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ABSTRACT: Hydrogels are promising materials for biomedical applications, particularly in drug delivery and tissue engineering.
This study highlights thermoresponsive hydrogels, specifically poly(lactic-co-glycolic acid) (PLGA)−poly(ethylene glycol) (PEG)-
PLGA triblock copolymers, and introduces a feed rate-controlled polymerization (FRCP) method. By utilizing an organic catalyst
and regulating the monomer feed rate, the sequence distribution of PLGA within the triblock copolymer is controlled. Various
analyses, including 13C NMR and rheological measurements, were conducted to investigate the impact of sequence distribution.
Results show that altering sequence distribution significantly influences the sol−gel transition, hydrophobicity−hydrophilicity
balance, and drug release profile. Increased sequence uniformity lowers the glass transition temperature, raises the sol−gel transition
temperature due to enhanced hydrophilicity, and promotes a more uniform drug (curcumin) distribution within the PLGA domain,
resulting in a slower release rate. This study emphasizes the importance of PLGA sequence distribution in biomedical applications
and the potential of FRCP to tailor thermoresponsive hydrogels for biomedical advancements.

1. INTRODUCTION
Hydrogel plays a pivotal role in biomedical applications,
specifically within the realms of wound healing, drug delivery,
and tissue engineering. These materials are defined as polymers
with a hydrophilic structure, forming a three-dimensional
network capable of effectively retaining a substantial amount of
water and biological fluids. Noteworthy properties of hydrogel
include flexibility, high water absorption capacity in a swollen
state, biodegradability, softness, biocompatibility, and tunable
mechanical features.1−3 Among various hydrogels, thermores-
ponsive hydrogels present compelling advantages in biomed-
ical applications due to their temperature-sensitive behaviors.
One of the key advantages of thermoresponsive hydrogels is
the ease of application through injectability and conformability
to tissue by transitioning into a gel state at body temperature.4

These hydrogels are commonly associated with physical cross-
linking, exhibiting a reversible sol−gel transition in response to
temperature changes.5 Temperature serves as a widely used
external stimulus in environment-sensitive systems, particularly

relevant for application in tissue engineering and drug
delivery.6−8

Thermoresponsive hydrogels often have a critical temper-
ature referred to as the lower critical solution temperature
(LCST). Below this temperature, the hydrogel exists in a sol
(liquid) state, while above it, it undergoes gelation, forming a
three-dimensional network. The LCST behavior is typically
attributed to temperature-induced changes in hydrophobic−
hydrophilic interactions within the polymer chains. Below the
LCST, these interactions promote solubility in water, whereas
above the LCST, the polymer chains exhibit reduced solubility,
leading to gel formation.9−11 Thermoresponsive hydrogels
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have been derived from various polymers, including poly(N-
isopropylacrylamide) (pNIPAAM),12,13 poloxamer,14,15 poly-
(lactic-co-glycolic acid)-poly(ethylene glycol) (PLGA−
PEG),16 and chitosan.17,18

In the realm of bioengineering, PLGA−PEG-PLGA triblock
copolymers have gained significant traction due to the FDA-
approved status of both PEG and PLGA.19−23 These
copolymers find application across diverse biomedical
fields,24,25 including drug release of mechanisms within
thermoresponsive hydrogels.16,26,27 Despite extensive research
on factors like lactide (LA) and glycolide (GL) ratio,28

molecular weight (MW) of PEG and PLGA segments,29 and
total MW,30 studies specifically investigating the impact of
sequence distribution of LA and GL remain scarce.31

The limited exploration of sequence distribution effects can
be attributed to challenges in controlling the sequence of LA
and GL in conventional melt polymerization methods.
Typically, the synthesis of PLGA−PEG-PLGA triblock
copolymers via melt polymerization has been extensively
studied using various metal catalysts such as stannous
octoate32 or zinc alkoxide19 through ring-opening polymer-
ization (ROP). Efforts to control the randomness of PLGA
segment involved employing elevated temperatures (130 or
160 °C) and varying reaction times with the metal catalyst.31

However, employing a metal catalyst in batch polymerization
for sequence control of LA and GL has been found to broaden
the MW distribution.33 In contrast, organic catalysts can
facilitate polymerization at room temperature, yielding
polymers with narrower MW distributions and avoiding side
reactions like transesterification.34,35

In our earlier research, we successfully controlled the
sequence and randomness of PLGA using semibatch ROP
with an organic catalyst, a termed “feed rate-controlled
polymerization (FRCP)”.36,37 The impact of sequence
distribution on polymer properties, such as PEG crystallization,

hygroscopicity, and drug release kinetics, was highlighted in
our previous study. Building on these insights, our current
research aims to synthesize PLGA−PEG-PLGA triblock
copolymers using the FRCP method, as outlined in Scheme
1. LA and GL monomers were used, with PEG-diol as the
initiator, and 1,8-diazabicyclo[5,4,0]undec-7-ene (DBU) as the
organic catalyst for the ROP reaction.37,38 Various copolymers
with different LA-to-GL ratios were synthesized by continu-
ously injecting a mixture of LA and GL into the PEG-diol
initiator at a constant rate while controlling the feed rate.
Following synthesis, we assessed the sequence/randomness of
these copolymers using 13C NMR and characterized their
micelles through dynamic light scattering (DLS), rheological
measurements, and drug release profiling.
The results confirmed the ability to modify the sequence

distribution in PLGA by controlling the monomer feed rate.
Notably, variations in the sequence distribution of PLGA
altered its sol−gel transition behavior, thus influencing drug
release profile. Therefore, the sequence distribution of PLGA
emerges as a critical factor in the formulation of thermosensi-
tive hydrogels, affecting the sol−gel phase transition and the
balance between hydrophobicity and hydrophilicity. Further-
more, the synthesized thermoresponsive hydrogel exhibits
sprayable properties, underscoring its potential for cutaneous
applications. Collectively, this study underscores the impor-
tance of controlling the sequence distribution of LA and GL in
hydrogel properties, which cannot be achieved through
conventional melt/batch copolymerization processes. The
FRCP method enables the exploration of sequence distribution
effects on hydrogel properties.

2. EXPERIMENTAL SECTION
2.1. Materials. Rac-lactide (LA), glycolide (GL), dihydroxy

poly(ethylene glycol) (PEG, Mn = 1400 g/mol), benzoic acid, 1,8-
diazabicyclo[5.4.0.]undec-7-ene (DBU), dichloromethane (DCM,

Scheme 1. Schematic Illustration Depicting the Synthesis of PLGA−PEG-PLGA Triblock Copolymers with Controlled PLGA
Sequences Achieved by Manipulating Feed Rates and the Molar Ratio between Lactide (LA) and Glycolide (GL)a

a(A) Feed rate-controlled polymerization (FRCP). (B) Polymerization of PLGA−PEG-PLGA triblock copolymer using a DBU catalyst. The figure
was created with BioRender.com.
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99.8%, anhydrous), deuterated chloroform (CDCl3), deuterated
dimethyl sulfoxide (DMSO-d6), 1,1,1,3,3,3-hexafluoro-2-propanol,
and curcumin were purchased from Sigma-Aldrich.
2.2. Synthesis of PLGA−PEG-PLGA Triblock Copolymers.

PEG−PLGA-PEG triblock copolymers were synthesized using a DBU
catalyst, following a previously reported procedure.36 Briefly, a
comonomer solution was prepared by dissolving the appropriate
molar ratio of LA and GL in 10 mL of anhydrous DCM.
Concurrently, 300 mg of PEG was dissolved in 5 mL of anhydrous
DCM within a round-bottom flask, then 30 μL of DBU, dissolved in 1
mL of anhydrous DCM, was added. The comonomer solution was
injected using a syringe pump (NE-300 Just Infusion, New Era Pump
Systems Inc., NY) at specific feed rates (0.03, 0.05, and 0.10 mL/
min), as described in Scheme 1. Additional injections of DBU (30
μL) dissolved in 1 mL of anhydrous DCM were performed when the
amount of comonomer solution reached 6.6 and 3.3 mL, respectively
(total amount of DBU was 90 μL in 3 mL of anhydrous DCM). Upon
completion of comonomer injection, excess benzoic acid (200 mg)
was introduced to the reaction mixture to terminate the polymer-
ization. The resulting mixture was slowly poured into 200 mL of
isopropanol, followed by centrifugation to collect the PLGA−PEG-

PLGA triblock copolymer. The final product was dried under vacuum
overnight.

2.3. Characterization of PLGA−PEG-PLGA Triblock Copoly-
mers. 1H and 13C NMR measurements were conducted using a
Bruker Avance III 400 MHz NMR spectrometer. For 1H NMR, the
samples were dissolved in CDCl3, with chemical shifts referenced to
the solvent (7.26 ppm for CDCl3). A coaxial tube was used for 13C
NMR measurements, with samples dissolved in 1,1,1,3,3,3-hexafluoro-
2-propanol in the outer insert, while DMSO-d6 served as the solvent
for locking and chemical shift reference. The number of measure-
ments was 1024, and the relaxation time was set to 10s. Molecular
weights and their distributions were measured using gel permeation
chromatography (GPC, Agilent GPC System). CHCl3 was used as the
eluent at 40 °C, with a flow rate of 1.0 mL/min. Molecular weights
were calibrated against polystyrene (PS) standards. The polymer
products listed in Table 1 were calculated based on 1H NMR. PEG
analysis was performed using GPC (HLC-8420GPC, Tosoh) with
PEG standards and 0.1 M NaNO3 as the eluent from Koptri (Korea
Polymer Testing & Research Institute). The result indicated an Mn
value of 1400 g/mol.

Table 1. Summary of PLGA−PEG-PLGA Triblock Copolymers Synthesized at Various Comonomer Molar Ratios and Feed
Rates

copolymer name LA:GLb feed rate (mL/min) target molecular weight actual molecular weighta

CP1 2.46:1 0.03 PL1.50kG0.50kA-PEG1.4k-PL1.50kG0.50kA PL1.46kG0.32kA-PEG1.4k-PL1.46kG0.32kA
CP2 2.46:1 0.05 PL1.50kG0.50kA-PEG1.4k-PL1.50kG0.50kA PL1.40kG0.28kA-PEG1.4k-PL1.40kG0.28kA
CP3 2.46:1 0.10 PL1.50kG0.50kA-PEG1.4k-PL1.50kG0.50kA PL1.50kG0.36kA-PEG1.4k-PL1.50kG0.36kA
CP4 5.75:1 0.03 PL1.75kG0.25kA-PEG1.4k-PL1.75kG0.25kA PL1.45kG0.24kA-PEG1.4k-PL1.45kG0.24kA
CP5 5.75:1 0.05 PL1.75kG0.25kA-PEG1.4k-PL1.75kG0.25kA PL1.42kG0.15kA-PEG1.4k-PL1.42kG0.15kA
CP6 5.75:1 0.10 PL1.75kG0.25kA-PEG1.4k-PL1.75kG0.25kA PL1.48kG0.18kA-PEG1.4k-PL1.48kG0.18kA
CP7 9.05:1 0.03 PL1.83kG0.17kA-PEG1.4k-PL1.83kG0.17kA PL1.70kG0.10kA-PEG1.4k-PL1.70kG0.10kA
CP8 9.05:1 0.05 PL1.83kG0.17kA-PEG1.4k-PL1.83kG0.17kA PL1.67kG0.11kA-PEG1.4k-PL1.67kG0.11kA
CP9 9.05:1 0.10 PL1.83kG0.17kA-PEG1.4k-PL1.83kG0.17kA PL1.74kG0.14kA-PEG1.4k-PL1.74kG0.14kA

aThe LA and GL content of the PLGA segment was determined by 1H NMR. bThe molar ratio of LA to GL.

Figure 1. Sol−gel transition curves and phase states of copolymer solutions. (A−C) Sol−gel transition curves for copolymers synthesized at varying
feed rates and molar ratios of LA to GL. (D) Images illustrating the sol, gel, and precipitate states of CP1, CP2, and CP3 at different temperatures
(25, 37, and 60 °C). The molar ratio and the concentration of the solutions were consistent at LA:GL = 2.46:1 and 15 w/v%. (E) Phase behavior at
an increased concentration of 25 w/v%.

Biomacromolecules pubs.acs.org/Biomac Article

https://doi.org/10.1021/acs.biomac.4c00817
Biomacromolecules 2024, 25, 5374−5386

5376

https://pubs.acs.org/doi/10.1021/acs.biomac.4c00817?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.4c00817?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.4c00817?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.4c00817?fig=fig1&ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.4c00817?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


2.4. Sol−Gel Phase Transition Curves of Hydrogels. The sol−
gel transition of hydrogel was determined using the method described
in a previous study.31 Samples with different concentrations, as shown
in Figure 1, were prepared by dissolving the polymer in 1 mL of
distilled water and subsequently stored at 4 °C for 24 h. The sol−gel
transition and gel−suspension transition were assessed by observing
vials, with the temperature incrementing by 1 °C per step from 4 to
70 °C. At each 1 °C temperature increase, the vials were placed in a
water bath for 5 min.
2.5. Dynamic Light Scattering (DLS). The measurements of

micelle sizes and size distributions at different temperatures were
conducted using Zetasizer Nano ZS (Malvern Instruments, U.K.).
Hydrodynamic diameters in water were measured at 15, 20, 25, 30,
and 37 °C. The samples were measured 3 times at a concentration of
0.5% (w/v). The scattering angle for measurements was set at 90°.
2.6. In Vitro Drug Release Measurements. 30 μg of curcumin

was introduced into 1 mL of aqueous polymer solution (20 w/v%)
synthesized at various feed rates. The hydrogels were then incubated
with 2 mL of PBS at 37 °C and agitated at 120 rpm. 1 mL of PBS was
collected at specific time intervals (1, 6 h and 1, 2, 3, 4, 5, 6, 7, 8, 9,
10, 11, 12, 13 days). The cumulative release of curcumin was
quantified using a calibration curve, which was obtained by measuring
different concentrations of curcumin in PBS after syringe filtration.
Absorbance values were measured at 450 nm using a microplate
reader (GloMax Discover, Promega). Each experiment was conducted
in triplicate.
2.7. In Vitro Degradation of PLGA−PEG-PLGA Hydrogel.

PLGA−PEG-PLGA copolymer solutions (20 w/v%, 1 mL each) were
prepared in 4 mL vials and incubated in a 37 °C water bath to
complete gel formation. Subsequently, 1 mL of PBS (pH 7.4) was
added to each vial, and the solutions were shaken at 37 °C and 100
rpm using a shaking incubator (LABTron, Labtron Equipment, U.K.)
throughout the degradation period. The PBS in each vial was replaced
with the same volume of fresh PBS at specific time intervals (1, 2, 3, 4,
5, 6, 7, 8, 9, 10, 11, 12, 13 days), and the remaining hydrogels were
lyophilized using a freeze-dryer (ilShinBioBase, South Korea) and
weighed. The copolymer (Wr) was calculated using the equation39

W W W Wr t s n=

where Wt is the total weight of the vial with lyophilized hydrogels, Wn
is the weight of the vial, and Ws is the salt content in the remaining
gels. The salt content was calculated as the difference in weights
between the salts initially added to the vial and the sum of salts and
the dissolution gel remained in the replaced buffer solutions during
the experiment. For GPC measurements, various PLGA−PEG-PLGA
copolymer solutions (20 w/v%, 1 mL each) were also prepared in 4
mL vials and incubated in the same shaking incubator at 37 °C with
100 rpm. 1 mL of PBS was added and replaced in each vial at specific
time intervals (1, 3, 5, 14 days). A 100 μL sample of the hydrogel was
extracted and lyophilized. After freeze-drying for 24 h, each sample
was analyzed using GPC (1260 Infinity II, Agilent, CA) with
chloroform as the solvent and a flow rate of 1 mL/min.
2.8. Differential Scanning Calorimetry (DSC). Approximately

20 mg of polymers, synthesized at different feed rates, were loaded
into sealed aluminum pan. All measurements were performed under a
nitrogen purge (50 mL/min). Each sample was placed in the cell of
the DSC unit (DSC Q10, TA Instruments, Wilmington, DE). The
temperature range was from −60 to 200 °C under a nitrogen
atmosphere, with a heating and cooling rate of 10 °C/min.
2.9. Rheology. The sol−gel transition of the copolymer solutions

(20 w/v%) was assessed using a rheometer (MCR 102, Anton Paar,
Austria) equipped with a parallel plate. For analysis, 370 μL of
solution was placed onto a parallel-plate fixture. Measurements of
storage modulus (G′), loss modulus (G″), and complex viscosity were
conducted. Gelation temperature was determined between 10 and 50
°C with a heating rate of 0.25 °C/min. The angular frequency was
fixed at 6.28 rad/s, while maintaining a shear strain of 1%.
2.10. Cell Viability. HDF (Human dermal fibroblast) cells were

cultured at 37 °C with 5% CO2 in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% (v/v) fetal bovine serum

(FBS) and 1% (v/v) penicillin-streptomycin. Cytotoxicity was
assessed using the CCK-8 assay kit (Dojindo Laboratories,
Kumamoto, Japan). HDF cells were seeded into 12-well plates at a
density of 5 × 104 cells/well using Transwell inserts with a pore size of
0.45 μm (Corning, NY). Then, 150 μL of a triblock copolymer
solution (20 w/v%) was loaded into the Transwell inserts and placed
in individual wells of a 12-well plate, with an insert without the
hydrogel serving as the control. HDF cells were exposed to the
hydrogels for 24 h, followed by washing twice with Dulbecco’s
phosphate-buffered saline (DPBS). Afterward, HDF cells were
incubated for an additional 4 h at 37 °C with fresh medium and
the CCK-8 reagent at a 10:1 ratio, and the absorbance of the
supernatant was measured at 450 nm using a microplate reader
(GloMax Discover, Promega). Cell viability was assessed by staining
the cells using the Live/Dead Viability/Cytotoxicity Assay Kit
(Thermo Fisher Scientific, Waltham, MA) and observing them
under a fluorescence microscope.

2.11. Dissipative Particle Dynamics (DPD) Simulation. In
DPD, the stochastic equation of motion of particle I is described as

m F F F

V r r

v

r
v r r r

( )

( )( ) ( )

i i
i j

ij ij ij

i j
ij ij ij ij

j
ij ij

R D R

2

= + +

= · +
(1)

where the three terms on the right-hand side of the equation represent
conservative, dissipative, and random forces, respectively.40,41 Vectors
vij and rîj denote the relative velocity and the unit displacement vector
between atoms i and j. The friction (γ) and noise (σ) parameters are
related by the fluctuation−dissipation theorem, σ2 = 2γkBT. α is a
Gaussian random number with zero mean and unit variance.
Following previous works on the simulation of symmetric CBABC-
type block copolymer, we set γ = 4.5, temperature T = 1.0, and
weighting function ω(r) = 1 − r/rc where rc = 1.0 is the outer cutoff
distance. The nonbonded interactions between the beads are
described by V a rR( ) ( )ij ij ij

1
2

2= , where R is the set of particle
coordinates. For the self-interaction parameters (aii) and the solvent
parameter of hydrophilic PEG chains, the values were set at 25. For
the interaction parameters between different types of chains and the
solvent parameter of solvophobic PLGA chains, the values were set at
aij = 35. Here, two extreme cases where the PLGA sequence is either
block or random have been compared for volume fractions in the
range of 5−30%. In the random copolymer case, all polymer chains
contain monomers with unique random sequences while maintaining
the same composition as the block copolymer case. For more details,
refer to the Supporting Information.

3. RESULTS AND DISCUSSION
3.1. Synthesis of PLGA−PEG-PLGA Triblock Copoly-

mers. PLGA−PEG-PLGA triblock copolymers were synthe-
sized via the ROP of LA and GL, employing DBU as a catalyst.
Achieving control over PLGA sequence and randomness was
accomplished through a semibatch ROP method as previously
reported.36 To elucidate, a continuous feed of a mixture of LA
and GL was introduced into the PEG-diol initiator at varying
feed rates, facilitating control over the PLGA sequence. In this
method, the differences in monomer reactivities (GL and LA)
become less significant under the condition of a slow
comonomer feed limit, wherein the feed rate is slower than
the polymerization rates. If the injection rate is sufficiently
slow, the rate-determining step of the reaction could shift to
the injection step, rather than the bond cleavage step in
conventional bath PLGA polymerization methods. This
implies that, once the monomers within a droplet are fully
consumed and have undergone reaction, the subsequent
droplet is introduced into the batch. By employing this
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method, we can effectively mitigate the disparate reactivities of
monomers, allowing each monomer to be uniformly added to
the polymer chain from a global chain standpoint, although
locally, some degree of sequence gradient might still not be
completely avoidable.
A series of copolymers with varying molar ratios of LA and

GL, as well as different monomer feed rates, were designed
according to Table 1. The mass ratios of LA and GL were set
at 3:1, 7:1, and 11:1, corresponding to the molar ratios of
2.46:1, 5.75:1, and 9.05:1, respectively. Additionally, the
reaction was conducted at different feed rates (0.03, 0.05,
and 0.10 mL/min) for each molar ratio. The synthesized
copolymers (CP1 through CP9) were analyzed using GPC and
1H NMR. Figure S1 illustrates the GPC results, indicating their
narrow molecular weight distributions (PDI = 1.13−1.28).
This confirms that semibatch polymerization with an organic
catalyst offers advantages in achieving a uniform molecular
weight distribution compared to conventional tin-catalyzed
polymerization reactions. The 1H NMR spectra of CP1−CP9
were utilized to determine their molecular characteristics,
specifically their molecular weights based on the molecular
weight of the PEG precursor (Figure S2).
3.2. Sol−Gel Transitions of PLGA−PEG-PLGA Copoly-

mers in Aqueous Solution. After mixing CP1−CP9 with DI
water, the transition of copolymer solutions with respect to
temperature was investigated. The copolymer solutions were
placed in an ice−water bath, starting at an initial temperature
of 4 °C. Temperature was gradually increased in 1 °C
increments to observe the transition of the copolymer solution.
The phase transition behavior of the copolymer solution is
influenced by factors such as the molecular weights of the
PLGA and PEG blocks, overall molecular weight, and
variations in copolymer topology.42 As depicted in Figure
1A−C, the sol−gel transition curves of copolymer solutions
exhibited distinct characteristics at different molar ratios of LA
and GL. With a given PEG block, the sol−gel transition
temperature and critical gel concentration decreased as the
LA/GL ratio increased. An increase in the LA molar ratio
heightened the polymers’ hydrophobicity, as LA is more
hydrophobic than GL.43 Consequently, enhanced hydrophobic
interactions led to a more pronounced decrease in the
transition temperature in aqueous solution.28

Variations in sol−gel curves were observed across different
feed rates, reflecting PLGA sequence distributions. Previous
study has shown that despite having similar total molecular

weights and PEG/PCL ratios, notable differences in sol−gel
transition temperatures and gelation windows were evident
between PCL−PEG-PCL (1k-1k-1k) and PEG−PCL-PEG
(0.55k-2k-0.55k). This underscores the significant impact of
copolymer topology on phase transition behavior.42 Beyond
monomer incorporation levels, the polymer’s microstructure
emerges as a critical determinant of macroscopic behaviors in
aqueous solutions. Divergent microstructures arising from
varying PLGA sequences, influenced by distinct comonomer
feed rates, resulted in distinct behaviors within aqueous
solutions.36

In contrast to a molar ratio of LA to GL of 2.46:1, when the
LA ratio was high and the GL ratio was relatively low, the sol−
gel curve showed minimal variation with feed rate. The
gelation of PLGA−PEG-PLGA triblock copolymer solutions
relied on the hydrophobic PLGA segment. These copolymers
formed micelles in water, with the hydrophilic PEG block as
the corona and the hydrophobic PLGA segment as the core.44

Gelation occurred as these micelles transformed; at temper-
atures below the transition temperature, the copolymers
existed in micelle form. As the temperature rose, the
hydrophilicity decreased with the collapse of the PEG corona,
leading to the formation of a hydrophobic network between
neighboring micelles and inducing aggregation.45 The PLGA
sequence effects on the transition temperature of copolymers
were maximized at an LA-to-GL molar ratio of 2.46:1. With
increasing LA/GL ratio, the hydrophobic LA block became the
predominant driver of micelle aggregation, reducing the impact
of sequence distribution. Thus, the 2.46:1 molar ratio was
selected to characterize PLGA−PEG-PLGA triblock copoly-
mers (CP1, CP2, and CP3) in studies of LA/GL sequence
distribution effects.
Figure 1D,E illustrates the phase behaviors of copolymer

solutions at 25, 37, and 60 °C. At 15 w/v%, all copolymers
(CP1, CP2, and CP3) were in a liquid state at 25 °C, gelled at
37 °C, and precipitated at 60 °C. However, at 25 w/v%, the
behavior varied; CP1 and CP2 remained liquid at 25 °C,
whereas CP3 gelled. This discrepancy was attributed to
variations in the width of the gel window, as observed in the
sol−gel transition curve (Figure 1A). This phenomenon
indicates an increase in global hydrophobicity from CP1 to
CP2 and to CP3.31

To characterize the structural and phase behavioral changes
associated with the randomness of the PLGA sequence, we
conducted DPD simulations comparing the resulting mor-

Figure 2. Snapshots of CBABC-type triblock copolymer solutions obtained from DPD simulations. The upper row (A−F) depicts the
morphological transition of copolymers with block sequences, while the lower row (G−L) illustrates those of random sequences. The
concentrations of the copolymers in the solution are as follows: (A, G) 5 vol%, (B, H) 10 vol%, (C, I) 15 vol%, (D, J) 20 vol%, (E, K) 25 vol%, and
(F, L) 30 vol%.
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phologies of triblock copolymers with two extreme cases:
complete block or complete random PLGA sequences. These
two sequences were compared using a fixed set of
parameters,46 by analyzing the resulting morphologies of the
triblock copolymer solution across a series of simulations with
different concentrations.
At low concentrations, both sequences exhibited the

expected formation of a sol phase, characterized by stable
micelles suspended in the solution (Figure 2). As the
concentration increases, both sequences gradually transitioned
to three-dimensional networks formed by the aggregation of
micelles, indicating the formation of gel phases. Interestingly,
the random sequence demonstrated a sol−gel transition at a
higher concentration compared to the block sequence,
showcasing a shift from sol to three-dimensional network
structures. In contrast, the block sequence displayed a more
gradual transition, initially forming of bridges between the
micelles. Cluster analysis further supported these observations,
revealing a slower decrease in the number of clusters for the
random sequence as the concentration increased (Figure S3).
This can be elucidated by examining the micelle structures

formed by the two different sequences. In the case of the block
sequence, the micelle structure is well defined due to the
organization of the hydrophobic PLGA segments. Here, the
central core primarily consists of PLA blocks, with PGA blocks
attached to its surface, while the PEG blocks reside at the
aqueous interface, aiding in the formation of bridges between
micelles at concentrations below 5 vol%. On the other hand,
the random sequence in copolymers introduces energetically
unfavorable close packing in the core. For instance, at 15 vol%,
the surface area of the block sequence is nearly twice that of
the random sequence. Consequently, micelles in the random
sequence merge upon approach without bridges between them.

At a higher concentration, around 10 vol%, these enlarged
micelles form a network structure extending across the entire
simulation box. These findings suggest that the hydrophobicity
of the PLGA segments and the interactions between the PLA
and PGA blocks contribute to the observed phase behavior
differences among copolymers with varying degrees of
randomness. Moreover, an increased interaction parameter
between the end block and the solvent beads, led to larger
domains in copolymers with random sequence compared to
the block sequence, indicating earlier precipitation and a
narrower window of gelation (Figure S4).

3.3. Characterizations of PLGA−PEG-PLGA Triblock
Copolymers. The sequence distribution of LA and GL units
in triblock copolymers, CP1, CP2, and CP3, was examined
using 13C NMR.37,47,48 Carbonyl carbon signals were analyzed
to determine the cumulative lactate−lactate (LL), lactate-
glycolate (LG), glycolate-lactate (GL), and glycolate-glycolate
(GG) diad concentrations (ILL, ILG, IGL, and IGG, respectively).
Hexafluoroisopropanol was utilized as the solvent for obtaining
ILL and ILG data (Figures 3A and S5). Due to the subtle
differences in glycolide spectra (i.e., between IGL and IGG)
resulting from low glycolide content, the glycolide segments
were further analyzed with 13C NMR in DMSO-d6, fitting the
GG (IGG) and GL (IGL) areas with a Lorentzian distribution
(Figure 3B). For CP3, the GG peak area was 65.55% and GL
was 34.45%. In contrast, CP1 showed a decrease in GG to
43.01% and an increase in GL to 56.99%, indicating a more
randomized PLGA sequence with slower comonomer feed
rates. An increase in feed rate resulted in longer glycolate
sequences, reflecting glycolide’s higher reactivity compared to
lactide, as supported by the literature.49,50 The average
sequence lengths of lactide (L̅L) and glycolate (L̅G) were
determined using eq 236

Figure 3. 13C NMR spectra of PLGA−PEG-PLGA triblock copolymers synthesized with different feed rates (CP1, CP2, and CP3). (A) NMR
spectra were obtained using a coaxial tube with the polymer/hexafluoroisopropanol solution placed in the outer tube and blank DMSO-d6 in the
inner tube. (B) NMR spectra were obtained using DMSO-d6 as the solvent. For area analysis, the peaks were assumed to be of Lorentzian shape.
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L I I L I I2 / 2; 2 / 2L LL LG G GG GL= + = + (2)

Table 2 illustrates that slower monomer feed rates resulted in
shorter lactide and glycolate sequence lengths. For CP1, L̅L was
7.92 and L̅G was 3.99, while for CP3, these lengths were 8.31

and 4.72, respectively. This indicates that faster feed rates
generate longer glycolate sequences due to the higher reactivity
of GL than LA. This trend was also evident in the lactate
sequence, where increased feed rates corresponded with larger
peak areas, suggesting longer lactate sequences due to the

Table 2. Cumulative Number-Average Lactate and Glycolate Sequence Lengths for PLGA−PEG-PLGA Triblock Copolymers,
Synthesized at Different Feed Rates (with a Lactide-to-Glycolide Molar Ratio of 2.46:1)

copolymer name feed rate (mL/min) actual molecular weight LA:GL ILL/ILG
a L̅L

a IGG/IGL
b L̅G

b

CP1 0.03 PL1.46kG0.32kA-PEG1.4k-PL1.46kG0.32kA 2.37:1 2.96 7.92 0.99 3.99
CP2 0.05 PL1.40kG0.28kA-PEG1.4k-PL1.40kG0.28kA 2.20:1 3.02 8.03 1.06 4.13
CP3 0.10 PL1.50kG0.36kA-PEG1.4k-PL1.50kG0.36kA 2.48:1 3.16 8.31 1.36 4.72

aDetermined by 13C NMR spectroscopy in hexafluoroisopropanol as the solvent and calculated using eq 2. bDetermined by 13C NMR spectroscopy
in DMSO-d6 as the solvent and calculated using eq 2.

Figure 4. Characterization of the size, thermal, and rheological properties of PLGA−PEG-PLGA triblock copolymer micelles. (A) Distribution of
hydrodynamic diameter (DH) of copolymer micelles determined by DLS at various temperatures, with a copolymer concentration of 0.5 w/v%. (B)
Thermograms obtained from DSC showing the Tg’s of the triblock copolymers in their neat state. (C, D) Complex viscosity, storage modulus (G′),
and loss modulus (G″) of a 20 w/v% aqueous copolymer solution across a temperature range, indicating gelation.
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preferential polymerization of GL monomers over LA
monomers until GL monomers are depleted.
3.4. Thermal Analysis of PLGA−PEG-PLGA Copoly-

mers. The variations in micelle size and distribution for
copolymers, CP1, CP2, and CP3, were analyzed using dynamic
light scattering (DLS), as depicted in Figure 4A. The

copolymer solutions were prepared at a concentration of 0.5
w/v%, and measurements were conducted at temperatures
ranging from 15 to 37 °C. As the temperature increased, the
hydrodynamic diameter (DH) of the micelles also increased.
Specifically, the DH of CP1 (feed rate at 0.03 mL/min)
increased from 13.5 nm at 15 °C to 18.2 nm at 37 °C. CP2 and

Figure 5. Characteristics of sequenced PLGA hydrogels loaded with curcumin drug. (A) Hydrodynamic diameter distribution of copolymer
micelles loaded with curcumin, assessed by DLS. The micelle solution concentration was 0.5 w/v%, at 25 °C. (B) Cumulative release profile of
curcumin from PLGA−PEG-PLGA triblock copolymer hydrogel, illustrating the impact of varying monomer sequence distribution characteristics
on drug release kinetics. (C) In vitro degradation of the hydrogels monitored over a span of 13 days. (D) Schematic representation of the curcumin
release mechanism from the micelle structure. (E) Fluorescence microscopy images showing live/dead HDF cells after exposure to the hydrogels;
live cells are stained green, while dead cells are stained red (scale bar = 100 μm). (F) Viability of HDF cells cultured with hydrogels. (G)
Demonstration of the sprayable nature of the CP1 hydrogel. (H) Visual demonstration of the rapid gelation of CP1 at 37 °C.
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CP3 exhibited similar trends, with CP2’s DH increasing from
15.7 to 18.2 nm and CP3’s from 13.5 to 21.0 nm at the same
temperatures, respectively. The PLGA−PEG-PLGA triblock
copolymer micelles tended to aggregate with increasing
temperature. Moreover, the size distribution broadened with
an increase in feed rate. The micellization behavior of PEG-
based triblock copolymers is known to be influenced by the
chemical structure of the copolymer chains and the balance
between hydrophobicity and hydrophilicity.51,52 With an
increase in temperature, the number of micelles and their
propensity to form intermicellar bridges increase due to
enhanced hydrophobic interactions.53 Similarly, the micelles of
CP1 to CP3 also exhibited the same trends. CP3, synthesized
at a relatively high feed rate, demonstrated a longer lactate
sequence and greater hydrophobicity, as evidenced by the
higher contact angles observed in Figure S6. The average
contact angle for CP1 was 18.8°, for CP2 it was 28.8°, and for
CP3 it was 36.17°. Given the hydrophilic nature of PEG, all
copolymers had contact angles below 90°; however, CP3’s
highest value suggests increased hydrophobicity, correlating
with DLS data.
Differential scanning calorimetry (DSC) thermograms for

the copolymers are presented in Figure 4B. An increase in feed
rate correlated with a rise in the glass transition temperature
(Tg) of the copolymers, with Tg values for CP1, CP2, and CP3
recorded at −14.21, −12.18, and −9.09 °C, respectively. This
trend suggests that higher frequencies of lactate-glycolate diads
reduce the Tg of the copolymer because the chemical
dissimilarity between the two monomer types. The first
derivative of the thermogram more clearly highlighted the Tg
differences. Previous studies suggest that Tg values are affected
by the PEG/PLGA ratio and increase along with the
hydrophobicity of the copolymer.54 The DLS and contact
angle measurements reveal that the randomness of the
sequence is associated with hydrophobicity; thus, CP3 had
the highest Tg.
The viscosity and rheological properties of the copolymers,

CP1, CP2, and CP3, exhibited temperature dependence, as
shown in Figure 4C,D. Upon heating, the complex viscosity of
the copolymer solutions sharply increased, and the storage
modulus (G′) surpassed the loss modulus (G″) at the gelation
temperature (Tgel), indicating hydrogel formation. The Tgel for
CP1 was 35.46 °C, for CP2 it was 31.71 °C, and for CP3 was
22.91 °C, closely following the sol−gel transition curve.
Furthermore, as illustrated in Figure 3C, CP3’s viscosity began
to rise first and reached the highest magnitude, followed by
CP2 and CP1. Typically, a complex viscosity of polymer
solutions below 1 Pa·s indicates fluidity.55 The temperature at
which the viscosity exceeds 1 Pa·s was 24.61 °C for CP3, 25.86
°C for CP2, and 28.36 °C for CP1, implying that CP3 gelled
first. This phenomenon is attributed to the varying hydro-
phobicity levels of the PLGA blocks within the copolymers.
Decreased randomness (increased blockiness) in the PLGA
sequence leads to increased GL content near the junction
point between the PLGA and PEG blocks. Therefore, the
PLGA blocks of CP3, with GL units being less hydrophobic
than LA units, more readily escape from a PLGA core domain
and enter another core domain, facilitating the formation of
intermicellar PEG bridges, and resulting in earlier gelation. The
rheological behavior of the copolymers highlights the distinct
properties arising from hydrophobicity, determined by the
comonomer sequence distribution of the PLGA.

3.5. Drug Release Properties of Triblock Copolymer
Hydrogels. Next, we investigated how the PLGA sequence
distribution affects the drug release properties of triblock
hydrogels. Curcumin-loaded PLGA−PEG-PLGA micelles were
prepared from CP1, CP2, and CP3. The change in DH upon
loading curcumin into the micelles of CP1, CP2, and CP3 was
examined using DLS, as shown in Figure 5A. The
concentration of the polymer micelle solution was 0.5 w/v%.
The sizes of the polymer micelles were 11.38 ± 4.17 nm for
CP1, 11.68 ± 4.41 nm for CP2, and 11.45 ± 4.49 nm for CP3.
Postcurcumin loading, the observed size were 12.46 ± 4.72,
12.27 ± 4.59, and 12.95 ± 4.66 nm for CP1, CP2, and CP3,
respectively, indicating no significant change. These results
confirm the stability of the micelles upon drug encapsulation.
Figure 5B illustrates the drug release profile from PLGA−

PEG-PLGA copolymer hydrogels, monitored over a 12-day
period using curcumin as a model drug. Notably, CP3
exhibited the most rapid release, with 65.72% of curcumin
released over 12 days, compared to 60.22% from CP1 within
the same duration. The released amount of curcumin was
determined by fitting the data to a calibration curve of different
curcumin concentrations (Figure S7). Zero-order kinetic
models applied over an 11-day period yielded regression
coefficients of 0.9846, 0.9886, and 0.9959 for CP1, CP2, and
CP3, respectively. Regression coefficients of zero-order kinetics
including days 12 and 13 are depicted in Figure S8A, indicating
a consistent release of curcumin from the hydrogels over the
12-day period. Hydrogel degradation commenced on day 12 in
PBS, as shown in Figure S8B. Previous studies reported
curcumin release from PLGA hydrogels or nanoparticles
typically occurring over 5−8 days.56,57 A notable initial burst
release of 32.85% curcumin from lipid nanoparticles within the
first 2 h, followed by sustained release over 10 days, has been
documented.58 However, the copolymer hydrogels developed
in this study sustained the release of curcumin over 12 days.
From day 12 onward, an accelerated release phase was

observed, attributed to hydrogel degradation, eventually
leading to complete depletion of the drug (Figure S8C).59

Additionally, the in vitro degradation of the hydrogels was
examined by measuring the change in weight over 13 days in
PBS at 37 °C. Figure 5C illustrates the percentage of remaining
PLGA−PEG-PLGA triblock copolymer hydrogel during
degradation. Notably, CP3 exhibited the most rapid degrada-
tion between day 5 and day 12 compared to CP1 and CP2.
The molecular weights were measured by GPC over time, and
the results are displayed in Figure S9. In the GPC analysis,
CP3 exhibited the largest shift in GPC traces, and its PDI value
peaked on day 14, indicating the fastest in vitro degradation.
The degradation and release rates are influenced by the
sequence distribution within the PLGA block.59−62 The order
of increasing diad cleavage rate (GG > GL/LG > LL)
corresponds to different hydrolytic cleavage rates within the
PLGA block.63 GG linkages cleave more rapidly than GL/LG
linkages, which in turn cleave faster than the hydrophobic LL
linkages. The cumulative curcumin release appears to correlate
with the cleavage rate; CP3, characterized by the highest GG
diad content, exhibited the fastest degradation and curcumin
release rate.
The variance in drug release kinetics observed among CP1,

CP2, and CP3 should also be attributed to the drug’s
distribution within the PLGA domain. Considering the
solubility parameter values of PLA and PGA (δPLA ≅ 21.4
(J/cc)1/2, and δPGA ≅ 23.8 (J/cc)1/2) and that of curcumin
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(δcurcumin ≈ 25.64 (J/cc)1/2),43,64 the Flory−Huggins inter-
action parameters for curcumin with PLA and PGA are
estimated to be χcurcumin/PLA ≅ 1.77 and χcurcumin/PGA ≅ 0.33,
respectively, at 25 °C.65 These values suggest that curcumin is
more miscible with PGA than with PLA, leading to a greater
association with the GL-rich regions over LA regions in
PLGA−PEG-PLGA micelles. In an aqueous environment, the
PLGA blocks of the copolymers form hydrophobic core
domains (Figure S10). The core domain of a CP3 micelle,
characterized by reduced randomness (greater blockiness) and
longer glycolate sequences, attracts curcumin to the periphery
of the micelle core domain due to its higher affinity for GL.
The region near the aqueous-core interface is enriched with
GL units, while the LA units predominantly reside deeper
within the core. In contrast, the curcumin distribution in CP1
micelles is more homogeneous within the core domain.
Consequently, curcumin is released more rapidly from CP3
compared to CP1 and CP2, validating that the monomer
sequence length/distribution plays a pivotal role in PLGA
modulating curcumin release kinetics in PLGA. This
mechanism is schematically depicted in Figure 5D.
Live/dead staining and cell viability assays of HDF cells

indicate that hydrogels derived from CP1, CP2, and CP3
exhibit low cytotoxicity, as illustrated in Figure 5E,F. The cell
viability for CP1, CP2, and CP3 was measured at 90.9, 94.0,
96.6%, respectively. These findings suggest that the hydrogels
of CP1, CP2, and CP3 are biocompatible and hold promise for
various biomedical applications. Notably, the very short
gelation time of a few seconds establishes the potential for
these hydrogels to be utilized as sprayable hydrogels, as
depicted in Figure 5G. Initially, the aqueous solution of CP1,
at a concentration of 20 w/v%, remained in the liquid phase at
room temperature. However, upon application by spraying
onto a surface, such as the hand, the solution promptly
transitioned to a gel phase. Furthermore, the injectability of
these hydrogels was evaluated based on their thermoresponsive
rapid gelation properties. Figure 5H presents visual doc-
umentation of CP1 during the injection process, demonstrat-
ing immediate gelation as the copolymer solution was extruded
from a syringe into water at 37 °C.

4. CONCLUSIONS
In this investigation, we have effectively manipulated the
sequence distribution of PLGA in PLGA−PEG-PLGA triblock
copolymers using the feed rate-controlled polymerization
(FRCP) method with DBU as an organic catalyst. Unlike
traditional metal catalysts commonly employed for synthesiz-
ing such copolymers, DBU facilitates polymerization at
ambient temperatures and yields polymers with more uniform
molecular weight distributions. We have verified variations in
the sequence and degree of randomness of the PLGA block
across different feed rates using 13C NMR spectroscopy. The
resulting property modifications were analyzed through various
techniques, including DLS, rheology, and drug release
profiling. These copolymers exhibited varied sol−gel tran-
sitions and thermoresponsive behaviors, underscoring the
impact of monomer sequence distribution. This effect of the
randomness of the PLGA segment on the sol−gel phase
behavior was further supported by DPD simulations, which
revealed that the increased blockiness of the segment leads to
earlier gelation due to enhanced micellar ordering and
facilitated bridge formation. The drug release profiles were
also found to be directly influenced by the sequence

distribution of PLGA, likely due to its impact on the drug’s
distribution within the PLGA domain. Furthermore, the
copolymers exhibited low cytotoxicity, as evidenced by high
cell viability (over 90%) in HDF cells. Notably, the
thermoresponsive hydrogels formulated from these copolymers
demonstrated sprayability, enhancing their potential for
biomedical applications. The synthesis of such biocompatible,
sprayable hydrogels with tunable drug release profiles
represents a significant advancement, rendering them a
versatile platform suitable for various fields.
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