Narrow molecular weight margins for the thermogelling property of
polyester–polyether block copolymers in aqueous solutions
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ABSTRACT: Polyester–polyether block copolymers with thermogelling properties have been widely used in pharmaceutical and biomedical
applications for their biocompatibility and degradation to nontoxic components. The biodegradable polymers, such as poly(lactide-co-glycolide) and poly(lactide-co-caprolactone) (PLCL), have been used as the polyester block. The most commonly used polyether has been
poly(ethylene glycol) (PEG). The thermogelling polymers dissolve in cold water, but become a semisolid gel at higher temperatures, for example, body temperature. This thermogelling property, however, occurs only within very narrow molecular weight ranges of the polyester at
given polyether blocks. Only a few hundred Dalton differences in the polyester block can turn a thermogelling polymer into a water-insoluble
polymer. This study describes the hydrophilic and hydrophobic block sizes for endowing the thermogelling property and a simple, water-free,
synthesis of new thermogelling PLCL–PEG–PLCL triblock polymers. © 2019 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2019, 137, 48673.
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INTRODUCTION

Polyester block copolymers with a poly(ethylene glycol) (PEG), or
poly(ethylene oxide), block possess both hydrophilic and hydrophobic properties.1 At low temperatures, the hydrogen bonding of
the PEG block with water allows the polymers to dissolve in water.
As the temperature increases, water molecules dissociate from the
PEG block and the hydrophobic interaction among the polyester
blocks dominates to form a gel. This inverse thermogelling property is unique for these block copolymers containing both hydrophilic and hydrophobic blocks. This transition affects the polymer
micellar structure creating bridges between micelles, which forms
the gel. Poly(D,L-lactide-co-glycolide)–b-PEG–b-poly(D,L-lactideco-glycolide) (PLGA–PEG–PLGA) triblock copolymers2 and
PEG–PLGA3 or PEG–poly(ε-caprolactone) (PEG–PCL)4 diblock
copolymers have been used frequently for this purpose. As the
temperature keeps increasing much beyond the gelling temperature, the gel collapses as the polymer becomes too hydrophobic to
maintain a gel-state and the polymer separates completely from
the water, leading to precipitation of the polymer.5
Thermogels have been frequently used in the pharmaceutical and
biomedical ﬁelds for their biocompatibility and drug-delivery
capacity, as they can be turned to gel at desired temperatures
including 37  C.1,6 Their applications include subcutaneous

retention of nanoparticles,7 intratympanic drug delivery,8 imageguided thermal-ablation,9 photothermal cancer treatment,10 ocular delivery,11–13 localized chemotherapy delivery,14,15 vaccine/
immunotherapy,16 and antibiotic delivery from medical devices.17
Previously, thermogelling polymers have been prepared by synthesizing block copolymers, for example, PLGA–PEG–PLGA
(1500-1000-1500 Da), followed by cold-water extraction18,19
which is necessary to collect the correct thermogelling portion of
the synthesized polymer. Cold-water extraction, however, presents a challenge for quality control in large-scale production.
Thus, it is preferable to develop a single-pot, scalable reaction
process. The scale-up production of thermogelling polymers is
necessary for translation of formulations to clinical applications.
The ring-opening polymerization of cyclic ester monomers and
dimers [e.g., lactide (LA), glycolide (GA), and CL] against PEG
under anhydrous conditions with an appropriate catalyst produces PEG-polyester block copolymers. By modifying the various
molar ratios of components and the nature of the initiator, different types of polyester–polyethers can be synthesized.20 Not all of
these block polymers, however, have the same thermogelling
properties or thermogelling temperatures. These properties are
interconnected to the composition and arrangement of the blocks,
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affecting the micellar structure. The thermogelling properties are
not limited to the block copolymers of PLGA, such as PLGA–
PEG–PLGA or PEG–PLGA, as other polyesters can possess the
same capability. The block copolymers based on PCL, another biodegradable polymer, also have the inverse thermogelling property.
The PCL-based thermogelling polymers, however, require either
heating or sonication for dissolving them in water due to the crystallinity of the PCL blocks.21
The thermogelling behavior in aqueous solutions is driven by
polymer–solvent/polymer–polymer interactions, such as hydrogen bonding, hydrophobic interaction, and ionic interaction.22–25
Thermogelling properties result from the appropriate balance of
these interactions which are affected by the chemical composition
and relative chain lengths of the copolymer. There has been relatively little information regarding the limits of the chain length.
This study examines properties of thermogelling polymers that
allow easy dissolution in water at low temperatures using PLGA–
PEG–PLGA, poly(D,L-lactide)–b-PEG-b–poly(D,L-lactide) (PLA–
PEG–PLA), and PLCL–PEG–PLCL. These types of thermogels
were synthesized and characterized to determine the limits of
chain length providing the thermogelling property.
EXPERIMENTAL

Reagents
Anhydrous toluene and stannous octoate were purchased from
Sigma Aldrich. PEG was purchased from Sigma Aldrich and
Dow. High purity monomers of LA, CL, and GA, were purchased
from Ortec, Inc. Dichloromethane, hexane, tetrahydrofuran, deuterated chloroform (CDCl3), and ethanol were purchased from
Fisher Scientiﬁc (Chicago, IL). Deionized water was provided by
an Easypure II system (Barnstead Thermolyne). Prior to use,
stannous octoate was puriﬁed by vacuum distillation and stored
at room temperature in a desiccator. Unless otherwise speciﬁed,
all other reagents were used as received.
Synthesis
The block copolymers were synthesized following the procedure
described previously26,27 with the modiﬁcation that PEG-diol was
utilized as the initiator.20 Prior to synthesis, all glassware was
washed in acetone and dried at 100  C followed by cooling in a
desiccator. All reagents were warmed in a desiccator prior to use.
A clean, dry 500 mL round bottom ﬂask with an oval stir-bar
was charged with a quantity of PEG diol of manufacturerspeciﬁed molecular weight (Table I). A stopcock was attached to
a vacuum pump (Welch, Duoseal), and the PEG heated to
130  C under deep vacuum purge with stirring at 150 RPM for
4 h. After cooling, the ﬂask was back-ﬁlled with argon gas and
the molar-equivalent quantity of the desired monomers (DL LA,
GA, and/or CL) was charged into the ﬂask. Stannous octoate was
dissolved in anhydrous toluene (10% w/v) and added via pipette
to the ﬂask at a set 0.5% mole catalyst/mol monomers ratio. The
ﬂask was attached to the deep vacuum pump and purged for 1 h
at room temperature and then the stopcock closed sealing a vacuum inside. The ﬂask was then heated to 150~155  C with stirring for 8 h.
The crude polymer was dissolved in DCM and passed through a
paper ﬁlter (Whatman). It was then added slowly into an excess

(~2 L) of stirring hexane to precipitate out the puriﬁed polymer.
The polymer was further washed with hexane and ethanol to
remove any residual catalyst and monomers. Subsequently, the
polymer was dried thoroughly at reduced pressure (75 Torr) for
2~3 days followed by drying at −31 inHg for 7 days at room
temperature followed by another 7 days at 45~55  C.
Characterization
H-NMR. The puriﬁed and dried copolymer was dissolved at a
concentration of approximately 5~10 mg/mL in CDCl3 and proton scanned by Purdue Interdepartmental Nuclear Magnetic Resonance Facility using either a Varian Inova 300 or a Bruker
DRX 500.
1

Gel Permeation Chromatography–External Standard. Gel permeation chromatography–external standard (GPC–ES) was performed according to methods described previously.26,27 Brieﬂy,
samples were dissolved at a concentration of 2 mg/mL in either
DCM or THF and 0.22 μm ﬁltered prior to analysis. GPC was
performed using either a Waters Breeze 2 system operated by
Empower software with an RI detector with 1 mL/min THF
across a minimum of three sequential columns (two or three
Phenogel 5 μm (300 × 7.8 mm) and one Resipore 3 μm
(Agilent)) or using the previously described Varian Prostar system in DCM mobile phase with UV–vis detection.27 The system
was calibrated using polystyrene standards (Agilent PS2 standards) and this calibration was used to obtain the number average molecular weight (Mn), the weight average molecular weight
(Mw), and the polydispersity index (PDI).
Gel Permeation Chromatography–Quadruple Detector (GPC–
4D). GPC–4D analysis was performed using the system described
previously.26 Brieﬂy, the molecular weights were determined by a
GPC–4D system, consisting of an Agilent 1260 Inﬁnity II HPLC
system connected to Dawn Heleos II (MALLS) coupled to
Dynapro Nanostar DLS via an optical cable, Optilab T-rEX
(RI detector) and Viscostar III viscometer operated by Astra
7 software (Wyatt). Separation was performed with a linear gradient column (Tosoh Bioscience LLC, TSKgel GMHHR-L,
7.8 mm × 30 cm). Samples were prepared in acetone at a concentration of ~2.5 mg/mL. Samples were analyzed with a ﬂow rate of
0.6 mL/min of acetone using triplicate 50 μL injections.
The incremental refractive index (dn/dc) is critical to interpreting
molar mass according to light scattering data. This was accomplished for select polymers by directly perfusing the solutions
into the Wyatt T-rEX RI detector (658 nm) using a syringe
pump. After a baseline response of acetone was established, polymer solutions were measured as the concentration was changed
from low to high followed by blank acetone to reestablish the
baseline. Wyatt Astra software was used to calculate dn/dc for
each set of polymer solutions. Triplicate preparations of solutions
were used to measure dn/dc and an average of triplicate analysis
reported except where speciﬁed.
Rheology. Rheology samples were prepared by combining ~1 g
of polymer with ~ 5 mL of DI water and shaking these with ice
packs on a titer-plate shaker (ThermoScientiﬁc) over 1–2 days to
dissolve in cold conditions. Rheology was performed on either an
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Table I. Components and Feed Ratios for Synthesis

Initiator (g)

Polymer ID (Cat#-Lot#)

1

AK011-40922FAJ

PEG (1000 Da, DOW) 25.15

34.10

28.30

0.95

2

AK012-70407SJH-A

PEG (1000 D, Aldrich) 25.05

31.03

26.20

0.90

3

AK097-171006SLG-A

PEG (1500 Da, Aldrich) 20.03

40.00

2.71

0.61

4

AK100-180214SLG-A

PEG (1500 Da, Aldrich) 20.08

41.93

None

0.60

5

AK109-181213RAI-A

PEG (1500 Da, Aldrich) 22.02

23.07

22.7 CL

0.73

6

AK012-180316SLG-A

PEG (1000 Da, Aldrich) 25.03

31.22

26.00

0.90

7

AK019-180920RAI-A

PEG (1500 Da, Aldrich) 33.00

37.94

30.54

1.06

8

AK019-181018RAI-A

PEG (1500 Da, Aldrich) 33.03

39.91

30.51

1.06

9

AK019-181212RAI-A

PEG (1500 Da, Aldrich) 33.01

37.41

30.02

1.06

10

AK019-190201AHT-A

PEG (1500 Da, Aldrich) 33.03

37.93

30.53

1.06

11

AK092-180920RAI-B

PEG (1500 Da, Aldrich) 30.04

54.51

15.51

1.04

12

AK097-180906RAI-A

PEG (1500 Da, Aldrich) 20.03

43.25

2.25

0.65

13

AK100-181210RAI-A

PEG (1500 Da, Aldrich) 20.00

42.00

0

0.60

14

AK012-180911RAI-A

PEG (1000 Da, Aldrich) 24.96

31.00

26.00

0.90

15

AK092-180906RAI-B

PEG (1500 Da, Aldrich) 20.04

36.02

10.00

0.67

16

AK103-50416SMS

PEG (1500 Da, Aldrich) 20.01

46.31

3.10

0.70

AR550 or AR2000 (TA instruments) with a 60 mm 2 stainless
steel cone and a Peltier plate temperature control. The temperature was set to 5  C and the 20% w/v polymer in cold water was
injected into the space between the cone and the plate. The viscosity of the solution at 0.1 (sec−1) and 5  C was measured
(1-min peak hold, 5 s test intervals). A rheological thermal sweep
was performed by oscillating at a constant 6.283 rad/s, 0.1%
strain, in increments of 1  C ranging from 5 to 45  C with 1 min
of temperature equilibration at each temperature point.
The effect of rotational inertia on the rheometric results was further
tested by comparing the results obtained from running a set of ﬁveselected dissolved polymer solutions on an AR2000 using both an
acrylate cone and also a stainless steel cone. The two cones, both
procured from TA instruments, were of same manufactured dimensions (60 mm × 2 ). The acrylate cone (mass of 25.95 g) was
roughly a quarter the mass of the steel cone (mass of 104.24 g).
Vial Tip Method. To demonstrate the practical gelation of the
polymer solutions, ~0.5 g of select polymers were combined with
2.5 mL of deionized water at a cold temperature (5~10  C) over
the course of 1~2 days. The vials were pictured as soon as they
were removed from the refrigerator to image in cold conditions.
Subsequently, they were transferred into a 37  C incubator
(Southwest Scientiﬁc) and warmed to 37  C. The vials were
removed from the incubator and held at an angle while picturing
again to observe the gelation property.
RESULTS

The synthesized block copolymers appear as semitranslucent,
semiliquid gels at room temperature. The liquid form at room
temperature is due to the melting point reduction of the PEG
caused by the polyester chains disrupting the arrangement of the

DL–LA (g)

GA (or CL) (g)

Stannous
octoate (g)

Polymer

PEG chains, and this effect has been observed for other PEGpolyester type block copolymers.28 The resultant materials were
dissolved in CDCl3 and characterized by 1H-NMR. Peak assignments are as shown in Figure 1. Comparison of the PEG block
(3.6 ppm, 4H) integration to the LA (5.2 ppm, 1 H) and GA
(4.8 ppm, 2H) integration allows calculating the sizes of these
blocks relative to each other. For CL-containing polymers, the CL
peak at 4.2 ppm (2H) is used for calculating the CL content. The
NMR results are shown in Table II. For these calculations, the
PEG block is held constant at the manufacturer’s nominal and, as
such, these represent the relative ratios between these blocks.
GPC, calibrated against polystyrene standards, was also performed for
each polymer. The values reported by GPC for Mw, Mn, and PDI are
listed in Table II. GPC–4D was performed to obtain molecular weight,
viscosity, and light scattering data for the polymers in a manner which
was free from artifacts caused by the discrepancies in hydration between
polystyrene standards and polyester–PEG block polymers. To obtain
accurate data, the dn/dc of the polymers was determined for representative samples of each polymer type. For PLGA-PEG-PLGA (Polymer
#14), PLA–PEG–PLA (Polymer #13), and PLCL-PEG-PLCL (Polymer
#5), the dn/dc values were determined to be 0.1047  0.0005,
0.1004  0.0001, and 0.1096  0.0002 mL/g, respectively (n = 2). This
information was used to obtain molecular weight, viscosity, and size
information regarding the polymers displayed in Table III. Example
GPC chromatograms are shown in Figure 2. For GPC–4D, the polymer
peak was generally centered around a retention time of 12–18 min.
Other peaks, primarily in the light scattering signal prior to 10 min and
peaks after 18 min, are artifacts of the test method. For GPC–ES, the
retention–time varied depending on the exact column and system conﬁguration. These changes, however, also affected the polystyrene standards so the overall results correlated well to relate the polymer
molecular weight as compared to the polystyrene standards.
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Figure 1. Example 1H-NMR with peak-assignments for PLGA-PEG-PLGA (Polymer #1). [Color ﬁgure can be viewed at wileyonlinelibrary.com]

The radius of gyration and the radius of hydrodynamic volume
of the polymers were determined to be too small for accurate
determination by light scattering methods, as these methods are
limited to molecules which are generally greater than 1/20th the
wavelength of scattered light.29 For this reason, the radius was
obtained from the intrinsic viscosity values.
For rheological testing, each sample (1 g of polymer) was dissolved by the addition of 5 mL of deionized water with shaking

at reduced temperatures to form a 20% w/v solution. This process
was slow, often taking between 1~3 days to complete dissolution.
Afterwards, 2 mL of the solution was tested on a temperaturecontrolled cone-and-plate rheometer to determine the viscosity
and thermogelling proﬁle (Figure 3). This was done for all polymers except for polymers which did not dissolve in cold water.
The gel-onset temperature was determined by the G0 /G00 (elastic/
viscous modulus, respectively) crossover point where G0 exceeds

Table II. The Results of NMR and GPC-ES Characterization of the Polymers in Table I
Polymer

NMR peak integrationa

Repeat units by NMRb

Mnc

Mnd

Mwc

PDId

1

100–22.51/49.03

23–21/23

3813

4405

5521

1.25

2

100–19.55/37.92

23–18/17

3321

4039

4979

1.23

3

94.89–26.88/4.50

34–39/3

4459

5564

7159

1.29

4

96.24–28.11/0

34–40/0

4358

5553

6788

1.22

5

76.38–12.02/21.54 (CL)

34–21/19 (CL)

4152

6541

8571

1.31

6

100–19.21/42.03

23–18/19

3408

4469

5420

1.21

7

100–17.71/34.54

34–24/24

4595

5362

6656

1.24

8

100–17.85/34.6

34–24/24

4611

5725

7114

1.24

9

100–16.78/35.13

34–23/24

4527

5646

7052

1.25

10

100–16.57/33.19

34–23/23

4430

5959

6919

1.22

11

100–27.05/19.09

34–37/13

4900

5929

7425

1.25

12

87.94–27.44/3.47

34–42-3

4709

4540

5701

1.26

13

97.26–29.2/0

34–41/0

4438

5454

6967

1.28

14

100–18.25/40.25

23–17/19

3297

3987

4954

1.24

15

100–25.37/18.61

34–35/13

4717

4613

5753

1.25

16

88.25–27.90/5.08

34–43/4

4821

6379

6959

1.09

a

EG (3.6 ppm), LA (5.2 ppm), GA (4.8 ppm), or CL (4.2 ppm).
(EG-LA/GA) or (EG-LA/CL). EG repeat units ﬁxed to manufacturer’s nominal and all other calculations scaled against this.
GPC-ES.
d
NMR summation.
b
c
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2.107  0.019

0.048  0.014

0.060  0.004

0.645  0.035

0.616  0.007

G00 . This represents the point at which the solution begins to
behave like an elastic gel. At higher temperatures, the PEG chains
release water molecules, and the polymer separates out forming a
separate precipitate with loose water surrounding it. When this
occurs, the G0 /G00 exhibit another crossover point where G00 now
exceeds G0 as the cone is effectively oscillating against a solution.
Additionally, the maximum peak G0 and G00 values (Pa) were
determined in addition to the temperature at which these values
were observed. These values can be seen in Table IV.
To observe the practical gelation properties of several of these
polymers, aqueous solutions were prepared (20% w/v) and tested
by a simple vial-tip test before and after heating to 37  C. Polymer 2 was observed to form a solid precipitate separated from
the water while polymers 12 and 13 were observed to form gels
(Figure 4).
To compare the effect of instrumental rotational inertia, a series
of polymers (Polymers #5, 10, 11, 13, and 14) were dissolved as a
fresh 20% (w/v) solution and tested using an acrylate and a steel
cone (both 60 mm × 2 ) on the same system using the same
solutions. The acrylate cone is much lighter than a steel cone,
and thus, the impact of the cone mass on the results was evaluated by comparing the data.
The rheometric proﬁles were also recorded. Figure 5 shows
examples of these for the same solution obtained on both an
acrylate and a steel cone.

c

b

mL/g.
The parameters, α and K of the Mark–Houwink–Sakurada equation, [η] = KMα.
Hydrodynamic radius.

DISCUSSION

a

5668  104
15

5200  120

1.090  0.005

11.977  0.036

2.130  0.011

1.820  0.031

0.035  0.001
0.675  0.003

9.773  0.020
4215  162

1.053  0.009

5425  4

4003  189
14

13

5035  11

1.077  0.002

11.110  0.159

2.227  0.041

2.001  0.113

0.121  0.090

0.044  0.012

0.544  0.083

0.650  0.028
11.088  0.088

11.849  0.073
1.102  0.040

1.096  0.035

6836  742

5436  588

6194  451

4975  708

11

12

2.198  0.066

2.296  0.132

0.067  0.019

0.353  0.424

0.605  0.036

0.377  0.297
11.780  0.119

12.604  0.109
1.118  0.009

1.044  0.022

6426  535

6946  1014

5749  523

6670  1103

5

10

1.847  0.053

2.074  0.054

0.059  0.014

0.060  0.042

0.625  0.019

0.732  0.142

9.891  0.129

10.973  0.223
1.088  0.052

4502  265

5854  177

4208  266
1

3

5388  264

1.070  0.005

Rh(V)c at Mn
MHS (K)b
PDI

Mw
Polymer

Table III. Polymer Properties Determined by GPC–4D Analysis (n = 3)

WILEYONLINELIBRARY.COM/APP

Mn

Intrinsic viscositya

MHS (α)b

ARTICLE

The polymers were synthesized to obtain speciﬁc block molecular
weights. Since the reaction temperature is substantially below the
temperature at which polyether depolymerization occurs
(340~350  C),30 the molecular weight of the PEG chains is generally unchanged by the reaction. Thus, the molecular weight of the
PEG loaded in the reaction feed is the same size of the central
block of the polymer while the polyester chains grow outward
from there. Theoretically, the molar ratios of LA/GA/CL to PEG
in the feed ratio will match the molar ratio of the respective
monomers to PEG in the resultant polymer. No polymerization
reaction, however, is perfect following the theory. In the formation of PEG block copolymers, the ratio of monomers in the ﬁnal
polymer is affected by several factors, such as the polydispersity
of the PEG precursor, an incomplete reaction, and the formation
of unafﬁliated oligomers. To estimate whether the feed ratio
remains the same or changed in the ﬁnal polymer, the molar feed
ratio of monomers to PEG was compared to the ratio obtained
from the NMR analysis (Table VI). The difference in feed ratios
of monomers/PEG to the actual ratios in product derived from
proton counting was determined to range from 0 to 5 units
(in either direction, too high or too low) with an average difference of approximately 1.4 units. This indicates that, despite the
various parameters that introduce inaccuracy, there is a reasonable degree of control of polyester size affected by controlling the
molar feed ratio.
Due to the differences in methods of measurement, PEG–
polyester block copolymers tend to have different results by GPC
than by 1H-NMR. Previous reports have indicated that GPC
often yields higher values than those determined by 1H-NMR,
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Figure 2. GPC chromatograms of indicated type from indicated polymer. GPC–4D chromatograms present multiple data indicating signals from light scattering (red), refractive index (black), and viscometer differential pressure (blue). GPC–ES chromatograms indicate refractive index signal (black) unless otherwise
speciﬁed. For Polymer #15 GPC-ES, three phenogel columns and one resipore column were used. [Color ﬁgure can be viewed at wileyonlinelibrary.com]
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Figure 3. Example rheometric curve for 20% w/v of Polymer 3 in deionized
water. [Color ﬁgure can be viewed at wileyonlinelibrary.com]

and this effect has been observed by other researchers for PEGPLGA polymers. For example, it was reported that Mn by GPC
was 31% higher than that obtained by 1H-NMR for PLGA-PEGPLGA.31 The GPC-ES results relative to the NMR data in this
study varied across the polymers. The overall data indicate that
the results by GPC-ES have higher molecular weights by
976  610 Da (n = 16), or approximately 23  14%, as compared
with the NMR results for this system.
To investigate this potential, samples were additionally analyzed by
GPC–4D using experimentally determined dn/dc values to optimize

data quality (Table IV). This method does not depend on an ES
and therefore is not affected by differences in solvation between
various polymer types. Surprisingly, the GPC–ES results were
largely conﬁrmed by GPC–4D for several materials with < 800 Da
difference between the Mn of the two methods for any given polymer. Also, there was no consistent pattern between the tested polymers whether either one, GPC–4D or GPC–ES, resulted in higher
or lower values. The average difference across polymers shows that
GPC–4D indicates 48 Da higher Mn than GPC–ES with a standard
deviation of  495 Da (n = 9). These results indicate that, for these
polymers under the conditions used, the difference in solvation is
unlikely to be a driving factor in the difference between measured
Mn by NMR and GPC. It is worth noting that, for long-chain
PLGAs, drastic differences between results obtained by GPC–4D
and GPC–ES were observed.32 It is possible that the PEG–block
itself interferes with the solvation of PLGA, altering the hydrodynamic radius, and this effect may be relatively small for molecular
weight block copolymers. One notable difference between the data
obtained by GPC–4D and GPC–ES is the PDI. On average, the
obtained PDI for the polymers by GPC–ES was 17  2% higher
(n = 9) than that obtained by GPC–4D. To achieve suitable separation by GPC–ES of such small polymers with good resolution,
three GPC columns (30 cm long each) were used in sequence,
while GPC–4D, which is more reliant on detection than separation,
has only a single 30 cm column. The reduced column volume contributes to a decrease in band-broadening, as there is less dwell volume/time for the eluting polymer fractions to spread out. This
matches previously reported results which have demonstrated that
band-broadening contributes to apparently higher PDI in GPC
and that light scattering detection can be used to correct for this
issue.33

Table IV. Rheological Characterization Results
Max elastic modulus

Polymer

Shear viscosity
(mPa S, 5  C)

1

Water insoluble

2

4.65

3

5.95

4

6.32

5

13.3

6
7
8

ND

9

28.76

10

10.07

11

44.58

12

192.0

13

30.98

195.1

14

2.492

130.0

15

171.1

16

Water insoluble

Max viscous modulus

Precipitation
point (  C)a

Temperature ( C)

G00 (Pa)

Temperature (  C)

Gel onset
(  C)a

110.6

23

51.5

23

18

27

65.9

40

44.3

42

34

45

127.1

38

86.3

36

31

43

65.7

37

28.0

37

27

> 45

23.56

99.86

23

83.76

24

17

24

37.25

88.39

38

80.84

39

33

39

0

G (Pa)

122.9



39

119.9

40

34

40

37

61.15

40

34

40

142.1

40

144.9

40

35

40

150.2

35

89.32

35

29

37

38

76

42

32

41

37

114.9

37

27

40

21

77.92

21

16

24

39

80.60

42

32

41

90.67

98.93

96.81

Onset of gelation/precipitation determined by G0 /G00 crossover temperature.
ND, below the detectable limit of the instrument.
a
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Figure 4. Example images of 20% (w/v) polymer solutions of Polymers 2, 12, and 13 during the “vial-tip” test. [Color ﬁgure can be viewed at
wileyonlinelibrary.com]

One notable result obtained from this study is the incredibly narrow margin of molecular weight for which a thermogel can be
deﬁned as functional. A thermogelling polymer must be close to
the solubility threshold of a polymer, such that a minor change
in the water-structure induced by change in temperature is suitable to induce gelation. Notably, Polymer 2 is a thermogel while

polymer 1, which has a theoretical synthetic molecular weight of
only 100 Da more on each arm (PLGA–PEG–PLGA 1240–
1000–1240 Da for Polymer 1 vs PLGA–PEG–PLGA 1140–1000–
1140 Da for Polymer 2 by NMR), is water insoluble and does not
function as a thermogel. Similarly, Polymer 16 represents the
upper limit for solubility according to a thermogel generated

Figure 5. Rheometric proﬁles of Polymer #11, 20% w/v solution in water, measured with an (a) acrylate cone and a (b) stainless steel cone. [Color ﬁgure
can be viewed at wileyonlinelibrary.com]
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Table V. Comparison of Rheological Cone-Type on Resultant Measurements of Selected Thermogel Solutions
Max elastic modulus

Max viscous modulus

G (Pa)

Temperature ( C)

G00 (Pa)

Temperature (  C)

Gel onset
(  C)a

Precipitation
point (  C)a

67.9

39.81

39

19.28

37

31

> 45

10

6.6

55.29

40

35.53

41

38

43

11

24.1

199

37

105.6

37

33

41

13

24.0

88.77

38

51.4

38

35

42

14

7.4

105.8

21

61.25

21

18

25

Polymer

Cone
type

Shear viscosity
(mPa S, 5  C)

5

Acrylate

5

Steel

0



388.4

62.4

37

27.05

37

32

> 45

10

4.8

131

43

133.7

44

36

3

11

30.2

246.1

38

187.3

39

33

40

13

ND

224

40

179.8

41

34

42

14

31.9

185

22

113

22

18

25

Onset of gelation/precipitation determined by G0 /G00 crossover temperature.
ND, below the detectable limit of the instrument.
a

using a 1500 Da Mw PEG block. This polymer is in fact of similar
Mw by NMR to Polymer #11, but the LA ratio is higher, leading
to just enough hydrophobicity to prevent full solvation of the
polymer at 20% (w/v).
Thermogelation was determined not only by the well-established
“vial-tip” test but also by rheometric means. Rheometry enables
the determination of not only a visual indication that the solution
has gelled but also determination of viscoelastic parameters (G0
for elastic modulus and G00 for viscous modulus), onset (G0 /G00
crossover with G0 becoming the dominant factor), and
dewatering transitions (G0 /G00 crossover with G00 becoming the
dominant factor). One limitation to this method is the inertia of

the cone-geometry itself, and this can be seen by the determined
value delta. Delta indicates the degree of separation (lag) between
the applied sinusoidal stress wave and the resultant strain wave
in an oscillation study. For a purely elastic solid, the delta value
is close to the 0 of separation, indicating minimal lag between
these waves. For a Newtonian ﬂuid, the delta value is close to the
90 of lag between the applied stress and resultant strain. Viscoelastic materials generally exhibit a delta value somewhere
between these two extremes. The cause of the high delta value
(> 90 ) measured during the test in this study at low temperatures was most likely due to an instrumental artifact resulting
from the mass of the cone itself. The inertial force (i.e., the

Table VI. Reaction Control Determination by Comparison of Molar Feed Ratios in the Reaction to Molar Ratios Obtained By NMR in the Final Product
Reaction feed

NMR result

Polymer

Mole PEG

Molar LA/PEG

Molar GA/PEG (or CL/PEG)

Molar LA/PEG

Molar GA/PEG (or CL/PEG)

1

0.025

19

19

21

23

2

0.025

17

18

18

17

3

0.013

42

3

39

3

4

0.013

43

NA

40

NA

5

0.015

22

14

21

19

6

0.025

17

18

17

18

7

0.022

24

24

24

24

8

0.022

25

24

24

24

9

0.022

24

24

23

24

10

0.022

24

24

23

23

11

0.020

38

13

37

13

12

0.013

45

3

42

13

0.013

44

Not available

41

Not available

14

0.025

17

18

16

18

15

0.013

37

13

34

13

16

0.013

48

4

43

4
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natural resistance of the physical cone itself to changes in direction of motion due to its mass) of the cone is mapped prior to
testing and compensated for by the software of the instrument.
However, under cold temperatures, the contribution of the steelcone inertia is many orders higher than the contribution of the
low-viscosity sample ﬂuid itself. Under these conditions, the software compensation is not enough to deal with the cone inertia
which becomes the driving factor of the measurement rather than
the sample properties. This leads to a measured delta that is outside of what is theoretically possible (i.e., > 90 ). At higher temperatures, the delta dips down into the measurable region
between 25 and 75 , indicating that the sample has ﬁrmed
enough to provide measurable results for G0 and G00 by the
applied instrumental method.
The effect of the cone mass was investigated further by testing a
series of polymer solutions back-to-back using both an acrylate
cone and a steel cone (Table V and Figure 5). Despite being
1/4th the mass of the steel cone, the acrylate cone still exhibited
delta-tan values > 90 at cold temperatures with erratic shifts in
this value. The exact values from rheology analysis show some
variance from run-to-run, despite using the most sensitive geometry (widest cone) available from the manufacturer. This indicates
that these pregel solutions are simply at the lower end of what
the equipment can reliably measure and may not be easily quantiﬁable in general regardless of the mass of the geometry. Despite
this, the general gelation trends (onset, shape, etc.) are reproducible from one geometry to the other. Rheological methodology, in
general, shows promise to provide improved understanding of
the gelling point beyond the conventional “vial tip” method
which only indicates whether gel formation has occurred by a
qualitative visual test. Further reﬁnements in technique and
methodology applied to rheological assays can improve the accuracy and reproducibility of these methods.
Historically, thermogelling PLGA–PEG–PLGA was synthesized
using similar methods as described here, but for a slightly higher
theoretical molecular weight (1500-1000–1500 Da5), creating a
mixture of thermogelling and water-insoluble polymer chains.
These were subsequently puriﬁed by dissolving the whole mixture
in cold water, ﬁltering away the water-insoluble components and
then precipitating the thermogelling components in hot water.5
Although effective, this methodology is time-consuming and
leads to considerable exposure of the polyester chains to an aqueous environment which could introduce higher variability
between batches due to potential degradation occurring during
these puriﬁcation steps. The methodology described in this study
requires no such steps, and it can be used for scale-up synthesis
with better quality control capability.
Thermogelation is a natural phenomenon which occurs as a
result of competition between hydrogen bonding (between polyether and water) and hydrophobic interactions among polyester
blocks. Thermodynamic parameters deﬁne the various states of
micellization,34 conﬁguration,35 and gel formation.36 These
parameters apply to any polymer which provides appropriate
polymer–water and polymer–polymer interactions. Thus, simple
substitutions can be used to generate new polyester–PEG derivative hydrogels such as PLCL–PEG–PLCL. Due to the relatively

slower degradation of the PLCL chain as compared to the PLGA
chain, these polymers exhibit generally slower degradation.37
Thus, thermogels made of PLCL can release a drug for longer
periods of time than those made of PLGA.38
CONCLUSION

Thermogelling PLGA–PEG–PLGA has been around for several
decades; however, little attention has been paid to easy manufacturing and characterization of these critical materials. Through careful
control of reaction conditions and properties, new thermogelling
polymers, such as PLCL–PEG–PLCL, can be synthesized in a scalable
format. The size of the polyester block in comparison with the polyether block is critical to provide thermogelling properties. Other
thermogels can be generated using other monomers or mixtures of
monomers, as long as they maintain a similar hydrophobicity/hydrophilicity ratio and have similar interactions with water molecules.
Abbreviations

CDCl3
DCM
EG
G
GA
GPC
L
LA
PCL
PEG
PLA
PLCL
PLGA
Sn(Oct)2
THF

deuterated chloroform
dichloromethane
ethylene glycol
glycolide
glycolide
gel permeation chromatography
lactide
lactide
poly(ε-caprolactone)
poly(ethylene glycol)
poly(D,L-lactide)
poly(lactide-co-caprolactone)
poly(lactide-co-glycolide)
stannous octoate
tetrahydrofuran
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