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Abstract. Gold nanoparticles (AuNPs) coated with PEI-based copolymers have 
emerged as a promising non-viral vector for gene therapy due to their excep-
tional biocompatibility and efficient gene delivery capabilities. Green synthesis 
methods, which utilize environmentally friendly and sustainable approaches, have 
gained significant attention for producing biocompatible nanoparticles. While 
AuNPs have been extensively studied, challenges often arise when conducting 
cell viability assays, particularly using the MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) assay. The inherent properties of nanoparticles, 
such as their size, shape, and surface chemistry, can interfere with the MTT assay’s 
mechanism, leading to inaccurate assessments of cell viability. Additionally, the 
interaction between the MTT reagent and the nanoparticles can further complicate 
the assay and potentially yield misleading results. To address these challenges, this 
study aims to optimize AuNP synthesis, establish optimal MTT assay conditions 
and mitigate interference effects by carefully controlling the synthesis parameters, 
optimizing the MTT assay conditions, and addressing the potential interference 
effects. This study aims to provide a reliable and accurate method for evaluating 
the cytotoxicity and biocompatibility of AuNP-based gene delivery systems. This 
knowledge will contribute to the development of safe and effective nanomedicine 
for various biomedical applications. 
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1 Introduction 

Nanoparticles are particles with dimensions ranging from 1 to 100 nm. Their high 
surface-to-volume ratio facilitates surface functionalization, making them suitable for 
the delivery of genetic material. Nanoparticles can be classified into various categories
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based on their composition, including carbon-based, metallic, ceramic, semiconductor, 
polymeric, and lipid-based materials. Metallic nanoparticles, especially copper, silver, 
and gold, are extensively employed due to their well-controlled size and shape, as well as 
their unique optical properties [1, 2]. Gold nanoparticles are extensively used in biomed-
ical applications owing to their biocompatibility and stability, particularly their efficient 
delivery of nucleic acids to cells when conjugated with certain polymers. Moreover, the 
synthesis of these nanoparticles can be accomplished via green chemistry approaches, 
employing biological resources. This method offers several advantages, including low 
cost, mild reaction conditions, and the elimination of toxic chemicals, synthetic lig-
ands, and stabilizers [3–5]. Given their biomedical applications, gold nanoparticles must 
undergo biological testing to demonstrate low cytotoxicity in healthy cells. 

Cell viability assays are employed to measure the number of living and healthy cells 
within a sample by detecting cell proliferation or cytotoxic effects. Numerous assays have 
been developed to determine and quantify viable cell numbers following a treatment [6]. 
The colorimetric MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) 
assay is a prominent method, establishing a linear correlation between cell viability and 
mitochondrial activity. 

Viable cells contain oxidoreductases capable of reducing a yellow tetrazolium salt 
(MTT) into purple formazan crystals. This reaction is catalyzed by succinate dehydroge-
nase, a mitochondrial enzyme involved in cellular metabolism [7]. Cell proliferation is 
quantified based on the measurement of absorbance resulting from the enzymatic reduc-
tion of tetrazolium salt. In viable cells, mitochondrial succinate dehydrogenase catalyzes 
this reaction, producing purple formazan. The amount of formazan generated is directly 
proportional to the number of metabolically active cells present in the sample [8, 9]. 
While the MTT assay is a valuable tool for assessing cell viability, it can be susceptible 
to interference from nanoparticles. These materials can interact with assay components, 
such as dyes and reagents, leading to inaccurate results [10, 11]. 

In this study, gold nanoparticles were synthesized using a green synthesis approach 
which employs a copolymer based on mesquite gum and polyethylenimine as a reducing 
and stabilizing agent. The cytotoxicity of these nanoparticles was evaluated in kidney 
tissue of African green monkey cells (VERO cells). To determine the most suitable 
methodology for assessing cytotoxicity in this specific nanoparticle-cell system, various 
MTT assay conditions were explored. 

2 Experimentation 

2.1 Gold Nanoparticles Synthesis 

To synthesize gold nanoparticles (AuNPs), a copolymer composed of mesquite gum and 
polyethyleneimine (GM-CBX-PEI) was employed as a reducing and stabilizing agent; 
the synthesis of this copolymer was carried out based on the method by Pinilla et al. 
[12]. An aqueous solution of HAuCl4·3H2O was prepared at a concentration of 1 mM. 
The copolymer and 5 mL of the gold solution were added to this solution and homog-
enized using a vortex mixer until complete dissolution of the copolymer. Subsequently, 
the mixture was incubated in a temperature-controlled water bath with constant stir-
ring. This process resulted in a solution containing purplish-red AuNPs. Finally, the
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obtained AuNPs@GM-CBX-PEI dispersion was placed in Sartorius Vivaspin 6 tubes 
and centrifuged in an Eppendorf 5810 R centrifuge (3000 rpm, 15 min). Four washes 
with deionized water were performed, followed by a final wash with deionized water at 
4000 rpm for 15 min. This procedure was carried out to remove any residual substances 
that were not part of the nanoparticles, such as unbound copolymer and residual chlorine. 

Then, these nanoparticles were characterized by ζ (zeta) potential to measure the 
stability of nanoparticles in solution and its surface charge, Dynamic Light Scatter-
ing (DLS) to determine the size of nanoparticles and UV-Vis Spectroscopy to provide 
information about the composition and structure of nanoparticles. 

2.2 MTT Assay 

VERO cells were seeded at a density of 10,000 cells per well in 96-well plates and cul-
tured in 100  µL of DMEM. The plates were incubated at 37 °C in a 5% CO2 atmosphere 
for 24 h. To ensure reproducibility, each sample was tested in triplicate. After 24 h, the 
AuNPs@GM-CBX-b-PEI treatment was added. The treatment-to-medium ratio in each 
well is shown in Table 1. After an additional 24 h, a sufficient volume of medium-MTT 
solution was prepared for all wells. The medium-nanosystem supernatant was removed 
from the wells, and 100 µL of the medium-MTT solution was added. The plate was 
then incubated under standard conditions for 3 h. After the incubation period, a solution 
was added to dissolve the formazan crystals. Table 1 outlines the specific modifications 
made to the standard MTT assay protocol in this study. Finally, the absorbance of each 
well was measured at 570 nm and 651 nm using a microplate reader. The absorbance 
obtained at 570 nm was subtracted from the absorbance obtained at 651 nm. This resulting 
absorbance was used in the following formula. 

%Cell viability = (
Abssample ∗ 100

)
/(Abscontrol) (1) 

Table 1. MTT assay protocol variations. 

Protocol Variations 

Medium-nanosystem Medium-MTT Solvent to 
dissolve 
formazan 
crystals 

Reference 

1 Nanomedicine lab 
protocol (Our work) * 

95 µL medium and 5 
µL nanosystem 

10 µL of MTT 
per 100 µL of  
medium 

100 µL of  
acidified 
isopropanol 

N/A

(continued)
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Table 1. (continued)

Protocol Variations

Medium-nanosystem Medium-MTT Solvent to
dissolve
formazan
crystals

Reference

2 Roche 100 µL 
solubilization 
buffer 

[13] 

3 Babaei, A 50 µL of  
DMSO at a 
concentration 
1 mg/ml 

[14] 

4 Alafaleq, N. O 10 µL of MTT 
per 100 µL of  
PBS 

100 µL of  
acidified 
isopropanol 

[15] 

5 Meléndez-Villanueva, 
M.A 

100 µL of  
DMSO at a 
concentration 
of 10 mg/ml 

[16] 

6 Modified 
nanomedicine lab 
protocol 1 

80 µL medium and  
20 µL nanosystem 

10 µL of MTT 
per 100 µL of  
medium 

100 µL of  
acidified 
isopropanol 

N/A 

7 Maicas, I Wash well with PBS 
1X three times and 
then add 
medium-nanosystem 
solution 

[17] 

8 Modification of 
nanosystem 
preparation ** 

Nanosystem was 
diluted in medium 
instead of water 

N/A 

9 Modified 
nanomedicine lab 
protocol 2 

95 µL medium and 5 
µL nanosystem 

A fresh, 
unopened 
stock of MTT 
reagent was 
used for the 
assay 

10 Modified 
nanomedicine lab 
protocol 3 

10 µL of MTT 
per 100 µL of  
medium 

100 µL of  
acidified 
ethanol 

* Protocol developed by the nanomedicine laboratory at Universidad Autonoma de Nuevo Leon. 
** Nanosystem concentrations were initially prepared by diluting deionized water. To further 
investigate the interferences in MTT, subsequent dilutions were made using culture medium.
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3 Results and Discussion 

3.1 Colorimetric Correlation with Gold Nanoparticle Dimensions 

Guided by the literature correlation between solution color and nanoparticle size (Fig. 1), 
the initial synthesis focused on achieving a reddish hue, targeting nanoparticles within 
the 20–60 nm range [18]. Figure 2 shows the change in color from the gold solution to the 
expected purplish-red solution of gold nanoparticles. Subsequent DLS and ζ potential 
measurements were conducted to verify the size and surface charge of the nanoparticles 
obtained under these conditions. 

Fig. 1. Correlation between solution color and gold nanoparticle size. 

Fig. 2. Synthesis of AuNPs. 

3.2 Size and Surface Charge Analysis of Nanoparticles by DLS and Zeta 
Potential 

Dynamic Light Scattering (DLS) was employed to determine the average hydrodynamic 
diameter of the nanoparticles (Table 2). Nanoparticle solutions were diluted in water to
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a pH of 7.5 prior to analysis. The obtained values were approximately 28 nm, falling 
within the expected range, thus confirming the correlation between color and particle 
size. Furthermore, the narrow size distribution, with 90% of the particles having a sim-
ilar size, indicates good colloidal stability. The positive ζ potential, attributed to the 
protonated amino groups of the PEI component in the copolymer, is crucial for subse-
quent conjugation with negatively charged RNA molecules for biomedical applications, 
enabling electrostatic interactions [19]. 

Table 2. DLS and ζ potential for AuNPs 

Hydrodynamic diameter average (nm) ± standard 
deviation (% Volume) 

ζ potential 
(mV) 

Peak 1 Peak 2 Peak 3 

AuNPs 
GM-CBX-b-PEI 

27.56 ± 4.54 (90.47%) 292.67 ± 33.43 (9.53%) - +6.32 ± 0.93 

3.3 Validation of Gold Nanoparticles Formation by UV-Vis Spectroscopy 

UV-Vis spectroscopy confirmed the formation of gold nanoparticles from 
HAuCl4.3H2O. The initial peak at 320 nm, attributed to AuCl4-, disappeared upon 
reduction by GM-CBX-b-PEI, while a new peak emerged at 520 nm, characteristic of 
the surface plasmon resonance of gold nanoparticles. This indicates the reduction of 
Au3+ to Au0 and subsequent nanoparticle formation. The observed surface plasmon 
resonance (SPR) at 520 nm is consistent with literature reports for gold nanoparticles of 
similar size [20–22] (Fig. 3). 

3.4 Optimal Methodology Determination for GM-CBX-b-PEI-Coated Gold 
Nanoparticles by MTT Assay 

MTT assay was conducted to identify the optimal methodology for GM-CBX-b-PEI-
coated gold nanoparticles. Table 3 outlines the experimental protocols, while Fig. 4 visu-
ally represents the coloration of each well, comparing treated samples to their respective 
controls. It’s important to note that some controls were shared across multiple protocols, 
as their influence was deemed negligible in certain cases. 

The MTT assay provided valuable insights into the optimal methodology for GM-
CBX-b-PEI-coated gold nanoparticles. Using DMSO and solubilization buffer to dis-
solve formazan crystals resulted in bubble formation, incomplete crystal dissolution, and 
interference with absorbance readings. Wells treated with PBS-MTT, instead of Medium-
MTT, failed to exhibit the expected purple color, turning yellow and potentially leading 
to inaccurate low cell viability assessments. 

As expected, increasing the nanoparticle concentration in Protocol 6 led to decreased 
cell viability compared to lower concentrations. Interestingly, Protocols 1 and 7–10
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Fig. 3. UV-Vis spectra of GM-CBX-b-PEI-coated gold nanoparticles and its precursors. 

Table 3. Overview of experimental methodologies for MTT assay. 

1 2 3 4 5 6 7 8 9 10 11 12 

A PBS 

B 

PBS 

DMEM 
Medium+Cells 

(without 
treatment), 

Nanomedicine 
lab protocol 

DMEM 
Medium+Cells 

(without 
treatment), 
Babaei, A. 

DMEM 
Medium+Cells 

(without 
treatment), 
Melendez-
Villanueva, 

M.A. 

DMEM 
Medium+Cells 

(without 
treatment), 
Modified 

nanomedicine 
lab protocol 3 

Roche 
protocol 

Alafaleq, N. 
O. protocol 

Modified 
nanomedicine 
lab protocol 1 

Modification 
of 

nanosystem 
preparation 

protocol 

Modified 
nanomedicine 
lab protocol 3 

DMEM 
Medium 
+MTT 

(without 
cells) 

PBS 

C 

D 

E 
DMEM 

Medium+Cells 
(without 

treatment), 
Roche 

DMEM 
Medium+Cells 

(without 
treatment), 

Alafaleq, N. O. 

DMEM 
Medium+Cells 

(without 
treatment), 
Modified 

nanomedicine 
lab protocol 2 

Nanomedicin 
e lab protocol 

Babaei, A. 
protocol 

Melendez-
Villanueva, 

M.A. protocol 

Maicas, I. 
protocol 

Modified 
nanomedicine 
lab protocol 2 

DMEM 
Medium 
(without 

cells) 

F 

G 

H PBS

showed no significant differences, indicating that nanoparticle preparation in water or 
medium does not significantly impact the results. Additionally, variations in MTT stock 
solutions did not affect the outcome, highlighting the importance of proper storage 
conditions. An extra PBS wash before adding Medium-MTT had a negligible effect 
on the results. Finally, while both isopropanol and ethanol were effective in dissolving 
formazan crystals, microscopic examination revealed residual crystals with ethanol, 
suggesting that isopropanol may be a more efficient solvent (Fig. 5). 
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Fig. 4. 96-well plate for experimental methodologies performed in MTT assay. 

Fig. 5. Cell viability of VERO cell line with MTT assay.
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4 Conclusions 

In conclusion, this study successfully demonstrated the green synthesis of GM-CBX-
b-PEI-coated gold nanoparticles with the desired size (28 nm) and ζ potential, making 
them suitable for biomedical applications. The optimal conditions for MTT assays were 
determined for these specific nanoparticles, highlighting the importance of tailoring 
experimental protocols to individual materials. Protocols 1, 8, and 9 were identified as the 
most suitable, as they yielded the expected results without interference and demonstrated 
non-cytotoxic effects, consistent with previous reports. These findings underscore the 
significance of optimizing experimental methodologies to ensure accurate and reliable 
results in future research involving gold nanoparticles. 
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Abstract. The low water solubility of many drugs represents a major obstacle in 
the development of effective treatments. Nanotechnology emerges as a key tool 
to address this problem. Nanocarriers offer a versatile platform for encapsulating 
and transporting low-solubility drugs, improving their distribution in the body. 
This strategy not only increases the efficacy of treatments, but it also reduces the 
toxicity associated with conventional drugs. Mixed micelles of poloxamer and d-
α-tocopherol polyethylene glycol succinate (TPGS) offer an innovative solution to 
improve drug solubility and biocompatibility. The combination of these polymeric 
surfactants allows modulating the properties of the micelle, increasing its ability to 
encapsulate hydrophobic compounds and improving its stability in aqueous media. 
This strategy not only optimizes the bioavailability of the drugs, but also presents 
the potential of reducing the dose needed to achieve the desired therapeutic effect, 
thus reducing the adverse effects associated with the treatment. In this work, 
mixed micelles of poloxamer and TPGS were used to improve the solubility of 
curcumin; different proportions of surfactants were used to prepare a series of 
formulations. The results showed that the hydrodynamic diameter of the micelles 
and the viscosity of the micellar solutions can be modulated by composition, 
allowing the properties of the system to be adjusted to the specific needs of each 
application. In addition, mixed micelles have a higher curcumin encapsulation 
capacity compared to systems formed by a single surfactant. 

Keywords: Mixed micelles · curcumin · poloxamer · TPGS 

1 Introduction 

Recently, new active ingredient delivery systems based on nanotechnology have been 
developed. These systems have successfully addressed the drawbacks associated with 
the use of liposoluble drugs, allowing nanocarriers to enhance effective and specific
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biomolecular interactions to reduce treatment-induced side effects [1–4]. Poloxamers are 
triblock copolymers of polyethylene oxide (PEO) and polyethylene oxide (PPO), where 
the ratio between ethylene oxide and propylene oxide units determines the amphiphilic 
characteristic of the copolymers, which influences their thermosensitive properties and 
their ability to form gels at body temperature, making them ideal for drug delivery and 
biomedical applications [5–9]. On the other hand, D-Α-tocopherol polyethylene glycol 
succinate (Vitamin E TPGS, or simply TPGS), an ethoxylated derivative of vitamin E, 
has great potential as a nanocarrier due to its high biocompatibility and its ability to 
improve the solubility of drugs, which increases the efficacy and reduces side effects 
caused by drugs with low solubility in aqueous media [7–9], as is the case of curcumin, 
which is a phytochemical with multiple benefits in people’s health [10, 11]. In this work, 
the encapsulation capacity of mixed micellar systems was evaluated. The combination 
of two polymeric surfactants where both have a hydrophilic PEO chain with different 
hydrophobic chains (PPO vs Vitamin E) and different HLBs (Table 1), offers an alter-
native approach to expand the hydrophobic domain of the micelle while maintaining 
stability. The goal is to increase the curcumin-carrying capacity of the mixed micelles 
as compared to the individual systems [12, 13]. 

Table 1. Properties of surfactants 

Surfactants Hydrophilic 
units 

Lipophilic 
units 

HLB MW (KDa) CMC (M) Cloud Point 
(°C) 

Poloxamer 
123 

13 EO 22 PO 12 2.2x10–3 1.85 42 

Poloxamer 
124 

23 EO 20 PO 16 3.6 × 10–3 2.2 65 

TPGS PEG 1000 1 
Tocopherol 

13 1.3 × 10–4 1.5 78 

2 Methodology 

2.1 Formulation of Mixed Micellar Systems 

Mixed micelles were prepared by using two types of poloxamers: P123 (Sigma Aldrich) 
and P124 enriched with 100 ppm vitamin E (BASF). TPGS was added to these poloxam-
ers in different proportions (Table 2). Solubilization was carried out in deionized water 
by heating to 75 °C and constant agitation. Finally, curcumin was incorporated, and the 
mixture was kept under the same conditions for 4 h. 

2.2 Encapsulation Efficiency (EE%) and Loading Capacity (LC%) 

To determine the percentage of incorporation, 11 standard solutions were prepared with 
concentrations of curcumin or fenofibrate ranging from 3 ppm to 12 ppm; where a
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Table 2. Formulations of micellar systems. 

Micellar system V1 V2 V3 V4 V5 

Poloxamer 
(P123 o P124) 

0% 25% 50% 75% 100% 

TPGS 100% 75% 50% 25% 0% 

solution of water with ethanol as a target was used, from these standard solutions, the 
corresponding calibration curves were obtained. Finally, the following equations were 
used to calculate the percentage of incorporation and the carrying capacity of the active 
ingredients in the micelles: 

%EE = 
Amount of active ingredient loaded into the micelle(mg) 

Initial amount of active ingredient used (mg)
∗ 100 (1) 

%LC = 
Amount of active ingredient loaded into the micelle(mg) 

Total amount of solids(mg)
∗ 100 (2) 

2.3 Characterizations 

The hydrodynamic size of the micelles was characterized by dynamic light scattering 
(DLS) in a Zetasizer Nano ZS (Malvern Panalytical). Stability studies were performed 
by visually evaluating phase separation. In addition, viscosity was determined on an AR 
G2 rotational rheometer (TA Instruments) between 15 and 60 °C at 1000 m/min. The 
incorporation of active ingredients was quantified by UV-Vis spectroscopy in an Optizen 
POP (Mecasys). 

3 Results 

The results of DLS characterization of the P123/TPGS poloxamer-based systems (see 
Fig. 1) showed a gradual decrease in micelle size as the proportion of TPGS increased. 
The hydrodynamic diameters of the mixed micelles were in an intermediate range 
between those of the micelles formed by each surfactant separately, ranging from 6 
to 12 nm. A direct correlation was observed between the composition of the micelles 
and their size: the micelles rich in P123 had larger diameters, while the smaller ones 
corresponded to systems with a higher TPGS content. 

In P124/TPGS-based systems, the opposite effect was observed; this was due to 
the differences in PEO-PPO-PEO chainlengths of P124 compared to P123. The hydro-
dynamic diameter of the micelles decreased with increasing proportion of poloxamer 
124, in the range of 4 to 7 nm. However, in mixed micelles with a higher proportion of 
P124 (V4 with 75% of P124), two size populations were detected, suggesting a coexis-
tence of micelles rich in each of the surfactants. This behavior indicates that, at certain 
compositions, an ideal homogeneous mixture of surfactants was not achieved.
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Fig. 1. Hydrodynamic diameter distribution by DLS of the mixed micellar systems loaded with 
curcumin: A) P123 and B) P124. 

The viscosity results presented in Fig. 2A show that TPGS and P123/TPGS micelles 
in a 1:3 ratio (75% TPGS) undergo a progressive decrease in viscosity until they reach a 
minimum, followed by a drastic increase. This behavior suggests a possible instability 
of the micelles at certain concentrations, which could trigger aggregation. On the other 
hand, systems with a 1:1 and 3:1 ratio (50 and 25% TPGS) exhibit a behavior like 
that of pure P123 poloxamer. The decrease in viscosity with increasing temperature 
is attributed to an increase in the mobility of the micelles, which reduces the internal 
friction of the system. A similar trend is observed in systems with P124/TPGS (see 2B): 
viscosity decreases with increasing temperature. However, the presence of vitamin E in 
poloxamer 124 gives these micelles a behavior closer to that of pure TPGS micelles. 
Importantly, all mixed micellar systems with P123/TPGS and P124/TPGS at 37 °C 
(body temperature) have a viscosity lower than that of blood (3.5 × 10–3 Pa·s), which 
minimizes the risk of venous obstruction. 
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Fig. 2. Viscosity curve as a function of temperature of micellar systems: A) P123 and B) P124 

The encapsulation efficiency (EE%) and loading capacity (%LC) results presented 
in Fig. 3 and Table 2 show that both P123 and P124 poloxamers, under various condi-
tions, managed to encapsulate curcumin at levels above 1.20% by mass. Mixed systems
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Fig. 3. Encapsulation of curcumin with different formulations: A) P123 and B) P124 

with a 1:3 ratio of poloxamer and TPGS, respectively, exhibited the highest encapsula-
tion efficiencies compared to other systems evaluated. Micelles formulated with P123 
demonstrated, in general, a high encapsulation efficiency, exceeding 60% and reaching 
loading capacities greater than 1.40% in all the cases studied. On the other hand, the sys-
tems based on P124/TPGS presented a lower variability in the incorporation efficiency, 
remaining between 73% and 74%. 

These differences in encapsulation efficiency can be attributed to the intrinsic prop-
erties of the P123 and P124 poloxamers. Despite sharing a basic structure composed of 
ethylene oxide and propylene oxide units, variations in the length of these chains confer 
each poloxamer different hydrophilic-lipophilic (HLB) characteristics, critical micellar 
concentration (CMC), and other unique properties that influence its ability to solubilize 
and encapsulate molecules such as curcumin. Importantly, in all cases evaluated, a sig-
nificant improvement in the solubility of curcumin was observed compared to its free 
form, as shown in Table 3. This phenomenon is explained by the incorporation of the 
lipophilic drug inside the core of the micelles, which protects them from the aqueous 
medium and increases their apparent solubility. 

Table 3. Encapsulation efficiency of curcumin with different formulations 

Micellar system EE (%) LC (%) Solubility of Curcumin in the 
System (μg/mL) 

Increased solubility* 

P123-V1-CUR 78.4 1.8 2352.3 3920.5 

P123-V2-CUR 76.4 1.8 2308.6 3847.7 

P123-V3-CUR 64.6 1.5 1938.5 3230.8 

P123-V4-CUR 63.7 1.4 1910.7 3184.5 

P123-V5-CUR 69.1 1.6 2069.5 3449.3

(continued)
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Table 3. (continued)

Micellar system EE (%) LC (%) Solubility of Curcumin in the
System (μg/mL)

Increased solubility*

P124-V1-CUR 78.4 1.8 2352.3 3920.5 

P124-V2-CUR 75.2 1.7 2255.4 3759.1 

P124-V3-CUR 72.8 1.7 2184.7 3641.2 

P124-V4-CUR 72.2 1.6 2166.4 3610.8 

P124-V5-CUR 51.2 1.2 1536.6 2561.1 
* (calculated as: solubility of curcumin in micellar system / solubility of curcumin in water). 

4 Conclusion 

The study demonstrates that mixed micelles of poloxamer and TPGS offer a versatile sys-
tem for the encapsulation of drugs such as curcumin. The composition of micelles signif-
icantly influences their size, stability, and encapsulation efficiency. The results obtained 
suggest that these formulations could have promising applications in the development 
of controlled drug delivery systems. 
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Abstract. Chitosan is a versatile biopolymer that has multiple biomedical appli-
cations due to its properties of biocompatibility, biodegradability and antimicrobial 
activity. However, one of its limitations is that its high polarity makes it difficult 
to load liposoluble active ingredients such as curcumin, a phenolic compound 
commonly used for its anticancer applications thanks to its antioxidant properties. 
Therefore, in this work we seek the incorporation of curcumin into poloxamer 
micelles and subsequently graft chitosan to achieve a synergy between the prop-
erties of both compounds. First, the graft is obtained through several steps such 
as poloxamer activation, formation of the imine group and reduction to obtain the 
copolymer, then the characterization is carried out by FTIR-ATR, Raman spec-
troscopy, the encapsulation efficiency of curcumin is also evaluated, achieving 
a higher percentage of charge in the copolymer with respect to chitosan and the 
in vitro biocompatibility is also evaluated by hemolysis and cytotoxicity tests, pre-
senting better biocompatibility properties when adding curcumin to the copolymer, 
so this copolymer based on chitosan and poloxamer 407 can be considered as a 
promising candidate for its application as a release system for liposoluble active 
ingredients. 

Keywords: Copolymer · Chitosan · Curcumin 

1 Introduction 

Chitosan is a cationic biopolymer composed of N-acetyl-D-glucosamine and D-
glucosamine units connected by β-(1–4)-glycosidic bonds, chitosan has properties of 
biocompatibility, biodegradability, mucoadhesiveness and antimicrobial activity, making
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it an optimal compound for biomedical applications [1]. Furthermore, it is a biopolymer 
considered to be pH-sensitive since the NH2 groups can be protonated, destabilizing 
the structure by promoting repulsion between the polymer chains, which is a useful 
characteristic for applications in controlled release systems. One of the disadvantages 
of chitosan is that it is only soluble at slightly acidic pH (6.5), and this makes both its 
manipulation and the loading and release of active ingredients difficult [2]. 

On the other hand, poloxamer surfactants can encapsulate liposoluble active ingre-
dients in addition to presenting stability in aqueous solutions, because are capable of 
forming micelles due to their structural characteristics formed by triblock copolymers 
of ethylene oxides (PEO) and propylene oxides (PPO) [3]. 

One of the proposals is to obtain a copolymer by obtaining a graft of chitosan onto the 
poloxamer, with the aim of achieving synergistic properties between the two compounds, 
improving the solubility/dispersability properties of chitosan thanks to the poloxamer, 
as well as the ability of the hybrid system to encapsulate lipophilic drugs; furthermore, 
this strategy may add pH stimulus-sensitive characteristics, conferred by chitosan. Last 
but not least, both compounds are considered biocompatible [4]. 

Therefore, the objective of this work is to obtain a graft of chitosan on poloxamer 
407 through several synthesis steps and thus obtain a copolymer to load it with curcumin 
and evaluate its in vitro biocompatibility. 

2 Experimentation 

2.1 Obtaining Chitosan Graft on Poloxamer 407 

The first step for the synthesis of chitosan grafting to poloxamer 407 is to activate the 
poloxamer by oxidizing the terminal OH group to CHO (aldehyde). To do this, the 
procedure outlined by Yang et al. [5] is followed and subsequently optimized by using 
acetone as a solvent instead of dichloromethane. Later, the oxidizing agent Dess Martin 
periodinane is added in 1:7%wt/wt ratio with respect to the poloxamer, it is allowed to 
react for 24 h with magnetic stirring and room temperature, then the solvent is removed 
by means of a rotary evaporator, the poloxamer solid is obtained with the terminal OH 
groups oxidized to CHO. Subsequently, purification is carried out by Soxhlet extraction 
with hexane, varying the process time. The surfactant activated with the CHO group 
and curcumin was dissolved in acetone, then placed in a rotary evaporator to remove 
the solvent. The samples were kept in a vacuum desiccator. They were then rehydrated 
with water to obtain a w/w concentration of 12.5% and 1.10% curcumin. They were 
left stirring and then lyophilized to continue with the grafting process and carry out the 
characterization and the next step is the nucleophilic addition reaction between the CHO 
group of the poloxamer and the NH2 (amine) group of chitosan. This type of reaction 
allows the formation of a Schiff base catalyzed by acid. The poloxamer 407 activated with 
the aldehyde group (P-CHO) loaded with curcumin is placed under constant stirring at 
room temperature for 24 h, once dissolved in water and the chitosan dissolved in 0.05 M 
CH3COOH in a 3:1%wt/wt ratio of P-CHO to chitosan is placed under constant stirring 
at room temperature for 24 h, then pH is adjusted to 4.5. 

Subsequently, for the reduction of the imine group, one of the most commonly used 
reducing agents is NaBH4, which allows the reduction of double bonds. In this last
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step, the N of the imine is protonated, then an H-ion of NaBH4 acts as a nucleophile and 
attacks the C of the C=C, a proton is lost and the single bond with the amine is generated. 

0.025 g of NaBH4 is added to reduce the C=N double bond of the imine group and 
achieve the grafting of chitosan onto the Poloxamer 407. 

The product is characterized by FTIR-ATR in a spectrophotometer Nicolet iS50 and 
Raman Spectroscopy using a LABram HR Evolution equipment, Horiba with a 633 nm 
laser. 

2.2 Encapsulation Efficiency of Curcumin in P 407- CHO Micelles 

For the calculation of the encapsulation efficiency in P 407- CHO micelles, the amount of 
lyophilized copolymer needed to obtain 10 ppm of curcumin was weighed and dissolved 
in 0.05 M CH3COOH. The sample was then measured by UV-Vis spectrophotometry at 
435 nm. 

Curcumin concentration was calculated using a calibration curve. Equation 1 was 
used to determine the percentage of encapsulation efficiency taking into account the 
amount of active ingredient in solution (Wi) and the total amount of curcumin in the 
sample (Wt). The evaluation of the copolymer incorporation was evaluated in triplicates 
and calculated using Eq. 1. 

EE(% ) = Wi 

Wt 
× 100 (1) 

2.3 In Vitro Biocompatibility Evaluation 

Hemolysis Test 
Blood obtained from a healthy individual was placed in Vacutainer tubes with EDTA as 
anticoagulant. The tubes were centrifuged and the supernatant plasma was discarded and 
the cell pellet was washed with PBS solution. A diluted erythrocyte solution was then 
prepared by suspending 100 µL of the erythrocyte pellet in 9,800 µL of PBS solution. 

The sample was mixed to reach different concentrations (0.1, 0.5 and 1 ppm) with the 
erythrocyte dilution and incubated at 37 °C for 30 min in a Thermomixer at 300 rpm. It 
was centrifuged and analyzed by UV-Vis spectrophotometry in a NanoDrop at 415 nm. 
PBS was used as a negative control and H2O as a positive control. 

The percentage of direct hemolysis of the samples was calculated using the following 
Eq. (2): 

Hemolysis(% ) = AM−ACN 

ACP−ACN 
× 100 (2) 

where: A M = absorbance of the sample, A CN = absorbance of the negative control, A 
CP = absorbance of the positive control. 

Cytotoxicity Assay 
The cytotoxicity test was performed with the VERO cell line from monkey kidney. The 
cells were incubated with culture medium at 37 °C and 5% CO2 atmosphere for 8 days.
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Subsequently, 10,000 cells were seeded in a 96-well plate in a volume of 100 µl and left 
to incubate for 24 h. 

Concentrations of 1, 10 and 100 ppm of the copolymer with and without curcumin 
were evaluated. 

After removing the culture medium again, 100 µl of MTT with medium solution 
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium) was added to the plates. The 96-
well plates with the cell culture and the samples were incubated for 3 h at 37 °C and 
5% CO2 atmosphere, then the medium was carefully removed and 100 µl of acidified 
isopropanol pH = 3 were added in order to achieve the crystallization of formazan and 
quantify the color. The absorbances were read in a Thermoscientific Multi scan FC UV-
Vis spectrophotometer at 570 and 651 nm wavelength. Culture medium is used as a 
control. 

The percentage of cell viability of the samples was calculated using Eq. (3): 

Viability (% ) = AM 

ACN 
× 100 (3) 

where: A M = sample absorbance, A CN = negative control absorbance. 

3 Results 

3.1 Infrared Spectroscopy (FTIR-ATR) 

Figure 1 shows the infrared spectra of P 407, chitosan (Cs), and the poloxamer activated 
with the CHO group, the latter presents a characteristic band of a C=O corresponding 
to the aldehyde group at 1725 cm−1 and for the graft sample characteristic bands of 
the poloxamer and Cs can be observed, for example, the broad bands at 3250 cm−1 

and 3350 cm−1 correspond to stretching of the N-H and O-H bonds of Cs. At around 
2877 cm−1 the characteristic stretching of a C-H bond is also present, in this case the 
band is more intense so it can be attributed to the vibration of the poloxamer bonds [6]. It 
is important to highlight that in this last step the band at around 1725 cm−1 disappears, 
this could indicate the formation of the imine, since this happens between the C=O 
group of the CHO of the poloxamer and the NH2 group of chitosan, the bands at around 
1345 cm−1, 1280 cm−1 and 1110 cm−1, corresponding to bending of the CH3 of Cs, 
the band also in 1100 cm−1 corresponds to the stretching of the C-O bonds of Pluronic. 
These bands are an indicative of grafting of chitosan onto the poloxamer [7]. 

3.2 Raman Spectroscopy 

To complement the results obtained by FTIR, the samples were analyzed by Raman 
spectroscopy, which are presented in Fig. 1. The raman spectra of chitosan is shown in 
Fig. 1 (a), where the band observed at 965 cm−1 is characteristic of the C-N bond, the band 
at 1100 cm−1 is representative of the C-C bond; the band at 1430 cm−1 corresponds to 
the C-N bond. As for the poloxamer shown in Fig. 1(b), the bands at 843 and 1143 cm−1 

are associated with the stretching of the C-O-C bonds, the swinging and bending of 
the C-H bonds occur at 1281 cm−1 and 1482 cm−1, respectively, and the stretching
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Fig. 1. Infrared spectra of (a) chitosan, (b) P407, (c) P-CHO and (d) grafting of chitosan onto 
curcumin-loaded P407. 

of the C-H bond occurs at 2891 cm−1. In the case of the Pluronic with CHO group 
(P-CHO) spectrum shown in (c), an additional band is found at around 1720 cm−1, 
which is in agreement with the C = O bond of the aldehyde [8]. The spectrum of the 
chitosan grafted onto the poloxamer (d) does not present a representative modification 
in the bands, except for the disappearance of the aldehyde band at 1720 cm−1, which 
in agreement with FTIR results, indicates that the grafting reaction is taking place [9] 
(Fig. 2). 

3.3 Encapsulation Efficiency of Curcumin in the Copolymer 

Encapsulation efficiency is an important parameter to determine the viability of a delivery 
system [10]. Figure 3 presents the graph with the percentages of curcumin encapsulation 
efficiency in poloxamer, chitosan, and in the graft copolymer. It can be observed that the 
poloxamer being an amphiphilic compound with a polar part and a non-polar core, can 
encapsulate 88% of curcumin, with a loading capacity (LC) of 0.98% unlike chitosan 
which is a polar compound, hence interactions with curcumin are not favorable, in this 
case the active ingredient would only be dispersed, so it only manages to incorporate 
11% of finely dispersed (not encapsulated) curcumin corresponding to a LC of 0.12%. 
In the grafted copolymer an encapsulation efficiency of 21% was obtained, correspond-
ing to a LC of 0.23%, which is about an 80% increase of EE and LC with respect to 
chitosan. This can be attributed to the presence of the poloxamer. On the other hand,
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Fig. 2. Raman spectra of (a) chitosan, (b) P407, (c) P-CHO and (d) grafting of chitosan onto 
curcumin-loaded P407. 

when the encapsulation of curcumin is carried out within the poloxamer activated with 
the aldehyde group, the polarity in the compound is increased, which could also cause 
a decrease in the encapsulation efficiency, when compared to the original P407 (prior to 
aldehyde activation) [11]. 

3.4 In Vitro Biocompatibility 

Hemolysis 
Figure 4 shows the results of percentage of hemolysis for the chitosan grafted on polox-
amer 407; both samples, empty and loaded with curcumin were evaluated. Data are 
presented with n = 5 and ± standard deviation. 

Percentages of 1.64, 2.73 and 5.19% were obtained, corresponding to non-hemolytic, 
slightly hemolytic and hemolytic character and for the compound loaded with curcumin 
the degree of hemolysis decreases to 0.13, 0.80 and 3.38%, for concentrations of 0.1 
and 0.5 ppm they are considered as non-hemolytic and at 1 ppm as slightly hemolytic. 
As mentioned Tsao et al. [7] low molecular weight chitosan increases biocompatibility 
with human erythrocytes. 

Ravikumar et al. [12] performed a test on the behavior of stored blood in contact 
with different concentrations of curcumin and mention that the addition of curcumin is
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Fig. 3. Graph of encapsulation efficiency of curcumin in P407, chitosan and chitosan graft 
copolymer on P 407. 

beneficial for erythrocytes and it maintains the stability of hemoglobin, as it protects it 
from oxidation. 

These results indicate that chitosan and poloxamer 407 compounds can remain 
in contact with the erythrocyte without causing a severe hemolytic reaction at these 
concentrations. 

Fig. 4. Percentage graphs of hemolysis of chitosan grafted on empty poloxamer 407 (GC Cs P 
407) and loaded with curcumin (GC Cs P 407 cur) at concentrations of 0.1, 0.5 and 1 ppm.
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Cytotoxicity Assay 
Figure 5 shows the graphs corresponding to % cell viability for chitosan copolymer 
evaluated at concentrations of 0.1, 1, and 10 ppm with and without curcumin. Viability 
percentages between 91 and 97% can be observed for the grafted copolymer without 
curcumin and values between 98 and 110% when curcumin was added to the system. 

In all cases, percentages considered viable were obtained according to the ISO 
10993–5:2009 standard, which considers the materials as non-cytotoxic with viability 
percentages above 70%. 

These results are consistent with those reported by Sularsih et al. [13] they obtained 
chitosan NPs crosslinked with TPP with hyaluronic acid, they avaluated citotoxicity 
with J774.2 and L929 cell lines and they obtained viability results over 80% with los 
molecular weight chitosan. 

Fig. 5. Graphs of % cell viability of VERO cell line for chitosan grafted on empty poloxamer 
407 (GC Cs P 407) and loaded with curcumin (GC Cs P 407 cur) at concentrations of 0.1, 1 and 
10 ppm. 

4 Conclusion 

A methodology for obtaining a chitosan-poloxamer copolymer is achieved following a 
grafting reaction. Although the encapsulation efficiency of curcumin in the copolymer 
is lower than in the micelles alone, the EE in the grafted copolymer is increased by 
80% with respect to chitosan. Curcumin has a direct effect on in vitro biocompatibility, 
since the percentage of hemolysis decreases and cell viability increases when curcumin 
is added to the copolymer.
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