They proposed 

that the components with  value below 2.0 MPa
0.5

 are likely to be completely 

miscible and those with  value above 10.0 MPa
0.5 

tend
 
to be immiscible.  In 

addition, the  value in a range of 5.0 to 10.0 MPa
0.5 

indicates partially miscible.    

Forster et al. showed that Δ  of indometha in  IND  and 

polyvinylpyrrolidone-co-vinylacetate (PVP/VA) was 0.8 MPa
0.5

 and 1.3 MPa
0.5

 based 

on Hoftyzer/Van Krevelen and Hoy methods, respectively, indicating that the drug 

and polymer were mis ible.  The Δ  of lacidipine (LCP) and sucrose was 15.9 MPa
0.5
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and 13.7 MPa
0.5

 based on Hoftyzer/Van Krevelen and Hoy methods, respectively, 

indicating immiscibility of the drug and polymer.  The  of IND and polyvinyl 

alcohol (PVA) was 9.4 MPa
0.5 

and 8.4 MPa
0.5 

based on Hoftyzer/Van Krevelen and 

Hoy methods, respectively, indicating borderline miscibility.  The predicted values 

were confirmed by the experimental results obtained from DSC which also showed 

that the mixtures of IND:PVP/VA (1:1 and 4:1) were miscible, and the mixtures of 

LCP:sucrose (1:4, 1:1 and 4:1) were immiscible.  The mixture of IND:PVA had a 

single Tg due to miscibility between IND and amorphous PVA but it showed Tm of 

crystalline PVA at 187°C which was immiscible with the molten IND.  These results 

agreed with the miscibility results of IND and amorphous PVA observed through 

HSM (16).   

Gupta et al. reported that the Δ  of IND and polyethylene oxide (PEO) was 0.4 

MPa
0.5

 and 1.9 MPa
0.5

, based on Hoftyzer/Van Krevelen and Hoy methods, 

respectively.  The values corresponded with a result of molecular dynamic (MD) 

simulation of 1.7 MPa
0.5

, suggesting miscibility of the components.  While, the Δ  of 

IND and glucose was 15.7 MPa
0.5

 and 15.9 MPa
0.5

, based on Hoftyzer/Van Krevelen 

and Hoy methods, respectively, also 10.9 MPa
0.5

 from MD simulation, suggesting 

immiscibility.  Prediction of solubility parameters agreed with DSC results which 

showed that IND and PEO were miscible and IND and GLU were immiscible (18).   

Besides solubility parameters, Flory-Huggins interaction parameter ( FH) 

which can be also calculated from cohesive energy density (CED) is another method 

to predict miscibility of the blends (1, 19, 39-41). 

 

5. Miscibility prediction by Flory-Huggins interaction parameter and Gibbs free 

energy of mixing 

Flory-Huggins lattice-based theory is widely used in miscibility prediction for 

binary mixture, i.e. regular solutions (solute-solvent), polymer solutions (polymer-

solvent) and polymer blends (polymer-polymer).  It is based on the assumption of 

thermodynamics that in a mixture (as shown in Figure 2), the energy will change 



 

 

15 

without changing the volume of system due to random moving of molecules.  The 

random moving and changing of energy are described in thermodynamic terms as 

entropy of mixing (∆Smix) and Gibbs free energy of mi ing  ∆Gmix). The ΔSmi  in 

lattice-based theory of the binary mixture between A and B can be written as entropy 

of mixing per lattice site (ΔS̅mi ) in equation (6). 

ΔS̅mi      k [(
ϕ
 

N 

) ln ϕ
 
 (

ϕ
 

N 

) ln ϕ
 
]                 6  

Where, ϕ is a volume fraction.  As a result of no volume changing, ϕ
 
     - ϕ

 
.  k is 

Boltzmann constant.  N is the number of lattice sites occupied per mole that will be 

replaced by repeating unit of polymers and 1 for solvents or other solutes in regular 

solution (42, 43).  

 

Figure 2 Lattice model of polymer solution;  is a lattice site which is defined as 

molecular volume (modified from (42)).  

The assumption of the Flory-Huggins theory is that in the mixture of A and B, 

each lattice site is replaced by a molecule or monomer randomly, and by ignoring the 

polymer chain connectivity, the mixture behaves like regular solutions. 

In addition, there are many interactions in the binary mixture between A and 

B.  The Flory-Huggins interaction parameters are calculated based on the energy of 

the mixtures as the followings:    
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The energy in the mixture (E) is written into three pairwise interaction 

energies as uAA, uAB and uBB.  When focusing on an A molecule, E of A (E   is 

described in the equation (7). 

E        ϕ 
     ϕ 

                 7  

When focusing on a B molecule, E of B (E   is described the same as for the A 

molecule, which is equation (8). 

E        ϕ 
     ϕ 

                    

Each lattice site has neighboring molecules which is represented as z.  z is a 

coordination number of lattice, e.g. z = 4 for square lattice and z = 6 for cubic lattice.  

Therefore, all pairwise interaction energies can be written in equation (9) and n is the 

total number of sites in the mixture. 

E   
  

2
[E ϕ 

  E ϕ 
]                  

The initial energies (E0) of A and B before mixing are calculated by equation (10). 

E0     
zn

2
   ϕ 

        E0    
zn

2
   ϕ 

                   0  

During mixing, the average energy per lattice site is obtained by equation (11). 

ΔE̅mi    
E    E0

n
    

z

2
ϕ
 
ϕ
 
  2                                     

The Flory-Huggins interaction parameter ( 
 H

) is defined as interaction energies in 

the mixture by equation (12), where T is temperature in Kelvin (K). 

 
 H

    
z

2

 2              

kT
                  2  

As a result, the energy of mixing per lattice site (ΔE̅mi ) can be written in term of  
 H

 

following equation (13) (42). 

ΔE̅mi       H ϕ 
ϕ
  
kT                  
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Under a constant pressure condition, ΔEmi  is approximate to enthalpy of mixing 

(ΔHmi ).  Therefore, it can be written as equation (14).   

ΔEmi    ΔH
mi 

   
kT 

 H
ϕ
 
ϕ
  

 ref

 
 T  

 H
ϕ
 
ϕ
  

 ref

                  

Where, R is gas constant in molar parameters.   ref is replaced by molecular or molar 

volume of a segment, i.e. monomer (37, 44) which is normally a value of the smallest 

volume in the blend (45).   

The relation of ∆Gmix, ∆Hmix and ∆Smix is written as equation (15). 

∆Gmi    ΔHmi    TΔSmi                5  

TΔSmi  is always positive.  From this equation, the mixture will be miscible when 

∆Gmi  is less than zero (∆Gmi   0) (32, 42-44, 46) and enthalpy of mixing is less than 

entropy term (ΔHmi  TΔSmi ) (43).  ∆Gmi  can be written in term of  
 H

 in equation 

(16). 

ΔGmi     T [ϕ
 
 ln ϕ

 
   (

ϕ
 

m
) ln ϕ

 
   ϕ

 
ϕ
 
 
 H
]                   6  

Where, m is a ratio of volume per mole of polymer chain (defined as B) to drug 

(defined as A), or molar volume which was calculated from equation (17).   

m   

Mw 

ρ
 

Mw 

ρ
 

                 7  

Where, Mw  and Mw  are molecular weight of A and B.  ρ
 

 and ρ
 

 are density of A 

and B (44, 46). 

ΔEmi  can be obtained from MD simulation of binary mixture between A and B, 

calculated by equation (18) (47). 

Δ mi    ϕ 
( ED)    ϕ 

( ED)    ( ED)mi                   
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MD simulation with NVT ensemble, i.e. a constant volume condition is 

preferred to calculate ΔEmi  due to that constant volume is required under assumption 

of this theory. 

The relationship between ∆Hmi  and E oh is shown in equation (19).  V is 

molar volume at room temperature (25°C) (32).  

∆Hmi      [(
E oh,  

  

)
 /2

  (
E oh,  

  

)
 /2

]

2

ϕ
 
ϕ
 
                   

Thus, 

∆Hmi     ref          
2
ϕ
 
ϕ
 
                20  

As a result,  
 H

  an be written in term of solubility parameters     following equation 

(21)  (1, 32).  

 
 H

    
 ref           

2

 T
               2   

However, the concentration of each component has an influence on miscibility.   
 H

 is 

simply calculated from solubility parameters but it does not take the concentration of 

each component into account.  For this reason, alternatively,  
 H

 can be calculated 

from Δ mi  by MD simulation following equation (22).  The mixtures tend to be 

miscible when calculated  
 H

 is less than critical parameters ( 
 
) (39, 47, 48). 

 
 H

  
Δ mi  ref

 T ϕ
  
ϕ
 

                 22  

Flory-Huggins lattice-based theory is used for miscibility prediction in the 

binary systems such as drug-polymer and plasticizer-polymer.  The drug-polymer 

binary system is analogue with polymer-solvent binary system (37, 49, 50).  An 

amorphous drug is considered to be solvent in Flory-Huggins theory (50).     

For example, Maus et al. reported miscibility of Eudragit
®
RS and water-

soluble plasticizer, i.e. triethyl  citrate (TEC), or water-insoluble plasticizers, i.e. 

acetyl tributyl citrate (ATBC) and dibutyl  sebacate (DBS), or plasticizing effect drug, 
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i.e. ibuprofen (IBU), or non-plasticizing effect drug, i.e. theophylline (THEO) in solid 

dispersions by hot-melt extrusion technique.   
 H

 values of Eudragit
®

RS-TEC, 

Eudragit
®
RS-ATBC, Eudragit

®
RS-DBS and Eudragit

®
RS-amorphous IBU blends 

were less than the critical value at 1.132.  As a result, these four mixtures were 

predicted to be miscible.  However,  
 H

 values of Eudragit
®
RS-crystalline IBU, 

Eudragit
®
RS-crystalline THEO and Eudragit

®
RS-amorphous THEO blends were 

higher than the critical value.  These three mixtures were predicted to be less miscible.  

All the predictions agreed with the results from solid dispersion characterization.  The 

miscible mixtures appeared to be transparent, while the immiscible mixtures were 

opaque (19).  Huynh et al. also reported about miscibility between docetaxel and 

excipient in emulsions.  The excipients were tricaprylin, tricaproin, tributyrin, vitamin 

E and β-caryophyllene.   
 H

 values based on Δ mi  which was calculated by MD 

simulation was used to estimate the solubility of the drug in the excipients.  The 

simulated solubility was approximately 2-6% different from experimental solubility, 

i.e. simulated solubility of docetaxel in tributyrin (114.4 mg/ml) was 6% different 

from experimental solubility (108 mg/ml) and simulated solubility of docetaxel in 

vitamin E (76.2 mg/ml) was 1.6% different from experimental solubility (75.0 mg/ml) 

(41). 

 

6. MD simulation 

MD simulation is mesoscale simulation, explaining various phenomenon, 

which cannot be visually seen, through thermodynamics such an energy, temperature 

and pressure (51, 52).  It is based on atoms in a system mo ing under Newton’s 

second law of motion that force (F) is acting on an atom (mass of atom; m) and that 

atom will move from one position to another position (moving distance; r) with 

acceleration (a) following equation (23), where t is time (52, 53).  

    ma    m
 
2
r

 t2
                2   
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The force can be calculated from derivative of potential energy (E) in equation (24) 

(54, 55). 

       
 E

 r
              2   

Thus, 

  m
 
2
r

 t2
          

 E

 r
                 25      

Potential energy is the energy assigned by forcefield.  It is obtained from bonded 

interaction, i.e. bond stretching (Eb), bond bending (Eθ) and torsion angle rotation 

(Eϕ), and from non-bonded interaction, i.e. van der Waals or Lennard-Jones 

interaction (EVdW) and electrostatic or coulombic interaction (EQ) (37, 54).  The 

summation of the total potential energy is shown in equation (26) (56).  

Etotal    Ebonded   Enon bonded    Eothers                 26  

Potential energy of bond stretching, bond bending and torsion angle rotation is 

involved with length of bond (r), angle of bond () and angle of torsion (ϕ) as shown 

in Figure 3 (52).   

 

 

Eb    
 

2
    (r      re,  )

2
 

Eθ    
 

2
      (θ       θe,    )

2
 

Eϕ    
E0

2
(     os (n (ϕ   ϕ

e
))) 

 

K = force constant  

re = bond length at equilibrium  

θe = angle at equilibrium  

ϕ
e
 = torsional angle of equilibrium value 

n = periodicity parameter 

Figure 3 Potential energy of bonded interations  
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Potential energy of van der Waals and electrostatic interactions is involved with 

distance of atoms (r) and charges of atoms (Q) in Figure 4 (55). 

 

E (r)   
 

 
 

2

   0r
 

 

 

E dW(r)      [(
 

r
)
 2

  (
 

r
)
6

] 

 

Figure 4 Potential energy of non-bonded interactions  

There are many sets of forcefield, e.g. AMBER (57), COMPASS (58) and 

GROMOS (57) which are widely used in MD simulation.  COMPASS forcefield is 

generally used in simulation of organic compounds (39, 40, 47, 59).   

In MD simulation, the sample (atoms or molecules) is placed in a simulation 

box.  The atoms at the edge of the box is acted by force which is different from the 

force near the center of the box and those atoms can accidentally disappeared by 

passing through the box wall, while they are moving during a simulation.  As a result, 

those atoms are not counted in the calculation; hence, undesirable loss of density can 

be occurred.  For this reason, periodic boundary condition is used in MD simulation.  

This condition can eliminate the wall effect by copying a simulation box as shown as 

Figure 5 (52).  
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Figure 5 Periodic boundary condition: the box in black is a simulation box.  The 

boxes in grey are periodic boundary boxes (modified from (52)).   

Radial distribution function (RDF) is a function for analyzing an arrangement 

of atoms in the system (Figure 6).   

 

Figure 6 Distribution of atoms (modified from (52)) 

The method proceeds by establishing the reference atom (grey atom) and 

counting the other atoms (black atoms) in the distance between r and r+dr.  RDF is 

defined as equation (27).  N is the number of atoms (black atoms) (52).  

g(r)dr    
 

N
 ∑ g

i
(r)dr

N

i  

                  27  
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7. Mechanical properties 

 Mechanical properties indicate behavior of a material under the force.  The 

simple test to evaluate mechanical properties is a tension test (Figure 7) which gives 

results in terms of stress     and strain  e  as shown in equation  2  .  Stress is called 

tensile stress or tensile strength which is about the acting load or force (P) on an area 

(cross-sectional area; A) of the material.  The unit of stress is load or force per unit 

area (N/m
2
) or Pascal (Pa).  Strain or elongation (e) is a dimensionless measure of 

stretching which can be calculated from a ial defle tion or e tension length  ΔL  and 

initial length (L0) (60, 61).   

 

Figure 7 Tension test: Load or force (1), cross-sectional area (2), initial length (3) and 

axial deflection (4) (modified from (61))  

 

    
P

 
         e    

ΔL

L0

                      2   

 

 y following Hooke’s law, during elasti  deformation, the relationship between P and 

ΔL is linear   igure    a    and it  an be written as equation  2  .   

P   k ∆L                   2   

Where, k is a constant of proportionality called stiffness that can represent resistance 

of the material from deformation by force.  The unit of stiffness is load per unit length 

(N/m). 
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(a) (b) 

Figure 8 Load-deflection curve (a) and stress-strain curve (b) during elastic 

deformation under Hooke’s law 

In fact, k is not enough to represent the resistance of material because k does 

not depend on types of the material alone.  Shape of the sample in the tension test also 

affects k.  For this reason, the normalized values such as stress and strain are used to 

calculate for evaluating the resistance to deformation by force through equation (30) 

and the relationship of stress and strain is shown in Figure 8 (b).     

    
 

e
                        0  

Where, E is a  onstant of proportionality  alled Young’s modulus or modulus of 

elasticity.  The unit of E is Pascal (Pa) as same as stress (61). 

 A plasticizer or secondary flexible polymer may be added to mix with the 

polymer to impro e me hani al properties by redu ing   and E, and increasing 

elongation (e) of the polymer due to effect on Tg and interaction with molecules of the 

polymer (13, 21).  For example, mixing hydroxypropyl methyl cellulose (HPMC) or 

carbomer with shellac resulted in a de rease in   and E, and an increase in e of the 

shellac film.  When the proportion of the secondary polymer was increased, Tg was 

decreased.  Mixing ethyl cellulose (EC) with shellac resulted in slightly decreasing of 

  and E at a low percentage of E .  When in reasing the proportion of E ,   and E 

were increased.  The strain (e) was significantly decreased as increasing the 

percentage of EC. In addition, there was no reduction of Tg (13). 
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 Some drugs were reported to be a plasticizer for a polymer, indicated by a 

de rease in   and E, and an increase in strain (e).  For example, mixing 

chlorpheniramine maleate (CPM) or hydrocortisone (HC) with hydroxypropyl 

 ellulose  HP    an redu e   and E, and increase e of the HPC extrudate.  Reduction 

of Tg was found in the extrudate of the drug-HPC (21).   

A change of Tg was involved in miscibility of the components as mentioned in 

section 3.  It is therefore, possible that the change of mechanical properties can be 

explained by miscibility between the polymer and secondary polymer or plasticizer or 

drug.  

 

8. Model drugs and polymer 

In the present study, miscibility of a polymer, i.e. polylactide with two 

stereoisomers and three model drugs which have different solubility parameters and 

thermal properties such as melting temperature (Tm), structures and recrystallization 

examined by heat-cool-heat cycle of DSC (62) was studied.  The solubility parameters 

of benzocaine and indomethacin were similar to the solubility parameter of 

polylactide (16, 18, 39, 63), while the solubility parameter of paracetamol was largely 

different from that of polylactide (39, 64).  The recrystallization of benzocaine and 

paracetamol occurred during cooling step and reheating step of heat-cool-heat cycle, 

respectively, while indomethacin was not recrystallized (62). 

8.1 Polylactide 

Polylactide is a biodegradable polymer. It can be eroded by hydrolysis at ester 

linkage to obtain lactic acid which is broken into carbon dioxide and water that will 

be eliminated by respiration and urination.  Therefore, this polymer is non-toxic and 

biocompatible (65, 66). 

Also, it is a thermoplastic polymer which can be processed by solvent or 

melting methods (67, 68).  It is mostly hydrophobic molecules because of ester 

linkage between lactic acid monomer.  Focusing on a repeating unit, lactic acid, it is a 
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chiral molecule; hence, this polymer can be existing in two stereoisomers as L and D 

form (Figure 9).   

L form is naturally occurred by bacterial fermentation of D-glucose which is 

derived from foods.  Poly l-lactide (PLLA) and poly d-lactide (PDLA) are 

semicrystalline polymers. Poly d,l-lactide (PDLLA) is from racemic mixture between 

l-lactide and d-lactide and it is generally amorphous (67, 69).  A glass transition 

temperature (Tg)  and a melting temperature (Tm) of  the polymer varies in the range of 

55-72°C and of 130-230°C, respectively; and its solid states, e.g. amorphous or semi-

crystalline, depending on the ratio of L or D configuration in the polymer chain (68).   

 

  

(A) (B) 

Figure 9 Structures of polylactide: poly l-lactide (A) and poly d-lactide (B) 

Polylactide has a wide range of molecular weight (10,000 to 756,000 kDa) 

(65).  The molecular weight affects degree of crystallinity of polylactide in a way that 

high molecular weight is high crystallinity.  The degree of crystallinity affects 

mechanical strength of polylactide.  The strength of the polymer becomes high when 

crystallinity is high (66, 67).  A rate of biodegradation is also affected by crystallinity 

and strength of the polymer.  If it is high crystallinity, biodegradation is slow.  

PDLLA is less mechanical strength and high extension than PLLA due to its 

amorphous form; therefore, PDLLA has a higher rate of biodegradation than PLLA 

(66). 

The structure of polylactide which plays role for hydrogen bonding is oxygen 

(O) of carbonyl (C=O) in ester group (70). 

Polylactide and polylactide copolymers are widely used for medical devices 

such as surgical mesh, i.e. TIGR
® 

Matrix (71), resorbable sutures, e.g. Caprosyn
TM

 

(which is composed of glycolide, caprolactone, trimethylene carbonate and lactide 
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copolymer) (72) or Polysorb
TM

 (which is composed of glycolide and lactide 

copolymer coated with caprolactone and glycolide copolymer) (73), orthopedic 

implants, e.g. polylactide and polyglycolic acid copolymer (65), polylactide and 

hydroxyapatite composites (74).  In drug delivery systems, they are applied to 
formulations of implant, e.g. tinidazole in PLLA matrix for periodontitis (75), vaginal 

ring, e.g. tenofovir with PDLA and polyethylene vinyl acetate (76), microparticles, 

e.g. rifampicin-PLLA microparticles for inhalation (77) and polylactide-co-glycolide 

nanoparticles containing BZC (78).  

8.2 Benzocaine 

Benzocaine (BZC) or 4-ethylaminobenzoate is a small molecule drug which is 

a local anesthetic drug.  Its structure contains ester and amine groups, as shown in 

Figure 10, which normally form interactions with other molecules.  The amine group 

may be either hydrogen donor by hydrogen (H) or acceptor by nitrogen (N).  The ester 

group has two oxygen (O) which can be hydrogen acceptors.  An aromatic ring may 

interact with the other ring by dispersive forces, e.g. stacking or weak hydrogen 

bonding (79, 80).  Recrystallization of BZC was found in cooling step of heat-cool-

heat cycle by DSC (62).  

 

Figure 10 Structure of benzocaine 

 

8.3 Indomethacin 

Indomethacin (IND) is a non-steroidal anti-inflammatory drug (NSAID).  The 

structure contains various fragments, e.g. indole, chlorobenzyl, carbonyl, methoxy 

and carboxylic groups, as illustrated in Figure 11.  The possible positions for 

establishing hydrogen bonds with other molecules are carbonyl (C=O; O5) and 

hydroxyl (OH; H1) of carboxylic group and carbonyl (C=O; O3) which is between 
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indole and chlorobenzyl groups.  H1 of carboxylic group is a hydrogen donor while 

O3 and O5 are hydrogen acceptors.  O5 has more influence than O3 in hydrogen 

bonding (81).  No recrystallization of IND was found when evaluated with heat-cool-

heat cycle by DSC (62).   

 

Figure 11 Structure of indomethacin 

 

8.4 Paracetamol 

Paracetamol (PAR) or acetaminophen is a small molecule drug which uses for 

analgesics and antipyretics.  The structure, as shown in Figure 12, has high potential 

to hydrogen bonding with other molecules at C=O and NH of amide group and 

hydroxyl (OH) group.  Oxygen (O) of C=O in amide and O in OH groups are 

hydrogen acceptors.  Hydrogen (H) of NH in amide and H in OH groups are hydrogen 

donors (82).  It was found recrystallization occurred in reheating step of heat-cool-

heat cycle by DSC (62).  

 

Figure 12 Structure of paracetamol 

  

O3 
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CHAPTER 3 

MATERIALS AND METHODS 

1. Miscibility prediction by calculation  

 In the present study, Hansen solubility parameter (), Flory-Huggins 

interaction parameter ( 
 H

) and Gibbs free energy of mixing (ΔGmi ) were calculated 

for miscibility prediction.  The solubility parameter was calculated by group 

contribution method (GCM) and by molecular dynamic (MD) simulation. 

1.1 Models of model drugs and polymers 

Three dimensional models (3D models) of benzocaine (BZC), indomethacin 

(IND), paracetamol (PAR), a unit of l-lactic acid (LLA) and d-lactic acid (DLA) were 

obtained from PubChem Substance (83), which are illustrated in Figure 13.  Poly l-

lactide (PLLA) and poly d-lactide (PDLA) chains were built from LLA and DLA 

repeat units by Visualizer of Material Studio software package version 5.5 (Accelrys, 

San Diego, CA, United State of America) as shown in Figure 14 and 15, respectively. 

 

 

 

 

 

 

(A) (B) (C) 
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(D) LLA (E) DLA  

Figure 13 3D models of drugs and a repeating unit of polymer: BZC (A), IND (B), 

PAR (C), LLA (D) and DLA (E) 

 

 

 

(A) (B) 

Figure 14 PLLA with three repeating units: chemical structure (A) and 3D model (B) 

 

  

(A) (B) 

Figure 15 PDLA with three repeating units: chemical structure (A) and 3D model (B) 
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1.2 Group contribution methods 

Calculation of Hansen solubility parameters of BZC, IND, PAR, PLLA and 

PDL  were based on Hoftyzer/ an  re elen and Hoy’s group contribution (GCM) 

approaches.  Basically, structures of the studied molecules were divided into 

fragments.  The fragments were used to calculate Hansen solubility parameter using 

the Hansen Solubility Parameters in Practice (HSPiP) package version 3.1 (Digital 

River, Minnetonka, MN, United State of America).  For PLLA and PDLA, the 

structure of a repeating unit of the polymer was used in the GCM calculation.  The 

difference between solubility parameters of the model drug and the polymer was then 

calculated.    

1.3 Molecular dynamics simulation 

Prior to molecular dynamics (MD) simulations, a minimum number of 

configurations and repeating unit of polymer required to ensure consistent results of 

calculation in MD simulation were examined through three different configurations of 

one model drug (i.e. BZC) and varied number of repeating units of polymers (i.e. 

PLLA and PDLA).  The methods are described in sections 1.3.1 and 1.3.2, 

respectively.  Once, the required number of repeating units was established.  The 

number of configurations required for MD simulation of blends was also examined 

through three different configurations of the blend between BZC and PLLA, as 

described in section 1.3.3. 

1.3.1 Determination of the number of configurations required for MD simulation 

3D models of BZC were obtained from the Pubchem Substance Database as 

mentioned in the section 1.1.  A 30x30x30 Å
3
 simulation box with a periodic 

boundary condition, containing bulk amorphous BZC of 81 molecules was created by 

Amorphous cell module at a temperature of 298 K.  Atomic charges and interactions 

between atoms were assigned with COMPASS forcefield (58).  Atom-based 

summation was used for van der Waals interaction with cut off distance 8.5 Å, spline 

width of 0 Å and buffer width of 0.5 Å.  Cell multipole summation was used for 

electrostatic interaction.   
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 Three different configurations of BZC which possessed low energy were 

selected and used for geometry optimization.  Geometry optimization was carried out 

by Forcite Plus module of the Materials Studio software package version 5.5 using 

SMART algorithm at a convergence tolerance for energy of 0.001 kcal/mol and force 

of 0.5 kcal/mol/Å.  This algorithm was started with steepest descent, then conjugate 

gradient, and ended with Newton method.  Atom-based summation was used for van 

der Waals terms with a cut off distance of 12.5 Å, spline width of 1 Å and buffer 

width of 0.5 Å.  Ewald summation was used for electrostatic terms with accuracy of 

0.001 kcal/mol and buffer width of 0.5 Å.   

MD simulation was then carried out using Forcite Plus module for density 

correction under NPT ensemble at 298 K and 0.0001 GPa (1 atm) until the density 

was equilibrated and fluctuated around average value.  The temperature was 

controlled by Nose thermostat with q ratio at 1.0; and the pressure was controlled by 

Berendsen barostat with decay constant of 0.1 ps.  Run time was 1,000 ps.  A time 

step of 1.0 fs was used.  Van der Waals and electrostatic terms were calculated using 

atom-based and Ewald summation, respectively, as described for geometry 

optimization.  Trajectories were also saved every 1 ps and the last 400 ps were used 

for calculating density.   

After that, the MD simulation was carried out under NVT ensemble at 298 K 

until the energy was equilibrated which was around 500 ps.  The temperature control, 

time step, summation methods and trajectories saving were the same as described for 

simulation under NPT ensemble.  The last 400 ps, i.e. from 100 to 500 ps were used 

for calculating cohesive energy densities (CED) and solubility parameters.   

A small variation in calculated solubility parameters of three different 

configurations suggested that MD simulation of each single component was 

adequately carried out with one configuration. 
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1.3.2 Determination of the number of repeating units of polymer required for 

MD simulation 

PLLA and PDLA with 5, 10, 20, 25, 35, 40, 50, 55 or 60 repeating units (n) 

were built by Visualizer of Material Studio.  A 30x30x30 Å
3
 simulation box with a 

periodic boundary condition, containing bulk amorphous PLLA and PDLA as 

described in Table 4 was created by Amorphous cell module at a temperature of 298 

K, the details of which are described for creating the simulation box of BZC in the 

section 1.3.1.   

 Geometry optimization and density correction were proceeded as mentioned in 

the section 1.3.1 except for run time of NPT for density correction which was varied 

from 2,000 to 3,500 ps, depending on the chain length of polymers.  After that, NVT 

simulation was carried out for CED and solubility parameters calculation as described 

in the section 1.3.1.  A minimum chain length of PLLA and PDLA which gave a 

relatively constant solubility parameter was chosen for MD simulation of each 

polymer and of the blends between model drugs and the polymers in the section 1.3.3 

and 1.3.5. 
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Table 4 The number of polymer chains in a simulation box 

Chain 

length 

(n, 

repeating 

units) of 

polymer 

Mw of a 

polymer 

chain 

 PLLA   PDLA  

Number 

of 

polymer 

chains 

Number 

of atoms 

Density 

(g/cm
3
) 

Number 

of 

polymer 

chain 

Number 

of atoms 

Density 

(g/cm
3
) 

5 378.33 35 1,680 1.20 35 1,680 1.21 

10 738.65 18 1,674 1.19 18 1,674 1.20 

20 1,459.27 9 1,647 1.17 9 1,647 1.19 

25 1,747.53 8 1,752 1.13 8 1,752 1.17 

35 2,468.16 6 1,854 1.19 6 1,854 1.18 

40 2,828.47 5 1,770 1.17 5 1,770 1.20 

50 3,621.16 4 1,812 1.18 4 1,812 1.16 

55 3,909.42 4 1,956 1.19 4 1,956 1.17 

60 4,269.73 4 2,136 1.18 3 1,629 1.18 

 

1.3.3 Determination of the number of configurations of drug-polymer blend 

required for MD simulation  

In this study, only PLLA was used as a model polymer.  A 30x30x30 Å
3
 

simulation box with a periodic boundary condition, containing the blends of BZC and 

PLLA with repeating units designated from the result in section 1.3.2 at various ratios 

as shown in Table 2 was created by Amorphous cell module at a temperature of 298 

K.  As for creating simulation boxes described earlier, atomic charges and interactions 

between atoms were assigned with COMPASS forcefield.  Atom-based summation 

was used for van der Waals interaction with a cut off distance 8.5 Å, spline width of 0 
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Å and buffer width of 0.5 Å.  Cell multipole summation was used for electrostatic 

interaction.  

Geometry optimization and density correction were carried out using three 

different configurations of BZC and PLLA blend as described in the section 1.3.1 

except for run time of NPT for density correction which was 2,400 ps.  After that, 

NVT simulation was carried out for 2,000 ps to calculate CED under the condition 

that described in the section 1.3.1.  Flory-Huggins interaction parameter ( 
 H
) and 

Gibbs free energy of mi ing  ΔGmix) were also calculated from CED, the equations of 

which are described further in the section 1.3.5.  Plots between  
 H

 or ΔGmix and drug 

to polymer ratios were used to suggest a minimum number of starting configurations 

required for simulation.  Reproducible results allowed MD simulation of blends to be 

carried out with one configuration. 

1.3.4 MD simulation of amorphous drugs and polymers 

3D models of model drugs, i.e. BZC, IND and PAR, were obtained from the 

Pubchem Substance Database as mentioned in the section 1.1.  A 30x30x30 Å
3
 

simulation box with a periodic boundary condition, containing bulk amorphous BZC 

of 81 molecules, IND of 38 molecules and PAR of 88 molecules, was created by 

Amorphous cell module at a temperature of 298 K, the details of which are described 

for creating the simulation box of BZC in the section 1.3.1. 

Geometry optimization and density correction were proceeded as described in 

the section 1.3.1 except for run time of NPT for density correction which was varied, 

i.e. 1,000 ps for BZC, 1,600 ps for IND and 1,200 ps for PAR.  After that, NVT 

simulation was carried out for CED and solubility parameters calculation as described 

in the section 1.3.1.  For polymers, CED and the solubility parameter of chosen 

number of repeating units from the section 1.3.2 were used.  The difference between 

solubility parameters of model drugs and polymers was calculated. 

1.3.5 MD simulation of drug and polymer blends 

A 30x30x30 Å
3
 simulation boxes with a periodic boundary condition, 

containing model drugs and polymer blends at various ratios as shown in Table 5, 
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were created by Amorphous cell module at a temperature of 298 K.  The minimum 

number of blend’s  onfiguration required for simulation was determined in the section 

1.3.3.  As for creating the simulation box, the details of method are described in the 

section 1.3.1. 

Table 5 Number of drug molecules and polymer chains which were used in MD 

simulation in a simulation box  

Ratio 

Drug:Polymer 

Number of drug molecules : polymer chains 

BZC IND PAR 

 PLLA PDLA PLLA PDLA PLLA PDLA 

5:95 5:9 5:6 2:8 2:5 5:8 5:6 

10:90 8:7 10:6 4:7 5:6 9:7 11:6 

20:80 16:6 19:5 9:7 9:5 20:7 21:5 

30:70 27:6 33:5 13:6 12:4 30:6 36:5 

50:50 42:4 46:3 20:4 21:3 46:4 50:3 

 

Geometry optimization and density correction were proceeded as described in 

the section 1.3.1 except for run time of NPT for density correction which was varied 

from 2,400 to 3,000 ps depending on chain length of the polymers and size of model 

drugs.  After that, the NVT simulation was carried out under the condition as 

described in the section 1.3.1 except for run time of NVT which was 2,000 ps and the 

last 400 ps of NVT was used for calculating CED and to analyze radial distribution 

function (RDF) in the section 3.4  

Calculation of Flory-Huggins interaction parameter. 

 EDs were used to  al ulate energy of mi ing  ΔEmix) through the following 

equation: 
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Δ mi    ϕP
( ED)P   ϕD

( ED)D   ( ED)mi   

Where, ϕ
P
 and ϕ

D
 are volume fractions of the polymer and the drug, respectively.  

( ED)P, ( ED)D and ( ED)mi  are CED of the polymer, the drug and the blend, 

respectively.   The CED of the polymer and the drug were obtained from the section 

1.3.4 and the CED of blends was obtained from the section 1.3.5 (47).   

ΔEmix was then used to calculate Flory-Huggins interaction parameter ( 
 H

) 

through the following equation:  

 
 H    

Δ mi  ref

 T ϕ
P
ϕ
D

 

Where,  ref  is a reference volume (smallest volume of the blend system) which is 

obtained from molecular weight of a repeat unit divided by simulated density of 

polymer.  ϕ
P
 and ϕ

D
 are volume fractions of the polymer and the drug which are 

calculated from the number of molecules and molar volume.    is a gas constant 

which is 8.314472 (J/mol.K).  T is temperature (K) (39). 

The value of  
 H

 was determined by critical parameter ( 
 
) which was 

obtained from equation: 

 
 
  

 

2
 (  

 

√NP

)

2

 

Where, NP is repeating units of the polymer (34, 42, 49, 50, 84).   

It has been postulated that if  
 H

 is less than   , the drug and polymer tends to 

be miscible (37, 39-41). 

The  
 H

 was used to calculate Gibbs free energy of mixing (ΔGmi ) through 

the following equation: 

ΔGmi     T [ϕ
D
ln ϕ

D
   (

ϕ
P

m
) ln ϕ

P
   ϕ

D
ϕ
P
 
 H
] 
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Where, ϕ
P
 and ϕ

D
 are volume fractions of the polymer and the drug.  R is gas constant 

which is 8.314472 (J/mol.K).  T is temperature (K) (44, 46).  m is a ratio of volume 

per mole of the polymer and the drug, which can be calculated from equation:   

m   

MwP

ρ
P

MwD

ρ
D

 

Where, MwP and MwD are molecular weights of the polymer and the drug.  ρ
P
 and ρ

D
 

are densities of the polymer and the drug which were corrected by MD simulation in 

the section 1.3.4 (46).   

 If ΔGmi  is negative, the drug and the polymer tend to be miscible (39, 41, 46). 

1.4 Radial distribution function analysis 

Hydrogen bonding between the model drugs and the polymers (PLLA and 

PLDA) in the blends was evaluated by radial distribution function (RDF) analysis 

based on the results of MD simulation.  The trajectories of last 400 ps of NVT 

simulation were analyzed with cut off distance of 12.5 Å and interval of 0.02 Å.  

 

2. Miscibility prediction by experiments 

Materials 

BZC  ≥   % purity  was pur hased from Sigma-Aldrich (Missouri, United 

State of America).  Polylactide (Naturework
®
PLA2003D, 0.19% of residue lactide, 

4.4% of d-isomer) was purchased from BC Polymer Marketing Co., Ltd. (Bangkok, 

Thailand).  The polymer was rich in L-form; therefore it was referred to as poly l-

lactide (PLLA) in the study.  IND (99.8% purity) manufactured by CSPC Ouyi 

Pharmaceutical Co., Ltd. (Hebei, China) was given by Greater Pharma, Co., Ltd. 

(Bangkok, Thailand).  PAR (100.4% purity) manufactured by Changshu Huagang 

Pharmaceuticals Co., Ltd. (Jiangsu, China) was given by Advance Pharmaceutical 

Manufacturing Co., Ltd (Pranakorn Sri Ayutthaya, Thailand).  PLLA was cooled in 
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liquid nitrogen for 5-10 min before grinding in a ultra-centrifugal mill (Model 

ZM200, Retsch, Germany) which was assembled with 0.5 mm sieve before use. 

2.1 Thermogravimetric analysis 

Decomposition temperature (Tde) of model drugs and PLLA were determined 

by thermogravimetric analysis (TGA; Model SDTA851e, Mettler Toledo, Columbus, 

United State of America).  A sample was heated from 25 to 300°C at the rate of 

10°C/min with nitrogen gas purge at 30 ml/min.  The Tde was used to designate the 

temperature used in hot melt extrusion. 

2.2 Differential scanning calorimetry 

The melting temperature (Tm) and decomposition temperature (Tde) of model 

drugs and PLLA were determined by differential scanning calorimetry (DSC; Model 

PB822e, Mettler Toledo, Columbus, United State of America). The sample was 

heated from 25 to 300°C at the rate of 10°C/min with nitrogen gas purge at 30 

ml/min.  The measured Tm and Tde, determined by DSC together with the Tde 

determined by TGA, were used to designate the maximum temperatures employed in 

hot melt extrusion and other DSC experiments.   

  The glass transitions temperature (Tg) and melting temperature (Tm) of drugs, 

PLLA and the mixtures between the drug and polymer at various ratios as shown in 

Table 6 were determined by DSC using heat-cool-heat cycle.  The experiment was 

started by heating 6-7 mg of the samples in a 40 µl standard aluminium pan from 

25°C to about 10°C above a higher Tm of the components in the mixture, i.e. 165°C, 

175°C and 185°C for BZC, IND and PAR mixtures, respectively,  at the rate of 

10°C/min to melt the sample and holding at this temperature for 2 min, followed by 

cooling the molten material to -60°C at the rate of 20°C/min, and ended with 

reheating the samples to 10°C above the higher Tm of the components again at the rate 

of 10°C/min.  The Tm and Tg were detected during heating and reheating step, 

respectively.  The theoretical Tg of the mixtures were obtained from the Gordon-

Taylor equation (85), as following equation: 
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Tg   
wPTgP    wDTgD

wP    wD

             
ρ
P
TgP

ρ
D
TgD

 

Where, wP and wD are weight fractions of the polymer and model drug, respectively.  

TgP and TgD are Tgs of polymer and model drug, respectively.  ρ
P
 and ρ

D
 are true 

densities of polymer and model drug, respectively, which were measured by gas 

pycnometer (Model Ultrapycnometer 1000, Quantachrome, Florida, United State of 

America).  The experimental Tgs were compared with the theoretical Tgs.  

Table 6 Weight ratios of drug and PLLA in the experiments. 

Drug PLLA 

5 95 

10 90 

20 80 

30 70 

50 50 

2.3 Hot stage microscopy 

Thermal behaviors of BZC, IND, PAR, PLLA and drug:polymer mixtures at 

the ratios as shown in Table 6 were examined on a hot stage (Model FP82HT, Mettler 

Toledo, Columbus, United State of America)  which was connected to a light 

microscope (Model Eclipse E200, Nikon, Tokyo, Japan) and an objective lens x10, 

together with a camera  (Model EOS, Canon, Tokyo, Japan).  An amount of samples 

was placed on a glass slide, covered with a cover slide and then fixed on the hot stage.  

The sample was heated from 30°C to a temperature at about 10-15°C above the higher 

Tm of the components, comparing between two Tms of the components, i.e. 165°C, 

175°C and 185°C for BZC, IND and PAR mixtures, respectively, at heating rate of 

10°C/min. 
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3. Miscibility evaluation between drug and polymer in extrudates 

Hot melt extrusion 

The model drugs (except BZC) and PLLA at the same drug to polymer ratios 

as tabulated in the section 2.2 (Table 6) were gently mixed in a beaker for 5 min.  The 

mixture was melt extruded by twin-screw extruder (Model HAAKE Minilab II, 

Thermo Scientific, Karlsruhe, Germany), at 160°C, approximately 10°C above Tm of 

PLLA to ensure that PLLA was melted completely.  A screw speed was kept constant 

at 60 rpm.  After extrusion, an extruded film, which was called an extrudate in this 

study, was cooled at an ambient temperature and kept at -20°C.  An appearance of the 

extrudate was visually observed.  Before characterization, the extrudate was cut into 

small pieces or ground by a ball mill (Model MM400, Retsch, Germany) in a cold 

room at 4°C.  Only for mechanical properties, an intact extrudate was tested.  

3.1 X-ray powder diffractometry  

The extrudate was ground and placed on a sample holder.  Crystallinity of the 

extrudate was investigated by X-ray powder diffractometer (XRPD; Model Miniflex 

II, Rigaku, Tokyo, Japan) with Cu-K radiation from 5 to 40° 2 at a scanning rate of 

4°/min.  XRPD patterns of the extrudates were compared with that of the model 

drugs, polymer and the physical mixtures.     

3.2 Differential scanning calorimetry 

  The extrudate was cut into small pieces.  Tg and Tm of the extrudate were 

determined by DSC under nitrogen gas purge at 30 ml/min.  The experiment was 

carried out by heating the sample from 0 to 200°C at a heating rate of 10°C/min. 

3.3 Fourier transform infrared spectroscopy 

Drug-polymer interaction in the extrudate was examined by FTIR with Smart 

iTR universal ATR sampling accessory (Model Nicolet iS10, Thermo Scientific, 

Wisconsin, United State of America).  A powdered sample was placed on the window 

of ATR sampling accessory before scanning in the region of 4,000-650 cm
-1

.  IR 
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spectra of the extrudates were compared with that of the model drugs, polymer and 

the physical mixtures.  

4. Mechanical properties of extrudates 

An intact extrudate of approximately 4-5 mm width and the about 3-4 cm 

length was used for mechanical property study.  The mechanical properties, i.e. tensile 

strength    , elongation  e  and Young’s modulus  E), of the extrudate were examined 

by Universal Testing Machine (Model EZ-S 500 N, Shimadzu, Osaka, Japan) attached 

with a load cell of 500 N.  A distance of grip separation was 10 mm.  The pulling rate 

was 10 mm/s.  The result of each blended ratio was average from 5 samples.   

Tensile strength or stress     is  al ulated from a ma imum for e  Pmax) and 

sectional area (A).  The sectional area was calculated from width x length (mm
2
).  A 

percentage of elongation or strain (e) is calculated from the length at start (L0) and 

extended length (ΔL  at rupture of e trudates.  Young’s modulus  E) was obtained 

from the slope of stress-strain curve (61).  These values were calculated by following 

equations:   

    
Pma 

 
              e   

ΔL

L0

    00                
 

e
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CHAPTER 4 

RESULTS AND DISCUSSIONS 

1. Miscibility prediction by calculation 

Difference in the solubility parameters of the drug and the polymers and 

values of Flory-Huggins interaction parameter and Gibbs free energy of mixing were 

applied to predict drug-polymer miscibility in this study.  The solubility parameters 

were calculated from group contribution method (GCM) which estimated cohesive 

energy, and from MD simulation which calculated cohesive energy as described in the 

section 1.1.  The parameters of Flory-Huggins lattice-based theory could be also 

calculated from cohesive energy provided by MD simulation in the section 1.2.    

The minimum number of configurations of the pure component and the blends 

which was required to provide a reproducible result of solubility parameter was 

proved to be one configuration.  Therefore, the configuration with the lowest energy 

was taken into molecular dynamics (MD) simulation.  The minimum repeating units 

(chain length) of polymers were 25 units for PLLA and 35 units for PDLA.  These 

results are shown in Table A-16 and Figure 41-43 of Appendix. 
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1.1 Miscibility prediction by solubility parameter  

Table 7 Solubility parameters 

Methods 

Type 

of  

BZC IND PAR PLLA PDLA 

MPa
0.5

 

Hoftyzer/ Van Krevelen t 20.7 21.4 24.6 17.4 17.4 

  d 17.7 19.0 18.7 12.5 12.5 

  p 3.4 4.9 7.5 6.9 6.9 

  h 10.2 8.5 14.1 9.9 9.9 

Hoy t 23.3 21.5 26.8 21.3 21.3 

  d 15.3 16.5 16.4 14.3 14.3 

  p 12.4 10.3 14.9 13.0 13.0 

  h 12.4 9.2 15.1 8.8 8.8 

MD simulation t 22.6 23.2 29.0 17.4 18.2 

  d 20.2 20.5 20.   5.6  6.  

  e  0.2  0.  20.  7.6 7.0 

t = total solubility parameter, d = dispersive solubility parameter, p = polar solubility 

parameter, h = hydrogen bonding solubility parameter, e = electrostatic solubility parameter 

and  e
2
     p

2
   h

2
 

1 mega Pascal (MPa) is equivalent to 1 Joule per cubic centimeter (J/cm
3
) 

(34).  The unit of  are simply expressed in MPa
0.5

, instead of (J/cm
3
)
0.5

 obtained from 

the software.   
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t values of BZC were varied in a range of 20.7 to 23.3 MPa
0.5

, depending on 

calculation methods. The values resulted from Hoy’s GCM method and MD 

simulation were similar to the reported value of 23.6 MPa
0.5

, which was calculated 

based on  edors’ G M method (63).  

t values of IND were varied in a range of 21.4 to 23.2 MPa
0.5

. The values 

from both GCM methods were slightly different.  They were similar to the reported 

value of 21.9 MPa
0.5

 whi h was  al ulated based on Hoy’s G M method by Gupta et 

al. (18) and Forster et al. (16).  While, the value resulted from MD simulation was 

similar to the reported value of 23.3 MPa
0.5 

calculated based on Hoftyzer/Van 

 re elen’s G M approa h and  the reported  alue of 2 .  MPa
0.5 

obtained
 
from MD 

simulation by Gupta et al. (18).  All values were similar to the value reported by 

Forster et al. which was 22.3 MPa
0.5

, calculated based on GCM using Hoftyzer/Van 

Krevelen approach (16).  

t values of PAR were varied in a range of 24.6 to 29.0 MPa
0.5

.  The value 

resulted from Hoy’s G M method and MD simulation were close to the reported 

value of 27.5 MPa
0.5

,  al ulated based on Hoftyzer/ an  re elen’s G M method by 

Edgar et al. (64). 

t values of PLLA and PDLA were varied in a range of 17.4 to 21.3 MPa
0.5

.  

The t  alue resulted from Hoftyzer/ an  re elen’s G M method and that of PLL  

resulted from MD simulation were same.  They were equivalent to the reported value 

of 17.4 MPa
0.5

 for PLLA, obtained from MD simulation by Arenaza et al. (39).   

In fact, the t values of both stereoisomers, PLLA and PDLA, resulted from 

both GCM methods were the same.  While, from MD simulation, the t of PLLA was 

lower than that of PLDA because the d of PLLA was considerably lower than that of 

PDLA, while the e of PLLA was slightly higher than that of PDLA.  This is basically 

due to that by the GCM approaches, no information of stereoisomers was included in 

the calculation.  While, in the MD simulation, the configurations of different 

stereoisomers of polymer were taken into calculation.  The lower t of PLLA may be 

caused by the lower d of PLLA in relative to that of PDLA, which could not be 
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counteracted by a slightly higher e value of PLLA in calculation.  It must be noted 

that the t was decreased as increasing the repeating units up to 25 repeating units for 

PLLA and up to 35 repeating units for PDLA where the t values were stable as 

shown in Figure 41 of Appendix.  These results showed that the molecular weight or 

the polymer chain length could contribute to the calculated values to a certain extent.  

In other words, beyond a certain number of repeating units, increasing molecular 

weight or the polymer chain length would not affect the solubility parameter. 

Overall, the values of t obtained from the Hoy method were greater than 

those calculated using Hoftyzer/Van Krevelen method.  The difference might be 

arisen from the p, which was greater in all cases. 

The two GCM approaches and MD simulation gave a similar trend of results.  

The  t  alues of  Z  were similar to the  t values of IND and they were smaller than 

those of P  .  The results also showed that the  t values of BZC and IND were close 

to the  t values of the polymers.  While, the  t value of PAR was largely different 

from the  t values of the polymers. 

Table 8 Difference of solubility parameters  

Methods t (MPa
0.5

) 

 BZC-PLLA BZC-PDLA IND-PLLA IND-PDLA PAR-PLLA PAR-PDLA 

GCM       

Hoftyzer/ 

Van Krevelen 
3.3 3.3 4.0 4.0 7.2 7.2 

Hoy 2.0 2.0 0.2 0.2 5.5 5.5 

MD 

simulation 
5.2 4.4 5.8 5.0 11.6 10.8 

 

The difference of solubility parameter (t) between the model drugs and the 

polymer are shown in Table  .  Greenhalgh et al.’s suggested that the t  below 7.0 

MPa
0.5

 indicates miscible mixture and the t  above 10.0 MPa
0.5

 indicates immiscible 

mixtures (17).  The results showed the values of BZC:polymer  and IND:polymer  
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obtained from both GCM methods and MD simulation were below 7.0 MPa
0.5

.  This 

suggests that BZC and IND were miscible with the polymers.  The values of 

PAR:polymer obtained from MD simulation were above 10.0 MPa
0.5

.  This suggested 

that PAR was likely to be immiscible with the polymers.  Moreover, the  PAR:polymer 

was 7.2 MPa
0.5

 based on Hoftyzer/Van Krevelen, suggesting some degree of 

immiscible between the drug and polymer following the discussion in Greenhalgh et 

al.’s study (17).  

Alternatively, Forster et al. have proposed three groups of miscibility level 

based on  values. The  value below 2.0 MPa
0.5

 indicates a miscible mixture and 

that above 10.0 MPa
0.5

 indicates an immiscible mixtures.  The  value lying between 

5.0 to 10.0 MPa
0.5

 indicates a partially miscible mixture (16).  According to their 

criteria, BZC and IND were most likely to be miscible; while PAR was partially 

mis ible with the polymers a  ording to the results of Hoy’s G M method.  In 

addition, BZC and IND tended to be partially miscible; while PAR was immiscible 

with the polymers based on the results of MD simulation.   oster et al.’s  riteria also 

indicated that PAR was partially miscible with the polymers but could not be applied 

to clearly classify the values of BZC:polymer  and IND:polymer obtained from 

Hoftyzer/Van Krevelen method. 

Overall results suggested that BZC and IND are more likely to be miscible 

with the polymers than PAR. 

Greenhalgh et al.’s  riteria  ould effe ti ely applied to  lassify mis ibility of 

the drug and the polymer due to that the criteria was established and generalized 

based on the results of numerous studies which were shown in their discussion (17).  

While,  orster et al.’s  riteria  ould not  learly justify mis ibility for the present 

calculated results because the criteria was developed based on the results of two 

drugs, i.e. indomethacin and lacipidine with some polymers; therefore, it was more 

specific for their study (16).    
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1.2 Evaluation of miscibility between model drugs and polymer by Flory-

Huggins interaction parameters and Gibbs free energy of mixing 

 

Figure 16 Relationship between Flory-Huggins interaction parameter and proportions 

of BZC in the blends of BZC:PLLA, (n=3), and BZC:PDLA, (n=1). 

 

Figure 17 Relationship between Flory-Huggins interaction parameter and proportions 

of IND in the blends of IND:PLLA and IND:PDLA, (n=1). 
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Figure 18 Relationship between Flory-Huggins interaction parameter and proportions 

of PAR in the blends of PAR:PLLA and PAR:PDLA, (n=1). 

The plot between Flory-Huggins interaction parameter ( 
 H

) and proportions 

of the drug in the blends of drug:PLLA and drug:PDLA exhibited in similar patterns.  

The value of  
 H

 was increased as increasing the drug to polymer ratios.  The  
 H

 

values of drug:PDLA blends were mostly higher than those of drug:PLLA blends, 

except for that of PAR:polymers at the ratio of 5:95; and there appeared to be smaller 

differen e between two polymers’  onfigurations at the relatively higher drug content. 

The  
 H

 values of PAR:polymers were higher than that of BZC:polymers and 

of IND:polymers at all drug:polymer ratios.    

Critical parameters ( 
 
) were 0.72 and 0.68 for PLLA and PDLA, respectively.  

All the  
 H

 values of BZC:polymers, IND:polymers and PAR:polymers at the ratio of 

5:95, 10:90, 20:80, 30:70 and 50:50 was less than the  
 
.  As a result, the blends were 

predicted to be miscible (37, 39-41) up to the studied drug:polymer ratio of 50:50. At 

the higher drug:polymer ratio than the 50:50 ratio, it is possible that the  
 H

 values 

would be further increased beyond the  
 
, suggesting immiscibility.  
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Figure 19 Retationship between Gibbs free energy of mixing and proportions of BZC 

in the blends of BZC:PLLA, (n=3), and BZC:PDLA, (n=1). 

 

Figure 20 Retationship between Gibbs free energy of mixing and proportions of IND 

in the blends of IND:PLLA and IND:PDLA, (n=1). 
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Figure 21 Retationship between Gibbs free energy of mixing and proportions of PAR 

in the blends of PAR:PLLA and PAR:PDLA, (n=1). 

Gibbs free energy of mi ing  ΔGmix) of IND:polymers were decreased as 

in reasing the drug  ontent up to 50:50.  While, the ΔGmix values of BZC:polymers 

and PAR:polymers were decreased as increasing the drug content up to 30:70 and 

then slightly increased again at the drug to polymer ratio of 50:50.  The ΔGmix values 

of drug:PDLA blends were higher than those of drug:PLLA blends    

Howe er, all ΔGmix values of BZC:polymers, IND:polymers and 

PAR:polymers at the ratio of 5:95, 10:90, 20:80, 30:70 and 50:50 were negative (39, 

41, 46).  Therefore, the blends were predicted to be miscible up to the drug:polymer 

ratio of 50:50.  The trend of the plots between ΔGmix values and the drug proportions 

was similar to the plot of the miscible mixture between IND and polyvinylpyrrolidone 

(PVP) which was calculated from MD simulation (86).   

According to the above MD simulation results, the blends of BZC:polymers, 

IND:polymers and PAR:polymers at the ratio of 5:95, 10:90, 20:80, 30:70 and 50:50 

were predicted to be miscible by  
 H

 and ΔGmix calculation.   
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The results of the  
 H

 values agreed with the miscibility results of the  

values obtained from MD simulation (also from both GCM approaches) for 

 Z :polymer and IND:polymer blends,  lassified by Greenhalgh et al.’s  riteria (17).  

For PAR:polymer blends, the relatively high  values (> 10.0 MPa
0.5

) from MD 

simulation were clearly classified as immiscibility.  Although the  
 H

 values of these 

blends were lower than the  
 
 value, indicating miscibility, they were markedly high 

comparing with the the  
 H

 values of BZC:polymer and IND:polymer blends. 

1.3 Radial distribution function analysis 

Drug-polymer miscibility is involved with drug-polymer interactions, while 

drug-polymer immiscibility is governed by drug-drug or polymer-polymer 

interactions.  One of influencing interactions is hydrogen bonding which can be 

explained by MD simulation using radial distribution function. 

The radial distribution function or a pair correlation function of MD 

simulation module helps to determine how hydrogen acceptor and donor atoms are 

radially packed around each other at the defined distance.  The strength of hydrogen 

bonding can be determined by distance of the atom pair.  The distance (dH---A) of 

strong, moderate and weak hydrogen bonding were 1.2-1.5 Å, 1.5-2.2 Å and more 

than 2.2 Å, respectively (87).  Van der Waal interaction cannot be identified because 

it was weak and non-directional interaction (88).  The results of RDF are shown in 

Figure 44-56 in Appendix  

In this study, atom pairing in the distance of 1.2-1.5 of strong hydrogen 

bonding was not found.  The atoms were found to be radially packed in the distance 

of 1.5-2.2 Å of moderate hydrogen bonding and in the distance more than 2.2 Å of 

weak hydrogen bonding.   
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Figure 22 Structures of drug and polymer in BZC:PLLA and BZC:PDLA blends for 

RDF analysis  

Within the distance of 1.5-2.2 Å, the main drug-polymer interaction was the 

interaction between C=O in the ester group of BZC and the OH group of polymer 

(Figure 44, 45 (A) and 47 in Appendix).  Its peak height or atom density in this shell 

was decreased as increasing the drug content.   There was also interaction between N 

in amine group of BZC and OH group of polymers for BZC:PLLA.  The peak height 

was increased as increasing the drug proportions.  The interaction of polymer-polymer 

was C=O in ester group and OH group and the main interaction of drug-drug was 

C=O in ester group and H in amine group (Figure 45 (B), 46 and 48 in Appendix).  

The polymer-polymer interaction was found at all ratios of the blends and was stable 

as increasing the drug proportions.  The drug-drug interaction was found in the blends 

at low drug proportions (5:95, 10:90) for BZC:PLLA and all ratios for BZC:PDLA.  

It is noted that the main results discussed here were obtained during simulation 

time of 1600-2000 ps.  The drug-polymer interaction was greater than drug-drug and 

polymer-polymer interactions in BZC:PLLA (except for the ratio of 10:90) (Figure 44 

and 46 in Appendix) and in BZC:PDLA (except for the ratio of 30:70) (Figure 47 and 

48 in Appendix).  The drug-polymer interaction was not found at some ratios of 

BZC:PLLA and BZC:PDLA probably due to instability of the interaction over 
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simulation time.  This can be demonstrated by Figure 45 in Appendix where the drug-

polymer interaction in the BZC:PLLA blend at the ratio of 10:90 was found to be 

higher than drug-drug and polymer-polymer interactions during simulation time of 

400-800 ps.  
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Figure 23 Structures of drug and polymer in IND:PLLA and IND:PDLA blends for 

RDF analysis 

 Within the distance of 1.5-2.2 Å, the main drug-polymer interaction was the 

interaction between OH in the carboxylic group of IND and C=O in the ester group of 

polymers in both IND:PLLA and IND:PDLA blends (Figure 49 and 51 in Appendix).  

The height of this peak was decreased as increasing the drug content.  There was also 

the interaction between C=O (between indole and chlorobenzyl groups (O3)) of IND 

and OH of polymers.  In IND:PLLA blends, the peak height was decreased as 

increasing the drug proportions, like the first interaction.  In IND:PDLA blends, this 

interaction was found in the blends with high drug content and was not stable as 
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increasing the drug proportions.  The polymer-polymer interaction was found to be 

the same as described for BZC:polymers blends.  The drug-drug interaction between 

OH in the carboxylic group and C=O (between indole and chlorobenzyl groups (O3) 

or in the carboxylic group (O5)) was found (Figure 50 and 52 in Appendix).  In 

IND:PLLA blends, its peak height was increased as increasing the drug:polymer from 

20:80 to 50:50.  However, in IND:PDLA blends, the peak height was decreased as 

increasing the drug:polymer from 20:80 to 50:50.  While, the drug-drug interaction 

within the distance of 1.5-2.2 Å was not detected in the blends of IND:PLLA and 

IND:PDLA at the ratios of 5:95 and 10:90.  

In summary, the peak height or density of drug-polymer interaction in the 

IND:PLLA blends was higher than drug-drug and polymer-polymer interactions  at 

the ratio of 5:95, 10:90 and 20:80.  The peak height of drug-polymer interaction was 

similar to the peak height of homo-molecule interaction in the blend at the ratio of 

30:70, and was lower than homo-molecule interaction in the blend at the ratio of 

50:50.  While, the drug-polymer interaction in IND:PDLA blends was greater than the 

drug-drug and polymer-polymer interactions at the ratio of 5:95, 10:90, 30:70 and 

50:50.  However, at one ratio of 20:80, the O3 and OH of carboxylic group in IND 

interaction was markedly increased.  The results of IND:PDLA blends showed no 

relationship between the drug content and g(r) of the interactions.  This was probably 

due to the main interaction in IND:PDLA may not be hydrogen bonding interaction or 

the hydrogen bonding interaction in this blends was unstable over the simulation time.   
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PLLA PDLA 

Figure 24 Structures of drug and polymer in PAR:PLLA and PAR:PDLA blends for 

RDF analysis  

Within the distance of 1.5-2.2 Å, the main drug-polymer interaction was the 

OH group of PAR and C=O in the ester group of polymers in both PAR:PLLA and 

PAR:PDLA blends (Figure 53 and 55 in Appendix).  Its peak height was stable as 

increasing the drug proportions.  There was also the interaction between C=O in the 

amide group of PAR and OH group of the polymers which was found as one of the 

main drug-polymer interactions in PAR:PLLA blends which was affected by the drug 

content; its peak height was decreased as increasing the drug to polymer ratios.  In 

PAR:PDLA blends, the peak height of this interaction did not correspond with the 

drug content.  The polymer-polymer interaction was found same as described for 

BZC:polymers blends.  The drug-drug interaction between C=O in the amide group 

and H in the amide group or the OH group was found at all ratios of PAR:PLLA and 

PAR:PDLA blends except for PAR:PLLA blend at the ratio of 5:95 (Figure 54 and 56 

in Appendix).  The peak height was slightly decreased as increasing the drug content 

in PAR:PLLA blends.  While, it was obviously decreased as increasing the drug 

content in PAR:PDLA blends at the ratios from 5:95 up to 20:80. 

Accordingly, in PAR:PLLA blends, the drug-polymer interaction was greater 

than the interaction between drug-drug and polymer-polymer themselves at the 

PAR:PLLA ratio of 5:95.  The drug-polymer interaction was slightly higher than 
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drug-drug interaction at the ratio of 10:90, 20:80 and 30:70 and was similar to drug-

drug interaction at the ratio of 50:50.  While, in PAR:PDLA blends, the interaction 

was different from that occurred in PAR:PLLA blends.  The drug-drug interaction 

was greater than the interaction between drug-polymer interaction in the blend with 

low drug contents (5:95) and the drug-polymer interaction was greater than drug-drug 

interaction in the blends with high drug contents (10:90 up to 50:50).  Likewise the 

results of IND:PDLA blends, the results of PAR:PDLA blends showed no relationship 

between the drug content and g(r) of interaction which could explain miscibility in the 

blends, in terms of drug-polymer interaction. 

 

2. Miscibility prediction by experiments 

2.1 Thermal properties of model drugs and polymer  

Table 9 Thermal properties of model drugs and polymer determined by heat-cool-heat 

cycle of DSC and by TGA 

Lists Tm,1 

(°C) 

Tc 

(°C) 

Tg  

(°C) 

Tde
b
  

(°C)  

Tde
 b

 from TGA;  

start, maximum weight lost 

(%) (°C)  

PLLA 151.70.55
c
 - 59.30.26

c
 - - 

BZC 89.9 48.0
d
 - 286 137, 280 (50%) 

IND 161.8 - 45.5 - 223, 293 (12%) 

PAR 169.6 80.6
e
 23.8 - 224, 294 (11%) 

a
determined during heating of heat-cool-heat cycle, 

b
observed during heating from 25-300°C, 

c
n=3, 

d
detected during cooling of heat-cool-heat cycle, 

e
determined during reheating of heat-

cool-heat cycle.  Tm,1 is a melting temperature which was obtained during heating of heat-

cool-heat cycle.  Tc is a recrystallization temperature, excluding recrystallization of PLLA.  Tg 

is a glass transition temperature.  Tde is a degradation temperature.   
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The thermal behaviors of the model drugs agreed with those reported by Baird 

et al. (62) The reported Tgs of BZC, IND and PAR were -31°C, 45°C and 24°C, 

respectively.  Tg of BZC was not detected by heat-cool-heat cycle at the heating rate 

10°C/min and cooling rate 20°C/min in this study.  Tms of BZC, IND and PAR were 

similar to reported Tm which were 89°C, 161°C and 170°C, respectively.  

Recrystallization of BZC was detected at 48.0°C during cooling of heat-cool-heat 

cycle, while recrystallization of PAR was detected at 80.6°C during reheating of heat-

cool-heat cycle.  Recrystallization of IND was not detected.  The recrystallization 

behaviors of the model drugs agreed with those reported by Baird et al. (62). 

 

 

Figure 25 DSC thermogram of PLLA during heating (black line) and reheating (dash 

line) of heat-cool-heat cycle of PAR:PLLA mixture by DSC 

Commercially available polylactide used in the experiment consisted of poly l-

lactide (PLLA) approximate 96% and poly d-lactide (PDLA) 4.4%.  Change of 

baseline around 59-66°C (midpoint = 64.4°C) during heating step (blank line in 

Figure 10) and around 56-61°C (midpoint = 59.2°C) during reheating step (dash line 

in Figure 10)  indicating Tg of PLLA that agreed with the reported value at 59°C 
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during reheating step of heat-cool-heat  y le in Pipatpanukul’s study (89) and 58°C in 

Tabi et al.’s study (90).  A broad exothermic peak was detected at 111.6°C before 

sharp endothermic peak at 152.3°C during heating step. Also, a broad exothermic 

peak was detected at 123.4°C before sharp endothermic peak at 151.2°C during 

reheating step.  This broad exothermic peak is attributed to PLLA recrystallization 

which agreed with the reported value at 117. °  in Tabi et al.’s study (90) and at 

106°C in Lasprilla et al.’s study (91).  Also, the following sharp endothermic peak 

was Tm of PLLA which was confirmed by the reported value at 149.2°C in Tabi et 

al.’s study (90) and 130-2 0°  in Henton et al.’s work (68).         

The average Tm of PLLA at 151.7°C was used to designate a processing 

temperature of hot melt extrusion.  Degradation of the polymer could not be detected 

within the observed range of 25-300°C.  However, it was reported that it started to 

degrade by the temperature above 200°C and the maximum degradation occurred at 

360°C (92).  Due to that BZC started to degrade at 137°C which was lower than Tm of 

PLLA, the mixture of BZC:PLLA could not be extruded at the temperature above Tm 

of PLLA.  Thus, the BZC:PLLA blend was excluded from the experiment of hot melt 

extrusion with processing temperature at 160°C.   

The experiments which could predict miscibility between drug and polymer 

were hot stage microscopy (HSM) and differential scanning calorimetry (DSC) using 

heat-cool-heat cycle as described in the section 2.1 and 2.2.  These methods examined 

melting behavior and thermal properties such as Tg and Tm using the physical 

mixtures of drug and polymer as samples. 
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2.2 Hot stage microscopy 

91°C 140°C 150°C 155 °C 
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U V W X 

    
Y Z AA BB 

Figure 26 Hot-stage photomicrographs of BZC:PLLA blends at varied ratios: 0:100 

(A-D), 5:95 (E-H), 10:90 (I-L), 20:80 (M-P), 30:70 (Q-T), 50:50 (U-X) and 100:0 (Y-

BB). 
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Figure 27 Photos of BZC:PLLA blends at various ratios which were cooled for 1 hour 

at an ambient temperature after tested by hot stage microscopy: 0:100 (A), 5:95 (B), 

10:90 (C), 20:80 (D), 30:70 (E), 50:50 (F) and 100:0 (G). 

The melting event of PLLA started to melt at above 150°C (Figure 26 (D)), 

while that of BZC occurred approximate 91°C (Figure 26 (Y)).  In BZC:PLLA 

physical blends, when the drug content was increased, melting temperature of PLLA 

was decreased (Figure 26 (G, K, N, R, U)).  Dissolving of PLLA in melted BZC was 

observed at all ratios of BZC:PLLA blends.  As a result, BZC was miscible with 

PLLA at all studied ratios in the molten state.  After testing by HSM, the samples 

were cooled at an ambient temperature.  White portions on the glass slide was 

detected at all ratios of BZC:PLLA blends (Figure 27).  This could be phase 

separation of BZC occurring at the ambient temperature. 
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Figure 28 Hot-stage photomicrographs of IND:PLLA blends at varied ratios: 0:100 

(A-D), 5:95 (E-H), 10:90 (I-L), 20:80 (M-P), 30:70 (Q-T), 50:50 (U-X) and 100:0 (Y-

BB). 
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Figure 29 Photos of IND:PLLA blends at various ratios which were cooled for 1 hour 

at an ambient temperature after tested by hot stage microscopy: 0:100 (A), 5:95 (B), 

10:90 (C), 20:80 (D), 30:70 (E), 50:50 (F) and 100:0 (G) 

The melting event of PLLA was also observed at above 150°C (Figure 28 

(C)), while IND began to melt at approximate 160°C (Figure 28 (BB)).  Due to that 

PLLA was melted earlier, in IND:PLLA blends, when the PLLA ratio was increased, 

Tm of IND was decreased (Figure 28 (F, K, O, T, X)).  Dissolving of IND in the 

molten PLLA was detected at all ratios of IND:PLLA blends.  As a result, IND was 

predicted to be miscible with the molten PLLA at all studied ratios.  Also, after testing 

by HSM, the samples were cooled at an ambient temperature and no white part on the 

glass slide was observed (Figure 29).       
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Figure 30  Hot-stage photomicrographs of PAR:PLLA blends at varied ratios: 0:100 

(A-D), 5:95 (E-H), 10:90 (I-L), 20:80 (M-P), 30:70 (Q-T), 50:50 (U-X) and 100:0 (Y-

BB). 
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Figure 31 Photos of PAR:PLLA blends at various ratios which were cooled for 1 hour 

at an ambient temperature after tested by hot stage microscopy: 0:100 (A), 5:95 (B), 

10:90 (C), 20:80 (D), 30:70 (E), 50:50 (F) and 100:0 (G) 

The melting event of PLLA started below 160°C (Figure 30 (A)), while PAR 

began to melt approximate 168°C (Figure 30 (AA)) and was completely melted at 

169°C (Figure 30 (BB)).  In PAR:PLLA blends, at the ratio less than 20:80, when the 

PLLA ratio was increased, Tm of PAR was decreased (Figure 30 (E, J)).  Dissolving 

of PAR in melted PLLA was observed at all ratios of PAR:PLLA blends.  However, 

complete dissolving of PAR in the molten PLLA was detected in the PAR:PLLA 

blends at the ratios of 5:95 and 10:90 (Figure 30 (E, J)).  PAR was partially dissolved 

in the molten PLLA in PAR:PLLA blends at the ratio of 20:80, 30:70 and 50:50 

(Figure 30 (O, S, W)).  As a result, PAR was miscible with molten PLLA in the 

blends at the ratio of 5:95 and 10:90, and partially miscible with molten PLLA in the 

blends at the ratio of 20:80, 30:70 and 50:50.  After testing by HSM, the samples were 

cooled at an ambient temperature and white part on the glass slide was observed at all 

ratios of PAR:PLLA blends, indicating phase separation of PAR (Figure 31).       
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2.3 Differential scanning calorimetry 

Table 10 Thermal properties of BZC:PLLA physical blends by DSC 

Ratio of 

BZC:PLLA 

Tg  (°C) 
Theoretical 

Tg (°C) 
Tm,1 (°C) Tm,3 (°C) Tc (°C) 

0:100 59.30.26
a
 59.3 151.70.55

a
 150.80.32

a
 - 

5:95 51.0 50.5 92.6, 149.4 146.1 - 

10:90 32.6 42.6 92.4, 141.0 134.5 - 

20:80 27.6 28.8 90.0, 138.3 132.0 - 

30:70 23.9 17.1 90.4, 136.4 129.3 - 

50:50 -4.0 -1.3 90.0, * 79.0, 104.4 48.2
b
 

100:0 -31.0
d
 -31.0 89.9 90.7 48.0

c
 

a
n=3, 

b
detected during cooling of heat-cool-heat cycle, 

c
determined during reheating of heat-

cool-heat cycle, 
d
from literature (62).  *cannot be determined.  Tm,1 is a melting temperature 

during heating of heat-cool-heat cycle.  Tm,3 is a melting temperature during reheating of heat-

cool-heat cycle.  Tc excluded recrystallization of PLLA. 

DSC thermograms of BZC:PLLA physical blends were shown in Figure 57 

and 58 of Appendix.  Tg, Tm,1 and Tm,3 of PLLA was detected at 59.3°C, 151.7°C and 

at 150.8°C, respectively.  Tg of BZC could not be detected in this study due to 

recrystallization at 48.0°C during cooling step of heat-cool-heat cycle. Its Tg was 

reported at -31°C (62).  Tm,1 and Tm,3 of BZC was found at 89.9°C and at 90.7°C, 

respectively.  Tm,1 of PLLA was decreased as BZC content in the blends was 

increased.  The Tm,1 of PLLA in BZC:PLLA blend at the ratio of 50:50 was not 

detected because PLLA began to melt after drug melting immediately.    
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Single Tgs and Tm,3s were detected between the values of BZC and PLLA for 

the BZC:PLLA blends at the ratio of 5:95, 10:90, 20:80 and 30:70.  Although, in the 

blend at the ratio of 50:50, a single Tg was detected, two separated Tm,3s were also 

detected.  This was attributed to the rubbery state of the system abo e the blend’s Tg 

allowed recrystallization of BZC at 48.2°C.  The single Tg and Tm,3 were generally 

decreased when the drug content was increased.  Theoretical Tgs of the blends which 

were calculated by Gordon-Taylor equation were similar to Tgs measured by DSC.   

Table 11 Thermal properties of IND:PLLA physical blends by DSC 

Ratio of 

IND:PLLA 
Tg (°C) 

Theoretical 

Tg (°C) 
Tm,1 (°C) Tm,3 (°C) Tc (°C) 

0:100 59.30.26
a
 59.3 151.70.55

a
 150.80.32

a
 - 

5:95 57.8 58.3 148.9 149.7 - 

10:90 56.0 57.5 147 147.9 - 

20:80 53.4 55.9 144.5, 160.5 - - 

30:70 51.9 54.5 144.8, 160.6 - - 

50:50 48.6 51.7 144.5, 160.9 - - 

100:0 45.5 45.5 161.8 - - 

a
n=3. Tm,1  is a melting temperature during heating of heat-cool-heat cycle.  Tm,3  is  a melting 

temperature during reheating step of heat-cool-heat cycle.  Tc excluded recrystallization of 

PLLA.  

DSC thermograms of IND:PLLA physical blends were shown in Figure 59 

and 60 of Appendix.  Tg and Tm,1 of IND was detected at 45.5°C and 161.8°C, 

respectively.  Tm,3 was not found due to that crystallization from amorphous did not 

occur (62).  In IND:PLLA blends at the ratio of 20:80, 30:70 and 50:50, Tm,1s of 

PLLA and IND were lower than their own Tm,1.  While, for IND:PLLA blends at the 
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ratio of 5:95 and 10:90, Tm,1 was detected as a single Tm which was decreased when 

the drug content was increased.  As a result, the drug completely dissolved in the 

molten PLLA at the low drug to PLLA ratios. 

The single Tg was detected between the Tg of IND and that of PLLA for 

IND:PLLA blends at the ratio of 5:95, 10:90, 20:80, 30:70 and 50:50.  The single Tm,3 

was also detected between the values of IND and PLLA for IND:PLLA blends at the 

ratio of 5:95 and 10:90, while absence of Tm,3 was found for IND:PLLA blends at the 

ratio of 20:80, 30:70 and 50:50.  These results showed inhibition of PLLA from 

recrystallization by IND.  The single Tg and Tm,3 was decreased when the drug content 

was increased.  The Tg of blends observed from DSC was slightly lower than 

theoretical Tgs calculated by Gordon-Taylor equation.  The negative deviation of Tg 

from theoretical Tg indicates that the drug-drug or polymer-polymer interaction is 

stronger than drug-polymer interaction (93).  

Table 12 Thermal properties of PAR:PLLA physical blends by DSC 

Ratio of 

PAR:PLLA 
Tg (°C) 

Theoretical 

Tg (°C) 
Tm,1 (°C) Tm,3 (°C) Tc

 
(°C) 

0:100 59.30.26
a
 59.3 151.70.55

a
 150.80.32

a
 - 

5:95 54.3 55.5 151.0, 170.3 148.0 - 

10:90 49.0 51.9 149.2, 170.6 144.7, 153.4    .2
b
 

20:80 45.3 45.9 149.0, 170.3 144.6, 152.8    . 
b
 

30:70 22.3, 43.7 41.1 147.4, 170.0 143.9, 156.6  0 . 
b
 

50:50 24.5, 44.5 34.0 148.9, 170.0 145.4, 157.1  00. 
b
 

100:0 23.8 23.8 169.6 158.4
c
  0.6

b
 

a
n=3, 

b
determined during reheating of heat-cool-heat cycle and 

c
polymorphic form conversion 

(from form I to form II).  Tm,1  is a melting temperature during heating of heat-cool-heat cycle.  
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Tm,3  is a melting temperature during reheating of heat-cool-heat cycle.  Tc excluded 

recrystallization of PLLA. 

DSC thermograms of PAR:PLLA physical blends were shown in Figure 61 

and 62 of Appendix.  Tg, Tm,1 and Tm,3 of PAR were detected at 23.8°C, 169.6°C and 

at 158.4°C, respectively.  The Tm,1 and Tm,3 were different due to conversion of 

crystalline form I (monoclinic) to form II (orthorhombic) (94).  For PAR:PLLA 

blends at the ratios of 5:95, 10:90, 20:80, 30:70 and 50:50, Tm,1 of PLLA was lower 

than its Tm,1, but that of PAR was not changed.  

The single Tg and Tm,3 were detected in PAR:PLLA blends at the ratio of 5:95 

and the Tm,3 of this blend was lower than Tm,3s of PLLA and PAR.  As a result, PAR 

was completely dissolved in the molten PLLA and the drug-polymer interaction was 

sufficient to inhibit recrystallization of PAR.  After increasing the ratio of PAR:PLLA 

blends to 10:90 and 20:80, the single Tg was also found, while Tm,3 was found as two 

separated Tm,3s.  In PAR:PLLA blends at the ratios of 30:70 and 50:50, two separated 

Tgs and Tm,3s were found.  Overall, the single Tg was decreased as increasing the drug 

content and it was slightly lower than theoretical Tgs calculated by Gordon-Taylor 

equation.  As above mentioned, the negative deviation of Tg from theoretical Tg 

indicates that the drug-drug or polymer-polymer interaction is stronger than drug-

polymer interaction (93).  The two separated Tm,3s were detected due to 

recrystallization of PAR during reheating step.  The lower Tm,3 was lower than Tm,3 of 

PLLA and PAR.  The higher Tm,3 was in the position between PLLA and PAR, and 

was increased as increasing the drug content.  As a result, there was some PAR 

dissolved into PLLA and the rest remained crystalline.  The Tc of PAR in the blends 

was decreased to Tc of PAR (pure PAR) as increasing the drug to polymer ratio.   

The melting behaviors observed by HSM and the single Tgs of BZC:PLLA 

and IND:PLLA blends determined by DSC indicated miscibility between these drugs 

and PLLA.  Reduction of Tm and absence of Tc in the case of BZC blends observed in 

the DSC results also suggested miscibility between the drug and PLLA. 

The melting behaviors observed by HSM and the Tg, Tm and Tc values 

determined by DSC suggested that PAR was miscible with PLLA with a limited drug 
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content, i.e. low drug to polymer ratio (5:95) and partially (or likely to be immiscible) 

miscible with the PLLA with high drug content (10:90, 20:80, 30:70 and 50:50).   

The miscibility of BZC:PLLA and IND:PLLA blends predicted by 

experimental results corresponded to the calculation results based on both approaches 

of GCM and MD simulation.  The results demonstrated that BZC and IND were more 

likely to be miscible with the polymer. While, PAR tended to be partially miscible or 

immiscible with PLLA 

The miscibility at all studied ratios of BZC:PLLA and IND:PLLA blends, and 

at the 5:95 ratio of PAR:PLLA blend predicted by thermal analysis also corresponded 

to the predictive results of  
 H

 and ΔGmix. 

 

3. Miscibility evaluation between drug and polymer in extrudates  

  The miscibility between drug and polymer in an extrudate was evaluated 

through several properties, i.e. appearance, crystallinity and thermal properties (glass 

transition temperature (Tg) and melting temperature (Tm) as discussed in the section 

3.1-3.3.  

3.1 Hot melt extrusion 

 

0 5 10 20 30 50 

Proportions of IND 

Figure 32 IND:PLLA extrudates at the ratios of 0:100, 5:95, 10:90, 20:80, 30:70 and 

50:50 
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0 5 10 20 30 50 

Proportions of PAR 

Figure 33 PAR:PLLA extrudates at the ratios of 0:100, 5:95, 10:90, 20:80, 30:70 and 

50:50 

The extrudates (EX) of polymer and drug:polymer blends are shown in Figure 

32 and 33.  PLLA EX, IND:PLLA EX at the ratios of 5:95, 10:90, 20:80, 30:70 and 

50:50 (Figure 32), and PAR:PLLA EX at the ratios of 5:95 and 10:90 (Figure 33) 

were transparent.  PAR:PLLA EX at the ratios of 20:80, 30:70 and 50:50 were 

opaque.  In fact, the PAR:PLLA EX at the ratio of 20:80 was transparent after 

extrusion but it turned to be opaque after cooling in an ambient temperature for 1-2 

min.  
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3.2 X-ray powder diffractometry 

 

Figure 34 Crystallinity of IND:PLLA extrudates examined by XRPD. IND RM (A), 

IND:PLLA EX 50:50 (B), IND:PLLA EX 30:70 (C), IND:PLLA EX 20:80 (D), 

IND:PLLA EX 10:90 (E), IND:PLLA EX 5:95 (F) and PLLA EX (G).   

An X-ray pattern of PLLA raw material (PLLA RM) has a peak at 16.7° due 

to its semi-crystalline form (Figure 63 (G) in Appendix) (90).  X-ray patterns of 

indomethacin and PLLA physical mixture (IND:PLLA PM) at the ratios of 5:95, 

10:90, 20:80,  30:70 and 50:50 (Figure 63 (B-F) in Appendix) were the same as the 

diffra tion pattern of IND raw material  IND  M  of  rystalline γ form   igure 6      

in Appendix and Figure 34 (A)) (95).  After extrusion, X-ray patterns of PLLA 

e trudate  PLL  EX  and that of  blends’ e trudate  IND:PLL  EX  at the ratios of 

5:95, 10:90, 20:80, 30:70 and 50:50 showed halo pattern, indicating amorphous 

character in Figure 34 (B-G).  The halo pattern was a result of dispersion of IND in 

A 

B 

C 

D 

E 

F 

G 
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PLLA at molecular level rather than dispersion of amorphous IND.  This was 

confirmed with the transparent of IND:PLLA EX at all ratios. 

  

Figure 35 Crystallinity of PAR:PLLA extrudates examined by XRPD: PAR RM (A), 

PAR:PLLA EX 50:50 (B), PAR:PLLA EX 30:70 (C), PAR:PLLA EX 20:80 (D), 

PAR:PLLA EX 10:90 (E), PAR:PLLA EX 5:95 (F) and PLLA EX (G). 

X-ray patterns of paracetamol and PLLA physical mixtures (PAR:PLLA PM) 

at the ratio of 5:95, 10:90 20:80, 30:70  and 50:50 as shown in Figure 64 (B-F) in 

Appendix are the same as the diffraction of paracetamol raw material (PAR RM) of 

crystalline form I (Figure 64 (A) in Appendix and Figure 35 (A)) (96).  After 

extrusion, the X-ray patterns of para etamol and PLL  blends’ e trudate  P  :PLL  

EX) at the ratios of 5:95 and 10:90 were halo indicating amorphous state (Figure 35 

(E, F)).  These extrudates were transparent and thus, PAR was molecularly dispersed 

in the polymer.  While, those of PAR:PLLA EX at the ratios of 20:80, 30:70 and 

A 

B 

C 

D 

E 

F 

G 
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50:50 (Figure 35 (B, C, D)) were the same as diffraction patterns of PAR:PLLA PM, 

indicating the drug remained crystalline form resulting in opaque extrudates.  The 

intensity of the diffraction peaks in these extrudates was increased when the drug 

content increased.   

3.3 Differential scanning calorimetry   

Table 13 Thermal properties of IND:PLLA extrudates determined by DSC 

   

 

  

 

 

 

 

 

 

 

 

Ratio of 

IND:PLLA 

Tg  (°C) Tm (°C) 

0:100 60.9 / 58.4
a
 155.8 / 154.8

a
 

5:95 59.4 153.8 

10:90 58.5 151.9 

20:80 52.4 146.6 

30:70 50.6 142.1, 153.0 

50:50 41.3 153.0, 158.7 

a
n=2   
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Figure 36 DSC thermogram of IND:PLLA extrudates at the ratios of 0:100 (dot line), 

30:70 (black line) and 50:50 (dash line) 

All DSC thermograms of IND:PLLA extrudates were shown in Figure 65 of 

Appendix.  A Tg of PLLA EX was detected at 59.7°C.  A Tm of PLLA EX was 

detected at 155.3°C.  Recrystallization was observed in the extrudates at all ratios 

regardless of the type of drug.  Single Tgs and Tms of IND:PLLA EX at the ratios of 

5:95, 10:90 and 20:80 were detected.  At the ratios of 30:70 and 50:50, single Tgs 

were detected together with two separated Tm, indicating recrystallization of IND 

occurring in these IND:PLLA extrudates.  The two separated Tm were increased as 

increasing the drug content.   

 This may be explained that at relatively high drug contents, drug molecules 

were rich in the polymeric matrix.  Under DSC condition, the heat applied to the 

extrudates could induce the drug molecules to be highly mobile and hence rearrange 

themselves to form a crystal.  However, Tc of IND cannot be detected in the DSC 

thermogram (black line and dash line in Figure 36) of these extrudates, possibly due 

to detection limit of DSC.  It was also possible that recrystallization of IND may 

occur during recrystallization of PLLA.  The recrystallization of PLLA could cause 

reduction in drug-polymer interaction.  The drug-polymer interaction in the extrudate 
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was weaker than the drug-drug or polymer-polymer interactions as previously 

suggested by the negative deviation of the measured Tg from the theoretical Tg and 

results of RDF analysis which showed greater drug-drug interaction as increasing 

drug content.   

The single Tgs were generally decreased as increasing the drug to polymer 

ratio, suggesting miscibility between the IND and PLLA, as predicted earlier by 

calculation and thermal properties of their physical blends.    

Although separate Tms were found in some extrudates with relatively high 

drug contents, IND:PLLA EX at all drug to polymer ratios were classified as miscible 

mixture because of evidences in single Tgs, together with X-ray halo pattern and 

transparent character of the extrudates at the ambient temperature after preparation. 

Table 14 Thermal properties of PAR:PLLA extrudates determined by DSC 

Ratio of 

PAR:PLLA 

Tg  (°C) Tm (°C) 

0:100 60.9 / 58.4
a
 155.8 / 154.8

a
 

5:95 51.8 150.8 

10:90 44.1 149.5 

20:80 42.9, 56.9 149.6, 167.6 

30:70 53.2 146.8, 170.3 

50:50 56.2 146.7, 172.1 

a
n=2 

DSC thermograms of PAR:PLLA extrudates were shown in Figure 66 of 

Appendix.  Single Tgs and Tms of PAR:PLLA EX at the ratios of 5:95 and 10:90 were 
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detected and they was decreased as increasing the drug content.  At the ratio of 20:80, 

two separate Tgs was detected.  However, single Tgs were again detected in the 

extrudates at the ratios of 30:70 and 50:50.  They were close to the Tg of the PLLA 

EX; therefore, it was attributed to amorphous part of the polymer, rather than the 

amorphous drug.  Two separated Tms were detected in the extrudates at the ratios of 

20:80, 30:70 and 50:50.  The higher Tm could be due to Tm of a residue of crystalline 

PAR which was not dissolved in the molten PLLA during hot melt extrusion.  The 

drug was almost immiscible with polymer and stayed as crystalline phase in the 

extrudates with relatively high drug contents.  The lower Tm could be Tm of the 

blends, indicating that there was some drug dissolved into the polymer. 

Accordingly, the results of Tg and Tm determination indicated that miscibility 

between PAR and PLLA occurred in the PAR:PLLA EX at the ratio of 5:95 and 

10:90, and partial miscibility or immiscibility between the drug and polymer occurred 

in the PAR:PLLA EX at the ratios of 20:80, 30:70 and 50:50.  This agreed with the 

prediction by calculation and thermal behavior of their physical blends.  The results of 

RDF analysis also supported about the drug-polymer interaction that in the blend at 

the ratio of 5:95, drug-polymer interaction was higher than drug-drug interaction, and 

in the blends with higher drug contents, drug-polymer interaction was similar to drug-

drug interaction.   

All evidences, i.e. appearance, crystallinity, Tg and Tm of the extrudates, could 

classify the blends of IND:PLLA to be miscible at all studied ratios.  They also 

confirmed that PAR:PLLA blends at the ratios of 5:95 and 10:90 were miscible and 

those at the ratios of 20:80, 30:70 and 50:50 were immiscible.  The classification was 

similar to the predi tion results of solubility parameter     from MD simulation based 

on Greenhalgh et al.’s  riteria (17)  from which IND was suggested to be miscible 

with the polymer and PAR was suggested to be immiscible with the polymer.  

Although the prediction by Flory-Huggins interaction parameter ( 
 H

) could not 

clearly classify miscibility of the IND:PLLA and PAR:PLLA blends, the values could 

suggest the effect of drug content and potential immiscibility between drug and 

polymer as increasing the drug content.  
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 The trend of increased  
 H

 values may beneficial in prediction of immiscible 

blends with some degree of dissolved drug in the polymer such as PAR: PLLA EX at 

the ratio 20:80, 30:60 and 50:50 which showed the lower Tm of the blends. For these 

blends, the  
 H

 of higher than -3.3 were, therefore, found to an indicative value for 

immiscibility between drug and polymer. 

The results of extrudates corresponded to the prediction results from HSM and 

DSC.  They agreed that IND was miscible with PLLA at all studied ratios, while PAR 

was miscible with PLLA at a limited drug content.  However, the maximum drug 

content which could be dissolved or miscible with the polymer was slightly different 

for the extrudate and the prediction results of DSC. All the results of the PAR:PLLA 

extrudate showed limited miscibility up to the ratio of 10:90, while the prediction 

results of DSC indicated miscibility up to the ratio of 5:95. 

This may be explained that the cooling rate of heat-cool-heat cycle by DSC in 

prediction was different from the cooling rate of hot melt extrusion.  As a result, the 

miscibility prediction by DSC could not accurately determine the limit of miscibility 

of the extrudate, but it could suggest borderline of miscibility. 

3.4 Fourier transfers infrared spectroscopy 

 The miscibility or immiscibility between drug and polymer is involved with 

hydrogen bonding as mentioned in the section 1.3.  In this section, the hydrogen 

bonding of drug-polymer, drug-drug or polymer-polymer molecules could be 

determined by Fourier transfer infrared spectroscopy (FTIR).   
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Figure 37 IR spectrum of IND:PLLA blends.  IND RM (A), PLLA RM (B), 

IND:PLLA PM 50:50 (C), IND:PLLA PM 10:90 (D), IND:PLLA EX 50:50 (E), 

IND:PLLA EX 10:90 (F) and PLLA EX (G). 

The functional groups of IND which can interact with other molecules by 

hydrogen bonding were hydroxyl (OH) in carboxylic acid (-COOH), carbonyl (C=O) 

in –COOH, and carbonyl (C=O) between indole and chlorobenzyl groups (81).  IR 

absorption bands of these groups were in the range of 3,371 and 2,900-3,400 cm
-1

 for 

OH in -COOH,  at 1,718 cm
-1

 for C=O in –COOH, and at 1,693 cm
-1

 for the other 

C=O.  IR absorption bands of C=C aromatics was in the range of 1,625-1,575 and 

1,480 cm
-1

 and C-Cl was at 1,068 cm
-1

 (97).   

The functional group of PLLA which can interact with other molecules by 

hydrogen bonding was carbonyl (C=O) in esters (70).  The IR absorption band of 

C=O was detected in the range of 1,757-1,758 cm
-1

.  Other bands was detected at 

2,755 and 2,767 cm
-1

 for CH of methyl group (-CH3).  The absorption band of OH 

groups was approximate 3,000 cm
-1

 which can be detected obviously in the monomers 

and the band was decreased after polymerization  (91).       
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In IR spectrum of IND:PLLA PM (Figure 37 (C, D)), the absorption bands 

were not different from the bands of IND RM and PLLA RM.  Intensity of the IND 

bands was increased as increasing the drug content in the physical mixtures.  In IR 

spectrum of PLLA EX (Figure 37 (G)), the band of C=O and CH of -CH3 were not 

different from the band in PLLA RM.  In IR spectrum of IND:PLLA EX (Figure 37 

(E, F)), the band of C=OPLLA shifted from 1,748 to 1,749 cm
-1

 and 1,751 cm
-1

 at the 

drug to polymer ratios of 10:90 and 50:50, respectively.  The band of CHPLLA of -CH3 

in IND:PLL  EX’s spe tra was not different from the spe tra of PLLA RM, PLLA 

EX and IND:PLLA PM.   

The bands of OHIND and C=OIND in -COOH group in the range of 2,927-3,000 

cm
-1

 (for OH), and at 1,714 cm
-1

 (for C=O) in IND RM and IND:PLLA PM were not 

detected in extrudates.  The band of C=OIND between indole and chlorobenzyl groups 

at 1,690 cm
-1

 in IND RM and IND:PLLA PM was shifted to 1,684 cm
-1

 in IND:PLLA 

EX at the ratio of 30:70, and to 1,681 cm
-1 

in IND:PLLA EX at the ratio of 50:50.  

The C=CIND of aromatics at 1,588 cm
-1 

 in IND RM and IND:PLLA PM was shifted 

to 1,593 cm
-1 

in the extrudates.  C-ClIND band was difficult to detect in IR spectra of 

extrudates, while the C-ClIND band in IND RM and IND:PLLA PM was obviously 

detected at 1,067 cm
-1

.        

These IR results confirmed the presence of drug-polymer interaction in the 

IND:PLLA extrudates.  The functional groups involved with hydrogen bonding 

between IND and PLLA from IR spectrum were C=OPLLA, OHIND and C=OIND of 

carboxylic group, and C=OIND between indole and chlorobenzyl groups; and this 

agreed with the results from RDF analysis.  The drug-polymer interaction from IR 

was also confirmed by the appearance IND:PLLA extrudates which was transparent, 

halo pattern from XRPD and single Tgs of the extrudates by DSC at all studied ratios.  
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Figure 38 IR spectrum of PAR:PLLA blends.  PAR RM (A), PLLA RM (B), 

PAR:PLLA PM 50:50 (C), PAR:PLLA PM 10:90 (D), PAR:PLLA EX 50:50 (E), 

PAR:PLLA EX 10:90 (F) and PLLA EX (G). 

The functional groups of PAR which can interact with other molecules by 

hydrogen bonding were NH and C=O in amide group (–CONH), and OH in phenolic 

group (82).  For monoclinic crystalline form (form I) of PAR, IR absorption bands of 

these groups were at 3,327 cm
-1

 for NH in -CONH, at 1,653 cm
-1

 for C=O in -CONH, 

and at 3,161 cm
-1

 for OH in phenolic group.  IR absorption bands of phenyl ring was 

in the range of 1,371-1,610 cm
-1

 (97).  The functional group of PLLA which can 

interact with other molecules by hydrogen bonding was C=O in esters (70).  The IR 

absorption bands of PLL ’s fun tional group was same as des ribed earlier in part of 

IND:PLLA EX (91). 

In IR spectra of PAR:PLLA PMs (Figure 38 (C, D)), the absorption bands 

were not different from the bands of PAR RM and PLLA RM.  Intensity of the PAR 

bands was increased as increasing the drug content in the physical mixtures.   
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In IR spectrum of PLLA EX (Figure 38 (G)), the band of C=O and CH of -

CH3 were not different from the band in PLLA RM.  In IR spectrum of PAR:PLLA 

EX (Figure 38 (E, F)), the band of C=OPLLA was shifted from 1,748 to 1,750 cm
-1

 in 

PAR:PLLA EX at the ratio of 10:90 and to 1,753 cm
-1

 in PAR:PLLA EX at the ratio 

of 50:50.  The band of CHPLLA of -CH3 in 5:95 and 10:90 PAR:PLLA EX spectra was 

not different from PLLA RM and PLLA EX; and it cannot be detected in the 

spectrum of 20:80, 30:70 and 50:50 PAR:PLLA EX due to interference of NH and 

OH bands of PAR.   

The band of NHPAR in the range of 3,322-3,323 cm
-1

 in PAR RM and 

PAR:PLLA PM was not found in 5:95 and 10:90 PAR:PLLA EX.  However, it was 

detected in 20:80, 30:70 and 50:50 PAR:PLLA EX at the same position as the PAR 

 M’s.   lso, the band of OHPAR in the range of 3,157-3,158 cm
-1

 was not found in 

5:95 and 10:90 PAR:PLLA EX; but it was detected in 20:80 PAR:PLLA EX at 3,162 

cm
-1

, in 30:70 PAR:PLLA EX at 3,159 cm
-1

, and in 50:50 PAR:PLLA EX at 3,161 

cm
-1

.  The band of C=OPAR in the range of 1,650-1,651 cm
-1

 in PAR RM and 

PAR:PLLA PM was not found in PAR:PLLA EX at the ratio of 5:95.  However, it 

was detected in 10:90 PAR:PLLA EX at 1,656 cm
-1

, in 20:80 PAR:PLLA EX at 1,653 

cm
-1

, in 30:70 PAR:PLLA EX at 1,652 cm
-1

, and in 50:50 PAR:PLLA EX at 1,651 

cm
-1

.  The band of phenyl ring of PAR in the range of 1,370-1,610 cm
-1

 in 20:80, 

30:70 and 50:50 PAR:PLLA EX were same as the bands in 20:80, 30:70 and 50:50 

PAR:PLLA PMs.  While, this band in 5:95 and 10:90 PAR:PLLA EX was slightly 

different from the band in 5:95 and 10:90 PAR:PLLA PMs.  

These IR results confirmed the existing drug-polymer interaction in the 

PAR:PLLA extrudates at the ratios of 5:95 and 10:90.  The interaction was attributed 

to drug-polymer miscibility in the extrudates which were transparent and had halo 

pattern from XRPD and single Tg from DSC.  Hydrogen bonding between C=OPLLA in 

PLLA and NHPAR and C=OPAR of amide group, also OHPAR in phenolic group in PAR 

was dominant in these extrudates. This agreed with the results from RDF analysis.  In 

20:80, 30:70 and 50:50 PAR:PLLA extrudates, amide group of PAR and OHPAR did 

not much contribute to drug-polymer interaction.  Opaque PAR:PLLA extrudates 
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were obtained because the drug content was higher than a saturated solubility in the 

solid polymer, resulting in precipitation as crystalline of PAR. 

 

4. Mechanical properties of extrudates 

 The drugs which were miscible with polymer, i.e. IND (in the blends at all 

drug to polymer ratio) and PAR (in the blends with low drug content) were evaluated 

for the plasticizing effect for the model drugs as shown in Table 15.  

Table 15 Mechanical properties of the extrudates (n=5) 

 
σ 

 (MPa) 

e 

(%) 

E 

(MPa) 

PLLA 50.032.82 82.4513.90 104.777.13 

IND:PLLA    

5:95 49.740.97 67.4010.32 104.5811.52 

10:90 49.701.11 55.776.89 113.752.99 

20:80 49.260.86 49.664.35 116.323.42 

30:70 47.400.85 45.318.27 119.027.15 

50:50 12.670.99 18.355.77 140.0013.92 

PAR:PLLA    

5:95 47.200.99 74.5113.85 93.469.70 

10:90 47.031.88 72.4810.85 98.6510.30 

20:80 22.164.75 31.545.35 100.175.33 

30:70 22.051.01 26.791.97 104.0711.97 

50:50 12.420.72 25.231.93 77.4311.82 
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Figure 39 Stress-strain curve of IND:PLLA extrudates 

 

 

Figure 40 Stress-strain curve of PAR:PLLA extrudates 
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The  alue of tensile strength or stress     represented for e resistan e of the 

extrudate which corresponded to hardness or strength of the extrudate.  The value of 

elongation or strain (e) represented a stretching capacity of the extrudate before 

breaking.  The  alue of Young’s modulus  E) represented an elasticity of the 

extrudate, indicating a behavior of the extrudate under the force during elastic 

deformation.  The elastic deformation is a type of deformation which can be 

reversible (60). 

For IND:PLLA extrudates,   and e values were decreased as increasing drug 

content, especially at the ratio of 50:50, where they were markedly decreased.  But the 

E value was increased as increasing the drug to polymer ratios, especially at the ratio 

of 50:50 where it was obviously increased.  This suggested that the force required for 

stretching of the extrudates with high drug content was higher than that of the 

extrudates with relatively low drug content.  As a result, the IND:PLLA extrudates 

with higher drug contents were more brittle and less strong. 

Although IND was classified to be miscible with PLLA according to the 

existence of single Tgs at all drug to polymer ratios, IND could not effectively 

plasticize PLLA.  This was reflected in a minor decrease in the Tg of extrudates at the 

ratios of 5:95 up to 30:70.  At the ratio of 50:50, although a marked decrease in the 

single Tg was observed,   and e of this extrudate was considerably decreased and E 

was markedly increased. 

Likewise,   and e values of PAR:PLLA extrudates were decreased as 

increasing drug content.  The values were markedly decreased at the ratios of 20:80 

up to 50:50 where PAR was immiscible with PLLA in the extrudate.  The E value was 

also increased as increasing the drug to polymer ratio from 5:95 to 30:70.  However, 

markedly decrease was found at the ratio of 50:50.  Similar to the IND:PLLA 

extrudates, the PAR:PLLA extrudates with high drug contents were more brittle and 

less strong.  In addition, PAR could not plasticize the polymer, although it was 

miscible with PLLA in the extrudate at low drug contents.  
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CHAPTER 5 

CONCLUSIONS 

Miscibility between the model drugs, i.e. benzocaine, indomethacin, 

paracetamol and semi-crystalline polymer having L and D forms, i.e. polylactide 

could be predicted by calculation and experimental methods.  

 Criterion of Greenhalgh et al. (17) was simply useful in miscibility 

classification based on the solubility parameters which were calculated by 

mole ular dynami s simulation.  Howe er, “immis ibility” here was 

proved that the drug could be miscible with the polymer at a limited 

content such as 10:90 in the extrudate of paracetamol and polylactide.  

Although the value of Flory-Huggins interaction paramater ( 
 H

), 

comparing with the critical parameter   
 
) of the polymer, was less 

sensitive for miscibility classification, it suggested that an increase in the 

drug content would lead to phase separation or immiscibility as the  
 H

 

was increased towards  
 
.  In addition, a relatively high value of  

 H
 of 

paracetamol and poly-l-lactide or poly-d-lactide at any drug content which 

was close to  
 
 could imply immiscibility.  

 Miscibility prediction by thermal behaviors such as a decrease in the 

melting temperature (Tm) of the component and a presence of single glass 

transition temperature (Tg) between Tgs of the drug and polymer, was more 

indicative than the calculation method, pointing out the drug to polymer 

ratio where they were miscible.   

 The prediction corresponded with the drug-polymer miscibility results of 

the extrudate.  Indomethacin was miscible with polylactide up to the ratio 

of 50:50.  While, paracetamol could be miscible with the polymer at the 

maximum ratio of 10:90.   

The mechanical properties of the indomethacin and paracetamol extrudates in 

terms of tensile strength and elongation were de reased, while Young’s modulus was 

increased, indicating an increase in brittleness, as increasing the drug content.  In 
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other words, the extrudate was less brittle at relatively low drug content where the 

drug was miscible with the polymer. However, there was no noticeable relationship 

between miscibility in the extrudate and the mechanical properties.  Also, 

indomethacin and paracetamol could not plasticize polylactide.   

Benzocaine was excluded from the mechanical test because it could not be hot 

melt extruded at the processing temperature.   

Radial distribution function (RDF) could explain miscibility between drug and 

the polymer, in particular L-form.  It showed that hydrogen bonding between drug-

polymer, drug-drug and polymer-polymer was found in the blends.  Density of drug-

polymer interaction was higher than that of drug-drug or polymer-polymer in the 

miscible blends with the low drug contents, such as the blends of indomethacin and 

poly-l-lactide at 5:95, 10:90 and 20:80, also the blends of paracetamol and poly-l-

lactide at 5:95.  As increasing drug content, density of drug-drug interaction was 

greater than drug-polymer interaction, inducing crystallization of the drug.  This could 

explain the existence of two separated Tm of separated phases in the extrudate at the 

high drug contents.  The results agreed with the shift in the IR spectra of the 

fun tional groups’ taken into  D   al ulation.   

It is noted that the outcome of this study was based on the maximum drug to 

polymer ratio at 50:50.  Correlation of the predictive miscibility between the drug and 

D-form of polylactide and the miscibility in the extrudate was rarely established.  This 

because the polymer used in hot melt extrusion was rich in L-form. In addition, 

extension of molecular dynamics simulation time is required to obtain more 

information to explain the unstable phenomena found in the drug and D-form of 

polylactide blends.   
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1. Miscibility prediction by calculation 

Molecular dynamics (MD) simulation 

Determination of the number of configurations required for MD simulation 

Table A-16 Density and solubility parameter of  three different configurations of BZC 

from MD simulation 

Starting configuration 

(initial energy 

(kcal/mol)) 

Density 

(g/cm
3
) 

t 

 

d 

MPa
0.5

 

e 

 

1
st 

(-645.01) 1.10 22.74 20.28 10.29 

2
nd 

(-602.39) 1.09 22.48 20.12 10.02 

3
rd

 (-596.81) 1.10 22.54 20.12 10.15 

Average 1.10 22.59 20.17 10.16 

SD 0.00 0.14 0.09 0.14 

  

Among three different starting configurations, differences in calculated values 

of density and solubility parameter of benzocaine (BZC) were small, reflected by 

small standard deviation (SD) as shown in Table A-16.  Therefore, the first starting 

configuration with a minimal energy was chosen for MD simulation. 
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Determination of the number of repeating units of polymer required for MD 

simulation  

 

Figure 41 Total solubility parameter and repeat units of polymer chain (n=1) 

 

Relation between total solubility parameter ( t) values and repeating units 

(chain length) of the studied polymers, i.e. poly l-lactide (PLLA) and poly d-lactide 

(PDLA), is shown in Figure 41.  The  t value was decreased when the repeating units 

of polymers was increased.  After the number of repeating units of PLLA and PDLA 

were 25 and 35 units, respectively, the values of  t began to be constant.  As a result, 

25 repeating units of PLLA and 35 repeating units of PDLA were used in MD 

simulation. 
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Determination of the number of configurations of drug-polymer blend required 

for MD simulation 

  

Figure 42 Relationship between Flory-Huggins interaction parameter and proportions 

of BZC in the BZC:PLLA blend (n=3) 
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Figure 43 Retationship between Gibbs free energy of mixing and proportions of BZC 

in the BZC:PLLA blend (n=3) 

 

The plot between BZC:PLLA ratios and Flory-Huggins interaction parameter 

( 
 H

) and the plot between BZC:PLLA ratios and Gibbs free energy of mixing 

 ΔGmix) showed similar trend for the different staring configurations.  Thus, one 

starting configuration which had the lowest energy was employed in MD simulation 

of the blends.           
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MD simulation of drug and polymer blends  

Table A-17 Density, cohesive energy density and total solubility parameter of 

BZC:PLLA blends (n=3) 

Ratio 

BZC:PLLA 

Configuration Density CED CEDd CEDe t 

 (g/cm
3
) (J/cm

3
) (J/cm

3
) (J/cm

3
) (J/cm

3
)

0.5
 

0:100 - 1.130 302.989 244.782 58.207 17.406 

5:95 1
st
 1.188 386.332 317.060 69.272 19.655 

 2
nd

 1.187 392.614 320.215 72.399 19.814 

 3
rd

 1.181 380.251 312.217 68.034 19.500 

 Average 1.185 386.399 316.497 69.902 19.656 

 SD 0.004 6.182 4.028 2.250 0.157 

10:90 1
st
 1.181 381.334 312.838 68.496 19.543 

 2
nd

 1.173 394.619 320.501 74.118 19.893 

 3
rd

 1.183 401.810 326.522 75.287 20.045 

 Average 1.179 392.588 319.954 72.634 19.813 

 SD 0.005 10.388 6.859 3.631 0.257 

20:80 1
st
 1.176 401.817 330.068 71.750 20.045 

 2
nd

 1.183 415.246 338.573 76.672 20.425 

 3
rd

 1.172 410.447 334.452 75.995 20.260 

 Average 1.177 409.170 334.364 74.806 20.227 

 SD 0.006 6.805 4.254 2.668 0.191 
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Table A-17 (continue) Density, cohesive energy density and total solubility parameter 

of BZC:PLLA blends (n=3)  

Ratio 

BZC:PLLA 

Configuration Density CED CEDd CEDe t 

 (g/cm
3
) (J/cm

3
) (J/cm

3
) (J/cm

3
) (J/cm

3
)

0.5
 

30:70 1
st
 1.173 428.084 348.959 79.124 20.690 

 2
nd

 1.179 440.723 358.450 82.273 21.033 

 3
rd

 1.166 430.003 348.876 81.127 20.736 

 Average 1.172 432.936 352.095 80.842 20.806 

 SD 0.007 6.811 5.504 1.594 0.186 

50:50 1
st
 1.148 459.009 364.899 94.110 21.406 

 2
nd

 1.148 453.578 366.316 87.262 21.302 

 3
rd

 1.152 465.593 373.493 92.100 21.577 

 Average 1.149 459.393 368.236 91.157 21.433 

 SD 0.002 6.017 4.607 3.520 0.139 

100:0 - 1.097 510.093 406.838 103.255 22.586 
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Table A-18 Density, cohesive energy density and total solubility parameter of 

BZC:PDLA blends (n=1) 

Ratio 

BZC:PDLA 

Density CED CEDd CEDe t 

(g/cm
3
) (J/cm

3
) (J/cm

3
) (J/cm

3
) (J/cm

3
)

0.5
 

0:100 1.180 330.790 281.655 49.135 18.187 

5:95 1.185 378.596 313.609 64.987 19.457 

10:90 1.185 385.645 323.484 62.161 19.638 

20:80 1.165 380.827 317.339 63.488 19.515 

30:70 1.178 428.885 355.144 73.741 20.709 

50:50 1.149 453.541 368.618 84.923 21.296 

100:0 1.097 510.093 406.838 103.255 22.586 

 

Table A-19 Density, cohesive energy density and total solubility parameter of 

IND:PLLA blends (n=1) 

Ratio 

IND:PLLA 

Density CED CEDd CEDe t 

(g/cm
3
) (J/cm

3
) (J/cm

3
) (J/cm

3
) (J/cm

3
)

0.5
 

0:100 1.130 302.989 244.782 58.207 17.406 

5:95 1.189 382.936 309.582 73.354 19.568 

10:90 1.206 399.362 325.241 74.121 19.984 

20:80 1.210 410.188 332.854 77.334 20.253 

30:70 1.220 425.140 340.605 84.535 20.619 

50:50 1.221 445.696 352.244 93.452 21.111 

100:0 1.288 537.738 421.925 115.813 23.189 
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Table A-20 Density, cohesive energy density and total solubility parameter of 

IND:PDLA blends (n=1) 

Ratio 

IND:PDLA 

Density CED CEDd CEDe t 

(g/cm
3
) (J/cm

3
) (J/cm

3
) (J/cm

3
) (J/cm

3
)

0.5
 

0:100 1.180 330.790 281.655 49.135 18.187 

5:95 1.187 375.628 312.849 62.779 19.568 

10:90 1.201 383.285 321.329 61.956 19.984 

20:80 1.196 398.344 328.176 70.168 20.253 

30:70 1.206 415.865 335.730 80.135 20.619 

50:50 1.240 446.754 359.717 87.038 21.111 

100:0 1.288 537.738 421.925 115.813 23.189 

 

Table A-21 Density, cohesive energy density and total solubility parameter of 

PAR:PLLA blends (n=1) 

Ratio 

PAR:PLLA 

Density CED CEDd CEDe t 

(g/cm
3
) (J/cm

3
) (J/cm

3
) (J/cm

3
) (J/cm

3
)

0.5
 

0:100 1.130 302.989 244.782 58.207 17.406 

5:95 1.190 332.660 264.796 67.864 18.239 

10:90 1.200 418.991 320.919 98.072 20.469 

20:80 1.194 480.803 349.644 131.159 21.323 

30:70 1.208 533.571 357.474 176.096 23.099 

50:50 1.213 620.949 384.864 236.085 24.919 

100:0 1.208 838.787 434.401 404.385 28.962 
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Table A-22 Density, cohesive energy density and total solubility parameter of 

PAR:PDLA blends (n=1) 

Ratio 

PAR:PDLA 

Density CED CEDd CEDe t 

(g/cm
3
) (J/cm

3
) (J/cm

3
) (J/cm

3
) (J/cm

3
)

0.5
 

0:100 1.180 330.790 281.655 49.135 18.187 

5:95 1.185 388.783 313.866 74.917 19.717 

10:90 1.194 423.599 331.517 92.082 20.581 

20:80 1.197 459.484 333.129 126.355 21.435 

30:70 1.203 515.194 357.875 157.319 22.698 

50:50 1.206 601.372 375.717 225.655 24.523 

100:0 1.208 838.787 434.401 404.385 28.962 
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Radial distribution function analysis 

 

 
(A) BZC structure (B) 5:95 

  
(C) 10:90 (D) 20:80 

  
(E) 30:70 (F) 50:50 

Figure 44 BZC-PLLA intermolecular interaction in BZC:PLLA blends by RDF 

analysis  
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(A)  BZC-PLLA interaction (B)  BZC-BZC and PLLA-PLLA 

interactions 

Figure 45 RDF analysis of BZC:PLLA blend at the ratio of 10:90 in 400-800 ps of the 

simulation under NVT ensemble. 
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(A) BZC structure (B) 5:95 

  

(C) 10:90 (D) 20:80 

  
(E) 30:70 (F) 50:50 

Figure 46 BZC-BZC and PLLA-PLLA intermolecular interactions in BZC:PLLA 

blends by RDF analysis 
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(A) BZC structure (B) 5:95 

  
(C) 10:90 (D) 20:80 

  
(E) 30:70 (F) 50:50 

Figure 47 BZC-PDLA intermolecular interaction in BZC:PDLA blends by RDF 

analysis 
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(A) BZC structure (B) 5:95 

  
(C) 10:90 (D) 20:80 

  
(E) 30:70 (F) 50:50 

Figure 48 BZC-BZC and PDLA-PDLA intermolecular interactions in BZC:PDLA 

blends by RDF analysis 
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(A) IND structure (B) 5:95 

  
(C) 10:90 (D) 20:80 

  
(E) 30:70 (F) 50:50 

Figure 49 IND-PLLA intermolecular interaction in IND:PLLA blends by RDF 

analysis 
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(A) IND structure (B) 5:95 

  
(C) 10:90 (D) 20:80 

  
(E) 30:70 (F) 50:50 

Figure 50 IND-IND and PLLA-PLLA intermolecular interactions in IND:PLLA 

blends by RDF analysis 
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(A) IND structure (A) 5:95 

  
(B) 10:90 (C) 20:80 

  
(D) 30:70 (E) 50:50 

Figure 51 IND-PDLA intermolecular interaction in IND:PDLA blends by RDF 

analysis 
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(A) IND structure (B) 5:95 

  
(C) 10:90 (D) 20:80 

  
(E) 30:70 (F) 50:50 

Figure 52 IND-IND and PDLA-PDLA intermolecular interactions in IND:PDLA 

blends by RDF analysis 
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(A) PAR structure (B) 5:95 

  
(C) 10:90 (D) 20:80 

  
(E) 30:70 (F) 50:50 

Figure 53 PAR-PLLA intermolecular interaction in PAR:PLLA blends by RDF 

analysis 
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(A) PAR structure (B) 5:95 

  
(C) 10:90 (D) 20:80 

  
(E) 30:70 (F) 50:50 

Figure 54 PAR-PAR and PLLA-PLLA intermolecular interactions in PAR:PLLA 

blends by RDF analysis 
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(A) PAR structure (B) 5:95 

  
(C) 10:90 (D) 20:80 

  
(E) 30:70 (F) 50:50 

Figure 55 PAR-PDLA intermolecular interaction in PAR:PDLA blends by RDF 

analysis 
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(A) PAR structure (B) 5:95 

  
(C) 10:90 (D) 20:80 

  
(E) 30:70 (F) 50:50 

Figure 56 PAR-PAR and PDLA-PDLA intermolecular interactions in PAR:PDLA 

blends by RDF analysis 
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2. Miscibility prediction by experiments 

 

Figure 57 DSC thermogram of BZC:PLLA blends during heating of heat-cool-heat 

cycle: BZC:PLLA ratio of 0:100 (A), 5:95 (B), 10:90 (C), 20:80 (D), 30:70 (E), 50:50 

(F) and 100:0 (G).  
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Figure 58 DSC thermogram of BZC:PLLA blends during reheating of heat-cool-heat 

cycle: BZC:PLLA ratio of 0:100 (A), 5:95 (B), 10:90 (C), 20:80 (D), 30:70 (E), 50:50 

(F) and 100:0 (G).   
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Figure 59 DSC thermogram of IND:PLLA blends during heating of heat-cool-heat 

cycle: IND:PLLA ratio of 0:100 (A), 5:95 (B), 10:90 (C), 20:80 (D), 30:70 (E), 50:50 

(F) and 100:0 (G). 
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Figure 60 DSC thermogram of IND:PLLA blends during reheating of heat-cool-heat 

cycle: IND:PLLA ratio of 0:100 (A), 5:95 (B), 10:90 (C), 20:80 (D), 30:70 (E), 50:50 

(F) and 100:0 (G). 
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Figure 61 DSC thermogram of PAR:PLLA blends during heating of heat-cool-heat 

cycle: PAR:PLLA ratio of 0:100 (A), 5:95 (B), 10:90 (C), 20:80 (D), 30:70 (E), 50:50 

(F) and 100:0 (G). 
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Figure 62 DSC thermogram of PAR:PLLA blends during reheating of heat-cool-heat 

cycle: PAR:PLLA ratio of 0:100 (A), 5:95 (B), 10:90 (C), 20:80 (D), 30:70 (E), 50:50 

(F) and 100:0 (G). 
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3. Miscibility evaluation between drug and polymer in extrudates 

 

Figure 63 Crystallinity of IND:PLLA physical mixtures by XRPD. IND RM (A), 

IND:PLLA PM 50:50 (B), IND:PLLA PM 30:70 (C), IND:PLLA PM 20:80 (D), 

IND:PLLA PM 10:90 (E), IND:PLLA PM 5:95 (F) and PLLA RM (G). 
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Figure 64 Crystallinity of PAR:PLLA physical mixtures by XRPD: PAR RM (A), 

PAR:PLLA PM 50:50 (B), PAR:PLLA PM 30:70 (C), PAR:PLLA PM 20:80 (D), 

PAR:PLLA PM 10:90 (E), PAR:PLLA PM 5:95 (F) and PLLA RM (G). 
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Figure 65 DSC thermogram of IND:PLLA extrudates: IND:PLLA ratio of 0:100 (A), 

5:95 (B), 10:90 (C), 20:80 (D), 30:70 (E) and 50:50 (F). 
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Figure 66 DSC thermogram of PAR:PLLA extrudates: PAR:PLLA ratio of 0:100 (A), 

5:95 (B), 10:90 (C), 20:80 (D), 30:70 (E) and 50:50 (F). 
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