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ABSTRACT: Polymer rheological property is one of intrin-
sic properties for the design and preparation of intravitreal
injection systems. Rheological behaviors of thermosensitive
poly(lactic acid-co-glycolic acid)-poly(ethylene glycol)-poly
(lactic acid-co-glycolic acid) (PLGA-PEG-PLGA) triblock
copolymers were investigated in this article. The rigidity phase
angle (d), elastic modulus (G0), viscous modulus (G00), and
complex viscosity (g*) were determined. The injectability of
polymers was evaluated as well. The results indicated both
temperature and concentration were key parameters influenc-
ing elasticity of polymers. Owing to low complex viscosity
(below 1 Pa s), PLGA-PEG-PLGA polymers can be success-
fully injected at room temperature. When the temperature was

raised to 37�C, the complex viscosity increased (over 4 Pa s).
Thus, suitable rheological properties (G0 > G00; tan d < 1) were
obtained for injection administration. Elastic modulus (G0),
viscous modulus (G00), and complex viscosity (g*) were dimin-
ished when polymer solutions were ejected through syringe
needles (25 gauge, G). Ejection force (from 4.21 to 19.42 N) was
required in the process of injecting administration through
syringe needles (24, 25, and 26 G) for polymer solutions at 20,
25, and 30% (w/v) concentration. VC 2011 Wiley Periodicals, Inc.
J Appl Polym Sci 125: 370–375, 2012
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INTRODUCTION

Although eye drops represent 90% of all ophthalmic
dosage forms, there is a significant effort directed
toward new drug delivery systems for ophthalmic
administration.1 In situ forming hydrogel, as a kind
of promising ophthalmic drug delivery system, has
been extensively studied during last two decades.2–7

It can respond to small changes in phenomenon
such as temperature, pH, and electrolyte composi-
tion in vivo, forming physically crosslinked hydro-
gels by sol-gel phase transition.4,6,8–10

The vitreous body consists of collagenous fibers,
which are organized as reticular structures. Approxi-
mately 99% of the vitreous is water. This viscous liq-
uid system with collagen, hyaluronan, and proteo-
glycans acts as a shock absorber, supporting the
shape of the eye and positioning the retina.11 The
administration of drugs into the eye requires specific
rheological properties that are different during prep-
aration of the drugs and when they are injected into
the vitreous body. When preparing the drugs a low
viscosity is beneficial because they will easily dis-

perse into the polymeric solution. However, once the
polymer is inside the eye, it is desirable that the
solution should have the rheological properties
similar to those of the native vitreous body, thus
avoiding wastage of the drugs through the retina. In
addition, some elasticity is necessary to maintain the
physical structure of the vitreous body, whereas a
high rigidity should be avoided to ensure no dam-
age occurs to the surrounding tissue.12–14

In addition, it is preferable to inject polymers
through small-gauge needles with small incisions,
and the rheological properties should be retained
after injection. Previous work with preformed poly-
meric hydrogels has demonstrated the influence of
injection process on the viscoelastic properties and
resiliency after injection through a small-gauge nee-
dle.15 When the human vitreous was removed using
a 30 gauge (G) needle, it was less viscous and visibly
more homogenous than when removed using a
larger 16 G needle. However, injection with smaller
inner diameters requires more ejection force. Thus, it
is important to evaluate polymer injectability in
drug administration.
Recent years have witnessed the increasing num-

ber of researches on the intravitreal drug injection
with thermosensitive polymers.2,4,16–21 Poly(lactic
acid-co-glycolic acid)-poly(ethylene glycol)-poly(lac-
tic acid-co-glycolic acid) (PLGA-PEG-PLGA) triblock
copolymers present excellent features such as
biocompatibility and degradability as well as ther-
mosensitivity, making the copolymer as an ideal
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candidate for injection in vivo.22–27 Since most of the
biological environment is hydrophilic in nature.
Hydrophilic poly(ethylene glycol) (PEG) shell, which
can suppress the adsorption of opsonin and clear-
ance by the mononuclear phagocyte system, is
supposed to improve the biocompatibility of the
delivery carriers by alternating hydrophilicity degree
of the surface, while the hydrophobic core of
D,L-lactide (D,L-LA) and glycolide (GA) can solubilize
hydrophobic drugs.23

When used as vitreoretinal drug delivery systems,
PLGA-PEG-PLGA hydrogels should have proper
rheological behaviors to fit the requirement of injec-
tion administration at different stages. In a former
study, PLGA-PEG-PLGA copolymers were synthe-
sized by a ring-opening method with D,L-LA and
glycolide molar ratio of 6 : 1.22 These copolymers are
thermosensitive and will present different rheologi-
cal behavior at ambient and body temperature. Con-
sidering the properties required for the preparation
and delivery of the drugs, this article evaluates the
rheological properties of the PLGA-PEG-PLGA
copolymers to determine if they are suitable for use
as intravitreal drug delivery systems. Meanwhile,
the influence of the injection process upon polymer
rheological properties was investigated by conduc-
tion of tests after injection and the determination of
the ejection force necessary to inject the polymer.

EXPERIMENTAL

1H nuclear magnetic resonance (NMR) and
molecular weight evaluation

The structure and composition of PLGA-PEG-PLGA
copolymers were determined by NMR. 1H-NMR
spectra were obtained in deuterated chloroform
(CDCl3) using a NMR instrument (Bruker AVANCE-
500, Switzerland) at 300 MHz. The chemical shift of

tetramethylsilane was taken to be zero.28,29 The aver-
age of molecular weight of tripolymers was calcu-
lated by end-group analysis, based on the 1H-NMR
spectra.30,31

Rheological behavior studies

Samples (1.5 mL) were taken and rheological behav-
iors were investigated by Bohlin rotational rheology
instrument (Malverm, UK) at 1 Hz, with increasing
temperatures by 1�C per minute from 5 to 60�C. Poly-
mer solutions (20, 25, and 30%, w/v) were prepared
and equilibrated at 8�C for 12 h. Syringes (1 mL, 25 G)
were used to inject the solutions with given concen-
trations to the rotational rheology instrument.16,32 The
polymer solution was placed between parallel plates
of 40 mm diameter and a gap of 0.5 mm. The sample
plates were covered carefully to minimize solvent
evaporation. The rigidity phase angle (d), shear stor-
age modulus or elastic modulus (G0) and shear loss
modulus or viscous modulus (G00) of copolymer solu-
tions (20, 25, and 30%, w/v) were evaluated as a func-
tion of temperature. The experiments were repeated
three times at each condition and the results pre-
sented are averages.

Injectability of copolymers

The injectabilities of hydrogels with different con-
centrations through needles were investigated by
Instron universal testing machine. Polymer solutions
(20, 25, and 30, w/v) were prepared and equili-
brated at 8�C for 12 h. The solutions (1 mL) were
ejected through needles with given inner diameters
(24, 25, and 26 G) at room temperature.33 Ejection
force was measured by Instron universal testing
machine at 100 mm/min. The experiments were
repeated three times at each condition and the
results presented are averages.

Statistical analysis

Values are presented as the mean 6 standard devia-
tion. Statistical comparisons were made using Stu-
dent’s t-test. A value of P < 0.05 was considered to
be significant.

RESULTS AND DISCUSSION

1H-NMR analysis and molecular weight evaluation

As shown in Figure 1, chemical structures of copoly-
mers were analyzed by 1H-NMR. The typical spec-
trum was very similar to the reported spectrum and
all the signals were assigned on the spectrum.22,28 The
characteristic signals appearing at 5.187, 4.338, 1.571,
4.738, and 3.661 ppm are assigned to CH of D,L-LA
(peak area ¼ 1.000), CH of D,L-LA (peak area ¼ 0.163),

Figure 1 The 1H-NMR spectra of PLGA-PEGP-PLGA
copolymer.
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CH3 of D,L-LA (peak area ¼ 3.034), CH2 of GA (peak
area ¼ 0.346), and CH2 of PEG (peak area ¼ 3.124).
The complicated split in these peaks was due to the
random copolymerization of glycolide and lactide.28

Average molecular weight of copolymers was cal-
culated by end-group analysis.30 Figure 2 showed
the molecular structure of PLGA-PEG-PLGA copoly-
mers. The peak areas of CH of D,L-LA, CH2 of GA,
CH2 of PEG and CH3 of D,L-LA were substitutes into
eqs. (1), (2), and (3) and the average molecular
weight obtained was 8337.

y� 1 ¼ ACH3 ofD;L-LA=ACHofD;L-LA (1)

2z=ðy� 1Þ ¼ ACH2 ofGA=ACHofD;L-LA (2)

4x=ðy� 1Þ ¼ ACH2 of PEG=ACHofD;L-LA (3)

Mn ¼ y� 2� 72þ z� 2� 58þ x� 1500 ¼ 8337:

Rheological behavior of copolymers

Rheological behavior of native copolymers

As shown in Figure 3, shear storage modulus (G0,
which gives the elastic nature of the gels) and shear
loss modulus (G00, which gives the viscous nature) of
copolymer solutions (20, 25, and 30%, w/v) were
evaluated as a function of temperature. G0 describes
the elasticity of copolymer solutions under deforma-
tion (the loss modulus is neglected), whereas G00

demonstrates the viscous properties.13 At tempera-
ture below room temperature (25�C), viscous behav-
iors is exhibited (G00 > G0), rigidity phase angle (d)
was near 90�, tan d (G00/G0)>1. Increasing tempera-
ture from 5 to 25�C, G0 and G00 values remain con-
stant. The polymer solution can freely flow, behav-
ing as a Newtonian fluid with a low viscosity at this
condition, suggesting the good injectability. When
temperature increases over 25�C, G0 and G00 curves
raised sharply, especially at 30, 28, and 25�C for 20,
25, and 30% copolymer solutions, respectively. Usu-
ally, the abrupt increase of G0 corresponds to the sol-
gel transition.32 When G0 overpass G00, tan d
decreased and the elastic properties of copolymer
solutions is enhanced, leading to low polymer flow-
ability. When G0¼ G00 (tan d ¼ 1), the temperature is
defined as sol-gel transition temperature. The sol-gel
transition temperature for 20, 25, and 30% (w/v)
PLGA-PEG-PLGA copolymer solutions were 34.5,
34.1, and 34.5�C in this study.

At temperatures below sol-gel transition tempera-
ture, some bridging micelles of PLGA-PEG-PLGA
copolymers formed. They were not stable due to the
low hydrophobicity of PLGA.6 With increasing tem-
peratures higher than sol-gel transition temperature,
G0 is larger than G00 and tan d decreased continu-
ously. A bridged micelle network was formed
because of an increase in the hydrophobicity of the
PLGA segment, leading to gelation.6,32,34 Polymer
solutions were transformed to translucent gelatins,
suggesting the predominant state of elasticity.
Increasing the temperature the PLGA ends groups
reduce their hydrophobicity increasing their ability
to move through water and promote micelles inter-
connection that are responsible for the gel

Figure 2 The molecular structure of PLGA-PEG-PLGA copolymer.

Figure 3 Rheological properties of PLGA-PEG-PLGA
copolymers (a) 20% copolymers, (b) 25% copolymers, and
(c) 30% copolymers. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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formation.6 PLGA-PEG-PLGA copolymers achieve a
maximum value for a specific temperature as shown
in Table I. Then G0 and G00 values decreased signifi-
cantly (G00> G0) and the polymer suspension came
out. When both G0 and G00 values were below 100 Pa
and the temperature higher than the sol-gel transi-
tion, polymers were precipitated.

The results showed that both the viscous and elas-
tic properties of copolymers depended on the solu-
tion concentrations (Fig. 3; Tables I and II). When
compared to copolymer solutions with different con-
centration, it required different temperature to
achieve G0max values.

Rheological behavior of copolymers after injection
process

The rheological properties of PLGA-PEG-PLGA
copolymers were studied after ejecting through 25 G
needles as well. As shown in Figure 4, the curves
were similar to the copolymers without ejection. G0

and G00 values kept constant with increasing temper-
ature before 25�C. PLGA-PEG-PLGA copolymer
solutions exhibited as a Newtonian fluid. With
increasing temperature, G0 and G00 increased continu-
ally. The abrupt increase G0 occurred at 32.3, 31.6,
and 31.1�C for 20, 25, and 30% copolymer solutions
and the sol-gel transition temperature were 34.6,
35.0, and 34.5�C, respectively.

In the injection administration, the applied shear
causes a large deformation of the copolymer, and the
degree of deformation under constant stress is related
to the structure of the polymer chains.15 The macro-
molecular chains overlap extensively creating a tun-

nel for each chain wherein the movement is restricted.
The chain cannot move freely, because it cannot pass
through or across other chains as this process would
break other chains. Therefore, the crosslinkage and
interaction of copolymers were broken to allow the
chain movement.15 PLGA-PEG-PLGA micelles and
monomers in solutions increased while on the other
hand, polymer aggregation was suppressed and
diminished resulting in low elastic and viscous mod-
uli. As shown in Tables I and II, G0 and G00 values
were both smaller after injection (P < 0.05).

Complex viscosities of PLGA-PEG-PLGA
copolymers

Complex viscosity of PLGA-PEG-PLGA copolymers
was also measured (Fig. 5). The complex viscosity
describes the relationship between the dynamic vis-
cosity and the out-of-phase viscosity, or imaginary
part of the complex viscosity. The results showed
that copolymer solutions exhibit a sol-like behavior
at temperature below 25�C (room temperature) and
at this condition, the complex viscosity (g*) was in-
dependent of polymer concentration. However,
when the temperature increased above 30�C, g*
increased sharply and the complex viscosity was
significantly influenced by temperature as well as
concentration (P < 0.05). The corresponding temper-
atures for abrupt complex viscosities increment were
different for each polymer concentration here stud-
ied. g* increased at a faster rate with increasing tem-
perature. In addition, higher polymer concentration
induced lower temperature phase transition and
stronger gel rigidity. As shown in Figure 5, the

TABLE I
Maximum G0 and G00 Values Measured for PLGA-PEG-PLGA Copolymer Solutions by Rotational Rheology

from 5–60�C and the Temperature at Which They Occurred

Samplesa 20% (w/v) 25% (w/v) 30% (w/v)

G0 max and corresponding
temperature

Native solution (Pa; �C) 593.53 6 3.23 776.44 6 7.32 964.64 6 10.39
39.4 6 0.0 38.9 6 0.3 39.2 6 0.1

Through 25 G needles (Pa; �C) 556.92 6 4.19 708.39 6 8.93 956.86 6 11.73
39.4 6 0.2 39.1 6 0.2 39.0 6 0.2

G00max and corresponding
temperature

Native solution (Pa; �C) 440.19 6 3.09 608.70 6 7.36 772.31 6 8.39
40.7 6 0.3 39.8 6 0.2 39.6 6 0.1

Through 25 G needles (Pa; �C) 428.99 6 5.47 517.02 6 6.49 748.20 6 7.98
40.7 6 0.1 40.0 6 0.0 39.7 6 0.2

a Maximum G0 and G00 values of samples are significantly different (P < 0.05).

TABLE II
G0 and G00 of PLGA-PEG-PLGA Copolymers at 37�C

Samples (Pa) 20% (w/v) 25% (w/v) 30% (w/v)

G0 Native solution 288.38 6 1.76 525.71 6 8.03 652.95 6 4.98
Through 25 G needles 286.20 6 1.82 408.14 6 7.42 651.95 6 3.39

G00 Native solution 209.40 6 0.78 397.49 6 3.44 516.16 6 5.33
Through 25 G needles 200.17 6 1.23 291.31 6 4.01 499.43 6 4.09

RHEOLOGICAL PROPERTIES OF PLGA-PEG-PLGA 373

Journal of Applied Polymer Science DOI 10.1002/app



maximum complex viscosity values were, 114.58,
155.52, and 195.68 Pa s, for 20, 25, and 30% polymer
concentrations, respectively. The complex viscosities
of these three samples were 56.7, 106.00, and 132.47
Pa s at 37�C. As expected, polymer solution with
30% concentration had the highest complex viscos-
ity. Our results show that after the samples passed
through 25 G needles, the complex viscosities were
all diminished (P < 0.05). Polymer solutions with 20,
25, and 30% had the maximum values of 110.00,
137.16, and 191.66 Pa s, respectively. At the tempera-
ture of 37�C, the corresponding complex viscosities
were 55.58, 79.80, and 130.96 Pa s, respectively.

Generally, solutions with complex viscosity <1 Pa
s are able to go through needles smoothly at room
temperature.35 In this study, polymer solutions with
20, 25, and 30% concentrations had complex viscos-
ities of 0.03, 0.06, and 0.18 Pa s, respectively, at
25�C. Therefore, all samples can be administrated by
injection at room temperature. In addition, the vis-
cosity of vitreous body in vivo is larger than 4 Pa s
at a shear rate of 0.15/s and it can form a gel with
G0> G00.36 At temperature of 37�C, complex viscos-
ities of polymers with three given concentrations
were all larger than 4 Pa s and G0 was larger than
G00 (tan d < 1), indicating elasticity and viscosity that
is similar to the vitreous body. These results con-
firmed that PLGA-PEG-PLGA copolymers were fit
for vitreoretinal drug delivery.13,15

Injectability of copolymers

Injectability of hydrogel is an important parameter
for intravitreal drug deliver systems, which are
administrated by injection. To evaluate the influence
of needles with different inner diameters on polymer
solutions injectability, needles with inner diameter
of 24, 25, and 26 G were chosen to measure the
injectability of PLGA-PEG-PLGA copolymer in this
study (Table III). Owing to low complex viscosity,
polymer solutions with 20, 25, and 30% (w/v) can
flow through all three needles smoothly at room
temperature (25�C). As for the same needle, ejecting

Figure 4 Rheological properties of PLGA-PEG-PLGA
copolymers ejection through 25 G needles (a) 20% copoly-
mers, (b) 25% copolymers, and (c) 30% copolymers. [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

Figure 5 Complex viscosities of PLGA-PEG-PLGA
copolymers. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

TABLE III
Injectability of PLGA-PEG-PLGA Copolymers Through Needles at 25�C

Samplesa Air Water 20% (w/v) 25% (w/v) 30% (w/v)

24 G Maximum force (N) 1.33 6 0.00 1.67 6 0.05 4.21 6 0.22 8.46 6 0.38 9.17 6 0.42
Time (s) 8.67 6 0.03 8.59 6 0.14 8.60 6 0.41 8.42 6 0.23 8.34 6 0.42

25 G Maximum force (N) 1.46 6 0.02 2.71 6 0.00 7.29 6 0.15 12.40 6 0.75 16.42 6 0.25
Time (s) 8.44 6 0.02 8.44 6 0.00 8.44 6 0.28 8.74 6 0.04 8.76 6 0.46

26 G Maximum force (N) 1.50 6 0.00 2.71 6 0.07 8.33 6 0.22 17.75 6 0.50 19.42 6 0.42
Time (s) 8.87 6 0.29 9.17 6 0.38 9.12 6 0.46 8.76 6 0.06 8.74 6 0.26

a All the values are significantly different (P < 0.05).
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force increases when increasing polymer concentra-
tion, which may be related with micelles assembled
in the different concentration solutions. High con-
centration can induce the formation of more micelles
and shorter distance among chains of copolymers
that are acting as crosslinkage chains. The interac-
tion of polymer chains may be enhanced. Therefore,
high shear stress was needed to break the balance of
copolymer systems.

Larger inner diameters of needles lead to smaller
ejection force for polymer solutions with the same
concentration. The drag force, however, increased in
case of needles with small inner diameters. For
example, among all PLGA-PEG-PLGA copolymer
samples, only 4.21 N (minimum) was taken to eject
20% polymer solution through 24 G needles,
whereas, it took 19.42 N (maximum) to eject 30%
polymers through 26 G needles. It is reported that
application of a maximum ejection force of 12 N
over 10 s can be considered as a suitable develop-
ment criterion.37,38 In this article, some samples (25
G : 25%, 30%, w/v; 26 G : 25%, 30%, w/v) took
more than 12 N ejection force within 10 s. Due to
high ejection speed of the experiments, the force was
enlarged correspondingly.

CONCLUSIONS

Elastic modulus (G0) and complex viscosity (g*) of
PLGA-PEG-PLGA polymers were found significantly
affected by polymer concentrations and tempera-
tures (P < 0.05). Ejection of the polymer through a
25 G needle caused reduction of G0, G00, and g* val-
ues probably because polymer structure was affected
by the shear force. The study showed that the com-
plex viscosities of 20, 25, and 30% (w/v) polymer
solutions were all <1 Pa s, indicating the solutions
can be injected through syringe needles smoothly at
room temperature, while the complex viscosities
were increased to over 4 Pa s (G0 > G00; tan d < 1) at
37�C. The hydrogels had the similar elasticity and
viscosity properties as those of the native vitreous
body in vivo. The study of injectability of copolymer
hydrogels through 25 G needle suggested that the
ejection force ranging from 4.21 to 19.42 N was
required for PLGA-PEG-PLGA hydrogels injection
administration.
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