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5. Introduction 

5.1.  General characterization of PEGs 

Polyethylene glycols (PEGs) are widely used polymers that have a variety of 

applications in many fields, including biomedical, chemical, and industrial processes. 

These compounds are important group of excipients due to their widespread use in 

different pharmaceutical formulations, especially is a favorable choice to reach the 

optimal drug delivery system. PEGs are also recognized as Macrogols in the European 

Pharmacopoeia. PEGs refer to oligomers of polyethylene oxide with different molecular 

weight (MW) and they are commercially available in a wide range of MW from 200 to 

10.000.000 g/mol.1,2 Poly(ethylene) oxide (PEO) or poly(oxyethylene) (POE) are also 

known as PEGs.3 However, PEO and POE are common names for higher molecular 

weight polymers, whereas polymer with MW < 30.000g/mol are referred to as PEGS.2 

However, for medical applications, in general, the abbreviation “PEGs” is common and 

exclusively used. 

Polyethylene glycols are synthetic, water-soluble, odorless and tasteless polymer 

made up of repeating units of ethylene oxide (EO) units. They are polyether compounds 

which are synthesized by polymerization of EO with water, mono ethylene glycol or 

diethylene glycol (hydroxyl initiators) as starting material under alkaline and acidic 

catalysis. The final PEGs product structure is HO – [CH2 - CH2 – O] n – H, where (n) is 

the number of ethylene oxide (EO) units and defines the molecular weight of the 

polymer.4 The molecular structure of PEGs imparts several key characteristics that makes 

it highly attractive for pharmaceutical applications. The amphiphilic nature of PEGs, 

characterized by hydrophilic ether linkages (C-O bonds) and hydrophobic methylene 

groups (-CH2 groups), contributes to their versatility and compatibility with both aqueous 

and organic environments.5 The chemical structure of PEGs and their derivatives are 

illustrated in Figure 1.  

.  
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Figure 1: Chemical structure of PEGs and its derivatives. 6 

PEGs may manifest in diverse physical states, spanning from a transparent, non-

volatile liquid at room temperature (for low molecular weight PEGs ranging from 200 to 

700) to a semi-solid state (having a pasty consistency, characteristic of medium molecular 

weight PEGs within the range of 800 to 2000) and ultimately transitioning to a solid form 

(either as a white waxy solid, flakes, or powder for high molecular weight PEGs of 3000 

and above).2,6 PEGs become harder as their molecular weight increases, however, the 

melting range only extends to the maximum value of about 60°C.4  

The molecular weight of PEGS plays a critical role in determining its physical 

properties and biomedical applications. PEGs with different molecular weights possess 

distinct characteristics.7 Lower molecular weight PEGs (e.g., PEGS 200) are typically 

used as solvents, while higher molecular weight PEGs (e.g., PEGS 20.000) are more 

commonly employed in drug delivery systems. The choice of PEGS molecular weight 

depends on the desired drug release kinetics, circulation time, and biodistribution profile.  

One of the most significant properties of PEGs is their hydrophilicity, which makes 

it an ideal compound for use in aqueous solutions.8 The molecular weight of PEGs affects 

their water solubility. The polymer chains are hydroxyl-terminated at both ends. The high 

polarity characteristic of PEGs, which is depicted in Figure 2, is largely attributed to the 

terminal hydroxyl and ether groups.2,6 The low molecular weight PEGs have more 
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hydroxyl groups compared to their structure, thus as the molecular weight of the PEGs 

increase, their solubility in water and other solvents decreases.9  

Moreover, PEGs can also be dissolved in many other solvents such as 

tetrahydrofuran, chloroform, dimethyl sulfoxide and alcohol chlorinated solvents.10 

Under normal conditions, PEGs can be considered relatively stable, the chemical and 

physical changes are limited and few. However, the interaction of PEGs with given 

compounds might induce precipitation such as phenol, cresol, resorcinol, tannin, hence, 

PEGs can be used as the antidote for removing certain toxic substances.11 Additionally, 

PEGs have an excellent property of retaining moisture. LMW PEGs are hygroscopic and 

thus are preferred for various applications to their moisture retention feature as a 

humectant in skincare products.3,12 PEGs is also quite stable and will not be hydrolysed 

or deteriorated or get rancid under normal circumstances.  

PEGs exhibit remarkable viscosity-enhancing properties, making them useful in 

various applications, including drug formulation and as a lubricant. The viscosity of PEGs 

is influenced by their molecular weight, concentration, and temperature.13 Higher 

molecular weight PEGs generally have higher viscosities, while increasing the 

concentration of PEGs in a solution also leads to an increase in viscosity.14 Temperature 

affects the viscosity of PEGs, as higher temperatures reduce the intermolecular 

interactions among polymer chains and consequently decrease viscosity. 

 

Figure 2: Chemical structure of PEGs 15  
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The general physicochemical properties of PEGs are summarized in the Table 1. 

 

Table 1: Summary of physicochemical characteristics of PEGs16,17 

In summary, polyethylene glycols (PEGs) possess a range of physicochemical 

properties that make it an invaluable polymer in pharmaceutical sciences. Its solubility, 

viscosity, molecular weight, thermal behavior, and interactions with biological systems 

play pivotal roles in drug delivery system, formulation design, and therapeutic 

applications. In addition, PEGs have a favourable safety profile. It is non-toxic and has 

been extensively studied for its use in various pharmaceutical applications. PEGs are also 

biodegradable, which means they can be broken down and eliminated from the body. 

PEGs have a low toxicity level which are classified as the Generally Recognized as Safe 

(GRAS) category by the FDA, making it safe for use in many applications.18 PEGs are 

non-toxic and non-immunogenic and non-antigenic.19  This makes them a safe ingredient 

for use in medical applications. PEGs have low toxicity with systemic absorption less 

than 0.5%.  

Molar mass 

(g/mol) 

Commercially available from 300 g/mol to 10.000.000 

g/mol 

Chemical formula 

(g/mol) 

HO – [CH2 - CH2 – O] n – H 

Physical 

state/Appearance 

(at room 

temperature) 

 PEG 200-700: liquid 

 PEG 1000-2000 (MW >700): semi-solid to soft solids, 

waxy solid 

 PEGs MW >2000: solid, powder/flakes 

Solubility 

 Soluble in water, ethanol, benzene, acetonitrile, 

dichloromethane 

 Insoluble in ether and hexane 

Melting point Tm 

(oC) 

<70 oC regardless of molecular weight  

Boiling point (oC) >150 oC 

Viscosity increase with higher MW PEGs 
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PEGs are ideal excipients due to their excellent features such as inert, non-

immunogenicity, hydrophilicity, high biocompatibility and solubility improving capacity, 

making them ideal for pharmaceutical formulations. For PEGs to be used to theirs full 

potential in the creation of novel drug delivery systems, a thorough understanding of these 

properties is essential. 

5.2. Application in different dosage forms based on PEGs 

The applications of PEGs are summarized in Figure 3. Considering the medical 

application, PEGs are well-known to be applied as laxatives or in preparation for surgery 

or colonoscopy, because PEGs can apply osmotic pressure and cause water to be retained 

with the stool. This increases the number of bowel movements and soften the stool, 

providing a laxative effect.20,21  They are frequently employed in the medical industry as 

a drug carrier, wound dressing, and tissue engineering scaffold.22,23 In the case of cells 

and tissues, PEGs are demonstrated by theirs minimal cytotoxicity and ability to support 

cellular functions. PEGs-based hydrogels, for example, provide an excellent three-

dimensional matrix for cell encapsulation and tissue engineering applications.24,25 These 

hydrogels mimic the extracellular matrix, promoting cell adhesion, proliferation, and 

differentiation. PEGs’ high-water content and mechanical properties resembling soft 

tissues contribute to its successful integration into biological systems.26 In tissue 

engineering, PEGs hydrogels are utilized in tissue engineering as scaffolds to support cell 

growth and direct tissue regeneration.27,28 PEGs hydrogels are extremely adaptable 

platforms because of their flexible physical and mechanical characteristics, as well as 

their capacity to incorporate bioactive molecules.  

Besides, polyethylene glycol (PEGs) has been widely used in various industries, 

including the pharmaceutical industry. These properties have also made PEGs ideal for 

use in cosmetics and personal care products. In cosmetic products, PEGs is used as an 

emulsifier, a moisturizer, and a thickener, where it can improve product stability, texture, 

and appearance.  

 Specifically, PEGs are used as an excipient in drug formulations, where it can 

improve drug solubility, stability and bioavailability in pharmaceutical industry. PEGs 

are frequently employed in the production of tablets and capsules as a lubricant.29 During 

the manufacturing process, tablets and capsules need to be able to move freely without 

getting stuck to machinery or one another.  PEGs can be used as to reduce adhesion and 

improve the flowability of the powder mixtures. The coating of the tablets or capsules 
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with PEGs can also make them easier to swallow and lower their risk of causing 

gastrointestinal tract irritation.  

 

Figure 3:  Various application of Polyethylene glycols (PEGs) 6 

PEGs are also useful in the manufacturing of coatings, adhesives, and plastics, among 

other industrial products. When making PVC, PEGs can be used as a plasticizer to 

increase the flexibility and toughness of the material. The performance and durability of 

adhesives and coatings can be enhanced by adding PEGs as a binder during production. 

Another important use of PEGs in drug formulation is as a viscosity modifier. Viscosity 

is an important property in the preparation of liquid formulations such as suspensions and 

emulsions. These formulations' viscosity can be increased by PEGs, which can enhance 

their stability and prevent sedimentation. Additionally, PEGs can be used to modify the 

rheological properties of gels and ointments, which can improve their spread ability and 

skin adherence. Another important application of PEGs is in biotechnology and 

biomedical research. PEGs can be used as a protein stabilizer, where it can 

increase protein solubility and stability.   

PEGs are likely to play an important role in the formulation and delivery of new 

drugs. One of the primary uses of PEGs in drug formulation is as a solubilizer. Many 

drugs have poor solubility in water, which can limit their bioavailability and efficacy. 

PEGs can increase the solubility of drugs in water, making them more readily absorbed 

by the body. The use of PEGs as a solubilizer has been shown to improve the oral 
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bioavailability of poorly soluble drugs such as griseofulvin and fenofibrate. Oliveria. et. 

al reported that the solubility of griseofulvin in water was increased by 6-8-fold using 

PEGS 6000 and PEGS 35000.30 In comparison to other polymers tested (PVP K30 and 

PVP K90) in their research, the addition of a relatively small amount of PEGS 3500 even 

allows for a lesser amount of F127 solution to be required for solubilization while still 

achieving a similar or improved solubilization capacity. The solubility of weakly water-

soluble substance Olmesartan medoxomil (OLM) was also found to be improved in the 

binary system using PEGs 400.  The OLM solubility was enhanced significantly by 

increasing the temperature and the amount of PEGs 400 in the cosolvent mixture.31   

PEGs are great as solubilizers and permeation enhancers for many poorly soluble and 

low permeability compounds, particularly those falling under BCS classes II and IV. They 

substantially enhance the bioavailability of the respective drugs, attributed to PEGs' 

miscibility with aqueous fluids. At 30°C, it was shown that the solubility of 

benzodiazepines such as diazepam and temazepam increased by 3.5 and 2.5 times, 

respectively.6  

An example of enhanced permeability is the improved absorption of Digoxin 

(classified as BCS class IV) within the gastrointestinal tract when formulated as a PEGs 

400 solution encapsulated in soft gels (Lanoxincaps®), as opposite to the tablet dosage 

form (Lanoxin®).2 Moreover, some PEGs and their derivatives, such as surfactants, 

humectants, and emulsifiers, are used as penetration enhancers in topical dermatological 

preparations or cosmetics.32 The study of Ahmed et al. used an ex vivo permeation 

experiment to demonstrate how coating fluconazole nanoparticles (FLC-NP) with PEGs 

4000, PEGs 10000, and PEGs 20000 improved their permeability.33 The amount of FLC 

coated permeated across the abdominal rat skin was much higher compared to 

permeability of the FLC without coating (3.45 ± 0.108 mg/cm2 vs 1.650 ± 0.97 mg/cm2).  

PEGs are also used as a drug delivery system, where they can be conjugated to drugs 

or nanoparticles to improve their pharmacokinetics and biodistribution. PEGs are 

frequently selected to cover the particles surfaces of the specialized carriers employed in 

targeted drug delivery system.34 This choice is attributed to the neutral, hydrophilic, and 

flexible characteristics of these polymers, forming a surface layer on nanoparticles to 

create stealth nanocarriers in cancer therapy. Consequently, opsonin adhesion is 

minimized, and evasion of uptake by the reticuloendothelial system prolongs systemic 

circulation.6,35 A highly successful approach in this regard involves using polyethylene 

glycol (PEGs) as a modifying polymer, a strategy termed PEGSylation, which has yielded 
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significant outcomes in therapy, diagnosis, and organic biocatalysis.7 Notable examples 

of this PEGSylation technique include Doxorubicin, Taxol, and Camptothecin.6 The 

Figure 4  illustrates a polymer-protein conjugate and its advantages, where PEGs shield 

the protein surface from degrading agents through steric hindrance. Furthermore, the 

increased size of the conjugate is foundational to the diminished kidney clearance of the 

PEGSylated protein.  

 

Figure 4: Main advantages of PEGSylated protein6 

In drug delivery, PEGSylation—the covalent attachment of PEGs chains to 

therapeutic molecules—has been used to improve drug stability, extend circulation time, 

and reduce immunogenicity. PEGs-based nanoparticles and micelles offer efficient 

carriers for targeted drug delivery, demonstrating improved pharmacokinetics and 

reduced toxicity compared to traditional drug formulations.  

In conclusion, PEGs are versatile polymers that has found numerous applications in 

a wide range of industries. They have many applications in various industries, including 

pharmaceuticals, cosmetics, and food. PEGs functions as a lubricant, binder, and 

solubilizing agent. It is also used in the manufacture of polyurethane foams, surfactants, 

and plasticizers. In medicine, PEGs are used in drug delivery systems, such as 

PEGSylated proteins and liposomes, and as a laxative. Its ability to increase solubility 

and stability of drugs makes it a valuable tool in pharmaceutical and biomedical research. 

Its hydrophilicity, low toxicity, and biocompatibility make it an attractive choice for use 
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in medical and pharmaceutical applications. PEGs’ properties can be tuned to meet the 

specific requirements of different applications, making it an essential component in many 

products and processes.  

5.3. Biocompatibility of PEGs, structure, properties biocompatibility 

correlation 

In recent years, the quest for biocompatible materials has become paramount in 

biomedical research and applications. Every stage of the drug formulation process must 

take the drug safety profile into consideration. In order to ensure the safe and efficient 

interaction of biomedical materials with living systems, biocompatibility is a crucial 

component in their development. According to Klinkmann et. al. (1984), biocompatibility 

is specifically described as the compatibility with living tissue or a living system by not 

being toxic, harmful, or physiologically reactive and not resulting in immunological 

rejection.37 A device that will be implanted into a human body must be safe for the 

patients, which necessitates that it be biologically compatible with the tissues. The aim of 

biocompatibility testing is to make sure that a substance or device will offer the patient 

the greatest benefit with the least amount of risk.38 

According to the major standards organizations, both national and international, who 

have published guidelines about the selection of tests for the biological evaluation of 

materials and medical and dental devices, any program of assessment on biomaterials 

must include biocompatibility tests on cell cultures. The guideline document 'Biological 

Testing of Medical Devices--Part 1: Guidance on Selection of Tests' (ISO 10933-l), which 

incorporates all national and international documents, was created by ISO in order to 

harmonize the existing guidelines. In this draft, the devices are grouped according to how 

they interact with the body (surface contacting, implant and external communicating).   

Additionally, this document categorizes the devices into 3 groups based on how long 

they interact with the body: limited exposure, prolonged exposure, and permanent 

contact. The choice of tests to evaluate device compatibility is influenced by the amount 

of time and type of contact that the device has with tissues. Cytotoxicity tests must be 

performed on all categories, as can be seen in Table 2. Tests for the initial evaluation of 

the biological compatibility of medical devices are listed in this table.39 
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Table 2: Preliminary evaluation tests of the materials.39 

 

Quantitative tests are required to go beyond the simple morphological analysis of 

biomaterial/tissue interaction in order to assess a material or device's biocompatibility. 

According to the stage of the biomaterial evaluation, the quantitative analysis of 

biocompatibility is summarized in Table 3.39 Depending on the characteristics of the 

material and its intended use, this list is adaptable and flexible.  
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Table 3: Quantitative analysis of biocompatibility.39 

Cytotoxicity assay: 

The evaluation of a biomaterial's biocompatibility at the cellular and tissue levels is 

one of the primary requirements for its suitability for clinical use.40 Cytotoxicity testing, 

which illustrates how cultured cells are exposed directly to the test material or to its 

extract, is the fundamental and required component of biocompatibility evaluation at 

early stages of drug development. The cytotoxicity assays are a quick in vitro techniques 

that assess the impact of drugs on cultured cells.41 This assay is applied to evaluate and 

characterize the potentially harmful/toxic effect of the tested compound to the cells. They 

are low-cost methods that provides crucial details about biological characteristics of the 

substance, with a particular emphasis on its basic tolerability. Based on the concept that 

living cells have quantifiable intrinsic metabolic activities, cytotoxicity assays are 

designed to measure the toxicity of a sample.  The reduction in cell viability due to drug 

exposure can be measured through various endpoints, including cell proliferation, 

membrane integrity, enzymatic activity, and mitochondrial function.42  

One of the commonly employed cytotoxicity assays is the MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay, which is a quantitative 

colorimetric method (George F et al.). The mechanism of MTT assay is briefly 

summarized in Figure 5.43 MTT is a water-soluble tetrazolium salt that succinate 

dehydrogenase within the mitochondria cleaves to produce an insoluble purple formazan. 

Given that the cell membranes are impermeable to the formazan product, therefore it 
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accumulates in healthy cells. A solubilization solution, such as DMSO, acidic ethanol, or 

sodium dodecyl sulfate in diluted hydrochloric acid, is added to the insoluble formazan 

to dissolve it into a colored solution.44 A spectrometer can be used to measure the 

absorbance of this colored solution, which is typically between 500 and 600 nm in 

wavelength. Light absorption varies depending on the solvent.   

 

 

Figure 5: Reduction of MTT (yellow) to formazan crystals (purple)43  

The neutral red (NR) assay is also one of the most used methods to determine the 

cytotoxic properties of compounds. Neutral red (3-amino-7-dimethylamini-2-

methylphenazine hydrochloride) is a dye used to stain lysosomes. In this assay, the NR 

dye is incorporated and bound in the lysosomes of living cells.45 The dye has a net charge 

close to zero at physiological pH, which allows it to pass through cell membranes. A 

proton gradient inside the lysosomes helps to keep the pH there lower than the cytoplasm. 

The dye becomes charged as a result and is kept in the lysosomes. The capacity of cells 

to incorporate neutral red decreases as they start to die. Loss of neutral red uptake 

therefore indicates a loss of cell viability.  

Cell culture models: 

The term "cell culture" refers to laboratory procedures that enable eukaryotic or 

prokaryotic cells to develop in physiological conditions, such as temperature, osmolality 

and pH.46   It was first used in the early 20th century to research tissue growth, virus 

biology and vaccine, the function of genes in both health and disease, and the application 

of large-scale hybrid cell lines to manufacture biopharmaceuticals. By using isolated cells 

in vitro, cell culture assays are useful for determining the biocompatibility of substances 

or extracts.  
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In order to maintain the stability of particular phenotypes and behaviors over a period 

of time in culture, a population of cells is defined as a cell line.47  The selection of a cell 

line for cell culture is largely influenced by the cell model’s functional properties and 

specific readouts. Choosing a specific cell line is a crucial issue since the compound 

activity may be particular. 48–50 Cell lines can be finite or continuous. Cells cultured in 

the lab can be classified into three different types: primary cells, transformed cells, and 

self-renewing cells. Primary cells isolated directly from living animal or human tissues 

are typically referred to as “finite” and thus require a constant supply of stocks because 

their proliferation stops after a certain number of cell divisions and cell growth is 

frequently not possible.46 On the other hand, an immortalized or continuous cell line has 

acquired the capacity to replicate itself indefinitely, either through genetic mutations or 

artificial modifications. The main advantage of using cell lines—a batch of clonal cells—

for any applications, such as cytotoxicity testing, in vitro drug screening, and 

antineoplastic drug screening, is the consistency and reproducibility of the results.51 Cell 

cultures have a tightly controlled physiological environment that can be continuously 

observed, as well as a highly controlled physicochemical environment (i.e., pH, 

temperature, osmotic pressure, oxygen, and carbon dioxide tension) that can be adjusted 

with extreme precision. 

 Caco-2 cells: 

Various cell lines are used such as Caco-2, HeLa, HaCaT, L929, WI-38 cell lines as 

an in vitro biocompatibility model.52 They are categorized mostly on the basis of the cell 

type they originated from. For example, L929 is a fibroblast cell line derived from a 

mouse, HeLa cells were isolated from a naturally occurring cervical cancer; HaCaT is a 

spontaneously immortalized keratinocyte cell line collected from adult human skin. In 

my research, Caco-2 cell line was used for the testing of the cytotoxicity of all PEGs 

derivatives.  
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The human epithelial cell line Caco-2 (Cancer coil-2) has been widely used as a 

model of the intestinal epithelial barrier.53 These cells were established by Jorfen Fogh at 

the Sloan -Kettering Cancer Research Institute.54 Caco-2 cells are immortalized lines of 

heterogenous epithelial adenocarcinoma cells isolated from the human colon.55 The Caco-

2 cells grow in culture media as an adherent monolayer of epithelial cells. As they 

approach confluence, they differentiate and polarize, acquiring a characteristic apical 

brush border with microvilli. Between adjacent cells, tight junctions develop and express 

enzymes that are typical of enterocytes. Differentiated Caco-2 cells expressed several 

morphological and functional properties of small bowel enterocytes.  The differentiation 

of Caco-2 cells when cultured on the filter support is illustrated in Figure 6 and the 

properties of the Caco-2 cell monolayer are given in Table 4 . 

Table 4: Characteristics of Caco-2 cells 55  

 

 

Figure 6: Caco-2 cell morphology after seeding the 2nd; 7th day; and  21st day  56  
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5.3.1.  The biocompatibility of polyethylene glycols (PEGs) 

From those points mentioned above, drug safety profile is one of the essential factors 

in every stage of drug formulation. Biocompatibility is a critical factor in the development 

of biomedical materials, ensuring their safe and effective interaction with living systems. 

Polyethylene glycols (PEGs) is a versatile polymer that has gained significant attention 

in the field of biomedical research due to its remarkable biocompatibility properties.  

PEGs’ water solubility, low toxicity, and thermal stability make it a favorable choice 

for biomedical applications. Its flexible chain conformation allows for easy entanglement 

with other polymers and biomolecules, facilitating the formation of stable biocompatible 

coatings and hydrogels.7 Furthermore, PEGs exhibit resistance to protein adsorption and 

fouling, reducing the risk of immune responses and enhancing its biocompatibility. 57 

One of the key factors determining PEGs’ biocompatibility is its interaction with 

biological entities, such as proteins, cells, and tissues. PEGs’ hydrophilic nature prevents 

nonspecific interactions with proteins, minimizing the risk of denaturation or aggregation. 

The formation of a hydrated PEGs layer on its surface, often referred to as the "brush" 

effect, acts as a steric barrier that repels proteins, preventing their adsorption and 

subsequent activation of immune responses.58 The brush conformation of PEG polymers, 

which is illustrated in Figure 7, control the cellular interactions of nanocarrier.59 A 

prerequisite for successful in vivo translation of nanomedicine to achieve long blood 

circulation and targeted delivery is that the nanocarriers exhibit a stealth behavior with 

inhibited uptake by phagocytic cells due to the brush conformation of PEGs. 

 

 

Figure 7: The brush conformation of PEGs 59 
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In vitro biocompatibility testing: 

In vitro studies are essential for evaluating PEGs’ compatibility with various cell 

types. These studies involve exposing cells to PEGs materials and assessing their 

viability, proliferation, and functionality. Common assays include the MTT assay, which 

measures cell metabolic activity, and the LDH release assay, which detects cellular 

membrane damage. Additionally, tests such as cell adhesion assays and morphological 

evaluations provide insights into cell-material interactions. Several studies have 

demonstrated PEGS's biocompatibility through in vitro testing. For example, Hinderer et 

al. (2015) evaluated the impact of PEGs-based hydrogels on neural stem cells, 

demonstrating their ability to support cell viability, proliferation, and differentiation.60 

Similarly, Wang et al. (2018) assessed the cytocompatibility of PEGs hydrogels with 

human mesenchymal stem cells, highlighting their favourable interactions and potential 

applications in tissue engineering.61 

Cytotoxicity evaluations: 

Assessing PEGs’ cytotoxicity is crucial for determining its impact on cellular 

viability and function. Various assays, such as the MTT assay, cell membrane integrity 

assays, and apoptosis assays, are employed to evaluate PEGS's cytotoxic effects. These 

tests help determine safe PEGS concentrations and exposure durations, ensuring minimal 

harm to cells and tissues. In a study by Lee et. al.(2000), the cytotoxicity of PEGs 

hydrogels was assessed using human dermal fibroblasts. The results indicated negligible 

cytotoxic effects, suggesting the suitability of PEGS hydrogels for tissue engineering 

applications.28 Additionally, a study by Soppimath et. al. (2000) investigated the 

cytotoxicity of PEGs-modified nanoparticles.62 The researchers examined the impact of 

PEGSylation on the biocompatibility of nanoparticles and assessed their cytotoxic effects 

on various cell lines. The study revealed that PEGSylation significantly reduced the 

cytotoxicity of nanoparticles, thereby enhancing their biocompatibility and potential for 

biomedical applications. The findings emphasized the importance of PEGS modification 

in improving the safety profile of nanoparticles and highlighted PEGS's role in 

minimizing adverse cellular responses. 

In a separate study, PEGs 4000, PEGs 6000, PEGs 10000 demonstrated no cytotoxic 

effects on Caco-2 cells. However, PEGs 400 and PEGs 15000, both  at 4 w/v%, exhibited 

considerable toxicity to the cells.63 Another investigation by Parnaud et al. explored the 

cytotoxicity of PEGS 8000 on various cell lines, including human adenocarcinoma HT29 

and COLO 205 cells, the human foetal mucosa FHC cells and Caco-2 cells.64 Their 
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findings indicated that PEGs 8000 did not significantly induce toxicity on Caco-2 and 

FHC cells, however, it markedly inhibited the proliferation of HT29 and COLO205 cells. 

The researchers proposed that PEGS 8000 might possess a selectively cytostatic effect on 

proliferating cancer cells, potentially attributed to its high osmotic effect. 

Overall, comprehensive biocompatibility testing is necessary to determine whether 

polyethylene glycols (PEGs) materials are appropriate for use in biomedical applications.  

The compatibility of PEGs with biological systems can be thoroughly investigated 

through in vitro and in vivo studies, cytotoxicity assessments, and immunological 

assessments. These testing procedures provide valuable insights into interactions of PEGs 

with cells and tissues, its potential impact on cellular viability and function, and its ability 

to elicit immunological responses. The studies reviewed above demonstrate the 

favourable biocompatibility of PEGs, highlighting its potential for applications such as 

tissue engineering scaffolds, implantable devices, and drug delivery systems. Due to its 

excellent biocompatibility properties, PEGs have become an attractive choice for use in 

medical and pharmaceutical applications. However, it is crucial to note that 

biocompatibility testing should be carried out thoroughly and with consideration for the 

specific application and intended use of PEGs-based materials. 

In vivo biocompatibility testing: 

 In vivo studies are crucial for assessing PEGs’ compatibility with living organisms 

and investigating its long-term effects. Animal models, ranging from small animals to 

non-human primates, are employed to evaluate PEGs’ biocompatibility, tissue responses, 

and systemic effects. Implantation studies involve surgically inserting PEGS-based 

materials into animal models, followed by thorough analysis of tissue reactions, 

inflammation, and biodegradation. In a notable study by Hachim et al. (2020), the 

biocompatibility of PEGs-based nanoparticles was evaluated in a rat model.65 The results 

indicated minimal inflammatory responses and favourable tissue integration, highlighting 

the potential of PEGs nanoparticles as drug delivery carriers. Similarly, in a study by Kim 

et al. (2007), PEGs-based hydrogels were implanted in a rabbit model, demonstrating 

favourable tissue responses and minimal adverse reactions.66 

Despite their numerous advantages, there have been reports on the potential adverse 

effects of PEGs. In an animal experiment involving New Zealand white rabbits with open 

wounds, topically treating them with a PEGs-based antimicrobial cream resulted in 

elevated serum osmolality, hypercalcemia, and renal failure.67 Additionally, a study on 

Cynomolgus monkeys (Macaca fascicularis) revealed kidney lesions, including 
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intratubular deposition of oxalate crystals, at an oral dose of 2.2 to 4.4 g/kg of PEGs 200 

during a 13-week treatment.68 Apart from animal studies, there is evidence indicating 

PEGs toxicity in humans. Three burned patients,  treated with a PEGs-based burn cream 

(containing 63% PEGs 300, 5% PEGs 1000, 32% PEGs 4000, and approximately 0.01% 

ethylene glycol), experienced fatalities, with autopsy findings revealing tubular necrosis 

affecting the proximal tube.69 This led to metabolic acidosis, an increase in serum calcium 

levels, renal failure, and cytotoxicity as the primary adverse effects associated with PEGs 

The autopsy of the patients revealed tubular necrosis which affected the proximal tube. 

Metabolic acidosis increased the serum calcium level and renal osmotic pressure. In 

summary, the main adverse effects of PEGs included metabolic acidosis, the increase in 

serum calcium, renal failure and cytotoxicity.2,67–69  

Long-term intravenous (i.v) injection studies in dogs reveal the polyethylene glycol 

have very low toxicity. Bao-qiu Li et.al. investigated the systemic toxicity and toxico-

kinetics of PEGs 400 i.v injection with high dose in dogs.70 These 24 dogs were divided 

into  4 groups and received 4.23, 6.34, 8.45 g/kg of PEGs per day for 30 days with a 

control group treated with normal saline. In this study, dry mouth and dry nasal mucous 

membrane were commonly observed in PEGS-400 (8.45 and 6.34g/ kg) treated groups. 

The hematological and urine tests had no obvious abnormalities. There is no significant 

difference in the organs weights (liver, spleen, kidney and adrenal glands). The 

histopathological changes were detected only in kidney. PEGS-400 toxicokinetic 

parameters in dogs did not significantly differ between single and repeated doses. This 

study has shown that the toxicity of a high dose of PEGS-400 following repeated i.v  

injections is low, and alterations produced are reversible.70 
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5.4. Ketoprofen formulations and preparations  

5.4.1. Characterization of ketoprofen 

Ketoprofen (KT), which has chemical name that is 2-(3-benzoylphenyl)-propionic 

acid, belongs to a propionic acid group of a non-steroidal anti-inflammatory drug 

(NSAID).71,72 There are 2 enantiomers of ketoprofen: (R)- and (S)-ketoprofen which is 

shown in Figure 8.73,74 However, the S-isomer is the more potent one, compared to the R-

isomer, multiple reviews, state, that the cheaper to manufacture racemic mixture is still 

more potent than several other NSAIDs.75,76  

 

Figure 8: Molecular structures of (S)-and (R)-Ketoprofen 73 

It exists in white solid form, fine to granular powder with a molecular weight of 254.3 

g/mol.77 The molecular weight plays a significant role in determining the drug's 

pharmacokinetics, bioavailability, and interactions with target receptors. It influences 

parameters such as membrane permeability and distribution within the body. Ketoprofen 

can be melted around 94oC and has a boiling point at roughly 431.3oC.78 Marketed since 

1973, multiple clinical using KT can be listed, such as osteoarthritis, rheumatoid arthritis, 

gout, traumatic soft tissue injuries, low back pain, post-operative pain, headache, 

toothache and fever and is still widely consumed.71,79,80  

The solubility of ketoprofen is an important characteristic that affects its dissolution 

rate, absorption, and bioavailability. The solubility of ketoprofen in water is 51 mg/L at 

22oC which means that ketoprofen is practically insoluble in water.81,82 However, it is 
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freely soluble in organic solvents such as ethanol, chloroform, acetone, and ether. In 

general, and because it contains a carboxylic acid group, KT dissolves more easily in 

polar protic solvents than polar aprotic or non-polar solvents.83 This solubility profile is 

critical for formulation development, as it affects the choice of appropriate solvents, co-

solvents, and surfactants to enhance drug solubility and bioavailability.  

Lipophilicity refers to the affinity of a compound towards lipid-based environments. 

It is a crucial property that influences a drug’s permeability across biological membrane, 

solubility distribution within the body and metabolic fate. Ketoprofen exhibits lipophilic 

properties, which play a crucial role in its absorption, distribution, and tissue 

penetration.84 The lipophilicity of KT is attributed to its aromatic ring structure and the 

presence of a carboxylic acid moiety. The presence of these lipophilic moieties 

contributes to the compound’s affinity for lipid-based environment. Lipophilicity is often 

characterized by the logarithm of the partition coefficient (log P). Ketoprofen has a log P 

value of 2.66 according to Andrzej’s study, indicating its high affinity for lipid-rich 

environments.84 This lipophilicity enables effective permeation across biological 

membranes, contributing to its therapeutic effectiveness. The pKa value of ketoprofen 

determines its acid-base properties and influences its solubility and stability in different 

pH environments. Ketoprofen exhibits a weak acidic character, with a pKa value of 

approximately 4.45 at 25 oC.85 These properties are important in understanding its 

behavior in different physiological conditions, such as the gastrointestinal tract, where 

pH variations can affect drug dissolution and absorption. The physicochemical 

parameters of ketoprofen are summarized in the Table 5. 

  



 

 26 

Physicochemical properties Ketoprofen 

Molecular Formula C16H14O3 

Molecular Weight 254.28 g/mol 

Melting point (Tm) 93-96 oC 

Boiling point (Tb) 460.5oC at 760 mmHg 

Solubility (S) 51mg/L  

Practically insoluble in water 

Highly soluble in organic solvents (ethanol, 

methanol, dimethyl sulfoxide (DMSO) 

Log P (octanol/water partition 

coefficient) 

Appr. 3.8 

 moderate lipophilicity 

pKa 4.42-4.69 

Weakly acidic 

Elimination half-life (T1/2) 2-5 hours 

Table 5: Summary of physicochemical properties of ketoprofen85 

The gastric absorption of pure ketoprofen powder is approximately 27%, but with an 

innovative proliposomal powder, this absorption can be enhanced to 37%.87 However, it's 

crucial to note that absorption also takes place in significant amounts in the jejunum and 

colon. In these anatomical locations, pH dependence plays a crucial role, with pH 6.5 

resulting in higher plasma levels of ketoprofen compared to pH 7.4.88 The apparent 

permeation coefficient is also influenced by pH, reaching its maximum at the pKa value 

of the molecule, which is pH 4.45.89 

5.4.2. Effect of ketoprofen 

Ketoprofen is a NSAID drug that is commonly used for the treatment of pain, 

inflammation, and fever. Its pharmacokinetics refers to the way the drug is absorbed, 

distributed, metabolized and eliminated by the body. Ketoprofen can be administered 

orally, topically, or intravenously.90 Ketoprofen is quickly and nearly completely 

absorbed when taken orally,91  it is rapidly absorbed from the gastrointestinal (GI) tract.74 

The presence of food in the stomach may slightly delay its absorption. When applied 

topically, KT can penetrate the skin and reach underlying tissues. Once absorbed, 

ketoprofen is extensively distributed throughout the body. It has a high affinity for plasma 

proteins, mostly albumin. Ketoprofen undergoes hepatic metabolism, primarily through 
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glucuronidation and to a lesser extent through oxidation and reduction process. It is 

primarily metabolized to a glucuronide conjugate, which creates an unstable acyl-

glucuronide. The drug and its metabolites are eliminated in the urine. The half-life time 

of ketoprofen is approximately 2-5 hours in healthy individuals. However, this can be 

prolonged in individuals with impaired renal or hepatic function.  

Prescribed ketoprofen is used to relieve pain, tenderness, swelling, and stiffness 

caused by osteoarthritis and rheumatoid-arthritis. Non-prescribed ketoprofen is used to 

relieve minor aches and pain from headaches, menstrual periods, toothaches, common 

cold, muscle aches, back pain, and also to reduce fever. The mechanism of action of 

Ketoprofen, like other NSAIDs, is to reduce inflammation by inhibiting enzyme 

cyclooxygenase (COX).92 These enzymes facilitate the conversion from arachidonic acid 

into prostanoids (thromboxanes, prostaglandins and prostacyclins), which play the main 

role in inflammatory reactions. 

a. Mechanism of action: 

Ketoprofen exerts its pharmacological effects primarily through the inhibition of 

cyclooxygenase (COX) enzymes, an enzyme responsible for the synthesis of 

prostaglandins and thromboxanes,93 specifically COX-1 and COX-2. Ketoprofen works 

by inhibiting the production of certain chemicals in the body called prostaglandins. 

Prostaglandins are responsible for mediating pain, inflammation, and fever. COX-1 

inhibition disrupts the production of prostaglandins involved in maintaining physiological 

functions, such as gastric mucosal integrity and renal blood flow.94,95 On the other hand, 

COX-2 inhibition reduces the synthesis of prostaglandins associated with pain, 

inflammation, and fever. Ketoprofen's anti-inflammatory actions arise from the inhibition 

of COX-2, while its analgesic effects are attributed to modulation of peripheral and 

central pain pathways. Based on the mechanism of action of the drug, ketoprofen is used 

for these therapeutic applications below.72  

b. Application of ketoprofen: 

 Pain Management: 

Ketoprofen is widely utilized in the management of various pain conditions, including 

musculoskeletal pain, osteoarthritis, and postoperative pain. Its analgesic effects stem 

from both peripheral and central mechanisms.96 Ketoprofen attenuates the production of 

inflammatory mediators at the site of injury and modulates pain transmission in the central 

nervous system, providing effective pain relief in acute and chronic pain scenarios.  
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 Inflammatory Disorders: 

Due to its potent anti-inflammatory properties, ketoprofen is frequently employed in the 

treatment of inflammatory disorders, such as rheumatoid arthritis, ankylosing spondylitis, 

and gout.97 By inhibiting COX-2, ketoprofen reduces the production of prostaglandins 

responsible for the inflammatory response, thus alleviating pain, swelling, and joint 

stiffness associated with these conditions. 

 Fever Reduction:  

Ketoprofen's antipyretic effects result from its ability to inhibit prostaglandin synthesis in 

the hypothalamus, which plays a pivotal role in regulating body temperature.98 By 

blocking the production of pyrogen-induced prostaglandins, ketoprofen effectively 

reduces fever in various infectious and non-infectious febrile conditions. 

In short, ketoprofen is a nonsteroidal anti-inflammatory drug (NSAID). By blocking 

the production of prostaglandins, ketoprofen helps to reduce pain, swelling, and 

inflammation. 72,74,90,93 This medication is commonly used to relieve symptoms associated 

with various conditions, including rheumatoid arthritis, osteoarthritis, ankylosing 

spondylitis, gout, menstrual cramps, and musculoskeletal injuries such as sprains and 

strains. It is available in various formulations, including oral tablets, capsules, extended-

release capsules, and topical gels. As with any medication, ketoprofen may cause side 

effects. Common side effects include gastrointestinal disturbances such as stomach pain, 

heartburn, and nausea. It can also cause dizziness, headache, rash, and fluid retention. In 

rare cases, ketoprofen may lead to more serious side effects, such as gastrointestinal 

bleeding, liver or kidney problems, and allergic reactions. This medication should not be 

used by individuals who have a history of allergic reactions to NSAIDs, aspirin, or other 

similar medications. 

5.4.3. Increase of solubility and permeability in pharmaceutical formulations  

As solubility and permeability play a critical role in determining the bioavailability, 

drugs are classified into 4 main categories as the Biopharmaceutics drug Classification 

System (BCS classification).99 The BCS is a system that categorizes a drug (API) based 

on aqueous solubility and permeability across intestinal membrane properties which is 

classified into four classes which include (Figure 9)100,101 

 Class I: high solubility (S), high permeability (P) 

 Class II: low S, high P 

 Class II: high S, low P  
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 Class IV: low S, low P   

 

Figure 9: Biopharmaceutics drug classification system (BCS) 101 

For the selection and design of the formulation of any drug substance, this is a useful 

tool for formulation scientists. The most recent advancements have also made it possible 

for us to predict the solubility and permeability properties of the drug molecule in the 

early stages of development, allowing us to make the necessary changes to the drug 

molecules to optimize the pharmacokinetic parameters. The BCS guidance considers 

three main factors, dissolution, solubility, and intestinal permeability, which influence the 

rate and degree of drug absorption from immediate release solid dosage forms. The 

concept of BCS provides a better understanding of the relationship between drug release 

from the product and the absorption process. The creation of efficient drug formulations 

presents many difficulties in the field of pharmaceutical sciences, especially when dealing 

with poorly soluble drugs. Poor solubility and limited permeability significantly hinder 

the successful delivery of therapeutic compounds. Therefore, addressing solubility and 

permeability issues is crucial for improving drug bioavailability, therapeutic 

effectiveness, and patient outcomes.  

The solubility of a drug refers to its ability to dissolve in a solvent, such as water, and 

form a homogeneous solution.102 Poorly soluble drugs, characterized by low aqueous 

solubility, often exhibit slow dissolution rates and reduced bioavailability. Consequently, 

their therapeutic effectiveness is compromised, leading to inefficient treatment outcomes. 

By improving drug solubility, the delivery of the drugs can be improved. Various 

techniques have been employed to enhance drug solubility, including particle size 
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reduction, solid dispersion formation, and complexation.103 Nanosizing techniques, such 

as high-pressure homogenization and media milling, reduce drug particle size to the sub-

micron range, thereby increasing the surface area available for dissolution.  Solid 

dispersions, obtained through methods like melt extrusion and spray drying, involve 

dispersing the drug in a hydrophilic carrier matrix, promoting its solubility and 

dissolution rate.105 Complexation techniques, such as cyclodextrin inclusion complexes, 

utilize host-guest interactions to enhance solubility and stability.106  

The United States Pharmacopoeia (USP) and British Pharmacopoeia (BP) have 

categorized the solubility classes provided in Table 6 based on the parts of solvent 

required for the solute to dissolve.107,108 According to ICH M9 guideline, if the highest 

dose of a drug compound must be completely soluble in 250 mL or less of aqueous media 

with a pH range of 1.2 to 6.8 at 37.1 °C ,  that drug can be classified as highly soluble 

compound (ICH 2019).109,110 

Descriptive term  

(Solubility definition) 

Parts of solvent required 

for one part if solute 

Solubility range 

(mg/mL) 

Very soluble (vs) ≤ 1 ≥1000 

Freely soluble (fs) 1 – 10 100 – 1000 

Soluble (s) 10 - 30 33 - 100 

Sparing soluble (sps) 30 - 100 10 - 33 

Slightly soluble (s) 100 - 1000 1 - 10 

Very slightly soluble 

(vss) 

1000 - 10000 0.1 - 1 

Practically insoluble 

(pi), or insoluble 

≥1000 ≤  0.1 

Table 6: Solubility criteria according to USP  

Drug permeability is a term used to describe the ability of a drug to cross through 

biological barriers and reach its target. Permeability is an important factor in drug delivery 

as poor membrane permeability leads to poor or non-existent efficacy or therapeutic 

response.111 The therapeutic efficacy of drugs with poor permeation is often constrained 

by difficulties in achieving sufficient systemic absorption.  Therefore, improving drug 

permeability is crucial for ensuring efficient drug delivery and optimizing therapeutic 

results. Advancements in drug permeability enhancement strategies have revolutionized 
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pharmaceutical research. Promising results have been obtained using methods like 

prodrug design, formulation strategies using permeation enhancers, and the use of 

nanotechnology. Prodrug design involves chemically modifying the drug to enhance its 

lipophilicity or exploit specific transporter systems, facilitating better absorption through 

biological barriers.112 Formulation approaches incorporating permeation enhancers, such 

as surfactants or penetration enhancers, improve drug permeability by altering the 

physicochemical properties of the drug or the epithelial membrane.113 Nanotechnology-

based formulations, such as lipid-based nanocarriers or nanoemulsions, provide unique 

opportunities to enhance drug permeability through improved solubilization, cellular 

uptake, and targeting capabilities.114 

More than 70% of medications are reported to be poorly soluble and belong to BCS 

classes II and IV.115 Therefore, improving the solubility and permeability of poorly 

soluble/permeable drugs is necessary to increase the drugs' bioavailability. Several 

methods have been used to increase the bioavailability of substances which include.99,115–

118  

1.Physical methods: Particle size reduction (micronization, milling and nanonization, 

high pressure homogenization) and engineered particle size control (cryogenic spray 

process, crystal engineering) 

2. Chemical methods: Changes in pH of the solvent, use of buffers and permeation 

enhancers, salt formation, derivatization and complexation. 

3. Formulation development: Nanoparticles (nanosuspensions, nanoemulsions, 

nanocrystals, polymeric nanoparticles and others), micelles, solid dispersions, lipid based 

drug delivery systems (self-emulsifying drug delivery systems (SEDDD), solid lipid 

nanoparticles (SLNs), liposomes, microemulsions), liquid solid techniques, and targeted 

therapy (surface modified drug delivery systems). 

4. Miscellaneous methods: Super critical fluid process, use of adjuvants such as 

surfactants, solubilizers, cyclodextrins, co-solvents, and novel excipients. 

The technologies to improve the bioavailability of drugs are summarized in Figure 10. 
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Figure 10: Pharmaceutical particle technologies for improved solubility, dissolution, and 

bioavailability of drugs. 119 

Overall, the enhancement of solubility and permeability for poorly soluble drugs 

holds tremendous significance in the field of pharmaceutical research and development. 

The ongoing advancements in academic research have paved the way for innovative 

strategies to overcome the challenges associated with these drugs, ultimately resulting in 

improved drug bioavailability, enhanced therapeutic efficacy, and optimizing the 

potential of pharmaceutical products for better patient outcomes. The continuous 

exploration of novel approaches, the understanding of underlying mechanisms, and the 

development of innovative formulations are critical for overcoming solubility and 

permeability challenges. 

5.4.4. New formulations of Ketoprofen  

As a widely used and easy to detect model API, multiple publications can be found 

about the enhanced oral delivery of ketoprofen, in form of liquid self-nanoemulsifying 

drug delivery systems, “nanoscale” milled powders or salification.120–122 

One strategy to enhance the advantages of ketoprofen is to improve its 

bioavailability, thereby increasing its therapeutic effectiveness. Various formulation 

approaches have been investigated to achieve the goal. For instance, to improve the 

solubility and dissolution of KT, Revika et al prepared KT with chitosan polymer and 
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cross linker tripolyphosphate (TPP) for particles formulation by emulsification ionic 

gelation.123 The water solubility of KT-chitosan increased 2.71-fold compared to pure 

KT. The dissolution of this new compound was elevated in both simulated gastric and 

intestinal fluid without enzyme which were 1.9-fold and 1.2-fold, respectively. Another 

investigation was carried out by Sunita et al. to overcome the poor solubility of KT in 

order to form co-crystal using fumaric acid (FA) as a coformer.124 The result from this 

study showed that the solubility and dissolution rate of this formulation significantly 

improved. The solubility of the co-crystal compound was increased appr. 3-4 times 

compared to the pure KT. The KT released from pure drug solution is only 23.5% while 

from different batches of KT-FA cocrystals is 62.21-83.68%.  

Additionally, solid lipid nanoparticles (SLNs) have demonstrated promising results 

in enhancing the bioavailability of KT. As a lipid and surfactant, stearic acid and Tween 

80 were used in the study by Swati et al. to prepare KT SLNs using the microwave 

method. Besides, the nanoparticles provide a platform for targeted drug delivery, enabling 

the selective delivery of KT to specific tissues or cells. Also aiming to increase the 

solubility and bioavailability of KT, Kiranmai et al. developed silver nanoparticles loaded 

with KT (Ag-KT).125 Ag-KT was prepared by the solvent evaporation method using β-

cyclodextrin polymer as a capping agent. The optimized formulation exhibited high drug 

entrapment efficiency (∼93%) and showed the amount of released drug as 94.3% 

compared to the marketed formulation which was 84.6%. In another research, KT-loaded 

chitosan-chondroitin sulfate (CHS-CS) nanoparticles were formulated via coacervation 

method by electrostatic interaction.126 Emulgel was prepared by mixing the nanoparticles 

into HPMC gel which serves as viscosity agent and then argan oil was added. This work 

successfully achieved the transdermal delivery of KT enhancement. Comparisons were 

made between commercial gel and nanoparticle-loaded emulgel with and without argan 

oil in terms of steady-state flux (Jss), permeability coefficient (Kp), and enhancement 

ratio (ER). Jss for argan oil emulgel was highest and Jss of nanoparticles was greater as 

compared to commercial gel. According to ER, drug permeability was increased by 

nanoparticles by 1.92 times compared to commercial gel. The formulation's ER increased 

to 2.49 when argan oil was included. 

Novel formulations have shown great potential in enhancing the advantages of 

ketoprofen by improving bioavailability, enabling targeted drug delivery, and reducing 

adverse effects. The utilization of nanostructured lipid carriers, solid lipid nanoparticles, 

polymeric nanoparticles, liposomes, and prodrugs has demonstrated promising results in 
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maximizing the therapeutic benefits of ketoprofen while minimizing its associated 

limitations. Continued research and development in this field hold great promise for the 

optimization of ketoprofen therapy. These advancements have the potential to 

significantly improve patient outcomes and provide safer and more effective treatment 

options.127 SLNs demonstrated an efficiency of 74.8% in entrapment. A 40-fold increase 

in solubility was noted.  

5.4.5. Solid dispersion introduction  

The solubility is an important factor for drug release which is an essential and 

limiting step for oral drug bioavailability. The poor solubility and low dissolution rate of 

poorly water-soluble drugs in the gastro intestinal fluid often lead to an insufficient 

efficacy. For that reason, the solubility enhancement is possible to increase the drugs 

dissolution rate, the drugs absorption, and the drug bioavailability. It is estimated that 

most compounds undergoing development at the present time are subjected to poor 

bioavailability of these compounds.128 The low solubility of the drugs which leads to low 

dissolution rate is the biggest obstacle in the performance of poorly water-soluble (PWS) 

drugs. The solubilization behavior of the drug is the key determinant for the oral 

bioavailability determination.  To solve this problem, various strategies for solubilization 

enhancement have been developed such as nanoparticle129, inclusion complex130, lipid 

formulation131, salt formation132 and solid dispersion133.   

5.4.5.1. Solid dispersion characterization: 

 Among these strategies, solid dispersion is a well-known method for improvement 

in the solubility, dissolution rate and bioavailability of poorly water-soluble drugs. Solid 

dispersion is defined as dispersion of one or more active ingredients (hydrophobic) in an 

inert carrier matrix (hydrophilic) at in the solid state.134 The overview of solid dispersion 

compositions is illustrated in Figure 11. Although solid dispersion are mostly binary 

systems of an API in a carrier, but ternary or multicomponent systems have also been 

recorded.135  

 



 

 35 

 

  

Figure 11: Components of solid dispersion system 136 

 

 Since their first mention in 1961, numerous studies have investigated the potential 

use of solid dispersions137. Amorphous solid dispersions (SD) are made from a BCS class 

II or IV API dispersed into a carrier matrix (usually a hydrophilic polymer). During the 

manufacturing process, the crystalline API undergoes a phase transition into an 

amorphous form through solvent evaporation or hot melt extrusion or spray drying to 

name some more common formulation methods.138,139 The higher free energy of the 

amorphous drug and the nanosized particles greatly enhances the poor water solubility of 

the substance in gastric or intestinal fluids. The carriers can either be amorphous ones like 

PVP or HPMC, semi-crystalline ones like PEGs or rarely crystalline ones like different 

sugars.135,140 It was noted for the hot melt extrusion method that upon cooling, both the 

crystallization parameters of the API can be influenced by the polymers and the API can 

influence the properties of the polymer as well.141,142 Moreover, the bioavailability can be 

further improved with the addition of surfactants, to the dispersion as well.143 Even for 

simple systems, like irbesartan-HPMC, the physical mixture of the two substances caused 

a sevenfold solubility increase, while the SD a fifteen-fold one.144 A cyclosporine A-

polyoxyethylene (40) stearate system showed ~10% dissolution for pure API, ~60% in 

case of the physical mixture and over 90% for the solid dispersion.145  

Role of solid dispersion in improving oral absorption: 

 Solid dispersion shows many mechanisms to become one of the promising 

techniques for the low solubility drugs. The polymer is dissolved and the drug is released 

from the SD when exposing in the aqueous media, the drug particle size is reduced as the 

form of fine particles of colloids.146 This results in surface area improvement and so with 

consequence increasing in high dissolution rate of poorly soluble drug. Particles in SD 

are found to have high porosity which helps to speed up the drug release. The drug 
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wettability increasing is shown in solid dispersion with or without surface active of the 

carrier, which can enhance the solubility of the drug. The degree of wettability is higher 

when surface active carrier or surfactant is added in. The poorly water-soluble crystalline 

drugs present in amorphous form obtained higher solubility because no energy is required 

to break up the crystal lattice during the dissolution. Hence, the drug release enhancement 

can be achieved. In summary, the underlying mechanisms for improvement of the 

bioavailability of poorly water soluble (PWS) drug by SD technique are147:  

 Reduce particle size  

 Particles with high porosity  

 Wettability and dispersibility improvement  

 Drug in amorphous state  

Understanding the thermodynamics of the solubilization process requires the 

application of Gibbs free energy of transfer in phase solubility studies. According to 

Hussain et al., the Gibbs free energy change (ΔG) indicates whether the reaction 

conditions are favorable or unfavorable for drug solubilization in the carrier.148 A 

negative Gibbs free energy (ΔG) indicates spontaneous of the drug solubilization, 

implying that the solute is more likely to dissolve in the solvent. 

Numerous kinetic models have been suggested to describe the overall drug release 

from dosage forms. Three groups can be distinguished from the approaches applied to 

investigate the kinetics of drug release: 

 Statiscal methods (exploratory data analysis method, repeated measures 

design, multivariate approach [MANOVA: multivariate analysis of 

variance]149,150  

  Model dependent methods  

Model dependent methods are based on different mathematical functions, which describe 

the dissolution profile. After choosing an appropriate function, the dissolution profiles 

are evaluated depending on the derived model parameters.149,151  

The in vitro release data were fitted into various release kinetic models, such as first order, 

zero order, Higuchi, and Korsmeyer and Peppas models, to analyze the mechanism of 

drug release from the selected formula; the model with the highest correlation coefficient 

(R2) was considered to be the best model.152 In vitro drug release data were fitted to some 

popular models as follows in Table 7. 153  
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Table 7: Mathematical models for comparison of dissolution profiles 153 

 Model independent methods  

Model independent methods using difference factor (f1) and similarity factor (f2).154,155 

A simple model independent approach compares dissolution profiles using a difference 

factor (f1) and a similarity factor (f2). The difference factor (f1) calculates the percent 

difference between the two curves at each time point and measures the relative error 

between the two curves. It is expressed by the following formula: 

 

 

 

                                                            (1) 

 

where f1 is the difference factor (relative errors between the two curves), n is the sampling 

number, Rj and Tj are the percent of the dissolved API from the two compared 

preparations at time point j.  

The similarity factor (f2) is a logarithmic reciprocal square root transformation of the sum 

of squared error and is a measurement of the similarity in the percent dissolution between 

the two curves.  

                                                                 (2) 
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where f2 is the similarity factor (the logarithmic reciprocal square root transformation of 

the sum of squared error is a similarity factor which provides percentage dissolution 

between the two curves) and wj is an optional weight factor which was 1 in our 

experiment. 

It is suggested to compare pairwise dissolution profiles using the two factors, f1 and f2. 

It is possible to calculate the degree of similarity between pairs of dissolution profiles 

based on f1 and f2 . According to guidelines of Food and Drug Administration (FDA),  

range of f1, f2 should be 0 < f1 < 15 and  50 < f2  < 100 . When three to four or more 

dissolution time points are available, this model independent method is best suited for 

comparing dissolution profiles. 

5.4.5.2. Solid dispersion classification 

There are several ways to categorize solid dispersions. Depending on the physical 

state of carrier, solid dispersions can be divided into 3 main categories:  

 Amorphous SD 

 Semi-crystalline SD  

 Crystalline SD 

Solid dispersions may also be classified into 4 generation based on the recent 

advancement as the following.156  

1. First generation solid dispersion  

2. Second generation solid dispersion  

3. Third generation solid dispersion  

4. Fourth generation solid dispersion  
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Figure 12: Classification of solid dispersions 156 

The SDs are  also classified into 6 types according to the molecular arrangement of 

the resulting mixture (physical states of carriers and incorporated drugs) (shown in Figure 

12) including 156
 

a) Simple eutectic mixtures:  

b) Solid solution: 

c) Glass suspension/glass solution:  

d) Amorphous precipitations:  

e) Complex or new compound formation  

5.4.5.3. Carrier  

 Carrier is an inactive substance that acts as a vehicle for an active substance, or we 

can say that by incorporating the carrier to any PWS medicament, solubility may be 

enhanced. The features of the carrier have a reflective impact on the dissolution properties 

of the medicament which is dispersed. Table 3 demonstrates different classes of carriers 

which are used in solid dispersion. A carrier should meet the following prerequisites for 

the improvement of the dissolution rate of a API  

• Be freely water-soluble  

• Nontoxic and pharmacologically inert  

• Heat stability for the melt method with low melting point 
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• Solubility in a diversity of solvents  

• Economical to process 

• Chemical compatibility with the medicament  

• Should no form strongly bonded complexes with the medicament  

Notably, the carrier is an important factor in any kind of solid dispersion. We can say 

that the solubility of the poor water-soluble drugs is improved by incorporating the 

carrier. The features of the carrier have a reflective effect on the dissolution properties of 

the drug dispersed. A carrier should meet some requirements to be considered to the drug. 

dispersed. A carrier should meet some requirements to be considered to formulate SD 

with a drug. Carriers used in SD method are listed in Table 8.156,157  

 

Table 8: Different class of carriers used in solid dispersion method 146,157 
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5.4.5.4. Solid dispersion preparation 

 There are various techniques used to prepare solid dispersion which are shown in 

Figure 13. These methods are presented as the following. To select correct method, the 

characteristics of the API, the carriers or the excipient should be evaluated carefully 

because each method have its own advantages and disadvantages.  

 

Figure 13: Techniques for solid dispersion preparation 158 

There are various techniques used to prepare solid dispersion. These methods are 

presented below.  

 Melting Method (Fusion method)  

 Solvent evaporation method (Solvent method)  

 Melting solvent method: (Hybrid method)  

 Hot melt extrusion method 

 Melt agglomeration 

 Freeze-Drying method 

 Electrospinning method 

 Supercritical fluid (SCF) technology  

 Kneading method 

5.4.5.5. Application and dosage form development of solid dispersion  

There are some commercially available SD-based products. These products are listed 

in Table 9 along with their manufacturers, brand names, and carriers for preparation. 
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Table 9: Market products with solid dispersion technique159 

Besides, various researches were reported that applied the SD technique to improving 

the disadvantages of many poorly soluble APIs. Jia Cao et.al enhanced the water 

solubility of Magnolol (MAG).160 The SD was prepared using hydroxypropyl 

methulcellulose succinic acid as a carrỉer via antisolvent coprecipitation. The MAG SD 

investigation was shown the improvement of the dissolution rate and the bioavailability 

compared to MAG alone. In another research, curcumin was formulated with 

hydroxypropyl methylcellulose (HPMC) with ratio 20:80 to produce solid dispersion.161 

The water solubility of curcumin was increased to 238 µg/mL and the encapsulation 

efficiency was over 93% for all SDs. Meloxicam is also a target to improve its poor 

solubility and slow onset of action because delayed gastric motility.162 To enable rapid 

oral absorption of Meloxicam in patients with severe pain, Hiroki et al. developed an 

amorphous SD of the drug HPMC and polymethacrylates and polyacrylates. The AUC0-

4 was observed on rats which were orally administered by the amorphous SD and the 

drugs alone. The result was shown that there were 9-fold increase of AUC0-4  (area under 

the drug concentration-time curve )for the SDs compared with crystalline Meloxicam. 

Deepa Pathak et al. aimed to increase the dissolution properties of Meloxicam by 

formulating Meloxicam SD with hydroxyethyl cellulose, mannitol and PEG 4000 for 

geriatric population.163  Solid dispersions showed greater in vitro dissolution than their 

corresponding physical mixtures and the pure drug. The highest drug release was seen 
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with PEGS 4000 in a 1: 9 drug to carrier ratio (100.2%), followed by mannitol (98.2%) 

and HEC (89.5%) in the same ratio. The in vitro dissolution studies of SD of NSAID 

piroxicam  drug in PEG 4000 and in urea gave faster dissolution than the corresponding 

simple mixtures.164 R.N.Pan et. al. prepared these SD systems by fusion and solvent 

methods, respectively. These dispersion systems provided statistically significant to a 

higher extent and rate of bioavailability than the corresponding physical mixture, 

according to a single-dose study with rabbits. Using spray-drying techniques and 

cycloamylose as the solubilizing agent at a weight ratio of 1:1, Hyung Hee Baek et al 

developed a novel ibuprofen-loaded solid dispersion with enhanced bioavailability.165 

Drug solubility was increased by about 14 times with this ibuprofen-loaded SD. 

Additionally, the dispersion demonstrated a 2-fold higher AUC value in comparison to 

an ibuprofen powder, indicating that it enhanced the oral bioavailability of ibuprofen in 

rats. Indomethacin (IND), a poorly water-soluble drug, and polyoxyethylene 32 distearate 

(POED), a novel surfactant polymer, were combined in a solid dispersion preparation that 

was studied using the melting method.166  Studies on in vitro dissolution revealed that the 

formation of solid dispersion significantly increased IND release (5.5–12 times faster). 

Poorly water-soluble drugs present a significant challenge to the pharmaceutical 

industry because their rate of dissolution affects both their bioavailability and therapeutic 

effectiveness. Solid dispersion techniques have the potential to significantly increase the 

bioavailability and dissolution rate of drug with poor water solubility, such as NSAIDs. 

The case studies above demonstrated how solid dispersion can effectively increase the 

rate at which medications dissolve, particularly NSAIDs. Overall, the solid dispersion 

technique offers a useful method for increasing the bioavailability of medications that are 

poorly water-soluble, allowing for more effective and efficient pharmacotherapy. 
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6. THESIS OBJECTIVES  

General objective of my thesis was to investigate various PEG derivatives and their 

characteristics and followed by the preparation of ketoprofen-containing solid dispersion 

using selected PEG derivatives. As most studies involved only a limited number of 

derivatives and I wished to better understand the cytotoxicity of these compounds, eleven 

substances of various molecular weights on a much wider scale: PEG 200, PEG 300, PEG 

400, PEG 600, PEG 1000, PEG 1500, PEG 4000, PEG 8000, PEG 10000, PEG 12000, 

PEG 20000 were examined.  

Also, I would like to check how the change of PEGs’ molecular weight affects the 

properties of PEGs and their SDs. My thesis objectives design can be seen in Figure 14. 

In the first part of my thesis the aim was to examine the toxicity of various PEG 

derivatives based on cellular effects (cytotoxicity and autophagy) and in vivo toxicity 

which is a necessary step before investigating the solid dispersion containing PEG 

derivatives and poorly soluble API. 

 PEGs are commonly used excipients to increase the solubility of active 

pharmaceutical ingredients, I looked for an API that is not well soluble. The solubility of 

ketoprofen was improved by solid dispersion preparation using PEG derivatives that I 

had previously studied for the first section of my thesis.  

In the second part of the thesis, the aim is to formulate binary ketoprofen - PEG 

hot melt homogenization solid dispersions with low molecular weight polymers which 

were PEG 1000, 1500 and 2000. The physicochemical characteristics and the dissolution 

profiles of theses solid dispersions were examined. The relationship between low 

molecular weight PEG derivates and ketoprofen-SD characterization were also 

investigated regarding the effects of molecular weight of PEGs.  
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Figure 14: Experimental design of the thesis. 
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7. EXPERIMENTAL PART 

7.1. Materials and sample preparation 

A total of 12 polyethylene glycols derivatives were chosen to be investigated based 

on their average molecular weight. Range of molecular weight provided by the 

manufacturer is also indicated. All of PEGs are listed below:  

 PEG 200 (190-210 MW), PEG 300 (290-305 MW) and PEG 600 (550-650 MW) 

were obtained from TCI (Zwijndrecht, Belgium).  

 PEG 1000 (950-1050 MW), PEG 8000 (7000-9000 MW), PEG 10000 (9000-11250 

MW), PEG 12000 (11000-13000 MW) and PEG 20000 (16000-24000 MW) were 

purchased from Alfa Aesar (Karlsruhe, Germany) and  

 PEG 400 (380-420 MW), PEG 1500 (1400-1600 MW), PEG 4000 (3500-4500 MW) 

and sorbitol were obtained from Molar Chemicals (Halásztelek, Hungary). 

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), sodium 

chloride, Dulbecco’s Modified Eagle’s Medium with high glucose and L-glutamin 

(DMEM), phosphate-buffered saline (PBS), trypsin from porcine, EDTA, heat-

inactivated foetal bovine serum (FBS) and propidium iodide solution were purchased 

from Sigma-Aldrich (Budapest, Hungary). Non-essential amino acids solution and 

penicillin-streptomycin mix were obtained from Lonza (Basel, Switzerland). GlutaMax™ 

supplement and Annexin V Alexa Fluor™ 647 conjugate were purchased from Thermo 

Fisher (Budapest, Hungary). Neutral Red (3-amino-7-dimethylamino-2-methylphenazine 

hydrochloride) was obtained from Alfa Aesar (Karlsruhe, Germany). CYTO-ID 

Autophagy Detection Kit was purchased from Enzo Life Sciences (Farmingdale, NY, 

USA).  

The investigation on the solid dispersion formulating between ketoprofen and 

polyethylene glycol will focus on 3 polyethylene glycol derivatives which are PEG 1000, 

PEG 1500, PEG 2000. Molecular weight ranges of PEG 1000 and PEG 1500 were listed 

above.  MW range of  PEG 2000 is 1900-2200 MW, (Merck Lifesciences Budapest, 

Hungary). Ketoprofen to formulate solid dispersion with 3 chosen PEGs was purchased 

from TCI (Zwijndrecht, Belgium).  

All the materials were stored under dry and cool and dark conditions until the 

measurements and the sample preparation.  
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The PEGs with different molecular weights were all measured. PEGs were dissolved 

in PBS at 30 w/
v% concentration and these solutions were used for all experiments. All of 

the PEG test solutions were freshly prepared immediately before any given experiment. 

Different sorbitol solutions were also dissolved with PBS and freshly prepared. All 

materails were of Pharmacopoeial quality. 

7.2. Methods 

7.2.1. Cell culture 

The Caco-2 cell line was received from the European Collection of Cell Cultures 

((ECACC), Salisbury, United Kingdom (catalogue No. 8601020). Cells were grown in 

plastic Nunc™ EasyFlask™ cell culture flasks (Thermo Fisher, Darmstadt, Germany) in 

Dulbecco's Modified Eagle's Medium, supplemented with 3.7 g/L NaHCO3, 10% (v/v) 

FBS, 1% (v/v) non-essential amino acids solution, 0.584 g/L L-glutamine, 4.5 g/L D-

glucose, 100 IU/mL penicillin, and 100 μg/mL streptomycin at 37 °C in an atmosphere 

of 5% CO2. Passaging was routinely done for cell maintenance and glutamine was 

supplemented by GlutaMax™. For the experiments, cells were between passage numbers 

25 and 40.  

7.2.2.  Cytotoxicity tests 

The cytotoxic effects of all PEGs and sorbitol solutions were evaluated by using the 

MTT and Neutral Red (NR) methods. Caco-2 cells with media were seeded on 96-wells 

plates at a density of 10.000 cells per well. After 7 days, the medium was removed, and 

the cells were treated with 100 µl of the test solutions for 30 minutes at 37°C. 

Concentrations of the test solutions were 30 w/
v% for all the PEGs solutions and 7-10-

12.5-35 w/
v% for the sorbitol solutions. During the preliminary studies, lower 

concentrations of PEGs solutions were tested also, but cytotoxicity did not exceed 20%. 

In case of MTT assay, the test solution was taken out and a 0.5 mg/mL MTT solution 

(MTT dissolved in PBS) was added to each well. The plate was again incubated for 3 

hours at 37°C. In case of Neutral Red assay, a 16.6 mg/mL NR solution (NR dissolved in 

cell culture medium) was added to each well after removing all test solutions. The plate 

was incubated for 2 hours in this case. After incubation time, all dyes were completely 

removed and 0.1 mL of an isopropanol – 1 M hydrochloride acid (25:1) solution was 

added to each well to dissolve the cells and solubilize the formazan crystals and the 

incorporated Neutral Red. The absorbance of the wells was measured at 565 nm for MTT 
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assay and 540 nm for NR assay. We used empty wells of the plate as a reference and all 

the measurements were carried out with a Thermo-Fisher Multiskan Go (Thermo-Fisher, 

USA) microplate reader. Cell viability was expressed as a percent of the cell viability of 

the untreated control cells, which were incubated with PBS for 30 minutes. 

7.2.3. Osmolality measurement 

The OSMOMAT 070 vapor pressure osmometer (Gonotec GmbH, Berlin, Germany) 

is suitable for directly determining the total osmolality of aqueous solutions. The 

measurement temperature was 45°C and the sampling time was 5 minutes. The solvent 

chosen was ultrapure (Type 1) water obtained from a Millipore Direct-Q 5 UV system 

(Millipore SAS, Molsheim, France). Before each experiment, the baseline was 

determined by ultrapure water. After the baseline was stable, the calibration was carried 

out with a 1 w/
v% sodium chloride solution. After the cell constant was calculated and the 

system calibrated with it, the PEGs and sorbitol samples with increasing concentration 

were measured sequentially. All liquids were dropped upon the sensors twice and the 

second drop was used for measurement. The concentrations of the test solutions were 30 

w/
v% for all the PEGs solutions and 7-10-12.5-35 w/

v% for the sorbitol solutions. The 

osmolality of the samples was expressed in mOsmol/kg, as an average of 4 individual 

measurements.  

7.2.4. Flow cytometry analysis 

For the flow cytometry measurements, a Guava® easyCyte™ 5HT (Austin, TX, 

USA) flow cytometer was used. 3 × 6.5 million Caco-2 cells were harvested from cell 

culture flasks with trypsin-EDTA solution, and 1-1 million cells were treated with 1-1 ml 

of PEGS test solutions dissolved in PBS. The concentration of the test solutions was 30 

w/
v% for all the PEGS solutions. After 30 min, the cells were centrifuged, the test solutions 

were removed, and the cells were gently washed with cold PBS and centrifuged again. 

Supernatant was removed and with annexin-binding puffer a 1 million cells/mL cell 

suspension was created. 100 µl of this suspension was treated with 5 µl of Alexa Fluor™ 

647 and 1 µl of 100 µg/mL propidium iodide solution. The cell suspension was stained 

for 15 min on ice then immediately analyzed with the flow cytometer. The propidium 

iodide was excited with a 488 nm laser and detected at the 525/30 nm channel (green 

parameter). The Alexa Fluor™ 647 was excited with the same laser line and detected at 

the 695/50 nm channel (red parameter). On the FSC-SSC scatterplot the non-cellular 
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events were excluded. On the FSC-A-FSC-W scatterplot the duplets were excluded. The 

remaining events (8000–10.000) were analyzed on a propidium iodide-Alexa Fluor 647 

scatterplot, the quadrant gates were determined on non-labelled samples. The double 

positive cells are regarded as necrotic/late apoptotic cells. The annexin V positive 

population was regarded as early apoptotic, the double negative population regarded as 

viable cells. 

7.2.5. Autophagy Assay 

For the quantitative analysis of autophagy, we used the CYTO-ID Autophagy 

Detection Kit (Enzo Life Sciences, Farmingdale, NY, USA) which is based on the 

staining autophagosomes. Caco-2 cells were seeded into black 96-well plates at the 

density of 10.000 cells per well. After four days, when cells reached the appropriate 

confluence, they were incubated for 30 minutes with 100 µl of the PEGS and sorbitol test 

solutions at 37 °C. Concentrations of the test solutions were 30 w/
v% for all the PEGS 

solutions and 7-10-12.5-35 w/
v% for the sorbitol solutions. After this, cells were washed 

once with PBS and were treated according to the Kit specification. Cells were incubated 

with a solution which contains 1 µL CYTO-ID® Green Detection Reagent and 1 µL 

Hoechst 33,342 Nuclear Stain in 1 mL buffer for 30 min at 37 °C. After incubation time, 

cells were washed once with PBS. Green fluorescence intensities of the samples were 

measured with FLUOstar Optima microplate reader (BMG Labtech, Offenburg, 

Germany) at 485 nm excitation and 520 nm emission wavelengths. Hoechst 33,342 

Nuclear Stain was measured at 365 nm excitation and 445 emission wavelengths. 

According to the instructions of the kit, green fluorescence values were normalized to the 

blue fluorescence values. 

7.2.6. G. mellonella larvae survivability tests 

Larvae of the sixth developmental stage of G. mellonella were obtained from Bugs 

World Inc. (Budapest, Hungary). Larvae were stored at 10 °C and in a dark environment 

prior to use. Larvae size was between 2 and 3 cm and they showed no sign of 

melanisation. For each treatment, 10 healthy larvae were placed in sterile vented Petri 

dishes. The test solutions were injected into the G. mellonella haemocoel through the last 

pro-leg using a 29 G needle in the volume of 20 µl. Concentration of the test solutions 

was 30 w/
v% for all the PEGS solutions. The injected larvae were incubated at 30 °C for 

48 h in dark environment. For the assessment of larval viability, larvae were gently probed 
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with a blunt-ended needle and if no response was observed, the larvae were considered 

to be dead. Viability was observed at 19 h, 24 h, 43 h, and 48 h. 

7.2.7. Statistical analysis 

All data were analysed using GraphPad Prism (version 8; GraphPad Software, San 

Diego, California, USA). All data were presented as means ± SEM. In case of MTT assay 

and NR assay, each cell viability value represents the mean of ten independent, parallel 

wells. PEGs and sorbitol treated cells’ absorbance values were compared with their given 

control group as they were measured on multiple microplates. All data groups were 

analysed with Shapiro–Wilk test for Gaussian distribution and Bartlett's test for equal 

variances. If the data set passed both tests, a one-way ANOVA was calculated, if 

Bartlett’s test failed, a Welsch’s ANOVA was calculated and if Gaussian distribution was 

not proved, then Kruskal–Wallis test was carried out. As a post test, Dunnett's test was 

used to compare the treated cells’ results to the controls. In each case we used significance 

level p < 0.05. Significance is labelled as ns = p ≥ 0.05; * = p < 0.05; ** =p < 0.01; *** 

= p < 0.001; **** = p < 0.0001. In vivo survival curves of G. mellonella larvae were 

plotted according to the Kaplan-Meier analysis, the survival curves were compared with 

Mantel-Cox log-rank test and Gehan–Breslow–Wilcoxon test. Osmolality, autophagy and 

flow cytometry results were not analysed because of low number of parallel experiments 

(n=4, n=4, n=3). Due to this, we used Spearman correlation to calculate the relationship 

between molecular weight and other measured data (p < 0.05, two-tailed).  

7.2.8. Phase solubility  

The phase-solubility test was performed by adding a fixed excess amount of 

ketoprofen powder to 1 mL solutions containing the different molecular weight PEGs at 

increasing concentrations (1 – 20 w/
v %). The solvent was hydrochloric acid media, set to 

pH 1.2 without pepsin (simulated gastric fluid without enzyme). The vials were vortexed 

for 30 seconds to achieve well-mixed dispersions. They were rotated for 24 hours at room 

temperature at 50 rpm while being protected from light. Then each vial was centrifuged 

at 4500 rpm for 20 min. The samples were taken from the clear supernatant, and after 

filtering, the ketoprofen content of the samples was analysed by a UV spectrophotometer 

(Shimadzu UV-1900) at 258 nm. The phase solubility profiles were plotted as the 

solubility of ketoprofen versus the w/w% concentration of the given PEGS by GraphPad 

Prism (version 9; GrapPad Software, San Diego, California, USA). 
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The Gibbs free energy of transfer (ΔG0
tr) of ketoprofen from pure water to the aqueous 

solutions of the PEGs was calculated as the following: 

                                  ΔG0
tr = -2.303*R*T*log (Ss/S0)     (3) 

where Ss/S0 is the ratio of molar solubility of ketoprofen in water (0.41 µg/mL 

according to our measurements) to that in the aqueous solutions of the PEGs. The 

apparent stability constant (Ka) was determined as: 

                             Ka = Slope/(Intercept*(1-Slope))                          (4) 

where slope and intercept were obtained from the plotted curve.  

7.2.9. Preparation of solid dispersions and physical mixtures 

The PEGS and the ketoprofen were measured in a ratio of 9:1. We chose this ratio 

according to literature results, because in this concentration, the properties of the polymer 

are the dominant factors of dissolution, not that of the API.135 

7.2.10. Fourier-transform infrared spectroscopy (FTIR) 

The infrared spectra of the pure PEGs, physical mixtures, and solid dispersions were 

obtained by using a JASCO FT/IR-4600 type (ABL&E-JASCO, Hungary) apparatus 

coupled with a Zn/Se ATR PRO ONE Single-Reflection ATR accessory. Each sample 

was directly placed on the cleaned crystal of the equipment; the scanning was running in 

the wavelength range of 500–4000 cm−1 at the resolution of 1 cm−1 24 times to obtain 

smooth spectrum. Corrections of environmental CO2 and H2O used the software’s built-

in method. Spectra were evaluated with SpectraGryph 1.2.16d software (Software for 

optical spectroscopy by Dr. Friedrich Menges, Oberstdorf, 

Germany, http://spectroscopy.ninja (accessed on 15 January 2021).  

7.2.11. Powder X-ray Diffraction (PXRD) 

The finely powdered samples were fixed onto a Mitegen MicroMeshes sample holder 

(MiTeGen Co., Ithaca, NY, USA) with a minimal amount of oil. Powder diffraction data 

of the samples with Debye Scherer geometry were collected using a Bruker-D8 Venture 

(Bruker AXS. GmbH, Karlsruhe, Germany) diffractometer equipped with INCOATEC 

IμS 3.0 dual (Cu and Mo) sealed tube micro sources (50 kV, 1.4 mA). A Photon 200 

Charge-integrating Pixel Array detector and CuKα (λ = 1.54178 Å) radiation was applied. 

Several frames were collected with various detector-sample distances in phi scan mode. 

Data collection and integration was performed using the APEX3 and DiffracEva software 

(Bruker AXS Inc., Madison, WI, USA, Version 4.2.2.3), respectively. 

http://spectroscopy.ninja/


 

 52 

7.2.12. Scanning Electron Microscopy (SEM) 

Surface area exploration used a Hitachi Tabletop microscope (TM3030 Plus, Hitachi 

High-Technologies Corporation, Tokyo, Japan) in high-resolution mode. The samples 

were attached to a fixture with a double-sided adhesive tape containing graphite. Before 

SEM examination gold-sputtered coating was not deposited on the surface of the samples, 

as the instrument is suitable for the direct investigation of the specimens without any 

surface pre-treatments. The measurement requires a vacuum and low, 5kV accelerating 

voltage. The magnifications were 1000×. 

7.2.13. In Vitro Dissolution Test 

During the experiment, three parallel measurements were performed with size 0 

capsules filled with 100 mg of the samples, meaning 90 mg of the given PEGS and 10 

mg of ketoprofen in form of either a solid dispersion or a physical mixture. The 

dissolution media was 450 mL of hydrochloric acid media (same as the media of the phase 

solubility study). The volume was set as the half of the maximum recommended USP 

volume to stay within range of the limit of UV spectrophotometric detection of the 

ketoprofen. USP 2 rotating paddle method was with the rotation speed of 75 rpm and at 

37 °C in an Erweka DT 128 light dissolution tester (Erweka GmbH, Langen, Germany). 

Samples of 1 mL were withdrawn after 5, 10, 15, 20, 30, 45 and 60 minutes and filtered 

through a 0.2 µm polyethersulfone membrane filter and measured as in case of the phase 

solubility study. The graphs were plotted by GraphPad Prism 9, all calculations were 

executed in Microsoft Excel. 

In order to compare the dissolution profiles of the different formulations similarity 

(f1) and difference factors (f2) were calculated, as a model independent approach. 153 The 

exact calculations were the following: 

              (5) 

 

 

where f1 is the difference factor (relative errors between the two curves), n is the 

sampling number, Rj and Tj are the percent of the dissolved API from the two compared 

preparations at time point j.  

 (6) 
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where f2 is the similarity factor (the logarithmic reciprocal square root 

transformation of the sum of squared error is a similarity factor which provides percentage 

dissolution between the two curves) and wj is an optional weight factor which was 1 in 

our experiment.  

For the fitting of dissolution profiles on different dissolution models, the following 

calculations were used:  

Table 10: Mathematical calculations of drug release profiles.   

where Q is amount of drug release at time t, Q0 is the initial amount of drug, Qt is the 

amount of drug remaining at time t, and where Qt/Q∞ is fraction of drug released at time 

t. k0, k1, and kkp are the kinetic constants for zero-order, first-order, and Korsmeyer-

Peppas models, respectively and n is the release exponent, indicative of the drug release 

mechanism. 

  

Model name Equations 168,169 Graphic 

Zero-order 𝑄𝑡 = 𝑄0 +  𝑘0𝑡 (7) 

The graphic of the drug-

dissolved fraction versus 

time is linear. 

First-order 𝑄𝑡 = 𝑄0 × 𝑒−𝑘1𝑡 (8) 

The graphic of the decimal 

logarithm of the released 

amount of drug versus time 

is linear. 

Korsmeyer–

Peppas model 

𝑄𝑡

𝑄∞
=  𝑘𝑘𝑝𝑡𝑛(up to 

𝑄𝑡

𝑄∞
≥ 0.6) 

(9) 

The graphic of the released 

drug versus the square root 

of time should form a 

straight line. 
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8. RESULTS I. 

In this section, I conducted experiments to explore the impact of PEGs on both Caco-

2 cells and G. mellonella larvae. The objective was to establish correlations between these 

effects and the molecular weight and osmolality of the PEGs. Eleven PEGs with varying 

molecular weights (PEG 200, PEG 300, PEG 400, PEG 600, PEG 1000, PEG 1500, PEG 

4000, PEG 8000, PEG 10,000, PEG 12,000, and PEG 20,000) was employed in these 

experiments. The examined cellular effects encompassed cytotoxicity, assessed through 

MTT and Neutral Red assays, as well as flow cytometry utilizing propidium iodide and 

annexin V, along with autophagy. The osmolality of PEG solutions at various 

concentrations was measured using the vapor pressure osmometer OSMOMAT 070, and 

G. mellonella larvae were injected with the PEG solutions, with sorbitol serving as 

controls to maintain equivalent osmolality. Statistical analyses revealed noteworthy 

correlations between osmolality, cytotoxicity assays, flow cytometry data, and larvae 

mortality with the structural characteristics of the PEGs. However, no statistical 

correlation was observed between autophagosome formation and the proportion of early 

apoptotic cells, as well as the molecular weight of the PEGs. 

8.1. Osmolality results 

Initially, the osmolality of PEGs was standardized at 30 w/
v %. Our preliminary 

findings indicate minimal cytotoxicity of PEGs, as cell viability consistently exceeded 

80% for all derivatives at concentrations below 30 w/
v%. To comprehensively assess the 

impact of all derivatives on both cells and in vivo specimens, a further escalation in 

concentration was deemed necessary. Additionally, we employed sorbitol solutions to 

differentiate between biological effects linked to osmolality and those unrelated to it. 

Figure 15 illustrates a noteworthy decline in osmolality from PEG 200 to PEG 4000, with 

marginal increases observed until PEG 10000, 12000, and 20000, which exhibited nearly 

identical values. 
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Figure 15: Osmolality of PEG and sorbitol solutions measured by vapor pressure 

osmometer OSMOMAT 070. Concentrations of all PEG solutions were 30 w/v% and volumes 

were 1 drop of the solutions each time. Data expressed as mean, ± SEM n=4. Osmolality of the 

samples in mOsmol/kg (mean ±SEM): PEG 200: 3574 ±0; PEG 300: 3381 ±38; PEG 400: 1963 

±17; PEG 600: 1926 ±17; PEG 1000: 1363 ±4; PEG 1500: 1515 ±11; PEG 4000: 877 ±9; PEG 

8000: 977 ±3; PEG 10000: 1140 ±4; PEG 12000: 1151 ±38; PEG 20000: 1174 ±5; Sorbitol 7 

w/v%: 876 ±2; Sorbitol 10 w/v%: 1164 ±1; Sorbitol 12.5 w/v%: 1395 ±4; Sorbitol 35 w/v%: 

3464 ±0. 

8.2. Cytotoxicity assay results  

As shown in Figure 16, sorbitol solutions did not exert a notable influence on the cell 

viability of treated Caco-2 cells, as evidenced by the MTT assay. Conversely, low 

molecular weight PEGs, such as PEG 200, 300, and 400, exhibited a significant reduction 

in the number of surviving cells. The remaining derivatives had a comparatively milder 

effect on cell viability, with none of them yielding values higher than 85%. It is crucial 

to highlight the substantial variation in results across different molecular weights. 
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Figure 16: Cytotoxicity of PEGS and sorbitol solutions measured by MTT assay. 

Concentrations of all PEGS solutions were 30 w/v% and volumes were 100 µl. Cell viability 

expressed as the percentage of the absorbance of the untreated control cells. Data expressed as 

mean, ± SEM n=10. Cell viability of the samples (mean ±SEM):PEG 200: 50% ±2%; PEG 300: 

21% ±2%; PEG 400: 42% ±2%; PEG 600: 73% ±2%; PEG 1000: 63% ±3%; PEG 1500: 56% 

±4%; PEG 4000: 80% ±4%; PEG 8000: 78% ±2%; PEG 10000: 85% ±3%; PEG 12000: 75% 

±7%; PEG 20000: 77% ±2%; Sorbitol 7 w/v%: 100% ±2%; Sorbitol 10 w/v%: 100% ±3%; 

Sorbitol 12.5 w/v%: 100% ±3%; Sorbitol 35 w/v%: 92% ±3.6%; Levels of significance after 

statistical analysis treated cells compared against their respective untreated control group: PEG 

200: ****; PEG 300: ****; PEG 400: ****; PEG 600: ****; PEG 1000: ****; PEG 1500: ****; 

PEG 4000: *; PEG 8000: ****; PEG 10000: **; PEG 12000: *; PEG 20000: ****; Sorbitol 7 

w/v%: ns;  Sorbitol 10 w/v%: ns; Sorbitol 12.5 w/v%: ns; Sorbitol 35 w/v%: ns. 

The results from the Neutral Red assay in Figure 17 display similar trends to those 

observed in the MTT assay. The sorbitol solutions did not exhibit any cytotoxic effects. 

Low molecular weight PEGs had a more pronounced impact on cell viability, with a 

narrower difference between high and low molecular weight derivatives. Nevertheless, 

notable variation was evident in the results for high molecular weight derivatives. 
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Figure 17: Cytotoxicity of PEGs and sorbitol solutions measured by NR assay. 

Concentrations of all PEGS solutions were 30 w/
v% and volumes were 100 µl. Cell viability 

expressed as the percentage of the absorbance of the untreated control cells. Data expressed as 

mean, ± SEM n=10.  

Cell viability of the samples (mean ±SEM): PEG 200: 35% ±2%; PEG 300: 27% ±3%; PEG 

400: 58% ±4%; PEG 600: 43% ±3%; PEG 1000: 48% ±5%; PEG 1500: 45% ±1%; PEG 4000: 

81% ±5%; PEG 8000: 66% ±3%; PEG 10000: 74% ±6%; PEG 12000: 53% ±6%; PEG 20000: 

53% ±4%; Sorbitol 7 w/
v%: 100% ±1%; Sorbitol 10 w/

v%: 100% ±1%; Sorbitol 12.5 w/
v%: 100% 

±5%; Sorbitol 35 w/
v%: 97% ±1%; Levels of significance after statistical analysis treated cells 

compared against their respective untreated control group: PEG 200: ****; PEG 300: ****; PEG 

400: ****; PEG 600: ****; PEG 1000: ****; PEG 1500: ****; PEG 4000: **; PEG 8000: ns; 

PEG 10000: ns; PEG 12000: **; PEG 20000: ****; Sorbitol 7 w/
v%: ns; Sorbitol 10 w/

v%: ns; 

Sorbitol 12.5 w/
v%: ns; Sorbitol 35 w/

v%: ns. 

8.3. Autophagy assay results 

The results depicted in Figure 18 indicate that nearly all treatments led to an increase 

in the number of autophagosomes. Notably, there was a decreasing trend in fluorescence 

intensity from PEG 200 to PEG 1500, which then changed and started to increase again. 

The sorbitol solutions produced similar results to their PEG counterparts, except for 12.5 

w/
v%, , which yielded higher results than PEG 1000. It is worth mentioning that PEG 200 
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exhibited significantly higher intensity than any other treatment, while the remaining 

chemicals produced results in the range of approximately 180% to 100%. 

 

Figure 18: Effect of PEGs and sorbitol solutions on the number of autophagosomes. 

Concentrations of all PEG solutions were 30 w/
v% and volumes were 100 µl. Fluorescence 

intensity is expressed as the percentage of the intensity of the untreated control cells. Data 

expressed as mean, ± SEM n=4, highest and lowest values were excluded. Fluorescence intensity 

of the samples (mean ±SEM): PEG 200: 268% ±10%; PEG 300: 189% ±6%; PEG 400: 144% 

±21%; PEG 600: 136% ±10%; PEG 1000: 113% ±10%; PEG 1500: 91% ±4%; PEG 4000: 101% 

±4%; PEG 8000: 115% ±4%; PEG 10000: 146% ±12%; PEG 12000: 132% ±13%; PEG 20000: 

117% ±6%; Sorbitol 7 w/
v%: 118% ±4%; Sorbitol 10 w/

v%: 135% ±5%; Sorbitol 12.5 w/
v%: 185% 

±8%; Sorbitol 35 w/
v%: 168% ±7%. 

8.4. Flow cytometry results 

The sorbitol solutions were excluded from further experiments due to their minimal 

impact on cells. In the flow cytometry analysis, Caco-2 cells were stained with propidium 

iodide and annexin V labeling to distinguish between necrotic and early apoptotic cells. 

Figure 19 depicts the distribution of gated cells, revealing that the proportion of unstained, 

living cells (PI- AV-) increases with molecular weight. Remarkably, for low molecular 

weight PEGs, necrotic cells (PI+ AV+) predominate among the deceased cells. However, 

with increasing molecular weight, the ratio of early apoptotic cells (PI- AV+) also rises. 
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Figure 19: Flow cytometric measurement of Caco-2 cells. The cells were treated with 1 ml of 

30 w/
v% solutions of PEGs, stained with propidium iodide (PI) and annexin V (AV). Data is 

represented as mean of triplicates. Data represented as percentage distribution of cells between 

necrotic (PI+ AV+), early apoptotic (PI- AV+), living (PI- AV-) and incorrectly stained (PI+ 

AV-) populations of three independent experiments. Distribution of the samples as mean ±SEM 

(PI- AV+; PI+ AV+; PI- AV-; PI+ AV-):  

PEG 200: 5,3% ±1,3%; 88,4% ±0,6%; 6 % ±1,6%; 0,3% ±0,3%; 

PEG 300: 6,4% ±2,5%; 86% ±5,3; 7,6% ±4%; ±0% ±0%; 

PEG 400: 29,1% ±0,6%; 60,5% ±3,7%; 10,3% ±3,1%; ±0% ±0%; 

PEG 600: 14,9% ±3,7%; 58,5% ±6%; 26,5% ±2,4%; 0,1% ±0,1%; 

PEG 1000: 12% ±2%; 35,1% ±5,4%; 52,6% ±7,3%; 0,2% ±0,1%; 

PEG 1500: 26,3% ±0,7%; 35,5% ±2; 38,1% ±1,2%; 0,2% ±0,1%; 

PEG 4000: 21,9% ±3,5%; 44,2% ±4,2%; 33,8% ±0,8%; 0,1% ±0%; 

PEG 8000: 23,2% ±4,6%; 18,9% ±5,6%; 57,8% ±1,1%; 0,1% ±0,1%; 

PEG 10000: 22,9% ±5,5%; 31,8% ±8,1%; 45,2% ±2,6%; 0% ±0%; 

PEG 12000: 22,2% ±2,5%; 33,8% ±5,2%; 43,9% ±3,7%; 0,1% ±0,1%. 
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8.5. In vivo toxicity test 

Over the course of the two-day experiment, G. mellonella larvae received 20 µl 

injections of PEGS solutions, and their viability was assessed four times. Each group 

consisted of 10 healthy larvae. The analysis presented in Figure 20 unveiled notable 

mortality rates for low molecular weight PEG 200 and 300, as well as medium molecular 

weight PEG 4000. Importantly, no other PEG exhibited a substantial impact on larval 

survival. 

 
Figure 20: Survival curve of G. mellonella larvae. Larvae were injected with 20 µl of test 

samples, each group had 10 larvae. Death events of the experiment: 19 h: PEG 200: 5; PEG 300: 
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4; 43 h: PEG 600: 1; PEG 4000: 4; PEG 10000: 1; 48 h: PEG 200: 1; PEG 300: 1; PEG 400: 1; 

PEG 1000: 1; PEG 12000: 1; Significance of treated groups compared to PBS control according 

to Mantel-Cox log-rank test, and Gehan–Breslow–Wilcoxon test: PEG 200: **/**; PEGS 300: 

*/*; PEG 4000: */*; all others were insignificant. 

8.6. Correlation of results with molecular weight 

We employed Spearman correlation analysis to establish the statistical relationship 

between the measured data and the average molecular weight of PEGs. Interestingly, as 

the molecular weight of PEGs increased, we observed a significant decrease in 

osmolality, the proportion of necrotic cells (PI+ AV+ cells according to flow cytometry), 

and total larvae mortality. Furthermore, the ratio of living cells, as determined by both 

cytotoxicity assays and flow cytometry, increased with the average molecular weight of 

PEGs. However, we found no statistical relationship between autophagy and the 

proportion of apoptotic cells with the chemical structure of PEGs. 

 
Spearman 

correlation coefficient 

Level of 

significance 

Osmolality -0.8091 ** 

Cell viability - MTT 0.7909 ** 

Cell viability - NR 0.6241 * 

Autophagy ns 

Proportion of PI- AV+ cells ns 

Proportion of PI+ AV+ cells -0.9273 *** 

Proportion of PI- AV- cells 0.8455 ** 

Total larvae mortality -0.6357 * 

 

Table 11: Correlation of measured data (only PEGs) with average molecular 

weight calculated by Spearman method. Significance levels are shown as: ns = p 

≥ 0.05; * = p < 0.05; ** =p < 0.01; *** = p < 0.001; **** = p < 0.0001. 

 

In Table 12, the correlation matrix was calculated to analyze the relationships 

between the different data sets. It was observed that autophagy showed no statistical 

relationship overall. However, the proportion of early apoptotic cells exhibited a negative 

correlation with larvae mortality and a positive correlation with the NR assay. 

Additionally, the various cell viability measurements, including MTT, NR assays, and 

the proportion of necrotic and living cells according to flow cytometry, displayed 



 

 62 

significant correlations with each other and with osmolality. The last data set, the total 

larvae mortality was only linked to the flow cytometry results. Notably, the most 

significant correlation was found between the distribution of necrotic and living cells in 

the flow cytometry analysis. 

 

 

Table 12: Correlation of matrix of all measured data sets (only PEGs). Spearman 

correlation coefficient and significance levels are shown as: ns = p ≥ 0.05; * = p < 

0.05; ** =p < 0.01; *** = p < 0.001; **** = p < 0.0001. 

  

 
Osmolali

ty 

Cell 

viabili

ty - 

MTT 

Cell 

viabil

ity - 

NR 

Autoph

agy 

Proport

ion of 

PI- 

AV+ 

cells 

Proport

ion of 

PI+ 

AV+ 

cells 

Proport

ion of 

PI- AV- 

cells 

Total 

larvae 

morta

lity 

Osmola

lity 
- 

0.909/

**** 

-

0.843/

** 

ns ns 0.755/* -0.709/* ns 

Cell 

viability 

- MTT 

-

0.909/**

** 

- 
0.770/

** 
ns ns -0.736/* 0.664/* ns 

Cell 

viability 

- NR 

-

0.843/** 

0.770/

** 
- ns 0.620/* ns ns ns 

Autoph

agy 
ns ns ns - ns ns ns ns 

Proport

ion of 

PI- 

AV+ 

cells 

ns ns 
0.620/

* 
ns - ns ns 

-

0.626/

* 

Proport

ion of 

PI+ 

AV+ 

cells 

0.755/* 

-

0.736/

* 

ns ns ns - 

-

0.973/*

*** 

0.771/

** 

Proport

ion of 

PI- AV- 

cells 

-0.709/* 
0.664/

* 
ns ns ns 

-

0.973/*

*** 

- 

-

0.771/

** 

Larvae 

mortalit

y 

ns ns ns ns -0.626/* 
0.771/*

* 

-

0.771/*

* 

- 
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9. RESULTS II. 

In the second part of my thesis, I developed solid dispersions using low molecular 

weight PEGs (PEG 1000, PEG 1500, PEG 2000) and the active pharmaceutical ingredient 

(API) ketoprofen through the hot melting method. A phase solubility study was conducted 

in hydrochloric acid media, and the physicochemical properties of the solid dispersions 

prepared with hot melt homogenization, along with their respective physical mixtures, 

were examined using Fourier transform infrared spectroscopy, powder X-ray diffraction, 

and scanning electron microscopy techniques. The primary goal was to investigate the 

relationship between selected PEGs and ketoprofen, with a specific focus on the impact 

of molecular weight. The phase solubility study unveiled no difference among the three 

polymers, but notable distinctions were observed in the dissolution curves. Particularly, 

PEG 1000 exhibited a higher percentage of released drugs compared to PEG 1500 and 

2000, which demonstrated similar outcomes. These results suggest that, while multiple 

low molecular weight PEGs can serve as suitable matrix polymers for solid dispersions, 

the molecular weight has only a limited impact on physicochemical characteristics and 

interactions. 

9.1. Phase solubility 

Figure 21 illustrates the impact of PEGs on the solubility of ketoprofen. Our research 

has shown that the solubility of ketoprofen in simulated gastric juice was 41 µg/mL. On 

the solubility of the API 1 w/
v% PEGs only had a minimal effect. However, as the 

concentration increased, a linear correlation was observed up to 10 w/
v%, with a significant 

increase at 20 w/
v%, concentration. No significant differences were observed among 

different molecular weight PEGs regarding their ability to increase solubility. The 

apparent stability constants (Ka) of ketoprofen for PEG 1000, PEG 1500, and PEG 2000 

were calculated to be 3.317*10-5, 3.346*10-5, and 3.569*10-5, respectively (Table 13). 
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Figure 21: Phase-solubility diagram of ketoprofen in simulated gastric juice.  

 

 

 

 

 

 

 

Table 13: Gibbs free energy values of ketoprofen and the tested PEGs. 

9.2. Fourier-transform infrared spectroscopy (FT-IR) 

Ketoprofen was prepared for further experimentation in two different forms: solid 

dispersion by hot melt homogenization (SD) and gently mixed powders (physical 

mixture, PM) of ketoprofen and PEGs. FTIR spectroscopy was employed to scrutinize 

potential interactions between ketoprofen and PEGs in these formulations. Remarkably, 

in the 1650-1700 cm-1 range, ketoprofen exhibited characteristic peaks absent in the 

PEGs. For PEGS 1000 (Figure 22. A), the spectra of the solid dispersion and physical 

mixture were nearly identical. In contrast, for PEG 1500 (Figure 22. B) and 2000 (Figure 

23. C), the characteristic ketoprofen peaks were discernible in the physical mixture within 

the same range as the pure API. However, in the solid dispersions, the formation of a new 

hydrogen bond caused a shift in the ketoprofen bands from 1693 cm-1 to 1732 cm-1. 

Concentration (w/w%) ΔG0
tr (J/mol) 

 PEGs 1000 PEGs 1500 PEGs 2000 

1 -331.6 -144.5 -116.6 

5 -1342 -1316 -1491 

10 -2420 -2585 -2731 

20 -4911 -4901 -5042 
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Figure 22: FTIR spectra of KT, pure PEGs, PM, SD for PEG 1000, 1500, 2000. 
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9.3. Powder X-ray Diffraction (PXRD) 

The PXRD results (Figure 23) confirm that for PEG 1500 and 2000, the physical 

mixture contains ketoprofen in a crystalline form. In contrast, in the case of solid 

dispersions, there are no indicative signals of a crystalline structure. This suggests that in 

the solid dispersions, the active ingredient primarily exists in an amorphous form, 

indicating that the API was dissolved in PEG. In comparison to the FT-IR results, both 

PEG 1000 PM and PEG 1500 SD exhibit nearly identical characteristics. 

Figure 23: PXRD spectra of KT, pure PEGs, PM, SD for PEG 1000, 1500, 2000. 
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9.4. Scanning Electron Microscopy (SEM) 

Figure 24 presents the SEM images of pure ketoprofen, and the three type of PEGs 

polymers (PEG 1000, PEG 1500, PEG 2000). In the center of 24D the typical crystalline 

form of ketoprofen is visible with particle size below ~100 µm. In the case of the polymers, 

there is not any detectable crystalline form, they are amorphous particles. Upon 

magnification at 500x, the electron microscope images (Figure 25) confirm that the crystals 

of the active ingredient can be found between the larger particles of the PEGS, whereas, in 

the case of solid dispersion (SD), a predominantly homogeneous, molten substance is 

observed. In physical mixtures, the crystals of ketoprofen are detectable, except PEGS 1000, 

which again shows similarities to its respective solid dispersions. The lack of ketoprofen 

crystals indicates the successful formation of a solid dispersion. In the case of PEGS 1000, 

the solid dispersion is achieved due to its low melting point, allowing ketoprofen to dissolved 

during the gentle homogenization process in the experiment. 

 

Figure 24: SEM images of PEG 2000, 1500, 1000, and crystalline ketoprofen. 

 



 

 68 

Figure 25: SEM images of PM and SD of PEG 2000, PEG 1500, PEG 1000. 

 

9.5. In Vitro Dissolution Test 

The dissolution test results depicted in Figure 26 reveal that the highest amount of 

dissolved drug was observed for PEG 1000, with the other two PEGs exhibiting mostly 

similar profiles. Table 14 presents the calculated difference and similarity factors for the 

solid dispersions. The compared curves are statistically similar when f1 values fall 

between 0 and 15 and f2 values exceed 50. The graph illustrates the similarity between 

PEG 1500 SD and 2000 SD. It also must be noted, in all cases, the concentration of the 

dissolved ketoprofen was multiple times the amount calculated from the phase solubility 

study results (Figure 26), indicating the formation of a supersaturated solution. 
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Figure 26: Dissolution profiles of SDs and PMs in simulated gastric juice. Data is represented as the average 

(±SD) detected amount of ketoprofen compared to the average amount of ketoprofen loaded into the capsules. 

N=3. The dotted line represents the theoretical maximum solubility of ketoprofen in the presence of the PEGs 

based on the phase solubility study (90 mg of PEG in 450 mL of hydrochloric acid media, average is calculated 

and plotted from the result of the three polymers). 

 

Comparison of compositions f1 f2 

PEG 1000 PM vs. SD 29.80 39.84 

PEG 1500 PM vs. SD 5.00 76.78 

PEG 2000 PM vs. SD 10.84 59.19 

PEG 1000 SD vs. PEG 1500 

SD 

38.27 25.74 

PEG 1000 SD vs. PEG 2000 

SD 

42.30 27.59 

PEG 1500 SD vs. PEG 2000 

SD 

6.54 71.39 

Table 14: Difference and similarity factors of the dissolution profiles of the samples. 

Further analysis of the dissolution curves is presented in Table 15. The majority of 

samples were best described by the Korsmeyer-Peppas equation, commonly used to 

characterize release from polymeric systems.148 Though, in specific instances, the zero-
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order model was the most suitable, particularly for matrix tablets containing low 

solubility API. 

 

Type of 

kinetics profile 
 

Zero-order 

model 

First order 

model 

Korsmeyer-

Peppas model 

Physical 

mixture* 

PEG 1000 0.8440 0.8854 0.9321 

PEG 1500 0.8371 0.7104 0.7859 

PEG 2000 0.8588 0.8715 0.9109 

Solid 

dispersions 

PEG 1000 0.8416 0.9469 0.9592 

PEG 1500 0.8547 0.8242 0.8710 

PEG 2000 0.8823 0.8543 0.8444 

Table 15: Coefficient determination for different models of the dissolution profiles. 

In various articles, multiple PEGs have been studied to understand how changes in 

their molecular weight affect specific characteristics. The relationship between molecular 

weight and these characteristics can be either proportional or inversely proportional, but 

some studies have failed to find any correlation. Table 16 provides a summary of some 

of these investigations. The upcoming chapters will detail my findings on the relationship 

between molecular weight and properties related to PEGs (cellular effect and solid 

dispersion formulation). 
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Publication Tested characteristics PEGs 

Relationship of 

molecular 

weight and 

tested 

characteristics 

B.Chakrabarty et al. 169 

 

Permeation performances of 

polysulfone polymeric 

membranes 

400, 6000, 20000 Proportionality 

S. Chibowski and 

M.Paszkiewicz 170 

 

Adsorption and 

electrochemical properties 

of the titania/electrolyte 

solution interface 

2000, 35000,  

100000,  300000 
 Proportionality 

Ruilong Li et al.171 

 

 

 

Crystallization behaviors, 

Thermal properties, 

Tensile performance of 

polylactic acid 

stereocomplexes (PLLA) 

2000, 4000, 6000, 8000 Proportionality 

Ping Qu et al. 172 

 

Biodegradation and 

morphology properties of 

cellulose 

nanofibrils/poly(lactic) 

composite materials 

600, 1000, 4000 
Inverse 

proportionally 

Mansi Singh et al.173 

 

Rheological properties of 

fumed silica-PEGs shear 

thickening fluid 

200, 4600, 6000, 10000 Proportional 

Tatiana V. et al. 174 

 

Polysulfone solution and 

hollow fiber membranes 

- Structure 

- Permeability 

- Homogenous 

- Viscosity of solution 

 

 

400, 1000, 2000, 6000, 

20000, 40000 

- None 

-Proportional 

-Inverse 

proportionally 

-None 

Table 16: Some publications about the correlation between MW of PEGs. 
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10. DISCUSSION I. 

Polyethylene glycols, referred to as Macrogols in the European Pharmacopoeia,6 play 

a pivotal role as excipients in both oral and parenteral dosage forms. Their primary 

applications include constipation treatment and colonoscopy preparation.175,176 These 

polymers exhibit noteworthy characteristics, including chemical neutrality, 

hydrophilicity, and high to moderate solubility in aqueous and organic solvents. Such 

attributes make them widely employed for enhancing the pharmacological and biological 

properties of diverse pharmaceutical formulations.177 Additionally, PEGs are recognized 

for their contribution to the development of stealth coatings on nanoparticle surfaces, 

leveraging the interaction between opsonins and the PEGSylated surface.178 While the 

physical properties and cellular effects of PEGs hold significance, most literature tends 

to focus on individual PEGs, with limited studies involving multiple derivatives. Our 

study aimed to delve into the cellular effects of PEGs spanning a broad range of molecular 

weights, seeking to establish correlations among different measured properties. Prior 

research has indicated that fundamental biological effects, such as the cytotoxicity of 

PEGs, are influenced by osmolality and can be predicted based on the molecular 

weight.171 

Our study sought to conduct a comprehensive exploration of the biological effects of 

PEGs. Initially, we measured osmolality and subsequently delved into cytotoxicity, 

autophagy, and the distribution of necrotic/apoptotic/living cells, along with in vivo 

toxicity assessment. To ascertain the osmolality of our solutions, we employed the 

OSMOMAT 070 osmometer, given its suitability for assessing osmolality or molecular 

weight through the vapor pressure method.32,179,180 In our in vitro cytotoxicity 

experiments, we utilized Caco-2 human colorectal adenocarcinoma cells. These cells 

were chosen for their role as a general model cell line and their ability to reflect the 

susceptibility of the gastrointestinal tract, given their morphological resemblance to the 

intestinal epithelium.181,182 Cytotoxicity evaluation was conducted through the commonly 

employed MTT and Neutral Red assays, both of which complement each other. The MTT 

assay detects cell viability through enzymatic conversion, while the Neutral Red assay 

measures cellular uptake and the incorporation of neutral red. The combination of these 

assays is often utilized in various studies to explore the cytotoxicity of different 

chemicals, benefiting from their distinct mechanisms of action.183–185 To delve deeper 

into the cytotoxic characteristics of PEGs, we utilized labeled annexin V and propidium 
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iodide in conjunction with flow cytometry. This approach allowed us to distinguish 

between necrotic and early apoptotic cells.184,186,187 Additionally, we measured 

autophagosome formation through cellular organelle staining as a marker of autophagy, 

an inducible mechanism of cytotoxicity.188–190 We complemented our cytotoxic 

experiments by employing the Galleria mellonella injection method, an emerging in vivo 

model organism that serves to assess the toxicity of different xenobiotics.191–193 This 

method has shown a robust correlation with cellular and other in vivo techniques in 

studies focusing on acute toxicity.194 

In the field of cytotoxicity, there has been limited research on the cytotoxic properties 

of PEGs across a wide range of molecular weights. Liu et al. conducted a study on a 

variety of PEG derivatives using the MTT assay, focusing on HeLa (human cervical 

cancer cells) and the L929 cell line (fibroblasts derived from mice).195 The PEGS 

derivatives involved in the study included TEG (triethylene glycol), PEG oligomers (PEG 

400, PEGS 1000, PEG 2000, PEG 4000), and PEGS-based monomers such as PEG 

methyl ether acrylate (mPEGSA) and PEG methyl ether methacrylate (mPEGSMA-500, 

mPEGSMA-950). Previous research suggested that PEG 400 and PEG 2000 exhibited 

minimal cytotoxicity at a concentration of 5 mg/mL, while PEG 1000 and PEG 4000 

displayed higher toxicity, particularly towards the L929 cell line. This implies that 

molecular weight and osmolality might not be directly correlated with cytotoxicity. 

However, our study contradicts this report, as we found that the cytotoxicity of PEG 400, 

PEG 1000, and PEG 4000 increased based on the MTT assay. Discrepancies between the 

studies may arise from differences in the MTT assay protocols. In our approach, cells 

were exposed to a higher concentration of PEGs for a shorter duration, emphasizing acute 

effects, whereas Lie et al. incubated cells for 24 hours, emphasizing the impact of PEGs 

on cell proliferation. Furthermore, Hodaei et al. reported that after 24 hours of incubation, 

PEG 4000, PEG 6000, PEG 10000, and PEG 35000 at 4 w/v% had no cytotoxic effect on 

Caco-2 cells. In contrast, our study revealed significant toxicity for PEG 400 and PEG 

15000 at 4 w/v%, indicating a distinct pattern with acute, high-concentration treatment 

compared to long-term incubation. Postic et al. explored the impact of PEG 200, 2000, 

20000, and poly(vinyl pyrrolidone) 8000 on various cellular parameters in metastatic 

melanoma A375, mouse fibroblast 3T3, and human corneal epithelial cells over a 72-hour 

incubation period. Their results indicated that higher concentrations of low molecular 

weight PEGs significantly altered the number and morphology of A375 cells compared 

to PVP 8000. The Resazurin assay revealed that PEG 200 was more cytotoxic to A375 
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and 3T3 cells than other PEGs, while PVP 8000 exhibited a unique dose-dependent 

killing action against the cells. The effects on human corneal epithelial cells varied among 

all three PEGs. Caspase 3/7 activation displayed a time-dependent pattern, showing no 

correlation with molecular weight. In summary, the diverse cellular effects of PEGs are 

strongly influenced by incubation time and the specific cell types under investigation. 

Collectively, the Spearman correlation analysis, as detailed in Table 8, unveiled 

significant positive correlations between the average molecular weight of the investigated 

PEGs and cell viability, as indicated by both MTT (p=0.0055) and NR assays (p=0.0444), 

along with the percentage of living cells according to flow cytometry (p= 0.0018). In 

contrast, a negative correlation was noted between molecular weight and osmolality 

(p=0.0039), as well as the proportion of necrotic cells (p= 0.0001). These findings suggest 

that lower molecular weight PEGs exhibit heightened cytotoxic activity, with this effect 

diminishing as the average PEG chain length increases. Additionally, the correlation 

matrix revealed associations between osmolality and MTT (p<0.0001), NR (p=0.0018), 

the proportion of living cells (p=0.0182), and necrotic cells (p=0.0098). These results 

reinforce the concept that the cytotoxicity of PEGs may be attributed to the severe osmotic 

shock induced during cell exposure to 30 w/
v % PEG solutions over a 30-minute 

incubation period. However, sorbitol solutions did not manifest cytotoxic effects in both 

the MTT and NR assays, despite comparable osmolality to PEGs. This suggests that 

osmolality alone might not be solely responsible for the observed decrease in cell 

viability. There may be an unexplored factor or cellular effect related to molecular weight 

contributing to the cytotoxicity of PEGs. 

Wang et al. discovered that the cellular uptake mechanism of PEGs depended on their 

molecular weight. They found that low molecular weight PEGs (750-2000) were 

exclusively taken up through passive diffusion, while longer derivatives also utilized 

endocytosis as a significant mechanism.182 Additionally, the study highlighted that 

cellular uptake was influenced by factors such as incubation time and temperature. 

Notably, mesenchymal stem cells exhibited varying tolerance levels to sodium chloride, 

sorbitol, and PEG 3000, despite being applied at the same osmolality.196 Additionally, the 

type of osmolyte had a significant impact on various factors related to chondrogenesis, 

regardless of osmolality. This suggests that only low molecular weight PEGs could 

penetrate the cells within the brief incubation period, possibly explaining our results. 

Furthermore, the specific sensitivity of Caco-2 cells to PEGs and their tolerance to 

sorbitol could also contribute to these findings.  
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Unfortunately, there is a dearth of prior research on the influence of non-modified 

PEGs in G. mellonella larvae and their role in autophagosome formation. This absence of 

pre-existing studies poses a challenge in comparing our findings with previous literature. 

Nevertheless, the well-established correlation between osmotic stress and the induction 

of autophagy has been extensively explored, revealing a substantial impact.197,198 

Autophagosome formation did not show any correlation with molecular weight, 

suggesting that autophagy is generally a late-phase response to osmotic stress.198 The 

significant increase in autophagosome formation observed in this investigation can be 

attributed to the facile penetration of low molecular weight PEGs into the cells. Past 

research has demonstrated that a mere 30 minutes of hyperosmotic incubation can initiate 

the formation of proteasomes.199 It is essential to conduct additional research to identify 

the specific property of PEGs that exerts the most substantial influence on the process. 

Notably, unexpected cellular effects of PEGs have been documented, including the 

capacity of PEGS 35 to influence the uptake of exosomes and diminish the levels of IL-

1β.200 Unmodified PEGs had not been previously injected into G. mellonella for toxicity 

evaluation. Our findings showed that only molecular weight (p=0.0403) demonstrated a 

notable correlation with overall larvae mortality. Macromolecules are infrequently 

examined in this novel model organism; nevertheless, at elevated concentrations, they 

display toxicity that is dependent on concentration.201 Moreover, labeled annexin V 

served as an indicator for early-stage apoptosis, and our results indicated no correlation 

between the proportion of stained cells and osmolality. Literature suggests that the 

conjugation of PEG 12000 to interferon-α2b did not lead to a noteworthy increase in 

apoptotic activity, in contrast to observations with PEG 5000-coated silver nanoparticles 

compared to citrate-coated counterparts.202,203 Additional flow cytometry experiments are 

required to clarify the division of cells between necrotic and early apoptotic populations 

after PEGS treatment. We hypothesize it is significantly influenced by the PEG 

concentration and the duration of incubation. 

In summary, the analysis indicates a significant correlation between osmolality, cell 

viability (measured by various methods), and the molecular weight of PEGs. However, 

more intricate phenomena such as early-stage apoptosis, autophagosome formation, and 

in vivo toxicity (larvae survival) do not display a direct association with molecular 

weight. 

When anticipating the biological effects of a previously untested PEG, only 

straightforward cellular interactions, such as (cyto)toxicity through necrosis, can be 



 

 76 

approximated based on prior experiments with PEGs of varying molecular weights. 

Further investigation is essential to unveil which properties of PEGs influence more 

complex mechanisms like autophagosome formation or apoptosis. Through thorough 

testing, the contributing factors can be identified, and statistical correlations can be 

established to elucidate the connection between biological effects and chemical or 

physical attributes. 

Until additional research is conducted, it is prudent to approach the estimation of 

cellular actions of PEGs cautiously, particularly when comparing new derivatives to 

established ones based solely on molecular characteristics. 
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11. DISCUSSION II. 

Ketoprofen, a widely utilized NSAID with diverse therapeutic applications, exhibits 

remarkably low water solubility. Enhancing its solubility is imperative for improved 

bioavailability, and various methods can be employed to achieve this. Solid dispersions 

have become increasingly popular due to their favorable characteristics.204 In our study, 

we aimed to investigate the binary dispersions of ketoprofen with three polymers of 

distinct molecular weights: PEG 1000, 1500, and 2000. Our objective was to delineate 

the variations among the solid dispersions produced by these three molecules and their 

dissolution properties. 

Our phase solubility study (Figure 21) reveals a significant increase in PEGs 

solubility. Specifically, we observed an augmentation in ketoprofen solubility from 41 

µg/mL to 300 µg/mL. Importantly, there was no statistically significant difference among 

the three polymers. This observation aligns with the findings of Khattab et al., who 

demonstrated minimal differences in the solubility-enhancing properties of PEGS 4000, 

10000, and 20000 for gliclazide.205 Our results, within the 1-10 w/
v% range, also 

correspond well with the previous research by Mura et al., indicating a proportional 

increase in the solubility of ketoprofen when using PEGs within this range.206 Table 13 

illustrates the negative free energy transfer across all concentrations and polymers, 

indicating the spontaneity of the drug solubilization process. This process is even more 

advantageous at higher concentrations of the polymers, as evident from the decreasing 

free energy for the solutions with higher concentrations. Furthermore, based on the Ka 

values, it is observed an increase in the binding affinity between ketoprofen and the PEGs 

as the molecular weight of the PEGs increases.  

When examining the six samples, outcomes from both the FT-IR (Figure 22) and the 

PXRD (Figure 23) analyses suggest the formation, albeit partial, of a solid dispersion 

even at room temperature, particularly in the case of the physical mixture involving PEGs 

1000. Despite the initial mixing being conducted with liquid and subsequent cooled 

storage before investigation, the infrequently used PEG 1000 for preparing hot melt solid 

dispersions is attributed to its low melting range. The shifts observed in the characteristic 

IR bands are ascribed to hydrogen bond formation between ketoprofen and the polymer, 

a phenomenon previously reported in different ketoprofen solid dispersions.118,,188,189 

Overall, the noted alterations in the spectra indicate the formation of a solid dispersion, 

distinguishing it from a mere physical mixture.209,210 The scanning electron microscopy 
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images (Figure 25 B, D, F) affirm the homogeneous distribution of the API, but the 

presence of ketoprofen crystals in the solid dispersion texture suggests incomplete 

conversion into the amorphous phase. 

The primary merit of a solid dispersion lies in its ability to generate supersaturated 

solutions of the given API. In an ideal system, the API exists 100% in an amorphous state. 

Consequently, the dissolution of the matrix polymer results in a supersaturated colloidal 

solution, where the kinetic solubility exceeds the "normal" thermodynamic solubility 

determined by the physicochemical properties of the crystalline form.211 Comparing 

Figure 21 to Figure 26, highlights the difference in solubility values. In the phase 

solubility studies, a 24-hour interval between initial dissolution and ketoprofen 

measurement initiated amorphous API particle crystallization, which could be separated 

by centrifugation, leading to a significant decrease in the dissolved ketoprofen amount.212 

During the dissolution experiment, we observed a sufficiently short time window to detect 

the formation of a supersaturated solution. In Figure 26, the dotted line illustrates the 

theoretical maximum solubility of ketoprofen in the presence of the investigated PEGs at 

concentrations equal to the amount of PEGs in each capsule. This supersaturation 

phenomenon can be attributed to the prevention of crystallization by the polymer 

matrix.213–215 Consequently, enhanced bioavailability can be assumed.144,216,217 

Table 17 presents a compilation of diverse studies investigating solid dispersions 

using different PEGs as the polymer matrix. It is evident from the data that establishing a 

universal correlation between molecular weight and dissolution rate is challenging, as this 

relationship is significantly influenced by the specific APIs employed. Duong and Van 

den Mooter propose a potential explanation for this phenomenon in their review.135 

According to them, fenofibrate, which does not form hydrogen bonds with PEGs, and 

flurbiprofen, which does, show that the dissolution of the solid dispersion is unaffected 

by molecular weight as PEGs remains neutral.218,219 However, this explanation does not 

exclusively account for the observed outcomes. For example, in the case of other potential 

hydrogen-bond-forming molecules like naproxen, the dissolution profiles of solid 

dispersions were unaffected by molecular weight. Unfortunately, our findings fall under 

the "None" classification as outlined in Table 17, with PEG 1000 exhibiting a higher 

percentage of released drug compared to PEG 1500 and PEG 2000, despite the nearly 

identical characteristics of the latter two. Despite the confirmed formation of hydrogen 

bonds in the interaction between ketoprofen and PEG 1000, 1500, and 2000, our study 

did not reveal a clear correlation between molecular weight and dissolution properties. 
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Publication API PEGs 

Relationship of 

molecular weight and 

percentage of released 

drug 

Ford et al.220  
indomethacin, 

phenylbutazone 

1500, 4000, 

6000, 20000 
Inverse proportionality 

Miralles et al.221  tolbutamide 4000, 6000 Inverse proportionality 

Serajuddin et al.222  

α-Pentyl-3-(2-

quinolinylmethoxy)benz

ene 

methanol 

1000, 1450, 

8000 
Inverse proportionality 

Chiou and 

Riegelman223  

griseofulvin 
4000, 20000 Proportional 

Betageri and 

Makarla224  

glyburide 
4000, 6000 Proportional 

Anguiano-Igea et 

al.225  

clofibrate 10000, 

20000, 35000 
Proportional 

Dordunoo and 

Rubinstein226  

triamterene, 

temazepam 

1500, 2000, 

4000, 6000 
Proportional 

Mura et al.227  
naproxen 4000, 6000, 

20000 
None 

Khattab et al.228  
gliclazide 4000, 10000, 

20000 
None 

Trapani et al.229  zolpidem 4000, 6000 None 

Table 17: Some review of SDs dissolution studies, prepared with multiple PEGs. 

Our findings indicate (Figure 26, Table 14, 15) that both the physical mixtures and 

solid dispersions of PEG 1500 and 2000 yielded similar. It has been noted that the 

dissolution rate of the polymer may decrease when it is part of a solid dispersion rather 

than being freely present as in a physical mixture.230 However, the low melting ranges of 

PEG 1500 and 2000 may have led to the in situ formation of a solid dispersion from the 

physical mixtures while inside the capsule. Even if this phase transition occurred only 

partially, the physical mixture exhibited the potential to elevate the percentage of released 
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drug to the level observed in the original solid dispersion. The difference between PEGS 

1000 SD and PM could be explained by the lowest Ka values, indicating a lower binding 

affinity of ketoprofen toward the carrier. We believe that the unique combination of 

ketoprofen-PEGS interactions altering the dissolution rate of the polymer and the in-situ 

phase transition of physical mixtures accounts for our results. 

Our observation of the kinetics profile (Table 14) for the samples is consistent with 

existing literature, when SDs commonly exhibit a good fit for both Korsmeyer-Peppas 

and zero-order models.212,231,232 

Overall, our investigation supports the conclusion that the molecular weight of 

PEGs do not have a straightforward impact on the dissolution profile of ketoprofen. 

Surprisingly, the physical mixtures of PEG 1500 and 2000 were nearly identical to their 

respective solid dispersions, suggesting a potential method for easily and simply 

enhancing the solubility of ketoprofen. Further research confirming the in situ solid 

dispersion formation could lead to the development of simple powder-loaded capsules 

that enhance the bioavailability of the API compared to conventional dosage forms.  
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12. SUMMARY 

To summarize, our study investigated numerous cellular effects, in vivo toxicity, as 

well as osmolality of eleven different polyethylene glycols on Caco-2 cells. Data analysis 

with different statistical methods revealed a notable correlation among cytotoxicity, 

osmolality, and the molecular weight of PEGs. In general, lower molecular weight PEGs 

demonstrated a substantial decrease in cell viability, elevated osmolality, and elevated the 

mortality of larvae, while PEGs with higher molecular weights generally exhibited 

minimal impact on cells and lowered osmolality. Further scientific inquiries are necessary 

to gain a deeper understanding of the impact of PEGs on autophagosome formation and 

early apoptosis. However, it can be affirmed that specific biological effects of PEGs 

cannot be accurately evaluated solely from their molecular weight.  

Overall, it can be concluded, that no rule of thumb can be applied for the molecular 

weight of PEGs as polymer matrices of solid dispersions, if the question is their ability to 

modify dissolution curve of a drug molecule. Each PEG-API interaction must be 

investigated on its own and trial-error methods must be used to test out what is the optimal 

molecular weight, drug:polymer ratio for each situation. Also, the comparison of physical 

mixtures and solid dispersions must be carried out especially in case of carriers where the 

melting point/range is in the physiological range of the gastro-intestinal tract.  

We describe the formulation of ketoprofen and PEG physical mixtures as well as 

solid dispersions in a ratio of 1:9. It was observed that at room temperature, the physical 

mixture PEGS 1000 began to melt, leading to the creation of a partial solid dispersion. 

On the contrary, the formulations of PEG 1500 and 2000 exhibited distinct PXRD and 

FT-IR spectra, and their physical characteristics varied as observed in scanning electron 

microscopic images. The dissolution study carried out in hydrochloric acid 

media indicated no difference between the formulations with PEG 1500 and 2000, while 

demonstrating a notably higher quantity of dissolved API in the PEG 1000 solid 

dispersion. However, in each case, a supersaturated solution was identified, as the 

quantity of dissolved ketoprofen exceeded the theoretical maximum suggested by the 

phase solubility study.   

In summary, our findings demonstrate that, in the case of low molecular weight 

PEGs, polymer's length does no influence dissolution profile of ketoprofen solid 

dispersions directly. Unfortunately, our results can only be moderately compared to other 

research articles, as the investigation of binary solid dispersions is currently outside the 
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scope of researchers, and most publications do not focus on the impact of molecular 

weight but on other aspects of solid dispersion formulation. Further investigation is 

required to study the dissolution of different formulations to explain the interesting results 

of the dissolution study. Only the PEG 1000-ketoprofen solid dispersion surpassed its 

physical mixture counterpart, with PEG 1500 and 2000 exhibiting considerable similarity 

to each other. Additionally, the physical mixture of PEG 1000 showed a relatively high 

amount of dissolved API. These findings indicate that, for low molecular weight PEGs, 

forming a solid dispersion may not be essential to achieve a supersaturated solution in the 

stomach, thereby significantly enhancing the bioavailability of the given API. Even a 

simple physical mixture can improve drug delivery due to the combination of the melting 

point and dissolution speed of PEGs, along with the unique interaction between 

ketoprofen and the polymers. Further investigation is necessary to delve into the potential 

utilization of this characteristic of low molecular weight polyethylene glycol derivatives. 
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