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Abstract: 
This article highlights the micellization behaviour of linear (Pluronics®) and star-

shaped (Tetronics®) block copolymers with the focus on key differences between both 

architectures. Pluronics®, also known as poloxamers or synperonics, are triblock copolymers 

made up of poly-ethylene oxide (PEO)-poly-propylene oxide (PPO) form self-assembly 

aggregates and demonstrate thermo-reversible gelation, while Tetronics® or poloxamines are 

a branched structure with four poly-ethylene oxide (PEO)-poly-propylene oxide (PPO) blocks 

attached to a central ethylenediamine core. Due to their branched structure, they display unique 

aggregation tendencies. Moreover, their aggregation ability is influenced by several factors, 

including concentration, temperature, composition of block copolymers, hydrophilic-lipophilic 

balance, and molecular weight. These amphiphilic block copolymers (ABCs) have fascinating 

interest due to their numerous industrial applications, including pharmaceutical, 

nanotechnology, biological science, material science, etc. We also discuss several experimental 

techniques such as cloud point (CP), viscosity (ηrel), dynamic light scattering (DLS), and 

small-angle neutron scattering (SANS) to characterize their critical micelle concentration 

(CMC), critical micelle temperature (CMT), micellar shape/size, and morphological transitions 

in various copolymer systems. This review also highlights the theoretical and practical 

advancements in this area of research. As well as this review offers a comprehensive analysis 

of the aggregation behaviour of poloxamers and poloxamines in solution, addressing 

fundamental concepts, influencing factors, and practical applications.  

Highlights 
• The micellization behaviour of Pluronics® and Tetronics® block copolymers, with the 

focus on key differences between both architectures. 

• These amphiphilic block copolymers (ABCs) have fascinating interest due to their 

numerous industrial applications. 

• This review highlights the theoretical and practical advancements. 

Introduction: 
1. Block copolymers 

An amphiphilic block copolymer (ABCs) is a type of polymer composed of two or more 

distinct blocks of different chemical compositions that are chemically bonded together in a 

linear and branched manner. These copolymers are characterized by having at least one block 

with hydrophilic (water-attracting) properties and one block with hydrophobic (water-

repelling) properties. The combination of these two kinds of blocks within a single molecule, 

these block copolymers, exhibits unique characteristics and behaviour [1, 2].  
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An amphiphilic block copolymer (ABCs) is a type of polymer composed of two or more 

distinct blocks of different chemical compositions that are chemically bonded together in a 

linear and branched manner. These copolymers are characterized by having at least one block 

with hydrophilic (water-attracting) properties and one block with hydrophobic (water-

repelling) properties. The combination of these two kinds of blocks within a single molecule, 

these block copolymers, exhibits unique characteristics and behaviour [1, 2].   

Multiple blocks of variable types, sizes, and shapes, as well as a wide range of polar 

and non-polar substances, are covalently joined together by chemical bonding to form block 

copolymers (BCPs). These ABCs form self-assemblies in aqueous solutions as well as at (air/ 

water, oil/ water, and solid/ water) interfaces. A variety of commercially available non-ionic 

surfactants, including Tween®, Brij®,  Pluronic®, Tetronic®, Triton®, Solutol®, Soluplus®, 

Cremophor® EL, HS15, and others, are produced by connecting a polyoxyethylene (PEO) 

block (of varying molecular weight) to a variety of hydrophobic (PPO) moieties [3]. These 

copolymers are classified according to their (i) number of blocks they contain and (ii) 

arrangement of these blocks. Linear block copolymer, which consists of two distinct blocks 

covalently bonded together, is referred to as "di block AB" [4] while those with three blocks 

are called “tri block” and can be classified as either "ABA," "BAB," "ABC," "ACB," or "BAC" 

type depending on their arrangements [4, 5]. Copolymers with a number of blocks are possible, 

 

Figure 1: Schematic representation of polymers classification on the basis of 

arrangement of monomers. 

 

Classification of polymers 

Homo polymer 
Copolymers 

Random copolymer Alternating copolymer Graft copolymer Block copolymer 

Diblock copolymer Triblock copolymer Starblock copolymer Multyblock 

copolymer 



 

638 
 

VNSGU Journal of Research and Innovation (Peer Reviewed) 

 ISSN:2583-584X                                                                                                                              

Special Issue October 2025 
638 

multi-block or non-linear blocks are referred to as star-block copolymers, where two AB-type 

blocks cross each other and exhibit in 3D arrangement [6-9]. A schematic representation of the 

several kinds of block copolymers can be observed in Figure 1. These BCPs are available in a 

broad range of hydrophilic-lipophilic balance (HLB), which enhances their performance and 

solution behaviour by using a variety of hydrophobic elements and PEO molecular weights. 

These BCPs are to serve as adaptable precursors in detergency, catalysis, pharmaceuticals, etc. 

[10]. 

When a BCP is dissolved in water in minimal amounts (at the mm or ppm level), it 

dramatically lowers the surface tension of water due to the adsorption of such surface-active 

molecules at air-water or even oil-water interfaces. Another interesting behaviour due to its 

adsorption capabilities, BCPs exhibit the self-assembly of molecules into nanoscale entities 

called micelles in aqueous solution. These BCPs form a core (hydrophobic encapsulation 

region)-shell (hydrophilic corona Surroundings) micellar architecture above the critical micelle 

concentration CMC)/temperature CMT). A wide range of nanoscale micellar shapes exists at 

concentrations near CMC. These include ellipsoidal, spherical, rod-like, or worm-like 

structures. A variety of liquid crystalline phases also appear at high concentration. All depend 

on the total molecular weight of BCP, the EO/PO block ratio, concentration, temperature, pH, 

and additive presence. Most of the BCP solutions have characteristics of viscous or viscoelastic 

solutions that create large micellar structures, which might be highly beneficial for targeted 

applications Figure 2 [1, 11].    

 

Figure 2:  An illustration of amphiphilic BCPs self-assembly for various applications. 

1.1 General aspects of linear (Pluronics®) Block copolymer Micelles 

Linear block copolymer first introduced in 1950 by BASF corporation (Parsippany, 

USA) known by the trade name “Pluronics®” are synthetic amphiphilic block copolymer 

which consist of two hydrophilic polyethylene oxide (PEO) blocks flank a central hydrophobic 

polypropylene oxide (PPO) block, which are non-ionic triblock copolymers also commonly 

referred to as synperonics, proxanols, Lutrol® or by the generic name poloxamers [12-17]. 
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Examples of commercially available Pluronics® are shown in Table 1. The concentration and 

temperature at which copolymers self-assemble into micelles in aqueous solution are called 

critical micelle concentration (CMC) and critical micelle temperature (CMT) (Figure 3C). 

Thus, temperature is a crucial factor for change in size, shape and morphology of Pluronics® 

micelles. A significant rise in temperature causes phase separation. The reason for this phase 

separation is that the PEO blocks become less soluble at higher temperatures, which causes 

them to aggregate and eventually separate. To stabilize the micelles in aqueous solution, the 

hydrophilic PEO blocks made a corona, while the hydrophobic PPO blocks made a core. The 

PEO/PPO ratio and molecular weight of the copolymer affect the CMC and CMT [14, 18-26]. 

Whereas, these copolymers have PEO content varied from 10-80% and are available in a broad 

range of molecular weights usually between 2000-20,000 g/mol. The solubility, CMC and 

aggregation behaviour of EO-PO blocks are influenced by their precise length and composition 

[2, 18]. There are four structural arrangements of these copolymers possible depending upon 

their EO-PO configuration: (i) linear PEO-PPO-PEO, which is commercialised by the name 

Pluronic®, (ii) linear PPO-PEO-PPO - Pluronic®-R shown in Figure 3a, (iii) non-linear star-

shaped Tetronic®, (iv) Tetronic®-R are shown in Figure 3b. These copolymers are commonly 

represented by the formula (EO)X-(PO)Y-(EO)X or (PO)Y-(EO)X- (PO)Y, where X and Y 

represent the number of PEO-PPO repeating units, respectively [27]. Due to their non-toxicity, 

the Environmental Protection Agency (EPA) and the U.S. Food and Drug Administration 

(FDA) agencies have approved these copolymers, especially Pluronic® block copolymers, for 

a variety of industrial and pharmaceutical applications [28-30].  

 

Figure 3: Represents the general structure of Pluronics® and Tetronics® block copolymers (a) 

& (b) respectively, and the formation of micelle above CMC/CMT (c).  

 

Pluronic® Pluronic®-R 

Tetronic®-R 

N-CH2-CH2-N

O-CH2-CH

CH3

O-CH2-CH

CH3

O-CH2-CH2

O-CH2-CH2

OH

OH

HO CH2-CH2-O CH-CH2-O

CH3

HO CH2-CH2-O CH-CH2-O

CH3

X

X

X

X

Y

Y

Y

Y

EO PO PO EO

Tetronic® 

HO CH2CH2O CH2CHO

CH3

CH2CH2O H

X Y X

Hydrophilic block Hydrophobic block Hydrophilic block

EO EOPO

CH2CH2O CH2CHO

CH3
X Y

Hydrophilic block Hydrophobic block

EO PO

CH2CHO

CH3
Y

Hydrophobic block

PO

HO H

N-CH2-CH2-N

O-CH2-CH2

CH3

O-CH2-CH2

CH3

O-CH-CH2

O-CH-CH2

OH

OH

HO CH2-CH-O CH2-CH2-O

CH3

HO CH2-CH-O CH2-CH2-O

CH3

X

X

X

X

Y

Y

Y

Y

EO EO POPO

(a) 

(b) 

(c) 



 

640 
 

VNSGU Journal of Research and Innovation (Peer Reviewed) 

 ISSN:2583-584X                                                                                                                              

Special Issue October 2025 
640 

  

 

Table 1: Using a fluorescent probe (pyrene) approach, the CMC of Pluronic® block 

copolymers was measured at 37 °C and pH 7.4. 

The nomenclature of Pluronics® involves alphanumeric two or three-digit codes, 

including the letters F (flaks-solid), P (paste) and L (liquid), which provide information 

Pluronics® Average 

no. of 

EO units 

Average 

no. of 

PO 

units 

Molar 

mass 

(g mol−1) 

CP 

(1 wt%) 

(°C) 

CMC 

mM 

37 °C 

CMT 

(1 wt%) 

(°C) 

HLB Ref 

L35 22 17 1900 73 5.3 - 19 [31, 

32] 

F38 86 16 4700 >100 - >70 31 [33] 

L42 22 17 - 37 - - 8  

L43 12 23 1850 42 2.2 - 12 [32] 

L44 20 24 2200 65 3.6  16 [32, 

34] 

L61 4 31 2000 - 0.11 - - [2, 34] 

L62 12 34 2500 32 0.4 - 7 [35] 

L63 22 17 - 34 - - 11 [32] 

L64 26 30 2900 58 0.48 31.5 15 [32] 

P65 40 30 3400 82 - 36 17 [32] 

F68 160 30 8750 >100 0.48 50 29 [2, 36] 

L72 22 17 - 25 - - 7 [2] 

P75 22 17 - 82 - - 17 [2] 

F77 106 35 6600 >100 - - 25 [32] 

L81 6 22 2750 - 0.023 - - [2, 32] 

P84 38 43 4200 74 0.071 28.5 14 [2, 37] 

P85 52 41 4600 85 0.065 29.5 16 [32, 

38] 

F87 122 41 7700 >100 0.091 30 24 [32] 

F88 208 46 11,400 >100 0.25 38 28 [32, 

39] 

L92 16 47 3650 - 0.088 - - [2, 34] 

P94 42 47 4600 - 0.3 23 - [32] 

F98 236 46 13,000 >100 0.077 - 28 [2, 34] 

L101 8 61 3800 - 0.0021 - - [2, 34] 

P103 34 62 4950 86 0.07 20 9 [34] 

P104 54 63 5900 81 0.1 22 13 [32, 

40] 

P105 74 58 6500 91 0.2 22 15 [40] 

F108 264 52 14,600 >100 0.022 29.5 27 [32, 

41] 

L121 10 70 4400 8 0.001 - - [34] 

L122 22 70 5000 19 0.01 18 4 [2, 34] 

P123 40 72 5750 90 0.03 16 8 [2] 

F127 198 69 12,600 >100 0.7 24 22 [2, 34] 
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regarding hydrophilic-lipophilic balance (HLB) and relative molecular weight (MW) [42, 43]. 

The first one or two digits represent the molecular weight (MW) of PPO, where the 

corresponding value must be multiplied by 300, and the last digit multiplied by 10 represents 

wt. % of PEO content. (e.g. P103, where P indicates Pluronics® in paste state involving 

10×300=3000 g/mol MW of PPO content and 3×10=30 wt. % PEO content Figure 4 [17, 30, 

44].  

 

Figure 4: Illustrate molecular characteristics of (a) Pluronics® (b) Pluronics® -R; Colour code 

indicates the copolymers physical state in ambient conditions. 

These triblock PEO-PPO-PEO copolymers, abbreviated as: For example, P103, consist 

of 17-EO units in each end (Total EO units-34) and 60-PO units in its middle (EO)17-(PO)60-

(EO)17. These compositions can be calculated as, (EO)X-(PO)Y-(EO)X  

Take 3-digit value of the Pluronics® e.g. P103 (MW=4950 g/mol, provided by BASF) 

Step-1 

First one or two digit × by 300, (10×300 = 3000 MW of PPO core) [2, 42, 44] 

Last digit × by 10, (3×10 = 30% approximate wt. % of PEO corona) [2, 42, 44]  

Step-2 

M_total = Total MW of that particular polymer (provided by BASF) [2, 42, 44] 

f_PEO = Weight fraction of PEO = PEO wt. %/100, (30%/100) [2, 42, 44] 

f_PPO = Weight fraction of PPO = 1 – f_PEO, (1 - 0.3) [2, 42, 44] 

Now,  

MW of PEO =  f_PEO × M_total (0.3 × 4950 = 1485), 

Then,  

X = MW of PEO / 44 (1485/44 = 33.75 ≈ 34) 
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MW of PPO =  f_PPO × M_total (0.7 × 4950 = 3465), Y = MW of PPO / 58 (3465/58 = 59.74 ≈ 60)  

Therefore, P103 contains 34 units of PEO and 60 units of PPO blocks, where their structure is 

represented as (EO)17-(PO)60-(EO)17. 

1.2 General aspects of star-shaped (Tetronics®) Block copolymer Micelles  

Over the past few decades, X-shaped amphiphilic block copolymers (ABCs), 

poloxamines, have attracted interest due to their unique chemical structure. These copolymers 

are commercially accessible with the trade name Tetronics®, consist of four chains of poly-

ethylene oxide (PEO), poly-propylene oxide (PPO) blocks bonded to the ethylenediamine 

central group [29, 45]. To synthesize the regular Tetronics®, the acceptor ethylenediamine 

molecule reacts sequentially with precursors of propylene oxide (PO) and ethylene oxide (EO) 

to form a tetra-block PEO-terminated molecular structure (Figure 3a). while reverse sequential 

Tetronics® can be formed when the acceptor molecule is first reacted with EO and 

subsequently with PO, resulting in tetra-functional block copolymers that have PPO terminal 

ends (Figure 3b) [2, 30, 46-48]. These types of block copolymers exhibit unique and varied 

structures, making them multi-stimuli responsive due to the two tertiary amine central groups, 

which confer pH sensitivity and thermodynamic stability [24, 49-51]. As compared to 

Pluronics®, star-shaped Tetronics® remain more soluble in water because the huge solubility 

difference between the hydrophobic and hydrophilic parts can form polymeric micelles in an 

aqueous environment [28, 49, 52]. The lowest concentration of copolymers needed for micelle 

formation in aqueous solution is known as the critical micelle concentration (CMC), while the 

minimum temperature at which micelle formation occurs is well known as the critical micelle 

temperature (CMT). For Tetronics®, CMC and CMT depend on the ratio of EO/PO blocks, 

molecular weight, environmental conditions, hydrophilic-lipophilic balance (HLB), and degree 

of protonation of amine groups [9, 45, 46]. The unique core-shell structure of these polymeric 

micelles is characterized by the hydrophilic PEO blocks forming the water-soluble outer 

palisade layer, while PPO blocks convolute to form the inner core. Therefore, these copolymers 

exhibit attractive attention for promoting the solubilization of several additives that would 

otherwise be poorly soluble in water [45, 46, 53].  

Tetronics® block copolymers exhibit in broad range of molecular weights and EO/PO 

ratios. Thus, these copolymers are classified in three categories, based on their HLB values. (i) 

Highly hydrophilic, (ii) moderately hydrophobic, and (iii) highly hydrophobic Figure 5 [30, 

45, 54]. 
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Figure 5. Illustrates molecular characteristics of (a) Tetronics® (b) Tetronics® -R; Colour 

code indicates the copolymers physical state in ambient conditions. (c) Demonstrates the 

classification of Tetronics® block copolymers based on hydrophobicity. 

Poloxamers and poloxamines based polymeric micelles 
Several key parameters determine the formation of micelles by block copolymers, 

including copolymer architecture, CMC, CMT, cloud point, HLB, pH, ionic strength, and 

EO/PO ratios. Polymeric micelles are macromolecular assemblies formed when amphiphilic 

copolymers self-aggregate. These assemblies often consist of two or three synthetic copolymer 

blocks, such as poloxamers and poloxamines [30, 55]. The resulting micelles have a two-phase 

architecture, with an outer shell made up of hydrophilic-EO blocks and an inner core 

constituted by hydrophobic-PO blocks. These micelles are nano-sized structures, typically 

ranging from 10 to 100 nm, which self-assemble in a micellar structure above critical micelle 

concentration (CMC) [55-58]. The formed micelles are thermodynamically stable if the 

concentration of amphiphilic copolymers is above the CMC. But, when the concentration falls 

below the CMC, these copolymers exist as unimers/monomers in aqueous solutions. Several 

techniques, including surface tension, calorimetry, conductivity, fluorescence spectroscopy, 

scattering techniques, UV-vis spectroscopy, and voltammetry, can be used to calculate CMC 

values [30, 59-61]. Beyond CMC, these copolymers have another significant factor that can 

influence their micellization, which is known as critical micelle temperature (CMT). It has been 

demonstrated that CMT is related to a lower molecular weight and a higher content of PEO 

blocks. Likewise, a high content of hydrophobic blocks PPO results in lower CMC and CMT 

values. According to the literature, a variety of techniques are used to determine CMT [50, 62-
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65]. The CMT of copolymers is highly influenced by their EO/PO ratios and the presence of 

additives. Patidar et al. investigated, improved the solubilizing power in the presence of 

glucose and a sharp decrease in the CMT of T1307 [66]. Kadam et al., using spectroscopic and 

calorimetric techniques, examined the CMT of T904 and observed a significant decrease with 

the addition of salt [67]. Likewise, Vyas et al. compared the copolymer solution behaviour of 

three Tetronics® T304, T904, and T908, which differ broadly in hydrophobicities, and found 

that the  micellization and solubilization abilities were enhanced in the presence of salt [28]. 

Here, the presence of additives increases the hydrophobicity of copolymers and promotes 

micellization in the system. High-sensitivity differential calorimetry (HSDSC) was used to 

examine temperature-dependent micellization [7, 28, 52, 63, 65, 68, 69]. Thus, for tuning the 

size, shape, and structure of polymeric micelles, the temperature is frequently employed as a 

control parameter [70]. When the temperature further increases, these non-ionic copolymers 

cause diminishes aqueous solubility, and the solution turns turbid/opaque above cloud point 

(CP). The CP or phase separation temperature of the copolymer is increased with the 

percentage of hydrophilic-EO blocks.  At CP, the solvation and desolvation states of the 

micellar solution are in equilibrium, and this can be changed by the addition of additives that 

move the equilibrium and affect the polymer-water interaction. This phenomenon is reversible, 

and after cooling the solution below CP, it becomes clear. The CP values of copolymers with 

highly hydrophobicity (low HLB) are below room temperature (<20 °C), whereas those with 

highly hydrophilic (high HLB) may have no cloud point at all or CP beyond 100 °C in aqueous 

solution. 

For the micelles formation, hydrophilic-lipophilic balance (HLB) is another important 

factor. Block copolymers have varying lengths of hydrophilic-PEO and hydrophobic-PPO 

blocks. The number of repeating units “N” determines the length of EO/PO blocks. The 

copolymers with longer EO chains and shorter PO chains are hydrophilic, whereas those with 

shorter EO chains and longer PO chains are identified as hydrophobic. The ratios of the 

length/repeating units of EO/PO blocks defined the HLB. In particular, the HLB of copolymers 

is represented through the following empirical equation, which is inversely proportional to the 

portion of the PO block repeating units [2, 9, 71].  

𝐻𝑦𝑑𝑟𝑜𝑝ℎ𝑖𝑙𝑖𝑐 − 𝐿𝑖𝑝𝑜𝑝ℎ𝑖𝑙𝑖𝑐 𝐵𝑎𝑙𝑎𝑛𝑐𝑒 = −36.00
𝑁𝑃𝑂

𝑁𝑃𝑂 +  𝑁𝐸𝑂
+ 33.20 

The size and strength of the hydrophilic and hydrophobic (lipophilic) components of 

the BCP molecule are precisely balanced in HLB. The scale has a range of 0 to 18. The HLB 
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range of surfactants or BCPs used in W/O emulsions is 3.5 to 6.0, whereas O/W emulsions 

typically utilize BCPs with HLB values between 8 and 18 shown in Figure 6. 

 

Figure 6: Demonstrates the function of the HLB scale of the role of BCPs for varied 

applications. 

Moreover, for Pluronics® micelles at a certain concentration, the association and 

dissociation of hydrophobic-PO and hydrophilic-EO blocks is temperature sensitive. These 

copolymers only form micelles when they become highly lipophilic, reach their CMT [17, 30, 

72]. While Tetronics® block copolymers aggregation behaviour is highly pH dependent 

because it contains amine groups with two pKa values, the first value between 3.8-4.0 and the 

second value around 8.0. Tetronics® micellization requires deprotonation, which is verified by 

a propensity to disaggregate when pH is decreased. The core of the Tetronics® micelles differs 

from Pluronics® micelles because in the Tetronics® micelles, the diamine groups link to the 

hydrophobic-PPO blocks, which provide unique properties and structures [30, 49, 73, 74].  

Over the previous few years, the phase behaviour of several non-ionic copolymers in 

water and with different additives has been extensively investigated. Jain et al. [22] examined 

that NaCl significantly increases micellization of P65 by reducing its CP and CMC and 

promoting micelle formation at higher temperatures. Kadam et al. [75] investigated that SDS 

and DTAC raise the CP of Pluronic® P84 because of micellar charge repulsion, whereas salts 

tend to decrease the CP, indicating salting-out effect in accordance with Hofmeister series 

(Na3PO4 > Na2SO4 > NaCl). Mata et al. [76] studied that halide anions have an effect on both 

CMT and CP in the following order: F- > Cl- > Br- > I-, and DSC data indicated that as the 

concentration of salt increases, the CP and CMT decrease. Furthermore, aggregation behaviour 

and micellar characteristics of L64 are strongly influenced by temperature, salt concentration 
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and polymer concentration. Patidar et al. [77] study discovered that several additives affected 

the cloud point (CP) of Pluronic® P104 and Tetronic® T1304 copolymers. Whereas NaI and 

Ethanol increased the CP because of the “salting-in” effect, whereas salts NaCl, NaBr and Urea 

decreased the CP, displaying the salting-out effect. Due to hydrophilicity, sugar and amino 

acids reduced the CP. Pillai et al. [78] examined the impact of several cationic surfactants, 

including Gemini surfactant (GS) and conventional surfactant, on cloud point behaviour of 

Tetronic® T1304 star block copolymer in aqueous solution. Patel et al. [79] the study explored 

that the higher concentration of C14 diol in Tetronic® T1304 initially decreases the CP and 

increases viscosity (ɳrel). According to SANS analysis proved the addition of C14 diol causes 

growth of micelles and increases CP, ultimately forming vesicles. While Tetronic® T1307 

interacts less with C14 diol and causes a minor change in CP and viscosity. Patel et al. [80] 

investigated the CP of Tetronics® solutions is considerably lowered by the addition of cresols, 

especially for T1304, which has greater hydrophilicity compared to T904 and T304. Stronger 

hydrophobic interactions between the cresol and copolymeric micelles cause this decrease in 

CP. The study also explores the significant variation in the impact of cresol derivatives. Due to 

stronger intermolecular interaction, o-cresol (OC) reduced the CP most rapidly. While p-cresol 

(PC) and 4-n-butylphenol (BP) showed a lesser effect. Chakrabarti et al. [11] examined the 

addition of polycyclic aromatic hydrocarbons (PAHs) to the PEO-PPO-PEO-based block 

copolymers  Pluronic® - P104 and Tetronic® - T1304, which considerably improve their 

solubility and change their phase behaviour, especially by decreasing the cloud point. This 

study also examined the solubility of naphthalene, where T1304 is more efficient at solubilized 

hydrophobic substances as compared to P104. Patel et al. [81] study explores that normal block 

copolymers (BCPs) such as L31, L35, L64, and L65 clearly transitioned from unimers to 

ellipsoidal, spherical, rod-like micelles with an increase in temperature, while reverse BCPs 

such as 31R1, 17R4, 25R4, and 10R5 mostly remained unimers or formed weak clusters 

without distinct micelle formation. For normal block copolymers, the cloud point reduces with 

a rise in concentration of BCPs, while reverse BCPs showed diminished CP values than their 

normal counterparts. The CP also decreased in mixed systems by adding reverse BCPs to 

normal BCPs, suggesting homogeneous mixing and synergistic interactions.  

Several kinds of polymeric micelles can be formed, based on the architecture of the 

amphiphilic block copolymers used and the solution parameters such as solvent type block 

copolymer concentration, temperature, ionic strength, pH, solvent/co-solvent ratio and others. 

In this manner, several micelle-like structures with various morphologies can be formed. The 

shape and morphology of the self-assembled aggregates of amphiphilic molecules can be 
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predicted using the Critical Packing Parameter (CPP), which is a widely recognized concept in 

polymer science. The following equation can be used to determine the critical packing 

parameter (CPP) [9, 55, 62, 74, 82]: 

𝐶𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑃𝑎𝑐𝑘𝑖𝑛𝑔 𝑃𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 (𝐶𝐶𝑃)  =
𝑣

 𝑎0𝑙𝑐
 

Where,  

v = it indicates space occupied by hydrophobic-PO part in core of the micelles 

a0 = it indicates surface area occupied by hydrophilic-EO part at the water-surface. 

lc = it indicates the maximum length of the hydrophobic chain that can be extended inside the 

micelle core 

The polymeric micelles with varying morphologies, which are crucial for a variety of 

advanced nanotechnology applications [83]. In addition to the previously mentioned 

parameters, the length of the PEO and PPO block will influence the micelle shape of 

poloxamers and poloxamines. When using a polymer with a hydrophilic block longer than the 

hydrophobic block, the simplest method is often to achieve spherical micelles [83, 84]. The 

formation of lamellar structures usually occurs at high concentrations, exhibiting longer 

hydrophobic blocks and elevated temperatures [85]. Moreover, rods or polymeric vesicles 

(polymersomes) can be produced with longer hydrophobic blocks [84]. The general structures 

of copolymeric micelles are shown in Figure 7.   

 

Figure 7: Possible structural shapes of copolymeric micelles. 
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Characterization techniques for polymeric micelles 
The PEO-PPO-PEO type copolymers have been widely investigated using a variety of 

techniques over the last few years. As previously mentioned, polymeric micelles can serve as 

a reservoir for therapeutic compounds, exhibiting specific time-release characteristics for both 

drugs and nucleic acids. It is essential to consider the structural and chemical characterization 

of polymeric micelles since these features have a direct impact on the efficacy of these 

nanocarriers. Characterization of polymeric micelles is essential in this context in order to 

validate their physicochemical properties and, consequently, evaluate their encapsulation 

efficiency (EE) and drug loading capacity (DL). Additionally, it is important to understand the 

zeta potential, polydispersion index, and micelle size. These parameters can be evaluated using 

a range of techniques, which are broadly classified into two categories, as outlined below [32, 

83]. I. Chemical characterization II. Structural and morphologic analysis 

I. Chemical characterization 

Physicochemical characterization can be performed by differential scanning 

calorimetry (DSC). This offers information about heat flow and thermochemical changes 

related to micellar systems. Phase transitions in DSC are usually represented by abrupt 

endothermic or exothermic peaks, which reflect variations in the differential power applied to 

the sample. The cloud point (CP) [36], the critical micellization temperature (CMT) [69] and 

the enthalpy of micellization [69] are all frequently found using this method. Furthermore, sol–

gel transitions (gelation) in micellar systems can be detected by DSC [32, 86]. X-ray 

diffraction, which can be carried out as powder X-ray diffraction (PXRD) or single-crystal X-

ray crystallography (XRD), is an additional technique for physicochemical characterisation. 

These methods reveal details about the arrangement of atoms in crystalline structures [83]. One 

of the most effective analytical techniques is nuclear magnetic resonance (NMR) spectroscopy, 

which allows for the study of atoms and molecules in both solid and liquid phases. Numerous 

studies have used this technique to examine the micellar structures of EO–PO block 

copolymers. NMR can detect the start of micellization when it is monitored in D₂O. In 

particular, at the critical micellization temperature (CMT), the resonance signals corresponding 

to the PO units, which are easily visible for molecularly dissolved unimers, decrease because 

of the decreased mobility of PO segments within the hydrophobic micellar core. It is a non-

destructive method that offers comprehensive details about the dynamic behaviour, molecular 

interactions, and chemical structure of organic systems [32, 83, 87-89]. Many vibrational 

spectroscopies are used for micellar characterisation, including Fourier-transform infrared (FT-

IR) and Raman spectroscopies. Infrared radiation is employed in FT-IR, while monochromatic 
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light is used in Raman spectroscopy. Both methods provide a distinctive molecular fingerprint 

of the material, which makes it possible to extract quantitative structure information and 

identify functional groups [83, 90, 91]. One of the most popular chromatographic techniques 

for drug quantification is high-performance liquid chromatography (HPLC). It can also be used 

for nucleic acid analysis with the relevant columns, providing high sensitivity, selectivity, and 

versatility [83, 92]. Furthermore, agarose gel retardation studies are frequently used to assess 

how well micelleplexes or similar systems encapsulate and preserve nucleic acids [93]. 

II. Structural and morphologic analysis 

A well-known, non-invasive method for figuring out the hydrodynamic size and size 

distribution of proteins, lipids, polymers, emulsions, and nanoparticles scattered in a fluid 

medium is dynamic light scattering (DLS) [32, 83, 94, 95]. Additionally, DLS offers the 

polydispersity index (PDI), which can reveal the presence of aggregation and represents the 

homogeneity of particle populations. Using equipment like a Nano ZS with a zeta potential 

unit, electrophoretic light scattering (ELS) is used in parallel to detect the surface charge of 

nanoparticles, which is commonly expressed as zeta potential [83, 96]. Powerful analytical 

techniques that produce two- and three-dimensional images of samples include advanced 

microscopic techniques like scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM). These techniques allow for the comprehensive assessment of dispersion 

properties, morphology, aggregation state, and particle size and size distribution [83, 96, 97]. 

A very sensitive method for examining the nanostructure of polymeric micelles in solution is 

small-angle neutron scattering (SANS). Since SANS employs neutrons that interact with 

atomic nuclei rather than electrons or X-rays. SANS offers comprehensive data on factors like 

polydispersity, aggregation number, internal structure, micelle size, and shape [32].  

Application of Pluronics® and Tetronics® Micelles 

Application of Pluronics® Micelles 
Pluronics® block copolymers are extensively used in a variety of industrial applications 

(Figure 7) due to their amphiphilic nature and functional adaptability. Among other things, they 

can be employed to make oily or hydrophobic substances more soluble. Because of this, these 

EO–PO block copolymers are frequently utilized in oil recovery, cosmetics, lubricants, and 

pharmaceutical formulations. Pluronics® block copolymers have also been used for a variety 

of drug delivery applications. They are also used in cell culture medium for their cell 

cushioning properties in bioprocess applications. However, Pluronics® has been used in 

materials science to produce mesoporous materials. Among these, a few Pluronics® uses are 

explained in depth [32].  
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In the biomedical and pharmaceutical industries, Pluronic® micelles are frequently 

employed as nanocarriers to improve the solubility, stability and bioavailability of drugs that 

are poorly soluble in water [98-101]. Additionally, they are used in injectable depots, gene 

delivery platforms, and controlled drug release systems. Moreover, some formulations have 

progressed into clinical trials for cancer therapy due to their ability to overcome multidrug 

resistance [98, 102, 103]. In personal care and cosmetics, Pluronic® micelles behave as 

emulsifiers and solubilizers for essential oils, fragrances and hydrophobic active substances, 

enhancing skin penetration and stability in cosmetics [95, 104, 105]. In material science and 

nanotechnology, Pluronics® block copolymers play an important role due to their tunable size 

and shape [106]. In detergent and cleaning formulations, they are effective surfactants for 

eliminating hydrophobic or oily impurities due to their amphiphilic nature [107, 108]. 

Pluronic® micelles are used in the food industries to enhance dispersibility in aqueous 

formulations and protect flavours, antioxidants, and nutraceuticals against degradation [109, 

110]. In environmental applications, Pluronic® micelles are being investigated for soil and 

wastewater treatment because they improve the solubilization of hydrophobic organic 

contaminants [111, 112].      

Application of Tetronics® Micelles 
Tetronics® block copolymer has a core diamine unit that is sensitive to pH and can be 

protonated in an acidic solution. Thus, low temperature and pH may prevent micelle formation. 

Studies on Tetronics® have demonstrated their potential in a variety of applications Figure 8. 

These have a wide range of applications, notably in the petroleum industry, where they are 

employed as de-emulsifiers or antifoaming agents in relatively higher concentrations [28, 45]. 

In the biomedical and pharmaceutical industries, as ingredients in transdermal formulations 

[113], as an essential ingredient in cleaning solutions for contact lenses [45, 114, 115], as tissue 

scaffoldings [116-118] and in nanoparticle engineering [119]. Kaur et al. [120] demonstrated 

the use of T304 for the synthesis of gold nanoparticles. By using ligand to metal charge transfer 

(LMCT) intermediate states to correlate the medium's pH, they produced industrial-scale Au 

NPs with the expected morphologies. In order to understand the microenvironments of 

Tetronics® micelles of T1304 and T1307, Samanta et al. [121] conducted extensive 

photophysical studies and demonstrated their suitability for adjusting electron transfer 

processes between aromatic amines and coumarin dyes. 
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Figure 8 : General applications of Pluronics® and Tetronics® block copolymers 

 

Conclusion 
This review focuses on fundamental ideas, factors influencing self-assembly, and the 

diverse range of useful applications of PEO-PPO-PEO type block copolymers of Pluronics® 

and Tetronics® in aqueous solution, highlighting their unique aggregation behaviour. From the 

reported literature, it has been observed that improvements in characterization techniques and 

chemical modifications have greatly enhanced our comprehension of their structural dynamics 

and increased their applicability in pharmaceutical, biomedical and industrial applications. 

Even though these copolymers are currently incredibly versatile as stabilizers, emulsifiers, drug 

carriers, and templates for nanostructures, further research into responsive alterations and 

scalable production is required. In addition to addressing current issues like stability and 

controlled release, ongoing multidisciplinary research will open up new opportunities for 

effective therapeutics, environmentally friendly formulations, and sophisticated material 

design, which will ensure that Pluronics® and Tetronics® block copolymers stay at the 

forefront of applied polymer science. 

References 
1. K. Kuperkar, D. Patel, L.I. Atanase, P. Bahadur, Polymers 14 (2022) 4702. 

2. M. Khimani, H. Patel, V. Patel, P. Parekh, R.L. Vekariya, Polymer Bulletin 77 (2020) 5783. 

3. D. Patel, K. Kuperkar, S.-i. Yusa, P. Bahadur, Drugs and Drug Candidates 2 (2023) 898. 

4. Y. Mai, A. Eisenberg, Chemical Society Reviews 41 (2012) 5969. 

5. M. Tharmavaram, D. Rawtani, G. Pandey, Nano Convergence 4 (2017) 1. 

6. Z. Chen, C. Steinmetz, M. Hu, E.B. Coughlin, H. Wang, W.T. Heller, W. Bras, T.P. Russell, 

Macromolecules 56 (2023) 8308. 

7. K. Nakashima, P. Bahadur, Advances in colloid and interface science 123 (2006) 75. 

8. G. Riess, Progress in polymer science 28 (2003) 1107. 

9. C. Chakrabarti, S.K. Pathan, V.D. Punetha, S.A. Pillai, Journal of Molecular Liquids 366 (2022) 

120289. 

10. H. Feng, X. Lu, W. Wang, N.-G. Kang, J.W. Mays, Polymers 9 (2017) 494. 

Cosmetics 

Pharmaceutical 

formulation 

Drug delivery 

Agrochemicals 

Paints, coatings, 

inks  

General 

Applications 



 

652 
 

VNSGU Journal of Research and Innovation (Peer Reviewed) 

 ISSN:2583-584X                                                                                                                              

Special Issue October 2025 
652 

11. C. Chakrabarti, M. Khimani, V. Patel, P. Parekh, S. Pillai, J. Mata, R.L. Vekariya, P. Bhadja, 

M. Muddassir, Journal of Molecular Liquids 325 (2021) 115177. 

12. K.A. Soliman, K. Ullah, A. Shah, D.S. Jones, T.R. Singh, Drug Discovery Today 24 (2019) 

1575. 

13. J. Álvarez-Ramírez, V. Fernández, E. Macías, Y. Rharbi, P. Taboada, R. Gámez-Corrales, J. 

Puig, J. Soltero, Journal of colloid and interface science 333 (2009) 655. 

14. L. Xiuli, X. Jian, H. Wanguo, S. Dejun, Colloids and Surfaces A: Physicochemical and 

Engineering Aspects 237 (2004) 1. 

15. Y. Kadam, B. Bharatiya, P. Hassan, G. Verma, V. Aswal, P. Bahadur, Colloids and Surfaces A: 

Physicochemical and Engineering Aspects 363 (2010) 110. 

16. M. Vandenhaute, J. Schelfhout, S. Van Vlierberghe, E. Mendes, P. Dubruel, European polymer 

journal 53 (2014) 126. 

17. A. Kabanov, J. Zhu, V. Alakhov, Advances in genetics 53 (2005) 231. 

18. A.M. Bodratti, P. Alexandridis, Journal of functional biomaterials 9 (2018) 11. 

19. P. Parekh, K. Singh, D. Marangoni, P. Bahadur, Journal of Molecular Liquids 165 (2012) 49. 

20. E.B. Figueroa-Ochoa, L.M. Bravo-Anaya, R. Vaca-López, G. Landázuri-Gómez, L.C. Rosales-

Rivera, T. Diaz-Vidal, F. Carvajal, E.R. Macías-Balleza, Y. Rharbi, J.F.A. Soltero-Martínez, 

Polymers 15 (2023) 2551. 

21. B. Vyas, S.A. Pillai, P. Bahadur, Journal of Molecular Liquids 316 (2020) 113858. 

22. N. Jain, A. George, P. Bahadur, Colloids and Surfaces A: Physicochemical and Engineering 

Aspects 157 (1999) 275. 

23. H.-W. Tsui, J.-H. Wang, Y.-H. Hsu, L.-J. Chen, Colloid and Polymer Science 288 (2010) 1687. 

24. A. Rey-Rico, M. Cucchiarini, International journal of molecular sciences 19 (2018) 775. 

25. T. Patel, P. Bahadur, J. Mata, Journal of colloid and interface science 345 (2010) 346. 

26. D. Nandni, K.K. Vohra, R.K. Mahajan, Journal of colloid and interface science 338 (2009) 420. 

27. J. Wu, Y. Xu, T. Dabros, H. Hamza, Colloids and Surfaces A: Physicochemical and Engineering 

Aspects 252 (2005) 79. 

28. B. Vyas, S.A. Pillai, A. Bahadur, P. Bahadur, Polymers 10 (2018) 76. 

29. D. Patel, D. Ray, K. Kuperkar, V.K. Aswal, P. Bahadur, Journal of Molecular Liquids 316 

(2020) 113897. 

30. M. Almeida, M. Magalhães, F. Veiga, A. Figueiras, Journal of Polymer Research 25 (2018) 1. 

31. Z. Wenjia, (2017). 

32. M. Khimani, H. Patel, V. Patel, P. Parekh, R.L. Vekariya, Polymer Bulletin 77 (2020) 5783. 

33. L. Fan, M. Degen, N. Grupido, S. Bendle, P. Pennartz, Materials Science and Engineering: A 

528 (2010) 127. 

34. P. Zarrintaj, J.D. Ramsey, A. Samadi, Z. Atoufi, M.K. Yazdi, M.R. Ganjali, L.M. Amirabad, E. 

Zangene, M. Farokhi, K. Formela, Acta biomaterialia 110 (2020) 37. 

35. B. Zhou, A. Fernandez-Nieves, W.-R. Chen, T.-H. Kim, C. Do, Physical Chemistry Chemical 

Physics 22 (2020) 12524. 

36. H.-W. Tsui, J.-H. Wang, Y.-H. Hsu, L.-J. Chen, Colloid and Polymer Science 288 (2010) 1687. 

37. F. Bockstahl, G. Duplâtre, M. da Graça Miguel, H.D. Burrows, Physical Chemistry Chemical 

Physics 2 (2000) 4768. 

38. J.S. Pedersen, M.C. Gerstenberg, Colloids and Surfaces A: Physicochemical and Engineering 

Aspects 213 (2003) 175. 

39. B. Bharatiya, K. Patel, H. Song, J. Ma, V. Aswal, P. Bahadur, Journal of Macromolecular 

Science®, Part A: Pure and Applied Chemistry 46 (2009) 304. 

40. M. Khimani, P. Parekh, V.K. Aswal, P. Bahadur, The European Physical Journal E 37 (2014) 

38. 



 

653 
 

VNSGU Journal of Research and Innovation (Peer Reviewed) 

 ISSN:2583-584X                                                                                                                              

Special Issue October 2025 
653 

41. P. Alexandridis, T. Nivaggioli, T.A. Hatton, Langmuir 11 (1995) 1468. 

42. P. Alexandridis, T.A. Hatton, Colloids and Surfaces A: Physicochemical and Engineering 

Aspects 96 (1995) 1. 

43. D.A. Chiappetta, A. Sosnik, European Journal of Pharmaceutics and Biopharmaceutics 66 

(2007) 303. 

44. A. Prhashanna, S.A. Khan, S.B. Chen, The journal of physical chemistry B 119 (2015) 572. 

45. C. Alvarez Lorenzo, A. Rey Rico, A.D. Sosnik, P. Taboada, A. Concheiro, (2010). 

46. J. Gonzalez-Lopez, C. Alvarez-Lorenzo, P. Taboada, A. Sosnik, I. Sandez-Macho, A. 

Concheiro, Langmuir 24 (2008) 10688. 

47. S. Bhattacharjee, S. Pandit, P. Bahadur, D. Seth, Journal of Photochemistry and Photobiology 

A: Chemistry 440 (2023) 114660. 

48. D. Patel, D. Ray, V.K. Aswal, K. Kuperkar, P. Bahadur, Soft Matter 18 (2022) 4543. 

49. C. Alvarez-Lorenzo, J. Gonzalez-Lopez, M. Fernandez-Tarrio, I. Sandez-Macho, A. Concheiro, 

European journal of pharmaceutics and biopharmaceutics 66 (2007) 244. 

50. S.A. Pillai, A.K. Sharma, S.M. Desai, U. Sheth, A. Bahadur, D. Ray, V.K. Aswal, S. Kumar, 

Journal of Molecular Liquids 313 (2020) 113543. 

51. M. Fernandez-Tarrio, F. Yañez, K. Immesoete, C. Alvarez-Lorenzo, A. Concheiro, Aaps 

Pharmscitech 9 (2008) 471. 

52. S.A. Pillai, E.V. Lage, M. Casas, I. Sández-Macho, M.-R. Wang, L.-J. Chen, P. Bahadur, Journal 

of Molecular Liquids 282 (2019) 97. 

53. N.G. Welch, D.A. Winkler, H. Thissen, Advanced drug delivery reviews 167 (2020) 109. 

54. G.B.M. Câmara, R. de Melo Barbosa, F. García-Villén, C. Viseras, R.F. de Almeida Júnior, 

P.R.L. Machado, C.A. Câmara, K.J.S. Farias, C.A. Dreiss, F.N. Raffin, European Journal of 

Pharmaceutical Sciences 163 (2021) 105861. 

55. S.M. Simões, A.R. Figueiras, F. Veiga, A. Concheiro, C. Alvarez-Lorenzo, Expert opinion on 

drug delivery 12 (2015) 297. 

56. M. Cagel, F.C. Tesan, E. Bernabeu, M.J. Salgueiro, M.B. Zubillaga, M.A. Moretton, D.A. 

Chiappetta, European Journal of Pharmaceutics and Biopharmaceutics 113 (2017) 211. 

57. S.C. Owen, D.P. Chan, M.S. Shoichet, Nano today 7 (2012) 53. 

58. M. Yokoyama, Journal of drug targeting 22 (2014) 576. 

59. Ö. Topel, B.A. Çakır, L. Budama, N. Hoda, Journal of Molecular Liquids 177 (2013) 40. 

60. A. Mohr, P. Talbiersky, H.-G. Korth, R. Sustmann, R. Boese, D. Bläser, H. Rehage, The journal 

of physical chemistry B 111 (2007) 12985. 

61. R. Esteves, B. Dikici Ph D, M. Lehman, Q. Mazumder, N. Onukwuba, Beyond: Undergraduate 

Research Journal 1 (2016) 4. 

62. S.A. Pillai, U. Sheth, A. Bahadur, V.K. Aswal, P. Bahadur, Journal of Molecular Liquids 224 

(2016) 303. 

63. S.A. Pillai, C.-F. Lee, L.-J. Chen, P. Bahadur, V.K. Aswal, P. Bahadur, Colloids and Surfaces 

A: Physicochemical and Engineering Aspects 506 (2016) 576. 

64. S.A. Pillai, C.-F. Lee, L.-J. Chen, V.K. Aswal, P. Bahadur, Colloids and Surfaces A: 

Physicochemical and Engineering Aspects 506 (2016) 234. 

65. S.A. Pillai, C.-F. Lee, D. Ray, V.K. Aswal, M.-R. Wang, L.-J. Chen, P. Bahadur, Journal of 

Molecular Liquids 252 (2018) 9. 

66. P. Patidar, S.A. Pillai, U. Sheth, P. Bahadur, A. Bahadur, Journal of Biotechnology 254 (2017) 

43. 

67. Y. Kadam, K. Singh, D. Marangoni, J. Ma, V. Aswal, P. Bahadur, Colloids and Surfaces A: 

Physicochemical and Engineering Aspects 369 (2010) 121. 

68. P. Alexandridis, J.F. Holzwarth, Langmuir 13 (1997) 6074. 



 

654 
 

VNSGU Journal of Research and Innovation (Peer Reviewed) 

 ISSN:2583-584X                                                                                                                              

Special Issue October 2025 
654 

69. H.-W. Tsui, Y.-H. Hsu, J.-H. Wang, L.-J. Chen, Langmuir 24 (2008) 13858. 

70. P. Alexandridis, B. Lindman, Amphiphilic block copolymers: self-assembly and applications. 

Elsevier, 2000. 

71. G.l.-G. Gustavo, A. da Silva Marcelo, R. Aurel, (2015). 

72. Y. Woo Jung, H. Lee, J. Yeon Kim, E. Jin Koo, K. Sang Oh, S. Hong Yuk, Current medicinal 

chemistry 20 (2013) 3488. 

73. J. Herzberger, K. Niederer, H. Pohlit, J. Seiwert, M. Worm, F.R. Wurm, H. Frey, Chemical 

reviews 116 (2016) 2170. 

74. G. Rizis, T.G. van de Ven, A. Eisenberg, Angewandte Chemie 126 (2014) 9146. 

75. Y. Kadam, Journal of dispersion science and technology 31 (2010) 870. 

76. J. Mata, P. Majhi, C. Guo, H. Liu, P. Bahadur, Journal of colloid and interface science 292 

(2005) 548. 

77. P. Patidar, A. Bahadur, Journal of Molecular Liquids 249 (2018) 219. 

78. S.A. Pillai, V. Kumar, K. Kuperkar, D. Ray, V.K. Aswal, S. Kumar, Colloid and Interface 

Science Communications 42 (2021) 100414. 

79. A. Patel, D. Ray, P. Parekh, K. Kuperkar, B. Bharatiya, V.K. Aswal, P. Bahadur, V.I. Patel, 

Journal of Molecular Liquids 380 (2023) 121726. 

80. C. Patel, V. Patel, P. Parekh, D. Ray, V.K. Aswal, R.L. Vekariya, C.B. Sangani, M. Khimani, 

M.K. Parvez, M.S. Al-Dosari, Journal of Molecular Liquids 408 (2024) 125406. 

81. D. Patel, P. Vaswani, S. Sengupta, D. Ray, D. Bhatia, S.D. Chouury, V.K. Aswal, K. Kuperkar, 

P. Bahadur, Colloid and Polymer Science 301 (2023) 75. 

82. R. Ganguly, K. Kuperkar, P. Parekh, V. Aswal, P. Bahadur, Journal of colloid and interface 

science 378 (2012) 118. 

83. M. Almeida, M. Magalhães, F. Veiga, A. Figueiras, Journal of Polymer Research 25 (2018) 31. 

84. S. Venkataraman, J.L. Hedrick, Z.Y. Ong, C. Yang, P.L.R. Ee, P.T. Hammond, Y.Y. Yang, 

Advanced drug delivery reviews 63 (2011) 1228. 

85. A. Torcello-Gómez, M. Wulff-Pérez, M.J. Gálvez-Ruiz, A. Martín-Rodríguez, M. Cabrerizo-

Vílchez, J. Maldonado-Valderrama, Advances in colloid and interface science 206 (2014) 414. 

86. M. Khimani, U. Rao, P. Bahadur, P. Bahadur, Journal of dispersion science and technology 35 

(2014) 1599. 

87. H. Walderhaug, O. Söderman, Current opinion in colloid & interface science 14 (2009) 171. 

88. J.-h. Ma, C. Guo, Y.-l. Tang, L. Chen, P. Bahadur, H.-z. Liu, The Journal of Physical Chemistry 

B 111 (2007) 5155. 

89. B. Diehl, NMR spectroscopy in pharmaceutical analysis, Elsevier, 2008, p. 1-41. 

90. K. Higashi, K. Ueda, K. Moribe, Advanced drug delivery reviews 117 (2017) 71. 

91. M.A. Ganzoury, N.K. Allam, Renewable and Sustainable Energy Reviews 50 (2015) 1392. 

92. R.A. Sversut, A.A. da Silva, T.F.M. Cardoso, N.M. Kassab, M.S. do Amaral, H.R.N. Salgado, 

Critical Reviews in Analytical Chemistry 47 (2017) 154. 

93. Y. Zhang, Y. Liu, S. Sen, P. Král, R.A. Gemeinhart, Nanoscale 7 (2015) 7559. 

94. A. Khodabandehloo, D.D.Y. Chen, Bioanalysis 9 (2017) 313. 

95. M. Khimani, R. Ganguly, V. Aswal, S. Nath, P. Bahadur, The Journal of Physical Chemistry B 

116 (2012) 14943. 

96. M.D. Eddleston, E.G. Bithell, W. Jones, Journal of pharmaceutical sciences 99 (2010) 4072. 

97. L. Dini, E. Panzarini, S. Mariano, D. Passeri, M. Reggente, M. Rossi, C. Vergallo, Current drug 

targets 16 (2015) 1512. 

98. J. Yu, H. Qiu, S. Yin, H. Wang, Y. Li, Molecules 26 (2021) 3610. 

99.  S. Ronka, A. Kowalczyk, D. Baczyńska, A.K. Żołnierczyk, Gels 9 (2023) 143. 

100. C. Popovici, M. Popa, V. Sunel, L.I. Atanase, D.L. Ichim, Polymers 14 (2022) 3007. 



 

655 
 

VNSGU Journal of Research and Innovation (Peer Reviewed) 

 ISSN:2583-584X                                                                                                                              

Special Issue October 2025 
655 

101. A. Rahdar, S. Kazemi, F. Askari, Nanomedicine Research Journal 3 (2018) 174. 

102. J.R. DesNoyer, A.J. McHugh, Journal of controlled release 86 (2003) 15. 

103. D. Chitkara, A. Shikanov, N. Kumar, A.J. Domb, Macromolecular bioscience 6 (2006) 977. 

104. M. Franceschini, F. Pizzetti, F. Rossi, Cosmetics 12 (2025) 76. 

105. M.H. Lee, G.H. Shin, H.J. Park, Journal of Applied Polymer Science 135 (2018) 46004. 

106. P. Chowdhury, P.K. Nagesh, S. Kumar, M. Jaggi, S.C. Chauhan, M.M. Yallapu, Bioactivity of 

engineered nanoparticles (2017) 207. 

107. S.L. Percival, R. Chen, D. Mayer, A.M. Salisbury, International Wound Journal 15 (2018) 749. 

108. T. Swanson, D. Gibson, journal of wound care 26 (2017). 

109. Z.-l. Li, S.-f. Peng, X. Chen, Y.-q. Zhu, L.-q. Zou, W. Liu, C.-m. Liu, Food research 

international 108 (2018) 246. 

110. M. Wulff-Pérez, A. Torcello-Gómez, M. Gálvez-Ruíz, A. Martín-Rodríguez, Food 

hydrocolloids 23 (2009) 1096. 

111. N.A. Di Spirito, N. Grizzuti, R. Pasquino, Physics of Fluids 36 (2024). 

112. E. Montarges, A. Moreau, L.J. Michot, Applied clay science 13 (1998) 165. 

113. M.J. Cappel, J. Kreuter, International journal of pharmaceutics 69 (1991) 155. 

114. S. Tonge, L. Jones, S. Goodall, B. Tighe, Current eye research 23 (2001) 51. 

115. L.N. Subbaraman, S. Bayer, S. Gepr, M.-A. Glasier, H. Lorentz, M. Senchyna, L. Jones, 

Optometry and vision science 83 (2006) 143. 

116. A. Sosnik, M.V. Sefton, Biomaterials 26 (2005) 7425. 

117. A. Sosnik, B. Leung, A.P. McGuigan, M.V. Sefton, Tissue engineering 11 (2005) 1807. 

118. F. Cellesi, N. Tirelli, Journal of materials science: materials in medicine 16 (2005) 559. 

119. S.M. Moghimi, A.C. Hunter, Trends in biotechnology 18 (2000) 412. 

120. P. Kaur, P. Khullar, M.S. Bakshi, Journal of Photochemistry and Photobiology A: Chemistry 

388 (2020) 112215. 

121. P. Samanta, S. Rane, P. Bahadur, S. Dutta Choudhury, H. Pal, The Journal of Physical 

Chemistry B 122 (2018) 6079. 

 

 
 

 

 

 

 

 

 

 


