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Abstract.1 This review focuses on amphiphilic diesters and 
"gemini" surfactants synthesized from pyromellitic acid, 
polyethylene glycols, aliphatic alcohols, and cholesterol. 
The discussion encompasses their unique colloidal and 
chemical properties, with an emphasis on the relationship 
between critical micelle concentration and hydrophilic-
lipophilic balance. Structural factors, particularly the length 
of the lipophilic substituents, significantly influence CMC 
values in aqueous systems. Additionally, the presence of 
carboxyl groups in the pyromellitic acid core allows for pH-
dependent modulation of surface activity. The amphiphiles 
exhibit exceptional potential in forming micellar structures 
capable of solubilizing hydrophobic substances, including 
dyes, oils, cholesterol, and the bioactive compound cur-
cumin. Beyond enhancing the stability of these substances, 
they enable controlled release mechanisms that mimic 
cellular membrane interactions. Such versatility positions 
the materials from amphiphilic diesters of pyromellitic acid 
as promising candidates for innovative applications in 
targeted drug delivery systems and as nanoreactors for 
synthesizing silver nanoparticles. This review underscores 
their potential in advancing nanotechnology and biomedical 
engineering. 
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1. Introduction 
In recent years, there has been increasing scientific 

and practical interest in amphiphilic reactive oligomers, 
which offer broad opportunities for modifying interfacial 
surfaces in various heterogeneous systems—such as 
polymer dispersions, filled composites, polymer blends, 
and planar surfaces. These modifications impart specific 
properties, including adjustable hydrophilicity, adhesive 
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interactions, biocompatibility, and bactericidal activity. 
Amphiphilic oligomers are characterized by important 
colloidal and chemical properties, such as their ability to 
effectively reduce surface and interfacial tension through 
the adsorption and orientation of their molecules at phase 
boundaries. They also form hierarchical micellar struc-
tures of various sizes and shapes capable of solubilizing 
water-insoluble substances. 

These unique properties make amphiphilic oligo-
mers invaluable in numerous fields of modern science and 
technology, including the development of high-tech 
nanocomposites, "smart" polymer systems, efficient drug 
delivery platforms, and advanced disease diagnostic tools. 
The majority of amphiphilic oligomers are synthesized 
through radical copolymerization or polymer-analog 
transformations. However, drug delivery vehicles approved 
by the U.S. Food and Drug Administration (FDA) are 
predominantly obtained via polycondensation methods. A 
critical factor in the successful synthesis of such 
polycondensation-based oligomers is the use of 
multifunctional, highly reactive monomers. 

One notable monomer is pyromellitic acid (PMA), 
which contains four reactive carboxyl groups in its 
molecule, enabling the construction of diverse structures by 
incorporating fragments with specific functional properties. 
PMA's availability, low cost, low toxicity, and easy 
transformation into reactive dianhydride make it a versatile 
building block for creating oligomeric and polymeric 
structures. These structures can be linear or branched, with 
varied functionality and solubility1 as well as surfactants 
with tailored hydrophilic-lipophilic balance.2-5 

Recently, various nanoassemblies, nanoparticles, 
and nanosponges based on dextrins and cyclodextrins cros-
slinked with pyromellitic dianhydride have been synthe-
sized. These materials have been employed as innovative 
stimuli-responsive nanomaterials for drug delivery 
systems,6 particularly for hydrophobic anticancer agents7-9 
as well as carriers for ailanthone-based herbicides,10 anti-
wrinkle finishing on cotton fabrics11, etc. 

This review focuses on the synthesis of novel 
amphiphilic derivatives of pyromellitic acid, examining 
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their physicochemical properties and versatile applications, 
including the solubilization of lipophilic substances in 
water and hydrophilic substances in non-polar solvents. 
Furthermore, it delves into their pivotal role in the de-
velopment of modern nanoscale drug delivery systems and 
other advanced materials. Overall, the review underscores the 
increasing demand for innovative amphiphilic materials and 
their transformative impact on nanotechnology, biomedical 
applications, and cutting-edge scientific advancements. 

2. Synthesis of the Amphiphilic 
Diesters of Pyromellitic Acid 

Amphiphilic diesters of pyromellitic acid (DEPMA) 
were synthesized through the sequential reaction of 
pyromellitic dianhydride (PMDA) with monomethylated 
polyethylene glycol (MPEG) and a primary aliphatic alco-
hol (R–OH), as depicted in Scheme 1. The incorporation of 
lipophilic alkyl or cholesteryl moieties alongside hydro-
philic polyethylene glycol fragments enables the formation 
of self-assembled structures in aqueous media.13 These self-
associates can  solubilize  controlled  amounts  of  lipophilic 

substances that are otherwise poorly soluble in water. The 
PEG chains, which constitute the hydrophilic shell of these 
self-associates, create a steric and hydrodynamic barrier 
that prevents aggregation. Moreover, the presence of PEG 
fragments renders these particles "invisible" to the immune 
system, facilitating prolonged and stable circulation in the 
bloodstream after injection.13,14 

1H NMR spectroscopy revealed that the primary 
product (Scheme 2) of the reaction between PMDA, 
MPEG, and alcohol is diester (2), with an estimated (2) to 
(1) ratio of approximately 7:3. 

The synthesized DEPMAs exhibit amphiphilic 
properties, being soluble in both aqueous media and 
nonpolar solvents such as benzene, tetrachloroethane, 
chloroform, tetrahydrofuran, etc. This amphiphilicity arises 
from the simultaneous presence of both hydrophilic and 
lipophilic moieties in their molecular structure. Additio-
nally, their surface activity, critical micelle concentration 
(CMC), and other colloidal-chemical properties depend on 
the pH of the medium due to the presence of carboxyl 
groups. Owing to these characteristics, DEPMA structures 
hold potential as nanocarriers for the solubilization and 
targeted delivery of lipophilic biologically active 
compounds and drugs to pathological cells in vivo. 

 
Scheme 1. Synthesis of DEPMA (Alc-PMA-MPEG) by the interaction of PMDA with alcohols and MPEGs. 
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Scheme 2. Chemical structures of DEPMA (Alc-PMA-MPEG) 
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2.1. Amphiphilic Diesters with 
Cholesterol Fragments 

Oligomers containing cholesterol (Chol) moieties 
with the Chol-PMA-MPEG structure were synthesized 
according to Scheme 3 under conditions similar to those 
used for the synthesis of Alc-PMA-MPEG. However, the 
second stage required a slightly longer reaction time 
compared to the preparation of DEPMA with alkyl 
moieties. This was due to the lower reactivity of the 
secondary hydroxyl group in cholesterol relative to the 
primary hydroxyl group in aliphatic alcohols. The 
synthesis of Chol-PMA-MPEG was performed using an 
equimolar ratio of MPEG : PMDA : сholesterol.15 

The selection of cholesterol as one of the lipophilic 
O-nucleophiles was motivated by its crucial role as a key 
component of cell membranes. Cholesterol exhibits a high 
thermodynamic affinity for membrane surfaces, influen-
cing the stability and permeability of a double lipid 
layer.16,17 Additionally, it regulates the activity of memb-
rane-associated proteins, receptors, ion channels, etc.18-20  

Water-soluble cholesterol derivatives are capable 
of self-assembly, leading to the formation of aggregates, 
micelles, and liquid crystalline phases.21-26 

Polyethylene glycol (PEG) chains provide biocom-
patibility and bioinertness, resulting in minimal interaction 
with blood components, which makes them highly 
attractive for drug delivery applications.27 Furthermore, 
the ester bonds in these oligomers can undergo gradual 
hydrolysis, yielding low-molecular-weight, non-toxic 
products that are naturally eliminated from the body. 

Another class of amphiphilic surfactants, incorpo-
rating both polyethylene glycol and cholesterol moieties, 
was synthesized according to Scheme 4. These com-
pounds, designated as (MPEG)2PMA(Chol)2, were obtai-
ned through a three-step synthetic procedure. In the first 
step, an acidic diester of pyromellitic acid (MPEG-PMA-
MPEG) was synthesized, which was subsequently con-
verted into a diacyl chloride intermediate. The final step 
involved the reaction of this intermediate with cholesterol, 
leading to the formation of (MPEG)2PMA(Chol)2. 

 

 
 

Scheme 3. Synthesis of diesters with the Chol-PMA-MPEG structure 
 

 

 
 

Scheme 4. Synthesis of diesters with the (MPEG)2PMA(Chol)2 structure 
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Unlike previous synthetic approaches, this method 
involved both anhydride groups of PMDA participating in 
the initial stage of the reaction. This allowed the process 
to be conducted under more stringent conditions, without 
the use of a solvent, enabling complete conversion of the 
starting materials at a stoichiometric ratio. 

 

2.2. Amphiphilic Esters with a "Gemini" Structure 
In recent years, a novel class of surfactants—

dimeric or so-called "gemini" (also referred to as "double 
surfactants")—has gained significant attention from 
researchers and chemical industries.28-30 These surfactants 
possess a symmetrical structure, consisting of two amphi-
philic fragments linked by a spacer (Fig. 1).31,32 
Additionally, "gemini" surfactants without a spacer group 
have also been reported.33 

Compared to conventional (monomeric) surfactants, 
"gemini" surfactants exhibit remarkably enhanced 
performance, making them some of the most promising 
surface-active compounds due to their amazing properties. 
They demonstrate superior wetting, foaming, solubilizing, 
and emulsifying properties, along with higher biological 
activity. Furthermore, they reduce surface tension at 
water–air and water–oil interfaces more effectively than 
their conventional counterparts.34,35 

One of the key advantages of "gemini" surfactants 
is their significantly lower critical micelle concentration 
(CMC), which is typically at least an order of magnitude 
lower than that of corresponding monomeric surfactants. 
Additionally, their micelles exhibit a higher solubilization 
capacity. Studies of the microstructure of aqueous 
solutions of certain "gemini" surfactants have revealed 
that, at concentrations above the CMC, they can form 
micelles of various morphologies36 depending on 
concentration,37,38 temperature,39 and the presence of other 
surfactants.40,41 The morphology of these micelles 
includes worm-like,42-44 thread-like,45 and polymer-like 
structures.46 Moreover, the "lifetime" of micelles formed 
by "gemini" surfactants is an order of magnitude longer 
than that of micelles formed by conventional surfactants.47 

Due to their unique physicochemical properties, 
"gemini" surfactants have found widespread applications 
in diverse fields, including detergency,48-53 soil and mate-
rial wetting,49 textile dyeing,54-56 stabilization in micro-
emulsion polymerization stabilization,57 corrosion inhibi-
tion,58,59 nanostructure formation,60 oil spill remediation in 
natural water bodies,61 gene transfection,62,63 cosmetics 
formulation,33 etc. 

The synthesis of "gemini" surfactants based on 
pyromellitic acid and cholesterol is illustrated in 
Scheme 5.12,16
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Fig. 1. Schematic representation of "gemini" surfactants 
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Scheme 5. Synthesis pathway of "gemini" Chol-PMA-PEG600-PMA-Chol oligomers 
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The synthesis consists of two stages. In the first 
step, the reaction of PMDA with PEG (in a molar ratio of 
1:2) yields a PMA-PEG-PMA diester containing two 
anhydride groups (Scheme 5). In the second step, an 
excess of cholesterol undergoes acylation with this diester, 
wherein the hydroxyl groups of cholesterol react with the 
anhydride groups in PMA-PEG-PMA, leading to the 
formation of the final "gemini" surfactant structure. 

3. Colloidal and Chemical Properties 
of Amphiphilic Diesters of 
Pyromellitic Acid 

The synthesized diesters of pyromellitic acid 
(DEPMAs) exhibit amphiphilic properties, being soluble 
in both polar solvents, such as water, and low-polar or-
ganic solvents, including benzene, dioxane, tetrahydro-
furan, chloroform, and tetrachloromethane. As previously 
mentioned, their amphiphilicity arises from the presence 
of one or two lipophilic moieties—either aliphatic primary 
alcohol residues or a cholesteryl group—along with one 
or two hydrophilic MPEG chains. The hydrophilic-
lipophilic balance (HLB) of DEPMAs can be tuned within 
the range of 6.1 to 14.2 at the synthesis stage by varying 
the nature of the hydrophilic and lipophilic fragments. 

When dissolved in water or an organic solvent, 
each DEPMA fragment undergoes solvation with solvent 
molecules of similar polarity. The coexistence of 
lipophilic and hydrophilic fragments determines surface 
activity and enables the formation of direct or reverse 
micelles and micellar aggregates, depending on the 
surrounding medium. The presence of two carboxyl 
groups in DEPMA’s molecules allows for ionization in 
alkaline aqueous solutions, enhancing their hydrophilicity. 
Conversely, in an acidic medium, the reduced ionization 
of carboxyl groups increases the lipophilicity of the 
pyromellitic acid moiety. Consequently, the surface 
activity, HLB, and micelle-forming ability of DEPMAs in 
aqueous media are strongly pH-dependent. 

The capacity to form both direct and reverse 
micelles enables the solubilization of water-insoluble 
lipophilic substances in aqueous media and water-soluble 
compounds in non-polar organic solvents. The critical 
micelle concentration (CMC) of DEPMAs, determined 
using the du Noüy ring method from surface tension 
isotherms, ranges from 0.02 to 1.22 wt. %. The CMC 
decreases with increasing lipophilic chain length and 
increases with longer hydrophilic chains. Remarkably, this 
trend is consistent across both acidic and neutral solutions. 

On the other hand, CMC values obtained via 
fluorescence spectroscopy using pyrene as a fluorescent 
probe64,65 range from 0.001 to 0.048 wt. %. This 

discrepancy suggests that the two methods characterize 
different aggregation processes in aqueous DEPMA 
solutions. The onset of pyrene solubilization corresponds to 
the concentration at which “unimeric micelles” capable of 
incorporating pyrene begin to form.66 Meanwhile, surface 
tension isotherms reflect changes in interfacial energy at the 
water-air interface, indicating the DEPMA concentration at 
which a saturated adsorption layer is established at the 
interface. It is important to note that the affinity of the 
fluorescent probe for the micelle’s lipophilic core 
influences the experimentally determined CMC values, 
which can therefore vary depending on the probe used. 

The synthesized “gemini” oligomers also exhibit 
amphiphilic behavior, dissolving in both water and low-
polar organic solvents such as benzene, dioxane, 
tetrahydrofuran, chloroform, and tetrachloromethane. This 
property results from the presence of a hydrophilic PEG 
chain and lipophilic cholesterol moieties in their structure. 
Similar to DEPMAs, the CMC values determined via the 
fluorescent probe method are lower than those obtained 
from surface tension measurements. Specifically, the 
formation of a saturated adsorption layer at the interface 
occurs at a “gemini” oligomer concentration of 0.01 wt. %, 
whereas pyrene solubilization begins at just 0.0007 wt. %. 

The sizes of micelles and their aggregates in 
aqueous DEPMA colloidal solutions were examined using 
dynamic light scattering (DLS) at 25°C and pH 6.5 ± 0.3. 
At concentrations below the CMC (as determined by the 
fluorescence probe method), dispersed particles ranging 
from 2 to 10 nm in diameter were observed. Upon 
reaching the CMC, micelles with a relatively narrow size 
distribution formed, with an average diameter of 70–100 
nm for Cet-PMA-MPEG550 and 40–50 nm for Chol-
PMA-MPEG550. As the concentration increased further, 
micelle sizes expanded to 250 nm and 60–70 nm, 
respectively, accompanied by a broader size distribution, 
indicating aggregate formation. 

Similar trends were observed in the DLS analysis 
of aqueous colloidal solutions of the “gemini” oligomers. 
At concentrations below the CMC (0.0001 wt. %), Chol-
PMA-PEG600-PMA-Chol formed unimodal particles 
(polydispersity index = 1.18) with an average diameter of 
approximately 14 nm. When the concentration increased 
to 0.0003 wt. %, the unimodal distribution persisted, and 
the average particle diameter increased to 100 nm. Further 
concentration increases led to greater polydispersity of the 
micelles. 

3.1. Study of Lipophilic Substance Solu-
bilization in Water 

In the production of cosmetics and 
pharmaceuticals, a critical challenge is the formation of 
stable colloidal systems, particularly emulsions of water-
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insoluble substances such as dyes, oils, vitamins, hydro-
carbons, etc. To achieve this, surfactants are required that 
can efficiently solubilize lipophilic compounds in an 
aqueous medium, stabilize emulsions, remain non-toxic, 
and gradually degrade within the human body. Khomenko 
et al. studied the solubilization of various lipophilic 
substances – including the dye Nile Red (NR), oils, and 
cholesterol – within micelles or micellar aggregates 
formed by DEPMA.67 

Solubilization of NR occurs at DEPMA concent-
rations exceeding the critical micelle concentration 
(CMC). The intensity of light absorption in colloidal 
solutions containing solubilized NR increases with 
increasing DEPMA concentration. 

The efficiency of solubilization, defined as the ratio 
of solubilized substance to solubilizer (g of solubilized 
compound per g of surfactant), is influenced by micelle 
size and core characteristics, which depend on the 

chemical structure, hydrophilic-lipophilic balance (HLB), 
and nature of the lipophilic fragments in the surfactant. 

As illustrated in Fig. 2, NR solubilization is 
significantly more effective in Cet-PMA-MPEG550 
colloidal solutions compared to Oct-PMA-MPEG550. 
This difference can be attributed to the longer lipophilic 
chains in Cet-PMA-MPEG550, which contribute to a 
larger hydrophobic core capable of accommodating NR 
molecules more efficiently than Oct-PMA-MPEG550. 
Additionally, the presence of a lipophilic cholesteryl 
(Chol) moiety in the DEPMA structure enhances the 
solubilization capacity of micelles several times over 
compared to Cet-PMA-MPEG550 and Oct-PMA-
MPEG550. This phenomenon is likely due to the 
structural similarity between the Chol moiety and NR.27 
For Chol-PMA-MPEG550, solubilization efficiency 
continues to increase with higher concentrations in 
aqueous colloidal solutions. 

 

  
 

Fig. 2. Dependence of Nile Red solubilization efficiency on DEPMA concentration in aqueous colloidal solutions 
 

 
Table 1. Efficiency of solubilization of lavender, orange, and fish oils in aqueous colloidal solutions of Cet-PMA-
MPEG550 and Oct-PMA-MPEG550 at pH 8.2 and 8.4 

DEPMA 
Max. ratio of solubilized 
lavender oil to DEPMA, 

рН 8.2 

Max. ratio of solubilized 
orange oil to DEPMA, 

рН 8.4 

Max. ratio of solubilized fish 
oil to DEPMA, 

рН 8.4 

Cet-PMA-MPEG550 2.386 0.016 0.008 

Oct-PMA-MPEG550 1.430 0.021 0.010 
 
Furthermore, a clear correlation is observed between 

solubilization efficiency and size of the micellar structures 
for Cet-PMA-MPEG550 and Oct-PMA-MPEG550. Larger 
micellar structures exhibit greater solubilization efficiency 
for NR, highlighting the role of micelle dimensions in 
accommodating lipophilic molecules. 

The oils used as solubilizates—including lavender, 
orange, and fish oil—vary in composition, consisting of 
complex mixtures of substances with different molecular 
weights and structures.  

A comparison of the maximum solubilization 
capacities of DEPMA for different oils reveals that the 
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solubilization efficiency for lavender oil is two orders of 
magnitude higher than that for orange oil and three orders 
of magnitude higher than that for fish oil (Table 1). This 
discrepancy is likely due to differences in the molecular 
composition and physicochemical properties of the oils. 

The composition of lavender oil primarily consists 
of oxygen-containing compounds, including esters, 
alcohols, terpene oxides, and ketones. These substances 
can be partially immobilized in the peripheral region of 
the micelle, which is formed by MPEG550 fragments. 
The lipophilic components of lavender oil, such as 
monoterpenes, camphor, etc. are solubilized within the 
lipophilic core of the micelle. This explains the 
significantly higher solubilization efficiency observed for 
lavender oil. 

The main constituents of orange oil (>90%), 
including limonene, citral, decanal, esters of aliphatic and 
terpene alcohols, sesquiterpene aldehydes, etc. are 
lipophilic. Consequently, they are solubilized exclusively 
within the lipophilic cores of the micelles. Similarly, fish 
oil, which consists of lipophilic triglycerides of higher 
fatty acids, is inherently incompatible with PEG chains 
and is therefore solubilized only within the lipophilic 
cores of the micelles and micellar aggregates. This results 
in considerably lower solubilization efficiency for fish oil 
as well. 

A particularly noteworthy property of certain 
DEPMAs is their ability to solubilize cholesterol 
molecules. Currently, hypercholesterolemia is treated 
using drugs that lower blood cholesterol levels via various 
mechanisms.68 However, the adverse side effects of most 
of these drugs limit their therapeutic applications.69 It is 
well known that elevated cholesterol levels in human 
blood contribute to arterial blockage, increasing the risk of 
cardiovascular diseases and strokes. 

A total cholesterol level below 200 mg/dL (5.17 
mmol/L) is considered normal, while levels between 200 
and 239 mg/dL (5.17–6.18 mmol/L) are classified as 
borderline high, and levels of 240 mg/dL (6.21 mmol/L) 
or higher are considered elevated.70 Therefore, the search 
for and development of new drugs capable of reducing 
cholesterol levels, for instance, through partial solubi-
lization, remains a highly relevant area in modern 
pharmacology. 

Cholesterol-containing DEPMAs, namely Chol-
PMA-MPEG550 and the "gemini" surfactant Chol-PMA-
PEG600-PMA-Chol, were investigated as potential cho-
lesterol solubilizers in aqueous media. Using the 
Amplex® Red Cholesterol Assay Kit,71 Khomenko et al. 
demonstrated that Chol-PMA-PEG600-PMA-Chol 
micelles exhibit a high solubilization capacity, with a 
maximum cholesterol solubilization of 59 ± 2.2 wt. % 
relative to Chol-PMA-PEG600-PMA-Chol at a "gemini" 
surfactant concentration of 1.0 ⋅ 10-4%.67 

In contrast, the more hydrophilic DEPMA Chol-
PMA-MPEG550 exhibits a lower solubilization ability, 
with a maximum cholesterol solubilization of 15 ± 0.3 wt. 
% at a DEPMA concentration of 3.0 ⋅ 10-2%. 

The ability of DEPMAs and "gemini" surfactants 
to undergo hydrolytic cleavage of the ester groups is an 
important factor for their potential biomedical 
applications.72,73 Studies have shown that most polyester 
macromolecules are susceptible to hydrolytic degradation 
both in vitro and in vivo.74 

As shown in Fig. 3, after seven days, the 
conversion of the ester groups in the Chol-PMA-
MPEG550 molecules reaches 37 ± 4%, whereas, in the 
"gemini" molecules of the Chol-PMA-PEG600-PMA-
Chol oligomer, it reaches 62 ± 3%. These findings are 
consistent with previously reported data on the hydrolysis 
of structurally similar polyesters.75-77 

 

 
 
 

Fig. 3. Hydrolysis kinetics of Chol-PMA-MPEG550 (1) 
 and "gemini" Chol-PMA-PEG600-PMA-Chol (2) in phosphate 

buffer (pH 7.0) 

3.3. Study of Hydrophilic Substance 
Solubilization in Lipophilic Media 

The synthesized DEPMAs can be utilized for the 
solubilization of water-soluble substances in lipophilic 
media. In particular, in benzene solutions of DEPMA, the 
benzene-insoluble dye malachite green (MG) forms a 
colloidal solution. The study found that at DEPMA con-
centrations exceeding the critical micelle concentration 
(Table 2), MG solubilization increases significantly due to 
the formation of reverse micelles. 

These findings indicate that the synthesized 
DEPMAs belong to the class of invertible surfactants. In 
polar media, they form direct micelles with a hydrophilic 
shell and a lipophilic core, while in low-polarity solvents, 
they form reverse micelles with a lipophilic shell and a 
hydrophilic core. 
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Table 2. Critical micelle concentration (CMC)  
of DEPMA in benzene solutions 

CMC Lipophilic 
fragment 

Hydrophilic 
fragment mmol/L % 

–С4Н9 MPEG550 11.9 1.0 
–С8Н17 MPEG350 33.5 2.3 
–С8Н17 MPEG550 10.6 0.95 
–С8Н17 MPEG750 4.9 0.53 
–С16Н33 MPEG550 9.2 0.93 
–С16Н33 MPEG750 4.8 0.58 
-Chol MPEG550 6.7 0.78 
 
Consequently, the morphology, size, and core 

volume of both direct and reverse micelles, as well as 
micellar aggregates, are determined by the nature and 
proportion of hydrophilic and lipophilic fragments within 
the DEPMA molecules and their hydrophilic-lipophilic 
balance (HLB). 

4. Nanosized Drug Delivery Systems 

A pressing challenge in modern pharmacology is 
the development of nanoscale drug delivery systems for 
hydrophobic drugs targeted at pathological cells. To 
address this issue, amphiphilic polymers and oligomers 
capable of forming self-organized associates – such as mi-
cellar structures,78-80 micro- and nanocapsules,81 and lipo-
somes82 – are widely used. These systems not only solu-
bilize a certain number of drug molecules but also protect 
them from rapid renal filtration and enzymatic degradation 
by proteases, esterases, and other enzymes, thereby 
extending their circulation time in the human body.83 

It is well established that the therapeutic potential of 
many drugs prescribed for oncological, cardiovascular, and 
inflammatory diseases is severely limited by their low 
solubility in aqueous media. Consequently, the 
development of novel surfactants capable of solubilizing 
lipophilic, water-insoluble drugs is of critical importance 
for enhancing their colloidal solubility in aqueous solutions 
and for designing efficient drug delivery systems.84,85 In this 
context, "gemini" surfactants – which are characterized by 
low CMC values and high solubilization capacity for a 
wide range of lipophilic substances – represent a promising 
platform for the development of such systems. 

Micelles and micellar aggregates formed by 
DEPMAs and oligomers with a "gemini" structure exhibit a 
negative ζ-potential in the range of –10 to –60 mV across 
all studied concentrations. Negative ζ-potential is a crucial 
factor for using oligomers as nanocarriers for drug delivery, 
as it can potentially facilitate adhesion to gastrointestinal 
mucus and interaction with the cell surface, thereby 
promoting bioadhesion between the nanocarrier and 
intestinal epithelial cells.86 

Curcumin is a bioactive compound with anti-
inflammatory, antioxidant, antibacterial, and anticancer 
properties and is recommended for the treatment of a wide 
range of oncological, cardiovascular, and inflammatory 
diseases.87 However, its practical insolubility in water 
significantly limits its bioavailability and therapeutic 
efficacy. The findings indicate that DEPMAs effectively 
solubilize curcumin within their micellar aggregates. The 
solubilization capacity for curcumin depends on the 
molecular structure of the DEPMA and generally increases 
with the length of its hydrophobic fragment, with Chol-
PMA-MPEG550 demonstrating the highest efficiency.88 

An important consideration is not only the ability of 
micelles to encapsulate curcumin within their hydrophobic 
cores – thus isolating it from the aqueous environment – but 
also their ability to prevent its degradation. Curcumin is 
known to be stable in acidic media, but it undergoes 
hydrolysis in neutral and alkaline conditions. For instance, 
in a pH 7.2 sodium phosphate buffer, over 90% of 
curcumin degrades within 30 minutes, forming ferulic acid, 
feruloylmethane, certain condensation products, and minor 
amounts of vanillin.89 

In contrast, in a 0.2% micellar solution of Cet-PMA-
MPEG550, only 32% of curcumin decomposes over 560 
hours (23 days). This enhanced stability is likely attributed 
to the presence of acidic carboxyl groups within the micelle 
cores, where the majority of curcumin molecules are 
localized.90 

To study the transport of solubilized hydrophobic 
drugs into cells, the water/1-octanol interface is commonly 
used as a model for the cell membrane.89,91,92 The study 
examined the transfer of curcumin solubilized in Chol-
PMA-MPEG550 and Cet-PMA-MPEG550 micelles from 
an aqueous solution (pH 6.5) into the oleophase of 1-
octanol. After 48 hours, approximately 90% of the 
solubilized curcumin from Chol-PMA-MPEG550 and 
100% from Cet-PMA-MPEG550 had successfully 
transferred into the oleophase. 

These findings demonstrate that DEPMA micellar 
structures can serve as nanocontainers for curcumin in 
aqueous media, effectively stabilizing it for extended 
periods and facilitating its release at the water/oleophase 
interface. This highlights their potential for the 
development of novel drug delivery systems for lipophilic 
drugs and bioactive compounds, particularly curcumin. 

5. Nanoreactors for the Synthesis  
of Silver Nanoparticles 

Micellar structures formed by DEPMAs in benzene 
or chloroform have been utilized as nanoreactors for redox 
processes and the synthesis of nanosized silver particles.93 
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The formation of silver nanoparticles in the presence of 
surfactants containing polyoxyethylene chains occurs as a 
result of redox reactions involving oxyethylene units.94 

Khomenko et al. have demonstrated that the 
number of silver nanoparticles formed in benzene 
solutions is directly proportional to the concentration of 
oxyethylene units within the micellar aggregates.93 
Consequently, in Oct-PMA-MPEG550 solutions, the yield 
of silver nanoparticles is significantly higher than in Oct-
PMA-MPEG350 solutions, despite both having the same 
percentage concentration of DEPMA and the silver 
precursor [Ag(NH3)2]OH. 

This suggests that a greater quantity of silver 
nanoparticles is produced within micellar aggregates that 
possess a larger total hydrophilic volume, which is 
attributed to the longer hydrophilic chains of MPEG550 

6. Conclusions 

A variety of amphiphilic biodegradable diesters 
and "gemini" oligomers based on pyromellitic acid have 
been developed, featuring hydrophilic fragments derived 
from polyethylene glycols PEG or monomethylated 
PEGs, and lipophilic fragments from aliphatic alcohols or 
cholesterol. The HLB and CMC of the synthesized sur-
factants are determined by the nature of their hydrophilic 
and hydrophobic fragments and can be tailored during 
synthesis. Above the CMC, resulting oligomers efficiently 
solubilize water-insoluble substances, including curcumin, 
a potent anticancer agent. Notably, the presence of 
carboxyl groups in the oligomers enhances curcumin's 
stability when solubilized within the micelles. 

Surfactants containing cholesterol fragments de-
monstrate a unique ability to solubilize cholesterol in 
aqueous environments, offering potential for biomedical 
and pharmaceutical applications. Compared to other 
amphiphilic systems, such as those based on conventional 
surfactants or block copolymers, the tailored molecular 
design of resulting oligomers allows for greater control 
over their colloidal properties and cargo-loading 
efficiency. 

DEPMA micellar nanomodalities exhibit physico-
chemical characteristics including tunable size distribu-
tion, chemical structure, and encapsulation capacity – that 
align with the requirements for efficient drug delivery. 
Their micellar hydrophobic cores enable the colloidal 
dissolution of lipophilic agents, while the hydrophilic 
exterior ensures stabilization in aqueous media. Moreover, 
in inverted micellar forms, DEPMA micellar nanomo-
dalities can act as nanoreactors for the synthesis of silver 
nanoparticles, showcasing their versatility compared to 
traditional micellar systems. 
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АМФІФІЛЬНІ ЕСТЕРИ ПІРОМЕЛІТОВОЇ 
КИСЛОТИ: СИНТЕЗ І ПЕРСПЕКТИВИ 

ЗАСТОСУВАННЯ 
 

Анотація. Цей огляд присвячений амфіфільним діесте-
рам і поверхнево-активним «геміні»-речовинам, синтезованим 
з піромелітової кислоти, поліетиленгліколів, аліфатичних 
спиртів і холестеролу. Обговорення охоплює їхні унікальні 
колоїдні та хімічні властивості, з акцентом на взаємозв’язку 
між критичною концентрацією міцелоутворення (ККМ) і 
гідрофільно-ліпофільним балансом. Структурні фактори, 
зокрема довжина ліпофільних замісників, значно впливають на 
величину ККМ у водних системах. Крім того, наявність 
карбоксильних груп у фрагменті піромелітинової кислоти дає 
змогу здійснювати рН-залежну модуляцію поверхневої актив-
ності. Описані амфіфільні речовини мають винятковий по-
тенціал у формуванні міцелярних структур, здатних солюбі-
лізувати гідрофобні речовини, зокрема барвники, олії, холес-
терол і біологічно активну речовину куркумін. Окрім підви-
щення стабільності цих речовин, вони забезпечують механізми 
контрольованого вивільнення, які імітують взаємодію з клі-
тинною мембраною. Така універсальність дає змогу розгля-
дати ці матеріали як перспективні кандидати для іннова-
ційного застосування в цільових системах доставки ліків і як 
нанореактори для синтезу наночастинок срібла. Цей огляд 
підкреслює їхній потенціал у розвитку нанотехнологій і 
біомедичної інженерії. 

 
Ключові слова: піромелітова кислота, піромелітовий 

діангидрид, поліетиленгліколь, холестерол, поверхнево-активні 
«геміні»-речовини, солюбілізація, куркумін. 

 


