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ABSTRACT: Nanotechnology-based drug delivery systems have gained significant attention for improving cancer 
treatment. In this study, folic acid (FA)-conjugated Poloxamer P188 (FA-P188) micelles were developed for targeted 
delivery of docetaxel (DTX) to cancer cells that overexpress folate receptors. The micelles were prepared using the thin-
film hydration method, where polymers and DTX were dissolved in an organic solvent, followed by solvent evaporation 
to form a thin film, which was then hydrated with water to form micelles. The critical micelle concentration (CMC) was 
determined using UV spectroscopy with an iodine standard solution. Micelle size, polydispersity index (PDI), and 
surface charge were characterized using dynamic light scattering, and the morphology was visualized through scanning 
electron microscopy. Entrapment efficiency of DTX in micelles was quantified using ultracentrifugation and UV 
spectrophotometry, after separating the unencapsulated drug. In vitro drug release kinetics were assessed via dialysis 
and UV spectroscopy. Hemocompatibility was tested by measuring hemoglobin release from red blood cells using 
spectrophotometry. The anticancer efficacy of the DTX formulations was evaluated in MDA-MB-231 breast cancer cells 
using the MTT assay after a 72-hour exposure. Stability of the FA-P188-DTX micelles was assessed under accelerated 
conditions (40°C, 75% relative humidity) for three months. The study's findings showed successful conjugation of FA to 
P188 and effective encapsulation of DTX in FA-P188 micelles. The optimized FA-P188-DTX micelles demonstrated 
particle sizes smaller than 200 nm, a PDI of less than 0.2, and a drug entrapment efficiency exceeding 75%. In vitro 
cytotoxicity assays showed enhanced cytotoxicity of FA-P188-DTX micelles in MDA-MB-231 cancer cells compared to 
DTX alone and non-targeted micelles. These results highlight the targeting capability and sustained drug release 
properties of FA-P188-DTX micelles, suggesting their promising potential for targeted cancer therapy involving 
docetaxel. 
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 1.  INTRODUCTION 

Despite considerable advances in anticancer therapy, cancer disease remains one of the world’s 
primary health issues. It remains a severe concern, even though significant efforts have been taken over the 
last several decades, as indicated by numerous clinical interventions and anticancer therapeutics [1]. 
Chemotherapy is a common treatment that uses drugs or a combination of drugs to kill rapidly developing 
cancer cells [2]. Instead of damaging normal cells, the drugs must target tumor cells. Chemotherapeutic 
agents are highly toxic and have limited clinical applicability, which limits their use alone. Among the 
various recently developed cancer therapies, targeted cancer therapy is gradually replacing chemotherapy 
and becoming a prominent treatment option for human cancers [3,4]. Recently, Nanoparticle-based drug 
delivery systems have gained increasing attention in cancer therapy because of their benefits which include 
tumor cell targeting, reduced side effects, and drug resistance; and are constructed based on tumor 
pathophysiology [5–7]. It is difficult to find a mechanism for the effective delivery of anti-cancer drugs 
because most of them are hydrophobic. 
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As nanocarriers, polymeric micelles are becoming much more popular [8–10]; because of their unique 
core-shell structure which can physically embed or chemically link the hydrophobic drug into the 
hydrophobic core, increasing the drug's water solubility [11,12]. Furthermore, micelles have various distinct 
advantages, including drug accumulation in tumor sites due to the EPR effect, sustained drug release 
behavior, and extended drug circulation time due to the lack of rapid renal clearance [13,14]. To develop a 
more effective site-specific drug delivery system, targeted ligands can be bound to the surface of the micelle 
[15]. Cancer cells have highly expressed folate receptors on their surfaces, even if normal cells have folate 
receptors, they are at low or undetectable levels [16,17]. Folic acid (FA) as a targeting agent, due to its high 
binding affinity to folate receptors, has shown a promising future in targeted drug delivery systems [18–20]; 
therefore it can be introduced to improve treatment efficiency while also avoiding toxic effects to normal 
cells. FA also keeps its high binding affinity to folate receptors after coupling with drug carriers [18,21]. 
Folate coupling serves several purposes, including delivering nonspecific drugs to cancer cells selectively, 
decreasing harmful side effects in healthy cells, and accelerating cell internalization via receptor-mediated 
endocytosis [22]. Amphiphilic block copolymers are used in nanomedicine because they have appealing 
features for tackling drug delivery challenges and have intrinsic biological activity[23]. Poloxamers belongs 
to the amphiphilic triblock copolymer family [24,25]. It is composed of hydrophilic polyethylene oxide and 
hydrophobic polypropylene oxide blocks, and has an A-B-A triple block structure (PEO-PPO-PEO), which 
allows it to self-assemble into micelles in an aqueous environment [26]. Poloxamers are being used to make 
hydrophobic drugs soluble [27]. The use of Poloxamer to create unique potential nanomedicine has been 
well-documented for several years [24]. The hydrophobic PPO section serves as a hydrophobic core for 
integrating hydrophobic drugs, whereas the hydrophilic PEO aids in the prevention of aggregation [28,29]. 
They can improve solubility, circulation time, and drug release in target areas [30]. In this study, a tumor-
targeting micellar system based on folate conjugated Poloxamer was designed for DTX delivery. The 
hydrophobic drug, DTX, was encapsulated in hydrophobic polypropylene oxide blocks of Poloxamer 
conjugated with folic acid to increase its solubility[31,32]. Developed through targeting using folate 
receptors, FA- P188 micelles containing DTX can improve the accuracy of drug delivery, increasing efficacy 
against cancer cells and reducing damage to normal cells. 

2. RESULT AND DISCUSSION 

2.1 Interaction studies of excipients 

The study of interactions between adjuvants and drugs is an essential step in pre-formulation studies. 
DSC is an analytical method frequently used to assess drug-adjuvant interactions. Changes in endosommy 
or exothermy peaks and/or enthalpy values indicate possible interactions [33]. The DSC curves of the drug 
and drug-adjuvant mixture are shown in figure 1. The thermal behavior of pure drugs, corresponding 
adjuvants, and combinations of drugs and supplements will be compared on the DSC curve. DSC 
temperature grams of pure DTX showed a sharp endomic peak at ~169°C, which corresponds to the melting 
point. Poloxamer F 68 and Folsan exhibited rapid endemic peaks at ~54°C and ~140°C, respectively. The 
temperature gram of the physical mixture (DTX: Poloxamer P188: folic acid) showed a slight and 
insignificant changes in the thermal behavior of DTX in the presence of Poloxamer P188. The melting signal 
(endosm) of Poloxamer P188 was distinguishable from the physical mixture of each polymer with DTX. The 
absence of other endomic/exothermic events across the entire temperature range thus ruled out any physical 
interactions or compatibility between the drug and the polymer. Therefore, the DSC results indicated that 
these polymers are suitable for use in the formulations. 

FTIR was performed to confirm the compatibility of individual components (Figure 2). The IR 
spectrum of Poloxamer P188- folic acid mixture was compared with the IR spectra of folic acid. FTIR of folic 
acid showed a characteristic peak at 1605cm-1, 1693cm-1, and 1483cm-1 attributed to NH bending vibration of 
CONH, C=O amide stretching of a carbonyl group, and phenyl ring respectively and FTIR of P188 showed 
2883cm-1 and 1342cm-1 attributed to CH stretching and OH bending respectively. The IR spectrum of the 
physical mixture showed characteristic peaks at 1147cm-1, 1714cm-1, 2880cm-1, and 3482cm-1 attributed to NH, 
C=0, CH, and OH stretching respectively. The results confirmed the absence of any chemical interaction 
between folic acid and Poloxamer P188. 
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Figure 1. DSC Thermogram of A-Docetaxel, B- Poloxamer P188, C- Folic Acid, and D- Physical mixture 

 

Figure 2.  FT-IR of folic acid, Poloxamer P188, physical mixture, and FA-P188 conjugate 

2.2 Characterization of FA-P188 conjugate 

Figure 2 demonstrates the successful chemical bonding of FA-P188 with a characteristic peak of 1725 
cm−1 of the ester bond. Other characteristics of Folsan's carboxylate base IR absorption peaks have moved 
from 1690 cm-1 to 1685 cm-1. As FTIR techniques alone are insufficient to confirm binding, 1H NMR 
spectroscopy was also performed. 

The NMR spectra of FA-P188 hydroxide (Figure 3) showed a broad peak (by PEO) at 3.5 ppm in 
DMSO-d6, and the FA signal was at 6.6 and 7.6 ppm (aromatic proton) and 8.6 ppm (phtheridine proton), 
confirming the success of the binding. 
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Figure 3. H1 NMR Spectrum of FA-P188 Conjugate in DMSO-d6, showing a in DMSO-d6, showing a characteristic peak 
at 3.5 ppm, 6.6-7.6, and 8.6 attributed to PEO, FA signals, and pteridine proton  6.6 and 7.6 ppm (aromatic proton) and 
8.6 ppm (phtheridine proton), confirming the success of the binding [34]. 

2.3 Analysis of data and optimization of design  

Using Design Expert DX 10.0.7.0 (Stat-Ease Inc., MN.), the results were statistically analyzed for the 
response variables. The 32-factor design proposed nine formulations varying at three distinct levels (high, 
medium, and low) for two independent variables: the amount of binding polymer (FA-P188) and the amount 
of drug (DTX). In this study, the effects of these independent variables on carrier efficiency and particle size 
were investigated as optimization response variables. Table 1 illustrates the various experimental trials and 
the observed responses. 

Table 1. Full factorial design (32) experimental trial batches, with responses. 

Formulation code 
Factors Responses 
FA-P188 mg (X1) DTX mg (X2) % EE (%) (Y1) PS (nm) (Y2) 

F1 100 5 87.91 147 
F2 100 10 81.32 150 
F3 100 15 82.93 161 
F4 150 5 90.25 142 
F5 150 10 88.91 140 
F6 150 15 83.32 148 
F7 200 5 91.74 152 
F8 200 10 89.78 156 
F9 200 15 84.97 164 

The software provided a suitable polynomial model equations that included the individual main 
effects and interaction effects [35]. The optimized model equations for Y1(%EE) and Y2(PS) as reactions are 
presented in the equations below. 

Y1 = 86.79 + 2.39X1 – 3.11X2                                        

Y2 = 140.89 + 2.33 X1 + 5.33X2 – 0.50X1X2 + 11.67X1
2 + 3.67X2

2          

After taking into account the coefficients and the mathematical sign they have, conclusions were 
drawn using the fitted polynomial equation, a linear model for % EE, and a quadratic model for particle size. 
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The correlation coefficient (R2) of the linear model (0.8298) for response Y1 (% EE) and that of the quadratic 
model (0.9628) for response Y2 (PS) was found to be significant (Table 2). The coefficient of X1 was positive 
and that of X2 was negative in the equation for % entrapment efficiency, indicating that the dependent 
variable Y1 is directly proportional to X1 (amount of FA-P188) and inversely proportional to X2 (quantity of 
DTX). The coefficients for X1 and X2 are both positive in the equation for particle size, indicating that the 
dependent variable Y2 is directly proportional to X1 (quantity of FA-P188) and X2 (quantity of DTX), but the 
coefficient for X1X2 is negative, indicating that the combined effect of the independent variables is inversely 
proportional to Y2. 

Table 2. Parameters of a selected model of responses. 

Percent Entrapment Efficiency (Y1) Particle Size (Y2) 

Selected model Linear Selected model Quadratic 
Std. dev. 1.78 Std. dev. 2.55 
Mean 86.79 Mean 151.11 
c. v. % 2.05 c. v. % 1.68 
PRESS 39.18 PRESS 228.60 
R- squared R2 0.8298 R- squared R2 0.9628 
Adjusted R2 0.7730 Adjusted R2 0.9008 
Predicted R2 0.6481 Predicted R2 0.5628 
Adequate precision 10.723 Adequate precision 11.626 

The results of ANOVA is presented in Table 3 showed that all models were significant (p 0.05) for all 
the response variables examined. The metanomial term (p > 0.05) was removed from the polynomial 
equations to simplify the model. 

Table 3. Analysis of variance table for dependent variables from full factorial design. 

Source df Sum Square Mean Square F-value p-value 

Percent Entrapment Efficiency (Y1) 

Model 2 92.38 46.19 14.62 0.0049 

X1 1 34.22 34.22 10.83 0.0166 
X2 1 58.16 58.16 18.41 0.0051 
Particle Size (Y2) 

Model 5 503.44 100.69 15.53 0.0235 

X1 1 32.67 32.67 5.04 0.1104 
X2 1 170.67 170.67 26.33 0.0143 
X1X2 1 1.00 1.00 0.15 0.7207 

Furthermore, Design-Expert software-generated three-dimensional response surface plots are depicted 
in Figure 4. 

 In a multicriteria decision strategy using numerical optimization techniques by probability functions 
and graphical optimization techniques by overlay plots, all responses with different objectives were 
optimized as illustrated in the figure. Dependent variable reactions and constraints on independent variables 
were used to produce an optimized formulation. These constraints were common to all formulations. Based 
on the plot above, the Design-Expert software determined the suggested concentration of the independent 
variable, with a maximum probability close to 1.0 [36]. The optimized batch selected using design expert 
software is given in Table 4.  

3.4 Evaluation and validation of the optimized formulation 

The statistically optimized formulation F4 met all the physicochemical criteria. The entrapment 
efficiency and particle size of the optimized formulation were calculated to confirm its theoretical prediction 
(Table 5). The observations of carrier efficiency percent (90.25%) and particle size (142 nm) were well 
matched with model predictions of carrier efficiency percent (90.29%) and particle size (140 nm). The relative 
error (%) between the predicted value and the experimental value was calculated for each response, and the 
value was found to be within ±2%. The experimental data aligned with the projected values, affirming the 
reliability and accuracy of the model. 
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Figure 4. Contour plots and 3D response graphs of % entrapment efficiency (A & B), Particle size (C & D), and 
desirability plot of optimized batch (E). 

Table 4. Characteristics of optimized batch. 

Objects 
FA-P188 mg 
(X1) 

DTX mg (X2) 
Percent 
Entrapment 
Efficiency (Y1) 

Particle Size 
(Y2) 

Desirability  

Predicted 158 5 90.29 140 0.928 Selected 
Actual (F4) 150 5 90.25 142   

 

Table 5. Validation of optimization model. 

Response Experimental Value Predicted Value % Relative Error 

Percent Entrapment 
Efficiency (Y1) 

90.25 % 90.29 % -0.04 % 

Particle Size (Y2) 142 nm 140 nm -1.42 % 

 

2.4 Characterization of P188-DTX & FA-P188-DTX Micelles 

2.4.1 CMC Determination 

CMC of the micelles have an impact on formulation’s stability in both in vitro and in vivo conditions. 
CMC value was influenced by both the hydrophobic PPO length as well as the hydrophilic PEO length of 
Poloxamer P188. The CMC value was affected by the hydrophobic PPO length and the hydrophilic PEO 
length of the Poloxamer P188. In this study, iodine was used as a hydrophobic probe to observe the 
formation of micelles. The dissolved I2 participates in the hydrophobic environment of the Poloxamer 
polymer and is converted to I2 at I3− to maintain the saturated aqueous solution concentration of I2. I2 

absorbance was plotted for polymer concentration (Figure 5). It has been observed that the CMC of FA-P188 
is lower than that of P188 [37]. 
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Figure 5. CMC determination of Poloxamer P188(P188) and folate conjugated Poloxamer P188 (FA-P188) by I2 UV 
spectroscopy method. 

2.4.2 Particle, polydispersity index, and zeta potential 

The particle size of P188-DTX and FA-P188-DTX micelles was 152.2 nm at the highest % intensity of 
79.1% and 142.2 nm with the highest % intensity of about 68.6 %. The P188-DTX and FA-P188-DTX micelles 
had polydisperse indices of 0.500 and 0.514, respectively (Figure 6). 

 

Figure 6. Particle size and distribution of A-P188-DTX Micelles and B-FA-PF8-DTX conjugated micelles. 

Zeta potential is an important factor for assessing the stability of colloidal dispersions. The zeta 
potential value showed that the formulation had a negative charge, which indicates colloidal stability in 
aqueous solution. As depicted figure 7 zeta potential of the P188-DTX and FA-P188-DTX micelles was -14.4 
mV and -15.8 mV, respectively. 

 

Figure 7. Zeta Potential of A-P188-DTX micelles and B-FA-PF8-DTX conjugated micelles. 
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2.4.3 Scanning electron microscopy (SEM) 

The surface morphology of FA-P188-DTX conjugated micelles was analyzed by SEM at different 
magnifications 10000X and 3500X as shown in Figure 8. The micelles exhibit a shape close to spherical, and 
the drug was entrapped in the internal core of the micelles. 

 

Figure 8. SEM Images of FA-PF8-DTX conjugated micelles 

2.5 % Entrapment Efficiency 

For drug delivery systems, drug encapsulation efficiency is essential. The entrapment efficiency of FA-
P188-DTX micelles was found to be 90.25±1.89%. 

2.6 In-vitro drug release 

Using a dialysis tube, the release pattern of DTX from micelles was evaluated. The results demonstrate 
that FA-P188-DTX conjugated micelles released 3.672±1.25% of DTX within 1 hour. As seen in figure 9 
during the first hour, the drug that was weakly bound or of micelles was released. FA-P188-DTX conjugated 
micelles displayed a pattern of sustained release that lasted for 24 hours. At the end of 24 hrs, the FA-P188-
DTX-conjugated micelles released 80.25±1.53% of the DTX. The figure depicts the in vitro release of DTX, 
which reveals a sharp increase in DTX release at the 6th hour, which is due to the opening of pores in micelle 
walls. After the eighth hour, a constant release of DTX was noticed, which lasted for the next 24 hours. The 
tortuous type of diffusion release mechanism is confirmed by the release pattern of DTX in the surrounding 
aquatic environment. Furthermore, the drug release from P188-DTX micelles was investigated, and within 24 
hours, 47.56±0.89% of DTX was released. It was witnessed that the amount of DTX released from folate-
conjugated P188 micelles was approximately 30% more when compared with DTX released from P188 
micelles [38].  

 

Figure 9. In-vitro release study of DTX from P188-DTX and FA-P188-DTX conjugated micelles. 
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2.7 Hemolytic toxicity studies  
In this study, the docetaxel micellar formulation was compared with the docetaxel solution to evaluate 

hemolytic toxicity using an in vitro hemolysis assay. The hemolysis toxicity assay has been proposed as a 
toxicity test via in-vitro method as a simple and reliable measure for estimating the membrane damage that a 
formulation causes in in-vivo conditions. This assay quantitatively measures hemoglobin (Hb) release 
induced by formulation-red blood cell interactions. At 200 mg/mL concentration, a UV-visible 
spectrophotometer reading at 521 nm revealed a total of 73.18 percent hemolysis in FA-P188-DTX Micelles 
and 82.36% percent hemolysis DTX Solution. In this experiment, the amount of hemoglobin released by the 
interaction between the preparation and red blood cells was quantitatively measured, and the degree of 
hemolysis was quantified. In addition, qualitative information on morphological changes in red blood cells 
was obtained at the same time. According to the results, concentration-dependent hemolysis was observed 
in both preparations (Figure 10). The main reasons why micellar preparations showed lower hemolytic 
toxicity were the following two: First, DTX was encapsulated in surfactant, which limited its direct contact 
with erythrocyte cell membranes. Second, there was less cell membrane damage due to the absence of 
polysorbate and ethanol solvents. In other words, the introduction of the drug into the fast-contained core of 
the micelle reduced its direct contact with the erythrocyte cell membrane, thereby lowering hemolytic 
toxicity. 
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Figure 10. Hemolysis assay of FA-P188-DTX micelle formulation at various concentrations and its comparison with DTX 
solution. 

Hemolytic toxicity of formulations was also assessed by optical microscopy and the effect of the 
interaction between the formulation and red blood cells on the shape of the red blood cells was visualized 
and photomicrographs are shown in figure 11. Morphologically intact red blood cells exhibit a typical disc 
shape similar to that of a bagel. During the hemolysis process, depending on the concentration of the 
hemolytic preparation and the degree of hemolysis, the shape of this disc changed to slightly drooping 
stomatocytes, like a goblet. In the event of complete hemolysis, a resemblance to cell fusion has been 
observed under the microscope. 

 
Figure 11. Photomicrographs of red blood cells incubate at 37oC for 1 h PBS 7.4 (A) saline solution (B), DTX solution (C), 
FA-P188-DTX micelles. 

A B C
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Photomicrographs showed very slight changes in the morphology of red blood cells treated with 
micellar preparations. On the other hand, when treated with DTX solution, almost complete hemolysis was 
observed. These results are well in line with the results of quantitative hemolytic toxicity tests. 

2.8 Cytotoxicity studies 

To investigate and validate the effectiveness and targeting capability of the prepared FA-P188-DTX 
micelles, MTT analysis was performed on the MDA-MB-231 human mammary adenocarcinoma cell line. The 
results showed that the percentage of cell survival of human mammary adenocarcinoma cells was 
significantly lower than that of DTX solution and horror micelles when compared to FA-P188-DTX micelles 
by concentration. This suggests that the formulation has increased cytotoxicity to cells (Figure 12). 

 

Figure 12. In vitro cell viability studies on MDA-MB-231 cell line by MTT Assay using DTX solution, FA-P188-DTX 
micelles and blank micelles. 

2.9 Stability studies  

As per ICH guidelines, the result of stability studies of FA-P188-DTX micelles formulation was 
evaluated for three months. FA-P188-DTX micelles did not show phase separation at 1 month and at the end 
of 3 months. Thus, the FA-P188-DTX micelles were seen to be stable after three months based on the findings 
of the stability research conducted under varied storage circumstances. 

3. CONCLUSION 

In this study, we developed a micelle-based drug delivery system consisting of a folate-bound P188 
micelle loaded with a hydrophobic drug (DTX). Folic acid was conjugated with Poloxamer to target folate 
receptors which are overexpressed in the case of cancerous cells. The conjugate was synthesized by linking 
the hydroxyl group of P188 and the carboxyl group of folic acid by the esterification reaction. Using this 
conjugate FA-P188-DTX micelles were formed using the thin film hydration method. Response surface 
methodology i.e., 32 full factorial design has been successfully used for the optimization of the micelle 
formulation. The design proposed nine formulations for two independent variables: the quantity of 
conjugated polymer (FA-P188) and the drug (DTX), both of which were varied at three distinct levels (high, 
medium, and low) and their effect on independent variables, entrapment efficiency, and particle size was 
investigated. The cytotoxicity studies of DTX-loaded micelles showed improved anticancer effects against 
MDA-MB-231 cells in vitro due to enhanced active targeting via folic acid. Given that generating new drugs 
is a time-consuming and expensive procedure, thus enhancing the efficiency of existing drugs in various 
ways appears to be beneficial. Improving drug delivery strategies can decrease drug toxicity and increase 
effectiveness, favoring patient satisfaction and bringing pharmaceutical companies more benefits. Therefore, 
the FA-P188 bonded micelles loaded with DTX can be considered as a candidate with high potential for 
future use [39–41]. 
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4. MATERIALS AND METHODS 

4.1 Chemicals  

Docetaxel was provided by Scino Pharmaceutical Pvt. Ltd., Taiwan; Poloxamer P188 was purchased 
from Loba Chemie Pvt. Ltd., Mumbai; Folic acid, Dimethylsulfoxide (DMSO), dimethylaminopyridine 
(DMAP) were obtained from Merck Specialities Pvt. Ltd., Mumbai; N N'-dicyclohexylcarbodiimide (DCC) 
was purchased from Himedia Laboratory Pvt. Ltd., Mumbai; Acetonitrile was obtained from Loba Chemie 
Pvt. Ltd., Mumbai; All other chemicals and solvents were of  analytical or synthetic grade and were used 
without further purification. Distilled water was used in whole experimental procedures. 

4.2 Interaction studies of excipients  

The study of the interactions of excipients with drugs is the essential step in pre-formulation studies. 
DSC is an analytical method that is frequently used to assess drug-excipient interactions. Any change in the 
endothermic or exothermic peak and/or enthalpy values indicates a probable interaction. Additives that are 
expected to be used in the appropriate proportions for the development of polymer micelles of DTX were 
selected for the study. Differential injection calorimetry (DSC) of the physical mixture of P188, folic acid, and 
P188-FA was performed using an open-fan DSC Q20, and the results were analyzed using Universal 
Analysis Software version 4.5A. The interpretation of thermal data isn't always clear; Therefore, Fourier 
Transforms Infrared Spectroscopy (FTIR) is used to minimize misinterpretation of DSC results. IR spectra of 
P188, Folic acid, and the physical mixture of P188-FA were recorded on an FTIR spectrophotometer (MAKE) 
using potassium bromide pellets in the range of 4000–500 cm-1. 

4.3 Synthesis of FA- P188 Conjugate  

A scheme for conjugate formation is given in figure 13 and figure 14. Briefly, Folic acid (1.6 g) was 
dissolved in a mixture of DAMP (0.1g) and DMSO (10ml); Another solution of Poloxamer P188 (0.15g) in dry 
chloromethane was prepared. Both these solutions were mixed while stirring at low temperatures, followed 
by a dropwise addition of DCC. A mixture of folic acid and DAMP and DMSO was kept at room 
temperature for 48 hours to complete the reaction. It was then extracted with a 10% NaHCO3 solution to 
remove the unreacted folic acid. The organophases obtained after extraction were refrigerated overnight for 
crystallization and filtered to remove insoluble substances. This organic solution then precipitated twice 
using cold diethyl ether. The resulting product was filtered and dried overnight under a vacuum and stored 
until further use. The generation of FA- P188 was confirmed by proton nuclear magnetic resonance analysis 
(1H NMR) obtained at 400 MHz. 
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Figure 13. Folic acid and Poloxamer P188 were conjugated using DMAP, DCC, and DMSO. 

 

Figure 14. Schematic illustration for the synthesis of FA-P188 conjugation; Folic acid and Poloxamer P188 were 
conjugated by esterification reaction, using DMAP, DCC, and DMSO. 

 

4.4 Preparation of P188-DTX & FA-P188-DTX micelles 

P188-DTX & FA-P188-DTX conjugated micelles were prepared by the previously reported thin-film 
hydration method (THF) with some modification [42]. Briefly, 150 mg of P188 and 5 mg of DTX was 
dissolved in 3 mL acetonitrile and sonicated for 3 min 10 times. Further the mixture was evaporated at 65°C 
for 30 minutes using rotary evaporator. A thin film formed on the inner surface of the round-bottomed flask 
of the rotary evaporator, which was placed in a dryer to remove the solvent. The dried thin films were 
hydrolyzed in 5 mL of purified water at 40°C and continuous stirring. The solution was then filtered with a 
0.44 μ membrane filter. Similarly, FA-P188-DTX micelles were manufactured by using folate-bound P188 
instead of P188 and performing the same process. 

4.5 Experimental design, statistical analysis, and optimization 

The variables in this study were optimized using a 32 randomized whole-planing design [43]. This 
study evaluated two variables at three levels, and all experiments of nine potential combinations were 
performed. The amount of binding polymer (FA-P188) and drug (DTX) were selected as independent 
variables. These variables ranged from 3 levels: low (-1), medium (0), and high (+1). Carrier efficiency and 
particle size were selected as dependent variables (Table 6). Data obtained from all formulations were 
analyzed with Design-Expert software, and study designs and reaction surface plots were generated. The 
software was used to generate polynomial models for all response variables, including linear, interactive, 
cubic, and quadratic terms. The optimal model was selected based on a comparison of a number of statistical 
parameters provided by the Design-Expert software, including the coefficient of variation (CV), the 
coefficient of regression (R2), and the adjusted coefficient of regression (adjusted R2). Additionally, analysis 
of variance (ANOVA) was used to determine the factors had a significant effect on the response regression 
coefficient. The software was also used to calculate the F test and P values. For a variety of measured 
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responses, mathematical model equations involving independent variables and their interactions were used 
to model the effects of the measured responses of various independent variables. For optimization, 32 
planning designs were used. The relationship between the dependent and independent variables was 
determined using Response surface plots. These plots were used to investigate the influence of various 
factors on response at specific time points and to predict dependent variable responses in moderate 
independent variables. Then, using a numerical optimization technique based on the desirability approach 
and a graphical optimization strategy based on the overlay plot, new formulations with the desired response 
were generated [44]. 

Table 6. 32 full factorial design: factors, factor levels and responses.  

Factors (Independent variables) 
Factor levels used 

Low (-1) Medium (0) High (1) 

FA-P188 mg (X1) 100 150 200 
DTX mg (X2) 5 10 15 
Responses (dependent variables) 

 % EE (%) (Y1) 

PS (nm) (Y2) 

 

4.6 Validation of the experimental design 

The experimental values of the response were quantitatively compared with the predicted values to 
validate the selected experimental design, and the relative error (%) was estimated using the following 
equation: 

Relative error (%) =
Predicted value − Experimental value 

Predicted value
 × 100 

 

4.7 Characterization of P188-DTX & FA-P188-DTX Micelles 

4.7.1 Critical micelle concentration (CMC) determination 

UV spectroscopy was used to determine the CMC of P188 and FA-P188 [45]. The standard solution 
was prepared by dissolving 0.5 g of iodine and 1.0 g of potassium iodide in 50 mL of deionized water. 
Different concentrations of polymer solutions between 0.001% and 0.01% were prepared. Depending on the 
polymer concentration, 30-50 μl of standard solution was added to the polymer solution. Prior to 
measurement, the solutions were incubated at room temperature for 12 hours. UV-Vis spectrophotometers 
were used to determine the absorbance values of various polymer concentrations. The polymer mass 
concentration’s logarithmic value was plotted for absorbance. The CMC value indicates the concentration of 
the polymer with a rapid increase in absorbance. 

4.7.2 Particle size, polydispersity index, and zeta potential 

Particle size and Polydispersity index of P188-DTX and FA-P188-DTX micelles were determined by 
the dynamic light scattering (DLS) method using Zetasizer® nano (Model: Zen 3600, Malvern Instruments, 
UK). The zeta potential was measured from the electrophoretic mobility of micelles. To elucidate the 
existence of P188-DTX and FA-P188-DTX micelles, they were visualized using a scanning electron 
microscope (SEM) at a magnification up to 20.00 kV and with an accelerating voltage of 100 kV. 

4.7.3 Determination of Percent Entrapment Efficiency (%EE) 

The entrapment efficiency (EE) of P188-DTX and FA-P188 DTX conjugated micelles was done by the 
ultracentrifugation method using a Remi cooling centrifuge (Remi Elektrotechnik Ltd., India). The 
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supernatant containing unentrapped drug was removed and analyzed by UV spectrophotometry (at Amax = 
230 nm) (Model: SPECTRO 2060 PLUS, Analytical Technologies Ltd., Gujarat, India) against a 30: 70 ratio of 
methanol: phosphate buffer solution (PBS) (pH 7.4).  

The amount of drug entrapped in micelles was determined by an equation given below. 

%EE =  
Total amount of drug − unentrapped drug

Total amount of drug
 ×  100 

4.7.4 In Vitro Drug Release  

The in vitro drug release from P188-DTX and FA-P188-DTX micelles was determined using the 

dialysis method [46]. Briefly, 2 mL of P188-DTX and FA-P188-DTX micelles were placed in a pre-swelled 

dialyses pouch (MW 3500 Da) and dialysis was performed in 100 mL of phosphate buffer (pH 7.4) at a 
frequency of 100 rpm at 0.5 °C at 37 ±. Samples were taken at predetermined time intervals and the dose was 
refilled with the same amount of fresh buffer. The emitted DTX was analyzed by UV spectroscopy. 

4.7.5 Haemolytic toxicity assay 

Spectrophotometry-based hemolysis analysis was performed to assess hemo-compatibility [47]. Blood 
samples were collected from healthy donors in EDTA-treated vials. Red blood cells were centrifuged at 3000 
rpm for 5-10 min at 4°C. A red blood cell suspension diluted with normal saline was prepared at a 
concentration of 5% w/v. Erythrocyte suspension (0.5 mL) was mixed with purified water (considered to 
cause 100% hemolysis), normal saline (blank) that does not cause hemolysis, DTX solution, and FA-P188-
DTX micelle formulation in the concentration range of 50~200 μg/ml. After incubation at 37°C for 1 hour 
with slow shaking, the mixture was centrifuged at 3000 rpm for 10 min to separate undissolved red blood 
cells. The supernatant was taken, and diluted with the same amount of PBS (pH 7.4), and absorbance was 
measured at 540 nm for the normal saline supernatant. The equation given below was used to determine the 
percentage of haemolysis for each sample: 

% Hemolysis =
Absorbance of Sample

Absorbance of 100% lysis
× 100 

4.7.6 In Vitro Cytotoxicity Study 

MDA-MB-231 cells (human breast adenocarcinoma) were used to evaluate the anticancer activity of 

the formulation [48]. The in vitro cytotoxicity of FA-P188-DTX micelles and DTX-solution was done for 72 
hours using MTT assay. MDA-MB-231 cells were inoculated in 96-well plates at a density of 104 cells per 
well × 104 cells per well for 24 hours. The micelles loaded with DTX and DTX solutions were diluted to 
different concentrations (2, 8, 12, 20, 40 μg/mL) to prepare the suspension. The medium was replaced with 
200 μL of sample solution and incubated in a CO2 incubator at 37°C for 72 hours. After incubation, the 
medium was replaced with fresh medium and 50 μL of MTT Reagent (1 mg/mL in PBS) was added to each 
well. After the plates were incubated again at 37°C for 3 hours, the medium was removed and the 
intracellular formazan was dissolved in 160 μL DMSO. Absorbance was measured at 570 nm using 
SpectraMaxM2 with SoftMax Pro (Molecular Devices Corporation Sunnyvale, CA, USA). Cells treated with 
medium were used as a control group, and cell survival percentages were calculated based on the 
absorbance of cells exposed to the control group. 

cell viability(%) =
Absorbance of cells exposed to the sample 

Absorbance of untreated cells
× 100% 

4.7.7 Stability study  

Accelerated stability test of FA-P188-DTX micelles was performed for 3 months under the following 
conditions: 40±2°C temperature and 75±5% RH (RH) under the following conditions: This trial is intended to 
determine the stability potential of the drug in its current formulation. 
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