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Abstract:Methotrexate (MTX) is widely used for the treat-
ment of various types of cancer; however, it has drawbacks
such as low solubility, lack of selectivity, premature degra-
dation, and side effects. To solve these weaknesses, a
hydrogel with the ability to contain and release MTX under
physiological conditionswithout burst releasewas synthesized.
The hydrogel was fabricated with a poly(ɛ-caprolactone)-b-
poly(ethylene glycol)-b-poly(ɛ-caprolactone) (PCL–PEG–PCL)
triblock copolymer, synthesized by ring-opening poly-
merization. The characterizations by proton nuclear
magnetic resonance spectroscopy and Fourier-transform
infrared spectrometry confirmed the copolymer assembly,
whereas the molecular weight analysis validated the
PCL2000–PEG1000–PCL2000 structure. The copolymer aqu-
eous solution exhibited sol–gel phase transition at 37°C
and injection capacity. The hydrogel supported a load of
1,000 μg MTX·mL−1, showing a gradual and sustained
release profile of the drug for 14 days, with a delivery up
to 92% at pH 6.7. The cytotoxicity of the MTX-loaded
hydrogel was performed by the methyl thiazole tetrazolium

assay, showing a mean inhibitory concentration of 50% of
MCF-7 cells (IC50) at 43 µg MTX·mL−1.

Keywords: copolymer, cytotoxicity, drug delivery, hydrogel,
methotrexate

1 Introduction

Breast cancer is a type of metastatic cancer that is com-
monly resistant to chemotherapy (1,2). Methotrexate (MTX;
hydrophobic in nature) is widely used as an important
chemotherapeutic agent to treat this sickness. However,
MTX is also used for treating other human malignancies,
such as acute lymphoblastic leukemia, malignant lym-
phoma, osteosarcoma, breast cancer, head and neck cancer,
lung cancer, choriocarcinoma, and related trophoblastic
tumors (3). Unfortunately, MTX has some undesirable side
effects, including depression, nausea, and anaplasia, asso-
ciated with its low solubility and nonspecific action that
requires high daily doses for extended periods (4), as well
as its short plasma half-life of only 7 h. Despite these draw-
backs, MTX is still a common drug for breast cancer treat-
ment due to its relatively low cost.

Polymeric hydrogels are materials whose hydrophilic
structure enables them to hold large amount of water
in their three-dimensional systems (5). These polymeric
networks can absorb biological fluids and retain their
distinctive three-dimensional structure (6). In recent dec-
ades, significant advances occurred in the field of hydro-
gels as functional biomaterials (7), and because of their
ability to embed pharmaceutical agents, they are pro-
mising materials for controlled drug release and tissue
engineering (8,9).

Hydrogels have great versatility in terms of composi-
tion and ability to adjust to various routes of administra-
tion, from parenteral (e.g., intramuscular, intradermal) to
nonparenteral (e.g., oral, topical) (10). Poly(caprolactone)-
b-poly(ethylene glycol)-b-poly(caprolactone) (PCL–PEG–PCL)
hydrogels have been widely evaluated as reservoirs for
controlled drug release (11). Triblock synthesis is

Teresa Darlen Carrillo-Castillo: Department of Engineering and
Materials Chemistry, Centro de Investigación en Materiales
Avanzados, S.C. Miguel de Cervantes No. 120, Complejo Industrial
Chihuahua, C.P. 31136, Chihuahua, Chih, Mexico



* Corresponding author: Antonia Luna-Velasco, Department of
Environment and Energy, Centro de Investigación en Materiales
Avanzados, S.C. Miguel de Cervantes No. 120, Complejo Industrial
Chihuahua, C.P. 31136, Chihuahua, Chih, Mexico,
e-mail: antonia.luna@cimav.edu.mx, tel: +52-614-439-4864
* Corresponding author: Erasto Armando Zaragoza-Contreras,
Department of Engineering and Materials Chemistry, Centro de
Investigación en Materiales Avanzados, S.C. Miguel de Cervantes
No. 120, Complejo Industrial Chihuahua, C.P. 31136, Chihuahua,
Chih, Mexico, e-mail: armando.zaragoza@cimav.edu.mx,
tel: +52-614-439-4811

Javier Servando Castro-Carmona: Engineering in Design and
Agricultural/Food Automation, Universidad Autónoma de Ciudad
Juárez, Manuel Díaz H. No. 518-B Zona Pronaf Condominio,
C.P. 32315, Ciudad Juárez, Chih, Mexico

e-Polymers 2021; 21: 910–920

Open Access. © 2021 Teresa Darlen Carrillo-Castillo et al., published by De Gruyter. This work is licensed under the Creative Commons
Attribution 4.0 International License.

https://doi.org/10.1515/epoly-2021-0085
mailto:antonia.luna@cimav.edu.mx
mailto:armando.zaragoza@cimav.edu.mx


performed by ring opening of ɛ-caprolactone initiated by
the hydroxyl groups at the extremities of a PEG prepo-
lymer in the presence of a catalyst (12). The conformation
of this triblock allows a micellar structure that increases
the solubility and distribution of drugs due to its hydro-
philic shell and hydrophobic core. The PCL–PEG–PCL tri-
block also has thermosensitive properties between 34°C and
40°C (12). Its phase changes in response to the temperature
variation have pointed this as a very useful material for
biomedicine. Alami-Milani et al. performed extensive research
to encapsulate dexamethasone in a triblock PCL–PEG–PCL
for intraocular use (13). The loading of diclofenac in a
PCL1000–PEG2000–PCL1000 thermosensitive hydrogel was
reported by Patel et al. (14),finding that the hydrogel achieved
a sustained drug release within 14 days. In another study,
MTX was loaded in a PCL1250–PEG1500–PCL1250 hydrogel
for arthritis treatment, showing controlled drug release
for 14 days with a release of 74.0% of the drug at pH
7.4 (15).

Studies aimed at the release of MTX through hydro-
gels have reported that the low affinity of hydrogels with
hydrophobic drugs is a disadvantage for drug delivery
as the drug is released abruptly when exposed to a phy-
siological environment. Thus, hydrogels are considered
inefficient for hydrophobic drugs (16). To overcome this
drawback, recent studies have been directed to include
particles in hydrogels to provide greater affinity with
hydrophobic drugs and delay their release. For instance,
carbon nanotubes were included in hydrogels of chit-
osan/β-glycerophosphate, prolonging the release for up
to 7 days although the authors did not report the concen-
tration of MTX loaded and released (17). Also, double-
component hydrogels composed of chitosan microspheres
into chitosan/β-glycerophosphate hydrogels were
reported with a maximum release of 76% of MTX in 41 h
(18). Furthermore, gold nanoparticles were loaded into a
PEG-based hydrogel, which allowed an MTX release of
only 40% in 7 days, contrasting with the pristine hydrogel,
which released 90% of the drug in 6 days (19).

The lack of hydrophobic blocks in hydrogels is the
cause for the uncontrolled and short time release of hydro-
phobic drugs, as MTX. Based on the interesting results of
the PCL–PEG–PCL triblocks for drug delivery, we designed
a PCL–PEG–PCL triblock with hydrophobic blocks for
allowing its interaction with MTX, so that it can be loaded
within the hydrogel and retained for extended time. Thus,
its release is not with significant bursting, and the extended
retention time allows drug release in therapeutic concentra-
tions for breast cancer treatment. The hydrogel could be
applied at a specific site using the copolymer phase and
release response to human body temperature (37°C) and
tumor pH (6.7), respectively. The properties indicated for
PCL–PEG–PCL triblock with hydrophobic blocks make it a

potential material for biomedical applications to charge and
release hydrophobic drugs, with the possible reduction of
undesirable side effects and multiple applications.

2 Materials and methods

2.1 Materials

PEG-diol (1,000 g·mol−1) was obtained from Merck (NJ,
USA), whereas ɛ-caprolactone (99% purity) was supplied
by Alfa Aesar. MTX (99% purity), tin(II)-ethylhexanoate
(Sn(Oct)2), dichloromethane, and petroleum ether were
delivered by Sigma-Aldrich (MO, USA) and used as received.

2.2 Synthesis of PCL–PEG–PCL copolymer

The copolymer was synthesized by ring-opening poly-
merization (ROP), using PEG-diol as the initiator block
and Sn(Oct)2 as the catalyst (20,21). Approximately 10mL
(0.175mol) of ɛ-CL and 5 g (0.01mol) of PEG-diol were
deposited in a three-neck reactor. The mixture was gently
stirred with a magnetic bar and heated to 130°C; afterward,
0.15 g of Sn(Oct)2 was added. The polymerization was kept
under gentle magnetic stirring at 130°C for 6 h. Upon com-
pletion of the polymerization, the product was degassed
under vacuum for 30min, and then allowed to cool to
room temperature. Next, the copolymer was dissolved in
dichloromethane and filtered. The filtrate was precipitated
with cold petroleum ether and finally, the solid was kept
under ambient conditions for 3 days to evaporate the sol-
vent. A white, solid, granular product was obtained with a
yield of 78%, according to Eq. 1:

= ×

W
W

% Yield 100i

o
(1)

where Wo and Wi stand for the monomer initial weight and
copolymer weight after the purification process, respectively.

The purified copolymer was stored in airtight jars until
use and analyzed by a Fourier-transform infrared spectro-
metry (FT-IR), proton nuclear magnetic resonance spectro-
scopy, differential scanning calorimetry (DSC), and gas
permeation chromatography (GPC) to characterize the che-
mical structure, thermal behavior, and molecular weight,
respectively.

2.3 Triblock molecular weight

The molecular weight of the PCL–PEG–PCL triblock was
analyzed using a gel permeation chromatography equipment
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(1260 Infinity GPC, Agilent, CA, USA) with a refractive index
detector andaPLgel 5µmMIXED-Dcolumnof 300mm× 7.5mm.
The polymer was dissolved in 5mL of tetrahydrofuran
high-performance liquid chromatography grade (Fisher
Scientific, NH, USA) at 40°C and then 50 µL was injected
at a flow rate of 1.0mL·min−1.

2.4 Chemical structure characterization

The structure of the PCL–PEG–PCL triblock copolymer was
identified by proton nuclear magnetic resonance spectro-
scopy (1H NMR) using deuterated chloroform as the sol-
vent and tetramethylsilane as the internal reference, at
90MHz (Eft-90 NMR, Anasazi Instruments). In addition,
the functional groups were analyzed with an FT-IR (Affinity
1S, Shimadzu), in reflectance mode with the help of a Quest
ATR accessory (Specac Ltd, United Kingdom), using a one-
step diamond window. Each spectrum has a resolution of
4 cm−1 and is the average of 45 scans.

2.5 Sol–gel transition

The sol–gel transition was determined using the inverted
tube method (21–23). In 4 mL vials (1 cm in diameter),
amount of the copolymer was deposited to obtain systems
from 10 to 50wt% (100, 200, 300, 400, and 500mg) in
1 mL distilled water. All vials were immersed in a water
bath at 60°C for 5min to dissolve the copolymer, and then
the vials were transferred to an ice bath for 1 min and,
later, immersed in another bath at 27°C for 10min. For
the gel transition, the samples in the sol state were immersed
in the water bath at 27°C, and the temperature was progres-
sively increased by 2°C until reaching 52°C. The vials were
kept at each temperature for 2min and then inverted to
observe whether or not the gel was formed, which was man-
ifested by the total absorption of water by the copolymer. In
the sol state, the samplewas classified as “flowing,”whereas
on the contrary, it was classified as “not flowing.”

2.6 Aqueous solution temperature sweep

The copolymer phase transition in the sol state was char-
acterized using a rotational rheometer (MCR-501, Anton Paar
Physica) with concentric cylinder geometry. Temperature
sweep tests were performed from 5°C to 60°C at a ramp
rate of 2°C·min−1, 1 Hz, and deformation of 0.01%.

2.7 In situ hydrogel formation

To confirm the in situ hydrogel formation, solutions were
prepared at 27°C with 20 wt% copolymer. To 1 mL of the
solution, 0.01 mg of methyl red dye was added to visua-
lize the gel in an aqueous environment. The colored solu-
tion was loaded at room temperature into a hypodermic
syringe with a 21G needle (Plastipak, MI, USA) and then
injected into a vial containing water at 37°C. For compar-
ison purposes, an aqueous solution of methylene red
(0.01 mg·mL−1) was also injected into a vial with water
under the same conditions.

2.8 Aqueous solution injectability

A cucumber (Cucumis sativus) was used to evaluate the
injectability of the copolymer solution at room temperature.
For this, a section of 5 cm cross-section and 1.0 cm × 0.5 cm
rectangle was drilled on the vegetable surface. The vege-
table portion was tempered in a water bath at 37°C for
20min. Afterward, 1.0mL of the solution with 20wt% copo-
lymer was loaded into a 3mL hypodermic syringe with a
21G needle. The solution was then injected into the vege-
table and deposited in the drilled area.

2.9 Morphology characterization

The hydrogel morphology was evaluated using a field-
emission scanning electron microscope (JSM 7401F, JEOL).
To prepare the sample, the hydrogel was frozen with liquid
nitrogen, followed by lyophilization (Freezone 6, Labconcoat)
at −40°C and a vacuum pressure of 3,000Pa for 24h.

2.10 Loading of MTX and release assay

To load the MTX into the hydrogel, a 10mL copolymer
aqueous solution at 20 wt/vol%was prepared. Then, 1 mL
of this solution and 1 mg of MTX were added and thor-
oughly mixed in a vial until homogenization. The fluid
solution was brought to its gel state immersing the vial in
a water bath at 37°C for 3 min, thus leaving the hydrogel
loaded with 1,000 µg·mL−1 of MTX, which was designated
as MTX-H. For the drug-release assay, 10 mL of phos-
phate-buffered saline (PBS) at pH 7.4 and 6.7 was poured
in vials with MTX-H. The former simulates the normal
condition of the human body, whereas the latter simulates
the environment of a tumor. The vials were placed in a
temperature-controlled chamber (LSE Benchtop, Corning),
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keeping gentle stirring (60 rpm) and 37°C. Each time, 2mL
of PBS was collected from each vial and the same amount of
fresh PBS (preheated to 37°C) was added. The amount of
MTX released was determined by UV-Vis spectroscopy at
303 nm, which was expressed as a cumulative percentage
of the released drug (Cr) using Eq. 2 (24):

( ) =

∑ +

×

−V C V C
m

Cr % 100t
n

i n1
1

0

MTX
(2)

where mMTX is the amount of MTX in the hydrogel, V0 is
the total volume of PBS used for the release (V0 = 10 mL),
Vt is the volume of the replaced PBS (Vt = 2 mL), and Cn
represents the concentration of MTX in the sample.

2.11 Cytotoxicity of MTX-H on MCF-7 cells

The cytotoxicity of MTX, MTX-H, and PCL–PEG–PCL was
evaluated in the human breast cancer cell line MCF-7
ATCC® HTB-22™, using the methyl thiazole tetrazolium
(MTT) assay. The cells were cultured in a dulbecco’s mod-
ified eagle medium supplemented with 10% fetal bovine
serum and incubated at 37°C in a 90% humidified envir-
onment and 5% CO2/95% air. The medium was replaced
every 24–48 h, until reaching a cellular confluence of
80–90% required to perform the tests.

MCF-7 cells were extracted from the culture dishes
and seeded in 96-well microplates at a cell density of
1 × 104 cells/well with 200 µL of culture media and incu-
bated for 24 h for adhesion. Next, the old culture medium
was discarded and a new culture medium was added to the
cell monolayer. Then, an adequate volume of stock solutions
of MTX, MTX/PCL-PEG-PCL, or PCL-PEG-PCL was added in
the medium to obtain the MTX concentrations of 10, 20, 30,
60, and 90 µg mL−1, and the respective concentrations of
the copolymer of 2, 4, 6, 12, and 18mg mL−1. The microplate
was incubated for 72 h under the same culture conditions.
Positive and negative control samples were included. All
treatments and controls were carried out in triplicate.

After incubation, the MTT test was performed. All
media having drug and/or copolymer were removed from
wells, and cells were once gently washed with PBS at pH
7.4. Subsequently, 180 μL of culture medium and 20 μL of
MTT (50 μg·mL−1) were added to each well, and the micro-
plate was incubated for another 4 h. Then, the media were
removed, and 200 µL of acidified isopropanol was added
to each well to dissolve the cell-metabolized formazan.
The absorbance of each well was measured at 570 nm using
amicroplate reader (Varioskan LUX, Thermo Fisher Scientific,
MA, USA). Cell viability, relative to untreated cells (control),
was determined by Eq. 3:

( ) = ×

( )

( )

Cell viability %
OD

OD
100Test

Reference
(3)

where OD(Test) and OD(Reference) represent the mean absor-
bance of the treated cells and the absorbance of the refer-
ence cells, respectively.

3 Results and discussion

3.1 Copolymer characterization

The copolymer was synthesized by ROP, using PEG-diol
as the initiating block and Sn(Oct)2 as the catalyst (20,21).
The copolymer was synthesized through a direct cata-
lytic-type mechanism, where the catalyst activates the
monomer by coordination with its carbonyl oxygen. The
polymerization mechanism is well known and previously
reported (25).

Figure 1 shows the FT-IR copolymer spectrum, stretching
vibration of the terminal hydroxyl group is observed at
3,523 cm−1; whereas the vibrations of the symmetric and
asymmetric stretching of the C–H bonds of the methylene
groups appear at 2,948 and 2,859 cm−1, respectively. Sym-
metric stretching of the C]O carbonyl group of PCL appears
at 1,722 cm−1, and the stretching vibration of C–O is observed
at 1,370 cm−1. The peak at 1,099 cm−1 corresponds to the
stretching of the C–O–C group of PEG, but it was also asso-
ciated with the formation of the ester group that binds the
blocks. Finally, the vibration at 726 cm−1 corresponds to the
alkyl radicals, evidencing ring opening. As noted, this spec-
trum matches the signals reported for equivalent copoly-
mers (20,21).

Figure 2 shows the 1H NMR spectrum for copolymers.
As noted, the prominent signal at 3.6 ppm corresponds to
protons (a) and (b) of the methyl ether of PEG (13), whereas
signal at 2.29 ppm shows the protons neighboring the car-
bonyl of the PCL (c) –CH2CO–, whereas the signals 1.48,
1.63, and 1.71 ppm represent the methylene protons derived
from the opening of the PCL ring (d–f) –(CH2)– (26). Next,
the signal at 4.10 ppm shows the protons that bind to the
PCL units (g) (27). Finally, the signal at 3.14 ppm is attrib-
uted to the methylene protons where the end of the PEG
block was linked to the PCL block (21).

3.2 Molecular weight analysis

The molecular weight of the copolymer was established
by GPC. The molecular weight at the maximum peak (Mp),
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number average molecular weight (Mn), and molecular
dispersity index were 6,280 g·mol−1, 5,090 g·mol−1, and
1.27, respectively. Since the Mn of the PEG block is
1,000 g·mol−1, the difference of 4,090 g·mol−1 is attri-
buted to the PCL blocks. If it is considered that the
polymerization proceeds with the same probability
and speed at both ends of the central block, then the
molecular weight value obtained by GPC can be divided
between the two PCL blocks, obtaining a triblock struc-
ture PCL2000–PEG1000–PCL2000. It has been reported that
for the sol-to-gel transition, the PCL block must be
larger than the PEG block because it provides stability
and phase changes at defined temperatures (27). It was
also reported that when the length of the PCL chain is
longer, the hydrophobic PCL segments can be packed
more efficiently, and hydrophobic interactions within
the core of the micelles increase. This favors the self-

assembly of PCL–PEG–PCL copolymers in aqueous solu-
tions at low levels and could keep the drug encapsu-
lated. This micellar stability prevents dissociation and
undirected the drug release (26).

3.3 Thermal characterization

Figure 3 shows the DSC trace of the copolymer. As noted,
the cooling process exhibits two exothermic transitions,
one at −2.4°C, attributed to the crystallization of PEG, and
the other at 17.42°C, ascribed to PCL crystallization (28).

During the heating process, a melting peak was
observed at 27.4°C, associated with the melting of the
PEG segment. In addition, two melting peaks are shown,
one at 40.7°C and the other at 47.3°C, assigned to the
melting of the PCL segment and the melting of the recrys-
tallized PCL domain during the heating process, respectively
(28). Gong et al. synthesized a chemical-configured triblock
copolymer PCL2000–PEG1000–PCL2000. They reported that the
copolymer cooling process showed two exothermic transi-
tions, at −2°C and 20°C, ascribed to the crystallization of
PEG and PCL, respectively. During the heating process,
they observed a melting peak at 25°C that was assigned to
the melting of the PEG segment. In addition, they also
reported endothermic peaks at 41°C and 50°C, corre-
sponding to the fusion of the PCL segment, followed by
the fusion of the recrystallized PCL domain during the
heating process (29).

3.4 Sol–gel transition

The inverted tube method (21–23) was used to determine
the concentration at which the copolymer changes from

Figure 1: FT-IR spectrum of PCL–PEG–PCL copolymer.

Figure 2: 1H NMR spectrum of the PCL–PEG–PCL triblock copolymer.
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the fluid state to the hydrogel state when the temperature
approaches 37°C (body temperature; Figure 4).

For this, solutions at 10, 20, 30, 40, and 50 wt% copo-
lymer in 1 mL of water were tested. First, the systems were
heated to 60°C; at this temperature, all the systems
were fluid. Subsequently, the containers were transferred
to an ice bath so that the sudden cooling prevented
hydrogel formation since a slow cooling would cause
the gel formation when the solution passed through the
copolymer phase change temperature, from 60°C to 37°C.
At the ice bath temperature, all the solutions remained in
fluid state. Subsequently, to determine whether a system
remained in the sol state at room temperature, the vials
were immersed in a bath at 27°C. Finally, to determine

sol-to-gel transition, a temperature ramp of 2°C was
applied. In this last step, the phase transition at 37°C
(36.5°C) was considered for the rest of experimentation
because this is commonly reported as body temperature.

Under previous considerations, the following was
observed: (1) the 10 wt% copolymer solution remained
fluid until 5°C showing no phase change; (2) for the
20 and 30 wt% copolymer solutions, sol-to-gel transi-
tion occurs at 37°C, remaining solid up to 41°C, but by
continuing to increase the temperature, the hydrogels
returned to the fluid state; and (3) finally, for 40 and
50 wt% copolymer systems, the phase change shows
at 33°C and 29°C, respectively, being unsuitable for a
drug-delivery system. Based on these results, it was
determined that the content of 20 wt% copolymer is the
appropriate to load and release drugs and nanoparticles.
Ma et al. also reported that the 20 wt% content of their
copolymer presented a phase change at physiological
temperature (27). Vaishya commented that the copolymer
does not spontaneously form micelles in an aqueous
solution, but the crystallinity of PCL prevents the polymer
from spontaneously self-assembling. Therefore, it is neces-
sary to heat the polymer to its melting point to give the PCL
fragments the necessary mobility and make it possible for
the polymer to self-assemble, forming the micelle (30).
Therefore, according to the DSC data, the aqueous copo-
lymer dispersions were heated to 60°C, a temperature
above the melting point of the copolymer, corresponding
to the PCL fragment, followed by rapid cooling in an ice
bath, and thus, it was achieved that the copolymer self-
assembled into micelles.

3.5 Temperature sweep of the aqueous
solution

The gelling mechanism of a thermosensitive physical
hydrogel is explained by the packing of micelles moti-
vated by hydrophobic interactions and the partial crystal-
lization of the PCL blocks as soon as the temperature
increases (21), which begins to dissolve the micelles
causing their swelling. Aqueous PCL–PEG–PCL solutions
spontaneously transform into hydrogel above a critical
gel concentration around body temperature. When the
triblock copolymer is fully dispersed and dissolved in
water, the hydrophobic block of PCL and the hydrophilic
block of PEG self-assemble to form micelles, which move
freely in the aqueous solution (31). The PEG block loops
out of the micelle while it swells with increasing tempera-
ture, and when close enough to another block of

Figure 3: DSC traces of PCL–PEG–PCL copolymer.

Figure 4: PCL–PEG–PCL triblock copolymer (20 wt%) in the sol state
at 27°C (a) and in the gel state at 37°C (b).
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neighboring micelles, they form a bridge motivated by
noncovalent molecular attractions that result in the for-
mation of big particles in the system (32).

In the temperature sweep (Figure 5), it was observed
that below 5°C the crossing point between the storage
modulus (G′) and the loss modulus (G″) appears, indi-
cating that at this point, micellar structure association
begins (31). As the temperature increases, G′ was located
above G″, which indicates a micellar association, creating
a associated network, favored by the hydrophobic PCL
moieties and hydrogen bonding (32). By continuing to
increase the temperature, themicellar association decreases,
reaching complete dissociation at 50°C, where the two mod-
ules approach, revealing that the polymer becomes soluble;
consequently, the micellar association no longer exists.

Studies focused on different lengths of the PCL blocks
have reported that when the block is longer than the
length of the hydrophilic PEG block, an increase of
micellar stability arises (27). So, the micellar structure
with a longer PCL block is expected to be more stable
and will break at higher temperatures. In addition to
the effects of chemical composition, the copolymer con-
tent also showed a significant influence on sol–gel tran-
sition, as the phase-transition temperature increases.
This change influenced by temperature is the desired
behavior for a drug-delivery system (27,29).

3.6 Gel formation

To confirm the in situ gel formation of PCL2000–PEG1000–
PCL2000, solutions of the copolymer were prepared. The
incorporation of the methyl red dye was intended to allow

visualizing the hydrogel dynamics when injected into a
water mass. This test shows the behavior of the copolymer
solution when comes in contact with an environment at a
similar temperature to that of the human body. When the
colored fluid solution of the copolymer was injected into
the water mass at 37°C, the formation of the hydrogel was
immediately observed, heading to the vial’s bottom, where
it remained undissolved (Figure 6a). In contrast, when the
methyl red aqueous solution was injected under the same
conditions, it diffused freely in the water bulk, without a
defined pattern, remaining that way at all times (Figure 6b).
Equivalent behaviors were reported byMa et al., stating that
the aqueous solutions of their PCL1250–PEG1500–PCL1250
copolymer instantly formed a gel after injection, whereas
the aqueous solution of red dye spontaneously diffused
into the water (27).

To corroborate the temperature influence on the copo-
lymer phase change, the colored solution was injected in a
vial with water at room temperature. As expected, the
phase change was not observed, the fluid solution with
the dye diffused freely into the water, revealing the disso-
lution of both the dye and copolymer. To delve more
deeply into the temperature effect, the rheological beha-
vior at 45°C was considered (Figure 5), where a second
phase change occurred. Thus, the copolymer solution
was injected into another vial with water at 45°C. At
that temperature, there was no hydrogel formation, again
observing the free diffusion of the dye in the water bulk.
The nonwater soluble, methyl red indicator, exemplifies
the expected behavior of the drug being loaded in the
hydrogel when exposed to different temperatures. There-
fore, this test shows that the obtained hydrogel is able to
capture the drug at physiological temperature.

Figure 5: Temperature sweep of the PCL–PEG–PCL copolymer in
aqueous phase. The sol–gel transition occurs at 36.5°C.

Figure 6: Hydrogel formation when injected in water at 37°C (a and b).
Methyl redsolutionwhen injectedunder thesameconditions (candd).
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To provide more evidence about both the copolymer
injectability in the sol state and hydrogel formation at
37°C, 1.0 mL of the aqueous solution was injected into
a portion of cucumber (C. sativus) previously tempered
to 37°C. As noted, the solution flowed freely throughout
the needle and settled into the cavity pierced in the vege-
table. After 1min, the white hydrogel is formed, remaining
in that form even after the vegetable temperature dropped
to 27°C (Figure 7).

3.7 Hydrogel morphology

The hydrogel formed with 20 wt% copolymer was frozen
with liquid nitrogen and lyophilized for 24 h. The solid
obtained was analyzed by scanning electron microscopy
(Figure 8); the micrograph shows a porous three-dimen-
sional structure of a homogeneous size typical of a hydrogel.
The hydrogel pores were formed when the network structure
captured the water in the hydrophilic blocks. The average
pore size is about 5 µm, so it is expected that the drug mole-
cules can lodge in the pores; accordingly, the system pro-
mises to be suitable for use as a delivery system.

3.8 Loading and releasing of MTX

The amount of MTX released was determined by UV-Vis
spectroscopy at 303 nm, which was expressed as a cumu-
lative percentage of the released drug (Cr) base on time.
Figure 9 illustrates the release behavior of MTX from the
hydrogel. As observed, both systems present an initial
acute release profile during the first two days, with a
greater release in the acidic environment, which reached
up to 35% release, whereas at neutral pH, 25% was
released at the same time. After the second day, the
system of pH 7.4 no longer showed greater release,
keeping in equilibrium during the 20 days. Differently,
the hydrogel at pH 6.7 shows a gradual and sustained
release until day 14 when its maximum accumulated
release was 92%. After that time, it remained in equili-
brium until day 20. The initial acute release of the two
systems is attributed to the superficial drug contained in
the hydrogel, and the gradual drug release was related to
that which was trapped in the polymeric network when
the copolymer changed from the fluid to the gel state. It is
worth noting that the acidic pH influences the system
release, causing the network to swell, allowing the drug
to release. However, at neutral pH, in which the network

does not swell, the drug is not released. Considering that
drug release from hydrogels is the combined result of two
processes: drug diffusion and hydrogel degradation (33),
and considering that PCL is a highly hydrophobic crystal-
line polymer that degrades very slowly in vitro in the
absence of enzymes (34), the 14-day period of release is
not sufficient to attribute it to degradation; therefore, the
diffusion process of the drug is the key factor for the
release at that time.

Loading and releasing studies using PCL–PEG–PCL
hydrogels have shown comparable patterns; for example,
Patel et al. used a PCL1000–PEG2000–PCL1000 thermosen-
sitive hydrogel to load sodium diclofenac, and the results
indicated that the hydrogel achieved a sustained release
of 90% over a period of 14 days, showing a rate reduction
after 10 days (14). Also, Miao et al. reported that the

Figure 7: Injectability of the hydrogel into a section of a cucumber
(C. sativus) preheated to 37°C. (a) Injection of the triblock solution
at laboratory temperature, and (b) the hydrogel is formed after
reaching 37°C of the cucumber surface.

Figure 8: Micrograph of the PCL–PEG–PCL hydrogel.
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cumulative release rate of MTX decreased with increasing
drug load, and that a higher concentration of hydrogel
resulted in a more condensed structure, reducing the rate
of drug diffusion, which led to a lower cumulative release
rate (15).

3.9 Cytotoxicity of MTX-H in MCF-7 cells

The cytotoxic effect of free MTX, MTX-H, and copolymer
was evaluated using the MTT assay. Cells treated with
sodium dodecyl sulfate (0.1%) were included as a refer-
ence for reduced viability and untreated cells as a posi-
tive control (100% viability). The regression equation
(y = 4 × 10−5x + 0.3452; R2 = 0.9635) obtained from a lineal
cell curve was used to estimate the viable cells in assay.
Then the percentage of viability on each treatment was
obtained by applying Eq. 3. Each treatment was performed
in triplicate.

The cell viability for the free MTX, MTX-H system,
and PCL–PEG–PCL copolymer is shown in Figure 10.
The MTX concentrations evaluated for both free MTX
and MTX contained in the hydrogel were 10, 20, 30, 60,
and 90 µg·mL−1. The equivalent copolymer concentra-
tions of 2, 4, 6, 12, and 18mg·mL−1 were also assayed.

A cell viability of 100% was observed at the lowest con-
centration of free MTX, and as the concentration increases,
the viability decreases, reaching 30% at 90 µg·mL−1.
The mean inhibitory concentration of 50% (IC50) calcu-
lated was of 43 µg·mL−1. As for MTX-H, at the lowest con-
centration of the drug, the cell viability was decreased to

82%, and the viability also decreased as the drug concen-
tration increased, obtaining an IC50 of 30 μg MTX·mL−1.
The cytotoxicity of the MTX-H is attributed to the drug
contained in the hydrogel since the equivalent amount
of copolymer (6mg·mL−1) allowed a cell viability of almost
100%. At the higher dose of copolymer (18mg·mL−1), the cell
viability was of 70%; thus, the PCL2000–PEG1000–PCL2000 is
considered noncytotoxic at these concentrations.

A recent study, in which MTX was conjugated to
polymer quantum dots, reported an IC50 of 25 µg·mL−1 in
MCF-7 cells (35), a value close to the IC50 of 30 µg·mL−1

presented by MTX-H. Furthermore, Gou et al. reported
that a PCL–PEG–PCL triblock copolymer was noncytotoxic
up to 5mg·mL−1 (62% viability), whereas our copolymer pre-
sented that cytotoxicity up to 18mg·mL−1. The higher cyto-
toxicity of that copolymer is related to its high molar mass
(17,000 g·mol−1), compared to the lower value (5,090 g·mol−1)
of the copolymer used in this work (36). According to the
results, it is concluded that the MTX-H can achieve a cyto-
toxic effect up to 40% viability for the MCF-7 cell line in a
time of 72 h, with a copolymer content whose cytotoxicity
remains lower than the IC50.

4 Conclusion

The synthesis by ROP allowed us to obtain a PCL–PEG–PCL
triblock copolymer that presents a change in the sol-to-
gel phase of a physical type dependent on the concentra-
tion and the temperature. The sol state is injectable at

Figure 9: Percentage of cumulative release of MTX from the H/MTX
system in PBS at pH 7.4 and 6.7, for 22 days.

Figure 10: Cytotoxic effect of the free drug MTX, MTX/PCL–PEG–PCL,
and PCL–PEG–PCL on MCF-7 cells, determined by MTT assay at 72 h
of incubation. Data are presented as mean ± SD.
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room temperature, turning into the gel state in situ at 37°C
(human body temperature). The hydrogel shows a three-
dimensional structure with interconnected pores of a sui-
table size to house the MTX. The hydrogel in the sol state
could capture MTX, switching to the gel state and subse-
quently releasing it in a simulated physiological environ-
ment stimulated by an acidic pH. Furthermore, most of
the drug remained encapsulated in a neutral physiolo-
gical environment. As the fluid form of the gel, it can
be injected at the specific site of the tumor. Also, it could
prevent secondary reactions because with a single appli-
cation, the loaded MTX can be released for 14 days at
concentration with a cytotoxic effect on cancer cells.
Finally, the hydrogel loading capacity represents a pro-
mising quality for breast cancer treatments.
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