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Mixed Hyperbranched/Triblock Copolymer Micelle
Assemblies: Physicochemical Properties and Potential for
Drug Encapsulation

Angelica Maria Gerardos, Anastasia Balafouti, and Stergios Pispas*

Mixed micelles have numerous advantages while requiring little to no effort in
preparation. This study aims to produce mixed micelle nanostructures from a
linear triblock copolymer and a hyperbranched random copolymer, and is able
to be loaded with the weakly water-soluble drugs curcumin and indomethacin.
Different preparation techniques are employed to produce mixed micelles
comprised of Pluronic F127 block copolymer, and hyperbranched
poly[(ethylene glycol) methyl ether methacrylate-co-lauryl methacrylate],
H-[P(OEGMA-co-LMA)], copolymer. Few studies have dabbled in these types
of coassemblies, which provides insight into how structural differences of
each copolymer can affect the formation of micelles. To determine the
properties of the emerging nanostructures in aqueous environments,
including their size, homogeneity, and surface charge, different
physicochemical techniques are used, such as light scattering and
spectroscopic methods. The results reveal that the copolymers combine, and
spontaneously self-assemble into mixed micelle-like nanostructures in
aqueous environments, whereas both systems of neat and drug-loaded
nanostructures exhibit desirable properties such as small average micelle
hydrodynamic radii and low size polydispersity indices. The nanostructures
that result from the effective encapsulation of curcumin exhibit outstanding
stability over 169 days. The fluorescent qualities of curcumin persist after
encapsulation, making the novel nanostructures excellent candidates for
bioimaging applications.

1. Introduction

Lipophilic drug candidates are becoming increasingly common
in drug research. Innovative formulation strategies must be put
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in place to make these compounds bioavail-
able to prevent missing out on attractive
therapeutic prospects.[1,2] Excipients such
as polymeric micelles may therefore be able
to aid with this challenge. These vehicles
are primarily composed of two parts: a
lipophilic core that acts as a micro reservoir
for the encapsulation of hydrophobic drugs
and a hydrophilic shell that, when exposed,
can interact with the biological environ-
ment to safeguard the therapeutic cargo.[3,4]

Often when compared to other amphiphilic
nanocarriers, such as liposomes, polymeric
micelles have great advantages due to their
significant solubilization ability, larger en-
capsulation efficiency, and superior circu-
latory integrity. The nanocarriers’ size per-
mits passive accumulation in areas with en-
hanced permeability, such as tumors and
inflammatory regions, due to the enhanced
permeability and retention (EPR) effect,
while inhibiting rapid renal elimination.
These types of nanostructures can be de-
signed to break down into their parent
copolymers in reaction to external stimuli.
Once their payload is released, this process
begins and ends with renal excretion, with-
out lasting adverse effects.[5–7]

Curcumin is the most abundant polyphe-
nolic component in turmeric. It is derived

from the rhizome of turmeric, a perennial plant known scien-
tifically as Curcuma longa. Asian nations have historically used
turmeric in medicine. Researchers have thoroughly explored
the potential of curcumin in light of this. Numerous therapeu-
tic possibilities, spanning anti-inflammatory, anti-tumor, anti-
microbial, anti-protein aggregation, and wound healing proper-
ties, have been explored. Curcumin is a fluorescent hydropho-
bic molecule. Considering chemical structure, based on the pH,
curcumin undergoes keto-enol tautomerization, which produces
two isomers. The stable enolic form predominates in alkaline
conditions, while the keto form is favored at pH levels ≤ 7. In
physiological conditions, curcumin has been observed to rapidly
break down into substances like vanillin and ferulic acid.[8–13]

Curcumin is most stable in acidic environments, while its water
solubility is low in these conditions. On the other hand, in an al-
kaline medium, curcumin solubility is increased although degra-
dation is rapid.[14,15] Numerous research studies have shown
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that following oral administration, insignificant amounts of cur-
cumin were detectable in serum.[16,17] As a result of the afore-
mentioned, new excipients are needed to address these signifi-
cant challenges.

Indomethacin is a highly effective nonsteroidal anti-
inflammatory drug (NSAID). Symptoms like headache, fever,
edema, stiffness, and discomfort in joints are commonly
treated with this moderately hydrophobic drug. These charac-
teristics make indomethacin an essential component in the
treatment of connective tissue diseases, osteoarthritis, rheuma-
toid arthritis, tendinitis, chronic migraines, and menstrual
cramps. Indomethacin operates by inhibiting the cyclooxy-
genase enzymes (COX-1 and COX-2) in the conversion of
arachidonic acid, hence restricting prostaglandin synthesis
in the tissues. This drug is associated with some adverse re-
actions, including indomethacin-induced gastric ulcers after
oral administration and central nervous system toxicity (e.g.,
confusion), and renal toxicity as an inevitable result of high
blood levels. This is because maintaining the gastric mucosa
from irritation necessitates the production of prostaglandins.
When administering this medication as prescribed, these side
effects occur in 30 to 60% of patients, and 10 to 20% of them
terminate treatment as a result.[18–25] Since passive targeting
minimizes the drug’s availability in the bloodstream, it is ex-
pected that nanoencapsulation may lessen the aforementioned
effects.

Polymeric micelles which are derived from one type of copoly-
mer may exhibit insufficiency in certain aspects, given that these
micelles are hampered by the fact that they possess a limited
quantity of building blocks. Pairing various amphiphilic poly-
mers to create mixed micelles is an established but less explored
strategy for overcoming these challenges. There is the poten-
tial to improve the present optimal features and eliminate some
of the emerging drawbacks of conventional polymeric micelles
with ease in terms of synthetic techniques. Research has repeat-
edly demonstrated that mixed micelles could offer significant
benefits by improving micelle stability and drug encapsulation
efficiency.[10,26–28]

Hyperbranched polymers are widely thought of as den-
drimer imperfect analogs. The production of dendrimers on a
wide scale can be prohibitively expensive for many applications.
On the other hand, the one-pot simple synthesis that results
in hyperbranched copolymers with a similar structure to den-
drimers is of major value to both research and commercial appli-
cations. In contrast to their linear counterparts, hyperbranched
polymers exhibit excellent functionality, greater segment den-
sity, and superior solubility. The abundance of functional groups
also makes it possible to optimize many parameters includ-
ing size, solubility, biocompatibility, and loading capacity.[29–34]

Considering the fact curcumin has previously been successfully
encapsulated in earlier studies using H-[P(OEGMA-co-LMA)]
copolymers, H-[P(OEGMA-co-LMA)] 50% wt LMA was selected
as the random hyperbranched copolymer to examine the prepa-
ration of mixed micelles from copolymers with varying archi-
tecture and topology. In brief, divinyl monomer ethylene glycol
dimethacrylate (EGDMA) was employed as the branching agent,
while OEGMA with an average Mn = 950 g mol−1 was specifi-

cally chosen to offer superior water solubility. In accordance with
its compatibility with methacrylic monomers, 4-cyano-4-(phenyl-
carbonothioylthio)pentanoic acid (CPAD) was utilized as the
chain transfer agent.[35] Both OEGMA and LMA are commonly
available monomers. OEGMA provides a hydrophilic character to
the system. Multiple ethylene oxide (EO) units connected across
a hydrophobic methyl methacrylate chain are responsible for
POEGMA’s hydrophilicity.[36] Notably, a number of recent stud-
ies discovered that nonlinear PEG analogs, such as POEGMA,
are just as nonimmunogenic as their linear equivalents.[37] LMA
provides a hydrophobic character to the structure due to the long
hydrocarbon side chain group, which also can offer systems high
flexibility.[38]

Thermosensitive polymers have attracted considerable scien-
tific interest, these smart polymers have the potential to be widely
used for controlled drug release applications. A well-designed
controlled drug delivery system can deliver the correct dose of
a drug to a specific area of the body in a controlled manner.
It is feasible to deliver the drug as a liquid that gels when ex-
posed to body temperature using these polymers.[39–41] This is
brought on by the transition at the lower critical solution temper-
ature (LCST). When exposed to an aqueous environment, such
polymers below this value are water-soluble because hydrogen
bonds occur among water molecules and the polymer chains.
When the temperature rises above this point, the intermolec-
ular bonds are weakened, causing the polymer to become hy-
drophobic which can lead it to break down or precipitate. Pluron-
ics are a class of polymers that exhibit this phenomenon; due to
the presence of thermosensitive polypropylene oxide (PPO) re-
peating unit, they self-assemble into micelles beyond the LCST
of this block.[42] These ABA-type triblock copolymers made of
polyethylene oxide (PEO) and PPO blocks have been extensively
investigated since they are widely available in a range of com-
positions and molecular weights.[43] Among the most popular of
these copolymers is Pluronic F127, which has a molecular weight
of 12,500 Da and is made up of 30% wt PO units and 70% wt
EO units.[44,45] Notably, Pluronic F127 has been authorized by
the Food and Drug Administration (FDA) for several medical ap-
plications, including drug delivery.[46] When a hydrophobic sub-
stance is added, it tends to collect in the hydrophobic PPO core,
a behavior that is exacerbated as the temperature rises. A hy-
drophilic PEO corona is generated to “shield” these areas. As a
result, the hydrophobic drug water solubility drastically improves
in aqueous solutions, boosting the A.P.I.’s (Active Pharmaceuti-
cal Ingredient) bioavailability.[47] Despite the fact that Pluronic
copolymers cannot be broken down internally, the kidneys typi-
cally filter out these systems, which are then eliminated through
micturition.[10]

Considering all of the above, hyperbranched copolymer,
H-[P(OEGMA-co-LMA)] was paired with the linear thermo-
responsive triblock copolymer, Pluronic F127 to produce mixed
micelle nanostructures. This work focuses on the preparation
schemes for the formation and stabilization of mixed polymeric
nanostructures with interest in studying how varying architec-
ture and composition of the polymer chain combine in terms of
self-assembly, as well as for the encapsulation of drugs that ex-
hibit different degrees of solubility.
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Table 1. Protocol comparison of neat mixed copolymer nanostructures.

Formulation code gH:gF127 Organic solventa) Protocol Dispersion medium Intesity90˚ [a.u.] Rh [nm] PDI

N1 1:1 Ac. Thin Film PBS 31 600 101 0.439

N2 1:2 Ac. Thin Film PBS 14 354 104 [75%] 25 [22%] 0.507

N3 1:1 Ac. Co-solvent PBS 780 16 0.13

N4 1:2 Ac. Co-solvent PBS 1439 16 0.226

N5 1:1 Eth. Thin Film PBS 19 516 121 [81%] 21 [19%] 0.486

N6 1:1 Eth. Co-solvent PBS 711 14 0.111

N7 1:2 Eth. Co-solvent PBS 2968 20 0.108

Temperature: 37˚C. a)Ac: Acetone, Eth: Ethanol.

2. Results

2.1. Self-Assembly Studies on Mixed Neat Polymeric
Nanostructures in Aqueous Media

2.1.1. Preparation Protocol Comparison

Dynamic light scattering experiments were conducted, to de-
termine the apparent hydrodynamic radius (Rh) and the size
polydispersity index (PDI) of the self-assembled polymeric
nanostructures. The final concentration of H-[P(OEGMA-co-
LMA)] in all colloidal systems was 10−3 g mL−1 while different
weight ratios (1:1 and 1:2) of each copolymer were investigated.
Measurements were obtained in the range of 25–37 ˚C, to sim-
ulate conventional drug conditions and to study Pluronic’s F127
influence in the emerging nanostructures as a thermoresponsive
element. In the Thin Film protocol, acetone and ethanol were
also tested to determine whether the choice of organic solvent in
the preparation protocol had an impact on the results. The co-
solvent approach was continued with ethanol alone after it was
determined that results were similar, considering the fact ethanol
is a preferred organic solvent for biomedical applications. PBS
or WFI made up the aqueous medium. When gH:gF127 is men-
tioned, it refers to the weight ratio of H-[P(OEGMA-co-LMA)] and
Pluronic F127 respectively. The results analyzed by the cumu-
lants method and CONTIN algorithm are presented in Table 1.

Based on these findings, the thin film protocol was unsuc-
cessful in producing adequate nanostructures. Considering that
two populations are visible in all ratios for both organic solvent
protocols, it is likely that the self-assembly behavior is affected
by Pluronic’s thermoresponsive properties (Figure 1) since the
nano-assemblies are formed in the absence of heating. Addition-
ally, Pluronic mixed micelles (P123/F127) have been success-
fully synthesized in a similar manner, implying that the hyper-
branched copolymer may play an important role in the present
outcome.[48]

On the other hand, nanostructures that self-assembled using
the co-solvent approach displayed low PDI, and Rh that were be-
tween 14 and 20 nm in size, which is well within the range of
the nanoscale (1-100 nm).[49] The co-solvent approach probably
facilitates a smoother transition towards aqueous state assembly
while Pluronic is in an elevated hydrophobic condition since the
heating temperature for organic solvent elimination is above its
LSCT. Monomodal size distributions were observed after the ef-
fective mixing of the copolymers and both N6 and N7 formula-

Figure 1. Size distributions from CONTIN analysis for the neat mixed
copolymer nanostructures. Temperature: 37 ˚C.

tions outperformed their counterparts generating smaller aggre-
gates. It is interesting to note that for N6 in the heating transition
to 37 ˚C, the intensity increases (612 to 711 Kcps), while regard-
ing PDI values, these aggregates start to form larger structures
as the temperature rises and PPO units become more hydropho-
bic, explaining the PDI shift from 0.032 to 0.111. There are vari-
ations between the results of N6 and N7. Presumably, in order
to counteract the rise in hydrophobicity, larger structures—both
in volume and mass—are produced when the triblock copolymer
component is higher. Overall results, including the lack of small-
size unimers (0.50–0.69 nm, which correspond to single chains
of F127) or aggregates (>50 nm in the case of H-[P(OEGMA-co-
LMA)]) are in agreement with the formation of micelles.[50,51]

2.1.2. Critical Aggregation Concentration (Cac) Analysis

The critical aggregation concentration (CAC) was examined to
assess the ability of copolymers to self-assemble in PBS. When
this concentration is reached, the formation of micelles in solu-
tions is thermodynamically preferred.[52] These structures tend to
disintegrate when distributed out in large volumes, like in blood
circulation. An adult human has, on average, 5 liters of blood
in circulation, though this amount varies depending on a per-
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Figure 2. CAC determination of mixed copolymer formulations N6 (left) and N7 (right). The aqueous medium was PBS.

son’s size, weight, and sex.[53] This is troublesome because mi-
celles may abruptly leak into the bloodstream when employed for
drug delivery due to micelle disintegration. All of the major ad-
vantages of nanocarriers might be hampered by premature drug
release, offering results comparable to those of a free drug. The
CAC of the nanostructures was determined by fluorescence as-
say using pyrene as a fluorescent probe. The intensity ratio (I1/I3)
of pyrene excitation spectra is a sensitive indicator of the polar-
ity of its environment. A rise in the hydrophobic moieties indi-
cates that more pyrene will be confined in the aggregates. This
approach is predicated on the idea that the pyrene emission spec-
tra will remain constant until the CAC. The disintegration of the
micelles, as seen by the high values of I1/I3, results in the release
of pyrene molecules into the aqueous environment. The graphs
of the concentration versus intensity ratio of the relative first and
third vibronic peaks I1/I3 are shown in Figure 2. At the inter-
section of two straight lines drawn in the groove of the plateau
and stable points, a perpendicular line is drawn, and the value of
the logarithmic concentration is defined as the critical aggrega-
tion concentration.[47,54,55] For colloidal system N6, the CAC value
was as low as 5.6 × 10−7 g mL−1. N7 demonstrated a more fa-
vorable outcome with a value of 5.0 × 10−7 g mL−1. Considering
Pluronic F127 has a CMC value of 6.9 × 10−5 g mL−1[5] and H-
[P(OEGMA-co-LMA) has a value of 2.5 × 10−6 g mL−1[36] both
mixed systems resulted in a lower CAC value when compared to
their parent copolymers, lending credence to the idea that mixed
systems may be superior to their copolymer constituents alone.
The increase in hydrophobic moieties is surely contributing to a
more stable structure resisting degradation upon dilution. These
mixed nanostructures have better stability and the capacity to pre-
serve integrity even under conditions of significant body dilution
because of the low CAC values.

2.1.3. Zeta Potential (𝜁 p)

Nanoparticles can be classified into three groups depending on
their zeta potential (𝜁p) values, if it is within the range of +10
and −10 mV, it is deemed to be essentially neutral. These struc-
tures, however, are regarded as significantly cationic or anionic
if their zeta potential falls outside of the +/−30 mV spectrum.
Given that most biological membranes have a negative charge,
zeta potential can impede a nanoparticle’s ability to pass through

cellular membranes.[56] Due to the buffer’s high salt content, 𝜁p
measurements were performed in high-purity grade analytical
water. Formulations N6 and N7 both registered values of −25.3
and −18.8 mV, respectively. The presence of carboxyl groups
on the chain ends of the hyperbranched copolymer is possibly
what generates the negative 𝜁p readings.[35] This assumption
is amplified by the fact that Pluronic is made up of non-ionic
PPO and PEO segments. A study on negatively charged micelles
demonstrated that negatively charged chitosan micelles had a 6
times greater capacity for mucus permeation than their positively
charged counterparts, demonstrating the necessity of a negative
charge for drug delivery applications.[57] Another study involv-
ing amphiphilic copolymer-based nanoparticles reported that nu-
merous cell lines assimilate cationic nanoparticles more rapidly
than negatively charged nanoparticles although they also have a
higher potential for cytotoxicity.[58]

2.2. Self-Assembly Studies on Mixed Drug-Loaded Polymeric
Nanostructures in Aqueous Media

2.2.1. Particle Size

The capacity of the mixed nanocarriers N6 and N7 to encapsu-
late curcumin and indomethacin in separate instances was ex-
amined, taking into account both the copolymer’s biocompatibil-
ity and self-assembling behavior. This was done to obtain data
on drugs with varying degrees of hydrophobicity. The attempt
to encapsulate 20% of curcumin resulted in the drug sediment-
ing; this drug concentration was probably excessively high for the
nanocarrier to sustain colloidal stability. DLS data are collected in
Table 2.

Curcumin was successfully encapsulated by F127:H-
[P(OEGMA-co-LMA)] = 1 and F127:H-[P(OEGMA-co-LMA)] = 2
and attained aqueous solubility (Figure 3). It is important to em-
phasize that each sample had satisfactory outcomes, especially
in terms of the size and monodispersity of the emergent mixed
structures (Figure 4). The hydrophobic drug being tightly packed
in the micelles, which enhances the hydrophobic interactions,
is most likely to be responsible for this. Prior studies on the
encapsulation of hydrophobic substances in Pluronic copolymer
micelles found that the inclusion of these drugs increases the
radii of the micelles, which is also visible in the present mixed
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Table 2. DLS data for drug-loaded mixed copolymer nanostructures.

Formulation
code

gH:gF127 A.P.I.a) Dispersion
agent

Temperature
[C˚]

Intensity90˚ Rh [nm] PDI

CUR1 1:1 Cur. PBS 25
37

2297
2587

17
18

0.14
0.01

CUR2 1:2 Cur. PBS 25
37

4800
4970

27
29

0.19
0.272

IND1 1:1 Ind. PBS 25
37

4310
4470

18[49%]
75[48%]
69[49%]
18[50%]

0.351
0.333

IND2 1:2 Ind. PBS 25
37

1581
1855

22
19

0.2
0.182

IND3 1:1 Ind. WFI 25
37

2158
2341

34
13[48%]
70[51%]

0.441
0.419

IND4 1:2 Ind. WFI 25
37

2558
2819

36
15[38%]
97[61%]

0.432
0.395

a)
Cur: curcumin, Ind: indomethacin

Figure 3. Emerged samples of drug loading schemes. From left to right,
F127:H-[P(OEGMA-co-LMA)] = 1 injected with 20% wt of curcumin,
F127:H-[P(OEGMA-co-LMA)] = 2 injected with 20% wt of curcumin,
CUR1, CUR2. The higher amount of drug was unsuccessful in producing
stable drug-loaded nanostructures.

systems. This implies that the hydrophobic core of the polymeric
nanostructures is where the drug is primarily contained.[59,60]

This could be because by increasing the hydrophobicity in an
aqueous solution with the incorporation of a drug like curcumin,
the core of the structure becomes more strongly hydrophobic,
necessitating the incorporation of more hydrophilic chains to
form the hydrophilic corona as protection around it making
the final structure much larger. Additionally, even after the
drug was introduced, the formations’ radius did not exceed
50 nm, which is required for tumors with minimal permeability.
Furthermore, nanoparticles with diameters smaller than 6 nm
are swiftly cleared from the body because they may be flushed
by the kidneys. Nanocarriers that surpass this cut-off result in
a prolongation of the drug’s half-life.[61,62] F127: H-[P(OEGMA-

co-LMA)] = 1 (CUR1) performed marginally better than the
double ratio (CUR2), similar to the neat nanostructures in terms
of uniform aggregates. Also, in the case of CUR1, the rise in
temperature led to reduced diversity and an increase in mass of
the emerging nanostructures as concluded by the increase in
the scattered light intensity, which could be attributed to the rise
in hydrophobicity. This means that the thermoresponsiveness
of Pluronic is still demonstrated in the mixed curcumin-loaded
nanostructures.

However, the performance of indomethacin-loaded structures
was different. Nearly all formulations included two distinct pop-
ulations of nanostructures. When measured at body temper-
ature, there is a decrease in the observed radii with the ad-
dition of the hydrophobic drug in a manner similar to that
observed in indomethacin-loaded Pluronic micelles.[50] IND2
yielded structures with favorable properties (Rh = 19 nm and
PDI = 0.182). When compared with the mixed nanostructures
F127:H-[P(OEGMA-co-LMA)] = 2 loaded with curcumin, al-
though having comparable PDIs, they are smaller in size. To
counteract the hydrophobicity of curcumin, Pluronic F127 and
other poloxamers typically produce larger micelles with diam-
eters ranging from 20 to 50 nm.[47,63] In contrast, a study by
Sharma et al. found that indomethacin causes the size of the
Pluronic F127 micelles to shrink by 1.1 nm, which is consistent
with our findings.[50] Additionally, the size and PDI of the newly
formed structures appear to be influenced by the suspension
agent, as shown by the diverse PBS and WFI values for the struc-
tural parameters. Conclusions on the remaining samples should
rely on stability studies to provide further context, however.

2.2.2. Zeta Potential (𝜁 p)

𝜁p is an indicator of colloidal stability. High levels of stability are
present in nanoparticles with 𝜁p values in the region above the
absolute value of 30 mV. Colloidal systems with 𝜁p values of less
than +25 mV or more than −25 mV will eventually aggregate.[64]

Macromol. Chem. Phys. 2023, 224, 2300109 2300109 (5 of 13) © 2023 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Figure 4. Size distributions from CONTIN analysis for formulation CUR1 (left) and CUR2 (right).

Table 3. 𝜁p values for drug-loaded nanostructures dispersed in high-purity
grade analytical water.

Mixed loaded nanostructures 𝜁p [mV]

F127: H-[P(OEGMA-co-LMA)] = 1
10% curcumin

−15.2

F127:H-[P(OEGMA-co-LMA)] = 2
10% curcumin

−2.0

F127:H-[P(OEGMA-co-LMA)] = 1
10% indomethacin

−22.7

F127:H-[P(OEGMA-co-LMA)] = 2
10% indomethacin

−19

The formulations appear to be colloidally unstable in the ma-
jority of cases (Table 3). It is crucial to keep in mind that while
colloidal stability is linked to higher 𝜁p values, the truth is more
nuanced. Just as mentioned before 𝜁p serves as an indicator but
is not the sole determining factor. Colloid stability is determined
by the sum of van der Waals attractive forces, steric and electro-
static interactions and because of this, stable colloidal suspen-
sions with moderate 𝜁p and vice versa are not rare. It is worth
emphasizing PEGylation, which is known to boost nanoparti-
cle durability while decreasing zeta potential by masking neg-
atively charged nanoparticles because of steric effects originat-
ing from the hydrophilic non-ionic PEG chains.[35,65,66] The high
standard deviation should be the reason for the wide variance be-
tween the curcumin-loaded nanostructures. The carboxyl group,
as discussed in previous sections, is most likely the source of
the negative charge which induces a minor electrostatic repul-
sion force between the nanostructures. Similar results are ob-
tained from the drug-loaded hyperbranched copolymer aggre-
gates, 𝜁p = −18.6 mV.[35] While there is a slight decrease when
compared to the neat nanostructures, this is most likely due to the
addition of the A.P.I., which acts as a compensating component.
The 𝜁p values of all formulations were negative, which is advanta-
geous for nanomedicine applications. Cationic particles are more
prone to causing hemolysis and blood clotting than neutral or
anionic particles. Furthermore, positively charged nanoparticles
tend to gravitate toward the liver, spleen, and lungs. Also, neutral
or slightly negatively charged nanoparticles do not interact with
serum proteins boosting the formulation’s half-life.[62,67,68]

Figure 5. FS results of curcumin-loaded mixed polymeric nanostructures
dispersed in PBS. [10% curcumin].

2.3. Fluorescence Assay

Early detection and intervention are key for many pathologi-
cal states. Nanoformulations help significantly by assisting in
the development of screening techniques that enable the detec-
tion of several anomalies in minuscule amounts. As a result,
it stands to reason for diagnostic techniques like fluorescence
imaging (FI) to make use of the opportunity that nanoparticles
present. The use of organic dyes and other conventional probes
frequently displays biocompatibility; they lack targeting mecha-
nisms, frequently have minimal absorption, and result in rapid
expulsion from the body. Evidently, the photostability capabilities
of nanoparticles are far superior to those of molecular probes.
Furthermore, nanoparticles are distributed more evenly through-
out the body when passive targeting is used as the method of
distribution.[69–73] Curcumin has been employed in bioimaging
research.[74] To determine whether the same fluorescent proper-
ties persisted after micellization, fluorescence spectroscopy was
used. Curcumin excitation wavelength was set at 405 nm. Formu-
lations CUR1 and CUR2 each had a concentration of 1.0 × 10−4

and 1.5 × 10−4 g mL−1, respectively. The curcumin’s fluores-
cent properties were still present in the loaded nanostructures
(Figure 5), although the result defies the expectation that higher

Macromol. Chem. Phys. 2023, 224, 2300109 2300109 (6 of 13) © 2023 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Figure 6. Size distributions from CONTIN analysis of formulations N6 (left) and N7(right) (Temp.:25 ˚C).

Figure 7. Size distributions from CONTIN analysis of formulations CUR1 (left) and CUR2 (right) over 169 days (Temp.: 25 ˚C).

concentrations would result in higher intensity values. The no-
tion that nanostructures change their morphologies depending
on concentration may help to explain the phenomenon. Self-
quenching is the term used to describe this transformation. In
acetone, curcumin typically peaks at a wavelength of 504 nm.
Curcumin 10% in CUR1 and CUR2 both exhibit a minor shift
to 507 and 527 nm, accordingly. The hydrophobic interactions
between curcumin and the hydrophobic PPO and LMA units of
both copolymers were most likely responsible for this shift.[75]

Overall, curcumin’s fluorescence properties were maintained,
and water solubility was reached in the loaded nanostructures.

2.4. Drug Release

The dialysis method was used to assess the drug quantity that
could be released from the polymeric nanostructures. Measure-
ments on CUR1 and CUR2 were conducted over a 26-hour pe-
riod. When compared to earlier studies of curcumin nanofor-
mulations, the hydrophobic dye does not leak into the recep-
tor solution over this time span. There were no peaks detected
in the 420 nm range. Curcumin can exhibit a peak at 427 nm
and a shoulder at 360 nm in aqueous solutions. The first peak
corresponds to the enolic form and the second to the ketonic
form.[76–78] These findings suggest that the free drug could not
escape from the nanocarrier. Additionally, the receptor solution
was never significantly tinted, even after the completion of the
experiment. Under these circumstances, when compared to the
DLS data (as discussed in section 3.5), the nanostructures appear
to retain their structure. Considering these results, these mixed

systems could be employed in bioimaging since they show neg-
ligible leakage of the photoactive species.

2.5. Colloid Stability Studies

The formulations’ temporal stability was examined using dy-
namic light scattering techniques (Figure 6 and 9). With the ex-
ception of the dialysis assay, the same stock solution was used to
avoid batch-to-batch variability, and it was kept airtight to avoid
contamination. The DLS graphs list the various timeframes in
which samples were measured (Figure 6–10). In the absence of
the hydrophobic drug, the morphology of these nanostructures
can change over time. Micelles that rely heavily on hydropho-
bic interactions to maintain their initial structure stable may de-
velop more thermodynamically stable structures that lack the
characteristics required for effective nanocarriers. The develop-
ment of a new population of nanostructures occurred in both
the cases of the organic solvents, acetone and ethanol. The size
distribution indicates that the same nanostructures may agglom-
erate to form larger structures while retaining a sizable portion
of the original structures. This discovery might also assist to ex-
plain the rise in PDI (N6 PDI: 0.032→0.608→0.420, N7 PDI:
0.262→0.040→0.343). Formulation N7 was able to maintain its
consistency with minimal changes in hydrodynamic radii for at
least two weeks. The observation that it almost attained monodis-
persity with this storage time is intriguing. N6 on the other hand
at the 20-day mark produced large structures which either rear-
ranged over time or settled on the bottom of the cuvette. The
mixed nanostructures containing curcumin displayed adequate

Macromol. Chem. Phys. 2023, 224, 2300109 2300109 (7 of 13) © 2023 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Figure 8. Size distributions from CONTIN analysis of formulations IND1 (left) and IND2 (right). Note: Temperature 37 ˚C.

Figure 9. Size distributions from CONTIN analysis of IND3 (left) and IND4 (right). Note: Temperature: 37 ˚C.

Figure 10. Size distributions from CONTIN analysis of CUR2 after dialysis
(Temp.:37 ˚C).

integrity over the course of 169 days. It is evident that the ad-
dition of curcumin significantly increased these systems’ stabil-
ity. At the 169-day point, both systems showed acceptable PDI
values (PDI CUR1 = 0.128, PDI CUR2 = 0.038). The hyper-
branched copolymer demonstrated comparable stability charac-
teristics in water, indicating that this element of the mixed sys-
tem may have aided in maintaining the system’s integrity. Pre-
vious studies have established that hydrophobic interactions be-
tween Pluronic F127 and curcumin significantly affect storage
stability. The hydrophobic methyl group in the PPO chain of the

Pluronic triblock copolymer is the primary site of interaction be-
tween the hydrophobic drug and the micelle core. Among the rea-
sons Pluronic F127 is favored over other poloxamers is because it
has more hydrophobic interaction sites.[79,80] CUR2 was the most
durable drug-loaded nanocarrier since it was able to keep the
majority of its initial physicochemical properties. As part of the
drug release assay, a sample from the dialysis bag was taken. The
loaded nanostructures showed sufficient integrity after a week in
the dialysis tubing, which lasted over time, as seen in the graph
that follows (Figure 10). When compared to the original CUR2
sample, the different hydrodynamic radii could be the result of
batch-to-batch variability. The nanostructures conformed to more
uniform structures throughout the course of 42 days, with a mod-
est drop in PDI values from 0.168 to 0.117.

The highest structural alterations, however, were observed in
the indomethacin-loaded nanostructures. Both sets of systems
appear to have taken substantially longer to shift to their pre-
ferred assemblies. Given the length of time it took for the nanos-
tructures distributed in water to undergo this transition, salin-
ity appears to have an effect on this transformation. The sec-
ond ratio of the nanostructures which were dispersed in the PBS
buffer already conformed with a more beneficial structure from
the beginning, which gives credence to this theory. Narrow uni-
modal size distributions were detected in all indomethacin for-
mulations. Significant changes in PDI were observed, notably
in water dispersions (IND4 PDI: 0.395 → 0.007 and IND3 PDI:
0.419 → 0.09). Sedimentation was not apparent in any of the
samples.

Macromol. Chem. Phys. 2023, 224, 2300109 2300109 (8 of 13) © 2023 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Figure 11. UV-vis spectra of the mixed CUR1/CUR10%, CUR2/CUR10%, IND1/IND10%, and IND2/IND10% nanostructures after dilution in PBS.

Table 4. DLC and DLE determination based on UV–vis absorption values.

Formulation code DLC [wt%] DLE [wt%]

CUR1 2.3 23

CUR2 3.5 35

IND1 1.2 12

IND2 1.8 18

2.6. Drug Encapsulation Quantification

UV-vis spectroscopy measurements for formulations CUR1,
CUR2, IND1, and IND2 were used to determine the efficacy
of the curcumin encapsulation process. Table 4 presents the
findings. Figure 11 displays UV-Vis spectra of mixed copolymer
nanoparticles loaded with curcumin and indomethacin after di-
lution in PBS. The CUR and IND absorbance was measured at
420 and 320 nm respectively, and the equations below were used
to determine the drug loading content (DLC) and drug loading
efficiency (DLE) using a calibration curve.

DLC (wt%) =
weight of loaded drug

weight of drug loaded polymer
× 100 (1)

DLE (wt%) =
weight of loaded drug

weight of initial drug feed
× 100 (2)

These results demonstrate that the drug was adequately en-
capsulated and that a higher percentage of the drug can be en-
capsulated by raising the Pluronic copolymer ratio. This is most
likely due to the increase in hydrophobicity of the mixed nanos-
tructures. Notably, it is apparent that this type of nanostructure
favors hydrophobic drugs, since a drop in efficiency is seen in the
case of indomethacin.

2.7. Fetal Bovine Serum Assay

Following the addition of the curcumin-loaded nanoparticles to
the FBS/PBS mixed solution, the DLS data were obtained at 25 °C
and at a 90° angle. CUR1 and CUR2 were utilized on the 169-day
mark, and new formulations (CUR1’: Rh = 16 nm and PDI= 0.08
and CUR2’: Rh = 22 nm and PDI = 0.411) made in accordance

with the same protocol, to achieve a variety of outcomes and repli-
cate the administration of the drug formulation at a later time.
The high degree of protein diversity in FBS resulted in a bimodal
size distribution with peaks at 2 and 11 nm, respectively. Follow-
ing the suspension of the curcumin formulation CUR1’ in FBS,
a new peak of larger-size nanostructures emerges, most likely as
a result of opsonization, creating a minor protein corona with
serum proteins. As for the rest of the formulations, it is evident
that no further aggregation of the existing mixed copolymer sys-
tems is taking place. Furthermore, the increase in PDI is due to
the presence of unbound proteins. The majority of the curcumin
systems exhibit substantial stability in the presence of serum
proteins. This is most likely due to the presence of hydrophilic
OEGMA side groups and PEO chains of each copolymer which
form a hydrophilic crown offering stealth properties to the sys-
tem. Relevant DLS plots and data can be found in the supporting
information file (Table S1 and Figure S1, Supporting Informa-
tion).

2.8. FT-IR Spectroscopy Analysis

An effective approach for verifying the API indomethacin’s ef-
ficient encapsulation is IR spectroscopy. The FT-IR spectra of
loaded and unloaded F127:H-[P(OEGMA-co LMA)] = 1 nanos-
tructures are depicted in Figure 12. To provide a standard, neat
indomethacin was also examined. The strong peak at 1104 cm−1

indicates the stretching of the C–O–C ether group. The sig-
nificant peaks are listed in order from left to right as follows:
The prominent peak at 1700 cm−1 is caused by the functional
group of C≐O in indomethacin. The medium intensity peak at
1600 cm−1 is caused by the aromatic C≐C stretch present in
indomethacin, which can account for the successful encapsula-
tion of indomethacin in the drug-loaded mixed copolymer assem-
blies. The interactions between the excipient and the drug are to
account for the variations in the range of 1550 to 1750 cm−1. The
prominent peak at 2889 cm−1 is associated with the C–H stretch,
which is also visible in Pluronic’s IR spectra. C–OH stretch is re-
sponsible for the large broad peak at 3209 cm−1. There are minor
disparities between the two ratios of copolymers, most notably
N6 records higher intensity at the mark of the C–OH peak.[81–83]

FT-IR spectra of N7 can be found in Figure S2 (Supporting Infor-
mation).

Macromol. Chem. Phys. 2023, 224, 2300109 2300109 (9 of 13) © 2023 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Figure 12. FT-IR spectra of F127:H-[P(OEGMA-co LMA)] = 1 in neat and
drug complexed form, and neat indomethacin (uncomplexed).

3. Discussion

The aim of the present study was to obtain mixed micelles from
triblock Pluronic copolymer F127 and H-[P(OEGMA-co LMA)]
hyperbranched copolymer with the ability to encapsulate in-
domethacin and curcumin, two weakly soluble drugs. Pluronic
F127 was chosen over other poloxamers due to the significant
number and structure of the hydrophobic sites that can interact
with hydrophobic drugs. In the realm of mixed micelles, polox-
amers are also rising in prominence. H-[P(OEGMA-co LMA)] has
hyperbranched units grouped randomly offering versatility. Both
cooperate to achieve effective self-assembly, which is caused by
the equilibrium between hydrophilic and hydrophobic units. In
our previous report on H-[P(OEGMA-co LMA)] systems, smaller
hydrodynamic radii are observed after the addition of curcumin.
In contrast, the mixed micellar structures follow the norm where
the introduction of a hydrophobic drug leads to an increase in
the radii of the nano-systems formed.[59,60] It is possible that
the spatially hindered hyperbranched copolymer segments of
higher mass will self-assemble into more numerous and compact
nanostructures due to the hydrophobicity of Pluronic, meaning
that the hydrophilic segments of each copolymer reach a lower
limit to offer a protective barrier to the new core. Moreover, it is
important to note that the previously reported H-[P(OEGMA-co
LMA)] nanostructures exhibited a higher curcumin encapsula-
tion efficiency, which is likely because the LMA is more accessi-
ble and hydrophobic to interact with curcumin.[35] However, the
significantly lower Rh sizes and PDI values of the mixed struc-
tures discussed here lead us to the assumption that the respective
monomodal populations represent a homogeneous dispersion of
micelles. Nevertheless, it is challenging to determine with abso-
lute certainty whether such systems are composed of micelles or
micelle-like aggregates with many cores, e.g., compound micelles
or other similar structures; as a result, additional research on
mixed assemblies is needed to support this claim. We can confi-
dently say that the mixed structures are kinetically frozen assem-
blies rather than equilibrium structures because each method-

ology produced a different set of outcomes. The biocompatibil-
ity of the curcumin-loaded nanostructures should be investigated
in the future by comparing different biological mediums. It will
be necessary to look at the stability of the indomethacin-loaded
nanostructures in more detail. This work serves as a useful start-
ing point for discussion and additional research on mixed copoly-
mer nanocarrier systems.

4. Conclusion

In this study, mixed copolymer-based nanocarriers, F127:H-
[P(OEGMA-co LMA)], were effectively generated utilizing the
Thin film and co-solvent approach. Two distinct copolymer
weight ratios were used to examine the Pluronic’s F127 contribu-
tion in the emerging nanostructures. As evidenced by the analy-
sis of the emerging systems, employing dynamic light scattering,
each technique was successful in producing mixed copolymer
nanostructures. The co-solvent technique resulted in nanocar-
riers with favorable attributes such as low-size polydispersity
indexes and small average micelle hydrodynamic radii. This
straightforward method yielded nanostructures that did not sur-
pass 50 nm, making them ideal candidates for drug delivery.

Rh values in neat mixed nanostructures measured from 14 to
20 nm which is above the rapid renal clearance cut-off value. The
mixed nanostructures’ CAC values were lower compared to ag-
gregates generated under comparable circumstances from the
precursor copolymers alone. The capability of the nanocarriers to
encapsulate curcumin and indomethacin was examined in sep-
arate instances, considering both the copolymer’s biocompatible
properties and the satisfactory outcomes of the unloaded forms.
Curcumin-loaded nanostructures exhibited Rh values ranging
from 17 to 29 nm with exemplary PDI values, while the sys-
tems were found to maintain their initial physicochemical char-
acteristics during the 169-day timeframe in PBS. Indomethacin-
containing nanosystems required a longer time period to stabi-
lize in a more favorable nanostructure. These systems were mea-
sured to be within 19 and 24 nm, with size polydispersity values
under 0.02 after the storage period. The findings exemplify the
role that hydrophobic compounds contribute in the significantly
improved self-organization of these nanostructures. IR spectra
provided additional proof that indomethacin was successfully en-
capsulated. Several interactions between the excipient and the
drug were observed in the region of 1550 to 1750 cm−1. Cur-
cumin’s fluorescent properties persisted after encapsulation, as
shown by fluorescence spectroscopy. When considering the sta-
bility and fluorescence capabilities, the stability assay using dial-
ysis and FS data both showed that the novel curcumin systems
had the potential to be used in bioimaging applications.

Curcumin-loaded nanostructures were studied in fetal bovine
serum in an effort to simulate the conditions a nanoparticle
would experience in the bloodstream. In the majority of formu-
lations, there were significantly minor interactions between the
mixed systems and the protein suspension.

This work further adds to a growing corpus of research show-
ing that mixed copolymer systems have the potential to outper-
form their parent copolymers as drug nanocarriers. The main
goal of mixed systems is based on synergism, something that
can be witnessed in the size, homogeneity, and CAC values of
the emerged systems.

Macromol. Chem. Phys. 2023, 224, 2300109 2300109 (10 of 13) © 2023 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH

 15213935, 2023, 17, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

acp.202300109 by N
atl H

ellenic R
es Fndtn (N

H
R

F), W
iley O

nline L
ibrary on [05/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.mcp-journal.de

5. Experimental Section
Materials: Pluronic, a trademark of Sigma, F127 was acquired from

Sigma and hyperbranched copolymer H-[P(OEGMA-co-LMA)] 50% wt
LMA was synthesized via RAFT polymerization; the exact process was de-
tailed in.[35] Curcumin, indomethacin, pyrene, and PBS tablets were pro-
cured from Sigma-Aldrich. Water for injection (WFI) was purchased from
DEMO AΒΕΕ while fetal bovine serum (FBS) was from Gibco.

Preparation of Neat Mixed Polymeric Nanostructures: To obtain mixed
nanostructures, various approaches were explored. The thin film hydration
method and the cosolvent evaporation approach were utilized to produce
neat (non-loaded) copolymer nanostructures.

Preparation of Neat Mixed Polymeric Nanostructures—Thin Film Hy-
dration Method: Two weight ratios (1:1 and 1:2) of each copolymer
(H-[P(OEGMA-co LMA)]:F127) and ethanol or acetone were tested as the
organic solvent. Each copolymer was dissolved in the organic solvent;
moderate heating was required for Pluronic F127. The systems were then
transferred to separate round bottom flasks at the appropriate ratio. The
volatile solvent was eliminated by rotary evaporation at room temperature
for ≈1 h depending on the solvent until a clear film was formed on the
inner wall of the flask. Phosphate Buffer Saline (PBS, pH = 7.4) was then
used to rehydrate the film. The emerged colloidal systems were left to rest
overnight before characterization.

Preparation of Neat Mixed Polymeric Nanostructures—Co-Solvent
Method: The copolymers were dissolved in the organic solvent in a
similar manner. The copolymers were combined at the appropriate
weight ratio. The organic phase was afterward added rapidly to water
or phosphate buffer solution, triggering self-assembly. Heat was then
applied via a water bath to eliminate the organic co-solvent. Samples
were heated above the boiling point of the organic solvent. The samples
were capped and set aside to be characterized the following day.

Preparation of Drug-Loaded Mixed Polymeric Nanostructures: The co-
solvent method was employed to generate drug-loaded polymeric nanos-
tructures. Theoretical drug encapsulation levels were estimated for each
drug in relation to both copolymers for the two formulations of curcumin
(10% and 20% wt) and in the case of indomethacin only one concentration
was explored (10% wt).

Dynamic Light Scattering: The average hydrodynamic radius and size
distribution were measured by an ALV/CGS-3 Compact Goniometer Sys-
tem (ALV GmbH, Germany). The analyses were carried out at a fixed angle
of 90 degrees using a JDS Uniphase 22 mW He-Ne laser (632.8 nm). A
digital ALV-5000/EPP multi-tau correlator with 288 channels was linked to
the system. The cumulants method and the CONTIN algorithm were used
to examine autocorrelation functions that were taken on average 5 times
in a 30-second time frame. To explore Pluronic’s influence in terms of ther-
mosensitivity and reproduce actual drug conditions, measurements were
taken at three key temperatures ranging from 25 to 37 °C, with a 15 min
equilibration between temperatures employing a Polyscience model 9102
bath circulator. All samples were filtered through 0.45 μm hydrophilic
PVDF syringe filters.

Electrophoretic Light Scattering: The zeta-potential was measured em-
ploying a Malvern system (Nano Zeta Sizer) equipped with a 4 mW He-Ne
laser tuned to a wavelength of 633 nm. Each value represented the average
of 100 successive scans at room temperature.

Ultraviolet-Visible Spectroscopy: A Perkin Elmer Lambda 19 spectrome-
ter was used to record the UV-vis spectra in the 200–500 nm region. Three
milliliters of each sample were placed in quartz cuvettes for measurement.

Ultraviolet-Visible Spectroscopy—Drug Release Assay: The use of mixed
micelles as a novel carrier are rendered useless in the case of premature
release. To determine if and when these nanocarriers would burst and re-
lease the hydrophobic substance curcumin, UV-vis spectroscopy was uti-
lized. Each dialysis tube (3.5 KDa MWCO) was filled with 5 mL of each
sample, and the tube was dialyzed against 100 mL of freshly prepared
PBS. Given the use of a double-beam UV spectrometer, a reference cu-
vette containing PBS was set aside and utilized as the reference for all
measurements taken on the same day. The samples were set in constant
agitation, the receptor solution was supplemented with 3 mL of PBS after
each measurement.

Fluorescence Spectroscopy (FS): Spectrofluorometer Fluorolog-3 Jobin
Yvon-Spex (model GL3–21) was employed to record fluorescence spectra
at room temperature.

Fluorescence Spectroscopy (FS)—Critical Aggregation Concentration
(CAC): The CAC of the nanostructures was determined by fluorescence
assay using pyrene as a fluorescent probe. The excitation wavelength em-
ployed for the measurements was 335 nm, and the emission spectra
were obtained between 355 and 630 nm. Following dilution of freshly pre-
pared mixed nanostructures dispersed in PBS, measurements were done
at eight different hyperbranched copolymer concentrations ranging from
10−3 to 10−8 g mL−1. H-[P(OEGMA-co LMA)]:F127 ratio remained consis-
tent throughout the experiments. The correct quantity (1 μl mL−1) of 1 mM
pyrene dissolved in acetone was added to each sample, the mixtures were
incubated for 12 h in the dark at room temperature to allow the organic
solvent to evaporate.

Fetal Bovine Serum Assay: Fetal bovine serum is a byproduct of the
meat industry. It is widely employed in a wide range of applications in
both academic and industrial research. According to proteomic studies,
this type of serum contains over 1800 proteins.[84] The predominant pro-
tein that constitutes between 50% and 60% of the total serum protein
is called bovine serum albumin (BSA), and its concentration equates
to ≈2.5 mg mL−1.[85,86] Due to its accessibility, FBS is frequently utilized in
nanomedicine research to simulate the circumstances which a nanopar-
ticle might encounter in the bloodstream. Incubating nanoparticles in a
protein suspension typically results in the formation of a protein corona,
which alters the surface morphology of the nanoparticles. These phenom-
ena may impact the durability and elimination mechanisms of nanopar-
ticles in vivo. Therefore, it was helpful to examine the physicochemical
characteristics of nanoparticles in such media.[87,88] Two protocols were
implemented, i) curcumin-loaded mixed copolymer systems in FBS/PBS
medium at 1:1 (v/v) and ii) curcumin-loaded mixed copolymer systems in
FBS/PBS medium at 1:9 (v/v). In both cases, the protein suspension was
used at an FBS:PBS 1:9 (v/v) ratio.

Infrared Spectroscopy: The measurements were carried out using a
Fourier transform instrument (Bruker Equinox 55, Bruker Optics GmbH)
fitted with a single bounce attenuated total reflectance (ATR) diamond
accessory (Dura-Samp1IR II by SensIR Technologies). Each sample was
scanned at a resolution of 2 cm−1 over a frequency region of 5000–
550 cm−1. The free drug samples were measured in solid form, while the
rest were dried using an N2 stream. Each spectrum represents an average
of three 100-scan measurements.
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