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1 Abstract 

Charles University, Faculty of Pharmacy in Hradci Králové 

Department of:  Pharmaceutical Technology 

Supervisor:  Assoc. Prof. PharmDr. Zdenka Šklubalová, Ph.D. 

Consultant:  Mgr. Jana Brokešová 

Student:  Andrea Suther Bunes 

Title of Thesis: Study of influence of hydrophilic carriers on the 

dissolution rate of a BCS II drug 

 

The aim of this thesis was to study the effect of mixing and co-milling with hydrophilic 

carriers on the dissolution rate of a model BCS II drug meloxicam. The mixtures of 

two different drug loads (1-1, 1-8) were characterized for granulometric and 

dissolution parameters. USP-4 apparatus assembled with a flow-through powder cell 

(an open loop) was used to estimate meloxicam relative dissolution rate rrel (min-1). 

Mixing with lactose, particularly in a higher ratio, increased the relative dissolution 

rate in comparison to the pure meloxicam. The effect was further increased by co-

milling but an unfavourable event of agglomeration occurred, especially for the  

1-1 drug-excipient ratio sample. Adding chitosan solved this problem due to the 

formation of interactive mixture. The co-milled sample containing chitosan and lactose 

in a 1-8 ratio showed the highest rrel = 0.48 min-1. 
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2 The aim of study 

The investigation of the effect which mixing and co-milling with a suitable carrier has 

on the dissolution rate is the main target of this thesis. 

In the theoretical part, methods used in pharmacy for improvement of drug dissolution 

will be reviewed. In particular, the use of mixing and co-milling of poorly soluble 

drugs in production of dosage forms will be referred to in details. 

Dissolution study using flow-through powder cell with open loop will be used to study 

the effect of mixing and co-milling of meloxicam, which belongs to BCS II group, 

with lactose monohydrate in the experimental part. The results will be expressed based 

on particle size, the dissolution rate, and the mass of drug dissolved. 

Additionally, the effect of the second suitable carrier, chitosan, will be investigated for 

mixtures prepared either by mixing or co-milling. 

For comparison, the relative dissolution rate of meloxicam will be calculated. 
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3 List of abbreviations 

Abbreviation Unit Meaning 

MLX  Meloxicam 

LACT  Lactose 

CHIT  Chitosan 

PM  Physical mixture 

CM  Co-milled mixture 

m g Mass 

mMLX mg Mass of meloxicam in sample 

T °C Temperature 

RH % Relative humidity 

t s Time 

c mg/L, g/L Concentration 

mtot mg Cumulative mass of dissolved drug  

mint mg Mass of drug dissolved during each interval 

mrel % Relative mass of dissolved drug  

r mg*L-*s-1 Dissolution rate 

SD  Standard deviation 

λmax  Wavelenght of maximum absorbance 

A  Absorbance 

x10 μm The particle sizes for 10% undersize values 

x50 μm The particle sizes for 50% undersize values 

x90 μm The particle sizes for 90% undersize values 

Vc L Cell volume 

Q L/s Flow rate of dissolution medium 

rrel min-1 Relative dissolution rate 

Ka  Acid dissociation constant 

HA  mol/L Molar concentration of unionized weak acid 

A- mol/L Molar concentration of conjugate base of a 

weak acid 

BH+ mol/L Molar concentration of a weak base 
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B mol/L Molar concentration of conjugate acid of a 

weak base 

S Mol/L Total solubility of a weak acid or base 

S0 Mol/L Solubility of unionized form of a acid/base 

pair 

θ o Solute-solvent contact angle 

γSG Jm-2 Surface tension at solid-gas interface 

γSL Jm-2 Surface tension at solid-liquid interface 

γLG Jm-2 Surface tension at liquid-gas interface  

As cm2 Particle surface area  

D cm2*s-1 Diffusion coefficient 

Cs Mol/L Saturation solubility 

C Mol/L Drug concentration of Noyes and Whitney 

eq. 6 

h cm Thickness of diffusion layer 

BCS  Biopharmaceutics classification system 

API  Active pharmaceutical ingredient 

SEDDS  Self-emulsification drug delivery system 

SMEDDS  Self-microemulsification drug delivery 

system 

SNEDDS  Self-nanoemulsification drug delivery 

system 

ΔH  Standard enthalpy change 

EMEA  The European Medicines Agency 

FDA  The U.S Food and Drug Administration 

WHO  World Health Organization 

Tg  Glass-transition temperature  

HSB  Hansen solubility parameter 
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4 Introduction 

Meloxicam is a nonsteroidal anti-inflammatory drug with increased COX-2 selectivity 

and is indicated against pain and inflammation in osteoarthritis and rheumatoid 

arthritis (Noble and Balfour, 1996; Gates et al., 2005). This drug was selected as a 

model drug for this thesis as it is a class II drug of the biopharmaceutics classification 

system (BCS), meaning it has low aqueous solubility and high permeability (Marinko 

and Zámostný, 2020). A placement in the BCS gives formulators an indication as to 

what needs to be improved during the drug development (Kawabata et al., 2011; 

Williams et al., 2013) 

 

Dissolution rate of slightly soluble drugs is often limiting to the adsorption rate from 

the gastrointestinal tract (Nyström and Westerberg, 1986). Many preformulation 

approaches have been described to improve the solubility and the dissolution rate like 

cocrystals, metastable polymorphs, and salt formation, as well as formulation 

approaches like amorphization, emulsification, cyclodextrin complexation, and pH 

modification. For review see (Kawabata et al., 2011; Williams et al., 2013). Besides 

this, dissolution rate can be increased with increasing surface area by approaches like 

particle size reduction. However, the success of this strategy is dependent on how 

successful the formulation is to suppress the formation of drug agglomerates (Marinko 

and Zámostný, 2020). 

  



 11 

5 Theoretical section 

5.1 Solubility 

With the term solubility it is often understood that it is equilibrium solubility, or in 

another term, thermodynamic solubility (Box et al., 2006; Rostron, 2020). Equilibrium 

solubility is the concentration of solute in solution where there is excess of undissolved 

solute present, and the dissolved and undissolved substance are at an equilibrium (Box 

et al, 2006; Rostron, 2020). Any further addition of the solute will not increase the 

dissolved amount as the capacity of the solvent is already reached and the solution is 

saturated. This point is therefore the maximum amount of a solute a pure solvent can 

hold in a solution under specified environmental condition. (Smith, 2015).  

 

Solubility is situational and is dependent on the solid-state properties of the solute, 

which generally exist in a crystalline or amorphous state (Williams et al., 2013). It also 

depends on the solvation properties of the drug in a given solvent, e.g for electrolytes 

the ionized form is more soluble in polar solvents (Williams et al., 2013). The pH of 

the dissolution medium affects the degree of ionization of these weak electrolytes and 

solubility changes accordingly (Williams et al., 2013). Another parameter to be aware 

of is the temperature, as solubility is temperature dependent (Zumdahl, 1998). In some 

cases, an increase of surface area, like particle size reduction, can moderately increase 

solubility (Williams et al., 2013) 

 

5.1.1 Solubility characterization 

There are different ways to quantify the solubility of a substance. A common way is 

to establish the amount of substance by weight or moles per amount of solvent/solution 

in a given weight or volume. There is molarity which is the number of solute moles 

per liter of solution (mol/L), and molality which is moles of solute per kilogram of 

solvent. Another way to describe a solution’s composition is mass percent which is 

percent of solute weight of the total solution weight. There is also something called 

mole fraction which is the ratio of one component to the total of moles in the solution 

(Zumdahl, 1998). 
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In Pharmacopeia, descriptive terms of the drugs solubility relate to concentration 

ranges after approximate volume of solvent in millilitres needed to dissolve 1 gram of 

solute. The concentration ranges and the corresponding descriptive term from the 

European Pharmacopeia 10.0 are displayed in Table 1 and are valid to for a  

temperature range between 15 °C and 25 °C (European Pharmacopeia 10.0, 2018). 

There are also terms such as “partly soluble” which is used when some of the 

components in the mixture dissolve, and “miscible” is a liquid which is miscible in all 

proportions with the solvent. 

 

Table 1: Solubility ranges with corresponding descriptive term (Pharmacopeia 10.0, 

2018) 

Descriptive term Approximate volume of solvent in 

millilitres per gram of solute 

Very soluble Less than 1 

Freely soluble From 1 to 10 

Soluble From 10 to 30 

Sparingly soluble From 30 to 100 

Slightly soluble From 100 to 1 000 

Very slightly soluble From 1 000 to 10 000 

Practically insoluble More than 10 000 

 

5.1.2 Factors  affecting total solubility  

Solubility is dependent on the energy needed to work against the solute-solute 

attractive forces to remove these molecules from the solid solute form (Williams et 

al., 2013). The energy of these attraction forces depends on the type of intermolecular 

interactions which range from weak van der Waals forces, and electrostatic 

interactions,  to hydrogen bonds and the strongest ionic interactions. This means that 

the electrolytes have a possibility for stronger intermolecular forces than 

nonelectrolytes due to their ionic interactions. Molecular arrangement also matters 

as it is the total sum of all the intermolecular interactions which dictates the total 

packing energy. 
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An organic molecule can have different crystalline forms or exist in an amorphous 

form (Williams et al., 2013). The crystalline form consists of identical structural 

components in a repeated pattern, and this arrangement of the crystal lattice differs in 

different polymorphs (Williams et al., 2013; Rodríguez-Spong et al., 2004). One of 

these arrangements will have the largest number of molecular interactions between the 

surrounding molecules giving it the strongest crystal lattice (Williams et al., 2013). 

This makes it the most stable form and therefore the less likely to break apart and 

dissolve (Datta and Grant, 2004; Williams et al., 2013). The polymorphs with fewer 

total interactions are considered unstable/metastable and therefore have higher 

solubility (Williams et al., 2013). Pseudopolymorphs, where solvent molecules exist 

within the crystal lattice, and less stable polymorphs only show moderate solubility 

increase compared to the most stable crystalline polymorph (Pudipeddi and 

Serajuddin, 2005; Williams et al., 2013). A higher increase is seen in the amorphous 

form which is lacking the typical crystalline character (Williams et al., 2013). The 

molecular arrangement will be less optimal when considering the number of 

intermolecular interactions, making it more soluble but unfortunately less stable in 

general (Williams et al., 2013; Hancock and Parks, 2000). 

 

A numerical estimate of the degree of interaction between molecules of materials has 

been proposed by Hildebrand as the square root of the cohesive energy density. In 

general, materials having similar parameters can interact with each other, resulting in 

solvation, miscibility or swelling (Hansen, 2007). For the polar substances, Hansen 

proposed the Hansen solubility parameters (HSP) which specify the role of dispersion 

forces, permanent dipole-permanent dipole forces, and hydrogen bonding in solubility 

prediction. The more like substance parameters and solvent parameters, the easily they 

dissolve (Hansen, 2007). Solubility is also dependent on the energy given off by 

solvation, meaning the affinity the solute molecules have for the solvent molecules, 

resulting in the simple rule that like dissolves like, eg. polar solute is better soluble by 

polar solvent comes from. However, this rule does not consider the previously 

mentioned solid state properties (Williams et al., 2013).  
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The hydration and the resulting solubility of weak electrolytes is highly dependent on 

the degree of ionization due to the possibility of stronger ion-dipole interactions with 

the water molecules (Williams et al., 2013). The pH of the dissolution medium 

affects the extent of ionization based on the drugs pKa. This means that solubility 

increases where the pH values are higher than the pKa of a weak acid, or less than the 

pKa of a weak base. The effect of pH on ionization of weak acids can be seen in the 

Henderson-Hasselbalch equation (1), where HA is the molar concentration of 

unionized weak acid, A- is the  molar concentration of its ionized form/conjugate base, 

and Ka is the acid dissociation constant (Zumdahl, 1998; Williams et al., 2013). 

 

𝑝𝐻 = 𝑝𝐾𝑎 +𝑙𝑜𝑔  (
𝐴−

𝐻𝐴
)  

(1) 

 

In the case of pH effect on ionization of a weak bases the Henderson-Hasselbalch 

equation (2), where BH+ is the molar concentration of the ionized weak base, B is the 

molar concentration of its unionized form/conjugate acid (Zumdahl, 1998; Williams 

et al., 2013). 

𝑝𝐻 = 𝑝𝐾𝑎 +
𝐵

𝐵𝐻+
 ) 

 (2) 

 

With the knowledge that the total solubility of an electrolyte is the sum of both 

solubility of ionized and unionzed forms combined with the Henderson-Hasselbalch 

equation, an equation for total solubility of a weak acid (3) and weak base (4) is formed 

(Williams et al., 2013).  

For weak acids, the solubility of unionized form is denoted as S0, and the total 

solubility as S (equation 3) follows: 

 

𝑆 = 𝑆0[1 + 10(𝑝𝐻−𝑝𝐾𝑎)] (3) 

 

And for a weak base (equation 4) similarly: 

𝑆 = 𝑆0[1 + 10(𝑝𝐾𝑎−𝑝𝐻)] (4) 
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However, even at optimum pH for ionization, the total solubility does not increase 

forever but is limited by the concentration of the corresponding counterion of the 

ionized form in the dissolution medium. The solubility of the ionized form is therefore 

dependent on the solubility of the salt formed with the corresponding counterion 

(Williams et al., 2013). 

 

Besides pH and counterion concentration another consideration of the dissolution 

medium’s effect on solubility is its temperature. In the dissolution process energy is 

first required to break up the bonds between the solute molecules and are released 

during bond formation of the solute and solvent molecules. The effect of temperature 

change is then dependent on whether the heat energy released is greater or lower than 

the heat energy absorbed by the system (Rostron, 2020; Zumdahl, 1998; Smith, 2015). 

In the case that the heat energy released by the new bond formation is greater than the 

heat energy absorbed, the process is exothermic. This is where the overall standard 

enthalpy change is negative (ΔH < 0) meaning that the dissolution process will release 

heat. A temperature decrease will then be favourable and the solubility of the solute 

increases. An increase in temperature will instead favour the formation of reactants, 

solvent and undissolved solute, and reverse the reaction leading to a solubility decrease 

(Zumdahl, 1998; Rostron, 2020; Smith, 2015). 

In opposite, an endothermic process is where the heat energy absorbed is greater than 

that which is released. This requires heat as the overall standard enthalpy change is 

positive (ΔH > 0). A temperature increase, where heat energy is added, drives the 

reaction towards the product which is a solution and therefore increases the solubility. 

This is why solubility studies are generally done at the three different temperatures; 4, 

24 and 37 ◦C (Rostron, 2020; Zumdahl, 1998). 

 

5.1.3 The biopharmaceutical classification system 

Poorly water soluble, hydrophobic drugs represent a common problem as their oral 

availability is generally limited. Based on the solubility and intestinal permeability, 

the biopharmaceutical classification system (BCS) classifies drugs in one out of four 

groups (Kawabata et al., 2011; Rostron, 2020; FDA, 2017a): 
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● class I: Highly soluble and highly permeable drugs 

● class II: Lowly soluble and highly permeable drugs 

● class III: Highly soluble and lowly permeable drugs 

● class IV: Lowly soluble and lowly permeable drugs 

 

Where highly permeable is defined as 90% or more of the orally administered drug 

is absorbed in humans compared to the same dose administered intravenously (FDA, 

2017a; Rostron, 2020), and highly soluble is when the highest dose strength of the 

drug is able to be dissolved in minimum of 250ml of aqueous media which has a pH 

range of 1 to 7,5 at 37 ◦C (FDA, 2017a; Rostron, 2020).  

 

The BCS give us an indication of what can be done to improve bioavailability during 

the pre-formulation and formulation as seen in Figure 1. Low solubility or permeability 

can be rate limiting steps in the absorption of the orally administered drugs (Kawabata 

et al., 2011). Bioavailability is the fraction of administered dose which finally enters 

the general circulation, meaning intravenously administered drugs have 100% 

bioavailability (Rostron, 2020). 

 

Fig. 1: BCS and possible formulation options (Kawabata et al., 2011) 
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Another use of this system is by the regulatory agencies to create in vivo 

bioequivalence of drugs by the use of the in vitro dissolution data. It is possible to 

create biowaivers based on some of the BCS classes of a drug, which means that 

expensive and time consuming in vivo bioequivalence studies are not needed for the 

approval of certain generic drugs (Kawabata, 2011; FDAb). A biowaiver for BCS class 

I drugs with rapid dissolution was allowed by European Medicines Agency (EMEA), 

The U.S Food and Drug Administration (FDA) and World Health Organization 

(WHO) (EMEA, 2010; FDA, 2017a; WHO, 2006). WHO has a biowaiver for selected 

BCS class II drugs having weak acidic properties. A biowaiver for BCS class III was 

extended by WHO and EMEA (Kawabata et al., 2011). 

 

5.1.4 Solubility enhancement 

As mentioned briefly in the introduction section, some possible approaches of 

solubility improvement during the pre-formulation phase include crystal modifications 

such as salt formation, metastable polymorphs and cocrystal formation (Kawabata et 

al., 2011). For acidic and basic active pharmaceutical ingredients (API) a way to 

increase solubility can be to create salts through the reaction of another acid or a base 

(Kawabata et al., 2011). If the pKa difference of the acid and base is above 3 then a 

stable ionic bond can occur (Childs et al., 2007). 

 

As previously mentioned, different polymorphic forms of a crystalline solid have 

different solubility due to different strength of intermolecular forces (William et al., 

2013). Metastable polymorphs are an effective way to increase the solubility, but due 

to their poor stability, they will with time convert to the less soluble 

thermodynamically stable form (Blagden et al., 2007; Kawabata et al., 2011). This 

change in solubility causes different oral bioavailability and due to this it is important 

to check for polymorphic transitions during manufacturing and storage (Zhang et al., 

2004). Formulation approaches to stabilize the crystal lattice by reducing molecular 

mobility are ideal, including solid dispersion formulas which are mentioned later 

(Williams et al., 2013). 
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Cocrystals consist of minimum two different molecular species in a stoichiometric 

ratio which form a crystalline structure (Schultheiss and Newman, 2009). As a drug 

form it usually consists of a cocrystal forming component and an API. The difference 

from a salt is that it is not created by an acid-base reaction, but the components usually 

instead share a hydrogen bond. If the pKa difference is within the range of 0-3, then it 

could be either salt or cocrystal, but below 0 it is a cocrystal (Childs et al., 2007; 

Kawabata et al., 2011). As salt, and unlike the metastable polymorphs, the cocrystals 

are a more thermodynamically stable and are favoured (Kawabata et al., 2011; 

Williams et al., 2013). Cocrystals are also used in formulations with amorphous 

compounds to improve stability as their crystal lattice energy is higher (Williams et 

al., 2013). 

 

Solubility improvement during the formulation phase, includes approaches like 

amorphization, cyclodextrin complexation, micelle formation, cosolvent use, 

emulsification, and pH modification. As previously mentioned, amorphous 

compounds have higher solubility compared to their crystalline form (Williams et al., 

2013). It has been found in studies that solubility can increase from 1.1 up to 1000 

times (Hancock and Parks, 2000). Stability issues may be experienced with amorphous 

compounds as they tend to crystallize to a more thermodynamically stable crystalline 

form (Baird and Taylor, 2012; Sugimoto et al., 1998), but this can be improved by 

creating an amorphous solid dispersion. Still, it is not as stable as its more 

thermodynamically stable crystalline form, and therefore crystallization can occur, 

especially during high humidity, and decrease the total solubility and affect the oral 

bioavailability of the drug (Kawabata et al., 2011; Sugimoto et al., 1998). Utilization 

of mesoporous silica materials in the stabilization of amorphous drugs represents one 

rational strategy of the loading into carrier pores followed by solvent evaporation as 

recently shown by Vraníková et al. (2020). 

 

Solid dispersion consists of an API dispersed in a water-soluble inert carrier matrix 

such as sugars, polymers and surface active emulsifiers (Williams et al., 2013; 

Sugimoto et al., 1998; Chiou and Riegelman, 1971). The physical forms of the carrier 

and API can be amorphous or crystalline. This dosage form is beneficial as it increases 
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the surface area, improves wetting, enhances solubilization and stabilizes the 

crystalline lattice (Williams et al., 2013). They can mainly be prepared by either 

solvent method or melting method. The problem with solvent method is that organic 

solvents are often used which are highly toxic to humans and the melting method can 

decompose the drug under higher temperatures (Sugimoto et al., 1998). 

 

Cyclodextrin complexation is another way to increase solubility by creating inclusion 

complexes with hydrophobic drugs (Kawabata et al., 2011, Salústio et al., 2011). A 

cyclodextrin is an oligosaccharide with a hydrophilic exterior and a hydrophobic core 

(Loftsson and Brewster, 1996). Without the formation of complexes between the API 

and the cyclodextrins, the physical mixture of this have little to no oral bioavailability 

improvement (Kawabata et al., 2011). Cyclodextrin complexation is also able to 

increase stability, e.g., for amorphous drugs, influence drug release and site, and 

reduce gastrointestinal side effects (Salústio et al., 2011). 

 

Lipophillic drugs can be solubilized by entrapping them within surfactant micelles 

after exceeding the added surfactants critical micelle concentration in a certain solvent 

and temperature (Savjani et al., 2012; Williams et al., 2013). Due to the surfactants 

amphiphilic nature the micelle will have a lipophilic centre for the lipophilic drug 

particle and hydrophilic surface in contact with the dissolution medium to reduce 

surface tension (Williams et al., 2013) This method also improves wetting and is also 

used to stabilize microemulsions and suspension-based formulations (Savjani et al., 

2012; Williams et al., 2013; Malmsten, 2002). In formulations targeted for oral 

administration surfactants are rarely used as the sole solubilizing agent. Instead, it is 

common to make lipid based formulations with cosolvents (Williams et al, 2013).  

 

Cosolvents are organic solvents which lower the polarity of an aqueous dissolution 

medium by interrupting the hydrogen bonding networks. Such lower polarity of the 

solvent will ease the solubilization of a less polar drug (Williams et al., 2013). This 

approach by itself is ideal for API where pH modifications are ineffective, and with 

low solubilization by surfactants or lipids (Kipp, 2007). It is frequently used in oral 
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dosage forms in lipid-based formulations to reduce viscosity, ease dispersion and 

increase solubility of the added drug (Williams et al., 2013). 

 

In the case of very lipophilic drugs a possible approach can be to form a self-

emulsification drug delivery system (SEDDS). This is an isotropic mixture of the 

solubilized drug, solvent, oil, cosolvent and surfactant (Gursoy and Benita, 2004). A 

suitable drug for this formulation would need to have a high intrinsic lipophilicity to 

be able to dissolve in the limited volume of oil as well as having a high degree of 

chemical stability in oil once dissolved (Kawabata et al., 2011). When SEDDS are 

added to water during mild agitation, a fine oil in water emulsion forms quickly. If the 

oil droplet size is between 100 and 250 nm, the SEDDS is categorized as a self-

microemulsification drug delivery system (SMEDDS). Contrary, if the oil droplet size 

is below 100 nm it is a self-nanoemulsification drug delivery system (SNEDDS) 

(Kohli et al., 2010). A smaller droplet size is favourable to an increased degree of 

absorption (Kawabata et al., 2011). 

 

In case of acidic and basic drugs having different solubilities at different pH an 

approach can be adding pH modifiers to change the microenviromental pH 

surrounding the ionizable drug and to create a more optimal pH for dissolution 

(Kawabata et al., 2011). pH modifiers are chosen with respect to their solubility, 

dissolution rate, and pKa as this affects the dissolution rate of the tested drug 

(Kawabata et al., 2011). However, a pH change will affect the stability and dissolution 

profile of the drug (Badawy and Hussain, 2007). Studies found that this approach can 

decrease the irregularity of adsorption when taken orally (Badawy et al., 2006).  

 

5.2 Dissolution and dissolution rate 

Solubility gives information about the concentration of solute in solution at the point 

of equilibrium (Box et al, 2006; Rostron, 2020), but it is dissolution which describes 

the process to reach this point (Smith, 2015). It is a kinetic process where a solvent 

dissolves a solute and forms a solution, and it is quantified by its rate (Williams et al., 

2013; Smith, 2015). Both rate of dissolution and solubility are important in regards to 
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bioavailability. This is because the time of absorption in the gastrointestinal tract is 

limited and a desirable concentration of dissolved drug will not be reached if they are 

low (Williams et al., 2013).  

 

The solubility and the surface area are the most reasonable approaches in dissolution 

rate enhancement (Williams et al., 2013; Leuner and Dressman, 2000). Surface area 

increase can be achieved by particle size reduction with top-down methods such as 

milling and high-pressure homogenization, or bottom-up methods like controlled 

precipitation (Marinko and Zámostný, 2020; Williams et al., 2013). In general, the 

dissolution rate and its influencing factors are described by Noyes-Whitney equation 

(6) (Noyes and Whitney 1897; William et al., 2013; Leuner and Dressman, 2000), 

which is commented upon later. 

 

Two types of dissolutions can be generally distinguished; i) The simple dissolution in 

which the original solid solute is retrieved after dissolution by removal of the solvent. 

An example is sucrose in water, the dissolution process is due to intermolecular 

interactions leaving the original sucrose molecule unchanged. ii) The second type of 

dissolution is where entirely new compounds are created due to a chemical reaction 

between the solute and solvent, so it is not possible to fully recover the original solid 

after solvent removal. Acetylsalicylic acid is representative of this category. Some part 

of molecule reacts with water and hydrolyses to acetic- and salicylic acids. However, 

water removal will give both acetic- and salicylic acid, but also the original compound, 

acetylsalicylic acid. (Smith, 2015) 

 

5.2.1 Factors affecting dissolution process and rate 

To start a dissolution process, a solute must first be wetted by the solvent. Low wetting 

can lead to air bubbles being trapped within the solid solute powder and hindering the 

contact of solvent with solute (Smith, 2015). Wetting describes the spreading of a 

liquid over a solid and is dependent on the intermolecular forces (Bonn et al., 2009; 

Zumdahl, 1998). It is the contact angle between the solute and solvent which describes 

the degree of wetting and it can be calculated using Young’s equation (5). It describes 
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the relationship between the solute-solvent contact angle (θ), the 3 surface tensions 

between  the phases of: solid-gas (γSG), solid-liquid (γSL), and liquid gas (γLG) (Young, 

1805; Bonn et al., 2009; Smith, 2015). 

 

𝛾𝑆𝐺 = 𝛾𝑆𝐿 + 𝛾𝐿𝐺𝑐𝑜𝑠𝜃 (5) 

 

The dissolution process itself is demonstrated in Figure 2. The solvent dissolves the 

outermost layer of a solid and forms a thin saturated unstirred layer called the diffusion 

layer (Williams et al., 2013; Smith, 2015). The drug molecules diffuse through this 

layer into the bulk solution at a specific rate which is termed the dissolution rate 

(Williams et al., 2013, Smith, 2015). This process is described by Noyes-Whitney 

equation (6), which will be discussed later. 

 

Fig. 2: Drug dissolution from a solid particle (Williams et al., 2013) 

 

The Noyes-Whitney equation describes dissolution at the fine particle level. In practice 

the solute is often not added as a fine particle, but as larger pieces. From the point of 

view of a tablet it must first disintegrate to agglomerates or granules after which must 

be deaggregated to the fine particles. Each step has its own rate. Direct dissolution 

happens at all the different steps, but the rate is different due to the increasing surface 

area. Increased surface area leads to increased solvent interaction. (Smith, 2015). 
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Noyes-Whitney equation (6) describes the correlation of different parameters with 

dissolution rate (Noyes and Whitney 1897; Serajuddin, 2007; Leuner and Dressman, 

2000): 

 

𝑑𝐶

𝑑𝑡
= 𝐴𝑠

𝐷

ℎ
(𝐶𝑠 − 𝐶) 

(6) 

 

According to this equation the change in concentration (C) per time (t), i.e. the 

dissolution rate dC/dt, is directly proportional affected by the surface area As of the 

drug particle that is in contact with the dissolution medium. The thickness of the 

diffusion layer h, however, is indirectly proportional to the dissolution rate. The 

diffusion coefficient D is dependent on the structure of a substance, relates to 

temperature and decreases with increasing viscosity of solvent (Smith, 2015; Williams 

et al., 2013). Dissolution rate is also directly proportional to saturation solubility Cs, 

meaning parameters previously mentioned affecting solubility influence dissolution 

rate as well (Serajuddin, 2007; Williams et al., 2013; Leuner and Dressman, 2000). 

Lastly dissolution is influenced by the drug concentration C in the medium at time 

t. This means that the dissolution rate will decrease as the drug concentration of the 

medium is nearing the saturation concentration. 

Based on the equation (6), it is easy to conclude that an increase in the dissolution rate 

is easily achieved by stirring and agitation of the dissolution medium which decreases 

the width of the diffusion layer by faster removal of solute molecules from the particle 

surface (Smith, 2015 ; Williams et al., 2013), as well as by decreasing particle size 

and/or improving wetting characteristics of the solute surface (Leuner and Dressman, 

2000; Smith, 2015).  

 

5.2.2 Dissolution rate enhancement 

Of the parameters mentioned in the Noyes and Whitney equation (6) it is the surface 

area and solubility enhancement which are possible approaches to enhance dissolution 

rate (Leuner and Dressman, 2000; Williams et al., 2013). This means that previously 

mentioned solubility improvement methods are also applicable in increasing 
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dissolution rate and will not be discussed again. Therefore, this section will discuss 

approaches increasing surface area.  

 

Particle size reduction can be achieved either by a top-down method where larger 

particles are divided into smaller fragments, or by a bottom-up method where smaller 

particles are formed by controlled precipitation or emulsification (William et al., 2013; 

Marinko and Zámostný, 2020).  

 

Comminution is a conventional top-down method which uses shear forces to fragment 

larger particles (Williams et al., 2013; Kawabata et al., 2011). Dry milling represents 

an example of such, and some typical milling equipment includes hammer mills, air-

jet mills, and ball mills (Williams et al., 2013; Kawabata et al., 2011). Regarding 

particle size achieved, this approach is called micronization, where the particles 

produced are in the micron size range (Williams et al., 2013). These particles have an 

average size range of 2 μm -10 μm (Kawabata et al., 2011).  

 

There are some crucial problems associated with particle size reduction which must be 

considered. Firstly, as particle size decreases a trend of increasing cohesive properties 

along with other surface phenomena develops (Hersey, 1975). Due to this a common 

complication with particle size reduction is the formation of agglomerates leading to a 

decrease of total effective surface area available for solvation (Kawabata et al., 2011). 

Adding wetting agents, like surfactants, or creating ordered mixtures, to be discussed 

later, are possible solutions to this (Kawabata et al., 2011; Nyström and Westerberg, 

1986). 

 

Another obstacle to be overcome is due to the fact that mechanical milling causes 

considerable physical stress to the drug, which can cause unwanted changes of the 

solid-state properties (Willart and Descamps, 2008; Savjani et al., 2012; Marinko and 

Zámostný, 2020). It can lead to amorphization in the case of high energy milling 

performed below the glass-transition temperature, Tg,, where substances tend to 

plastically deform rather than to fracturize (Willart and Descamps, 2008; Williams et 

al., 2013). However, at temperatures near the Tg a temporary amorphous state can 
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occur, but at higher temperatures crystal to crystal transformation can take place 

(Willart and Descamps, 2008). A further problem is the thermal stress caused by 

milling when using thermosensitive or unstable API (Savjani et al., 2012). 

 

Micronization of drugs with very low aqueous solubility (< 1 μg/ml) is often not 

enough to overcome the absorption challenges in the gastrointestinal tract and 

nanocrystals may be produced as an alternative to micronization. Creating nanosized 

crystal particles over particles in the micron size range gives several benefits. Firstly, 

the dissolution rate improvement is significant due to the fact that the surface area to 

mass ratio can, at times, be up to tens of times greater than micronized particles 

(William et al., 2013). Secondly, their nano size may additionally lead to some 

solubility improvement caused by the addition of defects in the crystal lattice and 

alterations of the particle curvature (Williams et al., 2013; Chogale et al., 2016). 

 

Dry milling techniques cannot form nanocrystals, except when very long milling times 

are used (Williams et al., 2013). It is not an ideal approach, as using much longer 

milling times increases the chance of phase transitions, especially in cases of dry 

milling (Haleblian and McCrone 1969; Nakach et al., 2004). Also, as nanocrystals 

have an even smaller particle size, they become even more cohesive than micronized 

particles, and in order to prevent agglomeration it is necessary to stabilize these 

particles (Williams et al., 2013).  

 

Wet milling is therefore a more reasonable top-down milling approach for nanocrystal 

production (Williams et al., 2013; Marinko and Zámostný, 2020). Wet milling 

techniques, like pearl-milling or high-pressure homogenization, creates 

nanosuspensions through use of surfactants or hydrophilic polymer stabilizers 

(Williams et al., 2013; Kawabata et al., 2011). These stabilizers lessen the generated 

free energy and prevent aggregation (Williams et al., 2013). Still drugs with low Tg  

are a higher risk of polymorphic transitions (Williams et al., 2013). Another top-down 

technique to form nanoparticles is high pressure homogenization through micro 

fluidization and piston-gap (Marinko and Zámostný, 2020). 
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The second method to create nanocrystals and micronized particles is the bottom-up 

strategy (Williams et al., 2013; Marinko and Zámostný, 2020). The main principle of 

controlled precipitation is that through a supersaturated drug solution several crystal 

nuclei develop and grow (D’Addio and Prud’homme, 2011; Williams et al., 2013). 

The supersaturated drug solution can be obtained via solvent shift method in which 

antisolvents are added to a solution with high concentration of the API which decreases 

the API solubility (Williams et al., 2013). The success of this method comes from the 

combination of solvent and antisolvent. The right combination creates a solution with 

a high degree of supersaturation leading to the production of a higher number of crystal 

nuclei (Williams et al., 2013). Solvent evaporation is a method where spray drying is 

employed to create a large surface area of the drug solution for fast evaporation 

(Williams et al., 2013). 

 

5.2.3 Characterization of substance dissolution 

Pharmacopeia describes two ways to determine the dissolution rate of a pure solid 

substance; apparent and intrinsic dissolution methods. 

Apparent dissolution method gives the apparent dissolution rate of a pure solid 

substance, generally in a powder form, by the use of a flow through cell apparatus. It 

consists of a reservoir and a pump for the dissolution medium, and a flow through cell 

placed in a water bath with a certain temperature. It is important that all the parts in 

contact with the tested pure solid substance or dissolution medium are chemically 

inert, and do not absorb, react, or interfere with the sample. Any kind of substantial 

motion, agitation, or vibration, besides the dissolution process itself, is to be avoided 

for correct results (Pharmacopeia 10.0, 2018). 

 

An additional dissolution method described in the Pharmacopeia is the intrinsic 

dissolution method which measures intrinsic dissolution rate in terms of mass per 

time per exposed area (typically mg·min-1·cm-2). The theory is to assess the dissolution 

rate of a pure solid substance with no porosity, however in practice the solid substance 

has some, albeit minimal porosity. The aim is to have a constant surface in order to 

omit its influence. This is done by measuring the dissolution rate of a compacted pure 
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solid substance prepared by hardened steel punch and die, where stirring rate, 

temperature, ionic strength, and pH are maintained (Pharmacopeia 10.0, 2018). 

 

5.3 Ordered mixing 

Agglomeration is a common problem for micronized hydrophobic drugs (Kawabata et 

al., 2011). Nyström and Westerberg concluded that the rate limiting step in the 

dissolution of a cohesive, sparingly soluble drug of a hydrophobic nature was the 

penetration of the dissolution medium into the agglomerates of the raw drug (Nyström 

and Westerberg, 1986). A solution to this problem was to create an ordered mixture 

where the mixing process with a carrier excipient deaggregated the agglomerates and 

exposed the primary particles to the dissolution medium (Nyström and Westerberg, 

1986). The surface area available for dissolution was then much larger than the 

agglomerates themselves as the entire external surface of the primary particles were 

exposed. This was confirmed by calculating the contact surface area which was taking 

part in the dissolution process. Through Noyes and Whitney equation (6) it is evident 

that the increase of specific surface area will lead to a proportional increase of the 

dissolution rate (Noyes and Whitney 1897; Nyström and Westerberg, 1986) 

 

Ordered mixing was originally first described and named by Hersey for the process of 

mixing a cohesive, interacting particulate system which follows a “disorder to order” 

concept. He compared it with random mixing of freely flowing and non-interacting 

particles where it is favoured to have equally sized and weighted (and dense) particles 

to achieve the best results and avoid segregation. In contrast, ordered mixing does not 

require this, but rather particle interaction where one or more components of a mixture 

are cohesive. These interparticulate forces create an ordered mixing arrangement 

where the fine particles are decently distributed evenly on coarse hydrophilic carrier 

particles and makes ordered mixtures more homogenous (Hersey, 1975). Then once 

the powder mixture comes into contact with the dissolution medium the hydrophilic 

carrier will dissolve and leave the attached drug as individual particles, as well as 

agglomerated particles of very different sizes and structures (Kale et al., 2009). 
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In theory there is no reason why fine particles cannot be mixed by a randomization 

process, but the increase of fineness in these particles tends to give rise to cohesive 

properties along with other surface phenomena which make them likely to order 

instead of randomize during mixing (Hersey, 1975). When the particle size is under 

100 μm the tendency to order increases; ordering is practically complete at sizes below 

40-50 μm and these particles are adsorbed on the larger carrier particle surfaces 

(Saharan et al., 2008; Venables and Wells, 2001). Another name for ordered mixing is 

interactive mixing (Allahham and Stewart, 2007; Kale et al., 2009), and as well as 

adhesive mixing (Nguyen et al., 2015; Saharan et al., 2008). 

 

5.3.1 The process of mixing fine particulate drug with carrier 

In an experiment studying the effect of humidity on the production of ordered 

mixtures, Stephenson and Thiel describe how the ordered mixture process takes place 

in two steps. The first step being single particle creation, from the process of breaking 

up the agglomerates of the cohesive fine material during mixing. The rate of this step 

is dependent on the rate of energy input. The second step is the adsorption of single 

particles onto the carrier particle. This rate depends on the adsorption forces magnitude 

and on the orientation of the fine particle relative to the site of adsorption (Stephenson 

and Thiel, 1980). 

 

 

Fig. 3: Four mixing mechanisms of mixing fine particles with carrier (Nguyen et al., 

2015) 
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When mixing fine drug particles with a carrier, it is achieved by a combination of both 

ordered and random mixing (de Villiers, 1997). The type of mixer and speed used, as 

well as the original agglomerate size, decide the dominance between the two mixing 

processes, the overall rate, and intensity of the agglomerate breakdown process (de 

Villiers, 1997). 

 

Nguyen et al (2015) described four different mechanisms during this type of mixing; 

random mixing, de-agglomeration, adhesion, and redistribution, which is shown in 

Figure 3. Firstly, the mixing of the fine drug agglomerates and carrier particles in a 

random mixing process must be done. Mechanical collisions between the agglomerates 

and carrier particles, or the vessel wall, will initiate the agglomerate break down to 

either single particles or smaller agglomerates followed with the particle adhesion, 

redistribution, and finally formation of ordered mixture (de Villiers, 1997; Nguyen et 

al., 2015).  

 

As mentioned previously, the smaller particle sizes develop cohesive forces and other 

surface phenomena, which will order rather than randomize when mixing (Hersey et 

al., 1975). This mean as the mixing process produces smaller agglomerates, they will 

start to adhere to the carrier particles and an ordered mixture will form (De Villiers, 

1997; Alonso et al., 1989). The deagglomeration stage will continue as the mixing 

process causes abrasion, and a process of erosion ensues on these small, adhered 

agglomerates and even smaller agglomerates or single particles splinter off (de 

Villiers, 1997). The deagglomeration and redistribution of the micronized drug particle 

onto the carrier particle surface is due to the shear forces produced during mixing (Kale 

et al. 2009).  

 

The process of powder coating following small agglomerate adhesion onto carrier 

particles follows two more mechanisms (Alonso et al., 1989). After small 

agglomerates are adhered to the carrier particle they are then distributed throughout 

the mixture when the carrier particle collide with another carrier particles in such a 

way that the drug particle meets an empty space on another carrier particle as shown 

in Figure 4. In the case of spherical carrier particles, a collision will only come in 
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contact with one point of the carrier surface and due to this maximum one fine particle 

can be transferred per collision. Lastly the fine particles are rearranged on the surface 

of the carrier (Alonso et al., 1989). 

 

 

Fig. 4: transfer of fines by carrier collisions (Alonso et al., 1989) 

 

It can then be understood that this mixing is a competition between the cohesive forces 

of the agglomerates and the adhesion forces between the carrier and drug particle 

(Saharan et al., 2008). These intermolecular forces include van der Waals interactions, 

hydrogen bonding, electrostatic interactions (Kale et al., 2009; Stephenson and Thiel, 

1980). It was discovered that the presence of stronger and weaker adsorption sites on 

the carrier particle surface occurs either by weak or absent electrostatic forces 

(Stephenson and Thiel, 1980).  

 

Hersey (1975) described an equilibrium situation where there are “adherence sites” on 

the larger particles for the smaller particles to fill. If the amount of smaller particles is 

less than the amount of adherence sites, this creates a situation where there could be 

an increased number of smaller particles on some of the larger particles as compared 

to others. An alternative, however, is the existence of some sites on larger particles 

being more active than others and saturate more rapidly, this creates an equilibrium 

situation. However, if there is an excess of the finer particles when achieving an 

equilibrium on all the available sites, the excess will not be mixed ordered (Hersey, 

1975). Then for the case of a higher concentration of micronized drug particles where 
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the carrier particles are saturated, the micronized drug particles will tend to 

agglomerate and then retard the dissolution (Alway et al., 1996) 

 

5.3.2 Factors affecting ordered mixture quality 

Speed of mixing influences the rate of mixing of cohesive powders. Deagglomeration 

was shown to be the slowest process and therefore is the rate limiting step (Nguyen et 

al., 2015). As a function of rotational speed, the generation of shear forces improved 

mixing since it exceeds the agglomerates cohesive interparticulate forces (Kale et al. 

2009). These forces must be superior of the cohesive interparticle bonds to break up 

the agglomerates (Kale et al. 2009; Stephenson and Thiel, 1980). The mixing energy 

depend on both rotation speed and mixing time. Faster speed and higher shear rate 

with a Turbula mixer were found to improve the deagglomeration process (de Villiers, 

1997). This is confirmed by Kale et al, who found that low mixing speed, 23 rpm with 

Turbula mixer, failed to improve dissolution even at longer mixing times. At an 

increased mixing speed, 49 rpm, dissolution was improved and increased with 

increasing mixing times (Kale et al. 2009). As for mixing time it was proven that a 

period over 3000 min was necessary to achieve total deagglomeration for number of 

drugs with low solubility (Nyström and Westerberg, 1986). 

 

Carrier solubility has been reported to be of high importance on the degree of 

dissolution rate improvement (Ibrahim et al., 1988). It was proven that highly soluble 

carriers make dissolution faster due to release of free and well-dispersed primary 

particles of the carrier (Westerberg et al., 1986). Compared to the drug agglomerates 

themselves, the insoluble carrier particle gave only a limited increase in dissolution 

rate (Westerberg et al., 1986). 

 

The ratio of drug to carrier affects the dissolution as well. A lower surface area 

coverage of drug particles on the carrier particles is ideal for a higher dissolution rate 

(Westerberg and Nyström, 1993). Too high drug concentration can cause 

oversaturation of the carrier particles (Westerberg and Nyström, 1993), and the excess 

micronized drug particles tend to agglomerate (Alway et al., 1996). A second problem 
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occurs where higher surface area coverage will prevent the dissolution of the 

hydrophilic carrier particle by forming a hydrophobic drug layer (Westerberg and 

Nyström, 1993).  

 

Due to increased surface area and tendency to form ordered mixtures, a small drug 

particle size is preferred (Noyes and Whitney, 1897; Hersey, 1975). The drug particle 

size must be below 40-50 μm to be adsorbed on the larger carrier particle surfaces 

(Saharan et al., 2008; Venables and Wells, 2001). Some studies have shown that a high 

degree of homogeneity was achieved when drug particle size was below 5 µm. In the 

case of carrier particles, a large as possible particle size is preferred, from 50 to 

1000 µm (Saharan et al., 2008). To avoid segregation it is important to keep a similar 

carrier particle size as this controls the overall size of the ordered unit (Venables and 

Wells, 2001). 

 

Particle size distribution affects the segregation tendency of the powder mixture. 

Segregation reduces as the excipients are closer in particle size, and if each carrier 

particle has equal coating. Polydisperse powders tend to segregate, and it was 

suggested that granulation, in the case of polydisperse carrier, was a solution to this 

problem in ordered mixing. However, at sizes below 75 µm the segregation tendency 

reduces, and below 10 µm no noticeable segregation will happen (Poux et al., 1991). 

 

Particle shape plays a role when it comes to formation of a stable ordered mixture 

and possible segregation. A spherical particle shape is favourable when it comes to the 

ease of ordered mixture formation (Venables and Wells, 2001; Saharan et al., 2008). 

Irregular shaped particles, however, have a higher difficulty forming stable mixture, 

but when this mixture formed, the chances of segregation are lower due to particles 

interlocking with each other (Wong and Pilpel, 1990; Saharan et al., 2008).  

 

A highly uneven carrier surface leads to stronger adhesion sites for the drug particle 

(Saharan et al., 2008). It increases the difficulty for the attached particles to roll off or 

be removed by abrasion during mixing (Saharan et al., 2008). In terms of drug surface, 

it may have a higher attraction to the carrier particle in cases of a structurally 
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disordered surface (Saharan et al., 2008). This can also happen through milling which 

will be discussed in the next section (Loh et al., 2015). 

 

The characteristics of the agglomerates themselves also affect the ease of being 

fragmented. The degree of agglomeration breakdown is not only dependent on mixing 

energy, but also tensile strength of agglomerates. The agglomerate tensile strength is 

a result of its packing fraction, work of adhesion and their size (Kale et al., 2009). 

 

5.3.3 Approaches to achieve ordered mixtures 

As recently discussed, deagglomeration is a necessary step in the ordered mixture 

formation (Stephenson and Thiel, 1980). This can be achieved by dry mixing with 

mixers like the Turbula mixer (Kale et al., 2009; Westerberg and Nyström, 1993) or a 

cube mixer (Stephenson and Thiel, 1980). 

 

When a drug is milled in the presence of an excipient it is called co-milling (Hussain 

et al., 2018). Carriers and stabilizers are added to prevent agglomeration occurring due 

to the milling process. Milled particles have larger surface area, increased surface free 

energy and lowered thermodynamical stability which increase agglomeration (Loh et 

al., 2015). Milling can also result in, as mentioned previously, amorphization of the 

entire drug, or it can become mechanochemically-activated by only forming an 

amorphous surface on top of the crystal structure after longer milling times (Boldyrev, 

2004; Loh et al., 2015). These amorphous changes increase the particle’s surface free 

energy which again lead to agglomeration (Loh et al., 2015).  

 

The added excipients can be hydrophilic polymers, surfactants, inorganic materials or 

cyclodextrins (Loh et al., 2015). In dry milling, interactions between the drug and 

excipient, such as van der Waals or hydrogen bonding, are enforced by the mechanical 

energy of the milling process (Loh et al., 2015; Saharan et al., 2008). In the case of th 

carrier excipient particle, it can aid in the firm attachment of the drug particles onto its 

surface (Saharan et al., 2008). In wet milling, surfactants and polymers are often used 

to reduce agglomeration through electrostatic and steric stabilization (Loh et al., 2015). 
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The steric stabilization transpires through the formation of a physical barrier against 

other particles by attaching its long polymer chain on the drug particle surface (Loh et 

al., 2015). As for the electrostatic stabilization, the charged polymer/surfactant 

decreases the apparent charge of the drug molecule when absorbed on its surface (Loh 

et al., 2015).  

 

This electrostatic stabilization can be used even in absence of milling, in a process 

called triboelectrification using a dry mixer (Venables and Wells, 2001; Saharan et 

al., 2008). To avoid drug particles leaving the carrier surface due to the attraction of 

opposite charges,  the surface of the carrier is coated with charged polymers (Saharan 

et al., 2008). 
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6 Experimental section 

6.1 Materials 

Meloxicam (Meloxicam, Cadila Healthcare Ltd., India) 

Lactose monohydrate (Friesland Campina Ingredients, Netherlands)  

Chitosan (Chitosan, JBICHEM International trading, Co., Ltd., China) 

Methanol (Sigma-Aldrich, Germany) 

Potassium dihydrogen phosphate (Dr. Kulich Pharma, s. r. o., Czech Republic)  

Sodium hydroxide (Penta s. r. o., Czech Republic) 

 

6.2 Equipment 

Turbula mixer T2F (WAB, Switzerland) 

Ball mill PM 100 (Retsch, Germany) 

Flow-through cell Sotax CE-1 (Sotax AG, Switzerland) 

Piston pump CY 1-50 (Sotax AG, Switzerland) 

Water bath TW20 (Julabo GmbH, Germany) 

Water bath TW-2.03 (Elmi Ltd., Latvia) 

Analytical scale Entris224I-1S (Sartorius Lab Instruments GmbH & Co. KG, 

Germany) d = 0.1 mg, max 220 g 

Analytical scale HR-120 (A&D Company Ltd., Japan) d = 0.1, max 120 g 

Mastersizer 3000 (Malvern Instruments Ltd., UK) 

Ultrasonic bath Sonorex Super (Bandelin electronic GmbH & Co. KG, Germany) 

pH meter HANNA HI 221 (Hanna Instruments, USA) - for the buffer preparation 

Spectrophotometer Specord 205 (Analytik Jena AG, Germany) 
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6.3 Methods 

All laboratory experiments were carried out under laboratory conditions at a 

temperature of 23 ± 2 °C and relative air humidity of 31 ± 8 %. 

6.3.1 Mixture preparation 

It was prepared a total of 6 samples: 

Sample code Description 

MLX-LACT 1-1 PM A mixture which consists of 1 part of meloxicam and 1 part 

of lactose. 

MLX-LACT 1-1 CM A mixture prepared from the MLX-LACT 1-1 PM by co-

milling. 

MLX-LACT 1-8 PM A mixture which consists of 1 part of meloxicam and 8 parts 

of lactose. 

MLX-LACT 1-8 CM A mixture prepared from the MLX-LACT 1-8 PM by co-

milling. 

(MLX-LACT 1-1) + 

CHIT 3 PM 

A mixture which consists of 1 part MLX-LACT 1-1 PM and 

3 parts of chitosan and mixed further. 

(MLX-LACT 1-1) + 

CHIT 3 CM 

A mixture prepared from the (MLX-LACT 1-1) + CHIT 3 

PM by co-milling 

 

Physical mixture (PM) preparation 

Table 2: The composition of two starting samples 

Sample code MLX (g) LACT (g) 

MLX-LACT 1-1 PM 7.5000 7.5000 

MLX-LACT 1-8 PM 1.6667 13.3333 

 

Firstly, the powder substance was sieved through a 500 μm sieve. The mass was then 

weighted on an analytical scale (precision 0.1 mg) according to Table 2 and put into a 

130ml glass bottle. The content of the bottle was mixed with the use of a Turbula mixer 

for 5 minutes with 34 rotations per minute. In this way, two starting samples MLX-

LACT 1-1 PM and MLX-LACT 1-8 PM were prepared. 



 37 

Finally, a third mixture, named (MLX-LACT 1-1) + CHIT 3 PM, was prepared by 

mixing 3.7500g MLX-LACT 1-1 PM with 11.2500 g chitosan in the same manner as 

described above. 

Co-milled mixture (CM) preparation 

The mixtures prepared by simple mixing, either MLX-LACT 1-1 PM or MLX-LACT 

1-8 PM, respectively, were separately sieved through a 500 μm sieve.  

On an analytical scale (precision 0.1 mg), 2.0000 g of each mixture was weighted and 

then loaded into the stainless-steel jar (25 ml) along with 100 metal balls of 5.0 mm 

diameter. The mixtures were then milled for 15 minutes at 300 rotations per minute in 

a ball mill. 

Finally, (MLX-LACT 1-1) + CHIT 3 CM mixture was prepared from physical mixture 

by co-milling in the same manner as described above. 

 

6.3.2 Particle size measurement 

Laser diffraction by the means of Mastersizer 3000 was used to determine the particle 

size. 

Measurement settings 

The particle type was set at “non-spherical”. For material properties the refractive 

index was set at 1.65, absorption index at 0.01 and density at 1 g/cm3. The background 

measurement was set for a duration of 10 seconds, and sample measurement duration 

of 30 seconds. In the configuration the venturi type was set at “ceramic standard 

venturi disperser”, the tray type as “general purpose tray (with hopper)” and hopper 

gap at 1.5 mm. For the cleaning sequence the clean type was set at “quick” for the 

duration of 10 seconds. 

 

Measurement procedure 

Particle size was measured for the following substances; lactose, meloxicam and 

chitosan as well as for all 6 samples (Table 2). The powder sample was loaded into the 

machine with a small spoon and the measurement was conducted. Volume densities 

were recorded and of this the cumulative were calculated.  
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Volume density (%) indicates the percentage of sample particles of a certain size. 

Cumulative density (%) indicates the percentage of the samples particles which is 

either smaller or equal of a certain size. The particle sizes x10, x50 and x90 for 10%, 

50% and 90% undersize values, respectively, were registered. The results are shown 

in Fig. 8 -10.  

6.3.3 Dissolution testing  

A flow through cell was used for dissolution testing. This apparatus consists of a 

reservoir of a suitable dissolution medium and a pump to draw the dissolution medium 

through a flow through cell. The flow through cell and the reservoir were placed into 

two separate water baths (37 ± 0.5 °C).  

 

Buffer preparation 

The buffer was made accordingly pharmacopeia’s recommended dissolution media of 

phosphate buffer solutions with pH 6.8 (European Pharmacopeia 10.0, 2018).  

The buffer was prepared by slow mixing of 250 ml 0.2M (6.8 g) potassium dihydrogen 

phosphate solution with an essential volume of a 0.2M solution of sodium hydroxide 

(2.0 g/250 ml) until desired pH was obtained using a pH meter. A magnetic stirrer was 

used. 

Dissolved gases were removed by the means of ultrasound bath for 15 minutes. This 

is to prevent bubble formation of these dissolved gases, which may interfere with the 

result of the test. 

 

Flow-through cell assembly 

The flow-through cell was assembled for sample loading and put on an analytical scale. 

The sample was first sieved through a 500 μm sieve. Then an amount of 0.0105 g was 

measured directly into the cell chamber and the flow-through cell was then assembled. 
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Fig. 5: Flow through cell assembly 

 

The flow rate of 22 ml/min was used for the dissolution medium. Correct flow rate of 

the pump was checked before each dissolution experiment. After this, the flow-through 

cell was put into the apparatus and attached with the pump tube (Fig. 5, Fig. 6).  

The dissolution time was measured by stopwatch, starting at the moment when the 

dissolution medium reached the powder sample in the flow-through cell chamber (Fig. 

7). The exiting solution was collected into glass beakers. Each sample was collected 

for 60 seconds; a total of 30 samples were obtained during a 30 minute run time. The 

dissolution was repeated 3 times with a newly prepared sample. The average and 

standard deviation (SD) were calculated. 
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Fig. 6: Flow-through cell before dissolution medium contacts the powder 

 

 

Fig. 7: Dissolution medium at a moment of reaching powder sample 

 

  

Powder sample 

Medium level 
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6.3.4 Estimation of drug dissolution 

Calibration curve 

A stock standard solution of MLX (c= 0.256 g/l) was prepared by dissolving 25.6 mg 

of MLX in 100ml methanol with the use of an ultrasonic bath for 30 minutes. This 

solution was then diluted with a phosphate buffer pH 6.8 to create six standard 

solutions of different concentrations in a range of 0.0026-0.0154 g/l. 

Using a spectrophotometer, the wavelength of maximum absorbance (λmax) of the 

stock standard solution of MLX was found by measuring the absorbance in the 

wavelength range of 220 – 390 nm (with Phosphate buffer pH 6.8 as a reference). λmax 

was found to be 363 nm. 

With this newly found λmax, the absorbance of each of the six standard solutions was 

measured. The obtained absorbance values were used to create the calibration curve 

with absorbance on the y-axis and known concentration on the x-axis. From this 

calibration curve a regression line equation was formed: 

 𝐴 = 49.113 ∗ 𝑐 + 0.076 (7) 

A … absorbance at 363 nm 

c … concentration (g/l) 

Measurement of samples 

The absorbance of the 30 samples was measured with the buffer solution as a 

reference. Each cuvette contained approximately 2 ml of sample. If the absorbance 

was higher than 1, the sample was diluted by half and measured again. This was 

accounted for in the calculation. 

 

Calculation 

● With the use of the equation number 1 which was obtained from the calibration 

curve; the concentration c in each interval (g/l) was calculated:  

𝑐 =
𝐴−0.076

49.113
          (8) 

A… absorbance at 363nm 
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● Then mass of dissolved drug in each interval mint (mg) was calculated: 

𝑚𝑖𝑛𝑡 = 𝑐 ∗ 𝑄 ∗ 𝑡         (9) 

 

c … concentration (mg/L) in one interval 

Q… flow rate of dissolution medium (L/s) = 0,000366666 

t … time of each interval= 60 seconds for all samples. With an exception of the first 

time interval which is 45 seconds, as there is 15 seconds delay before the medium gets 

from the cell into the beaker.  

 

● Cumulative mass mtot of dissolved drug in mg: 

𝑚𝑡𝑜𝑡 = ∑ 𝑚𝑖𝑛𝑡         (10) 

 

● Relative mass mrel of dissolved drug (%) 

𝑚𝑟𝑒𝑙 =
𝑚𝑡𝑜𝑡

𝑚𝑚𝑙𝑥
∗ 100         (11) 

mmlx … mass of MLX in sample 

 

● Dissolution rate r (mg*L-1*s-1) was estimated 

𝑟 =
𝑐∗𝑄

𝑉𝑐
          (12) 

c … concentration (mg/L) 

Q … flow rate of dissolution medium (L/s) = 0,000366666  

Vc … cell volume (L) = 0,00361911 

 

● Relative dissolution rate rrel (min-1) 

𝑟𝑟𝑒𝑙 =
𝑐∗𝑄

𝑚𝑚𝑙𝑥
          (13) 

Variables are as mentioned above. 

  



 43 

7 Results and discussion 

Drugs belonging to BCS class II category, such as meloxicam, have low solubility and 

high permeability (Marinko and Zámostný, 2020; Kawabata et al., 2011). As a drug 

needs to first be dissolved to be absorbed, poor absorption will occur regardless of its 

high permeability (Nyström and Westerberg, 1986; Sugimoto et al., 1998). The 

improvement in the solubility and dissolution rate of such drugs is highly desired to 

achieve a better bioavailability (Kawabata et al., 2011; Sugimoto et al., 1998). Out of 

possible methods, the technological procedures such as mixing or co-milling with a 

suitable carrier represent simple and acceptable ways in dosage forms production 

(Nyström and Westerberg, 1986; Sugimoto et al., 1998; de Villiers, 1997; Kale et al., 

2009; Hussain et al., 2018). The aim of this thesis is to increase the dissolved amount 

of meloxicam through mixing and co-milling with different ratio of two carriers: 

lactose and chitosan.  

 

7.1 Particle size 

The substances and mixtures were first characterized by particle size, measured using 

laser diffraction. In Fig. 8, the volume density (%) for each of the different used 

substances is shown separately. It is visible that MLX has small particles with the 

median size 3.7 μm (x50), and a narrow distribution which is characterized with a span 

of 1.94. In contrast, LACT and CHIT median size x50 was greater (38.1 μm and 61.2 

μm, respectively), which is generally expected to be promising for carriers (Saharan et 

al., 2008; Lai and Hersey, 1987). They also have a larger span of 2.54 and 2.26, 

respectively. 

Under such circumstance, particles with a size smaller than 40-50 μm (generally an 

active substance) can be adsorbed on the surfaces of larger carrier particles in powder 

mixtures which helps their dissolution (Venables and Wells, 2001; Saharan et al. 

2008). 
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Fig. 8: Volume particle size distribution of substances 

 

In Figures 9 and 10, the volume particle size distribution and cumulative particle size 

distribution, respectively, can be seen for all mixtures. The percentage of sample 

particles of a certain size are indicated in volume particle size distribution; however, 

particle size x50 for 50% undersize values, is more useful for evaluation of the 

technique (particularly co-milling) efficiency. This is more clearly visible in 

cumulative particle size distribution. 

In Figure 9, volume particle size distribution of MLX can be compared with that of 

the mixtures prepared. It is shown that for simple blending (PM coded mixtures), two 

peaks are registered corresponding to MLX and lactose (green and brown lines). This 

increases the mean particle size x50 to greater values. The values 9.11 μm and 32.6 

μm were registered for MLX-LACT 1-1PM and MLX-LACT 1-8PM, respectively, as 

it is shown in Figure 10. Similarly, the median size increased to 30.5 μm for MLX-

LACT 1-1CM or 24.8 μm for MLX-LACT 1-8 CM (grey and blue lines). Indeed, the 

comparison of volume particle size distribution curves is necessary. In opposition of 

mixed powder blends, 3 peaks occurred in the co-milled mixtures (Fig. 9) showing that 

the fine particles form agglomerates with larger size due to the increase in surface 

energy by the co-milling (Loh et al., 2015).  
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Fig. 9: Volume particles size distribution of samples 

 

 

Fig. 10: Cumulative particles size distribution of samples 

 

To solve the problem of agglomerates, it was decided to include another additive – 

chitosan (CHIT). In Figure 9, the benefits of this excipient are clearly observed for PM 
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(orange) and CM (violet). No peaks showing agglomerates were detected for the two 

mixtures containing meloxicam, lactose, and chitosan. The median size of the co-

milled mixture, 45.7 μm, is less than of the physical mixture (55.4 μm). After 

removing/minimizing the problem of agglomerates it is more clearly demonstrated that 

co-milling decreases the median particle size. 

7.2 Dissolution study 

In the dissolution study, the mass of drug dissolved was tested using flow through cell 

CE1. The cell is shown in Figures 5 – 7. After filling with a precise amount of sample,  

the cell was assembled. The degassed dissolution medium, heated to 37 ± 0.5 °C, was 

pumped with the flow rate of 22 ml/min and the samples were collected within time 

intervals of 1 minute (60 seconds) for a total of 30 minutes.  

Open loop was used meaning that there is a continuous flow of only fresh medium, 

and it is not re-circulated, through the flow through cell. This gives infinite sink 

conditions, which are useful to achieve a maximum possible dissolution rate of a drug. 

Disadvantage of this method is that there is a large volume of media (approximately 

660 ml in this study). The concentration of a drug was estimated by the use of the 

calibration equation (8) in each sample. It is summarized in Tables 3-9 for all mixtures 

prepared. 

 

7.2.1 Meloxicam dissolution 

MLX is a pale-yellow powder with a low molecular weight of 351.4 g/mol and is 

practically insoluble in water, according to the European Pharmacopeia 10.0 (2018). 

It belongs to the BCS class II, meaning it is a low solubility-high permeability drug 

(Marinko and Zámostný, 2020). As solubility in this case is the limiting factor, an 

increase will have a positive effect on the bioavailability. 
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Table 3: Concentration of MLX c (mg/L) detected in dissolution medium within 30 

minutes. 

Time c (mg/L) 

t (s) 1 2 3 Average SD 

60 1.2719 1.0018 1.5196 1.2644 0.2590 

120 2.2207 1.7219 1.7952 1.9126 0.2694 

180 1.9995 1.5766 1.5644 1.7135 0.2477 

240 1.7076 1.3364 1.4714 1.5051 0.1879 

300 1.4938 1.2644 1.2217 1.3266 0.1464 

360 1.2943 0.9936 1.1905 1.1595 0.1527 

420 1.2251 0.9984 1.1355 1.1196 0.1142 

480 1.0968 0.9156 1.1070 1.0398 0.1077 

540 1.0425 0.8165 1.0330 0.9640 0.1278 

600 1.0160 0.7228 0.9291 0.8893 0.1506 

660 1.0126 0.6862 0.8959 0.8649 0.1654 

720 0.8158 0.6217 0.7758 0.7378 0.1025 

780 0.8749 0.6441 0.6902 0.7364 0.1221 

840 0.7167 0.6427 0.8769 0.7454 0.1197 

900 0.7527 0.7581 0.7710 0.7606 0.0094 

960 0.6665 0.5538 0.7921 0.6708 0.1192 

1020 0.6950 0.5470 0.7038 0.6486 0.0881 

1080 0.6455 0.5694 0.7785 0.6645 0.1058 

1140 0.5796 0.4547 0.7751 0.6031 0.1615 

1200 0.5511 0.4507 0.6746 0.5588 0.1122 

1260 0.5654 0.4160 0.6068 0.5294 0.1003 

1320 0.5586 0.4941 0.5803 0.5443 0.0448 

1380 0.6034 0.3882 0.4235 0.4717 0.1154 

1440 0.2912 0.4038 0.3848 0.3599 0.0603 

1500 0.2443 0.3536 0.4507 0.3495 0.1032 

1560 0.2396 0.2830 0.5022 0.3416 0.1408 

1620 0.1894 0.3000 0.4242 0.3045 0.1175 

1680 0.1771 0.3529 0.3855 0.3052 0.1121 

1740 0.2267 0.3672 0.4697 0.3545 0.1220 

1800 0.1452 0.2348 0.5084 0.2961 0.1892 
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The concentration of the drug was first estimated (equation 8). The average value of 

the concentration of the three repetitions are shown with standard deviations (SD) in 

Table 3. Following this, was the expression of the mass of the drug dissolved as 

explained in methodological section: first, as the amount of dissolved drug in each 

time interval in milligrams (equation 9), second, as the relative amount of dissolved 

drug in % (equation 11), and finally, as the dissolution rate of a drug in mg*L-*s-1 

(equation 12). The results for MLX are illustrated in Figures 11 - 13.  

 

 

Fig. 11: Amount of dissolved drug in each time interval 

 

According to the graph of amount of dissolved drug in each interval (Fig. 11), MLX 

has the highest amount of dissolved drug of 0.0421 mg at the second minute interval. 

Such early peak is expected in advance due to the first contact of powder with 

dissolution medium. 
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Fig. 12: Relative amount of dissolved drug 

 

As seen in the Figure 12, the relative amount of dissolved MLX reaches approximately 

5% of the total drug content after 30 minutes. This poor dissolution is mainly caused 

by the properties of substance itself, however this is also due to the poor wetting of 

agglomerated micronized particles (x50 = 3.7 μm) by medium. 

 

 

Fig. 13: Dissolution rate of MLX 
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The dissolution rate was calculated using equation (12). MLX has the highest 

dissolution rate of 0.1938 mg*L-*s-1 at the 2nd minute (Fig. 13) and then it decreases. 

7.2.2 Effect of simple mixing with lactose 

Micronized hydrophobic drugs are cohesive which can generally cause the formation 

of agglomerates (Hersey, 1975; Ibrahim et al., 1988; Loh et al., 2015). To promote 

deagglomeration, the use of a suitable carrier and an energy supply are recommended 

(Stephenson and Thiel, 1980; Nyström and Westerberg, 1986). To achieve MLX 

solubility enhancement, lactose monohydrate was used as a carrier in this thesis. 

Lactose is an often used hydrophilic pharmaceutical excipient, particularly in the 

ordered mixtures of inhalants (Thielmann et al., 2007; Donovan and Smyth, 2010). To 

mix meloxicam with lactose, a Turbula 3D-shaker mixer was used for 5 minutes with 

34 rotations per minute.  

The experimental data was processed in the same way as described above. In Tables 4 

and 5, the concentration for MLX-LACT 1-1PM and MLX-LACT 1-8PM, 

respectively, are introduced. 
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Table 4: Concentration of MLX c (mg/L) detected in dissolution medium within 30 

minutes using mixture MLX-LACT 1-1PM 

Time c (mg/L) 

t (s) 1 2 3 Average SD 

60 0.5966 0.3645 0.5966 0.5192 0.1340 

120 1.5115 1.1810 0.9977 1.2300 0.2604 

180 2.2234 1.1942 1.1046 1.5074 0.6217 

240 2.3042 1.2156 0.9203 1.4800 0.7289 

300 2.1169 0.9193 0.8389 1.2917 0.7158 

360 1,8162 0,9468 0,7859 1,1830 0,5543 

420 1,7599 0,9366 0,7462 1,1476 0,5387 

480 1,7300 0,9600 0,7249 1,1383 0,5258 

540 1,6201 0,8236 0,6322 1,0253 0,5239 

600 1,4850 0,8745 0,6505 1,0034 0,4319 

660 1,4674 0,6393 0,6943 0,9337 0,4630 

720 1,3900 0,5803 0,8175 0,9293 0,4163 

780 1,2332 0,4968 0.9845 0.9048 0.3746 

840 1.2054 0.7137 0.6862 0.8684 0.2922 

900 1.2271 0.5772 0.8104 0.8716 0.3292 

960 1.3818 0.5314 0.8765 0.9299 0.4277 

1020 1.3296 0.6536 0.9539 0.9790 0.3387 

1080 1.3540 0.4938 0.7126 0.8535 0.4471 

1140 1.2190 0.4215 0.8450 0.8285 0.3990 

1200 1.2739 0.4805 0.5996 0.7847 0.4279 

1260 1.2122 0.4479 0.4856 0.7152 0.4308 

1320 1.0629 0.5956 0.5721 0.7435 0.2768 

1380 1.0730 0.4999 0.5182 0.6970 0.3258 

1440 0.9563 0.3726 0.6943 0.6744 0.2924 

1500 0.9807 0.3858 0.3909 0.5858 0.3420 

1560 1.0255 0.3736 0.4500 0.6164 0.3564 

1620 1.0153 0.4011 0.5172 0.6445 0.3263 

1680 0.9393 0.5589 0.3716 0.6233 0.2893 

1740 1.0934 0.5090 0.4988 0.7004 0.3404 

1800 0.9896 0.3329 0.6465 0.6563 0.3284 
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Table 5: Concentration of MLX c (mg/L) detected in dissolution medium within  

15 minutes using mixture MLX-LACT 1-8PM 

Time c (mg/L) 

t (s) 1 2 3 Average SD 

60 0.7113 0.5626 0.9570 0.7436 0.1991 

120 1.0316 1.5950 2.3619 1.6628 0.6677 

180 1.0025 1.1375 2.3894 1.5098 0.7647 

240 0.7859 0.8206 2.0259 1.2108 0.7061 

300 0.5966 0.6298 1.8223 1.0163 0.6983 

360 0.7798 0.4194 1.5159 0.9051 0.5588 

420 0.5518 0.3136 1.3744 0.7466 0.5566 

480 0.3027 0.2885 1.1219 0.5710 0.4771 

540 0.1928 0.2769 1.0690 0.5129 0.4834 

600 0.1697 0.2403 0.9030 0.4377 0.4046 

660 0.1751 0.1154 0.7279 0.3395 0.3377 

720 0.1826 0.1833 0.5915 0.3191 0.2359 

780 0.1466 0.0645 0.5721 0.2611 0.2725 

840 0.0468 -0.0014 0.5253 0.1903 0.2912 

900 0.0950 -0.0373 0.4765 0.1780 0.2668 

 

The whole dissolution testing for MLX-LACT 1-8PM mixture went on for 30 minutes. 

However only data within the first 15 minutes is presented as the concentration 

eventually reached 0, meaning no further dissolution occurred or was detected. 
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Fig. 14: Comparison of relative amount of dissolved drug in mixtures with different 

LACT content 

 

In Fig. 14, the relative amount of dissolved pure MLX is plotted against the mixtures 

where lactose was added in ratios of 1-1 and 1-8, respectively. An increase to 11% of 

dissolved portion of the drug is visible with the MLX-LACT 1-1PM after 30 minutes, 

which is more than double when compared to the approximately 5% of pure MLX 

sample (see previous chapter). When looking at MLX-LACT 1-8PM mixture, an even 

greater effect was detected, reaching its highest value of almost 20 % within only 15 

minutes. From this it is evident that the mixture with a higher ratio of lactose (MLX-

LACT 1-8PM) gives a higher relative amount of dissolved drug. This result 

demonstrates that a homogenous ordered mixture of powders with different specific 

weights and particle sizes was obtained during mixing in which the surface area of the 

carrier particles is covered by particles of a drug (Kale et al. 2009; Nyström and 

Westerberg, 1986). A higher carrier concentration compared to drug concentration can 

be expected to improve the dissolution rate due to lower surface area coverage 

(Westerberg and Nyström, 1993). 

However, the effect of a lower mass of drug and faster dissolution in the mixtures 

should be considered as the amount of the sample, not the mass of the drug, weighted 

into the dissolution cell chamber was the same in all experiments. This will be 

discussed later. 
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Fig. 15: Comparison of dissolution rate of mixtures with different LACT content 

 

In Fig. 15, dissolution rates are compared. The mixture with a higher portion of lactose 

(1-8) had a higher maximum dissolution rate 0.1685 mg*L-*s-1 at 2 minutes than the 

maximum of 0.1527 mg*L-*s-1 belonging to MLX-LACT 1-1PM at 3 minutes. Both 

were lower than the pure MLX dissolution rate (0.1938 mg*L -*s-1). It is to be noted 

that the two mixtures and the MLX had different mass of MLX in the flow-through 

cell. Therefore, the explanation that MLX sample has the highest dissolution rate does 

not necessarily mean that adding lactose has no positive effect on dissolution rate.  

Interestingly, the increase in the dissolution rate was observed later for MLX-LACT 

1-1PM, compared to the pure sample, starting approximately after 7 minutes, 

continuing throughout the final measurement at 30 minutes. This could confirm the 

deagglomeration effect of a carrier and better wetting of drug particles.  

The decrease in dissolution rate observed for MLX-LACT 1-8PM could result from 

lower amount of drug available for dissolution in the mixture which finally led to the 

absence of detection for too low MLX concentration in samples. 
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7.2.3 Effect of co-milling with lactose 

Dry milling is a conventional top-down method which uses significant shear forces to 

fragment larger particles (Williams et al., 2013; Kawabata et al., 2011). Co-milling in 

the presence of the coarse particles of a carrier, breaks up agglomerates of drug 

particles into primary sizes and the large forces attach the fine drug particles firmly to 

the surface of carrier particles (Loh et al., 2015; Saharan et al., 2008). As such, co-

milling of a drug with an excipient gives a mixture that could be described as a 

randomized ordered mixture (Saharan et al. 2008; de Villiers, 1997). This leads to an 

increase of the surface of the drug which is in better contact with dissolution media 

(Nyström and Westerberg, 1986).  

In this thesis, the physical mixtures of the drug and the carrier were first prepared as 

described in methodological section. The homogeneity of the premixed mixture was 

validated during preliminary study by random sample testing using a 

spectrophotometric measurement. Then, 2 g of this physical mixture (PM) was placed 

into the milling jar for consecutive co-milling. The concentration of MLX detected at 

different time intervals for the two MLX/lactose ratios is summarized in Table 6 and 

7. Again, data for only 15 minutes is presented for MLX-LACT 1-8CM due to the lack 

of detection. 
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Table 6: Concentration of MLX c (mg/L) detected in dissolution medium within 30 

minutes using mixture MLX-LACT 1-1CM 

Time c (mg/L) 

t (s) 1 2 3 Average SD 

60 0.6875 1.1382 0.8501 0.8919 0.2282 

120 0.5307 1.3418 1.1901 1.0209 0.4312 

180 0.5219 1.0730 1.4120 1.0023 0.4493 

240 0.5491 0.9437 1.3011 0.9313 0.3762 

300 1.1205 0.7422 1.1250 0.9959 0.2197 

360 1.0615 0.8348 0.9865 0.9609 0.1155 

420 1.0567 0.6556 1.0343 0.9156 0.2254 

480 1.0391 0.6444 0.8083 0.8306 0.1983 

540 0.7710 0.6444 0.9468 0.7874 0.1518 

600 0.8409 0.6292 0.7483 0.7395 0.1062 

660 0.6475 0.5060 0.7096 0.6210 0.1044 

720 0.7235 0.5172 0.6200 0.6202 0.1032 

780 0.5396 0.5844 0.5579 0.5606 0.0225 

840 0.4975 0.4856 0.4642 0.4824 0.0169 

900 0.4656 0.4968 0.4663 0.4762 0.0178 

960 0.3509 0.3380 0.4215 0.3701 0.0449 

1020 0.2789 0.3533 0.3299 0.3207 0.0380 

1080 0.1833 0.3645 0.2586 0.2688 0.0910 

1140 0.2016 0.3899 0.2331 0.2749 0.1009 

1200 0.1079 0.2474 0.2820 0.2124 0.0922 

1260 0.0903 0.3349 0.2423 0.2225 0.1235 

1320 0.1961 0.3044 0.2464 0.2490 0.0542 

1380 0.1921 0.3136 0.2484 0.2513 0.0608 

1440 0.1826 0.3248 0.3268 0.2780 0.0827 

1500 0.1303 0.2250 0.3024 0.2192 0.0862 

1560 0.0916 0.2852 0.2627 0.2131 0.1058 

1620 0.0088 0.2474 0.1456 0.1339 0.1197 

1680 0.0740 0.2291 0.1507 0.1512 0.0775 

1740 0.0679 0.1975 0.2036 0.1563 0.0767 

1800 0.1418 0.1578 0.2097 0.1698 0.0355 
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Table 7: Concentration of MLX c (mg/L) detected in dissolution medium within 15 

minutes using mixture MLX-LACT 1-8CM 

Time c (mg/L) 

t (s) 1 2 3 Average SD 

60 7.8459 11.8502 14.9003 11.5321 3.5380 

120 6.8305 11.8288 11.5652 10.0748 2.8128 

180 4.2942 6.5706 6.3914 5.7520 1.2657 

240 2.9863 4.2697 4.0173 3.7578 0.6799 

300 2.2838 2.9911 2.7956 2.6902 0.3652 

360 1.7470 2.2041 2.1512 2.0341 0.2500 

420 1.3466 1.6829 1.5098 1.5131 0.1682 

480 1.0248 1.4507 1.1056 1.1937 0.2262 

540 0.7982 1.0608 0.8796 0.9129 0.1345 

600 0.6264 0.7717 0.6729 0.6904 0.0742 

660 0.4255 0.5192 0.4927 0.4792 0.0483 

720 0.3197 0.4897 0.3828 0.3974 0.0859 

780 0.2477 0.3472 0.2637 0.2862 0.0534 

840 0.2253 0.2230 0.1995 0.2159 0.0143 

900 0.1086 0.1405 0.0672 0.1054 0.0368 

 

 

Fig. 16: Comparison of relative amount of dissolved drug with respect of co-milling  
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As shown in Figure 16, there is only a slight increase in the relative amount of 

dissolved drug, 6 % at 30 minutes for MLX-LACT 1-1CM compared to the 

approximately 5 % of pure MLX. In general, co-milling reduces particle size and 

therefore improve dissolution. However, the measured particle size after co-milling 

did not decrease as expected in advance but increased from 9.11 μm to 30.5 μm for the 

MLX-LACT 1-1CM mixture. This could be explained by the extra peak visible in the 

particle size distribution curve in Figure 9 representing formed agglomerates of a 

larger particle size as discussed above. These agglomerates reduce the contact surface 

between medium and the drug which decreases the positive effect of particle size 

comminution. 

The relative amount of dissolved drug for MLX-LACT 1-8CM, however, is greatly 

superior, with a value of almost 73 % within 15 minutes. It is evident that a co-milled 

mixture with a higher lactose content increases the relative amount of dissolved 

meloxicam significantly compared to the mixture with a lower 1-1 ratio. Despite the  

decrease in median size of the co-milled mixture from 32.6 μm to 24.8 μm, there still 

remains an agglomerate problem due to the third peak as seen in Figure 9. 

 

 

Fig. 17: Comparison of MLX dissolution rate with respect of co-milling 
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In Figure 17, the dissolution rate is shown. The highest observed dissolution rate for 

MLX-LACT 1-1CM is 0.1034 mg*L-1*s-1 at 2 minutes which is lower than that of 

MLX itself (0.1938 mg*L-1*s-1) at the same time interval. At 6 minutes, however, the 

difference in the two dissolution rates minimizes, but MLX-LACT 1-1CM continues 

to have a lower rate. 

MLX-LACT 1-8CM has its highest dissolution rate at the first minute with 1.1684 

mg*L -1*s-1. In contrast to above, MLX-LACT 1-8CM shows a much higher 

dissolution rate than pure MLX. As discussed previously, this is due to the effect of 

the higher concentration of carrier along with the reduction of particle size. However, 

the effect of the lower mass of the drug and faster dissolution in the mixture of different 

drug-carrier ratio should be considered again, as the total sample mass was constant 

not the mass of MLX. Dissolution rate in a hypothetical situation with particles of 

similar size will depend on the total mass of the drug within a sample due to the higher 

number of particles with available surface area. Therefore, it is difficult to compare 

dissolution rates as there are 2 variables at play, particle size and mass. 

 

Although positive effect of mixing with lactose on the dissolved drug dissolution rate 

as well as total mass dissolved was observed, in conclusion, the effect of particle size 

reduction by co-milling was invalid due to the formation of agglomerates. This 

resulted in a poorer dissolution rate and total mass of MLX dissolved in case of MLX-

LACT 1-1CM. Even though co-milling increased the dissolved amount of MLX from 

20% to 73% and the maximum dissolution rate from 0.1685 mg*L-1*s-1 to 1.1684 

mg*L -1*s-1 for the MLX-LACT 1-8PM, agglomerates were still detected. 

7.2.4 Effect of chitosan addition 

Chitosan is a cationic polysaccharide polymer formed by alkaline deacetylation of 

chitin, sourced from the exoskeleton of crustaceans (Portero et al., 1998; Fukuda et al., 

2006). Low molecular weight chitosan is known to improve dissolution and enhance 

drug release due to it’s ability to improve wetting (Ritthidej et al., 1994; Portero et al., 

1998; Fukuda et al., 2006; Shiraishi et al., 1990). High molecular weight chitosan, 

however, retards drug release and can be used as matrix tablet retardant (Fukuda et al., 

2006; Shiraishi et al., 1990).  
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The carrier function and the effect on dissolution of MLX was tested here. A mixture 

was made by adding 3 parts of chitosan to 1 part of the MLX-LACT 1-1PM leading to 

two types of mixtures investigated: (MLX-LACT 1-1) + CHIT 3 PM or (MLX-LACT 

1-1) + CHIT 3 CM, respectively. Co-milling under conditions mentioned in 

experimental section was applied to this process as well.  

The concentration of MLX measured in samples of these two mixtures are summarized 

in Tables 8 and 9. As mentioned earlier, the whole dissolution was measured for 30 

minutes, but again data is shown only for 15 or 10 minutes, respectively, as no 

concentration was detected later.  

 

Table 8: Concentration of MLX c (mg/L) detected in dissolution medium within 15 

minutes using mixture (MLX-LACT 1-1) + CHIT 3 PM 

Time c (mg/L) 

t (s) 1 2 3 Average SD 

60 3.0997 3.1254 11.6466 5.9572 4.9272 

120 5.9149 6.4321 10.7914 7.7128 2.6787 

180 4.9369 5.1941 6.6235 5.5849 0.9086 

240 3.8354 4.2514 4.2229 4.1032 0.2324 

300 3.0494 3.6396 3.0094 3.2328 0.3528 

360 2.6096 3.1265 2.2214 2.6525 0.4540 

420 2.3198 2.7488 1.5536 2.2074 0.6055 

480 2.0585 2.5472 1.2624 1.9560 0.6485 

540 1.8508 2.2886 0.9142 1.6846 0.7021 

600 1.6995 2.0830 0.7859 1.5228 0.6663 

660 1.5495 1.9252 0.4744 1.3164 0.7529 

720 1.3588 1.6157 0.4744 1.1496 0.5987 

780 1.2305 1.4660 0.3299 1.0088 0.5996 

840 1.0248 1.3113 0.2036 0.8466 0.5749 

900 0.8430 1.0527 0.1283 0.6746 0.4846 
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Table 9: Concentration of MLX c (mg/L) detected in dissolution medium within 10 

minutes using mixture (MLX-LACT 1-1) + CHIT 3 CM 

Time c (mg/L) 

t (s) 1 2 3 Average SD 

60 11.6466 30.2466 29.3934 23.7622 10.5011 

120 10.7914 21.7671 18.7547 17.1044 5.6709 

180 6.6235 9.4893 8.5487 8.2205 1.4608 

240 4.2229 3.3352 3.4237 3.6606 0.4890 

300 3.0094 1.9048 1.7063 2.2068 0.7021 

360 2.2214 1.0486 1.0282 1.4328 0.6831 

420 1.5536 0.4866 0.1537 0.7313 0.7313 

480 1.2624 0.1578 -0.0896 0.4435 0.7199 

540 0.9142 0.0529 -0.3349 0.2107 0.6394 

600 0.7859 -0.0876 -0.3777 0.1069 0.6057 

 

 

Fig. 18: The influence of chitosan on relative amount of dissolved MLX  

 

In Figure 18, the relative amount of dissolved drug is presented in comparison to pure 

MXL. A positive effect of chitosan addition is simply visible when compared to the 

mixtures with lactose only (see Fig. 14 and Fig. 16). Simple mixing (PM-orange 

colour) reached significantly higher amounts of dissolved drug (67 %) in comparison 

to MLX itself; this increase was slow and reached within 15 minutes. 96 % was 
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detected for the co-milled mixture (CM- pink colour) and, moreover, this excellent 

dissolution occurred within the short time of 8 minutes. The results confirmed the 

importance of deagglomeration. Although the particle size reduction due to milling 

was not so efficient as for mixtures with lactose only (the median size decreased from 

55.4 μm to 45.7 μm), the absence of agglomerates in presence of chitosan is clearly 

visible with no third peak in Figure 9 (CM- pink colour and PM-orange colour). It is 

evident that the addition of chitosan has a promising effect on the dissolved amount of 

meloxicam regardless of the method used.  

 

 

Fig. 19: Comparison of dissolution rate: addition of chitosan 

 

The results observed were also confirmed by Figure 19 in which the dissolution rate is 

shown. The highest rate was detected in the mixture (MLX-LACT 1-1) + CHIT 3 CM 

with 2.9172 mg*L-1*s-1 at first minute while the mixture without co-milling produced 

a lower maximum rate of 0.7814 mg*L-1*s-1 at 2 minutes.  



 63 

7.2.5 Relative dissolution rate 

As mentioned above, the mass of sample filled into the dissolution chamber was the 

same for all samples tested. The mass of drug was decreased when the higher 

MLX/carrier ratio was investigated. Under such circumstance, however, the apparent 

dissolution of a powder substance can be influenced by better wettability for absence 

of larger amount of agglomerates and improved contact with dissolution medium. To 

avoid incorrect interpretation of results, relative dissolution rate (rrel) was expressed. 

Relative dissolution rate rrel (min-1) was calculated using Equation 13. The mass of 

drug in the sample was considered. In this way, the results were standardized 

regardless of the actual mass of drug in each tested mixture. The results are shown in 

Figure 20 with details in Figure 21.  

 

Fig. 20: Relative dissolution rate of MLX and its mixtures 

 

It is evident that the MLX in (MLX-LACT 1-1) + CHIT 3 CM has the best relative 

dissolution rate. The rrel of MLX in the mixed blend with chitosan and lactose reaches 

third best, (see orange curve) and this is in agreement with the previously discussed 

positive effect of chitosan. Similarly, the effect of CHIT addition is clearly visible by 

comparison of pink, blue, and violet curves showing milled samples. The first sample 

((MLX-LACT 1-1) + CHIT 3 CM, rrel = 0.48 min-1) is double of the second (MLX-
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LACT 1-8 CM, rrel = 0.22 min-1) and, moreover, much higher than MLX-LACT 1-1 

CM where rrel of MLX = 0.004 min-1which is only slightly higher than that of the pure 

drug itself (see Fig. 21 for details). Apart from the benefit of the co-milling method, 

the effect of the drug/carrier ratio, discussed in previous sections was demonstrated. 

This could be explained by uniform spreading of comminated MLX particles on the 

surface of carrier, deagglomeration and easier (and faster) contact with dissolution 

medium. 

 

Fig. 21: Relative dissolution rate  

  

In Fig. 21, A closer view on the samples having the lower relative dissolution rates is 

shown.  

The results demonstrated that simple mixing with lactose (MLX-LACT 1-1PM, red 

curve) serves higher dissolution rate of MLX which is promising for the use in solid 

dosage form. In opposite, co-milled mixture MLX-LACT 1-1CM (violet line) did not 

improve the dissolution rate as expected from the reduction in particle size due to the 

agglomerates observed (see also Fig.17).  

In conclusion, looking at the relative dissolution rates of all the mixtures, the beneficial 

effect of studied influencing factors was observed: first, technological procedure used 

(mixing and co-milling), second, the addition of lactose as a carrier, third, the 

drug/carrier ratio, and finally, the addition of chitosan. The only exception is MLX-

LACT 1-1CM, where the effect was invalid due to agglomerate formation. 
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8 Conclusions 

Based on the results of this experimental diploma thesis, the following conclusions can 

be summarized: 

1. MLX has the highest dissolution rate of 0.1938mg*L-*s-1 at 2 minutes with a 

phosphate buffer solution of pH 6.8 and after which it decreases. 

2. To compare the effects of investigated factors, the calculation of MLX relative 

dissolution rate is necessary to eliminate the effect of various drug mass in 

samples.  

3. By the comparison of relative dissolution rate of MLX, the usefulness of both 

mixing and co-milling, with a carrier was demonstrated. 

a. co-milling with a carrier serves better results over simple mixing due 

to the particle size reduction. 

b. in situation where agglomerates occur in co-milled mixtures, the effect 

of particle size reduction may be diminished. 

4. The addition, LACT as a carrier increased the relative dissolution rate of MLX 

regardless of the method used. The only exception is MLX-LACT co-milled 

mixture in 1:1 ratio, where the effect of milling was negligible on agglomerate 

formation. 

5. The effect of drug/carrier ratio was demonstrated. Always, better dissolution 

profile of a drug was observed for the mixtures with a higher lactose content, 

i.e. 1:8 drug/carrier ratio, over the 1:1 ratio, despite agglomerate formation at 

milled samples. 

6. The addition of chitosan to MLX-LACT 1-1 PM mixture significantly 

improved the relative dissolution rate of drug regardless of technological 

procedure used (mixing or milling, respectively). The highest relative 

dissolution rate was detected for co-milled mixture. 
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